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Abstract

How cell and tissue interactions lead to complex structures and differentiated cell types during organogenesis is
still one of the most fundermental questions in modern molecular biology. Laminin appears to have a role in
branching morphogenesis during organ development. Laminin5 (α3ß3γ2) is an epithelium-specific isoform of
laminin and previous report has shown that two alternative transcripts for the γ2 chain, the longer γ2 and the
shorter γ2*, result from alternative use of the last exon in the human LAMC2 gene. But the transcription of murine
laminin γ2 and γ2* and their biological significance have remained unclear. Type XVIII collagen is a newly
identified member of the collagen family. It may be involved in the Wnt signaling pathway, since its longest N-
terminal variant contains a frizzled domain, which is part of the Wnt receptor and could antagonize Wnt signaling
when secreted. Wnt2b is a new member of the Wnt family. Also its function in organogenesis is unknown. In this
study, we have investigated the expressions of laminin γ2 and γ2*, type XVIII collagen and Wnt2b during mouse
organogenesis. The function of type XVIII collagen in developing lung, kidney and a recombination of ureteric
bud and lung mesenchyme tissue and the function of the Wnt-2b gene during kidney organogenesis were studied
by using the combined methods of traditional experimental embryology and modern molecular biology.

Two alternative laminin γ2 transcripts were demonstrated in mouse. In the developing kidney, the shorter γ2*
form was localized in the mesenchyme, whereas the longer γ2 form was only present in the epithelium of the
Wolffian duct and in the ureteric bud, indicating different functions for the γ2 variants. Type XVIII collagen was
expressed throughout the respective epithelial bud at the initiation of lung and kidney organogenesis. It becomed
localized to the epithelial tips in the early-stage lung, while it was confined to the epithelial stalk region and was
absent from the nearly formed ureteric tips in the kidney. In recombinants of ureteric bud and lung mesenchyme,
the type XVIII collagen expression pattern in the ureteric bud shifted from the kidney to the lung type,
accompanied by a shift in epithelial Sonic Hedgehog expression. The lung mesenchyme was also sufficient to
induce ectopic lung Surfactant Protein C expression in the ureteric bud. A blocking antibody for the type XVIII
collagen reduced the number of epithelial tips in the lung and completely blocked ureteric development with lung
mesenchyme, which was associated with a notable reduction in the expression of Wnt2. The shift in type XVIII
collagen expression in ureteric bud and lung mesenchyme tissue recombinant was also accompanied by the
significant morphological changes in the branching pattern in ureteric bud development. Wnt2b was expressed in
numerous developing organs in the mouse embryo, but it was typically localized in the perinephric mesenchymal
cells in the region that partly overlaps the presumptive renal stroma at E11.5. Functional studies of the kidney
demonstrated that 3T3 cells expressing Wnt2b were not capable of inducing tubule formation but rather stimulated
ureteric development. Recombination of ureteric bud treated with cells expressing Wnt2b and isolated kidney
mesenchyme resulted in recovery of the expression of epithelial marker genes and better reconstituted
organogenesis. Lithium, a known activator of Wnt signaling, was also sufficient to promote ureteric branching in
reconstituted kidney in a manner comparable to Wnt2b signaling.

Our data suggest that different organ morphogenesis is regulated by an intraorgan patterning process that
involves coordination between inductive signals and matrix molecules, such as type XVIII collagen. In the mouse
kidney, Wnt2b may act as an early mesenchymal signal controlling morphogenesis of epithelial tissue, and the
Wnt pathway may regulate ureteric branching directly.

Keywords: patterning, organogenesis, Wnt signaling, epithelial mesenchymal interactions
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BM basement membrane
Bmp bone morphogenetic protein
CDNA complementary DNA
CRD cysteine-rich domain
Dvl dishevelled
ECM extracellular matrix
EGF epidermal growth factor
FGF fibroblast growth factor
Fz frizzled
GDNF glial cell line-derived neurotrophic factor
HGF hepatocyte growth factor
LB/KM lung bud and kidney mesenchyme
LB/LM lung bud and lung mesenchyme
LB/TM lung bud and tracheal mesenchyme
LIF leukemia inhibitory factor
LRP low-density lipoprotein receptor-related protein
MMP matrix metalloproteinase
PBS phosphate-buffered saline
PFA paraformaldehyde
PG proteoglycan
PIFB position index of the first branch
PMT percentage of the module type
RT-PCR reverse transcriptase PCR
SFRP secreted frizzled-related protein
Shh sonic hedgehog
SP-C surfactant protein C
SP/KM spinal cord and kidney mesenchyme
TB/LM tracheal bud and lung mesenhcyme
TGFβ transforming growth factor beta
UB/KM ureteric bud and kidney mesenchyme
UB/LM ureteric bud and lung mesenchyme



UB/TM ureteric bud and tracheal mesenchyme
VEGF vascular endothelial growth factor
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1 Introduction 

The mechanisms by which epithelial and mesenchymal tissue interactions lead to tissue-
specific morphogenesis and the factor(s) that determine the complex organ-specific form
are poorly known. The epithelial branching morphogenesis in different organs is crucial
for the establishment of organ-specific forms and structures. Embryonic lung and kidney
have been proposed as useful models for studying the molecular mechanisms of
branching morphogenesis (Saxén, 1987; Hogan, 1999; Metzger & Krasnow, 1999).
Studies on the inducers involved in the model systems have implicated only a small
number of signaling molecules responsible for the control of organogenesis, such as
fibroblast growth factor (FGF), hedgehog, transforming growth factor beta (TGFβ), Wnt
and epidermal growth factor receptor (EGF-R) binding ligands (for a review, see Hogan,
1999). All these encode secreted factors and can mediate autocrine or paracrine signaling
over short- or long-range distances and regulate cell behavior. The extracellular matrix
(ECM) is also an important component in morphogenesis. It does not only provide a
physical substratum for the spatial organization of cells, but may also play a more active
role in inductive tissue interactions by controlling the activities of growth factors (for a
review, see Hilfer, 1996). Wnt signal transduction via cell surface Fz receptors and low-
density lipoprotein receptor-related protein (LRP) co-receptors is linked to a variety of
cellular processes, including changes in intracellular calcium levels, control of the
molecular machinery associated with cell migration, polarity, adhesion, and cell
proliferation (Semenov et al, 2001; Mao, et al, 2001). Despite the advances in our
understanding of Wnt signaling in cellular function and the finding that several Wnt
genes are necessary for embryogenesis, the mechanisms by which Wnt genes regulate
morphogenesis are not well understood.

In this work, we carried out studies of laminin γ2 and γ2* transcription in the early
kidney development and the expression of type XVIII collagen during lung and kidney
organogenesis. We also investigated the patterning process that involves type XVIII
collagen and its correlation with the change in the epigenesis of the ureteric bud from the
kidney type towards the early lung type. The specific instructive factors in lung
mesenchyme were investigated, and it turned out that the factor(s) in lung mesenchyme
(the most obvious candidate is Wnt2) may interact with Shh and/or type XVIII collagen
to re-specify the ureteric bud branching morphogenesis. The shift in type XVIII collagen
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expression in ureteric bud and lung mesenchyme tissue recombinant is also accompanied
by changes in the branching pattern in ureteric bud development, which was shown by
the significant changes of several morphological parameters. This work also studied the
expression of Wnt2b in developing mouse embryo. By using cells expressing Wnt2b, its
functions during the processes of ureteric bud growth and branching and kidney
reconstitution were further studied. We demonstrated that Wnt2b supports ureteric bud
growth and branching and promotes kidney reconstitution, whereas Wnt4 signaling,
which is sufficient to induce kidney tubules, does not have such functions.



2 Review of the literature 

2.1 General mechanisms of development 

Development has ensured the continuity of life from one generation to the next. How a
fertilized egg, a single cell, divides to produce all the cells of the body has been a mystery
throughout human history (Gilbert, 2000). The advances and applications of molecular
biology have made a breakthrough in the understanding of the mechanisms of
development at the molecular level. There are four events involved in this development:
1) regional specification, 2) cell differentiation, 3) morphogenesis and 4) cell
proliferation (Slack, 2001). At the very early stage of embryogenesis, cells are featureless
and need to become programmed. This process involves intracellular signaling, cell-cell
interactions, cell-matrix interactions and different inducing factors (growth factors,
cytokines or hormones) as well as cytoskeleton, cell adhesion molecules and ECM
components. Genetic signals control all of these events and lead to a complex and unique
type of organ.

2.1.1 Epithelial-mesenchymal interactions

Organogenesis is characterized by coordinated growth and differentiation of cells in
epithelial and mesenchymal cells lineages. Classical tissue separation and recombination
experiments and recent molecular biological proceedings have demonstrated that the
interactions between epithelial and mesenchymal tissues are crucial for organ
development (for a review, see Gurdon, 1992). The interactions between epithelial and
mesenchymal tissues are sequential and reciprocal. The mesenchyme influences the
epithelium, epithelial tissue, once changed by the mesenchyme, can secrete factors that
change the mesenchyme. Such interactions continue until an organ is formaed with
organ-specific mesenchymal cells and organ specific epithelia. In the developing tooth,
for example, the epithelial cells differentiate into enamel-producing ameloblasts and the



18

neural-crest-derived mesenchyme into bone-forming odentoblasts via a set of reciprocal
tissue interactions. Epithelial branching does not occur in the absence of mensechymal
tissue, and mesenchymal cells do not differentiate without signals from epithelial tissue
(Wessells, 1970; Saxén, 1987; for a comprehensive review, see Thesleff et al, 1995).

The change of one differentiated cell type into another is known as 
transdifferentiation, and a number of cell types have been found to undergo such a change 
in tissue culture, partucularly when the culture conditions are altered by addition of 
chemical agents. One typical example can be seen in the pigmented epithelial cell culture. 
A single pigmented epithelial cell from the embryonic chick retina can be growth in 
culture to produce a monolayer of pigmented cells. On further culture in the presence of 
hyaluronidase, serum, and phenylthiourea, they lose their pigment and retinal cell 
characteristic. If cultured at a high density with ascorbic acid, they differentiate as lens 
cells and produce the lens-specific protein crystalline. (Wolpert, et al, 1998). 

2.1.2 Permissive and instructive inductions

The sophisticated inductive events of epithelial-mesenchymal inductive tissue
interactions have been simply divided into ´permissive` and ´instructive` categories
(Saxén, 1977; for a review, see Lehtonen & Saxén, 1986). In instructive induction, a
signal from the inducing cell is necessary for initiating gene expression in the responding
cell. Without the inducing cell, the responding cell would not be capable of differentiating
in that particular way. This means that the target cells possess more than one
developmental option, and the inductive effect leads to the selection of one of them. For
example, when mouse urinary bladder epithelium is combined with urogenital sinus
mesenchyme, it is converted into prostatic epithelium (Cunha et al, 1983). In permissive
induction, the responding tissue contains all the potential needed for expression and only
requires an environment that permits the expression of certain traits. It can also be said
that the final fate of the responding tissue has already been determined, but an exogenous
stimulus is still required for the expression of its phenotype. A typical example is that the
mesenchyme of metanephric blastema is converted into kidney tubules only when
exposed to an inducer, such as ureteric bud. An intermediary form of inductive tissue
interaction has, however, been observed in the skin. Heterotypic and interspecies
combinations between dermal mesenchyme and epidermis have demonstrated that the
type of appendix (feather, hair, scale) is determined by the genetic constitution of the
epidermis, but their size and distribution are directed by the dermis (for a review, see
Lehtonen & Saxén, 1986).

2.1.3 Organ-specific branching morphogenesis

At the early stage of embryogenesis, organs are composed of small epithelial rudiments
surrounded by mesenchymal cells. The interactions between the epithelial and
mesenchymal tissues induce proliferation and branching of the epithelium into the
mesenchyme. It is likely that similar molecular mechanisms exist for the epithelial
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branching program, and different branching organs may share common features both at
the morphological and the molecular levels. But epithelial branching morphogenesis for
different organs is crucial for the establishment of organ-specific forms and structures. In
most organs, however, the patterns of branching are seldom random but rather under
fixed development control, at least in the early branching generations (for reviews, see
Krasnow, 1997; Metzger & Krasnow, 1999). For instance, in early mammalian lung, the
epithelial bud sprouts and sends out lateral branches always in precise, invariant
positions. Whether the epithelium or the mesenchyme possesses the decisive patterning
program is not clear. In most organ systems, specific mesenchymal factors instruct
epithelial morphogenesis and determine the form of the particular organ. The
mesenchyme-common factor and the mesenchyme-specific factor have been postulated to
explain the varying specificity of mesenchymal induction, and the latter may contain
developmentally significant information (Grobstein, 1967; Saxén, 1987). Epithelial cells,
however, seem to differentiate according to their own origin. Recent tissue separation and
recombination experiments have provided further evidence to suggest that the programme
for epithelial branching may be in the epithelium itself and not regulated by
mesenchymal cells (Qiao et al, 1999b). Therefore, either the epithelium or the
mesenchyme may posses the information necessary for organ-specific morphogenesis and
differentiation (for a review, see Thesleff et al, 1995).

2.1.4 Condensation of organ-specific mesenchymal cells

The condensation, or aggregation, of mesenchymal cells has been recognized as one
important feature in morphogenesis. The formation of an aggregate is often a prelude to
the formation of structures in the early stage of developing organs, such as the
mesenchymal aggregates during kidney tubulogenesis. The condensate is localized to a
morphogenetic field consisting of a limited number of cell layers. The condensation
process is connected to the determination of the fate of cells in a morphological field. It is
not known, however, to what extent the mechanisms of condensation are shared in the
various organ systems (for a review, see Thesleff et al, 1995).

2.2 Lung organogenesis 

Lung primordium evaginates as an epithelial bud from the endoderm of the primitive
foregut in the laryngotracheal groove into the surrounding splanchnic mesenchyme in
mouse embryos at the developmental age of about E9.5 (Ten Have-Opbroek, 1991) (Fig.
1A-D). During this process, the embryonic foregut is divided by a longitudinal septum
into two tubes, the esophagus (dorsal) and the trachea (ventral). Shortly after its
appearance, the primordium develops into the prospective trachea and the left and right
primary bronchi. After the conducting airways have been formed, lung growth continues
by sacculation and septation of the peripheral saccules to form alveoli. The alveoli are
lined by specialized epithelial cells (Type I and Type II cells) and vascularized by an
extensive capillary bed to facilitate gas exchange.
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The histological development of mouse lung has been divided into four stages (for a
review, see Kaplan, 2000) (Fig. 1E): (1) pseudoglandular stage (E9.5–16.5): development
of the bronchial and respiratory tree, formation of the undifferentiated primordial system;
(2) canalicular stage (E16.5–17.5): development of terminal sacs and early
vascularization; (3) terminal sac stage (E17.5 to postnatal day 5 (P5)): increase in the
number of terminal sacs and vascularization, differentiation of type I and II alveolar cells;
and (4) alveolar stage (P5–30), when the terminal sacs develop into mature alveolar ducts
and alveoli. In the developing airway, the upper airways are lined with ciliated columnar
cells and mucus secreting cells. The lower airways are lined with Clara cells. The alveoli
are lined with alveolar type I and II epithelial cells. The primitive epithelium of early
murine lung co-expresses a number of lineage markers, including surfactant-associated
proteins.

The lung mesenchyme has been demonstrated, based on its ability to induce early
tracheal epithelium that has been denuded of its own mesenchyme, to branch in a lung-
like pattern. These observations had been repeated and extended by showing that the lung
branching morphogenesis induced in the tracheal epithelium by lung mesenchyme is
accompanied by re-programming of the tracheal epithelial cells to express an alveolar
type II cell phenotype (Shannon, 1994; for a review, see Hogan, 1999), including the
expression of the type II cell-specific marker surfactant protein C (SP-C). But when the
tip of the left bronchus was denuded and covered with its own tracheal mesenchyme, no
branching occurred at the tips of the left bronchus (Wessells, 1970). Therefore, all of the
patterning information is committed to the pulmonary epithelium and the surrounding
mesenchyme.
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Fig. 1. Diagrams showing key events in mouse lung organogenesis. (A) The primitive lung
analage emerging from the ventral surface of the primitive foregut at E9.5 in mouse. (B) The
two primary bronchial branches arise from the lateral aspects of the laryngo-tracheal groove
at E10. (C) The embryonic larynx and trachea with the two primary bronchial branches
separated dorso-ventrally from the esophagus at E10.5. (D) The primitive lobar bronchi
branching from the primary bronchi at E11.5. (E) A schematic rendering of the four
developing stages of mouse embryonic lung (Modified from Warburton et al, 2000).

