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Summary

Cathepsins B and L are lysosomal cysteine proteases which have been implicated in
a variety of pathological processes such as cancer, tumor angiogenesis, and
neurodegeneration. However, only a few protein substrates have thus far been
described and the mechanisms by which cathepsins B and L regulate cell
proliferation, invasion, and apoptosis are poorly understood. Combined deficiency of
both cathepsins results in early-onset neurodegeneration in mice reminiscent of
neuronal ceroid lipofuscinoses in humans. Therefore, we intended to quantify protein
changes in brain lysosomes of double deficient mice. A combination of subcellular
fractionation and LC-MS/MS using isobaric tagging for relative and absolute
quantitation iTRAQ™) allowed us to simultaneously assess wildtype and cathepsin
B"L" cerebral lysosomes. Altogether, 19 different proteins were significantly
increased in cathepsin BL”" lysosomes. Most elevated proteins had previously been
localized to neuronal biosynthetic, recycling/endocytic or lysosomal compartments.
The increase of calcyon, the Delta/Notch-like epidermal growth factor-related
receptor, neurochondrin, phospholipase D3, Rab14, cathepsin D, and apolipoprotein
E suggests a potential role for cathepsins B and L in axon outgrowth and synapse

formation during postnatal development of the central nervous system.
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Zusammenfassung

Kathepsin B und L sind lysosomale Cysteinproteasen, die mit einer Reihe von
pathologischen Prozessen, wie z. B. Cancerogenese, Tumorangiogenese und
Neurodegeneration in Verbindung gebracht werden. Dennoch sind bis jetzt nur
wenige Proteinsubstrate beschrieben. Ausserdem sind die Mechanismen der
Regulation von Zellproliferation, -invasion und -apoptose durch Kathepsin B und L
weitgehend unverstanden. Ein kombinierter Mangel beider Kathepsine fuhrt zu einer
frhzeitigen Neurodegeneration in Mausen, die an neuronale Lipofuszinosen beim
Menschen erinnert. In der vorliegenden Studie wurden Unterschiede in der
Proteinzusammensetzung von wildtypischen und doppelt-defizienten
Gehirnlysosomen quantifiziert. Eine Kombination von subzellularer Fraktionierung
und LC-MS/MS unter Verwendung einer isobarischen Markierung (iTrag™) erlaubte
uns die gleichzeitige Untersuchung von zerebralen Lysosomen aus Wildtyp und
Kathepsin

B"L" Mausen. Ingesamt waren 19 Proteine signifikant erhoht in Kathepsin B”L™
Lysosomen. Die meisten erhohten Proteine wurden der neuronalen Biosynthese,
regenerierenden bzw. endozytotischen oder lysosomalen Kompartimenten
zugeordnet. Der Anstieg von Calcyon, dem Delta/Notch- verwandten epidermalen
Wachstumsfaktor-Rezeptor (DNER), Neurochondrin, Phospholipase D3, Rab14,
Cathepsin D und Apolipoprotein E lasst eine potentielle Rolle von Kathepsin B und L
im Axonwachstum und der Synapsenbildung wahrend der postnatalen Entwicklung

des Zentralnervensystems vermuten.
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1. Einleitung

1.1 Proteasen im lysosomalen Kompartiment

Proteasen katalysieren die intra- und extrazellulare Hydrolyse von Amidbindungen.
Proteolyse findet tberall im Organismus statt. Sie ist wichtig fir die normale Funktion
eines Organismus und muss strikt kontrolliert werden. Viele Krankheiten werden
durch Fehlregulation von Proteasen verursacht. Im Zytosol werden Proteine durch
das Proteasom, einen Proteasekomplex abgebaut. Von grosser Bedeutung flr die
Proteinreifung und den terminalen Proteinabbau ist jedoch das endosomal-
lysosomale System. Die lysosomalen Cysteinproteasen, auch Kathepsine genannt,
sind ubiquitare Proteasen der Papainfamilie. Im humanen Genom sind 11
Kathepsine vorhanden (B, C, F, L, K, V, S, X/Z, H, W und O). Sie unterscheiden sich
im Expressionsmuster und der Substratspezifitat. Konstitutive Proteasen mit geringer
Spezifitat sind hierbei Kathepsin B, H und L. Sie sind involviert in den intrazellularen
Proteinabbau, die Immunantwort, die Proteinprozessierung und andere wichtige
zellulare Prozesse (Barrett et al., 1998). Im extrazellularen Raum wird ihnen eine
grosse Bedeutung bei der Hormonregulation zugeschrieben (Brix et al., 2001). In
pathologisch veranderten Geweben koénnen Proteasen sezerniert werden und
beispielsweise beim Lungenemphysem (Mason et al., 1986; Takeyabu et al., 1998)
oder bei der Tumordisseminierung (Joyce and Hanahan, 2004) zur unkontrollierten
Degradation der extrazellularen Matrix fuhren. Ferner wurde flr Kathepsin B und L in
einem neuronalen in vitro System nachgewiesen, dass diese beiden
Cysteinproteasen Prionproteine abbauen (Luhr et al., 2004). Gen-Knockoutmause
haben bestatigt, dass Kathepsine individuelle und spezifische Funktionen haben, die
fUr zahlreiche physiologische Prozesse eines Organismus wichtig sind und nicht nur
den lysosomalen Proteinabbau betreffen (Gowen et al.,, 1999; Honey et al., 2002;
Nakagawa et al., 1998; Roth et al., 2000; Saftig et al., 1998; Stypmann et al., 2002).

1.2 Mutationen in humanen Kathepsingenen

Auch Erbkrankheiten konnten auf Fehlregulation von Kathepsinen zurickgefihrt
werden. So wird die autosomal-rezessiv vererbte Pyknodysostose (OMIM #265800)
durch Nonsense-, Missense- und Stopmutationen im Kathepsin K-Gen verursacht
(Gelb et al., 1996), das in Osteoklasten stark exprimiert wird (Gowen et al., 1999).
Die Pyknodysostose zeichnet sich durch verkurzte und sklerotisierte Rohrenknochen

aus. Der menschliche Phanotyp konnte auch bei Kathepsin K-Knockoutmausen
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reproduziert werden und lasst sich auf eine defizitare Matrix-Degradation in den
Resorptionslakunen zurickfuhren (Gowen et al.,, 1999; Saftig et al.,, 1998). Da
Ostrogen die Kathepsin K-Expression negativ reguliert, lag der Umkehrschluss nahe,
dass Uberschissiges Kathepsin K eine Rolle bei der postmenopausalen
Osteoporose spielen konnte (Lazner et al., 1999). Inzwischen werden selektive
Kathepsin K-Inhibitoren flr eine potentielle therapeutische Anwendung bei
Osteoporose entwickelt (Kim and Tasker, 2006). Eine weitere autosomal-rezessive
Erkrankung, die auf eine Kathepsin-Mutation zurlckzuflhren ist, ist das Papillon-
Lefevre Syndrom (PLS, OMIM #245000, Hart et al., 2000a; Hart et al., 2000b;
Toomes et al., 1999). PLS ist gekennzeichnet durch eine Palmoplantarkeratose mit
frih beginnender Parodontitis. Bei PLS-Patienten wurde ein nahezu kompletter
Verlust der Kathepsin C-Aktivitat festgestellt, verursacht durch Nonsense- und
Missensemutationen sowie durch Deletionen und Insertionen. Hart et al. (2000)
stellten ausserdem fest, dass das PLS und das Haim-Munk Syndrom (HMS, OMIM
#245010) allelische Variationen der Kathepsin C-Mutationen sind. HMS ist ein auf
eine judische Bevolkerungsgruppe begrenztes Syndrom, das dem PLS sehr ahnlich
ist.

Dass eine Kathepsin D-Defizienz zu einer menschlichen neurodegenerativen
Erkrankung fuhrt, wurde durch zwei Tiermodelle bereits gezeigt: Eine
Missensemutation, die ein fur die katalytische Aktivitat essentielles Aspartat betrifft,
ist in Schafen homozygot mutiert die eine angeborene lysosomale Speicherkrankheit
haben. Diese flhrt zu einer progressiven psychomotorischen Retardierung, Blindheit
und frihem Tod (Tyynela et al., 2000). Auch Kathepsin D-Knockoutmause werden
durch Krampfanfalle phanotypisch auffallig und versterben um den 26. postnatalen
Tag blind (Koike et al.,, 2000). In Nervenzellen dieser Mause akkumulieren
Lysosomen-ahnliche Strukturen, die denen der neuronalen Ceroid-Lipofuszinose
(NCL, OMIM #610127) ahneln. Im Rahmen einer genetischen Analyse von 25
Kindern mit NCL-ahnlichen Erkrankungen wurde vor kurzem der erste Mensch mit
einer Kathepsin D-Defizenz identifiziert (Steinfeld et al., 2006). Das Madchen fiel mit
Ataxie und Sehstérungen im Grundschulalter auf. Bereits mit 17 Jahren war sie an
den Rollstuhl gebunden und mental stark retardiert. Zwei heterozygote Missense-
Mutationen wurden im Kathepsin D-Gen identifiziert. Zeitgleich entdeckte eine
finnische Forschergruppe eine homozygote Nukleotidduplikation (c.764.dupA) bei

einem Jungen pakistanischer Herkunft, dessen Eltern Vetter und Base 1. Grades
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sind (Ramirez-Montealegre et al., 2006; Siintola et al., 2006). Die Duplikation fuhrt zu
einem vorzeitigen Stopkodon und theoretisch somit zu einem trunkierten Kathepsin D
Protein (p.Tyr255X). Allerdings scheint es bedingt durch die Duplikation zu einer
Degradation der Kathepsin-mRNA oder des Proteins zu kommen. Hirngewebeproben
von Geschwistern des Patienten zeigten, dass kein Kathepsin D vorhanden war. Die
Existenz einer humanen kongenitalen Form der NCL, die durch Kathepsin D-
Defizienz verursacht wird, wurde auch in einem weiteren englischen Patienten
bestatigt (Siintola et al., 2006).

Obwohl Kathepsin B und L-Doppelknockoutmause einen viel ausgepragteren
Phanotyp aufweisen als Kathepsin  D-Knockoutmause, erscheint es
unwahrscheinlich, dass ein humanes Pendant fur die Doppelknockoutmause
gefunden wird. Bei einem autosomal-rezessiven Erbgang wirde dies vier Mutationen

vorraussetzen, zwei im Kathepsin B- und zwei im Kathepsin L-Gen.

1.3 Struktur der Kathepsine

Die Grundstruktur der Kathepsine wurde initial anhand von Kathepsin B geklart
(Musil et al., 1991). Enzyme der Papainfamilie bestehen aus zwei Domanen, der R-
und der L-Domane. Die L-Domane wird von einer a-Helix dominiert und bildet mit der
R-Domane, die hauptsachlich aus einer B-Faltblattstruktur besteht, einen V-férmigen
Spalt, in dem das Substrat bindet (McGrath, 1999). Das katalytisch aktive Cystein im
aktiven Zentrum befindet sich in der N-terminalen Region der a-Helix an Position 25.
Neben dem Cystein findet sich im Homologievergleich der Papain-verwandten
Kathepsine auch noch ein konserviertes Histidin an Position 159. Es ist auf der
gegenuberliegenden Seite in der (B-Faltblattstruktur lokalisiert. Zusatzlich zu diesen
beiden Aminosaureresten existiert noch ein weiteres hoch konserviertes Asparagin
an Position 175, welchem die Zugehorigkeit zu einer ,katalytische Triade*
zugeschrieben wird, vergleichbar mit der Serin-Histidin-Asparagin Triade von Serin

Proteasen (Chapman et al., 1997).

1.4 Aktivierung und proteolytische Wirkweise von Kathepsinen

Kathepsine werden als Vorlaufermolekile, sogenannte Zymogene, im endosomal-
lysosomalen System synthetisiert, wo sie unter sauren pH-Bedingungen zum
enzymatisch aktiven Molekul heranreifen. Das Praproenzym wird am membran-

gebundenen Ribosomen des rauen endoplasmatischen Reticulums hergestellt. Der
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Transport in das endoplasmatischen Reticulum erfolgt Uber eine cotranslationale
Abspaltung eines terminalen Signalpeptids. In den ,spaten Endosomen® und
Lysosomen kommt es nach einer Absenkung des pH-Wertes zu einer
Konformationsanderung und dadurch zu einer proteolytischen N-terminalen
Propeptidabspaltung. Im Lysosom besitzen Kathepsine die hoéchste enzymatische
Aktivitat. Ausserhalb dieses Systems sind die meisten Cysteinproteasen relativ
instabil (B, L, H, K, V, F). Kathepsin S gehort zu den Ausnahmen, die auch auch
ausserhalb des Lysosoms stabil sind (Bromme and McGrath, 1996).
Cysteinproteasen lassen sich in zwei Klassen einteilen: Exopeptidasen, zu denen
Kathepsin C und X gehdren, und Endopeptidasen, die den grof3ten Teil dieser
Enzymgruppe stellen (Kathepsine F, K, L, S und V). Nur Kathepsin B und H besitzen
sowohl Exo- als auch Endopeptidaseaktivitat. Endopeptidasen kénnen sich selbst
aktivieren, wohingegen Exopeptidasen wie Kathepsin X und C einer Aktivierung
durch Endopeptidasen bedtrfen (Dahl et al., 2001; Nagler et al., 1999).

Die meist monomer vorliegenden Cysteinproteasen haben eine ungefahre
molekulare Masse von 22 - 28 kDa. Eine Ausnahme bildet Kathepsin C, welches als
Oligomer vorkommt und eine Masse von ca. 200 kDa hat (Dolenc et al., 1995).
Neben den Cysteinproteasen gibt es unter den Kathepsinen auch noch Aspartasen

(Kathepsin D und E) und Serinproteasen (Kathepsin A und G).

1.5 Substrate fur Kathepsin B und L

Natulrliche Substrate von Kathepsin B und L sind die Bestandteile der extrazellularen
Matrix, beispielsweise Laminin, Kollagen, Elastin und Fibronektin (Bromme et al.,
1996; Ishidoh and Kominami, 1995; Lombardi et al., 2005). Intrazellular spielt
Kathepsin L eine wichtige Rolle bei der Degradation der MHC-Klasse |l-assoziierten
invarianten Kette in kortikalen Thymuszellen (Chapman et al., 1997; Nakagawa et al.,
1998). Prohormon-prozessierende Aktivitat wird Kathepsin L im Zusammenhang mit
der Enkephalin-Produktion zugeschrieben (Yasothornsrikul et al., 2003). Weiterhin
sind Kathepsin B, L und K an der Prozessierung von Thyroglobulin und damit an der
Freisetzung von Tyroxin beteiligt (Friedrichs et al. 2003). Es wird vermutet, dass
Kathepsin L an einem bisher unbekannten Weg der Biosynthese von
Peptidneurotransmittern und -hormonen beteiligt ist (Hook et al., 2004; Hook, 2006).
Kathepsin B ist weiterhin verantwortlich fur die proteolytische Spaltung von Insulin-
like growth factor-1 (IGF-1) im Endosom (Authier et al., 2005). Ebenfalls im Endosom
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findet die Prozessierung von Epidermal growth factor (EGF) und Glucagon durch
Kathepsin B statt (Authier et al., 1999; Authier et al., 1995).

Neuste Forschungen mit Vero-Affenzellen zeigten, dass sowohl Kathepsin B als auch
Kathepsin L an der endosomalen Proteolyse des Ebola Glycoproteins G1 beteiligt
sind (Chandran et al., 2005). Erst die endosomale Prozessierung ermoglicht dem
Virus, die Wirtszelle zu infizieren. Einen ahnlichen Mechanismus verwenden die flr
SARS verantwortlichen Coronaviren beim Eintritt in Wirtszellen (Simmons et al.,
2005). Kontrovers wird die Rolle von Kathepsin B und L bei Prionprotein-
Erkrankungen diskutiert. Die Akkumulation von PrP%¢ in Kathepsininhibitor-
behandelten GTI-1 Scrapie-infizierten Zellen (Luhr et al.,, 2004) steht allerdings im
Gegensatz zur Reduktion von PrP%¢ in Neuro2a Scrapie-infizierten Zellen nach
Kathepsininhibitor Zugabe (Zhang et al., 2003).

Bekannt ist auch eine nukledare Wirkung von Kathepsinen. Durch die proteolytische
Prozessierung des Transkriptionsfaktors CDP/Cux greift Kathepsin L in die
Regulation des Zellzyklus ein (Goulet et al., 2004). Hierbei ist eine verklrzte Form
von Kathepsin L im neutralen Milieu des Kerns aktiv. Ein weiterer Zellzyklusregulator
wurde bei Versuchen mit Seneszenz-initierenden Zellen als Kathepsin L-Substrat
identifiziert (Zheng et al., 2004). p21/WAF ist ein Cyclin-abhangiger Kinaseinhibitor,
der durch das Tumorsuppressorgen p53 kontrolliert wird. Die Zugabe von Kathepsin
L Inhibitoren fuhrte zu einer erhohten Expression des Zellzyklusinhibitors p21/WAF-.
Unter pathologischen Bedingungen ist auch hochmolekulares Kininogen, ein
Plasmaglykoprotein mit antiproteolytischer Wirkung, ein Substrat fur Kathepsin B
(Barros et al., 2004). Der Kathepsin-Inhibitor wird bei einem pH-Wert von 6,35 in drei
Fragmente =zerschnitten und ist daraufhin inaktiv. Kathepsin L generiert aus
hochmolekularem Kininogen in vitro immunoreaktive Kinine (Desmazes et al., 2003;
Desmazes et al., 2001). Die biologische Relevanz der Kininogenprozessierung
durch Kathepsine ist noch unklar. Es deutet jedoch vieles darauf hin, dass
Kathepsine als Kininogen-spaltende Enzyme wirken und damit Dbei
Entzindungsreaktionen eine grosse Rolle spielen. Kinine wirken im Zusammenhang
mit inflammatorischen Erkrankungen als Vasodilatatoren und bewirken eine
Relaxation der glatten Muskulatur. Eine intravendse Injektion von Kathepsin L in
Ratten fuhrte zu einer erhohten Kininfreisetzung und als Folge zu Blutdruckabfall. In
vitro Experimente zeigten, dass der Archetyp der Kinine, Bradykinin, entsteht (Puzer
et al., 2005).
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Eine erhohte elastolytische Aktivitat von Kathepsinen hat die Prozessierung des
Secretory Leukoprotease inhibitor SLPI zur Folge (Taggart et al., 2001). Dieser
kommt in den schleimproduzierenden Schichten von Epithelzellen vor und wird
aullerdem von Makrophagen und neutrophilen Zellen produziert. Er wird von
Kathepsin B, L und S geschnitten und inaktiviert. Im Organismus konnte eine erhdhte
Aktivitat von Kathepsin L und Inaktivierung von SLPI im Bronchialsekret bei
Erkrankungen der oberen Atemwege wie z.B. beim Lungenemphysem festgestellt
werden. as-Proteinase Inhibitor (a4Pl), ein im Blutplasma vorkommender Elastase-,
Trypsin- und Chymotrypsininhibitor, kann von Kathepsin L katalytisch inaktiviert
werden (Johnson et al., 1986). Ein im humanen Sputum vorkommender Inhibitor von
Kathepsin B ist a,-Makroglobulin. Eine Bindung von Kathepsin B an ax-Makroglobulin
verhindert den Proteoglykanabbau (Buttle et al., 1991; Starkey and Barrett, 1973).
Damit gewinnen Kathepsin B und L indirekt weiter an Bedeutung in Verbindung mit
der Degradation von extrazellularen Matrixproteinen.

Therapeutisch relevant konnte die Tatsache sein, dass Kathepsin B, L und K
Amyloidproteine und Amyloidablagerungen abbauen. Amyloidablagerungen findet
man bei chronischen oder wiederkehrenden inflammatorischen Erkrankungen wie
z.B. der rheumatoiden Arthritis (Bohne et al., 2004; Rocken et al., 2005). Eine
Kolokalisation von Kathepsin B und dem beta-Amyloid wurde in vitro in
sekretorischen Vesikeln von neuronalen chromaffinen Zellen beobachtet. Kathepsin
B wirkt eventuell als beta-Sekretase und produziert so aus dem Amyloid-Precursor-
Protein unlésliches, extrazellular vorkommendes beta-Amyloid, das sich bei
Alzheimerpatienten vermehrt im Gehirn anreichert. In diesem Zusammenhang
werden Kathepsin B-Inhibitoren als therapeutische Ansatzpunkte gesehen, um beta-
Amyloidanreicherung im Gehirn von Alzheimerpatienten zu vermindern (Hook et al.,
2005).

1.6 Inhibitoren

Cysteinpeptidasen werden in vivo durch endogene nicht selektive Inhibitoren,
sogenannte Cystatine, gehemmt (Turk et al., 1993). Cystatine inhibieren Endo- und
Exopeptidasen, indem sie an das aktive Zentrum von Kathepsinen binden. Cystatine
teilt man in drei Gruppen ein. Neben den eigentlichen Cystatinen kennt man noch
Stefine und Kininogene. Stefine sind intrazellulare Inhibitoren, Cystatine und

Kininogene werden im extrazellularen Raum gefunden. Somit werden die aktivierten
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Kathepsine aullerhalb des lysosomal-endosomalen Systems nicht nur durch den pH
Wert kontrolliert, sondern auch aktiv und effektiv durch Cystatine. Der Mechanismus
der Inhibierung durch Cystatine ist noch nicht ganz geklart.

Mutationen im Cystatin B-Gen verursachen das familidare Unverricht-Lundborg
Syndrom, eine autosomal-rezessiv vererbte progressive Myoklonusepilepsie
(Lehesjoki, 2003). Die haufigste Mutationsart ist eine homozygote Expansion eines
instabilen Minisatellitenrepeats in der Promotorregion des Cystatin B-Gens, die zur
Cystatin B-mRNA-Reduktion fuhrt. Trunkierende Mutationen innerhalb der
translatierten Genregion fuhren entweder zu instabilen Genprodukten oder ebenso
wie bei den zwei bekannten Missense-Mutationen zu diffus im Zytoplasma verteilten
Produkten, die nicht mit lysosmalen Markern kolokalisieren. Bei den Missense-
Mutationen wurde zudem gezeigt, dass die Bindung an Zielproteasen eingeschrankt
ist. Eine erhdhte Aktivitat von Kathepsin B, L und S scheint fur die Pathogenese des
Unverricht-Lundborg Syndroms von Bedeutung zu sein (Alakurtti et al., 2005;
Lehesjoki, 2003).

Als weiterer naturlicher Cysteinproteaseinhbitor wurde 1975 E-64 entdeckt (Aoyagi
and Umezawa, 1975). Der aus dem Schimmelpilz Aspergillus japonicus stammende
Epoxidinhibitor E-64 interagiert Uber eine Epoxysuccinyl-Gruppe kovalent mit dem
Cystein des aktiven Zentrums. Dieser Vorgang ist irreversibel. E-64 hemmt
Kathepsin B, H und L.

Thyroglobulin Typ-1 (Tg-1) Domane enthaltende Proteine sind ebenfalls effiziente
Inhibitoren von Kathepsinen, so z.B. Testican-1 (Bocock et al., 2003; Meh et al.,
2005). Testican ist ein Proteoglycan, welches von Gehirnzellen sezerniert wird.
Testicans genaue in vivo Funktion ist nicht bekannt. Andere Tg-1-Domanenproteine
mit Kathepsin L-inhibierender Funktion sind das p41 invariant chain fragment (Bevec
et al., 1996), Equistatin (Lenarcic et al., 1997), Saxiphilin (Lenarcic et al., 2000) und
der aus Hundslachs (Oncorhynchus keta) stammende Eicysteinpeptidaseinhibitor
(Yamashita and Konagaya, 1996).

Eine weitere umfassende Gruppe der Kathepsin-Inhibitoren sind die Serpine (Serin-
Protease-Inhibitoren). Serpine prasentieren in einer ,reaktiven Zentralschleife“ eine
Art Pseudosubstrat fir Proteasen. Wahrend der Reaktion der Serin-Protease mit
dem Serpin kommt es zu einer Konformationsanderung des Serpins und damit zu
einem irreversiblen Komplex aus Protease und Inhibitor. Squamous cell carcinoma

antigen-1 und -2 sind Inhibitoren von Kathepsin K, L und S aus der Serpin-
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Superfamilie (Irving et al., 2002). Sie haben a&hnlich wie auch CrmA eine
Kdderfunktion, im Bezug auf Cystein-Proteasen. CrmA ist ein virales Serpin mit
hoher Sequenzhomologie zum Plasminogen-Aktivator-Inhibitor Typ Il (PAI Il). Hurpin
(SerpinB13) wird zusammen mit Kathepsin L haufig bei inflammatorischen und
neoplastischen  Erkrankungen  gefunden. Beispielsweise @ wurden  hohe
Expressionslevels von Kathepsin L bei Psoriasis und Plattenepithelkarzinom-
patienten gefunden. Gleichzeitig wurden in der Haut der Erkrankten erhohte Mengen
an Hurpin detektiert (Bylaite et al., 2006). Der genaue Mechanismus der Cystein-

Protease-Inhibierung ist noch nicht bekannt.

1.7 Kathepsin B-defiziente Mause

Kathepsin B ist das erste beschriebene Mitglied der grossen Familie der
Cysteinproteasen. 1983 wurde die erste komplette Aminosauresequenz fur
Kathepsin B aus Rattenleber publiziert (Takio et al., 1983). Zehn Jahre spater wurde
die Kiristallstruktur gelost (Musil et al.,, 1991). Obwohl Kathepsin B in viele
pathologische Vorgange involviert zu sein scheint, zeigten Kathepsin B-
Knockoutmause keinen augenscheinlichen Phanotyp (Deussing et al., 1998). Auch
histologische Analysen von verschiedenen Gewebetypen deckten keine
Veranderungen auf. Fertilitdt und Mortalitdt sind ebenfalls nicht signifikant
unterschiedlich im Vergleich zu Wildtypmausen. Allerdings wurde in diesem
Mausmodell die seit langerem diskutierte Rolle von Kathepsin B bei der Auslésung
einer akuten Pankreatitis bestatigt. Eine akute Pankreatitis, induziert in Kathepsin B
Knockoutmausen und Wildtypmausen, zeigte, dass die Trypsinaktivierung im
Pankreas von erkrankten Knockoutmausen um 80% geringer war als in der
Vergleichsgruppe (Figarella et al., 1988; Halangk et al., 2000). Daflr kdnnte eine
Trypsinogenaktivierung durch Kathepsin B verantwortlich sein, die nach der
Aktivierung von Trypsin Aktivierungen von vielen weiteren Proteasen nach sich zieht.
Unter experimentellen Zellkulturbedingungen wurde ferner in Leberzellen eine
erhdohte Resistenz gegen TNFa-induzierte Apoptose festgestellt (Guicciardi et al.,
2000). Fibroblastenzelllinien von Kathepsin B- und L-defizienten Mausen waren
dariber hinaus essentiell fur den Nachweiss, dass Ebolaviren diese beiden

Proteasen bendtigen, um in Zellen eindringen zu kdnnen (Chandran et al., 2005).
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1.8 Kathepsin L-defiziente Mause

Roth et al. (2000) berichteten, dass Kathepsin L Knockoutmause im Vergleich zu
Kontrollmausen in der Entwéhnungsphase eine hohere Mortalitatsrate besitzen (15%
gegenuber 5% bei Wildtypmausen). Dies konnten wir in unseren von AstraZeneca
iberlassenen Kathepsin L™ Ma&usen nicht bestitigen (Felbor et al., 2002).
Homozygote L"- Mause sind ab der zweiten Lebenswoche anhand einer verzogerten
Entwicklung des Fells zu erkennen. Spater weisen sie einen periodischen
Haarausfall und eine epitheliale Hyperplasie auf (Potts et al., 2004; Roth et al., 2000;
Tobin et al., 2002). Vieles deutet darauf hin, dass Kathepsin L in die epidermale
Homdostase und die Regulation des Haarzyklus involviert ist (Reinheckel et al.,
2001). So wurden in den Keratinozyten und Melanozyten der Haarfollikel von
Kathepsin L™ Mé&usen hohere Proliferations- und Apoptoseraten festgestellt. Als
Folge treten Hyperkeratosen auf. Verantwortlich flr die Hyperproliferation ist nach
neuesten Erkenntnissen ein verstarktes Zirkulieren von EGF und seinen Rezeptoren
von den Endosomen zur Keratinozyten-Plasmamembran (Reinheckel et al., 2005).
Eine Fellanomalie bei Mausen, die sogenannte furless-Mutante, wurde bereits Mitte
der 50er Jahre beschrieben (Green, 1954). Roth und Mitarbeiter zeigten, dass der
furless-Mutante eine Mutation im Kathepsin L-Gen zu Grunde liegt. Es handelt sich
um einen Nukleotidaustausch, der einen Aminosaureaustausch von G zu A (G149A)
bedingt. Dieser liegt nahe am aktiven Zentrum und fuhrt zu einem Komplettverlust an
enzymatischer Aktivitat (Roth et al., 2000). Ferner wurde bei Kathepsin L-defizienten
Tieren eine immunologische Abnormalitat beschrieben. Eine Reduktion der CD4" T-
Lymphozyten um 70% (Nakagawa et al., 1998) weist auf eine verschlechterte
positive Selektion in den kortikalen Thymusepithelzellen hin. Zusatzlich ist die Anzahl
an V(a)14(+)NK 1.1(+) T-Zellen massiv verringert (Honey et al., 2002). Dies deutet
darauf hin, dass Kathepsin L nicht nur eine Rolle bei der klassischen MHCII Antigen-
Prasentation spielt, sondern auch wichtig fir die nicht-klassische CD1D Prasentation
ist. Auch die Mausmutante nackt, die durch eine diffuse Alopezie und eine deutliche
Reduktion der CD4'T-Zellen charakterisiert ist, wird durch eine Mutation im
Kathepsin L-Gen verursacht. Dabei handelt es sich um eine 118 Basenpaare
umfassende Deletion, die die Exons 6 und 7 betrifft (Benavides et al., 2001).

