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ABSTRACT Nidogen-1 and nidogen-2 are homolo-
gous proteins found in all basement membranes
(BMs). They show comparable binding activities in
vitro and partially redundant functions in vivo. Previ-
ously, we showed that in skin organotypic cocultures,
BM formation was prevented in the absence of
nidogens and that either nidogen was able to rescue
this failure. We now dissected the two nidogens to
identify the domains required for BM deposition.
For that purpose, HaCaT cells were grown on colla-
gen matrices containing nidogen-deficient, murine
fibroblasts. After addition of nidogen-1 or nidogen-2
protein fragments comprising different binding do-
mains, BM deposition was analyzed by immunofluo-
rescence and electron microscopy. We could demon-
strate that the rod-G3 domain of nidogen-2 was
sufficient to achieve deposition of BM components at
the epidermal-collagen interface. In contrast, for
nidogen-1, both the G2 and G3 domains were re-
quired. Immunoblot analysis confirmed that all BM
components were present in comparable amounts
under all culture conditions. This finding demon-
strates that nidogens, although homologous proteins,
exert their effect on BM assembly through different
binding domains, which may in turn result in altera-
tions of BM structure and functions, thus providing
an explanation for the phenotypical differences ob-
served between nidogen-1 and -2 deficient mice.—
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BASEMENT MEMBRANES (BMs) are highly specialized
extracellular matrices underlying all epithelia and en-
dothelia as well as enveloping several mesenchymal cell
types. All BMs contain at least one representative of
each of the laminin, nidogen, collagen 1V, and pro-
teoglycan families (1-3). Both laminin and collagen IV
molecules form in vitro networks by self-assembly. In
vivo the initial development of BMs requires the pres-
ence of laminins (3, 4), whereas mechanical strength
seems to be largely implemented by collagen IV (5).

The mammalian nidogen family consists of two mem-
bers, nidogen-1 and nidogen-2. Both are ubiquitous
BM proteins with a similar distribution in various
organs during development. However, in adult tissues
nidogen-2 distribution becomes more restricted (6-8).
Both nidogens have a wide spectrum of interaction
partners, in particular, the other main BM components
laminin, collagen IV, and perlecan (6, 8—10). Through
these interactions they are assumed to connect and
stabilize the major networks formed by laminin and
collagen IV and target mesenchymal nidogen to the
epithelial as well as endothelial BMs (6, 9, 11). Nido-
gen-1 and -2 share a modular structure with 3 globular
domains, G1, G2, and G3, separated by a link region
between G1 and G2 and by a rod-like region between
G2 and G3 (Fig. 1A and Table 1). Nidogen-1, a 150-kDa
protein, is somewhat shorter (30 nm) than the 200-kDa
nidogen-2 (40-45 nm) (6, 8, 9).
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Figure 1. Boundaries and properties of recombinant nidogen fragments. A) Schematic diagram of the modular nidogen

structure with the globular domains G1, G2, G3, the link region, and the rod domain and detailed domain structures of
nidogen-1 and nidogen-2. See Table 1 for sequence position and molecular mass of fragments. Nido, nidogen-like domain; G2F,
G2 nidogen and fibulin module; EGF, epidermal growth factor-like module; TY, thyroglobulin type-1 module; LY, low density
lipoprotein receptor YWTD repeat. B) SDS-PAGE of purified recombinant nidogen fragments. Lanes were loaded with 2 pg of
nidogen-1 (lane 1), nidogen-1 G2-G3 (lane 2), nidogen-1 G1-G2 (lane 3), nidogen-1 rod-G3 (lane 4), nidogen-2 (lane 5),
nidogen-2 G2-G3 (lane 6), nidogen-2 G1-G2 (lane 7), and nidogen-2 rod-G3 (lane 8). All proteins were reduced before
electrophoresis. Calibration with reduced standard proteins (M) is shown at left. Proteins were stained with Coomassie Brilliant
Blue R-250. C) Binding activities of recombinant mouse nidogen-1 (left panel) and nidogen-2 (right panel) and their fragments
in solid-phase binding assays. The short arm of the laminin vl chain was used as the immobilized ligand. Soluble ligands used
were full-length mouse nidogen-1 and -2 (M) and fragments comprising G2-G3 (@), G1-G2 (V), and rod—-G3 (A) domains.
Bound ligands were detected with a mouse monoclonal antibody against the His tag, followed by incubation with a horseradish
peroxidase-conjugated secondary antibody and tetramethylbenzidine as substrate. Absorption was measured at 450 nm.

The G3 domain of nidogen-1 has been shown to bind
with high affinity to the y1III4 module located on the
laminin y1 short arm (9, 12-14). The binding surface
for collagen IV was localized to the G2 domain of

TABLE 1. Boundaries and properties of recombinant nidogen
fragments

Domain Sequence position  Molecular mass (kDa)
Nidogen-1 29-1245 154
Nidogen-1 G2-G3 385-1245 109
Nidogen-1 G1-G2 29-666 95
Nidogen-1 rod-G3 666-1245 71
Nidogen-2 31-1403 178
Nidogen-2 G2-G3 507-1403 131
Nidogen-2 G1-G2 31-784 121
Nidogen-2 rod-G3 785-1403 89

Numbering of amino acid residues does not include the signal
peptide. Molecular masses are those determined by SDS-PAGE under
reducing conditions.
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nidogen-1, which also carries the perlecan interaction
site (9, 11, 14). On the basis of structural similarities
and comparable binding activities of full-length nido-
gen-1 and -2, it is assumed that nidogen-2 binds to
collagen IV and laminin vie the same domains as
nidogen-1 (6, 8).

Although nidogen-1 and nidogen-2 display redun-
dant functions, phenotypical differences between mice
lacking either nidogen-1 or -2 have been observed (7,
15, 16). Nidogen-1-deficient mice show wound healing
defects and neurological abnormalities not seen in the
absence of nidogen-2 (17, 18). Furthermore, analysis of
mice lacking the nidogen-binding module on the
laminin yl chain revealed that only nidogen-1 is lost
from BMs in the absence of this module, whereas
nidogen-2 is still retained (19, 20). This demonstrates
that nidogen-2 is independently recruited either by
binding to an alternative site on laminin or to other BM
proteins. Interestingly, although the BM structure ap-
peared ultrastructurally normal, these mice showed

BECHTEL ET AL.

