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PREFACE

organisms ranging from Drosophila to humans. This pathway is

critical in determining cell fate decisions in a variety of different cell
types. There are several vertebrate analogues of the Drosophila hedgehog
protein of which the most widely studied is Sonic hedgehog (Shh). Shh
signalling classically involves the Gli family of zinc-finger transcription
factors. The Shh signalling pathway is well characterised in the develop-
ment of a number of vertebrate organ systems. It could indeed be argued
that the Shh and Gli signalling may well be involved at some stage in the
development of all the major organ systems in vertebrates. This volume rep-
resents a concerted drive to bring together ‘state of the art’ reviews by lead-
ing experts in the field of Shh and Gli signalling in development from all
over the world. The chapters span vertebrate organisms from zebrafish to
humans and cover development of the multiple organ systems in which the
Shh signalling pathway is crucial for normal development. There are chap-
ters on the development of the central nervous system, skeletal struc-
tures, visceral organs, prostate, lung, immune system and the structures of
the human face. The authors themselves span three major continents and
multiple nationalities which admirably illustrates the worldwide nature of
the science. The international nature of the project has been very rewarding
and the quality, depth and range of the reviews included speaks for itself. It
is hoped that the reader will appreciate the wide variety of scientific ap-
proaches that have contributed to our current knowledge base of the impor-
tance of Shh and Gli signalling in vertebrate development and will at the
same time realise that, as with all good science, there are still more questions
than answers.

The hedgehog signalling pathway is highly conserved and seen in

Sarah EM. Howie, B.Sc. Hons., Ph.D.
Edinburgh
June 2006



CHAPTER 1

Introduction
Carolyn E. Fisher* and Sarah E.M. Howie

The Concept of Developmental Biology

Ithough no real insights into the mechanisms of development were obtained until after
A 1880, when experimental approaches to embryology were established, descriptive studies

of embryo development have been around for millennia. Aristotle (384-322 BC) wrote
a very detailed description of mammalian embryogenesis, similar to the picture we accept
today, inferring that the process was driven by an entelechy, known as a “vital force” in later
centuries. Descriptive studies continued after 1550 but there was no further serious discussion
of the mechanisms of embryo development until the 18th and 19th centuries.

The anatomist Wilhelm Roux (1850-1924) pioneered experimental embryology, focusing
on amphibian embryos, and was the first to suggest that chromosomes carry hereditary mate-
rial. In 1882 he extended Darwin’s theory of the struggle for existence to ontogenesis. He wrote
that stronger cells leave more offspring than weaker cells, inferring that competition for space
and nutrients governed development. We now know that cell reproduction is far from chaotic,
and that competition for intercellular spaces is, in general, abnormal. Nevertheless, “neural
Darwinism”, the idea that neurites compete during growth and that only the first of the group
to reach the target cell survives, is becoming established in developmental neurobiology.

Another pioneer of experimental embryology, Hans Driesch (1867-1941), discovered that
cells of early sea urchin embryos “remembered” their individual locations in the cell mass—
separated cells returned to their original positions—although there were no detectable physical
or chemical differences among them. Lacking the understanding of the biochemistry of cell-cell
interactions that we have today, Driesch concluded that a “vital force” drove embryogenesis —
the idea proposed by Aristotle more than two millennia earlier. Modern-day biologists no
longer believe in a “vital force”; biology is mechanistic in character.

Thanks to technological advances in the late 20th century, developmental genetics has grown
in stature. The importance of these advances for understanding embryogenesis is recognised.
Significantly, biologists now realise that the molecular components of many developmental
pathways are present and active in adult organisms. They are not mere residues of morphogen-
esis; developmental pathways are important in maintaining as well as generating the adulc
form. In a sense, morphogenesis is never complete. As will be discussed in later chapters, devel-
opmental pathways are important in tissue repair and organ regeneration. In addition, it is now
clear that these same pathways play a major role in some cancers, where mature cell types
appear to “dedifferentiate”, proliferating without adequate control and invading normal func-
tioning organs. Cancer is another topic that will be covered later in the book.

*Corresponding Author: Carolyn E. Fisher—Immunobiology Group, MRC/UoE Centre for
Inflammation Research, The Queen’s Medical Research Institute, Little France Crescent,
Edinburgh EH16 4T}, Scotland, U.K. Email: carolyn.fisher@ed.ac.uk

Shh and Gli Signalling and Development, edited by Carolyn E. Fisher and Sarah E.M. Howie.
©2006 Landes Bioscience and Springer Science+Business Media.




2 Shh and Gli Signalling and Development

Introduction to Morphogens: Shh

The term morphogens was coined by the mathematician Allan Turing in 1952 to denote
graded signals released by ‘organisers’ such as the notochord and Zone of Polarising Activity
(ZPA) in the developing limb bud. To qualify as 2 morphogen, a signal must fulfil two criteria:
to form a concentration gradient, and to elicit distinct responses at different concentrations.
Cells encounter different concentrations of a morphogen according to their distance from the
organiser that secretes rt Different transcription factors are therefore induced, commrttmg the
cells to different fates.! At least four models of morphogen transport have been proposed

Chemoattractants and chemorepellents also form graded signals, guiding cell migration
and various cellular processes, but they are “guidance cues” not morphogens. Cells respond to
chemoattractant and chemorepellent gradients rather than absolute concentrations. Also, these
signals act by regulating cytoskeletal and membrane dynamics, not by signalling to nuclei.

The first morphogens identified were the transcription factors encoded by the Drosophila
genes bicoid and hunchback, which operate in the embryo before cellularization, forming con-
centration gradJents along the anterior-posterior axis.! Morphogenesis genes are highly con-
served across species. They include members of the Wnt famrly (wingless in Drosgphila) and
decapentaplegic (Dpp) in Drosophila appendage development;*® bone morphogenic proteins
(BMPs); fibroblast growth factors (FGFs); members of the TGFB family, such as Squint in
early zebrafish cmbryogenesrs, and Hh genes. Sonic Hedgehog (Shh), one of three mamma-
lian homologues of Hh, has been shown to act as both a morphogen and a guidance cue.”

In Drosophila, Hh functions as a short-range morphogen during wing development whereas
Dpp acts over a long range. Imaginal discs (wings) comprise anterior {A) and posterior {P)
compartments. Cells in the latter express engrailed (en), which induces Hh synthesis. Hh is
secreted into the A compartment, inducing transcription of several genes including Patched
(Pte), Dpp and en.® In anterior cells bordering the A-P boundary (the disc lumcn) Dpp organises
the wing’s A-P axis and is required for disc development and patterning.® After A-P subdivision
the imaginal disc is divided into Dorsal-Ventral (DV) compartments, the border between which
develops into the wing margin. DV patterning involves the Notch and wingless signal trans-
duction pathways. Wg acts as a morphogen inducing target gene expression and patterning
activities of the dorsal/ventral boundary.’

Morphogens also play a role during vertebrate development. For example, squint promotes
the formation of mesoderm and endoderm in zebrafish embryos;® and Shh acts directly at long
range to pattern the ventral neural tube in chicks. Shh is also involved in limb bud formation
but whether it acts as a morphogen in this context is unclear.

The Hh Pathway in Drosophila

The Hh pathway was first recognised as important during segmentation in Drosophila.'®
An elegant study b A Ingham and colleagues led to a now widely-accepted model of Hh signal-
ling in Drosophila;” a simplified version is shown in Figure 1.

Hh signalling is absolutely dependent on smo. Smo is inhibited by the protein Ptc, which
acts indirectly and substoichiometrically. The mechanism might involve the transport of an
endogenous modulator of smo, but this has not been identified, nor has Ptc transport activity
been characterised.'> However, it is generally held that Hh removes the inhibition of smo by
binding to Ptc. Hh stimulation of cells stabrlrses smo, which accumulates at least 10-fold and
becomes more highly phosphorylated.'?

Evidence suggests that intracellular localisation of smo-containing organelles depends partly
on costal-2 protein (cos 2). Cos-2 tethers a group of segment polarity proteins to Cytoskeletal
microtubules, and full-length Ci is bound to these. Smo and cos-2 may interact d.rrectly
Recruitment of cos-2 to smo causes Ci to dissociate from the cytoskeleton, preventing its cleav-
age to the transcriptional repressor form Ci’> (CiR). When smo is activated, however, the Ci/
protein complex dissociates and full- length Ci is translocated to the nucleus, where it actrvates
target genes containing Ci-binding sites. A detailed analysis of smo has been published.!?
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Smo

gment polarity

| genes

Cleavage of Ci'**

Ci™®
microtubule
Cil3s

Target genes

Figure 1. In the absence of ligand binding, Ptc-1 inhibits the activity of smo, allowing Ci to be cleaved to
form a transcriptional repressor. When Hh binds to Ptc-1 this inhibition of smo is repressed. This allows
full-length Ci to be translocated to the nucleus, where it acts as a transcription factor for various genes.

The smo-Cos-2 complex also contains Fu (Fused), and Fu kinase activity is needed for Hh
signalling. Fu phosphorylates Cos-2 at the two positions induced by Hh stimulation.'® A pri-
mary function of activated smo appears to be the inhibition of suppressor of fused (Su(fu)),
activating Fu; this may happen indirectly via Cos-2.!> The stability of Fu kinase is an absolute
requirement for positive regulation by Cos-2. Therefore, the Hh-induced stabilisation of smo
results in recruitment of both Fu and Cos-2.!2 Fu is dispensable if Su(fu) is lost. Su(fu) nega-
tively regulates Ci by localising it in the cytoplasm, either through cytoplasmic anchoring or
nuclear export; it might also inhibit Ci function in the nucleus.!

CiR (the N-terminal proteolytic fragment of Ci that suppresses transcription) retains the
zinc finger-mediated DNA binding specificity but lacks nuclear export signals, a cytoplasmic
anchoring sequence and a transcriptional activation domain.!”"'® Drosophila protein kinase A
(dPKA) is required, along with Cos-2 and Fu, to process Ci'% to Ci’? in vivo. Intact Ci (Ci'*%)
is found in cells carrying mutations in these genes. It can activate the transcription of Hh target
genes if normal Fu is present. Loss of Fu also causes accumulation of Ci, but in this situation Ci
cannot activate Hh target genes.'

Although this Hh pathway has become widely accepted and has been mapped out in detail,
some observations challenge it. In Drosophila, whilst smo protein is distributed throughout the
imaginal disc, it accumulates in wing compartments and clones of cells lacking Ptc, but is
reduced in cells overexpressing Ptc, even in the absence of Hh signalling. Also, cell-surface
levels of smo increase in response to Hh stimulation whereas Ptc levels decrease. This suggests
that most smo does not colocalise with Pte, making it unlikely that Ptc-smo binding, if it
occurs in vivo, is important in Hh signalling.”’ Some workers have gone so far as to suggest
that the first step in the Hh pathway (modification of smo activity by Hh and Ptc) should be
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reconsidered. Currently it is hypothesised to involve changes in smo concentration, localisation,
phosphorylation, conformation or binding to small molecules related to cyclopamine, i.e.,
changes in isolated smo molecules. Now it seems possible that Ptc and Hh might act primarily,
or partly, through smo partners such as cos-2 instead of smo itself.?!

In Drosophila, Hh regulates cell proliferation and differentiation in essential patterning events
such as embryonic segmentation, appendage formation, and development of the eye and re-
gions of the brain; either directly, or indirectly via recruitment of Dpp and wingless. Before
they can execute such roles, Hh molecules are matured by autocatalytic cleavage. The products
are Hh-Np (the N-terminal polypeptide), the functional signal, and a C-terminal polypeptide
that appears to have no function other than catalysing the autoproteolysis. The signalling pep-
tide (Hh-Np) is modified at its N- and C-termini by palmitoyl and cholesteryl adducts, respec-
tively.?? Although many proteins are lipid-modified, Hh and its vertebrate homologues are
unique in being modified by cholesterol addition.?

The action of Hh on distant cells in developing tissues involves: (a) the transmembrane
transporter-like protein Dispatched (Disp), which is required for releasing Hh from cells; (b)
the heparan sulphate proteoglycans (HSPs) Dally-like (Dlp) and Dally, which are required for
extracellular Hh transport; and (c) HSP biosynthesis enzymes such as Sulfateless and zout velu 2426
Tout velu is required for moving cholesterol-modified Hh.?” The ability of Hh to attach to
membranes via the C-terminal cholesterol may be critical for increasing the distance over which
the morphogen acts.?? Dispatched, a distant relative of Ptc, is predicted to encode a 12-pass
transmembrane protein with a sterol-sensing domain. Its role in trafficking cholesterol-modified
Hh might be executed through a secretory pathway, so that the active form arrives at the cell
surface, or through the displacement of cholesterol-modified Hh from the lipid bilayer.? If
dispatched is absent during the development of imaginal discs, normal levels of Hh are pro-
duced but it is not released from posterior cells and accumulates instead. Moreover, Drosophila
dispatched mutants lacking both maternal and zygotic activity have a segment polarity pheno-
type identical to Hh mutants, demonstrating that this molecule is critical for proper Hh path-
way signalling.?

The Shh Pathway in Vertebrates

The Hedgehog pathway in vertebrates parallels that in Drosgphila but there are two or more
homologues of some components, consistent with divergence of function. Mammals have two
Ptc receptors (Ptc-1 and Pte-2), though only the former is definitely involved in Hh signalling.
It is confined to target cells and is upregulated in response to Hh. Ptc-2 is coexpressed with Hh
but its transcription is independent of pathway activation.”® Mammals also have three Hh
proteins, Sonic (Shh), Indian (Ihh), and Desert (Dhh) Hedgehog, which differ in their
tissue-specific expression patterns and in their roles during development. The mammalian ho-
mologues of Drosophila Ci are the three Gli molecules (Gli 1-3), which regulate the transcrip-
tion of Hh-responsive genes both positively (Gli 2) and negatively (Gli 3).

The homologues of Hh, Ptch, smo and Ci are well conserved but those of Cos2 and Fu are
less so. They bave not been functionally linked to pathway regulation, suggesting that certain
Drosgphila routing mechanisms may be less important in mammals. SuFu, however, is con-
served, and does have pathway regulatory functions. This is demonstrated by loss of function
in zebrafish;? also, Cheng and Bishop (2002) showed that SuFu can enhance the binding of
Gli proteins to DNA.*

As in Drosophila, Hh proteins undergo autocatalytic cleavage to an active 19kDa ligand
with cholesterol covalendy linked to the C-terminus. Caveolin-1 may be a Ptc-binding partner
in Drosophila:3 I caveolins are the major constituents of caveolae, nonclathrin-coated mem-
brane invaginations important in endocytosis and intracellular trafficking. This might imply
that the cholesterol moiety is involved in directing intracellular transport, and cell culture
experiments have shown that cholesterol-modified Hh remains bound to the cell sutface, sug-
gesting limited movement in vivo.”> Nevertheless, cholesterol-modified Shh in vertebrates is
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thought to spread Shh activity rather than anchor it in one place; Lewis et al (2001) demon-
strated that Shh-Nu (sonic that could not be cholesterol-modified) in mice had a restricted
range of signalling in comparison to wild type Shh.*?

This conflict of evidence might have been resolved by the discovery in vertebrates of inhibi-
tors of Hh signalling, such as Hip1 (hedgehog interacting protein 1) and GAS-1 (growth arrest
specific-1). These proteins have no Drosophila homologues. The former encodes a
membrane-bound glycoprotein that binds Shh, and the latter is a Wnt-inducible mouse gene
expressed in areas that respond to but do not express Shh.3%34

Hh proteins are involved in neural tube formation in vertebrates. In mammals, Shh activity
at the midline patterns the ventral neural tube and somites, and is involved in the development
of left-right asymmetry. It has polarising activity in the limb, acting at both short (posterior
limb identities) and long (anterior limb identities) distances. It is involved in maintaining stem
cells in postembryonic tissues and acts as a pathogenic mitogen in some endodermally-derived
human cancers, which account for 25% of all cancer deaths.3>3¢ Shh also regulates morpho-
genesis of many other organs (see below).

Gli Transcription Factors

Gli molecules are evolutionarily conserved, with homologues identified in invertebrates
and in all vertebrate species analysed so far.” Humans and mice have three Gli genes that are
candidates for mediating downstream activities of Shh but their precise roles are not fully
determined.

Generally, expression of Glil is highly restricted compared to Gli2 and Gli3, and it is tran-
scriptionally regulated by Hh signalling, whereas the others are less reliant on Hh for transcrip-
tion. Glil only activates Shh transcription, whereas Gli2 and 3 are bi-functional and Hh sig-
nalling regulates their activities post-transcriptionally. Data from the many studies in mice
with defective Gli genes show that Glil expression is tightly controlled by the activities of Gli2
and 3.%8 Gli genes are never expressed in Shh-expressing organiser cells during embryogenesis.
Normally Glil is expressed in cells adjacent to the organiser, consistent with its role as a tran-
scriptional activator of the Shh signal. Gli3 is usually situated opposite the organiser, possibly
limiting its range.

First indications that transcription factots play a role in establishing cell fates in response to
a morphogen came from studies on the spinal cord. Here, Gli 1-3 are expressed in partially
overlapping patterns and establish the initial stripes of homeodomain transcription factor ex-
pression in the ventral neural tube in response to Shh produced by the notochord and floorplate,
promoting the specification of several ventral cell types.®® In the frog neural plate, widespread
expression of Gli2/3R (repressors) abolishes neuronal differentiation.*” In mice, inactivation of
Gli2 results in absence of the floor plate, probably partly due to inefficient activation of the
transcription factor HNF3, which regulates floor plate identit%r.41 Also, high expression of
Gli3R in chick neural tube abolishes ventral cell differentiation.*

The importance of Gli factors during embryogenesis has been assessed in single and double
knockout mice. Glil-/- mice have no obvious defects, indicating that Glil is dispensable for
embryogenesis.*? Since Gli2-/- mice have phenotypes similar to but milder than Shh-/- mu-
tants, it appears that Gli2 is the major transducer of Shh signalling.?® These mice have severe
skeletal abnormalities including no vertebral bodies or intervertebral discs, and shortened limbs.**
Gli3-/- mutants have defects, such as polydactyly, distinct from those of Gli2-/- and Shh-/-. Xt
mutant mice have alterations within the Gli3 locus, and Xt/Xt embryos display enhanced
polydactyly in the fore and hind limbs. Heterozygotes show preaxial polydactyly of the hindlimbs.

Although deletion of the Glil zinc finger domain leads to no obvious abnormalities in the
embryo, Glil-/-Gli2+/- mice have reduced viability and exhibit lung and neural tube defects
that are not found in either Glil-/- or Gli2+/- mice.** This indicates that Glil has a physiologi-
cal role in Shh signalling. Perhaps Gli2 and/or Gli3 can compensate for the lack of Glil func-
tion during embryogenesis.
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Roles for Shh in Vertebrates

The importance of Shh signalling during development, in adult organisms, and in patho-
logical processes, should not be underestimated. Although Shh signalling has been analysed in
detail in relatively few organs/systems such as the CNS, limbs, lungs, eyes and the reproductive
system, the pathway appears to have important roles in nearly every organ. Many of these are
covered in detail in subsequent chapters.

CNS

Shh acts as a morphogen during development of the early vertebrate ventral neural tube.
Later, in the dorsal brain, it acts as a mitogen on progenitors of the cerebellum, tectum, neocor-
tex and hippocampus.®> General consensus attributes dorsoventral specification of the neural
tube to Shh secreted by the notochord inducing differentiation of the floor plate; the latter
starts to express Shh in response to the notochordal signal.* An alternative proposal is that
because the floor plate, notochord and dorsal endoderm share a common origin in Henson’s
node, all are sources of Shh.*’” Details notwithstanding, it is clear that Shh influences the devel-
opment of, and many cell fates within, the CNS and associated structures.

A study on chick embryos by Ahlgren and Bronner-Fraser demonstrated the importance of
Shh in craniofacial development, dealt with in a later chapter: branchial arch structures are lost
and there are subsequent brain anomalies.®® Somite development in Shh null mice has been
investigated by Borycki et al, who demonstrated that Shh is critical in activating myogenic
determination genes and that it is required for survival of sclerotome cells as well as ventral and
dorsal neural tube cells.*” Weschler-Reya and Scott implied a role for Shh during development
of granule cells. They demonstrated that Shh, which is made by Purkinje cells, regulates the
division of granule cell precursors.’® A mitogenic action of Shh was also found by Rowitch et
al, who suggested temporal restrictions on Shh-mediated cell proliferation.>!

The three Gli genes are expressed in partially overlapping domains in the neural tube; Gli2
and 3 are proposed to mediate initial Hh signalling and to regulate Glil. All have activator
function but only Gli2 and 3 have potent repressor functions, and each appears to be regulated
differently. Details of the role(s) of the Gli proteins during CNS development are dealt with in
various subsequent chapters.

Limbs

Shh and Gli gene functions during limb bud formation have been studied extensively. Briefly,
the ZPA (zone of polarising activity) signalling centre in the posterior limb bud is necessary for
AP pat5t2erning, and defects resulting from ZPA transplants can be mimicked by misexpression
of Shh.

Gli genes are expressed only in the mesenchyme during limb formation. However, only
Gli3 appears to have a role in limb development, its major function being establishment of A-P
asymmetry. It also represses Shh expression in the anterior margin of the limb bud; loss of Gli3
function results in ectopic Shh expression, induction of Glil in adjacent cells, and preaxial
polydactyly. Despite the lack of limb defects in Glil mutant mice, Glil is always upregulated
in the anterior region of limb buds adjacent to Shh-expressing cells in polydactylous animals,
implying a mediating role in Shh signalling.>?

All Gli genes are expressed in developing bones; Gli2 and 3 are essential for normal develop-
ment. In Gli2-/- mice, bone ossification is delayed and long bones are shortened;** in Gli3-/-,
the lingth and shape of most bones are altered and sometimes the radius and tibia are miss-
ing.

Shh signalling is also involved in chondrogenesis and smooth muscle differentiation, with
Shh and Ihh ?articipating in the differentiation of chondrogenic precursor cells into
chondrocytes.”> The Hh family also plays a role in joint formation,>®
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Reproductive Tract

Hh signalling is critical in the development and differentiation of the gonads and accessory
sex glands.”” In females, Thh, rather than Shh, is the important molecule. In murine mammary
gland development there appears to be a complete absence of Shh; Ihh is localised exclusively
to the epithelium. During puberty it is found in undifferentiated epithelial ‘body cells’ at the
tips of terminal end buds of elongating ducts.”® The role of Hh in somatic and germline stem
cell proliferation in adult Drosophila ovary is well-characterised,®® but it is unclear whether
Hh-signalling is involved in vertebrate ovaries.

In the adult male, Desert hedgehog (Dhh) signalling is essential for spermatogenesis and for
development of Leydig cells, peritubular cells and seminiferous tubules; Shh appears to have no
role. Male Dhh-/- mice lack mature sperm but no expression is observed in the female ovary
during early or late stages of development.*®

Shh is necessary for normal prostate development but not initial organogenesis. Specifically,
it provides the signal for prostate ductal budding, a testosterone-dependent process, and is
involved with ductal parterning.®! All three Gli genes ate expressed during ductal budding;
their levels decline postnatally, becoming low in the adult.5? Prostate development is covered in
detail later in the book.

Lung and Visceral Organs

Lung bud morphogenesis begins in mice at E9.5 as an endodermal outbudding of the
developing gut tube, the A-P patterning of which is governed by Shh. Normal lung develop-
ment depends on Shh signalling and Gli transcription factors; Shh -/- murine embryos fail to
form lungs, Gli3 is essential for proper gulmona.ry development, and Glil is known to act
downstream of Shh signalling in lung.®® Shh is essential during early stages of pulmonary
branching morphogenesis but it does not appear to be important in the subsequent differentia-
tion of specialised lung cells such as Clara cells. Shh signalling is also required for proper sepa-
ration of the trachea and esophagus. It is also pivotal in digestive tract morphogenesis and
differentiation; epithelial Shh regulates the formation of stomach glands, connective tissue and
smooth muscle, and stratification of mesenchyme.* Lung development and the role of Shh in
visceral organs are subjects of later chapters.

Eye

Much work has been done on eye development in Drosaphila, Xenapus, chick, zebrafish and
mouse, and in all cases Hh signalling regulates morphogenesis to some extent. The retinal
determination gene in Drosophila, eyes absent (Eya), represents a crucial link between Hh sig-
nalling and photoreceptor differentiation: Hh acts as a binary switch, initiating retinal mor-
phogenesis by inducing Eya expression.®® In Xenopus, misexpression of Tbx2 and Tbx3 results
in defective eye morphogenesis. Tbx2/3 expression is thought to be regulated by Gli-dependent
Hh signal-transduction. In zebrafish eye development (covered later in the book), the eye
phenotype of the sonic-you (syu) mutant is consistent with multiple roles for Hh during retinal
development.”” Generally, Hh signalling regulates eye morphogenesis and photoreceptor dif-
ferentiation and plays a role in defining the proximal-distal and dorsal-ventral axes in the eye.

Other Roles

Other roles of Shh in vertebrate morphogenesis include those in tooth development, cov-
ered in a later chapter. Attenuation of Shh signalling by means of a function-blocking Ab
markedly delays tooth germ development and demonstrates that Shh is required for ameloblast
and odontoblast maturation.® Shh is also vital for tongue formation; if signalling is disrupted
early in rat embryogenesis (E12) then no tongue forms.*” It is also important in renewing and
maintaining tastebuds.”® Liu et al®? propose that high concentrations of Shh result in forma-
tion and maintenance of papillae, while low concentrations activate between-papillae genes
that maintain a papilla-free epithelium. Shh signalling is essential for forming the olfactory
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pathway; disruption compromises distinct aspects of olfactory pathway patterning and differ-
entiation.”! It has a well-documented role in the formation of hair follicles and feather mor-
phogenesis: Shh seems to be required for epithelial cell proliferation in the early development
of hair follicles and for the morphogenetic movement of mesenchymal cells at later stages.”?
Gli2 is the key mediator of Shh responses in skin; Gli2(-/-) mouse mutants exhibit arrested hair
follicle development.”® Shh is involved in pituitary gland development; its role here seems to be
largely conserved between fish and mice, despite the different modes of pituitary formation in
the two vertebrate classes.”* In the blood circulatory system, Shh has roles in heart morphogen-
esis, the induction of angiogenesis and blood cell development.”>”” Tt plays roles in stem cell
proliferation, thymocyte differentiation and, as discussed later, the development of lympho-
cytes. As developmental research continues, it seems inevitable that yet more roles for Shh and
the Gli transcription factors will be uncovered. Conceivably, this pathway has functions in all
aspects of vertebrate and invertebrate embryogenesis.

Clinical Aspects

Not only is Shh an indispensable developmental morphogen and mitogen with important
roles in tissue repair in adult organisms, it is also linked to several human disease states. The Hh
pathway may have an early and critical role in carcinogenesis; Shh-Gli signalling modulates
normal dorsal brain growth by controlling precursor proliferation, which is deregulated in
brain tumours.”® Shh also seems to be involved in human pancreatic carcinoma. In vitro and in
vivo experiments show that Shh is needed for the proliferation of some pancreatic cell lines,
and it is suggested that maintenance of Hh-signalling is important for aberrant proliferation
and tumourogenesis.” It is also a major determinant of skin tumourogenesis, most notably
basal cell carcinoma (BCC).8

VACTERL (vertebral defects, atresia, tracheooesophageal fistula with esophageal atresia,
radial and renal dysplasia, limb abnormalities) might also be linked to aberrant Shh-signalling:>
defects in Gli2-/-, Gli3-/- and Gli2-/~; Gli3-/- mutant mice are associated with VACTERL and
appear to represent the first animal model mimicking the human VACTERL syndrome.®!

Foregut malformations such as oesophageal atresia, tracheo-oesphageal fistula, lung anoma-
lies and congenital stenosis of the oesophagus and trachea account for 1 in every 2000-5000
live births. Experimental work in mice suggests that Gli 2 and 3 have specific and overlapping
functions during forc%ut development, and that Gli gene mutations are involved in human
foregut abnormalities.®” Shh also has a role in lung hypoplasia CDH (congenital diaphrag-
maticshernia), probably affecting bronchiole development and causing thinning of the intersti-
tium.

Final Thoughts

Shh homologues are present in ‘lower’ animals such as sea urchins and leeches. Their roles
are unknown, but involvement in patterning and symmetry seems likely. C. elegans contains a
gene homologous to Gliand Ci thart has an important role in sex determination, but there is no
homologue of hedgehog in this species.

The accepted Hedgehog pathway has been elucidated from studies on Drosaphila and shown
to be involved in patterning during early embryogenesis across a wide range of species. It is
important for the genesis of vertebrate lung, pancreas, prostate, eyes, limbs, CNS and other
organs. It is clear from work done in species ranging from Xenopus to chick, mouse to human,
that the specific pathways involved during organogenesis have been conserved, e.g., paired
appendage formation in fish and tetrapods.

Recent work has shown that Shh and related proteins are heavily involved not only in early
embryogenesis, and in the development of specific organs, but also in related funcrions such as
wound healing and regeneration. Better understanding of the developmental role of Shh has
also revealed that it may be vitally important in congenital human disorders such as congenital
diaphragmatic hernia (CDH), as well as in tumour development.
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CHAPTER 2

Sonic Hedgehog Signalling in Dorsal Midline
and Neural Development

Silvia L. Lépez and Andrés E. Carrasco*

Abstract
onic hedgehog is a secreted morphogen involved in patterning of a variety of structures
S and organs in vertebrates. In this chapter we focus on its role in the development of the
floor plate and in the events that pattern and configure the shape and size of the central
nervous system.

The Hedgehog Pathway

Hedgehog (Hh) proteins comprise a family of secreted morphogens that exert short and
long range actions essential for patterning a variety of structures during animal embryogen-
esis. ' In the course of their maturation process, Hh proteins undergo an autocatalytic cleavage
that releases the active N-terminal polypeptide, which gains hydrophobicity by cholesterol and
palmitate additions important for modulating the range of action. Short-range signalling in-
volves tethering by cholesterol and up-regulation by Hh of its own receptor, Patched (Ptc),
which is supposed to limit the range of action by ligand sequestration. Signalling at a distance
depends on Dispatched, a transmembrane sterol-sensing protein necessary for release of Hh
from the sending cell, and requires heparan sulfate proteoglycans and enzymes for heparan
sulfate biosynthesis. After sensing the morphogen concentration, perhaps by perceiving the
ratio of liganded to unliganded Ptc, the field of receiving cells modulate the activity of different
forms of the latent cytoplasmic zinc-finger transcription factors Ci (Drosophila) and Gli (ver-
tebrates), which ultimately turn-on different sets of target genes according to the distance to
the morphogen source. In fact, Ci can display activating and repressing forms: the full-length
transcriptional activator and the repressing N-terminal fragment generated by proteolysis (CiR).
In vertebrates, the three homologues of Ci have activating properties, and only the proteolytic
N-fragments of Gli2 and Gli3 appear to function as potent transcriptional repressors.

