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Summary

Basement membranes contain two major molecular
networks consisting of laminin and collagen IV. Previous
antibody perturbation experiments suggest that the
interaction between laminin and nidogen-1 is necessary
for proper basement membrane formation and epithelial
development, whereas results from gene ablation
experiments in mice show that both basement membranes
and general development are grossly normal in the absence
of nidogen-1. To refine the perturbation approach,

in y11113-5-expressing embryoid bodies. As a measurement
of basement membrane function, we tested permeability
and detected drastically increased diffusion rates
in correlation with basement membrane disruption.
Furthermore, TROMA-1 localization in embryoid bodies
expressing the nidogen-binding site was altered, suggesting
separation of epithelium-specific gene expression from the
formation of the actual epithelium when occurring in the
absence of an organized basement membrane.

we produced F9-teratocarcinoma-cell-derived embryoid

bodies in the presence of recombinantly expressed nidogen-

binding sites localized within the ylllI3-5 laminin  Key words: Laminin-nidogen complex, Basement membrane
fragment. We found basement membranes were disrupted permeability, Epithelial differentiation

Introduction et al., 1995) have revealed that laminin-1 is predominantly
Laminin has been shown to be a prerequisite for the in vivroduced by epithelial cells, whereas nidogen-1 is secreted by
production of the basement membrane (Smyth et al., 1999),raesenchymal cells. The binding of mesenchymal nidogen-1
structure crucial for the normal development of many epitheli#o epithelial laminin-1 is believed to occur at the interface
(Murray and Edgar, 2000). Results from a multitude of source@etween epithelial and mesenchymal tissues and possibly
(Paulsson et al., 1987; Mann et al., 1988; Aumailley et aldictate the site of basement membrane formation (Dziadek et
1989; Fox et al., 1991; Aumailley et al., 1993) suggest a modél., 1995).
of the basement membrane in which the two major self- Surprisingly, the loss of nidogen-1 in the mouse by
assembling networks, formed by laminin and collagen IV, ar&omologous recombination does not result in any gross
connected by nidogen-1 (Yurchenco and Schittny, 1990).  changes in development, and the basement membranes in these
Nidogen-1, a sulphated 150 kDa glycoprotein, co-purifieginimals appear to be structurally normal. However, it could be
with laminin-1 upon EDTA extraction (Paulsson et al., 1987)shown that the related protein (nidogen-2) was redistributed
The nidogen-binding site on laminin-1 has been localized tend/or upregulated in certain tissues in the nidogen-1-null
laminin EGF-like (LE) module 4, which has subsequentlyanimals. Nidogen-2 was initially isolated from an osteoblast-
been determined at atomic resolution (Stetefeld et al., 1996ke cell line and shown to have 27.4% identity to nidogen-1
Baumgartner et al., 1996). It was shown that this interactioat the amino acid level (Kimura et al., 1998). Recombinant
might be significant for proper basement membrane formatiohuman nidogen-2 has a similar structure to nidogen-1 but binds
in organ cultures, as the presence of antibodies raised agaitstthe nidogen-binding sitgllll4 of the murine lamininyl
the nidogen-binding site on laminin-1 disrupted the basemewhain with a 100- to 1000-fold lower affinity than murine
membrane and reduced branching epithelial morphogenesistiidogen-1 (Kohfeldt et al., 1998). Like nidogen-1, nidogen-2
a number of different organs (Ekblom et al., 1994; Kadoya eilso binds collagens | and IV, and perlecan in vitro (Kohfeldt
al., 1997). The results suggested that the formation of thet al., 1998). These results suggested that nidogen-2 could take
laminin/nidogen-1 complex would be a key event duringover certain of the roles of mammalian nidogen-1 in its
basement membrane deposition and epithelial differentiatiombsence, but they did not explain why there appeared to be no
Detailed analysis of the sites of laminin-1 and nidogen-1 gengasement membrane defect@aenorhabditis eleganspon
expression by in situ hybridization (Dong and Chung, 1991the loss of the single nidogen family member in this species
Thomas and Dziadek, 1993; Ekblom et al., 1994; Fleischmaj€Kim and Wadsworth, 2000). The possibility cannot be ruled
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out that, in the original perturbation experiments, the bindingchemicon) and a rat monoclonal TROMA-1 antibody (Kemler et al.,
of antibodies prevented other interactions of the laminirl981) were used as primary antibodies. As secondary antibodies,
molecule by steric hindrance caused by the largduorescein-conjugated goat anti-rabbit IgG, QyBonjugated goat
immunoglobulin molecule. anti-rabbit IgG or CyBl-conjugated goat anti-rat 19G (all from
To study the importance of laminin-nidogen binding inJacksonImmunoResearch Laboratories) were used. All stainings were