Im Zusammenhang mit Osteoporose ist zu erwahnen, das Ostrogenentzug bei
Kathepsin L Knockoutmausen zu einem geringeren trabekularen Knochenverlust

fuhrte als bei Kontrollmausen und heterozygoten Geschwistern (Potts et al., 2004).
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Neben dem Hautphanotyp fand sich bei einjahrigen Kathepsin L° Mausen eine
dilatative Kardiomyopathie, verbunden mit einer geringen Erhohung des
Herzgesamtgewichts (Stypmann et al., 2002). SchlieBlich wurde eine reduzierte
Menge von Enkephalin im Gehirn von Kathepsin L-Knockoutmausen gefunden
(Yasothornsrikul et al., 2003).

Aktuelle Forschungsarbeiten bringen Kathepsin L in direkten Bezug zu vaskularen
Erkrankungen wie Aneurysmata der Aorta Abdominalis und Atherosklerose (Liu et
al., 2006). Die Cysteinprotease ist in betroffenen Geweben Uberexprimiert. lhre
Expression in vaskularen Zellen dieser Gewebe wird durch Cytokine reguliert.
Weiterhin stellte sich heraus, dass Kathepsin L nach einer Ischamie wichtig fir die
durch endotheliale Progenitorzellen induzierte Neovaskularisation ist (Urbich et al.,
2005).

1.9 Kathepsin B und L-defiziente Mause

Um die Rolle von Kathepsin L in der Angiogenese zu untersuchen, wurden Kathepsin
B und L-Einzelknockoutmause gekreuzt, da Kathepsin B und L Uberlappende
Substratspezifitaten haben. Ausgangspunkt fur die Annahme, dass Kathepsin L eine
duale pro- und antiapoptotische Rolle spielen koénnte, war die Entdeckung, dass
Kathepsin L den Angiogeneseinhibitor Endostatin aus Kollagen XVIII generiert
(Felbor et al., 2000). Doppelknockoutmause zeigten jedoch einen dramatischen
neurodegenerativen Phanotyp (Felbor et al., 2002). In den ersten Tagen nach der
Geburt unterscheiden sich die Kathepsin B- und L-defiziente Mause phanotypisch
nicht von ihren Geschwistern. Ab dem siebten Tag ist jedoch die fur Kathepsin L-
Einzelknockoutmause beschriebene Fellanamolie sichtbar (Roth et al., 2000). Hinzu
kommt eine deutliche Gewichtsreduktion im Vergleich zu heterozygoten
Geschwistern. Die meisten doppeltdefizienten Mause sterben zwischen Tag 12 und
17. Um die Uberlebenschancen zu steigern, missen die WurfgroRen auf drei bis vier
Junge reduziert werden, sobald der Phanotyp am 7. Tag erkennbar wird. Dennoch
Uberleben nur wenige Doppelknockoutmause die Entwohnungsphase von der Multter.
Diese bedlrfen einer intensiven Pflege nach der Entwohnungsphase, d.h. sie
bendtigen zweimal taglich angefeuchtetes Futter. Der Bewegungsablauf dieser Tiere
ist von einem leichten Tremor und einer Spastizitat der Hinterbeine gekennzeichnet.
Obwohl man fur beide Kathepsine eine ubiquitare Expression nachweisen konnte,

zeigten sich bei der histologischen Analyse der Kathepsin B- und L-defizienten
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Mause neben der Hyperproliferation der Keratinozyten nur pathologische
Veranderungen im Gehirn (Felbor et al., 2002). Es kommt in selektiven Nervenzellen
der Gross- und Kleinhirnrinde der Kathepsin B und L-Doppelknockoutmause zu einer
massiven Akkumulation lysosomaler Strukturen, der Apoptose und reaktive
Astrozytose folgt. Als Folge dieser Neurodegeneration kommt es zu einer
ausgepragten Gross- und Kleinhirnatrophie. Etwa die Halfte der Neuronen im
zerebralen Kortex reichern grosse Mengen ultrastrukturell elektronendichter
Strukturen an, bei denen es sich um Lysosomen handelt. Die Struktur der
Einschlusskorperchen unterscheidet sich allerdings von denen, die fir bekannte
lysosomale Speicherkrankheiten typisch sind. Auch Standardmarker fur neuronale
Lipofuszinosen wie Antikorper gegen die mitochondriale F1Fo-ATP-Synthase zeigten
keine spezifische Anreicherung in den Doppelknockoutmausen. In den
Doppelknockoutmausen war ferner die Aktivitat der Tripeptidylpeptidase |, sowie der
Palmitoylproteinthioesterase nicht reduziert (Felbor et al., 2002). Im hippocampalen
Ammonshorn von Kathepsin B und L-defizienten Mausen lielen sich am 7.
postnatalen Tag elektronenmikroskopisch geringe lysosomale Akkumulationen in
vereinzelten Nervenzellen nachweisen (Stahl et al., unpublizierte Daten). In der
Literatur war bereits beschrieben, dass eine Suppression von Kathepsin B und L in
vitro zu einer Meganeuritenbildung und zu einer Degradation von t durch Kathepsin
D in kultivierten hippocampalen Schnitten fuhrt (Bednarski and Lynch, 1996;
Bednarski et al., 1997).

Eine mit histologischen Methoden nachweisbare lysosomale Akkumulation,
Nervenzellapoptose sowie reaktive Gliose fand sich jedoch in keinem der
untersuchten Entwicklungsstadien im Hippocampus von Doppelknockoutmausen.
Stattdessen erschien das Ammonshorn ab dem dritten postnatalen Tag verbreitert
und zweigeteilt. Besonders prominent stellen sich axonale Schwellungen von Geburt
an im zentralen Nervensystem von Doppelknockoutmausen dar (Felbor et al., 2002).

Die Phanotypen doppeltdefizienter Mause lassen sich zusammenfassend wie folgt

auflisten:

Alter Phéanotyp

P 0.5 Vereinzelt axonale Schwellungen in weisser Substanz

P 3.5 Dichte Haufung axonaler Schwellungen in weisser Substanz
P 3.5 Hippocampaler Laminationsdefekt

P10.5 Kliver-Barrera-positive Einschlisse in corticalen Neuronen
P17.5 Apoptose der Purkinje-Zellen

P21.5 Apoptose von selektiven Neuronen der Grosshirnrinde
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1.10 Das lysosomale Kompartiment

Lysosomen sind in tierischen Zellen ubiquitar vorkommende Vesikel. Sie enthalten
verschiedene Arten von hydrolytischen Enzymen mit optimaler Aktivitdt im sauren
pH-Bereich. Hydrolasen spalten Proteine, Kohlenhydrate, Nukleinsauren, Fette und
andere Zellbausteine. Sie werden im endoplasmatischen Retikulum synthetisiert und
glykosyliert. Der Transport in die Lysosomen erfolgt Gber den Golgiapparat, von wo
sie durch Vesikelabschnurung in primaren Lysosomen an ihren Zielort gelangen. Ein
molekularer Marker, der die Hydrolasen in die Lysosomen lenkt, ist Mannose-6-
phosphat (Mcintyre and Erickson, 1991). Im cis-Kompartiment des Golgiapparates
wird durch eine Phosphotransferase eine Phospho-N-acetylglucosamineinheit an die
6-OH Gruppe eines Mannoserestes angehangt. Durch eine Phosphodiesterase wird
der Zucker wieder entfernt und ein Mannose-6-phosphatrest bleibt als Markierung
erhalten. In der Membran des Golgiapparates befindet sich ein integrales
Membranprotein, der Mannose-6-phosphat-Rezeptor, der markierte Proteine bindet.
Vesikel mit diesem Membran-Rezeptor-Komplex schnlren sich vom Golgiapparat ab
und verschmelzen mit pralysosomalen Vesikeln (Gu et al., 2001). Saure pH-
Bedingungen fuhren zu einer Dissoziation von lysosomalen Hydrolasen und
Mannose-6-Rezeptor. Die Enzyme gelangen in die Lysosomen, der Rezeptor kehrt in
den Golgiapparat zurlick. Patienten mit Mukolipidose Il oder I-Zell-Krankheit (OMIM
#252500) besitzen nur unmodifizierte Mannose. Ursache ist das Fehlen der GIcNAc-
Phosphotransferase (Kudo et al., 2006; Waheed et al., 1982). Wichtige saure
Hydrolasen konnen daher nicht an ihren Bestimmungsort gelangen. In den
Fibroblasten der Patienten kommt es zu lysosomaler Speicherung von Glykolipiden
und Glykosaminoglykanen. Die sogenannten ,inclusions® in kultivierten Fibroblasten
(=“l-cells®) fuhren zur Namensgebung dieser schweren, autosomal-rezessiv
vererbten lysosomalen Speicherkrankheit. Da die posttranslationalen Modifikation
zahlreicher Enzyme defekt ist, kommt es zu einem breiten Spektrum klinischer
Befunde von Wachstumsretardierung Uber Skelettdeformationen bis zur
psychomotorischen Retardierung. Betroffene Kinder werden durschschnittlich 5 bis 7
Jahre alt.

Substrate, die von lysosomalen Enzymen abgebaut werden, stammen aus
endozytotischen oder autophagozytotischen Vesikeln. Dazu verschmelzen die
Membranen der Vesikel mit denen von primaren Lysosomen. Autophagie und

Endozytose finden statt, um die Homoostase der Zelle zu erhalten. Autophagie dient
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hauptsachlich dem Abbau von cytoplasmatischem Material, wahrend durch
Endozytose extrazellulares Material degradiert wird. Die beiden lysosomalen
Abbauwege stehen in der Zelle aber auch in Zusammenhang, da Autophagosomen
wahrend ihrer Entstehung durch endozytotische Vesikel gespeist werden (Kroemer
and Jaattela, 2005). Lysosomale Speicherkrankheiten sind meist autosomal-rezessiv
vererbte Stoffwechselerkrankungen. Ausnahmen bilden die Mukopolysaccharidose
vom Typll (Morbus Hunter, OMIM #309900) und die Sphingolipidose Morbus Fabry
(OMIM  #301500), die einem X-chromosomalen Erbgang folgen. Durch
Fehlfunktionen im endosomal-lysosomalen System kommt es in verschiedenen
Geweben und Organen wie z.B. Leber, Milz, Nervensystem und Haut zur
Anreicherung von nicht abgebauten Stoffwechselmolekulen. Die Degradation
hochmolekularer Substrate, wie Glykoproteine, Glykosaminglykane, Proteine und
Lipide durch saure Hydrolasen ist bei lysosomalen Speicherkrankheiten gestort.
Klinisch unterscheidet man zwischen Glykoproteinosen, Mukopolysaccharidosen,
Gangliosidosen und Lipidosen. So werden bei Mukopolysaccharidosen komplexe
Kohlenhydrate, die Mukopolysaccharide, die als Teile der Proteoglykane wesentliche
Strukturkomponenten der extrazellularen Matrix darstellen, nicht mehr abgebaut.
Bekannte Mukopolysaccharidosen sind Morbus Hunter und Morbus Hurler (OMIM
#607014). Beide Krankheiten sind gekennzeichnet durch mentale Retardierung,
Skelettdeformationen und die Speicherung von Dermatansulfat und Heparansulfat in
den Korperzellen. Charakteristisch fur Lipidspeicherkrankheiten sind Abbaustérungen
von Membranlipiden, meist im Zentralnervensystem. Beispiele hierflur sind das
Niemann-Pick Syndrom (OMIM #257200) oder Morbus Gaucher (OMIM #230800).
Ferner treten Lipidspeichersubstanzen auch bei neuronalen Ceroid-Lipofuszinosen
auf (Kohlschutter, 2005). Neuronale Ceroid-Lipofuszinosen (NCL) sind eine
heterogene Gruppe progredient verlaufender lysosomaler Speicherkrankheiten, die
meist im Kindesalter beginnen, vorwiegend Gehirn und Augen betreffen und zu
Visusverlust und Demenz fuhren. Sie werden durch Gendefekte in lysosomalen
Hydrolasen oder Membranproteinen verursacht, die zur vermehrten Bildung von
Autophagosomen flihren. Mutierte Molekile sind beispielsweise bei der infantilen
Form (CLN1) die Palmitoyl-Proteinthioesterase-1 (PPT1), oder bei der spatinfantilen
form (CLN2) die Tripeptidyl-Aminopeptidase. Die Akkumulation der hochmolekularen
Substanzen fuhrt nach massiven Stérungen des Zellstoffwechsels schlieBlich zum

Tod der Zelle. Post mortem findet man bei Patienten histologisch und
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elektronenmikroskopisch charakteristische Einschluss-Korperchen in  betroffenen
Geweben. Weder die fir CLN1 typischen granularen Lipopigmenteinschllisse, noch
die fur CLN2 charakteristischen kurvilinearen Profile wurden in Kathepsin B und L
Doppelknockoutmausen gefunden (Felbor et al., 2002).

Inzwischen wurden Therapieformen flir lysosomale Speicherkrankheiten entwickelt,
die nicht nur Symptome behandeln, sondern auch eine weitere Akkumulation
verhindern konnen. So werden fur Morbus Gaucher Enzymersatztherapien
angeboten (Mistry, 2005). Ausserdem besteht die Moglichkeit, die Synthese der
Speichersubstanzen durch Inhibitoren zu hemmen (Aerts et al., 2006; Mattocks et al.,
2006). Die Bedeutung der Kathepsine im Bezug auf lysosomale Speicherkrankheiten

ist weitgehend ungeklart.

1.11 Kathepsine und Apoptose

Der programmierte Zelltod ist ein unentbehrlicher Bestandteil der normalen
Entwicklung und Funktion eines Lebewesens. Eine zentrale Rolle spielen dabei die
Mitochondrien. Hier beginnt sowohl die Caspase-abhangige Apoptose als auch die
ATP-abhangige Nekrose. Die Apoptose hat eine wichtige Bedeutung fur die
Homdostase von Geweben. Ein genetisch programmierter Prozess ist dafur
verantwortlich, dass in Geweben und Organen eine konstante Anzahl von Zellen
vorhanden ist. Es entstent ein Gleichgewicht aus Proliferation und Apoptose.
Gealterte, geschadigte oder erkrankte Zellen werden eliminiert. Aber auch bei
Differenzierungs- und Entwicklungsprozessen werden unnétige Zellen gezielt
ausgeschaltet. Die Selbstzerstérung ist auch Selbstschutz, so werden beispielsweise
Immunzellen, die sich autoreaktiv verhalten, durch Apoptose entfernt. Dabei kommt
es zu typischen morphologischen Veranderungen: nach Chromatin-Kondensation,
DNA Fragmentierung und der Bildung von membrangebundenen apoptotischen
Vesikeln folgt eine Veranderung im Zytoskelett der Zellen und eine Zellschrumpfung.
Kommt es zu Fehlregulationen bzw. wird das Gleichgewicht gestort, treten
Ubermassige Zellverluste auf, was unter anderem bei Krebs und neurodegenerativen
Erkrankungen sehr ausgepragt ist.

Die Identifizierung der fur die Apoptose regulatorischen Proteine gelang durch
Beobachtungen an der Nematode C. elegans (Steller, 1995). Fur zentrale Molekule
in C. elegans konnten homologe Gene und Proteine in Sdugerzellen gefunden

werden. Am apoptotischen Programm sind die pro- und antiapoptotischen Mitglieder
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der Bcl-2 Familie sowie Caspasen beteiligt. Eine Aktivierung der Caspasekaskade
gilt als typisches Merkmal von Apoptose. Caspasen sind aber nicht alleine
verantwortlich fur das Ablaufen des programmierten Zelltodes. Extrazellulare Signale,
Ubertragen durch sogenannte ,Todesrezeptoren® (death receptors), verursachen
z. B. den Fas- und TNFa vermittelten programmierten Zelltod. In letzter Zeit werden
immer haufiger Kathepsine als Apoptosefaktoren diskutiert (Fehrenbacher and
Jaatteld, 2005; Foghsgaard et al., 2001). Eine Prozessierung des Apoptosemediators
Bid, durch Kathepsin B in Lysosomenextrakten (Stoka et al., 2001) konnte mit dem
TNFa vermittelten Zelltod in Zusammenhang gebracht werden. Kathepsin B wird von
den Lysosomen ins Zytosol abgegeben, schneidet Bid und verursacht eine
Permeabilisierung der Mitochondrien und damit eine Freisetzung von Cytochrom c
(Guicciardi et al., 2005). Aber auch Bid-unabhangige Apoptose wird durch

Kathepsine vermittelt (Houseweart et al., 2003).

1.12 Kathepsine und Krebs

Tumorentstehung und Tumorprogression sind sehr stark abhangig vom
Gleichgewicht zwischen Zellproliferation und Zelltod. Kommt es zu Stérungen in der
Regulierung des programmierten Zelltods kann Krebs entstehen. Wahrend der
Tumorentwicklung verandern sich in den Zellen Genexpressionsmuster und
Proteinfunktionen: Tumorsuppressorgene werden inaktiviert und Onkogene aktiviert.
Fur Kathepsine ist bekannt, dass sie in manchen Tumoren an der Zelloberflache
vorkommen oder sogar sezerniert werden (Joyce and Hanahan, 2004). Ausserdem
wurde eine verstarkte Expression mancher Kathepsine bei Krebs in Mensch und
Maus beobachtet (Joyce et al., 2004; Tardy et al., 2005).

1.13 Kathepsine in der Nervenzellentwicklung

Proteasen im neuronalen System, sogenannte Neuroproteasen, sind zum einen fir
die Biosynthese von Neurotransmittern wichtig. So ist Kathepsin L in den
Biosynthesewegen von Enkephalin involviert (Hook, 2006). Andererseits nehmen
Neuropeptidasen eine Schlisselrolle bei der Produktion von toxischen
Proteinfragmenten ein (Hook, 2006). Da fir sehr viele neuropathologische Zustande
noch keine Behandlungsmoglichkeiten bestehen, sind die Neuroproteasen ein neues

Feld fur die Medikamentenentwicklung.
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In Kathepsin B und L-Doppelknockoutmausen finden sich bereits kurz nach der
Geburt ausgepragte axonale Schwellungen. Innerhalb der ersten und zweiten
murinen Lebenswoche findet die sekundare Neurogenese, die Vernetzung von
Nervenzellen und die Myelinisierung der Axone statt (Aggelopoulos et al., 1989). Um
die Rolle von Kathepsinen in der Nervenzellentwicklung zu analysieren, wurden
neuronale Stammzellkulturen von Wildtypmausen und Doppelknockoutmausen

untersucht.

1.14.1 Neuronale Stammzellen

Neuronale Stammzellen sind multipotente Zellen, die sich nahezu unbegrenzt
vermehren konnen und dazu fahig sind, samtliche Zelltypen des ZNS zu bilden. Es
entstehen viele Arten von Vorlauferzellen (Progenitorzellen), die sich wiederum in
alle Arten von Neuronen, Oligodendrozyten und Astrozyten differenzieren.
Progenitorzellen besitzen jedoch ein eingeschranktes Differenzierungspotential und
produzieren terminal differenzierte Zellen (Weiss and Orkin, 1996).

Die Isolierung embryonaler neuronaler Stammzellen kann aus dem Vorderhirn, dem
Kleinhirn und dem Ruckenmark erfolgen (Temple, 2001). Wahrend der
Embryonalentwicklung sinkt der Anteil neuronaler Stammzellen von 50% im
Neuralrohr bei acht Tage alten Embryonen (E8) auf 5 bis 20% im Telenzephalon bei
zehn Tage alten Mausembryonen (E10) (Temple, 2001). Im Ruckenmark sind am
Tag E12 10% der Zellen Stammzellen, am 1. postnatalen Tag (P1) sind nur noch 1%
Stammzellen vorhanden (Kalyani et al., 1997; Kalyani et al., 1998). In der
ventrikularen Keimzone (VZ) entstehen wahrend der Entwicklung Neuronal- und Glia-
Vorlauferzellen. Stammzellen des frihen zerebralen kortikalen Neuroepithels teilen
sich symmetrisch, d.h. sie expandieren nur, ohne sich zu differenzieren. Etwa um
den Tag E13 teilen sich diese Stammzellen ausgehend von der VZ asymmetrisch,
viele differenzierte Zellen werden jetzt gebildet. Es entstehen junge Neuronen.
Entlang radialer Gliazellen wandern die Neuronen nach auflen und bilden die
unterschiedlichen Schichten des Kortex. Diese Phase der Gehirnentwicklung
bezeichnet man als neurogene Phase. In der gliogenen Phase ab E18 entstehen in
der VZ Gliavorlauferzellen, die in der subventrikularen Zone (SVZ) proliferieren.
Oligodendrozyten findet man erst ab PO (Qian et al., 2000). Ab der Geburt
verschwinden die Radialgliazellen und Astrozyten entstehen, die VZ bildet sich

zurick. In der SVZ, die weiterhin existiert, besteht im adulten Tier die hochste
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Neurogeneserate. Die SVZ ist eine dunne Schicht, die an den lateralen Ventrikel des
Telencephalons grenzt. Diese Region stellt den Rest des embryonalen
Neuroepitheliums dar und besitzt lebenslange mitotische Aktivitat. Es gibt dort zwei
vorherrschende Zelltypen: proliferierende und migrierende Neuroblasten sowie
Astrozyten. Die Astrozyten formen ein Rdéhrensytem, die sogenannten Gliatuben, in
dem die Neuroblasten eng gruppiert bis zur distalen Spitze des Bulbus olfaktorius
wandern. Neuronale Vorlauferzellen migrieren von der SVZ aus entlang eines
festgelegten Weges, dem rostromigratorischen Strom (RMS) rostral in den Bulbus
olfaktorius. Taglich wandern ca. 30000 neu gebildete Vorlauferzellen an ihren
Zielort, an dem sie sich ausdifferenzieren. Dort fungieren sie als spezialisierte
Neuronen z.B. als Interneurone. Adulte neuronale Stammzellen konnen aus der
subventrikularen Zone (SVZ) und dem Hippocampus entnommen werden (Gage,
2003; McKay, 1997; Rao and Mayer-Proschel, 1997).

1.14.2 Stammzelltherapie

Die Transplantation von Stammzellen ins Gehirn von Patienten mit
neurodegenerativen Erkrankungen wie Parkinson oder Alzheimer wird als mogliche
Therapiemethode der Zukunft angesehen. Begriundet ist diese Hoffnung darin, dass
man die Mdglichkeit hat, transplantationsfahige Stammzellen in Kultur zu zichten
(Lindvall et al., 2004). AulRerdem wurde schon in den fruhen sechziger Jahren
entdeckt, dass neue Neuronen auch im adulten Gehirn als Reaktion auf
Verletzungen entstehen (Altman and Das, 1965; Altman and Das, 1966). Daraus
ergibt sich in Zukunft eventuell die Chance, verletzte Bereiche des ZNS gezielt zu
regenerieren (Okano, 2002). Die Entwicklung von Stammzell-basierenden Therapien
steht allerdings noch am Anfang. Bislang ist nicht klar ob embryonale Stammzellen
oder adulte Stammzellen aus dem Gehirn oder eventuell aus anderen Geweben
verwendet werden koénnen. Die Kontrolle der Stammzellproliferation und die
Differenzierung in spezifische Zelltypen sowie die Integration der Zellen in neuronale
Netzwerke ist noch weitgehend unverstanden. Da die Lebensspanne von Kathepsin
B und L-Doppelknockoutmausen limitiert ist, ist ihre Verwendung flr

stammzelltherapeutische Studien fraglich.
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1.14.3 Neurospharenkultur von Kathepsin B” L™ Mausen

Die Kultivierung von embryonalen Stammzellen erfolgt in Suspensionskulturflaschen
in serumfreiem Medium unter Zusatz von speziellen Wachstumsfaktoren wie EGF
und FGF-2. Die entstehenden Neurospharen sind ein heterogenes, kugelférmiges
Aggregat aus Stamm- (10-50%) und Progenitorzellen sowie ausdifferenzierten und
apoptotischen Zellen. Dissoziiert man Neurospharen, haben die darin enthaltenen
Stammzellen nach neuer Aussaat die Moglichkeit, neue Neurospharen zu bilden
(Galli et al., 2003). Um Stamm- und Progenitorzellen zu Neuronen, Astrozyten und
Oligodendrozyten ausdifferenzieren zu lassen, ist allerdings ein adhasives Substrat
notig (Reynolds and Weiss, 1996).

Ein immunologischer Marker, der eine neuronale Stammzelle eindeutig als solche
identifiziert, existiert nicht, dies ist allein durch das Potential einer Zelle ableitbar,
Neurospharen zu bilden. Ein grosses Problem besteht darin, dass aus neuronalen
Stammzellen eine heterogene Population von neuronalen Zellen entsteht. Neuronale
Progenitorzellen erkennt man durch Marker wie Nestin, ein Intermediarfilament, das
in undifferenzierten Zellen exprimiert wird (Lendahl et al., 1990). Inzwischen gelang
es, eine homogene Population von pax-6 positiven radialen Gliazellen herzustellen
(Bibel et al., 2004). Diese entwickeln sich sehr schnell zu Neuronen mit
biochemischen und funktionalen Eigenschaften einer Linie zerebraler
Kortexneuronen.

Der Phanotyp der Kathepsin B”"L™ Mause liess sich in vitro im Neurospharenmodell
nicht eindrucksvoll reproduzieren. Die Ausdifferenzierung der Nervenzellen erschien
zwar zeitlich leicht verzogert, aber eine deutliche Akkumulation LAMP1-positiver
Vesikel liess sich beispielsweise nicht beobachten. Ausserdem war die
Neurospharenbildung in Kathepsin B”"L"-Kulturen reduziert (Poster, Anlage 1).
Folglich stellte sich das Neurospharenmodell fir die beabsichtigte biochemische
Charakterisierung als ungeeignet heraus. Zur Aufklarung der in vivo-Funktion von
Kathepsin B und L in Nervenzellen der Grosshirnrinde und zur ldentifizierung
nervenzellspezifischer in vivo Substrate von Kathepsin B und L sollten biochemische
Methoden wie subzellulare Fraktionierung, Gelelektrophorese und Massenspektro-

metrie angewandt werden.
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2. Subzellulare Proteomanalyse von Kathepsin B L” Lysosomen

Die subzellulare Proteomanalyse ist ein vielversprechender moderner Ansatz, um
einzelne Zellkompartimente zu analysieren. Fur lysosomale Membranproteine
(Bagshaw et al., 2005) und die lysosomenahnlichen Neuromelaningranulae (Tribl et
al., 2005; Tribl et al.,, 2006) wurde dieses Verfahren beispielsweise erfolgreich
angewandt. Fur die biochemische Charakterisierung von Kathepsin B7L"
Lysosomen wurde das lysosomale Kompartiment aus Grosshirnlysaten zunachst
mittels subzelluldrer Fraktionierung angereichert. Daraufhin wurde die iTRAQ™
(isobaric Tag for Relative and Absolute Quantification) Methode mit der
massenspektrometrischen Analyse (LC-MS/MS) kombiniert, da sich die 2D-
Gelelektrophorese fur die Auftrennung der lysosomalen Fraktion nicht eignete.

2.1. Subzellulare Fraktionierung

Die Prozessierung von Prokathepsin D zu Kathepsin D war in Gehirnlysaten von
Kathepsin B und L-Doppelknockoutmausen nicht beeintrachtigt. Eine Anreicherung
des Intermediats und der reifen Kathepsin D-Form suggerierte im Gegenteil, dass
nicht nur das lysosomale, sondern auch das endosomale Kompartiment akkumuliert
(Felbor et al., 2002). Folglich wurden zunachst endosomal-lysosomale Fraktionen
aus homogenisierten Grosshirnextrakten von 17 Tage alten Wildtyp- und
Doppelknockoutmausen angereichert. Dieses Stadium wurde gewahlt, da
Doppelknockoutmause in der Regel ein Lebensalter von 17 Tagen erreichen, wenn
die Wurfgrolle am 7. Lebenstag reduziert wird. Ferner ist zu diesem Zeitpunkt die
lysosomale Akkumulation in Grosshirnnervenzellen prominent und keine ausgepragte
Apoptose im Grosshirn doppeltdefizienter Mause vorhanden. Das Kleinhirn wurde
abgetrennt, da in diesem primar die einreihige Purkinjezellschicht betroffen zu sein
scheint, die eine geringe lysosomale Akkumulation aufweist und am Tag 17 bereits
apoptotisch ist.

Einer intracardialen Perfusion mit 10 ml 10 mM Tris-HCI, 140 mM NaCl, pH 7.4, 4°C
folgend wurde das native Grosshirngewebe in einem zehnfachen Volumen
Homogenisierungspuffer (0.25 M Saccharose, 10 mM Tris-HCI, pH 7.2, 1 mM EDTA)
aufgenommen und mittels eines Potter S Homogenisators (Braun Biotech,
Deutschland) aufgeschlossen. Nach einem kurzen Zentrifugationsschritt wurde der
postnukledre Uberstand auf einen selbstformenden isoosmotischen Percoll-

Gradienten aufpipettiert und in einer Beckman L8-70M Ultrazentrifuge mit
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Vertikalrotor (Beckman VT 65.1; 25000 rpm) aufgetrennt. Eine deutliche Bande (Pfeil,
Stahl et al.,, 2006, Abb.1B, Anlage 2) erschien im Bereich der ,schweren®
Doppelknockoutlysosomen (DKO), die im Wildtypgradienten (WT) nicht sichtbar ist.
Trotz unterschiedlicher Gehirnmasse —Doppelknockoutgehirne wiegen
durchschnittlich nur 211 mg im Gegensatz zu 305 mg im Wildtyp (Stahl et al., 2006,
Abb. 1A, Anlage 2)- zeigte eine Silberfarbung nach Auftrennung in 10-20% SDS-
PAGE Gradientengelen eine extreme Materialzunahme in den ,schweren”
Doppelknockoutfraktionen im niedermolekularen Bereich.

Zur genauen Bestimmung der Position von schweren Lysosomen und allen anderen
Zellkompartimenten wurden enzymatische Aktivitatstests mit allen gesammelten
Fraktionen der Wildtyp- und Doppelknockoutgradienten durchgefuhrt. Dem ersten
optischen Eindruck entsprechend, zeigte sich ein deutlicher Unterschied im
Aktivitatsprofii des  lysosomalen Leitenzyms  Hexosaminidase zwischen
Doppelknockout- und Wildtypgrosshirnen (Stahl et al., 2006, Abb. 1C, Anlage 2).
Leitenzymtests fur alle tbrigen Zellorganellen erbrachten, dass durch diesen ersten
Percollgradienten die relevante lysosomale Fraktion (Fraktionen 3-5) fast vollstandig
separiert werden konnte (Stahl et al., 2006, Abb. 1E, Anlage 2). Westernblotanalysen
mit Antikdrpern gegen LAMP-1 und Kathepsin D bestatigten einen deutlichen Anstieg
des lysosomalen Kompartiments in den Doppelknockoutgehirnen (Stahl et al., 2006,
Abb.1D, Anlage 2).