Downloaded from www.fasebj.org to IP 133.37.89.9. The FASEB Journal Vol.26, No.9, pp:3637-3648, August, 2016


www.fasebj.org
http://www.fasebj.org/

epidermal thickening and hyperproliferation (20).
These results demonstrate that ¢n vivo nidogen-1 and -2
have partially different functions which may be attrib-
uted to differences in their binding behavior.

Skin organotypic 3-dimensional (3D) cocultures re-
flect many features of human or mouse skin. In this
model a BM is formed between keratinocytes growing
at the air-liquid interface and a collagen gel populated
with dermal fibroblasts (21-25). Using dermal fibro-
blasts isolated from mice lacking expression of both
nidogen isoforms (16) together with HaCaT cells (26—
28), we showed previously that complete nidogen defi-
ciency led to the loss of all major BM components from
the epidermal-collagen gel interface. At the ultrastruc-
tural level, a defined BM zone was completely missing,
and hemidesmosomes failed to develop (29). The
addition of either recombinant nidogen-1 or nidogen-2
to the culture medium compensated for these defects,
making the system ideally suited to determine whether
nidogen-1 or -2 rescues these defects through the same
binding domains.

In the current study, we demonstrate that nidogen-1
and -2 use different binding domains to trigger depo-
sition of BM components at the epidermal-collagen
interface in a skin organotypic coculture system.

MATERIALS AND METHODS

Preparation of expression vectors and transfected cells

Full-length ¢DNAs encoding mouse nidogen-1 in pBlue-
script (9) or nidogen-2 in a pUC19 vector (8) were used as
templates for the amplification of individual fragments by
PCR with Phusion High-Fidelity polymerase (New England
Biolabs, Frankfurt, Germany) following the manufacturer’s
protocol. The oligonucleotide primers used for the 5" and
3’ ends were the following: for nidogen-1 domain G1—-G2,
5"-TTTGCTAGCTCTGAATCGCCAGGAGCTCTTC-3" and
5 TTTGCGGCCGCAAGGGCATCAGGGGAGCCAT-3';  domain
G2—-G3, 5-TTTGCTAGCTCAGCAGACTTGTGCCAACAA-3" and
5-TTTGCGGCCGCTTTCCGTTCAATGCAGTCAACTC3'; and
domain rod—G3, 5'-TTTGCTAGCTCTTCAGAATC-
CATGCTACATTGG-3" and 5'-TTTGCGGCCGCTTTC-
CGTTCAATGCAGTCAACTGC-3'; and for nidogen-2 domain
G1-G2, 5-TTTGCTAGCTCTGCGTCCCGACGAGCTCTT-3’
and 5"-TTTGCGGCCGCATTCACTCCAACAGGGGCTGAGT-
3’; domain G2-G3, 5'-TTTGCTAGCTAACCT-
GGAAACCTGCGAACACA-3" and 5'-TTTGCGGCCGCTTT-
TCTTCCTGTTGGACAGTACGG-3'; and domain rod—G3,
5-TTTGCTAGCTCCTTGCTACGACGGAAGCCA-3" and 5'-
TTTGCGGCCGCTTTTCTTCCTGTTGGACAGTACGG-3'.
The primers were designed to introduce a Nhdl site at the 5’
end and a Nod site at the 3’ end to ligate the amplified cDNA
in frame to the BM-40 signal peptide sequence into a modi-
fied pCEP-Pu vector carrying a Hisg-tag (30). For the short
arm of the mouse laminin y1 chain (aa 34-1128, molecular
mass 113 kDa) the primer pair 5-TTAGCTAGCAGCCATG-
GACGAGTGCGCGGATG-3" and 5-TTTCTCGAGCTCCTG-
GCAGCCAGGCCAGGAC-3" was used. The primers were de-
signed to introduce a Nhd site at the 5" end and an Xhol site
at the 3’ end to ligate the amplified cDNA in frame to the
BM-40 signal peptide sequence of a modified pCEP-Pu ex-
pression vector carrying at the 3" end a thrombin cleavage site

DIFFERENT BINDING IN NIDOGEN-1 AND -2

followed by two streptavidin tags and one FLAG tag (C-Strep/
FLAG-pCEP-Pu). This plasmid was kindly provided by M.
Koch (Center for Biochemistry and Center for Dental Medi-
cine, Medical Faculty, University of Cologne, Cologne, Ger-
many).

These episomal expression vectors were used to transfect
293-EBNA human kidney cells using the FuGene 6 transfec-
tion reagent (Roche Diagnostics, Mannheim, Germany) fol-
lowed by selection with puromycin. Cells transfected with
mouse full-length nidogen-1 and -2 cDNAs were kindly pro-
vided by N. Smyth (School of Biological Sciences, University
of Southampton, Southampton, UK). The expression levels
of recombinant proteins were examined by SDS-PAGE of
serum-free culture medium.

Purification of recombinant proteins

Serum-free conditioned medium was supplemented with 0.5
wM PMSF and passed over a gelatin-Sepharose 4B precolumn
followed by Ni Sepharose 6 Fast Flow (GE Healthcare, Mu-
nich, Germany), both equilibrated in 0.02 M Tris/HCI (pH
8.0) and 0.15 M NaCl. The elution was performed with a
gradient of imidazole (5-250 mM). To remove imidazole, the
protein-containing fractions were dialyzed against TBS (pH
8.0). Medium containing the short arm of the laminin y1
chain was passed over a streptavidin-Sepharose column (GE
Healthcare) equilibrated with 0.02 M Tris/HCI (pH 7.5) and
0.15 M NaCl and eluted with 2.5 mM desthiobiotin in PBS.
Collagen IV was derived from pepsin digests of human
placenta (Sigma-Aldrich, Munich, Germany).