- rformed in PBS, pH 7.4. The embryoid bodies were either fixed
gﬂ,Citetrggt'\{ﬁteiggﬁfnssb?,rtet;aemﬁmrgﬁggg:{ v(\)/fe gtgeggézg \?&ﬁth 1% parafor_malgehyde for 30 minutes at room temperature and

. . S ; Sembedded in Tissue tek (Sakura) for subsequent cryosectioning or
of recombinantly expresse_d mdogen-plndlng sites dU“_n%(ed in ice-cold methanol:acetone (7:3) for 1 hour at —20°C, washed
basement membrane formation in F9 derived embryoid bodiegith 0.1% Triton-X 100, stored in PBS at 4°C and used for whole-
F9 cells have a very limited differentiation ability and so offermount immunostaining.
a simpler model of basement membrane development than tha? um cryosections were briefly fixed with 0.5%
seen in vivo or in organ culture systems, presumably with paraformaldehyde, blocked with 5% normal goat serum (ICN
lesser ability to compensate for molecular defects. Here, wiomedicals) and 0.2% Tween for 30 minutes, then the primary
show that differentiation of such cells in the presence of thantibody was applied for 1 hour followed by three washes with the
exogenously added or endogenously recombinantly expressBlgcking solution. The sections were incubated with the secondary
nidogen-binding site led to defects in the basement membra tibody for 45 minutes, washed, mounted in fluorescent mounting

. o . " . medium (DAKO) and examined using a Axiophot microscope (Carl
increased permeability and abnormal differentiation suggesti iss) equipped with a fluorescent light source. Whole embryoid

that the laminin-nidogen interaction might be highly significant,ygies were blocked in 10% milk powder for 1 hour, incubated with
in epithelial development. the primary antibody for 1.5 hours on a rocking device, washed with
0.01% Triton-X100, incubated with the second antibody for 1 hour,
washed again and analysed using a laser scanning confocal
microscope (LSM 410; Carl Zeiss) with a Plan-Neofluar/@BNA

Materials and Methods objective and 4.5 zoom.

Construction of laminin-y1/FLAG fusion constructs

Full-length mouse lamininyl cDNA was prepared by reverse )
transcription of mouse kidney total RNA. LE modules 3-5 of domainmmunoblot analysis
Il (amino acids 771-932) and 1-3 of domain V (amino acid positionTo determine the expression level@fFLAG fusions by transfected
340-492) of theyl chain (SWISS-PROT primary accession numberF9 cells, culture supernatants were TCA precipitated and separated
P02468) were amplified by PCR and cloned in frame into thddy SDS-PAGE on a 15% polyacrylamide gel. Proteins were
Nhd/Notl restricted CMV-NFlag vector, a pCEP-Pu-based vectortransferred onto nitrocellulose membranes and probed withgl10
(Kohfeldt et al., 1997) with the FLAG tag inserted between the BM40nl-1 BioM2 monoclonal antibody against the FLAG epitope (F9291;
signal peptide and the insert. To produce the asparagine to seriB@ma-Aldrich) and a rabbit polyclonal antiserum against mouse
mutation at residue 802, which inhibits nidogen binding, the cDNABM40 (Nischt et al., 1991). For determination of the endogenous
encoding LE modules 3-5 was subcloned into KS (+) pBluescript antkvel of laminin-1 and nidogen-1, embryoid bodies were lysed in
site-directed mutagenesis performed using the primer N8OZSI(G SDS sample buffer (Laemmli, 1970), submitted to SDS-PAGE on a
TAA CGA CAA TAT TGA CCC CAG CGC GGT TGG C*B The  3-10% polyacrylamide gel in the presence of[%ercaptoethanol.
three N-terminal FLAG-taggedindlll/Xhd fragments were then Proteins were transferred to nitrocellulose and incubated with a
subcloned into thédindlll/Sal sites of pBKEF (a fusion product of rabbit polyclonal antiserum against laminin-1, a rat monoclonal
pBK-CMV and pEF BOS; Mizushima and Nagata, 1990) downstreanantibody against the nidogen (entactin) G2 domain (MAB 1884;
of the EFhi promoter. All cloning steps were confirmed by Chemicon) and a mouse monoclonal antibody against human actin
sequencing. (sc-8432; Santa Cruz Biotechnology). As secondary reagents, either
streptavidin-biotinylated horseradish peroxidase (HRP) complexes
(RPN1051; Amersham Life Science) or HRP conjugated
Cell culture immunoglobulins from swine anti-rabbit (P0399; DAKO), rabbit
Mouse teratocarcinoma F9 (CRL 1720; American Type Cultureanti-rat (P0450; DAKO) or rabbit anti-mouse (P0260; DAKO)
Collection; DSM ACC 112) cells were maintained in DMEM immunoglobulin G antisera were used. Immunoreactive proteins
containing 200 U mt penicillin, 200pg mt? streptomycin, 2 mM  were detected using the enhanced chemiluminescent detection
L-glutamine and 10% foetal calf serum (Gibco BRL) and grown asystem.
37°C in a humidified incubator with a 5% €@tmosphere. For
embryoid body cultures, F9 cells were maintained in normal growth
medium supplied with %108 M all-transretinoic acid (R-2625; Diffusion assay
Sigma-Aldrich) for 12 days using the cell spin system (IntegraAt day 8 of culture, embryoid bodies were rinsed in E1 solution (135
Bioscience). mM NacCl, 5.4 mM KCI, 1.8 mM CaGRRH20, 1 mM MgCh.6H0,
1x10° F9 cells were electroporated with g circular plasmid 10 mM glucose, 10 mM HEPES pH 7.5), transferred intouiD
DNA. Selection was carried out with 1 mg™G418 (Gibco BRL) rhodamine dextran solution of either 10 kDa (neutral D-1824;
and G418 resistant clones were picked and grown in 48-well plateMolecular Probes) or 70 kDa (neutral D-1841; Molecular Probes)
These were screened for expression by immunoblotting with the Biwith a hydrodynamic radius comparable to those of 40 kDa and 280
M2 monoclonal antibody directed against the FLAG epitope (F9291kDa globular proteins. After incubation for 5 minutes, the embryoid
Sigma-Aldrich). bodies were briefly washed twice in E1 solution to reduce background
staining and analysed with a laser scanning microscope (LSM 410;
o Carl Zeiss) by means of the optical probe technique (Wartenberg et
Immunofluorescence staining al., 1998a). The diffusion coefficielt was calculated based on the
Rabbit polyclonal antisera to laminin-1 (M.P.), perlecan and nidogenEinstein and Smoluchowski equatibrx? + 2t, wherex describes the
2 (R. Timpl, Max Planck Institute for Biochemistry, Munich), a distance of diffusion in a distinct time periodWartenberg et al.,
rat monoclonal anti-nidogen G2 domain antibody (MAB 1884;1998b).
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Fig. 1. Production of nidogen-binding site " @@} psadpnd) 1l 9)393))33301\1 y1 full length