Zur Kontrolle wurden die gepoolten Doppelknockoutfraktionen 3-5 durch
elektronenmikroskopische Analysen uberpruft. Es konnte eine Ilysosomale
Anreicherung mit sehr gutem Strukturerhalt bestatigt werden (Stahl et al., 2006, Abb.
1F, Anlage 2). Das so erhaltene Material wurde in Kollaboration mit Dr. A. Sickmann
und Dr. Y. Reinders durch iTRAQ™ und massenspektrometrische Untersuchungen

analysiert.

2.2. Massenspektrometrie

Zur vergleichenden Analyse von unterschiedlich stark exprimierten Proteinen wurde
eine massenspektrometrische Methode entwickelt, bei welcher Proteine
verschiedener Proben unterschiedlich markiert werden konnen. Durch Anhangen
verschiedener Massen (Tag) werden bei ICAT® (Isotope-coded Affinity Tag)
cysteinhaltige Proteine markiert (Gygi et al., 1999). Eine neue verbesserte Methode,

die erstmals von Ross et al. (2004) beschrieben wurde, ist iTRAQ™ (isobaric Tag

23



Einfihrung

for Relative and Absolute Quantification; Applied Biosystems). Im Gegensatz zu
ICAT werden nicht nur Cysteine markiert, sondern ein aminoreaktives, stabiles
Isotopenreagenz markiert den N-Terminus aller Peptide. Ein weiterer Vorteil ergibt
sich daraus, dass vier verschiedene Massen zur Verfugung stehen, mit denen
unterschiedliche Proben, z. B. unterschiedliche Stadien, markiert werden kdnnen.
Differentiell exprimierte Proteine kdnnen zeitgleich untersucht werden, da die ,Tags"
aminspezisch und isobarisch sind (DeSouza et al., 2005; Hardt et al., 2005; Ross et
al., 2004; Shadforth et al., 2005). Durch Ausgleichs-, Reporter- und
Reaktionseinheiten wird sichergestellt, dass alle Peptide gekennzeichnet sind und in
der Massenspektrometrie ein identisches Verhalten zeigen. Nach der Markierung
konnen die Proben gemischt werden. Eine relative bzw. absolute Quantifizierung
mittels MS/MS folgt einer Fraktionierung durch Umkehrphasen-Nano-LC. Gemessen
wird die Intensitat der Reporterionen, d.h. markierte Peptide von gleichen Proteinen.
Verschiedene Proben zeigen im Massenspektrometer gleiche Spektren, kdnnen aber
durch die Reportereinheit quantifiziert werden. Die Analyse der Daten kann direkt

online durch QStar erfolgen.

isobarische Einheit
Gesamtmasse je “tag’=145

_A._
Y 48 W

Vier Reportereinheiten Naaet it
mit m/z 114,115,116 Reportereinheit - Ausgleichseinheit d teagie
: ** priméren
und 117 m/z=31 bis 28
Aminen

geladen neutral

Abb. 1 (modifiziert nach Applied Biosystems):

Der Tag ist aufgebaut aus einer Reporter-, einer Ausgleichs- und einer Reaktionseinheit. Die Reaktionseinheit
bindet in der Probe an die N-terminale Gruppe eines Peptids. Die Reportereinheit ist bei unterschiedlichen
Proben verschieden schwer. Sie dient damit der Quantifizierung. Daraus ergibt sich die Mdglichkeit vier Proben
gleichzeitig analysieren zu kénnen. Dies wird durch die Ausgleichseinheit ermdglicht. Die unterschiedlichen Tags
haben gleiche Gesamtmassen.

2.2.1. Identifizierung von nervenzellspezifischen Kathepsin-Substraten
Nachdem sich die 2D-Gelelektrophorese fur die Analyse der Kathepsin BL"-

Fraktionen als nicht geeignet herausstellte, ergab der Vergleich von Wildtyp- und
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Doppelknockout-Lysosomenfraktionen mittels iTRAQ™, dass es in
doppeltdefizienten Grosshirnnervenzellen zu einer Akkumulation zahlreicher
Zellbestandteile kommt. Neben lysosomalen Proteinen wurden in Doppelknockout-
Lysosomen auch Cytoplasma-, Golgi-, Mitochondrien-, Ribosomen- und
Membranproteine verstarkt gefunden. Weiterhin konnten auch nukleare Proteine und
Proteine mit unbekannter Funktion detektiert werden. Prominente Peptide, die in
Kathepsin B”L"-Fraktionen mindestens vierfach erhéht sind, sind in Tabelle 1 (Stahl
et al., 2006, Anlage 2) gelistet.

Beispielsweise wurden die lysosomen-typischen Proteasen Hexosaminidase A und
Kathepsin D angereichert gefunden. Die Anreicherung von Hexosaminidase A war
bereits im Rahmen der subzellularen Fraktionierung durch enzymatische
Aktivitatstests gezeigt worden (Stahl et al., 2006, Abb.1C, Anlage 2). Auch Kathepsin
D war durch Westernblotanalysen vermehrt in Doppelknockoutgehirnlysaten (Felbor
et al. 2002) detektiert worden. Westernblotanalysen von Gehirnfraktionen bestatigten
auch fir Kathepsin D die Resultate der iTRAQTM-AnaIyse (Stahl et al., 2006, Abb.1D,
Anlage 2).

Die in Tabelle 1 der Anlage 2 nicht gelistete Detektion von Hamoglobin in den
lysosomalen B”L”" Fraktionen hat vermutlich praparative Grunde. Bei Vorversuchen
zur subzellularen Fraktionierung stellte sich heraus, dass die Erythrozyten nach der
Zentrifugation im Percollgradienten mit den schweren Lysosomen kolokalisieren.
Eine intrakardiale Perfusion schien dieses Problem zu l6sen. iTRAQ™ ist aber eine
hoch sensitive Methode, durch die vermutlich auch minimale Mengen Restblut
erkannt werden. Es wurde zwar beschrieben, dass bei Morbus Alzheimer
Hamoglobin an einer Oligomerbildung von AB und an Amyloidablagerung beteiligt ist
(Oyama et al.,, 2000; Wu et al.,, 2004), dennoch scheint hier ein Fehler im
Versuchsablauf wahrscheinlicher.

Hervorzuheben sind eine Reihe von Proteinen mit prominenter Expression im Gehirn
(Stahl et al., 2006, Tabelle 1 und Diskussion in Anlage 2). Dazu gehoren Calcyon
und der Delta/Notch-like epidermal growth factor-related Rezeptor sowie
Neurochondrin, Phospholipase D3, Rab14 und Apolipoprotein E. Vor allem fur
bislang wenig charakterisierte Molekile wie Calcyon und Neurochondrin, denen eine
Rolle in der Gehirnentwicklung zugeschrieben wird, werden weitere zellbiologische

Kolokalisations- und Funktionsanalysen von Bedeutung sein.

25



Einfihrung

2.2.2. Diskussion

Zahlreiche lysosomale Proteine, die durch iTRAQ™ in Doppelknockoutmausen
vermehrt identifiziert wurden (Stahl et al., 2006, Tabelle 1, Anlage 2), sind bei einer
Reihe von lysosomalen Speicherkrankheiten mutiert bzw. involviert. Neben
Kathepsin D (Ceroid Lipofuszinose CLN10, OMIM #610127), sind dies die Palmitoyl-
Proteinthioesterase-1 (Ceroid Lipofuszinose CLN1, OMIM #256730) und die
Tripeptidyl-Aminopeptidase (Ceroid Lipofuszinose CLN2, OMIM #204500). Ferner
wurden drei Proteine nachgewiesen, die bei Gup-Gangliosidosen mutiert sind:
Prosaposin, ein integrales Membranprotein und die Vorstufe von Saposin, dem G-
Aktivator Protein, ist bei der Cerebrosidlipidose Morbus Gaucher (OMIM #230800)
herunterreguliert oder fehlt komplett. Ein Hexosaminidase A-Mangel fuhrt zu
psychomotorischer Retardierung und muskularer Hypertonie und tritt haufig bei
judischen Patienten auf (Morbus Tay-Sachs, OMIM #272800). Vermehrt
nachgewiesen wurde auch Hexosaminidase B, die bei Patienten mit Morbus
Sandhoff (OMIM #268800) mutiert vorliegt. Die bei Morbus Farber (OMIM #228000)
defiziente saure Ceramidase ASAH1, spaltet bei gesunden Menschen Ceramid in
Sphingosin und Fettsduren. Das Fehlen flhrt zu intrazellularer Ceramidspeicherung.
Enzymatische Aktivitaten von vielen Proteasen sind bei humanen NCL-Formen sowie
im Gehirngewebe von Kathepsin D7 Schafen (Tyynela et al., 2000) und in Kathepsin
B"L"-Mausen erhoht. Es ist aber gerade ein mutationsbedingter Verlust dieser
Enzyme, der durch Akkumulation von Speichersubstanzen zu spezifischen
hereditaren Krankheitsbildern flhrt. Folglich kann es sich um eine kompensatorische
Erhdhung oder eine fehlerhafte Degradation oder Prozessierung der Enzyme in
Kathepsin B”L"-M&usen handeln. Fir PPT und TPP1 war bereits in der
Initialbeschreibung der Kathepsin BL”"-Mause eine erhdhte und nicht eine
verminderte enzymatische Aktivitat beschrieben worden. Daraus wurde geschlossen,
dass der Kathepsin B"'L"'—Phénotyp sich von diesen beiden klassischen NCL-
Formen eindeutig unterscheidet (Felbor et al., 2002). Diese Ergebnisse wurden in der
vorliegenden Arbeit bestatigt und spezifiziert. Vergleichbar zur Kathepsin D-Defizienz
(Ceroid Lipofuszinose CLN10, OMIM #610127) ware ein humanes Pendant der
Kathepsin B”"L"-Mause theoretisch denkbar. Da dies aber vier rezessive Mutationen
in zwei Genen voraussetzen wurde, die zudem lethal waren, ist es sehr

unwahrscheinlich, dass ein humanes B"L”-Krankheitsbild identifiziert werden wird.
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Dennoch kénnen die Kathepsin B"L”-Méause als Modellsystem fiir NCL betrachtet
werden (Koike et al., 2005).

Dem Kathepsin B”L"-Phanotyp vergleichbare Ergebnisse wurden auch durch die
Inaktivierung des lonenkanalproteins CIC-7 in Mausen (Clcn7"') erzielt. Diese
resultierte nicht nur in einem osteopetrotischen Phanotyp in der Maus, sondern flhrte
auch zur Identifizierung humaner Mutationen bei der infantilen malignen
Osteopetrose fiihrte (Kornak et al., 2001). Clcn7” Mause zeigten dariiber hinaus
eine Retina- und Neurodegeneration, die vorwiegend die hippocampale CA3-Region,
aber auch den zerebralen Kortex und die zerebellare Purkinjezellschicht betrifft
(Kasper et al., 2005). Ein Rettungsversuch durch Uberexpression von CIC-7 in
Osteoklasten von Clcn7” Mausen fiihrte méglicherweise aufgrund der schweren
Neurodegeneration zu einer um nur etwa drei Wochen erhdhten Lebenserwartung.
Obwonhl die Funktion des lysosomalen lonenkanalproteins in Nervenzellen unklar
bleibt, handelt es sich bei Clcn7” Mausen um eine NCL-ahnliche lysosomale
Speicherkrankheit mit Akkumulation von autofluoreszentem Lipopigment, granularen
und lamellaren Ultrastrukturen, einer intralysosomalen Anreicherung der c-
Untereinheit der mitochondrialen ATP-Synthase und von Saposin D, einer
Akkumulation von Kathepsin D und erhdhten enzymatischen Aktivitaten der
Hexosaminidasen und von TPP1. Da allerdings die neuronalen Ceroidlipofuszinosen
nicht mit einer Osteopetrose assoziiert sind, erscheint es unwahrscheinlich, dass
CLCNY7 ein Kandidatengen fur NCLs ist.

In B'/'L'/'-Lysosomen akkumulieren einige ATP-abhangige Membrankanalproteine,
die im Nervensystem exprimiert sind (McGrail et al.,, 1991) und bei neurologischen
Erkrankungen mutiert sind: Mutationen in der a-3 Untereinheit der Na'/K*-ATPase
fuhren beispielsweise zu einer autosomal-dominant vererbten Dystonieform mit
Parkinsonismus (OMIM #128235) (de Carvalho Aguiar et al., 2004). Mutationen in
der a-2 Untereinheit der Natriumkaliumpumpe wurden mit einer familiaren Form der
Migrane assoziiert (FHM2, OMIM #602481) (Estevez and Gardner, 2004). Diese aus
vielen Untereinheiten bestehenden Proteinkomplexe transportieren unter ATP-
Verbrauch Protonen dber biologische Membranen und erzeugen dadurch
beispielsweise in Lysosomen ein saures Milieu, so dass die in den Lysosomen
enthaltenen Enzyme ausreichend aktiv sind. Membranproteine wurden allerdings
nicht in Tabelle 1 der Anlage 2 gelistet, da sie im Vergleich zu Wildtyplysosomen

nicht mindestens vierfach erhoht waren.
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Bei zahlreichen neuronalen Speicherkrankheiten liegt der zugrundeliegende Defekt
in ubiquitar exprimierten Molekullen. Der nervenzellspezifische Phanotyp konnte bei
der Tay Sachs-Speicherkrankheit durch ein nervenzellspezifisches Substrat der
Hexosaminidase, das GM,-Gangliosid, erklart werden. In der vorliegenden Studie
wurde gezeigt, dass dies fur die Kathepsin B- und L-Defizienz mit grosser
Wahrscheinlichkeit nicht zutrifft, obwohl die lysosomalen Akkumulationen nur selektiv
in bestimmten Nervenzellpopulationen zu finden sind und nicht in anderen Organen
(Felbor und Goebel, unpublizierte Daten). Die Nervenzellspezifitit des B”L™-
Phanotyps kénnte dadurch begrindet werden, dass den betroffenen Zellen eine
kompensierende Protease fehlt. Allerdings ist der Nachweis dieser Hypothese
experimentell ausserordentlich schwierig. Denkbar ist auch, dass eine defekte
Autophagozytose in Abwesenheit von Kathepsin B und L vulnerable Nervenzellen
besonders betreffen kdnnte, die sich nicht mehr teilen, eine hohe Lebensspanne bei
hohem Umsatz von Membranlipiden und Proteinen haben und mit ihren langen
axonalen Fortsatzen eine einzigartige Anatomie aufweisen.

Zusammenfassend gehort die Kathepsin B- und L-Defizienz ebenso wie die Defizienz
des Chloridkanalproteins CIC-7 und die Gruppe der menschlichen neuronalen
Ceroidlipofuszinosen zu den Speicherkrankheiten mit unspezifischer Anreicherung
lysosomaler Proteine und Proteasen bzw. deren enzymatischer Aktivitaten. Diese
unspezifische Anreicherung wurde als Ausdruck eines Kompensations-
mechanismusses bei suboptimaler lysosomaler Funktion interpretiert (Ezaki and
Kominami, 2004). Nachfolgende Studien werden u.a. klaren mussen, ob es sich bei
der Anreicherung nervenzellspezifischer Substrate wie Calcyon, dem Delta/Notch-
like epidermal growth factor-related Rezeptor und Neurochondrin in Kathepsin BL"-
Doppelknockoutmausen um primare und/oder sekundare/reaktive Phanomene
handelt. Fur Apolipoprotein E wurde beschrieben, dass es stressinduziert in
Nervenzellen hochreguliert wird und protektive Funktionen Ubernimmt (Ubersicht in
Mahley et al., 2006). Die entwicklungbiologische und/oder protektive Bedeutung von
erst kirzlich beschriebenen Molekulen wie Calcyon (Lezcano et al., 2000; Xiao et al.,
2006) und Neurochondrin (Istvanffy et al., 2004; Shinozaki et al., 1999) bedarf
hingegen einer soliden experimentellen Aufarbeitung. Folglich bleibt derzeit offen, ob
eines der gespeicherten Proteine eine pathogenetische Rolle bei der Entstehung des

Kathepsin B'L"-Phanotyps spielt.
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3. Teilprojekt II: Lokalisierung von Endostatinrezeptoren und Charakterisierung
der Endostatinbindung

Endostatin ist ein endogener Inhibitor der Angiogenese und des Tumorwachstums
(O'Reilly et al., 1997). Das Molekul ist 20 kDa schwer und wird durch sekretiertes
Kathepsin L von Kollagen XVIII abgespalten (Felbor et al., 2000). Die Wirkweise des
Angiogeneseinhibitors Endostatin ist nach wie vor ungenugend charakterisiert. Eine
Reihe von niedrigaffinen Endostatinrezeptoren wurde inzwischen beschrieben. Dazu
gehoren Heparansulfatproteoglykane (Glypikane), Integrin  asps und das
Basalmembranprotein Laminin. Im Vordergrund der meisten Studien stand die
Heparinaffinitat von Endostatin und die Charakterisierung der Heparinbindungsstelle
(Ubersicht in Sasaki et al., 2002).

Um einen hochaffinen Endostatinrezeptor lokalisieren und identifizieren zu kénnen,
wurde Endostatins prominente Heparinbindungsstelle mittels Alanin in vitro
Mutagenese eliminiert. Diese Endostatinmutante zeigte zwar keine antiangiogene
Aktivitat in einem murinen embryonalen Knochenangiogenesemodell, band aber an
murine Gewebe in situ, an aussprossende Endothelzellen in Organkulturen und an
Endothelzelllinien. In Ubereinstimmung mit dem menschlichen Phanotyp, wurde eine
ausgepragte Bindung an die Tunica vasculosa lentis von Mauseembryonen
beobachtet (Gaetzner et al., 2005, Anlage 4; Rychkova et al., 2005, Anlage 3). Im
Gegensatz zur Heparinmutante fluhrte eine weitere Mutante, in der zwei an der
Molekuloberflache ungewohnlich exponierte, hydrophobe Phenylalaninreste durch
Alanin ersetzt worden waren, zu einem kompletten Bindungsverlust an Gewebe und
Endothelzellen bei unveranderter Heparinaffinitat. Endostatins Heparinaffinitat ist
folglich fur die Bindung in situ nicht ausschlaggebend. Durch systematische in vitro
Mutagenese und Bindungsstudien konnte gezeigt werden, dass Endostatin an einen
von Heparansulfaten unabhangigen, noch zu identifizierenden hochaffinen
Endostatinrezeptor binden muss (Stahl et al., 2005).

Die Identifizierung dieses hochaffinen Endostatinrezeptors auf Endothelzellen sollte
durch Expressionsklonierung unter Verwendung der AP-Tag"-Technologie erfolgen.
Die Konstruktion und Expression von AP-Fusionsproteinen sowie die ldentifizierung
einer Rezeptor-positiven Zelllinie als Quelle fir die Generierung einer cDNA-
Expressionsbibliothek verliefen problemlos. Als problematisch stellte sich jedoch die
Identifizierung einer eindeutig Rezeptor-negativen und zugleich leicht transfizierbaren

Zelllinie heraus, die mit gepoolter DNA der zu erstellende Expressionsbibliothek aus
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CPAE-Zellen transfiziert werden sollte. Allein die schwer zu transfizierende neuronale
Modellzelllinie PC12 erwies sich als eindeutig Rezeptor-negativ (Neumann und
Felbor, unpubliziert). Im Rahmen einer vergleichenden Analyse der homologen
Endostatindomanen von Kollagen XV und XVIII in Angiogenese und Neurogenese
stellte sich heraus, dass weder Endostatin noch die homologe Endostatindomane
von Kollagen XV mit neuronalen Geweben reagierten (Rychkova et al., 2005, Anlage
3). AP-VEGF hingegen =zeigte eine stark positive Farbung der neuronalen
Modellzelllinie PC12 und muriner Nervengewebe (Berger et al., 2006, Anlage 5). Da
der dritte Meilenstein der Expressionsklonierung, die Identifizierung einer Rezeptor-
negativen Zelllinie, nicht zu dem erhofften Ergebnis flhrte, liegt der Schluss nahe,
den Endostatinrezeptor nicht dber den genetischen Ansatz, sondern mit
biochemischen Methoden zu identifizieren.

Homozygote und compound heterozygote trunkierende Mutationen im Kollagen XVII|
Gen (COL18A1) verursachen das autosomal rezessiv vererbte Knobloch Syndrom
(MIM# 267750), das durch eine angeborene Myopie, vitreoretinale Degeneration und
okzipitale Enzephalozele charakterisiert wird. Eine verzogerte Regression der Vasa
hyaloidea, die wahrend der Embryonalzeit die Linse und den Glaskorper versorgen,
scheint pathogenetisch relevant zu sein (Fukai et al., 2002). Bemerkenswert ist, dass
sechs von neun bekannten Mutationen in den Exonen 35, 36, 40 und 41 liegen und
durch vorzeitige Stopkodons entweder die gesamte oder einen Teil der
Endostatindomane deletieren, die durch die terminalen drei Exone (41 bis 43) von
COL18A1 kodiert wird.

T

Abb.2: Schematische Darstellung von humanen Mutationen im homotrimeren Kollagen XVIIl. ES= Endostatin,

*
TR=Trimerisierungsdomane, H= Hinge-Region, = Missense-Mutation
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Die einzige bisher bekannte humane Missense Mutation in der Endostatindomane
fuhrt nicht zu einer Veranderung im Bindungsverhalten an Gewebe, Endothelzellen,
Heparin und Laminin. Diese Endostatinmutante wird jedoch schwacher exprimiert
(Stahl et al., 2005, Anlage 6). Diese Beobachtung lasst sich durch eine reduzierte
Faltungskinetik erklaren, die durch die Lage von A48 im raumlich begrenzten,
hydrophoben Innern des Molekils verursacht sein kdnnte. Endostatin spielt folglich
nicht nur als freigesetztes Molekul im Rahmen pathologischer Neovaskularisationen,
sondern auch als C-terminale Kollagen XVIlI-Domane wahrend der normalen

Entwicklung eine herausragende Rolle.
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4. Teilprojekt Ill: Etablierung der molekulargenetischen Kavernomdiagnostik
Zerebrale kavernése Malformationen (CCM, OMIM #116860, 603284, 603285), kurz
Kavernome, sind haufige Blutgefassfehlbildungen im zentralen Nervensystem,
welche vor allem in der 2.-4. Lebensdekade symptomatisch werden. Die dieser
Krankheitsgruppe zugrunde liegenden pathogenetischen Mechanismen sind noch
groflitenteils unbekannt. Die Blutgefassfehlbildungen treten sowohl sporadisch als
auch familiar auf. Hereditare Formen werden autosomal dominant vererbt. Die
Penetranz ist inkomplett und die Expressivitat variabel. Die Symptomatik umfasst
Kopfschmerzen, Krampfanfalle und Schlaganfalle mit nachfolgenden neurologischen
Ausfallen. Bisher wurden drei ursachliche Gene identifiziert: CCM1/KRIT1, CCM2/
MGC4607/Malcavernin/OSM und CCM3/PDCD10 (Ubersicht in Felbor et al., 2006).
Da die molekulargenetische Kavernomdiagnostik in Deutschland bis zum Jahr 2005
nicht angeboten wurde, wurde diese fur Patienten mit positiver Familienanamnese
und/oder multiplen Kavernomen etabliert. Sie wird als Stufendiagnostik durchgefuhrt.
In den ersten vier Stufen werden sukzessive die kodierenden Abschnitte inklusive der
Exon-Intron Ubergadnge von allen drei CCM-Genen mittels Sequenzanalyse
untersucht. Bei negativem Ergebnis nach Direktsequenzierung aus genomischer
DNA erfolgt in der 5. Stufe eine quantitative PCR mit Hilfe der MLPA-Methode zur
Beurteilung von grosseren Deletionen und Duplikationen. Die Multiplex Ligation
Dependent Probe Amplification (MLPA) fur die drei CCM-Gene wurde von MRC
Holland auf Anfrage erst im Jahr 2005 entwickelt. Inzwischen wurden nicht nur
zahlreiche neue CCM-Mutationen identifiziert, die beispielsweise das Leseraster
verschieben (Sirlcu et al., 2006, Anlage 7 und unpublizierte Daten), sondern auch
grosse genomische Deletionen wie z.B. die in der Literatur zuvor noch nicht
beschriebene Deletion des gesamten CCM1-Gens (Gaetzner et al., 2006,
eingereicht, Anlage 8). Aus wissenschaftlicher Sicht dient die genetische
Mutationsanalyse mittelfristig einerseits einer molekularen Reklassifizierung
hereditarer vaskularer Malformationen (Bilguvar et al., 2006, Anlage 10; Stahl and
Felbor, 2006, Anlage 9). Andererseits werden die Identifizierung spezifischer
humaner Mutationen und humane Zelllinien mit diesen Mutationen zum Verstandnis
der Genfunktionen beitragen. Gegenwartiger Forschungsschwerpunkt ist die
Funktionsanalyse von CCM3. Im CCM3-Gen wurden erst 2005 humane Mutationen
bei CCM-Patienten identifiziert. Es ist derzeit nicht bekannt, welche Funktionen das
CCM3-Protein hat.
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Abstract

Mice deficient for the two lysosomal proteases cathepsin
B and cathepsin L develop a severe neurodegeneration
during infancy. Select neurons in the cerebral and
cerebellar cortex accumulate massive amounts of
ultrastructurally unique lysosomal bodies prior to
apoptosis and death of the animals during the third and
fourth postnatal week. Apoptosis of cathepsin BL’"
neurons was confirmed by TUNEL-stainings, immuno-
histochemistry with an antibody against activated
caspase-3, and electron microscopy. Thus, we have
shown that cathepsins B and L functionally compensate
for each other in vivo. To further analyze the molecular
basis of neuronal loss in cathepsin B- and L-deficient
mice, we primarily intend to identify neuron-specific in
vivo substrates for cathepsins B and L. In parallel, we aim
at reproducing the phenotype in an in vitro cell culture
model system. Therefore, we isolated and expanded
neural stem and progenitor cells from 12-day-old fetal
forebrains of wild-type and cathepsin B*L* mice. Their
proliferative potential was quantified based on their
capacity to generate primary and secondary neuro-
spheres in culture. Furthermore, neurospheres were
tested for their ability to differentiate into intact neurons
and astrocytes. Neurosphere generation was reduced in
double mutant cultures, and neural stem cell
differentiation was slightly delayed in the absence of

O-Bn

@

primary neurosphere

secondary neurospheres

Fig. 2 Schematic representation of neurosphere formation.

An asymmetric division is shown: a stem cell (blue) divides into a stem and a progenitor cell
(red). Alternatively, a stem cell can proliferate into two stem cells (symmetric division). Finally,
a primary neurosphere arises which contains stem, progenitor and precursor (green) cells.
After dissociation of primary neurospheres into single cells, suspensions are cultured in
medium which selects for neural stem cells. Only these give rise to a secondary neurosphere.
Less than 20% of neurosphere cells are stem cells.
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Fig. 1 (a) Apoptosis of 24-day-old cathepsin B”L"
forebrain neurons. Immunohistochemistry with an
anti-activated caspase-3 antibody showed DAB-
positive (brown) shrunken neurons and apoptotic
bodies. Punctuate immunostaining (arrow) within
perikarya reflects the accumulation of lysosomes
prior to cell death. (b) Electron microscopy
demonstrated globular chromatin  compaction.
Taken together, apoptosis of double-mutant

B*

® &_

neurons was confirmed by TUNEL positivity (Felbor
et al, PNAS, 2002), anti-activated caspase-3

Fig. 3 Neurospheres after 14 days in culture. (a) Wildtype neurospheres, (b) double-

cathepsins B and L.

immunostaining and electron microscopy.

mutant neurospheres (bar = 50 um ).
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Fig. 4 (a,b) The capacity to generate primary
neurospheres is reduced in double mutant
cultures. Primary neurospheres are counted
after cultivation of 20.000 cells/ml (p=0,1) and
40.000 cells/ml (p<0,05) for 10 days.

(c) The self-renewal ability of B*L" stem cells is
significantly reduced (p=0,001)
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Fig. 5 Double knockout neurospheres differentiated slightly slower than wildtype neurospheres. (a) Phase-contrast
picture of a double-mutant neurosphere, plated on a poly-L-ornithine coated coverslip and cultured in 1% horse serum
for 4 days (bar = 200 um). Fewer cells have migrated out of double mutant neurosheres (p<0,05). (b) Neurons are
stained with anti-neuronal class Ill R tubulin (green) and astrocytes with anti-GFAP (red). While significantly less B”-L"
neurons migrate out of neurospheres after 2-3 days (data not shown), no difference is observed after 4 days (p=0,78).
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Fig. 6 The lysosomal compartment is increased in cathepsin B*-L’ cerebral neurons. (a) Freshly prepared
cerebral tissue was homogenized. (b) The post nuclear supernatant was loaded onto percoll gradients and
centrifuged at 25000 rpm. Double mutant lysosomes formed a visible band in the lower region of the tube
(arrowhead). (c) The late lysosomal fractions 3 to 5 showed a much higher hexosaminidase activity when
compared to the wildtype. (d) Wild-type and double knockout fractions were also loaded onto 10-20%
SDS-PAGE gels and probed with antibodies against e.g. LAMP1 which confirmed a striking accumulation
of heavier lysosomes in double mutant brains. (e) Intact electron-dense lysosomes in the pooled fractions
3t05.

Summary

Cathepsin B”L" stem and progenitor cells could be cultivated and differentiated into
neurons and astrocytes. However, their proliferation potential differed significantly at the
primary and secondary neurosphere stage.

In addition, double-mutant neurospheres required longer time periods for differentiation
although there was no striking difference between wildtype and double-mutant
neurospheres in general appearance and cell composition in later stages.