The mechanism by which Hh signalling is transduced is complex and subtly modulated,
and actually involves a release of repression. In the absence of Hh signalling, the kinesin-like
protein Costal-2 (Cos2) is stably associated with Ci. In this complex, Cos2 may mediate the
scaffolding of a series of kinases that sequentially phosporylate Ci. Phosphorylated Ci then
undergoes proteolysis, rendering the repressor form CiR. At the same time, Su(fu) (Suppresor

of fused) inhibits the transcriptional activity of full-length Ci.
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When Hh binds Ptc, the transmembrane protein Smoothened (Smo) is released from a
state of repression. If fully active, Smo recruits Cos2 and Fused (Fu). In this state, Fu is stabi-
lized and inhibits Su(fu), leading to positive transcriptional activity of full-length Ci. Mean-
while, recruitment of Cos2 by active Smo results in blockage of Ci phosphorylation and ceas-
ing of CiR production. Therefore, both actions result in the full range response of the
transcriptional targets of Hh signalling. But if Smo is partially active, Fu is not stabilized, the
activity of full-length Ci remains suppressed and only CiR formation is stopped, resulting in a
partial response of a subset of target genes (for revision of Hh transport, release, reception and
transduction, see refs. 6-10). Three distinct members of the Hh family have been characterized
in vertebrates: sonic (shh), indian (ihh) and desert (dhh). We will focus on the role of 544 in floor
plate and neural development.

Shh Signalling and Floor Plate Formation

The floor plate (FP) is a modified glial structure located in the ventral midline of the verte-
brate neural tube. It constitutes an important source of signals involved in dorsoventral (D/V)
neural patterning, proliferation and survival of neural precursors, and attraction and repulsion
of axons en route to their destination.!!1 It is generally accepted that as an anatomical struc-
ture, it extends from the ventral midbrain to the tail region. However, shh and netrin-1, typical
FP markers, are also detectable in the diencephalon of all vertebrates, suggesting that the ven-
tral midline of the anterior brain share FP properties.

Although vertebrates display some variation in the molecular dynamics, a consensus picture
shows the FP as composed of three longitudinal regions, one medial (MFP) flanked by two
lateral ones (LFP). In mouse and zebrafish, shh is only expressed by the MFP, while the
winged-helix transcription factor foxa2 (formerly known as 4nf3p) is present in both popula-
tions. In chicken, MFP and LFP cells initially express both markers, but foxa2 later becomes
restricted to MFD, while some sh4 expression remains in the LER!7"18 However, an issue that
cannot be circumvented is that apart from the variable expression of sh4 or foxa2, the LFP
expresses neural markers, like the transcription factors sox! and nkx2.2. SoxI is a general neu-
roepithelial marker necessary and sufficient to maintain panneural properties of neural pro-
genitor cells.'” Nkx2.2 is expressed by the progenitors of V3 interneurons and oligodendro-
cytes and it is necessary for their differentiation in the ventral neural tube.?** Besides, the LFP
is constituted by seudostratified neuroepithelium, different from the polarized cell structure
characteristic of the MFP23 Therefore, the LEP could be seen as part of the ventral neural tube
domain where neural progenitors are deciding their fate. Indeed, the feature that has been used
to define the FP is the expression of shh or foxa2, which might be insufficient to determine a
real functional unit. In conclusion, the division between LFP and MEP could be seen as a
simplistic interpretation from the expression parterns of some markers.

The origin of the FP has been the subject of great controversy. The canonical model pro-
poses that it is induced on the neural ectoderm by vertical signals from the underlying noto-
chord. This was founded on the observations that the avian FP cannot develop after removal of
the notochord but appears ectopically after grafting notochordal tissue onto the lateral or dot-
sal regions of the neural tube.” Evidence from different vertebrate species highlighted Shh as
the signal responsible for inducing FP in a typical short-range action that requires direct con-
tact with the notochord and exposition to high concentrations of the morphogen. Lower levels
of Shh secreted from the FP would then induce diverse cell types in the neighbouring ventral
spinal cord, including motor neurons and interneurons, in a dose-dependent way.>##>2?

In mouse, Shh signalling appears to be essential for FP development, since targeted distup-
tion of shh blocks FP differentiation without impairing the early development of the noto-
chord.*® However, genetic manipulations in zebrafish undermined the protagonist role of Hh
on FP development, because mutations of members of this pathway only impaired the devel-
opment of the LFP. In this species, Nodal signalling was proposed to induce MFP and then,
secreted Hh from the MFP would induce LEP. Nevertheless, in the absence of Nodal signals,
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some cells can acquire a mixed MFP-LFP character at later stages. It remains to be elucidated
whether Hh could play a role in this late differentiation process. Strikingly, smu (sm0) mutants,
which have a general blockade of Hh signalling, ultimately show gaps in the MFD, suggesting
that Hh, although not necessary for MFP specification in zebrafish, is later required for main-
taining the phenotype of these cells or for their survival.!83132

In the last few years, a second model of FP development has challenged the idea of its neural
origin. New experiments on birds led to the proposal that Hensen’s node (equivalent to the
amphibian’s Spemann’s organiser) generates both midline structures. The reason why the FP
does not develop after the removal of the notochord is that the FP precursors are removed
together.23 Thus, the FP would be a mesodermal derivative rather than a neuroectodermal one.
Indeed, the groundwork for this idea can be traced back to the pioneering experiments of
Spemann and Mangold,?® who clearly demonstrated that the implanted amphibian dorsal lip
differentiates into notochord and FP in the trunk. Fate maps of the embryonic shield, the
teleost equivalent of the Spemann’s organises, also established that this region contributes to
both structures. 3%

The Hensen'’s node can be subdivided into three morphological and functional domains.
The caudal-most tip (named zone c by the authors) ends at the axial-paraxial hinge and con-
tains foxa2+ shh- cells closely packed and randomly arranged. The medial part (zone b) lies on
the median pit and contains foxa2+ shh+ cells. An outline of two cell-layers becomes apparent
in this zone: an epithelial-like layer, presumably containing the FP precursors, which already
shows a columnar arrangement, and the deep layer, delineating the future notochord, with cells
distributed at random; yet there is no clear separation between both structures. The rostral
portion of the node (zone a) contains foxa2+ cells and more shh+ cells than zone b. Here,
distinction of the notochord and FP is more clearly defined, but they are still in close associa-
tion, although already separated by a basement membrane.

If zone b is removed, caudalward movement of zone c still occurs. However, the embryos
then bear an interruption of midline cells (notochord and FP) at the trunk level. The stretch of
neural tube formed consequently is smaller and is devoid of FP and motorneurons. Notewor-
thy, at more caudal levels, the midline cells and the neural tube resume normally. But if zone ¢
is removed, caudalward movement of the node ceases. The neural tube formed posterior to the
excision lacks notochord and FP, and it is completely dorsalised. On the basis of these observa-
tions, the authors suggest that zone c contains self-renewing cells with the potential to develop
either as notochord or FP. However, grafting experiments demonstrated that although zone b
contributes to all midline cells caudal to the level of the graft, zone c normally provides very few
cells to the caudal FP?%3¢ Thus, although zone c, as a source of stem cells, can compensate for
notochord and FP precursors when zone b is ablated, it is more likely that the bipotential,
self-renewing precursors of FP and notochord are mainly found in zone b during normal devel-
opment. This does not rule out that commitment to either fate also begins in this zone. Several
groups have shown that Shh is a potent mitogen (see below). It would be interesting to test if
Shh, whose expression is evident in zone b, is promoting mitosis of midline precursor cells. All
together, the node could be considered as a functional cell niche.

The hypothesis that the notochord and the FP arise from a population of pluripotent pre-
cursors located in the vertebrate’s organiser has been strongly supported by genetic evidence. In
zebrafish and Xenogpus, Delta-Notch signalling executes a binary cell-fate decision, promoting
FP specification at the expense of the notochord.”’-* In zebrafish 7#/ mutant embryos the
notochord does not develop and the MFP is widened.”

In Xengpus, Notch signalling enhances shh expression in FP precursors (Fig. 1A,B), and
secreted Shh represses notochord specification (Fig. 1C,D).?® and expands the FP (Rosato-Siri
et al, unpublished results). Therefore, Shh would amplify the effects of the binary decision
initially promoted by active Notch, resulting in an even larger population of specified FP pre-
cursors in detriment of the notochord. This mechanism could in part underlie a previously
unrecognised role of Shh as FP inducer.?® This is consistent with the normal profile of shh

36
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Figure 1. Notch and Shh signalling in Xenopus dorsal midline development. A,B) Notch increases sh#
expression in the FP, which is expanded at the expense of the notochord. A) Dorsal view of an early neurula
injected with mRNA encoding the intracellular domain of Notch (notch!“?), a constitutively active form
independent of ligand binding. Anterior is oriented to the top. The level of shh transcripts (dark staining
in the midline in black and white prints, purple in the original) is increased on the injected side (right,
asterisks). The dotted line demarcates the nearly closed blastopore. B) Transverse section of the same
embryo shown in (A). The shh expression domain in the FP (dark staining in black and white prints,
purple in the original) is expanded (asterisk), while the notochord is reduced on the injected side (right).
In A) and B), cells that inherited the injected mRNA were revealed by magenta-phos immunostaining
of the myc-tag epitope fused to Notch'“P, which is evidenced as the pale grey shadow indicated by arrows.
The broken white line in B) demarcates the contour of the notochord (no). ne: neuroectoderm; sm:
somitic mesoderm; en: endoderm; ar: archenteron. C,D) Shh signalling restricts the number of noto-
chord precursors. C) Vegetal view of an early gastrula injected with s## mRNA. Notochordal precursors
are decreased in the organiser on the injected side (right, asterisk), as evidenced by the down-regulation
of the notochordal marker chordin (chd). The chd expression domain (purple staining in the original) is
demarcated by the broken white line. D) vegetal view of a mid gastrula where shb function was knocked-
down by injection of shh double-stranded RNA (shh-ds). Chd expression (purple staining in the original,
demarcated by the broken white line) shows that the number of notochordal precursors is increased in
the organiser on the injected side (right, asterisk). In (C) and (D), dorsal is oriented to the top, arrows
point to the nuclear Xgal staining (turquoise in the original) revealing the co-injected nuc-lacZ lineage
tracer, and the dotted line demarcates the dorsal blastopore lip. E) Dorsal views of a control tadpole (left)
and a sibling embryo showing cyclopia as the result of knocking-down shh function with shh-ds RNA
(right). Byes are pointed by arrowheads. Embryos shown in (E) were extracted from Lépez et al.3®

expression during amphibian or avian development. Although sh# transcripts are detectable
both in notochord and FP precursors, expression becomes significantly higher in the latter
during gastrulation.*®*° Thus, the specification of the different midline fates may be linked to
a differential regulation of the sh4 gene. If cells are committed to FP fates by active Notch, shh
would be more actively transcribed. Interestingly, the dissection of the regulatory regions of the
mouse shh gene has uncovered two enhancers that direct expression to FB, one upstream of the
coding region (SFPE1) and the other within intron2 (SFPEZ).41 Strikingly, deletion of the
proximal region of SFPE1 unmasks a potent notochord enhancer (SNE), whereas expression in
the FP decreases substantially. It will be interesting to determine whether this region contains
binding sites for repressors that restrict notochordal expression and if the complete SFPE1
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underlies a mechanism for switching notochordal to FP expression. Besides, foxa2 function is
probably required by SNE but not by SFPE1 activity. On the other hand, SFPE2 contains a
sequence of significant homology between mouse, chicken and zebrafish, which harbours binding
sites for Foxa2 and homeodomain transcription factors.®2 When transgenes containing trimers
of this sequence were assayed, expression of the reporter was then found in the notochord in
addition to the FP. Intriguingly, while the Foxa2 binding sites are necessary for notochord and
FP expression, the homeodomain binding site is required only for FP expression. The evidence
suggests that expression of shh in the notochord and the FP is controlled by shared and inde-
pendent mechanisms.

Despite growing support for the hypothesis that the vertebrate’s organiser contributes sig-
nificantly to FP formation, some disagreement still persists. In the mouse embryo, before shh
expression begins in the central nervous system (CNS), transcripts are found in the ventral
(mesodermal) layer of the node, and rostrally in the notochordal plate. Because expression was
noticed neither in the dorsal layer of the node or in the ventral midline of the more rostral
neural plate, it was argued that the mouse FP does not derive from the node but is induced by
the canonical signal from the notochord.®2 However, the idea that the notochord and part of
the FP share embryonic origin is not incompatible with different patterns of gene expression
once both populations have been committed to their respective fates in the node. In fact,
cell-lineage tracing has shown that descendants of the dorsal layer of the mouse node populate
the FP*3* and loss-of-function of delta-1 in mouse results in an excess of FP cells, while the
notochord is reduced.®> Although the opposite activities of Delta signalling in dorsal midline
development in mouse and anamniotes embryos are intriguing, in both cases they underscore
the existence of a population of cells in the organiser with equal potential to develop either as
FP or notochord.

Recent evidence from avian embryos have resolved important discrepancies between the
two models of FP formation. Much of this understanding comes from considering the differ-
ent cell populations that compose this structure, which allowed new questions about the role of
shh 1o be addressed. Careful analysis of molecular markers in quail-chick chimeras, where the
chick Hensen’s node was replaced by its quail counterpart, demonstrated that the MFP derives
from the node, while the LFP derives from the neural plate.17 Utilising lineage tracing, two
areas of FP precursors in the chick epiblast have been distinguished; one anterior to the Hensen’s
node (prenodal epiblast, originally designated as “area a” by the authors), which gives rise to the
earliest-forming FP in the cephalic region, and the other one in the Hensen’s node, whose
descendants later populate the posterior FP and the notochord.* Thus, the anterior FP (AFP)
would be of neural origin. Although the authors did not address the issue of whether the
node-derived population becomes incorporated into the LFP or MFP, they are presumably
observing the medial component, as demonstrated by Charrier et al.'”

Notochord and MFP grafts are able to induce a complete ectopic FP in the avian neural
tube but with temporal and spatial restrictions. While a supernumerary LEP appears at any
stage of the window tested and throughout the full length of the caudal neural tube exposed to
induction, MFP is induced only in the posterior-most region of host embryos younger than 15
ss. In addition, the MFP graft needs a very close contact with the host neural epithelium to
induce MFP, In contrast, Shh can induce only LFP in the neural ectoderm. Thus, Shh alone is
insufficient to transform neural cells into MFP in the avian embryo.!” Other factors provided
by the notochord, 7presumably BMP antagonists, may be acting in cooperation with Shh to
fulfil this process.*

The AFP is rapidly induced on the neural ectoderm by a vertical contact with the nascent
prechordal mesoderm while passing beneath the prenodal region of the epiblast. Prechordal
mesoderm expresses shh and nodal-1. Shh alone is sufficient to induce FP markers in prenodal
epiblast explants, but only at high concentrations; when the explants are exposed to low con-
centrations of Shh in the presence of Nodal 1, a robust induction of FP markers is observed.
Thus, Nodal and Shh signalling may cooperate during the early and rapid induction of the
AFP by the prechordal mesoderm.
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Interestingly, an area analogous to the prenodal epiblast may exist in Xenopus. It is con-
formed by an arc of hairy-2a+ cells in the dorsal noninvoluting marginal zone and marks the
earliest signs of FP induction.®® It will be interesting to elucidate whether the FP phenotype of
these cells is induced by Shh and Nodal signals secreted by the prechordal plate, as was pro-
posed for the avian embryo.

At this point, a main conclusion can be raised: most of the embryonic models studied so far
suggest that the specification of the FP and notochord start earlier than previously recognised,
challenging the canonical model where notochord induces FP. The main disagreement resides in
the absolute requirement of shb for FP development in mouse, as opposed to its sole role as LEP
inducer in zebrafish. An integrative model for FP development can be synthesised as follows:

1. The anterior FB, of neural origin, would be induced eatly on the prenodal epiblast by Shh
with the cooperation of Nodal, both emanating from the prechordal mesoderm that passes
beneath.

2. The MFB located posteriorly, and primarily of mesodermal origin, would be induced within
the organiser, before the segregation of notochord and MFP precursors, in a binary switch
triggered by Delta-Notch that favours FP fates at the expense of the notochord. This en-
hances shh expression in MFP precursors, and secreted Shh contributes to repress the noto-
chordal fate and amplifies the switch. In turn, specified MFP precursors populate the mid-
line of the neural plate. It remains to be elucidated whether Delta-Notch signalling modulates
shh expression in amniote embryos, but shb is essential for the induction of FP in mouse.
Other questions must be answered; for example, which are the molecules that pattern the
scattered expression of delta-1 in the organiser, which initially would define the distribution
of MFP and notochord precursors.®8 It will be interesting to investigate whether Nodal
signalling is involved in this process or acts independent of the Notch switch, given the
absolute requirement of Nodal for MFP development in zebrafish. In addition, some MFP
cells may be induced on the neural ectoderm by node derived MFP in close contact with
the neural plate, but Shh alone is insufficient for this process and would require BMP
antagonists derived from the notochord.

3. Consequent to Notch activation, MFP secretes high levels of Shh, leading to the short-range
induction of the LFP on the neighbouring neural plate.

Shh in Neural Development

Ventral Neural Patterning

Shh has been classically considered as an inducer of different types of ventral neurons in the
spinal cord, the phenotype of which varies according to the morphogen concentration, de-
pending on the distance from the source in the FP. These kinds of neurons are arrayed from
ventral to dorsal as follows: V3 interneurons (the closest to the FP), motorneurons (MN), V2,
V1 and VO interneurons, the latter at the level of the intermediate neural tube.*” During the
specification of ventral neural fates in the spinal cord, the expression of different combinations
of homeodomain and basic-helix-loop-helix transcription factors determine the identity of
neural progenitors. Shh promotes the expression of some of these molecules (Class II) and
represses the expression of others (Class I). Cross-repression between both classes defines ven-
tral spinal cord domains that will generate specific types of neurons.’*>! Knock-out mice for
shh neither develop FP nor most ventral neuronal types, including V2 interneurons.” Smo is
essential for all Hh signalling, and its loss-of-function generates a more severe phenotype, where
failure in the specification of ventral cell types is more dorsally extended. The differences with
shh mutants most likely reflect a normal contribution of Thh signalling from the underlying gut
endoderm.>

The three known mediators of Hh signalling are expressed in partially overlapping domains
in the neural epithelium. Although their patterns are arranged in gradients with more or less
widespread distributions, Glil is predominantly ventral, Gli3 dorsal, and Gli2 intermediate
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and dorsal. In mouse, Gli2 is essential for FP formation and is required, together with Glil, for
V3 development.” In embryos lacking all Gli function the FP and V3 interneurons do not
arise. Strikingly, these mutants develop MN and VO to V2 interneurons, but their distribution
is totally disorganised. Thus, Hh signalling is essential in mouse for the specification of FP and
the most ventral interneurons. Although not necessary for the induction of MN and the re-
maining interneurons, it regulates their spatial pattern. Transcription factors other than Gli
may be responsible for inducing differentiation of some MN and VO to V2 interneurons.”
Retinoids are good candidates for regulating the expression of such molecules,’** and Shh
signalling may be necessary for the selective survival and expansion of precursor pools.”

Shh as a Mitotic and Anti-Apoptotic Agent

The development of the CNS depends on the precise coordination of growth and pattern-
ing mechanisms. Although the latter are becoming well understood, less is known about the
factors that govern the shape and size of the CNS. Recent studies indicate that Shh is involved
in the control of growth and cell survival during early and late stages of development, provid-
ing cues for size and shape. Indeed, in 1950 it was already shown that the embryonic chick
brain collapses if the notochord and anterior hindbrain are separated from the neuroepithe-
lium. At first glance, these results were attributed to an “experimental overgrowth”. However,
although more cells were in mitosis because their cell cycle was longer, there was net cell loss. It
was concluded that the notochord normally secretes a trophic factor important for the expan-
sion of the brain vesicles. Recently, it was shown that when the notochord is transiently dis-
placed from the midbrain FB the brain vesicles also collapse and fold abnormally. Although
patterning and differentiation is not impaired, proliferation decreases and apoptosis increases
in the midbrain. This is explained by the reduction of Shh levels in the notochord and the FB,
since an implant of Shh-secreting cells in the ventral midbrain reverts the effect, and the nor-
mal midbrain expansion is retarded by cyclopamine, an inhibitor of the Shh pathway.*>%¢ In
addition, the injection of antibodies against Shh into the chick cranial mesenchyme inhibits
proliferation in the neural tube and induces massive apoptosis in cranial neural tube and neural
crest.”” This evidence supports the idea that the ventral midline of the neural tube, by secreting
Shh, is involved in the process of three-dimensional shaping during the early growth of the
brain by controlling proliferation and cell survival.

The anti-apoptotic role of Shh is also crucial for the development of more caudal regions of
the CNS. Programmed cell death in the posterior neural tube of sh# knock-out mice is re-
stricted to discrete ventral and dorsal regions and occurs between E9.5 and E10.5.58 When
chick embryos are deprived of midline structures by ablation of zone ¢ of Hensen’s node, the
neural tube posterior to the excised zone develops but it is completely dorsalised and displays
massive cell death after 20 h of operation. However, apoptosis is prevented when a graft of
midline cells (notochord or FP) or a Shh source is provided.!®?3 These results strengthen the
idea that Shh secreted by midline cells, is absolutely required to keep the neural tube alive.
However, it remains to be elucidated whether the apoptosis produced by the absence of mid-
line structures can be entirely homologated to the effects produced by removing Shh signalling,
Programmed cell death has the role of sculpting the shape and size of organs. The built-in
suicide program, first demonstrated in Caenorhabditis elegans,®® can be seen as a default condi-
tion that must be modulated to attain the correct form and shape of the neural tube, and Shh
signalling has a crucial role in this balance. In fact it was recently determined that Ptc has a
proapoptotic role, which is prevented by binding of Shh.%

Several findings from Xenopus embryos indicate that Shh signalling is involved in a balance
between neuronal differentiation and the control of cell number, and this balance receives the
input of retinoid signalling. Overexpression of sh in frog embryos inhibits primary neurogenesis
in the spinal cord and thickens the neural plate but later, an increase of secondary motorneurons
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is evident. The expansion of the neural plate was attributed to an increase in proliferation. On
the other hand, when sh# was knocked-down, primary neurogenesis was enhanced, and the
absence of midline signalling impaired the normal division of the brain into two hemispheres,
which resulted in diverse grades of cyclopia (Fig. 1E). Retinoids inhibit s#b expression and
enhance primary neurogenesis. To explain the opposite effects on primary and secondary
neurogenesis and the counterbalancing activity of retinoids, it was proposed that Shh with-
draws neural precursors from premature differentiation by retinoid signalling, holding their
proliferative state and reserving them for subsequent waves of differentiation. 386162 These
results are consistent with findings from mouse embryos. Ectopic expression of shb in the
dorsal neural tube of transgenic mice induces proliferation of neural precursors and inhibits
their differentiation.'® In shb knock-out mice the telencephalon is 90% smaller than normal
and consists of a single fused vesicle, strongly dorsalised; ventral and dorsal diencephalic struc-
tures are also reduced. This dramatic phenotype is due to the disruption of brain proliferation
and to increased apoptosis.*’

Shh is expressed in a layer-specific manner in the perinatal mouse neocortex and tectum,
while gli transcripts are found in proliferative zones. Shh is required as a mitogen after stage
E12 in the superficial layer of the tectum and neocortex (layer V) and also in ventricular and
subventricular zones, where gli genes are expressed. This resembles the situation in the cerebel-
lum, where Shh secreted by the Purkinje neurons induces proliferation of the granular layer. It
is also similar to the mechanism in the hippocampus, where secreted Shh from cells in the hilus
of the dentate gyrus induces proliferation of granular and septal cells.%> Therefore, Shh sig-
nalling associated with proliferative regions could be part of a general mechanism of control of
the cell number by regulating cell cycle and cell death.

Besides its role during CNS development, a growing line of evidence points to a crucial role
of Shh signalling in the maintenance of postnatal and adult telencephalic stem cell niches. For
example, the adult rat hippocampus expresses high levels of pzr, and when exposed to an
adeno-associated viral vector delivering shh cDNA, a potent mitogenic effect is observed. Neu-
ral progenitors isolated from this region and cultured with Sh4 proliferate, retaining their
multipotency.®® Conditional null alleles of sh4 and smo display increased apoptosis of neural
progGenitors in the postnatal subventricular zone and reduced proliferation in the gyrus den-
tate.

Therefore, Shh has been consolidated as an anti-apoptotic and mitogenic factor that con-
trols growth and shape during the development of the CNS and it is also present in adult
neurogenic niches, where the complex architecture requires premature differentiation to be
inhibited on behalf of remodelling and plasticity. %3¢

Closing the Idea

The midline structure composed by the FP and the notochord is formed by a crucial binary
switch executed by Delta-1/Notch/hairy-2, which controls the distribution of cell fates in the
organiser, and Shh contributes to refine the shape and size of both structures. In turn, their size
provide the basis for the number of cells that secrete Shh, whose diffusion influences (1) the
shape and size of the neural plate, by controlling cell number; (2) the correct patterning of the
neural tube. Therefore, building of the midline is a crucial part of the program by which the
organiser commands the distribution of signals and cell fates to insure the proper organising
activity defined by Hilde Mangold and Hans Spemann in 1924.3
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CHAPTER 3

Role of Hedgehog and Gli Signalling
in Telencephalic Development

Paulette A. Zaki,* Ben Martynoga and David J. Price

Abstract

tudies performed over the last decade have significantly increased our understanding of
S the role of Hedgehog (Hh) signalling in brain development. Here, we review the various

in vitro and in vivo studies demonstrating the importance of Hh signalling for dorsoven-
tral parterning of the telencephalon. The use of conditional knockouts has been particularly
helpful in defining the spatial and temporal requirements of Hh signalling during telencepha-
lic development. We also discuss the primary effectors of Hh signalling, the Gli family of
transcription factors, and focus on Gli3, which is particularly important for telencephalic de-
velopment, as reflected in the severe telencephalic phenotype of G/£3 mutant mice. The pres-
ence of some dorsoventral patterning in animals lacking both Sh4 and G/i3 implies that, al-
though these molecules are major players in patterning the telencephalon, other patterning
factors exist.

Introduction

The secreted morphogen, Sonic hedgehog (Shh), is vital for ventral patterning along the
entire rostrocaudal extent of the neural tube. > Although most work has concentrated on the
role of Shh in patterning of the caudal part of the neural tube, the spinal cord, studies are
beginning to elucidate the role that Shh plays in the development of the most rostral part of the
neural tube, the telencephalon.

The Hedgehog Signalling Pathway

The Shh gene, along with genes for Indian hedgehog (Ihh) and Desert hea'ge/yag (Dhb) are
homologues of the Drosophila gene hedgehag and code for ~45-kD precursor proteins.? When
Hb binds to the transmembrane receptor, Patched (Ptc), an inhibitory effect on Smoothened
{(Smo) is relieved and the pathway is activated (for a thorough review of these interactions, see
ref. 5). In Drosophila, Hh signalling is transduced by one protein, the zinc-finger transcription
factor cubitus interruptus (Ci) (reviewed in refs. 5, 6). In the absence of Hh, Ci is cleaved to
form an N-terminal fragmenct which acts as a transcriptional repressor. When Hh is present,
the cleavage of Ci is inhibited and the full-length form of Ci is able to act as a transcriptional
activator.

The Hh signalling pathway is more complex in vertebrates. One important difference be-
tween Drosophila and vertebrates is that there are three proteins in vertebrates which are
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homologous to Ci: Glil, Gli2 and Gli3.”® It has been proposed that repressor and activator
functions of Ci have been distributed among the three Gli proteins. For instance, expression of
Glil and G2 results in activation of Hh target genes when expressed in Drosophila (similar to
the actions of full-length Ci) whereas ex(;)rcssion of Gli3 results in the repression of target genes
(similar to the actions of cleaved Ci).”!® Indeed, combined expression of G and G/i3 is able
to substitute for Ci during Drosaphila development.’

Based on these results in Drosophila, it is tempting to postulate that Glil and Gli2 act as
transcriptional activators and Gli3 acts as a transcriptional repressor of Hh target genes in
vertebrates. However, the situation is far more complex than this. For instance, although ex-
pression of Glil results in transcriptional activation of various genes (cyclin D21 prehp b2
Gl Bel 24 Bmp4;15 Bmp7;15 HNF3p8 16,17) 'it is also able to cause down-regulation of gene
transcription (plakaglobinl 1. Furthermore, although expression of G/i3 can result in transcrip-
tional repression,>T%1819 Gli3 has also been shown to mediate Shh-induced activation of the
Gli1 promoter'? and expression of G/i3 can result in an increase in transcription of Psch1,'>2
Bmp4"> and Bmp7."> Also, Gli3 has been shown to have activator function in vivo.”' 2> Of
course, it must be tzken into account that many of the studies looking at the transcriptional
properties of the Glis have been performed in artificial over-expression systems in vitro and
that the transcriptional activities of the Gli proteins may be very different in vivo. Further-
more, the Glis may function differently depending on location and time of action.

Understanding the transcriptional repertoire of the Gli proteins is further complicated by
the fact that not all Gli proteins are processed in a similar fashion to Ci. For instance, Gli3, but
not Glil, is cleaved in the absence of Hh.!%13242% Eyrchermore, the shorter form of Gli3 has
been shown to be a more potent repressor of transcription than full-length Gli3.1224 Because it
is unclear in most studies whether Gli3 is cleaved, or the relative amounts of full-length and
short forms present in the system, it is difficult to determine whether the transcriptional effects
of Gli3 expression are mediated by the full-length or short form of the protein.

Defining the relationship between Shh and the Glis is made even more difficult by the
observation that (unlike Hh and Ci in Drosophila) Shh can affect the transcription of G/i! and
Gli3. Shh has been shown to increase Gli1'% and decrease Gli3 transcription in various sys-
tems.'>?%%0 Furthermore, it has been suggested that Gli3 represses Sh# transcription based on
observations of ectopic Shh expression in the limb and spinal cord of G43 mutant animals.'%3!:32
However, whether Shh and Gli3 are cross-repressive in all tissues is unclear.

Overview of Telencephalic Development

The neural plate is formed from the ectodermal layer of the gastrulating embryo and gives
rise to the entire central nervous system (CNS). Neural folds arise in the neural plate (Fig. 1A),
appose and fuse to form the neural tube (Fig. 1B). The brain develops from the most anterior
region of the neural tube and is divided into three primary vesicles: the hindbrain vesicle
(thombencephalon), the midbrain vesicle (mesencephalon) and the forebrain vesicle (prosen-
cephalon). The forebrain becomes divided into the diencephalon caudally and telencephalon
rostrally. Rapid proliferation of telencephalic cells results in the disproportionate swelling of
the telencephalon which forms a pair of fluid-filled vesicles (telencephalic vesicles). The telen-
cephalon eventually differentiates to become the olfactory bulbs anteriorly, the cerebral cortex
dorsally and the basal ganglia ventrally.

During the second half of embryogenesis (~E11 onward in mouse), distinct telencephalic
progenitor zones are morphologically apparent (Fig. 2). For example, two physically distin-
guishable eminences are found in the ventral region of the telencephalon: the lateral ganglionic
eminence (LGE), the precursor to the adult striatum, and the more ventrally positioned medial
ganglionic eminence (MGE), which gives rise to the globus pallidus. The striatum and globus
pallidus comprise the basal ganglia, which are important for motor function. Cells from the
MGE and LGE, as well as from the recently described caudal ganglionic eminence, produce
GABAergic interneurons which migrate to populate a wide range of mature telencephalic struc-
tures.>® Around the time the LGE and MGE become physically recognisable, the dorsal
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Figure 1. Neural plate and neural tube stages in mouse. A) The anterior neural plate at around E8.5. The
neural plate folds in the direction of the arrows to form the neural tube. B) The brain viewed from the side
after neural tube closure (at around E10.5). The brain vesicles are the prosencephalon (comprised of the
telencephalon (tel) and diencephalon (di)), mesencephalon and rhombencephalon. The prechordal plate
(pcp) undetlies the rostral part of the neural tube (at the level of the diencephalon) whereas the notochord
undetlies the caudal neural tube.

midline of the telencephalon invaginates, leading to the separation of the telencephalic vesicles.
This dorsal midline structure gives rise to the hippocampus, a structure crucial for learning and
memory, as well as choroid plexus, which generates cerebrospinal fluid. The neocortex, which
underpins complex cognitive functions, arises from the dorsolateral area of the telencephalon.

