
FAKULTÄT FÜR NATURWISSENSCHAFTEN

UNIVERSITÄT ULM

The Role of p115RhoGEF/Lsc in G 12/13 Protein-coupled Receptor

Signaling in Thymocytes

and the Generation of LARG Knockout Mice

DISSERTATION

Zur Erlangung des Doktorgrades (Dr. rer. nat.)

an der Fakultät für Naturwissenschaften

der Universität Ulm

vorgelegt von

Anke Harenberg

aus

Frankfurt/M, Deutschland

Ulm, 2004



2

Amtierender Dekan:

Prof. Dr. R. J. Behm

Erstgutachter:

Prof. Dr. Klaus-Dieter Spindler, Allgemeine Zoologie und Endokrinologie, Universität

Ulm

Zweitgutachter:

Prof. Dr. Thomas Wirth, Physiologische Chemie, Universität Ulm

Tag der Promotion:

5. November 2004

Die Arbeiten im Rahmen der vorliegenden Dissertation wurden am Institut für

Medizinische Strahlenkunde und Zellforschung der Bayerischen Julius-Maximilians-

Universität Würzburg und in der Abteilung Physiologische Chemie der Universität Ulm

durchgeführt und von Herrn Prof. Dr. Klaus-Dieter Fischer betreut.



3

ERKLÄRUNG

Ich versichere hiermit, dass ich die vorliegende Arbeit selbstständig angefertig und

keine anderen als die angegebenen Quellen und Hilfsmittel benutzt sowie wörtlich

oder inhaltlich übernommene Textpassagen als solche gekennzeichnet habe.

Anke Harenberg

Ulm, den.......................................



TABLE OF CONTENTS 4

TA BLE  OF  CO NTE N TS

TABLE OF CONTENTS .................................................................................................. 4

ACKNOWLEDGEMENTS................................................................................................ 7

SUMMARY ...................................................................................................................... 8

ZUSAMMENFASSUNG................................................................................................... 9

ABBREVIATIONS ......................................................................................................... 10

1 INTRODUCTION..................................................................................................... 13

1.1 Rho GTPases.............................................................................................. 13

1.1.1 Introduction............................................................................................... 13

1.1.2 Guanine exchange factors for Rho GTPases ........................................... 15

1.1.2.1 Introduction ........................................................................................... 15

1.1.2.2 RGS domain containing GEFs .............................................................. 16

1.1.3 Functions of RhoGTPases........................................................................ 22

1.1.3.1 Rho GTPases and the actin cytoskeleton ............................................. 22

1.1.3.2 RhoA and gene transcription................................................................. 25

1.2 G protein-coupled receptors..................................................................... 26

1.2.1 Signaling pathways downstream of GPCRs ............................................. 26

1.3 Thromboxane A2  and its receptor ............................................................ 28

1.3.1 TXA2 metabolism ...................................................................................... 28

1.3.2 Thromboxane A2 and the immune system................................................ 30

1.4 Thymocytes ................................................................................................ 31

1.4.1 Thymocyte development .......................................................................... 31

1.4.1.1 Thymocyte development and RhoGTPases.......................................... 34

1.4.1.2 Apoptosis .............................................................................................. 35

1.5 Aims of the project..................................................................................... 40

2 RESULTS ............................................................................................................... 41

2.1 Lsc RhoGEF mediates signaling from thromboxane A2 to actin

polymerization and apoptosis in thymocytes ........................................................ 41



TABLE OF CONTENTS 5

2.1.1 Defects in TXA2-induced actin polymerization in Lsc-/- thymocytes........... 41

2.1.2 Lsc is required for TXA2 -mediated RhoA activation ................................. 42

2.1.3 TXA2 activates multiple signaling intermediates in thymocytes................. 46

2.1.4 Lsc is involved in TXA2 induction of thymocyte apoptosis ......................... 50

2.1.5 Normal expression of FasL on Lsc-/- thymocytes ...................................... 53

2.1.6 U46199 induction of apoptosis is independent of ROCK.......................... 53

2.1.7 Increased number of thymocytes in Lsc-/- mice......................................... 55

2.2 Generation of LARG-deficient mice.......................................................... 59

2.2.1 Overview................................................................................................... 59

2.2.2 Construction of an 129/Ola targeting vector ............................................. 60

2.2.2.1 Library screening .................................................................................. 61

2.2.2.2 Analysis of the cosmids......................................................................... 62

2.2.2.3 Cosmid mapping ................................................................................... 63

2.2.2.4 Construction of an 129/Ola targeting vector.......................................... 66

2.2.2.5 Screening for targeted events ............................................................... 69

2.2.3 Construction of an 129/Sv targeting vector............................................... 71

2.2.3.1 Cloning of the 129/Sv targeting vector .................................................. 71

3 DISCUSSION.......................................................................................................... 74

3.1 TXA2 signals to thymocyte apoptosis and actin polymerization through

Lsc ..................................................................................................................... 74

3.2 Generation of LARG deficient mice.......................................................... 82

3.3 Future perspective ..................................................................................... 83

4 MATERIAL AND METHODS.................................................................................. 85

4.1 Materials ..................................................................................................... 85

4.1.1 Chemicals and reagents........................................................................... 85

4.1.2 Kits ........................................................................................................... 88

4.1.3 Cell lines................................................................................................... 88

4.1.4 Primers ..................................................................................................... 88

4.1.5 Antibodies for Western Blotting ................................................................ 89

4.1.6 Antibodies for flow cytometry.................................................................... 90

4.2 Methods ...................................................................................................... 90



TABLE OF CONTENTS 6

4.2.1 Mice.......................................................................................................... 90

4.2.2 Cellular biological Methods....................................................................... 90

4.2.2.1 Thymectomy and thymocyte preparation .............................................. 90

4.2.2.2 Flow cytometry...................................................................................... 91

4.2.2.3 Counting cells by microscope using a hemacytometer ......................... 91

4.2.2.4 Stimulation of thymocytes by crosslinking the TCR .............................. 92

4.2.2.5 Apoptosis assay.................................................................................... 93

4.2.3 Biochemistry ............................................................................................. 95

4.2.3.1 Actin polymerization.............................................................................. 95

4.2.3.2 Rho/Rac GTP-“pull down”-Assay .......................................................... 96

4.2.3.3 Western blotting .................................................................................... 98

4.2.4 Molecular Biology ................................................................................... 100

4.2.4.1 DNA methods...................................................................................... 100

4.2.4.2 Bacterial manipulation......................................................................... 109

4.2.4.3 Cloning strategies ............................................................................... 111

4.2.4.4 Genomic DNA library screening by PCR............................................. 114

4.2.4.5 Cosmids.............................................................................................. 115

4.2.4.6 Generation of the targeting vector....................................................... 121

4.2.5 ES cell culture......................................................................................... 124

4.2.5.1 Solutions ............................................................................................. 125

4.2.5.2 Preparation of feeders for ES cell culture............................................ 126

4.2.5.3 Growing of ES cells............................................................................. 126

4.2.5.4 Electroporation.................................................................................... 126

4.2.5.5 Isolation and growing of single clones ................................................ 127

4.2.5.6 ES cell freezing ................................................................................... 128

4.2.5.7 ES cell thawing ................................................................................... 128

4.2.5.8 ES cell DNA purification...................................................................... 129

REFERENCES ............................................................................................................ 130

CURRICULUM VITAE ................................................................................................. 142

PUBLICATIONS .......................................................................................................... 143



ACKNOWLEDGEMENTS 7

ACKNOWLEDGEMENTS

I thank Prof. Klaus-Dieter Fischer for the opportunity to work in his lab and all the

rewarding experiences I have acquired during my Ph.D. thesis.

Specials thanks to Dr. Karine Missy for her expert experimental advice and critical

reading of this manuscript and for her patience in answering my endless questions. I am

grateful to Dr. Irute Girkontaite for her protocols and technical advice in experiments

described in this thesis and Dr. Klaudia Giehl from the Pharmacology Department for her

assistance with the GTPase activity assay. I am indebted to Vadim Sakk, Isabella

Soworka and Nina Ushmarov for their work in the mouse colony and technical support.

I would like to thank all the other present and former lab members and the group of Prof.

Thomas Wirth for helping me out whenever I needed it.

To my colleagues in the Institut für Medizinische Strahlenkunde und Zellforschung in

Würzburg and Abteilung Physiologische Chemie in Ulm I thank you for your kindness

and friendship.

Special thanks to my parents for supporting me during my whole studies making all this

possible.



SUMMARY 8

SUMMARY

The Lsc RhoGEF (also known as p115-RhoGEF) is a member of the Dbl-homology

family of GTP exchange factors. Lsc has a RhoGEF domain specific for Rho GTPase

and an RGS domain specific for G 12/13 subunits. One G protein-coupled receptor

activating G 12/13 subunits is the receptor for thromboxane A2 (TXA2) called TP, which is

highly expressed in immature thymocytes. To study the role of Lsc downstream TXA2

signaling and TP activation, I analyzed TXA2 –dependent activation and development of

thymocytes from Lsc knockout mice using the TXA2 analog U46199. We show that

U46619 stimulated actin polymerization and cofilin phosphorylation in primary

thymocytes, and that these events required Rho, the Rho kinase ROCK and Lsc.

Moreover, in the absence of Lsc, U46619-induced stimulation of phosphorylation of the

survival kinase Akt was greatly enhanced and apoptosis of double positive thymocytes

in culture was decreased. Additionally, the phosphorylation of several protein kinase C

(PKC) isoforms were, like Akt, significantly enhanced in the absence of Lsc. Certain

PKC isoforms are also implicated in the regulation of survival and apoptosis. Supporting

these findings, Lsc-/- mice had significantly higher numbers of thymocytes that further

increased as mice aged. These results demonstrate that TXA2 induction of thymocyte

apoptosis depends on the Rho exchange factor Lsc accompanied by signaling to Rho,

ROCK, cofilin and Akt, and that loss of Lsc results in thymic hyperplasia.

The Lsc homolog leukemia-associated Rho GEF (LARG) is more widely expressed than

Lsc, and similar as Lsc, is a GEF specific for Rho and is implicated in downstream

signaling of G 12/13 subunits via its RGS domain. Many G 12/13-dependent functions are

still working in Lsc deficient mice suggesting that other RGS-domain containing GEFs

could compensate for Lsc in vivo. Therefore we intended to examine the in vivo

functions of LARG by the generation of LARG deficient mice with the future perspective

to generate Lsc/LARG double knockout mice. I constructed a targeting vector, which will

be used to generate LARG knockout mice and compensation between LARG and Lsc

will be tested.
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ZUSAMMENFASSUNG

Lsc RhoGEF gehört zu der Familie der Dbl-Homologie (DH) Rho Austauschfaktoren

(RhoGEFs) und ist ausschließlich in Zellen des Immunsystems exprimiert. Lsc reguliert

GTPase abhängige Signalwege über die DH-Domäne und besitzt außerdem eine RGS

Domäne, welche spezifisch mit G 12/13 Untereinheiten interagiert. Diese Interaktion führt

zur Inaktivierung der -Untereinheiten durch GTP Hydrolyse, und außerdem führt die

Interaktion mit G 13 zur Aktivierung der Austauschaktivität von Lsc. Einer der G 12/13

Protein gekoppelten Rezeptoren ist der für Thromboxan A2 (TXA2), auch TP Rezeptor

genannt. Der TP Rezeptor ist in unreifen Thymozyten hoch exprimiert. Um die Rolle von

Lsc in TP-abhängigen Signalwegen zu studieren, wurde die Entwicklung und TXA2

Stimulation in Thymozyten in Lsc defizienten Mäusen untersucht. TXA2 stimuliert Aktin

Polymerisierung und Cofilin Phosphorylierung in Thymozyten via Rho Kinase und Lsc.

Ausserdem zeigen Lsc defiziente Thymozyten nach TXA2 Stimulierung eine erhöhte

Aktivität der Kinasen Akt (auch Protein Kinase B) und einigen Isoformen der Familie der

Protein Kinasen C (PKC). Zusätzlich ist die TXA2-induzierte Apoptose von unreifen

doppelt negativen Thymozyten erniedrigt. In Übereinstimmung mit diesen Daten,

besitzen Lsc defiziente Mäuse einen grösseren Thymus, und der Unterschied in

Thymusgrösse zu Wildtyp-Mäusen nimmt mit dem Alter zu. Diese Daten zeigen, dass

die erniedrigte Apoptoserate von Lsc abhängig ist, in Zusammenarbeit mit Rho, Rho

Kinase, Cofilin und Akt/PKC. Der Verlust von Lsc führt zu Thymushyperplasie.

Leukemia-associated RhoGEF (LARG), ein Lsc-ähnliches Molekül, ist ubiquitär

exprimiert und könnte die Rolle von Lsc in vivo übernehmen, da viele der G 12/13

abhängigen Signalwege in Abwesenheit von Lsc noch funktionieren. Daher wollte ich die

Funktion von LARG in vivo untersuchen, indem ich LARG defiziente Mäuse herstelle,

um sie unter anderem mit Lsc zu kreuzen und Lsc/LARG-doppeldefiziente Tiere zu

erhalten. Ein targeting vector wurde hergestellt und wird benutzt werden, um LARG

knockout Mäuse zu erhalten, um die Kompensation zwischen LARG und Lsc zu testen.
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A B B R E V I A TI O N S

AA arachidonic acid

Arp2/3 actin related protein 2 and 3

BSA bovine serum albumin

CD cluster of differentiation

CH calponin homology

COX cyclooxygenase

DAG diacylglycerol

DC dendritic cell

DH Dbl homology

DN double negative

DP double positive

ECL enhance chemilumescence

Edg endothelial cell differentiation gene

EF embryonic feeders

Egr-1 Early growth response gene

ERK extracellular signal-regulated kinase

ES embryonic stem cells

FACS fluorescein-activated cell sorter

FAK focal adhesion kinase

FCS fetal calf serum

FITC fluorescein isothiocynanate

GAP GTPase activating protein

GEF guanosine nucleotide exchange factor

GDI Guanine-nucleotide dissociation inhibitor

GDP  guanosine diphosphate

GPCR G protein coupled receptors

GPI glycosyl-phoshatidyl-inositol

GTP guanosine triphosphate

Grb2 growth factor receptor-bound protein-2
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HLA human leukocyte antigen

HRP horseradish peroxidase

IFN interferon

IL interleukin

IP3 1,4,5-triphosphate

JNK c-Jun N-terminal kinase

LARG Leukemia associated Rho GEF

LAT linker for activation of T cells

LIMK LIM kinase

LPA lisophosphatic acid

Lsc “second'' cousin of Lbc

MAL (MKL1) Megakaryoblastic leukemia-1

MAPK mitogen activated protein kinase

mDia mammalian diaphanous

MEK MAP kinase/ERK kinase

MHC major histocompatibility complex

MLC Myosin light chain

MLCK Myosin light chain kinase

MZB Marginal zone B cells

NF-AT nuclear factor of activated T cells

PAGE polyacrylamide gel electrophoresis

PAK p21 activated kinase

PBS phosphate buffered saline

PDK1 phosphoinositide dependent kinase 1

PDZ post synapitc density protein, discs large 

protein, zona occludens

PE phycoerythrin

PG prostaglandin

PH pleckstrin homology

PI phosphatidylinositol

PI3K phosphatidylinositol 3 kinase
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PIP2 phosphatidylinositol 4,5-biphosphate

PIP3 phosphatidylinositol 3,4,5-triphosphate

PKB protein kinase B

PKC protein kinase C

PLC phospholipase C

PMA phorbol 12-myristate 13-acetate

RGS regulator of G protein signaling

Rho ras homolog

ROCK Rho kinase

SDF-1 stromal cell-derived factor-1

SDS sodium dodecyl sulfate

SH Src homology

S1-P sphingosine-1-phosphate

SHP SH2-containing phosphatase

SP single positive

SRE serum response element

SRF serum response factor

TCF ternary complex factor

TCR T-cell receptor

TD T-cell-dependent

TI T-cell-independent

TP thromboxane-prostanoid

TV targeting vector

TXA2 thromboxane A2

WASp Wiskott-Aldrich Syndrome protein

WAVE WASP family Verprolin-homologous protein

ZAP z-chain associated protein
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1  I N T R O D U C T I O N

1.1 Rho GTPases

1.1.1 Introduction

The Ras superfamily of small molecular weight guanosine triphosphatases (GTPases)

can be divided into five families, Ras, Rab, Arf, Ran and Rho. The Rho proteins regulate

many cellular activities, but the most profound effects of these proteins are on the actin

cytoskeleton. The Rho protein family can be further subdivided into 5 groups, the Rho-

like, Rac-like, Cdc-42-like, Rnd, and RhoBTB subfamilies (Fig.2) [1].

Fig.1 The Rho GTPase switch.
The Rho GTPases are targeted to the membrane by posttranslational attachment of prenyl
groups by geranyl-geranyl transferase (GGTase). Cycling between the inactive (GDP-bound)
and active (GTP-bound) forms is regulated by guanine nucleotide exchange factors (GEFs)
and GTPase-activating proteins (GAPs). Guanine-nucleotide dissociation inhibitors (GDIs)
inhibit nucleotide dissociation and control cycling of Rho GTPases between membrane and
cytosol. Active, GTP-bound GTPases interact with effector molecules to mediate various
cellular responses. Upstream activation of the GTPase switch occurs through activation of
GEFs.

The most extensively studied GTPases are Rac, Cdc42 and Rho. All GTPases cycle

between two conformational states, a GTP (guanosine 5’-triphosphate)-bound (active)

RhoGDP RhoGTP

GEF
GTP GDP

GAP

Pi

effector

RhoGDP

GDI
Cytoskeleton organization

gene expression
cell cycle progression

apoptosis
membrane traffic

activation
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form and a GDP-bound (inactive) form. In the ‘on’ (GTP) state, GTPases recognize

target proteins and generate a response until GTP hydrolysis returns the switch to the

‘off’ state. The cycle is highly regulated by three classes of proteins: in mammalian cells,

around 60 guanine nucleotide exchange factors (GEFs) catalyze nucleotide exchange

and mediate activation; more than 70 GTPase-activating proteins (GAPs) stimulate GTP

hydrolysis, leading to inactivation; and four guanine nucleotide exchange inhibitors

(GDIs) sequester the inactive GTPases in the cytosol. All Rho GTPases are prenylated

at their C-terminus by geranyl-geranyl transferases, anchoring them in the membrane,

which is essential for their function (Fig.1) [2].

The Rho-like family consists of three members Rho A, B, and C (Fig.2). The three

members are very similar in sequence and when overexpressed as activated mutants,

they each contribute to contractility and formation of stress fibers and focal adhesions.

However, a few differences in binding to either effectors or to upstream regulatory

proteins are known. RhoC has been suggested to bind more efficiently to Rho kinase [3]

and certain Rho GEFs exchange nucleotide well on RhoA and RhoB, but not on RhoC

[4]. In addition there are a few functional differences, Rho A and Rho C are growth

promoting, whereas RhoB is growth inhibiting and it has been shown to be

downregulated in cancer cells [5]. On the other hand, Rho C expression has been

shown to promote metastatic behavior and its expression is elevated in many invasive

carcinomas [6, 7]. The difference between those Rho-like GTPases lies within their most

C-terminal sequence residues. The interaction of these regions with distinct proteins

probably is responsible for many of their different properties, however in many

experiments the distinction between the three members has not been made, therefore

they are generically referred to as Rho.

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 Rac 2 is restricted to the hematopoietic tissue and Rac 3 is mainly

expressed in the brain and to a lesser extent in heart, placenta, and pancreas [8].

The Cdc42-like family consists of five members, Cdc42, TC10, TCL, Wrch1 and

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

implicated in cell polarity.

Fig.2 The Rho Family of Proteins
A dendogramm representing 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 circles [1].

1.1.2 Guanine exchange factors for Rho GTPases

1.1.2.1 Introduction

The first mammalian GEF Dbl was isolated in 1985 [9] as a transforming gene from

diffuse B-cell lymphoma (designated Dbl) cells. A catalytic domain was identified which

mediates nucleotide exchange on Cdc42 in vitro [10]. Since then, many proteins

harboring this conserved domain, termed Dbl homology (DH) domain, were identified.

With the exception of three conserved regions CR1, CR2, and CR3, each 10-30 amino

acids long, DH domains share little homology with each other. GEFs bind to the GDP-

bound form and destabilize the GDP-GTPase complex while stabilizing a nucleotide-free

reaction intermediate. Because of the high intracellular ratio of GTP to GDP, the
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released GDP is replaced with GTP, leading to activation [11]. Some of the identified

GEFs seem to be very specific towards a certain GTPase, for example, p115RhoGEF

for Rho [12], whereas others may activate several, for example, Vav1 for Cdc42, Rac,

and Rho [13]. Besides the DH domain, most GEFs contain a pleckstrin homology (PH)

domain, adjacent and C-terminal to the DH domain. The DH-PH module is in most cases

the minimal unit required for nucleotide exchange in vivo. The PH domain binds to

phosphorylated phosphoinositides (PIPs) or other proteins, suggesting a function in

subcellular localization. Apart form the DH-PH domain, most GEFs contain additional

functional domains that include SH2, SH3 (e.g. Vavs), Ser/Thr or Tyr kinase (e.g. Bcr,

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

occludens (PDZ) (e.g. PDZ-RhoGEF, LARG), regulators of G protein signaling (RGS)

(e.g. Lsc, LARG, PDZ-RhoGEF) or additional PH domains. These are likely involved in

coupling GEFs to upstream receptors and signaling molecules.

1.1.2.2 RGS domain containing GEFs

This recently identified family of DH domain-containing proteins that includes

p115RhoGEF and its mouse homolog Lsc, PDZ-RhoGEF (PRG), and leukemia-

associated RhoGEF (LARG) contains a N-terminal RGS-like domain. This domain is

known from a large family called RGS proteins, which act as -subunit-specific GAPs for

heterotrimeric G proteins and they are thought to have a crucial role in shutting off G

protein-mediated responses in all eukaryotes [14-16]. As for the RGS-proteins the RGS-

like domain in Lsc interacts specifically with the  subunit of G12 and G13 and accelerates

the intrinsic GAP activity causing their inactivation. On the other hand, the RGS-like

domain provides a functional motif by which G 12 and G 13 can bind and regulate the

activity of these Rho GEFs, thus providing a direct link between heterotrimeric G

proteins and Rho [12, 17].

LARG and PRG contain another functional motif, a PDZ domain, further N-terminal of

the RGS-like domain. The PDZ domain serves as a protein-protein interaction domain

(Fig.3).
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1.1.2.2.1 Lsc/p115RhoGEF

Lsc/p115RhoGEF is expressed primarily in cells of the hematopoietic system, in the

thymus, spleen and lymph nodes [18]. In the thymus Lsc is highly expressed in mature

single-positive CD4+ and CD8+ thymocytes, and to a lesser extent in the immature

double-positive CD4+CD8+ cells. The expression pattern of Lsc in thymic subpopulations

and in other cells of the immune system showed that Lsc is upregulated during

lymphocyte development [18]. Lsc was identified as a GEF specific for RhoA with

minimum catalytic activities towards Cdc42, Rac1 and Ras [12]. Similar to other GEFs,

Lsc contains a DH-PH domain for catalyzing the nucleotide exchange of RhoA [19]. As

described above, Lsc contains also an RGS-like domain that stimulates the intrinsic GAP

activity of G 12 and G 13 [17]. Co-immunoprecipitation studies showed a direct

interaction of Lsc with G 12 and G 13 via its RGS-like and DH domain, with higher affinity

towards G 13 [19, 20]. Only the binding of activated G 13 and not G 12 with Lsc

increases its nucleotide exchange activity towards Rho (Fig.3) [19].