Accumulating heavy lysosomes from murine cerebral cortices were successfully purified
using subcellular fractionation techniques. After biochemical characterization of the fractions
with enzymatic activity tests and western blot analyses, the ultrastructure of the purified
lysosomes was visualized. Since 2D gel electrophoresis turned out to be unsuitable for the
material purified from cathepsin B- and L- double knockout brains, a proteomics approach
using iTRAQ™ reagents is currently evaluated.
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Abstract

Cathepsins B and L are lysosomal cysteine proteases which have been implicated in a variety
of pathological processes such as cancer, tumor angiogenesis, and neurodegeneration.
However, only a few protein substrates have thus far been described and the mechanisms by
which cathepsins B and L regulate cell proliferation, invasion, and apoptosis are poorly
understood. Combined deficiency of both cathepsins results in early-onset neurodegeneration
in mice reminiscent of neuronal ceroid lipofuscinoses in humans. Therefore, we intended to
quantify protein changes in brain lysosomes of double deficient mice. A combination of
subcellular fractionation and LC-MS/MS using isobaric tagging for relative and absolute
quantitation (iTRAQ™) allowed us to simultaneously assess wildtype and cathepsin B" L™
cerebral lysosomes. Altogether, 19 different proteins were significantly increased in cathepsin
B L" lysosomes. Most elevated proteins had previously been localized to neuronal
biosynthetic, recycling/endocytic or lysosomal compartments. The increase of calcyon, the
Delta/Notch-like epidermal growth factor-related receptor, neurochondrin, phospholipase D3,
Rab14, cathepsin D, and apolipoprotein E suggests a potential role for cathepsins B and L in
axon outgrowth and synapse formation during postnatal development of the central nervous

system.



Introduction

Cathepsins B and L belong to a family of 11 cysteine proteases (cathepsins B, C, H, F, K, L,
O, S, V, W, and X/Z) with major roles in terminal protein degradation within the lysosome.
Specific protein processing functions in other cellular compartments have more recently been
recognized for the widely expressed cathepsins B and L. These include regulation of cell
cycle progression through proteolytic processing of the CDP/Cux transcription factor in the
nucleus (18), major histocompatibility complex class II antigen presentation (35) and control
of growth factor recycling in endosomes (38), and hormone production within the regulated
secretory pathway (16, 50). Notably, cathepsin L has been shown to convert proenkephalin to
the active enkephalin opioid peptide neurotransmitter within secretory vesicles of
neuroendocrine chromaffin cells (50). Cathepsin B has been proposed to act as a f-secretase
producing neurotoxic A (20). However, it was just shown that cathepsin B also degrades
preformed extracellular oligomeric and fibrillar amyloid in aged APP transgenic mice (34).
Furthermore, cathepsin B was identified as the major enzyme responsible for endosomal
proteolysis of internalized epidermal growth factor receptor complexes (3) and insulin-like
growth factor-I (2). Multistep endosomal proteolysis involving cathepsins B and L is also
required for Ebola virus (5) and SARS-coronavirus infection (41).

During certain pathological conditions such as tumor invasion and tumor angiogenesis, both
cathepsins have been reported to be upregulated, translocated to the cell surface, and secreted.
Secreted procathepsin L generates the angiogenesis inhibitor endostatin from collagen XVIII
after conversion to mature cathepsin L in the acidic extracellular milieu of murine
hemangioendothelioma cells (13). In a mouse model of pancreatic islet cell carcinogenesis,
impaired tumor invasion in cathepsin B’ mice and cathepsin L”" mice was in part attributed
to maintenance of E-cadherin protein levels. It was subsequently demonstrated that both

cathepsins release the extracellular domain of E-cadherin in vitro which abrogates its



adhesive function (17). Both single knockout mice also showed a reduction of tumor cell
proliferation and increased cell death. The latter could be correlated with observed defects in
tumor angiogenesis only in cathepsin B”" mice. Thus, apoptosis occurred independently of
angiogenesis defects in cathepsin L™ mice (17).

The role of cathepsins in apoptosis appears to be complex. Cathepsin B has been reported to
be an essential downstream mediator during tumor cell apoptosis induced by tumor necrosis
factor (TNF-a) (15). This lysosomal pathway of apoptosis requires the release of lysosomal
enzymes into the cytoplasm (reviewed in (29)) and can be inhibited by suppression of
cytosolic cathepsin B activity (32). Furthermore, increased proteolysis by cathepsin B
contributes to neuronal apoptosis in cystatin B-deficient mice, a murine model of Unverricht-
Lundborg progressive myoclonus epilepsy (21). However, the biological relevance of the
reported in vitro cleavage of the proapoptotic BCI-2 family member Bid by cathepsins (43)
has been questioned in vivo (22), and further cytosolic target proteins of cathepsin B are not
known. In contrast to the observed increased resistance of cathepsin B” cells to TNF-a-
triggered apoptosis (15), cathepsin L-deficient lung carcinoma cells showed increased
sensitivity to apoptosis (48) wich is in agreement with increased tumor cell death in the
mouse model of multistage pancreatic tumorigenesis after deletion of cathepsin L (17).
Increased apoptosis in the absence of cathepsin L could be rescued by inhibition of the
aspartic protease cathepsin D whose single-chain isoform was subsequently shown to be
specifically degraded by cathepsin L. Therefore, it was proposed that cathepsin L contributes
to control death receptor-induced apoptosis via proteolysis of cathepsin D (48).

Cathepsin B”L”" mice display extensive neuron death in the central nervous system and
develop a pronounced brain atrophy during the fourth postnatal week (14). Most double
mutant animals die during the weaning period even if they are carefully nursed. Procathepsin

D and correctly processed mature cathepsin D were found to be increased in cathepsin B L™



brain lysates (14) which potentially adds to the terminal apoptotic process. However, prior to
neuronal cell death, cathepsin B”L” neurons develop a lysosomal storage disorder
reminiscent of human neuronal ceroid lipofuscinoses (14, 28). This suggests that cathepsins B
and L have other essential roles during postnatal maturation and in maintaining the integrity
of the central nervous system. In addition, cathepsin D deficiency or dysfunction itself causes
a congenital form of neuronal ceroid lipofuscinoses in mice (27), sheep (46) and humans (40,
42).

Cathepsins B and L can compensate for each other in vivo since only cathepsin B’ L”" double
mutant mice and not the respective single knockout mice develop autophagosomal and
lysosomal accumulations within neurons. Importantly, the phenotype is restricted to select
neurons in the cerebral and cerebellar cortex. In order to identify common neuronal substrates
of cathepsins B and L, we performed a subcellular proteomics approach combining
subcellular fractionation and amine-specific isobaric tag-based protein quantification by LC-
MS/MS. Here, we present 19 proteins which are significantly increased in cathepsin B L™

brain lysosomes.



Experimental Procedures

Mice

Cathepsin B”L”" mice were described previously (Felbor et al. 2002). Both double mutant
and wild-type controls were from a mixed genetic background (C57BL/6 x 129/sv). All

animal experiments were performed in compliance with institutional guidelines.

Subcellular Fractionation

P17.5 double mutant and control cerebral tissues were dissected after intracardiac perfusion
with cold 140 mM NaCl, 10 mM Tris-HCI, pH 7.4, in order to minimize red blood cell
content. All following steps were performed at 4°C. Perfused mouse brains were immediately
homogenized in an isoosmotic homogenization buffer (0.25 M sucrose containing 1 mM
EDTA, 100 uM leupeptin, 100 uM elastinatinal, 50 uM pepstatinA) by five passes with 1000
U/min using a Potter S homogenizer (Braun). After a centrifugation step of 1,000 rpm for 2
min, 2 ml postnuclear supernatants were loaded onto 10 ml 41% Percoll (Amersham
Pharmacia Biotech) in 0.25 M sucrose which had been layered on top of a 1-ml cushion of
90% Percoll. After 30 min centrifugation at 25,000 rpm and 4°C (Beckman L8-70M), 500 nl

subcellular fractions were collected from the bottom of the tube.

Biochemical Characterization of Subcellular Fractions

10 pl of each fraction were mixed with 90 ul 0.25% Triton X-100 to disrupt lysosomes and
the specific hexosaminidase substrate 4-methylumbelliferyl-B-D-N-acetylglucosaminide
(Sigma) was added. After 30 min of incubation at 37°C, the amount of the fluorescent
product 4-methylumbelliferol was detected with a fluorimeter at 366 nm. Further enzymatic
activities analyzed were 2’,3’-phosphodiesterase for myelin, katalase for peroxisomes,

succinate-dehydrogenase for mitochondria, and cholin acetyl transferase for synaptosomes



using the substrates adenosine 2’3’-cyclic monophosphate (Sigma), hydrogen peroxide,
natrium succinate (Sigma), and [1-'*CJaccetyl CoA, respectively.

10 pl of all wild-type and double knockout fractions were also loaded onto 10-20% SDS-
PAGE gels, electroblotted onto nitrocellulose and probed with a polyclonal rat anti mouse
LAMP-1 antibody (PharMingen, 553792). Further antibodies were a goat anti-human
cathepsin D antibody (Santa Cruz Biotechnology, sc-6486), and a goat anti-human
apolipoprotein E antibody (Calbiochem, 178479). Secondary antibodies conjugated to

peroxidase were purchased from Dianova.

Electron Microscopy

To eliminate Percoll particles, pooled fractions 3-5 containing double knockout lysosomes
were centrifuged at 100,000 g (4°C). The white interphase was diluted with 0.25 M sucrose
(60 pul) and fixed for 90 min with 2% glutaraldehyde in 0.1M phosphate-buffered saline, pH
7.4, at 4°C. A light yellow pellet became visible that was washed with PBS and spun at
4,0000 rpm for 15 min at 4°C three times. The pellet was then incubated in 4% OsO4 and
epon-embedded. Ultrathin sections were examined with a transmission electron microscope

(LEO 912 AB, LEO Elektronenmikroskopie, Oberkochen, Germany).

Isobaric Tagging for Relative and Absolute Quantitation (iTRAQ™ labeling)

Lysosomes derived from fractions 3 to 5 were resuspended in 20 pL digestion buffer (0.5 M
triethylammonium bicarbonate, pH 8.5, and 0.1% SDS). The final protein concentration was
determined with the bicinchoniic acid assay (Pierce). iITRAQ™ reagents were dissolved in 70
puL ethanol. The samples were reduced for 60 minutes at 37 °C using reducing reagent,

blocked for 10 minutes at room temperature using MMTS, and digested with trypsin over



night. Afterwards, each sample was incubated with a different iTRAQ™ reagent for one

hour.

Cation Exchange Chromatography

After pooling the samples, the mixture was separated directly by cation exchange
chromatography as previously described (Wagner et. al., 2003). Prior to nano-LC-MS/MS,
each fraction was concentrated in a vacuum centrifuge to diminish the acetonitrile

concentration.

Nano-Rechromatography and MS/MS

The sample was preconcentrated on a C,g precolumn (C;g PepMap™ RP, 300 um ID x Imm,
Dionex, Idstein, Germany) for 5 min at a flow rate of 25 pL/min using an HPLC system
consisting of a Famos™ autosampler, a Switchos™ microcolumn switching module and an
Ultimate™ micropump (all Dionex). Afterwards, peptides were eluted and separated on a C3
main column (Ci;g PepMap™ RP, 75 pm ID x 150 mm, Dionex) by a binary gradient
composed of solvent A (0.1% formic acid) and solvent B (0.1% formic acid in 84%
acetonitrile). Solvent B was increased linearly from 5% to 50% within 30 minutes, then to
95% for 10 minutes, and afterwards the column was reequilibrated to 5% solvent B. The flow
rate was set to 250 nL/min. Peptides were directly eluted into an ESI-mass spectrometer. For
mass spectrometric analysis a Quad-TOF QStar®XL (Applied Biosystems, Darmstadt,

Germany) was used.

Data Analysis
Data analysis of the derived spectra was accomplished using the ProQUANT 1.0 software

(Applied Biosystems, Darmstadt, Germany) for both identification and quantification.



Database searching was restricted to tryptic peptides of the NCBI mouse protein database
(June 2005). For iTRAQ™ experiments, side reactions with tyrosine were also taken into
account. Doubly and triply charged ions were considered, respective mass tolerances were set
to 0.2 Da. Proteins were identified on the basis of having at least one peptide whose
individual ion score was above the 98% confidence threshold. The iTRAQ ratios reported are
the average ratios calculated from the ratios of the individual peptides determined for each
protein. All spectra were verified manually in order to avoid false positive hits derived from

the search algorithms.
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Results

Isolation of lysosomes

On postnatal days 16 to 17 (P16.5-P17.5), cathepsin B’/L"" cerebral neurons contain large
amounts of lysosomal accumulations while apoptotic cell death becomes prominent between
P21.5-P24.5 (14). Since most double knockouts survive until P16.5-P17.5, this stage was
chosen for further analyses. The cerebellum was excluded because apoptosis already peaks
around day 17.5 in the Purkinje cell monolayer (14).

For resolution of lysosomal fractions, freshly perfused murine cerebral tissues (Fig. 1A) were
homogenized. The postnuclear supernatants were subjected to density gradient subcellular
fractionation. A 41% Percoll gradient allowed separation of a high-density (fractions 3-6) and
a low-density peak (fractions 13-16) of B-hexosaminidase activity (Fig. 1 B,C). Despite a
significantly reduced mean wet weight of 203 mg for double mutants when compared to 313
mg for controls, a distinct white band became visible at the bottom of the double mutant
gradient (Fig. 1 B). Direct comparison of the distribution profile of B-hexosaminidase activity
between wild-type and B”/L”" fractions revealed an obvious shift towards heavier lysosomes
in B”/L” brains (Fig. 1 C). A similar difference in the profile of the endosomal-lysosomal
compartment was observed upon SDS-PAGE and western blot analyses of all wild-type and
double knockout fractions using an antibody against LAMP1 (Fig. 1D). Again, a prominent
enrichment of late-stage lysosomes was found in double mutant mice.

To assess the purity of the late-stage lysosomal fractions, all fractions were analyzed using
enzymatic markers specific for mitochondria, synaptosomes, peroxisomes and myelin which
proved to be absent in cathepsin B"/L”" lysosomal fractions 3-5 (Fig. 1 E). Furthermore,
electron microscopy demonstrated the high purity of intact, membrane-bound lysosomes
containing electron-dense material in the pooled fractions 3-5 from double mutants (Fig. 1F).

Therefore, these fractions were chosen for further analyses.
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Identification of proteins increased in cathepsin B/L”" lysosomes

In order to compare the protein composition of cathepsin B’/L”" and wildtype lysosomes, a
quantitative proteomic strategy using iTRAQ™ reagents and nano-LC-MS/MS was
employed. For protein quantification only peptides that had been identified by more than one,
manually verified spectrum were considered. Furthermore, only proteins that were increased
by at least a factor of three were taken into account. Thereby, a total of 19 unique murine
proteins, summarized in Table 1, were found to be increased in cathepsin B7/L" lysosomes.
These include five lysosomal enzymes: acid ceramidase-like protein, cathepsin D,
hexosaminidase A and B, and palmitoyl-protein thioesterase 1. In addition, the acid
glycoprotein prosaposine, a precursor of four activator proteins of various lysosomal enzymes
was found to be increased. Two further proteins, ubiquitin B, and sequestosome 1, are part of
ubiquitination-dependent degradation. Calcyon (49), apolipoprotein E (8, 9), Rabl4 (4),
phospholipase D (25), carboxypeptidase E (6), and the Delta/Notch-like epidermal growth
factor-related receptor (DNER) (10) have been found in secretory and recycling pathways.
Thus, most of the proteins presented in Table 1 have been associated with biosynthetic,
endocytic, and lysosomal compartments. Moreover, the majority of the proteins identified are
known to be expressed in neurons and to have important functions in neuronal development
and/or maintenance of neuronal integrity (see discussion).

To confirm iTRAQ quantitation, western blot analyses of two selected proteins were
performed. In agreement with the iTRAQ results, cathepsin D, and apolipoprotein E were
increased in cathepsin B”/L” lysosomal fractions 3-5 (Fig. 2). Together with the previously
reported increase of palmitoyl-protein thioesterase 1 activity in cathepsin B'/L"" brain lysates
(14) the iTRAQ results of three proteins have been corroborated using two experimental

methods.
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Discussion

The proteomics-approach involving relative quantification of protein abundance has led to
the identification of 19 different proteins with significantly increased abundance levels in
cathepsin B"/L”" cerebral lysosomes. Comparable strategies have recently been employed
successfully for similar analyses, e.g. directed towards lysosomal membranes or
neuromelanine granules (4, 23, 45). Although such a proteomics-approach cannot guarantee
completeness of the obtained dataset, it has added valuable information for deeper insight
into lysosomal function.

The largest group of those proteins that were increased at least three-fold in cathepsin B”/L™"
cerebral lysosomes were lysosomal enzymes as well as molecules associated with the
ubiquitin-conjugating system. Elevated levels of lysosomal enzymes have been found in other
diseases with impaired lysosomal function such as the neuronal ceroid lipofuscinoses. This
has been interpreted as a compensatory mechanism (12) which is supported by the
observation that palmitoyl-protein thioesterase 1 and tripeptidyl-peptidase 1 activities were
normal in 12-day-old and elevated only in older cathepsin B”/L™ brain lysates in response to
disease progression (14). Similarly, ubiquitin-positive inclusion bodies are common findings
in neurodegenerative diseases including lysosomal storage disorders (51). Therefore,
increased levels of lysosomal and ubiquitin-associated proteins presumably are an unspecific
epiphenomenon rather than a major disease-causing mechanism in cathepsin B”/L”" mice.
This view is supported by the fact that both the intermediate and the mature forms of
cathepsin D are proportionally elevated in cathepsin B’/L” brain lysosomes (Fig. 2).
Carboxypeptidase E (6), phospholipase D3 (37), and Rab14 (26) are three proteins that
deserve to be highlighted due to their predominant expression in brain and role in
biosynthesis and recycling. Secretory vesicle cathepsin L and Arg/Lys aminopeptidase have

recently been found to form a proteolytic pathway generating peptide neurotransmitters that
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is distinct from the pathway mediated by subtilisin-like prohormone convertases and
carboxypeptidase E/H (19). It is possible that neuropeptide production or sorting in the
regulated secretory pathway or neuropeptide secretion might be disturbed in the absence of
cathepsins B and L. However, since the biosynthesis of most neuropeptides requires a
carboxypeptidase, the upregulation of carboxypeptidase E might also be a secondary,
compensatory phenomenon rather than the accumulation of a disease-causing substrate.
Similarly, neurons in the central nervous system can synthesize apolipoprotein E in response
to stress or injury (reviewed in (33)). Apolipoprotein E is a prototypic secretory and
endocytosed protein which has also been colocalized with CD63- and cathepsin D-positive
lysosomes in cultured human brain neurons (8). Apolipoprotein E plays important roles in
maintenance and repair of neurons including stimulation of neurite outgrowth and synaptic
plasticity. Therefore, the expression of apolipoprotein E by cathepsin B”/L” neurons,
astrocytes or activated microglia may be induced to promote neuron protection. Further
studies will have to reveal whether pathological proteolysis of apolipoprotein E in cathepsin
B /L™ neurons contributes to the disease phenotype.

Calcyon and the Delta/Notch-like epidermal growth factor-related receptor (DNER) are
prominently increased in cathepsin B'/L” cerebral lysosomes compared to wildtype
lysosomes (Table 1). Calcyon is a 24-kDa transmembrane protein predominantly expressed in
brain and localized to vesicular compartments in neuronal cell bodies, dendrites, spines, and
synaptic structures. Initially, calcyon was found to interact with the D1 dopamine receptor in
pyramidal cells of the prefrontal cortex (31). Later, the clathrin light chain was identified as a
further interaction partner of calcyon which was found to be a stimulator of clathrin-mediated
endocytosis in cortical neurons (49). Thus far, nothing is known about calcyon expression
and function in early postnatal development of the murine brain. Intriguingly, cathepsin B”

/L mice develop their neuronal phenotype during early postnatal development, a phase
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characterized by intensive synaptogenesis as well as extensive growth and degeneration (1).
Furthermore, a hallmark of the cathepsin B”/L”" phenotype are densely packed axonal
inclusions which precede lysosomal accumulations in perikarya (14). Therefore, it will be
interesting to analyze whether cathepsins B and L influence calcyon-mediated synaptic
plasticity, vesicle recycling or retrograde transport in postnatal neuronal development. Since
clathrin-coated vesicles are responsible for internalization of receptor-bound ligands, it is
conceivable that degradation or recycling of DNER is impaired. The neuron-specific
transmembrane protein DNER is expressed in somatodentritic endosomal compartments of
the developing central nervous system (10), promotes neuron-glia interaction by activating
Notch signalling (11), and is essential for cerebellar development (44). A further protein
which is six-fold increased in cathepsin B”/L”" lysosomes is neurochondrin. Neurochondrin
has been reported to be prominently expressed in zones of neurite outgrowth and to bind to
the cytoplasmic domain of the synaptic transmembrane-type semaphorin4C (24, 36, 39).
Neurochondrin also binds to phosphatic acid (30) which is produced by phospholipase D1
and has been implicated in vesicular trafficking and phagocytosis (7). The phospholipase D3
isoform is elevated in cathepsin B/L™" cerebral lysosomes. While phospholipase D1 plays an
important role in neurotransmitter release (47), phospholipase D3 is thus far not intensively
characterized but known to be expressed in the murine telencephalon during postnatal
development (37). Consequently, it appears conceivable that a group of proteins with roles in
early postnatal development of the central nervous system may be directly or indirectly

regulated by degradation or processing through cathepsins B and L.
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Figure legends

FIG 1. Purification of cathepsin B”/L™ lysosomes from cerebral tissues. A, 24-day old
wildtype (wt) and cathepsin B”/L” mouse brains demonstrating reduced brain size in the
double mutant mainly attributable to neuronal apoptosis (Felbor et al., 2002). In the present
study, only the cerebrum (c) was analysed (cb = cerebellum, ob = olfactory bulb). B, Percoll
gradients revealing a white band (arrow) after centrifugation of cathepsin B’/L” postnuclear
supernatants. C, hexosaminidase assays of wildtype (green) and B”/L" (red) fractions
(average of five independent experiments). D, fractions loaded onto 10-20% SDS-PAGE gels
and probed with an antibody against LAMPI1. E, the lysosomal fractions 3-5 are clearly
separated from mitochondria, synaptosomes, peroxisomes, and myelin in cathepsin B”/L”"
lysosomes (average of five independent experiments). F, electron microscopy of purified

intact cathepsin B”/L" lysosomes.

FIG2. Western blot analysis of lysosomal fractions corroborating the iTRAQ results. A,
a proportional increase of the 47-kDa intermediate form of cathepsin D and mature cathepsin
D composed of a 31-kDa and a 14-kDa fragment was observed in cathepsin B/L”" fractions

when compared to the corresponding wild type fractions.
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TABLE I Summary of proteins that show more than three-fold increased iTRAQ™ ratios in

cathepsin B”/L”" lysosomes (iTRAQ™114: cathepsin B/L™ lysosomes; iTRAQ™117: wild

type).

Acc.No. Protein unique AvG.: SD

Peptides 114:117
2118390323 RAB14, member RAS oncogene family 2 14.4 3.1
gi|31543351 Neuron specific gene family member 1/ Calcyon 3 11.6 2.6
2122203763 Carboxypeptidase E 8 10.7 23
gi|23097346 Delta/notch-like EGF-related receptor 1 10.2 2.6
£i|26348058 KIAA1414 2 9.9 2.5
gi|31560090 Unnamed protein product: Laminin A domain 4 7.7 24
£i|33440473 Protein phosphatase 2 (formerly 2A), regulatory subunit A 4 7.5 1.1
(PR 65), beta isoform
gi|34328185 Prosaposin 7 6.9 1.8
2i|38080221 similar to Elongation factor 1-alpha 1 (EF-1-alpha-1) 3 6.9 1.0
gi28972311 Neurochondrin 2 5.7 0.6
gi|6679451 Palmitoyl-protein thioesterase 1 6 54 1.0
gi|6753102 Apolipoprotein E precursor (Apo-E) 5 54 1.0
gi|6753556 Cathepsin D 10 5.2 1.1
gi|6754186 Hexosaminidase B 10 4.7 1.2
gi|6754954 Sequestosome 1, oxidative stress induced 3 4.6 0.6
gi|7110627 Hexosaminidase A 2 4.5 0.7
gi|6755919 Ubiquitin B 5 43 1.2
gi|21735433 N-acylsphingosine amidohydrolase (acid ceramidase)-like; 4 43 1.1
Asahl protein

gi|7242181 Phospholipase D3 7 43 1.2

Increased hemoglobins are not listed since it seems likely that intracardiac perfusion of the
cachectic double mutant mice was inefficient. Exploratory experiments had shown that
hemoglobins contaminate late-stage lysosomal fractions: A red band was visible in wildtype

and cathepsin B"/L"" Percoll gradients which disappeared upon perfusion (data not shown).
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PATTERNS & PHENOTYPES

Non-Heparan Sulfate-Binding Interactions of
Endostatin/Collagen XVIII in Murine
Development

Natalia Rychkova, Sonja Stahl, Sabine Gaetzner, and Ute Felbor*

Knobloch syndrome is characterized by a congenital generalized eye disease and cranial defect. Pathogenic
mutations preferentially lead to a deletion or functional alteration of collagen XVIII’s most C-terminal
endostatin domain. Endostatin can be released from collagen XVIII and is a potent inhibitor of angiogenesis
and tumor growth. We show differential expression of binding partners for endostatin, vascular endothelial
growth factor (VEGF), and the collagen XV endostatin homologue in murine embryonal development using
a set of alkaline phosphatase fusion proteins. Consistent with the human phenotype, vascular mesenchyme
in the developing eye was identified as endostatin’s primary target. While endostatin predominantly bound
to blood vessels, the VEGF164 affinity probe labeled nonvascular tissues such as forebrain, hindbrain, the
optic nerve, and the surface ectoderm of the future cornea. Strikingly increased staining specificity was
observed with a non-heparin/heparan sulfate-binding endostatin probe. In contrast, elimination of the
heparan sulfate binding site from VEGF led to complete loss of binding. The collagen XV endostatin
homologue showed a highly restricted binding pattern. Oligomerization with endogenous endostatin was
ruled out by use of collagen XVIII knockout mice. Qur data provide strong evidence that collagen XVIII's
C-terminal endostatin domain harbors a prominent tissue-binding site and that binding can occur in the
absence of heparan sulfates in situ. Developmental Dynamics 232:399-407, 2005. o 2004 Wiley-Liss, Inc.

Key words: Knobloch syndrome; endostatin; collagen XVIII; vascular endothelial growth factor; heparan sulfate; brain
and eye development
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INTRODUCTION

Knobloch syndrome (MIM# 267750) is
an autosomal recessive disease
mainly characterized by myopia
magna (>20D), vitreoretinal degener-
ation, and congenital occipital enceph-
alocele (Knobloch and Layer, 1971).
High myopia has been diagnosed at
birth and vitreoretinal degeneration
as early as 3 days after birth (Sertié et
al., 2000; Suzuki et al., 2002). Early
recurrent retinal detachment, early
cataract formation, and anterior seg-

ment disease including anterior iritis
with posterior synechiae are further
features of the eye defect in Knobloch
syndrome. While the encephalocele
can be corrected surgically within the
first year of life, the ocular pathology
is progressive in nature and shows
poor response to surgical treatment.
Patients experience a bilateral loss of
vision during childhood.

Knobloch syndrome is caused by ho-
mozygous or compound heterozygous
mutations in the COLI8AI gene on

21q22.3 (Sertié et al., 2000; Suzuki et
al., 2002; Kliemann et al., 2003; Men-
zel et al., 2004). Collagen XV and col-
lagen XVIII are nonfibrillar collagens
characterized by multiple interrup-
tions in their central triple helical re-
gion and a unique highly homologous
C-terminal domain (Oh et al., 1994).
The 20-kDa C-terminal fragment of
collagen XVIII can be proteolytically
released (Wen et al., 1999; Felbor et
al., 2000; Ferreras et al., 2000). It is a
potent inhibitor of angiogenesis and
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tumor growth and was designated
endostatin (O’Reilly et al., 1997).
The crystal structure of endostatin
predicted a prominent heparin/hepa-
ran sulfate binding site around argi-
nines 158 and 270. Because heparan
sulfate affinity is a feature of many
growth factors such as vascular en-
dothelial growth factor (VEGF), it
was speculated that endostatin in-
hibits angiogenesis by binding to
heparan sulfate containing proteo-
glycans on cell membrane surfaces
(Hohenester et al., 1998). Subse-
quently, research has focussed on
the characterization of endostatin’s
interaction with different heparin/
heparan sulfate molecules (Sasaki et
al., 1999; Dixelius et al., 2000; Karu-
manchi et al., 2001; Kreuger et al.,
2002; Ricard-Blum et al., 2004).
However, it remains unclear
whether a high affinity endostatin
receptor exists and whether heparan
sulfate proteoglycans function as co-
receptors that are required for local
concentration of endostatin and me-
diate efficient binding of endostatin
to a putative high affinity receptor.
In addition, the physiological role of
endostatin within collagen XVIII re-
mains unknown.

Endostatin is encoded by exons 41
to 43 of the COL18A1 gene (Rehn et
al., 1996). Six of nine known inde-
pendently arisen COLI8AI muta-
tions are located in exons 35, 36, 40,
and 41 and lead to a premature stop
just before or within the C-terminal
endostatin coding region (Suzuki et
al., 2002; Menzel et al., 2004). Fur-
thermore, two missense mutations
were recently located in the endosta-
tin domain (Kliemann et al., 2003;
Menzel et al., 2004). One of these
mutations was shown to result in de-
creased affinity for laminin (Menzel
et al., 2004). Thus, it is the most
C-terminal endostatin domain that
is either specifically deleted, inter-
rupted or functionally altered in
these Knobloch patients. It is con-
ceivable that the endostatin domain
is required for proper protein folding
or protein stability of collagen XVIII.
However, a stable truncated protein
was isolated after deletion of the en-
tire noncollagenous C-terminal do-
main of the Caenorhabditis elegans
collagen XVIII homologue cle-1 (Ack-
ley et al., 2001). Alternatively, it is

possible that binding of collagen
XVIII to blood vessels and specific
basement membranes is mediated by
the endostatin domain. The latter al-
ternative is supported by the obser-
vation that the binding pattern of
hemagglutinin-tagged murine en-
dostatin on adult human tissue sec-
tions closely resembled the distribu-
tion of its parent molecule collagen
XVIII (Chang et al., 1999).