In addition to their distinguishable morphology, embryonic telencephalic progenitor do-
mains have unique gene expression profiles (Fig. 2). For example, the MGE uniquely expresses
the transcription factor, Nkx2. I, whereas transcription factors such as Emx/ and Pax6 are ex-
pressed in the cerebral cortex. Characterising these gene expression patterns has facilitated
analyses of telencephalic regional specification in various mutant embryos, as described below.

Role of Shh in Telencephalic Dorsoventral Patterning

One of the first studies to implicate Shh in telencephalic regional specification showed that
Shh induces the expression of the MGE marker Nkx2.1 in telencephalic neural plate explants. >
Genetic evidence for the involvement of Shh in telencephalic development came from the
discovery that humans heterozygous for mutations in the SHH gene suffer from
holoprosencephaly (HPE).?>3¢ Rather than becoming cleaved into distinct left and right hemi-
spheres, the holoprosencephalic telencephalon develops as a single unpaired vesicle and, in
extreme cases, ventral structures including the striatum and globus pallidus are completely
absent. As a consequence of the lack of ventral diencephalic structures, the optic primordia fail
to separate, resulting in a single cyclopic eye.

Around the same time as the human SHH gene was implicated in HPE, researchers gener-
ated transgenic mice mutant for Shh.>” ShH” animals die at birth, have cyclopic eyes, lack
olfactory bulbs and exhibit defects in the development of ventral structures along the entire
neuraxis. The forebrain is particularly affected and strikingly reminiscent of human HPE. The
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Figure 2. Coronal section of a midgestional (E12.5) mouse telencephalon illustrating major telencephalic
subdivisions, a selection of gene expression patterns which are regionally restricted and the expression
pattern of Shhand Gli3. Genes such as Pax6 and Emx1 are expressed in the dorsal telencephalon, which will
give rise to the neocortex (neoctx), hippocampus (H) and choroid plexus (CP). The ventral telencephalon
contains the precursors for the adult striatum (lateral ganglionic eminence, LGE) and globus pallidus
(medial ganglionic eminence, MGE). Genes such as Mash2 and Gsh2 are expressed in both the LGE and
MGE whereas genes such as Gshl and Nkx2.1 are primarily restricted to the MGE. Sh# expression is
confined to the MGE, while G/i3 is expressed throughout the entire telencephalon, with high levels in the
dorsal telencephalon and LGE and lower levels in the MGE.

telencephalon is severely hypoplastic, uninvaginated and the ganglionic eminences are not
morphologically identifiable. Consistent with the lack of ventral telencephalic structures, ex-
pression of genes characteristic of the most ventral region of the telencephalon, such as Nkx2. 1,
Lhx6 and Gsh1, is completely absent. 840 In concert with the reduction of ventral gene expres-
sion, genes such as Emx/ and Pax6, normally restricted to the dorsal telencephalon, are ex-
pressed throughout the majority of the remaining telencephalic tissue.?”4142

It has recently been observed, however, that ventral gene expression is not totally absent in
the Shh™ telencephalon. In less severely affected ShH” embryos, a small ventral telencephalic
domain continues to express genes such as Gsh2, Mash1 and Dlx2.2* The gene expression
profile of this ventral domain is reminiscent of wild-type LGE. Consequently, whilst providing
good evidence for the importance of Shh in setting up a correctly patterned ventral telencepha-
lon, the Shh™ phenotype demonstrates that Shh is not wholly necessary for the specification of
all ventral cell types in the telencephalon.

It remains an open question as to which factors induce the residual ventral gene expression
in Shh murants. It is possible that other Hh homologues can pattern the telencephalon or can
partially compensate for the absence of Shh. In support of this possibility, mice mutant for
both Shh and Ihh appear to lack all ventral character throughout the CNS.% This phenotype is
essentially indistinguishable from Smo” mutants, which are unable to transduce any Hh sig-
nal.® It is also possible that Hh-independent signalling pathways can induce ventral gene
expression. Indeed, the ability of both $h4” and Smo™ telencephalic cells to express ventral
telencephalic markers when G/i3 is removed® (see below) strongly supports the idea that Hh
signalling is not the only inducer of ventral telencephalic fate. There is evidence that retinoids,
acting in a pathway parallel to that of Shh, induce ventral interneurons in the spinal cord.#4>
It is likely that retinoids also play a role in patterning the telencephalon, 648
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Although S$hh and Smoe mutants clearly demonstrate the importance of these factors dur-
ing development, they do not define the spatial and temporal requirements of Hh signalling
during telencephalic development. For example, because the appearance of MGE-specific gene
expression occurs before Shh is expressed in this region,® it is most likely that sources of Shh
outside the telencephalon itself influence its patterning. But exactly where and when is Hh
signalling required for telencephalic patterning? A range of cellular and genetic approaches has
provided insight into these issues. For instance, Gunhaga et al®® demonstrate that blocking Shh
signalling in epiblast explants from gastrula stage embryos results in failure of ventral telen-
cephalic cell specification. Because Shh is expressed in the anterior primitive streak and Henson’s
node at gastrula stages, %! it is believed that these sources of Shh are crucial for specification
of the MGE.

Shh signalling from the prechordal plate (mesendodermal tissue undetlying the prospective
rostral diencephalon) (Fig. 1),°? may also be required for specification of the ventral telen-
cephalon. Rostral neural plate explants lacking prechordal plate do not express Nkx2.1, whilst
transplantation of prechordal plate results in expression of Nkx2.1 and repression of lateral
neural plate markers.3#355 Furthermore, Shh can induce Nkx2.1 expression in neural ex-
plants lacking prechordal plate.>*3%% Although the prechordal plate does not lie directly un-
der the telencephalon, it may still be an important source of Shh with regard to telencephalic
patterning due to the proposed long-range actions of Shh,>¢58

Later in telencephalic development, the MGE itself becomes a source of Shh*>® (Fig. 2)
and in vitro studies have demonstrated that Shh can induce gene expression characteristic of
the LGE and inhibit dorsal marker expression in telencephalic explants.! Interestingly, even at
high concentrations, Shh is unable to induce expression of the MGE marker, Nkx2.1, at this
developmental stage.®! These experiments suggest that the role of Shh in telencephalic devel-
opment is regulated temporally by changes in responsiveness to Shh. Thus, carly signalling
from extra-telencephalic sources appears to induce MGE fates and later signalling from within
the telencephalon itself seems to induce LGE fates. It will be very interesting to determine, ata
molecular level, what underlies these changes and whether they involve context-dependent
alteration in G/ target genes.

Recent work using conditional gene ablation has also attempted to unravel the temporal
and spatial requirements for Hh signalling. Two studies involving the conditional ablation of
Smo (in order to abolish all Hh signalling) or Sh4 reveal strikingly different telencephalic phe-
notypes depending on the timing of gene excision. Machold et al®? used Cre recombinase
under the control of the Nestin promoter to remove ‘floxed’ alleles of either Shh (S/y/f/';NestinC”)
or Smo (Smo®;Nestin®™) in neural progenitors. In these mutants, target gene transcription is
reduced by E10.5 and abolished by E12.5. Removal of Shh or Hh signalling by these means
results in a surprisingly normal telencephalon, although the olfactory bulbs are reduced in size.
In stark contrast to the Shh” telencephalon, both the MGE and LGE in Sh#”;Nestin™ and
Smo™";Nestin™ animals are morphologically present and exhibit largely appropriate gene ex-
pression. The MGE is variably reduced in size and contains considerably fewer oligodendro-
cyte precursors, prefiguring the paucity of oligodendrocytes observed later in development.
More severe defects were observed postnatally, where there were significantly reduced numbers
of progenitors in the neocortical subventricular zone and hippocampal proliferative zones, sup-
porting6 3thc idea that Shh is required in adult mammals to maintain telencephalic stem cell
niches.

Fuccillo et al* used a floxed allele of Smo to ablate Hh signalling earlier in telencephalic
development using Cre under the control of the Foxg! promoter (Smo™;Foxgl“™). Foxgl is
expressed throughout the telencephalic neuroepithelium from its inception at neural plate stages
(~-E7.5 in mouse).>® This early ablation of Smo, which is estimated to be complete by E9,
results in a much more severe phenotype than animals where $h# or Smo is excised using
Nestin-Cre. Smo®;Foxgl©* embryos lack all trace of the ventral telencephalon, as assessed by
morphology and gene expression, and all remaining telencephalic tissue expresses dorsal mark-
ers. As in the ShA7; Nestin® and Smo™;:Nestin™ animals, the olfactory bulbs of Smo” “sFoxgl Cre
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embryos are reduced in size. Later in development, the majority of telencephalic GABAergic
interneurons and oligodendrocytes, two ventrally-derived cell types, are absent.

From these two studies, we can surmise that early Hh signalling, between the activation of
Foxgl-Cre expression (~E7.5) and Nestin-Cre expression (~E10.5), is crucial in setting up ven-
tral telencephalic progenitor domains and the cells derived from them. Furthermore, the rela-
tively mild phenotype of the Shh”;Nestin®* and Smo; Nestin® mice suggests that Hh signal-
ling after approximately E12.5 is not required for the maintenance of ventral telencephalic
territories which, as suggested above, are specified eatlier in development.

The absence of ventral telencephalic fate specification observed in the Smo® ;Foxgl @ mu-
tant would appear to contradict in vitro studies suggesting thart eatly Shh signalling during
gastrulation (before significant Foxg] expression) is necessary and sufficient for induction of
ventral telencephalic cell fates.”® The Smo”;Foxgl “ mutant presumably has intact Hh signal-
ling at gastrulation, which should be sufficient for the induction of at least some ventral fate.
Some of the contradictions between these studies may simply reflect the inherent differences
that exist between in vitro and in vivo studies. It is possible that, whilst very early Hh signalling
may indeed specify ventral lineages, maintenance of ventral fates in the absence of persistent
Hh signalling can only occur in the rarefied environment of the tissue culture dish. In vivo,
continued Hh signalling may be required to maintain ventral fate and removing Hh signalling
during this phase may expose ventrally specified cells to dorsalising factors, which are likely to
be absent in vitro.

It is also interesting to note that the ventral patterning defects in Smo”; Foxgl “* mutants are
more severe than those found in the constitutive Sh% knockouts. This might best be explained
by activity of other Hh ligands in the embryo. Indeed, a low level of Smo-dependent Hh
signalling has been reported to be present in the S#5” neural tube.%® The ability of Sh5” (but
not $mo™") telencephalic cells to resPond to other Hh ligands (if present) might contribute to
the different phenotypes of the Shh” and Smo®; Foxg1“" mutants. Thus, it will be important to
determine whether the ventral telencephalic phenotype of embryos where Shb is excised by
Foxg1-Cre is similar to or less severe than that of the Foxgl-Cre excised Smo mutants. It is also
possible that heterozygosity at the Foxgl locus (due to insertion of Cre) synergises with the
absence of Smo to contribute to the severe ventral phenotype observed.

The role of Shh in the development of dorsomedial telencephalic structures remains more
ambiguous than its role in patterning the ventral telencephalon. In contrast to the increased
severity of ventral patterning defects of Smo® ; Foxg1“™ mutants compared to Sh» mutants, the
dorsal telencephalic midline of Smo™; Foxg] “ mutants appears to be largely unaffected, whereas
it is morphologically absent in Sh% mutant mice and holoprosencephalic humans. This dis-
crepancy may suggest that very early Hh signalling (before Foxg1-Cre expression) is required to
pattern the dorsal midline. However, Ohkubo et al*2 demonstrate that Bmp2and 7 and Msx1
and 2, genes expressed in the dorsal-most regions of the telencephalon, are still expressed, and
may even be over-expressed, in the Shh” telencephalon. As such, the requirement for Shh in
dorsal midline development may be one of morphological induction rather than cell fate speci-
fication. It is also possible that Shh has some Smo-independent activity in this region of the
telencephalon.

Role of Shh in Cell Death and Proliferation

In addition to affecting telencephalic dorsoventral patterning, Hh signalling likely influ-
ences other processes during telcnceghalic development. The small size of the telencephalon in
various Shh and Smo mutants¥ 42926466 quooects that cell death and proliferation may be
affected. As Bmps and their effectors, Msx transcription factors, have been shown to mediate
cell death in many regions of the developing embryo,%”® including the brain,*>%%72 the in-
creased Bmp and Mix expression in the Shh mutant*? may mediate some of the increase in cell
death observed, although it is not known whether Hh signalling is directly required to repress
Bmp expression. A more direct mechanism could involve the pro-apoptotic function of Prc.

1 Cre
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Thibert et al”® have shown that Ptc induces apoptotic cell death in neuroepithelial cells that
can be prevented by binding of Shh to Ptc. In the absence of Shh, this property of Ptc may
contribute to the increased cell death observed in the Shh mutant.? Because this type of
Ptc-induced cell death does not involve the Ptc/Smo transducing module,”? the cell death
observed in the Smo®;Foxgl“" telencephalon may also be effected by this pathway.®*

The role of Shh in proliferation is supported by the observations of decreased proliferation
in the ShH™ tclenoeGEhalon“ and the increased proliferation of neocortical precursors after Shh
treatment in vitro.* It has also been observed that telencephalic vesicles are enlarged after ec-
topic expression of Shh in vivo.>”# One possible mechanism for the mitogenic effect of Shh is
its ability to relieve the inhibition of proliferation caused by Ptc’s interaction with cyclin B1.”
However, as no obvious proliferation defects have been observed in the telencephalon of Smo®;
Foxgl Cre 64 L Nestin® ©2 and Smo™;Nestin®™ mice,%? further work is warranted in order to
determine when and where Hh signalling is required for telencephalic cell proliferation.

Role of Shh in Cell Type Specification

Hh signalling is important for the specification of two cell types derived from the ventral
telencephalon: oligodendrocytes and GABAergic interneurons. As mentioned above, oligo-
dendrocytes are depleted in Nestin-Cre and Foxgl-Cre excised Hh signalling mutants®>% and
the Shh” telencephalon lacks oligodendrocyte precursors altogether.”® Although various in
vitro and in vivo studies suggest that Shh is necessary and sufficient for telencephalic oligoden-
drocyte Sgeneration,”’%J8 the ability of Sh4™ telencephalic tissue to generate oligodendrocytes
in vitro”” suggests that Shh is not required in vitro for oligodendrocyte generation and/or that
there exists a pathway parallel to that of Shh for oligodendrogenesis. Shh also plays a role in the
generation of GABAergic interneurons. As mentioned earlier, most GABAergic interneurons
are absent in the Smo”;Foxgl“ mutant. Moreover, Shh induces dorsomedial telencephalic
cells to produce more GABAergic interneurons than normal in vitro.”

Telencephalic Phenotypes of Gli Mutants

Given the strong telencephalic phenotype of mice mutant for Sh4 or Smo and that the Gli
proteins are transducers of Hh signalling in vertebrates, it is reasonable to assume that mice
mutant for Glis would also have strong telencephalic phenotypes. Interestingly, mice mutant
for Glil do not show any obvious abnormalities,**®' demonstrating that G/1 is dispensable
for normal development and/or may be compensated for by the presence of other Glis. Mice
mutant for G/i2 were initially reported to have a grossly normal telencephalon,3'#? although,
on an outbred background, these mice display a variably penetrant incidence of exencephaly.®?
In nonexencephalic G/i2”" mice, the telencephalic vesicles are expanded but have a thinner
proliferative zone.®

The G/i3 mouse mutant has the most dramaric telencephalic phenotype of all three G/
mutants. G/3 is widely expressed very early in mouse development in both the mesoderm and
ectoderm.? It is then expressed throughout the telencephalon, with high expression in the
cortex and LGE and lower expression in the MGE (Fig. 2).3%4 The most widely studied strain
of mice with mutation in the G/3 gene is referred to as extra toes (X#) due to heterozygotes
demonstrating polydactyly.®>#¢ The Xz deletion results in a G/i3 transcript lacking the sequence
coding for the DNA binding element,*”#® presumably resulting in a functionally null G/#3
allele. Mice homozggous for the Xz allele die perinatally, display extreme polydactyly and are
often exencephalic.*® In nonexencephalic Gli3§‘/X' mice, the telencephalon is highly abnormal.
Gli3** embryos have no olfactory bulbs and do not develop dorsomedial telencephalic struc-
tures such as the hippocampus and choroid plexus.?>#892 The tissue of the putative neocor-
tex is severely disorganised and heterotopic clusters of cells are observed in this area.”®

Gene expression patterns in the G3** dorsal telencephalon are distinctly abnormal.
Genes such as EmxIand 2 have been reported to be reduced or absent in the GE3** dorsal
telencephalon, although the telencephalon retains dorsal character as reflected by the
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perdurance of some dorsal marker expression.*!"*%2%4 Furthermore, the genes D2 and

Mashl, which are normally ventrally-restricted, are expressed in the dorsal region of the
telencephalon, particularly rostrally.”>*# The boundary between the dorsal telencephalon and
the ventral telencephalon is also compromised.>®? Gene expression within the ventral telen-
cephalon appears relatively normal with Nkx2. 1 being expressed in the area of the MGE and
Gli1 expressed at the boundary between the MGE and LGE.**9%%4

Based on studies observing ectopic cxs)ression of Shh in Gli3®** limbs (and with lower
penetrance in the G3** spinal cord!®),’!? it was thought that ectopic expression of Shk
might be observed in the dorsal telencephalon of G/i3*** mice, contributing to some of the
telencephalic defects present in these embryos. Somewhat surprisingly, Sh# expression appears
to be normal in the GE3* ventral telencephalon.®!**%2 Hh target genes, such as GliZand
Pscl, also appear to be normally expressed,”®*? providing further evidence that Hh signalling is
not aberrantly activated in the dorsal region of the Gli3§,’/X‘ telencephalon.

Abnormal expression of genes for signalling molecules other than Shh is, however, observed
in the G/i3*" telencephalon, For instance, expression of various Bmps are decreased or absent
in the dorsal telencephalon®®*2 and the cortical hem, a Bmp- and Waz-rich signalling center in
the dorsal midline important for formation of the hippocampus and choroid plexus, does not
form in the G53**®* mutant.”! Furthermore, Fgf8 expression is expanded in the anterior neural
ridge?! and dorsomedial telencephalon.®® Because these signalling molecules are crucial for the

proper development of the telencephalon,?” it is likely that the abnormal expression of these
molecules contributes to the severe phenotype of the G

#X telencephalon.
Role of Gli3 in Cell Death

Whereas increased cell death is observed in Hh signalling mutants, decreased cell death is
observed in the forebrain of Gi3 mutants.*! As Bmps mediate cell death in many regions of the
developing embryo, one possible mechanism through which Gli3 might regulate cell death is
via modulation of Bmp signalling. This is supported bgr findings that expression of several
Bmps is lost or reduced in the Gliﬁg(’/X' telencephalon.’®®? Reduced expression of Bmp genes is
consistent with the ability of Gli3 to enhance promoter activity of Bmp4 and Bmp7."> Gli3
may also decrease cell death by directly affecting genes such as the anti-apoptotic factor Bel2.%®
Because the repressor form of Gli3 is able to inhibit transactivation of the Be/2 gene in vitro,'*
it is possible that loss of G/i3 function results in an overall increase in Bcl2 activity, resulting in
decreased levels of cell death.

Loss of Gli3 Partially Rescues Shh”" Telencephalic Phenotypes

Based on work in the limb?**? and spinal cord,®>'% it has been groposed that Shh acts to
antagonise the actions of Gli3. For example, Litingtung and Chiang'® were the first to demon-
strate that many of the ventral spinal cord defects found in $h5” animals were partially rescued
in ShH";GLi3™* animals and further rescued in Sh4”;Gli3*® animals. Based on these find-
ings, it was suggested that G/£3 normally represses ventral fates and that Shh is required to
counteract Gli3 function in order to allow ventral fate specification in the spinal cord. Could
Hh signalling play a similar role with respect to Gli3 in the telencephalon?

It has been shown that loss of G/i3 can partially rescue the telencephalic phenotype of Shb™
mutants.* For example, formation of two telencephalic vesicles is restored when one copy of
Gli3 is removed from Shh™ embryos. Furthermore, correct regional expression of ventral mark-
ers Mash1, Dix2 and Gsh2 appeats to be restored in the ShH”;Gli3** mutant compared to the
aberrant expression of these genes in the Sh4” mutant. There is even a small amount of Nkx2. 1
expression present in the Shh™":GE3* mutant, which is never seen in the ShH™ telencephalon,
suggesting that some MGE character is restored in the Sh5”;Gli3*"* mutant. Unfortunately, the
high incidence of exencephaly in double homozygous mutants precluded a thorough analysis of
the dorsoventral patterning of these animals. However, it appears that the MGE is more fully
specified in the Shh™” ';Gli3§'m mutant than in the Sh5” ';Glij’g/ * and Sh#” mutants. Thus, ven-
tral patterning is able to occur in the absence of both Shh and Gli3, demonstrating that other
pathways are capable of dorsoventral patterning in the telencephalon.
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Conclusion

It has been a decade since Hh signalling was first implicated in development of the telen-
cephalon and the Hh pathway now has a unique and undisputed position as a key regulator of
ventral fate specification. Nevertheless, many issues remain to be addressed regarding the mecha-
nism of the Hh-Gli signalling pathway. For example, it will be important to define what the
respective contributions of the full-length and cleaved forms of the Gli3 protein are during
telencephalic development. One group has already begun to address this by generating a mouse
(G1i32999A6% mutant) that only expresses a truncated Gli3 protein similar to the cleaved form
of Gli3.1%! This mutant form of Gli3 would thus have DNA binding capabil't)r, unlike the
potential protein product resulting from the Xz allele. Interestingly, these Gli32%%%/4%9 mutants
exhibit a very different phenotype to that of Gi3** mice. They exhibit a variety of defects,
such as imperforate anus and absence of adrenal glands,'®'which are not present in GE3**X*
mice. Furthermore, Gli3*%72% mice do not display the spinal cord defects found in G3XX
mice.!%2 Although analysis of the rostral portion of the nervous system in these mice has not
been published, it appears unlikely that these mice have a similar telencephalic phenotype to
GE3% mice. If the telencephalon of the G/i3%%°%/2%9 mutant is correctly patterned, it would
suggest that full-length Gli3 is either not necessary for telencephalic development, or other
proteins, presumably Glil or Gli2, are able to compensate for its absence. The generation of a
mouse expressing a cleavage-resistant form of Gli3 would be of great help in defining the
relative importance of full-length and cleaved forms of Gli3 during development.

Questions regarding the relationship between Hh ligands and the Gli proteins also remain.
For example, do Hhs have Gli-independent action in telencephalic development? Conversely,
to what extent do Gli proteins have roles independent of their Hh transducing functions? With
regard to the first issue, the identification of a Shh-response element in the COUP-TFII pro-
moter that is distinct from the Gli-response element suggests that factors other than Gli can
transduce the Shh signal.'® This is particularly relevant to telencephalic development since
COUP-TFII is thought to be involved in the migration of neurons from the ventral telen-
cephalon.!® Furthermore, the Hh receptor Ptc has been shown to modulate both cell death”
and proliferation’? independent of the Ptc/Smo/Gli transducing module and these actions are
regulated by binding of Shh, adding further support to the notion that Shh can act without Gli
proteins. Regarding whether Gli proteins have roles independent of their Hh transducing func-
tions, there is evidence that C-terminally truncated Gli3 is able to interact with Smads,'®®
transducers of Bmp signalling. This, in addition to the ability of Glis to activate the Bmp4 and
Bmp7 promoters,'> suggests that Glis are able to influence Bmp signalling at both a transcrip-
tional and post-translational level. Thus, it is important to keep in mind that not all functions
of Shh and Gli proteins are confined to the well-described linear Shh-Smo-Gli pathway and
that future models will need to accommodate these actions.
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CHAPTER 4

Role of Shh and Gl Signalling
in Oligodendroglial Development

Min Tan, Yingchuan Qi and Mengsheng Qiu*

Abstract

ecent molecular and genetic studies have demonstrated that early oligodendrocyte
Rprogenitor cells are induced from the ventral neural tube by the Sonic hedgehog (Shh)

protein produced in the ventral midline structures. Whilst Shb signalling is required for
ventral oligodendrogenesis in the entire central nervous system, G/i2 activity only regulates
oligodendrocyte development in the ventral spinal cord. G/3 plays a nonessential role in ven-
tral oligodendrogenesis during normal development. However, in the absence of Sh# signal-
ling, Gli3 functions as a repressor of ventral oligodendrogenesis. In addition, there is growing
evidence that a separate population of oligodendrocyte progenitor cells is also produced from
the dorsal region of the neural tube independent of Sh# signalling.

Early Oligodendrocyte Precursors Originate from the Oligl/2+ Ventral
Neuroepithelium and Share the Same Lineage with Motor Neurons

Oligodendrocytes are myelinating macroglial cells found in all regions of the central ner-
vous system (CNS). Despite their widespread distribution, recent studies suggest that early
oligodendrocyte progenitors (OPCs or OLPs) are derived from specific loci in the ventral neu-
roepithelium in the developing CNS. For instance, expression of several early oligodendrocyte
marker genes, such as PDGFRa and Sox10, is initially observed in the ventral ventricular zone
in the entire CNS.!> Moreover, in neural explant culture and chick-quail transplantation stud-
ies, only the ventral spinal cord tissues gave rise to oligodendrocytes, whereas the dorsal tissue
largely produced astrocytes.*®

The origin and molecular specification of oligodendrocytes have been studied most exten-
sively in the developing spinal cord. Recently it was established that eatly OPC cells in the
spinal cord specifically originate from the motor neuron progenitor domain (pMN domain) of
the ventral neuroepithelium.” During early neural development, the pMN domain expresses
the Olig2 bHLH transcription factor.*'° From the Olig2+ pMN domain sequentially arise the
HB9+ motor neurons and Olig2+ OPC cells.””!! Loss of Olig2 function distupts the develop-
ment of both motor neurons and oligodendrocytes.!?!> Based on these observations, it has
been proposed that in the ventral spinal cord, motor neurons and oligodendrocytes are derived
from the same pool of neural ?rogenitor cells, with motor neurons being generated first fol-
lowed by oligodendrocytes. !
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During oligodendrogenesis stages, the Oligl gene is also expressed in the pMN domain.
Recent studies have suggested that the closely related Olig and Olig2 genes have distinct func-
tions in the development of the oligodendrocyte lineage. While Olig2 activity is essential for
the fate specification of OPCs, Olig! appears to have a crucial role in oligodendrocyte matura-
tion and remyelination. Mutation of the Olig! gene leads to delayed oligodendrocyte differen-
tiation!? and impaired remeylination in the insult-induced demyelination model.'®

Ventral Oligodendrogenesis Is Induced by Sonic Hedgehog Signalling

During early neural development, Shh protein functions as a morphogen to induce various
types of ventral neurons.'® It has been proposed that Shh protein produced from the ventral
midline structures (notochord and floor plate) sets up a concentration gradient in the ventral
neural tube, and different concentrations of the protein can induce different subtypes of ven-
tral neurons.”®?! Several lines of evidence suggest that the production of OPCs from the ven-
tral spinal cord is also a Shh-dependent process.'®1722 First, activation of the Shh pathway by
Shh recombinant protein is sufficient to induce oligodendrocyte development from dorsal
spinal cord explants.”%6 The induction of oligodendrocytes occurs with a similar concentra-
tion of Shh protein that is required for motor neuron induction, consistent with the notion
that oligodendrocytes and motor neurons share the same lineage. > Second, blockade of Shh
activity can inhibit oligodendrogenesis in spinal cord explant culture.?*? Consistently, in Shh
mutants, oligodendrocyte generation in the ventral spinal cord is completely abolished.?®

Similarly, early OPCs are also generated from the ventral region of the brain in a
Shh-dependent mechanism.?” In the developing forebrain, early OPCs oriéinate from the ven-
tral telencephalon, specifically the anterior entopeduncular area (AEP).*% Shh is expressed in
the ventricular and subventricular zone of the AEP as well as the adjacent median ganglionic
eminence (MGE) and anterior preoptic area (POA). Loss of Shh expression in the basal fore-
brain in NVkx2.I mutants and in $64 mutants is associated with an inhibition of early oligoden-
drocyte development in the telecephalon.?'3® There is also evidence that early OPCs are gen-
erated from the ventral hindbrain in a Shh-dependent mechanism. >34 Therefore, Shh-dependent
ventral oligodendrogenesis appears to be a universal phenomenon in the CNS.

A Shh-Independent Pathway for Oligodendrogenesis
in the Developing Spinal Cord

Although it is generally accepted that early OPCs are produced from the ventral neural tube
by a Shh-dependent mechanism, there is emerging evidence that dorsal neural progenitor cells
also contribute to oligodendrocyte formation during development. Earlier studies demonstrated
that prolonged culture of dorsal spinal tissues were capable of producing oligodendrocytes,®
indicating that dorsal neural progenitor cells have the potential to generate oligodendrocytes in
vitro under certain circumstances. However, it has not been clear until recently whether this
potential is realised during animal development. Our recent studies revealed that a small num-
ber of OPCs are indeed generated from the dorsal spinal cord at E14.5, about two days later
than the commencement of ventral oligodendrogenesis (E12.5) (Fig. 1). The generation of
dorsal OPCs is particularly evident in Nkx6.I-/-Nkx6.2-/- double mutants, in which ventral
oligodendrogenesis is inhibited due to the lack of the pMN domain. The dorsally-derived
Olig2+ OPCs in both wild-type and Nkx6 mutants coexpress several dorsal neural progenitor
genes including Pax7, Mash1 and Gsh1 2835 However, the time window for the late phase of
oligodendrogenesis from dorsal neural progenitor cells is relatively short (from E14.5-E15.5)
as compared to that for the early phase of ventral oligodendrogenesis (from E12.5 to E15.5),
suggesting that dorsal contribution to the OPC population is likely to be limited. Due to the
lack of traceable markers for this population of OPCs (expression of dorsal progenitor genes is
quickly down-regulated), it is difficult to estimate what percentage of spinal cord OPCs have a
dorsal origin.za’3 For the same reason, the fate and function of dorsal OPCs in adult spinal
tissue are unknown. It is possible that dorsal OPCs may differ functionally from their ventral
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Figure 1. Ofig2+ cells are generated transiently from restricted sites of E14.5 dorsal spinal cord. Serial cross
sections of E14.5 wild-type mouse embryos were subjected to ISH with Ol#g2 riboprobe. A) Photograph
of an E14.5 mouse embryo to indicate the positions of transverse sections in B-D. B-D) Olig2 expression
in E14.5 spinal cord along the rostral-caudal axis as indicated in A. The dorsal OPC population is more
evident in the caudal spinal cord, as indicated by white arrows.

counterparts. For instance, dorsal OPCs may remain undifferentiated and become adult pro-
genitor cells, whereas ventral OPCs proceed to become myelinating cells. Even if dorsal OPCs
do differentiate into myelinating cells, as suggested by the observation that dorsally-derived
OPCs can form myelin sheets in culture,® it is conceivable that these two different pools of
OPCs may be targeted to myelinate different populations of axons.* Definite answers to these
important questions need to await future fate mapping studies employing the contemporary
molecular and genetic approaches such as the CreLoxP system.