Lsc seems to assume both positive and negative regulatory functions mediated by its

GEF and RGS-like domain, respectively. How these opposing signals integrate remains

an open question. One possibility is that Lsc downregulates its own activation, thus

generating only a short live signals. Experiments with Lsc mutants carrying mutations in

the GEF or the RGS domains may resolve these issues.

It was shown in HEK-293 cells in fluorescence microscopy and subcellular fractionation

studies of transfected and endogenous Lsc, that upon activation of G 12 or G 13 by TXA2

analog binding to ectopically expressed TP receptor, Lsc translocates from the

cytoplasm to the plasma membrane and for the efficient translocation both the RGS-like

and PH domain of Lsc are required [21].

Furthermore it was shown, that Lsc can homodimerize via its C-terminal part and that

the deletion of this region resulted in enhanced GEF activity in vivo [22]. The function of

this C-terminal region seems to be complex, as it can oligomerize and maybe recruits

other inhibitory molecules in vivo resulting in their downregulation.

G 12/13, Lsc, and Rho have all been implicated in the activation of serum response factor

(SRF), which leads to transcriptional activation of the cytoskeletal and immediate-early
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genes, which are under the control of the serum response element (SRE) [23-25]. Actin

polymerization is necessary for serum activation of SRF, which causes the release of the

globular (G)-actin binding protein MAL, which in turn translocates to the nucleus and

interacts with SRF to activate transcription from the SRE [26]. With these observations it

was postulated that G 12/13 activates Lsc, which then catalyzes RhoA activation, leading

to actin reorganization and subsequently to SRF-dependent transcriptional activation.

The proline-rich tyrosine kinase (Pyk-2) also activates SRE downstream of G 13 via Rho

and this activation is blocked by coexpression of the RGS-like domain of Lsc [27, 28].

First evidence for a function of Lsc in lymphocytes came from analysis of Lsc knock-out

mice [18]. Lsc is required for the homeostasis of T cells in the spleen and lymph nodes

and marginal zone (MZ) B cells in the spleen. In the absence of Lsc, reduced numbers

of T cells were detected in the spleen and increased numbers of T and B cells were

observed in the lymph nodes. Although normal numbers of immature and mature B cells

were found in the absence of Lsc, recirculating B cells were reduced in the bone marrow

and MZB cells were specifically reduced in the spleen. The development of T-cells

shown by the relative numbers of CD4 and CD8 expressing cells in the thymus was

normal.

Lsc deficient mice also exhibit a defective humoral response to thymus-dependent and -

independent antigens. Furthermore, Lsc is required for LPA- and TXA2-induced actin

polymerization in T and B cells, thus providing direct genetic evidence that Lsc acts

downstream of G 12/13-coupled receptors in remodeling of the actin cytoskeleton in vivo

(Fig.3). In addition, Lsc deficient T and B cells show a reduced basal migration in a

transwell migration assay. Together these data indicate that Lsc is a positive regulator of

homing or maturation of MZB cells and recirculating B cells, actin polymerization

mediated by G 12/13-coupled receptors, and basal motility of T and B cells. These

positive regulatory roles are likely mediated by the GEF domain of Lsc which catalyses

the activation of Rho. Lsc also has a negative regulatory role in the immune system.

This is highlighted by the observation that Lsc-/- lymph node T cells display an increased

basal proliferation [18]. In addition, Lsc-/- MZB cells exhibit enhanced migration to serum,

which is caused by the absence of LPA signaling on S1P-induced migration (LPA and
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S1P are both present in serum). This inhibitory function of Lsc is probably mediated by

its RGS-like domain which downregulates GPCR signaling by stimulating the intrinsic

GTPase activity of the  subunit.

1.1.2.2.2 Leukemia-associated RhoGEF (LARG)

LARG was first identified as a fusion partner of the myeloid-lymphoid leukemia (MLL)

gene in acute myeloid leukemia [29].  The rearrangement of LARG in MLL-LARG results

in the loss of amino-terminal sequences upstream of the DH domain, an event similar to

those found to cause constitutive activation of other Dbl family proteins. However,

amino-terminal truncation of LARG alone is not sufficient to activate its transforming

activity, indicating that the presence of MLL sequences might be involved in altering

LARG GEF function.

LARG belongs to the class of RGS domain containing GEFs and contains the same

functional domains like Lsc, having an additional PDZ domain at its N-terminus (Fig.3).

Unlike Lsc, LARG is ubiquitously expressed, and was also shown to act downstream of

G 12/13-coupled receptors leading to Rho activation [30]. With its unique PDZ domain

LARG binds to the insulin-like growth factor-1 (IGF-1) receptor independent of its

phosphorylation state. Upon exposure to IGF-1 in MDCKII epithelial cells, Rho and its

effector Rho kinase were activated and stress fibers were enhanced. The IGF-1 induced

formation of stress fibers was blocked by ectopic expression of the PDZ or RGS-like

domain of LARG [31]. It was further shown that LARG is regulating the actin

cytoskeleton during axonal guidance and cell migration by binding to the semaphorin

receptor Plexin-B1 via its PDZ domain transducing signals to Rho. Semaphorins are

axon guidance molecules that signal through the plexin family of receptors. In addition

they also play a role in other processes besides axon guidance, like immune regulation

and tumorigenesis [32, 33]. LARG is able to homo- and hetero-oligomerize with PDZ-

RhoGEF with its inhibitory C-terminal domain. The deletion of the C-terminus resulted in

a drastic increase in the ability to stimulate a SRE reporter and the accumulation of

GTP-bound Rho in vivo [22].

Furthermore, it was shown that tyrosine kinases are involved in Rho activation by

thrombin, not during the early phase immediately after thrombin addition but during the
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more sustained and prolonged delayed phase. G 13 initiates a signaling pathway leading

to the activation of Rho via e.g. LARG, which in turn activates focal adhesion kinase

(FAK) which subsequently phosphorylates LARG on tyrosine enhancing its activity to

Rho [34]. It was then proposed that the tyrosine kinase FAK forms a positive feedback

loop that prolongs activation of Rho.

1.1.2.2.3 PDZ-RhoGEF

PDZ-RhoGEF shares the same structural features as LARG, containing a PDZ, RGS-

like and DH-PH domains. However, PDZ-RhoGEF is predominantly expressed in the

brain as shown by Western blot analysis [35]. There are conflicting reports on the

expression of PDZ-RhoGEF in the hematopoietic system. By Northern blot analysis a

weak signal was detected in spleen and peripheric blood leukocytes but not in the

thymus [4]. In contrast, by Western blot analysis PDZ-RhoGEF was exclusively detected

in brain [30]. As for the other two family members, PDZ-RhoGEF links G 12/13-coupled

receptors to Rho [30, 36]. PDZ-RhoGEF is also important for cytoskeletal

rearrangements during axon guidance mediated by the interaction with the Plexin B1

receptor [33, 37-41]. Due to their expression in the immune system, I will focus on Lsc

and LARG family members.
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Fig.3 Primary structure of p115RhoGEF/Lsc, PDZ-RhoGEF, and LARG
These include a regulator of G protein signaling (RGS) domain which stimulates the intrinsic
GTPase activity of G 13 and a pleckstrin homology (PH) domain and a Dbl homology (DH)
domain, which catalyzes guanine exchange for RhoA. PDZ-RhoGEF and LARG have an
additional PDZ domain. Ligands of several G 12/13-coupled receptors and downstream
signaling pathways are indicated.
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1.1.3 Functions of RhoGTPases

1.1.3.1 Rho GTPases and the actin cytoskeleton

The Rho GTPases are key regulatory molecules that link surface receptors to the

organization of the actin cytoskeleton. The actin cytoskeleton provides a structural

framework around which cell shape and polarity are defined, and it also provides the

driving force for cells to move and to divide. This is accomplished by different

cytoskeletal structures, lamellipodia, filopodia and stress fibers.

In lamellipodia, actin filaments form a branching “dendritic” network, whose

polymerization is driven by the actin-related proteins 2/3 (Arp2/3) complex, which binds

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

daughter filament that branches off the mother filament [42]. Activation of the Arp2/3

complex is localized by Wiskott-Aldrich syndrome protein (WASp) / WASP family

Verprolin-homologous protein (WAVE) family members, which are themselves activated

at the cell membrane [43].

In filopodia, the actin filaments are organized into 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.

Contractility is achieved through stress fibers, which are actomyosin filaments. The

motor protein myosin II binds to oppositely oriented actin filaments and by activating

myosins by phosphorylation the actin filaments slide past each other generating

contractile force. These three different actin structures are regulated by GTPases

through interaction with different effector molecules. Activation of Cdc42, Rac and Rho

mediates the formation of filopodia, lamellipodia and stress fibers/focal adhesions,

respectively.

1.1.3.1.1 RhoA effectors

One of the effectors of Rho are the serine/threonine-directed Rho kinases, which elevate

myosin light chain (MLC) phosphorylation by inhibiting the MLC phosphatase [44] or by

directly phosphorylating the regulatory MLC of myosin II (Fig.4) [45]. Additionally, MLC

can be phosphorylated by the calcium-dependent myosin light-chain kinase (MLCK)
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independently of Rho kinases. Two Rho kinase isoforms have been identified: ROCK I

(ROK /p160ROCK) and ROCK II (ROK /Rho kinase), which both bind to Rho-GTP [46,

47], hereafter generically referred to as Rho kinase. The myosin II can exist in two

different conformational states, an extended state that is capable of forming bipolar

filaments, and a bent state in which the tail domain apparently interacts with the motor

head. Phosphorylation of the regulatory light chain (MLC) by MLCK or Rho Kinase

causes the myosin II to preferentially assume the extended state, which promotes its

assembly into bipolar filaments (stress fibers) and leads to cell contraction.

Fig.4 Signaling from Rho to the cytoskeleton
The pathways leading from Rho activation to the formation of stress fibers.

Another target of Rho kinase includes the LIM kinase (LIMK), which phosphorylates the

actin depolymerization factor cofilin or ADF, inhibiting its function [48]. The inhibition of

cofilin stabilizes actin filament arrays such as stress fibers and the cell cortex (Fig.4).

A direct effector of Rho GTPases is the mammalian homolog of diaphanous (mDia) [49],
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formation of stress fibers. However, the morphology of stress fibers induced by Rho

kinase alone was different than the one induced by mDia alone, suggesting that both

pathways are necessary for the correct appearance and organization of stress fibers, as

seen with constitutively active RhoA (Fig.4) [49].

1.1.3.1.2 Rac/Cdc42 effectors

Activation of Rac causes the formation of lamellipodia and membrane ruffles, which is

driven by the Arp2/3 complex. The Arp2/3 complex is activated by the WAVE/Scar

protein [51, 52], which belongs to the WASP family. Two ways of activating the

WAVE/Scar proteins downstream of Rac have been described, one via the insulin

receptor tyrosine kinase substrate p53 (IRSp53) [53] and the other one through the

release of WAVE from an inactive complex consisting of the Rac binding proteins, Nck-

associated protein (Nap125) and p53-inducible messenger RNA (PIR121), along with

HSPC300 and the Abl-interacting protein-2 (Abi2) (Fig.5) [54].

Fig.5 Signaling from Rac to the actin cytoskeleton
The pathways leading from Rac activation to the formation of lamellipodia and membrane
ruffles and the loss of stress fibers.
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Another downstream effector of Rac that has been implicated in cytoskeletal

rearrangements and membrane ruffling is p21-activated kinase (PAK), which is activated

by Rac and Cdc42 [55]. Several PAK substrates or binding partners have been

implicated in the effects of PAK, including the actin binding protein filamin, LIMK, and

myosin (Fig.5).

1.1.3.2 RhoA and gene transcription

A role for Rho in transcriptional regulation was first demonstrated by Hill and colleagues

[24]. Their work established that activated RhoA stimulates gene expression through the

serum response element (SRE), which is located in the promoter region of the so-called

“immediate early genes”, whose expression is rapidly induced by serum. SRE sites are

regulated by serum response factor (SRF) acting in conjunction with ternary complex

factor (TCF). The authors showed that RhoA could stimulate the activity of SRE

independently of ternary complex factor. The coordinated action of two Rho effectors

Rho kinase and mDia1 is required to regulate SRF activity by affecting actin dynamics

[56]. The level of SRF activation is dependent on the ratio between filamentous (F)-actin

and globular (G)-actin and recently a protein has been identified, the actin binding

protein MAL (or MKL1), which “senses” the level of G-actin [26]. In serum-starved cells,

MAL is predominantly cytoplasmic where it is sequestered by actin monomers. Upon

serum stimulation, Rho becomes active and through its interaction with Rho kinase and

mDia1, causes accumulation of F-actin and a commensurate decrease in the level of

actin monomers. As a consequence, MAL is no longer sequestered and is free to

translocate to the nucleus where it associates with SRF and activates SRE-mediated

gene expression [26]. Two classes of SRF target genes exist, which can be

distinguished by their relative sensitivity to RhoA/actin and MEK/ERK signaling

pathways. Regulation of the srf and vinculin genes downstream of serum, LPA, platelet

derived growth factor or PMA is dependent on RhoA and requires actin polymerization

but is largely independent of MEK activity. In contrast, activation of fos and early growth

response –1 (egr-1) genes occurred independently of RhoA and actin polymerization but

was almost completely dependent on MEK activation [57].



INTRODUCTION 26

1.2 G protein-coupled receptors

1.2.1 Signaling pathways downstream of GPCRs

GPCRs belong to the class of heptahelical transmembrane receptors. They couple to

heterotrimeric G proteins. As their name implies, trimeric G proteins are composed of

three subunits called, , , and . Both the  and  subunits have covalently attached

lipid tails that anchor them in the plasma membrane. When the appropriate protein

ligand binds to the receptor, they undergo a conformational change transmitting the

signal into the cytosol, where the receptor activates trimeric G proteins. Like the small

GTPases the  subunit functions as a binary switch by cycling between an inactive

GDP-bound and an active GTP-bound state. When activated by ligand binding to the

receptor, the  subunit releases its bound GDP, allowing GTP to bind its place. This

exchange causes the trimer to dissociate into two activated components, an  subunit

and a  complex, initiating downstream signaling cascades. Since the  subunit is a

GTPase, once it hydrolyzes its bound GTP to GDP it reassociates with the  complex to

reform an inactive G protein, stopping the activation process.

The G proteins can be divided into four classes according to their  subunits, G s, G i,

G q, and G 12 [58-60]. G s and G i subunits regulate adenylyl cyclase activities, while

G q subunits regulate phospholipase C (PLC) activities. Activation of G s causes the

increase of intracellular cyclic AMP (cAMP) levels, leading to the activation of protein

kinase A (PKA), whereas G i decreases cAMP levels and additionally directly acts on

ion channels. G q, which is activated by many agonists, including thromboxane A2

(TXA2), bradykinin, bombesin, histamine, and endothelin activates PLC , which cleaves

phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and Inositol 1,4,5-

trisphosphate (IP3), which is released into the cytoplasm and causes the influx of calcium

(Ca2+) from the endoplasmatic reticulum (ER) into the cytosol. The Ca2+ together with

DAG and phosphatidylserine causes the activation of several isoforms of protein kinase

C, which phosphorylates many target proteins transducing diverse signals leading

amongst others to cell proliferation, differentiation, and apoptosis. The  dimers of G

proteins can activate beside PLC  the phosphoinositide-3 kinase (PI3K), which leads to
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the generation of phosphatidylinositol 3,4,5 trisphosphate (PIP3), which serves as a

docking site for PH domain containing proteins.  PI3K can also activate the small

GTPase Rac.

The class of G 12 subunits, consisting of G 12 and G 13, once isolated as oncogenes,

have transformation capacity when transfected into fibroblasts [61, 62]. They are unique

in their failure to regulate the known G  effectors such as adenylyl cyclases or

phospholipases, instead G 12/13 regulate the formation of stress fibers and focal

adhesions [63], as well as tyrosine phosphorylation of FAK and paxillin, in a Rho

dependent pathway [64, 65]. In this study, the main interests lie on the G 12 protein-

coupled receptor family which were shown to be upstream of Lsc and Rho. G 12 and

G 13 can directly bind to the RGS-like domain of Lsc/p115RhoGEF, PDZ-RhoGEF, and

LARG, enhancing the exchange activity towards RhoA, and simultaneously activating

the intrinsic GTPase activity of G 12/13 leading to their inactivation (Fig.6) [17, 19].

G protein-coupled receptors can be desensitized, initiated by the phosphorylation of the

receptor by either PKA, PKC, or a member of the family of G protein-linked receptor

kinases (GRKs). GRKs phosphorylate multiple serines and threonines on the receptor

after activation by ligand binding, generating docking sites for members of the arrestin

family of proteins. Arrestin uncouples the receptor from the trimeric G proteins or

mediates receptor endocytosis, resulting in the downregulation of the receptor [66].

GPCRs that activate Rho and use G 12 and G 13 for signal transduction include

receptors for lysophosphatic acid (LPA) and sphingosine-1-phosphate (S1P) [64, 67,

68], thrombin [69], TXA2 [70] and the orphan receptor G2A [71]. Recent findings

elucidated a role of some of those receptors in the immune system. G2A regulates

lymphocyte homeostasis [72], TXA2 receptor deficient mice developed

lymphoadenopathy with age and showed a decreased interaction of dendritic cells with T

cells, which limits activation and proliferation of naïve T cells [73]. The knockout of S1P

receptor-1 (or Edg-1) showed that S1P is essential for lymphocyte recirculation and that

it regulates egress from both the thymus and peripheral lymphoid organs [74].
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Fig.6 Signaling pathways that emanate from activated G q, G s and
G 12/13-coupled receptors.
PIP2 (phosphatidylinositol 4,5-bisphosphate), IP3 (Inositol 1,4,5-trisphosphate), PIP3

(phosphatidylinositol 3,4,5-trisphosphate), DAG (diacylglycerol), PKB (protein kinase B)

1.3 Thromboxane A2  and its receptor

1.3.1 TXA2 metabolism

Several types of lipids serve as signaling molecules that, in contrast to steroid

hormones, act by binding to cell surface receptors. The most important of these

molecules are members of a class of lipids called eicosanoids, which includes

prostaglandins, prostacyclins, thromboxanes, and leukotrienes. The eicosanoids are

rapidly broken down and therefore act locally in autocrine or paracrine signaling

pathways. Eicosanoids are biologically active metabolites derived from arachidonic acid

(AA). Following nonspecific activation stimuli (physical, chemical, hormonal, cytokines,

etc.), AA is released from the membrane phospholipid bilayer through the action of
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phospholipases (PL) and is converted to prostaglandin H2 (PGH2) by cyclooxygenase

(COX)-1 and -2 [75]. Cell specific PG synthases catalyze the conversion of PGH2 to

biologically active endproducts including PGE2, PGF2 , PGD2, PGI2 and TXA2, known

collectively as prostanoids (Fig.7).

COX-2 is the more readily inducible isoform. It is not detectable in resting conditions, but

its expression is upregulated in macrophages, fibroblasts, vascular endothelial and

smooth muscle cells by various cytokines, endotoxins, growth factors or tumor

promoters [76].

In contrast, the COX-1-dependent PG production is thought to serve a number of

physiologic “housekeeping” functions, such as generation of pro-aggregatory TXA2 by

platelets, cytoprotective functions in the gastric mucosa and nephron-compartmentalized

synthesis of prostanoids, which affects different aspects of renal function. COX-1 has

been shown to be developmentally regulated in many different tissues including the

thymus [77, 78].

TXA2 has a short half-life (<30 seconds) and is rapidly hydrolyzed to TXB2, a stable

inactive metabolite. TXA2 binds to a G protein-coupled receptor, termed thromboxane-

prostanoid (TP) receptor, coupled to G q, G i [79, 80] and G 12/13 [81, 82].  The best-

studied TP-signal transduction pathway is through G q, which mediates Ca2+

mobilization by activating PLC  and PI3K through the  subunits [83]. The activation of

G 13 by TXA2 leads to the activation of the Rho/Rho kinase pathway and sustained MLC

phosphorylation in platelets [82]. The activation of several signal transduction pathways

by the TP-receptor including the IP3/DAG, cAMP, GTPases (Ras and Rho family), PI3K,

as well as PKC and PKA differ in both cell- and-organ specific manners. Consequently,

TP activation in one cell type may lead to quite different signaling events than its

activation in a different cell type [84].

In human, two isoforms of the TP receptor are known, TP-  and TP- , whereas only one

murine receptor was identified so far. The TP receptor is expressed abundantly in

tissues rich in vasculature structures such as lung, kidney, and heart, and in immune-

related organs like thymus and spleen [85]. Mice deficient in the receptor (TP-/-) are
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fertile and their major organ system is normal. They show prolonged bleeding time and

platelets do not aggregate in response to TXA2 [86].

1.3.2 Thromboxane A2 and the immune system

As mentioned above, production of TXA2 and expression of TP are not limited to the

cardiovascular system. TP mRNA is highly expressed in spleen and thymus [85] and the

binding activity for TP is high in thymocytes, present in T cells but not in B cells [87].

Furthermore, TX synthase is enriched beside platelets, in monocytes, macrophages and

dendritic cells, which release TXA2 upon activation [73], suggesting a role for TXA2/TP

signaling in the immune system. Narumiya and coworkers also generated TP deficient

mice focusing on the role of TXA2 in the immune system. The knockout mice developed

besides the above-mentioned defects in platelet functions, marked cervical

lymphoadenopathy with the disruption of the zonal structure of lymph nodes with age.

The authors found that TXA2-TP signaling negatively regulates the interaction of

dendritic cells with T cells and therefore limiting the activation and proliferation of naïve

T cells. Consistent with this finding, the TP deficient mice showed an enhanced contact

hypersensitivity [88].

The expression pattern of COX-1 and COX-2 also suggests a role for prostaglandins in

the immune system. COX-1 mRNA is already present in the mouse fetal thymus at

embryonic day 15.5 (E15.5), in both CD4-CD8- double-negative (DN) and CD4+CD8+

double-positive (DP) immature thymocytes, but not in CD4+ single positive mature

thymocytes [77, 78]. In contrast COX-2 mRNA is only detectable in thymus extracts, in

cells of epithelial morphology in the medulla [77, 78], where mature thymocytes reside.

In contrast, the predominant form in cortical epithelial cells is COX-1. The inhibition of

COX-2, but not COX-1 blocked the adhesion of CD4+CD8+ and CD4+ thymocytes to

medullary cell lines.  It was suggested, that the prostaglandins produced be medullary

epithelial cells by COX-2 might regulate the development of thymocytes by modulating

their interaction with stromal cells [77, 78]. It was shown that TXA2 caused the

disappearance of DP thymocytes ex vivo [87]. In the context of the expression pattern of

COX isoenzymes, one may assume that the TXA2 mediated apoptosis of DP thymocytes
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is caused by the production of TXA2 by COX-1 and released from cortical thymic

epithelial cells.

Fig.7 Arachidonic acid (AA) metabolism involving cyclooxygenases
(COXs).
Arachidonic acid is generated from phospholipids by the action of phospholipases (PLs). AA
is subsequently converted to prostaglandin H2 (PGH2) by COX-1 or -2. PGH2 is converted
into prostaglandin E2 (PGE2), prostaglandin F2a (PGF2a), prostaglandin D2 (PGD2),
prostaglandin I2 (PGI2), or thromboxane A2 (TXA2) by cell specific prostaglandin/thromboxane
synthases

1.4 Thymocytes

1.4.1 Thymocyte development

The development of the T cell lineage is restricted to the thymus and mediated by

interactions between developing lymphocytes and the thymic stroma, together with bone

marrow-derived monocytes and dendritic cells. Thymocytes pass through a series of

developmental checkpoints, which ensure the emergence of heterogeneous populations

of mature T cells carrying a T cell receptor (TCR) capable of recognizing a multitude of

the major histocompatibility complex (MHC) -presented antigens but lacking reactivity

with self-antigens.