Histopathologic evaluation of a
single enucleated eye from a Knob-
loch patient was not informative be-
cause it only showed unspecific late-
stage gliotic changes of the detached
retina (Cook and Knobloch, 1982).
Thus, mouse models of Knobloch
syndrome are important to elucidate
early pathogenetic mechanisms. Col-
lagen XVIII knockout mice show de-
layed regression of the hyaloid arter-
ies and abnormal outgrowth of
retinal vessels during the first 3
weeks of life (Fukai et al., 2002).
They also develop age-dependent ab-
normalities in the iris, the ciliary
body, and the retina (Marneros and
Olsen, 2003; Ylikarpp4 et al., 2003a;
Marneros et al., 2004) in agreement
with altered endostatin immunore-
activity in retinae from patients af-
fected with age-related macular de-
generation (Bhutto et al., 2004).

The early onset of severe eye dis-
ease in Knobloch syndrome suggests
that irreversible ocular damage oc-
curs in utero. We localized and char-
acterized endostatin binding partners
in murine embryonal development. A
systematic screen using alkaline phos-
phatase (AP) fusion proteins (Flanagan
et al., 2000) identified vascular mesen-
chyme in the developing eye as endosta-
tin’s primary target, whereas the
VEGF164 affinity probe prominently
bound to nonvascular nerve tissues.
Alanine in vitro mutagenesis of the hep-
arin/heparan sulfate binding site
within endostatin resulted in reduced
binding affinity while elimination of the
heparan sulfate binding site in VEGF
led to complete loss of binding. Finally,
inclusion of the non—heparan sulfate-
binding collagen XV endostatin ana-
logue into the screen demonstrated a
striking spatial restriction and reduc-
tion in staining intensity when com-
pared with endostatin.
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Fig. 1. Construction and expression of alka-

line phosphatase (AP) fusion proteins. A: All
fusion proteins consist of a heat-stable se-
creted form of human placental AP at the N-
terminus which has a molecular weight of 67
kDa. Murine (m) endostatins (ES) and murine
vascular endothelial growth factor (VEGF) iso-
forms were fused to the C-terminus. To in-
crease the probability that the AP domain and
the VEGF domains would function indepen-
dently, they were separated by an additional
9-amino acid proline-rich linker (solid boxes). B:
An anti-AP antibody was used to monitor the
expression of AP fusion proteins by Western
blotting. Endostatin monomers migrate at ap-
proximately 22 kDa under reducing conditions
(O’Reilly et al., 1997; Felbor et al., 2000). Thus,
AP-endostatin fusion proteins run at the ex-
pected size. AP-mVEGF fusion proteins are
slightly larger than predicted, which suggests
posttranslational modifications. The detection
of unfused AP is reduced, because it migrates
at a similar molecular weight as albumin (bovine
serum albumin, BSA).

RESULTS

Generation of AP-Endostatin
and AP-VEGF Fusion
Proteins

To determine the expression profile of
binding partners for endostatin in mu-
rine development, five dimeric AP fu-
sion proteins (Fig. 1A) were designed
that are expected to produce a pair of
ligand moieties facing away from the
tag in the same direction. Because en-
dostatin is derived from the C-termi-
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nal part of collagen XVIII, murine en-
dostatin (mES) was fused to the
C-terminus of heat-stable secreted hu-
man placental AP (AP-mES). To re-
duce nonspecific binding of endostatin
to cell surfaces, two arginine residues
responsible for heparan sulfate bind-
ing (Sasaki et al., 1999) were mutated
to alanine by in vitro mutagenesis
(AP-mESR158/270A). The highly ho-
mologous C-terminal fragment of col-
lagen XV (endostatin-XV) lacks the
evolutionarily conserved arginine at
position 158 and does not bind to hep-
arin. Whereas endostatin-XV showed
anti-angiogenic activity in the chick
chorioallantoic membrane angiogene-
sis assay (Sasaki et al., 2000), it did
not inhibit outgrowth of endothelial
cells from murine fetal bone explants
(Gaetzner et al., in press). To further
characterize the role of endostatin-
XV, it was included in the present
screen (AP-mESXV). Because en-
dostatin can inhibit angiogenesis
stimulated by VEGF (Yamaguchi et
al., 1999; Kreuger et al., 2002), the
murine 164- and 110-forms of VEGF
were also fused to AP by means of a
proline rich linker (AP-mVEGF164,
AP-mVEGF110). Murine VEGF110
corresponds to a plasmin-generated
fragment of human VEGF165 (Keyt
et al., 1996). Like alternatively
spliced VEGF121, it contains the N-
terminal receptor binding determi-
nants but lacks the C-terminal hepa-
ran sulfate binding domain and,
therefore, is freely diffusable. Fi-
nally, pAPtag-4 was used to produce
unfused AP as a negative control.
AP fusion proteins were produced
in the extracellular supernatants of
transiently transfected 293T cells.
Expression of AP fusion proteins was
monitored by quantitative measure-
ment of AP activity in conditioned
supernatants of transfected and non-
transfected 293T cells. All superna-
tants of transfected cells demon-
strated high and comparable AP
activity, whereas the control super-
natant of nontransfected cells
showed only background activity
(data not shown). Furthermore, ex-
pression of fusion proteins was as-
sayed by immunoblotting with a
polyclonal antibody against secreted
human placental alkaline phospha-
tase. This antibody specifically de-
tected AP fusion proteins of the ex-

pected sizes in supernatants of
transfected but not of nontrans-
fected cells (Fig. 1B). Ten-ul condi-
tioned supernatants contained ap-
proximately 20 ng of fusion proteins
(data not shown).

Differential In Situ Binding
of Endostatins and VEGFs

The penetration of AP fusion proteins
into unfixed whole-mount prepara-
tions of murine embryos was limited
(data not shown). Therefore, fixed em-
bryos were serial-sectioned in sagittal
and transverse orientation. AP stain-
ing of midline sagittal sections with
AP-mES (Fig. 2) demonstrated that
endostatin bound to blood vessels in
all organs examined. Nerve tissues in
brain, spinal cord, and spinal ganglia
did not stain specifically, whereas
blood vessels of all sizes clearly did.
Similarly, AP-mES detected blood
vessels in adult murine brains (Fig. 3).
As evidenced by strong staining of en-
dothelial cells in small capillaries, en-
dostatin not only bound to basement
membranes and elastic fibers in vessel
walls to epithelial basement mem-
branes in a variety of organs (Fig. 2).

Incubation of sagittal sections with
AP-mESR158/270A, which lacks the
prominent heparan sulfate binding
site resulted in a similar staining pat-
tern. However, the staining required
longer incubation times with the ni-
troblue tetrazolium/5-bromo-4-chloro-
3-indolyl phosphate (NBT/BCIP) sub-
strate (Fig. 2). Incubation with AP-
mESXV and AP (Fig. 2) yielded no
specific staining in midline sagittal
sections. Unlike endostatin, AP-
mVEGF164 staining was not predom-
inantly vessel-associated in the em-
bryonic day (E) 12.5-E14.5 murine
tissues analyzed. Staining was prom-
inent in liver tissue with active hema-
topoiesis but was also seen in fore-
brain, hindbrain, and basement
membranes (Fig. 2). The elimination
of the C-terminal heparan sulfate
binding site in AP-mVEGF110 pro-
duced a perfect negative control (Fig.
2) akin to AP staining alone. That no
general background staining was seen
with AP, AP-mESXV, and AP-
mVEGF110 and only very little with
AP-mESR158/270A suggests that the
background coloration observed with
AP-mES and AP-mVEGF164 might

be due to their high affinity for hepa-
ran sulfates.

Endostatin Binds to Blood
Vessels in the Absence of
Endostatin/Collagen XVIII

To rule out the possibility that endog-
enous endostatin interferes with en-
dostatin binding in situ, collagen
XVIII knockout embryos were incu-
bated with AP fusion protein-contain-
ing supernatants. Prominent labeling
of blood vessels and the pia mater in
collagen XVIII null embryos demon-
strated that endostatin binding in situ
is not due to oligomerization with en-
dogenous endostatin (Fig. 4A). In ad-
dition, the differential expression pat-
tern of endostatin and VEGF binding
partners was further confirmed be-
cause AP-mVEGF164  strongly
stained forebrain and hindbrain in
these sections (Fig. 4B). AP alone pro-
duced no background staining (Fig.
40).

Non-heparin/Heparan
Sulfate-Binding Endostatin
Interacts Strongly With
Mesenchymal Structures in
the Murine Embryonal Eye

Staining of E12.5-E14.5 transverse
sections with AP-mESR158/270A
gave prominent signals in the hyaloid
cavity between the lens and the neu-
ral layer of the retina, in the inner
limiting membrane, the tunica vascu-
losa lentis, and the iridopupillary
membrane. In  addition, AP-
mESR158/270A bound to vessels in
the choroid (Fig. 5A,E) and in the de-
veloping E17.5 ciliary body (data not
shown). Whereas incubation with AP—
mESR158/270A led to little back-
ground coloration even upon over-
night incubation with the NBT/BCIP
substrate solution, AP-mES showed
intense background staining if incu-
bated overnight (Fig. 5B). Thus, elim-
ination of the heparan sulfate—bind-
ing epitope resulted in significantly
more specific endostatin staining pat-
terns. The only structures that
stained with AP-mESXV in our tissue
collection were the tunica vasculosa
lentis and the iridopupillary mem-
brane (Fig. 5C,F). AP alone showed no
specific staining (Fig. 5D).
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Fig. 2. Sagittal sections of embryonic day (E) 14.5 mice stained with alkaline phosphatase (AP) fusion proteins. AP-mES as well as the non-heparan
sulfate-binding mutant AP-mESR158/270A both bound to blood vessels and epithelial basement membranes and, thus, showed very similar staining
patterns (h, heart; I, lung; k, definitive kidney; ag, adrenal gland; nb, cartilage primordium of nasal bone; p, cartilage primordium of palatal shelf of
maxilla; oe, olfactory epithelium; t, dorsal surface of tongue; g, gut; spc, spinal cord; spg, spinal ganglion). They only differed in length of incubation
times: AP-mES stained after 1-2 hr of substrate incubation, whereas AP-mESR158/270A required overnight incubation. In contrast, non-heparan
sulfate-binding AP-mVEGF110 did not stain basement membranes, liver tissue (Iv), and the roof of the neopallial cortex, the future cerebral cortex (cx),
which stained with AP-mVEGF164. AP-mES and AP-mVEGF164 sections were incubated with NBT/BCIP for 2 hr only, because overnight incubation
resulted in strong background staining (see Fig. 5B). The remaining sections were all incubated overnight. AP-mESXV, AP-mVEGF110, and control
AP showed no specific stain. mESXV, murine endostatin-XV; mES, murine endostatin.

While incubation with the NBT/
BCIP substrate only takes 5 to 10 min
to elicit a strong signal, weaker sig-
nals are known to take many hours to
develop (Flanagan et al., 2000) most
likely due to low receptor number re-
sulting in a low amount of bound en-
zyme. Thus, experiments with varying

substrate incubation times were per-
formed (Fig. 6). A reduction of the in-
cubation time with AP-mES fusion
protein from 90 to 5 min did not lead
to a relevant attenuation of the color
reaction, indicating saturation of
binding partners (data not shown).
The use of higher AP fusion protein

concentrations, therefore, was unnec-
essary.

AP-mESR158/270A labeled ocular
structures rapidly. As early as 5 min
after the addition of the substrate so-
lution, the eyes showed a distinctive
staining pattern (Fig. 6A), whereas
blood vessels and basement mem-
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Fig. 3. A,B: Adult murine brain sections incubated with alkaline phosphatase (AP, A) and AP-mES
(B) and counterstained with hematoxylin. C: Magnification of the area depicted by a square in B.
The AP-mES probe clearly labeled blood vessels. mES, murine endostatin.

branes in other organs required signif-
icantly longer incubation times. With
AP-mESXV only a faint signal was
detected after 1 hr. However, upon
overnight staining, a highly specific
labeling of the tunica vasculosa lentis
was observed (Fig. 6B). Both heparin-
binding AP-mES and AP-mVEGF164
led to background staining within less
than 1 hr incubation with the sub-
strate solution (Fig. 6C,D). AP-
mVEGF110 and AP were negative
even upon overnight incubation (Fig.
6E,F), indicating that there is no gen-
eral background staining with our
non—heparin-binding AP fusion pro-
teins. Taken together, the heparan
sulfate—binding sites within AP-mES
and AP-mVEGF164 increase in situ
binding at the expense of staining
specificity.

DISCUSSION

In agreement with the observation
that severe ocular alterations are
present at birth in Knobloch syn-
drome, endostatin strongly bound to
ocular mesenchyme during murine
eye development. Prominent binding
was observed within the hyaloid cav-
ity, the future vitreous body, contain-
ing the vasa hyaloidea. These vessels
supply the lens and the neural retina
during embryonal life and regress af-
ter birth. In both wild-type and colla-
gen XVIII knockout mice, the endosta-
tin binding pattern (Figs. 5AE, 6A)
strikingly colocalized with the distri-
bution of its parent molecule collagen
XVIII (Sasaki et al., 1998) and defects

in collagen XVIII knockout mice (Fu-
kai et al., 2002; Marneros and Olsen,
2003; Ylikarppa et al., 2003a; Marn-
eros et al., 2004). Similarly, the colla-
gen XV endostatin homologue showed
marked binding to the tunica vascu-
losa lentis (Figs. 5C,F, 6B), a struc-
ture immunopositive with an antibody
against collagen XV and defective in
collagen XV knockout mice (Ylikarppa
et al., 2003b). Taken together with the
observation that intact full-length col-
lagen XVIII was localized within ocu-
lar basement membranes (Marneros
et al., 2004), we conclude that an im-
portant tissue-binding site resides in
collagen XVIII’s C-terminal endosta-
tin domain and that only a properly
functioning endostatin domain guar-
antees correct binding to basement
membranes. To further analyze the
critical role of endostatin for tissue
binding, it will be interesting to see
whether mice lacking the endostatin
domain will reveal improper localiza-
tion of collagen XVIII within ocular
basement membranes.

That the collagen XV endostatin ho-
mologue failed to bind to E12.5-E14.5
capillaries and epithelial basement
membranes, the inner limiting mem-
brane of the retina, the iris, and the
ciliary body is consistent with a more
restricted expression pattern of colla-
gen XV during development and de-
velopmental shifts in the expression of
collagen XV (Muona et al., 2002). Our
data, therefore, emphasize the critical
role of collagen XVIII in the eye, which
cannot be compensated by collagen

AP-mVEGF164

AP

Fig. 4. A-C: Embryonic day (E) 14.5 trans-
verse brain sections from collagen XVIII null
mice stained with alkaline phosphatase (AP)
-mES (A), AP-mVEGF164 (B), and AP alone (C).
Because wild-type and collagen XVIII null ves-
sels stain equally well with AP—-mES, oligomer-
ization with endogenous endostatin does not
account for endostatin binding in situ. These
stains further demonstrate differential expres-
sion of endostatin and VEGF receptors. VEGF,
vascular endothelial growth factor; mES, mu-
rine endostatin.

XV. They also provide an explanation
for the lack of anti-angiogenic activity
of endostatin-XV in a murine fetal
bone explant angiogenesis model
(Gaetzner et al., in press). However,
the partially overlapping staining pat-
tern in the eye suggests that the non—
heparan sulfate receptor for endosta-
tin-XV and -XVIII could be identical.

VEGF and endostatin both share an
affinity for heparan sulfates, and the
angiogenic activity of VEGF can be
antagonized by endostatin in vitro
(Yamaguchi et al., 1999; Kreuger et
al., 2002). Therefore, we compared
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their binding patterns in situ. En-
dostatin binding was predominantly
confined to the vasculature in the mu-
rine embryonic nervous system. Thus,
the present results do not corroborate
a role for endostatin in neuronal de-
velopment as had been suggested by
high expression of the Caenorhabditis
elegans collagen XVIII homologue
cle-1 in neurons of the avascular nem-
atode (Ackley et al., 2001). In contrast,
the AP-mVEGF164 probe labeled
forebrain in agreement with the ex-
pression of the VEGF receptor Flk-1
in E15 mouse forebrain neurons
(Ogunshola et al., 2002). Distinct la-
beling of further nonvascular tissues
such as the optic nerve and the sur-
face ectoderm of the future cornea
(Fig. 6D) extends the recent observa-
tion that VEGF receptors are found in
developing neural retina (Robinson et
al., 2001). Prominent staining of
E14.5 liver (Fig. 2) coincides with the
contribution of Flk-1 to definitive he-

Fig. 5. Transverse sections of embryonic day
(E) 13.5 mice stained with alkaline phosphatase
(AP) fusion proteins. All sections were incu-
bated overnight with the substrate solution.
A-D: Non-heparan sulfate-binding AP-
mESR158/270A (A) and AP-mESXV (C) showed
a highly specific staining pattern of structures in
the eye, whereas AP-mES (B) resulted in un-
specific background coloration of all tissues
and unfused AP (D) was negative (the pigment
layer of the retina is not pigmented because
albino NMRI mice were analyzed). E: AP-
mESR158/270A bound to vasa hyaloidea in the
mesenchyme between the posterior pole of the
lens () and the neural layer of the retina (r),
which will form the future vitreous body as well
as to the tunica vasculosa lentis, the iridopupil-
lary membrane, and to vessels in the choroidal
mesenchyme (ch). F: AP-mESXV labeled the
tunica vasculosa lentis (tvl) and the iridopupil-
lary membrane (ipm) only. mESXV, murine en-
dostatin-XV.

Fig. 6. Time-course experiments on embryonic
day (E) 14.5 murine eyes stained with alkaline
phosphatase (AP) fusion proteins. A: AP-
mESR158/270A gave strong and specific sig-
nals after 5 min of incubation with the NBT/
BCIP substrate. This slide, however, was
monitored for 1 hr before the reaction was
stopped. B: AP-mESXYV stained specifically but
required overnight incubation. C,D: AP-mES
(C) and AP-mVEGF164 (D) started to give back-
ground coloration within 1 hr. Note that AP-
mVEGF164 also bound to structures in the op-
tic nerve (on) and to the surface ectoderm (se)
of the future cornea. E,F: AP (E) and AP-m-
VEGF110 (F) represented negative controls
even after overnight incubation. mVEGF, mu-
rine vascular endothelial growth factor; mESXV,
murine endostatin-XV.
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matopoiesis during fetal development
(Shalaby et al., 1997). The lack of
VEGF staining in developing heart
and lung can be explained with the
observation that VEGF mRNA levels
increase only in late embryonic stages
in these organs (Ng et al., 2001). Both
endostatin and VEGF binding colocal-
ized in the hyaloid cavity of the eye.
However, as opposed to endostatin,
VEGF in situ binding depended on
heparan sulfates, because the
VEGF110 deletion mutant that con-
tains the receptor binding sites but
lacks affinity for heparan sulfates was
negative (Fig. 6F). This observation is
in agreement with a complete inhibi-
tion of VEGF165 binding to endothe-
lial cells after pretreatment with he-
parinase (Rathjen et al., 1990) and a
more than 100-fold decrease in endo-
thelial cell mitogenic activity of
VEGF110 and VEGF121 compared
with VEGF165 (Keyt et al., 1996).
While RNA in situ hybridization
and immunolocalization reveal highly
specific molecular distributions in ver-
tebrate embryos, the application of li-
gand fusion protein probes provides
qualitatively different additional in-
formation, because novel binding
partners can be mapped and charac-
terized. This study addresses the con-
troversial issue of endostatin’s affinity
for cell membrane heparan sulfates by
use of a non—heparan sulfate-binding
mutant AP—endostatin fusion protein
probe in situ. Thus far, three studies
implicated that endostatin binding
(Chang et al., 1999; Wickstrom et al.,
2003) and activity (Yamaguchi et al.,
1999) are independent of heparan sul-
fates. In contrast, other studies
showed that the recombinant non—
heparan sulfate-binding mutant en-
dostatin R158/270A protein is associ-
ated with reduced or lost biological
activity in vitro (Sasaki et al., 1999;
Dixelius et al., 2000; Javaherian et al.,
2002; Schmidt et al., 2004) and that
the inhibitory effect of wild-type en-
dostatin on endothelial cell migration
can be neutralized by heparin 12mers
(Kreuger et al., 2002). Timed in situ-
staining demonstrated that the AP—
mESR158/270A probe specifically and
rapidly bound to vascular mesen-
chyme in the murine embryonal eye
(Figs. 5, 6). With lower affinity, it also
labeled blood vessels in brain and
other organs (Fig. 2). This finding in-

dicates that endostatin interacts with
a putative non—heparan sulfate high
affinity receptor in situ, which is
highly expressed in embryonal ocular
mesenchyme. Based on our staining
data, a cell line derived from embryo-
nal hyaloid arteries would be ideal for
expression cloning of this high affinity
binding partner but is currently not
available. Other vasculatures may
contain the same receptor in lower
density requiring heparan sulfates to,
e.g., increase receptor binding. Alter-
natively, they may have different
binding molecules. A variety of low
affinity basement membrane binding
partners such as fibulin-1, fibulin-2,
laminin-1, and perlecan have been de-
scribed (Sasaki et al., 1998). However,
competition experiments with excess
exogenous murine laminin-1 did not
lead to altered endostatin binding in
situ although AP-mES bound to lami-
nin in solid phase assays (data not
shown). This finding suggests that
laminin is not an indispensable bind-
ing partner for endostatin in situ. In
conclusion, it is conceivable that hepa-
ran sulfate binding is not essential for
binding and proper anchoring of a
structurally  functioning collagen
XVIII within ocular basement mem-
branes, although it increases the bio-
logical activity of the proteolytic cleav-
age product endostatin in various
angiogenesis assays.

EXPERIMENTAL
PROCEDURES

Construction of Expression
Vectors

Murine «1(XVIII) ¢cDNA clone mc3b
(Oh et al., 1994), murine «1(XV)
c¢DNA clone mTS1-3 (Shinya and Ol-
sen, unpublished), plasmid pSS9/
TVA-VEGF164, and plasmid pSS10/
TVA-VEGF110 (Snitkovsky et al.,
2001) were used as templates to am-
plify the sequences of murine endosta-
tin, murine endostatin XV, murine
VEGF164, and murine VEGF110
with Pwo DNA polymerase according
to the manufacturer’s protocol
(Roche). The following oligonucleotide
primers were used: AP-murine en-
dostatin: AP-mES5', 5'-GGTTC-
CGGACATACTCATCAGGACTTTC-
AGCC-3’, AP-mES3’, 5'-GGAAGA-
TCTCTATTTGGAGAAAGAGGTCAT-

GAAG-3’; AP-murine endostatin XV:
AP-mESXV5’, 5'-GGTCCGGATAT-
GAGAGGCCTGTTCTGCACC-3’, AP-
mESXV3', 5'-GGAAGATCTTCACT-
TCCTAGTGTCTGTCATG-3"; AP-
murine VEGFs: AP-Linkerfor, 5'-
GGTTCCGGACCACCACCTGAACT-
CCTAGG-3', AP-mVEGF164rev,
5'-ATGCTCGAGTCACCGCCTTG-
GCTTGTCAC-3', AP-mVEGF110rev,
5'-ATGCTCGAGTCATGTTCTGTC-
TTTCTTTGGTC-3'.

In addition to the annealing se-
quence, forward primers contained a
BspEl site at the 5’ end (AP-mES5’,
AP-mESXV5’, AP-Linkerfor) and re-
verse primers contained a stop codon
followed by a BglII (AP-mES3’, AP-
mESXV3’') or a Xhol site (AP-
mVEGF164rev, AP-mVEGF110rev)
at the 3’ end. A DNA fragment encod-
ing a proline-rich linker, PP-
PELLGGP, derived from the hinge re-
gion of a rabbit Fc chain had been
placed at the N-terminal end of the
coding sequences for murine VEGFs
(Snitkovsky et al., 2001). After restric-
tion and subcloning into the expres-
sion vector pAPtag-4 (obtained from
D.A. Feldheim and J.G. Flanagan),
the sequences of all inserts were con-
firmed by using Dye Terminator Cycle
Sequencing (ABI). For in vitro mu-
tagenesis with the QuikChange Site-
Directed Mutagenesis kit (Strat-
agene), a PCR product encoding
murine endostatin was first subcloned
into the EcoRV and Notl restriction
sites of pBluescript II SK(+) (Strat-
agene). After in vitro mutagenesis, it
was PCR-cloned into pAPtag-4 as de-
scribed above.

Expression of Recombinant
Proteins

FuGENE 6 transfection reagent
(Roche) was used to transiently trans-
fect 12 g of fusion plasmid DNA into
293T cells (human embryonic kidney
cells, a gift from D.A. Feldheim and
J.G. Flanagan) plated at 80% conflu-
ency on 150-mm tissue culture plates.
The medium (DMEM with glutamax-I
(GIBCO), 10% fetal bovine serum, 1%
penicillin—streptomycin) was replaced
24 hr after transfection. Conditioned
supernatants from transfected and
nontransfected cells were collected af-
ter an additional 48-72 hr; centri-
fuged at 14,000 rpm (Eppendorf rotor
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A-4-44); filtered through a 0.45-pm fil-
ter (Schleicher & Schuell); buffered
with 10 mM HEPES, 0.05% NaN,, pH
7.0; and stored at 4°C for immediate
use or at —80°C for long-term usage.

Sodium Dodecyl Sulfate-
Polyacrylamide Gel
Electrophoresis/Western
Blotting

A total of 15 pl of conditioned super-
natants were loaded onto 5-15% so-
dium dodecyl sulfate-polyacrylamide
gel electrophoresis gradient gels, run
at 50 V for 18 hr, and wet-blotted onto
nitrocellulose (Protran; Schleicher &
Schuell) by using a TE42 Transphor
transfer unit (Amersham Biosciences;
1.5 A for 1 hr at 4°C), because the
semi-dry transfer was insufficient. Fu-
sion proteins were detected with a
rabbit polyclonal antibody against se-
creted human placental alkaline phos-
phatase (1:2,000, WAK-Chemie) fol-
lowed by a horseradish peroxidase—
conjugated anti-rabbit IgG (1:3,000,
Santa Cruz) and enhanced chemilu-
minescence (Perkin Elmer/NEN). AP-
mES and AP-mESR158/270A fusion
proteins were quantified by Western
blot analyses with known amounts of
recombinant murine endostatin using
a rabbit polyclonal anti-mouse en-
dostatin antibody obtained from
Cytimmune Sciences, Inc.

AP Activity Assay

A total of 100 pl unconcentrated su-
pernatants were heat-inactivated for
10 min at 65°C to inhibit endogenous
phosphatase activity. After centrifu-
gation at 14,000 rpm (Eppendorf rotor
F45-30-11), 20 pl were mixed with 380
wl HBAH buffer (see below) and 400
wl 2X AP substrate buffer (2 M dieth-
anolamine, 1 mM MgCl,, 18 mM p-
nitrophenyl phosphate [AppliChem],
pH 9.8), and incubated at room tem-
perature. Absorbance at 405 nm was
read at 30-sec intervals for 10 min in a
spectrophotometer.

Staining of Tissue Sections

Timed-mated NMRI mice were or-
dered from Harlan Winkelmann.
E12.5, E13.5, E14.5, and E17.5 em-

bryos were dissected, fixed in 4% para-
formaldehyde (in PBS) at 4°C over-
night (E17.5 mice were decapitated
and the head was fixed for 2 days;
adult mice were perfusion-fixed with
10% neutral buffered formalin), trans-
ferred to 20% sucrose (in PBS) at 4°C
on a shaker for 1 day, and frozen in
OCT embedding medium (Tissue-
Tek). Subsequently, E12.5-E14.5
mice were serial-sectioned in sagittal
and transverse orientation, thaw-
mounted on Polysine slides (Menzel
Gléser), and stored at —80°C. For ori-
entation, every 10th section was
stained with methylene blue. AP
staining of 10-wm cryosections was es-
sentially performed as described in
Flanagan et al. (2000). In brief, cryo-
sections were thawed at 37°C for 5
min, washed in HBSS (150 mM NaCl,
20 mM HEPES, pH 7.0) for 10 min
and in HBAH (HBSS, 0.5 mg/ml bo-
vine serum albumin, 0.1% NaN,) for 5
min twice. Then, tissues were covered
with supernatants containing AP fu-
sion proteins and incubated at room
temperature for 90 min. Afterward,
the sections were rinsed in ice-cold
HBAH 6X for 2 min, fixed in acetone—
formalin for 15 sec, washed in HBSS
for 5 min twice, placed into preheated
HBSS, and incubated in a 65°C water
bath for 10 min to heat-inactivate en-
dogenous phosphatase. Then, sections
were washed in AP-staining buffer
(100 mM NaCl, 5 mM MgCl,, 100 mM
Tris-HCl, pH 9.5) for 5 min and incu-
bated with NBT/BCIP substrate
(Roche) at room temperature under a
shade of aluminium foil. Reactions
were monitored under a dissecting mi-
croscope and stopped with 10 mM eth-
ylenediaminetetraacetic acid (in
PBS). Sections were fixed in 10% neu-
tral buffered formalin (Sigma), and
mounted with Kaiser’s glycerin gela-
tin (Merck). Image acquisition was
with a SZX9 stereomicroscope (Olym-
pus) and the Spot Insight QE Color
imaging software (Visitron). Higher
magnifications were taken with a
Zeiss Axiophot.

Collagen XVIII Null Mice

Mice with targeted disruption of
COL18A1 were a gift from Drs. N. Fu-
kai and B.R. Olsen. Genotypes were

determined by PCR amplification as
described (Fukai et al., 2002).
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Abstract

The functional role of endostatin’s affinity for heparan sulfates was addressed using an ex vivo bone angiogenesis model. Capillary-like
sprouts showed prominent expression of collagen XVIIl/endostatin. Outgrowth of endothelial cells was not altered in the absence of collagen
XVIII but inhibited by the addition of recombinant endostatin. Mutant non-heparan sulfate binding endostatin and the collagen XV endostatin
homologue were ineffective. The ability of mutant endostatin to bind to capillary structures was reduced when compared to endostatin.
Endostatin-XV completely failed to bind to endothelial cells. Our data indicate that endostatin’s angiostatic function is heparan sulfate-
dependent, and that in situ-binding of endostatin to endothelial cells is increased by heparan sulfates.
© 2004 Elsevier B.V./International Society of Matrix Biology. All rights reserved.