Solid-phase binding assays

The purified short arm of the laminin y1 chain or collagen IV
was coated at 500 ng/well overnight at 4°C onto 96-well
plates. After washing with TBS/0.05% Tween 20, plates were
blocked for 2 h at room temperature with TBS/1% BSA.
Different His-tagged nidogen fragments used as soluble li-
gands were diluted to concentrations between 0.1 and 500
nM and incubated with the immobilized ligands for 1 h at
room temperature. Bound ligands were detected with a
mouse monoclonal anti-His antibody. For detection of ter-
nary complex formation, the His-tagged nidogen fragments
were preincubated with the streptavidin-tagged short arm of
the laminin y1 chain in a 1:2 molar ratio for 2 h at room
temperature. This mixture was then added to the wells coated
with collagen IV as described above. After repeated washing
with TBS/0.05% Tween 20, bound ligands were detected
either with a mouse monoclonal anti-His antibody (1:1000;
Qiagen, Hilden, Germany) or a mouse monoclonal anti-
streptavidin antibody (1:500; Qiagen) followed by incubation
with a horseradish peroxidase-conjugated secondary antibody
(1:1000; Dako, Hamburg, Germany) and tetramethylbenzi-
dine as substrate. Absorption was measured at 450 nm after
the reaction was stopped with 10% sulfuric acid. All binding
assays were performed in duplicate in =2 independent ex-
periments.

Skin organotypic 3D coculture

The 3D coculture system applied in this study was described
previously (26). In brief, HaCaT cells (1X10° cells/cm?) were
grown submersed on collagen I gels populated with mouse
skin fibroblasts (2X10° cells/ml) lacking expression of both
nidogen isoforms, using 25-mm filter inserts. The cocultures
were placed in 6-well plates. After 1 d, they were exposed to
the airliquid interface. Treatment of the cocultures with
different nidogen-1 or nidogen-2 domains (8 wg/ml each)

3639

Downloaded from www.fasebj.org to IP 133.37.89.9. The FASEB Journal Vol.26, No.9, pp:3637-3648, August, 2016


http://www.fasebj.org/

was started after 3 d by adding new protein every second day
to the cell culture medium throughout the cultivation time.
Fibroblasts were prepared from newborn mouse skin. In
brief, the skin was removed and after several washes with PBS
was floated on 0.25% trypsin (in PBS) at 4°C, epidermal side
up. The next day the dermis was separated from the epider-
mis, minced, and treated with 400 U/ml collagenase type I
(Worthington, St. Katharinen, Germany) for 1-2 h at 37°C.
After vigorous pipetting, cells were collected by centrifuga-
tion at 210 g for 5 min and resuspended in DMEM (Life
Technologies, Darmstadt, Germany). Fibroblasts were seeded
and cultured in DMEM with 10% FCS (PAA, Colbe, Ger-
many), supplemented with 2 mM glutamine, 100 U/ml
penicillin, and 100 pg/ml streptomycin (all from Biochrom,
Berlin, Germany) and 50 pwg/ml ascorbate (Sigma-Aldrich) at
5% CO, and 37°C. Nearly confluent fibroblasts were subcul-
tured by trypsinization. HaCaT cells were grown as described
(29). Each set of 3D cocultures (nidogen-1+fragments or
nidogen-2+fragments) was repeated 3 times, each time using
skin fibroblasts isolated from a different newborn nidogen
double-null mouse.

Indirect immunofluorescence and immunoblot analysis

3D coculture samples were fixed in 4% paraformaldehyde in
PBS on ice for 60 min. After that they were placed in 1% agar
and fixed for additional 2 h. For immunofluorescence anal-
ysis, samples were snap-frozen in optimal cutting temperature
compound (O.C.T. Tissue Tec; Sakura Finetek Europe,
Zoeterwoude, The Netherlands). Cryosections were fixed for
10 min with ice-cold ethanol, blocked for 1 h in 10% normal
goat serum, and incubated with primary antibodies for 1 h
and with secondary antibodies for 45 min at room tempera-
ture. Rabbit polyclonal antibodies raised against the following
antigens were used: laminin vyl chain (kindly provided by N.
Smyth, School of Biological Sciences, University of Southam-
pton, Southampton, UK), laminin a5 chain (kindly provided
by L. Sorokin, Institute of Physiological Chemistry and Patho-
biochemistry, Westfilische Wilhelms-Universitit Miinster,
Miinster, Germany), laminin-332 (kindly provided by M.
Aumailley, Biochemistry II, University of Cologne, Cologne,
Germany), nidogen-1, nidogen-2, and perlecan, keratin 10
(Covance Babco, Richmond, CA, USA), and collagen IV
(Biozol, Eching, Germany). The guinea pig polyclonal anti-
bodies against keratin 14 were from Progen (Heidelberg,
Germany), and rat monoclonal antibodies raised against the
integrin a6 chain were from Abcam (Cambridge, UK). The
appropriate secondary antibodies conjugated to Alexa 488
(green) or Alexa 594 (red) (Molecular Probes, Life Technol-
ogies, Darmstadt, Germany) were applied together with pro-
pidium iodide or DAPI for counterstaining the nuclei. Sec-
tions were embedded in mounting media. Immunostaining
was examined with an Olympus IX71 Delta Vision microscope
(Olympus, Tokyo, Japan).

For immunoblot analysis, the cocultures were homoge-
nized in 200 pl of RIPA extraction buffer (150 mM NaCl,
0.1% Triton X-100, 0.1% SDS, 0.1% deoxycholate, 5 mM
EDTA, and 10 mM Tris-HCI, pH 7.2) and a protease inhibitor
cocktail (Roche Diagnostic, Mannheim, Germany). Samples
were incubated on ice for 1 h and cleared by centrifugation.
Then 50 pg of total protein per lane was separated on 4-12%
SDS-polyacrylamide gradient gels under reducing conditions.
After transfer, the membranes were incubated with primary
antibodies, and reactive bands were detected with the appro-
priate horseradish peroxidase-conjugated secondary antibod-
ies (Dako), followed by chemiluminescence (ECL; GE
Healthcare). Equal protein loading was assessed by applying a
rabbit polyclonal antibody raised against GAPDH (1:6000;
Sigma-Aldrich). In addition to the antibodies listed above,
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rabbit polyclonal antibodies raised against the laminin vyl
chain (H-190) and goat polyclonal antibodies raised against
the laminin y2 chain (C-20) were used (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA).