2.3 Kidney organogenesis 

Development of the metanephric kidney starts with the formation of a Wolffian duct-
derived ureteric bud, which invades the nephric mesenchyme around day 11 of mouse
development in response to a signal from the mesenchyme (Saxén, 1987). Mesenchyme
induction is necessary for the process of further growth and branching of the ureteric bud.
The ureteric bud enters the metanephrogenic mesenchyme and induces the surrounding
mesenchymal cells to condense (Fig. 2). Condensing mesenchymal cells aggregate and
epithelialize to form renal vesicles, which are first comma-shaped and finally S-shaped
bodies that fuse with the branching ureteric epithelium. Tissue interactions play an
important role in kidney development. Without the ureteric bud, there would be no tubule
formation, which shows that the bud emits an inductive signal necessary for tubule
formation. The induction is a reciprocal process because there is also an effect of the
mesenchyme on the ureteric bud. Without the presence of the mesenchyme, the bud
would not arise from the nephric duct and would not continue to grow and branch (for
reviews, see Sariola & Sainio, 1997; Vainio et al, 1999). In a developing kidney, the
ureteric bud mostly carried out dichotomous branching (Saxén, 1987) or rapid bifid
branching (the main stem divides into two) (for reviews, see Sariola & Sainio, 1997; Al-
Awqati & Goldberg 1998; Davies & Davey, 1999). Recent data, however, suggest that
there is also a subtle control mechanism that can add new branches at sites other than the
termini to the developing ureteric bud (for a review, see Davies & Davey, 1999). The
main dichotomous branching pattern of the ureteric bud in an early stage kidney is
different from the lateral branches often present in developing lobule organs. But the
branching pattern of the ureteric bud becomes irregular at the later developing stage and
in the renal cortex area (for a review, see Al-Awqati & Goldberg 1998). The metanephric
mesenchyme has been thought to be very unique in its capacity to support the
proliferation and branching of the ureteric bud (Saxén, 1987). However, recent data have
suggested that the ureteric bud is competent to branch with heterologous mesenchyme,
and that this ability depends on the developmental stage. After the formation of the first
epithelial branch, lung mesenchyme is sufficient to support the early growth and
branching of the ureteric bud (Kispert et al, 1996; Sainio et al, 1997).
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Fig. 2. The early developmental stages of kidney morphogenesis A. Metanephric mesenchyme
condenses around the tip of the epithelial ureteric bud. B. Mesenchyme is induced and forms
a comma-shaped body. C. and D. The epithelialized body elongates and forms an S-shaped
body. Simultaneously, endothelial cells invade the lower crevice of the body. E. and F. The S-
shaped body fuses with the tip of the ureteric bud and the glomerulus expands (modified
from Saxén, 1987).

2.4 Matrix molecules and their roles in organogenesis 

ECM consists of collagens, elastin, proteoglycans (PG), and a variety of specialized
glycoproteins, such as fibronectin and laminin. It is now firmly established that ECM is a
source of essential developmental signals, and cell-ECM interactions are critical in the
regulation of gene expression and morphogenesis. For instance, gene-targeting mice
reveal a contribution of tenascin-C to proliferation and migration in oligodendrocyte
precursors during development (Garcion et al, 2001). Matrix metalloproteinases (MMPs)
are a family of zinc-dependent metalloendopeptidases collectively capable of degrading
essentially all extracellular matrix components. The activity of MMPs is specifically
inhibited by tissue inhibitors of metalloproteinases (TIMPs). Controlled degradation of
extracellular matrix is an essential feature in physiological situations, such as fetal tissue
development, angiogenesis, and tissue repair (for reviews, see Werb et al, 1999;
Johansson et al, 2000). In embryogenesis, the ECM remodelling processes are important
for the morphogenesis of all the fetal organs as well (Canete-Soler et al, 1995; for a
review, see Lelongt et al, 2001).
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2.4.1 Collagen

The collagen superfamily includes 19 proteins formally defined as collagen and several
less well-characterized collagens (for a review, see Myllyharju & Kivirikko, 2001). All
collagen molecules consist of three polypeptide chains, called α chains, that are wrapped
around each other into a triple helix. In each of the polypeptide chains, every third amino
acid is glycine, and thus the sequence of an α chain in a protein can be expressed as (Gly-
X-Y)n, where X and Y represent amino acids other than glycine and n varies in
accordance with the collagen type and domain. All collagens contain a non-collagenous
domain in addition to the actual collagen domains. Most collagens form polymeric
assemblies, and the superfamily can be divided into several families based on these
polymeric structures and other features: (A) collagens that form fibrils containing a long,
uninterrupted stretch of Gly-X- Y repeats (types I, II, III, V, and XI); (B) collagens that
are located on the surface of fibrils and are called fibril-associated collagens with
interrupted triple helices (FACIT) and structurally related collagens (types IX, XII, XIV,
XVI and XIX). Type XII collagen is a representative of FACIT collagens. (C) collagens
that form hexagonal networks (types VIII and X); (D) the family of type IV collagens
found in BMs; (E) type VI collagen, which forms beaded filaments; (F) type VII
collagen, which forms anchoring fibrils for BMs; (G) collagens with transmembrane
domains (types XIII and XVII); and (H) the family of type XV and XVIII collagens. Type
XV and XVIII collagens constitute the newest subgroup, also called MULTIPLEXINS
(proteins with multiple triple helix domains and interruptions) (Oh et al, 1994, for a
review, see Myllyharju & Kivirikko, 2001).

Collagen plays a dominant role in maintaining the structural integrity of various
tissues and organs and also has a number of other important newly identified functions.
Type IIA procollagen functions in the ECM distribution of bone morphogenetic proteins
(Bmps) in chondrogenetic tissue (Zhu et al, 1999). Type XIII collagen is expressed in the
neuronal structures and can enhance neurite outgrowth (Sund et al, 2001). Collagens are
also thought to mediate epithelial-mesenchymal interactions during organogenesis, such
as branching morphogenesis. Still, in collagen I-deficient mouse, the development of all
explants, such as lung and kidney, was normal. Immunostaining of mutant mice revealed
substantial production of collagens III and V, indicating either that collagen I has no role
in the morphogenesis of these organs, or that its function is shared or can be substituted
for by other collagens (Kratochwil, et al, 1986).

2.4.1.1 Type XVIII collagen

Type XVIII collagen was discovered simultaneously by three laboratories in 1994 (Abe et
al. 1993; Oh et al. 1994; Rehn & Pihlajaniemi 1994). It is a component of the basement
membrane (BM) zone characterized by the occurrence of short and long N-terminal
variants (Rehn et al, 1994; Saarela et al, 1998; Saarela, 1998). The variant polypeptide
forms are transcribed from two widely separated promoters (Rehn et al, 1996). Type
XVIII collagen may play roles in morphogenesis and tumorigenesis since its longest
variant contains a Fz domain, homologous to the ligand-binding domain of frizzled
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molecules which act as part of the Wnt receptors (Rehn & Pihlajaniemi, 1995; Rehn et al,
1998; for a review, Wodarz & Nusse, 1998), and its C terminus contains a proteolytic
anti-angiogenic peptide with tumor-suppressing activity, known as endostatin (O’Reilly
et al. 1997; Dhanabal et al. 1999a,b; for reviews, see Cao. 2001; Myllyharju & Kivirikko,
2001). The function of type XVIII collagen, however, is unknown.

The cDNA-derived structure of type XVIII collagen has been determined for mouse
and human (Rehn et al. 1994; Saarela et al.1998). The collagen α1 (XVIII) cDNA
sequence contains an open reading frame of 3420 bp, including ten triple-helical (COL)
domains, varying in length, separated by 11 non-collagenous (NC) regions. Type XVIII
collagen has a region of homology with a large heparin-binding amino-terminal portion
of thrombospondin- 1 (TSP-1). TSP-1 contains adhesive domains, which are required for
cell attachment, and the soluble TSP-1 is a potent inhibitor of angiogenesis (Volpert et al.
1998; Davies et al. 2001). But the significance of the thrombospondin homology of type
XVIII collagen is unknown (Rehn and Pihlajaniemi 1994). Type XVIII collagen also has
characteristics of an heparan sulfate proteoglycans (HSPG), such as long heparitinase-
sensitive carbohydrate chains and a highly negative net charge. In situ hybridization
showed that the main site of expression of collagen XVIII HSPG in the chick embryo is
in the kidney and the peripheral nervous system. As a substrate, collagen XVIII
moderately promoted the adhesion of Schwann cells but had no such activity on
peripheral nervous system neurons and axons (Halfter et al. 1998). The mouse type XVIII
collagen differs from type XV by the presence of variant polypeptide forms characterized
by three N-terminal noncollagenous domains of differing lengths (Fig. 3). The longest
NC1 domain was strikingly characterized by a 110-residue sequence with 10 cysteines,
which was found to be homologous with the previously identified Fz proteins belonging
to the family of G-protein-coupled membrane receptors (Rehn & Pihlajaniemi, 1995).
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Fig. 3. Schematic structures of the full-length variant polypeptides of the mouse α1 (XVIII)
collagen chains. The collagenous sequences are shown in white, the non-collagenous domains
common to all variants are shown in black, the non-collagenous sequences common to both
long variant NC1 domain portions are shown in gray, and the non-collagenous sequence
unique to NC1-764 variant is shown by cross-hatching. The putative signal peptide 1 is
indicated with brisk hatching, and the putative signal peptides 2 are indicated with right
hatching. The lengths of the amino acid sequences (aa) specific to each variant are given, as is
also the length of the common regions. C, cysteine residue; 10C, cluster of 10 cysteine
residues; N, potential N-glycosylation site; 2N, two adjacent N-glycosylation sites; O, potential
O-linked glycosylation site; Fz and tsp, Fz and thrombospondin sequence motifs, respectively;
ac, acidic domain. The cDNA fragments, named ELQ-2.9, used for the production and
purification of the anti-all mo XVIII antibody, and Q36.4, used for the production and
purification of the anti-long moXVIII, are shown above in the schematic structure. (After
Pihlajaniemi & Rehn, 1995; Saarela, 1998).

The Fz domain is an interesting motif. It shows 26-27% identity and 50-51% homology
with the cysteine-rich domain (CRD) found in each of the three previously characterized
´frizzled` proteins, namely, the rat Fz proteins 1 and 2 and the Drosophila Fz protein (for
a review, see Pihlajaniemi & Rehn, 1995). In Drosophila, the extracellular part of the Fz
protein is a tissue polarity receptor for the wingless family of signaling molecules.
Therefore, the corresponding Fz domain in type XVIII collagen may also possess ligand-
binding properties (Pihlajaniemi & Rehn, 1995; Rehn et al, 1998). In addition to being
present in type XVIII collagen, the frizzled domain is a widely used building block that
occurs in a diverse set of proteins, including seven-span transmembrane receptors, the
metallocarboxypeptidase enzyme carboxypeptidase Z, a family of secreted Fz-like
proteins, two subfamilies of receptor protein tyrosine kinases, e.g. the receptor tyrosine
kinase MuSK, and a protein that contains an LDL-receptor class-A domain and
Smoothened (Smo). The occurrence of Fz in this diverse set of proteins suggests that
novel biological functions of this protein family will be discovered in the near future.
(Rehn et al, 1998).
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Type XVIII collagen is abundant in the retina, epidermis, pia, cardiac and striated
muscle, kidney, blood vessels, and lung. Positive staining was notably seen in association
with the blood vessels, but also in the BM zone of the skin and faintly in Bowman’s
capsule in the kidney (Muragaki et al. 1995). In both human and mouse tissue, type
XVIII collagen resides in the majority of the BM zones of many tissue and organs
(Saarela et al, 1998; Saarela, 1998). Type XVIII collagen protein was already visible at
E9 in some BM-like structures, such as liver sinusoids. The staining pattern in embryos
was more restricted by the antibody recognizing the two longer variants, since these
variants were found to reside only in a limited number of BM zones, such as the kidney,
skin and liver sinusoids. The antibody recognizing all type XVIII collagen variants
stained most of the BM zones of the central and peripheral nervous system, the
gastrointestinal system and the cardiovascular system and some of those in the respiratory
system. The short variant is significantly expressed in the tissues where the long variant
is also present, except in liver sinusoids. There are also variant-specific differences in the
distribution of type XVIII collagen during mouse development. The short variant was
found to be expressed evenly throughout the course of development, while the expression
of the long variant became stronger during E11-15 (Saarela, 1998).

2.4.2 Proteoglycans

Proteoglycans (PG) are very diverse molecules, and various combinations of both
different types of proteins and classes of glycoaminoglycan (GAG) chains are found in
vertebrates (for a review, see Perrimon & Bernfield, 2000, 1). The classes of
glycoaminoglucan chains include chondroitin sulfate, keratan sulfate, dermatan sulfate
and heparan sulfate. The structural diversities of PG underlie their various functions. For
example, HSPG bind a number of growth factors, e.g., FGFs, VEGF and epidermal
growth factor (EGF). Interaction with heparan sulfate has been shown to be critical for
growth factor signaling (Bernfield et al, 1999). Two major families of cell surface
HSPGs, namely syndecans and glypicans, have been identified. Syndecans have their
individual expression patterns and functions based on the variable features of their
cytoplasmic and extracellular domains (for a review, see Rapraeger, 2001). Glypicans,
defined as glycosyl phosphotidyl inositol (GPI)-linked HSPG, play essential roles during
embryogenesis (Perrimon N & Bernfield M, 2000). Most likely, glypicans could function
as co-receptors or by determining the activity ranges of morphogens and growth factors
in the control of cell growth and differentiation (for a review, see De Cat & David,
2001). Recent biochemical and genetic studies indicated that glypicans' heparan sulfate
glycosaminoglycans were also critical for endostatin binding, and glypicans serve as low-
affinity receptors for endostatin in renal tubular cells, such as endothelial cells. This
demonstrated a role for endostatin in branching morphogenesis and suggested the critical
importance of glypicans in mediating endostatin activities (Karumanchi et al, 2001).
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2.4.3 Laminin

Laminin is one of the important multifunctional ECM glycoproteins and appears to have
a role in branching morphogenesis (Wright et al, 1999). It is composed of three
polypeptide chains designated α, β, γ. These laminin chains are assembled to form several
heterotrimeric isoforms containing one α, one β and one γ chain that twist around each
other. 12 laminin isoforms have been characterized so far (for reviews, see Tryggvason,
1993; Tunggal et al, 2000). Laminin is an important BM component. It interacts with
specific membrane receptors, such as the integrin molecules. During embryonic
development, laminin is the first synthesized ECM molecule and has been implicated to
play a significant role in the morphogenesis of organs where epithelial-mesenchymal
interactions and branching take place (for a review, see Durbeej & Ekblom, 1997).
Laminin5 (α3β3γ2) is an epithelium-specific laminin isoform, which has been implicated
in junctional epidermolysis bullosa (Fine et al, 1991; Epstein, et al, 1992; Pulkkinen et al,
1994). There are two alternative transcripts for the γ2 chain in human, which is resulted
from alternative use of the last exon in the 3’-end of human LAMC2 gene (Airenne et al,
1996). The longer γ2 transcript contains all the 23 exons of the LAMC2 gene and was
found to be a general product of epithelial cells. In contrast, the shorter γ2* transcript,
which lacks the last exon of LAMC2 gene, had a highly restricted tissue distribution. It
was observed only in 17-week-old cerebral cortex, in lung, and in the distal tubules of the
kidney. The putative γ2* polypeptide differs from the γ2 polypeptide in that it contains 82
residues less at the carboxy terminal (C-terminal) domain I than the γ2 chain. But the
transcription of laminin γ2 and γ2* in mouse and their biological significance has
remained unclear.

2.5 Growth factors and their roles in organogenesis 

Growth factors are mainly proteins, and most of them are secreted from signaling cells.
They bind to specific receptors and activate a signal transduction pathway which may
lead to the activation or repression of specific genes or change cell behaviour and cellular
metabolism. Cumulative data from studies on organ culture, gene targeting experiments
and tissue separation and recombination experiments have suggested that a variety of
soluble specific growth factors, including Wnts, FGFs, TGFβs, EGF-R binding ligands
and hedgehogs, are involved in specific tissue interactions and branching morphogenesis.
(Slack, 2001).

2.5.1 Wnts and organogenesis 

Close to 20 Wnt genes have been identified in mouse so far and the Wnt signaling
transduction pathway functions in various developmental processes, including body axis
formation, development of the central nervous system, axial specification in limb
development, and mouse mammary gland and kidney development (Table 1). Wnts
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encode secreted glycoproteins closely associated with the cell surface and extracellular
matrix and stimulate cells in an autocrine and/or paracrine manner (for reviews, see
Cadigan & Nusse 1997; Hlsken & Behrens, 2000; Pandur & Kuhl 2001; for web site, see
http://www.stanford.edu/~rnusse/Wntwindow.html). When Wnts are secreted from a cell,
they can accumulate in the surface the recipient or donor cell by binding to their
receptors, and ECM molecules, such as PG, appear to be required in these processes (Lin
& Perrimon, 1999).

 
 

Table 1. Wnt gene family and the gene inactivated phenotype (modified from Uusitalo et
al. 1999).