The thymic architecture is organized into discrete cortical and medullary areas, each of

which is characterized by the presence of particular stroma cell types, as well as
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thymocyte precursors at defined maturation stages [89]. During thymocyte development

an intricate movement through defined regions occurs, with lymphoid progenitors

entering the thymus at the cortico-medullary junction, then migrating to the outer cortex,

and finally returning to the medulla by a process that includes several carefully

coordinated selection events [90]. The lymphoid precursor enters the thymus and

undergoes commitment to the T cell lineage, which is mediated by the Notch-signaling

pathway and is initiated by the interaction of Notch receptors on lymphoid precursors

with Notch ligands on stromal cells. This interaction induces the cleavage of intracellular

Notch (ICN), which subsequently translocates to the nucleus and turns on the

transcription of T cell lineage-specific genes [91-93]. Initially the cells express neither

CD4 nor CD8 and are called double-negative (DN) cells. The DN stage can be

subdivided further into four discrete stages DN1-4 by the expression of the markers

CD44 and CD25. During DN2-3, the cells rearrange the TCR  gene and if successful,

express the TCR  polypeptide in combination with a pre-TCR  chain, forming a surface

expressed pre-TCR. Signaling through the pre-TCR is essential to overcome this

checkpoint and initiate proliferation and expression of the CD4 and CD8 genes,

becoming double positive (DP) cells. The second checkpoint occurs during the TCR

stage, after the DP thymocytes successfully rearranged the TCR  gene, expressing a

functional TCR. The mature TCR interacts with MHC and transmits signals that

direct downregulation of one of the co-receptors, either CD4 or CD8, to give the mature

subpopulations: CD4 single positive (SP) cells, which are restricted to the recognition of

antigens with class II MHC molecules, and CD8+ SP cells, restricted to the recognition of

antigen with class I MHC.

The signals received at the -selection checkpoint terminate the TCR  rearrangement

process, enforcing allelic exclusion, and initiate proliferation and differentiation of the

precursor cells. TCR  selection signals terminate TCR  rearrangement and initiate

lineage commitment, which is characterized by extinction of one of the co-receptors, but

not by proliferation. Signaling molecules implicated at the -selection checkpoint include

the src-kinases Lck and Fyn [94, 95], and the adapter protein linker for activation of T

cells (LAT) [96], the SH2-domain containing leukocyte protein of 76kDa (Slp-76) [97],
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GADS [98], and Shc [99]. The knockout of these genes causes an arrest at this stage of

differentiation. Interference in the Ras/mitogen-activated protein kinase (MAPK) pathway

by expression of dominant interfering Ras and MEK (MAPK extracellular signal-

regulated kinase) also blocks -selection, implicating this pathway in early

developmental stages [100]. In contrast, in the absence of ZAP-70 (zeta-chain

associated protein 70) [101], RasGRP, p44ERK (extracellular signal-related kinases)

[102], Vav [103-105], and the Tec family kinases the production of mature SP

thymocytes was found to be impaired.

Fig.8 Development of T cells in the thymus.
Lymphoid precursors enter the thymus and pass through different development stages
characterized by the expression of certain cell surface markers and the arrangement of the
TCR  and  chain

Several signaling pathways appear to be important in the lineage decision between

CD4+ and CD8+, according to their degree in activation. This fate choice seems to result

from differences in the intensity and/or duration of signals transmitted by the TCR via
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Lck and the ERK/MAPK pathways, with higher activation promoting CD4+ cell

maturation, whereas lower activation favors the CD8+ lineage (reviewed in [106]).

Developing T cells are not only selected for their successful rearrangement of the

TCR  chains, additionally they have to overcome positive and negative selection. Due

to this process only less than ~4% of the total thymocyte population survive and achieve

a mature phenotype. The first is the positive selection, where the ability of the TCR/co-

receptor pairing is tested to interact with the appropriate self-MHC molecules. The

second is negative selection or the removal of cells with the potential for self-reactivity

(Fig.8).

1.4.1.1 Thymocyte development and RhoGTPases

Specific members of the Rho family of GTPases exert unique influences on thymocyte

proliferation, differentiation and deletion. Using transgenic mice it was shown that

expression of C3 transferase, an inhibitor of Rho-type GTPases but not Rac1, Rac2 or

Cdc42, leads to a severe depletion in DN2, DN3 and DN4 thymocytes, due to an

increase in apoptosis at the earlier stages and suppressed ability to differentiate into the

DN4 stage [107-110]. However, the inability to differentiate to the DN4 stage could not

override the requirement for TCR  in DN3 to DN4 progression by expression of a

dominant active RhoA mutant (RhoAV14) [111]. In contrast, expression of a constitutive

active mutant of Rac1 (Rac1L61) moderately increased the numbers and proliferation of

thymocytes transitional between the DN3 and DN4 stages [112]. In addition, the

expression of Rac1L61 in Rag-/- mice, which lack the TCR  component of pre-TCR,

showed a partial progression to the DP stage [112]. Rho and Rac signaling are not

completely independent pathways. The actions of Rac1 in the thymus are dependent on

Rho signaling, leading to the conclusion that Rho is necessary but not sufficient for pre-T

cell differentiation [111]. Analysis of Cdc42L61 transgenic mice provided further

evidence for the distinct roles of Rho family GTPases in the initial stages of thymocyte

development. These mice have increased numbers and proliferation of DN1, DN2 and

DN3 thymocytes but a tenfold reduction in the ratio of DN4 to DN3 thymocytes [113],

implying that Cdc42 activation is counterproductive to pre-TCR-mediated developmental

progression.
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While an active mutant of RhoA increased the production of mature thymocytes by

promoting positive selection, transgenic expression of active mutants of Cdc42, Rac1 or

Rac2 lead to atrophy of the thymus with a profound reduction in DP and SP thymocytes

and an increase in apoptosis [113-115].

Studies of Vav1 deficient mice, a GEF with highest affinity for Rac, followed by RhoA

and Cdc42, further supported the necessity for RhoGTPases during T cell development.

In Vav1-/- mice, thymocytes are impaired in the transition from the DN stage to the DP

stage, and from the DP to CD4+ or CD8+ stage. This results in a reduction of SP cells

and mature T cells in the periphery [103, 104, 116, 117]. The defect in the transition from

DP to SP could be explained by aberrant thymic positive selection [117, 118] and

negative selection in the absence of Vav1 [118].

So far, nothing is known about the involvement of RGS domain-containing GEFs during

T cell development.

1.4.1.2 Apoptosis

In the thymus the majority of thymocytes die because of their failure to pass through

positive and negative selection. The thymocytes, which are no longer, needed, commit

suicide by activating an intracellular death program. This process is therefore called

programmed cell death or apoptosis. Cells, which undergo apoptosis, shrink and

condense due to the collapse of the cytoskeleton, disassembly of the nuclear envelope

and fragmentation of the DNA. In addition, the cell surface is altered, displaying

properties that cause dying cells to be rapidly phagocytosed by macrophages, before

any leakage of its contents occurs. In contrast, cells that die as a result of acute injury

typically swell and burst, a process called cell necrosis, causing a potentially damaging

inflammatory response [119].

The intracellular machinery responsible for apoptosis depends on a family of proteases

that have a cysteine at their active site and cleave their target proteins at specific

aspartic sites. There are therefore called caspases. Caspases are synthesized in the cell

as inactive precursors, or procaspases. Once activated, caspases cleave, and thereby

activate other procaspases, resulting in an amplifying proteolytic cascade. Some of the

activated caspases in turn cleave other key proteins including lamins, leading to the
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breakdown of the nuclear envelope. In this way, the apoptotic cell dismantles itself

quickly and neatly, and its corpse is rapidly taken up and digested by phagocytes.

During T cell development, thymocytes, which are unproductive or potentially

autoreactive, have to be eliminated. It is believed, that cell death represents the default

pathway in immature thymocytes that must be overridden by survival signals. In early

thymocyte development these survival signals are supplied by IL-7 and stem cell factor

(SCF).  In the DN3 stage a functional pre-TCR complex is required for the survival of the

thymocytes or for the suppression of apoptosis. And for the transition from the DP to the

SP stage, the strength and duration of the signal emanating from the TCR binding to

MHC-antigen complex is responsible for the cell’s fate.

1.4.1.2.1 Intrinsic and extrinsic pathways of apoptosis

Increasing evidence suggests that movement of key proteins in or out of the

mitochondria during apoptosis is essential for the regulation of apoptosis. These proteins

belong to the expanding B-cell follicular lymphoma (Bcl-2) family, which consists of pro-

apoptotic family members including Bcl-2-associated x protein (Bax) and Bcl-2

antagonist/killer (Bak) and antiapoptotic family members like Bcl-2 and Bcl-XL. These

proteins have been proposed to regulate apoptosis through both homo- and

heterodimerization [120-122]. Many types of apoptotic signals converge at the level of

mitochondria and induce the release of apoptogenic mitochondrial proteins that directly

promote apoptosis [123].

The extrinsic pathway is triggered by death receptor engagement (e.g. FasL/Fas), which

initiates a signaling cascade mediated by caspase-8 activation. Caspase-8 both feeds

directly into caspase-3 activation and stimulates the release of cytochrome c by the

mitochondria via proapoptotic family members such as Bid, which in turn activate the

proapoptotic Bcl-2 family members Bax and Bak, which promote the release of

cytochrome c from the mitochondria. Caspase-3 activation leads to the degradation of

cellular proteins necessary to maintain cell survival and integrity (Fig.9).

When cells are damaged or stressed, they can also kill themselves by triggering the

release of cytochrome c from the mitochondria from inside the cell (independently of

caspase-8 activation). Cytochrome c interacts with the adaptor protein apoptosis-
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activating factor-1 (Apaf-1) and procaspase-9 forming the so-called apoptosome, leading

to the activation of caspase-9 and further down the line to the activation of caspase-3

(Fig.9).

Not only members of the Bcl-2 protein family translocate to the mitochondria and thereby

induce apoptosis. Recently, cofilin, a member of the actin depolymerizing factor (ADF)

family, was identified as one of the proteins that translocate to the mitochondria following

staurosporine treatment in HL60 cells in a caspase-independent manner [124]. The

specific knock-down of cofilin with small interference RNAs resulted in a long-term

resistance to staurosporine-induced apoptosis. Since cofilin is activated downstream of

G protein-coupled receptors and TXA2 causes apoptosis of immature thymocytes [87] it

would be interesting to investigate whether TXA2 stimulation causes the translocation of

cofilin to the mitochondrial membrane.

Fig.9 Extrinsic and intrinsic pathways of apoptosis.
FADD (Fas-associated death domain protein), tBid (truncated beta interaction domain); Apaf-
1 (apoptosis-activating factor 1); Bax (Bcl-2-associated x protein); Bak (Bcl-2
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1.4.1.2.2 Protein Kinase B / Akt

Another major player in apoptosis is the survival factor protein kinase B (PKB) / Akt.

PKB/Akt is a serine/threonine kinase which is regulated by upstream second

messengers and secondary, activating enzymes. PKB/Akt promotes cell survival signals

through the PI3K pathway, leading to the inactivation of a series of pro-apoptotic

proteins (Fig.10).

Fig.10 Protein kinase B/Akt and its effectors.

To control the activity and specificity of the protein kinase domain, there are two

important regulatory domains. The N-terminal PH domain is common to numerous

signaling proteins and provides a lipid binding module to direct PKB/Akt to PI3K-

generated phosphoinositides PI(3,4,5)P3 and PI(3,4)P2. Thus, growth factors that act to

increase PI3K activity and lead to the subsequent generation of PI(3,4,5)P3 and

PI(3,4)P2 provide a plasma membrane recruitment mechanism for PKB/Akt. Membrane

recruitment of PKB/Akt is a hallmark of its activation. The second important regulatory
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domain of PKB/Akt is a C-terminal hydrophobic motif, which provides a docking site for

the upstream activating kinase, 3-phosphoinositide-dependent kinase-1 (PDK1). A main

phosphorylation site by PDK1 lies within the activation T-loop at Thr308 by PDK1 [125,

126] causing a conformational change allowing substrate binding and greatly elevated

rate of catalysis. Another site of regulation is the phosphorylation of Ser473, which

occurs either through autophosphorylation [127] or by other serine kinases [128-130].

Targets of PKB/Akt include members of the Bcl-2 protein family as well as transcription

factors.

Phosphorylation by PKB/Akt prevents translocation of Bad to mitochondria by facilitating

its association with 14-3-3 proteins (reviewed in [131]). It can also directly phosphorylate

caspase-9 [132].Additionally, PKB/Akt blocks apoptosis through regulation of the

transcriptional activity of both Forkhead family members and NF- B (Fig.10) (reviewed in

[131]). However, Akt/PKB can also maintain the integrity of the mitochondria via a Bad-

and caspase-independent mechanism that prevents release of cytochrome c.
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1.5 Aims of the project

G proteins of the G 12 family and the small GTPase RhoA are connected by specific

GEFs including Lsc/p115RhoGEF, LARG and PDZ-RhoGEF. Both families are

implicated in the reorganization of the actin cytoskeleton.

TXA2 activates the TP receptor, which can couple to various G  subunits including

G 12/13 and is highly expressed in the thymus. Lsc is predominantly expressed in the

hematopoietic system, including the thymus, spleen and lymph nodes. With its RGS-like

domain Lsc is located downstream of G 12/13-coupled receptors. Work in our laboratory

showed that Lsc mediates signaling from TXA2 to actin polymerization in mature T cells

[18], others reported that TXA2 causes the translocation of Lsc to the plasma membrane

in an endothelial cell line [21] and again others showed that TXA2 induces apoptosis in

immature thymocytes [87]. These findings implicated Lsc in TXA2 signaling, which led us

investigate the signal transduction pathways emanating from the TP receptor in

thymocytes in an in vivo model and the involvement of Lsc.

However, many G 12/13 dependent functions are still working in the absence of Lsc or are

only partially defective, therefore another member of the RGS domain containing GEFs

could overtake the function of Lsc. LARG is ubiquitously expressed and shares the

same structural and physiological features and could compensate for Lsc in the

hematopoietic system in vivo. To study the in vivo functions of LARG, it was intended to

generate LARG deficient mice with the future perspective to generate Lsc/LARG double

knockout mice to unravel the function of the RGS domain containing GEFs in the

immune system.
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2  R E S U L T S

2.1 Lsc RhoGEF mediates signaling from thromboxane A2 to actin

polymerization and apoptosis in thymocytes

2.1.1 Defects in TXA2-induced actin polymerization in Lsc-/- thymocytes

T cells mature in the thymus, with thymic precursors becoming double negative (CD4-/

CD8-) thymocytes, then transitioning to double positive (CD4+/CD8+) thymocytes,

followed by becoming single positive (CD4+/CD8- or CD4-/CD8+) thymocytes. At this

point, thymocytes leave the thymus for the periphery, where they are known as T cells.

The induction of actin polymerization by the stable analog of TXA2, U46619, that we

previously observed in mature splenic T cells [18] prompted us to test actin

polymerization to U46619 in thymocytes. Freshly isolated thymocytes were stimulated

with U46619 and stained for F-actin, and the relative increase in actin polymerization

was measured by flow cytometry. Similar to T cells, thymocytes rapidly polymerized

actin in response to the activation of TP, and this induction of polymerization was

dependent on the Rho activator Lsc (Fig.11A). Actin polymerization induced by TXA2

was observed in all thymocytes subpopulations, with the highest levels in double positive

cells followed by double negative thymocytes (data not shown), in accordance with the

expression pattern of the TP receptor [87].

The requirement for Lsc in TXA2-induced actin polymerization was not caused by

decreased expression of the TP receptor in Lsc-/- thymocytes, as the expression levels of

the TP receptor in wildtype and Lsc deficient thymocytes were comparable (Fig.11B).

To determine if the Lsc-dependent increase in actin polymerization signaled through

Rho GTPase, I next measured TXA2 -stimulated actin polymerization in the presence of

an inhibitor of the Rho effector ROCK (Rho kinase), Y-27632, and found it profoundly

reduced (Fig.11C). To test if Lsc-/- thymocytes show a general defect in remodeling of

the actin cytoskeleton, thymocytes were stimulated with SDF-1 , a chemokine that binds

to G i-coupled receptors. Lsc-deficient mice display a normal or even higher actin

polymerization profile comparable to that of wildtype thymocytes, suggesting that the
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involvement of Lsc is specific for TXA2 signaling (Fig.11D). Additionally, it was observed

that under resting conditions, Lsc-/- thymocytes show a profound reduction of F-actin

levels (Fig.11E), which was also the case in the presence of Y-27632, indicating that the

steady-state level of G-actin to F-actin is regulated through an Lsc/ROCK pathway.

Together these results indicate that Lsc and ROCK are required for signaling from the

TP receptor to actin polymerization in thymocytes.

2.1.2 Lsc is required for TXA2 -mediated RhoA activation

Binding of G 13 subunit to the RGS domain of Lsc activates its GEF activity towards Rho

in vitro [19]. In addition, the requirement for both Lsc and ROCK in TXA2 induction of

actin polymerization suggested that Rho was also activated downstream of Lsc by TXA2.

First of all, the expression level of the small GTPases Rac1 and 2, Cdc42 and RhoA in

thymocytes was determined in comparison to peripheral T cells. Rac1, Rac2 and RhoA

are highly expressed, whereas Cdc42 shows only weak expression in thymocytes

(Fig.12).

To investigate whether Rho is downstream of activation of TP and Lsc, I used a GTP-

binding domain assay to compare TXA2-induced activation of RhoA in wildtype and Lsc-/-

thymocytes in vivo [133]. When wildtype thymocytes were stimulated with U46619, the

GTP-bound activated form of RhoA was clearly detected after one minute of stimulation,

however, Rho activation was completely abolished in Lsc-/- thymocytes (Fig.13A).

Confirming the specificity of Lsc for RhoA GTPase, U46619 also activated Rac1

GTPase, but there was no defect in the activation levels of Lsc-/- thymocytes compared to

wildtype (Fig.13B). In addition, the chemokine SDF-1 , which binds to the G i-coupled

CXCR4 receptor, was used to test the specificity of the requirement for Lsc in TXA2

signaling. Although SDF-1  activation of RhoA resulted in a modest decrease in the

levels of RhoA-GTP in Lsc-/- thymocytes (Fig.13C), I also observed decreased basal

levels of RhoA-GTP (Fig.13D), which likely accounted for the slight decrease in

response to SDF-1  activation. Thus, activation of RhoA by SDF-1  likely does not

require Lsc. Together, these findings show that Lsc is essential for TXA2 activation of

RhoA, but not Rac1 in vivo.
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Fig.11 Requirement for Lsc and ROCK in TXA2-activated actin
polymerization.
Wildtype (WT) or Lsc-/- thymocytes (CD4+ CD8+) were activated with A 10 µM U46619 or D
0.2µg/ml SDF-1  for the indicated timepoints and differences in mean fluorescent intensity
( MFI) of FITC-stained F-actin were measured by FACS. B, Expression of the TXA2 receptor
(TP) in wildtype (WT) and Lsc-/- thymocytes. Thymocytes (3 and 5 x 106 cells) were isolated
from mice, lysed by the addition of 5x loading buffer and analyzed by immunoblotting with
anti-TP antibody. The blot was stripped and reprobed with anti-ERK1 as loading control. C,
Differences in F-actin measured as in A in wildtype thymocytes activated by 10 µM U46619 in
the presence or absence of 10µM Y-27632. E, Differences in basic F-actin levels measured
as in A in WT and Lsc-/- thymocytes in the absence of any stimulus
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Fig.12 Expression level of small GTPases in thymocytes and
peripheral T cells
Thymocytes and purified peripheral T cells (0.5 and 1 x 106 cells) were isolated from mice,
lysed by the addition of 5x loading buffer and analyzed by immunoblotting with anti-Cdc42
(Transduction Laboratory), anti-Rac1 (Transduction Laboratory), anti-Rac2 (Santa Cruz) and
anti-RhoA antibody (Santa Cruz).
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Fig.13 Effects of Lsc deficiency on TXA2- and SDF-1 -induced
activation of RhoA and Rac1.
Thymocytes from 6-8 week-old wildtype (WT) or Lsc-/- mice were stimulated with 1 µM
U46619 or 0.2 µg/ml SDF-1  for the indicated times (minutes). Cell extracts were incubated
with GST-TRBD for RhoA activation or GST-PAK1 RBD for Rac1 activation. A and C, Anti-
RhoA was used to detect GTP-bound RhoA and B, anti-Rac1 was used to detect GTP-bound
Rac1. 10% of cell lysates used for the binding assay were resolved separately and analyzed
using anti-RhoA and anti-Rac1 to confirm the use of equal amount of protein. One result
representative of 3 experiments is shown. D, Basal levels of RhoA activation were assayed
as in A and C in unstimulated thymocytes from the indicated mice. EXP; experiment
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2.1.3 TXA2 activates multiple signaling intermediates in thymocytes

The findings that TXA2 activates actin polymerization and RhoA in thymocytes,

dependent on Lsc and ROCK, prompted us to investigate whether TXA2 also activated

other intermediates in a signaling pathway leading to actin polymerization in thymocytes.

ROCK activates a serine/threonine kinase, LIM kinase-1 (LIMK1), which in turn

phosphorylates and inactivates cofilin, leading to actin remodeling [48, 134]. I therefore

assayed cofilin activity in thymocytes stimulated with U46619 and detected an increase

in phosphorylated cofilin in wildtype thymocytes that was absent in Lsc-/- thymocytes

(Fig.14A). Moreover, the increase in phosphorylated cofilin to U46619 was also

abolished in cells treated with the ROCK inhibitor Y-27632 (Fig.14B). These data show

that TXA2 stimulation of thymocytes inhibits cofilin and that this inhibition requires Lsc

and ROCK.

Fig.14 Requirement for Lsc in TXA2 signaling to cofilin
Thymocytes from wildtype (WT) or Lsc-/- mice were stimulated with 10 µM U46619 in the
presence or absence of 10 µM Y-27632 (A) for the indicated timepoints (minutes). Activation-
specific phosphorylation was analyzed using a phospho-specific antibody against cofilin (p-
cofilin). Equal loading was confirmed by re-probing stripped blots with antibodies against
cofilin. One result representative of 3 experiments is shown.

In in vitro studies it was shown that TXA2 activates MAPK cascades, including JNK, p38,

and ERK [135, 136]. To test whether TXA2 also has the ability to activate these MAPKs
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U46619-treated thymocytes. p38 and ERK1/2 showed increased phosphorylation to

U46619 as well as to stimulation of CD3 antigen receptor and CD28 co-receptor, or to

PMA and ionomycin, which mimics stimulation of the T cell antigen receptor (Fig.15A

and B). In contrast, JNK1/2 did not exhibit increased phosphorylation to U46619 as it did

to stimulation of CD3/CD28 or PMA plus ionomycin (Fig.15C). Lsc-/- thymocytes showed

no differences from wildtype thymocytes in the activation of ERK1/2 or p38, but did

exhibit moderately higher background levels of activation of p38 and JNK1/2

phosphorylation in the absence of stimulation (Fig.15B, C). Together, these data show

that TXA2 signals to MAP kinases p38 and ERK1/2, but not JNK, in thymocytes, and that

these signaling pathways do not require Lsc.