Similar to the fate specification of dorsal interneurons, the generation of oligodendrocytes
from the dorsal neural progenitor cells also appears to be a Sh-independent process. In Shh /-
mutants, Oligl/2+ OPC cells emerge from the dorsal region of the spinal cord at E14.5 (Fig.
2), indicating that dorsal oligodendrogenesis proceeds as normal in the absence of Sh# signal-
ling. Although it is conceivable that the loss of S44 function could be compensated for by the
expression of other hedgehog members (74 and Dhb) in the surrounding tissues, there is both
pharmacological and genetic evidence that oligodendrocyte development occurs in the absence
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Figure 2. A) Expression of Olig! gene in E14.5 spinal cord of various mutants of the $44-Gli pathway. B)
A hypothetical model for the origin of spinal cord oligodendrocytes in these mutants. In the wild-type, a
majority of OPCs are derived from the ventral pMN domain in a Shh-dependent mechanism. A small
population of OPCs is also generated from the dorsal d13-5 domains independent of Sh# signalling. Only
ventral, but not dorsal, oligodendrogenesis is affected by mutations in the S54-Gli pathway. The floor plate
is missing in all four mutants. The arrows represent the possible migratory directions of OPC cells.

of all hedgehog signalling in vitro. First, oligodendrocytes can be induced from dorsal neural
progenitor cells by FGF in the presence of the pan-hedgehog inhibitor cyclopamine.?”?” Sec-
ond, oligodendrocytes can develop from embryonic stem (ES) cells deficient in the pan-hedgehog
receptor Smoothened,™ which is required for all hedgehog signalling.®®

The signalling mechanism underlying the Shh-independent late phase of dorsal
oligodendrogenesis in the spinal cord remains unknown at this time. Since FGF signalling can
induce oligodendrocyte development in dissociated dorsal neural progenitor cells®® indepen-
dent of Shh signalling,”?’ it is possible that FGF signalling could be partially responsible for
the late production of OPCs in the dorsal spinal cord. In addition, the progressive reduction of
BMP (Bone Morphogenetic Protein) signalling over time may also contribute to dorsal
oligodendrogenesis.*® It is known that BMP can antagonize Shh-induced oligodendrocyte speci-
fication, and experimental inhibition of BMP signalling is sufficient to induce oligodendrocyte
production both in vivo and in vitro.>>*¢4 It is possible that dorsal oligodendrogenesis may
result from a combination of increased FGF and decreased BMBP, signalling.

Differential Roles of G/i Genes in Ventral Oligodendrogenesis

The intracellular mechanisms underlying Sh4 induction of motor neurons and oligoden-
drocytes in the ventral spinal cord are not well understood. Previous studies in Drosophila have
identified a zinc-finger transcription factor, Cubitus Interruptus (Ci), as the key mediator of
hedgehog signalling. Three homologues of C7 have been identified in vertebrates; these are the
Gli genes (Gli1, Gli2 and Gli3). Although all three G/ genes are expressed in the developing

spinal cord,*"*? they appear to have distinct roles in mediating the Sh4 induction of various
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cell types in the ventral neural tube.*** Although both G/il and G/i2 can function as activa-
tors of Shh target genes in overexpression studies,>#” only G/2 is involved in high-level Shb
signalling for the induction of floor plate and V3 ventral interneurons.*®*® In contrast, Gli1
activity is not required for normal D-V patterning of the neural tube, and there are no discernable
neuronal defects in G/iI null mutants. 4>

The Gli3 transducer appears to function both as a repressor and activator of Sh# signal-
ling.*>*1"52 The primary function of G/i3 appears to be repression of fate specification of motor
neurons and interneurons at more dorsal positions. In G/i3 single mutant, there is a marked
dorsal expansion of V0, V1 and dI6 interneurons in the intermediate region of the spinal
cord.?® In addition, G/;3 mutation can rescue the development of motor neurons and V2
interneurons in $H// mutants in a dose-dependent manner, indicating that G/23 functions as a
repressor of these two ventral neuronal cell types in the absence of Sh# signalling.">> However,
the development of the floor plate and V3 neurons are not restored in Shh-/-Gli3-/- double
mutants, similar to the phenotypes observed in G2 mutants. Thus, it has been proposed that
G113 acts as a coactivator of G2 in the Shh-mediated induction of these two ventral-most cell
types. 25154

Gli2 Activity Regulates Olig Gene Expression in the Ventral Spinal Cord
and the Initial Production of Oligodendrocyte Progenitors

Whilst no role for G/17 in oligodendrogenesis has been reported, the role of the G/2 trans-
ducer in ventral oligodendroglial development has recently been investigated in our labora-
tory.”® In Gli2 mutant embryos, the early expression of Olig2 gene in the ventral spinal cord
during neurogenesis is not affected, and the production of motor neurons appears to be nor-

1484 However, Olig2 expression in the ventral neural progenitor cells is not up-regulated
ma e, Liige exp prog p-reg
and maintained during the oligodendrogenesis stage in these murtants. Consequently, the pro-
duction of OPC cells from the ventral spinal cord is significantly delayed and reduced, but not
completely inhibited.>® Therefore, G/i2 activity regulates the late phase of Olig2 gene expres-
sion in the ventral neuroepithelium and its subsequent production of OPC cells. One plausible
explanation for this mutant phenotype is that the ventricular expression of the Ofig genes
during oligodendrogenesis depends on a late supply of Shb protein from the floor plate, which
is absent in G/72 mutants. It is known that oligodendrogenesis requires continued $44 signal-
ling®® and that Sh# is expressed in the floor plate. > If this is the case, G/i2 regulates ventral
oligodendrogenesis indirectly through its effect on floor plate formarion. In support of the
nonautonomous role of G/22 in ventral oligodendrogenesis, $45 expression is not affected in
the ventral forebrain in G2 mutants and oligodendrogenesis proceeds normally in this re-
gion.>> Although Gli2 is not absolutely required for ventral oligodendrogenesis, it is still pos-
sible that G/72 is normally involved in this Shh-dependent process, but loss of its function is
compensated for by G/i3 or Gli1.

As expected, the generation of OPCs from the dorsal spinal cord does not seem to be com-
promised in G/2 mutants. At E14.5, a small number of Olig+ OPC are generated and located
immediately adjacent to the dorsal neuroepithelium in the mutant spinal cords (Fig. 2). De-
spite delayed and reduced ventral OPC production, a similar steady-state number or density of
OPCs is eventually achieved in the wild-type and G/2 mutant spinal cords ar late gestation
stages, possibly due to increased OPC proliferation in the mutants.

Interestingly, in spite of the similar number of OPC cells in the wild-type and G/22 mutant
spinal cords at late gestation stages, oligodendrocyte differentiation is severely reduced and
delayed in the mutants. However, this delay is also observed in other mutants (e.g., Nkx6. 1-/-
and $hh-/-Gli3-/- mutants) in which the initial production of ventral OPCs is also delayed but
Gli2 activity is reserved.”®>” Therefore, the delay of OPC terminal differentiation is unlikely to
be due to the loss of G/i2 function itself. One possible mechanism for the parallel delay of OPC
generation and differentiation in G/22 and other mutants is that an intrinsic timing mechanism
may be responsible for regulating the onset of oligodendrocyte differentation and maturation.
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Previous studies showed that OPC cells in culture conditions withdrew from the cell cycle and
differentiated after a certain number of cell divisions,’® or a fixed amount of time.”® However,
alternative mechanisms are also conceivable, and therefore the mechanism underlying the par-
allel delay of OPC generation and maturation in the mutants remains to be determined.

Gli3 Functions as a Repressor of Ventral Oligodendrogenesis in the Absence
of Shh Signalling

The role of the G/3 gene in ventral oligodendrogenesis has been investigated in our labora-
tory. In G/3 single mutants, there are no obvious phenotypes related to oligodendrocyte speci-
fication and differentiation in the spinal cord. The generation of OPCs from both ventral and
dorsal spinal cord appears to be normal and on schedule (Fig. 2). The lack of an oligodendro-
cyte phenotype in Gl3 single mutants is not surprising, given that G/3 mutation does not
affect the specification of neural progenitor cells that give rise to oligodendrocytes in both
ventral and dorsal spinal cord, i.e., the pMN domain and the dI3-5 domains, respectively.’">3

Similar to the scenario in ventral neurogenesis, G/i3 mutation can also rescue ventral
oligodendrogenesis in $44 mutants in a dose-dependent manner. In $h4-/- single mutants,
OPCs are only produced from the dorsal, but not ventral, spinal cord, due to the lack of pMN
domain (Fig. 2).28 However, in Shh-/-Gli+/- embryos, a small number of OPCs start to appear
in the ventral spinal cord at E14.5 (Fig. 2), indicating that ventral oligodendrogenesis is par-
tially restored in these mutants. In $hh-/-Gli3-/- double mutants, the number of OPCs derived
from the ventral spinal neuroepithelium is comparable to that observed in the wild-type em-
bryos (Fig. 2). In all cases, the generation of OPCs from dorsal neuroepithelial cells does not
appear to be affected. Together, these observations suggest that G/3 plays a nonessential role in
both ventral and dorsal oligodendrogenesis during normal development. However, in the ab-
sence of Sh# signalling, G/i3 functions as a repressor of ventral oligodendrogenesis.
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CHAPTER 5

The Role of Sonic Hedgehog Signalling

in Craniofacial Development
Dwight Cordero, Minal Tapadia and Jill A. Helms*

Introduction

he unique characteristics of our face contribute to individuality, distinguishing us from

other human beings as well as other species. This has led to the face being thought of as

an isolated entity, in terms of both embryonic development and postnatal physical
characteristics. The artistic intricacy of facial features is a reflection of multiple sophisticated
spatial and temporal developmental events and interactions, not only within tissues that give
rise to the face but also between these and other tissues such as the brain. The culmination of
such interactions transforms planar tissue into readily recognizable complex three-dimensional
structures with unique characteristics that we identify as our face. Complexity not simplicity,
and interactions not seclusion, are the axioms in craniofacial development.

The Sonic Hedgehog (Shh) signalling pathway is involved in a number of tissue interac-
tions during craniofacial development, and is integral in providing information to cells that
give rise to facial features. This chapter provides an overview of craniofacial development and
our present understanding of the roles Shh plays in the genesis of the face. We also discuss how
mutations in this pathway, and environmental agents, may lead to craniofacial dysmorphologies.

Overview of the Anatomy of Craniofacial Development

In mammals and birds, facial structures develop from the facial primordia: a single frontonasal
primordium and paired maxillary and mandibular processes (Figs. 1A-C). These primordia,
also referred to as the facial mesenchyme, consist of an epithelium that encloses undifferenti-
ated neural crest cells (Figs. 1D-G), and are active centers of mesenchymal cell proliferation,
condensation, differentiation and apoptosis. They may share fundamental similarities in terms
of structural organization but the molecular mechanisms controlling their patterned outgrowth
appear to be distinct. This may be due to differing axial origins of the neura! crest cells from the
neural tube, or to regional differences in the overlying ectoderm.’

The forebrain and the epithelia of facial primordia originate from the same ectoderm (Fig.
1D). Neural cell fate is thought to result from the presence of bone morphogenic protein
{Bmp) antagonists and fibroblast growth factors (Fgfs) (Fig. 1D) inducing neural character
[reviewed in ref. 2] and therefore formation of the forebrain {reviewed in ref. 3,4]. During
development, the neuroectoderm of the ventral forebrain is in intimate contact with the mes-
enchyme within the epithelium-covered frontonasal process (Figs. 1F-G), allowing communi-
cation between the three tissues (the neuroectoderm, mesenchyme and facial ectoderm). In the
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Figure 1. Development of the facial prominences. Craniofacial structures develop from facial primordia and
consist of neural crest mesenchyme enclosed by facial ectoderm. Frontal view representations of (A) murine
and (B) chick embryo facial primordia showing the physical location and relationships of the primordia. C)
Photograph of a child depicting the facial structures that arise from the respective primordia. Color codes
represent the primordia of structural derivation. The forehead and nose (beak in the chick) are derived from
the frontonasal primordium (forehead and medial nasal prominence in orange, lateral nasal prominence in
purple). The maxillary and mandibular processes (maxillomandibular prominences) (yellow) give rise to the
midface, lateral aspects of the lips and secondary palate (maxillary prominences) and the lower jaw or beak
in chicks (mandibular prominences). D) The epithelia comprising the primordia originate from a unified
sheet of ectoderm, which is subdivided into neural and nonneural regions that are influenced by the
concentration of Bone morphogenetic proteins (Bmps). E) The ectoderm folds upward and becomes the
neural folds. As the neural folds fuse, creating the neural tube, distinct tissue layers of neuroectoderm (ne,
green) and facial ectoderm (fe, blue) are seen. Neural crest cells delaminate from the border region between
the neuroectoderm and surface ectoderm, and migrate into specific areas of the face to give rise to the facial
prominences depicted in A-C. F-G) Following migration, the neural crest cells lie between the neuroecto-
derm and facial ectoderm, and receive developmental cues from both the neuro- and facial ectoderm such
as Sonic Hedgehog (Shh) and Fibroblast Growth Factor 8 (Fgf8). G) In situ hybridization performed on
sagittal sections of chick embryos, wherte red (pseudocolored using photoshop) represents Shh expression
and green represents Fgf8 expression. Note the neural crest cell (NC) relationship to both the ne and fe. The
Facial Ectodermal Zone (FEZ) consists of 2 boundary between Shh expression (red) and Fgf8 expression
(green) in the fe (arrowhead), which is an organizing centre for proper outgrowth and patterning of
structures derived from the frontonasal process. Abbreviations: di ne: diencephalic neuroectoderm; is:
isthmus; mn: mandible; PA: pharyngeal arch; pe: pharyngeal endoderm; or: optic recess; PCP: prechordal
plate; tel ne: telencephalic neuroectoderm. A-G) Reprinted courtesy of Developmenz.1

maxillary and mandibular primordia, signalling occurs between the facial ectoderm, mesen-
chyme and endoderm (Fig. 1G), resulting in maturation of these tissues into facial structures
(Fig. 1C).

Cranial neural crest cells (CNCCs) give rise to the facial mesenchyme, and originate from
specific axial positions along the dorsal neural tube. They migrate into specific regions of the
facial primordia where they have the pluripotential to form pericytes, which are components of
blood vessels,” cartilage and bones of the face [reviewed in ref. 11].51 There is debate over
what determines the cell fate decision of CNCCs. One view is that they are preprogrammed
with all the information needed to determine their cell fate but others argue that their fate is
determined by responses to developmental cues from the local environment after they arrive in
the facial ;)rimordia.12 Evidence for preprogramming comes from transplantation experi-
ments.'>"> Transplanting presumptive second and third arch neural crest with presumptive
first arch neural crest results in ectopic skeletal elements of the first arch growing in locations
usually associated with the second and third arches.!> However, transplantation experiments
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from other laboratories suggest that CNCCs are not preprogrammed but interpret informa-
tion within the new local environment of the facial primordia and are capable of responding in
a manner that depends on their developmental history [reviewed in ref. 12721351 Oppo-
nents of this view suggest that signals originating in the overlying facial epithelium or adjacent
tissues control cell proliferation, survival, patterning and differentiation of the mesenchyme.™
However, the generation of information does not appear to be unidirectional i.e., from ecto-
derm to mesenchyme; signals emanating from the mesenchyme are likely to influence the
character of facial ectoderm and neuroectoderm, which are in contact with the frontonasal
process (FNP). Integration of and responses to such signalling determine patterning, cell pro-
liferation and outgrowth, leading to the fusion of facial structures, and thereby creating the
intricate morphologies characterizing the human face.

Sonic Hedgehog in Development of the Upper Face

The Dynamic Spatial and Temporal Expression of Shh in the Brain
and Face

Physicians have recognized a clinical association between forebrain and facial development
for more than forty years?® but it is only recently that the molecular basis of this relationshizp
has begun to be revealed.?>?* Studies have shown that a number of molecules including Shh,*
Fgf8,2%7 BMPs?-3! and retinoic acid (RA)?® play important roles in patterning, growth and
morphogenesis of the forebrain and face, and that Shh and RA are two of possibly many mol-
ecules that may mediate the transmission of developmental information between the forebrain
and face during embryogenesis. >

Sht expressed in the developing central nervous system (CNS), ectoderm of the first pha-
ryngeal arch, FNP and endoderm® mediates ectodermal-mesenchymal interactions, which are
necessary for the appropriate patterning and growth of the facial primordia.® Sh# is expressed
in the rostral head in the midline of the neural plate.>* The mesoendoderm (prechordal plate)
is a source of Shh required for normal ventral forebrain development.?> After neurulation in
the avian embryo, this midline region gives rise to the ventral prosencephalon which subse-
quently divides into the telencephalon (future cerebral cortex) and diencephalon (future thala-
mus, hypothalamus, subthalamus and epithalamus).

Recently, chick models have revealed that $44 is dynamically expressed in the forebrain and
face. Shh transcripts are restricted to the ventral diencephalon at HH stage 15 (Figs. 2C-D),
and at HH stage 17 it is induced in the ventral telencephalon, which is separated from the
diencephalic domain by the Shh-negative optic recess (Figs. 2E-F).2* At HH stage 20, Shb is
induced in ventral ectoderm of the FNP (Figs. 2G-H)* but is not expressed in intervening
CNCCs (Figs. 2G-H). Shh is required for normal skeletal development of the craniofacial
region,?” and once it has been established the facial domain of Sh# persists®® but is limited to
the ectoderm of the FNP and maxillary processes.*® The spatial and temporal expression of Shh
in the CNS and face suggests that Shh may be important for the coordinated development of
the forebrain and face.

The Clinical Implications of the Spatial-Temporal Relationship between the

Brain and Face

Shh is required for normal forebrain and facial development®”* in many species in-
cluding humans.*>** $h4 null mutations in mice result in holoprosencephaly (HPE) and se-
vere facial manifestations such as cyclopia, a proboscis, and hypoplastic maxillary and man-
dibular derivatives (Figs. 3A-B).* Unfortunately interruption of Shh signalling early in gestation
affects neural plate patterning and thereby precludes analyzing the direct contribution of Shh
to facial morphogenesis at later developmental stages. The chick model system, which allows
for manipulation of Shh signalling by physical, biochemical and other means, has in part by-
passed this limitation and provided insi%hts into the roles of Shh during patterning and out-
growth of the craniofacial complex.?>%>>2

40-42 26,32
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Figure 2. Sonic hedgehog is expressed in a sequential manner in the brain and face. A,C,E,G) Representations
of midline sagittal sections of the chick craniofacial complex at various developmental stages, next to
(B,D,EH) actual midline sagittal sections at corresponding stages (red represents Sh# expression). A,B) At
stage 10, Shhis expressed in the forebrain (fb), in the ventral prosencephalon (vp), and pharyngeal endoderm
(pe). C,D) At stage 15, the forebrain (fb) has divided into the telencephalic (tel) and the diencephalic (di)
domains. At this stage Shh transcripts ate localized to the neuroectoderm of the di. E,F) At stage 17, Shh
is expressed in telencephalic neuroectoderm (tel ne). G,H) By stage 20, 544 is expressed in the diencephalic
(di ne) and telencephalic neuroectoderm (tel ne) and in the facial ectoderm (fe). Abbreviations: is: isthmus;
ma: maxillary process; mb: midbrain; PA: pharyngeal arch; rp: Rathke’s pouch. A,C,E,G) Reprinted cour-
tesy of Development,'? Drug Discov Today: Disease Mech,” J Anasomy.'°' B,F) Reprinted courtesy of ] Clin
Invest. D) Reprinted courtesy of /. Anatomy.lm H) Reprinted courtesy of Dezzeloprm’nt.12
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The first experiment directly to address the contribution of Shh at later stages of craniofa-
cial development involved the excision of a Shh-positive region of facial ectoderm correspond-
ing to the presumptive FNP in HH stage 25 chick embryos.>? Loss of Shh from the facial
epithelium (without disturbing the underlying mesenchyme) resulted in decreased outgrowth
of the FNP along the anterior-postetior axis and an inability to fuse with the maxillary primor-
dia (Figs. 3C-D). In humans, this failure of fusion causes cleft lip and palate.3*%> The addition
of Shh recombinant protein (Shh-N)-containing beads in the presumftive ENP region of HH
stage 25 chick embryos caused an increase in the width of the FNPE3Z which is reminiscent of
hypertelorism, observed in a number of human craniofacial disorders. Over-expressing Sh4 in
the facial ectoderm of chicks using RCAS-Shh results in similar phenotypes, as do the murine
gain-of-function mutations in G378 These data suggest that Shh is involved in the
medial-lateral growth (axis) of the FNP. These ‘extra-toe’ mice also have polydactyly.

In chicks, Shh expression in the FNP appears to be modulated by the vitamin A derivative
RA.% RALDHG, a member of the aldehyde dehydrogenase family involved in the synthesis of
RA,% is localized to the ventral epithelium of the presumptive FNP in chick embryos,?® and
RALDHS3 is found in the neuroepithelium of the telencephalon and olfactory placode.’®>!
Two nuclear receptors, RARB and RXRy, which bind to RA, are present in the ENP mesen-
chyme.?® The spatial relationship between the ligands and their receptors suggests a possible
link between Shh production in the developing brain and face, and/or that facial mesenchyme
receives inputs from dual sources. To investigate the possible relationship between RA signal-
ling and development of the forebrain and FNB chick embryos were treated at HH stage 10
with a synthetic pan-specific retinoid antagonist that transiently inhibits the ability of retinoid
receprors to bind RA in the rostral head.” Treated embryos exhibited hypoplastic forebrains,
fused eyes, and no FNP derived structures such as the upper beak (Figs. 3E-F). These defects
were caused by a down-regulation of $55 and Fgf8 in the forebrain and FNP ectoderm, leading
to increased apoptosis and decreased cell proliferation in both the forebrain and FNP primor-
dia.Z? The malformarions were rescued by reintroducing all-trans RA, Fgf2, or Shh protein23
[reviewed in ref. 12] to embryos treated with the antagonists at HH stage 10, which were
removed 8-10 hours later. The forebrain and FNP are linked developmentally; both structures
depend upon the same local retinoid signalling during early morphogenesis, and Fgf8 and Shh
signalling pathways are downstream targets of RA in the rostral head.

Investigating the possible role(s) of Shh in the communication between the forebrain and
face utilized the steroidal alkaloid cyclopamine, a teratogenic agent extracted from the Ver-
atrum californicum plan©>>* that inhibits Shh signal transduction by binding to the heptahelical
bundle of Smoothened (SMO) and altering its protein conformation.>> This biochemical ap-
proach has the advantage of allowing the interruption of Shh signalling at multiple select em-
bryonic stages, which is not possible with gene targeting.

Chick embryos were exposed to cyclopamine at select developmental time points governed
by the dynamic Sk induction pattern described above,* and produced a variety of facial
malformations reminiscent of the human HPE phenotypic spectrum. The severity of the cran-
iofacial malformations correlated with the temporal and spatial inhibition of Shh signal trans-
duction. Cyclopamine administration during gastrulation produced severe malformations in-
volving the forebrain and face, including cyclopia with a proboscis as described previously,”*
and as found in Shh null mice.”> When cyclopamine was administered prior to the initiation of
Shh expression in the telencephalon (stage 15), embryos exhibited abnormal forebrain mor-
phology consisting of incomplete division of the cerebral hemispheres.? The craniofacial ab-
normalities were less severe than those found in embryos treated at gastrulation, consisting of
microcephaly, microopthalmia, a moderate degree of hypotelorism, and hypoplasia of the max-
illary primordia.?* Inhibiting Shh after induction of Sh# in the telencephalon but prior to
induction in the facial ectoderm (HH stage 17) yielded a grossly morphologically normal fore-
brain (two cerebral hemispheres) with facial dysmorphologies consisting of mild hypotelorism
and distal upper beak truncation (consistant with cleft lip and palate in humans).?* Inhibition
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Figure 3. Alterations in sonic hedgehog signalling in animal models leads to craniofacial malformations.
A,B) Oblique views of E15.5 murine embryos; C,D) frontal views of stage 30 chick embryos; E,F) oblique
views of stage 36 chick embryos. A,B) Knockout of the Sh4 gene in the mouse leads to abnormal neural plate
development and severe brain and facial malformations such as cyclopia, a proboscis (pb), and maxillary and
mandibular hypoplasia as compared to wild type. C,D) Excision of Shh expressing facial ectoderm from
stage 25 chick embryos leads to clefting of the upper beak (red arrow), which is equivalent to deft lip and
palate in humans. E,F) Inhibition of retinoic acid signalling in the face at stage 10 results in severe forebrain
defects and facial malformations consisting of fused eyes and absence of derivatives of the frontonasal
primordial (upper beak). Abbreviations: fn: frontonasal process; In: lateral nasal process; ma: maxillary
process; ot: otic process. A,B) Reprinted with permission from ref. 100. C,D) Reprinted courtesy of
Development.32 E, F) Reprinted courtesy of Development.23
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Figure 4. Phenotypic consequences of inhibiting Sonic Hedgehog signalling. A,B) Oblique gross morpho-
logical views of stage 41 chick embryos and (C,D) the corresponding alcian blue- and alizarin red-stained
skeletal structures of these embryos. A,C) Control embryos show normal craniofacial features and struc-
tures. B,D). Embryos treated with cyclopamine at stage 17 exhibit mild microcephaly, hypotelorism, and
truncation of the distal upper beak (red arrow). The body of the premaxillary bone (pm) is shortened
(malformed and shifted ventrally, as compared to the pm in the control embryo). Abbreviations: nc: nasal
capsule; pn: nasal process of premaxilla; ma: mandible. Reprinted courtesy of J Clin Invest.**

in embryos at HH stage 20 and later resulted in very perceptible facial anomalies or no discernable
anomalies.’

Detailed skeletal analysis of cyclopamine treated embryos at HH stage 17 revealed that the
observed distal upper beak truncation was secondary to a hypoplasic premaxilla, which was
aberrantly positioned ventral to the nasal capsule (Fig. 4).24 The palatine bones were medially
located, indicating inhibition of their normal medial-lateral expansion (Fig. 4).** Molecular
analysis revealed that the facial malformations were due to molecular mispatterning in the
facial ectoderm and were not the consequence of CNCCs apoptosis within the FNP24 This
highlights the importance of Shh during dorsal-ventral and medial-lateral patterning of the
facial axes.

The loss of the Shh expression domain following exposure to cyclopamine at HH stages 15
and 17 was accompanied by an ectopic proximal expression of the Fgf8 domain from the
Frontonasal Ectoderm Zone (FEZ).%* The FEZ is a discrete region of facial ectoderm consist-
ing of a ventral domain of $44 juxtaposed to, but not overlapping with, a dorsal domain of Fgf8
expression (Fig. 1G)." It has organizer characteristics and regulates proximodistal growth and
dorsoventral patterning within the FNP! The loss of Sh4 and the shift in the Fgf8 domain
following cyclopamine treatment disrupted these organizing properties of the FEZ, affecting
dorsal-ventral polarity and outgrowth of the FNP. These experiments suggest that Shh emanat-
ing from the forebrain is important for normal craniofacial development, and links forebrain
and facial development. However, cyclopamine is capable of diffusing through facial ectoderm
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and mesenchyme to reach the neuroectoderm, and so selective inhibition of Shh signalling
originating in the forebrain ectoderm was required to demonstrate the role(s) for brain-derived
Shh on facial morphogenesis. Hybridoma cells, which produce the anti-Shh antibody 5E1,
were injected into the brains of HH stage 10 chick embryos.?> The resultant facial phenotypes
were similar to those seen in HH stage 17 chicks following cyclopamine treatments,”> and
included truncation of the upper beak, ventralization of the premaxillary bone, decreased ex-
pansion of the medial-lateral axes and mispatterning of the FEZ.%> The phenotype following
SE1 treatment was less severe than that observed after administration of cyclopamine at the
same stage (Cordero and Helms, unpublished data). This may reflect the ability of cyclopamine
to diffuse into multiple tissues and inhibit Shh signal transduction. These experiments did not
address the consequences of blocking Shh signal transduction specifically within the facial
mesenchyme. The effects of inhibiring Shh signalling in CNCCs have been studied using SMO
conditional knockout mice to prevent the CNCCs from responding to hedgehog signalling,®”
Those embryos (Wnt-1-Cre, Smo™°) had extensive loss of craniofacial skeletal structures.?”
The authors suggest that Fox genes are involved in mediating Hh signalling during craniofacial
development although specific role(s) have yet to be elucidated.’”

Sonic Hedgehog in the Development of Lower Facial Structures
Shh in Tooth Development

Shh appears to play a number of critical roles in mediating the epithelial-mesenchymal
interactions necessary for determining the spatial and structural information required for not-
mal odontogenesis. In mice, Shh expression is localized in thickenings of oral epithelium that
give rise to teeth and is absent from edentulous regions, the diastema mesenchyme. The rela-
tionship between the expression of Sh# and the presence or absence of teeth reveals the impor-
tance of the spatial expression of 544 during odontogenesis. During tooth development, recip-
rocal interactions between the oral epithelium and mandibular mesenchyme appears to modulate
Shh signalling.**> Experiments where mandibular processes were cultured without their over-
lying mesenchyme, in which Prchl and Glil were up-regulated in conjunction with a
down-regulation of Gas! expression in the underlying diastema mesenchyme,”” suggested that
mesenchymal Gasl antagonizes the effects of Shh signalling in the epithelium. Such a relation-
ship has been noted in other tissues®® and in the initiation of tooth bud formation.®!

Shh in Palatal Development

In humans and mice the definitive palate consists of the primary and secondary palate.%?
The grimary palate arises from the fusion of the medial nasal prominences in the midline of the
face.%? The secondary palate is derived from the palatal shelves that grow out from the maxil-
lary processes and form the majority of the hard and soft palate.®? The palatal shelves consist of
neural crest mesenchyme surrounded by epithelium. As mesenchymal cell proliferation
progresses, the palatal shelves grow vertically downward with the tongue intervening becween
the two shelves before they elevate, take a horizontal position atop the tongue and subsequently
fuse in the midline.

Development of the palate is dependent upon epithelial-mesenchymal interactions within
the palatal shelves and involves Shh; both Shh and members of the signalling pathway are
expressed during palatal development.®? In mice, Shh, Fgf10 and the Fgf receptor 2b (Fgfr2b)
appear to influence outgrowth of the palatal shelves.** The mesenchyme expresses Fgf10, a
ligand for Fgfr2b, which is expressed in the epithelium and mesenchyme of the nasal aspect of
the palatal shelves between E12-14.%4 Null mutations in FgfI0 and Fgfr26 in mice result in
cleft palate as a consequence of Shh down-regulation in the epithelium, decreased cell prolifera-
tion in the mesenchyme leading to inadequate outgrowth of the palartal shelves. In the palate,
Shh appears to be a downstream target of Fgf10/Fgfi2b, and has been shown that recombinant
Fgf proteins are capable of inducing Sh# expression in the palatal epithelium in vitro.* Theo-
retically, this could have implications for human palatal clefting, since the genes involved in
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many instances of nonsyndromic facial clefting have not been delineated. However, to date
there is no information regarding the presence of mutations in either the Shh or Fgf signalling
pathways in nonsyndromic facial clefting.