Mouse Wnt gene             -/- phenotype    Reference 
McMahon 1990 Wnt-1  Loss midbrain, loss cerebellum 
Thomas 1990 

Wnt-2 Placental defects  Monkley 1996 
Wnt-2b/13 -  
Wnt-3  Defects in axis formation, early gastrulation 

defect 
Liu 1999 

Takada 1994,  Somites, tailbud defects 
Yoshikawa 1997 

Wnt-3a 

 Loss hippocampus Lee 2000 
Failure in kidney tubule formation Stark 1994 Wnt-4 
Defects in female development; failure in 
Müllerian duct formation 

Vainio 1999  

Truncated A-P axis, reduction of 
proliferating cells and outgrowth  

Wnt-5a 

Defects in developing ears, face and 
genitals 

Yamaguchi 1999 

Wnt-5b -  
Wnt-6 -  

Limb polarity defects, A-P patterning Parr 1995 
Female infertility Parr 1998 
Abnormal development of oviduct and 
uretus 

Miller 1998 

Wnt-7a 

Delayed maturation synapses in cerebellum Hall 2000 
Wnt-7b Placental developmental defects Parr 2001 
Wnt-8a -  
Wnt-8b -  
Wnt -  
Wnt-10a -  
Wnt-10b Inhibition adipogenesis Ross 2000 
Wnt-11 -  
Wnt-15 -  
Wnt-16 -  
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2.5.1.1 The canonical Wnt/β-catenin signaling pathway and the factors

involved

A series of genetic, cell biology and molecular biology studies have identified the nature
and the relative order of the components with the Wnt/wingless signaling pathway
(Cadigan & Nusse, 1997; Miller & Moon, 1996). The receptors of Wnts are members of
the Fz family containing a CRD (Vinson et al, 1989; Leyns, et al, 1997). After binding to
Fz, the Wnt signal is transduced to a cytoplasmic protein, Dishevelled (Dvl). Upon
activation, Dvl then inhibits the activity of glycogen synthase kinase-3β (GSK-3β) by
modulating its enzymatic activity. In the absence of Wnt signals, a complex containing
GSK-3β, Axin, and the tumor suppressor protein adenomatous polyposis coli (APC)
promotes the phosphorylation of β-catenin and results in a reduction of cytoplasmic β-
catenin levels (Fig. 4A). In the presence of Wnt signals, Wnts inactivate GSK-3β and thus
inhibit the degradation of β-catenin. The stabilization of β-catenin results in its
accumulation in cytoplasm. It either enters the nucleus, where it binds to Tcf/Lef, a
transcription factor, and modulates specific gene expression, or it can bind to cadherins at
the plasma membrane, where it stabilizes cell-cell adhesive complexes (Fig. 4B) (for
reviews see Miller et al, 1999; Thorpe et al, 2000).

Fig. 4. Simplified Wnt signaling pathway: (A) In the absence of Wnt, GSK-3β phosphorylates
β-catenin, resulting in its degradation. (B) Conversely, Wnt signaling results in the inhibition
of GSK-3 β, the stabilization of β -catenin and the subsequent translocation of β-catenin to the
nucleus. (After Nusse, 2001).
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Fzs are seven-transmembrane proteins, and ten Fz members have been cloned. The Fz
protein was initially identified by mutation analyses in Drosophila melanogaster, where
the mutations cause abnormal tissue polarity in the epidermis of the wings (Vinson &
Adler, 1987). Recently, Fz5, which specifically synergized with Wnt2 and Wnt5a, was
found to be essential for yolk sac and placental angiogenesis (Ishikawa et al, 2001). Dvl
is a cytoplasmic protein and a positive regulator of the Wnt signaling pathway (Sokol et
al, 1995). Dishevelled proteins possess three conserved domains: a DIX domain, present
in the Wnt antagonizing protein Axin (Zeng et al, 1997), a PDZ domain involved in
protein-protein interactions (Ponting et al, 1997), and a DEP domain found in proteins
that regulate Rho GTPases. In the canonical Wnt pathway, the PDZ domain is necessary.
In the mouse, three Dvl genes have been identified. Studies on transgenic mice suggest
that Dvl-2 is part of the Wnt signaling pathway involved in hair development (Millar et
al, 1999), and Dvl-1 is required for the formation and/or function of specific neuronal
pathways (Lijam et al, 1997). In the complex of Axin, GSK-3β, β-catenin and APC,
GSK-3β efficiently phosphorylates β-catenin, APC and Axin, while Dvl prevents
phosphorylation (Behrens et al, 1998). Axin binds GSK-3β and potently inhibits its
activity in vivo. More interestingly, axin, in addition to facilitating β-catenin
phosphorylation by GSK-3β, can also mediate the inhibition of GSK-3β in response to
extracellular signals, such as Wnts (Hedgepeth et al, 1999). GSK-3β (zeste white-
3/shaggy in Drosophila) was first identified as an inhibitor of glycogen synthase and
subsequently as a negative regulator of Wnt signaling. GSK-3β and its Drosophila
homologue, ZW-3/shaggy, are required for most Wnt functions in different
developmental systems (for a review, see Ferkey & Kimelman, 2000).

Lithium has marked effects on embryonic development and patterning in different
organisms. It has been demonstrated that lithium may mimic Wnt signaling by direct
inhibition of GSK-3β, leading to the accumulation of cytoplasmic β–catenin (Klein &
Melton, 1996; Hedgepeth et al, 1997). One of the Wnt co-receptors is the cell-surface
proteoglycan encoded by the division abnormally delayed gene (Dally). Dally may be
involved in the formation of a multiprotein complex with Fz to regulate both short- and
long-range Wg signaling (Tsuda et al, 1999; Lin et al, 2000). Another Drosophila
glypican gene, dally-like (dly), is also involved in Wg signaling (Baeg et al, 2001).
Overexpression of dly leads to an accumulation of extracellular Wg, which indicates that
dly plays a role in the extracellular distribution of Wg. The family of LDL-receptor-
related proteins (LRPs) was recently found to be required for the canonical Wnt signaling
pathway. A Drosophila mutant, arrow, which encodes a LRP, shows phenotypes similar
to the wg mutant (Wehrli et al, 2000). LRP6 was found to be required for Wnt/β-catenin
signaling act as a co-receptor for Wnt (Pinson et al, 2000; Mao et al, 2001). Mice lacking
LRP-6 exhibited developmental defects similar to those caused by deficiencies in various
Wnt proteins. LRP-5, a close homolog of LRP-6, also functions as a co-receptor for Wnt
proteins in mammalian cells and can transduce the canonical Wnt signal by binding and
recruiting Axin to membranes (Mao et al, 2001). This establishes the physical link
between a Wnt receptor and one of the Wnt intracellular signaling mediators and provides
insights into the mechanism by which a Wnt receptor transduces its signals in the
canonical pathway. Several secreted frizzled-related proteins (sFRPs) that also contain a
CRD have been identified, and some of these can bind and antagonize Wnt proteins
(Lescher, et al, 1998; Ladher et al, 2000). The ECM components, such as type XVIII
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collagen, were shown to contain frizzled-like motifs as well (Rehn & Pihlajaniemi, 1995;
for a review, see Rehn & Pihlajaniemi, 1996). These findings suggest a possible link
between Wnt signaling and ECM. Other Wnt antagonists, such as Wnt inhibitory factor-
1, Cerberus, FrzB, Dickopfs, and Drosophila Naked cuticle, bind to Wnts and block the
interaction with Fz proteins or LRPs (Glinka et al, 1998; Hsieh et al, 1999; Zeng, et al,
2000; for a review, see Niehrs et al, 2001).

2.5.1.2 The Wnt/Ca2+ pathway, the non-canonical Wnt signaling pathway

More evidence has been reported to suggest that Wnts may be qualitatively different and
partly regulated at the level of receptors, and members of the Fz receptor family can also
signal through other intracellular pathways distinct from β-catenin/TCF transcriptional
regulation (Slusarski, et al, 1997). This is called non-canonical Wnt signaling and
characterized by an intracellular Ca2+-release initiated by some Wnts and Fzs in Xenopus
and zebra fish embryos. The cellular response results from interactions of Ca2+-sensitive
enzymes, such as protein kinase C and Ca2+/calmodulin-dependent kinase II (CamKII),
with their targets. Therefore, the Wnt/Ca2+ signaling pathway leads to a release of
intracellular calcium and an activation of protein kinase C (for reviews, see Miller et al,
1999; Kühl et al, 2000). In Drosophila, the Frizzled-regulated polarity pathway of planar
cells involves the small GTPases Rho and the Jun N-terminal kinase. A similar Wnt/JNK
pathway exists in vertebrates to regulate morphogenetic movements, such as convergent
extension during gastrulation. Therefore, Fz receptors can signal through β-catenin-
dependent and -independent pathways.

2.5.2 FGFs and roles of FGFs pathway during organogenesis

FGFs are a family of potent heparin-binding polypeptides that determine the development
of certain cells into mesoderm for the production of blood vessels, limb outgrowth, and
the growth and differentiation of numerous cell types (Gilbert, 2000). In mouse, there are
at least 22 FGF genes, and most of them (FGFs 3-8, 10, 15, 17-19, and 21-23) have
amino-terminal signal peptides and are readily secreted from cells. The FGFs 9, 16 and
20 lack an obvious amino-terminal signal peptide. FGF1 and FGF2 also lack signal
sequences, but they can be found on the cell surface and within the extracellular matrix.
FGF11-14 lack signal sequences and are thought to remain intracellular (for a review, see
Powers et al, 2000). The phenotypes of the inactivation of FGF member in mice range
from very early embryonic lethality to subtle phenotypes in adult mice. FGF10
inactivation causes defects in multiple organs, including limb, lung, thymus, pituitary,
and ear (Min et al, 1998; Sekine et al, 1999; Ohuchi, et al, 2000). FGF9 mutant mice not
only exhibit lung hypoplasia and neonatal death but also show male-to-female sex
reversal, which demonstrates FGF signaling also plays a novel role in testicular
embryogenesis (Colvin et al, 2001a, b). The FGFs within a subfamily have similar
receptor-binding properties and overlapping expression patterns. Some functional
redundancy of FGFs is likely to occur. For example, FGF17 and FGF8 cooperate to
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regulate neuroepithelial proliferation at the midbrain-hindbrain junction. Disruption of
FGF17 in mouse decreases precursor cell proliferation in the medial cerebellar anlage
after E11.5. The loss of an additional copy of FGF8 enhanced the phenotype and
accelerated its onset (Xu et al, 2000). FGFs function by activating a set of receptor
tyrosine kinases called FGF receptor tyrosine kinase receptors (FGFRs). FGFRs contain
two or three immunoglobulin-like domains and a heparin-binding sequence. The binding
of FGF to their receptors is accomplished with the aid of PG, namely syndecan (Jaakkola
& Jalkanen, 1999). Alternative mRNA splicing of the FGF receptor gene specifies the
sequence of the carboxy terminal half of the immunoglobulin domain III, resulting in
either the IIIb or the IIIc isoform of the FGF receptor. This alternative splicing is
regulated in a tissue-specific manner and dramatically affects the ligand-receptor binding
specificity (for a review, see Ornitz & Itoh, 2001). Exon IIIb is expressed in epithelial
lineages, and exon IIIc tends to be expressed in mesenchymal lineages. Ligands specific
for these receptor splice forms are expressed in adjacent tissues, resulting in directional
epithelial-mesenchymal signaling.

2.5.3 Transforming growth factor  superfamily 

The transforming growth factor β (TGFβ) superfamily contains over 30 members of
structurally related polypeptides, including the TGFβ family, the activin family, Bmps,
growth differentiation factors (GDFs) and other proteins, such as GDNF (Gilbert, 2000)
(Fig.4). The TGFβ family (TGFβ1, 2 and 3) is important in regulating the formation of
the ECM and has been implicated in epithelial and mesenchymal interactions, e.g., in the
branching morphogenesis of the kidney and the mammary gland and in the inductive
events of the transdifferentiation of mammary epithelial cells into mesenchymal cells
(Miettinen et al, 1994; for a review, see Mummery, 2001). Mice lacking TGFβ1 exhibit
two different phenotypes. Approximately 50% of them die at mid-gestation due to defects
in yolk sac vasculogenesis and hematopoiesis (Dickson et al, 1995). The other embryos
survive beyond birth (Letterio et al, 1994), but then develop a severe multifocal
inflammatory disorder and die at 3-4 weeks of age (Shull et al, 1992; Kulkarni et al,
1993). TGFβ2-null mice have many developmental defects and die perinatally due to
congenital cyanosis (Sanford et al, 1997). TGFβ3-null mice have delayed lung
development and die shortly after birth (Kaartinen et al, 1995). The activin-like factors
include vg-1, nodal, and nodal-related factors, which are all involved in the induction and
patterning of mesoderm in vertebrate embryos. Bmps were discovered as factors
promoting ectopic formation of cartilage and bone in rodents. The induction of bone
formation is, however, only one of their many functions. Bmps have been found to
regulate cell division, apoptosis, cell migration, and differentiation (Hogan 1996). They
are also involved in the early body plan. There are a number of receptors for the TGFβ
superfamily. TGFβ family members elicit their cellular responses through cell surface
type I and type II receptors. Five type II receptors and seven type I receptors, also termed
activin receptor-like kinases (Alk), have thus far been identified. The type II receptor is a
constitutively active kinase. In all cases, the ligand binds first to a type II receptor and
enables it to form a complex with the type I receptor. The type I serine/threonine kinase
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thereby becomes activated and transduces signals downstream (for reviews, see Derynck
& Feng, 1997). Gene targeting experiments demonstrated that the TGFβ type I receptor is
crucial for the function of TGFβ during vascular development (Larsson et al, 2001).
Activation of this receptor causes phosphorylation of Smad proteins in the cytoplasm.
Smads1, 5 and 8 are targets for Bmp receptors. Smads 2 and 3 for activin receptors. Smad
4 is required by both pathways, and Smad 6 is inhibitory to both by displacing the
binding of Smad4. The phosphorylated Smads then form complexes and translocate into
the nucleus to regulate gene expression.

Fig. 5. Members of the TGFβ superfamily. (After Gilbert, 2000)

2.5.4 Hedgehog family

Vertebrates have at least three homologues of the Drosophila hedgehog gene: sonic
hedgehog (Shh), desert hedgehog (Dhh), and Indian hedgehog (Ihh). Dhh is expressed in
the Sertoli cells of the testis, and mice homozygous for a null allele of Dhh exhibit
defective spermatogenesis (Clark et al, 2000). Ihh is expressed in the gut and in cartilage
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and is important in postnatal development (Vortkamp et al, 1996). Shh is a prototypical
morphogen known to regulate epithelial/mesenchymal interactions and embryonic
patterning during embryogenesis (Bitgood & McMahon, 1995; Gritli-Linde et al, 2001).
Hedge peptide binds to a membrane receptor called patched. It is constitutively active and
is repressed by ligand binding. When active, it represses the activity of another cell
membrane protein, Smo, which in turn activates a Gli-type transcription factor in such a
way that it can move to the nucleus and turn on target genes. In the absence of hedgehog,
patched is active, Smo inactive, and gli inactive. In the presence of hedgehog, patched is
inhibited, Smo is active, and gli is active. Mice lacking Ptc1 activity display constitutive
activation of the hedgehog response genes in target tissues (Goodrich et al, 1997). Smo
mutants reveal redundant roles for Shh and Ihh signaling in the regulation of L/R
asymmetry and demonstrate an absolute requirement for hedgehog signaling in
sclerotomal development and a role in cardiac morphogenesis (Zhang et al, 2001). Shh
could also be an indirect angiogenic factor, since Shh is able to induce robust
angiogenesis by inducing all the three isoforms of the vascular endothelial growth factor
and angiopoietins (VEGF) from interstitial mesenchymal cells (Pola et al, 2001). Ihh is
an endogenous signal that plays a key role in the development of the earliest
hematovascular system, since it can re-specify the prospective neural ectoderm (anterior
epiblast) along the hematopoietic and endothelial (posterior) lineages (Dyer et al, 2001).
The Shh partner, Smo, also contains the Fz domain. The fact that Wnts can specifically
down-regulate Shh and Ptc was shown recently in presumptive dental ectoderm (Sarkar et
al, 2000), but there is no direct evidence of interactions between Wnt and Smo so far
(Nusse, 1996).

2.5.5 Other growth factors

Some other factors, such as EGF-R ligands, platelet-derived growth factors (PDGF),
hepatocyte growth factor (HGF) and insulin-like growth factors (IGFs) may each play an
important role during development. By acting through a common EGF-R the EGF-R
ligands, which include EGF, TGFα, betacellulin, amphiregulin (AR) and heparin-binding
EGF (HB-EGF), are related to several organ developments, such as tooth, lung and
kidney, (Miettinen, et al, 1995, 7, 9; Partanen et al, 1998; Okada et al, 2001; for a review,
see Miettinen, 1997). HGF may function via the HGF/c-met pathway and collaborate
with FGFs in lung branching morphogenesis (Ohmichi et al, 1998).

2.6 Growth factors and matrix molecules in lung organogenesis 

Lung development takes place within a complex milieu of cytokines, peptide growth
factors and matrix molecules (Hilfer, 1996; Warburton et al, 1998, 9; 2000) (Fig. 6A).
These factors drive the lung bud through pseudoglandular stage, canalicular stage,
terminal sac stage and alveolar stage. For details of the factors implicated in lung
development see, http://www.ana.ed.ac.uk/anatomy/database/lungbase/lunghome.html.
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Among these growth factors, Shh is the key factor in the control of branching
morphogenesis (Pepipecelli, et al, 1998). It is widely expressed in the distal lung
epithelium. Ectopic expression of Shh disrupts branching in the transgenic lungs, but no
change could be observed in Bmp4, Wnt2 and FGF7 gene expression (Bellusci et al,
1997b). In the Shh deficient mice, Bmp-4 was distributed normally but at higher levels.
Wnt7b expression was not altered, but Wnt2 was down-regulated. This supports the
assumption that the primary target of Shh signaling is the lung mesenchyme and indicates
that mesenchymal signaling is abnormal in Shh deficient mice (Pepipecelli, et al, 1998).

