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Summary

1. Summary

Spreds are a new Sprouty-related family of membrane-associated proteins inhibiting
the MAPK signaling pathway by interacting with Ras and Raf-1. Different studies
have already demonstrated the inhibitory function of Spreds in cell culture systems,
but the in vivo function of Spreds in the whole organism was still unclear.

Therefore, Spred-2 knockout mice were generated using a gene trap approach.
The Spred-2 deficiency was verified on RNA and protein levels and the lack of
functional Spred-2 protein in mice caused a dwarf phenotype similar to
achondroplasia, the most common form of human dwarfism. Spred-2” mice showed
reduced growth and body weight, they had a shorter tibia length and showed
narrower growth plates as compared to wildtype mice. Spred-2 promoter activity and
protein expression were detected in chondrocytes, suggesting an important function
of Spred-2 in chondrocytes and bone development. Furthermore, stimulation of
chondrocytes with different FGF concentrations showed earlier and augmented ERK

+/+

phosphorylation in Spred-27" chondrocytes as compared to Spred-2™" chondrocytes.
These observations suggest a model, in which loss of Spred-2 inhibits bone growth
by inhibiting chondrocyte differentiation through upregulation of the MAPK signaling
pathway.

An additional observation of Spred-2" mice was an increased bleeding phenotype
after injuries, whereas the bleeding volume was extremely enlarged and the bleeding
time was significantly prolonged. So far, hypertension as cause could be excluded,
but to discover the physiological reasons for this phenotype, the different steps of the
clotting cascade have to be investigated further. As the Spred-2 promoter activity
studies demonstrated a high and specific Spred-2 expression in vascular smooth
muscle cells and previous studies showed an interaction of Spreds with RhoA, a key
regulator of vascular smooth muscle contraction, the regulation of smooth muscle
contractility seems to be a good candidate of this phenomenon.

Moreover, Spred-1 and Spred-2 specific antibodies were generated as important
tools to study the protein expression patterns in mice.

Furthermore, nothing was known about the Spred-2 promoter region and its
regulation. Here, a detailed in situ analysis of the physiological promoter activity
profile in the gene trapped Spred-2-deficient mouse strain was shown. In these mice,

the beta-galactosidase and neomycin fusion gene (B-geo) of the gene trap vector
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was brought under control of the endogenous Spred-2 promoter, giving the
opportunity to monitor Spred-2 promoter activity in practically every organ and their
corresponding sub-compartments. X-Gal staining of sections of newborn and adult
mice revealed 1) a very high Spred-2 promoter activity in neural tissues and different
glands; 2) a high activity in intestinal and uterine smooth muscle cells, and kidney; 3)
a low activity in heart, testis, lung, and liver; 4) an almost lacking activity in skeletal
muscle and spleen, and 5) very interestingly, a very distinct and strong activity in
vascular smooth muscle cells. Moreover, comparison of newborn and adult mouse
organs revealed a nearly congruent Spred-2 promoter activity. These detailed data
provide valuable information for further studies of the physiological functions of
Spred-2 in organs showing strong Spred-2 promoter activity, which are in most of
these organs still unclear.

Finally, gene targeting vectors for Spred-1 and Spred-2 were cloned, to generate ES
cells with a floxed exon 2 of the Spred-1 and Spred-2 gene, respectively. Now,
these ES cells are valuable tools to establish conditional knockout mice. This is of
major interest to investigate the physiological tissue specific functions of Spred-1 and

Spred-2, especially if the double knockout mice are not viable.



Zusammenfassung

2. Zusammenfassung

Spreds gehoéren zu einer neuen Sprouty-verwandten Familie Membran-assoziierter
Proteine, welche den MAPK Signalweg hemmen, indem sie mit Ras und Raf-1
interagieren. In Zellkultur-Systemen haben mehrere Studien bereits die hemmende
Funktion von Spred gezeigt, aber die in vivo Funktion im Gesamtorganismus blieb
bisher noch ungeklart.

In dieser Arbeit wurden deshalb Spred-2 Knockout Mause mithilfe eines Gene-trap
Ansatzes generiert. Die Spred-2 Eliminierung konnte auf RNA- und Protein-Ebene
bestatigt werden, und der Verlust des funktionsfahigen Spred-2 Proteins flhrte zu
einem Achondroplasie-ahnlichen Zwergenwuchs, der haufigsten Form des
menschlichen Zwergenwuchses. Die Spred-2”- Mduse waren insgesamt kleiner und
hatten ein vermindertes Korpergewicht. Im Vergleich zu Wildtyp Mausen war die
Tibia-Lange verkulrzt und die Wachstumsfugen verschmalert. In Knorpelzellen wurde
sowohl die Aktivitat des Spred-2 Promoters, als auch eine Spred-2 Proteinexpression
detektiert, was auf eine wichtige Funktion in Knorpelzellen und bei der

+/+

Knochenentwicklung schlielen Iasst. Im Vergleich zu Spred-2™" Knorpelzellen zeigte
die Stimulierung von Spred-2"  Knorpelzellen mit verschiedenen FGF-
Konzentrationen eine frihere und verstarkte ERK-Phosphorylierung. Diese
Beobachtungen deuten auf einen Mechanismus hin, bei dem der Verlust von Spred-2
das Knochenwachstum hemmt, indem die Knorpel-Differenzierung durch eine
Hochregulation des MAPK Signalweges gehemmt wird.

Spred-2”" Mause zeigten nach Verletzungen eine erhéhte Blutungsneigung, wobei
das verlorene Blutvolumen extrem vergroRert und die Blutungszeit signifikant
verlangert war. Bislang konnte Bluthochdruck als Ursache ausgeschlossen werden,
aber die verschiedenen Stufen der Blutstillung und Gerinnungskaskade mussen noch
weiter untersucht werden, um die physiologischen Ursachen dieses Phanotyps
ausfindig machen zu kénnen. Untersuchungen der Spred-2 Promotoraktivitat zeigten
eine starke und spezifische Expression von Spred-2 in glatten GefalRmuskelzellen.
Aulerdem zeigten vorhergehende Studien eine Interaktion von Spreds mit RhoA,
einem Hauptregulator der Kontraktion glatter GefaRmuskelzellen. Diesen
Beobachtungen zufolge scheint die Regulation der Kontraktilitat glatter

GefalRmuskelzellen ein guter Kandidat fur dieses Phanomen zu sein.
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Weiterhin wurden Spred-1 und Spred-2 spezifische Antikdrper hergestellt, die als
elementares Werkzeug zur Untersuchung der Proteinexpression in der Maus
notwendig waren.

Bisher gab es noch keine Informationen Uber die Region und Regulation des Spred-
2 Promotors. In dieser Arbeit wurde eine detaillierte in situ Analyse des
physiologischen Promotoraktivitatsprofils in der Spred-2 defizienten Mauslinie
gezeigt, die mit Hilfe des Gene-trap Vektors generiert wurde. In diesen Mausen
wurde das beta-Galaktosidase/Neomycin-Resistenz Fusionsgen (8-geo) des Gene-
trap Vektors unter die Kontrolle des endogenen Spred-2 Promotors gebracht, und
lieferte damit die Mdglichkeit, die Spred-2 Promotoraktivitat in praktisch jedem Organ
und den zugehorigen Teilstrukturen beobachten zu konnen. X-Gal Farbungen von
Gewebeschnitten neugeborener und erwachsener Mause zeigten 1) eine sehr starke
Spred-2 Promotoraktivitat in Nervengeweben und verschiedenen Driusen; 2) eine
starke Aktivitat in glatten Muskelzellen des Uterus und Verdauungstraktes, sowie der
Nieren; 3) eine geringe Aktivitat in Herz, Hoden, Lunge und Leber; 4) eine fast
fehlende Aktivitat in Skelettmuskeln und Milz; und 5) interessanterweise eine starke
und eindeutige Aktivitat in glatten GefalfRmuskelzellen. Auflerdem zeigte der
Vergleich zwischen Organen von neugeborenen und erwachsenen Mausen ein fast
identisches Aktivitatsmuster. Diese detaillierten Daten liefern hilfreiche Informationen
fur weitere Untersuchungen der physiologischen Funktionen von Spred-2 vor allem in
Organen mit starker Spred-2 Promotoraktivitat, die in den meisten dieser Organe
bisher noch immer ungeklart sind.

Zuletzt wurden in dieser Arbeit noch Gene-targeting Vektoren fur Spred-1 und Spred-
2 kloniert, die zur Generierung von embryonalen Stammzellen mit gefloxtem Exon
2 des Spred-1 bzw. Spred-2 Gens genutzt wurden. Diese embryonalen
Stammzellen stehen nun als wertvolle Grundlage zur Etablierung von konditionalen
Knockout Mausen zur Verfigung. Dies ist von groRem Interesse, um die
physiologischen gewebespezifischen Funktionen von Spred-1 und Spred-2 zu
untersuchen, vor allem wenn die Doppel-Knockout Mause nicht lebensfahig sein

sollten.
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3. Introduction

3.1. EVH-1 (Ena/VASP homology-1) domain proteins

So far, various protein families harboring an N-terminal EVH-1 domain have been
described. The EVH-1 domain is a homologous region of 110 amino acids, first
described in proteins of the Ena/VASP family (Gertler et al., 1996). It was presented
that the EVH-1 domain specifically binds proteins with proline-rich sequences (Ball et
al., 2002; Niebuhr et al., 1997; Reinhard et al., 1995; Reinhard et al., 1996).
Moreover, this domain plays an important role in the integrity of the cytoskeleton,
actin-based cell motility, and postsynaptical signal transduction. The four known
EVH-1 families are: 1) Ena/VASP proteins, 2) Wiskott-Aldrich-Syndrome proteins
(WASP), 3) Homer/Vesl proteins, and 4) Spred proteins. SMIF (Smad4-interacting
transcriptional co-activator), a regulator of the TGF-B signaling pathway, is an
additional protein with an N-terminal EVH-1 domain, but not directly connected to one
of these four families (Bai et al., 2002; Callebaut, 2002).

3.1.1. Ena/VASP proteins

VASP (vasodilator stimulated phosphoprotein), a 46 KDa membrane associated
protein, was first characterized in platelets as proline-rich substrate of cAMP- and
cGMP-dependent protein kinases (Halbrugge and Walter, 1989). Beside the high
expression in platelets, VASP is present in almost all mammalian cell-types
(Halbrugge and Walter, 1989; Reinhard et al., 1999). VASP is associated to actin
filaments and localized in focal adhesion complexes, dynamic membrane regions,
leading membrane areas of non-epithelial cells, and cell/cell contacts of MDCK cells
(Haffner et al., 1995). Biochemical and functional analyzes observed Ena/VASP
proteins as important regulators of actin filament structures and associated
processes like cell adhesion and cell motility (Machesky, 2000; Reinhard et al.,
1999). During different biological processes, Ena/VASP proteins seem to act not only
as positive but also as negative regulators (for review see (Machesky, 2000;
Reinhard et al., 2001).

Additional members of the Ena/VASP family are the Drosophila gene product
enabled (ena), its mammalian homologue Mena (mammalian enabled), and the
Caenorhabditis elegans homologue unc34; because all their domains show high

sequence similarities compared to the VASP protein (Gertler et al., 1996; Haffner et
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al., 1995; Lanier and Gertler, 2000). Drosophila enabled is important to build axonal
structures, and homozygous ena mutations are lethal with defects in the embryonic
CNS (Gertler et al., 1996). Mena and unc34 are as well localized in axonal growing
cones, and therefore, probably —like ena- important during neuronal development
(Colavita and Culotti, 1998; Gertler et al., 1996). Another Ena/VASP family member
is the murine Evl (Enabled/Vasodilator-stimulated phosphoprotein like) (Gertler et al.,
1996).

The EVH-1 domain of the Ena/VASP family recognizes an E/DFPPPPXD/E (FP.)
binding motif (Niebuhr et al., 1997), which is different compared to the other EVH-1
domains (Klostermann et al., 2000). This motif is established as functional protein
binding site, present in the focal adhesion proteins vinculin (Niebuhr et al., 1997;
Reinhard et al., 1996) and zyxin (Niebuhr et al., 1997), the axon guidance protein
roundabout (Robo) (Bashaw et al., 2000), lipoma preferred partner (LPP) (Petit et al.,
2000), semaphorin 6A-1 (Sema6A-1) (Klostermann et al., 2000), T-cell signaling
protein Fyn-binding protein/SLP-76-associated protein (Fyb/SLAP) (Krause et al.,
2000), and the surface protein ActA of Listeria (Niebuhr et al., 1997).

3.1.2. WASP proteins

In most of the WASP family members, the conserved N-terminal EVH-1 domain
begins just after 40 amino acids and is usually named WH1 (WASP homology 1)
domain. WASP is a cytoplasmic protein and is suggested to regulate the actin
cytoskeleton structure (Snapper et al., 1998). Direct interaction with the small
GTPase Cdc42 enables WASP proteins to stimulate actin polymerization by
activating the Arp2/3 complex (Zigmond, 2000). After injection of WASP in adherent
cells, it localizes at focal adhesion contacts, suggesting recognition of different
binding motifs of the WASP WH1-domain as compared to the VASP EVH-1 domain
(Niebuhr et al., 1997; Symons et al., 1996). Nevertheless, it is known that the WH1-
domain binds to proline-rich regions of WIP (WASP interacting proteins) and different
mutations of the WASP WH-1-domain cause the Wiskott-Aldrich syndrome, an X-
chromosomal immunodeficiency (Martinez-Quiles et al., 2001; Ramesh et al., 1997).

3.1.3. Homer/Vesl proteins

Vesl 1S, Vesl 1L, and Vesl 2 (Vesl: VASP/ena related gene up-regulated during

seizure and LTP) are members of the Homer/Vesl family, whereas “Homer” is

sometimes used as a synonym for Vesl 1S (Kato et al., 1998). Homer/Vesl proteins
10
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contain an N-terminal EVH-1 domain as well and are localized at specialized actin-
rich postsynaptic sites of neuronal dendritc cells (Xiao et al., 2000). Even if the EVH-
1 domains of Mena, EVL, and Homer are structurally very similar, Homer rather binds
ligands with the PPSPF motif than with the (F/L/W/Y)PPPP motif (Beneken et al.,
2000). The EVH-1 domain of Homer interacts with metabotropic glutamate receptors,
IP3 (Inositol-3-phosphate)-receptors and Shank, and has therefore an adapter role in
connecting different molecules that regulate the crosstalk of synapses. Moreover, the
Homer-Shank complex could play a major role in dendritic cell formation, which is an
important process for learning and memory and is at least partly regulated by F-actin

(Sala et al., 2001) (for detailed review see (Renfranz and Beckerle, 2002).

3.2. Sprouty proteins

All known Sprouty proteins (one Drosophila, three human, four murine, and two avian
Sproutys) contain a highly conserved cysteine-rich 110 amino acids domain at the C-
terminus (Chambers and Mason, 2000; de Maximy et al., 1999; Hacohen et al., 1998;
Minowada et al., 1999; Tefft et al., 1999). This Sprouty domain harbors a central
tyrosine (Tyr 55 in Sprouty2, and Tyr 53 in Sprouty1 and -4), and mutations of this
tyrosine lead to a dominant-negative form (Sasaki et al., 2001). The N-terminal
regions of Sprouty proteins have no homologous areas, but they contain a common
serine-rich region with a PEST domain (proline (P), glutamic acid (E), serine (S), and
threonine (T)), which directs proteins to a faster degradation process (Rechsteiner
and Rogers, 1996).

The Drosophila Sprouty (dSprouty) gene was found by genetic screens and is a
known inhibitor of FGF-receptor-signaling (Hacohen et al., 1998). dSprouty, a 63 kDa
protein, inhibits not only FGF-receptor-signaling, but also other receptor-tyrosine-
kinases (RTKs) like EGF-receptor, Torso and Sevenless (Casci et al., 1999; Kramer
et al., 1999; Reich et al., 1999). Additionally, dSprouty interacts with two different
signaling molecules upstream of Ras in the Ras/Raf/MAPK signaling pathway. These
interaction partners are Gap1, a GTPase activating protein, and Drk, the Drosophila
homologue of the adapter molecule Grb2 (Casci et al., 1999). In the fruit fly, Sprouty
seems to play an important role during lung (Hacohen et al., 1998), eye, and ovary
development (Reich et al., 1999).

Sequence analyzes identified four mammalian Sproutys (de Maximy et al., 1999;

Hacohen et al., 1998; Minowada et al., 1999). A conserved function of dSprouty and
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mammalian Sprouty during organogenesis (Minowada et al., 1999; Tefft et al., 1999)
and angiogenesis (Lee et al., 2001) was suggested. The four mammalian Sproutys
are small phosphoproteins, which build oligomers by their C-terminal domain. The C-
terminus is also necessary for the translocation to and anchoring in the plasma
membrane by palmitylation (Hanafusa et al., 2002; Impagnatiello et al., 2001; Yigzaw
et al., 2001).

Murine Sprouty1, -2, and -4 are expressed in embryonic and adult tissues like brain,
heart, kidney, lung, limbs, and skeletal muscles (de Maximy et al., 1999; Minowada et
al., 1999; Tefft et al., 1999). Sprouty3 mRNA expression is limited to adult brain and
testis (Leeksma et al., 2002; Minowada et al., 1999).

Mammalian Sproutys are selective inhibitors, blocking FGF- (fibroblast growth factor)
but not EGF- (epidermal growth factor) induced ERK activation, whereas the
molecular mechanisms of this selective inhibition are not clarified yet (Egan et al.,
2002; Impagnatiello et al., 2001; Sasaki et al., 2001; Wong et al., 2001). Multiple
studies have demonstrated that Sproutys act upstream of Ras, because they are not
able to inhibit ERK activation induced by constitutive activated Ras (Egan et al.,
2002; Gross et al., 2001; Hanafusa et al., 2002; Lee et al., 2001). But Sproutys can
inhibit FGF-induced activation of Raf, without influencing Ras. Therefore, it seems to
be possible, that Sproutys inhibit ERK activation by a Ras-independent signaling
pathway (Yusoff et al., 2002). In HEK 293 cells, Sprouty2 and -4 are quickly induced
by EGF, FGF, and PDBu (phorbol 12,13-dibutyrate) in an ERK-signaling-dependent
manner (Sasaki et al., 2001). The increased expression of mSprouty2 and -4 inhibits
the FGF-induced, but not the EGF- and PDBu-induced ERK activation (Sasaki et al.,
2001).

In unstimulated cells, Sprouty proteins are distributed throughout the whole
cytoplasma, except of human Sprouty2, which is additionally colocalized with
microtubules. Following EGF stimulation, all Sproutys are quickly shifted to the
plasma membrane (Lim et al., 2000).

Interestingly, Sprouty family members can regulate the RTK-signaling not only
negative, but also positive by interacting with different signaling molecules (Egan et
al., 2002; Hall et al., 2003; Hanafusa et al., 2002; Rubin et al., 2003; Sasaki et al.,
2003; Wong et al., 2002) (for detailed review see (Christofori, 2003). Known
interaction partners of Sproutys are c-Cbl, Grb2, Raf1, FRS2, Shp2, caveolin-1,
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TESK1, the protein-tyrosine-phosphatase PTP1B, and the Drosophila Ras-GAP,
Gap1 (Tefft et al., 2002) (for review see (Dikic and Giordano, 2003).

Sprouty is directly associated with the EGF-receptor and phosphorylated after growth
factor stimulation. Sprouty1 and -2, but not Sprouty4 can interact with the E3
ubiquitin-ligase c-Cbl (Wong et al., 2001). Hereby, the phosphorylated Tyr55 acts as
binding site for the SH2 domain of c-Cbl (Rubin et al., 2003). The binding of Sprouty2
with c-Cbl leads to ubiquitinylation and degradation of the protein in the 26S
proteasom, and limits the inhibitory function of Sprouty2 (Egan et al., 2002; Hall et al.,
2003; Rubin et al., 2003).

Another Sprouty binding partner is the adapter molecule Grb2 that connects the RTK
activation with the Ras/Raf singnaling pathway (Casci et al., 1999; Glienke et al.,
2000). Sprouty might play its inhibitory role in this signaling pathway by binding to
Grb2.

Sprouty4 blocks the VEGF-mediated ERK activation between the protein kinase C-0
(PKC-0) and Raf1 (Sasaki et al., 2003). Under physiological conditions, Sprouty2 and
-4 can bind Raf1 by a highly conserved region of the C-terminus, called the Raf-
binding-motif (RBM). In this context, it was shown, that Sprouty1, -2, and -4 and
Spred-2 suppress Raf1 phosphorylation at serine 338, without influencing Ras
activation (Sasaki et al., 2003).

With these findings, three functional mechanisms of Sprouty proteins were
postulated: First, binding to c-Cbl might cause degradation of Sprouty and, therefore,
stabilization of the EGF-receptor, resulting in an increased ERK activation. Second,
binding of Grb2 to tyrosin-phosphorylated Sprouty could interrupt the Ras/Raf/MAPK
signaling pathway. And third, the binding of Raf to the C-terminus of Sprouty might
inhibit Raf phosphorylation by PLC-y-activated PKC-6 (Christofori, 2003).