Shh in Tongue Development

Development of the tongue requires complex epithelial-mesenchymal interactions in order
to generate a structure capable of multiple biological functions. This is exemplified by the
generation of the multiple types of papillae on the surface of the tongue. For example, the
filiform papillae are involved in mechanical functions while the fungiform and circumvallate
contain tastebuds with gustatory roles. The generation of papillae involves the localization of
thickened regions of epithelial cells, the placodes, which evaginate into the mesenchyme creat-
ing raised papillae consisting of an epithelial surface and a mesenchymal core.®>%

As with the development of other facial structures, Shh appears to have key roles in
epithelial-mesenchymal interactions, which are necessary for papillogenesis. During early stages
of murine embryogenesis, Shh, Ptchl and Glil are expressed diffusely in the tongue.67 Shh,
Bmp2 and Bmp4 expression is subsequently localized to rggions of the anterior surface epithe-
lium of the tongue where fungiform papillae will develop.®® Shh may be involved in specifying
the location where fungiform pagillae form, as well as controlling the growth of and the spac-
ing between individual papillae.% Inhibiting Shh signalling with either cyclopamine or 5E1
results in enlarged papillae in ectopic regions.®>

Human Craniofacial Disorders

Genetic Etiologies

Mutations in SHH or components of the SHH signalling pathway have been shown to
result in HPE and a spectrum of associated craniofacial phenotypes (Fig. 5).*>#*7° However,
no genotype-phenotype correlations have been found to explain the variability of phenotypes.”"7?
Molecular analysis of seven missense mutations in SHH that cosegregate with HPE appear to
cause production of defective mature SHH, probably by destabilizating SHH or by altering the
way in which it is processed.”? Other disorders involving craniofacial dysmorphologies are due
to mutations in components of the SHH pathway, and it is likely that the number of disorders
involving aberrant SHH signalling will increase.

Gorlin’s syndrome (Basal Cell Nevus syndrome) is caused by a gain of function mutation in
PTCHI. Patients with this autosomal dominant disorder may present with craniofacial
dysmorphologies including macrocephaly, frontal bossing, ocular malformations, cleft palate
and odontogenic keratocysts of the jaws, in addition to multiple skin nevi.”*”® The congenital
malformations appear to be due to PTCHI haploinsufficiency.”””® The most serious complica-
tion of this disorder is the predisposition to cancers such as medulloblastomas, meningiomas,
fibrosarcomas and basal cell carcinomas. A second hit model has been proposed”” in which a
somatic loss of function of the second allele, a tumor suppressor, leads to tumor formation.®

Greig Cephalopolysyndactyly syndrome (GCPS) and Pallister-Hall syndrome (PHS) are
autosomal dominant disorders caused by mutations in GLI3. GCPS is characterized clinically
by macrocephaly, hypertelorism and pre- or postaxial polysyndactyly.®8? Patients with PHS
may have hypothalamic hamartoma, an imperforate anus and polydactyly.®*#* Although el-
egant models have been proposed to explain the phenotypic differences in syndromes that
result from mutations in GLI3,% further investigations concerning the genetics and cell biol-
ogy involved are required.

Smith-Lemlli-Opitz (SLO) syndrome is an autosomal recessive disorder caused by impaired
cholesterol biosynthesis resulting from a defect in 7-dehydrocholesterol-delta 7-reductase
(DHCR?) activity.287 Patients with SLO often present with microcephaly, a narrow frontal
region, a broad-tipped nose, other face and limb abnormalities, and in some cases HPE. De-
fects in DHCRY7 decrease embryonic/fetal de novo cholesterol biosynthesis which is critical for
many processes during embryogenesis and fetal development. The manifestations may also be
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Figure 5. Craniofacial dysmorphologies associated with
holoprosencephaly. A-C) A spectrum of facial phenotypes is
observed in holoprosencephaly (HPE). A) Prenatal ultrasound
image of a second trimester human fetus with alobar HPE
reveals a proboscis (red arrow) and cyclopia (yellow arrow). B)
A child with semilobar HPE exhibits facial abnormalities
including midline cleft lip and palate (red arrow), midface
hypoplasia, and hypotelorism. C) Children with lobar HPE
may exhibit normal facial features, as seen in this child. Pho-
tographs courtesy of (A) Dr. Ana Monteaguado; B,C) Dr. Jin
Hahn. Reprinting of image provided by A) Drug Discovery
Today,”® B,C) Landes Bioscience/Eurekah.com and Springer
Science+Business Media.!*

associated with perturbations in SHH signalling,®® as cholesterol is required for the
auto-processing and normal cellular transport of SHH.

Teratogenic Etiologies

Maternal exposure to vitamin A derivatives, ethanol and statins may adversely alter Shh
signalling and lead to craniofacial malformations in embryos. The consequences of exposure to
these agents depends on the gestational age at the time of exposure, the dose, the duration of
exposure, and the genetic susceptibility of the embryo to the potential teratogen.

Craniofacial malformations have been reported in cases both of vitamin A deficiency and
excess. An excess of vitamin A and its relationship to birth defects was highlighted after Accutane®
(Isotretionoin) was introduced for the treatment of cystic acne and inadvertently taken during
pregnancy.®?! Clinical manifestations included microcephaly, mandibulofacial dysplasia,
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microtia and conotruncal heart defects, and many of these features resemble the DiGeorge
(Velocardiofacial) syndrome. The phenotype may be due to disruption in SHH signalling as
administration of excess RA disrupts Shh expression in chick embryos.?® The relationship be-
tween Shh and RA may also shed light on the molecular mechanisms leading to the Fetal
Alcohol syndrome (FAS) in humans.

Ethanol use during pregnancy is the most common cause of preventable birth defects and
mental retardation.”? Classically, children with FAS present with microceaghalgr, a short nose, a
smooth philtrum, a smooth and thin upper lip, and maxillary hypoplasia.?®*>*4 The molecular
aberrations that lead to the craniofacial manifestations of FAS are unknown as yet but model
systems are beginning to yield possible answers.” For example, chick embryos have revealed a
link between a loss of Shh signalling and the craniofacial malformations associated with expo-
sure to ethanol. Administration of ethanol to chick embryos led to a down-regulation of Sh#,
Prc, Glil, Gi2 and Gk3, and neural crest cell death.%

Recently, a question has been raised regarding the teratogenic potential of statins.”” These
drugs are used clinically to treat hypercholesterolemia by inhibiting HMG-COA reductase,
thereby lowering plasma levels of cholesterol. In humans, limb and central nervous system
malformations such as HPE may be associated with their use in the first trimester of preg-
nancy.”® The decreased availability of cholesterol in the developing embryo may adversely af-
fect a number of developmental processes including auto-processing of SHH and its transport,
thereby leading to the clinical phenotypes mentioned above. However, the teratogenic poten-
tial of this medication requires further rigorous studies.

Importance and Future Directions

Craniofacial malformations comprise approximately one third of all birth defects. This re-
markable statistic underscores our need to determine the underlying genetic and environmen-
tal etiologies of these malformations. This should help in terms of providing effective preventa-
tive information, more sophisticated diagnosis and better treatment. The Shh pathway is required
for a number of developmental events and has been implicated in the etiology of a number of
disorders involving craniofacial dysmorphologies. We have begun a journey to uncover the
many developmental complexities that lead to normal and perturbed craniofacial morphogen-
esis, and as we progress on this journey we will undoubtedly discover more roles for Shh in
normal and abnormal craniofacial development.
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CHAPTER 6

Multiple Roles for Hedgehog Signalling
in Zebrafish Fye Development

Deborah L. Stenkamp*

Abstract
he Hedgehog signalling pathway is important in a large number of developmental
contexts. In this review, several functions of this pathway for vertebrate eye formation
and differentiation will be discussed, with an emphasis on information derived from
the zebrafish model. The highlighted roles for Hedgehog signalling include those in photore-
ceptor development, ganglion cell development, retinal cell proliferation and cell death, and
the initiation of retinal neurogenesis.

Introduction

A role for Hedgehog (Hh) signalling in development of the vertebrate eye was predicted
based upon the known roles for Hh signalling in Drosophila eye development,'? and the prin-
ciple of evolutionary conservation of developmental function.? The surprise is that not only
was this prediction correct, it turns out that the Hh signalling system is used for a variety of
developmental purposes, and at several developmental stages during the formation and differ-
entiation of the vertebrate eye. Many of the key experiments that uncovered these roles used
the zebrafish as a genetic and organismal tool. The zebrafish has emerged as an outstanding
model for the understanding of eye development, with large, rapidly-developing eyes, amena-
bility to pharmacological and genetic manipulation, and suitability for a variety of imaging and
gene expression studies.*>

The vertebrate neural retina is derived from the embryonic neural tube, and is therefore an
accessible model system for understanding central nervous system development. The optic
vesicles that emerge from the diencephalon form (from proximal to distal) optic stalks, retinal
pigmented epithelium (RPE), and neural retina. The neural retina further differentiates into a
laminar structure containing photoreceptor cells in an outer nuclear layer adjacent to the RPE,
processing neurons and Miiller glia in an inner nuclear layer, and ganglion cells that project via
the optic nerve to the brain. Proliferation of the multipotential retinal progenitor cells, as well
as the generation and differentiation of these diverse cell types, is regulated by a combination of
cell-intrinsic factors and cell-extrinsic (extracellular) cues;” the Hedgehog protein is now estab-
lished as one of these very important extracellular cues.

The first role in eye development to be attributed to Hh signalling was the requirement for
a midline source of Hh at late gastrulation/early neurulation for separating and patterning the
eye fields along the proximo-distal axis.”® Zebrafish with defects in midline tissues that serve as
sources of Hh (notochord/prechordal plate and ventral diencephalon) develop a single (cyclopic)

*Deborah L. Stenkamp—Department of Biological Sciences, University of Idaho, Moscow,
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anterior eye rather than two lateral eyes. Zebrafish overexpressing the sonic hedgehog (shh) gene
develop lateral optical structures with an excess of proximal tissues (optic stalk) at the expense
of distal tissues (neural retina); this has been extensively reviewed.”'3 However, these observa-
tions in zebrafish inspired the careful reconsideration of a similar, teratogenically-induced cyclopic
phenomenon in other vertebrates, leading to the discovery that an alkaloid derived from the
western cornlily plant (Verasrum californicum) interferes with Hh signal transduction.' !> Many
of the experiments described in this chapter used this alkaloid, known as cyclopamine, as a
pharmacological tool for investigating Hh signalling in eye development.

This chapter will consider those known roles for Hh signalling during eye development,
which take place after the Hh signal separates the eye fields. The focus will be on experimental
results from zebrafish, but with reference to supporting data from other vertebrates where
appropriate. The various developmental functions of Hh signalling will be discussed in reverse
developmental chronology, because the investigation and understanding of the later roles were
necessary for the insights that allowed the unraveling of some earlier roles. Readers are also
referred to the outstanding review by Amato et al' for a further discussion of Hedgehog signal-
ling in eye development.

Hedgehog Signalling and Photoreceptor Differentiation

The Retinal Pigmented Epithelium Expresses Two bbh Genes

Two of the three known zebrafish bedgebog genes, sonic hedgehog (shh), and tiggy-winkle
hedgehog (twhh), are expressed in the RPE beginning at or near 45 hours post-fertilization
(bpf),'® corresponding to the time that the first photoreceptor cells exit the cell cycle.!” When
hb gene expression is evaluated on cryosections, a spatiotemporal pattern is revealed, such that
expression is initiated in ventral RPE, then spreads nasally and finally dorsally and temporally
(Fig. 1).16 This pattern predicts the subsequent pattern of photoreceptor differentiation in the
subjacent neural retina. Hh protein can be detected immunocytochemically in the RPE and in
the subretinal space, suggesting that it is secreted toward the retina.'® We have tentatively
localized one of the Hh receptors, patched-2 (ptc-2), to retinal neuroepithelial cells, beginning
at 48 hpf.'® Due 1o low expression, it has been very difficult to further evaluate expression of
the p#c genes in the zebrafish eye.'®!

Hb Signalling from the RPE Propagates Photoreceptor Differentiation
and Promotes Retinal Cell Survival

To test the hypothesis that Hh signalling from the RPE is necessary for photoreceptor
differentiation, our laboratory has used several complementary methods that knock down Hh
signalling during the time of photoreceptor development. Microinjection of antisense oligo-
nucleotides, either phosphorothioate- or morpholino-conjugated, at 51-54 hpf results in mea-
surable reduction in Hh expression in the RPE, and in significant attenuation of photoreceptor
differentiation.'®!? In most cases a rudimentary outer nuclear layer still forms, but these cells
do not express the photoreceptor-specific opsin genes. Knockdown of both shb and zwhb ex-
pression was needed to result in significant effects on photorece]ptor development, indicating
some degree of redundancy in the function of these two genes.'® Treatment of zebrafish em-
bryos with cyclopamine during the same developmental period, also results in this pheno-
type.'? Finally, embryos genetically deficient in Hh signalling display the photoreceptor differ-
entiation defect.'>?® We have observed the failed spread of opsin expression in both the sonic-you
(syw) mutant, which is a deletion spanning the entire shb gene,?! and in the slow muscle-omitted
(smu) mutant, which is a functional null mutation in the smoothened gene.?* Smoothened en-
codes a critical component of the Hh signal transduction pathway. When Hh binds to the
Patched receptor, inhibition from Patched on Smoothened is relaxed, and intracellular signals
are generated.? Therefore, the null mutation in smoothened is predicted to completely disable
Hh signal transduction.



60 Shh and Gli Signalling and Development

7 | §F S

Hh Hh X
_[an B o.n

lmjm aoon D@Q
X

© o000 N

G

Figure 1. Hedgehog signalling is necessary for photoreceptor differentiation and survival. A-C) Spread of
hh gene expression through the RPE predicts the spread of photoreceptor opsin expression in the retina.'
Hlustrations represent transparent lateral views of the zebrafish eye; ventral is on the bottom, nasal to the
left. Hh expression in the RPE is represented by stripes; opsin expression in a photoreceptor is represented
by a small datk profile. A) 48 hpf. B) 54 hpf. C) 60 hpf. D-F) Hh signalling from RPE may propagate
photoreceptor differentiation by influencing expression of rx1.!%%° D and E) represent steps in propagation;
opsin-expression photoreceptors are dark rectangles and rxI-expressing photoreceptors are grey rectangles.
F) represents outcome following genetic or pharmacological knockdown of Hh signalling from the RPE;
this outcome includes substantial cell death. G-I) Hh signalling from amacrine cells may also be important
for photoreceptor development. I) Represents failed photoreceptor differentiation in the absence of Hh
signalling from amacrine cells (though RPE still expresses s4).'® F) represents one alternative interpreta-
tion, in which disrupting the Hh signal from amacrine cells results in cell death and therefore there are no
photoreceptors to differentiate.

We further evaluated the photoreceptor differentiation defect phenotype by using in situ
hybridization for several additional photoreceptor-specific genes. The cone-rod homeobox (crx)
gene is expressed normally in the rudimentary outer nuclear layer of sy mutants and morpholino-
or cyclopamine-treated embryos.!>?® NeuroD also shows a normal photoreceptor expression
pattern in the sy# mutants.”’ However, the retinal homeobox gene, x1,%# is not expressed in
photoreceptors in the syx mutant, the sm# mutant, or following other treatments designed to
reduce Hh signalling.'?® Because rx genes can regulate the expression of other
photoreceptor-specific genes in vitro® and in vivo,?® we consider rx/ a candidate for mediating
the effects of Hh signalling on photoreceptor differentiation (Fig. 1). Finally, reduced Hh
signalling results in cell death within the developing retina.”® The timing of this cell death is
consistent with an important role for the Hh signal, specifically from the RPE, in promoting
retinal cell survival. Cell death is initially highest in neuroepithelial cells and photoreceptors,
and then spreads to other retinal layers.
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Hb Signalling from Amacrine Cells Is Also Involved in Photoreceptor
Differentiation

Transgenic zebrafish, developed by Carl Neumann, expressing green fluorescent protein
under control of the shh promoter (shh-GFP), revealed that this 4b gene is also expressed in
amacrine cells.'® Expression has been verified by in situ hybridization, and the spatiotemporal
pattern of expression mimics that of the slightly earlier wave of A4 gene expression in ganglion
cells (see below). The onset and spread of the amacrine cell Hh signal is independent of that
from ganglion cells, and of expression of the retinal transcription factor as45. The wave of Hh
in amacrine cells still takes place in the lkritz/ash5 mutant, which lacks ganglion cells.!®?

What is the functional role of the amacrine cell Hh signal in the retina? It is possible that
this signal is needed for cell differentiation in the retina’s inner nuclear layer. Indeed, when
examined at 64-96 hpf, a time when inner nuclear layer neurons normally show cell-specific
markers, the sy mutant expresses none.'® However, during this developmental time, cell death
in the syu-/- embryo is widespread, with the majority of dying neurons localized to the inner
nuclear layer by 75 hpf.?® Therefore, it is likely that specific cell markers do not appear in the
inner nuclear layer of the syx mutants because these cells are dead or dying. The Hh signal from
amacrine cells may be important for promoting retinal cell survival, although this function has
not been specifically tested.

It is also possible that the amacrine cell Hh signal is needed for photoreceptor differentia-
tion, a function we attributed to the Hh protein originating from the RPE.!° To address this
question, Shkumarava et al'® created mosaic embryos, consisting of a combination of syu-/-
cells and wild-type, s#h-GFP cells. The goal was to determine whether failed photoreceptor
differentiation was associated with the absence of s#h expression in nearby RPE or in nearby
amacrine cells. In their experiments, the retinal regions displaying normal photoreceptor dif-
ferentiation (as assessed by the expression of the specific marker, zpr-1), were radially contigu-
ous with the regions containing wild-type, shh-GFP amacrine cells.'® However, in regions where
wild-type, shh-GFP RPE cells were located, zpr-1-expressing photoreceptors were not found
unless wild-type, s#5-GFP amacrine cells were also present.'® These findings suggest that the
amacrine cell Hh signal, rather than the RPE Hh signal, may act to promote photoreceptor
differentiation (Fig. 1). There are several alternative explanations that are consistent with these
and other data. One possibility is that the amacrine cell Hh signal is required for retinal cell
survival, while the RPE signal is needed for photoreceptor differentiation (Fig. 1). Another is
that Hh signals from a basal (amacrine) as well as an apical (RPE) source are needed for photo-
receptor differentiation. Finally, it may be that the toral amount of Hh signal available to the
photoreceptor layer must exceed a certain threshold before differentiation can take place. The
significance of gradients and thresholds for Hh signalling is exemplified during cell determina-
tion and differentiation events within the embryonic spinal cord.?® These latter possibilities
would be difficult to address using mosaic embryos, because the zwhb gene is expressed in both
wild-type and syu-/- RPE, and its functions overlap with those of sh4.1%% To investigate these
issues as well as many others, we are developing lines of transgenic zebrafish that express shh
under the control of a heat shock promoter. Our goal is to apply local heat shock by using a
laser,*? to achieve spatiotemporally-selective expression of shh. While these lines have not yet
been established, we have confirmed the feasibility of this approach through mosaic expression
studies (data not shown).

Discussion and Significance

In the zebrafish, Hh signalling is clearly required for photoreceptor differentiation; how-
ever, the cellular source of this important signal remains unclear. Possible sources include the
RPE, amacrine cells, or a combination of the two. In contrast to studies in other vertebrates,
cyclopamine treatment in live Xenopus during the time-frame in which photoreceptor develop-
ment ensues had no effect on this cell type. Instead, treatments caused defects in RPE differen-
tiation.”! One explanation for this apparent difference is that Hh signalling also regulates RPE
differentiation in the zebrafish, and that the photoreceptors are affected indirectly, via subtle
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RPE functional deficiencies. Arguing against this interpretation are results from a rodent model
in which purified Hh protem added to cultured retinal progenitors stimulates the differentia-
tion of photoreceptor cells,? suggesting a direct influence of Hh on cells of the neural retina.

One highly significant finding that (Ferhaps deserves more attention is the requirement for
Hh signalling for retinal cell survival.?° Although we do not know whether this is a direct or
indirect effect, it suggests Hh as a candidate survival factor to be considered for treating retinal
degenerative disorders. In addition, any roles for Hh signalling in adult retina remain unex-
plored.

Hedgehog Signalling and Ganglion Cell Differentiation

Ganglion Cells Express Two hh Genes

Both shh and twhh are also expressed in ganglion cells (GCs); this pattern was first appreci-
ated through the use ofa transgenic, shh-GFP reporter line, and was subsequently verified by in
situ hybridization.?’? Like expression in the RPE, there is a pronounced spatiotemporal gradi-
ent of expression that resembles the pattern of retinal cellular differentiation. However, GCs
express hbb b genes at a much earlier time, 28 hpf, shortly after the first GCs withdraw from the
cell cycle.!” Immunocytochemical techniques reveal Hh protein expression in GCs at this time. !

Hb Signalling from GCs Promotes Retinal Cell Proliferation

At the time of GC differentiation, and of Hh signalling from the GCs, the neural retina
remains proliferative, as other cell types have not yet become postmitotic.!” This fact, along
with the microphthalmic phenotype of the sy» mutant, prompted us to evaluate the extent of
cell proliferation in wild-type vs. syu-/- animals at 34 hpf, when GCs are differentiating. Com-
pared to their wild-type siblings, mutants possessed significantly fewer cells that could be la-
beled with a marker for M-phase, indicating that one of the roles of the Hh signal from GCs is
to promote continued retmal cell proliferation.”” However, since amacrine cells may also ex-
press shh during this time,'® they must also be considered a potential source for this prolifera-
tive signal.

Hb Signalling from GCs Propagates GC Differentiation and Further Hb
Signalling
Treatment of the transgenic, shh-GFP zebrafish with cyclopamine at 26 hpf blocks the

sprcad of transgene expression in GCs, as well as the appearance of a marker for GC differen-
tiation, zn5.%” Furthermore, when the transgenic line is crossed onto a syu background (with
genetically reduced Hh signalling}, the wave of GC differentiation and transgene expression is
not fully propagatcd ? This defect can be partially rescued by supplemental expression of sk
in ganglion cells.”” These data strongly suggest that the GC Hh mgnal propagates itself, by

stimulating production of additional GCs, similar to the situation in the Drosophila retina,
where Hh secretion by newly- §cnerated photoreceptors promotes the subsequent generation
of additional photoreceptors.>> Knockdown of Hh signalling at 27 hpf with cyclopamine or
with antisense morpholinos also reduces the spread of expression of the transcription factor
ath5."? Zebrafish ath5 is an ortholo og of Drosophila atonal, which is regulated by Hh s1gnallm§
in developing fly photoreceptors.®® In zebrafish, ah5 is necessary for GC differentiation.”
Collectively, these data suggest that Hh signalling from GCs stimulates 4£45 expression in
nearby cells, promoting the generation of additional GCs that will then express the Hh signal
to further propagate this process (Fig. 2).

Discussion and Significance

A slightly different role for GC-derived Hh signalling has been described in the chick,
although this role is not inconsistent with the functions discussed above. In the chick, high
levels of exogenous Hh actually inhibit the formation of additional GCs, as part of a negative
feedback system for regulating GC production.** The similarities to the Drosgphila system are
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A B

Figure 2. Hedgehog signalling is necessary for GC differentiation, and for progenitor cell proliferation.
A) and B) represent steps in propagation of GC differentiation, mediated by propagation of expression of
the transcription factor ath5 (dark profiles).*? C) represents failed propagation of GCs following genetic
or pharmacological knockdown of Hh signalling, as well as reduced progenitor cell proliferation, resulting
in microphthalmia.'®%0%

startling. In the fly eye, Hh signalling is needed both to drive atonal expression (though in this
case, in nascent photoreceptors), and to inhibit atonal expression so that the proper number
and pattern of photoreceptors are formed.>* Interestingly, the rhabdomeric photoreceptors of
the insect eye may be evolutionarily related to the melanopsin-containing (photosensitive)
GCs of the vertebrate eye.*® Perhaps the subset of GCs that expresses b genes is also the subset
that is directly photosensitive.

In the mammalian model, Hh signal derived from ganglion cells has also been shown to be
involved in a number of additional developmental processes related to the visual system. For
example, selective genetic knockdown of Hh in GCs results in disorganization of Miiller glial
processes and a poorly organized retina.”’ Hedgchog protein may also signal from GC axons to
regulate gliogenesis in the developing optic nerve.?

The apparent proliferation-promoting activity for Hh protein has been confirmed in vitro,
in two different rodent models; exogenous Hh protein stimulates cell proliferation in cultures
of rat or mouse embryonic retinal cells.’>* Mice heterozygous for a null mutation in the
patched gene, and hence predicted to have constitutively higher levels of Hh signalling, display
prolonged, post-embryonic retinal proliferation.® Collectively these observations justify the
ongoing interest in manipulation of the Hh signalling system as part of stem cell-based strate-
gies for treatment of retinal disorders.

Hedgehog Signalling and Retinal Neurogenesis
The Sonic Hedgehog Mutant, Syu, Can Fail to Initiate Retinal Neurogenesis

In our evaluation of retinal gene expression in the syu-/- embryo, we consistently observed
that these mutants, identified by a curved body axis, pericardial swelling and microphthalmia,21
could be further separated into two phenotypic categories based upon retinal histology at 58
bpf, when retinal differentiation is well under way. Half of the sy» mutants displayed recogniz-
able retinal layers, while the other half consisted of undifferentiated retinal progenitor cells,
which could be labeled by neuroepithelial markers.”® Interestingly, Shkumakava et al'® also
observed that sy# mutants show lamination defects, but did not pursue this phenotype with
markers for retinal progenitor cells. In our experiments, wild-type siblings never displayed
anything resembling this phenotype, and so the shh gene must be one of the genetic factors
involved. Therefore, Hh signalling must be required not only for photoreceptor and ganglion
cell differentiation, but also for the initiation of retinal neurogenesis. What is the source and
timing of the Hh signal for this activity? Expression of b5 genes in the RPE, amacrine cells, and
ganglion cells occurs too late to influence the onset of neurogenesis in the retina, with the
additional problem that neurogenesis must be initiated in order for amacrine and ganglion
cells to form. Therefore, the relevant Hh signalling event must commence earlier in develop-
ment, and originate outside of the eye.
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Failed Retinal Neurogenesis Is Associated with Prechordal Plate

Abnormalies

A likely source for this early Hh signal was revealed by the elegant studies of Masai et al, !
which identified the prechordal plate as a source of an unknown signal that promoted optic
stalk development and indirectly initiated retinal neurogenesis. These experiments utilized a
series of zebrafish mutants with defects in prechordal plate development or migration. These
mutants are all cyclopic, because the Hh signal from the prechordal plate is necessary during
late gastrulation for separating the developing eye fields.”® Mutants in which the prechordal
plate defect persisted also failed to initiate retinal neurogenesis in the single eye that formed,
while in those in which the prechordal plate formed by the time of neurulation (10 hpf),
retinal differentiation commenced.*! Because the timing of this unknown signal (10 hpf) was
far earlier than when retinal neurogenesis is initiated (27 hpf), the authors pursued the optic
stalk as the tissue that relayed the prechordal plate signal to the retina. A series of tissue trans-
plant experiments led to the conclusion that the prechordal plate induces retinal neurogenesis
via the optic stalk.*!

Reduced Hh Signalling from the Prechordal Plate Results in Failed Retinal

Neurogenesis

The experiments of Masai et al,*! along with our own results using the sy# mutant,? in-
spired us to pursue Hh as the unidentified prechordal plate signal required for the initiation of
retinal neurogenesis. We performed a series of Hh knockdown experiments designed to reduce
Hh signalling beginning at 10 hpf (the time of the unidentified signal from the prechordal
plate), at 27 hpf (when GCs begin to express bb genes), or at 51 hpf (when the RPE is express-
ing hh genes). Retinal phenotypes were evaluated at 34 and 58 hpf for signs that retinal
neurogenesis had commenced. At 34 hpf this was revealed by normal expression of 2245, the
first specific marker for the onset of retinal neurogenesis,*! and at 58 hpf this was revealed by
normal retinal lamination. We used a combination of antisense {morpholino) and other phar-
macological (cyclopamine) approaches. The morpholino antisense approach was at best 40%
effective at reducing expression of the target protein, Hh,'? most likely because of our need to
inject the morpholinos well after the stage when cellular uptake of these compounds is effi-
cient.*? Therefore we monitored the proportions at which specific phenotypes were observed,
in order to verify that this frequency was consistent with the success rate of the experimental
treatment. Our findings supported our original hypothesis: early Hh knockdown treatments
consistently resulted in abnormal or failed azh5 expression, and resulted in failed retinal lami-
nation.'® These phenotypes were not replicated in the later Hh knockdown experiments, and
therefore could not be the result of reduced Hh signalling from ganglion cells, amacrine cells,
or RPE. We conclude that a Hh signal from a developmentally early source(s) outside the eye is
required for the initiation of retinal neurogenesis (Fig. 3).'°

The Role of Hh Signalling for Retinal Neurogenesis Is Independent of Its
Role in Optic Stalk Development

In our temporally-selective Hh knockdown experiments, we also monitored the status of
optic stalk development by in situ hybridization for the transcription factor pax2.' In the early
(10 hpf) knockdown experiments, we rarely observed minor optic stalk abnormalities, even in
experiments where retinal neurogenesis defects were abundant.!” Because these results were at
odds with those of Masai et al,*" we pursued this issue further by using the sm# mutant. The
smu mutant is a functional null for smoothened expression, but is not cyclopic because of sig-
nificant maternal expression of smu, which typically persists until early somitogenesis (10-15
hpf).?*> We predicted that the eyes of the smu-/- embryo should therefore phenocopy those of
our earliest Hh knockdown experiments. Furthermore, optic stalk defects had been reported
for the smu-/- embryo;?* this consequently appeared to be the ideal genetic experiment to test
the hypothesis that the optic stalk mediated the effects of prechordal plate Hh signalling on
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Figure 3. Persistent Hedgehog signalling is needed for proximo-distal patterning of the developing eye fields,
including those that may specify ventral retina as the site of initiation of retinal neurogenesis. A-C) Hedge-
hog signalling early in neurulation is required for separating the eye fields. A and B) represent steps in this
process; C) represents a cyclopic outcome when Hh signalling is eliminated; anterior is to the right. D-E)
Hedgehog signalling slightly later in neurulation is required for maintenance of optic stalk identity and for
initiation of retinal neurogenesis (indicated by dark-colored ventral regions of retina). These effects are
independent, and the latter is likely indirect.!>*! D and E) represent steps in this process; F) depicts failed
retinal neurogenesis and microphthalmia resulting from genetic or pharmacological knockdown of Hh
signalling.

retinal neurogenesis. We analyzed smu mutants and their wild-type siblings with an optic stalk
marker (either pax2®? or fgf8**), in combination with a marker for retinal neurogenesis (a5 or
12f8, which is expressed in newly-generated ganglion cells as well as in the optic stalk™). At 34
hpf, wild-type embryos always showed normal ogptic stalks and retinal gene expression consis-
tent with the normal initiation of neurogenesis.!” However, smu-/- embryos displayed a variety
of phenotypes: in some there was no initiation of retinal neurogenesis but they had normal
optic stalks, in some retinal neurogenesis was initiated but they lacked optic stalks, and in
others both defects were apparent.!” The optic stalk phenotype could therefore be uncoupled
from the retinal neurogenesis phenotype, perhaps due to variability in when and where mater-
nal wild-type smu is depleted. We conclude that Hh signalling from the prechordal plate at the
time of neurulation (10 hpf), is important both for optic stalk development and for the initia-
tion of retinal neurogenesis, but that these effects are independent.'® The large temporal inter-
val between the signalling event (10 hpf), and the effect of the signal (27 hpf), still requires
that this effect be mediated by some other tissue (Fig. 3).

