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Meinen Lieben



Die Entdeckungen der letzten Zet lassen prektisch dles, was wir vide Jahre fir richtig
gehdten haben, ds fdsch oder nur bedingt richtig erscheinen. Mener Menung nach kann
man heute nur noch eines mit Sicherheit sagen: Die Lichtgeschwindigkelt ist absolut das
Schndlste, was es gibt. Méglicherweise.

Edward Tdler



ABSTRACT

Basement membranes are thin layers of extracdlular matrix which separate epithdid and
endothdid cdls from underlying connective tissue and surround nerve, muscle and fat cdls.
Biochemicd data indicate the important role of nidogen1, a 150kD sulfated glycoprotein, in
supporting basement membrane Sability by connecting the laminin and type IV collagen
network (Aumailley et d., 1989; Y urchenco and Schittny, 1990).

The am of this sSudy was to andyse the Sgnificance of the laminin/nidogen1 interaction for
basement membrane formation and sability in a more complex system. For that purpose F9
embryoid bodies, a cdl culture mode for basement membrane formation, were grown in the
cdl spin sysem after comparison with the conventiond hanging drop method. F9 cdls are
mouse teratocarcinoma cdls which differentiste and develop a basement membrane when
cultured with retinoic acid.

Recombinant expresson of the nidogen-binding Ste, located in LE module 4 of the gl chain
of the trimeric laminin molecule, as the glllI3-5 fragment and its binding to free nidogen1
molecules should interfere with the laminin/nidogen1 interaction. As controls, F9 cdlls were
transfected with the empty expresson vector, the glV1-3 and the glllI3-5mut fragment.
glV1-3 is dmilar to the gllll3-5 fragment in secondary dructure and size while gll113-5mut
caries a point mutation drasticaly reducing its affinity to nidogen1l. For detection of
recombinant expresson and for purification purposes dl condructs had been modified with
the FLAG peptide at their N-termind end.

Andyss of basement membrane formation by fluorescence microscopy reveded a different
pattern in clones expressng the nidogen-binding dte than in the controls. While cdls carrying
the empty expresson vector and such expressng the glV1-3 or the glllI3-5mut fragment
developed embryoid bodies with completely or partialy continuous basement membranes,
only a punctate digribution of basement membrane components could be detected in cdll
agoregates expressng the nidogentbinding dte. This indicated effective blocking of the
laminin/nidogent1 interaction by recombinant expresson of the glll13-5 fragment. Additiond
dudies on differentiation showed patchy didribution of cdls expressng genes specific for
viscerd endoderm dl over the embryoid body. In the controls these cells were organised into
an peripherd epithdium which suggests a role of basement membranes in regulaing the
differentiation of these cdls. To evduae further functiona aspects of the basement mem
brane discontinuity a diffuson assay was developed in which permesbility properties could be
tested. This reveded higher permesgbilities among clones with comparable embryoid body
morphologies when the basement membrane was disrupted.

To exdude the posshility that endogenous recombinant expresson or the genetic mani-
pulation during transfection was responsble for the observed phenotypes, experiments were
dso peformed with the extraneous addition of the recombinant nidogen-binding dte. Wild
type F9 cdls were grown in suspenson culture and trested with recombinantly expressed,
afinity purified nidogen-binding Ste fragment. Microscopy demondtrated a Smilar basement
membrane breskdown upon exogenous addition of the nidogen-binding site as observed be-
fore in embryoid bodies derived from F9 cdls recombinantly expressng the gllll3-5 frag-
ment.



ZUSAMMENFASSUNG

Basdmembranen snd dinne Schichten extrazdlul&er Matrix, die Epithe- und Endothe-
zdlen vom Bindegewebe trennen und Nervenr, Muskel- und Fettzdlen umgeben. Eine auf
biochemischen Daten (Aumailley et d., 1989) gedtiitzte Hypothese erklart die Stabilitét der
Basdmembran mit Nidogen1, enem 150kD grof¥en sulfaierten Glykoprotein, ds Bindeglied
zwichen dem Laminin- und Typ 1V Kollagen Netzwerk der Basalmembran (Y urchenco und
Schittny, 1990).

Zid war es, die Bedeutung der Laminin/Nidogen-1 Wechsdwirkung fur die Ausbildung und
Sabilitét von Basdmembranen in enem komplexeren Sysem zu andyseren. Dafir wurde
en Zdlkultur-Moddl der Basamembrarbildung, das FO Zdlaggregatsysem, nach Ver-
gleachen mit der "Hanging Drop-Methode in Spinnerflaschen etabliert. Solche "Embryoid
Bodies' aus FO Maus Teratokarzinomazdlen bilden bel Retinsdurebehandlung eine Basd-
membran aus.

Rekombinante Expresson der in LE Modul 4 der gl Kette des trimeren Laminin Molekiils
lokdigerten Nidogenbindungsstdle im Fragment glllI3-5 und dessen Bindung an free
Nidogen-1 Moleklle sollte das natlrliche Glechgewicht der Laminin/Nidogen1 Interaktion
doren. Als Kontrollen wurden neben dem leeren Expressonsvektor ein der Nidoger+
bindungsstelle in Sekundérstruktur und Grole &hnliches Fragment der gl Kette, glV1-3,
sowie ene mutierte Verson der Nidogenbindungsstelle glili3-5mut in FO Zdlen trandiziert.
Zwor waren dle Kongrukte zum Nachweis rekombinanter Expresson und um eine Auf-
reinigung zu ekmdglichen mit @nem N-terminaen FLAG Bindungsmodul versehen worden.

Die mikroskopische Untersuchung der die Nidogenbindungsstelle exprimierenden Klone
ergdb ene von den Kontrollen abweichende Ablagerung der Basamembranproteine.
Wédhrend die nur resigente Kontrolle sowie die glll13-5mut und glV1-3 synthetiserenden
"Embryoid Bodies' entweder durchgehend oder wenigstens streckenweise Basdmembran
aushbilden konnten, war in den die Nidogenbindungstedlle exprimierenden Klonen nur ene
punktformige Vertellung von Basamembrankomporenten zu erkennen. Dies sprach fur ene
effiziente Blockierung der Laminin/Nidogenl Wechsdwirkung durch die rekombinante
Expresson des gllllI3-5 Fragments. Die zusizliche Bestimmung der Fahigkeit zur Differen
Zierung zeigte, dass in dem Klon mit gedtorter Basdmembranaushildung Zellen mit einer fir
das viscerde Endoderm spezifischen Genexpresson Uber das ganze Zelaggregat vertellt
waren. In den Kontrollen hingegen waren solche Zdlen vorzugswelse an der &ul3eren
Peripherie in einem Epithe organisert, was eine Funktion der Basdmembran in der Steuer-
ung der Zdldifferenzierung impliziet. Um die mikroskopisch erkennbare Zerstérung der
Basdmembran auf ihre funktiondle Konsequenz hin zu testen, wurden ihre Permesbilitéds
egenschaften mit der Diffusons-Messmethode bestimmt. Daraus ergab sch fur "Embryoid
Bodies' mit vergleichbarer Morphologie eine hohere Permesbilidt bel gestorter Basdmem-
branaushildung.

Wel die Moglichkelt bestand, dass die den Zdlmetabolismus belastende rekombinante Ex-
presson oder klonde Sdektion ausschlaggebend fir die beobachteten Phanotypen waren,
wurde auf¥erdem in Suspensonskulturen herangezogene Wildtyp FO "Embryoid Bodies' in
mit rekombinant erzeugten, affinitéisgereinigten Nidogenbindungsstdlen versstiztem Medium
differenziert. Deren mikroskopische Andyse zeigte bel Zugabe der Bindungsstelle von auf¥en
diesdbe St6rung der Basdmembranaushbildung wie se zuvor bel den Klonen mit endogener
rekombinanter Expression beobachtet worden war.
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1. Introduction

1.1. The evolution of extracdlular matrices

During the devdopment from uni- to multi-cdlularity novel dructurd requirements
were placed upon the evolving organisms. A primary need was the maintenance of the body
form. While in primitive organisms this could probably be met by receptor mediated cell-cel
contacts, these became insufficient as Sze and complexity increased leading to the evolution
of the extracdlular matrix. Although it is uncetan which extracdlular matrix function
evolved fird, it may be speculated that the underlying need was to provide physical support to
maintan the integrity of the body and that this findly led to the production of a prototype
connective tissue and, particularly, the evolution of the collagen family (van der Rest and
Garrone, 1991; Garrone, 1998). Here great tendle srength is produced through the close
intramolecular association supplied by the triple heix and intermolecular covadent bonds.
With specidisation of cdls into tissues, it became necessary to evolve modes of compartment
taisation (Klenman and Schnaper, 1993). The physicd barier separating cdl and tissue
types led to the formaion of the architechturd framework of higher organiams. To tranamit
this dabilisstion from the extracdlular scaffold to the cdl, specidised areas may have
developed containing receptor molecules anchoring the intracdlular skeleton to particular
molecules in the surrounding matrix. These receptors were possbly refined to dso dlow
ggndling between the matrix and the cdlls and vice versa. So externd events were not only
conveyed by soluble proteins, which may themsalves be bound into the matrix, as is the case
with many cytokines, but dso by the structura components themsdlves. This has led to the
extracdlular matrix having key roles in the presentation of growth and guidance cues to cdls,
which can in turn influence the secretion of extracdlular matrix components. So, cell-matrix
contacts may determine cdlular differentiation. This has become crucid for most norma de-
velopmenta processes such as gadtrulation (Czaker, 2000), neurd crest formation (Poelmann
et d., 1990) and whether a cdl or axon migrates, where it goes and when it stops migrating,
as wdl as for adult physology and pathology (eg. extravasation of white blood cels meta
dads, wound heding). In addition to directing cdlular moatility, the extracdlular matrix con
trols the formation of tissues like bone, cartilage, and tendon with characterigic structurd pro-
teins and growth factors. The latter contribute by edtablishing gradients of guidance cues in
which cdls can orientate, differentiate and secrete those extracelular matrix components

serving the specific needs of each tissue.



Mogt dudies of the extracelular matrix have been performed on vertebrate organisms,
however investigations of invertebrates show that many extracelular matrix components are
ancient and highly conserved proteins. For example, the fibril-forming collagens I, 11, 11l and
V , providing tendle drength, as well as the nontfibrillar collagen type IV of bassment mem-
branes are found in invertebrate organisms like sponges, worms and mussels (Coyne e d.,
1997; Kramer et d., 1994; Garrone et a., 1993). However broad the spectrum of identified
collagen homologs seems to be, little is known about the mechanisms behind therr evolution
(Engd, 1997). Ancestor proteins have aso been found for molecules presenting informeation
in the extracdlular matrix. Perlecan (Laurie e d., 1986), a basement membrane proteoglycan
of higher organiams, is aso a cartilage component and plays an important role in chondro-
genic differentiation probably by binding and presenting growth factors (French et d., 1999).
However, closdy related proteoglycans are aso present in primitive invertebrate organisms
such as C. elegans and the fruit fly, where an ortholog of perlecan (Mullen e d., 1999;
Moerman et al., 1996) and a perlecanlike core protein sequence have been identified
(Friedrich et al., 2000), respectivdy. Since primitive organisms do not have catilage these
findings are an example of how the roles of extracdlular matrix proteins may be adapted to

new functions during evolution.

Modern extracdlular matrix proteins are mosac proteins conssing of about 65
different domains (Bork, 2000). It has been suggested that they arose by exon shuffling
(Patthy, 1996), a good example of which could be the mammadian nidogenl. The earliext
nidogen is seen in ascidians and contains three epidermd-growth-factor (EGF)-like matifs,
three thyroglobulin-like moatifs and five LDL-receptor YWTD domains (Nakae et a., 1993).
Through evolution three extra cygene-rich epidermd-growth-factor (EGF)-like motifs have
been added by exon shuffling and one thyroglobulin-like motif was achieved by combination
of three ancestrd ones. Further highly conserved homologs of nidogen are observed in fruit
flies, nematodes and sea squirt (Mayer et d., 1998). Another example where gene duplication
appears to have occurred is the laminin protein family, manly present in basement mem
branes. Laminins are heterotrimeric  glycoproteins congging of three geneticadly different
chans. Today deven didinct chans and fifteen different laminin isoforms ae known in
mammads. |dentification of two laminin chans in Drosophila (Fesder et a., 1987; Martin et
d., 1999), four laminin chains (Hutter e d. 2000) and the laminin-rlated netrins
(Wadsworth et d., 1996) in C.elegans grongly imply the exigence of a sngle ancedrd
laminin chain which has duplicated further within the vertebrate lineage.



1.2. Basement membrane structure and function

Basement membranes are 40 to 120nm thick sheets of extracdlular matrix found
throughout the body. They line the basolaerd membrane of dl epithdid and endothdid
cdls, separate them from the underlying connective tissue and surround nerve, muscle and fat
cdls. Basement membranes may interpose between endothelid and epithdid cdl sheets as in
the lung aveoli and kidney glomeruli. In the kidrey, the basement membrane functions as a
porous filter, preventing the passage of macromolecules from blood into urine. Basement
membranes beneath epithdia prevent the contact between fibroblasts and epitheid cdlls, but
dlow the passage of macrophages, lymphocytes or nerve processes. In addition, basement
membranes play an important role during development, binding growth factors and hormones
which influence cdl metabolism, cdl growth, cdl polarisation, and differentiation (Streuli et
a., 1991; Schuger et d., 1997). The ability of certain basement membrane molecules to inter-
act with cdl surface receptors dlows it to direct cell migration during development or to help
to recondruct origina tissue architecture (eg. guidance of regenerating motor nerve terminds
to neuromuscular junctions) after tissue injury. All these different basement membrane func-
tions imply tisue- and time-specific expresson of its components from embryogeness to
adulthood. Some of these basement membrane molecules will be discussed below in detail.

1.3. Basement membrane components

1.3.1. Laminins

1.3.1.1. Laminin isoforms

The laminins are large (600-800kD), cruciform glycoproteins (Tunggd et d., 2000)
condging of three gendticdly different chains (a, b and g) which share a common domain
dructure (figure 1.1). The short ams formed by the amino-termind regions of the b and ¢
chains contain the domains 11l and IV ingead of domains Illa/b and IVab found in the a
chains (Sasaki and Yamada, 1987; Sasaki e a., 1987, 1988). These biologicdly active
domains are separated by flexible rows of EGF-like repests, the LE moatifs, which are stabi-
lissd by disulfide bonds The long am reaults from oligomerisation through a triple helix of

3



domains | and Il of the a, b and g chain. At the carboxy-termind end of the a chainsthe large
G domain is formed by folding of the five tandemly aranged subdomains LG1-LG5 into
separate globes.

Five a-, three b- and three g chains have been identified in mammas which could in
theory be combined to give 45 cruciform heterotrimers. However due to additiond assembly
regrictions (eg. g2 is never seen connected with bl) only 15 laminin isoforms have been
observed dthough more forms may wel exist (Colognato and Yurchenco, 2000; Libby et d.,
2000). Sudies on the assembly of laminin chains indicate that certain dtes within the
carboxy-termind a-helica region of the long am ae important for chain-specific assembly
(Utani et d., 1994). Little is known &bout the mechanism d chain secretion in vivo, but cdl
culture studies demondirate that the a chain can be secreted as a single subunit while b and g

can not (Yurchenco et d., 1997).
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Figure 1.1: Schematic structure of the laminin molecule comprising an a, b and gchain. The molecule has a cruci-
form shape (Engel et al., 1981) with three short amino-terminal arms which are involved in polymerisation. The
long carboxy -terminal arm consists of domain | and Il of all three chains and forms a coiled-coil a-helix
(Paulsson et al., 1985; Beck et al., 1993) which is terminated by a globular carboxy -terminal domain (G) contri-
buted by the a chain only. The three-stranded coiled-coil domain is required for high-affinity binding to agrin
(Kammerer et d., 1999). albl, a2bl,0 a6bl,d and Oa7bl indicateintegrin binding sites. Other binding partnersin-
dicated are dystroglycan (DG), the polysaccharide heparin and nidogen-1/entactin-1.
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An ovedl picture of the time- and tissue-specific depostion of laminin isoforms does
not exis a the moment, because immunohigology and in situ hybridistions can only
describe the didribution pattern of single laminin chains but not of the whole trimer. Still,
three dasses of epithdid laminins containing ather the al, a3 or a5 chan and the group of
endothdid or mesenchymd laminins comprising the a2 chain or the a4 chan can be diging-
uished (see table 1). So laminins-1, -3, -5, -6, -7, -10 and -11 underly epithelid Sructures
while laminins-2, -4 and -12 are observed in the placenta (Paulsson et a., 1991), in basement
membranes surrounding skeletd and cardiac muscles (Leivo and Engval, 1988; Paulsson et
d., 1991) and peripherd nerves (Uziye et d., 2000). Laminins-8 and -9 are found in endo-
thelid basement membranes of certain blood \essels, e.g. aorta (Frieser et d., 1997). The a4
chain is dso expressed by skeletd, cardiac muscle (Lefebvre et d., 1999; Liu and Mayne,
1996) as wdl as fat cells (Niimi et d., 1997a). Recent data indicate the existence of two addi-
tiond isoforms laminin-14 and -15, present in the retina matrix (Libby et ., 2000). The on
going identification of new laminin isoforms increases basement membrane complexity not
only in tissue-specific compostion, but aso during deveopment and repar (Erickson and
Couchman, 2000).