mmw v vi
constructs and controls. The site for .
interaction between laminin-1 and nidogen- HI w. I IV 'V VI
1 has been localized to LE module 4 of |
domain Il of the laminiryl chain (Mayer 1 c
et al., 1993). Two different FLAG fusion e M—F y11113-5
proteins (indicated with flags) were F
constructed and modified with the BM40 P9I y1113-5 mut
signal peptide to ensure secretion to the NR02S
extracellular space/LIl13-5 coding for LE i gg@f 4{] Vi3
modules 3-5 angllV1-3 comprising three Jf
LE modules of domain V. ® o

Treatment of wild-type F9 embryoid bodies with affinity-purified (Fig. 1). However, biochemical studies have shown that Asn
FLAG fusion protein y11113-5 residue 802 is crucial for nidogen binding, with the N802S
The FLAG fusion proteigl1113-5 was expressed in human embryonic change (present in the homologous region of the lanyidin
kidney 293-EBNA cells using the CMV promoter (Smyth et al.,chain) reducing the interaction between nidogen and its
2000), loaded onto a anti-FLAG M2 affinity gel (A1205; Sigma- hinding domain upon laminin by ~5000 times (Poschl et al.,
Aldrich) column and eluted with 1Q@y mi-1 FLAGY peptide (F3290; 1996).

Sigma-Aldrich) following the manufacturer’s instructions. SDS- F9 cells electroporated with the empty expression vector and
PAGE analysis of the purified protein showed a single band aft%e FLAG fusionpconstructs were sglgcteg for resistance to

Coomassie staining (data not shown). 418 and - I isolated. E ; |
Untransfected F9 cells were grown to confluence, trypsinized an_g’ and surviving clones isolated. Expressing clones were

transferred into the Cell Spin system (Integra Bioscience), wheriélentified by immunoblotting with a monoclonal antibody
all-transretinoic acid (R-2625; Sigma-Aldrich) was added to aagainst the FLAG epitope (Bio M2, Sigma-Aldrich; Fig. 2).
concentration of 108 M to induce differentiation. At day two of For comparison of protein expression levels in these cells,
culture, embryoid bodies were transferred into single wells of a 98oading of the medium was standardized by the detection of
well plate filled with 10Qul normal cell culture medium supplemented BM40, a calcium-binding extracellular matrix protein (Nischt
with affinity purified FLAG fusion proteilylllI3-5 at a concentration et al., 1991) that is also secreted by F9 cells (Nishiguchi et al.,
of 10ug mt. Every day, the medium was changed and new proteil 9gg). For further studies, a representative clone containing the
‘;‘gisn:g‘?gﬁaﬁtin?g}’lfg of culture, embryoid bodies were fixed and, v expression vector was chosen, along with two
: independent clones/1113-5/A and y11113-5/B) that express