3.3. Spred proteins

Spred family members contain an N-terminal EVH-1 domain, a central c-Kit binding
domain (KBD), and a C-terminal Sprouty-like cysteine-rich domain (SPR-domain).
The initially described member of the Spred family is the Drosophila homologue
AE33. AE33 was identified as an insertion-bearing element in an enhancer-trap line,
characterized by significant expression pattern changes in absence of rough and
glass (DeMille et al., 1996; Freeman et al., 1992; Treisman and Rubin, 1996). Rough,
a homeobox transcription factor, and glass, a zinkfinger transcription factor, are
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responsible for the appropriate differentiation of photo receptors during eye
development in the fruit fly (Moses et al., 1989; Tomlinson, 1989; Tomlinson et al.,
1988). Beside the Drosophila AE33, three mammalian Spred proteins were described
(Kato et al., 2003; Wakioka et al., 2001). They have been described as a new
Sprouty-related family of membrane-associated physiological inhibitors of the MAPK
signaling pathway by interacting with Ras and Raf-1 (Wakioka et al., 2001). Spreds
seem to inhibit MAP kinase activity by inhibiting the serin 338 phosphorylation and,
therefore, the activation of Raf-1, but the interaction between Spred and Raf-1
increases at the same moment (Wakioka et al., 2001).

Drosophila’s Sprouty was identified as a negative regulator of growth factor-induced
ERK activation (Hacohen et al., 1998; Lee et al., 2001; Minowada et al., 1999) and
Spred-1 and Spred-2 also inhibit different types of growth-factor-mediated ERK
activation, including EGF, FGF, VEGF (vascular endothelial cell growth factor),
PDGF, SCF (stem cell factor) and Serum (Kato et al., 2003; Miyoshi et al., 2004;
Sasaki et al., 2001). The SPR (Sprouty-related) domains of Sprouty, and probably
also of Spred, are palmitylated, localizing Sprouty and Spred to the membrane
fraction (Impagnatiello et al., 2001). In Cos-1 and Swiss 3T3 cells, Sproutys and
Spreds translocate to the plasma membrane after activation (Lim et al., 2002).

So far, three mammalian Spred family members have been identified. In mice, Spred-
1 is located on chromosome 2E5, Spred-2 on chromosome 11A3-A4, and Spred-3 on
chromosome 7A3. In the human system, Spred-1 was found on chromosome
15q13.2, Spred-2 on 2p14, and Spred-3 on 19q13.13 (Kato et al., 2003).

Like Spred-1 and Spred-2, Spred-3 harbors an N-terminal EVH-1 domain and a C-
terminal SPR (sprouty related cysteine-rich region) domain. But Spred-3 has no
functional c-Kit binding domain, because the critical amino acid arginine 247 is
replaced by glycine. Nevertheless, Spred-3 also inhibits growth factor-mediated MAP
kinase activity, but to a lower extent as compared to Spred-1 and Spred-2. The
central c-Kit binding domain is responsible for the phosphorylation of Spred, but for
effective suppression of ERK activation, the SPR domain is necessary (Kato et al.,
2003).

Spred-1 was found to be expressed in fetal tissues, brain, heart and, to a minor
extent, in other tissues. Spred-2 expression was found to be more ubiquitous,
whereas Spred-3 expression was restricted to the brain (Engelhardt et al., 2004; Kato

et al., 2003). During rat lung development, Spred-1 and Spred-2 mRNAs were shown
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to be expressed predominantly in mesenchymal tissue from the onset of lung
branching and coexpression of FGF-10 was demonstrated in the same region
(Hashimoto et al., 2002).

Additionally, it was shown that Spred-1 plays a role as key regulator of RhoA-
mediated cell motility and signal transduction. Spred-1 binds to activated RhoA and
inhibits chemokine-induced RhoA activation and active RhoA-induced Rho-kinase
activation. By this mechanism, Spred inhibits cell motility, metastasis and Rho-
mediated actin reorganization (Miyoshi et al., 2004). Spred-1 is also highly expressed
in hematopoietic cell lines and negatively regulates Interleukin-3-mediated
ERK/MAPK activation (Nonami et al., 2004). Wildtype Spred-1 inhibits colony
formation of bone marrow cells in the presence of cytokines, while a AC-Spred-1
dominant negative mutant enhances colony formation (Nonami et al., 2004).
Moreover, Spred-1 is expressed in eosinophils and negatively regulates allergen-
induced airway eosinophilia and hyperresponsiveness (Inoue et al., 2005).

Spred-2 was detected in the aorta-gonad-mesonephros (AGM) region of
midgestation mouse embryos, and suppresses there hematopoiesis by inhibiting the
MAP kinase activation (Nobuhisa et al., 2004). A specific function of Spred-3, which

is expressed exclusively in brain, is not known yet.

3.4. The MAP kinase signaling pathway

The Ras/Raf/MAP kinase signaling pathway regulates cell proliferation and
differentiation mediated by different extracellular signals like FGF and EGF. Following
ligand binding, receptor tyrosin kinases (RTKs) are autophosphorylated and recruit
different adapter molecules like Shc and Grb2. This binding then recruits the
nucleotide exchange factor Sos to this signal complex (Schlessinger, 2000). Sos
activates the GTPase Ras that interacts directly with the protein kinase Raf and leads
in response Raf to the plasma membrane (Lowy and Willumsen, 1993; Robinson and
Cobb, 1997). Raf is phosphorylated and activiated by not well-defined kinases with
complex regulatory mechanisms (Kerkhoff and Rapp, 2001; Morrison and Cutler,
1997; Sternberg and Alberola-lla, 1998). Raf phosphorylates and activates MEK,
which further phosporylates and thereby activates MAP kinases including ERK1
(extracellular stimulus-activated protein kinases) and ERK2 (Kerkhoff and Rapp,
2001; Morrison and Cutler, 1997; Sternberg and Alberola-lla, 1998). Activated MAP
kinases phosphorylate different cytoplasmatic and nuclear proteins, leading to
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different cellular changes (Fig. 1). In contrast to the quite well studied activating
mechanisms of the Ras/MAPK cascade, the negative regulatory mechanisms have to

be investigated further. Spred proteins seem to be one group of such negative

regulators.

. Figure 1.
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P \\/ and inhibiting the phosphorylation of Raf.
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. text).
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3.5. Knockout strategies in mice

Now, that the human and mouse genome sequences are known (Lander et al., 2001;
Venter et al., 2001; Waterston et al., 2002), attention has turned to elucidate gene
function and identify gene products, that might have therapeutic value. The
laboratory mouse (mus musculus) has had a predominant role in the study of human
disease mechanisms throughout the rich, 100-year history of classical mouse
genetics, exemplified by the lessons learned from naturally occuring mutants such as
agouti (Bultman et al., 1992), reeler (D'Arcangelo et al., 1995), and obese (Zhang et
al., 1994). The large scale production and analysis of induced genetic mutations in
worms, flies, zebrafish, and mice have greatly accelerated the understanding of gene
function in these organisms. Among the model organisms, the mouse offers
particular advantages for the study of human biology and disease: first, the mouse is
a mammal and its development, body plan, physiology, behavior, and diseases have
much in common with those of humans; second, almost all (99%) mouse genes have
homologues in humans; and third, the mouse genome supports targeted
mutagenesis in specific genes by homologous recombination in embryonic stem (ES)

cells, allowing genes to be altered efficiently and precisely.
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The ability to disrupt or “knockout” a specific gene in ES cells and mice was
developed in the late 1980’s (Goldstein, 2001) and the use of knockout mice has led
to many insights into human biology and diseases (Chen et al., 2001b; D'Orleans-
Juste et al.,, 2003; Wallace, 2001). Current technology also permits insertion of
“reporter” genes into the disrupted gene, which can then be used to determine the
temporal and spatial expression pattern of the knocked-out gene in mouse tissues.
Such marking of cells by a reporter gene facilitates the identification of new cell types
according to their gene expression patterns and allows further characterization of
marked tissues and single cells.

Recognition of the power of mouse genetics to inform the study of mammalian
physiology and diseases, coupled with the advent of the mouse genome sequence
and the ease of producing mutated alleles, has catalyzed public and private sector
initiatives to produce mouse mutants on a large scale, with the goal of eventually
knocking out a substantial portion of the mouse genome (Nadeau et al., 2001;
Zambrowicz et al., 1998). Large-scale, publicly funded gene trap programs have
been initiated in several countries, with the International Gene Trap Consortium
coordinating certain efforts and resources (Hansen et al., 2003; Skarnes et al., 2004;
Stryke et al., 2003; Wiles et al., 2000). Despite these efforts, the total number of
knockout mice described in the literature is relatively modest, corresponding to only
~10% of the ~25,000 mouse genes. The curated Mouse Knockout and Mutation
Database lists 2,669 unique genes, the curated Mouse Genome Database lists 2,847
unique genes, and an analysis at Lexicon Genetics identified 2,492 unique genes
(Austin et al., 2004). Most of these knockouts are not readily available to scientists
who may want to use them in their research; for example only 415 unique genes are
represented as targeted mutations in the Jackson Laboratory’s Induced Mutant
Resource Database.

Various methods can be used to create mutated alleles, including gene targeting,
gene trapping, reporter gene insertion, and RNA interference.

Advantages of conventional and conditional gene targeting include flexibility in design
of alleles, lack of limitation to integration hot spots, reliability for producing complete
loss-of-function alleles, ability to produce reporter knock-ins and conditional alleles
(using cis-elements, e.g., loxP or frt sites), and ability to target splice variants and

alternative promoters. BAC-based targeting has the potential advantages of higher
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recombination efficiencies and flexibility for producing complex mutated alleles
(Valenzuela et al., 2003).

Gene trapping is rapid, cost-effective, and produces a large variety of insertional
mutations throughout the genome, but can be somewhat less flexible (Chen et al.,
2004; Skarnes et al., 2004; Stanford et al., 2001; Zambrowicz et al., 2003). There is
uncertainty regarding the percentage of gene traps that produce a true null allele and
the fraction of the genome that can ultimately be covered by gene trap mutations.
Trapping is not entirely random but shows preference for larger transcription units
and genes more highly expressed in ES cells. In recent studies, gene trapping was
estimated to potentially produce null alleles for 50-60% of all genes, perhaps more, if
a variety of gene trap vectors with different insertion characteristics is used (Skarnes
et al., 2004; Zambrowicz et al., 2003). Large-scale trapping projects have already
defined gene classes that probably cannot be knocked out by trapping (e.g., single
exon GPCRs, genes that are not expressed in ES cells).

Moreover, inserting a reporter gene (e.g., B-galactosidase, green fluorescent
protein, or luciferase) allows a rapid assessment of which cell types normally support
the expression of that gene. Therefore, gene targeting or trapping constructs that
utilize the lacZ gene encoding beta-galactosidase have become an increasingly
important way to disrupt gene function and monitor gene expression in parallel. To
monitor gene expression of mice in situ, X-Gal staining was established as an easy-
to-use and convenient tool. This method allows cell-specific staining and the intensity
of X-Gal staining is consistent with the level of beta-galactosidase expression.
Therefore, this approach enables the detection of specific promoter activity e.g. in
embryonic tissues, in subcompartments of organs, and also entire organs.

RNA interference offers enormous promise for analysis of gene function in mice
(Kunath et al., 2003), but is not yet sufficiently developed, as the production of true
null alleles is not completely reliable.

In the Knock Out Mouse Project (KOMP), important researchers of the field
recommend that both gene targeting and gene trapping are suitable methods for
producing large numbers of knockout alleles and, given their complementary
advantages, a combination of these methods should be used to produce a genome-

wide collection of null-reporter alleles most efficiently.
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3.6. Bone growth and FGF-mediated endochondral ossification

Long bone growth is determined mainly by the process of endochondral ossification,
a strictly regulated process that requires proliferation and differentiation of
chondrocytes. During this process, chondrocytes in the reserve zone that arise from
mesenchymal cells first undergo proliferation, they then exit the cell cycle, undergo
terminal hypertrophic differentiation, and finally the synthesised cartilage matrix
calcifies and is replaced by bone (Kronenberg, 2003). Various signaling molecules
have been shown to regulate and coordinate this complex process of endochondral
ossification. Fibroblast growth factor (FGF) signaling plays a major role in a variety of
developmental processes and recent results have highlighted its function in the
regulation of bone morphogenesis (for review see (Goldfarb, 1996). FGFs are a large
family of at least 23 polypeptides that signal through their binding to specific tyrosine
kinase receptors (FGFRs), which constitute a four-member gene family (Basilico and
Moscatelli, 1992). FGF receptor 3 (FGFR3) is expressed in proliferating and
prehypertrophic chondrocytes in the epiphyseal growth plates (Naski and Ornitz,
1998; Ohbayashi et al., 2002; Peters et al., 1993). Activating mutations in FGFR3
cause different forms of human dwarfism-like achondroplasia, hypochondroplasia,
and thanatophoric dysplasia (Bellus et al., 1995; Rousseau et al., 1994; Shiang et al.,
1994; Tavormina et al., 1995). The most common form of human dwarfism is
achondroplasia with a prevalence at birth of about 1/26,000 (Oberklaid et al., 1979).
Expression of activating FGFR3 mutants in mice reproduces the dwarf phenotype of
these skeletal diseases (Chen et al., 2001a; lwata et al., 2000; lwata et al., 2001; Li
et al., 1999; Naski and Ornitz, 1998; Segev et al.,, 2000; Wang et al., 1999). In
contrast, lack of FGFR3 in mice causes skeletal overgrowth, indicating that FGFR3
signaling inhibits endochondral bone growth (Colvin et al., 1996; Deng et al., 1996).
Similarly, transgenic mice overexpressing FGFs show dwarfism (Coffin et al., 1995;
Garofalo et al., 1999), whereas mice homozygous for a targeted disruption of FGF18
exhibit a growth-plate phenotype similar to that of FGFR3 null mice (Liu et al., 2002;
Ohbayashi et al., 2002). These observations indicate that FGFs and FGFR3 signaling
play major roles in the regulation of bone growth. To date, four signaling pathways
have been shown to propagate FGFR3 signals: the STAT, MAPK-extracellular signal-
regulated kinase (ERK), phospholipase C-y, and phosphatidylinositol 3-kinase-AKT
pathways (Choi et al., 2001; Hart et al., 2000; Kanai et al., 1997; Kong et al., 2002;
Legeai-Mallet et al., 1998; Liu et al., 2002; Murakami et al., 2000; Sahni et al., 1999;
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Su et al., 1997; Weksler et al., 1999). Upregulation of Sox9, a HMG-box-containing
transcription factor, which is essential for chondrocyte differentiation, is inhibited by a
specific inhibitor of the MAPK pathway (Murakami et al., 2000). Recently, it has been
shown that constitutive activation of MEK1 in chondrocytes causes STAT1-
independent achondroplasia-like dwarfism in mice and rescues the FGFR3-deficient
mouse phenotype (Murakami et al., 2004). Overexpression of C-type natriuretic
peptide (CNP) in chondrocytes counteracts dwarfism in a mouse model of
achondroplasia with activated FGFR3 in cartilage. CNP prevented the shortening of
achondroplastic bones by correcting the decreased extracellular matrix synthesis in
the growth plate through inhibition of the FGF-mediated MAPK pathway (Yasoda et
al., 2004). Growth hormone (GH) therapy in achondroplasia patients has beneficial
effects through IGF-1 by preventing chondrogenic cell apoptosis induced by an
activating mutation in the FGFR3 (Koike et al., 2003). These results indicate that
MAPK activity is a negative regulator of bone growth and suggest that the MAPK
pathway plays an important role in bone development.

Despite recent advances in understanding the roles of FGFs and FGF receptors in
skeletal development, the downstream events through which FGFs influence the

proliferation or differentiation of osteogenic chondrocytes remain to be elucidated.
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3.7. Aim of the work

Spreds have been described as a new Sprouty-related family of membrane-
associated physiological inhibitors of the MAPK signaling pathway by interacting with
Ras and Raf-1. Different studies demonstrate the inhibitory function of Spreds in cell
culture systems, but the in vivo function of Spreds in the whole organism is still
unclear.

Therefore, the main aim of this work was the generation and characterization of
Spred-2-deficient mice. To establish a mouse strain with a disruption of the Spred-2
gene, a gene trap approach was used.

So far, very rare data of the Spred-1 and Spred-2 RNA expression and no data of the
protein expression in different mouse organs were available. Therefore, the second
aim of this work was the examination of the Spred-1 and Spred-2 RNA and protein
expression patterns in mice. In order to this, the generation of Spred-1 and Spred-2
specific antibodies was necessary.

Furthermore, nothing was known about the Spred-2 promoter region and its
regulation. Therefore, an additional aim of this work was to study the physiological
promoter activity profile in mice. For this examination the Spred-2-deficient mouse
strain with a beta-geo fusion gene harboring gene trap vector was used.

Moreover, to investigate the physiological tissue specific function of Spred-1 and
Spred-2 in mice, conditional ES cells to generate knockout mice for Spred-1 and
Spred-2 were established. This will be of major interest, if the single or double

knockout mice of Spred-1 and Spred-2 are not viable.
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4. Material and Methods

4.1. Molecular-biological methods

4.1.1. Database analyzes of the mouse genome

For database analyzes of the mouse genome the EBI database of the Sanger

Institution (http://www.ensembl.org) and the NCBI database were used.

4.1.2. Isolation of plasmid DNA

Plasmid DNA preparations of bacteria cultures - “Mini/Midi/Maxi Preps” - were
performed according to the manufacturer’s instructions (Qiagen).
DNA concentrations were measured photometrically at 260 nm (Ultrospec 2000,

Pharmacia). (OD2p=1 corresponds to 50 mg/ml of DNA).

4.1.3. Isolation of genomic DNA of mouse tails and ES cells

Genomic DNA of rodent tails and ES cells was isolated using the DNeasy preparation

Kit (Qiagen) according to the manufacturer’s instructions.

4.1.4. DNA gel electrophoresis

DNA fragments were diluted with 6x loading buffer (0.25% bromphenol-blue, 0.25%
xylenecyanol FF, 15% Ficoll (Typ 400) in H,O) and separated on 1-2% agarose gels
by electrophoresis. Agarose was boiled in 1x TAE-buffer (50x TAE-buffer: 24.2 %
(w/v) Tris, 5.71% (v/v) acetic acid, 10% (v/v) 0.5 M EDTA, pH 8.0), ethidiumbromide
(0.5 mg/ml) added, and gels poured in appropriate chambers. After electrophoresis at
60-100 V, DNA separation and sizes were analyzed on a UV-light table (A=355 nm)
(BRL UV Transilluminator TFX-35M; Life Technologies/Gibco). DNA markers were
derived from MBI Fermentas: 1K marker: (100 bp DNA ladder: 80, 100, 200, 300,
400, 500, 600, 700, 800, 900, 1031bp); 3K marker: (100 bp DNA ladder plus: 100,
200, 300, 400, 500, 600, 700, 800, 900, 1031, 1200, 1500, 2000, 3000bp); 10K
marker: (1 kb DNA ladder: 250, 500, 750, 1000, 1500, 2000, 2500, 3000, 3500, 4000,
5000, 6000, 8000, 10000bp).

4.1.5. DNA purification of agarose gels

DNA in agarose gels, e.g. after gel electrophoresis, was isolated using the QIAquick

column system (Qiagen) according to the manufacturer’s instructions.
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4.1.6. Purification of PCR products

DNA of PCR products can be purified directly using the QlIAquick PCR Purification Kit
(Qiagen) according to the manufacturer’s instructions. This procedure was used to

eliminate “unincorporated” dNTP’s, primers, and salts.

4.1.7. Cutting DNA by endonucleases

Plasmid DNA or PCR fragments with an appropriate restriction site can be cut by
restriction enzymes. Digests were performed in a volume of 10-100 pl using 1-10
Units of restriction enzyme with the recommended buffer and temperature for 1-15
hours. (Restriction enzymes were obtained from MBI Fermentas and New England
Biolabs.)

4.1.8. Dephosphorylation of DNA 5" overhangs

To reduce immediate re-ligation of digested plasmids - prepared for cloning a DNA
fragment - 5’ ends of the plasmids can be dephosphorylated by “Shrimp Alkaline
Phosphatase” (SAP, Roche) according to the manufacturer’s instructions.

4.1.9. Ligation/cloning of DNA fragments in a plasmid vector

Cloning of a DNA fragment into a plasmid vector is possible if both parts are digested
with restriction enzymes producing complementary overhangs. In this work, to ligate
insert and vector, the TAKARA Ligation Kit (TAKARA) was used according to the

manufacturer’s instructions.

4.1.10. T/A-cloning

A fast and very efficient cloning of PCR fragments into plasmid vectors is derived by
the T/A-cloning strategy. Amplification of PCR fragments by Taq polymerases
generates A-overhangs at the 3’ ends. Therefore, an already pre-cut T/A-vector can
be used directly for cloning these fragments. In this work, the “pCR2.1-TOPO Vector’
(3.9 kb; Invitrogen) and the “pDrive Cloning Vektor” (3.85 kb; Qiagen) were used

according to the manufacturer’s instructions.