Activation of lymphocytes produces many signaling cascades, of which some of the

most prevalent are those downstream of phosphoinositide-3 kinase (PI3-K). Among

other signaling molecules, PI3-K triggers Akt (also known as Protein Kinase B (PKB)),

which is involved in multiple functions including anti-apoptotic activity [137, 138]. To

determine if Akt was activated in U46619-treated thymocytes, phosphorylation of serine

473 in Akt was assessed in wildtype and Lsc-/- thymocytes. U46619-induced activation of

Akt phosphorylation was slightly increased in wildtype thymocytes but greatly enhanced

in Lsc-/- thymocytes (Fig.16). As well, an increase in basal levels of Akt phosphorylation

was detectable in Lsc-/- thymocytes, in contrast with the decrease observed in basal

levels of RhoA activation. Together, these findings show that TXA2 activates signaling

cascades in thymocytes that include cofilin, MAP kinases and Akt, and that the loss of

Lsc results in greatly increased activation of cofilin and Akt.
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Fig.15 TXA2 induced activation of MAPKs.
Thymocytes from wildtype (WT) or Lsc-/- mice were stimulated with 10 µM U46619 for the
indicated timepoints (minutes) or with either 5ng/ml PMA plus 1µg/ml ionomycin combined or
15µg/ml anti-CD3 plus 5µg/ml anti-CD28 combined. Activation-specific phosphorylation was
analyzed using phospho-specific antibodies against A, ERK1/2 (p-ERK1/2), B, p38 (p-p38),
C, or JNK1/2 (pJNK1 or pJNK2). Equal loading was confirmed by re-probing stripped blots
with antibodies against the indicated proteins. One result representative of 3 experiments is
shown.
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Fig.16 Requirement for Lsc in TXA2 signaling to Akt
Thymocytes from wildtype (WT) or Lsc-/- mice were stimulated with 10 µM U46619 for the
indicated timepoints (minutes). Activation-specific phosphorylation was analyzed using a
phospho-specific antibody against Ser473 of Akt. Equal loading was confirmed by re-probing
stripped blots with an antibody against Akt. One result representative of 3 experiments is
shown.

The protein kinase C isoforms (PKCs) are particularly important mediators of immune

intracellular signaling, which are mainly activated by diacylglycerol (DAG), Ca2+ and

phosphatidylserines (PS). PKCs consists of at least 11 isoenzymes with selective tissue

distribution, activators and substrates and are classified into three groups according to

their dependency on DAG, Ca2+ and PS: conventional PKCs (cPKC), which are DAG

and Ca2+ dependent, atypical PKCs (aPKC), which are DAG and Ca2+ independent and

novel PKCs (nPKC), which are only DAG dependent. PKCs are involved in diverse

cellular functions, including cell proliferation, tumor promotion, differentiation and

apoptotic cell death [139]. To examine if PKCs are activated in U46199-treated

thymocytes, the phosphorylation of Thr638/641 in PKC / II (cPKC), of Thr410/403 in

PKC /  (aPKC), and of Ser916 in PKCµ (nPKC) was assessed. U46199 treatment of wt

thymocytes did induce a slight increase in phosphorylation of PKC / II and PKC /  after

10 minutes, whereas no activation was observed in PKCµ phosphorylation (Fig.17).

However, in Lsc-/- thymocytes phosphorylation of all three PKC isoforms was greatly

enhanced and clearly detected after 1 min of stimulation (Fig.17). PMA and ionomycin

combined, induced the activation of PKC in wt and Lsc-/- thymocytes at a comparable

level. Equal loading was assessed by probing the membranes with anti-actin or anti-p38.

Together these findings indicate that Lsc has an inhibitory role in the activation of PKCs

downstream of the TP receptor.

0‘ 10‘ 20‘ 40‘ 60‘ 0‘ 10‘ 20‘ 40‘ 60‘ U46199

wt Lsc-/-

p-Akt

Akt



RESULTS 50

Fig.17 Inhibitory effect of Lsc on U46199-induced phosphorylation of
PKCs.
Thymocytes from wildtype (WT) or Lsc-/- mice were stimulated with 10 µM U46619 for the
indicated timepoints (minutes) or with either PMA and ionomycin combined or 15µg/ml anti-
CD3 and 5µg/ml anti-CD28 combined. Activation-specific phosphorylation was analyzed
using phospho-specific antibodies against PKC / II, PKC /  or PKCµ. Equal loading was
confirmed by re-probing stripped blots with antibodies against the indicated proteins.

2.1.4 Lsc is involved in TXA2 induction of thymocyte apoptosis

TXA2 activates apoptosis of immature, or double positive and double negative

thymocytes [87]. This process, in conjunction with our finding that the anti-apoptotic

kinase Akt was hyperphosphorylated in Lsc-/- thymocytes, led us to assess the role for
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inbred 129/Sv background. Ushikubi et al. reported on thymocyte apoptosis to TXA2 in
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129/Sv mice, I backcrossed the knockout mice to Balb/c mice and performed all

subsequent studies with those mice.
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as an indicator of apoptosis and counted by FACS. As expected, U46619 caused a

reduction in numbers of immature thymocytes, as the proportion of double positive

CD4+/CD8+ thymocytes decreased from approximately 80% to 50%, resulting in a

relative increase in the proportion of single positive CD4+ and CD8+ cells (Fig.18A). The

decrease in the proportion of double positive thymocytes was lessened in the Lsc-/-

thymocytes, suggesting that loss of Lsc confers protection from TXA2-induced apoptosis.

Supporting this possibility, the rate of survival of cultured double positive CD4+/CD8+

thymocytes was significantly greater for Lsc-/- thymocytes than for their wildtype

counterparts (Fig.18B). The resistance to apoptosis of Lsc-/- thymocytes was specific for

TXA2 induction, since no significant differences were observed in Lsc-/- thymocytes

treated with anti-Fas or dexamethasone compared to wildtype (Fig.18B) and data not

shown). Moreover, numbers of apoptotic double positive thymocytes measured by

Annexin V staining were reduced in Lsc-/- thymocytes treated with U46619, but not in

Lsc-/- thymocytes stimulated with anti-CD3/anti-CD28 or in unstimulated thymocytes

(Fig.18C). One major signaling pathway in the initiation of apoptosis is the activation of

the caspase cascade. Activation of caspase-3 was tested using an antibody specific for

the cleaved, active form of caspase-3 in wildtype and Lsc-/- thymocytes stimulated with

U46619. U46619 induced a moderate activation of caspase-3 but this activation was

significantly reduced in Lsc-/- double positive thymocytes (Fig.18D). In contrast,

dexamethasone-induction of caspase-3 cleavage was not affected by the loss of Lsc

(Fig.18D). Cleavage of caspase-3 was only detected after 48 hrs and not at earlier

timepoints, in contrast FasL- or dexamethasone-induced caspase-3 activation was

already detected after 6-8 hrs, suggesting that the activation of the caspase cascade is a

secondary effect, mediated by factors released from the activated thymocytes during

incubation time. Taken together, these results demonstrate that TXA2 induction of double

positive thymocyte apoptosis requires Lsc.
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Fig.18 Lsc regulates TXA2 signaling to apoptosis.
Thymocytes were isolated from 9-11 weeks-old wildtype (WT) and Lsc-/- mice and cultured in
the presence or absence of 10-100 µM U46199, 1µM dexamethasone, 1 µg/ml anti-Fas or
anti-CD3 and anti-CD28 as indicated for 48 hrs. A, Cells were stained for CD4 and CD8,
analyzed by FACS gated on live cells. Relative percentages of cells within each quadrant
from the live cell gate are indicated. B, Ratios (percent) of live CD4+ CD8+ thymocytes after
48 hrs to the total number of CD4+ CD8+ thymocytes at time 0. Data are mean ± s.d. of three
independent experiments. *p<0.01, as analyzed with Student’s t test. C, Ratios (percent) of
Annexin-V-positive (Annexin V+) CD4+ CD8+ thymocytes from wildtype (black bars) and Lsc-/-

mice (white bars) after 48 hrs in the presence or absence of indicated agonists compared to
numbers of input thymocytes at time 0 is shown. D, Caspase-3-positive CD4+ CD8+

thymocytes from wildtype (black bars) and Lsc-/- mice (white bars) were assessed using an
anti-active-Caspase-3 antibody and analyzed by FACS. The fold-increase of caspase-3-
positive cells in the presence of U46199 (left panel) or dexamethasone (right panel)
compared to untreated cells is shown. One result representative of 3 experiments is shown.
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2.1.5 Normal expression of FasL on Lsc-/- thymocytes

Due to the decreased incidence of apoptosis in Lsc-/- thymocytes in conjunction with

enhanced activation level of Akt, I examined the expression level of FasL on the cell

surface of thymocytes in the presence or absence of U46199 or anti-CD3/CD28. Akt

inhibits the family of forkhead transcription factors, which mediate FasL transcription

[131]. FasL could in turn induce apoptosis in an autocrine manner by binding to Fas

receptor on the cell surface. U46199 did not induce the expression of FasL in wt or Lsc

deficient thymocytes and the basic expression level of FasL in unstimulated cells was

not altered (Fig.19). In contrast, anti-CD3/CD28 induced the expression of FasL in wt

and Lsc-/- thymocytes in a comparable manner. Together, these results indicate that the

difference in U46199-induced apoptosis is not due to a secondary effect of FasL

expression on the cell surface of thymocytes.

Fig.19 U46619 induced FasL expression of CD4+/CD8+ thymocytes.
Freshly isolated thymocytes were incubated in the presence of 10µM U46199 or anti-
CD3/CD28 for 48 hrs. FasL expression expressed as mean fluorescence intensity (MFI) on
CD4-PE and CD8-FITC gated cells was measured by FACS
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ROCK has been shown to regulate apoptosis, as treatment of an erythroblastic line by
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dependent process in apoptosis. ROCK controls membrane blebbing via myosin light

chain phosphorylation, which induces actin contractility through myosin fibers, following

activation by caspase-3 cleavage [141, 142]. This role for ROCK may be independent of

Rho, although conflicting reports from studies on different cell lines seem to indicate that

the mechanisms of ROCK involvement in apoptosis are cell-specific [143]. Interestingly, I

also found defective caspase-3 activation in the absence of Lsc. This led us investigate

if ROCK plays a role in the U46199-induced apoptotic signaling pathway, either in a

Rho-dependent or Rho-independent caspase-3-dependent cleavage event. I incubated

primary thymocytes for 48 hours with U46199 in the presence or absence of the ROCK

inhibitor Y-27632, then cells were stained with Annexin V and counted by FACS. As

shown before, U46199 induced apoptosis of CD4+/CD8+ thymocytes to a much greater

extent in wt than in Lsc-/- thymocytes. However an induction of apoptosis was also

detected in the presence of Y-27632 (Fig.20A), indicating that the signaling pathway

leading to apoptosis is independent of ROCK. Furthermore, I checked if U46199 induced

the caspase-3 dependent cleavage of ROCK leading to its activation. Primary

thymocytes were incubated for 24 and 48 hrs in the presence or absence of U46199,

cells were lysed and separated on a SDS-PAGE and probed with an antibody, that

recognize both the full length and the cleaved form of ROCK. Interestingly, ROCK

cleavage was already detected in untreated cells and not further enhanced in the

presence of U46199 (Fig.20B). No differences were observed between wt and Lsc-/-

thymocytes. Together this suggests that U46199-induced apoptosis does not require

ROCK.
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Fig.20 U46199-induced apoptosis is independent of ROCK
Thymocytes were isolated from 9-11 weeks-old wildtype (WT) and Lsc-/- mice and cultured in
the presence or absence of 100 µM U46199. A Fold increase of Annexin-V-positive (Annexin
V+) CD4+ CD8+ thymocytes from wildtype (black bars) and Lsc-/- mice (white bars) after 48 hrs
incubation in the presence or absence of Y-27632 compared to numbers of untreated
thymocytes. B Thymocytes were isolated and incubated in the presence or absence of
U46199 for 24 or 48 hrs. After indicated times cell lysates were prepared and 50µg of protein
was analyzed by SDS-PAGE followed by immunoblotting with anti-ROCK antibody.

2.1.7 Increased number of thymocytes in Lsc-/- mice

The requirement for Lsc in TXA2 signaling to apoptosis in thymocytes suggested that

thymocyte numbers could be affected in vivo by the loss of Lsc. Although we have

previously reported that thymic numbers in Lsc-/- mice were normal [18], the mice

analyzed were on an inbred 129/Sv background and when I assessed thymocyte

numbers in Lsc-/- mice on an inbred Balb/C background, I found that the thymus was

noticeably increased in size (Fig.21A) and absolute numbers (Fig.21B) relative to those

of wildtype mice. These differences became more pronounced as mice became older: in

the group of mice aged 7-8 weeks, thymic numbers were increased approximately 1.4-

fold relative to wildtype, but in the group of mice aged 16-19 weeks, the increase was

approximately 1.8-fold (Fig.21B). Together, these results show that Lsc regulates

numbers of thymocytes in vivo and that the requirement for Lsc increases as mice get
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older, and suggest that the rise in thymic numbers may be due to failures of TXA2-

induced apoptosis.

It was recently shown, that in the absence of the sphingosine-1-phosphate receptor-1

(also known as Edg-1), the mature SP thymocytes and especially the CD62Lhigh SP cells

accumulate in the thymus due to an emigration defect [74, 144]. High expression of

CD62L is characteristic of fully mature thymocytes with potential for thymic emigration.

Edg-1 receptor is coupled among others to G 12/13 and therefore could be upstream of

Lsc. This led us investigate the number of CD62Lhigh cells in the thymus in wt and Lsc-/-

mice. Indeed, the number of CD62Lhigh SP thymocytes is increased from 23% in wt CD4+

to 48% in Lsc-/- CD4+ thymocytes (Fig.22). This could imply that there might exist an

additional emigration defect of mature single positive thymocytes out of the thymus in

the absence of Lsc. This is supported by the fact, that although apoptosis of DP

thymocytes is decreased in Lsc-/- mice, the proportion of immature DP to mature SP cells

is similar in Lsc-/- and wildtype mice.
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Fig.21 Increased number of thymocytes in Lsc deficient mice.
A, Image of a representative wildtype (WT) or Lsc-/- thymus from female mice (7 weeks of
age) on a Balb/c background. B, Thymocytes were isolated from 7-19 week-old wildtype
(black bars) and Lsc-/- (white bars) Balb/c mice, stained for CD4 and CD8 and cell populations
were determined by FACS (n=3 for each group). Absolute numbers of CD4+ CD8+ thymocytes
of indicated age groups are shown. Data are mean ± s.d. and represent multiples of 106 cells
(*p<0.05, **p<0.005, as analyzed by Student’s t test).
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Fig.22 Relative numbers of CD62Lhigh cells in immature DP and mature
SP thymocytes.
Freshly isolated thymocytes were stained with CD4-PE, CD8-FITC and CD62L-APC and
analyzed by FACS. One result representative of three experiments is shown.
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2.2 Generation of LARG-deficient mice

2.2.1 Overview

Leukemia-associated Rho GEF (LARG) contains, besides the typical DH/PH tandem

motif, a RGS domain, like Lsc, which is responsible for transducing signals from G 12/13

proteins to Rho. Because of their high structural similarity, they could have redundant

functions inside the cell. This prompted us to investigate the in vivo roles of LARG by

generating LARG-deficient mice by gene targeting with the future perspective to

generate LARG/Lsc double knockout mice.

As a substrate for homologous recombination a targeting vector (TV) is designed

consisting of two regions of DNA homologous to the genomic target locus (one long and

one short homology arm) and which are interrupted by a positive selection marker, the

bacterial aminoglycoside phosphotransferase (neo) gene which is selected for with

G418. This marker replaces genomic sequences located between the homology arms

and is used to enrich for the rare stably transfected ES cell clones. A thymidine kinase

(tk) gene is included at the end of the short homology arm of the vector and serves as

an additional negative selection marker (using gancyclovir) against ES clones, which

have randomly integrated the targeting vector. Thus, homologous recombinants can be

enriched by both positive and negative selection.

Two approaches were used to generate the targeting vector. When I started cloning, the

mouse larg genomic DNA sequence was not published and therefore a genomic cosmid

library was screened. The targeting vector was constructed using fragments of library

cosmid containing part of larg locus. The ES cell line normally 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. Using the R1 ES cells, I did not obtain any recombinant clones out of

450 analyzed. One of the key factors in efficient homologous recombination is the use of

isogenic DNA, meaning that the genomic DNA used to generate the targeting vector and

the ES cells used should derive from the same mouse strain. And indeed, the targeting

vector was made of 129/Ola and the ES cells were derived from 129/Sv. Even though

they are both derived from 129 substrains, a large degree of genetic diversity among



RESULTS 60

129 substrains was identified [145, 146]. Therefore, I switched to the E14.1 ES cell line,

derived from the 129/Ola substrain, the same mouse strain as the genomic library used

to generate the targeting vector, in order to increase homologous recombination events.

The following two rounds of screening for positive clones using the E14.1 ES cell line did

not reveal any positive clones from 350 clones tested. Since, I had problems to keep

E14.1 ES cells undifferentiated during culturing and selection, I decided to come back to

R1 ES cells. This implied the cloning of a new targeting vector using 129/Sv DNA. Since

the first screening was unsuccessful, I decided to extend the long homology arm in order

to improve chances to get homologous recombination events. At that time, the complete

genomic sequence was accessible through “The Mouse Genome Sequencing

Consortium (MGSC)”, and the targeting vector was generated by amplification of the

short and long arm by PCR and cloned into the targeting vector.

Fig.23 Integration pattern of a replacement vector.
The targeting vector is linearized prior to transfection. The thick black line represents the
vector homology to the target locus; the thin line represents the vector backbone. The red line
represents the target locus in the chromosome. The positive selection marker (neo) and
negative selection marker (TK) are represented as boxes. The Xs represent cross-over
points. The arrows represent PCR primers, one in the positive selection marker and the other
in the target locus adjacent to the target homology.

2.2.2 Construction of an 129/Ola targeting vector

I decided to screen a library by PCR using a primerpair located in the PH domain of larg.
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this locus has to be determined in order to further subclone the fragments required to

construct the targeting vector.

2.2.2.1 Library screening

A genomic library from RZPD (Deutsches Ressourcenzentrum für Genomforschung

GmbH, Berlin) was used for fishing cosmids containing the genomic locus of larg by

PCR.

Several primer pairs were tested, chosen from the minimal sequences, which were

known from available EST clones, and PCR was carried out using genomic DNA from

R1 ES cells as a template. The primer pair 4F/4R is located in the PH domain

(represented as triangles in Fig.27 on page 66) and spans 150bp of cDNA sequence.

When a PCR reaction was performed on genomic DNA, the primer pair amplifies a

560bp fragment, meaning that they are located in different exons (later known to be

exon #32 and #33) spanning an intron of about 400bp (Fig.24A). This primer pair was

working the best and was used to screen the library. The library obtained from the RZPD

consists of 99 primary pools, supplied as purified DNA from the vector constructs from

all clones of eight 348-well microtiter plates of a genomic library. The primary pools were

screened by PCR using this primer pair and three positive primary pools were identified

giving a positive signal at 560bp, namely #45, #56, and #97 (Fig.24B). The secondary

pools consist of individually pooled microtiter plates from the specific primary pool

(identified to be positive in the first round) and comprise 48 samples: 8 plate pools, 16

pooled rows, 24 pooled columns. The PCR screening of each secondary pool results in

at least three positive PCR products, unambiguously identifying the X and Y coordinates

of the corresponding clones in a specific plate. For each positive primary pool I obtained

three positive PCR products while screening the secondary pools, and therefore three

cosmids harboring part of the genomic locus of LARG were identified, namely

MPMGc121D2144, MPMGc121E0635 and MPMGc121I02775 (Fig.24B, lower panel).

These cosmids were checked by PCR after arrival in order to confirm that they really

contain this part of the genomic locus of larg (Fig.24C).
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Fig.24 Library screening
A genomic library from RZPD was used for fishing cosmids containing the genomic locus of
larg by PCR. A, A primer pair located in the PH domain of larg spanning exon 32 and 33 was
used generating a 500bp fragment. B, positive clones obtained by PCR screening the
Primary and Secondary Pools. C, PCR with LARG-4F and LARG-4R of the three positive
cosmids D2144, E0635 and I02775. gDNA: genomic DNA

2.2.2.2 Analysis of the cosmids

First of all, the results obtained by PCR had to be confirmed by Southern blot analysis.

The cosmids were digested with different restriction enzymes, separated on an agarose

gel and the fragment generated with the primerpair 4F/4R was used as a probe. Cosmid

D2144 showed a positive signal for at least one fragment generated by each restriction

digest, confirming the presence of the genomic sequence on the cosmid (Fig.25A).

Although the pattern of the fragments generated by restriction digest comparing the

three cosmids looked different, the fragments giving a positive signal were identical,

suggesting that they contain the same part of the gene. This was true for several probes

used in Southern blot analysis, summarized in Fig.25B. I could conclude that the three
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cosmids contain at least the genomic sequence starting right after the PDZ domain,

revealed by using the primer 452F as a probe, which is located in exon 8 until the stop

codon, revealed by using LARG-3 as a probe (Fig.25B). Since there did not seem to be

a difference between the content of the three cosmids, I decided to go on with cosmid

MPMGc121D2144, referred to as D2144 from now on.

2.2.2.3 Cosmid mapping

To be able to use this cosmid to generate a targeting vector, restriction sites and

intron/exon structure have to be determined. This was accomplished partly by southern

blotting, sequencing and a technique known as „cosmid mapping technique“ (as

described in Material and Methods).

This “cosmid mapping technique” was applied to generate a restriction map for cosmid

D2144. The cosmid D2144 was linearized with –terminase and partially digested with

several restriction enzymes. Subsequently the fragments were labeled using radioactive

oligonucleotides ON-L (agg tcg ccg ccc) and ON-R (ggg cgg cga cct), specific for the left

and right cos site, generated by the –terminase. The same was performed for a

–phage marker, consisting of fragments of known molecular size. In Fig.26A one

representative audioradiography film is shown. The sizes of the partially digested

fragments can be calculated using the standard migration curve calculated from the size

marker (Fig.26B). The distance of the restriction site from the cos site in kb of each of

the partially cut fragments can be calculated (Fig.26C, e.g. map calculated for the

BamHI digest). This was done for several restriction enzymes a few times to generate an

accurate map for the most important restriction sites (Fig.27). This map was then used to

generate subclones from the cosmid in the region needed for the construction of the

targeting vector.
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Fig.25 Southern blotting with different probes located throughout the
genomic locus of LARG.
A Ethidium bromide stained gel (left panel) of cosmid D2144 cut with different restriction
enzymes and hybridized with the probe LARG-4, located within the PH domain (right panel).
B, Summary of all Southern blots performed with the three different cosmids and different
probes. n/a not applicable
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Fig.26 Mapping of cosmid D21444
A, Linearized cosmid D2144 partially cut with the indicated restriction enzymes and labeled
with oligonucleotides ON-L (L) and ON-R (R), separated on agarose gel and visualized by
audioradiography. B, Calculation of a standard migration curve using the -phage marker. C,
example of the calculation for the BamHI restriction sites present on cosmid D2144
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Fig.27 Subclones of cosmid D21444
Genomic locus of larg and the restriction map is presented. The green boxes represent the
exons, the yellow box the DH and PH domain. The location of the long and short arm, the
sequence replaced by the neo gene and all subclones generated are shown.

The D2144 cosmid was cut with one specific or a combination of two restriction

enzymes, separated on an agarose gel and the fragment with the desired size was

extracted and purified from the gel and subsequently cloned into pBluescript. Five

different overlapping subclones in the DH and PH domain of larg were generated as

seen in Fig.27. The subclones were further sequenced and the location of the exons

was figured out by comparing the sequence with known EST clones. The results are

shown in Fig.27.