Discussion and Significance

The importance of early Hh signalling for allowing the later initiation of retinal neurogenesis
may be yet another example of the influence of Hh on proximo-distal patterning in the devel-
oping eye fields (see Introduction). For example, the developing chick optic cup can be divided
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into dorsal vs. ventral compartments based upon morphology and gene expression; features of
these compartments are related to their proximity to a midline source of Hh signalling, and can
be manipulated by manipulating Hh signalling.*> In Xenopus treated so as to increase Hh
signalling, there is an expansion of proximal (ventral) optic cup fates.?! Therefore, in the zebrafish,
failure to initiate retinal neurogenesis may be a manifestation of a loss of proximal tissue iden-
tity, as ventral retina is the site at which neurogenesis is initiated.!” An additional proximo-distal
effect of midline Hh signallin§ is the regulation of the transcription factors vax] and vax2 in
optic stalk and ventral retina.® These transcription factors in turn regulate several key events in
the development of the optic cup.

In the zebrafish, microphthalmia is associated with failed retinal neurogenesis due to Hh
knockdown.'*?® This observation lends some insight into the possible etiology of mi-
crophthalmia as part of the suite of abnormalities that may occur in human holoprosencephaly.
Holoprosencephaly is a developmental syndrome resulting from impaired midline separation
of the embryonic forebrain; genetic causes include mutations in the sh# gene,””*® and teratoge-
nic causes (in livestock) include maternal ingestion of cyclopamine.*’ Resultant defects can
range from complete cyclopia and severe craniofacial abnormalities, to a virtually normal ap-
pearance with the exception of a single median maxillary central incisor. Microphthalmia and/
or anophthalmia are commonly associated with other holoprosencephalic features, including
those resulting from defects in the shb gene,”” and from cyclopamine ingestion,*® but the mecha-
nistic connection between this abnormality and midline signalling has not been established.
We suggest that in mammals as well as other vertebrates, the midline Hh signal may be needed
for an ocular proximo-distal patterning event that is required for normal eye development.

Summary

Hedgehog genes were identified in vertebrates in 1993; the first demonstration that Hh
signalling was needed for proper eye development was reported in 1995. Since then, there has
been an explosion of informarion and interest in this signalling pathway, and in the key roles it
plays during development of the eye. Several important questions remain regarding the cellular
sources of Hh signals, the significance of Hh signalling for retinal cell survival, the involvement
of Hh signalling defects in developmental disorders, and the evolutionary relationships among
systems that rely upon the Hh signal. The next experimental challenges will also include those
designed to unravel interactions of Hh signalling with other pathways, such as FGFs, wnts,
BMPs and retinoic acid.”! Studies in the zebrafish will continue to illuminate the important
roles for Hh signalling in the vertebrate eye.
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CHAPTER 7

Sonic Hedgehog Signalling
during Tooth Morphogenesis

Martyn T. Cobourne, Isabelle Miletich and Paul T. Sharpe*

Abstract

he Sonic hedgehog (Shh) peptide belongs to a small family of signalling molecules that

have a complex mode of action and wide range of function during normal vertebrate

development. In common with many regions of the embryo, 545 is expressed in the
developing tooth in a regionally restricted manner. Specifically, Shb expression is localised to
the epithelial component of the tooth germ at various stages during the odontogenic process;
however, both tooth-forming epithelium and mesenchyme are responsive to the signal. A number
of studies have analysed the role of Shh during tooth development, utilising both culture based
and generic systems, and it is clear that this signralling pathway is essential for normal develop-
ment of the tooth. During the initiation of odontogenesis, localised signalling is important for
growth and development of the tooth bud, whilst later during morphogenesis, Shh plays a role
in cellular differentiation and polarization in the epithelial component of the tooth germ.
These complex interactions are mediated by intra-epithelial and epithelial-mesenchymal sig-
nalling by Shh throughout these stages of tooth development.

Introduction

Since their characterisation in the early part of the last decade, members of the Hedgehog
family of signalling peptides have been shown to Play a fundamental role during the develop-
ment of both invertebrate and vertebrate species.’”? In vertebrates, the Sonic hedgehog (Shh)
protein has proved to be the most versatile, demonstrating a wide range of influence upon
cellular behaviour in both embryonic and postnatal tissues. Not unsurprisingly, such diversity
of function in association with a single molecule is reflected in complex biochemical mediation
of the signalling pathway. At almost every stage, from generation and modification of the
protein, movement through fields of competent cells, reception, transduction, and ultimately
interpretation of the signal in the cellular response, Shh signalling has demonstrated both novel
and versatile mechanisms of action.'” This chapter will review current knowledge with respect
to the action of Shh signalling during tooth development. Work in this area is of interest to a
number of laboratories around the world and both in vitro and more latterly, in vivo genetic
manipulations using transgenic mice, have provided considerable insight into the mode of
action of this signalling molecule during various stages of odontogenesis.
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Early Generation of the Tooth

The developing tooth has proved to be a useful model system for understanding the prin-
ciples of organogenesis. Whilst the origins of teeth are relatively simple, being derived from the
ectoderm and cranial neural crest of the fronto-nasal process and first branchial arch, the sub-
sequent tissue interactions required to produce a mature tooth of a particular class are complex.
These interactions are mediated by molecular mechanisms under rigid genetic control and are
orchestrated by a host of signalling cascades and developmentally active molecules.®!!

The first morphological evidence of early odontogenesis occurs with the formation of a
localised thickening in the oral epithelium. This thickening or primary epithelial band under-
goes localised proliferation in discreet regions of the dental axis to form the tooth buds. Simul-
taneously, cranial neural crest-derived ectomesenchyme condenses around each bud and col-
lectively these two tissue populations constitute the tooth germ. The epithelial component or
enamel organ will ultimately form enamel of the tooth crown, whilst the remainder of the
tooth and its periodontal attachment forms from neural crest-derived dental papilla and fol-
licle, respectively.'? Following the bud stage, the enamel organ assumes a cap shape, mediated
by the formation of a distinct, nongroliferating and biologically active region of epithelial cells
called the primary enamel knot.!*® This ename! knot rapidly disappears, but secondary enamel
knots, situated at the sites of the future coronal cusp tips continue to signal and subtly modify
cuspal architecture according to the class of tooth. These changes in three-dimensional shape
of the enamel organ produce the bell stage. During the transition from cap to bell stage, cellu-
lar differentiation within compartments of the tooth germ produces distinct cell populations
responsible for generating all the specialised tissues of the mature tooth. These include
enamel-forming ameloblasts, dentine-forming odontoblasts and the surrounding dental fol-
licle that generates the periodontal attatchment of the tooth. Ultimately, the mature tooth will
erupt into the oral cavity and assume its occlusal position.

The mature adult dentition is ultimately composed of serially homologous groups of teeth
organised within symmetrical classes within each quadrant of the upper and lower jaws. In
human populations, the primary or deciduous dentition is replaced by the permanent, consist-
ing of four tooth classes; incisors, canines, premolars and molars. In contrast, the rodent den-
tition is composed of a single set of teeth, characterised by an absence of both canines and
premolars. In their place is an edentulous region or diastema, separating the incisor and molar
fields. In addition, the rodent incisor is specially adapted to its function; lacking enamel on the
lingual surface it continually erupts throughout life to provide a constant occlusal surface. The
mouse currenty provides the best available model for the study of odontogenesis, however, as
fundamental differences do exist between the murine and human dentition; care has to be
taken in extrapolating data between the two species.

The Shh Pathway Is Active in the Developing Tooth

Shh transcripts and downstream components of the pathway are active in the developing
tooth germ (Fig. 1). $h5 has been demonstrated at several specific stages of development in the
mouse tooth germ, but expression is always restricted to the epithelial component.!47-?! This
expression is first seen in a highly restricted region within the epithelial thickening during
initiation and later, in cells situated at the tip of the tooth bud. These cells are presumed to be
precursors of the enamel knot and by the eatly cap stage, Sh4 is only expressed in this cell
population.'*2! The late cap and ecarly bell stages are characterised by Sh# transcripts in the
internal enamel epithelium, stratum intermedium and stellate reticulum, with progressive
upregulation in ameloblasts of the bell stage tooth germ; following their terminal differentia-
tion this expression declines.!720-2224

Prcl encodes the Shh receptor and the developing tooth shows regional expression of
Prcl in both epithelium and mesenchyme (Fig. 1). During initiation, Prc/ is expressed strongly
in odontogenic mesenchyme underlying the thickening and weakly in epithelial cells at the
tip of the invagination.”""?> At later stages, expression is widespread in the epithelial and
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Figure 1. Schematic representation of Shh, Prcl, Ptc2, Glil and Hipl expression during early tooth
development. Gene expression in epithelial and mesenchymal compartment of the tooth is indicated in
red and blue, respectively. am: ameloblasts; df: dental follicle; dm: dental mesenchyme; dp: dental papilla;
ek: enamel knot; L: lingual side; sr: stellate reticulum. A color version of this figure is available online at
http://www.Eurekah.com.

mesenchymal components of the tooth germ, but is specifically absent from epithelial cells of
the enamel knot.?" During hard tissue formation, Prc! is upregulated in differentiating odon-
toblasts and secretory ameloblasts, indicating both these cell populations are responsive to
signalling, and consistent with Shh protein distribution observed in these regions. S Interest-
ingly, Ptcl demonstrates increased activity in the lingual region of the cap stage molar enamel
organ, implying a degree of asymmetry in the epithelial response to Shh.?"*> An additional
Ptc2 gene is present in vertebrates??® and transcripts seem to be localised within epithelial
compartments of the tooth, being coexpressed with 44 in the early thickening, bud tip, enamel
knot and stratum intermedium.?!+2224:27:29:39 Thjs expression pattern suggests that Ptc2 may
well be an additional receptor for Shh during odontogenesis and a target of Shh signalling. Gli
family members are ultimately responsible for the interpretation of vertebrate Hedgehog sig-
nalling and Gli genes have also been identified in the developing tooth. Gli! is expressed in
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both cell compartments, particularly the mesenchyme, throughout development.?!"*? G/i2 and
Gli3 expression is fairly ubiquitous early in development, but from the bud stage progressive
localisation to the mesenchymal component occurs.

More recently, further novel components in the Hedgehog signalling pathway have been
isolated in vertebrate species and they too are active during odontogenesis. Hipl
(Hedgehog-interacting protein) encodes a membrane glycoprotein capable of binding all mam-
malian Hedgehog proteins and attenuating signalling,®' whilst Gas! (Growth arrest-specific
gene) encodes a glycosylphosphatidylinositol-linked membrane glycoprotein demonstrated to
have an antagonistic effect on Shh signalling in the somites.>* Both of these genes are upregulated
in peripheral mesenchyme surrounding the tooth germ, particularly the dental follicle from the
cap stage of development, suggesting a role in pathway inhibition around the outer limits of
odontogenic mesenchyme.?>% In addition Rab23, encoded by the mouse open brain (opb)
gene, belongs to the Rab family of GTPases involved in vesicle transport. Rab23 has been
shown to antagonise Shh signalling in the mouse spinal cord by acting intracellularly, down-
stream of Shh.* Interestingly, R#623 demonstrates contrasting expression domains in the inci-
sor and molar dentition, being restricted to the mesenchymal compartment of molar teeth and
the epithelium of the enamel knot in incisor teeth. These ﬁndin§s provide some evidence of
distinct regulatory pathways for Shh in teeth of different classes.’

Long and Short Range Shh Signalling in the Tooth

The active signalling form of Hedgehog proteins are notable in having a cholesterol moiety
covalently placed at the carboxyl-terminal end***” and an amino-terminal palmitoyl group.*®
The presence of dual hydrophobic groups might be expected to restrict movement of the se-
creted protein by tethering it to the surface of producing cells, as demonstrated for Drosophila
hedgehog in the wing imaginal disc.>® However, in genetically modified mice these hydropho-
bic moieties scem to be essential for the normal distribution of Shh protein. In the mouse limb,
cholesterol modification actually seems to allow enhanced movement of Shh from its site of
production,®® possibly in the form of a multimeric complex.*! Similarly, gene-targeted mice
producing a nonpalmitoylated form of Shh exhibit deficiencies in protein distribution and
associated defects in the limbs and neural tube, known sites of long range Shh signalling.*?

Within the developing tooth, Shh appears to act as both a short and long range signal on
the basis of strong immunohistochemical staining being observed in the epithelial cells (sites of
strong Sh# transcription) and graded reactivi?' in the mesenchymal components, including the
dental papilla and follicle, at later stages.?***3 Importantly, whilst Shh protein is strongly
detected in the basement membrane separating epithelial and mesenchymal components of the
tooth germ, it is also present within differentiating odontoblasts and extracellularly in their
predentine product.”® What are the relative contributions of short and long range signalling in
the developing tooth? In mice producing a functional Shh protein lacking the cholesterol modi-
fication, the teeth are essentially normal; in contrast to a number of other regions, including
the brain, face and limb.?® Certainly in the limb bud, these mice demonstrate that cholesterol
modification of Shh is dispensable for signalling over a limited range, but essential for long
range signalling (up to thirty cell diameters). The absence of a significant dental phenotype in
these animals invites speculation as to the nature or significance of true long range signalling in
the developing tooth. The craniofacial phenotype of these mice was not described in detail?®
but mice lacking a palmitoylated form of Shh have marked holoprosencephaly, a characteristic
feature of deficient Shh signalling.”> Preliminary analysis suggests that the severity of this
holoprosencephaly means this mouse line will not be informative with regard to tooth develop-
ment (unpublished data).

Shh Interacts with Multiple Gene Families in the First Branchial Arch

A numbser of signalling pathways are active in the first branchial arch during odontogenesis
and reciprocal interactions between these molecules within the epithelium and mesenchyme
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Figure 2. Shh interactions during carly development of the first branchial arch. $h4 expression in the
epithelium is required for normal growth, development and survival of neural crest during early patterning
of the maxillary and mandibular first arch derivatives. Localised Sh4 in the epithelium demarcates the sites
of tooth development along the dental axis, mediating proliferation and possibly cell survival as the tooth
buds invaginate into the underlying mesenchyme. During the later stages of odontogenesis, Shh signalling
in the primary and secondary enamel knots is important for morphogenesis during the transition from cap
to bell stages and the establishment of crown shape; in particular during growth of the lingual side of the
tooth germ. From early to late bell stages, Shh signalling in the stratum intermedium ensures correct growth
and polarization of the enamel-secreting ameloblasts.

mediate the complex tissue interactions that are required to generate a tooth.*!! The Shh
pathway is active during tooth development and interactions have been demonstrated with
downstream Hedgehog components and members of other signalling families (Fig. 2).%

In common with a variety of regions in the developing embryo, PtcI and G/i1 are transcrip-
tional targets of Shh in the tooth germ. Both genes are upregulated in odontogenic mesen-
chyme cultured in the presence of Shh-loaded beads.??>>%> However, Prcl induction by Shh
appears to require Msx/ in dental mesenchyme, whereas G/ does not.*® In addition, with the
exception of the enamel knot, Prc2 transcription is also Shh-dependent in the tooth germ.??
Shh can also induce Hip! in isolated mandibular arch mesenchyme®® but in contrast to Prcl
and G, at E11.5 during initiation, Hip expression is completely lost over a 24 hour culture
period in isolated mandibular mesenchyme.*? It is clear that subtle differences exist in the
regulation of downstream Shh targets in odontogenic tissues. A general principle of Hedgehog
signalling is that in the resting state Ptc1 inhibits the pathway, with this inhibition only being
relieved by binding of ligand.“*® However, as Pscl is also a direct transcriptional target of
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Hedgehog proteins, activation of the pathway immediately puts in place a mechanism to ulti-
mately shut it down, via Ptc-mediated sequestration of ligand.*’ Hip1 can also bind Hedgehog
proteins and attenuate signalling.®! Thus in odontogenic regions of the first arch, in common
with Prcl induction, a further mechanism of Hip1l-mediated autoregulation exists to control
this signalling pathway.'

Interactions between Shh and members of other genetic pathways have also been reported
in the first arch. Shh signalling interacts with Prx genes; in Prx1/Prx2 double knockout mice
Shh is downregulated in the oral epithelium from around E9.5, whilst these genes are not
required to induce $h4, it would appear that they do regulate the production of a mesenchymal
signal that maintains $hb transcription in the overlying oral epithelium.’® Thx/ encodes a
member of the T-Box family of transcription factors, being expressed in the mesodermal core
and endoderm of the first branchial arch, and is dependent upon Shh signalling in first bran-
chial arch ectoderm based upon the analysis of Shb -/- embryos.>! Interactions also exist be-
tween Shh and members of the Wnt signalling pathway; in odontogenic epithelium around
E11.5, Wnt7b can repress Shh when ectopically expressed in early epithelial thickenings,”
whilst Shh can repress Wrz10a in molar epithelium.?” Genetically mediated loss of Shh signal-
ling in the developing tooth has also revealed further targets of this pathway in the epithelial
component of the tooth germ, including ?lclz'n D1 in preameloblasts and stratum intermedium
and Dk7 in differentiating ameloblasts.? Intercstin§ly, a yeast two-hybrid screen has demon-
strated that Prcl is able to interact with cyclin B1 S although no evidence for an interaction
exists in the tooth.

Runx2 encodes one member of the three-member runt-domain transcription factor family
and is a key regulator of osteoblast function. Runx2 is expressed in the mesenchymal compart-
ment of the developing tooth and Ruznx2 -/- mutant mice exhibit arrest of tooth development
at the bud stage. $Hb expression is absent from the lower molar tooth buds of these mice, even
though a putative enamel knot does seem to form. In contrast, weak expression of Shh is
observed in the upper molars. An identified target of Runx2 in dental mesenchyme is Fgf3, but
exogenous Fgf signalling is unable to rescue Shh expression in cultured mutant tooth germs.
Thus, additional mesenchymal targets, under the regulation of Runx2, would appear to be able
to regulate Shh transcription in the epithelium of the enamel knot during a critical stage of
odontogenesis.>*

Members of the Bone Morphogenetic Protein (BMP) family are also involved in signalling
interactions during early tooth development and Shh interacts with several members. Bmp2 is
coexpressed with Shh in early dental epithelium?® and in vitro inhibition of Shh using SE1 (a
function-blocking antibody) suggests that Bmp2 is a downstream target of Shh in the develop-
ing tooth germ.”” In addition, several findings suggest that mesenchymal Bmp4 regulates Shh
expression in dental epithelium in a concentration-dependant manner; $h# is downregulated
in the epithelium of Msx! mutant mice and this can be rescued by exogenous Bmp4, inhibi-
tion of Bmp4 by Noggin represses $h4 in wild type dental epithelium and ectopic expression of
human Bmp4 in murine dental mesenchyme either restores Shh in Msx/ mutants or represses it
in wild type tissue.>>*® However, not all of these observations are consistent with those from
mice generated with conditional inactivation of $4b in odontogenic epithelium; Bmp2 does
not downregulate in the epithelium under these conditions.?® In addition, both Prc! and Gli!
downregulate in odontogenic mesenchyme of these conditional mice; only Prc! is attenuated
in Msx/ mutants. Can Msx ! repress a gene that is capable of inducing G/i! expression indepen-
dently of Shh??>%55% In chick mandibular explants, ectopic Bmp4 and Fgf4 can promote
artificial development of cap stage tooth rudiments and Sh# is expressed in these tooth germs
in a distribution similar to that seen in the enamel knot of murine tooth germs. Under normal
circumstances no Shh expression is observed in the epithelium of chick mandibles culeured in
the absence of Bmp4 and Fgf4.>” In addition, a novel BMP-inducible BMP inhibitor, Ectodin,
has been found to be repressed by Shh in developing tooth buds, prompting the suggestion
that Shh in the enamel knot can oppose the effect of BMP’s inducing their own antagonist.’®



Sonic Hedgehog Signalling during Tooth Morphogenesis 75

The Functional Significance of Shh during Development of the Tooth

During the initiation stage of tooth development, the appearance of highly restricted areas of
Shh expression in the oral epithelium precisely demarcates the position of future teeth along the
dental arch primordia. Biological activity of Shh alone appears to be sufficient to induce the
primary events at the origin of tooth formation. Although definitive genetic evidence for a criti-
cal role in odontogenic initiation is lacking, in vitro manipulation of Shh signalling in the first
arch derivatives using a variety of techniques suggests that signalling from this pathway is re-
quired to initiate tooth development. Gain-of-function experiments, such as implantation of
agarose beads soaked with recombinant Shh protein?! or electroporation of ectopic Sh (unpub-
lished data) into the oral epithelium can mimic tooth initiation by inducing ectopic invagina-
tion of oral epithelial cells. Conversely, loss-of-function experiments result in tooth development
arresting at the epithelial thickening stage when Shh biological activity is inactivated with SE1 or
signal transduction is inhibited with the PKA-activator forskolin during the very earliest stages
of odontogenesis.*® Therefore Shh mitogenic activity plays a key role in early proliferation and
budding of the oral epithelium into the underlying mesenchyme at the sites of tooth formation.

Given this important role in initiation, a key question is how discrete expression domains of
Shh are established along the proximo-distal axis of the future jaws. Whilst inducers of Sh4 in
the oral epithelium at the initiation stage have yet to be identified, restriction mechanisms have
been discovered that spatially limit either $hh transcription or Shh protein activity. At the
initiation stage, Wnt7b is expressed in nondental epithelium in a pattern complementary to
Shh. Ectopic expression of Wnt7b in eatly dental (Shh-expressing) epithelium leads to loss of
Shh expression and arrest of tooth development, suggesting that Wr:7b can repress Shh expres-
sion in oral epithelium.>*> A further example of Shh restriction has been observed at the
post-transcriptional level during the bud stage of development.*> The symmetrical diastema
regions of the mouse jaw remain edentulous, although located between two sources of Shh
protein in the adjacent incisor and molar tooth buds. Shh protein is able to diffuse into di-
astema mesenchyme but is rendered inactive and nonfunctional in this area through a poorly
understood mechanism that depends on the presence of the overlying epithelium. Gasl, an
inhibitor of Shh signalling in somitic mesoderm®? is also expressed in diastema mesenchyme,
in an epithelial-dependent manner. Further, ectopic expression of Gas! into this mesenchyme
can downregulate the Shh target Prcl, suggesting that Gasl can also negatively regulate Shh
signalling in discreet regions of the developing jaws.*>

The important role of Shh in modulating growth of the dental tissues has been established
not only at the initiation stage, but also during the later phases of tooth development. Shh
function has been selectively removed from the dental epithelium and its derivatives shortly
after the initiation stage of tooth development using Cre/loxP site-specific recombination. Mice
expressing a Shh conditional allele, flanked with loxP sites, crossed with mice expressing Cre
recombinase under control of the keratin-14 (K14) promoter lack Shh signalling activity in
odontogenic epithelium from the bud stage of development.?? Both molars and incisors are
severely reduced in size, indicating that Shh acts as a growth factor during tooth development.
In addition, these teeth occupy abnormal positions within the jaw, being fused to the oral
epithelium with an absence of dental cords and alveolar bone on the oral side. Importandy, Shh
conditional mutants also suggest a role for Sh# in patterning and morphogenesis of the devel-
oping tooth. Mutant molars are abnormally shaped, displaying broad and underdeveloped
cusps. Interestingly, Sh4 may be involved in patterning molars along the buccolingual axis,
since the lingual side of Shb conditional mutant molars appears to be more severely affected;?3
this is consistent with higher levels of Pscl expression on the lingual side of the cap stage
enamel organ. $hh does not seem to be required for terminal differentiation of ameloblasts and
odontoblasts, as both dentine and enamel are deposited in conditional mutant tooth germs
cultured under the kidney capsule. However, Shh clearly plays a role in polarisation and growth
of both these cell populations.?? Since the Shh receptor Prel is expressed in both the epithe-
lial and mesenchymal compartment of the developing tooth, Shh signalling would appear to
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mediate epithelial-mesenchymal as well as intra-epithelial cell interactions. Genetic removal of
Smo expression from the oral epithelium using K14 driven Cre recombination of a conditional
Smo allele has therefore been used to abrogate intra-epithelial transduction of the Shh signal. 2
Morsphological defects of the teeth were essentially similar to those of b4 conditional mutants,
except for molar size which was normal overall, and odontoblast polarization, which occurred
normally along the whole epithelial-mesenchymal interface. Ameloblasts failed to grow in size
and polarize, suggesting that although signalling from preodontoblasts is necessary for amelo-
blast cytodifferentiation, Shh-dependent intra-epithelial signalling is also required.??

The analyses of mice engineered with targeted disruption of varying combinations of Gli
genes also implicate a requirement for Shh transduction during normal development of the
dentition. G/2 -/- embryos either have absent or fused maxillary incisors, whilst G2 -/-; GE3 +-
double mutants exhibit single small incisor buds that do not develop beyond that stage.?!
However, it is not clear if these midline defects are caused by a mild holoprosencephaly or more
localised disruption of incisor initiation. The molar dentition is normal in G/i2 -/- mutants,
whereas Gl2 -/-;Gli3 -/- mutants show no sign of any molar development. Functional redun-
dancy between G/i2 and GFi3, which are largely coexpressed during tooth development, can
explain the more severe phenotype in the double mutant.

A localised role for the Shh signal during odontogenesis needs to be appreciated within the
wider context of development of the whole craniofacial region. The first branchial arch fails to
form in Shh null mutants due to severe holoprosencephaly.®® However, genetic removal of
responsiveness to Hedgehog family members within cranial neural crest cells results in a less
severe craniofacial phenotype.®! These mice have a severe, but incomplete loss of branchial
arch-derived skeleral elements associated with marked apoptosis and decreased proliferation
within the neural crest. These defects are associated with loss of several Hedgehog targets,
including members of the Forkhead transcription factor family (Foxc2, Foxdl, Foxd2, Foxfl
and Foxf2) and Pax9 in the distal region of the mandibular arch. Within the dentition of these
conditional mutants the lower incisors are absent, whilst only a single maxillary incisor and
variable numbers of molars develop. Interestingly, those teeth that are present are malformed
and arrested, emphasising the important role of normal Shh signal transduction to the under-
lying ectomesenchyme during odontogenesis.5!

Conclusions

Secreted Hedgehog proteins mediate their effects upon competent cell populations in the
developing embryo via a complex and currently pootly understood biochemical pathway. In
common with many regions of embryogenesis, Shh signalling is active in the developing tooth
germ. Specifically, Shh transcripts are localised to epithelial compartments; the early epithelial
thickening, enamel knot, stratum intermedium, stellate reticulum and ameloblast cell popula-
tions; whilst the secreted protein is able to travel considerable distance within the enamel organ
and underlying mesenchyme. Available evidence suggests a crucial role for Shh in the growth,
morphogenesis and cytodifferentiation of cells within the epithelial component of the develop-
ing tooth, mediated by epithelial-epithelial and epithelial-mesenchymal transduction. The tooth
has proved to be a useful model for the study of this pathway; both in vitro, and in vivo using
genetically modified mice. This system will undoubtedly continue to provide insight into ac-
tivity of this signalling peptide, information that will be of relevance to other regions of the
developing embryo. In particular, the importance of signalling during odontogenic initiation,
how pathway activity is restricted and the relative contributions of downstream components to
the signalling process.
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CHAPTER 8

Limb Pattern Formation:
Upstream and Downstream of Shh Signalling

Aimée Zuniga* and Antonella Galli

Abstract
he vertebrate limb is an attractive model system for studying the interplay of signalling
molecules that coordinate growth and patterning during organogenesis. Sonic Hedgehog
(Shh) plays a key regulatory role during vertebrate limb development as a mediator of
the zone of polarizing activity, which directs antero-posterior patterning and ensures that a
thumb develops anteriorly and a little finger at the posterior edge of the hand.

The purpose of this chapter is to discuss the different aspects of Shh signalling function
during vertebrate limb development. In particular, we will describe the sequence of events
leading to the induction and formation of the $44 expression domain at the posterior limb bud
margin. These events are critical to define the role of Shh in subsequent patterning of the distal
limb bud and to establish the initial antero-posterior polarity. We then focus mainly on de-
scribing the molecular mechanisms supporting the potential role of Shh as a morphogen dur-
ing digit patterning. Furthermore, we review the role of Gli family members in mediating Shh
signal transduction with special emphasis on Shh-Gli3 interactions. Finally we will report on
recent work that challenges the relevance of Shh as a spatial morphogen.

Introduction

The vertebrate embryonic limb is an excellent experimental model to study fundamental
developmental processes including cell-cell signalling and pattern formation. The limb is not a
vital organ and the easy accessibility allows researchers to combine experimental manipulation
with genetic analysis. Moreover, the key signalling pathways regulating limb development are
also involved in the development of other organs and their deregulation play roles in pathologi-
cal conditions. Vertebrate limb development starts with proliferation of mesenchymal cells
located in the lateral plate mesoderm (LPM) at the presumptive limb level. These mesenchy-
mal cells can be considered as limb stem cell-like progenitors as they will give rise to all the
skeletal elements and connective tissue of the future limb. In contrast, the muscle elements
derive from migratory progenitors originating from the somites, a different cell lineage. At the
time of limb induction, the mesenchymal cells of the LPM proliferate and accumulate under
the ectoderm creating a bulge, the limb bud. Those small protrusions arising from the body
wall of the embryo are composed of a core of mesenchymal cells and an outer layer of ectoder-
mal epithelial cells. During progtession of limb bud outgrowth the mesenchymal cells differen-
tiate to give rise to the skeletal elements. Cell proliferation and reciprocal interaction between
mesoderm and ectoderm are the driving force for outgrowth of the limb bud that gradually
extends to form the typical tetrapod limb (Fig. 1A). Three axes characterize the fundamental
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Figure 1. Embryonic development of vertebrate limb. A) Scanning EM of a mouse embryo showing a
temporal overview of fore and hindlimb development. At embryonic day 9.5 (E9.5, 21-29 somites) the
forelimb bud (white arrowhead) starts to protrude as a bulge from the flank of the embryo, while the
hindlimb is not yet visible. Forelimb development is initiated about half a day ahead of the hindlimb. One
daylater (E10.5, 35-39 somites) the forelimb bud has completely emerged from the body wall. At E12 hand-
and footplate are distinct and differentiation of skeletal elements is proceeding. At E14.5, 5 digits (1 to 5)
are clearly visible. Reprinted with permission from: Martin P. Int ] Dev Biol 1990; 34:323-336. © UBC
Press.”® B) Outgrowth and patterning of the vertebrate limb are controlled by reciprocal interactions (green
and blue arrows) between two signalling centers: the ZPA (zone of polarizing activity) depicted in green and
located in the posterior limb bud mesenchyme and the AER (apical ectodermal ridge) marked in blue. The
three embryonic axes are also represented. Abbreviations: a, anterior; p, postetior; d, dorsal; v, ventral; pr,
proximal; di, distal; FL, forelimb; HL, hindlimb. C) Limb skeletal staining with alizarin red (for bones) and
alcian blue (for cartilage) of a mouse forelimb at E17.5. Different skeletal elements are shown: the most
proximal one is the scapula followed by the stylopod (humerus), the zeugopod (radius, ra and ulna, u) and
the more distal elements represented by the autopod (metacarpals and digits). A color version of this figure
is available online at http://www.Eurekah.com.

organization of the vertebrate limb (Fig. 1B). The proximal-distal axis goes from shoulder to
digit, the antero-posterior axis from thumb (digit 1) to little finger (digit 5) and the dorsal-ventral
axis is represented by knuckles and palm. The proximal-distal axis is divided in three main
regions (Fig. 1C): stylopod (humerus for the forelimb and femur for the hindlimb), zeugopod
(radius-ulna for forelimb and tibia-fibula for hindlimb) and autopod (metacarpal and digits for
forelimb and metatarsal and toes for hindlimb).