Results

Expression of the nidogen-1-binding site of the laminin 1
y1 chain in F9 cells '
To block the interaction between laminin and nidogen-1, th :
nidogen-binding sitg11114 of theyl chain was recombinantly 1-3 | 3-5/A| 3-5/B | 3-5mut
expressed in F9 cells. This polypeptide binds to nidoge —

molecules and so inhibits binding to the intrinsic lamiyiin N

chains (Mayer et al., 1993; Poschl et al., 1996). The LI 43kD —  — — M40
modules 3-5 of domain IIl of the laminiyi chain {11113-5) e

were cloned downstream of the elongation factor(BEF1a) -

control 'V 111

promoter (Niimi and Kitagawa, 1997) for constitutive protein 30kD
expression. Sequences encoding the BM40 signal peptic — T e e FLAG
and the FLAG tag were added to the N-terminus of the tag

polypeptides to enable efficient secretion to the extracellule 20kD

space (Mayer et al., 1993; Yurchenco et al., 1997) and theur ) _ _
detection and purification (Hopp et al., 1988), respectively. Fig. 2. Levels of exogenous protein expression: western blot ana_IyS|s

For control purposes, F9 cells were either transfected WitPIf supernatants of stab_ly transfecte_d F9 teratocarcinoma cells with a
the empty expression vector, a similar but inactive set of thr [pouse monoclonal antibody detecting the FLAG tag shows

efp . .
! . L proximately equal expression of both constrydii$l3-5 and
LE domains also present in laminjh (y1V1-3) or a mutant- \1y/1.3  As a control, F9 cells carrying the empty expression vector

binding-site-expressing construgtL{lI3-5)N802S. The LE  were analysed. For normalization of the loading of secreted proteins,
domainsylV1-3 have no known nidogen-binding activity but a rabbit polyclonal antibody against the mouse BM40 protein was
this fragment has a similar structure and sizeyitl3-5 used. The two blots shown are derived from the same gel.
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control \Y% ’ I11

Fig. 3.Immunohistochemical localization of 1-3 ‘ 3=8SA ‘ 3-5B 3-5mut
basement membrane proteins in 12-day-old | = l - S——— =

F9-cell-derived embryoid bodies: cells stably
expressing the construgtsll3-5, y11113-

5mut andy1V1-3 were differentiated into
embryoid bodies with 8108 M retinoic acid,
cryosectioned and stained for basement
membrane components. As a control, F9 cells
carrying the empty expression vector were
usedylllI3-5/A andyl1l113-5/B represent two
different clones from one transfection with the £
y11113-5 construct. Bar, 5m. Upper panels:
staining for perlecan shows disruption of
basement membrane formation only in
embryoid bodies derived from clones
expressing the nidogen binding siyéI(I3-