In the developing embryonic lung, expressions of Bmp5 and Bmp7 are detected in the
mesenchyme and the endoderm, respectively, whereas Bmp4 expression is restricted to
the distal epithelial cells and the adjacent mesenchyme. Constitutive expression of Bmp4
in transgenic mice results in small lungs with grossly distended terminal buds and
inhibition of epithelial proliferation (Bellusci et al, 1996). Therefore, Bmps, particularly
Bmp4, are considered to be among the key growth factors essential for lung development.
The pathways of Shh and Bmp4 were initially thought to be independent of each other in
embryonic lung development, since Bmp4 does not change the following overexpression
of Shh (Bellusci et al, 1997b). The fact that the phenotypes of SP-C-Shh and SP-C-Bmp4
transgenic lungs are very different suggests this hypothesis as well. Nevertheless, it had
been speculated that Shh secreted by the distal tip epithelium may regulate the expression
of Bmp4 and/or Wnt2 in the adjacent mesenchyme (Bellusci et al,1996). In line with this
speculation, Bmp4 was found to be expressed at the normal sites but at higher levels in
Shh mutants, suggesting that enhanced Bmp4 signaling could contribute to the blocking
of Shh signaling. Therefore, Bmp4 may coordinate with Shh and be involved in lung
morphogenesis by locally inhibiting epithelial proliferation at the tips of the end buds
(Bellusci et al, 1996; Pepipecelli, et al, 1998).

Among the growth factors originating from lung mesenchyme, FGFs play distinct
roles in regulating lung epithelial branching. A breakthrough in identifying the
mesodermal factors controlling lung morphogenesis came with the targeted expression of
a dominant negative FGF receptor (FGFR2IIIb) in the endoderm of transgenic mouse
embryos (Peters, et al, 1994). FGFR2 is normally expressed in airway epithelium from
the early embryonic lung bud stage through late fetal lung development (Peters et al,
1992; Orr-Urtreger et al, 1993). In dominant negative FGFR2IIIb transgenic embryos, the
trachea and the primary bronchi developed normally, but no secondary or terminal buds
were present. More evidence of the role of FGF in epithelial/mesenchymal signaling has
been obtained both in vitro and in vivo. FGF7 (KGF) and FGF10 were expressed in the
lung mesenchyme. Ectopic FGF7 caused cystadenomatoid malformation in the fetal lung,
associated with disrupted branching morphogenesis in vivo (Simonet, et al, 1995).
Component deletion experiments by applying neutralized KGF antibody or antisense
KGF oligonucleotides in a mesenchyme-free tracheal bud matrigel culture showed that
FGF7 is necessary for lung branching morphogenesis as well. But FGF7-deficient mice
develop normally, indicating that FGF7 is not required for embryonic lung development
or other factors may compensate to maintain normal development in its absence (Post et
al, 1996).

FGF10, which has a higher affinity for FGFR2 (Arman et al, 1999), is expressed in a
complex and dynamic pattern in the mesenchyme near the positions where new buds are
emerging. FGF10 appears to direct early bronchial branching and seems to be used
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repeatedly to pattern successive rounds of branching. The buds grow toward areas of
FGF10-soaked, implanted bead, and ectopic branches grow out and target the bead
(Bellusci et al, 1997a). Interestingly, FGF10 deficient mice show a striking phenotype -
the absence of lungs with just a blind-ended trachea remaining. Therefore, FGF10 is
absolutely required for the normal patterning and development of lung epithelium (Min,
1998; Sekine et al, 1999). FGF and Bmp signals may form a regulatory network and have
been proposed as prime candidates for mediating the epithelial-mesenchymal interactions
in many organ systems (Thesleff et al, 1995; Martin, 1998; Tickle, 1999). It has been
demonstrated that Bmp4 and FGF10 play opposite roles during lung bud morphogenesis
(Weaver et al, 2000). FGF10 and Bmp4 are expressed in developing lung in dynamic and
complementary expression patterns (Bitgood & McMahon, 1995; Bellusci et al, 1996,
1997a; Park et al, 1998). FGF10 upregulates Bmp4-lacZ expression in the endoderm
closest to the bead. Exogenous purified Bmp4 added to the culture medium inhibits
FGF10 induction. However, the Bmp-binding protein Noggin enhances FGF-induced
morphogenesis. FGF10 can induce Shh and mouse Sprouty in the same way as it induces
Bmp4. Bmp4 inhibits epithelial proliferation and may hence limit branch growth. HGFs
have also been implicated in normal and abnormal lung morphogenesis (Ohmichi et al,
1998).

Besides Wnt2, other Wnts are also expressed in embryonic lung, such as Wnt2b,
Wnt5a and Wnt7b (Zakin et al, 1998; Clark, et al, 1993). However, their functions during
lung organogenesis are not known. Members of the Sprouty family are inducible negative
regulators of growth factors that act through tyrosine kinase receptors and directly
antagonize FGF and EGF signals. In vitro and in vivo investigations of the mouse Sprouty
gene have demonstrated that Sprouty2 functions as a negative regulator of embryonic
lung branching morphogenesis by inhibiting FGF10 (Mailleux et al, 2001). TGFβ1, 2, 3
and TGFβR1 and TGFβR2 are differently distributed in embryonic lung. Both TGF-β1
and TGF-β2 inhibit pulmonary branching morphogenesis. The TGFβ3-null mutation
leads to an immature neonatal lung phenotype, which is rapidly fatal. Therefore,
activation of TGFβ/TGFβR signaling negatively regulates the lung branching
morphogenesis. (For a review, see Kaplan, 2000). EGF signaling is also important for
lung branching morphogenesis. In EGF receptor mutant mice, the lung had impaired
branching and deficient alveolization, which resulted in a respiratory distress-like
syndrome (Miettinen, et al, 1995, 7; for a review, see Kaplan, 2000). Fetal rat pulmonary
epithelium undergoes proliferation and differentiation in the absence of mesenchyme,
when cultured in the presence of various growth factors, such as EGF (Deterding &
Shannon, 1995).

In embryonic lung, VEGF is expressed in the epithelium and its receptor, Flk1, is
detected in the mesenchyme. VEGF is required for lung mesenchyme vasculogenesis and
it is suggested to be involved in lung morphogenesis as well (Breier et al, 1992, 5). SPC-
VEGF transgenic mice die after birth and disrupt the branching morphogenesis (Zeng et
al, 1998). TGFβ1 may perturb embryonic lung epithelial differentiation and inhibit
vascular development in the lung by cross-talking with the VEGFs-Flk pathway (Zeng et
al, 2001).

The morphogenesis and differentiation of the embryonic lung do not only depend
upon reciprocal interactions between mesenchymal and epithelial cells, but also depend
on cell-extracellular matrix interaction. A variety of ECM proteins, including collagen,
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nidogen, laminins, fibronectin, HSPG, and chondroitin sulfate proteoglycan, are known to
be important in embryonic lung development (for a review, see Durbeej & Ekblom,
1997). Type IV collagen and elastin co-distribute in the lungs during development and are
concentrated at the epithelial-mesenchymal interface (Mercer and Crapo, 1990).
Incubation of lung explants in the presence of collagen synthesis inhibitors alters fetal
lung branching. Type VI collagen has been predicted to have an important structural role
in matrix organization and a biological function in mediating cell-matrix interactions. It is
expressed notably in mouse embryonic lung, and the staining was concentrated
underneath the epithelium (Marvulli et al, 1996).

Nidogen is an integral BM component produced by mesenchymal cells in the lung
(Senior et al, 1996). It contains EGF domains, which interact with laminin and may
regulate lung development (Ekblom, 1996; Schuger, 1997). Laminin-1 is expressed in the
developing mouse lung by epithelial and mesenchymal cells and plays a role in branching
morphogenesis. Different laminin sites are engaged in promoting lung organogenesis by
serving different functions during development. The cross region of laminin-1 selectively
promotes epithelial cell proliferation. The outer globular region of α1 and β1 chains
mediates BM formation and epithelial cell polarization. The inner globular region of
laminin β1 chain stimulates lumen formation (Schuger, 1997).

The laminin α2 chain is expressed in developing lung (Flores-Delgado et al, 1998). It
is deposited in the bronchial epithelial BM and adjacent to the peribronchial
mesenchymal cells. Functional studies of laminin α2 chain have shown that its expression
coincides with the period of active bronchial myogenesis (Virtanen et al, 1996), and
laminin α2 expression is reversible and can be switched on and off by altering the cell’s
shape in culture in smooth muscle myogenesis of developing lung (Relan et al, 1999).
Anti-laminin antibodies block epithelial polarization and inhibit airway development
(Schuger et al, 1995). This provided powerful evidence of the functional importance of
the specific BM-related molecules. Accordingly, it has also been shown that
undersulfated ECMs potentiate type II cell responses to certain growth factors, while
heavily sulfated ECMs retard the same response (Sannes et al, 1993).

Adhesion of cells to the ECM is critical for lung branching. The null mutation of
integrin α1β1 leads to embryonic death prior to lung formation, while the null a3β1
mutation results in reduced bronchial branching (Kreidberg et al. 1996). The expression
of fibronectin (FN) was most intense in the BMs of vessels and airways, suggesting that
FN may affect vessel formation, alveolar epithelial cell differentiation and lung growth
and maturation (Roman et al, 1992). Elastin is developmentally regulated in developing
lung and seems to influence the lung organogenesis (Pierce et al, 1995). Recently, studies
on the morphological changes and the distribution of MMPs and TIMP2 in developing
lung demonstrated that MMPs and their inhibitors might contribute to the formation of
airways and alveoli in fetal lung development (Fukuda et al, 2000).

Likewise, the key transcriptional factors, including the thyroid transcription factor-1
(TTF-1), HNF-3β, and the hepatocyte nuclear factor family of forkhead homologues, the
GATA family of zinc finger factors (such as Gata-6), Gli genes, homeodomain proteins,
as well as the basic helix-loop-helix factors, have been implicated in lung branching
morphogenesis, cell differentiation, and lung-selective gene expression (for reviews, see
Perl and whitsett, 1999; Minoo, 2000; Costa et al, 2001).
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Fig. 6. A schematic presentation of the expression patterns of different transcription factors,
proto-oncogenes, growth factors, cell adhesion and ECM molecules in the early developing
lung (A) and kidney (B). The dotted lines delineate induced mesenchymal cells around the
tips of the ureteric bud. For abbreviations, see page 2 and the text.

2.7 Growth factors and matrix molecules in kidney development 

The complex development of the kidney is governed by sequential cell and tissue
interactions, and multiple signaling systems have to be operative to coordinate the
development between the epithelial compartment of the ureter and the metanephric
mesenchyme (Saxén et al, 1986). The molecular basis of how the ureteric bud develops
into the complex tree-shaped structure of the renal collecting duct system remains unclear
(Pohl et al, 2000a) This multiple complex process apparently involves the consequently
activated genes and both contact-mediated and secreted signals, such as growth factors,
matrix molecules, and transcription factors (Saxén, 1987; Vainio & Müller, 1997) (Fig.
6B). For details and updated information, see the web site of kidney development
database: http://golgi.ana.ed.ac.uk/kidhome.html.

Among these growth factors, GDNF plays a pivotal role in the process of ureteric bud
branching morphogenesis (Sainio et al, 1997; for reviews see Sariola & Sainio, 1997;
Schedl and Hastie, 2000; Davies, 2001). GDNF is a mesenchyme-derived signal for
ureter budding and branching. GDNF is expressed at high levels in the metanephric
blastema prior to the invasion of the ureteric bud, and the inactivation of GDNF function
perturbs the initiation of ureteric bud and kidney development (Sanchez, et al, 1996;
Pichel et al, 1996; Moore et al, 1996). Moreover, local application of the GDNF bead
induces an ectopic ureteric bud from the Wolffian duct (Sainio et al, 1997; Pepicelli et al,
1997). The expression of c-ret is visible in the mesonephric duct and becomes restricted
to the growing ureteric tip as soon as induction has started (Pachnis et al, 1993). C-ret is
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expressed in a region adjacent to GDNF expression, and in vitro studies have shown that
c-ret binds GDNF (Durbec et al, 1996). Mice lacking c-ret or its co-receptor GDNF-α1
have the same phenotype as GDNF deficient mice (Jing et al, 1996). The importance of
GDNF/c-ret signaling has also been shown by ectopic expression experiments in
transgenic mice (Srinivas et al, 1999a). Recently, it has been shown that impressive
branching of an isolated ureteric bud occurs in the absence of kidney mesenchyme, when
it is cultured in an appropriate matrix context with GDNF and soluble factors secreted by
a metanephric mesenchyme cell line (BSN cells) (Qiao et al, 1999b). This suggests that
GDNF is the key soluble factor obtainable from the metanephric mesenchyme. The
GDNF function via c-ret contributes to the growth and proliferation of the ureteric bud
and it may be needed to regulate the expression of the other genes involved in renal
development, such as PG. By binding to the cadherins present in the kidney mesenchyme,
GDNF could contribute to the regulation of adhesion between the mesenchyme and
epithelial cells (Sariola and Sainio, 1997).

Eya1, a transcription factor belonging to the homeobox gene family, and WT1, which
is encoded by the Wilms’ tumor suppressor gene, may be the upstream genes that regulate
GDNF expression (Kreidberg et al, 1993; Xu et al, 1999). Mice mutated for Eya1 lack
expression of GDNF. However, in WT1 deficient, GDNF remains in the mutant
mesenchyme, although the ureteric bud is not induced (Donovan et al, 1999). GDNF
signaling can be inhibited by Bmp4 (Miyazaki et al, 2000). Bmp4 is expressed in the
mesenchymal cells surrounding the Wolffian duct and the ureteric stalk, whereas the
candidate receptors for Bmp4, Alk3 and Alk6, are expressed in the Wolffian duct and the
ureteric epithelium. Embryos homozygous for null mutations of Bmp4 die between E6.5-
10.0. But several defects, including cystic kidneys accompanied by urinary tract
anomalies, were found in Bmp4 +/- embryo (Dunn, et al, 1997). Wnt 11 is known to be a
target molecule of GDNF-c-ret signaling (Pepicelli et al, 1997). The inhibition of GDNF
signaling by Bmp4 has also demonstrated the downregulation of Wnt11 expression at the
tip of the ureteric bud. And furthermore, Bmp4 determines the site of initial ureteral
budding on the Wolffian duct and promotes the growth and elongation of the ureter.
Human recombinant Bmp4 severely distorts the branching and growth of the ureteric bud
in vitro (Raatikainen-Ahokas, et al, 2000). In cultured kidney with Bmp4 present, the
ureteric tips displayed normal expression of c-ret, but WT1 and Pax2 expression in the
nephrogenic mesenchyme was inhibited. Therefore, Bmp4 might distort ureteric
branching primarily via molecular changes in the metanephric mesenchyme rather than in
the ureteric epithelium.

Several other Bmps, including Bmp2, 5 and 7, are also expressed during renal
development (for reviews, see Hogan, 1996; Kuure et al, 2000). Bmp7 is highly
expressed in the Wolffian duct, the ureteric bud and its branches and also in the
pretubular aggregates. In Bmp7 deficient mice, few or no nephrons are formed, which
shows that a loss of Bmp7 function leads to renal defects likely to result in a progressive
loss of nephrogenic mesenchyme by apoptosis. The mutant mesenchyme progressively
undergoes apoptosis, and the expression of WT1, Pax2 and Wnt4 genes is reduced
(Dudley et al, 1995; Luo et al, 1995). Bmp-7 induces tubulogenesis when added to
uninduced metanephric mesenchyme (Vukicevic et al, 1996). Recent studies, however,
demonstrated that Bmp7 signaling prevented apoptosis of the metanephric mesenchyme,
but the metanephric mesenchyme is not competent to respond to signals promoting
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tubulogenesis. In conjunction with FGF2, Bmp7 promotes growth and maintains
mesenchymal competence in vitro (Dudley et al, 1999). Bmp7 may cooperate with Wnt4
to regulate the specification of tubular structures as well (Godin et al, 1998; for a review
see Kuure et al, 2000). Further insight into the role of Bmp7 has demonstrated that Bmp7
exerts dose-dependent and opposite effects on the ureteric bud and the collecting duct
morphogenesis in vitro. At low doses (0.5 nM), Bmp7 stimulates tubular number, length,
and branching, while at higher doses (10 nM), it generates shorter, unbranched tubules
(Piscione et al, 1997, 2001). Bmp2 is expressed in the metanephric mesenchymal cells
adjacent to the ureteric bud branches and collecting ducts. Early embryonic lethality of
the Bmp2 deficient mice has precluded the study of Bmp2 functions during renal
development. Nevertheless, treatment of embryonic kidney explants with Bmp2 has been
found to inhibit branching morphogenesis (Zhang and Bradley, 1996; Piscione et al,
1997, 2001). Thus, Bmp2, 4 and 7 all have a survival effect on isolated metanephric
mesenchyme, but they simultaneously have distinct effects on kidney development
(Raatikainen-Ahokas et al, 2000).

Wnt proteins may function as the classic metanephric inducer because Wnt1-
expressing cells are able to induce tubulogenesis in the metanephric mesenchyme
(Herzlinger et al, 1994). Wnt1 may mimic another Wnt in the experiments, since Wnt1 is
not present in the developing kidney. Several Wnt proteins are expressed in the non-
endogenous inducer spinal cord, suggesting that Wnts may be involved in metanephric
induction. At least 5 Wnt genes that are expressed in the developing kidney have been
identified so far, including Wnt4, 6, 7b, 11 and 15. Wnt6, Wnt7b and Wnt15 expressed in
the ureteric bud and the collecting duct, Wnt11 at the ureteric tips, and Wnt4 in the
metanephric mesenchyme and the tubules (Stark et al, 1994; Kispert et al, 1996, 8;
Carroll et al, 2001; for a review, see Carroll and McMahon, 2000). Wnt4 mutants have
severely hypoplastic kidneys, which implies that Wnt4 is necessary for tubulogenesis
(Stark et al, 1994). Wnt4 is also a sufficient signal for nephrogenesis in vitro (Kispert et
al, 1998).