4.1.11. Generation of competent bacterias

Bacterias are called ,competent®, if they are able to incorporate external DNA. In this
work, bacterias were chemically treated to obtain competent cells. 30 ml LB-medium

were inoculated 1:100 with an overnight culture of XL1-blue cells and harvested at
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the logarithmic growing phase at ODs5,=0.5. Bacterias were centrifuged for 10
minutes, 2400 g, at 4°C, and in all further steps bacterias were treated on ice. The
pellet was re-suspended in 5 ml ice-cold 50 mM CaCl; and centrifuged at 3000 rpm
for 10 minutes. Then, the pellet was re-suspended in 7.5 ml ice-cold 50 mM CaCly,
kept for 30 minutes on ice and again centrifuged at 3000 rpm for 10 minutes. The
next pellet was re-suspended in 1.5 ml ice-cold 50 mM CaCl»/20% glycerine, aliquots
of 0.2 ml snap frozen in liquid nitrogen, and stored at -80°C.

An alternative were the commercially available and ready-to-use TOPO10 and
TOPO10F’ cells (Invitrogen).

4.1.12. Transformation of competent bacterias

Transformation of bacterias is called the process, if competent bacterias incorporate
external plasmid DNA. This can be performed in self-made XL1-blue cells or
commercially available TOPO10 or TOPO10F’ cells (Invitrogen). In this work, the

procedure was done according to the “TOPO protocol” (Invitrogen).

4.1.13. Verification of inserts

To check, whether the cloning of an insert into a plasmid vector was successful, three
different methods were used:

1) Restriction digests of DNA Mini Preps (Qiagen):

After restriction digests of DNA, fragment sizes could be identified in an agarose gel.
2) PCR control of a DNA Mini Prep (Qiagen):

With this approach, not only the integration but also the correct orientation of the
insert in the vector can be verified. In this case, one vector primer and a second
insert primer with the appropriate orientation were used to identify only clones
harboring the correct insert orientation in the vector.

3) PCR controls directly from a bacteria overnight culture:

A fast and efficient variant of the former PCR is to perform the PCR reaction directly
of a 3-5 ml bacteria overnight culture. This is very convenient, because the previous
DNA preparation of all cultures is not necessary any more. Only the PCR-positive
overnight cultures have to be prepared for DNA isolation. For the PCR reaction, 1 pl
of bacterial culture was sufficiently used as PCR template. In this work, the ,PCR Taq
Master Mix“(Qiagen) was used with a standard PCR protocol (volume: 20 ul; 30-35

cycles; denaturation: 95°C, 1 min; annealing: 50°C, 1 min; elongation: 72°C, 1 min).
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(All Oligonucleotides were derived from Invitrogen. Stock solutions of 100 yM were
stored at -20°C; working dilution for PCR primers: 10 uM; dNTPs were derived from

Fermentas.)

4.1.14. LA- (long and accurate) PCR

To amplify long genomic DNA fragments for the cloning of the Cre-lox gene targeting
vectors, the LA- (“long and accurate”) PCR Kit (TAKARA) was used according to the
manufacturer’s instructions. As template 200-400 pl E14.1 derived genomic DNA was
used, and an elongation time between 10-20 minutes was set. For very long and
critical fragments, a previous touch-down PCR was performed to increase the
specificity of the PCR reaction. An example of an often used PCR protocol is

presented in Table 1.

Touch down Table 1.
79-68°C ' Example of a LA- (“long and
94°C | 98°C| (g 5°C/cycle) | 98°C | 68°C| 72°C| 4°C accurate”) PCR protocol.
1min | 20sec 15min 20sec| 15min|10min| =<
8 cycles 25 cycles

4.1.15. Sequencing (Sanger method)

To sequence DNA fragments the ,ABI PRISM Sequencer‘(Perkin Elmer) and the
LABl PRISM Dye Terminator Cycle Sequencing Kit with AmpliTag DNA
Polymerase“(Perkin Elmer) was used according to the manufacturer’s instructions.
Depending on the DNA quality, 300-600 bp were readable, whereas the first 30 bp
directly after the primer were not detectable. (Working dilution for sequencing
primers: 2.5 uyM).

Alternatively, a commercially available sequencing service (MWG) was used.

4.1.16. Southern blot analyzes

DNA transfer: Approximately 10 ug of DNA fragments, for example after a restriction
digest, were separated by agarose gel electrophoresis and documented on a UV-
light table. After denaturation (1.5 M NaCl, 0.5 M NaOH) for 30 minutes, DNA transfer
was performed with 20 x SSC (3 M NaCl, 0.3 M Nascitrate) on Hybond™-N*-
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membranes (Amersham). Membranes were air-dried and the DNA covalently bound
to the membrane using a UV-linker (UV Stratalinker®1800, Stratagene).

Radioactive labeling of the probe: For radioactive labeling of the probe (template
DNA concentration: 50-100 ng/ul), the Megaprime™ DNA labeling System
(Amersham) and radioactive labeled *P-a-dATP (50 uCi; Amersham) were used
according to the manufacturer’s instructions. To reduce unspecific background
signals, unincorporated nucleotides were removed by gel filtration with Sephadex G-
50 columns (Pharmacia). The probe was ready for hybridization reaction after boiling
at 95°C for 5 minutes.

Hybridization: To block unspecific bindings, the membrane was pre-hybridized with
500 pg herring sperm DNA in 25 ml hybridization buffer (6.25 ml 20x SSPE (3.6 M
NaCl, 0.2 M sodium phosphate, 0.02 M EDTA, pH 7.7), 1.25 ml 100x Denhardt’s
solution (2% (w/v) BSA; 2% (w/v) Ficoll, 2% (w/v) PVP (polyvinylpyrrolidone)), 1.25
ml (10% wi/v) SDS, 12.5 ml formamide (50%), 3.75 ml H,O) at 42°C for 2 hours.
Subsequently, hybridization was performed by adding the radioactive-labeled probe
to the pre-hybridization buffer, and rotated at 42°C overnight. To remove the
remaining free probe, the membranes were washed 3 times for 15 minutes with 2 x
SSC buffer at 42°C and 3 times for 15 minutes with 0.2 x SSC buffer at 50°C.

Signals were detected on X-ray films after an exposure time of a couple of hours until

several days, depending on the strength of the signal.

4.1.17. Cloning of Spred-1 and Spred-2 full length cDNA in TOPO2.1

Total RNA extracts were isolated of various mouse tissues, treated with DNase, and
RNA quality was tested by RT-PCR analyzes with GAPDH- and actin-specific
primers. In order to clone the full length mouse cDNAs of Spred-1 and Spred-2, RT-
PCRs were performed with the following gene specific primer pairs:

For Spred-1:

5' Spr.1 full-length (5'GTGAGGGAAAGatgAGCGAGGAGACGGC3I') (start),

3' Spr.1 full-length (5'CTGGACTGCTtcaCCCAGCAGCCTTATG3') (stop).

For Spred-2:

5’'m.cloningSpr2(1-28) (5’ ATGACCGAAGAAACACACCCGGACGATG3I)) (start),
3’'m.cloningSpr2(1233-1207) (5 TCACGCGGCGGCTTTGTGCTTCCCACC3’) (stop).
RT-PCR products of liver (Spred-1) and brain (Spred-2) were purified by agarose gel
electrophoresis, T/A-cloned into the TOPO2.1 vector (Invitrogen), and both

constructs were verified by sequencing.
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4.1.18. Cloning of Spred-1 and Spred-2 cDNA in pcDNA3.1/Myc-His

Full-length cDNAs of murine Spred-1 and Spred-2 were cloned into the Notl/Hindlll
sites of pcDNA3.1/Myc-His (-) (A) vector (5.5 kb, eukaryotic expression vector with
CMV-promoter and ampicillin resistence; Invitrogen). The two Spred cDNAs were
cloned either including their endogenous stop codons (generating a construct
expressing the untagged full-length form) or using the in-frame stop codon of the
vector (for a construct expressing the full-length 6xHis/c-myc-tagged version of the
protein). All cDNAs were amplified using the proof-reading Advantage®2 PCR Kit
(Clontech) and the TOPO2.1- Spred-1/Spred-2 cDNA plasmids as template. The final
constructs were verified by sequencing. The following primers were used:

For Spred-1 (with stop/ without myc-His-tag):

5'CMV Spr.1,Notl (5’ ATTAGCGGCCGCATGAGCGAGGAGACG?3’) (Notl)

3'CMV Spr.1,Hind, Stop (5 TAATAAGCTTTCACCCAGCAGCCTT3’) (Hindlll, stop)
For Spred-1 (without stop/ with myc-His-tag):

5'CMV Spr.1,Notl (5’ ATTAGCGGCCGCATGAGCGAGGAGACG3’) (Notl)

3'CMV Spr.1,Hind, ohne Stop (5’ TAATAAGCTTCCCAGCAGCCTTATG3’) (Hindlll)
For Spred-2 (with stop/ without myc-His-tag):

5CMV Spr.2,Not (5’ ATTAGCGGCCGCATGACCGAAGAAACACS’) (Notl)

3’'CMV Spr.2,Hind, Stop (5’ TAATAAGCTTTCACGCGGCGGCTTTG3J’) (Hindlll, stop)
For Spred-2 (without stop/ with myc-His-tag):

5 CMV Spr.2,Not (5 ATTAGCGGCCGCATGACCGAAGAAACACSI’) (Notl)

3'CMV Spr.2,Hind, ohne Stop (5 TAATAAGCTTCGCGGCGGCTTTGTGC3’) (Hindlll)

4.1.19. RNA extraction of mouse tissues

To reduce RNase activity, mouse tissues were quickly prepared on ice, or
immediately transferred and stored in ,RNA later” (Ambion) at 4°C for a maximum of
1 month. Total RNA was extracted using TriZol reagent (Gibco Life Technologies)
and an Ultra Turrax (Kika) for homogenization of the samples. 1 ml TriZol reagent
was used for 30 mg of tissue and RNA was isolated according to the manufacturer’s
instructions. Extracted RNA was solved in 100-300 ul RNase free H,O in a 65°C
water bath for 10 minutes and stored immediately at -80°C.

RNA concentrations were photometrically measured at 260 nm (Ultrospec 2000,
Pharmacia). Samples were diluted 1:100, and then an ODys=1 corresponds to 40

pg/ml of the RNA sample.
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4.1.20. DNA removal of RNA extracts

To remove DNA residues out of RNA extracts, the DNA-free™ Kit (Ambion) was

used according to the manufacturer’s instructions.

4.1.21. RT- (Reverse Transcription) PCR

For RT-PCR analyses, 1 ug of total RNA was used with the OneStep RT-PCR Kit
(Qiagen) according to the manufacturer’s instructions. Furthermore, 0.2 yl RNase
inhibitor (,Superase®“, Ambion) was added per reaction. To obtain a most specific
amplification, it was useful to set some touch-down PCR cycles after the Pre-PCR. In

this work, the following PCR protocol was used (Table 2).

Pre-PCR Touch down Table 2.

. . . 72-68°C . . X . RT-PCR protocol.
50°C | 95°C | 94°C| g 5°C/cycle) | 95°C | 68°C| 72°C | 4°C

30min | 15min | 30sec 1.30min 30sec | 30sec|10min| <=

8 cycles 25 cycles

Specific primer sequences for Spred-1:

5' Spr.1 full-length (5'GTGAGGGAAAGatgAGCGAGGAGACGGC3I') (start),

3' Spr.1 full-length (5’'CTGGACTGCTtcaCCCAGCAGCCTTATG3') (stop).

Specific primer sequences for Spred-2:

5'Spr2[1-28] (5’ ATGACCGAAGAAACACACCCGGACGATG3I’) (start),
3'Spr2[1233-1207] (5’TCACGCGGCGGCTTTGTGCTTCCCACC3’) (stop).

To test for RNA integrity, a control RT-PCR with GAPDH specific primers was

amplified in parallel, using the following primers:
GAPDHforw (5’ ACCACAGTCCATGCCATCAC3S),
GAPDHrev (5'TCCACCACCCTGTTGCTGTAS").

4.1.22. Northern blot analyzes

For Northern blot analyzes, 20 ug of each total RNA sample was separated on a
formaldehyde-agarose gel, transferred to Hybond-N* nylon membranes (Amersham
Biosciences) and hybridized with a **P-labeled DNA probe (Megaprime DNA labeling

system, Amersham). Hybridization signals were detected on X-ray films. In this study,

28



Material and Methods

the full-length Spred-2 cDNA was used as probe and a beta-actin cDNA probe was
used as loading control on a parallel prepared membrane.

Moreover, a commercially available Northern blot membrane (Message Map™
Northern Blot; Strategene) was examined for the RNA expression of Spred-1 and
Spred-2. This membrane contained 2 ug poly-A (+) RNA of 8 different mouse tissues
(brain, heart, kidney, liver, lung, skeletal muscle, spleen, and testis). Hybridization
was performed with radioactive labeled full length cDNA probes of Spred-1 and
Spred-2, respectively, using as well the Megaprime DNA labeling system
(Amersham) according to the manufacturer’s instructions. The full length cDNAs were
T/A-cloned in the TOPO2.1 vector (Invitrogen) and isolated by EcoRI restriction

enzyme digests.

4.2. Histological methods

4.2.1. Paraffin sections and HE staining

For histopathology, mouse tissues were dissected from sacrified animals. Samples
were fixed in 4% formaldehyde/PBS (140 mM NaCl, 2.7 mM KCI, 8.1 mM NazHPO,,
1.5 mM KH;PQ,) for 3 days, embedded in paraffin, and sections (7-10 ym) were
stained with hematoxylin and eosin. Stained sections were mounted in Entellan

(Merck) and images taken with a Nikon Eclipse E600 microscope.

4.2.2. Immunohistochemistry

For immunohistochemistry, mouse tissues were snap-frozen in 2-methyl-butane with
liquid nitrogen. Tissues were fixed with ,Tissue Tek® (Sakura) on section blocks and
cryosections (5-10 um) cut with microtome blades (Carbon Steel, C35; Feather,
Japan). Cryosections were put on Superfrost or Polysine-coated glass slides
(Menzel-Glaser), fixed in 4% paraformaldehyde/PBS for 30 minutes, permeabilized
with 0.1% TritonX-100/PBS for 20 minutes, and blocked with 5% goat serum in PBS
for 1 hour to reduce non-specific binding. Sections were incubated with primary
antibodies overnight at room temperature, washed 3 times in PBS/0.1% Tween20,
followed by incubation with the secondary antibody. Stained sections were washed 3
times in PBS/0.1% Tween20 and mounted in Mowiol (2.4 g mowiol (4-88 Hochst), 6 g
glycerol; stired overnight; 6 ml H,O added and kept for several hours at RT; 12 ml 0.2
M Tris-HCI (pH=8.5) added; stired 10 minutes at 50°C; centrifuged (15 minutes, 5000
g); aliquots stored at -20°C).
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The following antibodies were used: affinity-purified anti-Spred-2, polyclonal rabbit
anti-ERK (CAT-#9102, Cell Signaling Technology), monoclonal rabbit anti-phospho-
ERK (CAT-#4376, Cell Signaling Technology), and Cy™3-conjugated goat anit-rabbit
IgG (Transduction Laboratories). To test for unspecific binding, the secondary Cy™3-

labeled antibody was used alone.

4.2.3. X-Gal staining

For X-Gal staining, tissues of newborn and adult mice were snap frozen in 2-methyl-
butane. Cryosections (7-10 ym) were fixed in X-Gal fixation buffer (0.1 M phosphate
buffer, pH 7.3 (3.74 g NaH,PO4-H,0, FW=137.99; 10.35 g Na,HPO,4, FW=141.96; ad
11 H0), 5 mM EGTA, 2 mM MgCl,, 0.2% glutaraldehyde) for 15 minutes, washed 3
times with X-Gal wash buffer (0.1 M phosphate buffer, pH 7.3, 2 mM MgCl,;) and
stained overnight at 37°C in X-Gal staining buffer (0.1 M phosphate buffer, pH 7.3, 2
mM MgCl,, 5§ mM K4Fe(CN)e-3H20, 5 mM KsFe(CN)s, 1 mg/ml X-Gal). Stained
sections were washed 3 times with X-Gal wash buffer and mounted in Aquatex
(Merck).

ES cells and whole organs of adult mice were directly fixed, stained, and washed by
the same protocol, whereas staining of whole organs was performed for 5-8 hours.
Images of ES cells and cryosections were taken with a Nikon Eclipse E600
microscope, overview sections with a Leica MZ 6 microscope. Wildtype littermates
were co-analyzed to ensure that the beta-galactosidase expression was specific in

Spred-2"" mice.

4.2.4. Toluidine staining

Skeletons were fixed in 3.7% formaldehyde for 18 hours at 4°C. After dehydration,
the decalcified tibiae were embedded in methylmetacrylate and 5 pm sections were
cut in the sagittal plane on a rotation microtome (Cut 4060E, MicroTech, Munich,
Germany). Sections were stained with toluidine blue and evaluated using a Carl
Zeiss microscope (Carl Zeiss, Jena, Germany) as described (Amling et al., 1999).
This work was done by Dr. T. Schinke (Hamburg).
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4.3. Cell culture

4.3.1. Transfection of HEK 293 cells

HEK 293 cells were cultivated in 10% FCS (fetal calf serum)/DMEM/1%
penicilline/streptomycine (Gibco) at 37°C in a CO,-incubator to 50-80% confluency.
DNA transfection into HEK 293 cells was efficiently performed using the
Lipofectamine Plus™ Reagent (GIBCO) according to the manufacturer’s instructions.
For transfection, Spred-1 and Spred-2 full-length constructs with and without a
myc/His-tag in the pcDNA3.1/ myc-His (-) A (5.5 kb) vector (eukaryotic expression
vector with CMV-promoter and ampicillin resistence; Invitrogen) were used. After
recommended incubation for 24-48 hours at 37°C and 5%- CO,, cells were washed
with PBS and harvested with 80-600 pl (dependent on well size and confluency) 3x
SDS sample buffer (200 mM Tris-HCI pH 6.7, 6% SDS, 15% glycerine, 0.003%
bromphenole-blue, 10% p-mercaptoethanol) for protein extracts. Protein samples

were immediately boiled at 95°C for 5 minutes and stored at -20°C.

4.3.2. Primary mouse chondrocyte culture

Murine sterni and costal cartilage were dissected from pups at P1. Tissues were cut
into small pieces and incubated in 1 mg/ml collagenase A (Roche) in DMEM for 3
hours at 37°C. Dissociated cells were counted (Coulter-counter) and 6 x 10° cells/
well were plated on 6-well plates in DMEM with 10% FCS. After 2 days, cells were
starved in serum-free media for 20 hours and stimulated with serum-free media
containing 1% FCS, 10% FCS, or 10 pg/ml heparin (Roth) with aFGF (Calbiochem,
Cat. No. 341591) at indicated concentrations. For Western blot analyzes, cells were
washed with PBS and harvested with 300 ul 3x SDS sample buffer. Samples were

immediately boiled at 95°C for 5 minutes and stored at -20°C.

4.4. Protein biochemical methods

4.4.1. Protein isolation of mouse tissues

Mouse tissue lysates were homogenized with an Ultra Turrax mixer (TS FU, Kika) in
homogenization buffer (10 mM K,HPO4 at pH 7.4; 1 mM EDTA; 1 mM EGTA,;
Complete protease inhibitor cocktail; Roche Diagnostics) and protein concentrations
were estimated by Lowry reagent (Sigma) according to the manufacturer’s
instructions. For Western blot analyzes, 3x SDS sample buffer (200 mM Tris-HCI pH

31



Material and Methods

6.7; 6% SDS; 15% glycerine; 0.003% bromphenole-blue; 10% B-mercaptoethanol)
was added, samples were immediately boiled at 95°C for 5 minutes, and stored at -
20°.

4.4.2. Western blot analyzes

Protein samples (for mouse tissues: 30 pg total protein/lane) were separated by
SDS-polyacrylamide gel electrophoresis (Electrophoresis buffer (10x): 25 mM Tris pH
8.3, 192 mM glycine, 0.1% SDS) using 10% and 12% gels (Western blot gel buffer A:
0.5 M Tris-HCI, pH 6.8, 0.4% SDS; Western blot gel buffer B: 1.5 M Tris-HCI, pH 8.8,
0.4% SDS; APS 10%: 10% ammonium persulfate in bidest. H,O), and transferred
(Western blot transfer buffer: 25 mM Tris; 150 mM glycine; 10% methanol, pH 8.3) to
nitrocellulose membranes using a semi-dry system (Trans Blot Cell, BioRad). Protein
transfer and loading amount were verified by Ponceau S staining (0.1% Ponceau S;
5% acetic acid, in bidest. H,O) of the membranes. To reduce unspecific antibody
binding, membranes were blocked with PBS/0.05% Tween/4% fat-free dry milk for at
least 3 hours. Then, membranes were incubated with the primary antibodies at 4°C
overnight, washed three times (PBS/0.05% Tween), and incubated with the
secondary antibodies at room temperature for 1-2 hours. For signal detection, ECL kit
(Amersham) and X-ray films were used according to the manufacturer’s instructions.