Name Chain compogition  References

Laminin-1 alblgl Timpl et d., 1979
Laminin-2 a2blgl Ehriget d., 1990
Laminin-3 alb2gl Hunter et d., 1989
Laminin-4 a2b2gl Sanes et d., 1990
Laminin-5 a3b3g2 Roussdleet d., 1991
Laminin-6 a3blgl Marinkovich et d., 1992
Laminin-7 a3b2gl Champliaud et d., 1996
Laminin-8 adblgl Miner et a. 1997
Laminin-9 adb2gl Miner et a., 1997
Laminin-10 asSblgl Miner et d., 1997
Laminin-11 abb2gl Miner et al., 1997
Laminin-12 azblg3 Kochet al., 1999
Laminin-13 a3b293 *

Laminin-14 adb293 Libby et ., 2000
Laminin-15 ash2g3 Libby et d., 2000

* not yet biochemicaly demonstrated

Table 1. Nomenclature of laminin isoforms (modified from Tunggal et a., 2000)



Basement membrane compostion becomes even more complex when consdering
isoform expresson changes during embryogenesis. Such switches can occur very rapidly as in
the converson of mesenchyme to epithdium in the developing kidney (Ekblom et d., 1998;
Miner and Li, 2000; Pedrosa-Domdlof et d., 2000). The fird ggn of converson into
epithelium in vitro is the condensation of mesenchyme, followed by tubulogenesis with form:
ation of an underlying basement membrane and cell polarisation. Formation of digtinct tubules
and cel polarisation correspond to the S-shaped stage of in vivo development. Studies of a
chan expresson during this process reveded that the a4 chan is trangently expressed in

condensated mesenchyme, followed by al and a5 chain expresson in S-shaped tubules and
their eongations, respectively.

Laminin-1 is the mgor laminin essentid for early embryogeness (Dziadek and Timpl,
1985; Leivo et a., 1980; Cooper and MacQueen, 1983). The deetion of the LAMCL gene
encoding the gl chan results in absence of laminin-1 and embryonic lethadity at day 55 post
conceptum (Smyth et al., 1999). In its long am dgructure (Aumailley et d., 1987) laminin-1
possesses cdl-binding domains as well as dtes for cdl adheson and dimulation of neurite-
like outgrowth (Powdl et d., 2000; Weston et d., 2000). The simulatory effect of [aminin on
neurons is further supported by experimental data which demongrated that laminin in neuron
extracdlular matrix interaction prevents hippocampa cdl desth (Chen and Strickland, 1997).
In addition to its growth promating activities laminin-1 was shown to modify the behavior of

growth cones in Xenopus (Hoepker et d., 1999) possibly via induction of microtubular bund-
ling in the growth cone of axons (Tang and Goldberg, 2000). Our understanding of laminin-1
as a basement membrane molecule specificaly directing cell components is further supported
by the discovery that it can organise acetylcholine receptors into clusters during synaptogernt
ess a the neuromuscular junction (Sugiyamaet d., 1997).

1.3.1.2. Laminin receptors

There appear to be two major sets of laminin receptors comprisng a-dystroglycan and
the integrins. The mgor binding Stes for both receptors on the laminin molecule are located
within the five subdomains of the G doman (Hohenester et d., 1999; Tdts et d., 2000),
however the ones for integrin are beieved to aso require the adjacent coiled-coil region
condgting of the al, bl and gl chan for proper folding (Aumailley et d., 1987; Goodman et
a., 1987; Tis et a., 2000).



a-Dysroglycan is pat of a large tranamembrane complex that plays an important role
in muscle biology (Ervasti and Campbdll, 1993; Hemler et d., 1999). It links laminin-2 to the
myofiber cytoskdeton via indirect binding to dystrophin and blocking of this interaction with
antibodies induces a dystrophic phenotype (Brown et d., 1999). Dystroglycan is expressed in
devdoping and adult tissues by epithdid and neurond cdls which contact basement
membranes (Matsumura et d., 1993; Durbeg et d., 1998) and is involved in kidney epithedid
morphogenesis (Durbeg et a., 1995). The absence of dystroglycan leads to an embryonic
lethdity with Sructurd and functionad defects of one of the earliest basement membranes, the
Reichet's membrane (Williamson et d., 1997), and andyss of dystroglycan null embryoid
bodies shows disrupted basement membranes (Henry and Campbell, 1998).

Integrins are heterodimeric transmembrane molecules containing an a and a b subunit
and ae involved in sgnd trander between the extracdlular marix and the cdl interior
(Hynes, 1992; Clark and Brugge, 1995). Only a subset of dl known integrins, the a7, a6 and
a3 integrins seem to specificdly interact with the G dbmain (Belkin and Stepp, 2000). a6b4
integrin is found in hemidesmosomes wheress a6bl integrins are often locdised in focd
contacts (Sonnenberg, 1992). For the integrins albl and a2b1l the binding dte was identified
on the short am of the laminin-1 molecule (Languino et d., 1989; Goodman et d, 1991), but
it remains controversd if corresponding binding Stes exig on other laminin isoforms (Pfaff
et a., 1994; Colognato et a., 1997). a7b1l integrin is ds0 laminin-specific and expressed
hignly in myoblasts (Von der Mark, 1991) together with a-dystroglycan. b1l integrin null
embryoid bodies exhibit falures of basement membrane formation (Faesder and Meyer,
1995; Aumailley et d., 2000) a amilar phenotype can dso be observed in skin epithelium
after conditiond targeting of the b1l integrin gene (Raghavan et d., 2000). Smilar phenotypes
can be caused by mutations in the a3, a6, b4 integrin subunits (George-Labouesse et dl.,
1996; Niessen et al., 1996; DiPerso et a., 1997) and in syndecan-2, a heparan sulphate
proteoglycan (Klass et a., 2000).

Magor functions of laminin receptors are in cdl atachment and in providing sgnas
which are trandferred to intracelular sgnal cascades. However, many results adso indicate that
laminin receptors facilitate in situ laminin depostion on the cdl surface as it has been demon
drated for a-dysroglycan (Montanaro et d., 1999). Laminin polymerisation, a requirement
for basement membrane formation in turn induces redisribution of dystroglycan, a7bl
integrin and the cortical cytoskeleton of muscle cells (Colognato et d., 1999).
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1.3.1.3. Laminin polymerisation

The threeearm interaction model of laminin polymerisation proposes that laminin
molecules sdf-assemble above a critical concentration of 0.1uM through reciprocd, cacium-
dependent binding a their amino-terminal short arms leading to the formation of large poly-
mers (Yurchenco et d., 1985; Paulsson et a., 1988; Ancsan and Kislevsky, 1996). This inter-
action is conformation-dependent (Yurchenco and Cheng, 1994) and leaves the long laminin
ams free for cdl contacts. It is unknown whether in vivo laminin networks dso contain
heterogenous isoforms, but theoreticaly laminin-1 and -2 could co-polymerise (Cheng et d.,
1997). Studies on the influence of lipid bilayers on laminin polymerisation suggest thet
plasna membranes could enhance aggregation of laminin molecules. The concentration
critical for assembly was believed to be lowered by binding of laminins to lipid bilayers (Kab
and Engd, 1991). Although the association with cdl surface receptors rather than exposed
lipids was corddered as a possble mechanism of enhancing polymerisation, recent in vitro
evidence demondraes that smple acidification of laminin monomer solution induces poly-
merisation (Freire and Coeho-Sampaio, 2000).

Figure 1.2: Three-arm interaction model of laminin polymerisation (Yurchenco and Cheng, 1994). The short
arms of the a, b and gchain (continuous lines) are represented with globules at their amino-terminal ends. These
can interact with each other in a calciumdependent fashion in vitro. In this model the long arm (broken line) is
freefor interactions with cells.



1.3.2. Nidogens

Nidogen-1, a sulfated 150kD glycoprotein, was first isolated from FO mouse terato-
cacinoma cdls and a that time caled entactin (Hogan et d., 1980; Calin et d., 1981).
Differentigtion of FO cdls with retinoic acid and dibutyryl cAMP induced synthess of
laminin-1 and nidogen-1. As shown by co-precipitation laminin-1 and nidogen1 were in a
complex that could be dissociated with sodium dodecyl sulfate. At the same time a protein
which later proved to be identicad with entactin was idetified as a 80kD fragment in
basement membranes of the Engebreth-Holm-Swarm tumor and named nidogen (Timpl et 4.,
1983). The full-length, 150kD form of nidogen-1 could be purified with laminin-1 by EDTA
extraction (Dziadek et d., 1985; Paulsson et a., 1987). Andyss of large amounts of the intact
laminin-1/nidogen-1 complex purified from the extracdlular matrix showed that the two
proteins occur in an equimolar ratio (Paulsson et d., 1987). Data obtained from eectron
microscopy confirmed the interaction between laminincl and nidogenl1l (Paulsson et 4.,
1987) and binding studies with proteolytic fragments of the laminin-1/nidogen-1 complex
indicated that the carboxy-terminus of nidogen1 is respongble for binding laminin-1 (Mann
et al., 1988). Electron microscopy of recombinant nidogen1 showed three globular domains,
Gl to G3, with G1 and G2 connected by a flexible link and G2 to G3 by a rod-like segment
containing a series of EGF-like repeats (Mann et a., 1989; Durkin et d., 1995). The strong
binding to laminin-1 with a Kp of 0.5nM was found to be mediated by the C-termind G3
domain (Fox et d., 1991).

The nidogen-binding dte on lamininl was locdised to LE module 4 within doman
Il of the laminin gl chain (Gerl et d., 1991; Mayer et d., 1993; Poeschl et d., 1996). This
pat of the gl chain could be cryddlised (Stetefeld et d., 1996) and Structurdly anaysed
(Baumgartner et a., 1996).

A typicd EGF-like LE module forms a rigid dructure. The rigidity is given by eght
non-contiguoudy aranged cydenes which interact via disulfide bridges (figure 1.3). This
leads to formation of four loops as observed in the nidogen-binding Ste module gllll4
between the 1t and 3rd cysteine, the 2nd and 4th, and two further between the 5th and 6th
and the 7th and 8th. The heptapeptide sequence Aslle-Asp-Pro-AsntAla-Va located within
the fird loop was found to be crucid for binding to nidogenl (Poeschl et al., 1994) in
combination with hydrogen bonding between the firs and third loop providing binding sruc-
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tures and conformationa tability (Stetefeld et d., 1996). Exchange of the centra Asn and
Va by Ser leads to a 100.000 fold lower binding affinity. Such an exchange has occurred in
the corresponding domain g2lll4 of laminin5 (a3b3g2) despite the high overdl sequence
identity between the gllll4 and g2lll4 motifs (Mayer e d., 1995) and laminin-5 can
accordingly not bind nidogen-1.

vl

Nidogen-1

Figure 1.3: The interaction between laminin-1 and nidogen-1. Nidogen-1 binds with its globular domain G 3 to the

short arm of the gl chain. The nidogen-binding site, LE module 4 of the gl chain, is shown enlarged together with
the neighbouring LE mocules. LE modules contain eight cysteines residues which upon disulfide bonding form
loops similar to those of EGF (Cooke et a., 1987).

In vitro binding assays indicate the ability of nidogen-1 to mediate complex formation
between laminin and collagen type IV and dso between laminin-1 and the proteoglycan
perlecan (Aumailley e al., 1993; Hopf et a., 1999). Nidogen-1 can further bind fibulins,
extracdlular matrix proteins composed of multiple arays of epidermd growth-factor like
modules smilar to the LE modules of laminin (Adam et d., 1997). If the interaction between
laminin and nidogen1 is blocked by antibodies raised againgt the nidogen-binding ste, in
vitro epithdid devdopment in organ cultures of embryonic kidney and lung gets disrupted
(Ekblom e d., 1994). Smilar in vitro expeiments peformed with submandibular gland
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organ cultures lead to diguption of the basement membrane between epithdium and
mesenchyme and reduced branching epitheid morphogeness (Kadoya et d., 1997). These
results suggest tha the formation of the laminin/nidogen1 complex may be a key event
during epithdiad devedopment. Detalled andydss of the dtes of laminin-1 and nidogen1 gene
expresson by in situ hybridisation (Dong and Chung, 1991, Thomas and Dziadek, 1993;
Ekblom et d., 1994, Fleschmger et d., 1995) have reveded that laminin-1 is predominantly
produced by epithdia cdls while nidogen1 is secreted by mesenchymd cdls. The binding of
mesenchyma nidogen1 to epithdid laminin-1 is believed to occur a the interface between
epithelid and mesenchyma tissues where basement membrane formation could be dependent
on complex formation between laminin-1 and nidogen1 (Dziadek et al., 1995).

Additional evidence for nidogen-1 production by mesenchyma cedls was obtained in
coculture experiments with rat mesenchyma peritubular and epithdid-like Sertoli cdls
(Konrad et d., 2000). Even though nidogen1 was transcribed in peritubular cells and Sertoli
cdls its mMRNA was only trandated by peritubular cdls. Antibody perturbation experiments
could further show that nidogent1 is required for cdl adheson of peritubular cdls. The fin-
ding that nidogenl is secreted by mesenchyma cels was adso confirmed usng a culture
microecosystem of mammary epithdium where nidogen1 is produced by mesenchymd cdls
but deposited between epithdid cdls. Andyss of this in vitro sysem initidly designed to
investigate the role of nidogen-1 in gene regulation showed that nidogen1 can regulate b-

casalin expression in cooperation with laminin-1 (Pujuguet et ., 2000).

The susceptibility of uncomplexed nidogen-1 to proteolytic degradation (Dziadek et
a., 1988) dlows speculation about such degradation playing a role during embryogeness,
where basement membrane assembly and degradation are tightly regulated (Dziadek, 1995).
The growing knowledge about the action of matrix metdloproteases (Werb, 1997; Gianndli
et d., 1997) will lead to a better understanding of the mechanisms behind this baance which

iscrucid for norma growth, morphogenes's and tissue repair.

Nidogen-2 was recently isolated as osteonidogen or entactin-2 from an osteoblast-like
cdl line and shown to have 27.4% identity to nidogen-1 on the amino acid leved (Kimura et
a., 1998). Recombinant nidogen-2, a highly glycosylated 200kD protein, has a shape smilar
to nidogen-1. Electron microscopy shows that it dso conssts of three globular domains con
nected by two threads dthough it is somewhat different in length (figure 1.4). Immuno-

11



fluorescence and northern blots reveded coexpresson and colocdisation of both nidogens in
vesH walls and other basement membrane zones, but differences in heart and skeletal muscle
(Kohfeldt et a., 1998). Nidogen-2 can bind to the nidogen-binding ste gllll4 of the laminin
gl chain but with a 100 to 1000 fold lower affinity than nidogen-1 and interacts with a second
binding-gte of laminin-1 unrelated to the glill4 module. Deetion of LE module 4 abolishes
binding of both nidogens to the recombinant glllI3-5 fragment. In addition, nidogen-2 binds
type IV and type | collagen and perlecan. However it does not interact with fibulin-1 or -2 like
nidogen-1 (Kohfeldt et a., 1998).

collagen IV
perlecan
fibulin-1 fibulin-2

L imin

Gl link G2 rod G3
nidogen-1 11— 593%m—_____0
nidogen-2 :—m@

Figure 1.4: The domain organisation and modular structures of nidogen-1 and nidogen-2. Both nidogens
comprise three globular domains. G1 and G2 are joined by a link region while G2 and G3 are connected by a
rod-like structure. Different basement membrane proteins binding to G2 and G3 domain of nidogen-1 are in-
dicated. Legend: dark circles represent epidermal growth factor (EGF) like motifs, which are numbered in
nidogen-1, dark boxes represent thyroglobulin (TG) like motifs and hexagons represent low density lipoprotein
(LDL) receptor YWTD motifs (partially taken from Murshed, 2001).