In the absence of Wnt4, the metanephric mesenchyme condenses normally, and the
early induction markers WT-1, Pax-2 and N-myc are induced but it fails to aggregate into
pretubule clusters and to undergo tubulogenesis. Wnt4 is a mesenchymal factor that is
involved in the transition of tubular mesenchyme to epithelium and acts downstream of
the initial inductive events by controlling cell adhesion possibly via cadherins expressed
between induced pretubular cells (for reviews, see Vainio et al, 1999; Uusitalo et al,
1999; Kuure et al, 2000). Interestingly, the ureteric epithelium of a mutant kidney
undergoes several rounds of branching, and the expression of ureteric gene markers, such
as c-ret and Wnt11, remain unchanged, suggesting that Wnt4 does not play a role in the
ureteric growth and branching process. Wnt7b may not be involved in the process of
tubular induction, since it is expressed in the stalk rather than at the tips of the ureteric
bud. But the facts that Wnt7b is persistently present in the ureteric bud and the branches
derived from it, and that its amount increases during development toward adulthood
suggest that Wnt7b may play a role in duct maintenance or growth rather than induction
(Nguyen et al, 1999; for a review, see Carroll and McMahon, 2000). It has been shown
that Wnt expression and Wnt signaling are modulated by PG (Davies et al, 1995). The
interference of PG synthesis leads to a loss of Wnt-11 expression at the ureteric tips
(Kispert et al, 1996).
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Some Wnt receptors, Fzs, are present at the early stages of nephrogenesis as well. For
example, chick Frizzled-4 (cFz-4) was expressed in a similar pattern as Wnt4 in the chick
metanephron (Stark et al, 2000). The sFRPs are also normally expressed and serve
functions in the developing metanephros (Leimeister et al, 1998). sFRP2 is a target of the
Wnt4 signaling pathway in the metanephric kidney and may modulate Wnt4 signaling
(Lescher, et al, 1998). Its expression is overlapped by Wnt4 during metanephric
development, but is lost in the Wnt4 mutant metanephric mesenchyme and co-induced
with Wnt4 in isolated metanephric mesenchyme by cells expressing Wnt4. sFRP1 is
distributed in the stroma in the metanephros. sFRP1 and sFRP2 may compete locally to
regulate Wnt signaling during renal organogenesis. Both tubule formation and bud
branching were markedly inhibited by sFRP1, but concurrent sFRP2 treatment restored
some tubular differentiation and bud branching (Yoshino et al, 2001). Recently, one
elegant study has shown that the ureteric bud cell line secreted factors LIF, FGF2 and
TGFβ2 are able to induce metanephric mesenchymal tubulogenesis (Barasch, et al, 1999;
Plisov et al, 2001). LIF is expressed in the ureteric bud at E12.5, which is consistent with
its role as an inducer. LIF deficient mice, however, do not show kidney abnormalities
(Escary et al, 1993), suggesting that additional factors are required for the inducetion of
nephrogenesis in vivo. These may include members of the Wnt family, such as Wnt11, or
cell surface proteins, such as integrins. The effect of LIF was abrogated by neutralization
of Wnt ligands with sFRP1, and the combined growth factor stimulation of explants
augmented TCF1/Lef1 activation, suggesting that LIF and TGFβ/FGF2 function through
a common Wnt-dependent mechanism.

It has been proposed that renal stroma is an important signaling center for
nephrogenesis. Inactivation of the stromal-specific winged-helix transcription factor BF-2
results in a defect in the ductal system and in nephrons (Hatini et al, 1996). Two other
stromal components, RARα and RARβ2, are involved in the controlling of the ureteric
branching system. Retinoic acid signaling may be essential for maintaining stromal
function. In mice carrying heterozygous mutations for stromally expressed RARα2 and
RARβ2 receptors, defects in ureteric bud growth were observed (Mendelsohn et al,
1999), including the downregulation of ureteric bud specific markers, such as c-ret and
Wnt11. Both in vivo and in vitro experiments suggest a role for FGFs in kidney
development (Celli et al, 1998; Karavanova et al, 1996; Qiao et al, 1999a). Furthermore,
FGF2 is one of a limited number of factors that induce ureteric bud cells to undergo
morphogenesis (Sakurai et al, 1997). In transgenic mice, the ectopic expression of a
dominant negative form of FGFR causes kidney agenesis and a loss of Pax-2 expression.
KGF is expressed in stromal cells adjacent to the truncal portions of the ureteric bud and
the collecting duct branches (Qiao et al, 1999a). KGF mutation results in decreased
growth of the ureteric bud and collecting ducts, while exogenous administration of FGF7
augments ureteric bud growth (Qiao et al, 1999a). Therefore, FGF7 could be a
stimulating growth factor expressed by renal stromal cells. A recent analysis of Glypican3
(Gpc3) mutant mice showed that Gpc3 modulates the actions of stimulatory and
inhibitory growth factors, such as Bmp and KGF, during branching morphogenesis in
embryonic kidney explants (Grisaru et al, 2001). Gpc3 is expressed in the ureteric bud
and the collecting duct cells. Gpc3 deficiency abrogated the inhibitory activity of Bmp2
on branch formation in embryonic kidney explants, converted Bmp7-dependent inhibition
into stimulation and enhanced the stimulatory effects of KGF.
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The composition of the ECM and the cell matrix-interaction apparently influence
ureteric bud branching morphogenesis and kidney organogenesis (Ekblom et al, 1981;
Sariola et al, 1984; for a review, see Davies and Davey, 1999). The interactions between
laminin-1 and other BM components are important for epithelial morphogenesis in the
kidney (for a review see, Durbeej & Ekblom, 1997). In the embryonic kidney, laminin
has been found in the induced mesenchymal cell condensates that later form kidney
tubules, and in the BMs of vessels, nephric tubules and glomeruli (Ekblom et al, 1980a).
Triggered by the branching ureteric bud kidney morphogenesis is preceded by the
disappearance of certain interstitial proteins from the induced areas, namely fibronectin,
collagen type I and type III, which are replaced by a set of basal membrane proteins,
collagen type IV, laminin, and a heparan sulfate rich proteoglycan . Experiments with
chimeric kidneys have shown that in the tubular BM laminin is derived from the
epithelial cells but, in the glomerular BM, it has a dual origin (Sariola et al, 1984). Only
laminin B chain, but not the A chain, is expressed in the undifferentiated nephrogenic
mesenchyme. Further investigations also show that the laminin A and B chains are
synthesized differentially in the embryonic nephrogenic tissue. The BM around the
ureteric bud is labeled by the antibodies against laminin A and B chains. In the
mesenchyme, laminin A chain appears when the mesenchyme converts into tubules
(Holm et al, 1988). The laminin A chain is fundamental for the initiation of cell polarity
during kidney tubulogenesis, since antisera against the carboxy terminal of laminin
inhibited polarization, but antisera against the N-terminal of laminin failed to inhibit
kidney morphogenesis (Klein et al, 1988). The laminin α1 chain is expressed in rat
glomerular BMs and some other types of epithelial BM. But, β2 chains are only detected
during advanced stages of glomerulogenesis and vascular development. The α5 chain
could be a major α chain of the glomerular BM (Durbeej et al, 1996). The distributions
suggest a key role for these molecules in the epithelial-mesenchymal interactions
necessary for kidney development.

Transgenic mice lacking either integrin α3β1 or integrin α8β1 chains show reduced
collecting duct development, the α8β1 -/- phenotype being more dramatic than the α3β1 -
/- (Kreidberg et al, 1996; Müller et al, 1997). Both of these deficients are interesting, as
neither molecule is expressed in the duct itself, suggesting that the known ECM ligands
for integrin α8β1 are either dispensable for or not involved in α8β1 signaling during
kidney development, or that the collecting duct phenotype is merely secondary to
changes in the mesenchyme. The phenotype also suggests the presence of an unknown
ligand. To solve the mystery, one extracellular matrix protein, nephronectin, was
identified recently. Nephronectin, which contains five EGF-like repeats is expressed in
the ureteric bud epithelium and is believed to be the ligand mediating α8β1 function in
the kidney (Brandenberger et al, 2001; Miner 2001).

PG of the cell surface and the extracellular matrix, such as syndecan-1, are also
important for ureteric growth and branching (Vainio et al, 1989; Pohl et al, 2000b). If
their glycoaminoglucan chains are removed or altered, developing ureteric buds fail to
grow or branch (for a review, see Davies & Davey, 1999). No mesenchymal condensation
occurs if the heparan sulfate 2- sulfotransferase gene is inactivated (Bullock et al, 1998).
In this mutant, Wnt11 is undetectable, and both c-ret and GDNF decrease rapidly. It has
been proposed that PG are involved in the branching and growth processes by attracting
growth factors near the cell membrane and by making them readily avaible for
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interactions with local receptors with higher affinity or to release them. Without normal
glycoaminoglucans, for instance, fibroblasts become very much less responsive to FGF2
(Rapraeger et al, 1991).

A growing number of reports suggest that MMPs and its inhibitor TIMPs play a role in
renal development. MT1-MMP (MMP-14), an activator of pro-MMP-2, is expressed in a
similar pattern to MMP-2 within immature nephron structures, while MMP-9 localizes
only to the invading vascular structures (Tanney et al, 1998). Both MT-1-MMP and
MMP-2 antisense oligodeoxynucleotide (ODN) block the development of embryonic
metanephros in the culture. On the other hand TIMP-2 antisense ODN induced a mild
increase in the size of explants. Concomitant exposure of MT-1-MMP and MMP-2
antisense ODNs induced profound alterations in the metanephroi. Treatment of TIMP-2
antisense ODN to metanephroi exposed to MT-1-MMP/MMP-2 antisense notably
restored the morphology of the explants. The MT-1-MMP antisense ODN also resulted in
a failure in the activation of pro-MMP-2 to MMP-2. Therefore, MT-1-MMP, MMP2 and
MMP9 modulate the organogenesis of the metanephros by mediating paracrine/juxtacrine
epithelial-mesenchymal interactions (Kanwar et al, 1999). It has been reported that anti-
MMP9 IgGs and the natural inhibitor of MMP9, TIMP1, impair renal morphogenesis
(Lelongt et al, 1997). Strangely kidney development is normal in the MMP9-deficient
mice (Andrew et al, 2000). To explain the discrepancies, it has been proposed that MMP9
activity is possibly required for kidney development in vitro but not in vivo. There may
also be another enzyme able to compensate MMP9 activity in vivo. Another explanation
is that the antibodies and TIMP-1 may somehow, either directly or indirectly, disrupt the
cell-cell or cell-matrix interactions that are necessary for branching morphogenesis and
this cause the phenotype in vitro (for a review, see Lelongt, et al, 2001).



3 Outlines of the present research 

There is evidence to suggest that matrix molecules, such as laminin and collagen, interact
with other factors and play a role in the branching morphogenesis of developing organs.
However, the transcription of lamininγ2 and γ2* in mouse and their biological
significance has remained unclear. The newly identified type XVIII collagen contains a
Fz motif, which is implicated in the Wnt signaling pathway. The CRD is involved in
ligand binding as part of the Wnt receptor and could function as an antagonist for Wnt
signaling when secreted. Powerful evidence is accumulating to show that Wnts and Fz
play very important roles during vertebrate development and mammalian organogenesis
(Cadigan & Nusse 1997; Mao et al 2001). As type XVIII collagen has been discovered
recently, its function during organogenesis and its possible correlations with signaling
molecules, such as Wnts are still being elucidated.

Wnt2b, initially called Wnt13, is a new member of the Wnt gene family. Wnt2b was
cloned by PCR, and its cDNA fragment was found to share 66.9% amino-acid homology
with human and mouse Wnt2 (Katoh et al 1996). Its wide expression in many developing
human fetal organs suggests that it may be involved in normal human development or
differentiation. Recently, Wnt2b has been shown to function as an ectopic limb inducer
(Kawakami et al, 2001). However, no other functional study on Wnt2b has been reported
so far.

Therefore, the aims for this research were:

1. to study the expression of laminin γ2 and γ2* in the developing kidney and the
expression of type XVIII collagen in the developing lung and kidney

2. to explore the functions of type XVIII collagen in the branching morphogenesis of 
lung and kidney and its possible roles in correlation with other signaling molecules 
during the patterning process of ureteric bud  

3. to study the possible differences of the lung and kidney types of branching
morphogenesis by using computerized morphological analysis and to provide some
applicable parameters for studying epithelial morphogenesis

4. to determine the mRNA transcription of Wnt2b gene during the different
developmental stages of mouse embryo
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5. to explore the functions of Wnt2b in kidney tubulogenesis and ureteric bud
branching morphogenesis



4 Material and methods 

More detailed descriptions of the materials and methods are presented in the original
articles I-IV.

4.1 Mouse strains, organs and tissues (I-IV) 

The CD-1, Rosa-26 (Soriano, 1999) and green fluorescent protein (GFP) (Hadjantonakis,
et al, 1998) mouse lines were used for the experiments. The vaginal plug was used as a
criterion for mating (0.5 days of gestation). Organs or tissues were isolated from embryos
of different stages in Dulbecco’s PBS and/or cultured for different periods, depending on
the purpose of the experiments. The lungs were isolated from E9.5-14.5 embryos, and the
urogenital blocks or kidneys were isolated from E10.5-15.5 embryos.

4.2 Organ culture methods (I-IV) 

The organ cultures were performed according to Vainio et al. (1993). The dissected organ
rudiments were placed directly on slices of Nuclepore filter (pore size 0.1 mm, Costar)
supported by stainless steel grids. The culture medium, i.e. Dulbecco´s modified Eagle´s
medium (MEM, Gibco), was supplemented with 20% foetal bovine serum (FBS) (Gibco)
and penicillin/streptomycin (GibcoBRL). The samples were incubated in 5% CO2 in
humidified air at 37 °C, and the medium was changed every other day.

4.3 Tissue recombination (II-IV) 

The tissue separation and recombination experiments were mainly made as described in
previous publications (Vainio et al, 1993; Shannon et al, 1994). Most of the tissue
separation and recombination experiments were carried out on E11.5 mouse embryos if
not otherwise indicated. The organ rudiments were incubated for two minutes in 3%
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pancreatin/trypsin (GibcoBRL, UK) in Tyrode´s solution. The epithelium and
mesenchyme of organ rudiments were separated microsurgically in the culture medium.
Several different types of heterotypic and homotypic recombination were carried out,
such as ureteric bud and lung mesenchyme (UB/LM), lung bud and kidney mesenchyme
(LB/KM), ureteric bud and kidney mesenchyme (UB/KM), and lung bud and lung
mesenchyme (LB/LM). Additional combinations included tracheal bud and lung
mesenchyme (TB/LM), lung bud and tracheal mesenchyme (LB/TM), and spinal cord
and kidney mesenchyme (SP/KM). GDNF (PeproTech, USA) was always added to the
culture medium in the UB/KM recombination.

4.4 Hanging drop assays and agarose bead experiments (II, IV) 

The hanging drop assay was conducted according to Vainio et al. (1992). The isolated
ureter buds were washed before and after incubation in a hanging drop with 30-35 µl of
culture medium. When we tested the function of GDNF in triggering the ureteric bud
competence in response to lung mesenchyme, the medium in the hanging drop contained
100ng/ml of human recombinant GDNF. Bovine serum albumin (BSA) (Sigma, USA)
was used as control. When we studied the function of Wnt2b in a kidney reconstitution
assay, Wnt2b expressing cells dissociated by trypsin EDTA were used in the hanging drop
culture. Cells expressing Wnt4 or Wnt6 and untransfected NIH 3T3 cells served as
controls. In the kidney reconstitution assay, the subculture time in the hanging drop was 2
to 4 hours. The bud was washed extensively to remove the cells and recombined with
kidney mesenchyme that had been separated. We generated the agarose beads containing
GDNF, FGF2, FGF7, FGF10 and BSA respectively by using affi-gel blue agarose beads
(100-200 mesh, 75-150 nm diameter; Bio-Rad, UK) (Vainio et al, 1993).

4.5 Ureteric bud cultured with functional cell lines and kidney 

reconstitution assays (IV) 

To study the functions of Wnt2b signaling, two general approaches were applied. One
was the culturing of the ureteric bud with 3T3 cells expressing Wnt2b. The isolated
ureteric bud was placed on top of a monolayer of 3T3 cells expressing Wnt2b. 3T3 cells
expressing Wnt6 or Wnt4, untransfected cells and normal culture media were used as
controls. The other assay was the kidney reconstitution assay. Ureteric buds preincubated
with 3T3 cells expressing Wnt2b or 3T3 cells expressing Wnt4 in the hanging drop assay
were recombined with kidney mesenchyme. Double staining of the brush-border antigen
and cytokeratin Endo-A was used to visualize the tubules and epithelial structures,
respectively. The numbers of branching tips and mesenchymal aggregates were used to
estimate the extent of kidney reconstitution. 3T3 cells expressing Wnt2b were tested for
their ability to induce kidney tubules similarly to Wnt4, and this was done according to
Kispert et al. (1998).
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4.6 Antibodies, whole-mount and section immunostaining (II-IV) 

The ELQ and Q36.4 antibodies against type XVIII collagen have been described by
Saarela et al. (1998). ELQ recognizes all the three isoforms, whereas Q36.4 is directed
against the two longest isoform (Fig. 3). The concentration of ELQ and Q36.4 antibodies
used for immunostaining was 20 µg/ml. The TROMA-I antibody against cytokeratin
Endo A was from the Developmental Studies Hybridoma Bank (USA), and the antibody
against mouse pulmonary surfactant protein C (SP-C), m-20, was from Santa Cruz
Biotechnology, Inc. (USA). The antibody against the brush-border antigen was from Dr.
Ekblom (Ekblom et al, 1980b). The secondary antibodies used were peroxidase-
conjugated donkey anti-rabbit IgG and donkey anti-rat IgG, TRITC or FITC-conjugated
donkey anti-rabbit IgG, TRITC or FITC-conjugated donkey anti-rabbit IgG and Biotin
SP-conjugated mouse anti-goat IgG (Jackson Immuno Research Laboratories, Inc, USA).
The normal bovine serum was also from Jackson Immuno Research Laboratories, Inc,
and the normal goat serum from DAKO (Danmark).