Keywords: Endostatin; Collagen XVIII; Collagen XV; Heparan sulfate; Bone angiogenesis

1. Introduction

Endostatin, a 20-kDa proteolytic fragment from the C-
terminal domain of collagen XVIII, is a naturally occurring
inhibitor of angiogenesis and tumour growth whose affinity
for heparin facilitated purification (O’Reilly et al., 1997).
Replacing arginines 158 and 270 with alanines by in vitro
mutagenesis resulted in loss of heparin and heparan sulfate
binding associated with loss of anti-angiogenic activity in
FGF-2-stimulated chick chorioallantoic membrane angio-

Abbreviations: VEGF, vascular endothelial growth factor; AP, alkaline
phosphatase; ES, endostatin; AP-mES, alkaline phosphatase fused to the N-
terminus of murine endostatin.

* Corresponding author. Tel.: +49 931 888 4097; fax: +49 931 888
4058.

E-mail address: felbor@biozentrum.uni-wuerzburg.de (U. Felbor).

! Current affiliation: Department of Cellular Biochemistry, The Nether-
lands Cancer Institute, Amsterdam, The Netherlands.

genesis (Sasaki et al.,, 1999). The C-terminal domain of
collagen XV (endostatin-XV) is highly homologous to
endostatin but contains a four-residue deletion around
arginine 158 and lacks heparin binding. While endostatin-
XV did not affect endothelial cell proliferation (Ramchan-
dran et al., 1999), it reduced angiogenesis in the chick
chorioallantoic membrane (Sasaki et al., 2000). Further
conflicting reports exist regarding the importance of
heparin/heparan sulfate affinity for endostatin activity and
binding. Four studies report loss of inhibitory activity of
mutant endostatin R158/270A, whereas two studies dem-
onstrate biological activity of non-heparin binding endo-
statin in various assay systems (Table 1). Binding of heparin
mutant endostatin to the endothelial cells used in the
respective assay was analyzed in only two studies with
contradictory results. Javaherian et al. (2002) did not find
binding of human Fc-endostatin R27/139A (which corre-
sponds to R158/270A in the non-collagenous domain of

0945-053X/$ - see front matter © 2004 Elsevier B.V./International Society of Matrix Biology. All rights reserved.
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Table 1
Conlflicting reports on the importance of heparan sulfates for endostatin activity and binding in various model systems
Activity of Activity after Activity after Cell/tissue Model system Reference
mutant* endostatin heparin heparitinase binding
competition pretreatment
n.d. n.d. n.d. Not reduced by Human tissues Chang et al., 1999
heparin competition
or heparitinase I+I1
No n.d. n.d. n.d. CAM Sasaki et al., 1999
Yes n.d. n.d. n.d. Migration/HUVECs Yamaguchi et al., 1999
No n.d. n.d. n.d. CAM, apoptosis/IBE Dixelius et al., 2000
cells, kinase activity/
PAE cells
n.d. n.d. n.d. Not reduced by CPAE cells Karumanchi et al., 2001
heparin competition
but by heparitinase I
more pronounced
than heparitinase 111
No n.d. n.d. No binding of Tube formation/ Javaherian et al., 2002
mutant endostatin HUVECs
No No n.d. n.d. Migration/BCE cells Kreuger et al., 2002
n.d. n.d. No Not reduced by RhoA activity, Wickstrom et al., 2003
heparitinase 11 disassembly of actin
cytoskeleton/HDMEC
Reduced n.d. n.d. Strong binding of Embryonic stem Schmidt et al., 2004
mutant endostatin cell-derived vessels
and endothelial cells
n.d. n.d. n.d. Strong binding to vascular Murine embryonal tissues Rychkova et al., in press
mesenchyme in the eye
No Unclear n.d. Reduced binding of Tube formation/murine Current study

mutant endostatin

bone explants

*Mutant endostatin=non-heparin-binding endostatin, n.d.=not determined, CAM=chick chorioallantoic membrane angiogenesis assay, HUVECs=human
umbilical vein endothelial cells, IBE cells=murine brain endothelial cells, PAE=porcine aortic endothelial cells, CPAE=cow pulmonary artery endothelial cells,
BCE cells=bovine adrenal cortex endothelial cells, HDMEC=human dermal microvascular endothelial cells.

murine collagen XVIII) to the cell surface of human
umbilical vein endothelial cells which were used in a
Matrigel tube formation assay. However, Schmidt et al.
(2004) showed prominent binding of biotinylated mutant
mouse endostatin R158/184/270A to murine embryonic
stem cell-derived endothelial cells which were assayed for
proliferation, migration, and apoptosis. In order to further
characterize mutant non-heparin binding endostatin, we
analyzed both activity and binding of endostatin R158/270A
in a murine multicellular collagen XVIII-producing bone
angiogenesis model. We demonstrate that heparan sulfate
binding is essential for anti-angiogenic activity of endostatin
and enhances in situ binding to capillary-like networks in
fetal mouse bone explants. Endostatin-XV lacks both the
ability to inhibit outgrowth of capillary-like structures and to
bind to endothelial cells.

2. Materials and methods
2.1. Generation of recombinant proteins

For activity assays, N-terminally flag-tagged human
endostatins were constructed, expressed and purified as

specified in Felbor et al. (2000). The R158/270A mutation
was introduced by QuikChange ™ Site-Directed Mutagenesis

(Stratagene) in pBluescript II SK(+) (Stratagene). The human
cDNA clone al(XV) YMh4 (Muragaki et al., 1994) was
used as template to PCR clone the sequences of human
endostatin-XV with primers hESXV-Nflag5 (5 -AGCGC-
TAGCTGACTACAAGGACGACGATGACAAGTATGA-
GAAGCCTGCTCTGCATTTG-3" ) and hESXV-Nflag3'’
(8 -GTCGGCGGCCGCTTACTTCCTAGCGTCTGTCAT
GAAAC-3"). Direct binding of endostatins to sprouting
endothelial cells was analyzed with the help of heat-stable
alkaline phosphatase (AP) fused to the N-terminus of murine
endostatins and murine vascular endothelial growth factor
(VEGF) forms as described in Rychkova et al. (in press).

2.2. Bone explant angiogenesis assay

Cultures of 17-day-old murine fetal metatarsals were
performed without coating of culture dishes according to
Deckers et al. (2001). Stimulation of tube-like outgrowth
with 100 ng/ml recombinant human VEGF (R&D) on days
3 and 10 was omitted in the activity assay (Fig. 2A) because
the combination of wildtype endostatin and VEGF resulted
in enlarged and fused vessels. Immunostaining was per-
formed after 14 days in culture using the following
antibodies: biotinylated monoclonal rat anti-mouse antibody
ER-MP12/Biotin directed against murine PECAM-1 (1:200,
BMA Biomedicals), polyclonal rabbit anti-mouse collagen
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XVIII/NCI1 antibody (1:500, Medical and Biological
Laboratories, Japan), and polyclonal rabbit anti-mouse
endostatin antibody (1:250, Cytimmune Sciences). Colour
reactions were performed with the AEC chromogen kit
(Sigma). Images were acquired with a Nikon Eclipse
TE2000-U inverted microscope using the Spot Insight QE
Color imaging software (Visitron). The total area of
outgrowth from 24 C57BL/6 wildtype and 24 C57BL/6
collagen XVIII knockout metatarsals from four different
litters were evaluated in four independent experiments with
the MetaMorph Imaging Software (Visitron).

2.3. In situ staining of tube-like structures with AP affinity
probes

Supernatants (250 ul) of transiently transfected 293 T cells
were used for experiments after quantitation by AP activity
assays and Western blot analyses. The generation of AP-
endostatin and AP-VEGF fusion protein-containing condi-
tioned media has been described in Rychkova et al. (in press).
AP-staining of bone explant cultures was essentially per-
formed as described (Flanagan et al., 2000), with small
modifications. Bone cultures were fixed with acetone—
formalin fixative for 15 s, and endogenous AP was heat-
inactivated at 65°C for 120 min prior to the staining
procedure. Addition of the AP inhibitor levamisole (2 mM,
AppliChem) did not further reduce blue colouration of bones.

3. Results and discussion

To evaluate whether endostatin’s parent molecule colla-
gen XVIII plays an angiogenic role, fetal mouse bone
explants were cultured. Capillary-like structures were
identified using an antibody against the endothelial cell
marker PECAM-1 (CD31). The structures also stained for
collagen XVIII’s N-terminal non-collagenous domain and
its most C-terminal endostatin domain (Fig. 1A—C). Thus,
the endothelial sprouts produced their own collagen XVIII
containing vascular basement membranes. However, the
formation of VEGF-stimulated PECAM-1-positive tube-like
structures was only insignificantly attenuated in collagen
XVIlI-deficient metatarsals (Fig. 1D,F) when compared to
wildtype metatarsals (Fig. 1A,F). Comparable results were
obtained without VEGF-stimulation (data not shown). The
absence of collagen XVIII did therefore not lead to any
apparent functional consequences in this system. This is in
agreement with the spatially restricted knock-out phenotype
in vivo (Fukai et al., 2002).

Next, we analyzed whether the anti-angiogenic effect of
endostatin is heparan-sulfate dependent in bone explants.
Recombinant human and mouse (data not shown) endostatin
inhibited the formation of capillary-like structures (Fig. 2A)
while the non-heparan sulfate binding endostatin mutant
R158/270A lacked anti-angiogenic activity in agreement
with most previous experimental settings (Table 1). Endo-
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Fig. 1. Seventeen-day-old fetal mouse explants developed capillary-like
structures in culture which reacted with antibodies against (A, D) PECAM-
1, (B) collagen XVIII’s N-terminal non-collagenous domain, and (C)
collagen XVIII’s C-terminal endostatin domain. The monolayer of
fibroblast-like cells remained unstained. (E) No staining was observed
without primary antibodies (CE=cartilage ends, RA=resorption area). The
outgrowth of a PECAM-1-positive network from (D, F) collagen XVIII-
deficient fetal bones (162,440+48,901 pixels) was not significantly
reduced when compared to (A, F) the wildtype (178,643 +72,814 pixels).

statin-XV did not reduce endothelial cell sprouting from
bone explants although endostatin-XV had been shown to
reduce VEGF-stimulated angiogenesis in CAM assays
(Sasaki et al., 2000).

Since endostatin’s heparan sulfate-binding site turned
out to be required for inhibition of capillary-like outgrowth
in bone explants, we examined its importance for
endothelial cell binding in this model system. Murine
endostatin fused to the C-terminus of heat-stable human
AP (AP-mES) strongly bound to the capillary-like network
(Fig. 2B,H). The non-heparan sulfate-binding mutant AP-
mESR158/270A led to a weaker but specific staining of the
endothelial network (Fig. 2C,I). Consistent with our
activity data (Fig. 2A) and a striking spatial restriction of
AP-mESXV-staining to the lense capsule in murine
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embryonal tissues (Rychkova et al., in press), AP-mESXV,
like control AP, did not label endothelial cells (Fig. 2D,E).
In contrast, AP-mVEGF164 reacted with both endothelial
and fibroblast-like cells, while the non-heparan sulfate
binding deletion variant AP-mVEGF110 was negative (Fig.
2F,G). Competition experiments with equimolar, 10- and
100-fold excess heparan sulfate from preparations known
to contain 50% endostatin binding >12 mer molecules
(Seikagaku) (Kreuger et al., 2002) did not reduce AP-mES
binding to endothelial cells (data not shown). This might be
explained by the fact that conditioned 293 T supernatants
contain heparin/heparan sulfate binding molecules includ-
ing endogenous C-terminal collagen XVIII fragments
(heparin affinity chromatography data not shown). Alter-
natively, it is conceivable that exogenous heparin has
enhancing effects on endostatin binding as has been
described for VEGF (Gitay-Goren et al., 1992).

Lack of inhibitory effect on outgrowth of capillary-like
structures (Fig. 2A) is associated with reduced binding of
mutant endostatin (Fig. 2C). Thus, it seems plausible to
assume that binding to heparan sulfates appears to be a
major mechanism for activity and binding of AP-mES in
bone explant angiogenesis. However, AP-mESR158/270A
which was shown to have lost the ability to bind to heparin
(Fig. 2K) still bound to endothelial cells with reduced
affinity suggesting that this interaction occurs in the absence
of heparan sulfates. This result contrasts with a previous
binding assay in which non-heparan sulfate binding
Fc-endostatin R27/139A failed to bind to human umbilical
vein endothelial cells (Javaherian et al., 2002) but agrees
with another recent study which demonstrated strong
binding of biotinylated mutant endostatin R158/184/270A
to murine embryonic stem cell-derived endothelial cells and

Fig. 2. (A) Effect of human endostatin (hES), non-heparin binding mutant
human endostatin (hESR158/270A), and the recombinant C-terminal
fragment of collagen XV (hESXV) on the formation of PECAM-1-positive
tube-like structures. Only endostatin reduced outgrowth. Each compound
was tested in sixtuple, and each experiment was repeated twice. (B-I)
Incubation of bone explants with alkaline-phosphatase (AP) fusion
proteins. (B, H) AP-mES as well as (C, I) non-heparin binding mutated
AP-mESRI158/270A labeled endothelial cells with their characteristic
prominent nuclei in the capillary-like structures while (D) AP-mESXV
and (E) AP alone did not. (F) AP-mVEGF164 labeled both the endothelial
cells as well as the feeder layer of fibroblast-like cells whereas (G) the non-
heparin binding form AP-mVEGF110 was negative. All explant cultures
were incubated with AP fusion protein-containing supernatants for 90 min
and with the NBT/BCIP substrate overnight. Staining was monitored
periodically under a dissecting microscope. Blue colouration started to
become visible after 1 h. The cartilage ends stained blue with the AP
substrate BCIP/NBT despite 120 min heat inactivation of endogenous AP
at 65°C prior to incubation with AP fusion proteins (original magnification:
x40 (B-G) and %400 (H, I)). (K) AP-mES bound to heparin (60 ml
supernatants were loaded onto HiTrap™ heparin affinity coloumns,
Pharmacia) and started to elute at 0.4 M NaCl. AP-mESR158/270A was
found in the unbound flow through (data not shown) and showed only
residual affinity in the 180-240 mM NaCl eluate probably due to remaining
arginine residues in the core protein. AP-activity measurements of the
fractions were confirmed by Western blot analyses with anti-AP and anti-
endostatin antibodies (data not shown).
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tubes (Schmidt et al., 2004). In addition, AP-mESR158/
270A strongly bound to vascular mesenchyme in the murine
embryonal eye and labeled vessels of all sizes in other
organs with lower affinity (Rychkova et al., in press).
Furthermore, an alternative approach using pretreatment of
human dermal microvascular endothelial cells with heparin-
ase III did not decrease the association of endostatin with
high and low density fractions of cell membranes but
prevented recruitment of endostatin to lipid rafts and
biological effects (Wickstrom et al., 2003). In conclusion,
reduced but positive binding of AP-mESR158/270A to
endothelial sprouts in the bone explant assay and to
vasculatures in murine embryonal tissues implicates a
complex spectrum of molecular interactions for the large
multifunctional molecule endostatin including not only
heparan sulfates, but also binding partners such as integrins
(Rehn et al., 2001) and the matrix protein laminin
(Javaherian et al., 2002).
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Abstract

Vascular endothelial growth factor (VEGF) and endostatin are angiogenic and anti-angiogenic
molecules, respectively, that have been implicated in neurogenesis and neuronal survival. Using
alkaline phosphatase fusion proteins, we show that the PCI2 neuronal cell line contains cell
membrane receptors for VEGF but not for endostatin and the collagen XV endostatin homologue.
Immunocytochemistry confirmed that proliferating and differentiated PCI2 cells express VEGF
receptors |, 2 and neuropilin-1. While no functional effects of VEGF on PC12 cell proliferation and
differentiation could be observed, a slight VEGF-induced reduction of caspase-3 activity in
differentiated apoptotic PCI12 cells was paralleled by transient activation of ERK1/2 and Akt. In
direct comparison, nerve growth factor proved to be a strikingly more potent neuroprotective

agent than VEGF.

Background

VEGF, VEGF receptor antagonists, and the C-terminal col-
lagen XVIII fragment endostatin, an inhibitor of angio-
genesis and tumor growth [1], have been tested for use in
long-term therapies to enhance or reduce vascularisation
[2]. Therefore, knowledge of VEGF and endostatin recep-
tor expression patterns as well as of their non-endothelial
cell functions is important. VEGF was originally identified
as a vascular permeability factor [3] which turned out to
be crucial for vasculo- and angiogenesis [4]. Later, non-
endothelial VEGF target cells have been described in a
variety of organs [5]. More recently, autocrine and para-
crine functions have been observed in neurogenesis and
neuronal survival in vitro and in vivo, both in the central
nervous system and the peripheral nervous system [6].
Endostatin was implicated in neuronal cell migration and

axon guidance in Caenorhabditis elegans [7]. Fc-endostatin
dimers were also reported to have motogenic activity on
rat pheochromocytoma PC12 cells cultured on Matrigel
[8], an extracellular matrix preparation used for differenti-
ation of endothelial cells into tube-like structures. NGF-
treated PC12 cells are an established model for analysis of
neuronal differentiation, neuronal survival and neuro-
trophin signal transduction [9]. Finally, increased neuro-
nal and paracellular endostatin deposits were found in
patients with Alzheimer's disease [10].

VEGEF exerts its anti-apoptotic effect on hypoxic neurons
via VEGF receptor 2 (VEGFR-2), neuropilin-1 (NRP1), the
Ras/mitogen-activated protein kinase (MAPK) and the
phosphatidylinositol 3-kinase (PI3K)/Akt kinase path-
ways [11-13] as in VEGFR-2-dependent endothelial sur-
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vival [14]. Ras/MAPK and PI3K/Akt are also involved in
PC12 cell survival signaling stimulated by nerve growth
factor (NGF) [15,16]. Since VEGF has also been suggested
to act as a neurotrophin in motoneuron degeneration
[17], we intended to evaluate the effects of VEGF and
endostatins on neuronal differentiation and survival in
direct comparison with the prototypic neurotrophin NGF.
PC12 cells were first probed with dimeric fusion proteins
composed of the human placental isozyme of alkaline
phosphatase (AP) at the N-terminus and murine (m)
VEGF,,, or endostatins at the C-terminus. While the
endostatin affinity probes did not react with PC12 cells,
AP-mVEGF, 4, strongly bound to proliferating and differ-
entiated PC12 cells. Although PC12 cells were subse-
quently shown to express VEGF receptors 1, 2 and
neuropilin-1, only a minor neuroprotective effect was
observed for VEGF when compared to NGF.

Materials and methods

Cell culture

PC12 cells were a gift from Drs. M. Sendtner and S. Wiese
(Department of Neurology, University of Wuerzburg, Ger-
many). Cow pulmonary artery endothelial (CPAE) cells
were purchased from ATCC (CCL-209). PC12 cells were
cultured in DMEM with glutamax-I (Gibco) supple-
mented with 10% horse serum, 5% fetal bovine serum,
100 U/ml penicillin G, and 100 pg/ml streptomycin
(Gibco) in 5% CO, at 37°C. For differentiation experi-
ments, PC12 cells were plated on poly-L-ornithine coated
tissue culture dishes and allowed to adhere over night (o/
n). After one wash with serum-free DMEM, the cells were
differentiated in serum-free DMEM containing 50 ng/ml
human recombinant NGF (PAN Biotech) for 3 days [18].
Although Fc-endostatin dimer application induced the
formation of multicellular PC12 aggregates on Matrigel
[8], Matrigel was not chosen for the current study since it
is an extracellular matrix preparation generally used for
endothelial tube formation assays.

Alkaline phosphatase staining of PCI2 cells

For construction and expression of AP fusion proteins see
[19]. PC12 cells were either grown to 80% confluence or
differentiated in 6-well plates, and AP staining was per-
formed as described in [20]. Staining was monitored with
a Nikon Eclipse TE2000-U inverted microscope and doc-
umented using the Spot Insight QE Color imaging soft-
ware (Visitron). Quantitative measurement of AP fusion
protein binding to proliferating PC12 cells was carried out
as described previously [21].

Immunocytochemistry

PC12 cells plated on poly-L-ornithine coated glass cover-
slips were fixed in phosphate-buffered saline (PBS) con-
taining 4% paraformaldehyde at room temperature for 20
min, washed three times in prewarmed tris-buffered
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saline (TBS) for 5 min, and incubated in blocking buffer
(TBS with 10% goat serum) at room temperature for 1 h.
After washing once with prewarmed TBS, the cells were
incubated with anti-Flt-1 (sc-316), anti-Flk-1 (sc-504) or
anti-Neuropilin (sc-5541) antibodies (2 pg/ml, Santa
Cruz Biotechnology) in blocking buffer at 4°C o/n.
Unbound primary antibodies were removed by washing,
and the cells were incubated in 20 mM ammonium chlo-
ride solution for 30 min to reduce autofluorescence. Cells
were stained for 1 h at 37°C with a secondary Cy3-conju-
gated goat anti-rabbit antibody (1:500, Dianova) in
blocking buffer. After washing, the coverslips were
mounted in Kaiser's glycerol gelatine (Merck). Fluorescent
preparations of proliferating PC12 cells were documented
at 600-fold magnification (Nikon Eclipse TE2000-U).
Image acquisition of differentiated PC12 cells was per-
formed with a Zeiss Axiophot at 1000-fold magnification.

Cell proliferation and cell death analyses

PC12 cell proliferation upon stimulation with 50 and 100
ng/ml VEGF, ;s (R&D Systems) was assayed after 24 h, 48
h, and 72 h using the CellTiter 96 AQueous One Solution
Cell Proliferation Assay (Promega). These assays were per-
formed using two different cell densities (2 x 104 cells/cm?
and 6.7 x 104 cells/cm?) and full serum as well as serum-
deprived conditions (0.1% and 0.4% horse serum). In
addition, increasing VEGF, 5 concentrations from 0.2 to
400 ng/ml were added to PC12 cells cultured in 5% fetal
bovine serum, and [3H]thymidine incorporation was
measured 72 hours after onset of stimulation. The fluoro-
metric CaspACE™ Assay System and western blot analyses
with an anti-cleaved caspase-3 antibody (1:1000, Cell Sig-
naling, #9664) were used to monitor apoptosis of differ-
entiated PC12 cells (see below). All experiments were
performed in triplicate.

SDS-PAGE/Western blot analyses of differentiated
apoptotic PCI2 cell lysates

PC12 cells were grown to 50% confluence in 10 cm tissue
culture dishes and NGF-differentiated for 72 h in serum-
free DMEM. For induction of apoptosis, cells were washed
three times with serum-free DMEM and incubated for 7.5
h under serum-deprived conditions in NGF-free DMEM.
After addition of exogenous recombinant human VEGF, 45
(R&D Systems) for the indicated time frames, PC12 cells
were washed once with ice-cold PBS containing 100 uM
sodium orthovanadate, followed by centrifugation at
5000 rpm for 5 min at 4°C. The cells were lysed in 200 pl
ofice-cold lysis-buffer (HEPES, pH 7.8, 150 mM KOAc, 50
mM f3-glycerolphosphate, 25 mM NaF, 10 mM MgCl,, 5
mM EGTA, 1 mM EDTA, 10% glycerol, 1% Triton X-100,
0,05% (v/v) -mercaptoethanol, 1 ug/ml aprotinin, 6 pg/
ml chymostatin, 1 pg/ml leupeptin, 1 pg/ml pepstatin A,
1 mM PMSF, 1 mM sodium orthovanadate). Supernatants
were collected after centrifugation at 14 000 rpm for 10
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Figure
Alkaline phosphatase (AP) staining of (a, d) proliferating and
(b) differentiated PC12 cells revealed binding of the AP-
mVEGF, ., affinity probe while AP-murine endostatin (AP-
mESXVIII) only stained (c) endothelial cells.

min at 4°C. Standardized samples containing 50 pg of
whole protein (Bradford assay) were separated using 10-
20% gradient gels. Proteins were wetblotted onto nitrocel-
lulose and probed with anti-phospho-ERK1/2 (1:2000,
Sigma, M8159) or anti-phospho-Akt-Ser473 (1:1000, Cell
Signaling, #9271) antibodies. The blots were stripped and
reprobed with antibodies detecting the respective non-
phosphorylated proteins (anti-ERK1, 1:1000, Santa Cruz
Biotechnology, sc-94; anti-Akt, 1:1000, Cell Signaling,
#9272). Horseradish peroxidase-conjugated secondary
antibodies (1:2000, Dianova) were visualized by
enhanced chemiluminescence detection (Western Light-
ning™ Chemiluminescence Reagent System, Perk-
inElmer). Experiments were performed in triplicate.

Results

Differential cell binding of VEGF and endostatins

To determine the expression profile of binding partners
for murine VEGF,,,, endostatin and the collagen XV
endostatin homologue on neuronal and endothelial cell

http://www.jnrbm.com/content/5/1/8

lines, PC12 and CPAE cells were incubated with AP fusion
proteins. The AP-mVEGF, 4, affinity probe strongly stained
proliferating and differentiated PC12 cells (Fig. 1a, b). In
contrast, AP-mVEGF,,, which lacks the C-terminal
heparan sulfate binding domain, the endostatin domain
of collagen XVIII (AP-mESXVIII), and the collagen XV
endostatin homologue (AP-mESXV) did not bind to PC12
cells. Both AP-mVEGF, ;, and AP-mESXVIII labelled CPAE
cells while AP-mVEGF,,, AP-mESXV and control AP did
not (Fig. 1c). Quantitative measurement of AP fusion pro-
tein binding to proliferating PC12 cells confirmed the
above results (Fig. 1d). In agreement with lack of AP-
mESXVIII and AP-mESXV binding to PC12 cells, recom-
binant human endostatins [22] did neither promote nor
inhibit PC12 cell differentiation (data not shown). Thus,
PC12 cells are not a useful model for understanding
endostatin effects on cells.

PCI2 cells express high-affinity VEGF receptors

Consistent with AP staining, it was shown by immunoflu-
orescence that PC12 cells express the high-affinity recep-
tor tyrosine kinases VEGF receptor 1 and 2 (VEGFR-1,
VEGFR-2) as well as the low-affinity receptor neuropilin-
1 (Fig. 2). These receptors are expressed on the cell surface
of proliferating (Fig. 2a-c) and differentiated (Fig. 2e)
PC12 cells and seem to possess a clustered morphology
reminiscent of activated tyrosine kinases. Comparable
results were obtained with antibodies from Santa Cruz
Biotechnology and Dianova (data not shown).

VEGF induces transient activation of ERKI/2 and Akt
kinase in differentiated apoptotic PCI2 cells

While the addition of VEGF, 45 had no effect on PC12 cell
proliferation and neurite formation, a consistent but non-
significant reduction of caspase-3 activity became appar-
ent when VEGF,;; was administered to differentiated
apoptotic PC12 cells (data not shown). To analyze VEGF
signaling in PC12 cell survival, the activation of extracel-
lular signal-regulated kinases ERK1/2 and Akt was exam-
ined by Western blot analyses using phospho-specific
antibodies and their respective non phosphorylated coun-
terparts. Control cultures demonstrated that ERK1/2
(p44/p42 MAPK) and Akt activation are sustained for 79.5
h in the presence of NGF (Fig. 3, lane 1). Removal of NGF
for 7.5 h after 72 hours of differentiation led to a signifi-
cant reduction of ERK1/2 and Akt phosphorylation (Fig.
3, lane 2). Exogenous addition of 100 ng/ml VEGF,; to
NGF-deprived PC12 cells resulted in transient ERK1/2
activity within 7-10 min which decreased almost to con-
trol levels 20 min after stimulation (Fig. 3, lanes 3, 4, and
data not shown). Higher concentrations of recombinant
VEGF (200 ng/ml) did not increase or prolong ERK1/2
activity (data not shown). Similar activation kinetics were
observed for phosphorylation of Akt at serine 473 (Fig. 3).
For comparison of signaling mechanisms, apoptotic PC12
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Figure 2

Immunodetection of VEGF receptors expressed on the cell
surface of (a-d) proliferating and (e) differentiated PC12
cells. PC12 cells were stained with polyclonal antibodies
against (a) VEGFR-1, (b, €) VEGFR-2, and (c) neuropilin-I.
The primary antibody was omitted in (d) controls. Differenti-
ated PC12 cells were also immunoreactive for VEGFR-1 and
neuropilin-1 (data not shown).

cells were also NGF-stimulated. NGF-stimulation induced
a much more pronounced and sustained activation of
ERK1/2 and Akt which was even more prominent than in
NGF treated non-apoptotic control cells (Fig. 3, lanes 5,
6).

Discussion

We here report that endostatin affinity probes derived
from collagens XVIII and XV do not bind to PC12 cells
indicating that these cells do not express endostatin cell
membrane receptors. This observation is consistent with
absent effects of recombinant endostatins on neurite out-
growth (data not shown) and lack of binding of AP-
mESXVIII and AP-mESXV to murine embryonal nerve tis-
sues [19]. AP-mESXVIII predominantly labelled blood
vessels while AP-mESXV binding was restricted to the
lense capsule [19] which correlates with the current results
that only AP-mESXVIII, but not AP-mESXV, strongly
stained CPAE cells. As opposed to the endostatin affinity
probes, AP-mVEGF,, showed strong binding to PC12

http://www.jnrbm.com/content/5/1/8

cells. Undifferentiated PC12 cells were known to express
VEGF to stimulate angiogenesis [23]. We now demon-
strate that proliferating and differentiated PC12 cells also
express VEGFR-1 and -2 and NRP1. NRP1 acts as an iso-
form-specific VEGF co-receptor which only binds VEGF, 45
[24]. Since C-terminally deleted AP-mVEGF,,, did not
bind to PC12 cells, NRP1 appears to be required for the
interaction of VEGF, ;s with PC12 cells.

Despite prominent expression of VEGF receptors on PC12
cells, exogenous VEGF, 45 had no effect on PC12 cell pro-
liferation and neurite formation. One reason might be
endogenous VEGF-expression of proliferating PC12 cells
which is downregulated only 48 h after induction of dif-
ferentiation with NGF [23]. This would also explain the
slight anti-apoptotic effect of VEGF, ;5 on PC12 cells that
had been differentiated for three days prior to VEGF, s
stimulation. However, only an insignificant decrease of
cell proliferation could be observed upon treatment with
an antibody against rat VEGF, ¢, (data not shown). Thus,
our data are in line with the observation that VEGFR-1-
expressing cells show a poor mitogenic response to VEGF
stimulation [5]. Analysis of VEGF, ;s-induced signal trans-
duction in differentiated apoptotic PC12 cells demon-
strated activation of ERK1/2 and Akt. The transient nature
of VEGF, 4s-triggered ERK1/2 phosphorylation in PC12
cells provides a further explanation for the observation
that VEGF, 45 was not able to induce PC12 cell differentia-
tion which is known to require sustained activation of the
MAPK cascade [25]. The inefficient rescue of PC12 cells
from apoptosis through VEGF, s is likely also due to its
short-lived and relatively small effect on ERK1/2 and Akt.