Electron microscopy

Specimens were fixed in 2% paraformaldehyde and 2%
glutaraldehyde (in cacodylate buffer, pH 7.4) followed by 2%
osmium tetroxide, rinsed 3 times in cacodylate buffer, and
then treated with 1% uranyl acetate in 70% ethanol for 8 h to
enhance the contrast. The specimens were subsequently
dehydrated in a graded series of ethanol and embedded in
Araldite (Serva, Heidelberg, Germany). Ultrathin sections
(30-60 nm) were cut with a diamond knife on an ultrami-
crotome and placed on copper grids. Transmission electron
microscopy was performed using a Zeiss 902A electron micro-
scope (Carl Zeiss, Oberkochen, Germany).

RESULTS

Recombinant production of nidogen-1 and nidogen-2
fragments

Episomal expression vectors encoding different parts of
nidogen-1 and nidogen-2 (Fig. 1A and Table 1)were
used to produce His-tagged proteins in human 293-
EBNA cells and to purify them from serum-free culture
medium by chromatography on nickel-loaded columns.
The nidogen-1 or -2 fragment G1-G2 comprises the two
globular domains G1 and G2 connected by the linker
region, the fragment G2-G3 comprises the two globu-
lar domains G2 and G3 connected by the rod domain,
and the fragment rod-G3 comprises the rod and G3
domain. Addition of the rod improves expression of
G3, whereas no binding activities have been assigned to
the rod domain (14). SDS-PAGE analysis of the purified
fragments under reducing conditions showed for all
fragments a single major band (Fig. 1B) with the
molecular masses given in Table 1.

In both nidogen-1 and nidogen-2 the G3 domain
carries the laminin binding site

Previous binding studies performed in solid-phase as-
says showed that mouse nidogen-1 and nidogen-2 inter-
act with comparable affinities with the laminin frag-
ment P1, which contains the yl chain module y1I1I14
responsible for high-affinity interaction (8, 12). In
nidogen-1, the C-terminal globule G3 has been identi-
fied as the laminin-binding domain (9). For nidogen-2,
the laminin binding site has not been determined. We
therefore tested the different nidogen fragments for
their laminin-binding activity in solid-phase binding
assays using the short arm of the laminin y1 chain as
the immobilized ligand. Only nidogen-1 and -2 frag-
ments containing the G3 domain, namely the full-
length protein and the fragments G2-G3 and rod-G3,
bound to the laminin fragment (Fig. 1C). The domains
G1-G2 of both nidogen-1 and -2 showed no binding
activity. This result identifies the G3 domain of nido-
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gen-2 as the laminin binding site, as shown before for
nidogen-1 (9, 14).

In contrast to nidogen-1, nidogen-2 requires only the
G3 domain to rescue BM deposition and formation in
skin organotypic cocultures

Previously we showed that in 3D cocultures composed
of HaCaT cells and collagen gels populated with nido-
gen-deficient fibroblasts, deposition of the BM compo-
nents laminin and collagen IV was prevented (29). As
shown in Supplemental Fig. S1, fibroblasts are the only
source for nidogens in this coculture system. Addition
of recombinant nidogen-1 or nidogen-2 could restore
deposition of these proteins at the epidermal interface
(Figs. 21, J, M, N and 31, J, M, N) (29). To identify
the nidogen domains required to rescue BM formation,
the cocultures were supplemented with different nido-
gen fragments throughout the cultivation time. After
12 d, the cocultures were harvested and analyzed by
immunofluorescence and electron microscopy.

We first analyzed whether supplementation of the
cocultures with nidogen fragments interferes with epi-

-nidogens +nidogen-1

Col IV

thelial organization and differentiation. Immunofluo-
rescence with antibodies against keratin 14 (marker for
basal keratinocytes) and keratin 10 (early differentia-
tion marker) revealed no significant differences in
protein localization and staining intensities between
cocultures without nidogens and cocultures supple-
mented with nidogen-1 or -2 fragments (Figs. 2A-D and
3A-D). Further, under all culture conditions the integ-
rin a6 chain (part of the hemidesmosomal integrin
a6B4) mainly decorated the junctional interface in a
linear fashion, indicating normal epithelial organiza-
tion (Figs. 2E-H and 3E-H).

Analysis of 3D cocultures supplemented with nido-
gen-1 and its fragments revealed that only the full-
length nidogen-1 was able to trigger deposition of both
the laminin y1 chain (part of the main isoform laminin-
511) and collagen IV at the epidermal-collagen gel
interface (Fig. 2/, N), whereas the domains G1-G2 (Fig.
2K, O) and rod-G3 (Fig. 2L, P) were unable to do so.
With the domain GI-G2, some patchy collagen IV
deposition could be detected (Fig. 20). In contrast,
cocultures supplemented with nidogen-2 and its frag-
ments showed that in addition to nidogen-2, the rod-G3

+nidogen-1 G1-G2 +nidogen-1 rod-G3

Figure 2. Epithelial organization and deposition of BM components in 3D cocultures. Images show immunofluorescence
stainings of cryosections from cocultures with nidogen-deficient mouse fibroblasts without (A, E, I, M) and with addition of
either 3 pg/ml recombinant nidogen-1 (B, F, J, N), nidogen-1 G1-G2 (C, G, K, O), or nidogen-1 rod-G3 (D, H, L, P) to the
culture medium. Supplementation was performed throughout the cultivation time of 12 d. Epithelial organization and onset of
differentiation were assessed by immunofluorescence staining for the basal keratin 14 (K14; A-D), the suprabasal keratin 10
(K10; A-D), and the integrin a6 chain (IN a6; II-H). Deposition of BM components was analyzed using antibodies raised against
the laminin yl chain (Lyl; /-L), detecting laminin-511, and collagen IV (Col IV; M-P). Secondary antibodies conjugated to
Alexa 488 (green) were used to detect the integrin a6 chain, the laminin y1 chain, collagen IV, and keratin 10, and Alexa 594
(red) was used to detect keratin 14. Propidium iodide (red) or DAPI (blue) was used to stain nuclei. A representative set of
cocultures out of 3 independently performed experiments is shown. Scale bar = 40 pum.