I decided to generate a targeting vector to eliminate 2 kb of larg genomic sequences,

including exon sequences of the DH domain (exon #28 and #29) encoding amino acid

residues (aa) 899–937 of the LARG protein (Fig.28A). The short homology arm of 1.5kb

was placed upstream of the part which is replaced by the neomycin resistant gene

(approximately 2kb of genomic sequence), the long homology arm of 6kb was

constructed downstream of the neomycin resistance gene (Fig.28A).

2.2.2.4 Construction of an 129/Ola targeting vector

The 129/Ola targeting vector was cloned by the assembly of pieces from the cosmid

subclones (for details see Material and Methods and Fig.28). The targeting vector has

now a short homology arm upstream of the neo gene and a long homology arm

downstream of the selection marker, both cloned into the vector in the opposite

orientation than the neo gene. Following transfection of the replacement vector, colonies
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which survive positive and negative selection are clonally isolated and screened for

homologous recombinations either by PCR or Southern blotting.

To set up PCR conditions for ES cell screening, a special “positive control vector” is

used, which consists of the short arm extended at the 5’ end inserted into the targeting

vector, transfected into ES cells and selected for clones which randomly integrated this

control vector. For PCR-based screens the primers are chosen so that they will amplify a

specific junction fragment following a cross-over on the short arm of the vector (Fig.23).

PCR conditions were optimized with genomic DNA isolated from those ES clones. The

forward primer (776-808F LARG) is located externally of the short arm (but present in

the extended short arm), and the reverse primer (2724-2692R LARG) is located within

the neo gene, generating a fragment of approximately 2kb only if the construct is

inserted in the right chromosomal location (Fig.28B).

For Southern blot analysis the choice of restriction digest and probe must readily

distinguish the wildtype from the predicted targeted allele. BamHI cuts externally of the

short arm and within the long homology arm in the wild-type allele. In the case of the

targeted allele, there is an additional BamHI site introduced with the TV, producing an

additional band at 1.5kb, when hybridized with probe A (Fig.28C). To check for the

integration of the long arm, the genomic DNA from ES clones is cut with HpaI and

hybridized with probe B. HpaI cuts externally of the long arm and within the sequence,

which is replaced by the neo gene, generating a fragment of 9.2kb. If homologous

recombination occurred, the HpaI site is removed by the neo gene and an additional

band at 12kb should be detected (Fig.28B).
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Fig.28 Construction of the 129/0la targeting vector
A, Construction and integration of the LARG targeting vector in the genomic locus. Exons are
represented by black boxes. The neo cassette was cloned in reverse orientation into two
exons of the DH domain, replacing a PstI-PvuII segment. Locations of primers used for PCR
are indicated with triangles. Probes A and B were used for Southern blot detection of short
and long arms, respectively. EV: EcoRV; EI: EcoRI; H: HpaI; X: XbaI; Pv: PvuII; P: PstI; BI:
BamHI; KI: KpnI B, Conditions for screening for positive clones by PCR. PCR analysis of
genomic DNA from wildtype ES cells transfected with a screening vector. C, Strategy of
southern blot analysis. Genomic DNA (gDNA) from ES cells or cosmid MPMGc121D2144 of
wildtype mice was digested with BamHI or HpaI and hybridized with probes A or B to confirm
correct integration of short and long arm, respectively.
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2.2.2.5 Screening for targeted events

Following the electroporation of the construct into ES cells, clones are grown under

selective conditions (G418 and gancyclovir) for about 10 days. Once selection is

complete, resistant clones are clonally isolated and screened for targeted events.

Three rounds of transfections were performed, one using R1 and two using E14.1 ES

cells. In the first round 450 clones, which survived negative and positive selection were

isolated and all of them were screened by PCR and Southern blot analysis. Four clones

(MPII/A4, A5, B5 and B9), gave the expected amplification band at 2kb by PCR

(Fig.29A, upper panel, indicated with red circles), but failed to show the predicted

targeted allele by Southern blot analysis (Fig.29A, lower panel, red box). Finally, none of

the 450 clones screened turned out to be positive (data not shown). The failure to get

homologous recombination events could be due to the use of non-isogenic DNA. The

targeting vector was prepared from 129/Ola genomic DNA and the R1 ES cells are

derived from 129/Sv. Though to solve this problem, another two rounds of transfections

were performed using E14.1 ES cells derived from 129/Ola.

During the first round, many of the ES cell clones died during selection and only 80

resistant clones could be analyzed. None of them showed homologous recombination

events by PCR (Fig.29B, left panel). Those clones were also analyzed by Southern

blotting and additional bands with various sizes besides the wt allele at 9kb were

detected. Only one had an additional band at 1.5kb. This clone was further analyzed by

Southern blot, but did not show a successful integration of short or long arm using

different digests and probes (data not shown). In the last round of transfection, 270

clones survived selection and were analyzed. Again, none of the ES cell clones

underwent homologous recombination (Fig.29C).
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Fig.29 Screening of ES cell clones
Resistant ES cell clones were isolated and genomic DNA was prepared. This DNA was used
as a template for PCR, set up to identify ES cell clones harboring the targeting construct or
was used for southern blotting. A, 1st round of screening of R1 ES cells is shown by PCR
(upper panel) and by southern blot of corresponding clones checking for the integration of the
short arm (lower panel). B, 2nd round of screening E14.1 ES cells and screened by PCR and
Southern blot analysis, as in A. C , summary of all ES cell clones screened using the TV
129/Ola.
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2.2.3 Construction of an 129/Sv targeting vector

I failed to obtain recombinant clones using ES cells and targeting vector from the same

mouse substrain and since homologous recombination efficiency also depends on the

length of the homology arms, I extended the long arm for about 1kb (Fig.30). Instead of

extending the 129/Ola targeting vector I decided to construct a completely new targeting

vector using 129/Sv DNA, since in our laboratory we have better conditions for growing

R1 ES cells and they were tested for germline transmission, and were successfully used

for the creation of chimeric mice in our laboratory.

2.2.3.1 Cloning of the 129/Sv targeting vector

I extended the long arm for 1kb and kept the short arm the same size, so I could use the

same PCR-based screening strategy (Fig.30). By that time the complete genomic

sequence was known and the amplification of the long and short arm could be done by

PCR using genomic DNA obtained from R1 ES cells as template. The mouse larg gene

is located on chromosome 9 spanning an area of 142.561 nucleotides. The larg gene

contains 42 exons encoded by 10.403 nucleotides generating a protein of 1.554 amino

acids. I generated the 129/Sv targeting vector using the same strategy as for the

129/Ola targeting vector in order to eliminate 2 kb of LARG genomic sequences,

including exon sequences of the DH domain encoding amino acid residues (aa)

899–937 of the LARG protein by homologous recombination (Fig.30A). In Fig.30, you

can see a sketch of the genomic locus of larg showing the location of the long and short

arm, the intron/exon structure and the positions of the primers.

The short and long arm were generated by PCR and transferred to the targeting vector

as described in Material and Methods (Fig.30 and on page 121). As for the previous TV,

the short and long homology arm are cloned into the TV in the opposite orientation than

the neo gene (Fig.30, represented as arrows). The new vector will be used to screen for

targeted events.
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Fig.30 Cloning of the 129/Sv targeting vector
Representation of the genomic locus of larg, the location of both short and long arms, primers
(triangles) used to generate the targeting vector. The assembly of short and long arm in
pBluescript (pBS), and the final transfer into the targeting vector is shown. EI, EcoRI; EV,
EcoRV
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Fig.31 Strategy of the disruption of the gene that encodes LARG.
A, Integration of the LARG targeting vector in the genomic locus. Exons are represented by
black boxes. The neo cassette was cloned in reverse orientation into two exons of the DH
domain, replacing a PstI-PvuII segment. Locations of primers used for PCR are indicated with
triangles. Probes A and B were used for Southern blot detection of long and short arms,
respectively. EV: EcoRV; EI: EcoRI; H: HpaI; X: XbaI; Pv: PvuII; P: PstI B, settings of PCR
screening conditions. Analysis of genomic DNA isolated from wildtype ES cells transfected
with the positive control vector or positive control vector alone.
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3  D I S C U S S I O N

3.1 TXA2 signals to thymocyte apoptosis and actin polymerization

through Lsc

TXA2 activates apoptosis in a variety of cell types [147, 148], and was shown to do so in

immature thymocytes via the G 12/13-coupled TP receptor [87]. In this study, we describe

an important role for the Lsc RhoGEF, which signals downstream of G 12/13-coupled

receptors, in mediating TXA2-induced apoptosis. Our data revealed that Lsc might

regulate this apoptosis through activation of Rho GTPase and signaling from the Rho

effector protein ROCK to cofilin and actin polymerization. Additionally, in the absence of

Lsc, activation of the survival kinase Akt and several PKC isoforms was markedly

increased (Fig.32 on page 81). Finally, we showed that Lsc-/- mice had significantly

enlarged thymi, supporting our hypothesis that Lsc transmits signals from TXA2 to

apoptosis of thymocytes.

We show here that in addition to activating actin polymerization in splenic T cells, as we

have previously reported [18], TXA2 also activated actin polymerization in primary

thymocytes. This induction is defective in thymocytes from mice lacking Lsc, an activator

of Rho, and in thymocytes treated with Y-27632, an inhibitor of ROCK. Rho GTPase

regulates actin stress fibers and contractility [2], while the Rho effector protein ROCK

signals to actin remodeling through various substrates including LIMK [48]. Additionally,

we found that U46619-treatment of thymocytes activated both RhoA and Rac1 GTPases

although only Rho was dependent on Lsc, consistent with the specificity of Lsc for Rho

[12]. Thus, TXA2 may also stimulate additional signaling pathways through TP coupled

to other G  subunits, since U46619 activated Rac1 and MAP kinases independently of

Lsc. Surprisingly, we observed that the basic F-actin levels is reduced in the absence of

Lsc. In accordance with these results we observed a decrease in basic Rho activation in

the absence of Lsc and the same effect was seen in the presence of the ROCK inhibitor

Y-27632 (data not shown), indicating that the steady-state level of F-actin to G-actin is

regulated by an Lsc/Rho/ROCK dependent pathway. It has to be further analyzed if
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there is a difference in the total actin amount or if only the F- to G-actin ratio is shifted.

The ROCK substrate LIMK phosphorylates and inactivates cofilin, which regulates actin

dynamics [134, 149]. Supporting the requirement for Lsc and ROCK in actin

polymerization, we also found that TXA2-induced cofilin inactivation – as defined by

phosphorylation of serine-3 on cofilin – was defective in Lsc-/- thymocytes and in

thymocytes treated with Y-27632. Therefore, our data support the model that TXA2

activates Lsc via TP receptor coupled to Ga12/13- subunits, which in turn activates Rho,

ROCK and possibly LIMK, leading to cofilin inactivation (Fig.32 on page 81). Actin

polymerization in response to the chemokine SDF-1  is comparable to wt or maybe

even enhanced in Lsc-/- thymocytes, suggesting that the general actin polymerization

machinery functions normally in the absence of Lsc. It has to be further investigated, if

Lsc has an inhibitory role downstream of the SDF-1  receptor CXCR4, which is coupled

to G i. So far, no connection between chemokine receptors and RGS RhoGEFs has

been observed.

ROCK has been shown to regulate apoptosis, as treatment of an erythroblastic cell line

by Y-27632 inhibits PMA-induced apoptosis [140] while treatment of NIH 3T3 cells with

Y-27632 inhibits apoptosis downstream of membrane blebbing [141, 142], an early

actin-dependent process in apoptosis. ROCK controls membrane blebbing via myosin

light chain phosphorylation, which induces actin contractility through myosin fibers,

following activation by caspase-3 cleavage [141, 142]. This role for ROCK may be

independent of Rho, although conflicting reports from studies on different cell lines seem

to indicate that the mechanisms of ROCK involvement in apoptosis are cell-specific

[143]. Despite the evidence for a role for actin in apoptosis [150], the in vivo signaling

pathways that regulate actin dynamics have not been well characterized. To evaluate

the biological consequences of the role for Lsc downstream of TXA2 in thymocytes, we

measured U46619-induced apoptosis in cultured thymocytes and found that Lsc was

required for transmitting signals to apoptosis. Interestingly, we also found defective

caspase-3 activation in the absence of Lsc. However, in TXA2 induced apoptosis of

thymocytes, ROCK does not seem to be an effector of caspase-3, since the cleavage of
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ROCK was not enhanced in the presence of TXA2 and there were no differences

observed between wt and Lsc-/- thymocytes. Furthermore, TXA2-induced apoptosis was

not blocked by the simultaneous treatment of the thymocytes with the ROCK inhibitor Y-

27632, suggesting that the signaling pathway leading to apoptosis does not involve

ROCK.

Another substrate of caspase-3 is LIMK1, which like ROCK plays an important role in

actin reorganization. The cleavage of LIMK1 by caspase-3 leads to a truncated

constitutively activated form, which induces membrane blebbing in both Jurkat and HeLa

cells. Downregulation of LIMK1 by expression of small interfering RNAs reduces the

Fas-induced membrane blebbing in Jurkat cells [151]. If LIMK1 is downstream of

caspase-3 in TXA2 induced apoptosis and if the decreased activation of caspase-3 in the

absence of Lsc, leads to the decreased apoptosis has to be further examined.

One difficulty in assessing Lsc-dependent phenotypes is that Lsc possesses both

positive and negative regulatory functions that may be mediated through the GEF and

RGS domains, which catalyze activation of GTPases and downregulate heterotrimeric G

proteins respectively. Thus, if the “negative-acting“ RGS domain were mutated alone, it

could lead to increased activation of G 12/13 -dependent signaling pathways, whereas

mutation of the “positive-acting“ GEF domain alone could instead inhibit activation of

signaling pathways from G 12/13-coupled receptors that require Lsc. The inactivation of

both domains simultaneously, as in the Lsc-/- mice, possibly produces opposing effects

that cancel each other out. For example, we found that basal levels of Rho activation

were reduced whereas basal levels of p38 and JNK activation were slightly elevated in

Lsc-/- thymocytes, suggesting that loss of Lsc results in an imbalance of constitutive, low-

level signaling through G 12/13-coupled receptors such as TP.

Along these lines, we found that U46619 triggered low levels of Akt phosphorylation in

wildtype thymocytes but caused a marked increase in Akt phosphorylation in Lsc-/-

thymocytes. This finding demonstrated that in addition to the role for Lsc in inhibiting

cofilin following TXA2 stimulation, Lsc also signals to downregulate Akt. Akt regulates
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numerous substrates and functions, but is best known for its role in preventing apoptosis

[138]. Although there is no known link between Lsc and Akt, it is possible that TXA2

stimulation of thymocytes triggers both positive and negative signals that may be

controlled by Lsc. Thus, at the same time as it signals to Lsc, TXA2 would activate

survival signals leading to Akt activation, possibly through activation of G 13 and Pyk-2

[27, 28]. G 13 and Pyk-2 are also upstream of MAPK activation [152-155], possibly

explaining the increased basal levels of their activation in Lsc-/- thymocytes. If the

balance of signaling were tipped towards Lsc, Lsc would downregulate the signals to Akt

via its RGS domain inhibiting G 13, allowing apoptosis to take place (Fig.32 on page 81).

One possible mechanism for controlling the balance of signals to Lsc could be through

recruitment of Lsc to the TP receptor at the plasma membrane [21]. Alternatively, Lsc

might achieve inhibition through activation of Rho and ROCK. Rho and ROCK have

been shown to inhibit Akt in other cell systems [156], and loss of ROCK activity,

consistent with the decreased activation of Rho GTPase in Lsc-/- thymocytes, would

result in increased Akt activation and reduced apoptosis (Fig.32 on page 81). Supporting

a role for Akt in preventing thymocyte apoptosis, it has been shown that expression of a

constitutively active form of Akt in vivo in thymocytes renders them resistant to apoptosis

to a number of stimuli and induces high levels of the anti-apoptotic protein Bcl-xL [157].

The protein kinase C isoforms (PKCs) are particularly important mediators of immune

intracellular signaling [158], which are mainly activated by diacylglycerol (DAG), Ca2+

and phosphatidylserines (PS). The PKC isoforms are subdivided into three classes:

conventional PKCs (cPKC) (PKC- , - I, - II, and ), which require phospholipid, DAG

and Ca2+; novel PKCs (nPKC) (PKC- , - , - , - , and -µ), which require phospholipid,

DAG, but no Ca2+; and atypical PKCs (aPKC) (PKC- , and - / ), which depend only on

phospholipid. One isoform of each class was tested for their responsiveness to TXA2. In

addition to the observed elevated Akt activity in the absence of Lsc, it was observed that

several isoforms of PKC, namely PKC / II (cPKC), PKC /  (aPKC) and PKCµ (nPKC),

are phosphorylated in response to TXA2 in Lsc-/- but not in wt thymocytes. To exclude the

possibility that the expression of PKCs is altered in the absence of Lsc, one would have
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to check for the expression level in cell lysates, however the antibodies to the

unphosphorylated forms are at present not available in our laboratory and therefore actin

and ERK1 was used to test for equal loading.

Nevertheless, PKCs are also implicated in mediating survival or apoptosis depending on

the cell type, supporting our finding that Lsc-/- thymocytes are more resistant to U46199-

induced apoptosis. It was shown that activation of PKC /  by PMA inhibited radiation-

induced apoptosis in murine thymic lymphoma (3SBH5) cells [159] and overexpression

of PKC  leads to decreased radiosensitivity in NIH3T3 cells in opposition to

overexpression of PKC-  or -  [160]. Moreover, PKC  can associate with the anti-

apoptotic family member Bcl-2 in the mitochondrial membrane and mediate its

phosphorylation, which functionally suppresses apoptosis [161, 162]. PKC-  can also

inhibit apoptosis by phosphorylating I B, leading to its degradation and subsequently to

the activation of NF- B [163, 164]. Our results indicate that the hyperphosphorylation

detected in the absence of Lsc could lead to a protection of TXA2 induced apoptosis. It is

known that PKC isoforms are downstream of G q subunits, which in turn acitvate PLC .

However, even though the TP receptor is also coupled to G q, there is no evidence that

Lsc is involved in this signaling pathway. How Lsc is regulating the activity of PKCs has

to be further examined.

One way in which Akt mediates survival is by suppressing the forkhead family of

transcription factors. One of their targets is Fas Ligand (FasL), which can act in an

autocrine manner by binding to the Fas receptor on the surface of thymocytes leading to

apoptosis. Therefore we tested if the increased activity of Akt results in a decreased

level of FasL on the surface of thymocytes in Lsc-/- mice. However, TXA2 did not induce

the expression of FasL, neither on wt or Lsc-/- thymocytes as seen by activation with anti-

CD3 in combination with anti-CD28. This suggests that Akt acts rather through the

inhibition of cytochrome c release, inhibition of one of the initiator caspases (caspase-8

or –9) or by modulating Bcl-2 family members. The further downstream effects of

hyperphosphorylated Akt has to be further examined.
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Although loss of Lsc reduced apoptosis of thymocytes following U46619 treatment, it did

not entirely abolish it. One potential reason for this is that Lsc-homologous family

members PDZ-RhoGEF, which is predominantly expressed in the brain and LARG,

which is ubiquitously expressed, and which possess both RGS and RhoGEF domains

[30, 165], may compensate for mutation of Lsc in vivo. However, our analysis of thymic

cellularity in Balb/c mice with an Lsc mutation directly implicate Lsc in regulating thymic

numbers. The increased thymic size is in contrast to our previously reported results on

Lsc thymi from 129/Sv mice [18], therefore, the strain background of the mice under

study is important for revealing the phenotype. This is consistent with many previous

reports of Balb/c-specific immune phenotypes [166], and could explain why thymic

cellularity reported for TP and TXAS knockout mice, which were not evaluated on a

Balb/c background, was normal [86, 88, 167]. A role for Lsc in reducing thymic numbers

would be consistent with the data presented here showing a role for Lsc in TXA2-induced

thymocyte apoptosis. What then is the biological relevance of these findings? The

thymocyte apoptosis regulated by Lsc is unlikely to be involved in negative selection,

since apoptosis invoked by CD3 plus CD28 is normal in the absence of Lsc and is not

enhanced by treatment with TXA2 (data not shown). However, thymocytes disappear,

likely through apoptosis, during other stages of thymic development, such as thymic

involution during aging, which is a complex and poorly understood process [168]. It is

possible that energy requirements of thymocyte generation are too high to be sustained

during aging or other energy-depleting processes such as pregnancy or malnutrition,

and that the TXA2 pathway regulates normal “pruning” or apoptosis of thymocytes in

anticipation of future energetic demands on the organism. Supporting this possibility,

TXA2 levels vary during aging [169] and an age-dependent phenotype of lympho-

proliferation has been reported for TP knockout mice [88].

Intriguing is that the relative numbers of the thymic subpopulations were not altered in

the absence of Lsc, although TXA2 almost exclusively act on immature double positive

thymocytes. One explanation could be, that the emigration of mature thymocytes out of

the thymus is mediated by shpinghosine-phosphate receptor-1 (also known as Edg-1)

[74, 144]. Edg-1 is also coupled to G 12/13 and as our laboratory reported before, Lsc is
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implicated in the S1P-induced actin polymerization in peripheral T cells. [18]. High

expression of CD62L (L-selectin) is characteristic of fully mature thymocytes with

potential for thymic emigration. In the absence of Edg-1 it was shown that mature

CD62Lhigh cells accumulate in the thymus [144]. And indeed, in Lsc knockout mice, we

also observed an accumulation of this very mature CD62Lhigh population, suggesting that

there might be an additional phenotype resulting from the loss of chemotactic response

to S1P inducing the exit from the thymus. This would mean that the increase in size and

cellularity of the thymus, is not only caused by the decreased apoptosis in double

positive thymocytes but also by the accumulation of mature single positive thymocytes,

which fail to exit the thymus. Therefore, the relative numbers of the thymic subpopulation

are not significantly altered in the absence of Lsc.

In conclusion, our data highlight a role for the Lsc RhoGEF in regulating thymocyte

numbers during aging in mice on a specific strain background. In this study, we

examined the previously reported finding that TXA2 induces thymocyte apoptosis [87]

and extended the work based on a role for Lsc downstream of G 12/13-coupled receptors

and of TXA2 in activating actin polymerization in T cells. We propose a model in which

Lsc regulates apoptosis induced by activation of the G 12/13-coupled receptor TP,

downstream of TXA2. Lsc may achieve this apoptosis by inhibition of the survival kinase

Akt and/or PKC and through activation of Rho, ROCK and actin rearrangements (Fig.32

on page 81).
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Fig.32 Model of TXA2 induced signal transduction pathway leading to
the formation of actin stress fibers and apoptosis and the involvement
of Lsc.
TXA2 stimulates the exchange of GTP for GDP on G 13, which in turn activates the exchange
activity of Lsc towards Rho. The activation of Rho leads to the formation of stress fibers via
ROCK, LIMK and cofilin. On the other hand, Lsc inhibits via its RGS domain the activation of
G 13, which in turn might activate Pyk2. In the absence of Lsc, TXA2 stimulation leads to a
sustained activation of Pyk2 and downstream targets like Akt. The hyperactivation of Akt
protects cells from apoptosis. How regulation of PKC isoforms by Lsc integrates into this
pathway is not clear until now.
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3.2 Generation of LARG deficient mice

Lsc has two homologs PDZ-RhoGEF and LARG. PDZ-RhoGEF is mainly expressed in

the brain [35] and LARG is ubiquitously expressed, also detected in the thymus [29, 35].

Thus, the loss of Lsc could be compensated by LARG in vivo. Therefore we intended to

generate LARG deficient mice by homologous recombination, with the future perspective

to generate LARG/Lsc double knockout mice.