To understand the in vivo role of the nidogens in basement membranes, the mouse and
worm modd were studied. The lack of nidogen-1 in mice does not affect basement membrane
formation, ingtead nidogen1 -/- mice develop seizures and other neurological defects later in
life (Murshed et d., 2000). This phenotype could be explained by the existence of the struc-
turdly related nidogen2/entactin-2 (Kohfeldt et a., 1998; Kimura et d., 1998) and a possible
compensatory effect of nidogen2 in basement membrane assembly of nidogen1 deficient
mice. Although immunodaining for nidogen-2 is dronger in distinct basement membranes, it
does not gppear to be transcriptiondly upregulated in nidogen1 -/- mice. Nidogen2 null
mutant mice also gppear norma. The production of nidogen1/-2 double null-mutant mice is
currently underway (Smyth, persond communication). This will hep to explan the import-
ance of nidogen-1l and -2 and their contribution to basement membrane dability. Recent
results obtained from loss of function experiments in C. elegans support the neurologica

12



phenotype found in nidogen1 -/- mice. Introducing a stop codon into the homologous C.
elegans nidogen gene causes irregular neurond migration (Kim et d., 2000). Deetions in
NID-1 however do not affect type IV collagen assembly into basement membranes (Kang and
Kramer, 2000).

1.3.3. Type |V Collagen

The collagens are a glycoprotein family with a leest 19 geneticdly didinct types
(Prockop and Kivirikko, 1995) which can be divided into fibril-forming and nonfibrillar
molecules. Typicaly, collagens consst of a ropdike superhdix comprisng three polypeptide
a chains wound round each other. These a chains contain a series of Gly-X-Y repeats. In 20-
22% of dl triplets the podtions X and Y ae occupied by proline and hydroxyproline, re-
spectively. The non-fibrillar collagens can form three-dimensional networks (type 1V), beaded
filaments (type V1), anti-pardld dimers (type V1) or ahexagond lattice (type VIII).

7S Triple Helix NC1

Figure 1.5: Schematic representation of the type IV collagen network. Three a chains interact and form atriple
helix with amino-terminal 7S and carboxy -terminal NC1 domains. Covalent interactions between four 7S and
two NC1 domains and additional lateral interactions (not shown) result in a lattice which provides mechanical
strength to the basement membrane (taken from Tunggal, 2000).

Type IV collagen contains a carboxy-termind noncollagenous domain (NC-1), a
350nm long triple-hdicd domain and an amino-termind 7S domain. It is only present in
basement membranes, where it can sf-assemble into a network via anti-pardld interactions
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between the 7S domains of four molecules (Rigdi e d., 1980; Glanville et d., 1985;
Tdlibary and Charonis, 1986), the interaction of two molecules at their carboxy-termina NC1
domains and by lateral aggregation (Timpl et d., 1981; Yurchenco and Furthmayr, 1984).
This network (figure 1.5) provides dructurd support to the basement membrane, facilitates
assembly of laminin, nidogenLentactin-1 and perlecan (Laurie et a, 1986) and functiors as a
Sze-Hective filter unit.

Type IV collagen a chains are encoded by sx genes, COL4A1-COL4A6 which are
aranged in pairwise head-to-head organisation (Soininen et d., 1988; Mariyama et d., 1992;
Zhou et d., 1994). Since hidirectiond regulatory eements have been identified between each
pair, coordinate transcription and expresson of COL4A1-COL4A2, COL4A3-COL4A4 and
COL4A5-COL4A6 was suggested. This assumption was confirmed by the finding that the
most abundant type 1V collagen with ubiquitous expresson in basement membranes (Hudson
et a., 1993) has the chain composition fa1(1V)].a2 (IV). In addition, colocdisation of the a3
and a4 chains (Kleppd et d., 1989; Miner and Sanes, 1994) as well as the a5 and a6 chains
could be demongrated, dthough the a5 chain is dso expressed without the a6 chan in the
glomerular basement membrane (Peissd et d., 1995).

Mutations in the COL4A3, COL4A4 or COL4A5 gene result in a progressive heredi-
tary disease of the glomerular basement membrane, Alport's syndrome (Kashtan and Michad,
1993). In Alport's patients the basement membranes of the kidneys are disorganised and
fragile and less resgtant to the high hydrogtatic pressure. Mouse models which ether lack the

a3(lV) chain (Cosgrove et d, 1996; Miner and Sanes, 1996) or both the a3(IV) and the
a4(IV) chan undergo fibross leading to a glomerulonephross. This is possbly due to the
falure in switching from al, a2 expresson to a3, a4 and a5 expresson which accurs during

glomerular development (Lu et d., 1999).

1.3.4. Perlecan, a heparan sulphate proteoglycan

Proteoglycans are very heterogenous in compostion and are present in the extra
cdlular matrix, on cdl surfaces (Bernfied et d., 1999) or in intracdlular granules (Burditt et
a., 1985). They condst of a protein core and glycosaminoglycan (GAG) chains (Prydz and
Dden, 2000). These long, unbranched, srongly anionic polysaccharide chains can bind
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caions as wel as H»O. Thereby hydrated GAG gels are able to resst pressure changes in
tissues, a property that is particulaly important for joint function. In vitro GAGs can bind
growth factors, matrix components, enzymes, enzyme inhibitors and cdl adheson molecules.
The core proteins themsdves may show particular biologica activities (lozzo, 1998). Insghts
ganed from in vivo dudies in Drosophila and mice imply specific functions for heparan
sulphate proteoglycans in cdl differentiation and morphogenesis (Perrimon and Bernfidd,
2000).

In mammds three proteoglycans are found in basement membranes. Perlecan
(Murdoch et d.,1994), agrin (Groffen et d., 1998) and bamacan (Couchman et d., 1996). Per-
lecan, the most widespread and highly expressed proteoglycan of basement membranes and
catilage, comprises a 470kD core protein with a beads-on-a-gring-like appearance and often
caries three heparan sulphate sde chains a its amino-termind end (Costedl et d., 1996;
Groffen et a., 1996; Schulze et d., 1996; Friedrich et d., 1999). Domain Il of its protein core
interacts with cell surfaces (Chakravati et d., 1995, Peng et d., 1998; Hohenester et d., 1999,
Tdts e d., 1999) while doman IV binds nidogens, the laminin-1/nidogen1 complex
(Battaglia et d., 1992), type IV collagen (Laurie & d., 1986, Villar et d., 1999), fibronectin,
fibulin-2, and heparin (Hopf et a., 1999).

Perlecan occurs in premplantation embryos prior to basement membrane formation
(Dziadek et d., 1985; Smith et d., 1997) and indde the blastocyst on the outer surface of
trophectoderm cdlls (Carson et a., 1993). Interestingly, the didribution pattern of perlecan is
amilar to that of fibroblast growth factor (FGF)-2 in various basement membranes of the
mouse embryo (Friedl et d., 1997) which led to speculations about an involvement of per-
lecan in growth control (Klein et d., 1995; Weiser et d., 1997). Perlecan expresson was aso
demondrated on the surface of vascular endothdia cells, possbly concentrating thromo-
spondin 1 (Vischer et d., 1997), and in mesenchyma tissues like cartilage where it perdadts
into adulthood (Handler et d., 1997). Mice lacking perlecan show defects in cartilage and
cephdic development (Arikawa-Hirasawa et d., 1999) and while basement membranes form
they become disrupted with increesng mechanica stress (Cogtell et d., 1999) which suggests
a role of perlecan in regulaing basement membrane integrity and permesbility (Murdock et
a., 1993; Gauer et d., 1996; Groffen et d., 1997; Groffen et d., 1999).
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1.4. Basement membrane assembly and structure

Although many different basement membrane components and numerous isoforms of
these have been identified, our understanding how molecules become deposted, locdly
concentrated and organised into basement membranes after secretion is comparatively poor.
In vitro experiments demondrate that dermal fibroblasts can produce type IV collagen,
perlecan and nidogen, but they need keratinocyte integrins to bind type IV collagen in order to
initiaste basement membrane formation (Heschmger et d., 1998). Keratinocytes are aso
necessay for rdocdisaion of nidogen, which is of dermd origin during early basement
membrane formation of in vitro skin modds (Fleischmger et d., 1995). Retind basement
membrane insead seems to require collagens for reassembly of neuroepithelia (Hafter et d.,
2000) while aveolar epithdid cdls can synthesse dl mgor basement membrane components

but ill need exogenous laminin-l for complete basement membrane assembly (Furuyama
and Mochitate, 2000).

typee TV collagan
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Figure 1.6: Molecular model of the basement membrane based on in vitro data (modified from Y urchenco and
Schittny, 1990).The two major basement membrane networks are formed by laminin (blue) and type IV collagen
(red) and are bridged by nidogen-1 (yellow). Perlecan (green) is a heparan sulphate proteoglycan which can
interact with itself, type IV collagen and laminin.
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Most of these studies on basement membrane formation are descriptive or in vitro
experiments. In an in vivo approach the deletion of nidogen-binding module gllll4 interferes
with the formaion of the laminin-1l/nidogenl complex (Mayer et d., 1998). Although
embryonic dem cels homozygous for this defect secrete mutant laminin-1 which fals to
associate with nidogent1, they are dill able to form embryoid bodies with a differentiation
pettern amilar to wild type. However complex the mechanisms of basement membrane
formation might be, the sdf assembly of laminin and type IV collagen (described above) are
dill conddered the man principles of basement membrane formation and the proposed
function of nidogenl as the linker module between the type IV collagen and laminin
networks has dominated the mode of basement membrane structure (Aumailley et d., 1989,
figure 1.6).

1.5. Embryoid bodies

Embryoid bodies are cdlular aggregates derived from ether embryonic sem cdls or
embryonic carcinoma cdls (Martin, 1980), which resemble early stages of mouse develop-
ment (figure 1.7). The pluripotent FO cdls (Berngtine et d., 1973; Alonso et a., 1991) have a
limited differentiation repertoire forming endoderm:-like sructures which develop only upon
treetment with eg. retinoic acid (Strickland and Mahdavi, 1978) or dibutyryl cyclic AMP
(cCAMP, Hogan et d., 1983). In F9 derived embryoid bodies treated with retinoic acid cells are
found on the outer surface which are morphologicaly smilar to viscera endoderm while F9
monolayers treated with retinoic acid and dibutyryl cAMP ingead differentiate into parieta
endoderm (Strickland et a., 1980; Damjanov et d., 1994). Parietd and visceral endoderm are
two diginct populations of extra-embryonic endoderm found in the norma mouse embryo
shortly after implantation (Hogan et d., 1994).

Since embryonic carcinoma cel lines can paticipate in the formation of chimeric
mice, they were an important tool for the fird gene transfer experiments in mouse before it
was possble to establish totipotent embryonic slem cel lines in vitro (Martin et a., 1980).
Today embryoid bodies grown from F9 cells represent a well sudied in vitro system of early
mouse embryogenesis which can help to understand the nature of endodermd and epithdid
differentiation (Coucouvanis and Martin, 1995). For example, it has been shown that Indian
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hedgehog, which is upregulated during extraembryonic endoderm differentiaion in F9
embryoid bodies is aso increased in 6.5 day old mouse embryos (Becker et d., 1997).
Smilaly, a-Fetoprotein is synthesised by visceral endoderm (Hogan et d., 1981; Grover et
a., 1983) in F9 embryoid bodies and it is redricted to the viscera endoderm during post-
implantation development in mouse (Dziadek and Adamson, 1978). Differentiation of F9 cels
into parietal or visceral endoderm upon treatment with retinoic acid and CAMP or retinoic
acid done, respectivey, is accompanied by incressng synthess of basement membrane
proteins. At the transcriptiond level a coordinate increase of the laminin al, b1l and gl chains
and the type IV collagen al chan (Durkin e d., 1986; Kleinman et d., 1987) has been
demondrated, wheress a the protein level the synthess of the laminin bl and gl chans is
first induced followed by the al chain of type IV collagen and a-fetoprotein (Rogers et d.,
1990). Andysis of the gene regulation of the b1l and gl chains reveded that both contain
DNA regulatory eements which are activated during F9 induction (Chang et d., 1996; Li and
Gudas, 1996). Differentiation into viscera or parieta endoderm leads to a 510 fold and 15
20 fold increase in the synthess of basement membrane proteins (Howe and Solter, 1980;
Prehm et d., 1982; Cooper et d., 1983) and in parieta endoderm the production of laminin
and nidogen1 occurs independently. Laminin and nidogen1 are secreted to the medium and
deposited at the cdll surface and at cdll junctions (Carlin et d., 1983; Chung et d., 1993).

E 60
egg cylinder

endoderm

basement membrane

proamniotic
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pseudostratified columnar epithelium
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Figure 1.7: Embryoid bodies undergo differentiation processes analogous to early mouse development. On the
left a saggital section through a mouse embryo at embryonic day 6.0, when the proamniotic cavity has been
formed, is depicted. To the right a cross section (dashed line) through the egg cylinder is shown and compared to
an embryoid body after cavitation. (modified from Coucouvanis and Martin, 1995).
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1.6. Aim of the present study

The purpose of this sudy was to andyse the importance of the laminin/nidogen1
interaction for proper basement membrane formation and <ability. The contribution of
nidogen-2 to stabilisation of mgor basement membrane networks is not clear a the moment.

Based on the basement membrane mode designed by Yurchenco and Schittny (1990)
nidogen-1 links the laminin lattice to the type IV collagen network. In order to test this
hypothess, | planned to disturb the laminin/nidogent1 interaction by introducing an excess of
recombinantly expressed nidogenbinding dtes. In theory these additiond binding-Stes
should compete with intrindc laminin molecules presenting their binding-Stes to nidogen

molecules.

For time-specific inteference with the laminin/nidogen1 interaction a  different
dages of basement membrane development inducible expresson sysems such as the
ecdysone-inducible (Invitrogen) or the retrovird tet on/off sysem (Hofmann et d., 1996)
could be applied. It was aso decided to use the EFla promotor for constant protein
expresson which was previoudy shown to work wel in F9 cdls (Niimi and Kitagawa,
1997b). F9 and D3 (Evans and Kaufman, 1981) cells were chosen as they represent an in vitro
system of bassment membrane formation very smilar to early stages of mouse development
where the basement membrane separates the inner ectodermda cell mass from the outer
endoderma epitheium. To rule out that any phenotype might be caused by artefacts due to
clond sdection of overexpressng cdls, the laminin glll13-5 FLAG fuson protein was dso
added extraneoudy to developing wild type embryoid bodies. This required the nidogen
binding dte to be expressed in 293-EBNA cdls usng the CMV promotor, affinity-purified
and added to differentiating embryoid bodies derived from wild type F9 cdls. For andyss of
basement membrane formation and ability molecular biologicd, biochemica, microscopi-
cd, and physologicd techniques were used and the expresson of markers for cdl differen

tiation were determined in the embryoid bodies.
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2. Resaults

2.1. Cloning of nidogentbinding site constructs and controls

All condructs (figure 2.1) were derived by PCR from full-length mouse laminin gl
cDNA which was obtained by reverse transcription of mouse kidney totd RNA. Considering
the complex secondary dructure of LE 4, which contains the nidogentbinding gte, it was
expressed together with its neighbouring LE modules 3 and 5 (amino acid postion 771-932).
Previous work had shown that such a polypeptide folds correctly (Stetefeld et a., 1996) and
binds to nidogentl in a smilar manner to natve laminin (Mayer et d., 1993). For control
purposes, the construct glll13-5mut with the point mutation N802S in LE 4, which decreases
binding affinity for nidogen-1 by 46,000 fold (Poeschl et a., 1996) and the construct g1V1-3
containing the LE modules 1-3 (amino acid postion 340-492) of domain V of the gl chan
were also expressed. To enable secretion of the expressed proteins to the extracdlular space
and their detection and purification, sequences encoding the the BM40 sgnd peptide and
FLAG tag (Hopp et al., 1988), respectively, were added to the N-terminus of the polypeptides.