VEGF-induced neuroprotective signaling via VEGFR-2,
NRP1 and the two above-mentioned signaling cascades
was shown in hypoxic and glucose-deprived hippocampal
neuron x neuroblastoma (HN33) hybrid cells [11], in rat
primary hippocampal neurons that had been exposed to
glutamate [12], and in hypoxic murine primary cortical
neurons [13]. In these in vitro model systems of cerebral
ischemia, no comparison of VEGF and NGF activation
kinetics was performed. Our results on growth factor stim-
ulated PC12 cells show that both the anti-apoptotic effect
and the activation of ERK1/2 and Akt were transient and
minor when compared to NGF. It remains to be clarified
whether this is a consequence of experimental conditions,
cell line-specific or a general feature of VEGF-induced neu-
roprotection.

Conclusion

Based on experiments using growth factor deprivation,
the present study suggests that NGF protects neuronal
cells from cell death much more efficiently than VEGF, 4.
The significant NGF-induced reduction of caspase-3 activ-
ity in differentiated apoptotic PC12 cells correlates with a
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Figure 3

Western blot analyses of VEGF-induced signal transduction
in differentiated PC12 cells after NGF withdrawal. Lysates of
control cells maintained in the presence of NGF were loaded
in lane |. NGF-deprived PCI2 cells (lane 2) treated with
VEGF ;s (lanes 3, 4) or NGF (lanes 5, 6) demonstrated that
VEGF, s induced transient activation of ERK1/2 and Akt after
7 min. In contrast, NGF produced a stronger and persistent
phosphorylation of ERK1/2 and Akt than VEGF;.

much more pronounced and prolonged activation of
downstream effectors when compared to VEGF, 5. Thus,
the angiogenic compound VEGF,.; may only be a minor
player in neurogenesis and neuronal survival and may
only have little therapeutic and side effects on neuronal
cells.
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'Department of Human Genetics, and *Department of Physiological Chemistry II, University of Wiirzburg, Biozentrum, Am Hubland,

D-97074 Wiirzburg, Germany

Endostatin has achieved much attention as a naturally occurring inhibitor of angiogenesis and
tumor growth. Endostatin is derived from collagen XVIII’s C-terminal domain and deleted or
truncated in most patients suffering from Knobloch syndrome blindness. To evaluate the func-
tional significance of two surface-exposed hydrophobic phenylalanines at positions 31 and 34 of
endostatin and two human sequence alterations within endostatin, A48T and D104N, we applied
the alkaline phosphatase fusion protein method. Replacement of F31 and F34 with alanines led
to complete loss of characteristic in situ binding while heparin binding remained intact. In con-
trast, a non-heparin binding alkaline phosphatase-tagged human endostatin lacking R27 and R139
bound to specific tissue structures. The two Knobloch syndrome-associated endostatin sequence
variants did not result in altered in situ binding to murine embryonal tissues, human endothelial
cells, heparin and immobilized laminin. However, expression of the endostatin mutant A48T was
significantly reduced. This observation may be explained by a lower folding efficiency due to the
structural constraints of A48 residing in the hydrophobic core. Our data suggest that residues F31
and F34 form a putative receptor binding site acting independently from heparan sulfate binding

and that the A48T mutation destabilizes the endostatin molecule.

Introduction

Knobloch syndrome (MIM# 267750) is an autosomal
recessive disorder characterized by an early onset pro-
gressive generalized eye disease and a congenital occipital
encephalocele (Knobloch & Layer 1971; Czeizel et al.
1992; Seaver et al. 1993; Passos-Bueno et al. 1994; Wilson
et al. 1998; Sniderman et al. 2000). High myopia and
vitreoretinal degeneration are the main features of the
ocular defect in Knobloch syndrome and lead to bilateral
blindness during childhood in most cases. The cranial
defect can be corrected surgically within the first year of
life. It remains unclear whether other singular abnor-
malities such as lung hypoplasia, cardiac dextroversion,
neuronal migration defects, dilatation of brain ventricles,
unilateral duplicated renal collecting systems and gener-
alized hyperextensibility of joints belong to the disease
spectrum of Knobloch syndrome.

Communicated by: Yo-ichi Nabeshima
*Correspondence: E-mail: felbor@biozentrum.uni-wuerzburg.de

DOI:10.1111/3.1365-2443.2005.00890.x
© Blackwell Publishing Limited

Knobloch syndrome is caused by homozygous or
compound heterozygous mutations in the COL18A1
gene on 21q22.3 (Sertié et al. 2000; Suzuki et al. 2002;
Kliemann et al. 2003; Menzel et al. 2004). Most
mutations result in premature stop codons that affect
all three alternatively spliced COL18A1 isoforms. A
homozygous splice site mutation that exclusively affects
collagen XVIII’s shortest isoform has been associated
with a less severe ocular pathology and loss of vision beyond
20 years of age in a large consanguineous Brazilian
kindred (Sertié et al. 2000). Consistent with the human
phenotype, collagen XVIII knockout mice show com-
plex ocular abnormalities including delayed regression of
hyaloid arteries and abnormal outgrowth of retinal vessels
during the first weeks of life (Fukai et al. 2002; Marneros
& Olsen 2003; Ylikirppi et al. 2003; Marneros et al.
2004). On a specific C57BL background, collagen
XVIII knockout mice also develop hydrocephalus, dila-
tation of brain ventricles, and markedly broadened basement
membranes in atrioventricular valves of the heart and in
the kidney tubules with elevated serum creatinine levels
(Utriainen et al. 2004). This suggests that the absence of
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a functional collagen XVIII molecule can cause other
phenotypic alterations depending on genetic background.

Collagens XVIII and XV are non-fibrillar basement
membrane molecules characterized by multiple inter-
ruptions in their central triple helical region and a
unique highly homologous C-terminal domain (Oh
et al. 1994a; Rehn & Pihlajaniemi 1994). This globular
C-terminal 20 kDa endostatin domain of collagen
XVIII is separated from a 50 residue association
domain responsible for homotrimerization of collagen
01 (XVIII) chains by a protease-sensitive hinge region
(Sasaki er al. 1998). After proteolytic cleavage, endostatin
is a potent inhibitor of angiogenesis and tumor growth
(O’Retlly et al. 1997; Felbor et al. 2000). However, its
receptors and mechanisms of action are still insufticiently
characterized. As far as endostatin’s physiological role
within collagen XVIII is concerned, we recently sug-
gested that endostatin harbors a prominent tissue-
binding site for collagen XVIII, based on in situ-binding
experiments to murine embryonal eye tissues (Rychkova
et al. 2005). This notion agrees with the observation that
deletion of the entire C-terminal non-collagenous
domain of collagen XVIII still results in a stable truncated
product in C. elegans (Ackley et al. 2001). Six of nine
known independently arisen COL18A1 mutations are
located in exons 35, 36, 40 and 41, leading to a prema-
ture stop just before or within the C-terminal endostatin
region encoded by exons 41-43 (Suzuki ef al. 2002;
Menzel et al. 2004). Assuming the importance of
endostatin for tissue binding, these mutations would
result in absent binding of collagen XVIII to vascular
mesenchyme in ocular tissues and endothelial and
epithelial basement membranes.

The only two known nucleotide substitutions associ-
ated with early-onset progressive Knobloch syndrome
are also located within collagen XVIII’s endostatin
domain: two affected sibs have been reported with a
homozygous replacement of a conserved alanine to
threonine at position 48 within the endostatin domain
(Kliemann ef al. 2003). This A48T endostatin mutation
corresponds to A179T in the non-collagenous domain
of collagen XVIII, a terminology used by Kliemann ef al.
(2003). In addition, a compound heterozygous D104N
endostatin  polymorphism (dbSNP/rs12483377) was
reported in two further Knobloch sibs (Menzel et al.
2004) but remains of unclear functional relevance
(Antonarakis et al. 2005; Suzuki ef al. 2005). While this
particular variant has also been associated with increased
risk for prostate cancer (Iughetti ef al. 2001) recent in
vitro angiogenesis studies suggest that the D104N
endostatin variant is not functionally relevant on its own
(Macpherson et al. 2004).

930 Genes to Cells (2005) 10, 929-939

In the present study, we generated a systematic set of
human alkaline phosphatase (AP) endostatin fusion
proteins in order to analyze in situ binding of human
endostatin mutants. We first show that the human
endostatin domain of collagen XVIII binds to very specific
structures such as the lense capsule in the eye which
might suggest a lenticular contribution to the patho-
genesis of Knobloch syndrome’s myopia. Furthermore, we
identify amino acid residues responsible for tissue bind-
ing and provide evidence that the recently reported
human A48T amino acid substitution within endostatin
is of functional significance.

Results

Complementary to expression pattern analyses based on
RNA in situ hybridization and immunohistochemistry,
dimeric APtags can be used to localize, characterize, and
identify functionally active molecules that are capable of
ligand-receptor binding (Flanagan et al. 2000). The AP-
human endostatin (AP-hES) fusion proteins generated in
this study are comprised of a heat-stable, secreted human
placental isozyme of AP at the N-terminus and human
endostatin at the C-terminus. Endostatin was fused to
the C-terminus of AP because endostatin is the C~terminal
domain of collagen XVIII. Two hydrophobic phenyla-
lanines at positions 31 and 34 which are unusually exposed
in the crystal structure of both murine and human
endostatins were replaced by alanines: AP-hESF31/34A.
In addition, the A48T replacement reported in two
Knobloch sibs and the D104N endostatin polymorphism
were introduced into AP-hES: AP-hESA48T and
AP-hESD104N (for location of the above residues see
Fig. 1A,B). Furthermore, two arginine residues known
to be responsible for nonspecific binding of endostatin
to heparan sulfate-containing proteoglycans on cell
surfaces (Sasaki ef al. 1999) were changed to alanines
(AP-hESR27/139A). Since the murine equivalent of
the arginine/alanine mutant is known to show reduced
background staining on tissue sections after longer incu-
bation times (Rychkova ef al. 2005), the A48T replace-
ment and the D104N endostatin polymorphism were
combined with the arginine double substitutions to gen-
erate triple mutant proteins: AP-hESR27/139A/A48T
and AP-hESR27/139A/D104N. Finally, unfused AP
was used as a negative control.

Protein production by transiently transtected 293T
cells was monitored using quantitative AP activity
measurement and Western blot analyses. Apart from
AP-hESA48T and AP-hESR27/139A /A48T, all fusion
protein-containing supernatants and control AP had AP
activities comparable to those obtained from conditioned

© Blackwell Publishing Limited



Figure 1 Stereo view of a ribbon
(A) and the respective molecular surface
representation (B) of human endostatin
(PDB entry code 1BNL). (A) The side
chains of residues R27, F31, F34,
A48, D104, and R139 investigated in
this study are shown as stick models and
labeled accordingly. Ribbon and surface
representation are oriented identically; the
latter clearly shows that A48 is not
accessible at the surface and hidden inside
the hydrophobic core.

media containing murine endostatins fused to AP (AP-mES,
AP-mESR158/270A, and AP-mESXV) which had
been previously generated (Rychkova et al. 2005).
Interestingly, cells expressing AP-hESA48T and AP-
hESR27/139A/A48T repeatedly produced approximately
40% less (e.g. mean of 1.17 pmol/mL for AP-hESA48T
instead 0f 2.023 wmol/mL for AP-hES, data not shown).
The control supernatant of non-transfected 293T cells
showed only background activity (data not shown). For
all subsequent experiments, the supernatants were
diluted to identical volume activities. Western blot ana-
lyses demonstrated that a polyclonal antibody against
secreted human placental alkaline phosphatase reacted
with AP fusion proteins of the expected size in superna-
tants of transtected cells whereas the supernatant of non-
transtected cells did not react with this antibody (data not
shown). Fusion proteins were also detected with a rabbit
polyclonal anti-human endostatin antibody (Fig. 2A)
and quantified by Western blot analyses with known
amounts of recombinant human endostatin. Ten micro-
liters conditioned supernatants contained approximately
20 ng of fusion proteins (Fig. 2B).

© Blackwell Publishing Limited

Receptor binding site of endostatin

The equivalence of the highly conserved murine and
human AP-endostatin fusion proteins was analyzed using
in situ staining of 14-day-old (E14.5) murine embryonal
eyes because murine endostatin as well as the murine
non-heparin binding endostatin mutant bind particularly
well to the tunica vasculosa lentis (Rychkova et al.2005).
Both endostatin affinity probes, AP-mES (data not
shown) and AP-hES (Fig. 3A), stained the lense capsule
equally well. In contrast, the AP-hESF31/34A fusion
protein completely lacked characteristic staining of
the lense capsule (Fig.3B). The mutant AP-hESA48T,
AP-hESD104N and AP-hESR27/139A probes resulted
in comparable staining patterns (Fig. 3C—E). Control
AP did not stain the eye section (Fig. 3F). These results
were confirmed by in situ labeling of murine E14.5 sagittal
sections (representative examples in Fig. 3G—I). Thus,
stainings of all major tissues demonstrated that the obser-
vations obtained from ocular tissues can be generalized
to endothelial and epithelial basement membranes.

For quantitation of AP fusion protein binding,
cultured human dermal microvascular endothelial cells
(HMEC-1) were incubated with AP affinity probes for

Genes to Cells (2005) 10, 929-939
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Figure 2 Representative Western blots probed with a polyclonal
anti-human endostatin antibody. (A) All fusion proteins (arrow
head) migrated at the expected molecular weight on 5-15%
gradient SDS-PAGE gels (AP, alkaline phosphatase, 67 kDa;
ES, endostatin, 20—22 kDa; h, human). Note that the antibody
detects an endogenous endostatin-containing C-terminal
fragment of collagen XVIII (*) indicating that 293T cells produce
and process collagen XVIII. (B) Quantification of AP fusion
proteins by Western blot analysis using known amounts of
recombinant purified endostatin.

90 min, washed, lyzed, and assayed for bound AP activity.
AP-mES showed stronger binding to HMEC-1 than
AP-hES (Fig.4A). The human A48T and D104N
endostatin mutants did not show a statistically significant
reduction in affinity to HMEC-1 when compared to
AP-hES. In contrast, AP-hESF31/F34h did not bind to
HMEC-1. The non-heparin/heparan sulfate binding
mutants showed reduced cell binding (data not shown)
indicating either that these cells do not contain a significant
amount of high affinity receptors or that heparan sulfates
are a prerequisite for endostatin binding to these cells.
Heparin/heparan sulfate affinity is a key feature of
endostatin (Gitay-Goren et al. 1992; Sasaki et al. 1999)
and many other growth factors such as vascular endothe-
lial growth factor (Gitay-Goren et al. 1992; Sasaki et al.
1999). Therefore, we analyzed whether the human
amino acid changes would lead to reduced/enhanced
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binding to heparin using affinity chromatography (Fig. 4B).
AP-hES, AP-hESF31/34A, AP-hESA48T, and AP-
hESD104N all bound to HiTrap™ heparin affinity
columns (Pharmacia) and required 0.38 m NaCl for
displacement. Thus, these amino acid changes do not
influence endostatin’s ability to bind to heparin. As expected,
the non-heparin/heparan sulfate binding mutant AP-
hESR27/139A had only residual atfinity to the heparin
affinity resin. The aftinity of AP-hESF31/34A to heparin
provides a possible explanation for the observed unspe-
cific background staining in tissue sections (Fig. 3H).
Collagen XVIII has a polarized location in basement
membranes with its C-terminal endostatin domain
embedded in the basement membrane facing the
endothelial/epithelial cell and the N-terminal non-
collagenous domain located at the basement membrane—
matrix interface (Fukai ef al. 2002; Marneros & Olsen
2003; Ylikirppi et al. 2003; Marneros et al. 2004).
Recently, a two receptor model for endostatin binding
was proposed. In an in vitro Matrigel tube formation
model system, oligomeric endostatin bound to heparan
sulfates on cell surfaces and to laminin in the basement
membrane (Javaherian ef al. 2002). Binding of the
immobilized trimeric-non-collagenous domain 1 of collagen
XVIII to the extracellular matrix molecule laminin-1
had also been demonstrated in solid-phase assays
(Sasaki ef al. 1998). In these assays, monomeric endosta-
tin was 100-fold less active. Since the APtag is dimeric
and expected to produce a pair of ligand moieties facing
away from the tag in the same direction (Flanagan &
Cheng 2000), binding of our AP-endostatin fusion pro-
teins to murine laminin-1 was analyzed in solid-phase
assays. The AP-mES, AP-hES, AP-hESA48T, and AP-
hESD104N probes showed similar affinity to laminin
(Fig. 4C) which correlates with the results obtained
from in situ labeling. Similarly, absent binding of AP-
hESF31/34A to laminin reflected the results obtained
from in situ analyses of murine tissues and human cells.
As has been described earlier (Javaherian et al. 2002),
the non-heparin/heparan sulfate binding mutant AP-
hESR27/139A showed significantly reduced binding to
laminin. Interactions of AP-mES and AP-hES with
immobilized human o,f, integrin, another potential
endostatin receptor (Rehn ef al. 2001; Sudhakar ef al.
2003; Wickstrom et al. 2003; Wickstrom et al. 2004),
were negligible when compared to laminin and close to
control AP (below 0.06 OD,;5,,../ 10 min, data not shown).

05nm

Discussion

While endostatin’s prominent affinity for heparan sul-
fates appears to be required for anti-angiogenic activity

© Blackwell Publishing Limited



Receptor binding site of endostatin

AP-hESF31/34A

AP-hESA48T

AP-hESD104N

P

Figure 3 In situ staining of AP fusion
proteins on E14.5 murine embryonal eyes

and sagittal sections. (A) AP-hES, (C) AP- ;
hESA48T, (D) AP-hESD104N and (E)
AP-hESR27/139A stained the developing »

lense capsule equally well. (B) AP-
hESF31/34A did not stain the lense
capsule and (F) AP alone was also negative
(m, murine; h, human; 1,lense; r,retina;

F

tvl, tunica vasculosa lentis). When compared

to (G) AP-hES, (H) AP-hESF31/34A did
not stain general basement membranes.
AP-hESF31/34A gave only slight back-
ground staining when compared to (I)
unfused AP. This unspecific staining increased
upon longer incubation times while AP
stayed negative (data not shown) (h, heart;
k, definitive kidney; ag,adrenal gland;
lu, lung; I+, liver). All sections were incubated
with supernatants containing AP fusion
proteins for 90 min which is sufficient to
reach saturation of binding partners and
with the NBT/BCIP substrate for 15 min

(eye sections) or 1h (sagittal sections)

(Rychkova et al. 2005). AP-hES

(reviewed in Olsson et al. 2004; Gaetzner et al. 2005), it
is not essential for tissue binding (Rychkova et al. 2005).
We here demonstrate that the two surface-exposed,
highly conserved phenylalanines F31 and F34 are indis-
pensable for in situ binding to murine tissues, human

© Blackwell Publishing Limited

AP-hESF31/34A AP

endothelial cells, and immobilized laminin. A dimeric
AP-endostatin fusion protein in which F31 and F34
were replaced with alanines bound to heparin but lacked
specific in situ binding in agreement with loss of anti-
migratory activity of the murine F162/165 A endostatin

Genes to Cells (2005) 10, 929-939
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Figure 4 Quantitative analysis of AP fusion protein binding to the
surface of cultured human microvascular endothelial cells (HMEC-1),
heparin, and laminin. (A) Human fusion protein binding to HMEC-1
was weaker than murine. Binding affinities of the human A48T
endostatin mutant and the D104N polymorphism were only slightly
reduced while AP-hESF31/34A showed a statistically significant loss
of binding (P = 0.0077). (B) Binding of AP-hESF31/34A, AP-
hESA48T and AP-hESD 104N to heparin affinity coloumns is not
altered. AP-hES, AP-hESF31/34A, AP-hESA48T and AP-hESD104N
showed identical profiles and started to elute at 0.38 m NaCl. AP-
hESR27/139A was mainly found in the unbound wash through
(data not shown) and retained only residual affinity at 0.18-0.26 m
NaCl probably due to remaining arginine residues in the core protein.
(C) Solid phase assays revealed strikingly reduced binding of
AP-hESF31/34A to immobilized laminin when compared to
AP-mES, AP-hES, AP-hESA48T and AP-hESD104N.
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mutant on human umbilical vein endothelial cells
(Karumanchi ef al. 2001). F31 and F34 are highly con-
served in vertebrates (Fig.5). The crystal structures of
endostatins derived from collagens XV and XVIII
revealed that these two phenylalanine residues are in
close proximity on the o1 helix at the center of an abso-
lutely conserved patch (Ding ef al. 1998; Hohenester
et al. 1998; Sasaki et al. 2000). A comparison of different
endostatin domains (PFAM database) from various spe-
cies shows that the degree of conservation of solvent
exposed residues is not randomly distributed with
respect to their location on the endostatin molecule
(Fig. 5A). The ‘front’ epitope (Fig. 5B, left panel) reveals
ten highly conserved residues located within a 10A radius
with the two phenylalanines 31 and 34 in the center.
The surface located on the ‘back’ harbors only very few
residues which exhibit a similar degree of conservation
(Fig. 5B, middle and right panel). In addition, several of
those residues are either important for structural integrity
(proline and glycine residues) or only partly accessible at
the surface (A85, D107, L109, K117, L157) and their
conservation might therefore be required for structure
maintenance. Since conservation of solvent-exposed
phenylalanines throughout evolution is rather unusual
(Fig. 5A,B, left panel), this indicates that the epitope
centered around the two phenylalanines 31 and 34 might
represent an interface for protein-protein interaction and
a putative endostatin high affinity receptor binding site
(Hohenester et al. 1998). Since we could show that
heparin binding is not aftected by these phenylalanine to
alanine substitutions, this epitope must represent a bind-
ing site to a new, so far unidentified receptor. However,
the binding epitopes for heparan sulfate and the uniden-
tified receptor might partially overlap due to their close
proximity. Interestingly, in human endostatin crystals
lattice contacts involve F31 and F34 from each monomer
but it remained unclear whether these hydrophobic
interactions occur in vivo (Ding et al. 1998). The crystal
lattice contacts involving the two conserved phenyla-
lanines are not only different between crystals of human
and murine endostatin but also for crystals of murine
endostatin with a different spacegroup (Hohenester ef al.
2000). Therefore, these contacts rather display the ‘stick-
iness’ of the hydrophobic surface patch than dimerization
through phenylalanines.

We also present the first functional evaluation of the
homozygous A48T amino acid substitution found in two
sisters affected with Knobloch syndrome but not in 100
control individuals (Kliemann et al. 2003). While in situ
binding affinities were not altered, the production of AP-
hESA48T was strikingly reduced when compared to
wild-type endostatins. Since A48 is not accessible on the

© Blackwell Publishing Limited
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Figure 5 (A) Sequence alignment of a selection of endostatin domains from the ‘full alignment’ of the PFAM database (http://
www.sanger.ac.uk /Software/ Pfam/) and the NCBI protein database prepared with the software Jalview (Clamp et al. 2004). The Taylor
color coding was used for the alignment, the color intensities are modulated by the degree of conservation, the color intensities shown

were produced with a scale of 75 of the conservation tool in Jalview. Secondary structure elements are shown as arrows and helices
according to Ding et al. (1998). Residues investigated in this study are marked by asterisks. (B) Surface representation of human endostatin

(PDB entry code 1BNL) color coded according to the degree of conservation shown in (A). All residues which are still colored at a

are shown in red, residues marked at a level of 75 are shown in orange, whereas

(Jalview tool conservation)
residues shown in yellow are colored only below a level of 75 but above 50. Therefore, residues in red mark the highest degree of

conservation, residues in yellow the lowest. The orientation of the molecule shown in the left panel is identical with that in Fig. 1. The
orientation of the molecule displayed in the middle and right panel is rotated by 120° around the y-axis, respectively. The figure clearly

conservation level of 90

shows that the conservation of surface-accessible residues is not randomly distributed over the molecule’s surface. Instead there is a clear

clustering with the phenylalanines 31 and 34 in the center of a putative protein binding epitope.
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endostatin surface (Fig. 1A,B), we conclude that the
effect must be indirect. Analyzing the immediate envi-
ronment of A48 reveals that its side chain is pointing into
the interior of endostatin’s hydrophobic core and is
completely shielded from the solvent. Due to the tight
packing of A48 by its direct neighboring residues 126,
A29, D30 and L50 space for larger amino acid side
chains is limited. Replacing the alanine with the more
hydrophilic threonine side chain might therefore cause a
lower folding efficiency. In the hydrophobic environ-
ment the polar hydroxyl group of threonine must be
balanced by a hydrogen bond. Possible hydrogen bond
donors/acceptors close in space are only the side chain
carboxyl group or the main chain amide of D30. This
stringent restraint might therefore lead to an increased
amount of misfolded protein consistent with our find-
ings that the expression rate of AP-hESA48T is reduced
while the purified protein shows otherwise unaltered
binding properties. A48’s importance for the structural
maintenance can also be deduced from the absolute con-
servation of the alanine residue at this position through-
out all 40 endostatin domains in the PFAM database
(http://www.sanger.ac.uk/Software/Pfam/). Although
Kliemann et al. (2003) did only screen 25 of the 43 col-
lagen XVIII exons by SSCP, it seems likely that A48T is
a pathological mutation.

In contrast, our in situ stainings of tissues and cells, the
heparin affinity chromatographies, and solid-phase assays
did not provide evidence that the D104N amino acid
substitution is of major pathological and clinical signifi-
cance. Two recent studies have addressed functional
aspects of D104N. Menzel et al. (2004) found impaired
affinity of endostatin D104N for laminin by immuno-
precipitation and Western blotting. However, this
result might have been due to a different experimental
approach in which Flag-tagged endostatin dimers were
created via biotinylated anti-Flag IgG. Notably, Menzel
et al. (2004) did not observe a reduced inhibitory activity
of the D104N variant on migration of human dermal
microvascular endothelial cells. In addition, it was shown
that recombinant human D104 and D104N endostatins
inhibit human umbilical vein endothelial cell tube for-
mation equally well (Macpherson et al. 2004). The side
chain of D104 is fully exposed to solvent and not
involved in any non-covalent interactions that are
required for structural integrity of the endostatin mole-
cule (Fig. 1A,B). Replacement by the isosterical aspar-
agine should therefore be without any consequences for
the folding of the molecule. Taken together, the previous
activity assays, our binding studies and the structural data
do not confirm the hypothesis that the exchange of
aspartic acid to asparagine at position 104 in endostatin
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(D104N) would directly lead to impaired anti-angiogenic
activity and decreased affinity to other molecules
(Iughetti et al. 2001).

As already pointed out by Menzel ef al. (2004), it is
possible that the two Hungarian Knobloch sibs carrying
a heterozygous frameshift mutation and the endostatin
D104N polymorphism may have an additional, yet unde-
tected pathogenic mutation in e.g. regulatory elements
or a large deletion. This possibility is supported by a
recent report on a single unaffected mother of a Knobloch
patient who carried a frameshift insertion in frans with the
D104N polymorphism (Suzuki ef al. 2005). Furthermore,
the D104N variant is polymorphic in various popula-
tions with a frequency of 5.6—15% (lughetti et al. 2001;
Macpherson et al. 2004; Menzel etal. 2004), and
homozygous individuals are healthy (Suzuki et al. 2005).
Nevertheless it cannot be excluded that compound
heterozygotes bearing one null allele in combination
with the D104N allele show a reduced penetrance of
the phenotype (Antonarakis et al. 2005).

Regarding predisposition to prostate cancer reported
for the endostatin D104N polymorphism (Iughetti et al.
2001), no statistically significant association between the
frequency of endostatin D104N and the incidence of
androgen independent prostate cancer or survival was
found in a larger case control group (Macpherson et al.
2004) and in tissues from prostate cancer patients (Li ef al.
2005). However, the replication of association studies may
not succeed due to different genetic backgrounds of the
populations used and the heterogeneity of the disease
studied. Therefore, it remains conceivable that the endosta-
tin D104N polymorphism is in linkage disequilibrium
with a collagen XVIII mutation of functional relevance.

Experimental procedures

Construction and expression of alkaline phosphatase
fusion proteins

To generate human AP-endostatin fusion proteins, the human
endostatin sequence was amplified from ¢cDNA clone o1 (XVIII)
pNF18-2 (Oh et al. 1994b), mutated in pBluescript II SK(+)
(Stratagene) using the QuickChangeTM Site-Directed Mutagenesis
kit (Stratagene), and subcloned into the expression vector pAPtag-4
(obtained from D.A. Feldheim and J.G. Flanagan, Harvard Medical
School) using oligonucleotide primers AP-hES5” (5'-GGT TCC
GGA CACAGC CAC CGC GACTTC CAG-3") and AP-hES3’
(5"-ATG CTC GAG CTA CTT GGA GGCAGT CAT GAA-3')
essentially as described (Rychkova et al. 2005). 293T cells (human
embryonic kidney cells, a gift from D.A. Feldheim and J.G. Flan-
agan) plated at 80% confluence on 150 mm tissue culture plates
were transiently transfected with 12 pg of fusion plasmid DNA
using FuGENE 6 transfection reagent (Roche). Twenty-four hours
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after transfection, the medium (DMEM with glutamax-I (Gibco),
10% fetal bovine serum, 1% penicilline-streptomycine) was replaced.
Conditioned supernatants from transfected and non-transfected
cells were collected after an additional 48—72 h, centrifuged at
1000 r.p.m. (Eppendorf rotor A-4-44), filtered through a 0.45 um
filter (Schleicher & Schuell), buffered with 10 mm HEPES, 0.05%
NaN;, pH 7.0, and stored at 4 °C for immediate use or at —80 °C
for longterm usage.

Determination of AP activity

One hundred microliters supernatants were heat-inactivated for
10 min at 65 °C to inhibit endogenous phosphatases. After
centrifugation at 14000 r.p.m. (Eppendorf rotor F45-30-11),
20 pL were mixed with 380 p\L HBAH bufter (150 mm NaCl,20 mm
HEPES, pH 7.0, 0.5 mg/mL bovine serum albumin, 0.1% NalN,)
and 400 UL 2x AP substrate buffer (2 M diethanolamine, 1 mm
MgCl,, 18 mm p-nitrophenyl phosphate (AppliChem), pH 9.8),
and incubated at room temperature. Absorbance at 405 nm was
read at 30 s intervals for 10 min in a spectrophotometer. After AP
activity measurement, the supernatants were diluted to obtain the
same activity in each probe. In subsequent experiments, specific
activities were compared to wild-type endostatin. AP fusion
proteins were not atfinity purified, quantitated, and titrated to
perform exact enzyme kinetics.