5/A and /B). Middle panels: double
immunofluorescence for laminin-1 and
nidogen-1. Cryosections of differentiated 12-
day-old embryoid bodies were incubated
simultaneously with a rabbit polyclonal
antibody against laminin-1 (green) and a rat
monoclonal antibody against nidogen-1 (red).
Embryoid bodies from clonedlll3-5/A and
y11113-5/B show a separation in the laminin-1
and nidogen-1 staining not seen in those
derived from control oyl1113-5 expressing
cells. Lower panels: double
immunofluorescence for nidogen-1 and
nidogen-2. Sections of differentiated 12-day- ¢
old embryoid bodies stained with a rabbit
polyclonal antibody against nidogen-2 (green)>
and the rat monoclonal antibody against
nidogen-1 (red). Both nidogen isoforms
colocalize and nidogen-2 is found in the
basement membrane of FO-derived embryoid
bodies.
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the nidogen-binding site, one expressing the three LE domaiesnbryoid bodies in suspension culture. The embryoid bodies
y1V1-3, and a fifth producing the mutated binding gitkl3- from each of the clones grew at a comparable rate and showed
5mut, all at similar levels. a similar gross morphology. After 12 days in culture, these
were harvested, cryo-embedded, sectioned and stained with a
) N rabbit polyclonal antibody raised against laminin-1. Sections
Analysis of the deposition of basement-membrane from two sets of independent experiments and at least 20
proteins in the F9 embryoid bodies embryoid bodies from each culture were examined for the
The embryoid body system offers a well-studied model opresence of a subepithelial basement membrane. A near-
basement membrane deposition (Prehm et al., 1982; Coopercentinuous signal for laminin-1 at the periphery of the
al., 1983). Pluripotent F9 cells (Alonso et al., 1991) formembryoid body underlying the outer layer of differentiated
parietal or visceral endoderm only upon treatment with, foendodermal cells was considered to be a correctly formed
example, retinoic acid (Strickland and Mahdavi, 1978) obasement membrane, whereas a disrupted, intermittent staining
cAMP (Hogan et al.,, 1983) accompanied by a 5-20-foldcovering less than 50% of the periphery) was taken as a sign
increase in the synthesis of basement membrane proteird.perturbation.
These are secreted to the extracellular surface and depositedy these criteria, a formed basement membrane was
between the outer endodermal cell layer and the inner coproduced in the empty vector contrgl\V1-3 andyl1113-5mut
of the differentiating embryoid body. These rudimentaryexpressing embryoid bodies (Fig. 3B). In §iglI13-5/A and
basement membrane structures contain laminin-1, nidogen-11113-5/B expressing embryoid bodies the laminin-1 signal
perlecan and collagen IV (Carlin et al., 1983; Durkin et al.had a disrupted appearance, with little continuous staining and
1986; Kleinman et al., 1987; Chakravarti et al., 1993). immunoreactive material was often deposited irregularly
The cell clones were expanded and used to produceithin the more central regions of the aggregates. This punctate
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71 Altered permeability in embryoid bodies expressing the

nidogen binding site

An important biological role of the basement membrane is

-3 | 3-5A ‘ 3-5B ‘3-5mul its function as a permeability barrier. To test whether the
disruption of the laminin/nidogen-1 interaction resulted in an
altered permeability of the embryoid bodies, a diffusion assay

’" . "4 ‘ was established. Embryoid bodies were incubated with
_ u ' rhodamine-labelled 10 kDa and 70 kDa dextrans, which

control |y I

400 kDa

correspond in their hydrodynamic radius to globular proteins

of ~40 kDa and ~280 kDa, respectively. After 5 minutes the

distance of polymer diffusion into the embryoid bodies was

determined by confocal microscopy (Fig. 5A) and diffusion

! coefficients were calculated to compare the permeability

150kDa — cose e B properties of the different clones (Fig. 5B). These diffusion
coefficients of ~%108 cm? sec?! for control or ylV1-3
Fig. 4. Immunoblot for laminin-1 and nidogen-1 in embryoid body expressing emb_ryOId bodies, and10~7 cn? sect for_ the
total lysates. A rabbit polyclonal antibody against laminin-1and”~  Y1/113-5 expressing cloneglllI3-5/A and y1Il13-5/B, fit to

nidogen-1 was used to detect these proteins in total lysates prepareldhibited and facilitated diffusion, respectively, as previously

200 kDa —

from 12-day-old retinoic-acid-treated embryoid bodies in SDS. measured for embryonic-stem-cell-derived embryoid bodies
Equal loading and transfer to nitrocellulose were confirmed by (Wartenberg et al., 1998b). This shows that the control and
Ponceau Red staining of the membrane (not shown). y1V1-3 expressing embryoid bodies have effective diffusion