I
i
! £
‘5‘ y Shidogen
AP TR st § qoal } \ 2 :
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Figure 2.1: Production of nidogen-binding site constructs and controls: The site for interaction between laminin-
1 and nidogen-1 has been localised to LE module 4 of domain Ill of the laminin gl chain (Mayer et a., 1993).
Three different FLAG fusion proteins F) were constructed and modified with the BM40 signal peptide to
ensure secretion to the extracellular space, dlllI3-5 coding for LE modules 35, glllI3-5mut which differs from
glllI3-5 in a point mutation of amino acid 802 from N to S a mutation causing a 46000 fold loss of nidogen
binding activity (Poeschl et a., 1996) and glV1-3 comprising 3 LE modules of domain V.
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Although LE modules 3-5 had earlier been cloned into pCEP-Pu (Kohfedt et 4.,
1997) which added the BM40 signad peptide, to insert the FLAG sequence the LE 35 coding
sequence had to be subcloned into Nhel/Notl restricted CMV-NFag (a pCEP-Pu based vector
with the FLAG tag placed 3 prime to the BM40 sgnd peptide sequence). To obtan LE
modules 3 a PCR was performed on the gl cDNA using the sense primer AAT TGC TAG
CCC TTC CTT GTG ACT GCA ATG GC and the antisense primer AAT AGC GGC CGC
CTA GGG TGT GCA GCC CTT AGG containing a Nhel and Notl dgte, repectively. After
digestion the PCR product was cloned into the redtriction digested CMV-NHag plasmid. To
mutate amino acid 802 in gll113-5 from an agparagine to a serine, the sequence for the FLAG
tagged LE modules 3-5 was subcloned into pBluescript KS (+) by Hindlll/Xhol digestion.
Then ste-directed mutagenesis was performed using the Tranformer©  Site-Directed Muta-
geness Kit (Clontech Laboratories Inc) following the manufacturer's indructions with
TransSCA (5 GTG ACT GGT GAG GCC TCA ACC AAG TC 3) as the sdection primer
and the primer N802S (5 GTG TAA CGA CAA TAT TGA CCC CAG CGC GGT TGG C 3)
as the mutagenic primer. Congtructs were verified by DNA sequencing and correspond to gl
sequences available in the SWISS-PROT data base (primary accession number P02468).

Hindl 1L Mol

Hindl 11 Nhel
A

control 11 \ +1113-5
111 T ] -

1.4 i-Sawul 1-3 - FLAG + FLAG
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3.0kl
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2 0kb 1.0kb
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0. Skt

1.0kb

0.5kb

Figure 2.2: Restriction digest on nidogen-binding site constructs and controls cloned into pBKEF-5 (A) and
pCEP-Pu (B). A) Hindlll/Notl restriction of the empty pBKEF-5 expression vector yields two fragments of
4.0kb and 1.4kb separated on 0.7% agarose gel. Upon insertion of the nidogen-binding site constructs gl113-5,
gll13-5mut and the control region glV1-3 an additional 0.6kb band appears. Lane gl 1113-5mut is derived from a
later experiment. B) HindlI1/Nhel restriction of gllll3-5 cloned into pCEP-Pu excises the BM40 signal peptide
while a slightly shifted fragment coding for the BM40 signal peptide plus the FLAG tag is obtained from glll13-
5 inserted into CMV-NFlag. Restriction digests were separated on a 1.5% agarose gel and for better comparison
the fragments of interest are marked with white dots.
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The DNA coding for glll13-5mut, gllli3-5 and glV1-3 were excised with
Hindlll/Xhol from pBluescript KS (+) or CMV-NFlag respectively and inserted into pBKEF-
5 linearised with Hindlll/SAl. This vector is a fuson plasmid formed of pBK-CMV and pEF
BOS (Mizushima and Nagata; 1990) and contains the EFla promotor which drives protein
expresson in F9 cdls. For expression of the nidogenl binding dte in 293-EBNA cdls
(Smyth et ., 2000) gl11113-5 cloned into CMV-NFlag was used (figure 2.2).

The condructs described above were expected to lead to conditutive protein ex-
presson. For inducible expresson with the mammadian ecdysone-inducible sysem (Invitro-
gen) and the retrovird tet on/off system (Hofmann et d., 1996), glll13-5 was aso cloned into
the expression vectors pIND and pGEM-IRES respectively. To test the ecdysone system, F9
cdls were transfected with pINDglllI3-5 and pVgRXR, the transactivator encoding plasmid.
Resgat F9 cdls were grown ether under differentisting or non-differentisting conditions
and protein expresson induced with muristerone A, a synthetic analog of the steroid hormone
ecdysone. Cel supernatants and extracts were tested for gllll3-5 expresson by immuno-
blotting but no recombinant protein was detected. Cloning of the gllll3-5 congruct into
pGEM-IRES was stopped when control infections with pGEM-IRES lacZ containing viruses
showed extremey low efficiency (results not shown).

2.2.gll113-5 expression in 293-EBNA cdlls

293-EBNA cdls were dectroporated with gllll3-5 CMV-NHFag, sdected for
puromycin resstance and grown to confluency. Serum-free supernatant was collected, TCA
precipitated and tested for expresson of the recombinant protein. Polyacrylamide gd
electrophoress showed that the fuson protein was expressed without degradation (figure 2.3).
Immunoblotting with the anti-FLAG Bio M2 antibody on the reduced supernatant of trans-
fected 293-EBNA cdls identified a single, 25kD band of a FLAG tagged protein. Cdls ex-
pressng the glll13-5 congtruct were grown in large scae and 500ml supernatant was collected
for dfinity purification. The supernatant was centrifuged and after overnight didyss into
TBS, pH 7.4 was loaded on to a anti-FLAG M2 agarose afinity column. The column was
washed four times with TBS, pH 7.4 to remove ungpecificaly bound proteins and the FLAG
tagged protein was duted with 100pug/ml FLAG peptide.
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Figure 2.3: Expression of dlllI3-5 in 293-EBNA cells. A) Coomassie staining of a 15% polyacrylamide gel
loaded with reduced supernatants from transfected and untransfected cells reveals an additional band of about
25kD in the medium of resistant cells while no recombinant protein is found in the cell extracts. All lanes are
excised from one gel. B) Western blot analysis with the anti-FLAG Bio M2 antibody under reducing conditions
identifies a FLAG tagged protein of 25kD in the supernatant of transfected cells. Representative lanes are
derived from one experiment.
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Figure 2.4: Affinity purification of recombinantly expressed nidogen-binding site construct gllli3-5. Collected
supernatants from untransfected (control) and transfected cells, flow-through and wash fractions were TCA
precipitated and separated on a 15% polyacrylamide gel after addition of 5% [3-mercaptoethanol. The gel elution
is documented with 1/50 of each fraction. Lanes are derived from two gels.
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Comparison of the flow-through with the supernatant loaded onto the column showed
that not dl protein bound to the affinity matrix (figure 24). Therefore the purification was
repeeted after regeneration of the anti-FLAG M2 agarose gd. In total 400ug protein could be
purified from 500ml of cedl supernatant. Before use in cdl culture experiments the protein
was diaysed againgt unsupplemented DMEM F9 growth medium.

2.3. Expression of g11113-5, g1l113-5mut and g1V1-3in F9 and D3 cdlls

F9 cdls were dectroporated with the FLAG fusion constructs glll13-5, gllll3-5mut
and glV1-3 and sdected for resstance with G418. A tota of 25 clones per construct were
picked and expanded. Expressng clones (six for gllll3-5, nine for glll13-5mut and four
expressng glV1-3) were identified by immunoblotting with the Bio M2 monoclond  antibody
agang the FLAG epitope. For comparison of the levels of protein expresson in these cdl
clones, loading was standardised with the detection of BM40, a cacium binding extracdlular
matrix protein (Nischt et d., 1991), dso produced by undifferentiating F9 cdlls (figure 2.5).
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Figure 2.5: Levels of exogenous protein expression: Western blot analysis on supernatants of stably transfected
F9 teratocarcinoma cells with a mouse monoclonal antibody detecting the FLAG tag, shows approximately equal
expression of al three constructs, gllli3-5, glllI3-5mut and glV1-3. In case of the glll13-5mut construct gllli3-
5mut/B cells were choosen for further studies. As a control F9 cells carrying the empty expression vector were
analysed. For normalisation of loading arabbit polyclonal antibody against the mouse BM40 protein was used.
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Electroporation of the embryonic sem cdl line D3 with the same congructs used for the
trandection of F9 cdls gave many G418 resstant clones, but none expressed the FLAG

tagged recombinant proteins (results not shown).

2.4. Comparison of embryoid body phenotype in two different cell culture systems

Two systems, the hanging drop method and the cell spin system have been established
as embryoid body culture techniques. However direct comparison, especidly for the pro-
duction of F9 derived embryoid bodies has not been caried out. To test which one was the
most appropriate, F9 cedls which cary the empty expresson vector and are G418 resstant,
were cultured as embryoid bodies in both sysems. These cdls are designated the control
clone below.

The drop method uses 20ul of a cdl suspension containing 1.5x10° odlsml hanging
on an inverted petri-dish. After two days in culture each drop contained a smal aggregate of
cdls which were released from the drops and kept in suspenson cultures of 10ml in a bac-
terid petri-dish until harvest. During this period, medium was changed every second day.

The cdl spin system in contrast started with a density of 1.2x10° cellgml. 100ml of
this cdl suspenson was maintained in sliconated glass bottles overnight under continuous
gentle irring. The next day when amdl aggregates had formed, 200ml of fresh medium was
added and thereafter changed daily.

The control clone appeared to grow equaly well in both systems (data not shown) and
embryoid body morphology showed similar results. In both systems, bright centra areas indi-
cetive of cavity formation could be observed (figure 2.6A).

To andyse the expresson of basement membrane components induced by retinoic
acid in both systems, tota homogenates were prepared from differentiated control embryoid
bodies after 12 days culture. Polyacrylamide gel eectrophoress of these homogenates and
andyss for lamininnl and nidogenl by immunoblotting was peformed with a rabbit
polyclond antibody raised agang laminin-1/nidogen-1 complexes isolated from the EHS
tumor. Bands were seen for the bl (220kD) and gl (210kD) chains of laminin-1 as well as
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nidogen-1 (150kD) with smilar expresson levels for al three proteins in both systems. No
band corresponding to the al laminin chain (400kD) was seen (figure 2.6B). Basement mem:
brane dructure was andysed by immunohistochemistry on embryoid body cryosections with
the same antibody (figure 2.6C). This reveded continuous stretches of laminin and nidogen1
present directly basa to the most peripherd cels in the embryoid body. These sgnds were
interpreted as intact basement membranes and occurred in both systems.
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Figure 2.6: Comparison of embryoid bodies formed by the hanging drop technique or in the cell spin system. F9
cells carrying the empty expression vector represent the control clone and were raised for 12 days with both
methods in culture with retinoic acid. Analysis by transmission light microscopy is shown in representative
images in A (Bar = 100um). Immunoblotting for laminin-1 and nidogen-1 with a rabbit polyclonal antibody on
total homogenates prepared from 12 day old embryoid bodies and standardisation with a mouse monoclonal
antibody directed against actin are depicted in B. C shows immunohistochemical localisation of laminin-1 in
cryosections of 12 day old cell aggregates (Bar = 100um). In D similar cryosections were stained for TROMA-1.
(Bar = 50um).
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To determine if retinoic acid induced epithdia differentiation into viscerd endoderm,
control embryoid bodies raised in the two systems were compared by staining with TROMA-
1 antibodies. These ae directed agang the intermediate filament component Endo A
(cytokeratin 8) which is produced by endodermd cdls in the mouse embryo. It stained cdls
primarily a the embryoid body periphery in both cultures (figure 2.6D) which indicates the
expected differentiation into the visceral endoderm.

The experiments peformed to compare the two embryoid body culture systems
suggested smilar growth and differentiation in both. The only obvious difference a the end of
culture was in the yidd of embryoid bodies which was approximately 100 fold higher in the
spinner flask than in the petri-dish for comparable amounts of labour. However, the cdl spin
sysgem is expendve to run requiring a high throughput of media and needing specidised
equipment as wdl as occupying much incubator space. Thus initidly the hanging drop
method was used to set up embryoid body cultures from the F9 cdl lines expressing the
laminin gl derived peptides. However, when the increase in embryoid body diameter was
measured during twelve days of culture it became apparent that the embryoid bodies
expressing the recombinant polypeptides were smdler in sze than those formed by the con

trol clone. This observation is documented for the F9 cdl lines carying the glV1-3 and
g11113-5/B congtruct and the control in figure 2.7.
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Figure 2.7: Comparison of growth rates of F9 derived embryoid bodies from two different cell culture systems.
Diameters of embryoid bodies grown from clones expressing the constructs glll13-5/B and glV1-3 and from a
control clone carrying the empty expression vector were measured. Mean values were calculated and are de-
picted in the graph.
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Assuming that recombinant expresson might put pressure on the cdl metaboliam,
resulting in growth retardation, providing an improved nutrition and oxygen supply to the
developing embryoid body might overcome this problem. Therefore control, clone glV1-3
and glll13-5B embryoid bodies were test-cultured in the spinner flask sysem and here
showed a far more smilar growth rate than in the petri-dish (figure 2.7). Daly exchange of
medium combined with continuous agitation apparently could compensate for metabolic
pressure caused by recombinant expresson. Therefore it was decided to use the cel spin
system for further experiments to ensure that possible phenotypes are specific to recombinant

expresson of the laminin gl congtructs and are not cell culture dependent.

2.5. Comparison of F9 embryoid bodies expressing the laminin gl constructs

2.5.1. Analyss of embryoid body growth rate and mor phology

Growth rates were determined every second day for the various F9 cdl clones cultured
in the cdl spin sysem (figure 2.8). All of them grew & smilar rates in the spinner flask until
day 8. However embryoid bodies formed by the control showed an obvious divergence in sze
which ranged from 800 to 1000pm at day 12.
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Figure 2.8: Comparison of growth rates of F9 derived embryoid bodies glllI3-5/A, dgllli3-5/B, glll3-5mut and
0lV1-3. F9 cell clones stably expressing gllll3-5, glll13-5mut and glV1-3 were grown in the cell spin system
and differentiated with 5x10®M retinoic acid. The control represents F9 cells transfected with the empty
expression vector.
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Staining of these embryoid bodies with Lucifer Yelow VS, a necross specific marker
and SYTOX, a fluorescent dye which stains sngle dead cdls in intact tissue showed that the
dark centrd regions observed by light microscopy in glll3-5/A and gllli3-5/B expressng
clones were areas of necross (figure 2.9). Both clones expressing the nidogenbinding Ste de-
veloped larger necrotic areas than glV1-3 expressng embryoid bodies. Where the embryoid
bodies expressed the mutated nidogen-binding dte they were morphologicaly smilar to the
control clone which does not express any recombinant protein. SYTOX saining could be ob-
sarved in the periphery of dl clones paticularly in the control clone and gllil13-5mut which
showed strong SYTOX dignds in regions of low or no Lucdfer Ydlow VS daning, indicating
programmed cdll desth, possbly an effect induced by differentiation.

control | \ Il

33 mut

Figure 2.9: LYVS and SYTOX staining on differentiated, F9 embryoid bodies expressing the laminin gl FLAG
fusions dlllI3-5 dlllI3-5mut and glvV1-3. Viability of differentiated embryoid bodies was assessed by
transmission light microscopy (lower panel), Lucifer Yellow VS staining (LYVS; upper panel) shows strongest
staining in the inner core of clone dlllI3-5/A and glllI3-5/B. SYTOX staining (middle panel) also gives strong
signals in the inner core of glllI3-5/A and in peripheral areas of glllI3-5/B, glll13-5mut and the control clone
(Bars=100um).