DIFFERENT BINDING IN NIDOGEN-1 AND -2
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-nidogens +nidogen-2

+nidogen-2 G1-G2 +nidogen-2 rod-G3

Figure 3. Epithelial organization and deposition of BM components in HaCaT cell/fibroblast 3D cocultures. Images show
immunofluorescence stainings of cryosections from cocultures with nidogen-deficient mouse fibroblasts without (A, E, I, M) and
with addition of either 3 wg/ml recombinant nidogen-2 (B, F, J, N), nidogen-2 G1-G2 (C, G, K, 0O), or nidogen-2 rod-G3 (D,
H, L, P) to the culture medium. Whether the staining marked by asterisks represents collagen IV stretches or autofluorescence
from collagen fibers is unclear (K, M—P). Supplementation was performed throughout the cultivation time of 12 d. Epithelial
differentiation and organization were assessed by immunofluorescence staining with antibodies raised against the basal keratin
14 (K14; A-D), the suprabasal keratin 10 (K10; A-D), and the integrin a6 chain (IN a6; E-H). Deposition of BM components
was analyzed with antibodies directed against the laminin y1 chain (Lyl; /-L), detecting laminin-511, and collagen IV (Col 1V;
M-=P). Secondary antibodies conjugated to Alexa 488 (green) were used to detect the integrin a6 chain, the laminin vyl chain,
collagen IV, and keratin 10, and Alexa 594 (red) was used to detect keratin 14. Propidium iodide (red) or DAPI (blue) was used
to stain nuclei. A representative set of cocultures out of 3 independently performed experiments is shown. Scale bar = 40 pm.

domain could drive deposition of the laminin vyl chain
and collagen IV at the junctional interface (Fig. 3/, L, N,
P). As shown for nidogen-1, the nidogen-2 domain
G1-G2 also could not restore deposition of these
components (Fig. 3K, 0). However, under all condi-
tions, stretches stained with collagen IV antibodies are
visible (Fig. 3M-P). Whether these stretches represent
collagen IV staining or autofluorescence from collagen
fibers is unclear. Further, some weak focal staining for
the laminin vl chain is seen in cultures supplemented
with nidogen-1 and -2 fragments (Figs. 2/-L and 3/-L).
Interestingly, only the nidogen fragments that are able
to trigger BM deposition are found at the epidermal-
collagen gel interface (Supplemental Fig. S1), indicat-
ing that in this coculture system ternary complex
formation is a prerequisite for recruiting nidogens to
BMs.

Laminin-332 staining, although dramatically re-
duced, was still detectable in varying intensities in the
absence of active nidogen-1 and -2 fragments. However,
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strong continuous and linear laminin-332 staining was
only seen in the presence of nidogen-1, nidogen-2, and
the nidogen-2 rod-G3 domain (Supplemental Fig. S2).
Thus, the necessary clustering of hemidesmosomal
components seems to require appropriate condensa-
tion of matrix molecules facilitated by nidogen. In
contrast to laminin-332, which is only expressed by
keratinocytes and only found in BMs, perlecan is se-
creted by both fibroblasts and keratinocytes and also
found outside of BMs. In mouse skin, it is detected in
the junctional BM and also in high amounts below the
BM in the upper dermis (31). Accordingly, immuno-
fluorescence analysis using perlecan antibodies under
the various culture conditions revealed broad staining
throughout the collagen gel with a higher intensity
close to the interface. Only with the full-length nido-
gen-1 and -2 and to a lesser extent with the G1-G2
domains of both nidogens, a continuous and linear
deposition of perlecan at the junctional interface was
detected (Supplemental Fig. S2).
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Figure 4. Western blot analysis of BM proteins in extracts
from HaCaT cell/fibroblast 3D cocultures populated with
nidogen-deficient fibroblasts with and without addition of
recombinant nidogen fragments (12 d). Protein extracts from
3D cocultures treated with different nidogen-1 (left panel) or
nidogen-2 (right panel) fragments were used. Fifty micro-
grams of total protein per lane was resolved on 4-12%
SDS-polyacrylamide gels under reducing conditions. As a
loading control, antibodies directed against GAPDH were
applied. Control, protein extract from cocultures with nido-
gen-expressing fibroblasts. Molecular masses (kDa) of the
proteins are indicated at right for both panels. BM compo-
nents detected are the laminin y1 chain (Lyl), collagen IV
(Col 1V), the laminin ab chain (Lab), and the laminin y2
(L'y2) chain.

To determine the fate of these and other BM com-
ponents in the different coculture combinations, pro-
tein extracts from the cocultures were analyzed by
Western blotting (Fig. 4). Under all culture conditions,
with or without nidogen fragments, comparable
amounts of the laminin a5 and vyl chains (laminin-
511), the laminin y2 chain (laminin-332), and collagen
IV were detected. The partial processing of the laminin
v2 chain from a 155- to 105-kDa band (32) was also
indistinguishable in all coculture combinations. This
finding indicates substantially unaltered synthesis and
processing of BM components independent of the
culture conditions and the outcome.