Experiments in the last sixty years have shown that growth and patterning of the verte-
brate limb depends on reciprocal interactions between the ectoderm and the mesoderm and
hasled to the discovery of two signalling centres, the zone of polarizing activity (ZPA or
polarizing region) and the apical ectodermal ridge (AER; Fig. 1B).! The ZPA consist of a
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Figure 2. The ZPA is an organizer and Shh acts as a morphogen. A) Classical transplantation experiment
of ZPA cells in the anterior mesenchyme of an early chick wing bud leads to a complete mirror image digit
duplication (compare the top panel to the lower one). Anterior grafts of Shh-expressing cells achieve the same
effect. B) Interpretation of Wolpert’s morphogen model. Cells of the ZPA (marked in yellow) produce a
diffusible molecule called morphogen (arrows) in a gradient manner from posterior to anterior (represented
by green gradient). Mesenchymal cells respond differentially to various morphogen thresholds to specify
digits. For example, specification of the most posterior digit (digit 5) requires higher level of morphogen
activity in compatison to a more anterior digit (digit 4). Digits are numbered from anterior (a, digit 1) to
posterior (p, digit 5). C) Whole mount in situ hybridization showing the expression of Shb in the ZPA in
a mouse forelimb bud at E10. D) Loss of posterior-distal limb elements in Sh4 deficient mouse embryos.
High power view showing skeletal preparation of developing Sh#™ distal forelimb (Q), distal hindlimb (R)
and intermediate hindlimb (S). Schematic representation of wild-type forelimb at E18.5 in comparison to
Shk™ forelimb (U) and hindlimb (V). In Q and R, green arrows point to the presumptive phalanges and
carpals or tarsal, fore and hindlimb respectively. Red arrows in S indicate the short zeugopod consisting by
the fibula (f) and the tibia (t). In T, U, V the coloured bars identify the three elements: stylopod, zeugopod
and autopod and gray areas represent cartilage. Reprinted with permission from: Kraus B, Fraidenraich D,
Loomis CA. Mech Dev. 2001; 100: 48-58. © 2001 Elsevier.” In all the panels anterior (a) is at the top and
posterior (p) at the bottom, proximal (pr) at the left and distal (di) at the right side. A color version of this
figure is available online at http://www.Eurekah.com.

®

group of proliferating and undifferentiated mesenchymal cells located in the posterior limb
bud while the AER is a ridge of columnar epithelial cells running along the distal margin of
the limb bud ectoderm. Manipulation of the chick limb bud has shown that these signalling
centres are essential for limb morphogenesis. The AER is required for proximal-distal limb
development. Removal of the AER at an early stage of development leads to apoptosis of the
distal limb bud mesenchyme and formation of only proximal limb structures. In contrast,
removal of the AER at later developmental stages leads to progressively more distally re-
stricted truncations depending on the time of the surgical ablation.>® AER functions are
mediated by members of the family of fibroblast growth factors (FGF), which are expressed
in the AER. FGFs keep the mesenchymal cells directly underlying the AER in a proliferating
and undifferentiated state.*> The ZPA drives cell proliferation and cell fate specification of
the limb bud mesenchyme and is essential for outgrowth and patterning. Transplantation of
ZPA cells to the anterior mesenchyme induces complete mirror image duplications of the
digits (Fig. 2A)." For this reason, the ZPA is often referred to as the limb organiser.® Chick
limb bud recombination experiments led Lewis Wolpert to propose the so-called “French
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flag” model in 1969.” To explain the role of the ZPA in digit patterning Wolpert proposed
that it produces a diffusible molecule, termed morphogen. The morphogen would be dis-
tributed in a gradient manner from posterior to anterior along the limb bud axis. Mesenchy-
mal cells would respond to the morphogen gradient in a threshold dependent manner and
would specify the mesenchyme with respect to its identity (proximo-distal and
antero-posterior). The model predicts that specification of the most posterior digit requires
the highest level of morphogen activity, while specification of more anterior digits would
require lower thresholds of morphogen activity (Fig. 2B). In agreement with Wolpert’s model,
the vertebrate homolog of the Drosophila Hedgehog (Hb) gene, Sonic hedgehog (Shh), was
identified as the instructive diffusible signal expressed by all cells of the ZPA (Fig. 2C).8 Shh
is sufficient to mimic ZPA activity as ectopic grafts of Shh expressing cells into the anterior
limb bud mesenchyme cause complete mirror image digits duplication like ZPA grafts (Fig.
2A).! Moreover, inactivation of the Shb gene in mouse and equivalent mutations in human
and chick embryos disrupt patterning and formation of posterior-distal elements such as the
ulna and fibula and loss of all the digits except digit one (the most anterior digit) (Fig.
2D).>!! This demonstrates that Shh signalling is required for antero-posterior patterning
during distal limb bud outgrowth.

Limb Bud Initiation

Limb bud initiation is an example of interplay between different growth factor signalling
pathways. Members of the FGF and WNT families play key regulatory roles during limb bud
initiation.>'3 Prior to limb bud initiation Fgf8 is expressed in the intermediate mesoderm
(IM) undeslying the presumptive fore and hindlimb areas. Fgf10is expressed in a wider region
including the IM, the segmental plate and the LPM.'? The Wn£26 gene is expressed in the IM
and in the LPM at the forelimb level, while Wnz8¢ is expressed in the LPM at the hindlimb
level.'¥ During onset of limb bud initiation, axial tissues such as the IM and the somites adja-
cent to the limb forming areas are capable of producing factors that confine Fgf10 expression to
the LPM of the presumptive limb bud. Gain-of-function experiments in chick embryos sug-
gest that Wnt2b and Wnt8c, for fore and hindlimb respectively, contribute to restrict and/or
maintain Fgf10 expression at the appropriate levels in the LPM (Fig. 3A)."% Upon restriction of
Fgf10 expression to the LPM of the presumptive limb areas, Fgf10 signals to the overlying
ectoderm to induce expression of Wrnt3a, which is required for the establishment and the main-
tenance of the early AER (Fig. 3B). Indeed, Wnt3a in the ectoderm signals through B-catenin
to activate Fgf8 expression, the earliest marker for early AER formation.!>!¢ Subsequently, a
positive signalling feedback loop between Fgf8 and Fgf10 is initiated to maintain Fgf10 expres-
sion in the nascent limb mesenchyme (Fi§. 3B)!7 and to maintain k4 expression to the poste-
rior margin of the limb bud (Fig. 3D).181%

Early Limb Bud Polarisation and Establishment of the ZPA

Polarization of the limb field along the antero-posterior axis of the embryo leads to posi-
tioning of the ZPA. Genetic analysis in the mouse in combination with chick embryo manipu-
lations has led to the identification of some of the essential components implicated in the
establishment of the ZPA. Posteriorly restricted genes of the Hox class have been proposed to
regulate Sh# induction. Hoxb8 is transiently expressed at the posterior side of the nascent limb
bud shortly before the appearance of Shh expression. Transgenic mice ectopically expressing
Hoxb8 in the anterior part of the limb bud display polydactyly with mirror image digit dupli-
cations reminiscent of ZPA grafts in chick.?® These data, together with the temporal and spa-
tial expression patterns of Hox48 during normal limb bud development, suggested that Hoxb8
could be the ZPA inducer. However, targeted disruption of Hox48 in the mouse and the dele-
tion of all Hox8 paralogues, does not result in inhibition of limb bud outgrowth or changes in
antero-posterior patterning.2?> More recent work suggests that 5°Hoxd (Hoxd11, -12
and -13) genes play a role in positioning the $hb expression domain in the posterior limb bud
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Figure 3. Induction and prepatterning mechanisms acting upstream of Shh signalling. Regulatory interac-
tions involved in forelimb bud induction (panels A, B) and polarization of the early limb bud (panel C, D).
A) Prior to limb bud induction Fgf10 and JHAND are expressed throughout the LPM while Fgf® is
expressed in the IM at the level of the presumptive forelimb. During the onset of limb bud induction, Wn:26
is expressed in the LPM and contributes to restrict and maintain Fgf70 expression at the forelimb level in
the LPM. B) Fgf10 signals to the overlying ectoderm to induce Wnz3a , which in turn activates Fgf® in the
AER. Subsequently, a feedback loop between Fgf8 and Fgfl0 is established. C) Early polarization of limb
bud requires a reciprocal genetic repression between G/i3 and dHAND. Gli3 is expressed in the anterior
mesenchyme and restricts ZHAND in the posterior mesenchyme, while ZHAND keeps G/i3 anteriorly
restricted. This mutual antagonism interaction prepatterns the limb bud mesenchyme prior to Shh signal-
ling. D) Gli3/dHAND reciprocal antagonism leads to the establishment of the ZPA and $h4 expression in
the posterior limb bud mesenchyme. Other molecules such as RA, acting via dHAND, and 5°Hox4 genes
play roles in the activation of the Shh-expressing domain in the ZPA. In addition, Fgf8 from the AER is
important to maintain Shb expression. Abbreviation: S: somites; IM: intermediate mesoderm; LPM: lateral
plate mesoderm; E: ectoderm. Anterior (a) is at the top; posterior (p) is at the botrom.

mesenchyme (Fig. 3D). Anterior misexpression of 5’Hoxd locus induces ectopic expression of
Shh in the anterior limb bud mesenchyme, thereby generating a double posterior limb with a
loss of antero-posterior asymmetry rather than a mirror image duplication.

Retinoic acid (RA), the active derivative of vitamin A is a potent activator of limb bud
polarization as RA-soaked beads implanted in the anterior side of the developing limb bud
induce digit duplications similar to a ZPA graft or implantation of Shh coated beads.?* Fur-
thermore, limb bud development in chick embryos is inhibited by RA receptor antagonists or
by synthetic inhibitors of RA synthesis.?>?® The role of RA has also been addressed genetically.
Gene inactivation in mouse of retinaldehyde dehydrogenase-2 (Raldh2), an enzyme necessary
for RA synthesis, completely disrupts limb bud formation and Shh activation.?””?® Interest-
ingly, RA can rescue forelimb bud development in Raldh2 deficient mouse embryos in a
dose-dependent manner. These studies establish that RA is required for Shh acrivation during
initiation of forelimb bud outgrowth (Fig. 3D). Furthermore, molecular analysis performed on
Raldh2 mutant limb buds also suggests that RA may interact upstream and/or with the basic
helix-loop-helix (b HLH) transcription factor ZHAND (also called Hand2) to activate Shh sig-
nalling,?”?® Indeed, ZHAND expression can be activated anteriorly by ectopic application of
RA in chick limb buds or in transgenic mice; this ectopic expression can activate the Shh
signalling pathway and induce digit duplications. Conversely, no Shh expression is detected in
the limb buds of ZHAND deficient mouse embryos.?® In chicken, mouse and zebrafish em-
bryos, ZHAND is initially expressed throughout the LPM (Fig. 3A,B) and rapidly restricted to
the posterior limb bud mesenchyme during onset of outgrowth (Fig. 3C).?>! This restriction
appears crucial in establishing the ZPA in the posterior limb bud mesenchyme.

Until recenty, only transcriptional activation had been considered to play a role in the
polarisation of the limb field and establishment of the ZPA. However, it has emerged that
transcriptional repression is also a crucial component of this process. G/i3 expression is acti-
vated in the anterior mesenchyme in a manner complementary to JHAND.?? Gli3 is required
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for dHAND restriction in the posterior mesenchyme during initiation of limb bud outgrowth.
In particular, in limb buds deficient for Gli3 function, ZHAND remains expressed throughout
the entire early limb bud mesenchyme. In turn, ZHAND is required to restrict G/z3 expression
in the anterior limb bud mesenchyme, as G/i3 transcripts are expressed throughout the entire
limb bud mesenchyme in early ZHAND deficient embryos.>? Genetic analysis of limbs buds
deficient for both G/:3 and Gremlin (Greml1, see below) also implicates G/43 in positioning the
ZPA.?*3% Moreover, dHAND and Gli3 are normally activated in Sh# deficient limb buds,
demonstrating that this mutual genetic antagonism occurs upstream of and is independent of
Shh. The ZHAND/GIi3 genetic interaction also controls posterior restriction of other key regu-
lators such as 5'Hoxd genes and Grem1.>"* In summary, the mutual antagonistic interaction
between Gli3 and dHAND prepatterns the limb bud mesenchyme upstream of Shh signallin
and participates in Sk activation in the posterior limb bud mesenchyme (Fig. 3C,D).*?
Unfortunately, ZHAND deficient mouse embryos die shortly after embryonic day 9.5 (E9.5),
which has precluded a molecular and phenotypic analysis of later limb pattern formation.*> In
contrast, G/i3 deficient embryos die shortly before birth and mutations in G/23 result in poly-
dactyly associated with severe loss of digit identity in both mouse and humans.>*38 During the
onset of limb bud outgrowth, patterning genes such as the 5°Hoxd genes are activated in the
posterior part of the emerging limb bud and remain posteriorly expressed until about E11 in
mouse embryo. Shortly before the forming handplate becomes visible, their expression do-
mains expand distally and anteriorly under the control of Shh signalling. In G/i3 deficient
embryos, 5’Hoxd genes are expressed throughout the entire limb bud mesenchyme without
posterior restriction until advanced limb bud stages. Expression of other posterior genes such
as Fgf4 in the AER and Grem!1 in the mesenchyme is also expanded anteriorly, demonstrating
a general role for G/£3 as a transcriptional repressor during progression of limb patterning (Fig.
5A).%? Analysis of Shh and Shk;Gli3 compound mutant embryos has shed further light on the
roles of G/23 and Shh in patterning of the limb bud. In the absence of $hh, posterior genes of
both the mesenchyme (i.e., 5 Hoxd genes, GremlI) and AER (i.e., Fgf4, Fgf8, Fgf9 and Fgf17)
are activated normally, except for G/51 and Psc, whose transcriptional activation and upregulation
are absolutely dependant on Shh signalling,*** Shh-independent activation of both mensechyme
and AER genes in a spatially restricted manner provides further evidence that the limb is
prepatterned. Subsequent regulation of all these genes is Shh-dependent; in Sh4”” mutant em-
bryos their expression is rapidly lost and cells undergo a?optosis, resulting in the loss of the
handplate. Disruption of one or both G/i3 alleles in a Sh4” mutant background improves limb
bud development and digit formation in a dose dependent manner.? The limbs of G/i3; Shh
double homozygous mutant embryos are indistinguishable from G/3 single mutant embryos,
both phenotypically and molecularly. Taken together, these studies showed that G/3 initially
acts upstream of Shh and subsequently downstream to repress anterior ectopic expression of
distal limb patterning genes throughout the entire limb bud.* The temporarily and spatially
restricted activation and propagation of these posterior genes arises from the ability of dHAND
and Shh signalling (see below) to overcome G/i3-mediated repression activity of progression of
limb bud morphogenesis. In summary, genes involved in distal limb patterning are activated
prior to establishment of the Sh4 organiser and one of the essential roles of Shh signalling is to
upregulate and propagate their expression. Accordingly, the polydactyly and associated loss of
digit identity in GA£3 mutant limb buds is a likely consequence of losing unequal distribution
of patterning genes along the antero-posterior axis of the limb bud.

Molecular Mechanisms of the Shh Response

Conservation of the components of the Hh signalling pathway between flies and verte-
brates is extremely high. Briefly, both in fly and vertebrate, in the absence of secreted Shh, the
transmembrane receptor Patched (Ptc) suppresses the activity of Smoothened (Smo), a trans-
membrane protein that transduces the Shh signal inside the responding cell. The pathway is
activated by the stoechiometric binding of active Shh to Ptc at the surface of the responding
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Figure 4. A simplified view of the Shh signalling network. “Shh signal secreted”: as the Native Shh protein
enters the secretory pathway, it undergoes autoprocessing which generates an N-terminal signalling domain
with a C-terminal cholesterol moiety. Palmitoylation follows, resulting in an N-terminal palmitate, a process
mediated by Skinny hedgehog. As modified Shh is secreted from the cell, it becomes tethered to the
membrane due to the cholesterol-modification and perhaps also due to the palmitoylation. The transmem-
brane protein Disp! functions to release Shh into the extracellular space while the GPI anchored HSPGs
are involved in the regulation of Shh transport. Shh becomes multimeric and diffuses to the responding cell.
“Shh signal received”: it is not clear whether multimeric or monomeric Shh ligand binds preferentially to
the transmembrane receptor Ptc. The Shh/Ptc interaction lifts the repression that Ptc normally exerts on the
transmembrane protein Smo. Smo transduces the Shh signal through its cytoplasmic tail which recruits the
Cos-2/Fu/Su(Fu)/Gli complex. Gli proteins (it is not know whether it is Glil, Gli2 or Gli3) are turned into
activator forms and are translocated to the nucleus where they activate Shh target genes. Shh binds to Ptc
and to the transmembrane protein Hip and excess of these receptors can sequester the Shh ligand, leading
to a limitation of Shh diffusion. “No Shh signal received™: in the absence of Shh, Ptc represses Smo. Inside
the cell, Cos-2 may as in Drosophila anchor a Cos-2/Fu/Su(Fu)/Gli3 complex to the microtubule, although
such a complex has not been identified in vertebrates. Gli3 is however processed into the putative repressor
form, Gli3R. Gli3R translocates to the nucleus where it represses Shh target genes.

cells, releasing Smo from Ptc repression. In turn, Smo regulates downstream cytoplasmic tar-
gets such as Gli family members (vertebrate orthologues of Cubitus interruptus (Ci) in Droso-

phila) (Fig. 4).4

Long and Short Range Signalling: The Molecular Basis for Shh Versatility
The morphogen model predicts that a diffusible molecule secreted by the ZPA is distrib-
uted in a gradient along the antero-posterior axis of the limb bud resulting in highest levels of
morphogen posteriorly and lowest levels anteriorly. Consequently, mesenchymal cells respond
differendally to the morphogen according to their distance from the ZPA to specify digit iden-
tity. However, unlike small molecules such as RA, proteins do not freely diffuse in the extracel-
lular space over long distances, raising the question of how the Shh signal is propagated. Recent
advances have shed light on the molecular mechanisms mediating the Shh response, and ex-
plain how Shh can act directly, both locally and at a distance (Fig. 4). The native Shh protein is
initially composed of an N-terminal signalling domain and a C-terminal catalytic domain. Shh
enters the secretory pathway and undergoes autocleavage, resulting in the release of the
N-terminal signalling domain, which is modified at its C-terminal by an ester-linked choles-
terol adduct (Fig. 4; “Shh signal secreted”) 2 Genertic studies have demonstrated the biological
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importance of this cholesterol modification for limb development. A mutant form of Shh
protein that cannot be cholesterol-modified was generated by gene targeting in mice. In em-
bryos carrying this mutation, formation of the anterior digits 2 and 3 is disrupted and the
expression domains of transcriptional targets of Shh do not extend as anteriorly as in wild type
limb buds, suggesting that long range signalling across the antero-posterior axis is reduced.®
Following cholesterol modification, the N-terminal part of the peptide is palmitoylated, a pro-
cess mediated by an acyl-transferase encoded by the Skinny hedgehog gene (Skn). Limbs of mice
deficient for Skn lack digit 2 and display fusions of digits 3 and 4, demonstrating that
palmitoylation is also critical for Shh long range activity.* The resulting active Shh ligand is a
doubly lipid-modified peptide, whose tight association with the cell membrane triggers local
and high level of signalling response. Membrane tethering precludes direct effects on distant
cells, however several mechanisms contribute to ligand release and subsequent transport. At
least four different mechanisms are likely to contribute to Shh signalling versatility in embry-
onic tissues during patterning and offer ways to regulate Shh activity (Fig. 4).

1. As in Drosophila, membrane-tethered Shh is released from the secreting cells by the action
of the transmembrane transporter-like protein encoded by the Dispatched gene (Disp 1).45-46
Mice deficient for Displ have defects characteristic of loss of Hedgehog signalling, and
evidence from several groups shows that Disp1 is essential to permit movement of the Shh
ligand to its target tissues. %648 Lethality of Disp1 deficient mice at E9.5 has so far precluded
analysis of the limb phenotype, but tissue-specific inactivation will allow researchers to
address its function during limb bud morphogenesis.

2. Multimerisation of Shh can account for aspects of direct long-range activity. Multimerisation,
possibly in lipid rafts, results in the Shh lipid modifications being trapped inside the multimer.
Multimerised Shh is soluble, freely diffusible and it seems to form a gradient across the
antero-posterior axis of the chick limb, which points to a role in mediating Shh activity.#?
Furthermore, palmtitoylation is required for producing a soluble multimeric protein com-
plex, suggesting that Shh signalling in distant cells is triggered by multimeric forms of the
Shh ligand.

3. Components of the extracellular matrix such as heparan sulfate proteoglycans (HSPG) play
a role in modulating growth factor signals and in Drosophila, mutations in the GPI-anchored
HSPG encoded by the Dally gene, and in enzymes required for HSPG biosynthesis such as
Toutvely affect Hh distribution and signalling.5® These studies show that HSPG play a role
in transferring the Hh ligand along the cell membrane. Analysis of the role of the vertebrate
orthologues of these genes (Glypican genes for Dally and Ext genes for Toutvelu respectively)
should further our understanding of how Shh transport and activity is regulated in embryos.

4. Finally, the distance over which Shh is able to diffuse can be restricted by ligand quenching,
which involves a self-regulatory negative feedback loop mechanism: the Shh receptor Psc
and the membrane-bound glycoprotein Hedgehog interacting protein (Hip) genes are posi-
tively regulated by cells responding to Shh signalling in the developing limb bud.?!-52 Both
Ptc and Hip function to down-regulate Shh signalling activity by binding the Shh ligand.
Therefore, Shh sequestration at the cell surface by Hip and Ptc will limit its signalling range
and activity.

Inside the Responding Cell: The Duality of the Gli Family

of Transcriptional Activators and Repressors

In flies, the zinc finger transcription factor Ci is the only and essential mediator of Hh
signalling and transcriptional regulation expression of Hh targets depends on Ci processing
and its subcellular localisation. Full-length Ci functions as an activator of gene expression
while a truncated form, CiR is a transcriptional repressor.’” Full-length Ci forms a tetrameric
protein complex together with the serine-threonine kinase Fused (Fu), the PEST
domain-containing protein Suppressor of Fused (Su(Fu)) and the kinesin-like protein Cos-
tal-2 (Cos-2). In the absence of Hh, Cos-2 binds to microtubules and sequesters the protein
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Figure 5. Shh signalling interactions during limb bud outgrowth. A) Antagonistic interaction between Shh
and Gli3 signals is represented. Shh signals from the ZPA to block processing of full length Gli3 to Gli3R.
In turn, Gli3R keeps $h4 expression posteriorly restricted. Gli3R also restricts posterior factors such as
Grem1 and HoxD genes. Gradient of Gli3-Gli3R is represented: high Gli3R anterior in blue and high Gli3
posterior in red. B) Schematic representation of the Shh/Grem1/Fgf feedback loop. Shh up-regulates and
maintains the expression of the BMP antagonist Grem1 in the posterior mesenchyme. In turn, this enables
the expression of Fgf4, Fgf9and Fgf17 in the posterior AER. Fgf signalling by the AER is necessary
to propagate Shh signalling in the posterior distal mesenchyme. Establishment and maintenance of this
feedback loop controls distal limb bud outgrowth. A color version of this figure is available online
at http://www.Eurekah.com.

complex containing full-length Ci in the cytoplasm. In turn, Ci is proteolytically cleaved
into the CiR form, which lacks the nuclear export signal, its cytoplasmic anchoring and
transcriptional activation domains. Thus CiR accumulates in the nucleus and thereby re-
presses Hh transcriptional targets. Upon Hh stimulation, Smo dissociates the tetrameric
complex from the microtubule by recruiting Cos-2, which results in blocking CiR formation
and in the accumulation of full-length Ci in the nucleus.>* In vertebrates, much less is known
about the circuitry molecules acting downstream of Shh. Nevertheless, the role of three ver-
tebrate Ci orthologues, G1, Gli2 and G/3 has been extensively studied during limb bud
development. All three G/ transcriptional regulators are expressed by the limb bud mesen-
chyme with the exception of the ZPA. Gli1 is restricted to the posterior part of the limb bud
mesenchyme and marks all Shh-responding cells, while G2 and G/i3 are expressed through
the entire limb bud mesenchyme and partially overlap with GliI expression.>® It has been
hypothesised that in vertebrates, the activator and repressor functions of Ci are performed by
different Gli homologues. The best evidence to date stems from genetic studies of Gli family
members in the neural tube and indicate that Glil acts solely as an activator while Gli2 and
Gli3 can function both as repressors and activators.’®>” However, genetic studies of the
different Gli members have established that only G/i3 loss-of-function mutations cause
semi-dominant limb malformations in mice and humans,3”>%%? while neither G/ nor G2,
or Gli1;Gli2 mouse mutants display any significant limb phenotypes.®® Furthermore, Gli2;Gli3
double mutants display the same limb phenotype as G/3 single mutants.®! Recent studies
also indicate that digit identities in response to Shh signalling are not mediated by Glil and
Gli2 transcriptional activator functions but rather by graded Gli3 repressor functions.®! To
date, Gli3 is the only Ci orthologue demonstrated to have an essential function during limb
bud patterning as it regulates correct digit numbers and identities. Just like Ci in flies,
full-length Gli3 is processed into the repressor form Gli3R, in chick limb buds (Fig. 5A).%2
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Levels of Gli3R decrease from anterior to posterior, most probably because the conversion of
full-length Gli3 is antagonised by Shh signalling from the posterior mesenchyme (Fig. 5A).62
Furthermore, limbs of mice overexpressing Shh in the entire limb bud mesenchyme exhibit
polydactylies with loss of digit identities that phenocopy G/i3 deficient limbs, in line with
evidence that Shh signalling blocks Gli3R activity, a process that is crucial to limb bud
patterning.** While there is no evidence for a role for full-length Gli3 in the limb bud,
recent data show that direct interaction of Gli3R with Hoxd proteins converts Gli3R into a
transcriptional activator of Shh targets.®?

Maintenance of the ZPA by Signal Relay

Epithelial-mesenchymal interactions are essential for distal limb outgrowth and patterning
(see “Introduction”). These interactions are mediated by Shh in the mesenchyme and FGFs in
the AER, and possibly other AER growth factors. Removing the AER leads to rapid loss of Shh
expression and subsequent loss of distal structures by apoptosis, while addition of Fgf-soaked
beads following AER removal are sufficient to maintain expression and outgrowth. Conversely,
anterior grafts of Shh-expressing cells cause expansion of the expression domains of posterior
Fgfin the AER. This positive feedback loop between Shh in the mesenchyme and Fgf in the
AER is essential for maintenance and propagation of the Shh organiser.%#> Furthermore, it
ensures that the ZPA stays in close proximity to the most distal part of the limb bud where
digits will form as limb bud morphogenesis progresses. In spite of its ability to act at long
range, Shh signals to the AER by a signal relay mechanism. Both gain and loss-of-function
studies have demonstrated that Grem1-mediated BMP antagonism is essential to establish
positive feedback regulation.7® Grem1 is activated upstream of Shh and is essential to activate
expression of Fgf4, -9 and -17 in the AER. Fgfs in the AER propagate S/ expression by the
ZPA and in turn Shh propagates Grem! expression in the mesenchyme, most likely by block-
ing Gli3R production. A self-propagating Shh/Grem1/Fgf positive feedback loop is thus estab-
lished to control progression of distal limb bud outgrowth and patterning (Fig. 5B).%7°

Digit Patterning by Shh: The End of the Spatial Gradient Model2
The data reviewed here points to the role of Shh as a classical morphogen instructing digit
number and identity.
1. Ectopic Shh grafts cause mirror-image digit duplications.
2. Abrogation of a potential spatial gradient by Shh overexpression throughout the limb bud
mesenchyme causes polydactyly with associated loss of digit identities.
3. The loss of digits 2 to 5 in limbs of $h4 deficient embryos points to an essential role in digit
formation.
4. Mutations altering Shh diffusion particularly affect more anterior digits.

However, the proposal that digit identity is simply specified by cells responding to a spatial
gradient of diffusible Shh ligand needs to be reconsidered in light of recent studies (Fig. 6).5"""!
In mice, genetic marking of cells expressing Sh#4 and their descendants in the limb bud, reveals
that the descendants of Shh-expressing cells themselves give rise to all of the most posterior
skeletal elements, digits 5 and 4, the ulna/fibula, and contribute significantly to digit 3. Inter-
estingly, the descendants of Shh-expressing cells do not contribute to digit 2, in agreement with
previous studies that digit 2 is formed in response to Shh long-range signalling.*> The pheno-
typic analysis of Shh deficient limbs has previously shown that digit 1 is specified in a
Shh-independant manner.” One of Wolpert’s morphogen gradient predictions states that the
cells expressing the morphogen would not contribute themselves significantly to the structures
they pattern, and that cells responding to the highest levels of the morphogen would give rise
to the most posterior skeletal elements. However, the levels of G4 transcriptional activation in
Shh-responding cells do not reflect the antero-posterior gradient as predicted.! Instead, the
cells that have expressed Sh5 the longest form themselves into the most posterior digit 5, and
descendants contribute to digits 4 and 3.
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Figure 6. The temporal Shh gradient model. Schematic representation of the expansion-based temporal Shh
gradient model. Descendant of Shh-expressing cells (green gradient) give rise to digits 5, 4 and part of digit
3. The identity of these three digits is specified by the length of time that the cells giving rise to these digits
have been exposed to the Shh signal. Digit 5, the most posterior one, derives from cells that have been
exposed to Shh signalling for a longer time in comparison to cells that will form digit 4 and digit 3. In
contrast, specification of digit 2 depends entirely on Shh diffusion (long-range signal) while digit 1 is
Shh-independent. The ZPA is indicated in yellow and anterior (a) is at the top while posterior (p) is at the
bottom. A color version of this figure is available online at http://www.Eurekah.com.

During the stages when the handplate becomes morphologically distinct and differentia-
tion proceeds (in mouse, E12 onwards, Fig. 1A), Shh becomes gradually down-regulated, Fgf
expression ceases and GremI becomes restricted to the interdigit area. This points to a break-
down of the Shh/Grem/Fgfteedback loop and recent work in chick has investigated the under-
lying mechanism resulting in its termination and the relevance for limb bud development.”? It
appears that cells expressing $hh and their descendants cannot express Grem!. As limb bud
outgrowth proceeds, this cell population becomes larger and the gap between the source of Shh
signal and cells competent to respond to it by expressing Grem I, widens over time. The authors
provide experimental evidence in support of the idea that the gap becomes too wide for Shh
signalling to continue controlling Grem1 expression. As a consequence, loss of Grem1 expres-
sion in the mesenchyme causes down-regulation of Fgftranscription in the AER and thereby
shuts down the feedback loop. Experimental maintenance of the feedback loop for longer than
normal results in formation of an extra phalange, which provides evidence that timely shut-
down of the feedback loop is necessary for proper limb bud morphogenesis.”? However, it
remains unclear why Shh descendant cells cannot express Grem! and whether long range Shh
signalling normally regulates Grem! expression levels. Further understanding of the mecha-
nism that terminates the feedback loop is required to gain insight into the way organs self-regulate
their final size and shape.