Totd RNA was isolated for the andysis of nidogen1l mRNA leves, to exclude the
posshility thet nidogen1 expresson in the embryoid bodies could be effected by the trans-

fection procedure and/or recombinant expresson of the various polypeptides. However, levels
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of expresson of nidogentl mRNA were damilar in dl dones irrepective of which construct
they contained. Equivaent loading was tested by subsequent probing of the blot with GAPDH
(figure 2.10).
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Figure 2.10: Expression of FLAG fusion proteins does not affect nidogen-1 mRNA level: Total mRNA was
prepared from 12d old retinoic acid-treated embryoid bodies, separated on a 1% agarose gel and hybridised with
a cDNA probe for nidogen-1. Probing for GAPDH message showed that comparable amounts of total mMRNA
had been loaded.

2.5.2. Detection of basement membrane proteinsin glll13-5A, gl1l113-5/B, g1l113-5mut

and g1V1-3 expressing embryoid bodies

To see if differentiation with 5x10®M retinoic acid induced the expected production of
basement membrane components total homogenates were prepared from the various 12 day
od embryoid bodies. After separation on a 3-10% polyacrylamide gradient gd and
subsequent transfer to a nitrocdlulose membrane, protein extracts were tested for laminin-1

and nidogen-1 (figure 2.11). This reveded sSmilar nidogen1 leves in glV1-3, glllI3-5/A,
glll13-5/B, glll13-5mut and the control clone. This was surprisng since one possible con

sequence of blocking the binding of nidogen-1 to the laminin network by expresson of the
nidogen-binding dte could be the loss of free nidogen1 from the embryoid body and its
rdease into the cdl culture medium. Further attempts to detect nidogen-1 in the growth
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medium by radioactive labding with H-leucine failed. Unlike the levels of nidogen-1, levels
of laminin-1 varied markedly between the clones. The homogenates prepared from glV1-3,
gllll3-5/A and B and that expressng the glllI3-5mutant al appeared to contain greater
amounts of laminin b1 and g1 chains than those of the control (nonexpressing) clone.
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Figure 2.11: Immunoblot for laminin-1 and nidogen-1 on embryoid body total homogenates. A rabbit polyclonal
antibody against laminin-1 and nidogen-1 was used to detect these proteins in total homogenates prepared from
12d old retinoic acid-treated embryoid bodies. Coomassie staining of the membrane shows that equal amounts
had been loaded and transferred to the nitrocellulose. Blot 1 and 2 compare homogenates prepared from two
different spinner cultures. Control describes embryoid bodies carrying the empty expression vector, glllI3-5/A
and glll13-5/B represent two different clones from a single transfection with the glllI3-5 construct. Embryoid
bodies designated glV1-3 and dlllI3-5mut result from F9 clones stably expressing constructs of the same
designation.

31



Since these differences may be due to changes in basement membrane assembly, its
dructure was andysed by immunohisochemistry on embryoid body cryosections with a
rabbit polycdond antibody againg laminin-1. This reveded regions of continuous laminin-1
sgnd a the periphery of control, glV1-3 and glllI3-5mut expressng embryoid bodies, while
in glll3-5A and glll13-5B lamininrl dgnads have a highly disrupted gppearance (figure
212). Double daning for laminin-l and nidogen-1 using a monoclona antibody reacting
with the G2 doman of mouse nidogenl (figure 2.13) reveded complete colocalisation of
both proteins in glll3-5mut, g1V1-3 and control embryoid bodies, while embryoid bodies
gll13-5/A and glllI3-5B derived from the nidogenbinding Ste expressng cdls showed im-
perfect colocaisation with some laminin not occurring together with nidogen- 1.
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Figure 2.12: Immunohistochemical localisation of laminin-1 in 12d old F9 cell derived embryoid bodies. Cells
stably expressing the constructs glll13-5, glil13-5mut and glV1-3 were differentiated into embryoid bodies with
5x10% M retinoic acid, cryosectioned and stained for laminin-1. As a control F9 cells carrying the empty ex
pression vector were used. glllI3-5/A and dlllI3-5/B represent two different clones from one transfection with
the glll13-5 construct. Note the pronounced cavitation seen in control embryoid bodies and, particularly, in those

derived from the clone gll113-5mut. Bar = 100um.
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Figure 2.13: Double immunofluorescence for laminin-1 and nidogen-1. Cryosections of differentiated 12d old
embryoid bodies were incubated simultaneously with a rabbit polyclonal antibody against laminin-1 (green) and
arat monoclonal antibody against nidogen-1 (red). F9 cells carrying the empty expression vector were used as a
control. gllI3-5/A and dlllI3-5/B represent two different clones from a single transfection with the dllll3-5
construct. Embryoid bodies described as glV1-3 and glll13-5mut result from F9 clones stably expressing con-
structs carrying the same designation. Bar = 50um.
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Attempts to show if the FLAG fudon proteins colocdised with laminin-1 daning in
the F9 derived embryoid bodies usng a biotinylated mouse anti-FLAG monoclond faled in
both cryosections and whole mount embryoid bodies (results not shown).

2.5.3. Differentiation and permeability properties of F9 embryoid bodies expressing

gll113-5, g1!113-5mut and g1V1-3

Embryoid body differentistion was studied morphologicaly usng semithin  sections,
Embryoid bodies were fixed, dehydrated and embedded in aradite. After polymerisation,
1um sections were prepared and stained with methyl blue. Transmisson light microscopy of
these sections reveded no dgriking morphological differences between any of the clones
(figure 2.14) despite didinct changes in basement membrane formation (figure 2.13). All
embryoid bodies showed a differentiated externd cdl layer often displaying microvilli, a mor-
phologicd marker of endodermd differentiation (figure 2.14, lower pand, 2x magnification).

Epithdid differentiagtion was gudied usdng the TROMA-1 monoclond antibody
directed againsgt mouse cytokeratin 8. Both the control clone and g1V1-3 expressing embryoid
bodies showed srong daning in the flat surface cel layer. However, in embryoid bodies
expressing the nidogenbinding ste, TROMA-1 sgnds were seen occuring widely over the
embryoid body and not merely redtricted to the outer cdls (figure 2.15). While TROMA-1
postive cels were occasondly present interndly in control embryoid bodies and those
derived from the glll13-5mut and glV1-3 expressng cdls, these were far rarer. While certain
cdls appear to show markers for endoderma development in embryoid bodies with a disrup-
ted basement membrane, these are expressed in abnormal locdities.

35



Figure 2.14: Semithin sections of F9 cell derived embryoid bodies. Embryoid bodies expressing the laminin gl
FLAG fusions dlllI3-5, gllI3-5mut and glV1-3 were maintained in the cell spin system supplemented with
retinoic acid for differentiation. After 12 days of culture they were harvested for the preparation of semithin
sections. After staining these were analysed by transmission light microscopy and representative images are
shown in upper panel (bar = 100um) . Zoomed pictures depicted in the lower panel (bar = 50um) correspond to
image areas surrounded by boxes in the upper panel. Arrows point to microvilli.
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Figure 2.15: Immunofluorescence for TROMA-1: Cryosections of differentiated 12d old embryoid bodies
derived from control, glV1-3, glllI3-5/A and glllI3-5/B and glll13-5mut expressing F9 cells were stained with a
rat monoclonal antibody against TROMA-1 (Kemler et d., 1981). Bar = 50pum.
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The expresson of PECAM-1 (Tang and Honn, 1995), the platelet/endothelid cell
adheson molecule-1, was dudied to provide a more comprehensve andyss of differen
tiation. PECAM-1 is frequently used as a marker for vascularisation in embryonic sem cell
derived embryoid bodies as it is concentrated along the borders between endothdid cels. F9O
cdls have a lower differentiation potentidl and embryoid bodies derived from them do not
vascularize as extendvely as those derived from embryonic stem cells. For four clones, those
expressing the glV1-3 or glllI3-5 polypeptides and the control, a Smilar pattern of staining
was observed with a marked increase between days 10 and 12. However, the clone derived
from glll13-5mut had a generdly far higher PECAM-1 daining, perhagps due to its dtered

morphology (figure 2.16).
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Figure 2.16: PECAM-1 signal intensities during 12 days of F9 embryoid body culture treated with 5x10°M
retinoic acid. Whole mount stainings using a rat monoclonal antibody against nouse PECAM-1 were performed
with embryoid bodies expressing the constructs glllI3-5/A, glll3-5B, dllli3-5mut and glV1-3. F9 cdls
carrying the empty expression vector were included as a control. Representative images of 12 day old embryoid
bodies are shown in A (bar = 100um). The percentage of total area stained was calculated for al embryoid
bodies by measuring PECAM-1 signals above a common treshold level. Average signal intensities during day 12
days of culture are summarised in B.
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Other differentiation markers for neurond, skdetd and muscular cdl types were
tested. However, anti-NF200 and anti-myosn did not give any dgnd in differentisted FO
embryoid bodies, possibly due to the limited differentiation repertoire of these.

To determine if expresson of the nidogenbinding dte affects the function of
basement membranes as permesbility barriers (Williams, 1994) polymer diffuson into the
embryoid bodies was studied.

A
25
o
3 10kD 70D
™ 20
.E. _-
"
LE)
5 15 4
.z
=
=BT
2
e
é 5
a0, HH (10
H =
=24 594
Eosgod EBElodd
E = =5 B B 8 = B B =
[ T =] — e
S S S E R R e
B
T o w
g“’ 10k ™ D
— &0 o
E‘ i, ]
1] 0 4
'E o o
E i o
E L] 1]
(] o T T T
é ] .l 10 ] £ o
Peretation depth of laserbeam [um]

| —— conmal —a IG5

Figure 2.17: Comparison of diffusion coefficients obtained from incubation of differentiated F9 cell derived
embryoid bodies with rhodamine-labeled dextrans of 10kD and 70kD size. A) Embryoid bodies stably
expressing the constructs gllli3-5, gllli3-5mut, glV1-3 and a control clone were incubated with 10uM dextrans
of either size. dlllI3-5/A and gll113-5/B represent two different clones from a single transfection with the gllll3-
5 construct. Fluorescence intensities were measured inside the embryoid bodies after 5min of diffusion. Mean
diffusion coefficients + SD of 36 traces of individual embryoid bodies were calculated. Two independent
experiments were performed with comparable results. In B representative curves of single embryoid todies
(control and gLI113-5/A) incubated with 10kD and 70kD fluorescent dextrans are shown.
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Kidney glomerular basement membranes are critica in the redtriction of the passage of serum
proteins into the uring, dlowing the passage only of those with a molecular weight below
70kD. Therefore embryoid bodies expressing the various polypeptides were washed and
maintained in the physologicd E1 solution (see Materids and Methods). Rhodamine-labdled
dextrans of 10kD and 70kD were added to the embryoid bodies a a concentration o 10uM.
Diffuson of the fluorescent molecules into the embryoid body was compared after 5min by
andyss of serid opticd sections with the laser scanning microscope. These sections were of
diginct fluorescence intendty at different planes from the embryoid body's surface to its
center and dependent on the digance of diffuson of the rhodamine-labeled dextrans.
Subsequent cdculation of the diffuson coefficients (see Materids and Methods) showed for
control embryoid bodies and g1V1-3 expressng embryoid bodies rdatively low permesbility
for 10kD and 70kD dextrans compared to both clones expressing the nidogen-binding ste,
oll113-5/A and glll13-5/B (figure 2.17). Clone glll13-5mut which expresses a mutated verson
of the nidogenbinding dte demondrates a diffuson behavior smilar to cone gllli3-5.

However differencesin its morphology (see figure 2.12) made a direct comparison unrdigble.

2.6. Addition of affinity-purified laminin g1 FLAG fusion protein gll113-5 to wild type
embryoid bodies

Artefacts due to the recombinant expresson, genetic manipulation, or cloning could
not be excluded as the causes of these differences upon expresson of the nidogen-binding
dte. Therefore, the affinity-purified laminin gl FLAG fuson protein gllli3-5, expressed in
293-EBNA cdls (section 2.2.) was added to the medium of wild type embryoid bodies. F9
cdls were maintained with retinoic acid in a spinner flask for two days and then transferred
into sngle wells of a 96-well plate, and were grown further in the presence of the affinity-
purified laminin gl FLAG fuson protein a a concentration of 10ug/ml. Nonsupplemented
controls were also cultured. Both supplemented and nonsupplemented embryoid bodies grew

inasmilar manner to those in the spinner flask (figure 2.18).
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Figure 2.18: Comparison of growth of F9 wild type embryoid bodies in the cell spin system and 96-well plates.
Diameters of embryoid bodies either differentiated in the cell spin system or in 96-well plates with 5x10M
retinoic acid were measured at day two and eight of culture. The graph summarises growth data of three sets of
embryoid bodies: wild type embryoid bodies cultivated in the spinner flask (cell spin system) and wild type
embryoid bodies cultivated in the spinner flask for two days and then transferred into single wells either with
(with FLAG dll113-5) or without (without FLAG glI113-5) addition of affinity-purified FLAG tagged glll13-5.

After 8 days of culture whole mount stainings for laminin-1 were peformed and reveded in
wild type embryoid bodies a network-like lamininl saning, whereas embryoid bodies
treated with exogenous glll13-5 FLAG fuson protein showed a highly disupted laminin-1
sgnd (figure 2.19).
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Figure 2.19: Laminin-1 localisation in F9 wild type embryoid bodies treated with the FLAG fusion protein
glll13-5. Embryoid bodies were transferred from a spinner culture system into single wells at day two and then
either supplied with additional FLAG fusion protein glll13-5 at a concentration of 10pg/ml (A) or not (B). At
day 8 of culture whole mount stainings with a rabbit polyclonal antiserum against laminin-1 were performed.
Representative images show either the embryoid body top (upper panel; bar = 100um) or part of a section
through the embryoid body periphery (lower panel; bar = 25um).
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3. Discussion

3.1. Establishment of cells expressing laminin g1 FLAG fusion proteins

3.1.1. Cloning of the constructs

The am of this sudy was to discover if disuption of the laminin/nidogen1 complex
influences basement membrane formation and, if S0, to andyse the consequences for cdlular
differentiation. To interfere with the laminin/nidogen1 interaction, the nidogenbinding sSte
located in LE module 4 of doman Ill of the laminin gl chan (Mayer e d., 1993) was
expressed in the F9 embryoid bodies, a model for basement membrane formation. The correct
folding of the nidogentbinding Ste was ensured by the additiond expresson of the flanking
LE modules gllll-3 and -5. Such a polypeptide has been previoudy shown to fold (Stetefeld
et d., 1996) and interact with nidogen-1 in a manner dmilar to native laminin1 (Mayer et 4.,
1993). In addition it was necessary to include controls which dlow the distinction of specific
phenotypes from artefacts produced by ether clona sdection or through sressng the cdlular
metabolism due to expresson of the recombinant protein.

Three sats of controls were produced, F9 cdls transfected with the empty expresson
vector, ones expressing a mutated, presumably inactive form of the nidogenbinding Ste
(gl13-5mut) and those expressng a Smilar but nonactive set of three LE domains dso
present in laminin gl (glV1-3). The polypeptide gllll3-5mut carries the N802S point
mutation (Poeschl et d., 1996), which reduces its binding affinity to nidogen-1 by approxi-
mately 50,000 fold. The domain V of the laminin gl chain is comprised of four LE modules
and has no known nidogen-binding activity. Expresson of the glV1-3 construct produces a

laminin gl fragment dmilar in secondary dructure and sze but of a differet amino acid

sequence to gll13-5 (figure 2.1).

If the present theory of basement membrane assembly is correct, i.e. nidogen-1 is a
crucid linker between the collagen type IV and laminin networks (Yurchenco and Schittny,
1990), these controls should digtinguish a phenotype due to the disruption of laminin/nidogen
1 binding from one caused by expression of LE rich polypeptides.

Since specific antibodies are avallable only for the nidogentbinding Ste fragments but
not for the detection of glV1-3, al three laminin gl proteins were modified by fuson with a
N-termind FLAG peptide which could dso be utilised for affinity purification. To produce
these condructs, the PCR amplified laminin g1 cDNA fragments were subcloned into CMV-
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NFlag (see appendix) and then trandferred into pPBKEF-5 plasmid downstream of the EFla
promoter.