Samples cultured on a nuclepore filter were fixed in methanol-dimethyl sulfoxide
(DMSO) (4:1) overnight at +4°C. The whole-mount immunostaining was done according
to Marti et al, (1995). Diaminobenzidine (DAB) and aminoethylacarbazole (AEC)
(ZYMED, USA) were used as substrates for the peroxidase-conjugated secondary
antibodies. The single or double labeling for whole-mount immunofluorescence was
according to Sainio et al. (1997). The β galactosidase / antibody double staining was
accomplished by performing the β-galactosidase staining first, followed by the whole-
mount immunostaining. For immunohistochemistry, the samples were fixed overnight in
4% paraformaldehyde (PFA), after which 8 µm paraffin-embedded serial sections were
cut. The SP-C antigen was localized according to Hsu et al. (1981).

4.7 Inhibition of Type XVIII collagen function by a specific antibody 

(II) 

Tests were performed to determine the active concentrations of the ELQ antibody
required for the blocking experiments in organ culture, and thereafter a concentration of
120 µg/ml was used. For the UB/LM recombinants, isolated lung mesenchymes were
preincubated for one hour after separation in a medium containing 120 µg/ml of ELQ,
recombined and subcultured in the presence of the antibody. Antibody binding was
visualized by adding peroxidase-coupled anti-rabbit IgG as a secondary antibody.

4.8 Probes, whole-mount and section in situ hybridization and 

staining of explants (I, II, IV) 

The details for preparing the laminin γ2 and γ2* probes and the Wnt-2b probe is described
in the articles I and IV, respectively. Probes specific for all mRNAs encoding the mouse
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a1l (XVIII) collagen chain (Rehn and Pihlajaniemi, 1995) was used. The other probes
were: Shh (Bellusci, et al, 1997b), Wnt11 (Kispert, et al, 1996), Wnt2 (McMahon and
McMahon, 1989), Wnt7b (Parr, et al, 1993), Sox-9 (Wright, et al, 1995), Fgf10 (Bellucsi
et al, 1997a), Bmp4 (Bellusci et al, 1996), Gli 1-3 (Motoyama et al, 1998) and CC10
(Whitsett, 1998). All of these were obtained as gifts. A probe for mouse SP-C was
obtained as an expressed sequence tag cDNA (Gbacc AA511605, Genome Systems,
USA) and was confirmed by sequencing.

Whole-mount and radioactive in situ hybridization, the synthesis of non-radioactive
and 35S-labelled RNA probes were described in the articles II & IV. The double staining
for mRNA and protein was also based on the protocol described by Parr et al. (1993),
with some modifications. The β-galactosidase stainings of cultured whole-mount samples
were performed according to Nonchev et al. (1996) and those for section samples
according to Bobola et al. (1995). For histological analysis, the whole-mount stained
explants were embedded in glycolmethacrylate (JB-4; Polysciences Inc, USA) and
sectioned at 8-10 µm.

4.9 RNA isolation and RT-PCR (I, IV) 

RT-PCR was used to verify laminin γ2, γ2* and Wnt2b expression. For Wnt-2b RT-PCR,
embryonic lung and kidney at E11.5, E12.5 and E13.5 were dissected in Dulbecco’s PBS
and stored in RNA later (Ambion) until used for RNA isolation. Total RNA was isolated
with the RNAeasy Mini Isolation Kit (Qiagen), and RT-PCR was performed with the
Robust RT-PCR kit (Finnzymes) according to the manufacturers’ instructions.

4.10 Photography and Image Analysis (I-IV) 

The photography of the whole-mount stained samples and the radioactive in situ is
described in the articles II, III and IV. A Leitz confocal microscope (Leica, Germany) was
used for monitoring fluorescence in the explants. For the time lapsed studies, the
recombinants of GFP-UB/KM and GFP-UB/LM samples were photographed every 24
hours. Digital photomicrography was used to acquire the images. Image analysis was
performed using the Scion Image analysis software (version beta 3b, Scion corporation,
USA), which was also used to generate the skeletons and to measure the parameters. The
composites were generated using the Adobe Photoshop v5.0 program.

4.11 Cell proliferation assay (II) 

The apoptotic cells were visualized by using an in situ cell detection kit (Boehringer
Mannheim). See article II. Bromodeoxyuridine labeling and detection of the explants was
carried out using a cell proliferation kit (RPN 20, Amersham Life Science, UK)
according to Sainio et al, (1997).



5 Results 

5.1 Laminin γ2 and γ2* expression in developing kidney rudiments (I) 

Kidney is one of the most extensively studied tissues regarding laminin expression. In
PCR analysis, both the longer γ2 and the shorter γ2* transcripts were found to be
expressed at the E11, 12, 13, 15, 16 and 17, newborn and adult stages. However, the
amount of the γ2 transcript was constantly higher than that of γ2* transcription (Fig. 3, I).
To further elucidate the biological function of γ2 and γ2* transcription, a whole-mount in
situ analysis was carried out. The laminin γ2 transcript was strongly expressed in the
epithelial tissue of the ureteric bud and its branches. After branching, gene expression
was intensely localized to the growing tips. Expression was also seen in the Wolffian
duct. In contrast to the γ2 chain transcript, the γ2* transcript was only localized to the
meso- and meta-nephrogenic mesenchymal cells adjacent to the inductive epithelium.
The short γ2* transcript was spatially adjacent to the γ2 transcript. However, its
expression was weak. No expression was detected in the perinephric region of the
metanephros (Fig. 4, I).

5.2 Expression of type XVIII collagen in embryonic lung and kidney 

(II) 

At the initiation of lung and kidney organogenesis (E10.5), when the epithelial bud grows
into mesenchyme, type XVIII collagen mRNA is uniformly present in the epithelial bud in
both of these organs. Type XVIII collagen is seen on the basal side of the epithelium and
in some endothelial cells of the lung mesenchyme. During the formation of the first
branches, type XVIII collagen expression localized to the lung epithelial tips and was lost
from the stalk area, while an opposite pattern was observed in the kidney, where both
type XVIII collagen protein and mRNA were lost from the branching ureter tips. This
differential expression pattern persisted during the subsequent developmental stages (Fig.
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1A-J, II). The different expression patterns of type XVIII collagen were compared to
those of type IV collagen, which showed no difference in the epithelial expression
patterns between the lung and the kidney. Therefore, the differences in type XVIII
collagen expression pattern between the lung and the kidney correlate with the type of
early epithelial development.

5.3 Specific branching pattern in embryonic lung and kidney (II, III) 

The spatial and temporal appearance of early epithelial buds was followed in vivo and in
vitro in mouse lung and kidney. Image analyses of the organ rudiments revealed specific
branching patterns in them. In the cultured lung, several secondary lateral epithelial side
buds grow out of the two primary branches, initially in an unbranched state. Since at least
three side branches usually grow, the branching is called the 1-3 type, i.e. three side
branches develop from one previous one. During the later stages of development (E11.5 +
72 hours) of subculture, the branches of the lung develop according to the 1-3 type and
invariantly in view of position, whereas a few other types of branching also take place at
the later stages (Fig. 2B, 2C, arrows, III). Therefore, studies of the time course of the lung
type of branching and epithelial skeletonization were performed. Statistical analyses of
samples cultured for 72 hours lung revealed that over 80% of the branches were of the 1-
3 type, i.e. at least three lateral epithelial buds were growing out of a primary branch.
This type of branching, in which the majority of branches are of the 1-3 type, is referred
to as "lung-type" branching. The percentage for the module is also termed as the
percentage of the module type (PMT).

In the kidney the secondary branching is mainly dichotomous after the formation of
the first primary branch and tends to follow the 1-2 type, in which each tip generates two
new ones (Fig. 1L-V, II; Fig. 1-3, III) (also see Saxén, 1987). After culturing for 72 hours
from E11.5, side branches also appear in the kidney sample (Fig. 3B, 3C, arrows, III). By
contrast to lung, an average of 88% of the ureteric branches in the kidney were
dichotomous, i.e. each epithelial tip had generated two new tips. In other words, the PMT
in developing kidney is 88%. Therefore, the 1-2 type was defined as "kidney-type"
epithelial development (Table 3A, III).

In addition to calculating the PMT, other parameters were further developed to
characterize the lung or kidney type of epithelial development, e.g. the number of
branched tips, the length of the left and right main branches, the first angle of the
branched epithelium, and the position index of the first branch (PIFB). All of the
parameters demonstrated the differences between the lung and kidney types of epithelial
branching morphogenesis (Table 1, 2, III; Fig. 5A, 5B, III). Therefore, embryonic lung
and kidney possess their own distinct branching patterns during the process of epithelial
branching morphogenesis.
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5.4 Lung mesenchyme is sufficient to completely respecify type XVIII 

collagen expression in the ureteric bud towards the lung type (II, III) 

The different expression of type XVIII collagen during epithelial morphogenesis suggests
a role for epithelial-mesenchymal interactions in the process of type XVIII collagen
patterning, and this was tested by the tissue recombination approach (Fig. 2A-C, II).
Control experiments showed that separation and recombination of the respective
epithelial bud and mesenchyme restored the lung specific (tip type) or kidney specific
(stalk type) of type XVIII collagen expression. In heterotypic recombinants between the
lung mesenchyme and the ureteric bud, type XVIII collagen expression disappeared from
the stalk and was instead localized in the epithelial tip cells, constituting the early lung
type. This was observed both with the antibody ELQ reconizing all the type XVIII
collagen variants and with the Q36.4 antibody (Fig. 2D-G, II). The anti-long Q36.4
specifically recognizes only the two longest type XVIII collagen variants (Saarela, et al,
1998). Interestingly, even the long variants were respecified to a lung-type location in the
epithelial tip cells, even though these two isoforms are not expressed normally in early
embryonic lung (data not shown). Hence, repatterning also occurred with the variants
directed by separate promoters, suggesting that the signals involved in the patterning
process also integrate variant-specific mechanisms of type XVIII collagen gene
regulation.

5.5 Respecification of type XVIII collagen was associated with early 

lung type ureteric bud branching morphogenesis and induction of SP-

C (II, III) 

To test whether the respecification of type XVIII collagen expression in the ureteric bud
was accompanied by other properties associated with the lung, we first monitored
epithelial morphogenesis by image analysis. As expected, the early lung type of epithelial
branching (mostly 1-3 type branching) and the kidney type (typically 1-2 type branching)
were observed in homotypic lung and kidney recombinants, while all the UB/LM
recombinants in which morphogenesis had begun (n = 38) showed ureteric branching that
resembled that of early invariant lung more than the kidney type. More specifically, 84%
of the branches in the recombinant samples cultured for 120 hours (n = 23, 235 branches
calculated) showed the 1-3 type branching, while only 16% showed the 1-2 type
branching. Calculations of the average tip number and PIFB values provided further
evidence of the changes in morphogenesis and the reprogramming of the ureteric bud. All
the values of a heterotypic recombinant were significantly different from those of kidney
samples but similar to those of lung samples (Fig. 2H-M; Table 3B, Fig. 6, III).

SP-C, a marker for type II pneumocytes, is expressed in the distal lung bud epithelium.
The SP-C mRNA and protein were expressed in the embryonic lung but not in the kidney,
whereas other differentiation markers, TTF-1 and CC-10 were present in both of these
organs and are not organ-specific in this context. SP-C gene expression was also induced
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in the ureteric bud when it was grown together with lung mesenchyme (Fig. 6A-G, II),
whereas no significant changes were recorded in the expression of the HNF-3β, or CC-10
genes (data not shown). Therefore, the respecification of type XVIII collagen in
heterotypic tissue recombinants was accompanied by changes in the branching pattern,
and suggest that lung mesenchyme may function as an instructive inducer tissue and
change the status of cell differentiation in the ureteric bud.

5.6 Type XVIII collagen is important for lung development and 

ureteric bud patterning (II) 

Anti-all type XVIII collagen (ELQ) was used to test the role of the type XVIII collagen
repatterning process in reprogramming the ureteric branching profile. Lung
organogenesis was noemal after addition of 120 µg/ml of preimmune IgG to the culture
medium (data not shown), while the same concentration of anti-all ELQ reduced lung
branching (Fig. 3A-C, II), but had no clear effect on kidney development (data not
shown). During the three-day culture period the number of lung epithelial tips increased
in the preimmune IgG-treated explants, while the treatment with anti-all ELQ resulted in
an average of 34% decrease in the tip number (Table 1, II). To monitor for signals that
could be involved in the functioning of type XVIII collagen, we screened for the
expression of three genes implicated in lung development, Wnt2, FGF10, and Shh, after
type XVIII collagen antibody blocking. Wnt2 expression was markedly reduced in the
lung mesenchyme, whereas no difference was detected in the expression of FGF10 or
Shh (Fig. 3D-N, II). The smaller size of the lung samples cultured in the presence of type
XVIII collagen antibody suggested changes in cell proliferation and/or apoptosis. IgG-
treated control lungs contained apoptotic cells in the distal tip mesenchyme but not in the
epithelium, whereas the whole mesenchyme and epithelium were undergoing apoptosis in
the ELQ-treated lung. Consistent with the increase in apoptosis, also cell proliferation in
the epithelium and mesenchyme was reduced in the ELQ-treated explants (Fig. 3O-R, II).
Furhtermore, ColXVIII antibody treatment also impaired bung branching. Hence, type
XVIII collagen is important for lung development.

Analysis of the UB/LM recombinants indicated that branching of the ureteric bud
remained unchanged within lung mesenchyme in the presence of preimmune IgG. The 21
out of 36 explants that had initiated growth represented the average ureteric growth
without any IgG treatment. Unexpectedly, the type XVIII collagen antibody almost
completely blocked morphogenesis in the heterotypic tissue explants: only one out of the
37 explants initiated development (Fig. 3S-U, II; Table 2, II). This suggests that type
XVIII collagen itself is required for the ureteric bud to initiate epithelial development in
heterotypic recombinants and probably it has a major role in the epithelial patterning.
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5.7 Search for the mesenchymal factor and the epithelial mediator 

involved in the ureteric bud and type XVIII collagen repatterning 

process (II) 

Our attempts to identify the mesenchymal signals involved in the repatterning of type
XVIII collagen led to the conclusion that FGF10 is essential for lung organogenesis and
is expressed specifically in mesenchymal cells, but does not appear to be lung-specific. It
was also expressed weakly in the kidney mesenchyme, and its expression persisted
adjacent to the ureter bud in the recombinants (Fig. 5P-R, II). Wnt2b was also present in
mesenchymal cells in both organs and remained expressed in the recombinants, whereas
Wnt2 (McMahon and McMahon, 1989) was expressed only in the lung mesenchyme in
both homotypic and heterotypic recombinants (Fig. 5S-U, II). The role of the distal tip
mesenchyme and certain growth factors in bud formation and in promoting type XVIII
collagen expression in the lung epithelium was further tested using the tracheal tube as a
model system (Shannon, 1994). The distal tip mesenchyme induced ectopic tracheal
epithelial budding and type XVIII collagen expression, suggesting a role for type XVIII
collagen in epithelial budding, whereas neither FGF2, FGF7, FGF10 beads nor Wnt2b
cells alone could replace the distal tip mesenchyme in these functions. These beads were
also unable to reprogram the expression of type XVIII collagen in the ureteric bud of
recombinants when implanted in the lung mesenchyme (Fig. 5V-Z´, II). The
respecification of type XVIII collagen expression apparently involves factors that act in
the ureteric bud to mediate responses to mesenchymal repatterning signals. Screening
was therefore initiated for the secreted factors implicated in lung and kidney
development. Of these factors, the expression of a morphogen, Shh, correlated with type
XVIII collagen expression in lung and kidney. Respecification of type XVIII collagen in
the tissue recombinants was associated with a change in Shh expression in the distal tip
cells, and thus Shh in the epithelial bud was repatterned completely by the lung
mesenchyme in a manner similar to type XVIII collagen (Fig. 5A-C, II). Several other
epithelial markers, including Wnt7b, Wnt11 and Sox9, and also Gli1-3 and Bmp4, failed to
demonstrate such a repatterning response in the recombinants (Fig. 5D-O, II). Laminin
γ2, which was one of the matrix molecules under study in this work, was also tested in
the heterotypic tissue recombinants. It is expressed in the ureteric bud in normal
developing kidney, and no significant changes were observed in the UB/LM heterotypic
tissue recombinants (data not shown). Hence, the factor involved in patterning type XVIII
collagen may be different or combinationally signaling, and Shh is a candidate signal to
be involved in the control of tissue-specific morphogenesis and type XVIII collagen
expression.
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5.8 Wnt2b gene is expressed in several epithelial-mesenchymal 

derived organs (IV) 

To explore the potential role of Wnt2b during organogenesis, its expression in mouse
embryos at E11.5-15.5 was examined. Wnt2b is expressed in several organs or tissues
(Fig. 1, IV; Fig.2, IV). The most interesting fact to us is that the Wnt2b gene is expressed
in several epithelial-mesenchymal derived organs, such as limb, lung and kidney. In the
kidney, weak expression is seen in the perinephric cells that encapsulate the
differentiating mesenchyme at E11.5 and the mesenchymal cells in the region close to the
stalk of the ureter. The expression area of Wnt2b is close to site of BF-2, a winged-helix
transcription factor and also a marker of presumptive stromal cells (Fig. 2D-F, IV). Its
expression in kidney was undetectable by whole-mount in situ hybridization at E13.5, but
RT-PCR analysis confirmed the presence of transcripts at E11.5, E12.5 and E13.5 kidney.
Wnt2b expression is most closely associated with cells that either encapsulate developing
organs or lie a few cell layers away from the epithelial tissue in the mesenchyme.
Therefore, the expression pattern of Wnt2b suggests that it may play a role in the control
of epithelial or mesenchymal morphogenesis during organogenesis.