barriers for both 10 kDa and 70 kDa dextrans, whereas the
expression of the nidogen-binding site results in drastically
laminin-1 staining pattern suggests a disruption of théncreased diffusion rates (Fig. 5). This suggests that the
basement membrane and/or a defect in cellular differentiatioglisruption of the basement membrane upon expression of the
To analyse the former further, we then stained for anothetidogen-binding site correlates with an increased permeability
basement membrane component, perlecan. This showedofithe embryoid body.
similar change in its staining pattern in {iéll13-5 expressing
embryoid bodies as described for laminin-1 (Fig. 3A).
A double-staining, using a rabbit polyclonal antibody forExpression of the nidogen-1-binding site results in
laminin-1 (laminin subunitsi1, B1, y1 and nidogen-1) and a altered differentiation
nidogen-1-specific monoclonal antibody reacting with the GZ'he differentiation of F9 cell aggregates in the presence of
domain of mouse nidogen-1, was used to provide evidence oftinoic acid differentiation induces the formation of an
a successful competition for nidogen-1 binding (Fig. 3A). Thiexternal polarized endoderm. To discover whether this is seen
revealed colocalization of both proteins in each of the contrah the transfected F9 cells, TROMA-1 (cytokeratin 8)
forms of embryoid bodies, whereas thHII3-5 expressing expression was analysed. This protein is normally synthesized
embryoid bodies showed imperfect colocalization indicatingn mature endoderm and would be expected to be seen in the
the presence of laminin molecules not bound with nidogeroutermost cell layer (Oshima, 1982). The control forms of
Human nidogen-2 has a similar binding repertoire to nidogerembryoid bodies, including that expressing the mutated
1 with the exception of a markedly weaker interaction with théoinding domain, showed the expected strong staining in the
murine lamininyllll4 module. To see whether F9-derived flattened surface cell layer. The embryoid body was covered
embryoid bodies produced and incorporated nidogen-2 intoaith TROMA-1-positive cells but they were only occasionally
basement membrane, they were double labelled using a rabpitesent internally. However, where the nidogen-binding site
polyclonal specific for nidogen-2 and the nidogen-1-specifiavas expressed, TROMA-1 signals occurred widely and were
monoclonal antibody. These showed that nidogen-2 wasot merely restricted to the outer cells (Fig. 6).
expressed and was seen present with a similar staining pattern
to nidogen-1, being incorporated only into a basement
membrane in the three control clones (Fig. 3C). Exogenous addition of the nidogen-binding site alters
To ensure that the disrupted appearance of the baseméainin deposition in wild-type embryoid bodies
membrane proteins iylLllI3-5 expressing embryoid bodies is Recombinant expression, genetic manipulation and cell
caused by efficient blocking of the laminin/nidogen-1 complexcloning might lead to artefacts independent of the effect of the
and not by changes in nidogen-1 production, mRNA anéhduced protein. Although two independent clones gave the
protein blots were performed. Total RNA was isolated fronmsame result, changes not seen with our three different types of
embryoid bodies and hybridized with cDNA probes for mouse&ontrol, we attempted to further exclude the possibility of such
nidogen-1 and human GAPDH. This revealed an similar levelartefacts by the exogenous addition of the fusion protein to
of nidogen-ImRNA expression in all sets of embryoid bodieswild-type-derived embryoid bodies. The laminin FLAG fusion
(results not shown). When the embryoid bodies were lysed iprotein y11113-5 was recombinantly expressed in 293-EBNA
SDS sample buffer (Laemmli, 1970), no major variation incells, purified and added to the medium of wild-type embryoid
laminin-1 or nidogen-1 could be observed between controhodies at a concentration of 1@ mtL Non-supplemented
y1V1-3 and yUlI3-5mut or ylllI3-5 expressing embryoid controls were also cultured. Both supplemented and non-
bodies (Fig. 4). supplemented embryoid bodies grew in a similar manner to
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A Fig. 5. Comparison of diffusion coefficients
obtained from incubation of differentiated

‘w80 80 F9-cell-derived embryoid bodies with

S 70 70 1 rhodamine-labelled dextrans of 10 kDa and

§ 604 10 kDa 60 | 70 kDa 70 kDa. Embryoid bodies stably expressing

- the constructgllll3-5, y1V1-3 and a

&' 501 501 control clone were incubated with i

$ 401 40 dextrans of either size. Fluorescence

€ 30/ 30| intensities were measured inside the

'é 2. 20 embryoid bodies after 5 minutes of

S diffusion. (A) Representative curves of

g 101 10 1 single embryoid bodies (control awtllI3-

© ol . X ol . i 5/A). incubated with 10 kDa and 70 kDa

=) 0 50 100 0 50 100 fluorescent dextrans. (B) From at least six

i Penetr ation depth of lase” beam [um] traces of individual embryoid bodies, mean

diffusion coefficients plus s.d. were
calculated. Two independent experiments
were performed with comparable results.