For Western blot analyzes, the following antibodies were diluted in PBS/0.05%
Tween/4% fat-free dry milk: affinity-purified polyclonal rabbit anti-Spred-2 (AS 96-
415) (0.2 pg/ml), affinity-purified polyclonal rabbit anit-Spred-1 (AS 124-233) (0.6
Mg/ml) (both were described in (Engelhardt et al., 2004), polyclonal goat anti-Actin
(CAT-#sc-1616, SantaCruz Biotechnology), polyclonal rabbit anti-ERK (1:500; CAT-
#9102, Cell Signaling Technology), monoclonal rabbit anti-phospho-ERK (1:500;
CAT-#4376, Cell Signaling Technology), secondary peroxidase-conjugated goat anti-
rabbit 1gG (1:1000; Dianova), and peroxidase-conjugated donkey anti goat IgG

kTM

(SantaCruz Biotechnology). As molecular weight marker, the BenchMar Protein

Ladder (Invitrogen) was used.

4.4.3. Coomassie-blue protein staining of SDS gels

After SDS-PAGE, proteins in the gel can be stained directly with Coomassie-blue-
G250 staining solution (10% isopropanole, 10% acetic acid, 0.04% (w/v) Coomassie-
brillant-blue R-250). Staining was performed for at least 3 hours and to remove un-

bound staining solution, gels were de-stained with de-staining solution (10%
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isopropanole; 10% acetic acid) for at least 3 hours. For longer storage, gels were
dried between cellophane foils using a vacuum gel dryer (Drygel Sr. Slab Gel Dryer
Model SE 1160, Hoefer) at 60°C for 1-2 hours.

4.5. Generation and affinity purification of polyclonal Spred-1 and

Spred-2 specific antibodies

To perform a Spred-1 specific polyclonal antibody, the most different intermediate
region of Spred-1 (amino acids 124-233) - compared to Spred-2 - was used. To
perform a Spred-2 specific polyclonal antibody, the intermediate region of Spred-2

(amino acids 123-196) was used.

4.5.1. Expression and preparation of GST-Spred-1 and GST-Spred-2 fusion
proteins

The coding sequence representing amino acids 124-233 of Spred-1, and the coding
sequence representing amino acids 123-196 of Spred-2 were cloned into the BamHlI
and EcoRI sites of the pGEX-4T-2 protein expression vector (prokaryotic GST-fusion
vector, with glutathione-S-transferase coding sequence; Pharmacia Biotech).
Therefore, the Spred-1/Spred-2 intermediate regions were amplified from the
TOPO2.1- Spred-1/Spred-2 cDNA plasmids using the proof-reading Advantage®2
PCR Kit (Clontech) and the following primer pairs:
For Spred-1 (124-233): => PCR fragment: 350 bp:
5'MSpr.1,GST (5°CAGGATCCCCCTCTCTAGGGTGCCCAGCGTCA3)
(BamHl) (proline=helix breaker)
3'MSpr.1,GST (5°CGGAATTCTCACTTCAAAGGGACCCTAGTTTG3’)
(EcoRI) (Stop)
For Spred-2 (123-196): => PCR fragment: 240 bp:
5MSpr.2,GST (5°CAGGATCCCCCATAGAAGGTTCAACGACCTCC3)
(BamHlI) (proline=helix breaker)
3'MSpr.2,GST (5°CGGAATTCTCACCGCGGCAACCGCTGGTCAGG?3))
(EcoRI) (Stop)
The final constructs were verified by sequencing (ABI-PRISM) and transformed into

E. coli BL21 (DE3) chemically competent cells for protein expression. All further
procedures were done in parallel for both constructs, here described for the GST-

Spred-1 fusion protein.
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Overnight cultures of transformed BL21 cells were diluted 1:40 with 900 ml 2xYT
medium (16 g tryptone, 10 g yeast-extract, 5 g NaCl ad. 1 | bidest. H,O; ampicillin
100 pg/ml) and shaked at 37°C. In the late exponential growth phase (ODgpp=0.8),
fusion protein expression was induced with 1 mM IPTG. After 4 hours, the bacteria
pellet was separated by centrifugation (5000 g, 10 minutes), and homogenized with
15 ml ice-cold lysis buffer (50 mM Tris-Cl, pH 8.5, 5 mM EDTA, 10 mM NaCl, 1
mg/ml lysozyme) for 45 minutes on ice. Then, 1% (v/v) Triton X-100 and 1 tablet
protease inhibitor (,Mini cocktail“, Roche) was added, the lysate vigorously mixed,
and sonified on ice for 10 minutes (Branson sonifier 250: 50% duty cycle, 50% power
output, level 2). After centrifugation at 14.000 rpm (Eppendorf microfuge 5415) for 10
minutes, the supernatant was used for glutathione (GSH) bead coupling to separate
the GST-Spred-1 fusion protein. Previously, it was verified that the GST-Spred-1
fusion protein is soluble and localized in the supernatant. After pre-equilibration of 6
ml glutathione beads (Glutathione Sepharose-4B Beads; Amersham) with lysis
buffer/1% Triton X-100, the bacteria supernatant was added and the suspension
slowly rotated at 4°C for 3 hours. After centrifugation with 500 rpm at 4°C for 30
minutes (Rotanta/TRC centrifuge), the pellet with the GST-Spred-1 coupled beads
was washed with 3 volumes of lysis buffer and again centrifuged with 500 rpm at 4°C
for 10 minutes. The pellet was additionally washed 2 times with 3 volumes PBS. After
the last centrifugation, the GST-Spred-1 fusion protein was eluted from the remaining
pellet with 5 ml elution buffer (10 mM glutathione, 50 mM Tris, pH 8.0). The
supernantant was collected after a final centrifugation (500 rpm, 4°C, 10 minutes)
and a 5 pl sample of the GST-fusion protein was tested on a 12.5% SDS-gel (Fig. 2).
Finally, the protein was dialysed in PBS or carbonate buffer at 4°C and stored at -
80°C.

Figure 2.
50 Expression of purified GST-
-50 e Spred fusion proteins.
-40 GST-Spred-1(IR) (left) and GST-
.30 “ -30 Spred-2(IR) (right) fusion proteins
KD KD on a Coomassie-stained SDS gel.
GST- GST- (IR: intermediate region, M: protein
9 spreatgr)y M O spred2gr) M marker).
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4.5.2. Coupling of proteins to NHS-HiTrap columns

The recombinant GST-Spred-1 was covalently coupled to an NHS-activated Hi-Trap®
Sepharose column (Amersham Pharmacia Biotech). (The same procedure was
performed in parallel with the GST-Spred-2 construct.) Therefore, the protein
preparation was dialysed with coupling buffer (0.2 M NaHCO3, 0.5 M NaCl; pH 8.3) at
4 °C, and the NHS-activated HiTrap columns (1 ml; Amersham) were prepared for
the ligand coupling by injecting 6 ml ice-cold 1 mM HCI to remove the isopropanol
containing storage buffer. One ml of the ligand (1-5 mg/ml) was injected in the
column and incubated for 45 minutes at room temperature. To inactivate remaining
active groups that have not reacted with the ligand and to wash out unbound ligands,
the column was washed with 6 ml Buffer A (0.5 M ethanolamine, 0.5 M NaCl, pH 8.3)
and 6 ml Buffer B (0.1 M Na-acetate, 0.5 M NaCl, pH 4). After an additional injection
of 6 ml Buffer A, the column was incubated for 15 minutes at room temperature.
Following three more alternating injections of 6 ml Buffer B and 6 ml Buffer A, the
column was neutralized with 6 ml PBS. Then, the column was ready to be used or
stored in PBS/0.1% NaN3 at 4°C.

4.5.3. Immunization of rabbits

Recombinant GST-Spred-1 (GST-Spred-2) fusion protein was dialysed in PBS and
concentrated with a Centricon column YM-3 (Amicon, Millipore) to a concentration of
at least 1 mg/ml according to the manufacturer’s instructions.

1 mg of recombinant GST-Spred-1 (GST-Spred-2) fusion protein was used as
antigen for immunization of rabbits (BioGenes, Germany). Immunizations, boosts,
and collections of antisera were performed by standard protocols of BioGenes
(Berlin). Two rabbits for Spred-1 (4915 and 4916) and two rabbits for Spred-2 (6215
and 6216) were immunized and previously 20 ml pre-immune serum of each rabbit
was collected for later control experiments. Two bleedings revealed 50 ml antiserum

of each rabbit.

4.5.4. Affinity purification of antisera

The resulting antiserum of each rabbit was diluted 1:10 in PBS and run through the
prepared Hi-Trap columns connected in series at a flow rate of 0.1 ml/min at 4°C.

For Spred-1:

With a first column, coupled with GST antigen, GST-specific antibodies were

depleted. With a second column, coupled with GST-Spred-2 (aa 123-196), cross-
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reacting antibodies with Spred-2 were depleted. Then, the flow-through was affinity
purified using a third column, coupled with GST-Spred-1 fusion protein (aa 124-233)
(Fig. 3).

For Spred-2:

With a first column, coupled with GST antigen, GST-specific antibodies were
depleted. With a second column, coupled with GST-Spred-1 (aa 124-233), cross-
reacting antibodies with Spred-1 were depleted. Then, the flow-through was affinity
purified using a third column, coupled with GST-Spred-2 fusion protein (aa 123-196)
(Fig. 3).

The columns were washed with 20 ml PBS and 20 ml PBS/350 mM NaCl. Antibodies
specifically binding to Spred-1 (Spred-2) were eluted from the third column with 100
mM glycine, pH 3.0 in six separate 1 ml fractions, and the resulting fractions were
immediately neutralized with 40 yl of 1 M Tris-HCI, pH 8.9, to avoid protein
denaturation. All elution fractions were analyzed by a 12.5% SDS-PAGE gel to
determine the fractions, containing the affinity purified antibodies. The two fractions
with the highest antibody concentrations were pooled and glycerol added to a final
concentration of 40%. Aliquots were stored at -20°C. Concentrations of antibodies
were estimated by photometrical measurement at 280 nm (Ultrospec 2000,
Pharmacia). (OD.gy=1.3 corresponds to 1 mg/ml of antibody). In general, the
antibodies were used with a concentration of 0.1 ug/ml for Western blots, and 1 pg/ml

for immunohistochemical analyzes.
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Affinity purification of polyclonal antibodies

Spred-1 Spred-2
Rabbit antiserum: — Rabbit antiserum:
GST-Spred-1 (124-233) v GST-Spred-2 (123-196)
ger —» anti GST esT —» anti GST
> GST-
@ Spr.1 . @

v

=) anti Spred-1(124-233) [T =P anti Spred-2 (123-196)

Figure 3.
Affinity purification of polyclonal Spred-1/-2 antibodies.

Column schemes for affinity purification of Spred-1 and Spred-2 specific antibodies. Rabbit
antisera are depleted at the first column from GST antibodies, at the second column from
Spred-2 (Spred-1, respectively) cross-reactive antibodies, and the Spred-1 (Spred-2,
respectively) specific antibodies were eluted from the third column.

4.6. Generation of Spred-2 knockout mice using a gene trap model

4.6.1. Gene trapping and Southern blot analysis

To disrupt the Spred-2 gene in mice, | generated a mouse strain, using the XB228
embryonic stem cell line with the pGTO gene trap vector inserted between exons 4
and 5 (Baygenomics, San Francisco). Vector insertion was confirmed by X-Gal
staining according to the protocol given by the Sanger Institute Gene Trap Resource

(http://www.sanger.ac.uk/PostGenomics/genetrap/protocols.shtml) and single

insertion of the gene trap vector was confirmed by Southern blot analysis. The
Southern probe was a 630-bp fragment of the engrailed?2 intron 1 gene trap vector
sequence, which was amplified with the following primers: forward
(5’AGATGCCAGAGACTCAGTGAAGCC?) and reverse
(BTTCTTTGGTTTTCGGGACCTGG3’). 10 ug of genomic XB228 DNA was digested
with Bglll, cutting once within the entire gene trap vector sequence, separated by
conventional agarose gel electrophoresis, blotted, and hybridized with the

radiolabeled probe.
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4.6.2. Mouse breeding

After confirmation of single integration of the gene trap vector into the Spred-2 gene,
XB228 ES cells were used to generate germ line chimeras. Therefore, XB228 ES
cells were injected into C57BI/6 mouse blastocysts, transferred into pseudo-pregnant
females, and offspring were examined for chimeras. In total, four blastocyst transfers
were performed and eight chimeric males obtained. This work was done by K.P.
Knobeloch in the FMP (Forschungsinstitut fur molekulare Pharmakologie in Berlin;
Prof. Dr. lvan Horak). Five of the eight chimeric males were mated to female C57BI/6
wildtype mice to test for germ line transmission and to obtain heterozygous Spred-2*"

mice.

4.6.3. Genotyping of mice

Genomic DNA was isolated of mouse tail tips (0.5 cm), using the DNeasy tissue Kit
(Qiagen) according to the manufacturer’s instructions. Offspring were genotyped by
PCR analyzes, using the Taq Core Kit (+ Q-solution, Qiagen) and the following sets
of primers: for wt PCR, amplifying a 1600 bp fragment, Pr.1 (5’XB228,Pr.3:
5'GCTTGACCGGCACCCCGGTGAGY3) and Pr.3 (3'XB228,Spr.2 Exon 5 (wt):
5TAGAAGAACTGTCCGTAGCTGTY’), for ko PCR, amplifying a 2700 bp fragment,
Pr.1 and Pr.2 (3'XB228,pGTO Vector/Exon: 5TTCTTTGGTTTTCGGGACCTGG3’).
The following PCR protocol was used for both PCRs (Table 3).

94°C | 94°C  72°C  e8°c|72°Cc 4°c | Iable3.
| Genotype PCR protocol.

3min | 1min  1min | 3min {10min <=

40 cycles
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4.7. Generation of Spred-1 and Spred-2 knockout mice using gene

targeting vectors

4.7.1. General strategy

To generate gene targeting vectors for Spred-1 and Spred-2, the backbone vector
.KO/lox/frt (pdB1; 9.44 kb)“ (a kind gift of Joachim Herz/Jochen Brich; Dallas) was
used (Fig. 4). This vector includes a neomycin resistance cassette flanked by loxP
and frt sites, followed by 2 HSV-TK (Herpes simplex virus- thymidine kinase) cDNAs.
The four unique restriction sites (Notl, Xhol, Pacl, and Pmel) and the vector size
were verified by restriction digests. The integrity and orientation of the 2 loxP and 2 frt
sites were verified by sequencing with T7 (5'GTAATACGACTCACTATAGS3') and
5'neo (5'TATCGCCTTCTTGACGAGTTCTTCTGAS') primers.

ael
Sspl

—_______T7 promoter

Sp6 promoter
neo
KO/lox/frt (pJB1)

9.44 Kb

Tt

xho! 4= B/C

oW 'D'UbI'UUJI

Figure 4.
KO/lox/frt (pJB1) vector map.

A-fragments were cloned in the Notl restriction site, B- and C-fragments, respectively, were
cloned in the Xhol restriction site, and for linearization of the final vector the Pmel restriction
site was used.
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4.7.2. Cloning of Spred-1 and Spred-2 gene targeting vectors

loxP
Spred 1 P:TAACTTCGTATAATGTATGCTATACGAAGTT{I’ C
Xhol
Notl Ndel“Aflll Hpal .-~ N T "
" s T T
3950 475 1521 869 186 1076
175 Xhol

A B

loxP
Spred-2 ATAACTTCGTATAATGTATGCTATACGAAGTTAT C
7 Xnol
Notl e~ Hindlll .-~ i L -
L Bt PP ] [ )
' 3900 S50 MEXONZ—- T
178 Xhol

A B

Figure 5.
Spred-1 and Spred-2 DNA fragments used for generating the gene targeting vectors.

For Spred-1 and Spred-2 the construct lengths of the A-, B-, and C-fragments with additional
Notl and Xhol restriction sites (green) are demonstrated. The additional loxP site (blue) was
inserted in the Hpal restriction site of Spred-1, and in the Hindlll restriction site of Spred-2.
(Numbers indicate the relevant basepair amounts for each section).

4.7.2.1. Cloning of A-fragments into TOPO2.1

First, the long homologous genomic sequences (further called “A-fragments”) were
amplified by PCR (TAKARA) using genomic E14.1 DNA as template and T/A-cloned
into the TOPO2.1 vector (Invitrogen). Only the T/A-cloning products with the right
orientation (multiple cloning site at the 3’-end of the insert) were usable, because the
Notl restriction site of the multiple cloning site was necessary for further cloning
steps. Therefore, the right fragment orientation was verified by restriction digests,
control PCRs, and sequencing of the vector/insert boarders. The A-fragments contain
exon 2 with flanking intronic sequences and at the 5’-end a Notl restriction site was
added with the primers (Fig. 5). The following primer pairs were used:

For Spred-1 (-> 5750 bp PCR fragment):

5'Spr.1KO b+Notl: (5'GCGGCCGCTCAAGTTGGTAGAGGATACGTGCATTATGTI')
(Notl)

3' Spr.1KO A: (5'CTCAGACCCAGTTAGAAACAGTCACATCTTS3").

For Spred-2 (-> 4500 bp PCR fragment):
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5' Spr.2KO b+Notl: (5'GCGGCCGCCTAATCTTAGGGATTCTTATTGTGGAATTGS')
(Notl)
3' Spr.2KO B: (6'CGAACACTCTTATGCTCTGGGCCACCTCCCAGSI)).

It was tested that no Notl and Pmel restriction sites were included in these A-

fragment sequences, because this would have interfered with the further cloning and

linearization processes.

4.7.2.2. Cloning of B-fragments into pDrive

Second, the short homologous genomic sequences (further called “B-fragments”)
were amplified by PCR (Advantage 2 Polymerase Mix ;Clontech) using genomic
E14.1 DNA as template and T/A-cloned into the pDrive Cloning Vektor (Qiagen).
Only the T/A-cloning products with the right orientation (multiple cloning site at the 3’-
end of the insert) were usable, because the Xhol restriction site of the multiple
cloning site was necessary for further cloning steps. Therefore, the right fragment
orientation was verified by restriction digests, control PCRs, and sequencing of the
vector/insert boarders. The B-fragments contain the intronic sequences following
directly after the intronic sequence at the 3’-end of the corresponding A-fragments
and at the 5’-end, a Xhol restriction site was added with the primers (Fig. 5). The
following primer pairs were used:

For Spred-1 (-> 1076 bp PCR fragment):

5'Spr.1KOe+Xhol: (5'CTCGAGAGTAATGACAATATATTGCAAGGGGCTGCC3')
(Xhol)

3' Spr.1KO B: (5'TCGGATACTTAGTAGCTTTGGGCTCTCAGASZ").

For Spred-2 (-> 987 bp PCR fragment):

5'Spr.2KOe+Xhol: (5'CTCGAGATGTGCAAACATGAAGAACTGAGTCAGATC3)
(Xhol)

3' Spr.2b™ neu: (5'AGGTGTGCATGCACCAAGGTACSI")

It was tested that no Xhol, Notl, and Pmel restriction sites were included in these B-
fragment sequences, because this would have interfered with the further cloning and

linearization processes.

4.7.2.3. Cloning of C-fragments into TOPO2.1/ pDrive
Third, homologous genomic sequences for Spred-1 and Spred-2 test vectors,
containing the B-fragment sequences plus an additional short following intronic

sequence at the 3’-end (further called “C-fragments”), were amplified by PCR
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(Advantage 2 Polymerase Mix; Clontech) using genomic E14.1 DNA as template and
T/A-cloned into the TOPOZ2.1 cloning vector (Invitrogen) (Spred-1), or into the pDrive
Cloning vector (Qiagen) (Spred-2), respectively. Only the T/A-cloning products with
the right orientation (multiple cloning site at the 3’-end of the insert) were usable,
because the Xhol restriction site of the multiple cloning site was necessary for further
cloning steps. Therefore, the right fragment orientation was verified by restriction
digests, control PCRs, and sequencing of the vector/insert boarders. The C-
fragments contain an additional Xhol restriction site at the 5’-end, which was added
with the primers (Fig. 5). The following primer pairs were used:

For Spred-1 (-> 1386 bp PCR fragment):

5'Spr.1KOe+Xhol: (5'CTCGAGAGTAATGACAATATATTGCAAGGGGCTGCC3')
(Xhol)

3' Spr.1KO C: (5'GATCACTTAGGATAATTCTAACCATGGGAGS').

For Spred-2 (-> 1117 bp PCR fragment):

5'Spr.2KOe+Xhol: (5'CTCGAGATGTGCAAACATGAAGAACTGAGTCAGATC3)
(Xhol)

3' Spr.2KO C: (5'CTGCCTGCCTCAGCCTCCCACAGCTGGTATS3').

It was tested that no Xhol restriction sites were included in these C-fragment

sequences, because this would have interfered with the further cloning process.

4.7.2.4. Insertion of an additional loxP site in the A-fragments before exons 2
To receive a floxed exon 2, it was necessary to integrate an additional loxP site in the
same orientation like the 2 loxP sites in the final back bone vector. Therefore,
suitable restriction sites were searched by database analyzes in the A-fragments and
then testes by control restriction digests. For this cloning part, different strategies for
the Spred-1 and Spred-2 constructs were necessary.