5.9 Wnt2b fails to induce tubulogenesis in co-cultured kidney 

mesenchyme but promotes ureteric bud survival and growth (IV) 

The 3T3 cellsexpressing Wnt2b protein were generated to assess whether Wnt2b could
have paracrine effects on neighboring tissues. As Wnt2b is expressed in the kidney
mesenchyme, and as Wnt signaling has previously been implicated in the induction of
kidney tubules (Stark et al, 1994; Kispert et al, 1998), we were interested to test if Wnt2b
could act as an inducer of tubulogenesis. The kidney mesenchyme was separated from the
ureteric bud and placed on a monolayer of NIH 3T3 cells expressing Wnt2b or Wnt4 or
in contact with a piece of dorsal spinal cord. Co-culturing of the mesenchyme samples
with cells expressing Wnt2b did not induce tubules (Fig. 3, IV). The expression of Wnt2b
in the mesenchyme and its lack of activity in kidney tubule induction assays suggested
that it might alternatively function as a reciprocal signal to control the growth and
branching of the epithelial bud. To test this option, we analyzed the influence of Wnt2b
on isolated E11.5 kidney ureteric buds by culturing them on a monolayer of cells
expressing Wnt2b. Neither the control NIH 3T3 cells nor the 3T3 cells that expressed
Wnt6, another Wnt protein, stimulated ureteric growth. In contrast, the fibroblasts that
expressed Wnt2b protein had a significant effect on epithelial survival and growth (Fig.
4A-C, IV). The effect of 3T3 cells expressing Wnt4 on ureteric branching was also
investigated. A degenerating epithelial remnant was detected in 24% of the 58 samples,
and when detected, the bud was more rudimentary than that grown on control 3T3 cells.
The rest of the samples completely lacked the ureteric bud (Fig. 4D, IV). Therefore,
Wnt2b signaling is operational during kidney organogenesis. It does not play a direct role
in kidney tubule induction, but may specifically play a role in the control of epithelial
growth and branching.
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5.10 Recombination of Wnt2b-pre-treated ureteric bud tissue with 

isolated nephrogenic mesenchyme results in a recovery of 

organogenesis (IV) 

The ureteric bud epithelium has been thought to be the primary inducer of nephrogenesis
in the developing kidney (Saxén, 1987). However, when separated from the mesenchyme
and cultured for any length of time, the ureter is a relatively poor inducer of
tubulogenesis in reconstituted kidney explant cultures. Having observed that Wnt2b
signaling may promote epithelial proliferation and branching, we developed a hanging
drop assay to test more directly its role in kidney organ culture (Fig. 5, IV). The separated
ureteric bud was preincubated in a hanging drop with normal medium or media
containing lithium, normal 3T3 cells, or 3T3 cells expressing Wnt2b or Wnt4 for various
lengths of time before washing and recombination with kidney mesenchyme. When
isolated ureteric buds were incubated in normal medium for 4-6 hours and then
recombined with freshly isolated kidney mesenchyme, no reconstitution of kidney
organogenesis occurred in most cases, which was consistent with the previously
published reports (Sariola et al, 1989). Similarly, preincubation of isolated ureteric buds
with NIH 3T3 cells was not sufficient to promote the recovery of good kidney
reconstitution. On the other hand, preincubation of the ureter with cells expressing Wnt2b
followed by recombination with kidney mesenchyme led to a remarkable recovery and
reconstitution of in vitro kidney development. The Wnt2b-treated ureteric bud epithelia
initiated branching morphogenesis and tubules were induced, as judged by double
staining of the reconstituted explants with antiserum against the brush border and
cytokeratin Endo-A (Table 1, IV; Fig. 6A-C, IV). The timing of the reconstitution
response of the ureteric bud was also monitored. Two out of six samples (33%) initiated
development and poor reconstitution after a 2-hour preincubation with cells expressing
Wnt2b, whereas 12/13 (92%) initiated organogenesis and good reconstitution after a 4-
hour preincubation of the isolated ureteric bud. We conclude that preincubation of the
ureteric bud with 3T3 cells expressing Wnt2b not Wnt4 promotes ureteric branching and
subsequent tubule induction in kidney mesenchyme in vitro (Fig. 6D, IV; Fig. 7, IV).

Having demonstrated that Wnt2b acts to induce ureteric development, we were
interested to find out whether the ureteric bud would also be patterned normally. C-ret,
Wnt11 and Sox9, which are expressed at the tips of the ureteric bud in normally
developing kidney explants, were located similarly in the reconstituted organs. The data
suggest that patterning of the epithelium in the reconstituted explants occurs normally,
confirming that the fetal kidney mesenchyme plays an important role in maintaining the
capacity of the ureteric bud to undergo branching morphogenesis, and further
demonstrating that the effect of the mesenchyme can be mimicked by Wnt2b (Fig. 8A-F,
IV).
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5.11 Lithium is also sufficient to promote ureteric branching in the 

reconstituted kidney in a manner comparable to Wnt2b signaling (IV) 

To test whether Wnt signaling could act directly on the ureteric bud epithelium to
regulate bud development, we applied lithium treatment, which has been reported to
activate the Wnt signaling pathway by inactivating glycogen synthase kinase 3β (GSK-
3β) (Hedgepeth et al, 1997). A separated ureteric bud was incubated for 30 minutes in a
solution containing 10 mM lithium chloride, after which the lithium was washed away
and the ureteric bud was recombined with freshly isolated kidney mesenchyme, as in the
case with the cells expressing Wnt2b. Similarly to the effects of Wnt2b, transient
incubation of a ureteric bud with lithium was sufficient to promote good reconstitution of
kidney organogenesis. The explants treated with lithium initiated organogenesis
successfully with isolated mesenchyme. Staining of the reconstituted explants with
antiserum against the brush border and ureteric tip marker Sox9 confirmed that tubules
had been induced and the ureteric bud epithelia was patterned normally in the
reconstituted explants (Fig. 6E-G, IV; Fig. 7, IV).

5.12 Reconstitution was significantly better in Wnt2b or lithium-

treated explants than control or Wnt4-treated samples (IV) 

The development of explants preincubated with normal NIH 3T3 cells, media control,
cells expressing Wnt2b, lithium or cells expressing Wnt4 was monitored after 96 hours in
culture, and the success rate of the initiated morphogenesis, i.e. tubulogenesis and
ureteric branching, was scored. Explants with Wnt2b or lithium-pre-treated epithelia were
reconstituted, both quantitatively and qualitatively, significantly better than explants
treated with normal NIH 3T3 cells, normal media or cells expressing Wnt4. Some
reconstitution, albeit poor, occurred in the media control samples and those grown with
NIH 3T3 cells or cells expressing Wnt4. The first two cases resulted in over 30% poorer
reconstitution, as only 17% of the samples in which the ureteric bud had been pre-treated
with Wnt4 initiated branching and showed induction of tubules, while the rest either
failed to branch at all or branched poorly, so that none of these cases showed expression
of Brush Border Antigen. It appears that the isolated ureteric bud is still sufficient to
initiate some tissue interactions if it is completely separated from the mesenchyme prior
to recombination (see also Grobstein, 1955). However, reconstitution takes place at a
much higher frequency and more completely when the bud is treated with cells
expressing Wnt2b or lithium. Wnt4 signaling does not support reconstitution of kidney
organogenesis via signaling to the ureteric bud, but rather restrains it (Fig. 7, IV).



6 Discussion 

6.1 Role of type XVIII collagen in epithelial development 

The mechanisms by which the rather limited number of embryonic signaling molecules
form networks and regulate the spatial organization of cells during morphogenesis remain
poorly understood (Hogan, 1999). To address these questions, two embryonic model
systems were used, the lung and the kidney. These organs undergo characteristic
epithelial branching morphogenesis. The present results show that the expression of
collagen XVIII correlates with the type of epithelial development. At the initiation of
kidney and lung organogenesis, type XVIII collagen is expressed throughout the
epithelial bud. After this common stage, its pattern in the lung is restricted to the
epithelial tips, whereas in the kidney it is localized in the epithelial stalk region. Hence,
collagen XVIII is distributed in opposite epithelial regions after the initial stages of
organogenesis and its localization correlates with differences in epithelial development.

The characteristic expression of type XVIII collagen in the lung and kidney epithelium
provided an opportunity to study the correlations of signaling molecules and the organ-
specific form and patterning of type XVIII collagen in the tissue recombinants of
UB/LM. We propose that the lung mesenchyme is able to reprogram the development of
ureteric bud epigenesis towards the early lung type. We support our argument by the
following findings: 1) the embryonic lung mesenchyme completely respecified type
XVIII collagen expression in the ureteric bud from the epithelial stalk to the distal tip, 2)
the shift in type XVIII collagen expression correlated with that seen in the expression of
Shh and SP-C, 3) the ureteric bud combined with lung mesenchyme lost its potential to
promote endothelial growth into the mesenchyme on a chorioallantois membrane (data
not shown), which has been reported to be a typical feature of angiogenesis in the kidney
(Saxén, 1987), 4) epithelial morphogenesis changed from mostly dichotomous branching
of kidney towards the lung type, in which several side branches grow out of the primary
epithelial buds. The values for the applicable parameters, such as the average tip number
and the PIFB and PMT values of the heterotypic recombinant, are significantly different
from those for UB/KM homotypic recombinants, but similar to LB/LM homotypic
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recombined samples, which further confirms the change in morphogenesis and the
reprogramming of the ureteric bud.

Thus, the lung mesenchyme seems to act as an instructive inducer of the ureteric bud
and to be sufficient to respecify and reverse these marker gene patterns of the ureteric bud
in recombinants. The response occurs throughout the epithelial bud and appears to be
accompanied by a change in cell differentiation, as suggested by the expression of the
marker genes, SP-C, collagen XVIII and Shh, and the epigenesis of the ureteric bud
towards the early lung type. The data suggest a novel intra-organ patterning process that
occurs at the protein and mRNA levels, and the different pieces of morphogenetic
information during organogenesis may hence be linked to the use of similar genes but
they may be patterned differently. To our knowledge this is the first report where such a
striking repatterning process is demonstrated during mouse organogenesis. The assay
system could serve as an experimental model of genetic and morphogenetic research on
how the differences in form appear during organogenesis.

6.2 Type XVIII collagen may regulate modes of epithelial 

morphogenesis in kidney and lung and Wnt2 could be the lung 

specific mesenchymal factor 

During renal development, the GDNF/c-ret signaling pathway plays a dominant role, and
Wnt11 is the target signal of GDNF. In this work, we demonstrated that type XVIII
collagen and Shh were lost from the tips of the ureteric bud during the initiation of the
first branching of the ureteric bud in developing kidney. This process is associated with
upregulation of Wnt11 and Wnt6 (also see Itäranta et al, 2001). The maintenance of
Wnt11 at the branching tips of the ureteric bud is associated with the loss of type XVIII
collagen. Hence, their expressions appear to be mutually exclusive. This may be due to
the fact that the Fz domain containing type XVIII collagen antagonizes Wnt signaling and
plays an opposite role compared to the epithelial Wnts during the ureteric bud branching
morphogenesis. The downregulation of type XVIII collagen would help the tip Wnts to
diffuse into the adjacent mesenchyme and to contribute to the induction of tubules (Stark
et al, 1994; Kispert et al, 1998; Vainio et al, 1999). Upregulation of Wnt11 and Wnt6 at
the tips may cause downregulation of Shh, since there is evidence that Wnts can
specifically downregulate Shh and Ptc (Sarkar et al, 2000). We do not know how the loss
of type XVIII collagen from the ureteric tips occurs and how it is maintained in the stalk.
It is likely that constant remodeling of the ECM is needed at the growing tips of the
invading ureteric bud for branching to take place. MMPs and TIMPs are expressed in the
mesenchyme and epithelium, respectively, and their balance is regulated by many
cytokines and growth factors, e.g. TGFβ and EGF (Johansson, et al, 1997; Miettinen et
al, 1999; for a review, see Lelongt et al, 2001). MT-1 MMP and MMP2 expressed
differentially in the undifferentiated mesenchyme and the epithelial structures,
respectively, suggests that these proteases play central roles in the development of this
structurally complex organ (Tanney et al, 1998). MMP2 and MMP9 are expressed in the
kidney mesenchyme adjacent to the branching ureteric bud at E11.5, has been implicated
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in Wnt signaling (Roth et al, 2000). Therefore, MMPs are candidates to be involved in
the degradation process. Since type XVIII collagen is also lost at the mRNA level,
transcription level regulation may also play a role.

During lung organogenesis, Shh, FGFs and EGF-R binding ligands play important
roles (Pepipecelli et al, 1998; Min et al, 1998; Sekine et al, 1999; Miettinen et al, 1997).
In this work, we also demonstrated that type XVIII collagen is functional during the lung
branching morphogenesis. Loss of type XVIII collagen from the branching tips by
antibody blocking causes a dramatic reduction of Wnt2 gene expression. But FGF10 and
Shh do not show a similar decrease. It has been reported that a Shh mutant causes Wnt2
downregulation but not Bmp4 and Wnt7b. This indicates that type XVIII collagen may
cooperate with Shh in the epithelium and interact with mesenchymal Wnts, such as Wnt2
and Wnt2b, during lung organogenesis. Type XVIII collagen, which locates at the tip of
the lung bud, could bind Wnts to the bronchial epithelial tips and thereby concentrate
them. This could promote the characteristic morphogenesis of the epithelial type. This
hypothesis is based on the fact that type XVIII collagen may function as a proteoglycan
(Halfter et al, 1998) and PG are necessary for Wnt signaling (Lin & Perrimon, 1999). The
high level expression of Wnt2/2b in the lung mesenchyme is very close to the tips where
type XVIII collagen is expressed and Wnt7b is expressed in the epithelium would suggest
interactions between type XVIII collagen and Wnts and their roles in lung branching
morphogenesis. Together with some other growth factors, such as FGFs and EGF-R
binding ligands, Wnt2/2b may transmit inductive signals to the lung epithelium to
activate the cell cycle and in that way to promote epithelial growth and branching. The
mesenchymal inductive signals mediated by Shh or Bmp4 in the epithelium may induce
type XVIII collagen at the branching tips and repress its expression in the stalk. At the
same time, feedback inhibitors, e.g. TGFβ1, Shh, Bmp4 and Sprouty, may send signals to
the mesenchymal cells to regulate the secretion of mesenchymal growth factors (for a
review, see Kaplan, 2000). The notion that Shh secreted by the distal tip epithelium may
regulate the expression of Bmp4 and/or Wnt2 in the adjacent mesenchyme is also
supported by a previous report (Bellusci et al, 1996). The localization of type XVIII
collagen expression in the branching tips and their loss from the stalk may be important.
This may ensure that the important signals, such as Wnts, are located at the right site and
exert their function.
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Fig. 7. Model for the signaling molecule cascades involved in the experimental repatterning
process of ureteric bud branching morphogenesis and the respecification of type XVIII
collagen. Organogenesis is regulated by sequential and reciprocal morphogenetic signaling
molecules. During kidney development, the GDNF/c-ret signaling pathway maintains Wnt11
at the branching tips of the ureteric bud. The initiation of Wnt11 at the branching tip is
associated with the loss of type XVIII collagen. PG and MMPs may be involved in this
process. The signaling loop is necessary for normal ureteric bud branching in kidney
development and also for the ureteric bud to become competent to be reprogrammed by lung
mesenchyme. In the lung, the high level expression of Wnt2 and Wnt2b suggests their roles in
the lung branching morphogenesis. Together with FGFs, they may transmit inductive signals
to the lung epithelium and activate the cell cycle. These inductive signals mediated by Shh
and Bmp4 induce type XVIII collagen to the bronchial branching tips, and the Shh and Bmp4
may send inhibitory feedback to regulate the release of the mesenchymal growth factors as
well. The induction of type XVIII collagen to the branching tips in the developing lung can
further attract more Wnts and initiate the next round of reciprocal signals for branching. In
UB/LM heterotypic tissue recombinants, a specific mesenchymal factor, such as Wnt2,
functions independently or together with other growth factors, interacts with an epithelial
factor, e.g. Shh, and repatterns the branching morphogenesis of the ureteric bud towards
early lung type branching. Mediated by Shh, type XVIII collagen is upregulated, which helps
to attract more mesenchymal Wnts close to the branching ureteric tips. The more Wnts, e.g.
Wnt-2, are recruited to the cascade, the better it is for the ureteric bud to be repatterned
toward early lung type branching. Therefore, type XVIII collagen may play a dual function
during organogenesis. In the kidney, it functions via frizzled domain antagonized Wnts and is
involved in the upregulation of Wnt11 and the release of more Wnts to the mesenchyme. In
the lung and UB/LM tissue recombinant type XVIII collagen functions as a proteoglycan,
attracting more Wnts to the branching center and promoting lung type branching.
Abbreviations, see page 2 and the text.