Electron microscopy of cocultures supplemented
with either nidogen-1 or nidogen-2 fragments sup-
ported the results obtained by indirect immunofluores-
cence (Figs. 2 and 3). Under all culture conditions in
which simultaneous deposition of the laminin y1 chain

DIFFERENT BINDING IN NIDOGEN-1 AND -2

and collagen IV was observed, an ultrastructurally de-
fined BM zone with developing and mature hemides-
mosomes had been formed (Fig. 5). Collectively, sup-
plementation with nidogen-1 (Fig. 5C) or nidogen-2
(Fig. 5D), with the domain G2-G3 of both nidogens
(Fig. 5E, F, immunofluorescence stainings not shown),
and with nidogen-2 rod-G3 (Fig. 5)) resulted in BM
structures similar to those seen in cocultures with
nidogen-expressing fibroblasts (Fig. 5A). With nido-
gen-2 rod—G3 the hemidesmosomes and the attached
BM appear less wellstructured, suggesting a slightly
slower assembly in the presence of this fragment. In
contrast, in cocultures with nidogen-deficient fibro-
blasts (Fig. 5B) supplemented with either the G1-G2
domain of nidogen-1 or -2 (Fig. 5G, H) or the rod-G3

Figure 5. A, B) Electron micrographs of ultrathin sections of
3D cocultures composed of HaCaT cells and nidogen-express-
ing (A) and nidogen-deficient (B) murine fibroblasts. C-J)
Three-dimensional cocultures with nidogen-deficient fibro-
blasts after incubation with nidogen-1 (C), nidogen-2 (D),
nidogen-1 G2-G3 (E), nidogen-2 G2-G3 (F), nidogen-1
G1-G2 (G), nidogen-2 G1-G2 (H), nidogen-1 rod-G3 (1),
and nidogen-2 rod-G3 (). Asterisks mark collagen I fibrils.
Arrows mark hemidesmosomes and the attached BM. Insets:
2-fold magnification. K, keratinocyte; F, fibroblast; G, colla-
gen gel. Scale bar = 0.5 pm.
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domain of nidogen-1 (Fig. 5/), no signs of BM assembly
could be observed.

In summary, immunofluorescence and ultrastruc-
tural analysis demonstrated that nidogen-1 requires
both the G2 and G3 domains to achieve deposition of
BM components and BM assembly, whereas nidogen-2
requires only the G3 domain.

The G3 domain of nidogen-2 is able to mediate complex
formation between laminin and collagen IV, whereas
nidogen-1 needs both the G2 and the G3 domain

Previous studies have shown that nidogen-1 requires
the G2 and G3 domains for ternary complex formation
with collagen IV and laminin. The collagen IV binding
activity has been localized to G2 and the laminin
binding activity to G3 (9, 14). Interestingly, the results
obtained in this study indicate that nidogen-2 can
simultaneously bind collagen IV and laminin by its
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isolated G3 domain alone. To obtain independent
support for this result, solid-phase binding assays were
performed with collagen IV as the immobilized ligand.
With the streptavidin-tagged short arm of the laminin
v1 chain as the soluble ligand, almost no binding to
collagen IV was observed (Fig. 64, B, ctrl). However,
prior incubation of the laminin y1 short arm with the
different His-tagged nidogen-1 and -2 fragments to
allow the formation of laminin-nidogen complexes
increased the collagen IV binding significantly for the
full-length nidogen-1 and -2, for the G2-G3 domain of
both nidogens, and, most interestingly, for the rod-G3
domain of nidogen-2 (Fig. 6A, B, shaded bars). This
observation demonstrates that the binding activities
located in the G3 domain of nidogen-2 are sufficient to
connect collagen IV to laminin, whereas nidogen-1
requires both the G2 and G3 domains. With the frag-
ments G1-G2 of nidogen-1 and -2 and with the rod-G3
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dence of binding of the
laminin y1 short arm to im-
mobilized collagen IV in
the presence of recombi-
nant nidogen-1 (A) and ni-
dogen-2 (B) fragments.
The short arm of the
laminin y1 chain was prein-
cubated with either nido-
gen-1, nidogen-1 G1-G2,
nidogen-1 G2-G3, and ni-
dogen-1 rod-G3 (A) or ni-
dogen-2, nidogen-2 G1-G2,
nidogen-2 G2-G3, and ni-
dogen-2 rod-G3 (B) in a
2:1 molar ratio before addi-

tion to the collagen IV-coated 96-well plates. Detection of collagen IV binding by the different nidogen fragments was with
antibodies directed against the His-tagged proteins ([]). Ternary complex formation was determined using antibodies
directed against the streptavidin tag of the laminin y1 chain short arm (H). As a control, direct interaction of collagen IV
with the laminin vyl chain short arm was determined with antibodies directed against the streptavidin tag of the laminin
fragment (H). Results are representative of 2 independent experiments, each performed in duplicate (mean*sg). C)
Deposition of BM components in HaCaT 3D cocultures with nidogen-expressing fibroblasts without (control; a, d) and after
addition of either 3 pg/ml recombinant nidogen-1 rod-G3 (b4, ¢) or nidogen-2 rod-G3 (¢, f) to the culture medium.
Supplementation was performed throughout the cultivation time of 12 d. Indirect immunofluorescence staining was done
on cryosections using antibodies directed against the laminin y1 chain (Lyl; a—¢) and collagen IV (Col IV; d—f). Secondary
antibodies conjugated to Alexa 488 (green) were used to detect the laminin vyl chain and collagen IV. The nuclei were
counterstained with propidium iodide (red). Scale bar = 40 pum.
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domain of nidogen-1, no complex formation could be
observed (Fig. 6A, B, shaded bars). However, the frag-
ment G1-G2 of either nidogen binds to collagen IV as
shown by antibodies directed against the His-tag,
whereas in the presence of the laminin y1 short arm,
the G3 domain of nidogen-1 does not (Fig. 6A, B, open
bars).

In summary, the solid-phase binding assays identified
one collagen IV binding site in nidogen-2 located
within the domain G2 and a second one located within
G3. For nidogen-1, only one collagen IV- binding site,
located in domain G2, could be detected. Moreover,
only the nidogen-2 G3 domain showed laminin-colla-
gen IV connecting activity.