The following strateqgy was used for the Spred-1 vector:

Three unique restriction sites - Ndel, Aflll, and Hpal - were verified in the sequence in
front of the Spred-1 A-fragment (Fig. 5). An insert with the additional loxP site and a
Hpal restriction site at the 3’-end, and an Aflll restriction site at the 5-end was
amplified by PCR using the Spred-1 A-fragment in the TOPO2.1 vector as template.
Therefore, the following primer pair was used to reveal a 188 bp PCR product:

5' Spred1A-Afl: (5 TAATCTTAAGTAAACCGTAATCTTACTACAZ') (Aflll),
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3'Spred1A-Hpa+lox:
5TAATGTTAACATAACTTCGTATAATGTATGCTATACGAAGTTATTAAGCGACTG
GAA3' (Hpal, loxP)

The A-fragment sequence between the Aflll and Hpal restriction site in the TOPO2.1
vector was replaced by the PCR product with the additional loxP site by cloning and
verified by a control PCR with 5'Kontr.Spr.1a+lox
(5'TCCAGTCGCTTAATAACTTCGTATAGCATS") and 3'Spr.1KOA
(5'CTCAGACCCAGTTAGAAACAGTCACATCTT3') primers and by sequencing.

The following strategy was used for the Spred-2 vector:

One unique restriction site — Hindlll - was verified in the sequence in front of the
Spred-2 A-fragment (Fig. 5). A replacement sequence with the additional loxP site
and a Hindlll restriction site at the 3’-end from the 5-beginning of the Spred-2 A-
fragment was amplified by PCR using the Spred-2 A-fragment in the TOPOZ2.1 vector
as template.

Therefore, the following primer pair was used to reveal a 3660 bp PCR product:
5M13 reverse: (5'AACAGCTATGACCATG3"), and 3’2aHindlll-loxP:
(5 TAATAAGCTTATAACTTCGTATAATGTATGCTATACGAAGTTATTAACGTTTTAT
GAAGCTAAGZ’) (Hindlll, loxP).

The A-fragment sequence between the Hindlll restriction site of the vector multiple
cloning site of the TOPOZ2.1 at the 5’-end and the Hindlll restriction site in the Spred-
2 sequence at the 3’-end was replaced by the PCR product with the additional loxP
site by cloning and sequence orientation and integrity verified by a control PCR with
5'2aloxKontr. (5'AGTGAGAATGTGATTAATTT3'), and 3'Spr.2KOB
(5'CGAACACTCTTATGCTCTGGGCCACCTCCCAGS') primers and by sequencing.

4.7.2.5. Re-cloning of the B-fragments from the pDrive cloning vector in the
KO/lox/frt vector

The B-fragments of Spred-1 and Spred-2, respectively, were re-cloned from the T/A-
cloning vector in the KO/lox/frt vector using the Xhol restriction sites. The ligation in
the right orientation was verified by control PCRs with the following primer pairs:

For Spred-1:

5'NEO: (5 TATCGCCTTCTTGACGAGTTCTTCTGAS3"),

3' Spr.1KO B: (5 TCGGATACTTAGTAGCTTTGGGCTCTCAGASZ').

For Spred-2:
5'NEO: (5 TATCGCCTTCTTGACGAGTTCTTCTGAS3"),
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3' Spr.2b™ neu: (6'AGGTGTGCATGCACCAAGGTACSI').

4.7.2.6. Re-cloning of the control C-fragments from the T/A-cloning vectors in
the KO/lox/frt vector

The C-fragments of Spred-1 and Spred-2, respectively, were re-cloned from the T/A-
cloning vector in the KO/lox/frt vector using the Xhol restriction sites. The ligation in
the right orientation was verified by control PCRs with the following primer pairs:

For Spred-1:

5'NEO: (6'TATCGCCTTCTTGACGAGTTCTTCTGASI'),

3' Spr.1KO C: (5'GATCACTTAGGATAATTCTAACCATGGGAGS').

For Spred-2:

5'NEO: (6'TATCGCCTTCTTGACGAGTTCTTCTGAS'),

3' Spr.2KO C: (5'CTGCCTGCCTCAGCCTCCCACAGCTGGTATSI)).

4.7.2.7. Re-cloning of the A-fragments with additional loxP site from the
TOPO2.1 vector in the KO/lox/frt vector with the B-fragments.

The A-fragments with the additional loxP site of Spred-1 and Spred-2, respectively,
were re-cloned from the TOPO2.1 vector in the KO/lox/frt vector with the
corresponding B-fragment using the Notl restriction sites. The ligation in the right
orientation was verified by control PCRs with the following primer pairs:

For Spred-1:

5T7: (5'GTAATACGACTCACTATAG3"),

3' Kontr.1a in KO: (5'GTATTGGCAATGCTGCATTC3").

For Spred-2:

5T7: (5'GTAATACGACTCACTATAGS"),

3' Kontr.2a in KO: (5'GAAATCCAGCTGCACAGGGT3").

4.7.2.8. Controls of the final gene targeting vectors

To verify the appropriate cloning processes, the Spred-1 and Spred-2 gene targeting
vectors were tested by restriction digests (with Notl, Xhol, and Pmel) and
sequencing.

For sequencing, the following primers were used:

For the Spred-1 gene targeting vector:

1) Sequence control of the A-fragment start:
T7: (5'GTAATACGACTCACTATAGS')

2) Sequence control of the 1. loxP site:
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5' Spred1A-Afl: (5 TAATCTTAAGTAAACCGTAATCTTACTACAZ') (Aflll)
3) Sequence control of the complete exon 2:

5' Seq Spr.1,Ex2: (5'GACCAACAGATTGACTTTCTS')

4) Sequence control of the 2. loxP and 1. frt site:

5'Ende 1a to loxP: (5 TATGTTAAAGATGTGACTGT3')

5) Sequence control of the 3. loxP, 2. frt site and start of the B-fragment:
3' 1b KO to Neo neu: (5'GACCTTTGGCCTAAGGAACASZ')

6) Sequence control of the B-fragment end:

5' Spred1B to HSV: (5" TCTGAGAGCCCAAAGCTACT3)).

For the Spred-2 targeting vector:

1) Sequence control of the A-fragment start:

T7: (5'GTAATACGACTCACTATAGS')

2) Sequence control of the 1. loxP site:

5' 2a lox Kontr.: (5'AGTGAGAATGTGATTAATTT3')

3) Sequence control of the complete exon 2:

5' Seq. Spr.2, Ex2: (5'CTTGCCCTGGGACACACGTTS3')

4) Sequence control of the 2. loxP and 1. frt site:

5' Ende 2a to loxP: (5'CTGCAAGATGCTGGGGCTGG3I')

5) Sequence control of the 3. loxP, 2. frt site and start of the B-fragment:
3' 2b in KO to Neo neu: (5'GGACGCTCCTGTCAATCACAZ')
6) Sequence control of the B-fragment end:

5' 2b™in KO to HSV: (5 TCACAAATCGAGTAACTGAAZ)).

4.7.3. Optimization of the embryonic stem (ES) cell screening PCR

To optimize the ES cell screening PCR for homologous recombination events, control

vectors (C-fragments in KO/lox/frt vector) for Spred-1 and Spred-2 were cloned.

Because the amount and quality of genomic ES cell DNA is extremely low in the

screening process, the PCR had to be optimized to a detection level of 100-10 fg

(Fig. 6). The 5primer was chosen as part of the neo-cassette, and the 3’primer

external of the homologous sequence (B-fragment). To mimic the later background

screening conditions, 100 ng of genomic ES cell DNA was added to each PCR

reaction. The following primer pairs were used:
For Spred 1 (-> 1830 bp PCR product):
5" NEO: (5'TATCGCCTTCTTGACGAGTTCTTCTGAS"),

3' Spr.1KO C: (5'GATCACTTAGGATAATTCTAACCATGGGAGS').
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For Spred2 (-> 1450 bp PCR product):
5"NEO: (5'TATCGCCTTCTTGACGAGTTCTTCTGASZ"),
3' Spr.2KO C: (6'CTGCCTGCCTCAGCCTCCCACAGCTGGTATS').

Figure 6.
Test PCR for ES cell screening.

Dilution row of the test vector to
optimize the PCR conditions down to
a level of 1 fg. (Example here for the
Spred-1 construct).

M  1ng 100pg 10pg 1pg 100fg 10fg 1fg

4.7.4. Electroporation and selection of ES cells

To electroporate the gene targeting vectors in E14.1 ES cells, 25 pg vector DNA
were linearized with Pmel, phenol/chloroform extracted, and dissolved in PBS
(concentration 1 pg/ul). After electroporation, a positive and negative selection was
performed to obtain as much positive clones - which have integrated the targeting
vector by homologous recombination - as possible. Positive selection was performed
by G418, a neomycin derivate, which selects only the clones with an (anywhere)
integrated neo-cassette. Negative selection was done by Gancyclovir, which selects
only the clones that have no HSV-TK (Herpes simplex virus- thymidine kinase)
cassette integrated. The Herpes simplex thymidine kinase metabolises Gancyclovir
into a cell toxic substance that kills all ES cells, which have only randomly integrated
the targeting vector anywhere in the genome. By the process of homologous
recombination, the HSV-TK cassette is eliminated, therefore, the ES cells are able to
survive. After the selection period, half of each clone was cryo-conserved in liquid Na,
and the other half was used for DNA isolation and PCR screening for appropriate
homologous vector recombination. For each construct, two electroporation rounds
were performed. ES cell culture, electroporation, selection processes, and cryo-
conservation were performed in the group of Prof. Sendtner/ Dr. Stefan Wiese,

Institute of Neurobiology (University of Wirzburg).

4.7.5. PCR screening of ES cells for homologous recombination events

To test large numbers of ES cell clones for homologous recombination events, the
single clones were cultivated on 96-well-plates after the picking process. After lyses

and Proteinase K digest at 70°C for 10 minutes, the cell lysates were boiled at 95°C
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for 20 minutes to denature the Proteinase K. Within each electroporation round, 4-6
96-well-plates were picked, corresponding to 380-575 ES cell clones. A general
problem of the ES cell PCR screening was the extremely low amount and poor
quality of DNA, the use of different PCR machines, the outside temperature, and
primer quality. Therefore, the screening PCRs were optimized as described before.
For PCR screening, the Taq Core Kit (+Q-Solution, Qiagen) was used in a reaction
volume of 50 pl with 5-7 pl of genomic ES cell DNA. PCRs could be evaluated only if
the positive controls where in the range of 100-10 fg still positive. Otherwise, the PCR

would not be sensitive enough and had to be repeated.

4.7.6. Cre-recombinase treatment of ES cells and PCR screening of different

Cre-recombinase events for complete and conditional knockouts

To obtain ES cells for conventional and conditional knockouts, the homologous
recombinated ES cells for Spred-1 and Spred-2 can be further treated with a Cre-
recombinase containing plasmid (pmc-Cre; Neurobiology) by electroporation. For
PCR selection of the different recombination events, the following primer pairs can be
used.

For Spred1:

5 Kontr. Spr.1Cre(lox): (5’GTTACTACTTTTTCCAGTCGCTTAATAACT’) (loxP),

3' 1b KO to Neo neu: (5'GACCTTTGGCCTAAGGAACA3)).

For Spred2:

5’Spr.2 Cre-Kontrolle: (5 TAGCTTCATAAAACGTTAATAACTTC3’) (loxP),

3'2b in KO to Neo neu: (6'GGACGCTCCTGTCAATCACAZ)).

The following list shows the four possible events with the resulting PCR product

lengths in the screening PCR (Spred-1/Spred2):

1) No recombination event (original clone): 3300 bp/3060 bp
2) Conventional knockout: 240 bp/250 bp

3) Conditional knockout: 1400 bp/1200 bp
4) Deleted exon 2, neo-cassette still present: 2200 bp/2100 bp

For further use, the ES cells clones for conventional and conditional knockouts are of
major interest and can be injected directly in blastocysts to generate the mouse strain

of interest.
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Another alternative to obtain conditional knockout mice is the electroporation with a
Flipase-recombinase (Flp) expressing vector. After successful recombination, the
neo-cassette is deleted and a floxed exon 2 remains. Furthermore, the homologous
recombinated ES cells can be used directly to generate mice, which are further

mated with Flp-deleter mice to obtain conditional knockout mice.

4.8. Mouse physiology

4.8.1. Hormone measurements in mice

Blood was collected from the V. cava, clotted, and centrifuged to separate the serum.
Steroid hormone levels - estrogen and testosterone - were measured in the Institute
of Gynaecology (Wurzburg). Thyroid hormone levels - TSH, T3, and T4 - were

measured in the Department of Endocrinology (Wurzburg).

4.8.2. Blood glucose measurements in mice

Blood glucose levels were measured by taking a blood drop from the mouse tail tip
and analyzing it with Accu Check (Roche).

4.8.3. Blood cell counts in mice

To count the different blood cell numbers, blood was collected from the V. cava in
appropriate EDTA tubes, and measured with standard cell counters in the Central

laboratory (University of Wurzburg).

4.8.4. Bleeding time measurements in mice

To measure the bleeding time, the mouse tail tip was cut and the forming blood drop
removed with a filter paper every 20 seconds. The time, until no further drop had

formed, was measured.

4.8.5. Bleeding volume measurements in mice

To measure the bleeding volume, the mouse tail tip was cut and the forming blood
drops collected in a heparinized glass capillare (Kaba; 85ul capillares: 1 cm = 1 pl)

until the bleeding stopped.
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4.8.6. Heart parameter measurements in mice

Blood pressure, heart rate, and further heart parameters were measured by heart
catheterizing through the A. carotis. This work was done by Dr. Kai Hu, Cardiology
(Wurzburg).

4.8.7. Estimation of bone lengths

To measure bone lengths, isolated mouse legs were exposed by soft X-ray.

4.8.8. Statistical analyzes

Statistical analyzes were calculated by Student’s T-test (Excel).

4.9. Additional materials and equipment

General chemicals were derived from Ambion (Austin, USA), Gibco Lifesience
(Eggenstein), Merck (Darmstadt), Roth (Karlsruhe), Serva (Heidelberg), and Sigma

(Deisenhofen).

Additionally, the following equipment was used:

Electrophoresis chambers (BioRad,Wide Mini SUB® Cell; BioRad, Mini-SUB® Cell
GT), heating block (Eppendorf, Thermomixer 5U36), COs-incubator (Heraeus
Instruments type B 6060), magnet stirrer (IKA, Combimag REO), PCR machines
(MWG Biotech, Primus 96 plus; Perkin Elmer, GeneAmp PCR System 2400), pH-
meter (Radiometer/ Copenhagen, PHM 92 LAB pH Meter), UV-photometer
(Pharmacia Biotech, Ultrospec 2000 UV/ Visible Spectrometer), power supply
(Pharmacia, Gene Power Supply GPS 200/400), shaker (B.Braun, Certomat®
H/Certomat® R), speed vac (Savant, Speed Vac Plus SC 110A; Savant, Universal
Vacuum System Plus with VaporNet® UVS 400A), vacuumpump (type MZ 2C,
Vacuubrand GmbH-Co; Wertheim), vortexer (Scientific Industries (SlI) Vortex-Genie
2), scale (Sartorius, MC1 Laboratory LC 4800 P), and centrifuges (Personal Spin-
Vortex Microspin FV-2400; Table centrifuge, Eppendorf centrifuge 5415; Sorvall RC 5
B Plus; Sorvall RC 5B Refrigerated Superspeed Centrifuge; Sorvall RT 6000D,
Beckmann J-6B; Rotanta/ TRC centrifuge).
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5. Results

5.1. Generation of Spred-2-deficient mice using a gene trap

approach

In order to generate Spred-2-deficient mice, an embryonic stem cell clone with a
disrupted Spred-2 gene, XB228, Baygenomics, San Francisco
(http://baygenomics.ucsf.edu), was used for blastocyst injection. Chimeric male
offspring (Fig. 7) were then mated to wildtype C57BI/6 mice to test for germ line
transmission of the disrupted Spred-2 allele. Inbreeding of heterozygous offspring
resulted in a slightly altered Mendelian ratio of 33.33% wildtype, 41.03%

heterozygous, and 25.64% knockout mice (n=195, in total).

Figure 7.
Male chimera.

Example of the mixed ola/black coat colour of
a male chimeric mouse.

The gene trap vector pGTO in the XB228 ES cell line was inserted between exons 4
and 5 of the Spred-2 gene and the point of insertion was further defined by PCR and
sequencing (Fig. 8A). Thereby, the artificial B-geo fusion cDNA of the pGTO gene
trap vector was brought under control of the endogenous Spred-2 promoter (Fig. 8A).
Single integration of the gene trap vector into the genome was verified by Southern
blotting. Therefore, genomic DNA was digested with Bglll and part of the pGTO
vector was used as radioactive probe (Fig. 8A). Appearance of only one additional
band in knockout and heterozygous mice pointed towards a single integration of the
gene trap vector. The upper band in the blot, which was also present in wildtype
DNA, is related to the endogenous engrailed2 gene, as the vector probe is part of the
en2 intron 1 (Fig. 8B). In XB228 ES cells, vector insertion and (-galactosidase
expression was confirmed by X-Gal staining (Fig. 8D). Offspring were genotyped by
PCR analyzes using primers Pr.1 and Pr.2 (Fig. 8A) for the knockout PCR and Pr.1
and Pr.3 (Fig. 8A) for the wildtype PCR (Fig. 8C).
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Figure 8.
Localization of the gene trap vector interrupting the Spred-2 gene.

(A) Spred-2 protein structure with the corresponding genomic exon organization and a
hypothetical promoter region. Exons 1, 2, and 3 are coding for the EVH-1 domain, exons 4
and 5 for the middle part and exon 6 for the KBD (c-Kit-binding domain) and the SPR
(Sprouty related) domain. Numbers above exons correspond to the Spred-2 cDNA. The gene
trap vector, composed of a part of the engrailed 2 intron 1 structure (en2 intron1), a splice
acceptor (SA), a [B-galactosidase/neomycin resistance fusion gene (B-geo), an SV40
polyadenylation sequence (SV40pA), and a pUC backbone vector sequence, was inserted
between exons 4 and 5 of the Spred-2 gene. The nucleotide sequence near the splice
junction joining the Spred-2 exon 4 splice donor (SD) to the splice acceptor (SA) in the vector
sequence is indicated below the diagram. Downstream of the splice acceptor, the first part of
the engrailed 2 (en2) coding leader sequence with the Bglll restriction site (underlined) is
indicated. In the vector diagram, the Southern probe representing a part of the engrailed 2
intron 1 sequence and the 3 primers (Pr.1, Pr.2, and Pr.3) used for genotyping PCRs are
shown. The two relevant Bglll restriction sites, one in the Spred-2 intron part and the other
one in the gene trap vector sequence, are marked.

(B) Southern blot with DNA of wildtype (wt), heterozygous (het) and knockout (ko) mice,
demonstrating single insertion of the gene trap vector in het and ko mouse DNA. The upper
band - also present in wt DNA - corresponds to the endogenous engrailed 2 (en2) gene.

(C) Representative PCRs giving genotype of mice: knockout (ko) and wildtype (wt).

(D) X-Gal staining of cultured XB228 embryonic stem cells.
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Male and female knockout mice were fertile and inbred matings resulted in viable
offspring, although litters were smaller (average litter size 4.4 pups, ranging from 3-
7), compared to litters of wildtype breeding pairs (average 8.4, ranging from 5-12). In
general, life expectancy, nesting, and nursing behavior of knockout mice were

inconspicuous as compared to their littermates.

5.2. Spred-2-deficiency in knockout mice on RNA and protein level

Successful disruption of the Spred-2 gene in Spred-2"" mice was tested at both RNA
and protein levels. Total RNA of different organs derived from Spred-2-deficient and
wildtype mice was subjected to RT-PCR using specific primers for Spred-2 and
GAPDH. Loss of Spred-2 mRNA was confirmed in all samples tested (Fig. 9A).
Northern blot analyzes of brain - representing the organ with the strongest natural
Spred-2 expression - revealed no apparent forms of Spred-2 mRNAs in total RNA
preparations of Spred-2"" mice (Fig. 9B). To examine Spred-2-deficiency at the
protein level, Western blots were performed with affinity-purified polyclonal rabbit
anti-Spred-2 antibodies. As above, brain lysates of wildtype and Spred-2"" mice were
used as indicator tissues, since brain represents the organ with the highest Spred-2
expression levels. Specificity of antiserum was confirmed with lysates of HEK293
cells transfected with expression constructs for Spred-1 and -2. At the protein level,
lack of Spred-2 protein in Spred-2” mice indicated functional loss of Spred-2 (Fig.
9C). Spred-1 expression in brain was determined by Western blot analyzes with
affinity-purified polyclonal rabbit anti-Spred-1 antibodies. Comparable amounts of
Spred-1 protein were detected in brain lysates of Spred-2*"* and Spred-2"" mice,

giving no evidence for a compensatory upregulation of Spred-1 expression (Fig. 9C).

52



Results

A 2 o
= c =
> T c =
- . ) & £ £ o o)
o - - o)
= @® ) ~ 5 : : @ o
— A 5 I X n wn — wn O
T 2828288282822t 2¢

-Spred-2

-GAPDH
B wt ko C . Brain ~~ HEK
+/+ = - Spr2 Spr1
6 ' —Spred—2 -u_ % - -Spred-2
3 5 g... -Spred-1

 -GAPDH
. S -Actin

Figure 9.
Loss of Spred-2 in XB228-derived mice.