A major limitation of gene targeting is the low frequency of adequate homologous

recombination. The homologous recombination event depends on the length of

homology and use of isogenic DNA, as well as the targeted locus. When I started the

first approach, I constructed my targeting vector from a cosmid containing LARG

genomic DNA derived from 129/Ola mice and used ES cells generated from 129/Sv

mice. The first screening of 450 clones did not reveal any positive clones, which

underwent homologous recombination. This could be due the use of non-isogenic DNA,

even though the targeting construct and the ES cells both derive from 129 substrains.

However, a large degree of genetic diversity among 129 substrains was identified by

scientists at The Jackson Laboratory [145], and subsequently by investigators at Case

Western Reserve University [146]. Strain 129/SvJ was genetically contaminated in about

1978 by an unknown strain, and differs from other 129 substrains at about 25% of

simple sequence length polymorphisms (SSLP) genetic markers. Although there have

been reports of successful recombination using non-isogenic DNA [170, 171], the

efficiency could be substantially reduced due to sequence divergence from strain to

strain, even between 129 substrains.

To overcome this problem, the E14.1 ES cell line derived from 129/Ola mice was used.

Nevertheless, no homologous recombination event was achieved screening

approximately 350 clones. This could be due to the length of the homology arms. With

an adequate targeting vector within the optimal size range, a reasonable expectation is

that 0-10% of selection-resistant clones picked will have undergone homologous

recombination. The reasons for the difference in homologous recombination efficiency

are poorly understood. If the efficiency were far less than 1%, little or no homologous
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recombination in 100-400 clones that are analyzed per electroporation would be

identified.

To increase efficiency a new targeting vector was cloned extending the long homology

arm and this new vector will be used to generate LARG knockout mice.

3.3 Future perspective

We identified Lsc to be important for regulating thymocyte numbers during aging in mice

on a specific strain background. Furthermore, we observed that Lsc is involved in TXA2-

induced apoptosis of immature thymocytes and further unraveled the signaling pathway

based on a role for Lsc downstream of G 12/13-coupled receptors leading to actin

polymerization.

Activation of the serum response factor (SRF) was shown to be downstream of G 12/13

and is dependent on Rho-controlled changes in actin dynamics. Therefore it would be

likely that Lsc plays a role in the activation of SRF downstream of G 12/13 coupled

receptors. It would be interesting to investigate, if TXA2 induces the activation of SRF

and the involvement of Lsc. With an RNA protection assay we could check for the

induction of srf and vinculin transcription, which is dependent on Rho, and fos and egr-1

transcription, which is dependent on MEK activation and independent of Rho [57].

It has to be further investigated which signaling pathways lead to the decrease in

apoptosis in the absence of Lsc. We showed that in the absence of Lsc the survival

kinase Akt is hyperphosphorylated and we hypothesize that Lsc inhibits the activation of

Pyk2 by G 13, which subsequently would activate Akt via PI3K. To corroborate the

hypothesis, one would have to check for the TXA2-induced activation, i.e. the

phosphorylation of Pyk2, in the presence and absence of Lsc. Additionally, the

involvement of PI3K upstream of Akt could be checked in the apoptosis assay by the

addition of a PI3K inhibitor like wortmannin. Furthermore, the role of PKC isoforms in

apoptosis regulation has to be validated.

Moreover, the downstream effects of the hyperactivated survival kinase Akt should be

examined, in particular the activation of caspases, transcriptional activation of
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antiapoptotic regulators (like the bcl-2 family members) and the release of cytochrome c

from the mitochondrial intermembrane space.

One difficulty in analyzing the phenotype of Lsc knockout mice is that Lsc assumes both

positive and negative regulatory functions mediated by its GEF and RGS domain,

respectively. It would be interesting to separate those two functions of Lsc by the

generation of Lsc mutants carrying mutations in the GEF or the RGS domain.

Furthermore it would be interesting to investigate if LARG has a similar function in the

immune system and if those two homologs compensate for each other in vivo.

.
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4  M A T E R I A L  A N D  M E T H O D S

4.1 Materials

4.1.1 Chemicals and reagents

Chemicals & Reagents Company

A

Acrylamide solution Roth

Agarose Applichem

Albumin fraction V Roth

Ampicillin Sigma

Annexin V-Fitc BD Pharmingen

Ammoniumpersulfate (APS) Sigma

anti-CD3 (14522C11) purified from hybridoma

anti-CD28 BD Pharmingen

anti-Fas BD Pharmingen

Aprotinin Sigma

B

Biotherm DNA Polymerase Genecraft

D

Dexamethasone Sigma

Dimethylsulfoxide (DMSO) Sigma

DNA ladder 1kb (Southern blot) NEB

1kb PLUS DNA ladder Invitrogen

Dulbecco’s Modified Eagle Medium (DMEM) Invitrogen

E

ECL Amersham

Ethidium bromide Roth

Expand long template PCR system Roche
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F

F(ab’)2 goat anti-hamster IgG Serotec

Fatty acid free BSA Sigma

G

Geneticin (G-418 Sulfate) Invitrogen

Gancyclovir Roche

Gelatin Sigma

Glycine Applichem

H

HybondN Amersham

Hyperfilm ECL Amersham

I

IPTG Sigma

K

Kanamycin Sigma

L

Lambda phage DNA Invitrogen

Lambda terminase Amersham

Leupeptin Sigma

L-Glutamine 200mM (100x) Invitrogen

LIF (from CHO transfected cells) Genetics Institute, Gordon Wang

LIF Gibco

M

MEM non-essential amino acids (100x) Invitrogen

2-Mercapto-ethanol Roth

2-Mercapto ethanol, 50mM (1000x) (cell culture) Invitrogen

P

Paraformaldehyde Roth

Penicillin/Streptomycin liquid Invitrogen

Phalloidin-Fitc Sigma
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Phosphate-Buffered Saline (PBS) Invitrogen

Plastic ware cell culture Nunc

PMSF Sigma

Precision Plus Protein All Blue Standards Biorad

Primers Invitrogen

PROTAN nitrocellulose membrane BA85 Schleicher & Schuell

R

Recombinant mouse SDF-1 R&D Systems

Restriction enzymes MBI Fermentas

RPMI 1640 Media Invitrogen

S

Salmon Sperm DNA Invitrogen

SDS Applichem

Skim mild powder Applichem

Sodium Pyruvate MEM 100mM, liquid Invitrogen

SuperSignal West Dura Extended Duration Substrate Pierce

T

T4 DNA ligase NEB

T4 polynucleotide kinase NEB

TEMED Sigma

Tris-base Applichem

Trypan blue solution (0.4%) Sigma

Trypsin-EDTA Invitrogen

Tween-20 Applichem

Tx-100 Roth

U

U46199 Sigma

W

Wattman DE81 cellulose acetate paper Hartenstein
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4.1.2 Kits

Rediprime kit II Amersham

TA cloning kit Invitrogen

Qiagen Plasmid Maxi kit Qiagen

Qiaprep Miniprep Qiagen

QIAquick Gel Extraction Kit Qiagen

Qiashredder Qiagen

4.1.3 Cell lines

R1 ES cell line A. Nagy, Toronto

E14.1 ES cell line EMBL, Heidelberg

Dr. Fehling, Ulm

4.1.4 Primers

Primer Sequence Location Exon

2582R 5’-GCT GAG AGT AAC CCC CTG TGC CGT-3’ DH 29

2704R 5’-AGA AAG GGA AAA GGT GAA GAA GGC-3’ DH 30

452F 5’-GGT CGC CCC AGA TCC CAC TTG-3’ after PDZ 8

LARG-1F
5’-TGA CCC CAC AGA TAG CTC CTC CAA GAA GAA

G-3’ before PDZ 3/4

LARG-1R 5’-TGC CTC CCT GAC AGC CTG ATT TAC AT-3’ DH 30

LARG-2R 5’-GTG GCG GCT GTG GGA GGG GAA TC-3’ after PH 35

LARG-3F 5’-CGG CAG GTG GCG ACA GAT AAC AAA G-3’ PH 33/34

LARG-3R 5’-TCA CCT CCA GGA CAC GGG GCT CTA CTA AC-3’ stop codon 41

LARG-4F 5’-AAG GGC CGT TGG TCT GGA AGG TGA ATA G-3’ PH 32

LARG-4R 5’-TGT GTT TGC TGT CGG CTG TGG ATG C-3’ PH 33

SA1_for 5’-AAC TCG AGA AGG GTT CCG AGT ATT CTT TTA

TTG TGT-3’ DH intron

SA1_rev
5’-GAT CGA TGC ATG TTT CAG CTT CTC CTC TCC

TGG TCC ACT A-3’ DH 28

LA1_for+ClaI
5’-TAT CGA TAC GCT GAG AGT AAC CCC CTG TGC

CGT CGT CTT C-3’ DH 29
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LA1_rev 5’-AAA TAG GCT TTT AGT CAT GTG CAT TGT AT-3’ between DH/PH intron

LA2_for 5’-CAG CTT TCC CTG ACC TCC ACC TGA G-3’ between DH/PH intron

LA2_rev
5’-CTG GCC TCT AAG AGC AAC AGA CTC GCA CAT-

3’ PH intron

776-808F
5’-TGC TGA ATT GAG AGG TGT GGG GCA GGA AAG

AGA-3’ DH intron

2724-2692R
5’-TGC TGA ATT GAG AGG TGT GGG GCA GGA AAG

AGA-3’ Neogene

4.1.5 Antibodies for Western Blotting

Antibody

against

Company Blocking Primary antibody Secondary

antibody

JNK1/2 Pharmingen 5% milk 1:1 000 5% BSA anti-mouse 0.5% milk

pSAPK/JNK

(Thr183/Tyr185)

NEB 5% milk 1:1 000 5% BSA anti-rabbit 0.5% milk

pp38

(Thr180/Tyr182)

NEB 5% milk 1:1 000 5% BSA anti-rabbit 0.5% milk

p38 Santa Cruz 5% milk 1: 200 0.5% milk anti-rabbit 0.5% milk

pERK1/2

(Tyr204)

Santa Cruz 5% milk 1: 200 0.5% milk anti-mouse 0.5% milk

ERK1 Santa Cruz 5% milk 1: 200 0.5% milk anti-rabbit 0.5% milk

RhoA Santa Cruz 5% milk 1:150 0.5% milk anti-mouse 0.5% milk

Rac1 Santa Cruz 5% milk 1:150 0.5% milk anti-rabbit 0.5% milk

Cofilin Sigma 5% milk 1: 5000 0.5% milk anti-rabbit 0.5% milk

pCofilin (Ser3) NEB 5% milk 1:1 000 0.5% milk anti-rabbit 0.5% milk

Akt/PKB NEB 5% BSA 1:500 2% BSA anti-rabbit 2% BSA

pAkt (Ser473) NEB 5% BSA 1:500 2% BSA anti-rabbit 2% BSA

ROCK-I/Rok Pharmingen 5% milk 1:250 0.5% milk anti-mouse 0.5% milk

TP receptor Cayman 5% milk 1:200 0.5% milk anti-rabbit 0.5% milk

pPKC / II

(Thr638/641)

NEB 5%milk 1:1000 2% BSA anti-rabbit 0.5% milk
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pPKC /

(Thr410/403)

NEB 5%milk 1:1000 2% BSA anti-rabbit 0.5% milk

pPKCµ

(Ser916)

NEB 5%milk 1:1000 2% BSA anti-rabbit 0.5% milk

4.1.6 Antibodies for flow cytometry

Antibody against Company Antibody

dilution

Location of

antigen

CD4-PE Pharmingen 0.5µl/106 cells surface

CD4-PerCP Pharmingen 1µl/106 cells surface

CD8-FITC Pharmingen 1µl/106 cells surface

CD8-APC Pharmingen 1µl/106 cells surface

active caspase-3-PE Pharmingen 3µl/106 cells intracellular

FasL-biotin Pharmingen 1µl/106 cells surface

CD62L-APC Pharmingen 1µl/106 cells surface

Streptavidin-APC Pharmingen 1µl/106 cells secondary ab

4.2 Methods

4.2.1 Mice

The generation of Lsc-/- mice is described elsewhere [18]. The Lsc-/- mice were crossed

onto 129 and Balb/c background for 10 generations. The mice were used for

experiments at the age of 8-20 weeks as indicated. Mice were bred and maintained

according to institutional guidelines. Cages and drinking water were autoclaved and food

was standard mouse chow.

4.2.2 Cellular biological Methods

4.2.2.1 Thymectomy and thymocyte 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
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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 under the ribs, on top

of the heart and towards the head is the thymus. This was pulled away with a pair of

forceps. The thymi were meshed (74µM Mesh, Costar) with a 5 ml syringe plunger. The

tissues were washed with 10 ml of RPMI 1640.

4.2.2.2 Flow cytometry

FACS buffer:  PBS, 2% FCS , 0.1% sodium azide

Single cell suspensions were prepared from the thymus as described above. Samples

were stained on ice for 15-30 minutes in FACS buffer with FITC-labeled monoclonal

antibody (mAb) (CD8), PE-labeled mAb (CD4, caspase-3), PerCP-labeled mAb  (CD4),

APC-labeled mAb (CD8, CD62L) or biotin-labeled mAb (FasL) and streptavidin-APC. If

biotinylated antibodies were used, cells were spun down for 1 minute at 13000rpm and

resuspended in 50µl FACS buffer containing streptavidin-APC and stained for another

30 minutes on ice.

Cell surface marker expression was analyzed with a four-color flow cytometer

(FACScalibur, Becton Dickinson, San Jose, CA) and quantified using the CellQuest

software.

4.2.2.3 Counting cells by microscope using a hemacytometer

Prepare a 1:2 dilution of the cell suspension with the vital dye Trypan blue (Sigma),

which is excluded from viable cells. Place the coverslip over the counting chamber and

load approximately 10µ l of the diluted cell suspension. View the cells under a

microscope at 10x magnification. The cells are visible above the grid of the counting

chamber. Non-viable cells appear as blue, viable cells are clear in a bluish background.

Determine the number of cells overlying four x 1mm2 areas of the counting chamber. For

an accurate determination, the total number of cells overlying one 1mm2 should be

between 50 and 150.

Viable cells counted in 4mm2 divided by 4, divided by dilution factor = x 104 cells /ml
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Calculation of absolute numbers of thymic subpopulations:

The absolute numbers of thymocytes were counted by microscope, then an aliquot of

0.5 x 106 cells were stained with the surface markers CD4 and CD8 as described under

„Flow cytometry“. The percentage/relative numbers of thymic subpopulations are

analyzed by FACS. The absolute numbers are recalculated with 100% being the number

of cells counted by microscope.

4.2.2.4 Stimulation of thymocytes by crosslinking the TCR

For western blot analysis:

Thymocytes were starved for 1-2hrs in RPMI + 0.1% fatty acid free BSA. Then 15µg/ml

anti-CD3 (purified antibody, clone 145-2C11) and 5µg/ml anti-CD28 (Pharmingen) were

added and incubated for 10 minutes on ice. Cells were washed, resuspended at the

appropriate concentration in pre-warmed RPMI and placed back in the waterbath at

37°C. Cells were stimulated with 30µg/ml F(ab’)2 goat anti-hamster IgG to crosslink the

receptor for the indicated times. Stimulation was stopped by adding 5x loading buffer.

For apoptosis assay:

Tissue culture dishes were coated with 2.5µg/ml anti-CD3 (purified antibody, clone 145-

2C11) in PBS overnight at 4°C or for 2hrs at 37°C. Solution was aspirated and cells

were added to the tissue culture dish together with 5µg/ml CD28. Cells were incubated

for the indicated times.
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4.2.2.5 Apoptosis assay

Medium:

500ml RPMI 1640

10% heat-inactivated FCS

1mM sodium pyruvate

2mM L-Glutamine

100IU/ml penicillin

100µg/ml streptomycin

1:100 non-essential amino acids

100µM -Mercaptoethanol

Thymocytes were incubated for 48 hours in complete medium with 10, 50 or 100µM

U46199 (Sigma), 1µg/ml anti-Fas, 5ng/ml PMA or 1µM dexamethasone, as indicated in

the experimental setup. Cells were harvested and FACS analysis was performed.

1. CD4/CD8 staining for the estimation of cell number and relative numbers of thymic

subpopulations

2. Activation of caspase-3

3. FasL expression

4. AnnexinV staining for the estimation of apoptotic cells

4.2.2.5.1 Annexin-V staining

Annexin V-FITC is used to quantitatively determine the percentage of cells within a

population that are actively undergoing apoptosis. It relies on the property of cells to

loose membrane asymmetry in the early phases of apoptosis. In apoptotic cells, the

membrane phospholipid phosphatidylserine (PS) is translocated from the inner leaflet of

the plasma membrane to the outer leaflet, thereby exposing PS to the external

environment. Annexin-V is a Ca2+ -dependent phospholipid-binding protein that has a

high affinity for PS, and is useful for identifying apoptotic cells with exposed PS.
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Reagents

Annexin V-FITC (Pharmingen). Use 1-2 µl per 106 cells. Store at 4°C

10x Annexin-V binding buffer:

0.1M Hepes/NaOH (pH 7.4)

1.4M NaCl

25mM CaCl2

For a working solution (1x), dilute 1 part binding buffer to 9 parts dH2 0.

Store the 10x concentrate and working solution at 2–8°C.

Staining

Primary thymocytes were incubated with the appropriate stimuli for indicated times and

washed once with cold PBS and resuspended in 50µl mastermix (Annexin-V binding

buffer 1x containing Annexin-V-FITC (1-2µl/106cells), CD4-PE (0.5µl/106cells), CD8-APC

(1µl/106 cells)) and incubated for 30 min on ice in the dark. After staining, 300µl Annexin-

V binding buffer was added and FACS analysis was performed within one hour.

4.2.2.5.2 Intracellular staining for caspase-3 activation

Incubate 1 x 106 thymocytes in 500µl complete RPMI 1640 medium containing 10% FCS

for 48hrs at 37°C and 5% CO2. Harvest the cells, centrifuge briefly and resuspend in

300µl of 4% paraformaldehyde. Fix at least 10 min at room temperature or overnight at

4°C. Add 1ml of PBS, centrifuge, resuspend the pellet in 300µl of ice-cold PBS with

0,1% Triton-X100. Permeabilize the cells for maximal 10 minutes on ice. Add 1ml FACS

buffer, spin down and resuspend in 50µl mastermix (FACS buffer containing anti-CD4-

PerCP (1µ l /106cells), anti-CD8-APC (1µl/106cells), anti-active-caspase-3-PE

(3µl/106cells)). Incubate for 30 minutes at room temperature in the dark. Increase

volume to 200-300µl with FACS buffer and analyze by FACS.
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4.2.3 Biochemistry

4.2.3.1 Actin polymerization

Phalloidin-FITC (Sigma) can be used to analyze the amount of filamentous actin (F-

actin) in cells. Prepare a stock solution of 0.5mg/ml in methanol and store at –20°C,

protected from light.

Thymocytes were resuspended in RPMI-1640 supplemented with 0.1% BSA at a

concentration of 107 cells/ml and starved for 0.5-1h at 37°C. Before stimulation, mix cells

very gently and leave for 2-3 min.

Add 10µl of PBS and agonists into eppendorf tubes and pre-warm them for 2-3 minutes

at 37°C. Perform all stimulations at 37°C. Take 60-70µl of cell suspension and put into

eppendorf tube with 300µl of 4% paraformaldehyde (time ‘0’). Add the necessary

amount of cell suspension into an eppendorf tube with agonist and mix very gently

(pipette once up and down). Stop stimulation after indicated time transferring 60-70µl

aliquot into eppendorf with 300µl of 4% paraformaldehyde.

Fix the cells

Incubate the cells with 4% paraformaldehyde for at least 10 min at RT, or overnight at

+4°C. Add 1 ml of PBS, centrifuge for 30-40’’ at full speed.

Permeabilization: Resuspend the pellet in ~300µl of 0.1% ice-cold Triton X-100 in PBS

and incubate on ice for 10 minutes. Add 1 ml of cold FACS buffer centrifuge for 30-40’’

at full speed.

Staining: Resuspend the cells in 50 µl of staining solution (1.5 – 1.7 µg/ml phalloidin-

FITC (for F-actin staining), 0.3µl/106 cells of CD4-PE and CD8-APC.  Stain for 30 min at

room temperature in the dark. Add 300µl of FACS buffer and measure fluorescence with

FACScalibur.

Flow Cytometry Analysis Measure FL-1 (FITC) mean fluorescence intensity on FL-2, FL-

3 or FL-4 gated cells.

Display as: Y-axis:  MFI  = mean fluorescence intensity of stimulated cells – mean

fluorescence intensity of unstimulated cells in function of time.
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4.2.3.2 Rho/Rac GTP-“pull down”-Assay

The recombinant GST-PAK-CD fusion protein, encompassing amino acids 56-141 of the

CRIB domain of PAK1B, was used as a probe for GTP-bound Rac1 [172] and the

recombinant GST-TRBD fusion protein encoding the Rho-binding domain of Rhotekin,

amino acids 1-89, was used as an activation specific probe for RhoA-GTP [133]. GST-

PAK-CD and GST-TRBD were expressed in bacteria and coupled to Glutathione

Sepharose 4B as described earlier [172]. The GST-Rhotekin and GST-PAK-CD fusion

proteins coupled to the beads were supplied from Klaudia Giehl (Department of

Pharmacology, University Ulm).

Buffers:

RHO-RiPA 2x (50ml) RAC-RIPA 2x (50ml)

Tris HCl, pH 7.2 50mM 5ml (1M) 50mM 5ml (1M)

NaCl 500mM 10ml (5M) 150mM 3ml (5M)

MgCl2 10mM 1ml (1M) 10mM 1ml (1M)

Triton X-100 1% 10ml (10%) 1% 10ml (10%)

Sodium-Deoxycholat 0.5% 5ml (10%) 0.5% 5ml (10%)

SDS 0.1% 1ml (10%) 0.5% 5ml (10%)

dH2O 18ml 21ml

Leupeptin 10µg/ml 10µg/ml
Aprotinin 10µg/ml 10µg/ml
PMSF 1mM

Add fresh each
time!

1mM

Add fresh each

time!
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Washing buffer 2x (50ml)

Tris HCl, pH 7.2 50mM 5ml (1M)

NaCl 150mM 3ml (5M)

MgCl2 10mM 1ml (1M)

Triton X-100 1% 10ml (10%)

dH2O 31ml

Leupeptin 10µg/ml
Aprotinin 10µg/ml
PMSF 0.1mM

Add fresh each

time!

GTPase activity assay for ex vivo thymocytes

Freshly isolated thymocytes were resuspended in RPMI 1640 + 0.1% BSA at a

concentration of 1.6 x 108 cells/ml (= 25 x 106 cells in 150µl) and starved for 2 hours at

37°C.

Add agonist into eppendorf tube and place at 37°C (1µM U46199 or 0.2µg/ml SDF-1 ).

Transfer 150µl for “time 0” (unstimulated cells) to tube containing 150µl 2x lysis buffer.

Add the necessary amount of cell suspension (150µl per point) to the eppendorf tube

containing the agonist and mix gently. Reactions were stopped by adding an equal

amount of 2x Rac-RIPA buffer or 2x Rho-RIPA buffer. The cell extracts were rotated

(end-over-end) for 10min at 4°C. The cell lysates were cleared from genomic DNA by

passing the lysate twice through a Qiashredder column (Qiagen). Transfer the cleared

lysates to pre-cooled eppendorf tubes and remove 25-30µl aliquots to compare Rac and

Rho protein amounts in each sample. Add another 300µl 1x lysis buffer and 20µl (20-

40µg) GST-fusion protein immobilized to Glutathione Sepharose 4B beads to the

cleared lysates and rotate the mixture for 30 minutes (Rho assay) or 45 minutes (Rac

assay) at 4°C. The beads were washed four times with 300µl of washing buffer at 4°C.