SDS-PAGE / Western blotting

Fifteen microliters of conditioned supernatants were loaded on to
5-15% SDS-PAGE gradient gels, run at 50 V for 18 h and wet-
blotted on to nitrocellulose (Protran; Schleicher & Schuell) using
aTE42 Transphor transfer unit (Amersham Biosciences) 1.5 A for
1 h at 4 °C. The blots were incubated with a rabbit polyclonal
antibody against secreted human placental alkaline phosphatase
(1 :2000, WAK-Chemie) or with a rabbit polyclonal anti-human
endostatin antibody (1 : 2000, Cytimmune Sciences Inc.) followed
by a horseradish peroxidase-conjugated anti-rabbit IgG (1 : 3000, Santa
Cruz) according to standard procedures. The signals were visualized
using enhanced chemiluminescence (Perkin Elmer/NEN).

Staining of tissue sections

Timed-mated NMRI mice were ordered from Harlan Winkelmann.
E14.5 embryos were dissected, fixed in 4% paraformaldehyde
(in PBS) at 4 °C overnight, transferred to 20% sucrose (in PBS)
at 4 °C on a shaker for one day, and frozen in OCT embedding
medium (Tissue-Tek). AP-staining of 10 Um cryosections thaw-
mounted on to Polysine slides (Menzel Gliser) was essentially
performed as described in Flanagan ef al. (2000) and Rychkova
et al. (2005).

Quantitative measurement of AP-endostatin
binding to cell surfaces

Human dermal microvascular endothelial cells (HMEC-1 cell line
kindly provided by the Centers for Disease Control and Preven-
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tion, Atlanta, GA, USA) were plated into six-well tissue culture
plates and cultured for one day in Endothelial Basal Medium
(Clonetics) supplemented with 10 ng/mL human epidermal
growth factor (Clonetics), 1 plg/mL hydrocortisone (Clonetics),
and 10% fetal bovine serum (Linaris). Confluent cells were washed
once with cold HBAH buffer, incubated with 1 mL fusion protein-
containing supernatants for 90 min at room temperature, washed
with cold HBAH five times for 5 min and lyzed with 300 uL 1%
Triton X-100, 10 mm Tris-HCI, pH 8.0. After collection of the
lysates, the plates were rinsed again with an additional 200 pUL of
lysate buffer. The pooled lysates were vortexed, incubated at room
temperature for 5 min, heat-inactivated at 65 °C for 10 min,
placed on ice, and supplemented with an equal amount (400 UL)
of 2Xx AP substrate buffer to measure the AP activity after 30 min
as described above. The experiments were performed in triplicate.
A detailed protocol for this procedure can be found in Flanagan
& Cheng 2000).

Heparin affinity chromatography

Sixty milliliters of filtered supernatants adjusted to equal activities
were applied to 5 mL HiTrap™ heparin affinity coloumns (Pharmacia)
equilibrated in 0.05 m Tris-HCI, pH 7.4. The protein samples
were eluted with a linear gradient of 0—1 M NaCl. The content of
the individual fractions was determined by AP activity measure-
ments and Western blotting with the anti-AP and anti-endostatin
antibodies.

Solid-phase assays

Ninety-six-well flat bottom plates (Greiner) were coated with
1 ug purified murine laminin-1 (BD Biosciences) or 0.5 [lg puri-
fied human 0,53, integrin (Chemicon) per well at 4 °C overnight.
After three washes with cold HBAH buffer, immobilized laminin
was incubated with 100 UL AP affinity probes for 90 min at room
temperature. The probes were supplemented with 2 mm CaCl,,
1 mm MgCl, and 1 mm MnCl, in solid phase assays with o3,
integrin. Unbound protein was removed by three washes with
HBAH buffer. One hundred microliters 2X AP substrate solution
(2 M diethanolamine, 1 mm MgCl,, 18 mm p-nitrophenyl
phosphate (AppliChem), pH 9.8) was added to 100 uL HBAH
buffer per well. Absorbance was measured at 405 nm after 10 min
using a Dynatech MR5000 plate reader. Coated wells containing
cell culture medium were used for zero adjustment. The experi-
ments were performed in triplicate.
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Abstract

Introduction and background A 3-year-old Bosnian girl
with a large symptomatic brainstem and multiple supra-
tentorial cavernous angiomas, who underwent neurosurgi-
cal treatment, is presented. As multiple cavernomas are
more common in familial cases, genetic analyses and
neuroradiological imaging were performed in the patient
and her parents to see whether there was any evidence for
inheritance. This information is important for genetic
counseling and provision of medical care for at-risk
relatives. Currently, no recommendation is available on
how to manage these cases.

Results Genetic analyses demonstrated a novel CCM]I
frameshift mutation (c.1683 1684insA; p.V562SfsX6) in
the child and the asymptomatic 27-year-old mother.
Sensitive gradient-echo magnetic resonance imaging of
the mother revealed multiple supratentorial lesions, whereas
analogous imaging of the father showed no pathological
findings.

Conclusion This case exemplifies that seemingly sporadic
cases with multiple lesions might well be hereditary and
that presymptomatic genetic testing of family members may
identify relatives for whom clinical and neuroradiological
monitoring is indicated.

O. Siirticii - U. Sure (D<) - L. Benes - H. Bertalanffy
Department of Neurosurgery,

Philipps-University Marburg,

Baldingerstrasse,

35033 Marburg, Germany

e-mail: sure@med.uni-marburg.de

S. Gaetzner - S. Stahl - U. Felbor
Department of Human Genetics,
University of Wiirzburg,
Wiirzburg, Germany

Keywords Cavernous angioma - Genetic testing -
Cerebral cavernous malformation - CCM -
Pontine hemorrhage - Gradient-echo MRI

Introduction

Cerebral cavernous malformations (CCM) occur sporadi-
cally or as an autosomal dominant trait with incomplete
penetrance and variable inter- and intrafamilial expressivity.
Causal mutations have been demonstrated in three genes,
CCMI1, CCM2, and CCM3 [1, 8, 9]. Familial CCM is
mostly associated with the occurrence of multiple lesions
that increase in number and size with age [7]. Consistent
with this observation, 4 out of 14 seemingly sporadic cases
with multiple cavernomas were previously shown to be
CCM1 mutation carriers [15]. Because their parents were
not analyzed, it remained unclear whether these had been
inherited or were de novo mutations. In a further study,
neuroimaging revealed that 17 out of 22 patients with
multiple cavernous angiomas, but negative family history,
had an asymptomatic relative with cavernomas [5, 7]. Thus
far, six CCM1, four CCM2, and four CCM3 mutations were
detected in this cohort [1, 4, 5], indicating a mutation
detection rate of at least 64% for seemingly sporadic cases
with multiple cavernomas. It is interesting to note that two
of the five patients without neuroradiologically affected
relatives revealed CCM3 mutations. One of these mutations
was the de novo genomic deletion that led to the
identification of the CCM3 gene [1]. Further de novo
CCM germline mutations have recently been reported [1,
10, 11]. In this study, we present combined genetic and
neuroradiological data on a seemingly sporadic case of a
patient who, in fact, inherited a previously undescribed
maternal CCM1 mutation.
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Case report
History

A 3-year-old Bosnian girl was referred to our institu-
tion for operative treatment of a brainstem cavernoma
1 month after acute hemorrhage and neurological
deterioration. She presented with somnolence, head-
ache, right-sided hemiparesis with facial palsy, and
speech disorder. The sudden aggravation was due to the
enlargement and bleeding of a previously diagnosed
pontine cavernoma associated with a mild hydroceph-
alus. Clinical stabilization and subsequent amelioration
of neurological symptoms occurred under antiedema-
tous therapy. Magnetic resonance imaging (MRI)
revealed multiple cerebral cavernous malformations
including an epileptogenic lesion in the left frontal
lobe, which was treated medically (Fig. 1).

On admission, the patient suffered from truncal ataxia.
She could hardly remain in sitting position and was unable
to stand. She had mild facial palsy and high-grade hemi-
paresis with hyperreflexia and positive Babinski sign on the

right side. Repeated MRI showed a left pontine cavernoma
with a maximum size of 4x3.5%3 c¢m (Fig. 1).

Surgery

For brain relaxation, a right ventricular drainage of
cerebrospinal fluid was placed before the microsurgical
intervention. Our patient underwent a neuronavigated
complete resection of the pontine cavernoma without
any complications. The operation was performed in
supine position with right-sided horizontal head turn.
We chose a left subtemporal transtentorial approach
targeting the anterolateral pons. Somatosensory and
brainstem auditory evoked potentials were monitored
throughout the operation.

Postoperative course

Postoperatively, her neurological symptoms improved con-
stantly. Ten days after the operation, MRI was performed that
confirmed the complete resection of the cavernoma and
showed the decompression of the previously heavily

Fig. 1 a—c Contrast enhanced T1-weighted MR image showing the
large pontine cavernoma of the child preoperatively. d Postoperative
axial image showing complete resection of the cavernous malforma-

@ Springer

tion with recovered fourth ventricle size and brainstem decompres-
sion. e Gradient-echo MRI revealing additional supratentorial
cavernous angiomas of the child (left frontal and parietal lobe)
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Fig. 2 a, b Multiple supratentorial cavernomas with typical hypointense signaling in the 27-year-old mother in gradient-echo MR scans. ¢ The
largest left frontal cavernoma can be seen in a routine T2-weighted MR scan of the asymptomatic mother (white arrow)

enlarged brainstem (Fig. 1). Strabismus and mild facial
palsy were persisting within the 2 weeks of hospitalization.
She was discharged for neurological rehabilitation in her
home country. The excision of the symptomatic left frontal
cavernoma (Fig. le) was offered to the parents (Fig. 2) but
they did not yet favor a second surgery.

Genetic analyses

After having obtained informed consent, coding CCMI,
CCM2, and CCM3 exons with adjacent intronic sequences
were PCR-amplified from lymphocyte DNA and directly
sequenced on a Beckmann CEQ 8800 capillary electropho-
resis system. A 1-bp insertion in exon 16 of the CCM1 gene
(c.1683 1684insA) was identified in the patient and her
mother but not the father (Fig. 3).

Discussion

The novel p.V562SfsX6 frameshift mutation identified in
our patient fits into the known scheme of truncating CCM
mutations. Genetic testing and MRI of the asymptomatic

Father

Fig. 3 Normal sequence of the
patient’s father and insertion of
an adenine (A, bold) in the
patient (arrow head) and her
mother (data not shown) result-
ing in an altered reading frame
and a premature stop codon
(TGA, red). The first affected \ )
amino acid is valine (V) at _ | v H
position 562 which is changed f
to a serine (S, bold). The new Vi TV

L L Q |

VY GNYE

CTTTTGCAAATAGTCTA TGGAAATTATGAG

parents revealed the same mutation and multiple cavernous
angiomas in the 27-year-old mother (Fig. 2). Thus, our
patient who was initially thought to be a sporadic case can
now be classified as having familial CCM.

Multiple cavernomas and negative genetic analysis

CCM1, CCM2, and CCM3 mutations are detected in 43-54,
13-22, and <10% of patients with familial CCM, respec-
tively [1, 3, 4, 6, 9, 10, 13-16]. In about 30% of the
patients, current genetic testing will not identify a mutation.
This may for example be due to the existence of a fourth
CCM gene, to mutations in the promoter regions of CCM -
3, or to limitations of the mutation detection method
applied. For example, direct sequencing does not detect
large deletions that have been described for CCM2 and
CCM3 [1, 4]. To improve the mutation detection rate, we
perform multiplex ligation-dependent probe amplification
(MLPA) gene dosage assays for CCMI-3 in addition to
sequencing. If patients with multiple cavernomas have
negative genetic screening results after sequencing and
MLPA, we would propose gradient-echo MR scans of their
relatives.

Patient

LLQI S L WKLX

CTTTTGCAAATAAGTCT ATGGAAATTATGA

reading frame ends after five
amino acids in a stop (X, red)
(p-V5625£sX6)

GTCTATGGAAATTATGAG
.lI fl.l ) |'!||
\ Ii :. II Il | iI‘I'| f a 'II\ A II || | f\ |'f1||, f {I\f I'- 'YATA A -Illl' \ II:II'-.IiII | '\
AR \ Y 'y ! 5" Vi | 2 il LA "'z‘ﬁ"ﬁf LR ALY -v_ 'L.J I'II \
A
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Multiple cavernomas and positive genetic analysis

After identification of a mutation in a seemingly
sporadic case, genetic counseling and testing can be
offered to the parents and further relatives. While
screening CCM1, CCM2, and CCM3 genes for mutations
in the index patient may occasionally be laborious,
genetic confirmation or exclusion of a previously
detected mutation within the same family is quick and
cost-effective when compared to MRI. Furthermore,
genetic testing identifies mutation carriers even in the
absence of clinical symptoms and neuroradiologically
visible cavernomas. In the event that a parental mutation
is confirmed, presymptomatic genetic testing of further
family members selects those relatives who are at risk and
truly require clinical and neuroradiological surveillance
as described before [12]. Hence, we suggest to perform
gradient-echo MR scans for asymptomatic family mem-
bers with a confirmed CCM mutation to assess their
current CNS involvement. Serial MR scans may be
undertaken once per year. Depending on the findings
and patient interests, even asymptomatic cavernomas can
be removed surgically with a good outcome for preven-
tion of consecutive bleeding and neurological deficits [2].

Sporadic cases with multiple cavernomas carrying
a de novo mutation

If both parents carry the normal sequence and nonpaternity
has been excluded, a new mutation must have occurred. In
this case, relatives can be reassured with the exception of
the proband’s offspring and siblings. Patients with multiple
cavernomas who carry a de novo CCM mutation have an
almost 50% risk of transmitting their mutation to their
children. In addition, the recurrence risk for siblings may
not be completely negligible due to a possible germline
mosaicism in an apparently noncarrier parent of the
proband. However, this risk is unknown and difficult to
assess because it depends on the proportion of mutated
parental gametes. Genetic testing precisely determines
whether children or siblings also carry the proband’s
mutation.

Conclusion

Because three CCM genes have now been identified,
molecular genetic diagnosis is available for both familial
CCM and sporadic cases with multiple lesions. If a CCM
mutation is detected in a patient, genetic testing unambig-
uously identifies mutation carriers within his/her family and
should be performed in conjunction with genetic counseling
before neuroradiological screening of relatives. Individuals
who test positive for a known mutation may require MRI

@ Springer

examination and elective surgery. A negative test result
would relieve relatives of clinical and neuroradiological
monitoring and the fear to develop serious cavernoma-
induced complications.
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Abstract

Familial cerebral cavernous malformations occur with a frequency of 1 in 2000 and may
cause recurrent headaches, seizures, and hemorrhagic stroke. Exon-scanning based methods
have identified intragenic mutations in three genes, CCM1, CCM2, and CCM3, in about 70%
of familial CCM. To date, only two large CCM?2 and a single large CCM3 deletion were
published. In addition to direct sequencing of all three CCM genes, we have applied a newly
developed multiplex ligation-dependent probe amplification gene dosage assay (MLPA)
designed to detect genomic CCM -3 deletions/duplications. While direct sequencing did not
reveal a mutation in the index case who presented with multiple cavernous angiomas that had
caused a generalized tonic-clonic seizure with Todd’s paralysis and headaches at the age of
five, MLPA analyses detected a large deletion involving the entire CCM 1 coding region in
the proband and further affected members of the German CCM family. The MLPA results
were corroborated by analyses of single nucleotide polymorphisms within the CCM1 gene
and enabled predictive testing for at risk relatives. Our results confirm a loss-of-function
mutation mechanism for CCM1 and demonstrate that the use of MLPA enables a higher CCM

mutation detection rate.

Key words: Vascular malformations; cerebral cavernous malformation; genetics; MLPA;

deletion
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Introduction

Familial cerebral cavernous malformations (CCM; MIM 116860, 603284, 603285) are
autosomal dominantly inherited vascular abnormalities with genetic heterogeneity and likely
interaction among gene products (10). Exon-by-exon screening approaches found CCMI
mutations in 43-54% of familial CCMs (2, 9). Up to 22% were shown to carry a CCM?2
mutation (3, 6), and less than 10% a CCM3 mutation (1, 4, 7, 9). Two large CCM?2 deletions
(3) and one deletion involving the entire CCM3 gene (1) have initially contributed to the
identification of the CCM2 and CCM3 genes via loss-of-heterozygosity mapping. Since large
genomic deletions escape detection by conventional mutation detection methods, we adopted
the multiplex ligation-dependent probe amplification (MLPA) gene dosage assay to screen
for large deletions/duplications in the CCM -3 genes. We here present the identification of a

large deletion that encompasses the entire CCM coding region.

Patients and methods

The index case is an 8-year-old boy (III-1, Fig. 1a) who experienced a generalized tonic-
clonic seizure with Todd’s paralysis and headaches at the age of five. Magnetic resonance
imaging (MRI) of the brain showed multiple angiomas including a right temporomesial lesion
(Fig. 1b, c). This symptomatic lesion with a diameter of 3,5 cm was completely excised
microsurgically via a pterional approach. The postoperative course of the patient was
uneventful. After six months, he did not require further antiepileptic medication.

Family history revealed a paternal grandfather with multiple intracranial lesions and fatal
hemorrhage at age 47. The patient’s father is clinically unaffected but MRI revealed multiple
small cavernous angiomas that did not require surgical intervention so far (Fig. 1d).
Neuroimaging of three further asymptomatic aunts (II-3, II-5, and II-7, Fig. 1a) revealed a

small cavernoma in the basal ganglia of aunt II-5 (Fig. 1a, e).
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Genetic testing was approved by local ethics committees (University of Wiirzburg, Study
21/05; Philipps-University Marburg, Study 149/05). With informed consent, all coding
CCM1-3 exons were directly sequenced on a Beckmann CEQ 8800 capillary electrophoresis
system according to published protocols with slight modifications (1-3).

Screening for large CCM alterations requires two MLPA kits (SALSA MLPA Kits P130 &
P131 CCM, MRC Holland). CCM1-3 MLPA analyses of four control individuals in each test
and all 10 available family members were carried out according to the manufacturer’s
instructions using an ABI Prism 310 genetic analyzer. Haplotype analyses were performed
for the index case and his parents using 19 intragenic single nucleotide polymorphisms
(SNPs) (rs975707, 1064819, 1064820, 1064821, 11984192, 17164451, 2027950, 1034575,
10223994, 10282603, 10274699, 6953959, 12113704 11542682, 1052043, 1063658,
1063659, 11542681, 1063660) and five polymorphic markers flanking the CCM1I locus

(D752410, D7S1813, D7S2189, D7S646, and non-informative D7S689).

Results

Direct sequencing of all coding CCM1, CCM2, and CCM3 exons and adjacent splice sites did
not reveal any pathological intragenic alterations in the index patient. In contrast, only the
index case but none of the controls displayed a large deletion encompassing all CCM 1 exons
when tested by MLPA (Fig. 2b, e, f). CCM2 and CCM3 peaks and ratios did not differ
between proband and controls (Fig. 2a, c, d). A second independent MLPA analysis included
all 10 family members of the second and third generation (Figure la). The heterozygous
CCM1 deletion was confirmed in the three affected family members only (data not shown).
Thus, the CCM1 deletion was reproducible, segregates with the disease, and was not
transmitted to children III-2 and III-3 and uncle II-6 (Figure 1A) rendering neuroimaging

unnecessary for these individuals and their offspring.
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To further confirm the deletion detected by MLPA, haplotype analyses were performed with
19 intragenic CCM1 SNPs, non of which was found to be heterozygous in the patient and his
affected father. Only three SNPs turned out to be informative. While the patient’s mother (1I-
2) is homozygous for G at rs975707, the father (II-1) is homo- or hemizygous for C (c.1-
3078G>C). Since their son did not inherit a paternal C allele (Fig. 3), he is hemizygous for
the maternal G allele. Similarly, the mother carries a homozygous C at rs2027950 and a
homozygous T at rs6953959 (c.989+4389C>T) while the father’s sequence revealed a G
(c.989+63C>G) and a C, respectively. The proband only shows the maternal C and T alleles.
On the basis of the order of microsatellite markers linked to the disease locus and intragenic
SNPs as D7S2410-D7S1813-D7S2189-rs975707-rs2027950-rs6953959-D7S646, the proband
and his mother share the haplotype 1-2-2-G-C-T-1. The son inherited the disease haplotype 2-
3-3-del-del-del-2 from his father, and this haplotype clearly lacks a second allele for three

intragenic CCM 1 SNPs (Fig. 3).

Discussion

The CCM1 deletion was found in a total of five CCM families in which four novel intragenic
CCM mutations had been identified by direct sequencing ((8) and unpublished data). Based
on microsatellite genotyping and cDNA analyses, previous publications reported that two out
of 10 CCM2 mutations (3) and one out of eight CCM3 mutations (1) were large deletions. An
additional CCM3 mutation was described as possibly due to a deletion of the genomic region
that encompasses exon 5 (1). Furthermore, a genomic deletion involving the 3’ end of CCM
exon 18 and part of intron 18 was detected (5). We anticipate that a significant proportion of
CCM patients will display large deletions or duplications which remain undetected by direct

sequencing. MLPA is a suitable method for identifying such CCM gene alterations and for
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improving the mutation detection rate in CCM patients as well as predictive testing in at risk

relatives.
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Figure Legends

Fig. 1 (a) Pedigree of the German CCM family (black circle = affected female, black square
= affected male). (b) Axial T2-weighted MR-image shows a large right temporomesial
cavernoma (white arrows) in the index case (arrow in (a)) before microsurgical excision. (c)
Additional asymptomatic cavernomas (black arrows) were diagnosed in both cerebral
hemispheres by gradient echo MR-imaging. (d) Axial gradient echo MR-image of the boy’s
father shows two small asymptomatic cavernomas, left frontal and parietal (arrows). (e) One

aunt (II-5 in (a)) also revealed an asymptomatic cavernoma in the left basal ganglia (arrow).

Fig. 2 MLPA data demonstrating a heterozygous deletion of the entire CCMI gene in the
index case. Example of (a) normal and (b) pathological MLPA raw data (SALSA MLPA Kit
P130). The electropherograms show reduced peaks for all CCMI exons in the proband
(asterisks) while CCM?2 peaks (dots) are comparable between control and patient. Peaks from
internal controls are not highlighted. (e, f) Quantitative analyses demonstrate that the relative
peak areas are decreased to approximately 50% in the patient’s two non-coding and 15
coding CCM1 exons analyzed (black) when compared to internal (white) and (¢, d) external
controls and to (e) CCM2 (grey) and (f) CCM3 (grey) probes. Numbers below the coloumns

in (¢, d) indicate the CCM -3 exons analyzed according to the manufacturer’s protocol.
Fig. 3 Haplotype analysis of the proband (III-1), his father (II-1), and mother (II-2). The

haplotype associated with the CCM phenotype was determined as 2-3-3-del-del-del-2 (boxed)

(del = deletion).
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10
Fig. 3

-1 -1 [1-2
D7S2410 4 | 2 2 |1 1 3
D7S1813 1] 3 3|2 2 4
D7S2189 1] 3 3|2 2 4
rs975707 C | del del| G G G
rs2027950 G | del del| C CcC C
rs6953959 C | del del| T T T
D7S646 4 | 2 2 |1 1 3
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Controversial Molecular Classification of

Human Cerebrovascular Malformations
To the Editor:

The identification of underlying causal genes in familial forms
of cerebrovascular malformations allows the dissection of an
increasing number of these disorders at the molecular level. In
recent years, mutations in CCM1/KRIT1, CCM2/MGC4607, and
CCM3/PDCD10 have been found to cause autosomal dominantly
inherited cerebral cavernous malformations (CCM1, CCM2, and
CCM3). Clinical penetrance appears to differ between the 3 CCM
subtypes, but larger clinical studies are required to confirm this
observation. A subset of patients with cerebral arteriovenous mal-
formations also shows cutaneous capillary malformations attribut-
able to mutations in the RASA/ gene or is affected by hereditary
hemorrhagic telangiectasias (HHT) resulting from mutations in the
endoglin gene (ENG, HHT1), the activin receptor-like kinasel gene
(ACVRI, HHT2), and an as yet unidentified gene (HHT3). Disease
severity seems to be milder in HHT2 when compared with HHT1,
but the clinical course of individual cases remains unpredictable for
CCMs and HHTs requiring the investigation of additional genetic
and environmental factors that may contribute to the manifestation
of these disease entities.!~+

Guclu et al’ recently reported an interesting family in which
the index case and her father were affected by CCMs, and the
index case’s sister had a cerebral venous malformation (CVM).
The different vascular phenotypes within this single family were
attributed to different genotypes. The sequence data shown
demonstrated a stretch of 4 Ts at nucleotide positions 2055 to
2058 of the CCM1I coding sequence in the index case and the
father, but a stretch of only 3 Ts in the sister. The authors
concluded that the 2 family members affected with CCM carry
an insertion of a T in exon 19 of the CCMI gene causing the
CCM phenotype, implying that CCMs and CVMs are genetically
distinct.

We disagree with this interpretation of the sequence data. Ac-
cording to GenBank accession numbers U90268, AF296765, and
AF388384, the CCM1 sequences reported by Guclu et al® for the 2
individuals with CCM are in complete agreement with the wild-type
sequence. Rather, the person affected with CVM carries a deletion
of a thymine (c.2058delT) causing a genuine CCMI frameshift
mutation (p.F686fsX706). In addition, the sequences shown were
likely not derived from direct sequencing as described in the
methods section and the figure legend. If these were direct se-
quences, the authors would have discovered the very first homozy-
gous uniparental CCMI mutation. However, at least in mice,
homozygous inactivation of the CCMI gene is embryonically
lethal.¢

The authors have sequenced all 3 known CCM genes in their
patients. Nevertheless, a negative result obtained by sequencing
does not exclude the existence of CCM mutations. Given a mutation
detection rate of currently only about 70%,” affected individuals
might still harbor a large CCMI, CCM2 or CCM3 deletion or
insertion, a mutation in regulatory sequences of the CCM genes or
a mutation in a fourth as yet unknown CCM gene. We conclude that
the sequence data shown in the report by Guclu et al®> do not support
the existence of 2 distinct molecular entities. Under the assumption
that the patients’ samples had not been confounded, the data in the
figure suggest that, like cavernous angiomas, CVMs might also in
part be attributable to mutations in CCM . Further genetic analyses
of CVM patients will have to clarify whether CCM and CVM are
molecularly distinct or whether both result from mutations in CCM
genes.
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Response to Letter by Stahl and Felbor

Response:

We would like to thank the authors Sonja Stahl and Ute Felbor
for their very helpful comments on our article entitled “Cerebral
Venous Malformations Have Distinct Genetic Origin from Cerebral
Cavernous Malformations.” In this article, we presented a rare
family in which 2 family members, the father and daughter, had
documented cerebral cavernous malformations (CCM), and another
daughter had documented cerebral venous malformations (CVM).
We had hypothesized that both types of lesions may be attributed to
the same genetic defect, and proceeded to sequence all 3 genes
known to cause CCM: KRIT1, Malcavernin, and PDCDI0. As a
result of our sequencing analysis, we determined that the father and
daughter both possessed a frameshift mutation in exon 19 of the
KRITI gene, whereas the daughter with the CVM did not carry this
mutation. We concluded that CCM and CVM were genetically
distinct entities and used this data as further evidence to support the
idea that CVMs are benign developmental anomalies that should not
be treated clinically.

A. [ —

In their letter, Stahl and Felbor correctly point out that the string of 4
thymine residues (positions 2055 to 2058) is in fact the wild-type
sequence and the published figure contains an error. In the original
figure the family members affected with CCM were shown with the
wild-type sequence and the individual with CVM was shown carrying
the mutation. In fact the sequence traces were presented in reverse: the
2 family members with CCM should have been shown to carry the
frame-shift mutation attributable to a T deletion, and the member with
CVM should have been shown with the wild-type sequence. The
corrected figure along with sequencing results of all family members,
showing the frame shift mutation in the members affected with CCM,
is now presented (Figure 1). As Stahl and Felbor also point out, the
sequence traces presented in the original figure, and those presented
here, have been TA cloned (Invitrogen), resulting in the presentation of
the individual DNA strands clearly showing that the frame shift
mutation is the result of a —T deletion. The original sequencing results
that suggested the frame-shift mutation are now included (Figure 2).
We have also replicated these results. We regret the confusion that our
mislabeling of the original figure caused and trust that the new figure
(Figure 1) resolves the central question raised by Stahl and Felbor.

—0

C. Deletion -T

MA A

)\/\/v}\

}\ ‘)\//\»}\

Deletion -T

T6 61T 1T 6T TTARA T6 6 11 T TTR

A AN
Y\

Wild type

TG T6 61T 16 T T 1T TATEG

Figure 1. A, Pedigree of family CCM 2211. Filled symbols indicate CCM; gray symbol, CVM. B, Imaging studies of individuals -1
and lI-1 reveal typical CCM lesions (arrows). MRI of individual II-2 reveals the typical caput medusa appearance of a CVM in the
posteromedial left temporal lobe (arrow) as confirmed by magnetic resonance venogram. C, Direct sequencing after TA cloning of
exon 19 of the KRIT1 gene reveals a -T deletion leading to a frameshift mutation for individuals I-1 and Il-1. For individual 1I-2, who
is known to harbor a large CVM, analysis reveals wild-type sequence for the KRIT1 gene.

(Stroke. 2006;37:2215-2216.)
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Figure 2. A, Direct sequencing of exon 19 of the KRIT1 gene reveals the wild-type sequence in individuals |-2 (unaffected) and II-2
(who harbors CVM) and a frameshift mutation in individuals I-1 and II-1, both of whom have CCM. B, Direct sequencing after TA clon-
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A.
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ing of exon 19 PCR products in individuals I-1 and II-1 reveals a -T deletion causing a frameshift mutation.

In sum, the conclusions drawn in the published article, namely
that CCM is attributable to a frameshift mutation in KRITI,
remain unchanged. These results strongly suggest that CCM is
genetically distinct from CVM and that CVM, at least in this
family, is not attributable to a mutation in the CCMI gene,
KRIT]I.
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