(A) RT-PCR showing loss of full-length Spred-2 mRNA in selected organs of knockout (ko)
mice in comparison to wildtype controls (wt). (B) Northern blot using wildtype and knockout
brain RNA. Note that no truncated or prolonged aberrant band was detectable in knockout
mouse-derived RNA preparations. GAPDH levels indicate RNA integrity and equal loading.
(C) Western blots demonstrating lack of Spred-2 protein in brain lysates of XB228-derived
mice in comparison to lysates of control mice. Spred-1 levels seemed to be unaltered in
Spred-2-deficient brain lysates. Lysates of Spred-1- and Spred-2-overexpressing HEK293
cells served as positive controls and actin levels indicate equal loading.
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5.3. Gene disruption of Spred-2 causes achondroplasia-like

dwarfism

Homozygous Spred-2-deficiency resulted in reduced body length and low body
weight as compared to wildtype littermates (Fig. 10A). Soft X-ray exposures revealed
a smaller skeleton of knockouts being in line with the observed growth retardation
(Fig. 10B). Measurements of body weights of male (Fig. 10C) and female (Fig. 10D)
wildtype and knockout mice at the age of 20 to 160 days demonstrated the trend
towards dwarfism. Spred-2-deficient mice were already smaller at birth (Fig. 10A left
panel) and remained smaller throughout the investigated lifetime (up to one year).
Comparison of body weights of males (Fig. 10E) and females (Fig. 10F) at three
different time points (25 days, 60 days, and 90 days) revealed statistically significant
body weight differences between wildtype and knockout mice (n=10 for each time
point, *male p<0.01, *female p<0.05). Growth differences between male wildtype and
knockout mice were more pronounced than that of their female counterparts. This
might be due to an X-chromosomal compensatory effect in females which is not
known yet and has to be investigated further. Organ weights in relation to whole body
weights were compared at different time points: the organ weight to body weight ratio
was not altered in knockout mice (lung: wt=0.6% * 0.137%, ko=0.8% * 0.081%,
heart: wt=0.4% + 0.119%, ko=0.5% + 0.076%, kidney (average of both kidneys):
wt=0.4% = 0.095%, ko=0.6% £ 0.099%; liver: wt=4,6% + 0.436%, ko=5,0% =
0.707%; spleen: wt=0.3% + 0.091%, k0=0.3% * 0.117%; nwy=10, nko)=7), pointing

towards a proportional dwarfism phenotype.
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Figure 10.

Achondroplasia-like dwarfism.

(A) Knockout and wildtype littermates at P1 (left panel) and 8 weeks of age (right panel),
demonstrating achondroplasia-like dwarf phenotype shortly after birth and in adulthood.

(B) X-rays of knockout and wildtype littermates at 8 weeks of age, showing generally reduced
skeletal growth.

(C) Body weight trend curves of male knockout and wildtype mice showing development of
body weight differences. Knockout mice are smaller at birth and stay smaller as wildtype
mice.

(D) Body weight trend curves of female knockout and wildtype mice displaying similar body
weight development differences, albeit female mice show a milder but also distinct weight
difference as compared to male mice (C).

(E) Significant differences in body weights of male knockout and wildtype mice at the age of
25, 60, and 90 days (*p<0.01; n=10) and of female mice (F), showing smaller but still
statistically significant differences of body weights at different time points (*p<0.05; n=10).
(wt, wildtype; ko, knockout.)
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5.4. Unaltered hormone and blood tests in Spred-2" mice

To determine, whether the dwarf phenotype might be due to changed levels of
steroid or thyroid hormones, serum levels of testosterone, estrogen, thyroid
stimulating hormone (TSH), 3,5,3'-triiodothyronine (T3), and thyroxin (T4) were
compared in female and male knockout and wildtype mice. None of these
investigated hormone levels was found to be altered and, therefore, altered hormone
production and secretion of steroid and thyroid hormones could be excluded (Fig.
11). As dwarfism could also be due to changed insulin metabolism, the blood glucose
levels of Spred-2""* and Spred-2” mice were tested at different times of the day.
Since no significant alterations in glucose levels were detectable, a dysfunction of
insulin metabolism seemed very unlikely (Fig. 11). Furthermore, except of an
increased platelet amount, the cell counts of erythrocytes and white blood cells, as

well as the hemoglobin and hematokrit levels were found to be unaltered in Spred-27

mice (Fig. 11).
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Figure 11.

Blood cell counts, blood glucose, and hormaone levels.

Diagrams show the comparison of platelets, erythrocytes, leukocytes, hemoglobin (Hb),
hematokrit (Hk), blood glucose, thyroid stimulating hormone (TSH), 3,5,3'-triiodothyronine
(T3), thyroxin (T4), estrogen (E2), and testosterone between Spred-2 knockout (ko) and
wildtype (wt) littermates. Except of a significantly increased amount of platelets in Spred-2"-
mice, all measured blood parameters are not altered.
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To observe, whether the lack of a functional Spred-2 protein causes structural
changes in organs of these mice, paraffin sections of several organs were stained
with hematoxylin and eosin. Apart from a clear increase of megakaryocytes in the
spleen of Spred-2 knockout mice as compared to wildtype littermates (Fig. 17), no
obvious structural changes were observed in lung, heart, liver, kidney, stomach,
small intestine, large intestine, thymus, testis, ovaries, uterus, skeletal muscle,

salivary glands, and the prostate (data not shown).

5.5. Spred-2 promoter activity in bones

Assuming that the dwarf phenotype was due to a skeletal disorder, Spred-2
expression in bones and chondrocytes was determined. To visualize the expression
pattern of Spred-2, the activity of the artificial B-geo fusion gene of the pGTO gene
trap vector, which is - following appropriate integration of the vector - brought under
the control of the Spred-2 gene promoter, was analyzed. X-Gal stainings of lower
legs of P7 knockout and wildtype mice (Fig. 12A-L) revealed Spred-2 promoter
activity in chondrocytes of the whole growth plate of tibia, fibula, and femur. Very
strong activity was also found in the periost (Fig. 12A, C). Spred-2 expression was
seen in chondrocytes of all corresponding cartilage areas of the knee joint including
the patella, tibia, and femur (Fig. 12E, G).

Remarkable Spred-2 expression was also seen in secondary ossification centers of
long bones (Fig. 12I) and in distinct cells of bone marrow (Fig. 12K). As negative
controls, corresponding wildtype sections were examined (Fig. 12B, D, F, H, J, and
L). Additionally, cryosections of newborn knockout mice were stained with X-Gal and
Spred-2 promoter activity was detected in ribs (Fig. 12N), in chondocytes of the
acetabulum, the femur head in the hip joint (Fig. 120), and in secondary ossification
centers of the femur (Fig. 12M). In a higher magnification, X-Gal activity was clearly
visible in chondrocytes of the growth plate (Fig. 12P). X-Gal staining of thoraxes of

adult mice revealed Spred-2 expression at the cartilage areas of the ribs (Fig. 12Q).
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Figure 12.
Spred-2 promoter activity in bones.

X-Gal staining of cryosections of knockout (A, C, E, G, | and K) and wildtype (B, D, F, H, J,
and L) lower legs at P7. Corresponding wildtype sections serve as negative controls for
specific X-Gal staining in knockout mice. (A) X-Gal staining show Spred-2 promoter activity in
chondrocytes of the growth plate and strong activity in the periost of proximal tibiae (arrows).
(C) Spred-2 promoter activity in a proximal fibula demonstrating Spred-2 expression in the
upper fibula pole, chondrocytes of the growth plate and the periost. Patella and the
corresponding area of the tibia show Spred-2 activity in chondrocytes, as well (arrows in E).
A knee joint with tibia and femur is shown in (G), in which chondrocytes are specifically
stained in the distal areas. Arrows in (l) indicate expression of Spred-2 in secondary
ossification centers of the tibia head. (K) Positive Spred-2 signal in the periost of the femur
metaphyse is marked by arrows, the arrowheads indicate a strong signal in distinct cells in
the bone marrow. (M-P) X-Gal staining of cryosections of newborn knockout mice. Spred-2
promoter activity was observed in a secondary ossification center of the distal femur (arrow
in M). Longitudinal section through a rib (N) and a femur head in the acetabulum (O) show a
strong signal in chondrocytes. Higher magnification of chondrocytes demonstrates distinct
Spred-2 promoter activity in these cells (P). Scale bars 200 yum (A-O), 50 um (P). (Q) Spred-
2 promoter activity in cartilage areas of ribs of adult XB228-derived mice (arrows); wildtype
thorax (left) as negative control.
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5.6. Expression of endogenous Spred-2 in chondrocytes

To investigate endogenous Spred-2 protein expression, lower legs of P7 wildtype
mice were dissected and immunostained with a polyclonal Spred-2-specific antibody.
Thereby, it was confirmed that Spred-2 protein expression was congruent to the
detected Spred-2 promoter activity shown in Figure 12. Spred-2 was found to be
expressed in chondrocytes of growth plates (Fig. 13E), the tibia head (Fig. 13F),
secondary ossification centers (Fig. 13G), the periost, and distinct cells in the bone
marrow (Fig. 13H). As negative controls corresponding sections were stained with

secondary antibody (Fig. 13A-D).

5.7. Narrower growth-plate and reduced tibia length in Spred-2"

mice

In order to investigate the morphology of growth plates, the histology of epiphyseal
growth plates was examined at P6 and P10 by HE stained sections and in 1 week, 4
weeks, and 12 weeks old knockout and control mice by toloudine staining (Data were
obtained from a co-operation with T. Schinke and M. Amling, Hamburg). Growth
plates of knockout tibiae showed narrower zones of hypertrophic chondrocytes and
the proliferative and hypertrophic zone together was shorter in all stages in
comparison to the wildtype tibiae (Fig. 13I-L; Fig. 14). Soft X-ray exposures of
wildtype and knockout lower legs showed a highly significant reduction in tibia length
of Spred-2-deficient mice (Fig. 13M, Fig. 13N; average wt=18.1 mm, ranging from 17-
21 mm; average ko=16.1 mm, ranging from 14-18 mm; nwt=32; Nko)=26; *p<0.01).
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Figure 13.
Spred-2 deficiency causes bone growth defects.

(A-H) Immunohistochemistry of wildtype tibiae at P7. (A-D) Corresponding negative controls
to the figures in the second row stained with the secondary antibody alone. (E-H) Spred-2
expression is demonstrated in different tibia areas. (E) shows a Spred-2 signal in
chondrocytes of the growth plate, primary spongiosa, and the periost. In (F), the tibia part of
the knee joint is shown with Spred-2 expressing chondrocytes of the tibia head. Spred-2 is
also present in secondary ossification zones of the tibia head (G), in the periost, and the
bone formation zone of the tibia metaphyse (H). Some cells in the bone marrow have a
positive Spred-2 signal (H).

(I-L) HE staining of tibia growth plates of knockout (I and K) and wildtype (J and L) littermates
at P6 (I and J) and P10 (K and L). Measured sections indicate lengths of growth plate zones.
Thick lines mark lengths of hypertrophic chondrocyte zones, thin lines mark lenghts of
proliferative and hypertrophic chondrocyte zones together. At stage P6 and P10, the
hypertrophic chondrocyte zone and the whole growth plate zone was smaller in knockout
tibiae as compared to wildtypes. Scale bars, 200 uym.

(M) Soft X-rays of wildtype and knockout lower legs, showing tibia lengths differences.

(N) Statistical significant differences of tibiae lengths of wildtype and knockout tibiae
(*p<0.01; n(ko)=26, n(wt)=32).
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Figure 14.
Narrower growth plates in Spred-2" mice.

Toluidine staining of tibia growth plates derived from 1 week, 4 weeks, and 12 weeks
wildtype (wt) and knockout (ko) littermates. Measurements of growth plate thickness are
marked below each figure. All stages of knockout mice demonstrate a narrower growth plate,
especially with a reduction of the hypertrophic chondrocyte zone as compared to the wildtype
controls. (wk, week(s); *p<0.05; n=4 animals for each time point). (These data are obtained
from a co-operation with T. Schinke and M. Amling, Hamburg).

5.8. Increased and earlier ERK phosphorylation in Spred-2"

chondrocytes after FGF stimulation

Since Spred-2 has been shown to be a negative regulator of the MAPK signaling

pathway (Wakioka et al., 2001), ERK and phosphorylated ERK expression was

examined in P7 knockout and wildtype lower legs by immunohistochemistry. ERK

and phosphorylated ERK stainings were detected in both wildtype and knockout
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tissue (Fig. 15). In particular, ERK and phosphorylated ERK was detected in
chondrocytes of the tibia growth plate, primary spongiosa, chondrocytes of the knee
joint, secondary ossification centers, and bone trabecules of the tibia metaphyse (Fig.
15).

wit
ERK

ko
ERK

wt
P-ERK

ko
P-ERK

Figure 15.
Expression of ERK and phosphorylated ERK in tibiae at P7.

Immunhistochemistry of wildtype (A-D and I-L) and knockout (E-H and M-P) tibiae at P7. (A-
H) are stained with anti-ERK antibody, (I-P) are stained with anti-phospho-ERK antibody. (A,
E, I, and M) show tibia growth plates, (B, F, J, and N) show knee joints with the proximal tibia
and distal femur, (C, G, K, and O) show proximal tibiae with secondary ossification centers,
(D, H, L, and P) show a tibia metaphyse with bone marrow. ERK and phospho-ERK are
expressed in chondrocytes of the growth plate, in primary spongiosa, in secondary
ossification centers, and in some bone marrow cells (corresponding negative controls are
seen in Figure 13 A-D).

Stimulation of cultured chondrocytes with different concentrations of FGF (5 ng, 10
ng, and 50 ng FGF/ml) revealed an earlier and increased ERK phosphorylation in

+/+

Spred-2" chondrocytes in comparison to Spred-2 chondrocytes. Unspecific
stimulation with fetal bovine serum (1% FCS or 10 % FCS) did not result in altered
ERK phosphorylation in chondrocytes of wildtype and knockout chondrocytes (Fig.

16).
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Figure 16.
Earlier and increased FGF-

induced ERK phosphorylation in
Spred-2" chondrocytes.
Chondrocytes of Spred-2 and
Spred-2" mice were stimulated
with 5 ng FGF/ml, 10 ng FGF/ml,
50 ng FGF/ml, 1% FCS, and 10%
FCS for indicated periods. Cell
extracts were immunoblotted with
anti-ERK1/2  or  anti-phospho-
ERK1/2 antibodies.
Phosphorylation of ERK is earlier
and increased in stimulated Spred-
2" chondrocytes with all tested
FGF concentrations. (Chondrocyte
stimulations were done in four
different wt/ko pairs of mice.)

+/+

5.9. Increased bleeding in Spred-2" mice

An additional phenotype of the Spred-2 mice was an increased bleeding after

injuries. The bleeding volume was extremely enlarged and the bleeding time was

significantly prolonged (Fig.

17). So far, an increased bleeding resulted by

hypertension was excluded by blood pressure measurements (Fig. 17). Interestingly,

the amount of megakaryocytes in the spleen and the platelet amount in the

peripheral blood of Spred-2"' mice were increased as compared to wildtype controls,

suggesting an altered platelet function (Fig. 17). To further examine the physiological

reasons of this phenotype, the different steps of the clotting cascade have to be

investigated further.
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Figure 17.

Bleeding phenotype of Spred-2 deficient mice.
(A, B) HE staining of the spleen demonstrates an increased number of megakaryocytes in
(A) knockouts (ko) as compared to (B) wildtypes (wt). (C-G) Diagrams indicate a significantly
increased bleeding volume (C), a prolonged bleeding time (D), and an increased amount of
platelets (E) in Spred-2” mice in comparison to wildtype mice. Heart rate (F) and blood
pressure measurements (G) are unaltered in knockout and wildtype mice.

5.10. Tissue-specific Spred-2 promoter activity characterized by a

gene trap approach

This gene trap approach gives as well the opportunity to study the Spred-2 promoter

activity tissue-specific in situ of mice. Therefore, this tool was used to examine the

physiological Spred-2 promoter activity in various organs of newborn and adult mice.
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5.10.1. Physiological Spred-2 promoter activity in newborn mice

To visualize the physiological Spred-2 promoter activity in newborn mice, the
expression of the artificial B-geo fusion gene of the pGTO gene trap vector was
analyzed by X-Gal staining. As the B-geo fusion gene was brought under control of
the Spred-2 gene promoter, [-galactosidase expression was regarded as an
appropriate indicator of the physiological Spred-2 promoter activity (Fig. 8A).

X-Gal staining of cryosections of whole newborn mice gave a complete overview of
the Spred-2 promoter expression pattern in various organs (Fig. 18, and Fig. 19).
Very high activity was detected in neural tissues like cerebrum (Fig. 18A, 18D, 19A,
19B), cerebellum (Fig. 18A, 19C), medulla oblongata (Fig. 19D), spinal cord (Fig.
18C, 19F), and spinal nerves (Fig. 18A, 18H, 19E). In particular, the frontoparietal
cerebral cortex as well as Ammon’s Horn (Fig. 18A and Fig. 19B) showed strong
Spred-2 promoter activity, while in cerebellum mainly the granular cell layer of the
cerebellar cortex was positive (Fig. 19C). Furthermore, a very strong promoter
activity was depicted in salivary glands (Fig. 18A) and kidneys, mainly in the cortex of
kidneys (Fig. 18A, 18F, 18H, 19H). In organs of the intestinal tract, the Spred-2
promoter was found to be predominantly active in smooth muscle cells and glandular
cells of the mucus epithelium. This activity was investigated in stomach (Fig. 18A,
18G, 19N), small intestine (Fig. 18H, 190, 19P), and colon (Fig. 181, 19Q, 19R).
Remarkable Spred-2 promoter activity was also seen in the late developing eye with
strong intensity in the retina and weaker staining in the episclera (Tenon’s capsule)
(Fig. 18A, 19G). In skin (Fig. 18A, 18J), the medulla (Fig. 18J, 19S) and the inner
(Huxley’s layer and Henle’s layer) and outer root sheath of the hair follicles were
stained, as well (Fig. 18A, 19T).

Additionally, the Spred-2 promoter was active on a lower level in heart (Fig. 18E,
19K, 19L, 19M), lung (Fig. 18A, 18E, 19I, 19J), and cartilage tissues (trachea: Fig.
18C; bronchi: Fig. 19I; ribs: Fig. 18B, 19W; and hip joint: Fig. 19X). Almost no activity
was detectable in skeletal muscle (Fig. 18A, 19U) and liver (Fig. 18A, 19V), except
smooth muscle cells within the walls of blood vessels (Fig. 19V).

In other words, although the Spred-2 promoter was found to be active in nearly all
organs tested here, the activity levels were obviously different and revealed tissue-

and cell-specific differences in Spred-2 promoter activity.
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Spred-2 promoter activity in newborn mice; overviews.

X-Gal stained cryosections of newborn Spred-2” mice. (A) Sagital overview of a whole
animal section. Organs with high Spred-2 promoter activity are marked (AH: Ammon’s Horn;
cb: cerebellum; sal. glands: salivary glands). In (B) ribs; (C) spinal cord and trachea; (D)
cerebrum; (E) heart and lung; (F) kidney; (G) stomach; (H) spinal nerves (sn), small intestine,
and kidney; (1) colon; and (J) skin are presented.
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Figure 19.

Spred-2 promoter activity in newborn mice; detailed illustrations.

X-Gal stained cryosections of newborn Spred-2”~ mouse organs. (A, B) cerebrum; (B)
Ammon’s Horn; (C) cerebellum; (D) medulla oblongata; (E) cervical spinal nerves (sn) and
vertebrae (ve); (F) spinal cord; (G) eye (arrow: episclera (Tenon’s capsule); arrowhead:
retina), (H) kidney cortex; (l) lung (arrows: bronchi); (J) alveolar epithel; (K) heart (lv: left
ventricle); (L) myocard longitudinal section; (M) myocard cross-section; (N) stomach (arrow:
mucus membrane; arrowhead: tunica muscularis); (O) small intestine longitudinal section
(arrows: tunica muscularis); (P) small intestine (arrows: intestinal villi cross-sections); (Q)
colon cross-section (arrow: mucus membrane; arrowhead: tunica muscularis); (R) colon
mucus membrane (arrow: goblet cells; arrowhead: tunica muscularis); (S) skin (arrows: hair
follicles); (T) whiskers cross-sections (arrows indicate the inner (Huxley’s and Henle’s layer)
and outer root sheath of the hair follicle); (U) skeletal muscle; (V) liver (arrows: Glisson trias);
(W) rib cartilage (arrow: chondrocytes); (X) hip joint (th: femur head, ac: acetabulum). Scale
bars 200 ym and 50 um, as indicated.
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5.10.2. Physiological Spred-2 promoter activity in adult mice

To examine the physiological Spred-2 promoter activity not only in premature, but
also in adult mice, B-galactosidase activity was deteced in whole organs (Fig. 20) and
organ sections (Fig. 21 and 22) of adult mice. The staining of whole mouse organs
gave a general overview and impression of Spred-2 promoter activity; whereas the
staining of organ sections allowed detailed analyzes of the tissue- and cell-specific
expression pattern.