control 666 ylll 3-5/A 000

B basement membrane formation. This
o5 view originated from biochemical
interaction studies (Fox et al., 1991;
10 kDa 70 kDa Aumailley et al., 1989; Mayer et al.,
1993; Poschl et al.,, 1996) and cell
- biological  evidence, the  most
significant results being derived from
antibody perturbation experiments that
15+ induced structural changes in the
basement membrane and caused defects
_ in the differentiation of epithelial
10 - derived tissues in organ culture
(Ekblom et al., 1994; Kadoya et al.,
1997). However, this assumption has
5 recently been questioned because of
findings from organisms lacking
nidogen genes. Mice lackingdogen-1
have ultrastructurally normal basement
membranes and fail to display any great
developmental defects (Murshed et al.,
2000). However, this might be
explained by the redistribution and/or
upregulation  of nidogen-2 the
remaining homologue in this species.
Very recently, a mouse line with a
those described earlier. Whole-mount staining for laminin-Heletion of thenidogen-2gene has been reported to have no
was analysed by confocal microscopy and revealed in wildsbvious phenotype (Schymeinsky et al., 2002). Similar results
type embryoid bodies a network-like laminin-1 pattern (Fig.have been described in the cas€otleganswhose genome
7B) similarly organized to that observed on the cell surface aéncodes for only one member of the nidogen family. Deletion
embryonic stem cells (Henry et al., 2001), whereas embryoidf this gene again resulted in no obvious effects upon basement
bodies treated with exogenoysllI3-5 FLAG fusion protein  membranes, with the only phenotype discovered being altered
showed a highly disrupted punctate laminin-1 signal (Fig. 7A)axonal pathfinding (Kang and Kramer, 2000; Kim and
Wadsworth, 2000). One possibility for this variance in results
) ) could be an interference with other binding partners in
Discussion antibody blocking experiments by steric hindrance. To
Nidogen-1 is unique in the basement membrane in having sudetermine by an independent method whether the disruption of
a wide protein-binding repertoire and, in particular, in havinghe laminin/nidogen-1 complex influences basement
a strong interaction with laminin (Mayer et al., 1993). Nidogermembrane formation or maintenance, we introduced the
is in high molar excess over laminin (Schymeinsky et al.binding area (LE modules 3-5 of tly& laminin chain) into
2002), suggesting that other nidogen interaction partners plaiifferentiating F9 embryoid bodies. The F9 system was chosen
a role in its anchorage into the basement membrane, but fier its simplicity, and appears to reflect the previous
binding to laminin has been considered to be a key step lmiochemical results pointing to the ability of the mouse to

20 1

Diffusion coefficient 10-8 [cm2/sec]

-
]
|

y1lll 3-5/A
y1lll 3-5/B
y1ll 3-5/A
y1lll 3-5/B

control
y1lv1-3
control
y1v1-3
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1 Fig. 6. Immunofluorescence
Y detection of TROMA-1.
Cryosections of differentiated 12-
control V 111 day-old embryoid bodies derived
from control,y1V1-3,y1IlI13-5/A
1-3 3-5A 3_-5B 3-Smut andyll113-5/B expressing F9 cells
were stained with a rat monoclonal
antibody against TROMA-1
(Kemler et al., 1981). Bar, 50m.

basement membrane formation.
That receptors for individual
basement membrane components
are significant in the organization
of the basement membrane has
been shown by basement
membrane  defects in a-
dystroglycan  and integrin
deletion mice. Laminiml1 chain
expression, which is required for
laminin secretion, is regulated by
B1 integrin (Aumailley et al.,
2000; Li et al., 2002). Hence,
basement membrane defects in
the absence @1 integrin might
partially compensate for basement membrane defects lpe due to the lack of laminin rather than to abnormalities in
unknown mechanisms. basement membrane organization per se. Our results, together
We chose to use a method of continuous agitation for growtwith those derived from the antibody perturbation experiments,
of the F9 aggregates, rather than the more conventionaliggest strongly that the nidogen-1-binding region of laminin
hanging drop method, after preliminary experiments showeglays a highly significant role in the molecular organization of
that the control embryoid bodies in such a system were fdhe basement membrane.
more uniform in size and growth characteristics. Cell Basement membranes with varying ultrastructure have been
differentiation of these embryonic carcinoma cells is limitedjdentified in vivo (Ogawa et al., 1999; Eyden, 1999), and
in embryoid bodies this results in an ordered outer singldevelopmental stages have been shown in basement membrane
endodermal layer sitting upon a basement membrane. Thermation. For example, in the six-day-old mouse embryo,
disorganization in the basement membrane and the reducelthough a classical basement membrane has formed under the
colocalization between laminin and nidogen-1 in embryoicectoderm in the extraembryonic egg cylinder, the basement
bodies expressing the binding site suggest the successfuembrane is unstructured within the embryo itself even though
competition by the recombinant nidogen-binding-site fragmeniaminin-1 is deposited in a linear pattern (Miosge et al., 1993).
for the binding to nidogen-1. Indeed, where laminin isIn fact, only upon the full ultrastructural development of the
completely absent, nidogen appears to be partially lost frotbasement membrane is nidogen-1 found by immunogold
the tissue (De Arcangelis et al., 1996; Smyth et al., 1999). lhistochemistry, suggesting that in the early embryo nidogens
our competition experiments, redistribution of nidogen-1 wasnight have a role in the maturation of basement membranes
more marked than actual loss from the embryoid body (Figs Miosge et al., 2000), albeit one that is not crucial for
4). This might indicate that nidogen-1 released from laminirembryonic survival or that might be compensated for by other
finds other binding partners, with which it interacts using ammolecules.
independent site. The possibility cannot be excluded that the F9 cells also produce and incorporate nidogen-2 into their
severity of the defects described here were exacerbated by th@sement membrane, but this did not prevent basement
culture system used, and that the embryoid bodies were placeegmbrane disorganisation in the presence of the nidogen-
under sheer stress during spinner culture. This could result binding site. Our results indicate that nidogen-2 indeed has an
the changes seen here occurring owing to a less stable ratladfinity for this site despite that fact previous results suggested
than unformed basement membrane, and indeed no alteratidre use of an alternative binding surface upon the laminin
was described in embryonic stem cells carrying genetic defectsmer (Kohfeldt et al., 1998).
in the nidogen-binding site (Willem et al., 2002) when grown In glomerular capillaries, the basement membrane has been
in hanging drops. However, in initial experiments with the FAdentified as the primary filtration barrier to graded dextrans
derived cells cultured in hanging drops, we produced changé¢€aulfield and Farquhar, 1974). Many studies have been
similar to those described from the spinner culture. carried out characterizing the role of basement membrane
Disruption or weakness of the basement membrane has bemsmponents, such as proteoglycans and collagen IV in the
a consistent effect seen upon the loss of other basemeermselectivity process (Morello et al., 2001; Tryggvason and
membrane components and receptors, although only the lagartiovaara, 2001). The function of the basement membrane
of lamininyl or 1 integrin have led to a complete absence ofs a barrier to molecules diffusing into the embryoid body was
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Fig. 7.Laminin-1 localization in F9 wild-type embryoid bodies
treated with the FLAG fusion protejdlll3-5. Embryoid bodies