Excess supernatant was removed with a Hamilton syringe, the beads resuspended in

30µl of SDS-gel loading buffer, and boiled for 10 minutes at 95°C. Proteins were

separated on a 12.5% SDS-polyacrylamide gel and transferred to nitrocellulose

membranes. Equal loading of GST-fusion proteins and protein transfer were controlled

by Ponceau S staining. Rac and RhoA proteins were detected by using the appropriate
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antibodies and ECL Western Blotting Detection System (Amersham Biosciences,

Freiburg, Germany).

4.2.3.3 Western blotting

Solutions:

5x loading buffer:

0.16M TRIS-HCl PH 6.8

5% SDS

25% Glycerol

0.025% bromophenol blue

12.6% -mercaptoethanol

Electrophoresis buffer (1x):

0.25M TRIS -Base

1.92M Glycine

1% SDS

do not pH the electrophoresis buffer!

Transfer buffer (prepare 1x):

0.25M TRIS-Base

1.92M Glycine

20% Methanol

Tris buffered saline (TBS) (prepare 25x):

0.25M TRIS-Base

3.75M NaCl

adjust pH to 8.
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Stripping buffer:

62.5 mM TRIS-HCl pH 6.7,

2% SDS

100 mM -mercaptoethaneol

Preparation of gel:

Vertical gels are set in between 2 glass plates with an internal thickness of 1.0 mm. The

acrylamide mix is poured and left to polymerize for at least 30 min at RT. The gels are

composed of two layers: a 7.5-15% separating gel (pH 8.8) that separates the proteins

according to size; and a lower percentage (4.5%) stacking gel (pH 6.8) that insures the

proteins’ simultaneous entry into the separating gel at the same height.

The separating gel is poured in between two glass plates, leaving a space of about 1cm

plus the length of the teeth of the comb. Ethanol is added to the surface of the gel to

exclude air. After the separating gel is polymerized, the ethanol is removed. The

stacking gel is poured on top of the separating gel, the comb inserted, and allowed to

polymerize. Assemble the Biorad Miniprotean system with 1x electrophoresis buffer.

The samples are loaded into the wells of the gel and running buffer is added to the

chamber and 25 mA are applied.

Stacking gel buffer:

0.25M Tris-HCl pH 6.8

Running gel buffer:

0.75M Tris-HCl pH 8.8

Running gel Stacking gel
7,5% 10% 12.5% 15% 4.5%

Acrylamide 1418µl 1890µl 2350µl 2836µl 375µl
H2O 1148µl 675µl 216µl 0 788µl
Running buffer 2820µl 2820µl 2820µl 2550µl 1250µl
APS 10mg/ml 140µl 140µl 140µl 140µl 63µl
SDS 10% 112µl 112µl 112µl 112µl 25µl
TEMED 10µl 10µl 10µl 10µl 5µl
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Immunoblotting

After the cell extracts are subjected to SDS-PAGE, the proteins are transferred by

electroblotting to a nitrocellulose membrane (BA85, Schleicher & Schuell) at 15V in

transfer buffer for 50 min. Ponceau S fixative dye solution (Sigma)) is used to check if

the transfer has properly occurred. Stain for 5 min and wash with de-ionized water.

The membranes were blocked for 1 hour at room temperature in blocking buffer (5%

skim milk or 5% BSA in TBS + 0.05% Tween-20). Blots were briefly washed with TBS-T

and incubated with the appropriate primary antibody as listed in the table and incubated

overnight at 4°C with gentle agitation. Membranes were washed 3 x 10minutes with

TBST plus either 0.5% milk or 2% BSA (the same as for the secondary antibody dilution

as listed in the table on page 89). Membranes were incubated with either anti-mouse

conjugated to horseradish peroxidase (HRP) 1:10000 (Amersham) or anti-rabbit-HRP

1:8000 (Amersham) for 1 hour at room temperature with gentle agitation. Membranes

were again washed 3 x 10 minutes with TBST. Horseradish peroxidase-linked

secondary antibodies were detected by chemiluminescence (Pierce or Amersham).

Immunoblot stripping

The removal of primary and secondary antibodies from a membrane is possible, so that

it may be reprobed with alternative antibodies. Incubate the membrane in stripping buffer

for 30 min at 50°C, wash 3 times with TBST and be reprobe as described above.

4.2.4 Molecular Biology

4.2.4.1 DNA methods

4.2.4.1.1 Preparation of plasmid DNA by alkaline lysis

DNA prepared by alkaline lysis was used to screen large number of clones by restriction

endonuclease digestion. If cleaner or a higher amount of DNA is required, plasmid DNA

was prepared using Qiagen kit (Mini or Maxiprep) according manufacturer’s instructions.
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Solutions:

Tris-EDTA (TE):

10mM Tris-HCl (pH 8.0)

1mM EDTA (pH 8.0)

Tris-EDTA (TE) low:

10mM Tris-HCl (pH 8.0)

0.1mM EDTA (pH 8.0)

Solution I (resuspension buffer):

50mM Glucose

25mM Tris-HCl (pH8)

10mM EDTA (pH8)

store at 4°C

Solution II (lysis buffer):

0,2M NaOH

1% SDS

Solution III (neutralization buffer):

5M potassium acetate 60ml

acetic acid  11.5ml

H2O 28.5ml

Inoculate 3 ml of rich medium (LB medium) containing 100µg/ml ampicillin with a single

transformed bacterial colony and grow overnight at 37°C with vigorous shaking (200

cycles/min). Pour 1.5ml of the bacterial culture into an eppendorf tube and centrifuge at

maximum speed for 1 min and discard the supernatant. Store the unused portion of the

original culture at 4°C. The pellet was resuspended in 100µl of ice-cold solution I by

vigorous vortexing. Add 200µl of solution II to each bacterial suspension and mix by
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inverting, do not incubate the lysate for more than 5 minutes. Add 150 µl of ice-cold

solution III (neutralization buffer) and mix by inverting. Centrifuge the bacterial lysate at

maximum speed for 10 minutes and transfer the supernatant to a fresh tube. If cleaner

DNA is required perform phenol/chloroform extraction (see 4.2.4.1.3 below). Precipitate

nucleic acids from the supernatant by adding 2 volumes of ethanol. Collect the

precipitated nucleic acids by centrifugation at maximum speed for 10 minutes. Discard

the supernatant and wash the pellet with 70% ethanol. Dissolve the nucleic acids in 50µl

TE-low containing 20µg/ml DNAse-free RNase A. Vortex the solution gently for a few

seconds.

4.2.4.1.2 DNA concentration

When required, DNA was concentrated by precipitation using 0.1 volumes of 3M NaOAC

pH5.2 and 2 volumes of ethanol. Following incubation on ice or at –20°C for 1 hour,

mixture was centrifuged at 1300rpm for 10 minutes, the pellet washed with ice-cold 70%

ethanol, air-dried and resuspended in TE buffer at the required concentration.

4.2.4.1.3 Phenol/chloroform extraction

DNA solution was mixed with an equal amount of phenol:chloroform:isoamylalcohol

(25:24:1) by vortexing. The DNA/phenol-chloroform mixture was then centrifuged at

13000 rpm for 5 minutes and the upper aqueous phase containing DNA was transferred

to a new tube. For DNA heavily contaminated with proteins, extraction was repeated.

DNA was precipitated as described above.

4.2.4.1.4 Quantification of DNA

Dilute DNA (e.g. 8 µl DNA in 800µl water, dilution factor 100)

Measure OD at 260nm and 280nm in a Quartz cuvette

[c]= 0.05µg/µl x OD260nm x dilution factor

“relative” DNA purity: protein amount/ DNA amount: (OD280nm/OD260nm =1,8)
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4.2.4.1.5 DNA Sequencing

PCR Reaction:

The ”Taq Cycle Seqencing” is performed by using ”PRISMTM Ready Reaction

DyeDeoxyTM Terminator Cycle Sequencing Kit”. Mix the following reagents in a 0.6 ml

PCR tube.

4µl Terminator premix 

400ng DNA template 

50pmol Primer 

up to 10µl dH2O 

Place the tubes in a thermal cycler preheated to 96°C which is followed by 25 cycles of

thermal cycling steps: 96°C for 20 sec; 51°C for 20 sec; 60°C for 4 min followed by a

final 10 minutes extension step at 60°C and kept at 4°C after the reaction.

Removal of the excess dye terminators by using CENTRI-SEP Columns: CENTRI-SEP

Columns are designed for the fast and efficient purification of large molecules from small

molecules.

Prepare the CENTRI-SEP columns according to the standard procedures (PRINCETON

SEPARATIONS, INC.). DNA sequencing was done by Cornelia Brunner (Physiological

Chemistry, University Ulm).

4.2.4.1.6 Electrophoresis of DNA on agarose gel

Double strand DNA fragments with length between 0.5 kb and 10 kb can be separated

according to their length on agarose gels. Agarose is added to 1x TAE or TBE buffer to

obtain a final concentration between 0.7-2%. Boil the suspension in the microwave until

the agarose is completely dissolved. Allow the agarose to cool down to around 50°C

before adding ethidium bromide up to 0.5 mg/ml and pour into the gel apparatus. Add

DNA gel loading buffer to the DNA sample and apply on the gel. Electrophoreses in 1x

TAE or TBE buffer at 100 volts. The DNA can be visualized under UV-light.
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Buffers:

1x Tris-Acetate-EDTA (TAE)- used for running genomic DNA

40 mM Tris-HCl,

40 mM acetic acid,

1 mM EDTA (pH 8.0)

1x Tris-Boratic-EDTA (TBE)- used for running plasmid DNA

90mM Tris-HCl

90mM boric acid

1mM EDTA (pH8.0)

5x DNA Gel Loading Buffer

30% (w/v) glycerol

0.25% bromphenol blue

0.25% xylene cyanol

0.1M  EDTA

DNA molecular weight marker

100µl 1kb plus ladder (Gibco)

200µl loading buffer

700µl dH2O

use 5µl per lane

4.2.4.1.7 Southern blot

Buffers:

Denaturation buffer:

1.5M NaCl   87.66g

0.5M NaOH 20.0g

H2O up to 1liter
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Neutralization buffer:

1.5M NaCl  87.66g

0.5M Tris/HCl pH 7.5  60.57g

1mM EDTA 2ml

H2O up to 1liter

20xSSC buffer (Transfer buffer is 10x SSC buffer):

3M NaCl 175.32g

0.3M Na-citrate  88.23g

H2O  up to 1 liter

Wash solution I 1liter 500ml

40mM phosphate buffer 40ml (1M) 20ml (1M)

1mM EDTA 2ml (0.5M) 1ml (0.5M)

5% SDS 250ml (20%) 125ml (20%)

Wash solution II 1liter 500ml

40mM phosphate buffer 40ml (1M) 20ml (1M)

1mM EDTA 2ml (0.5M) 1ml (0.5M)

1% SDS 50ml (20%) 25ml (20%)

Churshe buffer 100ml 500ml

0.5 M phosphate buffer 50ml (1M) 250ml (1M)

1mM EDTA 0.2ml (0.5M) 1ml (0.5M)

7% SDS 35ml (20%) 175ml (20%)

H2O 15ml 74ml
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1M Phosphate buffer

Na2HPO4 x2 H2O or 71g Na2HPO4 85g

85% o-Phosphoric acid 4ml

H2O  up to 1 liter

pH 7.2

Restriction digest

Digest overnight 10-20 µg of purified genomic DNA with 50 units of the appropriate

restriction endonuclease. Separate the DNA samples on 0.6% agarose gel in TAE

buffer. Electrophoresis: 100V, about 5h. Following electrophoresis visualize the DNA in

the gel with UV light and photograph the gel together with a ruler.

Gel treatments

1) Depurination.  Place the gel in 0.25M HCl so that gel is completely covered in

the solution. Agitate gently for 10-20 minutes. During this time the bromophenol

blue dye present in the samples will change the color. (Depurination is not

required for DNA fragments <10kB size)

2) Denaturation.  Rinse the gel with H2O and place in denaturation buffer.

Incubate for 30minutes with gentle agitation. During this time the bromophenol

blue dye will return to its original color.

3) Neutralization. Rinse the gel with H2O and place in neutralization buffer.

Incubate for 30minutes with gentle agitation

4) Set up the capillary blot.

Capillary Blotting

Place a piece of Whattmann paper 3M on a glass plate to form a support that is longer

and wider than the gel. The ends of the blotting paper should drape over the edges of

the plate. Place the support on top of a dish filled halfway with transfer buffer. When the

blotting paper on top of the support is thoroughly wet, remove all air bubbles with a

pipette. Place the treated gel on the platform. Avoid trapping any air bubbles between

the gel and the paper. Surround the gel with parafilm to prevent the transfer buffer being
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absorbed directly into the paper towels. Cut a sheet of Hybond-N (neutral nylon)

membrane (Amersham RPN 203N or RPN 303 N) to an appropriate size and equilibrate

the nylon membrane with ddH2O and place on top of the gel. Avoid trapping any air

bubbles. Place three sheets of Whattmann paper cut to the same size as the gel and

saturated in transfer buffer on top of the membrane. Avoid trapping any air bubbles.

Place a stack of absorbent towels on top of the paper at least 5cm high. Place a glass

plate and a weight on top of the paper stack. Allow the passive transfer to proceed

overnight. After blotting, carefully dismantle the transfer apparatus.  Fix the nucleic acid

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.

Hybridization

Place the blot into a hybridization tube. If there is significant overlap of the blot, the use

of a nylon mesh should be considered. The nylon mesh may be reused after washing in

10% (w/v) SDS and extensive rinsing in distilled water. Put 20-25ml of Churshe buffer

per hybridization tube and prehybridize for 30min - overnight at 65oC. 20µl of Salmon

sperm DNA (stock 10mg/ml) is added per hybridization tube for blocking unspecific

binding. Add labeled and denatured probe into hybridization tube and hybridize

overnight at 65oC. Pour off the buffer with the hot probe. The probe could be kept in -20
oC and reused within one week. Wash with pre-warmed 50-100ml of wash solution I for

15-30min. Wash 3-4 times with pre-warmed 50-100ml of wash solution II for 15-30min

(until the wash solution is not radioactive anymore). Remove the blot from the

hybridization tube and wrap in Saran Wrap. Do not allow the membrane to dry out.

Expose to X-ray film for 1-3 days at -20oC or to phosphorimager screen for 2, 4, 6 h or

overnight.

Labeling of the probe

The Rediprime II kit form Amersham (RPN 1633 or RPN 1634) and   (a32P)dCTP with a

specific activity of 3000Ci/mmol is used for random labeling of the probe.
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Denature 2.5-25 ng of DNA (1-2µl of DNA fragment isolated using Qiagen gel extraction

kit) in 45 µl TE buffer by boiling for 5 minutes. Cool down the DNA solution by placing it

on ice for 5 minutes. Centrifuge briefly to bring down the contents of the tube to the

bottom. Add the denatured DNA to the reaction tube from the kit and add 5µ l of

(a32P)dCTP and mix by pipetting up and down. Incubate at 37 oC for 30 min and

denature the labeled DNA by heating to 95-100 oC for 5 min, then cool down on ice. Add

0.5ml of TE buffer to the tube and transfer to hybridization tube.

Removal of unincorporated nucleotides

Removal of unincorporated nucleotides is sometimes desirable to reduce background

during hybridization. It is also considered important to remove these free nucleotides if

the probe is being kept for several days before being used.

After labeling add to the tube:

33.35 µl 5M ammonium acetate

1 µl  2mg/ml glycogen

250 µl Ethanol

Incubate 30 min on ice, add 1ml 70% ethanol and centrifuge at 13000 rpm for 5 min.

Resuspend the pellet in 100 µl TE buffer and denature the probe for 5 min at 95-100 oC.

Add 0.5ml TE buffer to the tube and transfer to hybridization tube.

Stripping

For the successful removal of probes, membranes must never be allowed to dry out

after hybridization and washing, since this process has the effect of ‘fixing’ the hybrid.

Boil the membrane for 15min in 0.1x SSC + 0.1% SDS. Dry the membranes and store at

room temperature.
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4.2.4.2 Bacterial manipulation

4.2.4.2.1 Preparation of chemo-competent cells

Solutions:

500ml

TB solution: 10mM MOPS 1g

55mM MnCl2.4H2O 5.44g

15mM CaCl2.2H2O 1.1g (75ml of 100mM solution)

250mM KCl 9.3g

adjust to pH 6.7 without MnCl2, and then add MnCl2

Inoculate 250ml SOB medium with about 10 big colonies (DH5  cells freshly plated on

LB plate (without any antibiotic). Grow the culture for 1-2 days at 18-25°C until OD600nm is

between 0.6 and 1. When bacteria obtain requisite density put them on ice for 10min

Centrifuge at 3000rpm for 15min at 4°C (centrifuge must be pre-cold to 4°C) and

resuspend bacteria in 80ml cold TB solution. Incubate bacteria for 10 min on ice and

centrifuge at 3000rpm for 15min at 4°C. Resuspend bacteria in 20ml of cold TB + 7%

DMSO (1.4ml DMSO/20ml TB) solution and incubate bacteria again for 10 min on ice.

Aliquot the competent bacteria and immediately freeze in liquid nitrogen and store at

–70°C

Efficiency should be at least 107 colonies per 1µg of pBS with 200µl of competent cells
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4.2.4.2.2 Transformation by heatshock

Medium:

SOC medium (1 liter): LB medium (liter):

20g Tryptone/peptone 10g Tryptone/Peptone

5g Yeast extract 5g Yeast extract

0.6g NaCl 10g NaCl

0.2g KCl       +/-15g Agar

autoclave and add sterile: autoclave

10ml 1M MgCl2

10ml 1M MgSO4

40ml 10% Glucose

Incubate 5µl ligation mixture plus 200µl DH5  chemo-competent cells on ice for 30

minutes. Heat the mixture to 42°C for 90 sec. Put back on ice for 5 minutes and add

800µl SOC medium and place at 37°C for 45 minutes. Plate on LB agar + ampicillin

plate and incubate overnight at 37°C in the incubator. Pick single clones and inoculate

5ml LB medium + ampicillin, incubate overnight at 37°C. Extract DNA by alkaline lysis or

using the Qiagen Miniprep Kit as described by the manufacturer. Check for positive

clones with restriction endonuclease digestion or/and by sequencing.

4.2.4.2.3 Screening bacterial colonies using X-gal and IPTG

Many plasmid vectors carry a short segment of E. coli DNA containing the regulatory

sequences and the coding information for the N-terminal portion of -galactosidase.

Embedded in the coding region is a multiple cloning site. Vectors of this type are used in

host cells that express the carboxy-terminal portion of -galactosidase. In the presence

of X-gal the lac+ bacteria form blue colonies. However, insertion of a fragment of foreign

DNA in the multiple cloning site disrupts the -galactosidase gene, resulting in the

formation of white colonies.

Spread 70µl 20mg/ml X-gal (in dimethylformamide) + 7µl 1M IPTG on LB/Ampicillin plate

and let dry for several minutes. Spread the bacteria on top.
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4.2.4.3 Cloning strategies

4.2.4.3.1 Directional cloning into plasmid vectors

Digest the vector and the foreign DNA (insert) with two appropriate restriction enzymes.

Gel-purify both the vector and the insert with the Qiaquick gel extraction kit (Qiagen) as

described by the manufacturer.

Set up ligation mixture: 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:

1µl 10x ligation buffer

xµl Insert

1µl Vector

1µl T4 DNA ligase (NEB)

up to 10µl dH2O

Incubate the mixture overnight at room temperature and transform bacteria by

heatshock the next day.

4.2.4.3.2 Blunt-ended cloning into plasmid vectors

The removal of terminal 5’-phosphate groups is used to suppress self-ligation and

circularization of plasmid DNA.

Dephosphorylation of DNA with Calf Intestinal Phosphatase (CIP):

1 picomole of DNA was mixed with 0.05 units CIP (Fermentas) and incubated at 37°C

for 15 minutes. Transfer to a new tube and incubate again for 15 minutes at 37°C.

Reactions were stopped by phenol/chloroform extraction (on page 102), followed by

DNA precipitation (on page 102). Resuspend the DNA in TE-low buffer.
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4.2.4.3.3 Cloning of fragments generated by PCR

Fragments generated by PCR have to be phosphorylated prior ligation with a plasmid

vector. The vector has to be dephosphorylated as described above.

Phosphorylation of insert:

xµl Insert

1µl T4 kinase buffer

1µl ATP (10µM)

0.2µl T4 polynucleotide kinase

up to 10µl dH2O

Incubate at 37°C for 30 minutes followed by an incubation at 75°C for 10 minutes to stop

the reaction.

4.2.4.3.4 Fill-in of overhanging DNA ends

5’-overhanging DNA ends:

The Klenow fragment of E. coli DNA polymerase I catalyzes the template-directed

addition of deoxynucleotides triphosphates to a recessed 3’-hydroxyl group. Synthesis

occurs in a 5’ to 3’ direction until the recessed terminus is completely filled. This method

is frequently used to eliminate restriction sites within a vector. The vector is cut with the

desired restriction endonuclease, the protruding termini are filled in with Klenow

fragment and the vector is religated.

0.1-5µg DNA

2µl Klenow reaction buffer

0.5µl (5 units) Klenow fragment

0.5µl dNTP (2mM)

up to 20µl dH2O

Incubate at 37°C for 10 minutes. Reactions were stopped by heating at 70°C for 10

minutes, followed by phenol/chloroform extraction (on page 102) and ethanol

precipitation (on page 102).
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3’-overhanging DNA ends:

3’-overhanging DNA ends were blunted by incubating 1µg linearized DNA with 1 unit of

T4 DNA polymerase in 1x reaction buffer with 0.1mM nucleotides at room temperature

for 5 minutes. Reactions were stopped by heating at 70°C for 10 minutes. DNA was

subsequently purified by phenol/chloroform extraction and ethanol precipitation.

4.2.4.3.5 TA Cloning

Produce PCR products as described in this methods section (on page 121), run on a

0.7% agarose gel and purify with Qiaquick extraction kit as described by the

manufacturer (Qiagen). The Roche polymerase (Expand long template PCR System,

Roche) generates blunt end PCR fragments, so it is necessary to add 3’ A-overhangs to

the PCR product. The linearized vector pCR2.1 supplied with the TA cloning kit

(Invitrogen) has single 3’ deoxythymidine (T) residues. This allows PCR inserts with 3’

A-overhangs to ligate efficiently with the vector.

Addition of 3’ A-overhangs:

everything PCR product

2µl 10x  buffer

1µl dATP (10mM)

1.2µl MgCl2(50mM)

0.2µl Taq polymerase

up to 20µl H2O

Incubate the mixture at 72°C for 20 minutes. The reaction is stopped by precipitation

with 2 volumes of ethanol, 0.1 volumes of 5M Ammonium Acetate, and 2µl glycogen.

Incubate for 30 minutes at –20°C, followed by centrifugation at maximum speed for 10

minutes. Discard the supernatant and let the pellet air-dry. Resuspend the DNA in TE

buffer and proceed with the ligation reaction.
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Ligation reaction:

1µl 10x ligation buffer

2µl (=50ng) pCR2.1

10ng PCR product

1µl T4 DNA ligase

up to 10µl dH2O

Incubate ligation mixture overnight at 14°C.

4.2.4.4 Genomic DNA library screening by PCR

A genomic DNA library (mouse strain 129/Ola, library number 121) was obtained from

the “Deutsches Ressourcenzentrum für Genomforschung GmbH” (RZPD, Berlin).