The FLAG peptide (Hopp e 4d., 1988) condsts of eght amino acids
(APTYrLYSAsPAPAPASLYS) of which especidly Lys and Agp contribute to high
hydrophilicity, increasing accesshility of the tag by bringing it to the protein surface (Hopp et
d., 1986). To minimise any possble interference with the adoption of native conformation by
the expressed protein, a smdl linker was placed between the FLAG tag and the LE domains.
Smilar sysems have been used before for the expresson of other extracdlular matrix
proteins (Y urchenco et d., 1997).

3.1.2. Promoter activity in different cell lines

F9 mouse teratocarcinoma cells are a frequently used in vitro modd for the study of
early embryogeness snce they differentiate into primitive, viscerd or parietd endoderm
upon treatment with retinoic acid or retinoic acid and CAMP (Hogan et d., 1981; Caogero et
d., 1991; Damjanov et d., 1994). Here various laminin gl constructs were expressed in
differentiating F9 cdls, and ther effects on basement membrane formation dudied in the
resulting embryoid bodies.

Initidly inducible expresson of the polypeptides was attempted and two different
systems were assessed. Generdly such systems consst of two vectors, one encoding the gene
of interest and the other containing so cdled transactivator sequences. For ecdysone-inducible
expresson the transactivator is an ecdysone receptor heterodimer comprisng the VgECR
(ecdysone receptor modified with the VP16 transactivation domain) and the RXR (retinoid X
receptor) receptor subunits. Transcription of these sequences is regulated by the
cytomegdovirus (CMV) and the Rous sarcoma virus (RSV) promoters, respectively. Both
promoters need to be ative in F9 cdls to induce transcription of the gene of interest. Possbly
one or both promoters are non-functiond in F9 cdls as no recombinant protein could be
detected in the cdl supernatants or extracts of differentiated and undifferentisted F9 cdls
transfected with the pINDglll13-5 and pVgRXR plasmids. Indeed, attempts to obtan F9
subclones using CMV promoter-based lac repressor or tet responsive expresson systems were
unsuccessful (Miller and Rizzino, 1995). This suggests that the CMV promoter may be
slenced when integrated in the genome of embryonic carcinoma cells, especidly as in 293
EBNA cdlsthe gll113-5 construct was successfully expressed using the CMV promoter.
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In a second attempt to obtain inducible protein expresson, a vird vector was evauated
in F9 cdls. Unlike the conventiond two plasmid system, the tet on/off retrovirus (Hofmann et
a., 1996) contains al the components necessary for reversble induction in a single cassette.
However, control infections with pGEM-IRES lacZ contaning viruses yidded only wesk
expresson in few cdls. This is in agreement with one ealier sudy which suggested that
embryonic carcinoma cdls ae difficult to transfect with retrovird vectors (Linney e 4.,
1987).

Other promoters used for conditutive expresson in F9 cdls incude the smian virus
(SV) 40 promoter (Mueller and Wagner, 1984; Gorman et a., 1985; Kindregan et a., 1994),
the human b-actin promoter (Xu et d., 1998) and the elongation factor 1 a (EFla) promoter
(Niimi and Kitagawa, 1997). After testing for successful transfection and expresson of a
EFla-GFP reporter plasmid in F9 cdls (results not shown), this promoter was sdected for
expresson of the laminin gl fragments. Recombinant protein was found to be expressed in
24% (gll113-5), 36% (glll13-5mut) and 16% (glV1-3) of adl the G418 resistant cell lines
tested. This compares well with the SV40 or human b-actin promoter when used in F9 cdlls
where only 4% and 2% of al resstant clones expressed detectable protein (Espeseth et d.,
1989; Kindregan et a., 1994). D3, embryonic sem cdls, were dso transfected with these
condructs, such cdls having a wider differentiation capecity than FO cdls. However, while

(418 resstant clones were obtained they failed to express the fusion proteins.,

3.1.3. Protein expression in F9 mouse teratocar cinoma cells

The expressed proteins were transported to the extracdlular space by the presence of
the BM40 sgnd peptide which has been shown previoudy to give highly efficient secretion
of extracdlular matrix proteins (Mayer et d., 1993; Yurchenco et a., 1997). Cdl supernatants
were collected, precipitated and tested by immunoblotting with a bictinylated mouse mono-
clond antibody againg the FLAG tag. To ensure a comparable leve of expresson in dl
gable FO cdl lines loading had to be standardised. Housekeeping genes like mouse b-actin or
human GAPDH frequently used for such purposes could not be anadysed since they are
intracdlular protens. BM40 is an extracdlular matrix protein conditutively expressed in
undifferentiated FO cells (Nishiguchi e d., 1996). Normdisation with this protein showed
that adl FO derived cdl lines synthessed and secreted gpproximatdy equa levels of the
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laminin g1 FLAG fuson proteins (figure 2.5). It would have been interesting to know the
molar ratio between intringc gl chains and recombinantly expressed laminin g1 FLAG fusion
proteins to assess the theoreticaly possble intendty of interference with the laminin/nidogen
1 interaction. Therefore supernatants of stably expressng F9 cdls lines which produce basd
levds of laminin-1 dso in the undifferentiated state (Grover et d., 1983) should be anaysed
by immunoblotting. However, this experiment could not be peformed due to lack of an
antibody which recognises the nidogenbinding dte on the laminin gl chan under reducing
conditions. These conditions were necessary to break the disulfide bonds between the al, bl
and gl chain of laminin-1 which as a whole (800kD) is too big to migrate into a 3-10%
polyacrylamide gradient gdl.

The obsarvation of equa expresson of the laminin gl FLAG fusion congtructs was
made with undifferentiated F9 cdl lines while the andyss of basement membrane formation
was done in differentiated FO embryoid bodies. It is known that some promoters eg. SV40 or
adenovirus type 5 dter their activity pattern during differentiation (Niwa, 1985; Kelermann
and Kely, 1986). Therefore and to locdise the recombinant gllli3-5 polypeptides with
respect to nidogen1, the expresson and didribution of the FLAG tagged recombinant
proteins were dso followed in differentisted F9 embryoid bodies. With the use of a primary
antibody directly conjugeted to biotin together with a dreptavidin-rhodamine detection
system possible background problems due to the application of a mouse monoclona antibody
on murine tissue should be avoided. However, probably due to intrindc biotin naturdly
occurring in mouse tissue this detection system dso faled and protein expresson and
digribution in FO embryoid bodies could not be documented. Another reason for obtaining no
specific Sgnds for the FLAG fusion proteins may be found in the nature of the experiment
itsedf. Possibly, the produced fuson constructs were secreted to the extracd lular space but not
anchored to the pericdlula matrix and therefore lost to the medium. This speculation aso
holds true for the nidogen-binding ste condruct gllli3-5, which could have been secreted to
the medium ether bound or not bound to nidogenl. Metabolic labeling of nidogenl to
determine any dtered accumulation in the cdl culture medium upon loss of anchorage to the
basement membrane however was unsuccessful (see section 2.5.2.).
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3.1.4. Expresson and purification of the laminin gll113-5 FLAG fuson protein from
293-EBNA cdlls

As observed for the FLAG tagged polypeptides glV1-3 (Mr 18.6kD) and glllI3-5 (Mr
19.1kD) expressed in F9 cdls (figure 2.5), the glllI3-5 FLAG fuson protein expressed in
293-EBNA cdls migrated a about 25kD in SDS-PAGE. This discrepancy may be explained
by the negative charge of the hydrophilic FLAG tag which binds fewer SDS molecules than
marker proteins of comparable molecular weight and therefore runs higher than predicted in
the gd (figure 23). To confirm the identity of the protein, serum-free supernatant of
transfected 293-EBNA cdlls was collected, precipitated and tested for the presence of the
FLAG tag by immunoblatting (figure 2.3B).

The FLAG peptide dlowed sngle step affinity purification of the glllli3-5 proten.
Andyss of this afinity chromatography showed that the amount of the recombinant protein
in the supernatant was higher than the binding capecity of the column. However, 400ug of
FLAG tagged protein could be purified from 500ml of supernatant and only a faint band at
67kD (figure 2.4) contaminated the euates. Since this band probably corresponds to bovine
serum abumin and because the FLAG fuson protein had been purified for later addition to
fetal calf serum supplemented cdll culture medium, this purity was congdered sufficient.

3.2. Comparison of two different embryoid body cell culture systems

The need for a reproducible system to grow F9 embryoid bodies was a prerequisite. To
find the most gppropriate culture method, control cells carrying the empty expresson vector
were maintaned in two different embryoid body systems. The conventiond hanging drop
technique (Hogan et d., 1983) was smple, dbet time-consuming and the numbers of
embryoid bodies produced were low as on the average only 30 could be harvested from one
petri-dish. Cel spin cultures were far Smpler to produce in bulk. Initidly the embryoid bodies
produced were of a gmilar Sze and number, per quantity of darting cells in both systems.
The embryoid bodies of the cdl spin sysem were mantained under continuous movement by
a magnetic dirrer, which guaranteed equd didtribution of oxygen and nutrients, in contrast to
the hanging drop system where embryoid bodies were only agitated during medium changes.
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Control embryoid bodies, grown in both sysems, showed no phenotypic differences
when andysed morphologicdly, for the expresson and locdisation of laminin-1 and nidogen+
1 or for differentiation into viscera endoderm (figure 2.6). However, when embryoid bodies
expressng recombinant laminin gl FLAG fusion congructs were cultured in the hanging drop
system it became apparent, aready after two days, that such embryoid bodies were smaler
than the control (figure 2.7), while in the cdl spin sysem there was far less divergence in
embryoid body growth between the different clones.

Other morphologicd parameters varied between the two systems, in particular in the
formation of centrd cydic dructures, suggesting that expresson of recombinant protein
apparently evokes nonspecific morphologicd changes under the less optimised culture
conditions of the hanging drop system. The greater nutrient and oxygen supply provided to
the embryoid bodies by continuous agitation in the cdl spin system, possbly compensated for
changes in the cel metabolism exerted by recombinant expresson. So to diminate cel
culture artefacts, it was decided to use the cell spin system for further experiments.

3.3. The influence of laminin gl FLAG fusion proteins on basement membrane

formation and function

331 Changed expresson and structural organisation of basement membrane

components

Daly havesting and immunohigochemicad daning for bassment  membrane
components showed that by eight days of culture, F9 embryoid bodies grown in the presence
of retinoic acid have a disinct basement membrane directly underneath the outer layer of cdls
(results not shown). By day 12, expresson had become stronger, a continuous basement
membrane could be seen (figures 2.12 and 2.13) and the outer cdls had differentiated towards
viscerd endoderm expressing cdlular markers such as cytokeratin 8 (figure 2.15). Ealier
sudies suggested that FO monolayers and cdll aggregates produce laminin-1 a basd leves in
the undifferentiated State, but trestment with 5x10®M retinoic acid leads to a great increase in
expresson (Grover et d., 1983). Results obtained by in situ hybridisations show induction of
laminin b1 and gl chan and collagen type 1V(al) mRNA &after four days of differentiation,
with maxima levels occurring by day eight and followed by a decline in expresson (Rogers
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et a., 1990). However in the control embryoid bodies tested here there was little laminin seen
expressed before Sx days in culture. The action of retinoic acid is probably mediated by the
retinoic acid receptors (RARS) present in most cell nuclel. These receptors bind specific DNA
sequences located in the promoter regions of responsve genes, some of which have been
identified in the promoter of thelaminin b1 gene (Vasioset d., 1991).

In the spinner flask dl FO derived cdl lines expressed laminin-1, however a varying
levels, the embryoid bodies expressng recombinant protein gpparently having a higher
laminin-1 production than the control (figure 2.11). Strangdy, upregulation of laminin-1 does
not corrdae with the presence of intact basement membranes. Laminin-1 upregulation seems
to be independent of the recombinant protein expressed and its influence on basement
membrane formation. All the embryoid bodies which express recombinant fragments have
increased laminin-1 protein levels, dthough those from glV1-3 and glll13-5mut cdl clones
can form rdativey intact basement membranes unlike ones expressng the gllli3-5
polypeptide. Possbly laminin-1 upregulation is an nonspecific dde effect of recombinant
expresson in the F9 embryoid body system or it & due to a festure common to dl laminin gl
fusion congtructs. This question could be addressed in further expression studies.

It may be possible that the absence of an intact basement membrane induces the cdls
to increese the production of basement membrane components via dteration in basement
membrane receptor signdling. Indeed the receptor mediated regulation of the laminin al
chain has been observed in embryoid bodies raised from embryonic sem cdls deficient for
laminin receptors such as b1l integrin (Aumallley et d., 2000) or dystroglycan (Henry and
Campbell, 1998).

Surprisngly, nidogentl expresson was unchanged a both the mRNA (figure 2.10)
and the protein levels (figure 2.11). Recombinant expresson of the nidogen-binding sSte
might be expected to lead to loss of nidogen1 into the growth medium of glll13-5 derived
embryoid bodies. However it is probable that nidogen-1 molecules occupied by recombinant
nidogen-binding sStes remain bound in the extracdlular matrix by interactions with other
basement membrane molecules, such astype IV collagen.

Although loss of nidogen1 from the embryoid bodies could not be detected,
immunofluorescent andyds of the didribution of laminintl and nidogen1 in the gllll3-5

expressng clones revedled breskdown of the basement membrane. Only control and glV1-3
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and glllI3-5mut expressng embryoid bodies showed continuous dretches of laminin-1
ganing (figures 212 and 2.13). This is as expected as these polypeptides cannot bind
nidogen-1 and therefore should not disurb the laminin/nidogent1 interaction. The basement
membrane disorganisation observed for glll3-5/A and glll13-5B is apparent as widespread
punctate laminin gaining dl over the embryoid bodies At higher magnification (figure 2.13)
these clones dso show a partia lack of colocdisation between laminin and nidogen1 while
embryoid bodies derived of clones glV1-3, glllI3-5mut or from control cells reved precise
codigribution. The occurrence of free laminin suggests the successful competition by the
recombinant nidogen-binding dte fragment for the binding to nidogent 1.

To diminate the posshility that this basement membrane change could be an artefact
caused by recombinant expresson per se or by the preceeding genetic manipulation, purified
FLAG tagged glllI3-5 fudon protein was extraneoudy added to differentiating wild type F9
embryoid bodies. Two day old spinner culture derived embryoid bodies were transferred into
sngle wdls of a 96-wdl plate containing 10ug/ml (0.5uM) of the affinity purified nidogen
binding dte (figure 24). The embryoid bodies mantained in the multi-wdl plate grew as
rapidly as those in the cdl spin sysem (figure 2.18). However, whole mount staining of these
embyroid bodies for laminin after eght days culture in the presence of the polypeptide,
showed a makedly disupted laminin network (figure 2.19), indicating that the changes
observed upon the endogenous expresson of the nidogentbinding ste were not artefactud
(figure 2.12 and 2.13).

These data confirm the role of nidogenlaminin binding in basement membrane
formation dnce interference with this interaction causes basement membrane defects. It has
been supposed that nidogen1 acts as a linker molecule between the laminin and collagen type
IV network (Aumailley et d., 1989; Yurchenco and Schittny, 1990). In vitro experiments
usng antibodies directed agangt the nidogentbinding ste perturbed basement membrane
formation and inhibited epithedid devdopment in organ cultures of embryonic kidney,
divay gland and lung (Ekblom et d., 1994, Kadoya e d., 1997). Recent in vivo
manipulation of the laminin/nidogen-1 interaction by the targeted remova of the nidogen
binding g1 LE 4 module in murine embryonic stem cdls (Mayer et d., 1998) leads to lethdity
in the resultant mice. While 50% of dl these mutant animas die of unknown causes a or
before embryonic day 7, possibly due basement membrane changes, the other 50% survive
until birth, but die then or shortly afterwards. These mice show dterations in blood vess,
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brain, eye, kidney and lung formation, including changes in epithdid development (Mayer,
persond communication). Surprisngly changes in basement membrane ultrastructure in these
mice are limited, though there gppears to be defects in the endothelid basement membrane in
capillaries as wdl as dterations in the basement membranes of the eye (Miosge, persond
communication). It should be noted, however, that this deetion in the gl chain dso leads to
shortening of one of the laminin ams, which may interfere with laminin polymerisation and
hence basement membrane assembly.