were transferred from a spinner culture system into single wells at
day 2 and then either supplied with additional FLAG fusion protein
y1I113-5 at a concentration of 3@y miL (A) or not (B). At day 8 of
culture, whole-mount staining with a rabbit polyclonal antiserum
against laminin-1 was performed. Representative images show either
the embryoid body surface in the upper panel (two images; bar,
100pum) or part of a section through the embryoid body periphery in
the lower panel. Images from 12 different embryoid bodies from
each culture condition are shown. Bar | 25.

permeability for embryoid bodies expressing the nidogen-
binding site than for controls. This might either be caused
directly by the disruption of the basement membrane proteins
or be produced by secondary changes in the development of
the outer epithelial layers.

To study the consequences of basement membrane
disruption on cellular differentiation, the embryoid bodies
were stained for TROMA-1, which is synthesized by mature
endoderm (Oshima, 1982). All embryoid body types had
TROMA-1 positive cells, but there was a marked alteration in
their localization. Although control embryoid bodies revealed
the expected strong peripheral stainingll13-5 producing
clones show patchy staining distributed over the embryoid
bodies and a reduction in staining of the marginal cells. Ectopic
(stromal) TROMA-1 production in thgllll3-5 expressing
embryoid bodies indicates a separation of expression of this
usually epithelium-specific gene from epithelial formation. In
F9 embryoid bodies, changes in the expression pattern of
integrins (Morini et al., 1999), Indian hedgehog (Becker et al.,
1997) and extracellular matrix components such as laminin-1
and collagen IM§1) (Rogers et al., 1990) characteristically
occur concurrently with the formation and subsequent
organization of the epithelium. In the absence of laminin,
parietal endoderm differentiation occurs in embryonic-stem-
cell-derived embryoid bodies with the peripheral cells showing
the morphological markers and high matrix production usual
for such cells. However, parietal endodermal cells are found in
greater numbers and as here in a disorganized manner through
the embryoid body (Murray and Edgar, 2001). Hence not only
is laminin itself a prerequisite for ordered parietal endodermal
differentiation but its regulated deposition is also needed.
Cytokeratin 8 (the TROMA-1 antigen) is expressed by
embryonic epithelia but, in its absence, differentiation in these
tissues is able to occur (Baribault et al., 1994; Brock et al.,
1996). It is possible that the endoderm formed upon the surface
of the nidogen-binding-site-expressing embryoid bodies could
in other respects be normal.

A mouse line in which the nidogen-binding site (LE module
v1lll4) has been deleted by homologous recombination has
been very recently described (Willem et al.,, 2002). These
animals show far more severe phenotypes than that seen in the
nidogen-1 knockout. Even so, basement membrane defects
often appeared to be discrete or confined to certain tissues,
suggesting that the requirement for the laminin-nidogen
interaction is not needed for the formation of all basement
membranes. The early lethality of ~40% of mutant animals
tested with 10 kDa and 70 kDa dextran molecules. Bothacking the nidogen-binding site could be a defect, similar to
sizes of dextran were excluded from the control embryoidhat described here, which is partially overridden by a
bodies with diffusion coefficients clearly indicating higher compensatory mechanism in a proportion of embryos.
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