First, very high Spred-2 promoter activity was detected in brain and various glands,
including prostate (Fig. 20; Fig 21F, 21G), salivary glands (Fig. 20; Fig. 21H, 21l),
and mucus epithelium glands in stomach (Fig. 21K) and colon (Fig. 210, 21P, 21Q),
respectively. In cerebrum (Fig. 20; Fig. 21A, 21B, 21C, 21D), the fronto-parietal
cortex and the Ammon’s Horn were strongly positive. Interestingly, an additional
submeningeal, strongly positive cell layer of neuronal cells with strong Stred-2
promoter activity was detected (Fig. 21D), reminding similar submeningeal neural cell
populations found in the neonatal cerebral cortex. In cerebellum, the granular cell
layer of the cerebellar cortex including Purkinije cells were also strongly positive (Fig.
20; Fig. 21B, 21C, 21E),

Second, high Spred-2 promoter activity was observed in smooth muscle cells of the
intestinal tract and uterus. In stomach (Fig. 21J), small intestine (Fig. 21L, 21M, 21N),
and colon (Fig. 210, 21P) smooth muscle cells of the tunica muscularis were stained,
as well as the lamina muscularis mucosae in stomach (Fig. 21J, 21K). Moreover,
smooth muscle cells in the myometrium of the uterus (Fig. 21R, 21S) were X-Gal
positive.

Third, Spred-2 promoter activity was examined in kidney, whereas the expression in
the cortex was higher, compared to the mark zone (Fig. 220, 22P, 22Q).

Fourth, very low promoter activity was detected in cardiac muscle cells (Fig. 22A,
22B, 22C), testis (Fig. 22F, 22G), liver (Fig. 22J, 22K), and lung (Fig. 22L, 22M, 22N);
and almost no Spred-2 promoter activity was seen in skeletal muscle (Fig. 22R, 22S)
and spleen (Fig. 22T, 22U).

Finally, and very interestingly, distinct Spred-2 promoter activity was explored in
vascular smooth muscle cells. Impressive examples were detected in blood vessels
of heart (Fig. 22D, 22E), testis (Fig. 22H, 221), and liver (Fig. 22J, 22L).
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Figure 20.
Overview of Spred-2 promoter activity in whole mouse organs.

X-Gal stained whole mouse organs of Spred-2*"* (left; negative control) and Spred-2" (right)
mice. X-Gal staining illustrates high Spred-2 promoter activity in brain, prostate, salivary

glands, and small intestine; and low activity in kidney, liver, heart, lung, spleen, and testis.
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Figure 21.
Spred-2 promoter activity in adult mice; organs with a high expression profile.

X-Gal stained cryosections of adult Spred-2"~ mouse organs.

(A, B, and C) Horizontal brain sections of three different levels (top to bottom, cb:
cerebellum); (D) cerebrum; (E) cerebellum; (F, G) prostate (arrows: apical pole of glandular
epithelial cells); (H, 1) salivary glands (arrows: glandular epithelial cells); (J, K) stomach
(arrows: lamina muscularis mucosae; arrowhead: tunica muscularis; asterisk: luminal side);
(L, M, and N) small intestine (arrowheads: tunica muscularis; asterisk: luminal side); (O, P,
and Q) colon (arrowheads: tunica muscularis; arrows: mucus membrane; asterisk: luminal
side); (R, S) uterus (arrows: myometrium; asterisk: luminal side). Scale bars 200 um and 50
pUm, as indicated.
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Figure 22.
Spred-2 promoter activity in adult mice; organs with a low expression profile.

X-Gal stained cryosections of adult Spred-2" mouse organs.

(A-E) heart; (A) myocard (asterisk: left ventricle); (B) myocard longitudinal section; (C)
myocard cross-section; (D, E) heart blood vessels (arrows: vascular smooth muscle cells);
(F-I) testis (asterisk: lumina of tubuli seminiferi; arrows: vascular smooth muscle cells); (J, K,
and L) liver (arrows: vascular smooth muscle cells of Glisson trias’ blood vessels; asterisk:
central vein); (M, N) lung (arrowheads: bronchi; arrows: blood vessels; asterisk: alveolar
lumina); (O, P, and Q) kidney (co: cortex, ma: mark); (R, S) skeletal muscle; (T, U) spleen.
Scale bars 200 ym and 50 ym, as indicated.
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5.11. Spred-1 and Spred-2 RNA expression pattern in mice

The RNA expression patterns of Spred-1 and Spred-2 in various mouse organs were
examined by RT-PCR analyzes using Spred-1 and Spred-2 specific primer pairs. As
a control for RNA amount and quality, additional RT-PCRs with GAPDH primers
(housekeeping gene) were performed in parallel.

The strongest Spred-1 RNA expression was found in brain (Fig. 23A). After 30 PCR
cycles, a much weaker but detectable signal for the Spred-1 transcript was also
observed in lung, heart, liver, kidney, intestine, spleen, testis, thymus, and ovaries
(Fig. 23A). Although the expression levels varied over a broad range, with a very high
signal in brain, RT-PCR analyses revealed the presence of the Spred-2 transcript in
all investigated adult tissues (Fig. 23A).

Analyzes of Spred-1 and Spred-2 mRNA expression in fetal tissues (E16) showed
substantial expression of both transcripts in heart, lung, liver, and brain. Weaker
signals for both proteins were obtained in mRNA preparations from femoral bone and

in placenta only Spred-1 mRNA expression was detected (Fig. 23B).
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Figure 23.
Spred-1 and Spred-2 mRNA expression in various adult and fetal mouse tissues.

(A) RT-PCRs -using 2 ug of total RNA per reaction and 30 amplification cycles- showed most
prominent expression of mouse Spred-1 and -2 mRNA in brain and a weaker signal for
Spred-1 in lung, heart, liver, kidney, testis, thymus, uterus, and ovaries. In contrast, mouse
Spred-2 mRNA was detected in almost all adult tissues tested. RT-PCRs using GAPDH-
specific primers were used as controls. Positive controls: 1 ng plasmids containing full-length
Spred-1 and -2 cDNAs in reaction mixture.

(B) Expression of Spred-1 and -2 mRNA in different fetal mouse tissues. RT-PCRs with fetal
RNA preparations showed expression of Spred-1 mRNA in heart, lung, liver, brain, placenta,
and -to a minor extend- in femoral bone. Spred-2 mRNA was found to be expressed in fetal
heart, lung, liver, and brain, and -also to a minor extend- in femoral bone. (H,O: RT-PCR
reaction mixture without RNA, M: DNA size marker.)

73



Results

Moreover, the mRNA expression of Spred-1 and Spred-2 was studied in adult mouse
organs by Northern blot analyzes using a commercial available Message Map™
Northern Blot (Stratagene) and the full-length cDNAs as radioactive labelled probes.
In all tested organs (brain, heart, kidney, liver, lung, skeletal muscle, spleen, and
testis) a similar Spred-1 and Spred-2 signal was detectable. The strongest signals
were observed in brain, lung, and kidney and the lowest mMRNA amount in skeletal

muscle (Fig. 24).
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5.12. Spred-1 and Spred-2 protein expression pattern in mice

5.12.1. Generation of Spred-1- and Spred-2-specific antibodies

In order to investigate the protein expression profile of Spred-1 and Spred-2, two
specific polyclonal antibodies were raised for Spred-1 and Spred-2, respectively.
Because of the high sequence homology of Spred-1 and Spred-2, especially
between their EVH-1 (62% homology), SPR (76%) and the KBD (45%) domains, the
Spred-1-specific antibody was raised and affinity-purified against an intermediate
region between the C-terminal boundary of the EVH-1 domain and the N-terminal
boundary of the KBD (aa 124-233). This region shows the lowest similarity between
the two Spred family members.

The Spred-2-specific antibody, used for the Western blot (Fig. 25), was raised and
affinity-purified against the region comprising the amino acids 96-415 of Spred-2.
This antibody was generated by Dr. Catherine Engelhardt.

Crossreactivity and specificity of the two antibodies were tested by Western blotting
(Fig. 25) and by immunofluorescence staining of Spred-1- and -2-overexpressing
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cells (Engelhardt et al., 2004). The two affinity-purified antibodies, generated to
detect Spred-1 and Spred-2, specifically recognized the corresponding protein and
did not cross-react with the other family members (Fig. 25). They detected Spred-1,
migrating at an molecular weight of approximately 49 kDa and Spred-2 at 47 kDa,
respectively. As positive controls, Spred proteins were over-expressed in eukaryotic
HEK 293 cells (a non-tagged full-length protein and a 6xHis/c-myc-tagged version of
mouse Spred-1 and Spred-2).

anti-Spred-1 anti-Spred-2
- S

@ Spr.1 Spr.1Spr2Spr2 @ Spr.1 Spr.1 Spr.2 Spr.2
+tag +tag +tag +tag

Figure 25.

Specificity of Spred-1- and Spred-2-specific antibodies.

(A) Western blots demonstrating specificity of Spred-1- and Spred-2-specific affinity-purified
antibodies. @: untransfected HEK293 cells, Spr.1: Lysate of cells transfected with the full-
length untagged Spred-1 expression vector, Spr.1+tag: cells transfected with the full-length
6xHis/c-myc-tagged Spred-1 expression vector, Spr.2: cells transfected with the full-length
Spred-2 expression vector, Spr.2+tag: cells transfected with the full-length 6xHis/c-myc-
tagged Spred-2 expression vector. Left panel probed with anti-Spred-1 antibody, right panel
probed with anti-Spred-2 antibody. No cross-reactivity of the Spred-1-specific antibody with
Spred-2 (left panel) and no cross-reactivity of the Spred-2-specific antibody with Spred-1
(right panel) was observed. Longer exposure revealed low expression levels of both proteins
in untransfected HEK cells.

5.12.2. Spred-1/-2 protein expression pattern in fetal and adult mice

Western blot analyzes detected the strongest Spred-1 protein expression in whole
brain and cerebellum, whereas Spred-2 protein expression was observed
predominantly in lung, liver, and testis. After long exposure times, Spred-1 was also
detectable in lung and colon, and Spred-2 was observed in all examined tissues
(Engelhardt et al., 2004).

In order to test whether the expression patterns of the Spred proteins change during
development, the immunoreactivity of mouse fetal tissues was examined. Spred-1
was expressed in fetal liver, brain, and heart at E16, whereas no Spred-2

immunoreactivity was detectable in these three fetal organs (Engelhardt et al., 2004).
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5.13. Generation of Spred-1 and Spred-2 knockout mice using gene

targeting vectors

To identify the chromosomal location and the genomic Spred-1 and Spred-2
sequences, the murine cDNA sequences were “blasted” to the EBI database of the
Sanger Institute (http://www.ensembl.org). Spred-1 was localized at chromosome 2
(E5), Spred-2 at chromosome 11 (A3.2), and Spred-3 at chromosome 7 (A3) (Fig.
26). Comparing the cDNAs with the genomic sequences, the exon-intron boundaries

were detected, and thereby the gene organization defined. Spred-1 consists of 7 and
Spred-2 of 6 exons. A detailed diagram with corresponding protein structures is

illustrated in Figure 27.
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Figure 26.
Gene localization of Spred-1, -2, and -3 in the mouse genome (EBI database, Sanger
Institute)

The upper part illustrates the 20 mouse chromosomes with the localization of Spred-1 on
chromosome 2 (E5), Spred-2 on chromosome 11 (A3.2), and Spred-3 on chromosome 7
(A3).

The lower part shows higher magnifications of the three chromosome areas with a more
detailed gene location (red bars). (Spr.: Spred).
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Figure 27.
Diagram of the genomic organization and correlated protein structure of Spred-1 and

Spred-2.

The upper lines illustrate the exon lengths (numbers indicate the base pairs of each exon)
and organization. Intron lengths were calculated from the EBI mouse database. The lower
lines present the correlated protein structures. Spred-1 DNA consists of 7 exons and the
protein has 445 amino acids. Spred-2 DNA consists of 6 exons and the protein has 411
amino acids. (Ex: Exon; EVH-1: Ena/VASP homology 1 domain; KBD: c-Kit binding domain;
SPR: Sprouty related domain; aa: amino acids).

In order to generate Spred-1 and Spred-2 knockout mice, gene targeting vectors with
a Cre-lox and Flp-frt system were designed. Both targeting vectors were designed
with almost the same cloning strategy, giving the opportunity to generate
conventional as well as conditional knockout mice. Aim of this strategy was to flank
exons 2 on both sides with a loxP site, to delete this exon completely (“conventional
knockout”) or tissue-specific (“conditional knockout”). Conditional knockouts can be
obtained by mating this mice with mice containing the Cre-recombinase under control
of a tissue specific promoter. If exon 2 is deleted, only a very short remaining exon 1
coding for 10 amino acids (Spred-1) and 8 amino acids (Spred-2), respectively, could

be expressed. Furthermore, this strategy excludes any theoretically possible splicing
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events because, in any case, a frame shift, resulting in a nonsense protein, would
occur. Both, Spred-1 and Spred-2 targeting vectors were cloned as documented in
Figure 4 and Figure 5 and described in detail in the Methods section. The gene
targeting vectors were linearized and electroporated in E14.1 embryonic stem cells,

and screened by PCR for homologous recombination (Fig. 28).

1.loxP 2.10xP g 3.10xP g
A | P Neo P HSV TK
B Ex1 Ex3
homologue recombination
1.loxP 2.loxP i 3A|0;<Pfrt
C Ex1 P Neo P Ex3
Cre-recombinase Flp-recombinase
conventional conditional
KO KO
Figure 28.

Spred-1/ Spred-2 knockout strategy using gene targeting vectors.

(A) Organization of the cloned part of the gene targeting vector. (For Spred-1 and Spred-2
the same strategy was used). Spred DNA sequences are marked in red, exon (Ex) 2 is
flanked by loxP sites, and the neomycin resistance cassette (Neo) is flanked by loxP (green)
and frt sites (yellow). The short homologous sequence is followed by two Herpes simplex
virus-thymidin kinase cassettes (HSV-TK).

(B) One Allele of the corresponding homologous Spred gene region is shown.

(C) Spred DNA structure after appropriate homologous recombination of the gene targeting
vector. In a further step, Cre-mediated recombination can lead to a conventional (1. and 3.
loxP site) or a conditional (2. and 3. loxP site) knockout (KO) construct. Additionally, Flp-
mediated recombination can lead to a conditional knockout construct as well (orange).

For each construct, one clone with homologous recombination was identified. For
Spred-1, clone IlI9E (2. electroporation) and for Spred-2, clone VI7TE (1.

electroporation), were positive (Fig. 29).
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Fiqure 29.
Positive ES cell clones for Spred-1 and Spred-2.

Left: Spred-1 ES cell screening PCR with one positive clone in lane 3 (clone IlI9E). Right:
Spred-2 ES cell screening PCR with one positive clone in lane 2 (clone VI7E), a negative
control, and dilution row of positive controls (1 fg, 10 fg, 100 fg, 1 pg of the control plasmid).

Both ES cell clones are now ready for further use. These ES cells offer different
opportunities:

1. Electroporation with a Cre-recombinase expression vector, which can lead to the
following 4 recombination events (Fig. 30):

A) no recombination, resulting in the original clone;

B) recombination with deletion of the part between the 1. and 3. loxP site, resulting in
a conventional knockout, where exon 2 and the neo cassette is deleted;

C) recombination with deletion of the part between the 2. and 3. loxP site, resulting in
a conditional knockout, where exon 2 is flanked by loxP sites (floxed) and the neo
cassette is deleted;

D) recombination with deletion of the part between the 1. and 2. loxP site, resulting in
a nonsense product, where exon 2 is deleted but the neo cassette is still present.
Subsequently, the conventional (Fig. 30B) and conditional (Fig. 30C) ES cells could
be used directly for blastocyst injection to generate chimeras and, therefore, the
mouse strain of interest.

2. Electroporation with a Flp-recombinase expression vector, which can lead to
conditional knockouts. After successful recombination, the neo cassette is deleted
and a floxed exon 2 remains (Fig. 30E).

3. Generation of a mouse strain by direct blastocyst injection of the clone and then
mating with Cre- or Flp-recombinase deleter mice to obtain conditional knockout

mice.
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Figure 30.
Cre- and Flp-recombination events.

(A) Spred (-1 or —2) gene after appropriate homologous recombination of the gene targeting
vector without any further Cre- or Flp-recombination event.

(B) Cre-mediated recombination event using the 1. and 3. loxP site, resulting in a
conventional knockout construct.

(C) Cre-mediated recombination event using the 2. and 3. loxP site, resulting in a conditional
knockout construct.

(D) Cre-mediated recombination event using the 1. and 2. loxP site, resulting in a nonsense
side product.

(E) Flp-mediated recombination event using the 1. and 2. frt site, resulting in a conditional
knockout construct.
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6. Discussion

6.1. Domain structure of Spred-2

Beside the Drosophila AE33 gene, cloned as a probable rough transcription factor
target regulating photoreceptor cell development in the fly (DeMille et al., 1996), three
mammalian Spred proteins have been described as negative regulators of growth
factor-induced mitogen-activated protein kinase (MAPK) pathways (Kato et al., 2003;
Wakioka et al., 2001). They consist of three distinct domains, namely the N-terminal
EVH-1 (Ena/Vasodilator-stimutated phosphoprotein (VASP) homology 1) domain, a
unique KBD (c-Kit kinase binding) domain and a C-terminal SPR (Sprouty-related)
domain. EVH-1 domains are protein interaction modules, which target their multi-
domain host proteins to specific sites of action where they are involved in regulating
cellular processes as diverse as cytoskeletal re-organization, synaptic transmission,
proliferation and differentiation (reviewed in (Ball et al., 2002; Reinhard et al., 2001).
The c-Kit binding domain (KBD) is not related to any previously identified tyrosine
kinase interaction domain, such as SH2, PTB, or c-Met-binding domain and efficient
phosphorylation of Spred-1 required this domain consisting of about 50 amino acids
(Wakioka et al., 2001). The cysteine-rich SPR domain involved in membrane
localization was first described in the context of Sprouty proteins, which have been
shown to be both positive and negative regulators of MAP kinase pathways (for
review see Christofori, 2003), and the efficient suppression of ERK activation by
Spred requires this SPR domain (Kato et al., 2003). Here, at the DNA level the
organization of the six exons encoding Spred-2 and the correlated domain structure
at the protein level is shown. The mouse Spred-2 was found to be located on
chromosome 11 (Fig. 26), (Kato et al., 2003); exon 1 to exon 3 code for the EVH-1
domain, exon 4 and exon 5 code for the middle part and exon 6 is responsible for the
KBD and SPR domain (Fig. 8A, Fig. 27).

6.2. Physiological function of Spred

Sproutys selectively inhibit FGF-induced ERK activation but do not inhibit EGF-
induced ERK activation (Sasaki et al., 2001). In contrast, overexpression of Spred-1
and Spred-2 efficiently suppressed ERK activation induced by several stimuli,
including EGF, FGF, VEGF, PDGF, SCF, serum, and LPA. Spred constitutively

associates with Ras and inhibits the activation of MAP kinase by suppressing
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phosphorylation and activation of Raf (Wakioka et al., 2001). So far, only some rare
data of isolated hematopoietic cells derived from midgestation Spred-2"" mice
indicate an increased number of granulocyte and macrophage colonies (Nobuhisa et
al., 2004). In bone marrow-derived mast cells of Spred-17" mice, an augmentation of
ERK activation and proliferation in response to IL-3 was observed (Nonami et al.,
2004). Recently, it has been shown that Spred-1 is expressed in eosinophils and
negatively regulates allergen-induced airway eosinophilia and hyperresponsiveness
(Inoue et al., 2005). Except of these data, all functional information about Spred was
gained by overexpression of full-length constructs or deletion mutants in different cell
culture systems. Therefore, the observed general inhibitory effects of Spred proteins
on the Ras/Raf/MAP kinase pathway might be due to high levels of overexpressed
proteins and may not necessarily reflect the in vivo situation, in which functional
interaction is strongly dependent on specific expression levels and affinity of
interacting proteins. So far, no comprehensive in vivo data of Spred function were
available. Therefore, the in this work established Spred—2"' mouse line represents a

new in vivo model to investigate Spred-2 function in the entire organism.