Mice lacking nidogen1 have dso been produced and again show few dteraions in
basement membrane assembly (Murshed et d., 2000), dthough the retind inner limiting
membrane undergoes disruption (Smyth and Nischt, persond communication). Instead they
develop seizures and other neurologica defects These surprisngly restricted changes could
be explaned by a compensatory effect of nidogen2 (Kohfeldt et a., 1998; Kimura et 4.,
1998).

In the embryo, the basement membrane formed between the trophoectoderm and the
endoderm, Reichart's membrane (Sdamat et d., 1995), is dtructurdly smilar to that formed
under the differentiating endoderm in the F9 embryoid body both being markedly thicker than
other basement membranes. It is interesting to speculate whether defects in this structure,
which could be common to those in the FO cdls described here, are the cause of the 50% early
embryonic lethdity in the mice lacking the nidogenbinding ste. Embryos lacking the
basement membrane receptor a-dysroglycan die a the same time in gestation due to rupture
of Reichart’s membrane,

The ultragtructure of F9 cedl derived basement membranes has not been as wel
characterised as that of many other basement membranes (Miosge et a., 1999). However
basement membranes with varying ultrastructure have been identified in vivo (Ogawa et dl.,
1999; Eyden, 1999), and developmentd stages have aso been shown in basement membrane
formation. For example, in the sx day old mouse embryo, while a casscd basement
membrane had formed between the ectoderm and the yolk sac cells in the extraembryonic part
of the egg cylinder, no basement membrane occurred within the embryo dthough laminin-1
was depodted in a linear pattern. Even a seven days the basement membrane between the
ectodermal and the endoderma cell layers is poorly ordered (Miosge et d., 1993). In fact only
upon the full ultrastructurd development of the basement membrane was nidogen1 found to
be present by immungold hisochemidry, suggesting that in the early embryo nidogentl may
have a role in the maturation of this structure (Miosge et a., 2000a), dbet a role which is not
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adways crucid for embryonic surviva. Possbly nidogentl is compensated for by nidogen2
when absent, as both proteins are often found in the same basement membranes (Kohfddt et
a., 1998; Miosge et d., 2000b), dthough to date no expression studies have been carried out
for nidogen-2 in early embryonic deveopment. Even though nidogen-2 synthesis by F9 cdls
has not been studied, it was reported that undifferentiasted F9 cells produce a 190kD protein,
in addition to the 150kD nidogen1, which appeared to be ether associated with, or be
immunologicaly related to, nidogen1 (Carlin et d., 1983). Synthess of this protein stopped
upon differentiation and only the 150kD form of nidogen could be detected at later stages.
This suggests that nidogen-2 may be absent from the FO embryoid bodies and so could not
compensate for the loss of nidogenl upon expressng the gllll3-5 polypeptide, hence
explaining the defects seen in the embryoid bodies described here. It should be noted that
mice lacking nidogen2 appear to be phenotypicdly norma and adthough only few litters from
matings possbly resulting in animas lacking both proteins have been produced, no such
animals have yet been born (Smyth, persona communication).

3.3.2. Influence of the various polypeptides on differentiation

For andyds of epithdid development, semithin sections were prepared from control,
glll3-5/A and glll13-5mut derived embryoid bodies. Transmisson light microscopy showed
on dl embryoid bodies, regardless of ther ability to form intact basement membranes, smooth
aurfaces and in places microvilli (figure 2.14). This suggests that the organisation into an
outer epithdid layer is independent of the presence of an intact basement membrane. Studies
in embryonic stem cdl derived embryoid bodies lacking the LAMC1 gene, and so unable to
produce an intact laminin trimer, aso showed the ability to form a polarised endoderm in the
absence of a basement membrane (Murray and Edgar, 2000). The laminin receptor a-
dystroglycan, expressed by endodermd cdlls, is dso required to produce an intact basement
membrane, but in its absence epithdia differentiation can proceed (Henry and Campbel,
1998). In contrast, loss of bl integrin receptors in ether FO embryonic carcinoma or D3
embryonic sem cedl derived embryoid bodies prevented epithdiad differentiation of the
viscerd endoderm as well as leading to a disruption of the basement membrane (Aumailley et
d., 2000; Stephens e d., 1993). This suggests that signalling from certain receptors is
required for endoderma differentiation rather than the presence of an intact basement
membrane. It should be noted that these peripherd cels did display a-fetoprotein, an early
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marker in epithdium formation, even in the aosence of b1 integrins (Stephens et a., 1993), 0
the early stages of endoderm formation appear to be divorced from both the expresson of

these receptors and the presence of a basement membrane.

TROMA-1, dso cdled Endo A, the murine homologue of cytokeratin 8, is synthesised
in mature viscera endoderm, after seven or eight days of culture (Oshima, 1982). gllli3-5
embryoid bodies express the nidogenbinding sSte and show an dtered locdisgion of
TROMA-1 pogtive cdls (figure 2.15). While control and glV1-3 expressng embryoid bodies
reved grong peripherad saning, gllli3-5/A and glll13-5/B producing clones show patchy
daining digtributed over the embryoid bodies and a reduced saning in the margind cdls
oll113-5mut derived cdl aggregates, which produce continuous laminin-1 deposts at ther
periphery, were difficult to interpret and showed fewer TROMA-1 pogtive cdls than dl the
other clones (figure 2.12). However, these cavitated embryoid bodies were difficult to
manipulate during fixation and embedding and this possibly led to epithelid detachment.

Ectopic (stroma) TROMA-1 production in the glllI3-5 expressng embryoid bodies
indicates a separation of expresson of this usudly tissue-specific gene from  epithdid
formation. In F9 embryoid bodies changes in the expresson pattern of integrins (Morini et d.,
1999), Indian hedgehog (Becker et a., 1997), and extracdlular matrix components such as
lamnn-1 and the collagen type 1V(al) (Rogers et d., 1990) characteristicaly occur
concurrent  with the formation and subsequent organisation of the viscerd epithdium.
However it is unknown if laminin is necessay to triggr TROMA-1 synthess A
colocdisation of TROMA-1 and laminin in glll13-5 derived embryoid bodies could indicate a
role for laminin in influencing cytokerain 8 expresson. TROMA-1 typicaly occurs lae in
endoderm formation (Kemler e d., 1981) and the change of its expression pattern in the
embryoid bodies producing the glili3-5 polypeptide, suggests dterations in differentiation
despite the norma gppearance of the endoderm. This implies that TROMA-1 synthess does
require the presence of an organised basement membrane. Cytokeratin 8 is expressed by early
embryonic epithelia, however in its absence differentiation in these tissues appears to occur
normally (Baribault et a., 1993; Baribault et d., 1994; Brock et d., 1996, Hesse et a., 2000),
this suggests that the endoderm formed in these embryoid bodies could in other respects be
normd. Immunodaning for a-fetoprotein, a viscera endoderm marker for which many
publications report differentiation-specific upregulation a the MRNA levd, faled, probably
dueto itslossinto the growth medium.
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Trangmisson light microscopy of 12 day old embryoid bodies reveded cavity
formation, seen as bright centrd regions in the control, g1V1-3 or gllli3-5mut expressng
clones (figures 2.9). No cavities occured in glllI3-5/A and glllI3-5/B derived embryoid
bodies which show disrupted basement membranes. Lucifer Ydlow VS saning showed large
central necrotic cdl areas in these clones, while this was disent or far less apparent in the
cavity forming embryoid bodies (figures 2.9). Further necross appears only to occur where
intact basment membranes are absent (figures 2.12 and 2.13).

There are two views of cavitation in the early mouse embryo, based upon experiments
in embryoid bodies. In the fird a soluble sgnding molecule, possbly BMP-4 (Coucouvanis
and Matin, 1999), originating from the outer endodermda cdl layer of the implanted
blastocydt, is thought to induce apoptoss of the inner ectoderma cells. An opposing signd,
mediated by contact with the basement membrane, leads to survival of the more peripherd
ectoderma columnar cdls which line the cavity and contact the basement membrane
(Coucouvanis and Martin, 1995). In the second theory, the polarisation of the ectoderm
requires a basement membrane, this induces separation and the apoptotic desth of the
underlying centrd non differentiated cedls. Here BMP-4 either plays no role, or without a
basement membrane is unable to induce differentiation or gpoptoss (Murray and Edger,
2000).

The results presented here show that with the disruption of the basement membrane,
there is imparment of cavity formation which findly results in the embryoid body exceeding
its nutritiond supply and undergoing centrd necrods (figure 2.9). This is in agreement with
the second theory of cavity formation based upon sudies with LAMCI1-/- embryoid bodies

which are adso unable to form basement membranes and so fail to cavitate.

PECAM-1 (pladet/endothdid cdl adheson molecule-1; Tang and Honn, 1995)
gaining was performed despite a lack of reports on endothelid differentiation in F9 embryoid
bodies. These experiments revealed PECAM-1 expression in dl cdones but a varying levels.
Embryoid bodies formed by glV1-3 or gllli3-5 expressing cdls and the control show a
smilar pattern of saning with a marked increase between days 10 and 12. glll13-5mut shows
highet sgnd intendties, but its differentiation date might be diginct from the other clones
due to pronounced cavity formation. However, the PECAM-1 daning did not show vessd-
like structures due to the limited differentiation repertoire of F9 embryoid bodies. Still, it was
a vduable tool in determining the reproducibility of FO cdl differentiation in the cdl soin
sysem.



3.3.3. Influence on the per meability properties of basement membranes

The function of basement membranes as a filtration barrier was tested by use of a
diffuson assay. Embryoid bodies expressng the laminin gl FLAG fusion proteins as well as
control ones were incubated with dextran molecules of 10 and 70 kD. Andyss of diffuson
digances into the embryoid bodies by laser scanning microscopy and cdculation of the
diffuson coefficients were used to compare the permesbility properties of dl F9 derived
clones (figure 2.17). This showed that basement membranes synthesised by control and glV1-
3 expressing embryoid bodies were the mogt effective diffuson barriers for both 10 and 70kD
dextrans. Expresson of the nidogen-binding Ste condruct gllll3-5 increased diffuson rates,
which can be explaned by the disrupted basement membranes (figure 212 and 2.13).
Andyss of done glll13-5mut, which shows continuous laminin-1 depostion al around the
embryoid body, was impared by its extendve cavitation a the time of andyss (figure 2.12)
The diffusion coefficients of about 5x10°8cr/sec for control or glV1-3 derived embryoid
bodies and 1x10cnf/sec for the gllll3-5 expressing clones fit to inhibited and fadilitated
diffuson, respectively, as previoudy measured for embryonic sem cdl embryoid bodies
(Wartenberg et a., 1998a).
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3.4. Per spectives

Before darting further complex experiments investigating in vivo the role of the
laminin/nidogen-1 interaction, it would be intereing to determine if F9 embryoid bodies
produce nidogen2. While this has a 100 to 1000 fold lower affinity for the nidogen-1 binding
module glll14, it can dso bind to the laminin gl chain via a second epitope, as well as interact
with collagens type | and 1V and perlecan (Kohfeldt et d., 1998). If nidogen2 is expressed,
this would indicate that the recombinant nidogenbinding gte is very effident in blocking
both nidogens in ther basement membrane sabilisng function. If not, detailed dudies of
basement membrane formation in nidogen1/nidogen-2 double null mutant mice will hdp to
understand further the interplay between both nidogens and laminin and the type IV collagen
network.

To dae the role of basement membrane components involved in epithdia differen
tiation has been sudied by antibody perturbation in organ culture experiments. Also recent
results from skin organ cultures have shown tha the recombinant gllli3-5 nidogen-binding
ste fragments could interfere with basement membrane formation between kerainocytes and
fioroblasts in a manner smilar to that described in this thess (Bretkreutz, persond
communication). It would be intereting to undersand, how the basement membrane
influences cdlular differention in vivo and how this is effected by basement membrane dis-
ruption. This could be addressed by the production of a transgenic animas expressng the
nidogen-binding gte under the control of eg. a mammary/lactationspecific  promoter.
Mammary-specific disruption of the basement membrane has the additiond advantage that it
is unlikdy to be lethd, and tha mae animds can tranamit the transgene in the event that
femdes are unable to lactate and so0 fal to rear offgoring. Further the mammary epitheium
highly active can be monitored throughout its cyclica development.
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4. Materialsand Methods
4.1. Culture and maintenance of tissue culture cdl lines
4.1.1. Mouseteratocarcinoma cdl line

Mouse teratocarcinoma F9 (CRL 1720; American Type Culture Collection; DSM
ACC 112) cdls were plated on gdatinised dishes, cultured in DMEM containing 200U/ml
penicillin, 200ug/ml  sreptomycin, 2mM  L-glutamine and 10% fetal caf serum (GIBCO
BRLO) and grown a 37°C in a humified incubator with a 5% CO, atmosphere. For embryoid
body cultures, untransfected F9 cdls were maintaned in norma growth medium supplied
with 5x108M dl-trans retinoic acid (R-2625; Sigma-Aldrich) for 12 days either using the cell
spin system (Integra Bioscience) or the hanging drop method (Hogan et d., 1994).

In the cdl spin sysem embryoid body cultures are started with 100ml of single cell
suspensions of about 1.2x10° odlgml in sliconated spinner flasks. After one day when smdl
aggregates have formed, more growth medium is added up to a volume of 250ml and changed
daly. In this sysem embryoid bodies are maintained under continuous agitation by magnetic
dtirring which guarantees optima nutrition and oxygen support.

The hanging drop method starts with 20pl cell suspensions of 1.5x10° cdlsml which
hang on a petri-dish. After two days when these drops contain smadl cdl aggregates 10ml
medium is added and changed every second day till the embryoid bodies are harvested.

4.1.2. Human embryonic kidney cell line

293-EBNA cdls (Invitrogen) were cultured in DMEM-F12 containing 200U/ml
penicillin, 200ug/ml  streptomycin, 20mM  L-glutamine, 10% FBS (GIBCO BRLO) and
50ug/ml G418 (GIBCO BRLO) a 37°C in a humified incubator with a 5% CO, atmosphere.
After trandfection, to mantain expresson in 293-EBNA cdls transfected with the gllli3-5

congtruct, G418 was removed and the cdls were trested with 0.5ug/ml puromycin (Sgma-
Aldrich).
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4.1.3. Establishment of stably transfected cell lines

1x10° cels were dectroporated with 5pg circular plasmid DNA in 800ul growth
medium using the Gene PulserO 1l and 0.4cm cuvettes (Biorad). Resistance and voltage were

st to 500uF and 230V, respectively and time constants of approximately 7sec were obtained.
For F9 cdls sdection was initiated 24 h after dectroporation with medium containing
1mg/ml G418 (GIBCO BRLO). G418 resistant clones were picked, expanded and screened
by immunoblotting and postive clones were frozen in liquid nitrogen. 293-EBNA cdlls which
do not dlow cdond sdection were expanded during sdection with puromycin (Sgma-
Aldrich) a a concentration of 0.5ug/ml.

4.1.4. Thawing and freezing cdlls

Frozen cdls were quickly transferred from liquid nitrogen into a 37°C waterbath,
thawed, washed with prewarmed growth medium and seeded on tissue culture plates
(Greiner). For te purpose of freezing, cells were trypsnised, resuspended in growth medium
supplemented with 20% feta caf serum (GIBCO BRLO) and 10% DMSO (Sigma-Aldrich)
and dowly cooled to -80°C. After overnight incubation a -80°C, cdls were kept in liquid
nitrogen for long term storage.

4.2. Molecular cloning
4.2.1. Bacterial cel culture
The becterid drain DH5a was grown following the indructions of Sambrook et d.

(1989). For transformation and production of competent E.coli cdls the method of Hanahan
(1983) was applied.
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4.2.2. DNA preparation

Smdl amounts of plasmid DNA (10ug) were isolated from 2ml E.coli cultures
following the protocol of Birnboim (1983). For production of up to 100ug of plasmid DNA
the Midi-Prep Kit (Macherey and Nagel) was used. The DNA concentration was measured
photometricaly a 260nm and caculated on the bads of the assumption that an opticd dengty
of 1 equals a concentration of 50ug/ml double stranded DNA. DNA gd eectrophoresis with
1kb DNA ladder (GIBCO BRLO) was performed in 1x TAE buffer as described in Sambrook
et a. (1989).