We could show that connecting collagen IV and
laminin is a crucial step for BM assembly in skin
organotypic cocultures. To provide additional func-
tional evidence, we performed competition experi-
ments using cocultures populated with fibroblasts ex-
pressing both nidogen isoforms. In these cocultures
laminins containing the vyl chain and collagen IV are
deposited at the epithelial-collagen gel interface (Fig.
6Ca, d). Supplementation of the cocultures with an
excess of the nidogen-1 rod—G3 domain resulted in the
loss of laminin from the junctional interface by com-
petitively inhibiting the laminin interaction of the
endogenous nidogen-1 and -2. As a consequence, col-
lagen IV deposition was blocked (Fig. 6Ch, ¢). In
contrast, addition of the nidogen-2 rod—-G3 domain did
not interfere with collagen IV and laminin deposition.
It seems that the presence of this domain enhanced
assembly of these proteins at the junctional interface
(Fig. 6Cc, f). This is in agreement with previously
published data, showing in nidogen-deficient cocul-
tures accelerated BM assembly by immunofluorescence
and ultrastructural analysis after addition of recombi-
nant nidogen-1 or -2 compared with that cocultures
with wild-type fibroblasts (29).

DISCUSSION

The skin organotypic coculture system used in this
study provides an excellent tool to dissect processes,
such as BM assembly, which require a 3D environment
and the cross-talk between epithelial and mesenchymal
cells. Using this system, we previously showed that BM
assembly was completely prevented in the absence of
nidogens and that supplementation by either recombi-
nant nidogen-1 or nidogen-2 could restore the struc-
tures of the BM zone (29). Loss of nidogens affected
the BM zone in a manner similar to that for inhibition
of the nidogen-laminin interaction by a laminin yl
chain fragment comprising the high-affinity nidogen
binding site (29, 33). However, from these studies, it
remained unclear whether other interactions than
those involving the laminin y1 chain are significant for
BM restoration.

Interactions of nidogens with the y1III4 module of
the laminin -yl chain, shared by most laminin isoforms,

DIFFERENT BINDING IN NIDOGEN-1 AND -2

and collagen IV were previously shown to mediate
formation of ternary complexes and were considered to
reflect a major role of nidogens in organizing and
stabilizing certain BMs (8, 9, 11, 34, 35). To determine
whether the capacity of nidogens to connect laminin
and collagen 1V is a prerequisite for BM deposition in
3D cocultures, we dissected the two nidogens into
fragments comprising different domains with potential
binding activity. For nidogen-1, the laminin binding
site has been mapped to the G3 domain and the
collagen IV binding site to the G2 domain (9, 14, 36).
In contrast, the binding sites for laminin and collagen
IV within nidogen-2 have not yet been identified. We
therefore tested the different recombinantly produced
nidogen-1 and nidogen-2 fragments in solid-phase as-
says using the short arm of the laminin yl chain, which
contains the y1III4 nidogen binding module and col-
lagen IV as immobilized ligands. Solid-phase assays
using nidogen-1 and its fragments as soluble ligands
revealed binding to the laminin vyl chain short arm
only by the full-length protein containing the G3
domain and by the G3 domain alone, thus confirming
published results (9, 14). The G1-G2 domain showed
no binding activity. In nidogen-2, the same domain, G3,
could be identified as the binding site for the y1IlI4
module. The affinity of nidogen-2 to this laminin
fragment was approximately 1 order of magnitude
lower and thus comparable to previously published
data obtained with the laminin fragment P1 (8).

Collagen IV binding to nidogen-1 and its fragments
was only observed with the fragment G1-G2 and the
full-length protein. This finding is in agreement with
published data, in which the collagen IV binding site
was mapped to the G2 domain of nidogen-1 (9, 36). In
contrast, in nidogen-2, two collagen IV binding sites
were identified, one located in the domain G1-G2 and
the second in G3. Interestingly, by surface plasmon
resonance assays a second collagen IV binding site was
also found in the nidogen-1 G3 domain (14). However,
this binding site has never been detected in solid-phase
binding assays (9, 36).

In summary, the binding studies with nidogen-1
confirmed the previously mapped laminin vyl chain
and collagen IV binding sites. Moreover, for the first
time, binding sites for the laminin vyl chain and colla-
gen IV could be assigned to distinct nidogen-2 do-
mains, namely G3 and G2/G3, respectively. These
results also demonstrate that the recombinantly pro-
duced nidogen fragments are correctly folded and
functionally active.

Immunofluorescence analysis of 3D cocultures sup-
plemented with nidogen-1 and its fragments revealed
deposition of the laminin y1 chain (part of laminin-
511) and collagen IV only with the full-length protein.
Simultaneous deposition of laminin and collagen IV
could not be detected with the domains G1-G2 and G3,
indicating that both the G2 and G3 domains are
required to drive deposition. This was further corrob-
orated by electron microscopy showing an ultrastruc-
turally defined BM zone with developing and mature
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hemidesmosomes comparable to structures observed
after addition of the full-length protein in cocultures
supplemented with a nidogen-1 fragment comprising
the G2 and G3 domains. For nidogen-2, the situation
was different. In contrast to nidogen-1, the G3 domain
of nidogen-2 alone was sufficient to trigger deposition
of the laminin y1 chain and collagen IV. The nidogen-2
G1-G2 fragment was unable to do so, as shown earlier
for nidogen-1 G1-G2 (9, 14). Quantification of laminin
v1 and collagen IV staining intensities at the epidermal-
collagen gel interface revealed that nidogen-1 and
nidogen-2 are equally efficient in triggering deposition
of these components (data not shown). This result is in
good agreement with in vivo data showing ultrastruc-
turally unaltered BMs in the absence of either nido-
gen-1 or nidogen-2 (7, 15).

Interestingly, although no deposition of BM compo-
nents was observed with the nidogen fragment G1-G2,
BM components such as the laminin b, y1, and y2
chains could be detected by Western blot analysis in
amounts comparable to those seen in cocultures with
BM deposition. This finding indicates that the lack of
BM deposition had no striking effect on synthesis or
turnover of BM components and implies a profoundly
altered distribution of these components, rendering
them virtually undetectable at the epithelial-collagen
gel interface by immunofluorescence. In support of this
interpretation, immunoelectron microscopy has shown
a very diffuse distribution of laminin-332 and collagen
IV in experiments in which laminin deposition was
blocked and also no major changes in synthesis and
turnover of these components (33).