6.3. The Spred-2 gene trap model

In this work, the ES cell line XB228, harboring a gene trap vector insertion between
exons 4 and 5 of the Spred-2 gene, was used. Previously, it has been described in
different knockout strategies that exons in front of the vector insertion were still used
as an RNA template and a truncated protein was expressed. Expression of read-
through products containing exon and vector information or truncated splice variants
has also been reported. As Spred-2 was interrupted downstream of exon 4,
expression of the first four exons, basically representing the EVH-1 domain, could not
be excluded. Based on sequence comparisons, four different subclasses of EVH-
1/WH-1 domains have been identified. High resolution structures of three classes,
comprising the cytoskeletal Ena/VASP proteins, the synaptic terminal Homer/Vesl
proteins, and the Wiskott-Aldrich syndrome (WAS) proteins have been solved (for
reviews see (Ball et al., 2002; Callebaut et al., 1998). Recently, the 3D-structure of
the Spred EVH-1 domain has also been enlightened (Harmer et al., 2005;
Zimmermann et al.,, 2004). The EVH-1 domain of VASP was shown to act as a
dominant negative form, when overexpressed in cardiac myocytes (Eigenthaler et al.,

2003). Overexpression of a AC-mutant of Spred-1, missing the Sprouty domain but
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still containing the EVH-1 and the c-Kit binding domain, demonstrated the dominant
negative behavior of Spred-EVH1, as well (Nonami et al., 2004). Immunoblot
analyzes of Spred-2” mice brains, the organ with the highest natural Spred-2
expression, failed to detect the full-length Spred-2, a truncated Spred-2 protein, or an
enlarged read-through product (Fig. 9C). These results were confirmed by Northern
blots in which Spred-2 mRNAs in tissues of wildtype mice but no full-length or
truncated transcripts in samples of Spred-2” mice were detectable (Fig. 9B). Based
on these findings, it can be concluded that in this work Spred-2 knockout mice were
generated, which do not express truncated, potentially dominant negative Spred-2

forms.

6.4. Spred-2 knockout mice

Spred-1 overexpression in osteosarcoma cells inhibited tumor proliferation,
metastasis, cell migration, and Rho-dependent actin-stress fiber remodelling (Miyoshi
et al., 2004). Therefore, one could speculate about a phenotype with
hyperproliferative cell populations in different organs and tumor development with a
forced metastatic situation in Spred-2-deficient mice. In a monitored time period of
more than 12 months, none of these phenomena appeared in Spred-2-deficient mice.
Histology indicated unaltered tissue structures without any tumor formations. Males
and females were fertile, were born healthy, and did not display any strange
behavior. However, the altered Mendelian distribution of offspring resulting from
heterozygous Spred-2*" matings pointed towards developmental restraints in some
knockout and heterozygous mice but the mechanisms underlying this phenomenon
have to be investigated further.

In the spleen of adult Spred-2-deficient mice, an increased number of
megakaryocytes was observed (Fig. 17). This underlines the results, which have
been observed in Spred-2”" and Spred-1" mice generated by a different knockout
strategy (Nobuhisa et al., 2004; Nonami et al., 2004). In VASP™ mice, a moderate
hyperplasia of megakaryocytes has been observed and VASP-deficient platelets
have an increased aggregation response to known stimulants and partial resistance
to cAMP and cGMP effects in vitro (Aszodi et al., 1999; Hauser et al., 1999) and in
vivo (Massberg et al., 2004). Similar to Spred proteins, VASP contains an EVH-1
domain at the N-terminus, suggesting that this type of domain might also be

important in megakaryocyte function.
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6.5. Spred-2 loss of function causes dwarfism

In this work, the Spred-2"' mice exhibited an obvious dwarf phenotype. They were
born smaller and lighter and stayed smaller throughout their whole life span as
compared to wildtype littermates (Fig. 10A, C-F). In males, growth differences were
more pronounced than in females, which might be an X-chromosomal compensatory
effect. Database analyzes revealed a genomic sequence similar to Spred-2 on the
mouse X-chromosome (NCBI Gene database, Loc213280, Chromosome X A4,
Contig NT_039702), which might be a putative “Spred-4” or just a pseudogene and
has to be investigated further.

Peripheral steroid and thyroid hormones as well as blood glucose levels were not
altered (Fig. 11). Therefore, the most common causes of metabolic dwarfism could
be excluded. X-ray exposures and tibia lengths measurements revealed that the
growth difference was probably due to a defect in skeletal development (Fig. 10B,
Fig. 12M, N). Whereas Spred-3 is expressed exclusively in brain, Spred-1 and Spred-
2 were found to have an overlapping expression pattern in various tissues
(Engelhardt et al., 2004; Kato et al., 2003). Here, it is shown that Spred-2, the most
ubiquitously expressed isoform, was also found to be expressed in chondrocytes of
bones, growing by secondary ossification, suggesting a specific role of Spred-2 in
these cells (Fig. 12, Fig. 13E-H). In growth plates of long bones, where endochondral
ossification regulates bone growth, Spred-2 expression was detected in resting,
proliferating, and hypertrophic chondrocytes (Fig. 12A, C, M, Fig. 13E, G). In tibiae of
P6, P10, 1 week, 4 weeks, and 12 weeks old Spred-2-deficient mice, the epiphyseal
growth plate showed a predominantly narrower zone of hypertrophic chondrocytes
and a reduction in size of hypertrophic chondrocytes as compared to wildtype
littermates (Fig. 13I-L, Fig. 14), indicating a chondrocyte dysfunction at the growth
plate during endochondral ossification.

Overexpression of FGFs (Coffin et al., 1995; Garofalo et al., 1999), activating FGFR3
mutants (Chen et al., 2001a; Ilwata et al., 2000; Iwata et al., 2001; Li et al., 1999;
Naski and Ornitz, 1998; Segev et al., 2000; Wang et al., 1999), or constitutive
activation of MEK1 in chondrocytes (Murakami et al., 2004) caused achondroplasia-
like dwarfism in mice. This indicates that FGF signaling through the FGFR3 and
MAPK pathway plays a major role in the regulation of bone growth. Therefore, it can
be regarded as an important negative regulator of skeletal growth. Spred is known to
be an inhibitor of FGF-induced MAPK signaling by binding to Ras and inhibiting
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phosphorylation of Raf-1 (Kato et al., 2003; Sasaki et al., 2001; Wakioka et al., 2001).
Therefore, lack of functional Spred-2 may accelerate MAPK signaling because an
inhibitor of the system was removed. In this study, stimulation of cultured Spred-27"
chondrocytes with different FGF concentrations demonstrated an earlier and
increased ERK phosphorylation as compared to wildtype chondrocytes, whereas
unspecific stimulation with FCS revealed no differences between wildtype and
knockout cells (Fig. 16). Here, a similar achondroplasia-like dwarfism phenotype in
Spred-2”" mice, as described for other factors activating the MAPK pathway, was
observed. So far, information about downstream events through which FGFs
influence the proliferation or differentiation of osteogenic chondrocytes is rare.

In this study, it is demonstrated that Spred-2 is an important modulator of bone
morphogenesis by inhibiting the FGF-induced MAPK pathway, and loss of Spred-2
causes dwarfism by activating the MAPK pathway in chondrocytes. These
observations support the model in which FGFR3 signaling inhibits bone growth by
inhibiting chondrocyte differentiation through the MAPK pathway.

Contrary functions in bone growth have been published for Sprouty protein family
members, which have also been identified as inhibitors of the MAPK pathway and
contain, like Spred, a SPR domain at the C-terminus. In contrast to Spred-2,
overexpression of vertebrate Sproutys in limbs caused reduction in size of skeletal
elements due to an inhibition of chondrocyte differentiation (Minowada et al., 1999).
Therefore, Sproutys could act as negative feedback regulators (Minowada et al.,
1999), whereas Spred-2 appears to play a role as a downstream inhibitor of FGF-
induced MAPK signaling in chondrocytes.

The fairly mild phenotype of Spred-2 knockout mice is probably due to compensatory
effects of Spred-1, which is co-expressed in various organs (Engelhardt et al., 2004).
Even in brain, the organ normally showing the highest expression of Spred-2, Spred-
2 deficiency has not caused dramatic disturbances, suggesting compensation by
Spred-1 and/or Spred-3.

A comparable situation was described for gene-ablation of Mena or VASP proteins.
In vertebrates, genetic analysis of Ena/VASP function was hindered by the broad and
overlapping expression of the three highly related family members Mena (Mammalian
enabled), VASP, and EVL (Ena-VASP like). Mice deficient in either Mena or VASP
exhibit subtle defects in forebrain commissure formation and platelet activation,

respectively (Aszodi et al., 1999; Hauser et al., 1999; Lanier et al., 1999; Massberg et
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al., 2004). Mena”/VASP™ double mutants die perinatally and display defects in
neurulation, in development of craniofacial structures, and in the formation of several
fiber tracts in the CNS and peripheral nervous system (Menzies et al., 2004). It is
likely that the expression of the third family member, EVL, masks the requirement for
Ena/VASP function in other cell types of Mena”/VASP™ animals. In another mouse
model, specific transgenic overexpression of a C-terminal fragment of VASP in
keratinocytes resulted in skin defects (Vasioukhin et al., 2000). However, cortical
lamination and skin defects were not detected in Mena”/VASP” mice, suggesting
that continued expression of EVL alone is likely sufficient for proper development of
many tissues in these mice. Therefore, it is certainly of interest to generate Spred—1"‘
and Spred-27 double knockout mice, or even triple knockout mice for all three known

Spred family members to study the general in vivo function of Spred.

6.6. Spred-2 promoter activity

The Spred-2 promoter is supposed to be a region upstream of exon 1 of the Spred-2
gene on chromosom 11. So far, nothing was known about its organisation,
regulation, and activity. In this study, the physiological Spred-2 promoter activity
pattern in newborn and adult mice revealed by a gene trap approach is demonstrated
for the first time.

A gene trap approach has the big advantage of an inserted reporter element directly
under control of the physiological promoter. Other systems, examining the promoter
activity pattern in mice, usually use a random integration approach to generate
transgenic mice. Most of the times, the insertion vector consists of the promoter of
interest followed by a detection element, e.g., a luciferase or lacZ gene. These
transgenic models maintain the problem that the vector inserts randomly in an
artificial position anywhere in the genome. Therefore, the external promoter is placed
into a complete different chromosomal and genomic environment and might be
influenced by other non-physiological regulatory elements. This can be due to an
integration of the vector close to another promoter region, a silencer, or enhancer
region, respectively. An additional problem is the multiple vector integration in the
genome. Therefore, the expression level of the detection element is not necessarily
comparable with the physiological promoter activity in these systems. In contrast, this

gene trap approach offers the opportunity to examine the promoter activity under
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physiological conditions and the [-galactosidase expression level is directly
correlated to the endogenous Spred-2 promoter activity.

To date, the Spred-2 expression pattern has been examined already in different
studies on RNA level by Northern blots, RT-PCR, and in situ hybridisation analyzes.
On protein level, the Spred-2 expression has been studied by Western blots, and
immunhistochemical analyzes. One Northern blot analysis revealed a ubiquitous
Spred-2 expression pattern. In this experiment, Spred-2 RNA was found to be
predominantly expressed in brain, kidney, colon, small intestine, lung and to a lower
extent in heart, liver, stomach, skeletal muscle, spleen, and thymus (Kato et al.,
2003). The Northern blot data and RT-PCR analyzes of this work showed an almost
ubiquitous Spred-2 mRNA distribution in adult mice (Fig. 23A, Fig. 24) (Engelhardt et
al., 2004) with a comparable expression pattern to the Northern blot analysis of Kato
et al. (2003). Except of the high RNA expression in lung (Kato et al., 2003), these
expression profiles were as well compatible with the promoter activity pattern
demonstrated in this study.

In mouse embryonic organs, Spred-2 mRNA was detected by RT-PCR in heart, lung,
liver, brain, and bone (Fig, 23B) (Engelhardt et al., 2004). Furthermore, RT-PCR
analyzes of E16 and adult rats demonstrated Spred-2 mRNA expression in lung
(Hashimoto et al., 2002). Additionally, in situ hybridization studies of E14 rat embryos
detected Spred-2 mRNA expression in brain, spinal cord, heart, intestine, skin, and
mesenchymal lung cells (Hashimoto et al., 2002).

Western blot analyzes of various adult mouse organs confirmed the ubiquitous
Spred-2 expression pattern (Engelhardt et al., 2004), whereas the protein levels in
some organs differed markedly as compared to the RT-PCR and promoter activity
results of this work. On one hand, in lung, liver, and testis, a strong Spred-2 protein
signal was detectable (Engelhardt et al., 2004), whereas in this study, a rather weak
Spred-2 promoter activity was seen. On the other hand, the Spred-2 Western blot
data show a moderate signal in brain (Engelhardt et al., 2004), whereas in this work,
a very strong promoter activity was found. But in heart, kidney, stomach, small
intestine, colon, spleen, and skin the protein expression levels are comparable with
the promoter activity levels in this study.

Immunhistochemical experiments showed staining of Spred-2 in murine spermatids
of testicular tubules and in human hepatocytes (Engelhardt et al., 2004). This is not in

line with the present observations, where no Spred-2 promoter activity was detected
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in such cells. Compatible with the results of this work were the strong
immunhistochemical Spred-2 protein signals in skin, salivary glands, prostate, and
the mucosal layer and apical pole of endothelial cells in organs of the human
intestinal tract (Engelhardt et al., 2004).

These discrepancies are probably due to different methods, different species, and
cell type-dependent turnover of Spred-2 mRNA and protein in the cell. The
quantitative relevance of RT-PCR analyzes is certainly dependent on the amount of
cycles, binding affinity of primers, and RNA quality and should therefore be
interpreted carefully. Western blot and immunhistochemical experiments are
extremely dependent on the affinity and specificity of antibodies and different
expression levels in mouse, rat, and human tissues are possible. But the most
important point is probably the different stability, modification, and turn over of RNAs
and proteins in different cell types. In contrast, X-Gal staining intensity is directly
correlated with the physiological promoter activity level, therefore, providing an ideal
method to monitor promoter activity in situ.

In this work, it is shown that Spred-2 plays an important role in the appropriate
regulation of bone growth. Lack of Spred-2 causes achondroplasia-like dwarfism in
mice, due to an FGF-induced up-regulation of the MAPK pathway in chondrocytes.
Furthermore, Spred-2 has a potential function in the regulation of vesicle transport
and the secretion processes of glands. Spred-2 is highly expressed in the apical pole
of secretory glandular cells and is co-localized with Rab11; a small GTPase that
regulates vesicle transport (Engelhardt et al., 2004). Moreover, Spred-2 is expressed
in midgestation mouse embryos in the aorto-gonad-mesonephros region, and is
supposed to function there as a negative regulator of embryonic hematopoiesis
(Nobuhisa et al., 2004). Distinct functions of Spred-2 in brain, eye, skin, kidney, and
smooth muscle cells of the intestinal tract, uterus, and blood vessels -all tissues with
a high Spred-2 promoter activity- are not known yet and have to be investigated
further.

6.7. Enhanced bleeding of Spred-2" mice

An additional phenotype of the Spred-2 mice was an increased bleeding after
injuries. The bleeding volume was extremely enlarged and the bleeding time was
significantly prolonged (Fig. 17). So far, an increased bleeding resulted by

hypertension was excluded by blood pressure measurements (Fig. 17). To examine
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the physiological reasons for this phenotype, the different steps of the clotting
cascade have to be investigated further. Therefore, following studies have to
examine the contractility of vascular smooth muscle cells, blood clotting factors,
platelet functions, and endothel functions.

Very interesting is certainly the examination of vascular smooth muscle cell
contractility, because the Spred-2 promoter activity studies of this work demonstrated
that Spred-2 is specifically expressed in smooth muscle cells of blood vessels (Fig.
22). Recently, it has been shown that Spred-2 associates with RhoA and suppresses
constitutively activated RhoA-induced stress fiber formations (Miyoshi et al., 2004).
Since RhoA is a key regulator of vascular smooth muscle contraction (for review see
(Lee et al., 2004; Somlyo and Somlyo, 2003), the investigation of physical and
functional interaction of Spred and RhoA in vascular smooth muscle cells is of major
interest and should be a focus of future studies employing Spred-deficient mouse
models.

Another interesting candidate for this bleeding phenotype is the examination of
platelet function, because the number of megakaryocytes in spleen and the amount
of platetes in the peripheral blood of Spred-2 knockout mice are increased (Fig. 17).
This could be due to a compensatory upregulation, if the physiological function of

platelets is altered.

6.8. Outlook

In summary, these studies provide new insights into the in vivo function of Spred-2
during bone development and, potentially, for the regulation of coagulation
processes. Especially the examination of the bleeding phenotype should be a focus
of the future work. Moreover, the Spred-2 RNA expression and Spred-2 promoter
activity levels gave a first clue which organs or cells might be additionally affected by
the Spred-2 deficiency.

Because the fairly mild phenotype of Spred-2 knockout mice is probably due to the
compensatory effects of the other Spred family members, it is certainly of interest to
generate Spred-17" and Spred-2"" double knockout mice or even triple knockout mice
for all three known Spred family members to study the general physiological
functions. A feasible option to generate Spred-1 knockout mice is the use of the
AD429 ES cells line (Baygenomics), in which a gene trap vector has inserted

between exons 4 and 5 of the Spred-1 gene. This construct is very similar to the
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XB228 ES cell line - used in this work to generate the Spred-2" mice - and,
therefore, could be explored in the same manner as described here. To examine the
Spred-1 function, the in this work generated Spred-1 specific antibody will be
certainly of essential help.

One may speculate that double or latest triple knockout mice will not survive the
embryonic period or are not viable for a long time. However, it is possible to study
tissue specific functions of the Spred family members by using conditional knockout
mice. For this purpose, the in this work generated gene targeted ES cell lines - with a

floxed exon 2 of the Spred-1 and Spred-2 gene, respectively - will be perfect tools.
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Arp2/3
B-geo
bp

BSA
cAMP
c-Cbl
cDNA
cGMP
CNP
CNS
Cre
CSF-1
DMEM
DMSO
dNTP
dSprouty
E2
E.coli
ECL
EDTA
EGF
En2
Ena
ERK
ES cells
EVH-1
Evl
F-actin
FCS
FGF
Fig.

Flp
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Fyb/SLAP
GAPDH
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Grb2
GSH
GST

Hb

HE
HEPES
Hk
HMG-box
HSV-TK
IGF-1
IgG

IL-3

IP3
IPTG
KBD

ko

8. Abbreviations

Amino acids
Actin-related protein 2/3 complex
Beta-galactosidase and neomycin resistance fusion gene
Basepair(s)
Bovine serum albumin
Cyclic adenosine-3’,5’-monophosphate
Casitas B-lineage lymphoma proto-oncogene
Coding DNA
Cyclic guanosine-3’,5’-monophosphate
C-type natriuretic peptide
Central nervous system
Cyclization recombination enzyme
Colony-stimulating-factor-1
Dulbecco’s modified eagle medium
Dimethylsulfoxid
Desoxyribonucleosidtriphosphates
Drosophila Sprouty
Estradiol
Escherichia coli
Enhanced chemiluminescence
Ethylendiamine tetraacetic acid
Epidermal growth factor
Engrailed2
Enabled
Extracellular stimulus-activated protein kinases
Embryonic stem cells
Enal/vasodilator-stimulated phosphoprotein homology-1
Enabled/vasodilator-stimulated phosphoprotein-like protein
Filamentous actin
Fetal calf serum
Fibroblast growth factor
Figure
Flipase-recombinase
Flipase-recombinase targeting site
Fyn-binding protein/SLP-76-associated protein
Glyceraldehyde-3-phosphate dehydrogenase
GTPase activating protein 1
Growth factor receptor-bound protein 2
Glutathione
Glutathione-S-transferase
Hemoglobin
Hematoxylin/eosin staining
N-2-hydroxyethylpiperazin-N'-2'-ethansulfonacid
Hematokrit
High mobility group box
Herpes simplex virus-thymidine kinase
Insulin-like growth factor 1
Immunglobulin G
Interleukin-3
Inositol-1,4,5-triphosphate
Isopropyl B-D-thiogalactopyranoside
C-Kit binding domain
Knockout
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LA-PCR
LB
loxP
LPP
MAPK
MEK1
Mena
Neo
oD
PAGE
PBS
PCR
PDGF
PEST
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Pr.
RNase
Robo
RT-PCR
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PTP1B
SA
SAP
SCF
SD
SDS
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SMIF
Sos
SPR
Spred
Spry
STAT
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T4
TEMED
TGF-B
Tris
TSH
VASP
VEGF
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WASP
WH1
WIP
wt
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Long and accurate PCR

Luria Bertani medium

Locus of X-over of P1
Lipoma-preferred partner
Mitogen-activated protein kinase
Mitogen-activated protein kinase (MAPK) kinase
Mammalian enabled

Neomycin

Optical density

Polyacrylamid gel electrophoresis
Phosphate-buffered saline
Polymerase Chain Reaction
Platelet-derived growth factor

Proline (P), glutamic acid (E), serine (S), and threonine (T) domain

Paraformaldehyde

Primer

Ribonuclease

Roundabout

Reverse transcription-polymerase chain reaction
Receptor tyrosin kinases
Protein-tyrosine-phosphatase 1B
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Sodiumdodecylsulfate

Semaphorin 6A-1

Smad4-interacting transcriptional co-activator
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Sprouty domain
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Sprouty

Signal transducer and activator of a transcription
3,5,3'-triiodothyronine

Thyroxin

N,N,N',N'-Tetramethylendiamine
Transforming growth factor beta
Trishydroxymethylaminomethan
Thyroid-stimulating hormone
Vasodilatator-stimulated phosphoprotein
Vascular epithelial growth factor
VASP/ena-related gene up-regulated during seizure and LTP
Wiskott-Aldrich syndrome protein

WASP homology 1

WASP interacting protein

Wildtype
4-chloro-5-bromo-3-indolyl-B-galactosidase
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