Digested genomic DNA fragments are cloned into cosmid (Lawrist 7) and distributed in

96-well plates with dried DNA.

The PCR screening is based on a simple but efficient two-step procedure using RZPD's

Primary and Secondary Pools:

Primary Pools consist of purified DNA from the vector constructs from all clones of eight

384-well microtiter plates of a genomic library. Once a PCR product with a Primary Pool

is obtained, the PCR screening has to be continued with corresponding Secondary

Pools.

Secondary Pools consist of individually pooled microtiter plates from the positive Primary

Pools and comprise 48 samples: 8 plate pools, 16 pooled rows, 24 pooled columns.

The PCR screening of each secondary pool results in at least three positive PCR

products, unambiguously identifying the X and Y coordinates of the corresponding

clone(s) in a specific plate.

Dilute the library in 100µl of ultrapure water and take 10µl for the PCR reaction. Total

genomic DNA from wildtype mouse was used as positive control.
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Reaction mixture:

2µl 10x buffer

2µl  dNTP(2mM)

1µl Forward primer (10µM): LARG-4F

1µl Reverse primer (10µM): LARG-4R

0.2µl Taq Polymerase (Genecraft)

0.8µl MgCl2 (25mM)

10µl DNA

up to 30µl H2O

Place the tubes in a thermal cycler preheated to 96°C which is followed by 35 cycles of

thermal cycling steps: 94°C for 40 sec; 72°C for 2min followed by a final 10 minutes

extension step at 72°C and kept at 4°C after the reaction.

Load the PCR content on agarose gel and check for positive clones. With the

coordinates of your positive clones you get Secondary Pools from the RZPD. Repeat the

same procedure as for the Primary Pools. With the coordinates of the Secondary Pool

screening you will obtain a bacteria clone containing the cosmid of interest.

Bacteria are sent stabbed into agar. Resuspend some colonies in 200µl LB + kanamycin

and spread with a loop. Pick a single colony and inoculate 3ml LB + Kanamycin and

purify DNA as described in this methods section. Repeat PCR to confirm the results.

4.2.4.5 Cosmids

4.2.4.5.1 Cosmid mapping

Principles of restriction mapping

The cos mapping technique is based on indirect end-labeling of partial restriction

digestion products by hybridization with radioactive labeled oligonucleotides. -

terminase recognizes a 200bp cos region from -phage DNA that has been cloned into

cosmid vectors. -terminase cleaves within this region to linearize the cosmid and

generates 12 base pair overhangs at the left (ON-L) and right (ON-R) site. The

linearized cosmid is partially digested with restriction enzymes in order to generate all
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possible fragments. Fragments containing cos ends are then labeled by hybridization

with radioactive ON-L and ON-R probes. After separation by electrophoresis and

visualization by autoradiography the fragment sizes can be calculated relative to a

standard marker. A restriction map can be constructed in which the order and distance

between all the sites is shown. A map can be constructed using one cos oligonucleotide

only, but the use of both in parallel gives improved accuracy.

Cosmid DNA Cosmid DNA was purified with the Qiagen Maxi Kit following the protocol

for “very low-copy cosmid purification protocol” as described by the manufacturer.

Oligonucleotides

ON-R 12-mer: ggg cgg cga cct

ON-L 12-mer: agg tcg ccg ccc

Buffers:

Loening buffer:

20x 50x

Tris base 87.0 g 217.5g

NaH2PO4 
. H2O 106.0g 265.0g

EDTA 7.1g 17.75g

H2O up to 1 liter up to 1 liter

 

Enzyme dilution buffer:

20mM potassium phosphate, pH 7.4

200mM KCl

1mM EDTA

7mM ß-Mercapthoethanol

10%  glycerol

 200µg/ml BSA
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DPC buffer:

0.6M NaCl

0.2M Tris-HCl, pH 8.0

Linearization of cosmid

5µg cosmid

10µl 5x terminase buffer

2µl -Terminase

up to 50µl dH2O 

Incubate for 30 min at room temperature (not longer, -terminase cuts unspecifically)

and stop reaction by adding 50µl of DPC buffer. Purify DNA by Phenol/Chloroform

extraction followed by ethanol precipitation of the DNA as described in this methods

section. Resuspend the DNA in 25µl TE-low

Partial digest of the cosmid

Dilute enzymes in ‘enzyme dilution buffer’:

1) BamH I (50u/µl) 1/1500 

2) EcoRV (10u/µl) 1/40 

3) PstI 1/30

4) SmaI (10u/µl) 1/60 

5) EcoRI (10u/µl) 1/75 

6) KpnI (10u/µl) 1/40 

7) XbaI (10u/µl) 1/20 

8) XhoI 1/20

9) HindIII (50u/µl) 1/10

10) Not I (10u/µl) 1/20

11) Cla I (10u/µl) 1/10

12) Nru I (10u/µl) 1/20

13) Nde I (10u/µl) 1/20

14) Eco 47 III  (10u/µl) 1/20
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15) Apa I (10u/µl) 1/20

16) Bst XI (10u/µl) 1/20

Reaction mixture

4µl linearized cosmid

1.5µl 10x buffer (provided with the enzyme)

1µl diluted enzyme

8.5µl H2O

After 15’,30’ and 45’ remove aliquot and transfer to new tube containing 2µl 0.5M EDTA

pH 8.0 to stop reaction

Labeling of oligonucleotides

1µl ON-L or ON-R (2µM)

1µl 10x Polynucleotide Kinase buffer A

2µl ( 32P)ATP (5000µCi/mmol)

1µl T4 polynucleotide kinase

5µl dH2O

Incubate at 37°C for 30min and stop reaction by boiling the mixture for 2 minutes.

Afterwards place on ice.

MIX: 200µl DNA loading buffer (high concentration of dye (bromophenol blue))

50µl 1M NaCl

2µl labeled ON-L or ON-R

this MIX can be stored at -20°

Annealing

Add 5µl of ON-L and ON-R MIX into two separate tubes containing 8µl (half the amount)

of partially digested cosmid. Add both ON-L and ON-R MIX to the same tube containing

the -DNA marker. Denature those mixtures for 2 minutes at 75°C to dissociate

complement cos-sites followed by an incubation for 40 minutes at 42°C.
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Electrophoresis

Prepare 0.5% Agarose gel with Loening buffer (~500ml), use the comb with 26 teeth.

Load the samples and run at 37V (1.5V/cm) until the bromophenol blue runs out of the

gel. Dry the gel on Whattman paper with no heating until the gel is completely flat, turn

the temperature to 60°C for 30 minutes to dry the paper. Place into cassette together

with Phosphorimager-screen or film.

Interpretation of results

The autoradiograph shows the size marker and cosmid bands corresponding to partially

digested fragments labeled from the left and right-hand site of the clones. In order to

construct a restriction map, it is necessary to draw a standard migration curve (X-axis:

migration distance, mm; Y-axis: size, kb) using the standard size marker. The sizes in kb

of each of the partially digested fragments can be calculated.

Maps can be calculated from both the left and the right-hand end and then

superimposed allowing confirmation of results. This method also improves accuracy, as

it is more difficult to determine the size of large fragments in the 30-40kB range. By

combining maps from labeled cos-L and cos-R sites, the distance between sites at the

ends of the clone can be very accurately determined, although there may be some

ambiguity about fragment sizes in the middle of the molecule. This can be resolved by

taking an average between the two maps.

4.2.4.5.2 Generation of Lambda-Phage marker

Use 4µg of lambda-phage DNA (Gibco) and digest with each restriction enzyme (see

table) overnight in 50µl of the appropriate buffer. Remove a 15µl aliquot and run on 0,5%

agarose gel at low voltage (75V) to check if digest is complete. If digest is complete

inactivate the enzymes by heating to the appropriate temperature. Combine the different

digests and precipitate the digest mixture and resuspend in 500µl TE-buffer. Before

loading on a gel (use 1µl per lane), heat at 75°C for 2 min to separate hybridized cos-

sites
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Enzyme restr.sites left fragment right fragment inactivation

Apa I 1 10,0 38,5 65 C

Kpn I 2 17,0 30,0 80 C
Nhe I 1 34,7 13,8 65 C
Eco 47 III 2 21,0 11,5 65 C
Bsp68 I 5 4,6 6,7 65 C
Sal I 2 32,7 15,3 65 C
Sac I 2 24,7 22,7 65 C
Eco 0109 I 3 2,8 65 C

generated standard size marker (in kb)

48,5; 38,5; 34,7; 32,7; 30,0; 24,7; 22,7; 21,0; 17,0; 15,3; 13,8; 11,5; 10,0; 6,7; 4,6; 2,8

4.2.4.5.3 Cosmid subcloning

After the restriction map of the cosmid was constructed, desired parts of the cosmid

were subcloned into pBlueskript.

The cosmid was digested with the appropriate restriction enzymes and the fragment with

the correct size was gel purified and cloned into pBluescript. Several subclones were

generated as seen in this table.

Table 1. Subclones from cosmid D2144

clone fragment

5’             3’

size exons notes

4b8 XhoI KpnI 8kb #26, #27. #28,

#29 (DH domain)

4b8/3.0/16 EcoRI EcoRI 3.2kb #26, #27 subcloned from

4b8

4b8/1.6/9 EcoRI EcoRI 1.5kb #28 subcloned from

4b8

4b8/1.4/11 EcoRI EcoRI 1.2kb subcloned from

4b8
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3b7 XbaI BamHI 3.5kb #29, #30

2/1 BamHI KpnI 4.8kb #28, #29

5b3 XhoI KpnI 3.4kb #30

6/1 KpnI XbaI 3.6kb #31, #32, #33

4.2.4.6 Generation of the targeting vector

As a substrate for homologous recombination a vector is designed consisting of two

regions of DNA homologous to the genomic target locus (one long and one short

homology arm), which are interrupted by a positive selection marker, the bacterial

aminoglycoside phosphotransferase (neo) gene which is selected for with G418. This

marker replaces genomic sequences and is used to enrich for the rare stably transfected

ES cell clones. A thymidine kinase (tk) gene is included at the end of the short homology

arm of the vector and serves as an additional negative selection marker (using

gancyclovir) against ES clones which have randomly integrated the targeting vector.

Thus, homologous recombinants can be enriched by both positive and negative

selection.

4.2.4.6.1 129/Sv Targeting Vector

PCR conditions for amplification of short and long arm (Expand long template PCR

System, Roche):

1x 10x PCR buffer

2µM dNTPs (2mM)

1µM Primer for (10µM)

1µM Primer rev (10µM)

1µg DNA template

0.5µl Polymerase

R1 ES cells are derived from 129/Sv mice and genomic DNA from those ES cells is

used as a template for all the PCR reactions used to generate the short and long arm.

The short arm of the TV was amplified by PCR in one piece using the forward primer

“SA1_for” and the reverse primer “SA1_rev” generating a 2.3kb fragment (see table on
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page 88). Place the tubes in a thermal cycler preheated to 94°C which is followed by 30

cycles of thermal cycling steps: 94°C for 1 min; 68°C for 4 min followed by a final 10

minutes extension step at 68°C and kept at 4°C after the reaction.

The fragment was cloned into pCR2.1 with the TA cloning kit (Invitrogen) and

subsequently the EcoRI fragment was transferred into pBluescript. The complete short

arm was excised with KpnI and BamHI and cloned into the targeting vector linearized as

well with KpnI and BamHI (Fig.30 on page 72).

The long arm was generated in two parts using the primerpairs “LA2_for” and “LA2_rev”

(94°C for 3 min; 30 cycles of thermal cycling steps: 94°C for 1 min; 68°C for 5 min

followed by a final 10 minutes extension step at 68°C) for the second part, and

“LA1_for+ClaI” and “LA1_rev” (94°C for 3 min; 30 cycles of thermal cycling steps: 94°C

for 1 min; 68°C for 5 min followed by a final 10 minutes extension step at 68°C) for the

first part (see table on page 88). The different parts were cloned into pCR2.1 with the TA

cloning kit from Invitrogen. The two parts of the long arm were assembled in pBluescript.

The complete long arm was excised from pBluescript by NotI and XhoI and transferred

to the targeting vector containing already the short arm (Fig.30 on page 72).

The targeting vector pPNT-loxP-neo was provided by Wolfgang Vogel, Mount Sinai

Research Institute, Toronto.

4.2.4.6.2 129/Ola targeting vector

The short arm (EcoRI/PstI fragment from the subclone 4b8/1.6/9 (see Table 1 on page

120) was first transferred into pBS digested by KpnI / BamHI and further cloned into the

polylinker of the TV located between the neo gene and tk cassette, in the opposite

orientation than the neomycin gene (Fig.28 on page 68).

The long homology arm was constructed by the assembly of three fragments: a small

KpnI/EcoRI fragment from subclone 6/1, a BamHI/KpnI from subclone 5b3 and a

PvuII/BamHI fragment from subclone 3b7. The assembled long arm was excised with

NotI and XhoI and transferred to the TV containing the short arm (Fig.28 on page 68).

The targeting vector has now a short homology arm upstream of the neo gene and a

long homology arm downstream of the selection marker, both cloned into the vector in

the opposite orientation than the neo gene.
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4.2.4.6.3 Construction of a positive control vector

Screening ES cell clones by PCR

A control construct must be generated to establish a PCR strategy to screen for

recombinant clones. The positive control vector contains only an extended short arm

within the targeting vector to mimic integration of the vector at the right genomic locus

(Fig.33). To set up PCR conditions in nearly the same conditions as you will later screen

for positive clones, ES cells are transfected with the control vector and grown in the

presence of G418 for 10 days, thereby you select for ES cell clones which randomly

integrated the control construct.

DNA made from the G418 resistant clones is used to establish PCR conditions that will

be later applied for the screening of clones, which underwent homologous recombination

using the complete targeting vector.

The subclone 4b8/1.6/9 (Fig.27 on page 66) of the cosmid #MPMGc121D2144 (RZPD),

containing the genomic sequence of the DH/PH domain of larg, was cut with PstI and

EcoRI and cloned into pBluescript. A positive clone (SA17) was then fused with the

EcoRV/EcoRI fragment from subclone 4b8/3.0/16 in order to obtain the extended short

arm (Fig.33). A positive clone (SA17B/8) was identified by restriction digest and

sequencing and cloned into the targeting vector into KpnI/BamHI restriction sites (SV23).

DNA from SV23 was linearized , electroporated into R1 ES cells and ES clones were

selected with G418. After selection genomic DNA from those ES cells was prepared and

PCR conditions were set up.
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PCR conditions for screening of ES-cell clones (Taq polymerase, Genecraft):

2µl 10x PCR buffer

2µl dNTPs (2mM)

3mM MgCl2

2µl Primer for (10µM)

2µl Primer rev (10µM)

1-2µl DNA template

0.2µl Polymerase

up to 20µl dH2O

Cycling parameters:

Place the tubes in a thermal cycler preheated to 94°C which is followed by 35 cycles of

thermal cycling steps: 94°C for 40 sec; 68°C for 40 sec; 72°C for 1.5 min followed by a

final 10 minutes extension step at 72°C and kept at 4°C after the reaction.

Fig.33 Schematic presentation of the positive control vector

4.2.5 ES cell culture

When maintaining ES cells in culture the primary consideration is to prevent their

spontaneous differentiation, keeping the ability to colonize the germ cells of the

developing chimeric embryo. To prevent differentiation ES cells are grown on gelatinized

plates on a layer of fibroblasts (or also called feeders) in the presence of leukemia

inhibitory factor (LIF). The feeders are prepared from mice resistant to G418.

The R1 ES cell is line derived from 129/SV mice [173], whereas the E14.1 ES cell line is

derived from 129/Ola mice [174].

NEO

primer 1 primer 2

Positive control vector
short arm

PstIEcoRIEcoRV

extension
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4.2.5.1 Solutions

Embryonic feeders (EF) medium:

DMEM 500ml

60 ml (10%) FCS 

6ml sodium pyruvate 

6ml penicillin/streptomycin

6 ml L-glutamine 

ES medium:

DMEM 500ml

75 ml (15%) FCS (batch of FCS, tested specially for ES cell culture)

6ml sodium pyruvate 

6ml penicillin/streptomycin 

6 ml L-glutamine 

6ml non-essential amino acids 

1.2 ml 50mM 2-mercapto-ethanol

45µl LIF (Gibco): final concentration 500-1000U/ml

or supernatant from CHO cells transfected with LIF (1:250 - 1:500))

Geneticin, G418-Sulfate

For R1 ES cells use 150µg/ml

For E14.1 ES cells use 180µg/ml

Gencyclovir

Dissolve 4,3 mg Gancyclovir in 1 ml PBS (=2x10-3M) and filter under sterile conditions.

Use a dilution of 1:1000 (Final concentration =2x10-6M (2µM)). The stock solution can be

kept at -80°C. Thaw and use immediately.

Gelatin

Prepare 0.1% solution in H2O and autoclave. Pour gelatin-solution onto the plates so

that it covers the surface completely. Incubate the plates 10-60 minutes or overnight at
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room temperature. Aspirate the gelatin and add cells directly to the plate. Alternatively,

gelatinized plates could be dried and stored at room temperature.

4.2.5.2 Preparation of feeders for ES cell culture

Fibroblasts, which are prepared from day 13-14 embryos of neo resistant mice, have to

be irradiated to stop their proliferation in order to use them as feeders for ES cells.

Primary embryonic fibroblasts are grown in EF medium, expanded and -irradiated at

3000 rad. The irradiated feeders are aliquoted and stored in liquid nitrogen and thawed

when needed.

4.2.5.3 Growing of ES cells

- Grow ES cells on gelatinized dishes containing -irradiated feeder layers. Grow

ES cells for DNA preparation on gelatinized dishes without feeders. Grow ES

cells before aggregation on dishes with low concentration of feeders.

- Passage the cells frequently (every two days) with a dilution 1:3-1:5; e.g. ~1x106

ES cells / 9cm dish. Change the medium every day.

- Trypsinisation. Pipette cells with trypsin very well, then dilute with ES medium and

pipette again to obtain a single cell suspension.

- The number of cells in 9cm dish should never exceed 1.5x107

4.2.5.4 Electroporation

Preparation of plasmid for electroporation

Linearize the targeting vector or positive control vector (Qiagen purification). Perform

phenol/chloroform extraction (on page 102), followed by chloroform extraction.

Precipitate the DNA (on page 102) and wash twice with 70% ethanol under sterile

conditions. Resuspend the DNA in sterile PBS at 1µg/µl.

Use ES cells which are not passaged more than 10 times. Prepare for electroporation

~5x9cm plates with ES cells. Change ES medium a few hours prior electroporation.

Trypsinize ES cells, count them and wash with PBS. Resuspend 0.5-3x107 cells in 800µl

of ice cold PBS, transfer into electroporation-cuvette with 30µg linearized plasmid DNA,

and mix. Keep cuvette on ice. Electroporate ES cells with 240V; 500µF in a BioRad
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electroporator. Incubate 10-20 min on ice, dilute cells in ES medium and plate them at

2.5 - 3 x 106 cells per plate onto a feeder layer.

Controls: - non-transfected cells - control for G418 selection;

- transfected cells, selected with G418 only, without gancyclovir – control

for random integration.

Change the medium in the evening of the next day (more than 24 h after electroporation)

and start the G418 selection. Continue G418 selection until the cells are frozen in 96-

well plates. Start the gancyclovir selection 2 days after the electroporation. Continue

gancyclovir selection for 5-6 days. Prepare every day fresh medium with gancyclovir.

Change the medium every day until the colonies are big enough to pick them. It takes 8-

12 days. Colonies at this point should be fairly large in size (~4000cells), but still

maintaining a discrete border or edge. On one 9cm plate there should be 10-70 colonies

left after positive and negative selection depending on the construct.

4.2.5.5 Isolation and growing of single clones

Prepare flat-bottom 96-well-plates with inactivated feeders in complete ES medium. Add

25-50µl/well of trypsin-EDTA to each well of a round-bottom 96-well-plate.

Remove medium from ES cell plate, add 10 ml of PBS and pick the colonies under the

microscope or binocular using a 20µl pipette under sterile conditions. Add the colony (in

5-20µl PBS) into a single well of a 96-well plate containing trypsin-EDTA. Continue until

each of the well contain a colony (or as many as you can pick in 20-30min).

Incubate the 96 well plate with picked colonies at 37°C for 3-5 minutes and pipette with a

multichannel pipette up and down (~x5) until the cells are a single cell suspension and

transfer the suspension into flat-bottom 96-well-plates with inactivated feeders.

Grow for 2 to 3 days and change the medium every day. Trypsinize and split 1:3 (e.g.

make three master-plates) when the clones have the appropriate size. Change the

medium next day. When the cells are confluent in the wells (usually after 2 days), freeze

two master plates. The 3rd plate is used to prepare DNA for PCR, or transferred to 48-

well-plates, if the DNA is used for Southern blotting.
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If there are only a few big colonies after 3 days, or the colonies are to small, trypsinize

and transfer to a new 96-well plate with feeders. Split 1:3 after 2-3 days, when the

colonies are big enough.

The colonies grow at different rates, therefore each clone has to be treated individually.

4.2.5.6 ES cell freezing

2x Freezing medium: 20% DMSO + 80% FCS

4.2.5.6.1 96-well plates

Prepare 2x freezing medium and place on ice. Aspirate the medium from 96-well plates

and wash with PBS. Trypsinize the cells with 50µl trypsin and resuspend them until you

have a single cell suspension and no more clumps left. Add 50µl ES medium / well to

stop reaction and place the plate on ice. Add 100µl of ice-cold 2x freezing medium and

mix. Wrap plate in foil, place in Styrofoam box and freeze at  -70°C.

4.2.5.6.2  6-well plates or 3.5 cm dishes

Prepare 2x freezing medium and place on ice. Aspirate medium from the cells and wash

with PBS. Add 0.5 ml of trypsin and incubate for 5 minutes at room temperature,

resuspend really well.  Add 1 volume of ES medium / well, mix and place the plate on

ice. Add 1 volume of ice-cold 2x freezing medium and pipette up and down. Aliquot (1ml

per tube) into freezing tubes, freeze at –80°C and transfer to liquid nitrogen next day.

4.2.5.7 ES cell thawing

4.2.5.7.1 96-well plates

Remove plate from -70°C and place immediately at 37°C for 3-5 min without the foil.

Working row-by-row, quickly multi-pipette 100µl of warm ES medium to the wells and

pipette up and down. Transfer the cell suspension into wells of a 48- or 24-well plate

with feeders. Repeat above, until no ice/medium is left in 96-well plate. Place 48- or 24-

well plate in incubator and change medium next day.
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4.2.5.8 ES cell DNA purification

Lysis Buffer:

100mM Tris-HCl pH 8.5

5mM EDTA

0.2% SDS

200mM NaCl

150µg/ml proteinase K (add fresh each time!)

4.2.5.8.1 96-well plates

Aspirate the medium and wash with PBS. Add 50µl of lysis buffer and incubate for 3

hours or overnight at 37°C. Add 100µl ice-cold 100% ethanol to the wells and incubate

for 1 hour at room temperature. Pour off ethanol by blotting on a bench diaper and wash

3x with 150µl 70% ethanol. Let the pellet air-dray for 20 minutes. Resuspend the DNA in

20-50µl TE buffer.

4.2.5.8.2 48 well plates

Aspirate the medium and wash with PBS. Add 0.25ml lysis buffer per well and incubate

at 37°C for 3 h or overnight. Add 0.25 ml of TE buffer and pipette very well until the

solution is not clumpy and air bubbles appear. Add immediately 1ml of 100% ethanol

and fish DNA with white tip. Dry a little and transfer into a well of round bottom 96-well

plate. Add 100µ l of TE buffer and incubate for 2 hours or overnight at 37°C.
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