Ultrastructural analysis revealed a defined BM zone
only under culture conditions in which simultaneous
deposition of the laminin yl chain and collagen IV
occurred, which demonstrates that the activity of nido-
gens to connect laminin and collagen IV is crucial for
BM assembly in this culture system. This finding sug-
gests that nidogens are catalyzing BM assembly by
stabilizing the interactions between these components
at the interface, thereby increasing the critical local
concentration that may be required for BM formation.

This finding also suggests that the nidogen-1 domain
G3, although possibly containing a collagen IV binding
site (14), cannot simultaneously bind to laminin and
collagen IV. This limitation is most likely due to steric
constraints on the accessibility of the collagen IV bind-
ing site and indicates that the binding sites for laminin
and collagen IV in the G3 domain of nidogen-1 are
either spatially overlapping or identical. In contrast, the
G3 domain of nidogen-2 was able to connect laminin
and collagen 1V, pointing to simultaneous accessibility
of the two binding sites without steric hindrance. This
finding was supported by solid-phase binding assays
using collagen IV as the immobilized ligand. These
assays revealed that only the full-length nidogen-1 and
-2, the domains G2-G3 of both nidogens and, most
importantly, the nidogen-2 rod—-G3 domain could me-
diate complex formation between collagen IV and the
soluble ligand, the laminin y1 chain short arm. Ternary
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complex formation could not be detected with the
nidogen-1 rod-G3 domain alone. In line with this,
supplementation of nidogen-expressing cocultures with
an excess of the nidogen-1 rod-G3 domain resulted in
inhibition of BM deposition. The nidogen-2 rod-G3
domain, however, did not interfere with deposition of
laminin and collagen IV, thus reaffirming the different
binding behavior of the G3 domains of nidogen-1 and -2.

The difference in binding activities of the nidogen-1
and nidogen-2 G3 domains is surprising because these
domains show a sequence homology of ~50% and a
comparable modular composition (10). The two G3
domains show a highly conserved structure formed
from 6 LDL receptor (LDLR) YWTD modules, which,
as in LDLR itself, fold into a symmetrical 6-bladed
B-propeller (37, 38). In the G3 domain of nidogen-1,
an additional C-terminal epidermal growth factor
(EGF)-like module is present. However, X-ray crystal-
lography demonstrated that the B-propeller is sufficient
to form a complex with the laminin y1III4 module
(38). The C-terminal EGF-like module is also found in
invertebrates, which have only a single nidogen gene,
suggesting a closer common ancestry to the vertebrate
nidogen-1 (10, 39). Hence, nidogen-2 appears to have
evolved from the vertebrate nidogen-1, retaining struc-
tural and functional similarities. However, changes in
sequence may have caused alterations of binding affin-
ities and accessibility of binding sites. In support of this
assumption, the 3D structure of the complex revealed
that the amino acid residues in the B-propeller of the
G3 domain contacting the y1III4 module are highly
conserved between nidogen-1 and -2. In contrast, the
binding surface contacting the y1III3 module, an inter-
action that is insufficient for binding but augments
affinity, is less well conserved (37, 38), which may
explain the lower affinity of nidogen-2 for the yI1I11I4
module. Taken together with these observations, our
results indicate that sequence changes in evolution
have caused the differences in accessibility of binding
sites in the G3 domains of the two nidogens and would
also change the binding options of the two proteins. In
contrast to nidogen-1, nidogen-2 would be able to bind
perlecan via its G2 domain, simultaneously with bind-
ing collagen IV wia G3. For nidogen-1, this is not
possible because collagen IV and perlecan compete for
the same binding site in domain G2 (40, 41).

In summary, we showed that in the skin organotypic
model system the capacity of either nidogen-1 or nido-
gen-2 to connect laminin and collagen IV is a prereq-
uisite for BM assembly. Interestingly, the linking activity
could be assigned to different domains in nidogen-1
and nidogen-2, which in turn allows for different bind-
ing options of the two nidogens. Different binding
options for nidogen-1 and -2 have been also observed in
vivo. We showed that in mouse skin integration of
nidogen-1 into BMs is completely dependent on the
presence of the high-affinity nidogen-binding module
on the laminin y1 and vy3 chains (19, 20). In contrast,
nidogen-2 is retained within the junctional BM in the
absence of this module, indicating alternative binding
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options for nidogen-2. Coimmunprecipitation experi-
ments with polyclonal nidogen-2 antibodies showed
precipitation of laminin and perlecan in the absence of
the nidogen-binding module, suggesting alternative
binding sites or partners (unpublished data). Interest-
ingly, in skin organotypic cocultures perlecan defi-
ciency did not interfere with BM formation. However,
epidermal morphogenesis was affected, indicating a
functional role of perlecan within BMs (42). Although
nidogen binding to integrins has been reported in vitro
(6, 8, 10), these data strongly argue against a direct role
for integrins or other cell surface receptors in recruit-
ing nidogens to the BM.

These different binding options have no structural
consequence because the dermo-epidermal BM in mice
lacking the nidogen-binding module appears ultra-
structurally normal. However, epidermal hyperprolif-
eration did occur, suggesting functional changes that
could not be compensated for by nidogen-2 (20).
Functional changes have also been observed in skin
wound repair in the absence of nidogen-1 (17), al-
though deletion of either NID gene did not interfere
with skin homeostasis and BM formation (7, 10, 15). In
the absence of nidogen-1 normalization of wound
tissue is affected, showing prolonged epidermal hyper-
proliferation and a delay in epidermal differentiation
as well as alterations in laminin deposition and integrin
B1 and B4 distribution. No such changes have been
observed in the absence of nidogen-2 (17).

In summary, although the different binding options
of nidogen-1 and -2 as shown #n vitro and in vivo have no
structural consequences, the phenotypical differences
between nidogen-1- and nidogen-2-null mice in wound
healing and nerve tissues indicate that they could be of
biological relevance for BM functions.
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