4.2.3. RNA preparation and northern blot analysis

Totd RNA was isolated from 12 day old, differentiated FO derived embryoid bodies
following the protocol of Chomczynski and Sacchi (1987) and resuspended in diethyl
pyrocarbonate (DEPC)-H,O. The concentration was caculated from the optical densty at
260nm assuming that an OD vaue of 1 corresponds to 40ug/ml RNA. Ge eectrophoress of
20ug RNA on a 1% formadehyde agarose gd with 0.24-9.5 kb RNA Ladder (GIBCO
BRLO), RNA transfer to a nylon membrane by vacuum blotting and northern blot andyss
were performed as described in Sambrook et al. (1989). Membranes were probed with a
[a32P|dCTP labeled DNA probes for mouse nidogen-1 and human GAPDH which served as a
loading control. Bands were detected using autoradiography.

4.2.4. Labeling of DNA probes

DNA probes were labeled with [a*?PldCTP (Hartmann Anaytic) by random priming
as reported by Feinberg and Vogestein (1983) using the LaddermanO Labding Kit (TaKaRa
Shuzo Co., Ltd). For standardisation of loading a 500bp Hindill/Xbal fragment of human
GAPDH (gene bank accesson number AJO05371) was isolated and labeled. A 1154-bp PCR
product of mouse nidogen-1 cDNA usng AGA ATC CAT GCT ACA TTG GC (sense) and
TGG GTG CCA TCC ATC TTT GC (antisense) primers of the protein coding region served
as a DNA probe for nidogert 1 mRNA (gene bank accession number: X14480).
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4.2.5. Polymer ase chain reaction (PCR)

Oligonucleotides were ordered a& MWG-Biotech AG in highly purified sdt free
qudity and primer concentration was determined photometricdly a 260nm assuming that an
optical dengty of 1 equas 37ug/ml single stranded DNA. Since only fragments below 2kb
were amplified, Tag polymerase (Perkin Elmer; Roche) was used a a concentration of
0.05U/ul in combination with 0.25uM primer, 0.125mM dNTP mix (Pharmacia), 1x reaction
buffer supplemented with 0.15mM MgChL (Perkin Elmer; Roche) and 10ng plasmid DNA in
100ul reaction volume. Using the RoboCycderO Gradient 40 (Stratagene) the template DNA
was denatured at 95°C for 2min followed by 30 amplification cycles each compriang 1min
incubation a 95°C, 1min a annedling temperature and 1Imin a 72°C. Per kb fragment length
an dongdion time of 1min was cdculated and the anneding temperature was defined by
addition of 3°C to the lowest mdting temperature T, = 4X(G+C) + 2x(A+T).

4.2.6. Recombinant techniques

All DNA modifying enzymes (eg. redriction enzymes, T4 DNA ligase and T4
polynucleotide kinase) were obtaned from New England Biolabs and used following the
manufacturers indructions. Site directed mutagenesis was performed using the TransformerQ
Ste-Directed Mutagenesis Kit (Clontech Laboratories, Inc.). DNA sequences were deter-
mined in the sarvice laboratory of the ZMMK (Center for Molecular Medicine Cologne) using
an ABl PrismO 377 DNA Sequencer (Applied Biosystems). Sequences were andysed using
the Wisconsin Sequence Analysis Package, Version 8.1 (Genetics Computer Group, Inc.).

4.3. Microscopy

4.3.1. Preparation of cryosections

After a brief wash in Ix PBS, pH 7.4, embryoid bodies were incubated in 1%
paraformaldehyde for 30min a room temperature, rinsed in 1x PBS, pH 7.4, twice trans-
ferred into Tissue Tek (Sakura) via stepwise incubation in 5% sucrose for 24h at 4°C, in 20%

60



sucrose for 2h a 37°C, and for 1h a 37°C in a 1:1 mix of Tissue Tek and 20% sucrose. All
sucrose solutions were prepared in 1x PBS, pH 7.4, supplemented with 0.05% sodium azide.
After 1h incubation in Tissue Tek embryoid bodies were frozen in liquid nitrogen and stored
a -80°C. Subsequent cryosectioning with a LEICA CM3050 cryostat was performed to obtain
7um sections which were collected on Shandon histodides (Life Science) and stored at -20°C.

4.3.2. Preparation of semithin sections

After overnight fixation in 2% paaformadehyde, 1% glutardiddehyde, 0.2% npicric
acd (Sgma-Aldrich) in 0.1M HEPES buffer and three subsequent washes in 0.1M HEPES
buffer each for 20min, embryoid bodies were dehydrated in 50% ethanol for 10min, in 70%
ethanol supplemented with 1% uranyl acetate overnight followed by 10min incubation in 90%
ethanol and 3x 10min in 100% ethanol. After dehydration the embryoid body materid was
immersed into a 1:1 mix of propylene oxide and ethanol for 2x 10min, into propylene oxide
for 2x 10min followed by a 1:1 mix of arddite and propylene oxide for 6h and 2h incubation
in arddite at 40°C. Subsequent polymerisation proceeded for 12h at 45°C and 48h a 60°C.
Semithin sections of 1um thickness were produced with an ultramicrotome (type OMU 3,
Reichert), dained with methlyene blue (Romes, 1989) and andysed with trangmisson light
microscopy usng an Axiovert Microscope (Zeiss). In addition transmisson light microscopy
with an Achrogtigmat 10x/0.25NA objective was used to determine morphology of embryoid
bodies il floating in growth medium.

4.3.3. Immunofluor escence staining

A rabbit polydond antissrum to laminin-1 (M. Paulsson, Cologne), a rat monoclona
anti-nidogen [entactinl G2 domain antibody (MAB 1884; Chemicon), a rat monoclond
TROMA-1 antibody (Kemler et d., 1981) and a purified rat anti-mouse CD31 (PECAM-1)
monoclonal antibdoy (Cat.No. 01951D; Pharmingen) served as primary antibodies. As secon
dary antibodies DTAF-conjugated goat anti-rabbit 1gG, Cy3a -conjugated goat anti-rabbit
IgG, Cy3a -conjugated goat anti-rat 1gG and Cy50 -conjugated syrian hamster anti-rat 1gG
(@l Jackson Immuno Research Laboratories, Inc) were used. All sainings were performed
using 1x PBS, pH 7.4, as a buffer system.
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For whole mount sainings embryoid bodies were fixed in ice-cold methanol:acetone
(7:3) for 1 h a -20°C, washed with 0.1% Triton-X 100 and either stored in PBS a 4°C or
blocked in 10% milk powder for 1h. After that embryoid bodies were incubated with the
primary antibody for 1.5 h on a rocking device, washed with 0.01% Triton-X 100, incubated
with the second antibody for 1h, washed again and stored in PBS at 4°C. For andyss a laser
scanning confocal microscope (LSM 410; Zeiss) with a Plan-Neofluar 25x/0.8NA objective
and 45x zoom was used in case of laminin-l. PECAM-1 daning was scanned usng a
16x/0.5NA objective and a method caled "extended type of focus'. For that purpose five
srid sections of 20um  thickness through dingle embryoid bodies were examined for
PECAM-1 dgnds and their overlay used to detect three dimensond vascularised tissues. The
percentage of tota area stained for PECAM-1 was determined with the computer programme
LSM DUMMY (Zeiss) which was also used for the determination of embryoid body size.

7um cryosections were briefly fixed with 0.5% paraformadehyde and blocked with
5% norma goat serum (ICN, Biomedicadls) and 0.2% Tween for 30min. The primary antibody
was applied for 1h followed by three washes with the blocking solution. The sections were
incubated with the secondary antibody for 45min, washed, mounted in fluorescent mounting
medium (DAKO) and examined usng a Axiophot Microscope (Zeiss) equipped with a
fluorescent light source.

4.3.4. Staining for cell death and viability

Two fluorescent dyes were used to detect dead cdls Lucifer Ydlow VS (Sgma-
Aldrich) and SYTOX (Molecular Probes, Inc). Lucifer Yelow VS is a highly charged,
hydrophilic dye which cannot pass through hydrophobic membranes and is excited a a
wavelength of 450nm (Stewart, 1981). It diffuses into dead cells with disrupted plasma
membranes and remains in necrotic cdl areas due to high binding affinity to SH-groups.
Lucifer Yelow VS was added to embryoid bodies floating in growth medium to a find
concentration of 180uM, incubated for 40min a room temperature in darkness and removed
in two washing steps with growth medium. Embryoid bodies were then incubated overnight in
norma growth conditions to remove any Lucifer Ydlow VS incorporated by endocytoss into
vidble cdls. Embryoid bodies were andysed by means of laser scanning microscope with a
Pan-Neofluar 25x/0.8NA objective a awavelength of 488nm.
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SYTOX green nucleéc acid doan penetrates cdls with compromised plasma
membranes, intercalates into DNA and upon binding to double stranded DNA its fluorescence
intengity increases 1000 times. Necrotic cell areas where DNA has mostly been degraded do
not react with SYTOX. Thus it can be used to detect sngle dead cels in otherwise intact
tissue. SYTOX was added to embryoid bodies floating in growth medium a a find
concentration of 0.5uM, incubated for 10min a 37°C and andysed by means of laser
scanning microscope with a Plan-Neofluar 25x/0.8NA objective when excited with the 488nm

wavedength of the argon-ion laser.

4.4. Diffusion assay

After 8 days of culture, embryoid bodies were rinsed in E1 solution (135mM NaCl,
54mM KCI, 1.8mM CaCl, x 2 HO, ImM MgCh x 6 HO, 10mM glucose, 10mM HEPES,
pH 7.5), trandferred into 10uM rhodamine dextran solution of either 10kD (neutrd D-1824;
Molecular Probes, Inc.) or 70kD (neutra D-1841; Molecular Probes, Inc.), incubated for 5
minutes, briefly washed twice in E1 solution to reduce background staining and andysed with
a laser scanning microscope (LSM  410; Zeiss) by means of the optica probe technique
(Wartenberg et a., 1998b). Based on the property of the laser scanning microscope to produce
series of optica sections of defined thickness and precise distance from each other throughout
the embryoid body, smal regions of interest (600pM? = 40x40 pixel) are andysed in z
orientation a a distance of 10um. The mean fluorescence intengty in each region of interest is
measured from the embryoid body surface to its center, plotted against the penetration depth
of the laser beam and depicted in a grgph from which the diffuson distance can be derived.
The diffuson coefficient may then be cdculated based on the Eingein and Smoluchowski
equation D = x%/2t, where x describes the distance of diffusion in adistinct time period t.
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4.5. Protein chemistry

4.5.1. Affinity chromatography

The FLAG fugon protein laminin glll13-5 was expressed in 293-EBNA cdls (see
6.1.3.) usng the CMV promotor (Smyth et a., 2000) and by use of the BM40 signd peptide
secreted to the medium after passng the Golgi agpparatus. Serum-free supernatant was
didysed overnight (molecular weight cut off of 12-14kD), centrifuged and loaded onto a anti-
FLAG M2 agarose affinity column (A1205; Sigma-Aldrich) buffered in TBS, pH 7.4. Norn+
binding proteins were washed away usng TBS, pH 7.4, while bound FLAG tagged protein
was duted with 100ug/ml FLAG peptide (F3290; Sigma-Aldrich) following the manu-

facturers ingtructions.

45.2. Treatment of wild type F9 embryoid bodies with affinity purified FLAG fusion
protein gll113-5

Untransfected F9 cells were grown to confluency, trypsinised and transferred into the
cdl spin system (Integra Bioscience) where 5x108M dl-trans retinoic acid (R-2625; Sigma-
Aldrich) was added to induce differentiation. At day two of culture embryoid bodies were
trandferred into sngle wdls of a 96-wdl plae filled with 100ul normd cdl culture medium
upplemented  with  effinity purified FLAG fudon protein glll13-5 a a concentration of
10pug/ml. The medium was changed daly to ensure a mantained concentration of retinoic
acid and peptide.

4.5.3. Immunaoblot analysis

To determine the expresson leve of laminin gl-FLAG fusion proteins in supernatants
of trandfected F9 cells these were TCA precipitated and separated by SDS-PAGE on a 15%
polyacrylamide gd. Proteins were transferred onto nitrocdlulose membranes and probed with
10pg/ml BioM2 monoclond antibody against the FLAG epitope (F9291; Sigma-Aldrich) and
a rabbit polyclona antisserum against mouse BM40 (Nischt et d., 1991). For determination of
the endogenous levd of laminin-l and nidogen1, embryoid bodies were homogenised with
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0.15M NaCl in 50mM TrigHCI, pH 7.4. The homogenates were diluted 1:1 (v/v) in Laemmli
sample buffer (1970), submitted to SDS-PAGE on a 3-10% polyacrylamide ge in the pre-
sence of 5% b-mercaptoethanol, transferred to nitrocelulose and incubated with a rabbit
polycond anttissum agang lamininkl, a ra monoclond antibody aganst the nidogen
[entactin] G2 domain (MAB 1884; Chemicon) and a mouse monoclond antibody against
human actin (sc-8432; Santa Cruz Biotechnology, Inc.). As secondary antibodies either
dreptavidin-biotinylated horseradish  peroxidase (HRP) complexes (RPN1051; Amersham
Life Science) or HRP conjugated immunoglobulins from swine anti-rabbit (PO399; DAKO),
rabbit anti-rat (P0450; DAKO) or rabbit anti-mouse (P0260; DAKO) immunoglobulin G
antisera were used. Immunoreective proteins were detected using the ECL  chemiluminescent
detection system.
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5. Appendix

5.1. Abbreviations

A adenosine

BM40 basement membrane protein 40kD
C cytidine

cDNA complementary DNA

CMV cytomegaovirus

dCTP desoxycytosi ntriphosphate
DMEM Dulbecco's modified Eagle medium
DMSO dimethylsulfoxide

DNA desoxyribonucleic acid

dNTP desoxyribonucl eotidtriphosphate
EBNA Epstein Barr nuclear antigen
EDTA ethylenediaminetetraacetic acid
EF la elongation factor 1 a

EGF epiderma growth factor

EHS Engdbreth-Holm-Swarm

F Farad

FBS fetd bovine serum

G guanosine

G418 geneticin

GAPDH glycerina dehydephosphate dehydrogenase
GFP green fluorescent protein

HRP horseradish peroxidase

kB kilobases

kD kilodalton

LE laminin EGF-like

MCS multiple doning Ste

MRNA messenger RNA

NF200 neurofilament 200

oD optical dengty

PAGE polyacrylamide gel eectrophoresis
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PBS

PCR
PECAM-1
RNA

RSV

SDS

T

Taqg

TBS

TCA

Tm
TROMA-1

5.2. Amino acid code

phosphate buffered sdine
polymerase chain reaction
platelet/endothelid cell adhesion molecule 1
ribonucleic acid

Rous sarcomavirus

sodium dodecyl sulfate
thymidine

Thermophilus aguaticus

tris buffered sdline

trichloric acid

meting temperature
trophoectoderma marker 1

A Ala | Alanine M Met | Methionine

C Cys |Cydene N Asn | Agparagine

D Asp | Agpartic acid P Pro | Proline

E Glu Glutamic acid Q Gn | Glutamine

F Phe Phenyldanine R Arg | Arginine

G Gy |Glydne S Ser | Seine

H His Hidtidine T Thr | Threonine

I lle Isoleucine Vv va |Vvdine

K Lys Lydne w Trp | Tryptophane

Leu |Leucine Y Tyr | Tyrosne
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5.3. Vectors

—

f1(+)origin

Ampicillin

pBluescript KS(+)
29580p

\ ColE1 origin /

/

R

Sacl

Hindlll
Xhol
Kpnl
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BamHI, HindlI1, Xbal, Sall

GCSF ORI
Poly(A)

EF1apha
Promoter

Notl

Ml pBKEF-5 Kan(R)

-
Sspl f1(-)origin

ColE1 origin

/\ bla(R)Promoter
| \
P SV40 ori

BM40

sgnd
5 UTR pepti\de

SV40p(A)

SV40p(A)

CMV-NFlag
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