 
In UB/LM heterotypic tissue recombinants, when the ureteric bud becomes competent,
the initial signals that change the quality of the bud epithelium are apparently derived
from the lung mesenchyme (Fig. 7 C, D). The distal tip mesenchyme was found to induce
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tracheal epithelial budding and ectopic type XVIII collagen expression, also indicating
that the distal tip mesenchyme contains factors sufficient to promote the repatterning
process. However, such factors as Wnt-2b, FGF2, 7 and 10 did not induce budding or
type XVIII collagen expression, which suggests a role for other factors or that they are
needed as a combination in the process. Culturing lungs in the presence of a type XVIII
collagen antibody leads to a reduction in epithelial branching. The expression of Wnt-2,
which remains expressed in heterotypic recombinants, is dramatically reduced in lungs
treated with the antibody, while the expression of Shh and FGF-10 is not so clearly
reduced. Therefore, specific mesenchymal factor(s), e.g. Wnt2, may function
independently of or in combination with other growth factors, interacting with epithelial
factors, e.g. Shh and type XVIII collagen, and repattern the branching morphogenesis of
the ureteric bud towards early lung type branching. The mechanisms and significance of
the regulatory interaction between Wnt-2 and type XVIII collagen remain to be
demonstrated, as no lung phenotype has been detected in the Wnt-2 deficient mice
(Monkley et al, 1996).

The facts that the type XVIII collagen antibody reduced the number of epithelial tips
in lung explants and almost completely blocked epithelial morphogenesis in heterotypic
recombinants suggests an important role for type XVIII collagen in the chain of
molecular events associated with the reprogramming of ureteric bud development. The
marked decrease in Wnt-2 expression in antibody-blocked explants supports a role for
type XVIII collagen in epithelial development as well. The respecification of type XVIII
collagen at the tip in UB/LM, which was possibly mediated by Shh and Bmp4, could be
involved in binding Wnts to the branching epithelial tips and concentrating them there in
order to promote typical morphogenesis. Type XVIII collagen may also function as a
proteoglycan, and PG are necessary for Wnt signaling. The more Wnts, e.g. Wnt2/2b,
there are in the UB/LM recombinants recruited to the molecular cascade, the better the
ureteric bud may be repatterned toward the early lung type branching. The laminin γ2 and
γ2* were expressed in the different compartments of the developing kidney at different
levels. This may suggest different functions for the two laminin γ2 chain variants in
mediating epithelial-mesenchymal interactions during organogenesis. Laminin γ2* may
be an unstable laminin molecule and important for rapid remodeling of the matrix during
early morphogenesis. But there is also the possibility that laminin γ2 and γ2* have some
regulatory functions, such as signaling during differentiation. Thus, laminin γ2 expression
was tested in UB/LM heterotypic recombinants as well. No significant changes were
observed. Wnt2b, which is very much homologous to the Wnt2 gene, is expressed in both
lung and kidney and could be a common factor for type XVIII collagen and ureteric bud
repatterning in UB/LM. But when we compared its expressions in lung and kidney, we
found that Wnt2b was expressed at a relatively low level and relatively far away from the
branching epithelium in a way very much different from its expression in lung. Its
expression remained in the UB/LM recombinants. Thus, Wnt2b may play a more
significant role in lung and may also contribute to the repatterning process together with
Wnt2.

To summarize, we have demonstrated an intra-organ patterning process that involves
type XVIII collagen, an extracellular matrix protein containing endostatin and frizzled
domains. The repatterning of type XVIII collagen expression was accompanied by
ectopic expression of lung SP-C and the morphogen Shh, and this was associated with
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changes in the early epigenesis of the ureteric bud toward the early lung type. Our data
support a model according to which differential forms may be regulated by patterning
cues exchanged during morphogenetic inductive tissue interactions, and these localized
signaling activities of growth factors involve extracellular matrix molecules, such as type
XVIII collagen.

6.3 Reprogramming of ureteric bud branching with lung 

mesenchyme favors early lung type branching morphogenesis 

After having demonstrated that lung mesenchyme is able to alter ureteric bud function,
we were interested to know if the morphogenesis of the ureteric bud also resembles the
lung type of epithelium branching in UB/LM recombination. Several factors have been
proposed as critical for establishing the pattern of branching during organogenesis,
including the stereotypy of the branching pattern, the number of generations, branch
points and stems, the branching angles, the pace of development and fasciculation (for a
review, see Al-Awqati and Goldberg 1998). To study further the extent of repatterned
branching morphogenesis of the ureteric bud in lung mesenchyme, we first explored the
difference in epithelial branching between the lung and the kidney. We compared the
numbers of epithelial tips, left and right or anterior and posterior, the lengths of the first
branches, and the angle of the first epithelial branch. In addition, we developed values
referred to as PIFB and PMT to represent characteristics of the branches. Among these
parameters we found that the numbers of epithelial tips, PIFB and PMT, were
significantly different between kidney and lung as well as in UB/KM and LB/LM
homotypic recombinants. Therefore, these applicable parameters were used to monitor
how lung mesenchyme modifies the early growth and branching of the ureteric bud. We
found that all the three applicable parameters for recombinants of lung mesenchyme and
ureteric bud were shifted towards the lung type. The facts demonstrated that lung
mesenchyme also re-directs the morphogenesis of renal epithelium. All the three values
are similar to those obtained for homotypic lung recombinants, and significantly different
from the values for homotypic kidney recombinants. The results indicate that the
development of a ureteric bud can really shift from the dichotomous kidney type with a
branching pattern to include aspects of early lung-type epithelial morphogenesis.
However, the capacity of lung mesenchyme to promote ureteric bud branching and
reprogramming or the competence of ureteric bud epithelium to follow the cues from
lung mesenchymal cells maybe limited. In heterotypic UB/LM tissue recombinants, the
ureteric bud does not branch as extensively with lung mesenchyme as the lung bud does,
and especially the ureteric bud expresses genes such as c-ret, Wnt11 and Sox9 in
heterotypic recombinants, suggesting that the epithelial bud still retains some of its
ureteric bud characteristics. This may contribute to a restriction of the potential of
epithelium to interact with lung mesenchyme during subculture, and the ureteric bud may
also lack the expression of certain receptors for the signaling molecules expressed by
lung mesenchyme. The culture conditions may also limit the repatterning process and a
better branching process. We have tried to culture UB/LM heterotypic recombinants in
chick chorioallantoic membrane (CAM) (data not shown). It seems that chorioallantoic
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membrane was not a good system for UB/LM culture, since it did not promote any
further growth and branching of the ureteric bud because neither lung nor UB/LM
survived in it.

6.4 Involvement of Wnt2b in early kidney development 

It has also been reported that Wnt2b is expressed in many different organ and tissues in
mouse and human (Katoh et al, 1996; Zakin et al, 1998). Our results are consistent with
these reports, but we especially found Wnt2b to be widely expressed in mouse organs of
epithelial mesenchymal origin, such as kidney, lung, and salivary gland. This expression
pattern suggests that Wnt2b may play certain roles in development and organogenesis.
Wnt2b is expressed as early as E11.5 in cells located in the perinephric region of the
developing mouse kidney, i.e. in close proximity to the presumptive stroma marked by
BF-2 expression. Analyses of the function of the stromal genes BF-2 (Hatini et al, 1996),
RARα and RARβ2 (Mendelsohn et al, 1999) have suggested that the kidney stromal cells
may synthesize factors that influence kidney tubulogenesis. Such stromal signals are also
found to regulate ureteric development. In BF-2 deficient mice the rate of growth and
branching of the ureter and collecting system was reduced. In the RARα/RARβ2 double
mutant c-ret expression is downregulated in the ureteric bud and the ureteric branching is
impaired (Mendelsohn et al, 1999). More interestingly, forced expression of Ret in Rarα
/Rarβ2 double mutant rescues renal development, restoring ureteric bud growth and
stromal cell patterning (Batourina et al, 2001). Furthermore, retinoids reduce the activity
of the β-catenin-lymphoid enhancer factor / T-cell factor (LEF/TCF) signaling pathway,
and β-catenin interacts directly with RAR in a retinoid-dependent manner (Easwaran et
al, 1999). Kidney organogenesis is also stimulated by derivatives of vitamin A (Vilar et
al, 1996). Hence, there may be a regulatory link between Wnt signaling and retinoic acid
in the kidney as well. The pattern of Wnt2b expression and data showing that this
expression can be regulated by retinoic acid in cultured human cells (Wakeman et al,
1998) suggests that Wnt2b may be one of the functional signals during early kidney
development.

6.5 Wnt2b regulates ureteric bud branching and kidney 

organogenesis  

Wnt2b may be one of the factors contributing to perinephric signaling during early
kidney development. Unlike Wnt4, it does not induce tubulogenesis, but it supports
ureteric bud epithelial development. It promotes kidney reconstitution, while Wnt4 does
not. Wnt2b, however, is expressed some distance away from the ureteric bud epithelium.
It may diffuse and move closer to the ureteric bud. Or its signaling may be redundant and
mimic the activity of the other Wnts present in mesenchymal cells. Of the Wnts identified
so far, only Wnt4 has been localized to the kidney mesenchyme. Ureteric branching is
initially unaffected in Wnt4 deficient embryos (Stark et al, 1994), and Wnt4 and Wnt2b
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signaling cause two distinct phenomena (present data). Thus, Wnt2b and Wnt4 are not
redundant. Hence, specific Wnts, such as Wnt4, regulate mesenchymal differentiation and
tubule induction (Kispert et al, 1998), while another member of the family, Wnt2b, acts
reciprocally to regulate ureteric branching.

Wnt6, Wnt11, and Wnt7b are expressed in the ureteric bud (Kispert et al, 1996, 1998)
and could thus be involved in mediating the effect of Wnt2b on the ureteric bud or
phenocopy activities of Wnt2b signaling. Wnt6 (Itäranta et al, 2001) and Wnt11 are
expressed at the branching ureteric tip. Cells expressing Wnt6, however, are not capable
of promoting branching of the isolated ureter, which excludes its role in the process.
Wnt11 gene expression is initiated in reconstituted explants, but its expression is less
intense than in the control samples, which suggests that Wnt11 is not involved in
mediating Wnt2b signaling. Wnt7b signaling can induce tubulogenesis in vitro (Kispert et
al, 1998), but it is not expressed at the ureteric tips. Hence, Wnt7b is also unlikely to
phenocopy the activity of Wnt2b. Lithium reproduces the effect of cells expressing
Wnt2b, suggesting that Wnt signaling acts directly on the ureteric bud to regulate its
branching. Interestingly, both epithelial and mesenchymal responses can be induced by
lithium (Davies et al, 1995, present data), suggesting that both tubule induction and
maintenance of the bud’s inductive activity and branching are mediated by activation of
the β-catenin signaling pathway rather than alternative signal transduction pathways.

The facts that Wnt2b induces growth and development of the ureteric bud, but does not 
induce kidney tubules in the kidney mesenchyme in vitro, whereas Wnt4 induces tubules 
but not epithelial branching suggest that the signal transduction cascade upstream of 
GSK3  capable of responding to Wnt4 and Wnt2b may not be shared by the ureteric bud 
epithelium and kidney mesenchyme. Recently, Wnt2b was shown to be expressed 
transiently at the initiation of organogenesis in the developing chick limb (Kawakami et 
al, 2001), and expression also takes place in the developing mouse limb, at least at E10.5 
to E11.5 (data not shown). Interestingly, Wnt2b can induce ectopic limb development in 
the chick, and this induction occurs via sequential activation of FGF10 and FGF8, which 
can also induce ectopic limb development. FGF10 is expressed in the developing lung 
and kidney as well (Min et al, 1998; Sekine et al, 1999; Clark, et al, 2001) and can 
promote branching of the lung epithelium (Park et al, 1998). Hence, Wnt2b function may 
be conserved and operate in the lung and kidney to regulate epithelial branching via 
control over FGF signaling. FGF7 and GDNF (Sainio et al, 1997; for a review, see 
Sariola and Sainio, 1997) are additional mesenchymal signals that have been shown to 
regulate ureteric development. Receptors for GDNF, c-ret and FGF7 are present at the 
ureteric epithelial tips, further supporting a role for these in reciprocal tissue interactions 
(Qiao et al, 1999a). Wnt2b expression in the kidney is most intense at E11.5 and E12.5 
and diminishes after that, which suggests that Wnt2b may be functional in promoting the 
initiation of epithelial branching at the early stages of kidney development, when GDNF 
has also been shown to be active. Taken together, the expression pattern of the Wnt2b 
gene in mouse embryonic tissues suggests a role for Wnt2b in epithelial-mesenchymal 
interactions. Wnt2b signaling is capable of inducing ureteric bud growth and branching 
and indirectly, via the epithelium, tubulogenesis. Lithium reproduces the effects of Wnt2b 
signaling, suggesting that signaling to the ureteric bud is direct. Wnt2b may thus act as a 
mesenchymal signal, mediating reciprocal signaling from the mesenchyme to the 
epithelium to coordinate early kidney organogenesis. Finally, the data currently available 
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indicate that Wnt signaling in the kidney is specific to either the ureteric bud or the 
kidney mesenchyme, depending on the Wnt family member that is active.  



7 Conclusions and future perspectives 

Two alternative laminin γ2 transcripts were demonstrated in the developing mouse
kidney. The shorter γ2* form was localized in the mesenchyme, whereas the longer γ2
form was only present in the ureteric bud, which indicates different functions for the γ2
variants in mediating the epithelial and mesenchymal interactions during organogenesis.

The role of type XVIII collagen during organogenesis was investigated. This protein
has a Fz domain and an endostatin domain. It has characteristic of proteoglycan as well.
We demonstrated that type XVIII collagen is expressed uniformly in the early lung and
kidney epithelial buds, but it becomes localized to different epithelial regions in these
organs. This is not the case with type IV collagen. We have also found that type XVIII
collagen is repatterned in experimental situations where the ureteric bud is co-cultured
with lung mesenchyme. Its expression changes from the kidney-type to the lung-type. In
association with the repatterned type XVIII collagen expression, ureteric bud
morphogenesis also changed towards that of the early lung type, which is
characteristically different from the kidney type branching. The repatterned expression of
type XVIII collagen appears to be essential for the respecification of ureter towards lung
phenotype, since the type XVIII functional antibody blocks epithelial proliferation. In
epithelium, an important morphogen, Shh, accompanies the repatterning of type XVIII
collagen. We do not yet know the lung mesenchyme-derived signals that are involved in
the type XVIII collagen repatterning process, but Wnt2 is a candidate factor. In the
antibody-blocked lung, Wnt2 expression is dramatically reduced in the mesenchyme. Our
data also demonstrate that the distal tip lung mesenchyme, which expresses the Wnt2
gene, is sufficient to induce ectopic epithelial budding and type XVIII collagen
expression, providing more evidence of Wnt2 signal functioning in this repatterning
process. The respecified expressions of type XVIII collagen and Shh were accompanied
by ectopic surfactant protein C gene expression at the tips of the ureteric bud. Therefore,
type XVIII collagen may be involved in the complicated process of establishing organ-
specific structure and have important morphogenetic roles during organogenesis. The
laminin γ2 expression was also studied in heterotypic recombinants. No significant
corresponding change was found. We have also demonstrated that embryonic lung and
kidney posses their own specific branching patterns and lung mesenchyme is able to alter
the morphogenesis of the ureteric bud towards the lung type of epithelium. Our findings
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provide morphological parameters for monitoring epithelial branching during
organogenesis. We are currently analyzing the function of type XVIII collagen in
metanephric mesenchyme tubulogenesis. The main focus will be on how type XVIII
collagen correlates with the other important signaling molecules, such as Wnt, Hedgehog
and VEGF, in the process of tubulogenesis. If type XVIII collagen is involved in ureteric
branching in a specific way, misexpression of type XVIII collagen may respecify ureteric
growth. If the frizzled domain is functional, ectopic expression of this collagen may
block the induction. To understand fully the repatterning process of the ureteric bud, we
should concentrate on the functional mesenchymal factor(s) from the lung mesenchyme.
Microarray will be one of the tools applied to a further analysis of genes specific for lung
mesenchyme. Overexpression of type XVIII collagen in the lung endoderm or the
ureteric bud by applying the SP-C or Pax2 promoters, respectively, will be accomplished
to further investigate the functions of type XVIII collagen during lung and kidney
development.

The expression and function of Wnt2b during mouse development were also
investigated in our work. The Wnt2b gene is expressed in the mesenchymal cells adjacent
to the epithelium in many organs, including the early lung and kidney. As Wnt signaling
is sufficient to trigger kidney tubule development, Wnt2b was also a candidate signal for
tubulogenesis of metanephric kidney. However, Wnt2b did not induce tubules. Instead, it
was shown to function as a reciprocal signal to promote ureteric growth and branching
and also indirectly, via the epithelium, to promote tubulogenesis. Wnt2b is the first Wnt
that has been shown to have such activity. This data also provides more evidence to imply
that Wnt secreted factors are not all functionally equivalent. Further coculture
experiments will be required to determine whether Wnt2b may have synergistic effects
along with GDNF, neurturin or persephin and in controlling kidney development.

Taken together, our data point out that intraorgan patterning process revealed by the
expression of type XVIII collagen may be regulated by the position of inductive factors
and matrix molecules. Wnt 2b may act as an early mesenchymal signal controlling
morphogenesis of epithelial tissue, and the Wnt pathway may regulate ureteric branching
directly. In this work also an experimental model was developed that may be useful to
study molecular machenism of the tissue specific morphogenesis.
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