Ten years after its discovery as the signal produced by the ZPA, Shh continues to fascinate.
While currents efforts in the field are focusing on understanding the mechanisms establishing
the antero-posterior prepattern prior to Shh and Gli signalling, more research is needed to
understand all the roles attributed to Shh. Much insight has been gained from investigating the
role of Gli proteins as the downstream effectors of Shh signalling. However, less is known
about the role of many of the target genes, and understanding the effects of these target genes
(belonging to all the major signalling pathways) will shed light on the mechanisms coordinat-
ing differentiation of the various cell types contributing to the vertebrate limb.



90 Shh and Gli Signalling and Development

Acknowledgements

We thank R. Zeller for helpful discussions and suggestions, our group members and L.
Panman for their critical input for this manuscript. We are grateful to A. Roulier from the Art
Department at the Pharmazentrum in Basel for making Figures 3, 4 and 5. We also thank J.
Brown for providing the Shh graft shown in Figure 2A and O. Michos for the scanning EM of
the limb bud shown in Figure 2B and Figure 6. The authors are also grateful to the publishers
Elsevier and UBC Press as well as to P Martin for giving their permission to use data already

published.

References
1. Panman L, Zeller R. Patterning the limb before and after SHH signalling. ] Anat 2003; 202(1):3-12.
2. Saunders JW]. The proximo-distal sequence of origin of limb parts of the chick wing and the role
of the ectoderm. J Exp Zoology 1948; (108):363-404.
3. Summerbell D. A quantitative analysis of the effect of excision of the AER from the chick limb-bud.
J Embryol Exp Morphol 1974; 32(3):651-660.
4. Niswander L, Tickle C, Vogel A et al. FGF-4 replaces the apical ectodermal ridge and directs
outgrowth and patterning of the limb. Cell 1993; 75(3):579-587.
5. Vogel A, Tickle C. FGF-4 maintains polarizing activity of posterior limb bud cells in vivo and in
vitro. Development 1993; 119(1):199-206.
6. Spemann HaMH. Induction of embryonic primordia by implantation of organizers from a differ-
ent species. Int ] Dev Biol 2001; (reprinted)45:13-38.
7. Wolpert L. Positional information and the spatial pattern of cellular differentiation. J Theor Biol
1969; 25:1-47.
8. Riddle RD, Johnson RL, Laufer E et al. Sonic hedgehog mediates the polarizing activity of the
ZPA. Cell 1993; 75:1401-1416.
9. Kraus P, Fraidenraich D, Loomis CA. Some distal limb structures develop in mice lacking Sonic
hedgehog signaling. Mech Dev 2001; 100(1):45-58.
10. Chiang C, Litingtung Y, Lee E et al. Cyclopia and defective axial patterning in mice lacking Sonic
hedgehog gene function. Nature 1996; 383:407-413.
11. Chiang C, Litingtung Y, Harris MP et al. Manifestation of the limb prepattern: Limb development
in the absence of sonic hedgehog function. Dev Biol 2001; 236:421-435.
12. Martin GR. The roles of FGFs in the early development of vertebrate limbs. Genes Dev 1998;
12:1571-1586.
13. Tickle C, Munsterberg A. Vertebrate limb development—the early stages in chick and mouse.
Curr Opin Genet Dev 2001; 11(4):476-481.
14. Kawakami Y, Capdevila J, Buscher D et al. WNT signals control FGF-dependent limb initiation
and AER induction in the chick embryo. Cell 2001; 104(6):891-900.
15. Kengaku M, Capdevila J, Rodriguez-Esteban C et al. Distinct WNT pathways regulating AER
formation and dorsoventral polarity in the chick limb bud. Science 1998; 280(5367):1274-1277.
16. Barrow JR, Thomas KR, Boussadia-Zahui O et al. Ectodermal Wnt3/beta-catenin signaling is re-
quired for the establishment and maintenance of the apical ectodermal ridge. Genes Dev 2003;
17(3):394-409.
17. Isaac A, Cohn M], Ashby P et al. FGF and genes encoding transcription factors in early limb
specification. Mech Dev 2000; 93:41-48.
18. Lewandoski M, Sun X, Martin GR. Fgf8 signalling from the AER is essential for normal limb
development. Nat Genet 2000; 26(4):460-463.
19. Moon AM, Capecchi MR. Fgf8 is required for outgrowth and patterning of the limbs. Nat Genet
2000; 26(4):455-459.
20. Charite ], de Graaff W, Shen § et al. Ectopic expression of Hoxb-8 causes duplication of the ZPA
in the forelimb and homeotic transformation of axial structures. Cell 1994; 78(4):589-601.
21. van den Akker E, Reijnen M, Korving J et al. Targeted inactivation of Hoxb8 affects survival of a
spinal ganglion and causes aberrant limb reflexes. Mech Dev 1999; 89(1-2):103-114.
22.van den Akker E, Fromental-Ramain C, de Graaff W et al. Axial skeletal patterning in mice lack-
ing all paralogous group 8 Hox genes. Development 2001; 128(10):1911-1921.
23. Zakany ], Kmita M, Duboule D. A dual role for Hox genes in limb anterior-posterior asymmetry.
Science 2004; 304(5677):1669-1672.
24. Tickle C, Alberts BM, Wolpert L et al. Local application of retinoic acid in the limb bud mimics
the action of the polarizing region. Nature 1982; 296:564-565.



Limb Pattern Formation 91

25.
26.

27.

28.

29.

30.

—

3

32,

33.
34.

35.
36.
37.
38.
39.
40.

41.
42.

43.

44.

45.
46.
47.
48.
49.

50.

5

—

Heims JA, Kim CH, Eichele G et al. Retinoic acid signaling is required during early chick limb
development. Development 1996; 122(5):1385-1394.

Stratford T, Horton C, Maden M. Retinoic acid is required for the initiation of outgrowth in the
chick limb bud. Curr Biol 1996; 6(9):1124-1133,

Niederreither K, Vermot J, Schuhbaur B et al. Embryonic retinoic acid synthesis is required for
forelimb growth and anteroposterior patterning in the mouse. Development 2002;
129(15):3563-3574.

Mic FA, Sirbu IO, Duester G. Retinoic acid synthesis controlled by Raldh2 is required early for
limb bud initiation and then later as a proximodistal signal during apical ectodermal ridge forma-
tion. ] Biol Chem 2004; 279(25):26698-26706.

Fernandez-Teran M, Piedra ME, Kathiriya IS et al. Role of dHAND in the anterior-posterior
polarization of the limb bud: Implications for the Sonic hedgehog pathway. Development 2000;
127:2133-2142.

Charite ], McFadden DG, Olson EN. The bHLH transcription factor dHAND controls Sonic
hedgehog expression and establishment of the zone of polarizing activity during limb development.
Development 2000; 127(11):2461-2470.

. Yelon D, Baruch T, Halpern ME et al. The bHLH transcription factor Hand2 plays parallel roles

in zcbrafish heart and pectoral fin development. Development 2000; 127:2573-2582.

te Welscher P, Fernandez-Teran M, Ros MA et al. Mutual genetic antagonism involving GLI3 and
dHAND prepatterns the vertebrate limb bud mesenchyme prior to SHH signaling. Genes Dev
2002; 16(4):421-426.

Zuniga A, Zeller R. Gli3 (Xt) and formin (Id) participate in the positioning of the polarising
region and control of posterior limb-bud identity. Development 1999; 126(1):13-21.

Zuniga A, Michos O, Spiz F ct al. Mouse limb deformity mutations disrupt a global control
region within the large regulatory landscape required for Gremlin expression. Genes Dev 2004;
18(13):1553-1564.

Srivastava D, Thomas T, Lin Q et al. Regulation of cardiac mesodermal and neural crest develop-
ment by the bHLH transcription factor dHAND. Nat Genet 1997; 16:154-160.

Schimmang T, Lemaistre M, Vortkamp A et al. Expression of the zinc finger gene Gli3 is affected
in the morphogenetic mouse mutant extra-toes (Xt). Development 1992; 116:799-804.

Hui C, Joyner A. A mouse model of greig cephalopolysyndactyly syndrome: The extra-toes] muta-
tion contains an intragenic deletion of the Gli3 gene. Nat Genet 1993; 3(3):241-246.

Theil T, Kaesler S, Grotewold L et al. Gli genes and limb development. Cell Tissue Res 1999;
296(1):75-83.

te Welscher P, Zuniga A, Kuijper S et al. Progression of vertebrate limb development through
shh-mediated counteraction of GLI3. Science 2002; 298:827-830.

Litingtung Y, Dahn RD, Li Y et al. Shh and Gli3 are dispensable for limb skeleton formation but
regulate digit number and identity. Nature 2002; 418(6901):979-983.

Cohen Jr MM. The hedgehog signaling network. Am ] Med Genet A 2003; 123(1):5-28.

Lee ]J, Ekker SC, von Kessler DP et al. Autoproteolysis in hedgehog protein biogenesis. Science
1994; 266(5190):1528-1537.

Lewis PM, Dunn MP, McMahon JA et al. Cholesterol modification of sonic hedgehog is required
for long-range signaling activity and effective modulation of signaling by Ptcl. Cell 2001;
105(5):599-612.

Chen MH, Li Y], Kawakami T et al. Palmitoylation is required for the production of a soluble
multimeric Hedgehog protein complex and long-range signaling in vertebrates. Genes Dev 2004;
18(6):641-659.

Burke R, Nellen D, Bellotto M et al. Dispatched, a novel sterol sensing domain protein dedicated
to the release of cholesterol-modified hedgehog from signaling cells. Cell 1999; 99:803-815.

Ma Y, Erkner A, Gong R et al. Hedgehog-mediated patterning of the mammalian embryo requires
transporter-like function of dispatched. Cell 2002; 111(1):63-75.

Caspary T, Garcia-Garcia MJ, Huangfu D et al. Mouse dispatched homologl is required for
long-range, but not juxtacrine, Hh signaling. Curr Biol 2002; 12(18):1628-1632.

Kawakami T, Kawcak T, Li Y] et al. Mouse dispatched mutants fail to distribute hedgehog pro-
teins and are defective in hedgehog signaling. Development 2002; 129(24):5753-5765.

Zeng X, Goetz JA, Suber LM et al. A freely diffusible form of Sonic hedgehog mediates long-range
signalling. Nature 2001; 411(6838):716-720.

Lin X. Functions of heparan sulfate proteoglycans in cell signaling during development. Develop-
ment 2004; 131(24):6009-6021.

. Goodrich LV, Milenkovic L, Higgins KM et al. Altered neural cell fates and medulloblastoma in

mouse patched mutants. Science 1997; 277(5329):1109-1113.



92

Shh and Gli Signalling and Development

53.
54.
55.
56.
57.
58.

59.

60.
61.
62.
63.
64.

65.

66.

67.

68.
69.

70.

71.
72.

73.

. Chuang P-T, McMahon AP. Vericbrate hedgehog signalling modulated by induction of a
hedgehog-binding protein. Nature 1999; 987:617-621.

Ingham PW, McMahon AP. Hedgehog signaling in animal development: Paradigms and prin-
ciples. Genes Dev 2001; 15(23):3059-3087.

Lum L, Beachy PA. The Hedgehog response network: Sensors, switches, and routers. Science 2004;
304(5678):1755-1759.

Buscher D, Ruther U. Expression profile of Gli family members and Shh in normal and mutant
mouse limb development. Dev Dyn 1998; 211(1):88-96.

Lee J, Platt KA, Censullo P et al. Glil is a target of Sonic hedgehog that induces ventral neural
tube development. Development 1997; 124(13):2537-2552.

Bai CB, Stephen D, Joyner AL. All mouse ventral spinal cord patterning by hedgehog is Gli de-
pendent and involves an activator function of Gli3. Dev Cell 2004; 6(1):103-115.

Johnson DR. Extra-toes: A new mutant gene causing multiple abnormalities in the mouse. ] Embryol
Exp Morph 1967; 17(3):543-581.

Vortkamp A, Gessler M, Le Paslier D et al. Isolation of a yeast artificial chromosome contig span-
ning the Greig cephalopolysyndactyly syndrome (GCPS) gene region. Genomics 1994;
22(3):563-568.

Park HL, Bai C, Platt KA et al. Mouse Glil mutants are viable but have defects in SHH signaling
in combination with a Gli2 mutation. Development 2000; 127:1593-1605.

Ahn S, Joyner AL. Dynamic changes in the response of cells to positive hedgehog signaling during
mouse limb patterning. Cell 2004; 118(4):505-516.

Wang B, Fallon JF, Beachy PA. Hedgehog-Regulated processing of Gli3 produces an anterior/
posterior repressor gradient in the developing vertebrate limb. Cell 2000; 100:423-434.

Chen Y, Knezevic V, Ervin V et al. Direct interaction with Hoxd proteins reverses Gli3-repressor
function to promote digit formation downstream of Shh. Development 2004; 131(10):2339-2347.
Niswander L, Tickle C, Vogel A ct al. Function of FGF-4 in limb development. Mol Reprod Dev
1994; 39(1):83-88.

Laufer E, Nelson CE, Johnson RL et al. Sonic hedgehog and Fgf-4 act through a signalling cascade
and feedback loop to integrate growth and patterning of the development limb bud. Cell 1994;
79:993-1003.

Zuniga A, Haramis AP, McMahon AP et al. Signal relay by BMP antagonism controls the SHH/
FGF4 feedback loop in vertebrate limb buds. Nature 1999; 401(6753):598-602.

Merino R, Rodriguez-Leon ], Macias D et al. The BMP antagonist Gremlin regulates outgrowth,
chondrogenesis and programmed cell death in the developing limb. Development 1999;
126(23):5515-5522.

Capdevila J, Tsukui T, Rodriquez Esteban C et al. Control of vertebrate limb outgrowth by the
proximal factor Meis2 and distal antagonism of BMPs by Gremlin. Mol Cell 1999; 4(5):839-849.
Khokha MK, Hsu D, Brunet L] et al. Gremlin is the BMP antagonist required for maintenance of
Shh and Fgf signals during limb patterning. Nat Genet 2003; 34(3):303-307.

Michos O, Panman L, Vintersten K ct al. Gremlin-mediated BMP antagonism induces the
epithelial-mesenchymal feedback signaling controlling metanephric kidney and limb organogenesis.
Development 2004; 131(14):3401-3410.

Harfe BD, Scherz PJ, Nissim S et al. Evidence for an expansion-based temporal Shh gradient in
specifying vertebrate digit identities. Cell 2004; 118(4):517-528.

Scherz PJ, Harfe BD, McMahon AP et al. The limb bud Shh-Fgf feedback loop is terminated by
expansion of former ZPA cells. Science 2004; 305(5682):396-399.

Martin P. Tissue patterning in the developing mouse limb. Int J Dev Biol 1990; 34:323-336.



CHAPTER 9

Sonic Hedgehog Signalling in the Developing
and Regenerating Fins of Zebrafish

Fabien Avaron, Amanda Smith and Marie-Andrée Akimenko*

Abstract

ebrafish is now a well established model for the study of developmental and regenerative
Z processes. Indeed, the genetic cascades that control the early development of the

structure that will form the paired fins (the fin bud) present similarities with the early
formation of the tetrapod fore and hindlimb buds. One of these conserved molecular path-
ways involves secreted factors of the Hedgehog family [sonic hedgehog (shh) and tiggywinkle
hedgehog (twhh)}. As in the tetrapod limbs, hedgehog proteins are initially expressed in the
posterior region of the early fin bud where they contribute to the patterning of the
antero-posterior axis, then are involved in cell proliferation and the formation of various
skeletal elements. The hedgehog pathway is reactivated in adult fish following fin amputa-
tion, an event that triggers the regeneration program. During this process, the hedgehog
signal is involved in various processes such as the growth and maintenance of the blastema
and patterning of the fin ray.

The Zebrafish Hedgehog Genes

Vertebrate Hedgehog (Hb) genes are classified into three classes: sonic (shh), indian (ibh*)
and desert (dbh™) hedgehog class. Most vertebrate species possess one member from each gene
family. However, the teleost danio rerio (zebrafish) possesses at least five bedgehog genes: two
sonic-class genes: shh' and tiggywinkle (twhh),? two Indian-class genes: echidna (ebh)® and ibh*
and one desersclass gene (Fig. 1). Despite the high number of Hb genes, we will see that only
shh and twhh are expressed during fin bud development and only shh seems to be required for
their proper development. During fin ray regeneration, both shb and the newly identified 745
are expressed, and functional data indicates that the Hh signalling pathway is involved in blast-
ema formation and maintenance, and later in fin ray patterning.

Overview of the Zebrafish Pectoral Fin Bud Development

Zebrafish possesses five sets of fins divided into two types (Fig. 2A,B): the paired fins (pec-
toral and pelvic) and the median fins (dorsal, caudal and anal). The development of the two
types of fins are somehow different: the median fins develop directly from the epidermal fold

2 in Xenopus laevis, ibh and dhh have respectively been named banded hedgehog (bhh) and cephalic
hedgehog (chh) 2
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Figure 1. Chromosomal location of human (Hsa) and zebrafish (zf) Hedgehog genes.

surrounding the caudal half of the young larvae (the median fin fold®), whereas the paired fins
first arise from a local proliferation of the lateral plate mesoderm to form the fin bud.® How-
ever, the visible part of the pectoral fins which contains the exoskeleton (the fin rays) eventually
develops inside of an epidermal fin fold in a process that resembles the development of the
median fins from the median fin fold.> Early fish fin buds and tetrapod limb buds show strik-
ing morphological resemblances and they both contain e;‘luivalent signalling centers: The ZPA
(zone of polarizing activity) in the posterior mesenchyme,"”*® the apical ectoderm®*!° (equivalent
to the apical ectodermal ridge, or AER, in tetrapods), and the ventral ectoderm,! 12 which are
responsible for the specification of the antero-posterior, proximo-distal and dorso-ventral axes,
respectively. However, the AER of the tetrapod limb progressively degenerates during develop-
ment, whereas the zebrafish apical ectoderm will form an elongated fin fold in which the
external part of the fin, including the fin rays will eventually develop.® The divergence of the
outcome of the apical epidermis between tetrapod limb and larval fin is thought to be 2 major
component of the initial morphological differences between the two types of appendages.

One of the molecular pathways involved in both limb and fin development is the hedgehog
(Hh) signalling pathway. This pathway has been extensively studied in zebrafish, in particular
in the pectoral fin bud which constitutes a pracrical and accessible model for developmental
and functional studies of early limb development.

Fin Bud and Early Larval Fin

The early pectoral fin buds arise by 24 hours-post-fertilization (hpf) from the limb fields
which consist of a pair of small aggregates of mesenchymal cells located on each side of the
main body axis at the level of the third somite. As the fin buds grow, the first skeletal elements
start to condensate by 37hpf in the center of the fin bud, and will give rise few hours later to the
cartilaginous endochondral disk.® This chondrogenic condensation divides the mesenchymal
cell population into a ventral and a dorsal half which will give rise to the muscles of the fin. The
proximal part of the chondrogenic condensation will differentiate into the larval endoskeletal
girdle and the distal part will develop as the endochondral disc which will give rise to the fin
endoskeleton. At 28hpf, the bud is covered by a two-layered epidermis composed of one basal
stratum and one flat peridermal cell layer. At about 31hpf, the apical epidermal cells lining the
anterior-posterior axis of the bud thicken to form a transient ridge which is similar to the AER
of the tetrapod limbs. By 34hpf, the apical epidermal cells undergo a morphological change,
detach from the underlying mesenchyme and progressively form an epidermal fold separated
by a subepidermal space."® At 48hpf, this epidermal fold starts to elongate and mesenchymal
cells start to invade the structure. The actinotrichia, collagenous fibers, are the first supportive
elements to form within the larval fin fold, as no fin rays have yet appeared at that stage.
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Figure 2. Zebrafish fins and sh4 expression during embryonic and larval development. A) lateral view of an
adult zebrafish showing the five sets of fins (p: pectoral, pv: pelvic, d: dorsal, a: anal, ¢: caudal). B) dorsal
partof the caudal fin showing the rays separated by interray tissue. Each ray or lepidotrichia (arrows) is made
of two hemirays, each composed of a series of concave segments joined to each other by ligaments. These
rays regularly bifurcate, except for the outermost. *: bifurcation point; arrowheads: sister ray branches. C-D)
Expression of shh detected by in situ hybridization using an antisense RNA probe. (C, lateral view and D,
dorsal view.) At 72hpf, shh is strongly expressed in the posterior mesenchyme of the fin bud (arrowheads
in C,D). Note: shh expression in the floor plate is visible in (D). E) pectoral fin of a 4 week-old larva showing
shh expression at the distal tip of each developing fin ray. fp: floor plate, h: hindbrain, m: fin mesenchyme,
pb: pectoral fin bud, y: yolk sac, ov: optic vesicle.

Adult Fin Formation

During the third week of development, the larval fin undergoes massive rearrangement of
the endoskeleton and musculature, as it switches from larval to adult shape. Following the
rotation of the larval fin, drastic remodeling of the endoskeleton occurs. Then, specialized cells
from the distal mesenchyme, the scleroblasts, intercalate between the actinotrichia and the
basement membrane and start to secrete the bone matrix in a proximal to distal fashion, form-
ing the fin rays or lepidotrichia. This type of bone (called dermal or intramembranous) is
directly mineralized in the subepidermal space, unlike the endochondral bone which is formed
through a cartilaginous precursor. Fin ray structure and morphogenesis arte further described
below (Figs. 2B, 5A).

Shh and Twhh Expression during Fin Bud Development

The first sign of shh expression appears by 26-28hpf, in very few cells of the posterior
region of the early pectoral fin bud."” By 30hpf, shh expression intensifies and is now clearly
restricted to the posterior margin of the fin bud, in a position which is considered to be
analogous to the zone of polarizing activity (ZPA) of the tetrapod limb bud (see next para-
graph). By 48hpf, shb is expressed in a wider domain but limited to the posterior part of the
fin bud. This expression is maintained until approximately 3 day-post-fertilization (dpf)
(Fig. 2C,D), and is then progressively downregulated until shb transcripts become undetect-
able by in situ hybridization by 4dpf."*"!> rwhh and shh have very similar expression patterns
in structures of the embryonic axis such as the notochord, the floor plate and the branchial
arches.2'® However, twhb expression is not detected as early as shh in the fin bud but starts at
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48hpfin a group of cells corresponding to shh-expressing cells.*'” During morphogenesis of
the rays of all fin types which initiates around the fourth week post-fertilization, shb is
reexpressed in the basal epidermal layer (BEL) at the tip of each forming lepidotrichia (Fig.
2E), in a pattern reminiscent to that observed during fin regeneration (see below).!

Shh, Retinoic Acid Regulation and the ZPA

The ZPA is a signalling center located in the posterior mesenchyme of the tetrapod limb
and is responsible for the patterning of the anteropostetior (A/P) axis of the limb.'® Shh and
retinoic acid are two signalling molecules involved in this process."”#!*22 In chick embryos,
grafting experiments of cells of the ZPA as well as ectopic expression of shh or local application
of retinoic acid (RA) at the anterior margin of the limb bud result in the formation of a
mirror-image duplication of the digits,***%* thus connecting the polarizing activity of this
region to the role of shh and RA. In zebrafish, retinoic acid treatment of embryos at 24-30hpf
causes the formation of an ectopic sh4 expression domain in the anterior region of the pectoral
fin bud between 2-3dpf,”!* and later (by 4dpf), signs of a duplication of the fin bud have been
observed, reminiscent of the digit duplication observed in chick.® It is interesting to note that
although RA was delivered to whole zebrafish embryos in these experiments, while locally
applied to the chick limb buds,?? both treatments lead to a similar ectopic expression of shh and
limb/fin structure duplication. This suggests that very few cells have the potential to form a
polarizing zone. Hoffman et al observed that a two hour RA treatment of 30hpf zebrafish
embryos causes a transient downreﬁularion of shh, followed by the reappearance, a few hours
later, of the posterior sh domain.' This domain progressively extends towards the anterior
region of the bud. Once shh is activated in cells at the anterior margin, its expression is
down-regulated in cells of the center of the bud, therefore leaving, 24 hours after the end of the
treatment, two discrete anterior and posterior sh4 domains in the bud. Similar RA treatments
of mutants of the shh gene (syu, see next paragraph) lead to the same result indicating thar this
anterior ectopic expression of shb is independent of shh signalling but could depend on factors
secreted by the AER. hoxd-11 and hoxd-12 which are normally expressed in the posterior mes-
enchyme of the fin bud, present an anterior extension of their expression domain after early RA
treatment (at Shpf) of wild-type embryos, but not of syx mutant embryos.?* Thus, the anterior
expansion of these genes by RA is independent of shh signallin% suggesting that box genes
could represent of the intermediate factors between shh and RA."*** Surprisingly, a DR5-type
retinoic acid receptor binding sequence (or retinoic acid response element, RARE) has been
identified in the promoter region of the sh/ gene in zebrafish only.?> This element is functional
in vitro, and could directly link retinoic acid to shh. However, no mutation experiment has
brought clear evidence about the activity of this element in vivo, and further investigation will
clarify its potential function during zebrafish fin bud development.

Mutants of the Hh Pathway and Fin Bud Development

Shh function in zebrafish has been studied using a group of mutants presenting somite
formation defects (the you-type mutants, see Table 1), including the sy» mutant in which the
shh gene is disrupted (Table 2).2% All the mutated genes of the you-type family identified so far
are involved in the Hh signalling pathway. Interestingly, mutation of individual genes of the
Hh pathway in zebrafish leads to relatively mild and variable phenotypes that are not lethal
before several days of development. Two mutants, syx and smu present defects of fin bud devel-
opment®*?8 providing a valuable tool to study the function of the Hh pathway in the develop-
ment and morphogenesis of the zebrafish fins.

The most obvious phenotypes of the sy« (and smu) mutants are defects of the embryonic
axis: the embryos show a strong body curvature, U-shaped somites, underdeveloped eyes and
jaw-related structures. In addition to these defects, the syw embryos present a wide range of
allele-dependent alterations of pectoral fin development.’®?? The two weak alleles (syu'%%%?,
syu'7%) provoke moderate and variable reduction of the fin fold and the fin endoskeleton,
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Table 1. Zebrafish you-type genes and mutants

Mutant Name Early Fin Defects* Mutated Gene Reference
You-too (yot) N gli2 57
Sonic-you (syu) Y shh 26
Chameleon (con) N dispatched-1 58

u-boot (ubo) N** prdm1 59
Slow-muscle-omitted (smu) Y smoothened 60

Iguana (igu) N dzip1 61

detour (dtn) N glit 62

you ? ? 27

*N: no published data.; **ubo mutant presents later fin degeneration defect.2”

Table 2. Alleles of the zebrafish syu mutants

Allele Mutation Mutation Relative Shh

Name Type Location Strength Expression

tq252 Substitution (ENU)  promoter weak reduced

Tgb70 Substitution (ENU) unknown weak reduced

tbx392  Substitution (ENU)  splice donor junction strong almost no expression
T4 spontaneous 7.5 kb deletion strong no expression

encompassing
shh coding sequence

whereas the strong allele syu™®*®? causes a drastic reduction of both the fin bud and fin fold.
Embryos homozygous for the deletion allele sy#* initiate fin bud development, but fin growth
is not sustained and the mutant completely lack pectoral fins (Table 2 and Fig. 3). At the
molecular and cellular levels the disruption of shh activity in the early fin bud has three major
consequences: disorganization of the A/P patterning, failure to develop and maintain a proper
distal epidermis and a decrease in cell proliferation. The expression of the posterior hox genes,
which are involved in the A/P patterning, is perturbed in syu embryos. For example, hoxd-13
expression seems to be completely dependent on shh activity as this gene fails to be expressed in
syu mutants. In contrast, haxd-11 and hoxd-12 transcription initiates in a shh-independent
fashion but requires the shh signal to be maintained in the posterior region of the fin bud and
hoxd-10 expression seems totally independent of shh signalling.24 This raises the question of
the factors on which these genes rely to initiate their expression.” Twhh is unlikely to be one of
these factors, as its expression is activated later than shh.'” RA has been shown to induce shh
expression, even in the absence of the shh signal, showing that it is an important factor for the
early specification of the fin bud and could be one of these molecules.

Another phenotype of the sy» mutant fin is the shortening or the absence of the pectoral fin
fold (Fig. 3, left panel), and in the early syu'? the total absence of a normal apical ectoderm
(AE). Phenotypically, the early AE forms normally in sy» mutants carrying the moderate or the

® This point is further described in another chapter of this book.
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wt

Figure 3. Fin phenotype of the zebrafish sy» mutant alleles. Left panel: fin phenotype of the syu alleles. A)
At 48hpf, pectora] fins of wild type larvae are developing and d present an elongated fin fold clearly visible
from a dorsal view (arrow). C) The hypomorphic allele syu** 252 causes the reduction of the fin and (E) the
deletion allele syw*a complete lack of the pectoral fin buds. Right panels: B) fin skeleton of a wild type larva
at 6dpf after alcian blue staining of cartilage elements. D) the hypomorphic allele sy#*?%2 causes an overall
reduction of all skeletal elements while (F) the sy mutants are lacking most of fin skeleton except part of
theembryonic pectoral girdle (cl). l: cleithrum, sco: scapulocoracoid, ed: endochondral disk, ac: actinotrichia.
Reprinted with permission from Schauerte HE, van Eeden FJ, Fricke C et al. Sonic hedgehog is not required
for the induction of medial floor plate cells in the zebrafish. Development 1998; 125(15):2983-2993.
© The Company of Biologists Limited 1998, and Neumann C]J, Grandel H, Gaffield W et al. Transient
establishment of anteroposterior polarity in the zebrafish pectoral fin bud in the absence of sonic hedgehog
activity. Development 1999; 126(21):4817-4826 © The Company of Biologists Limited 1999.

weak allele, but degenerates a few hours later. Expression of the transcription factor dix2 or the
secreted factor fgf2 normally initiates during the early formation of the AE in sy» mutants, but
itis qulckly downregulated at the stage corresponding to fin fold elongatlon in wild type em-
bryos.2 These observations show that shh activity is not necessary to initiate the expression of
distal markers or to specify the distal epldermls, but it is required to maintain the AE integrity
and the expression of the distal markers.2* For instance, fgf8, a late marker of the AE, whose
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expression depends on fgf2 expression, completely fails to be expressed in the sy mutants.2%3

In addition to the problems caused to the A/P patterning and the formation of the distal
epidermis, sh4 disruption causes a decrease in cell proliferation throughout the whole fin bud
that leads to defects in cartilage condensation and bone formation (Fig. 3, right panel). The
decrease in cell proliferation is detected before the formation of the AE, suggesting that the
proliferation problems in syx mutants are initially not due to the absence of factors secreted by
the distal epidermis. However, the subsequent downregulation of the factors expressed in the
AE is likely to aggravate the proliferation defect.

Fin Ray Morphogenesis and Regeneration

The fin rays or lepidotrichia are the skeletal elements of the external part of the adult fins
(Fig. 2B) which develop relatively late, during the fourth week of life.”>*' The base of the
lepidotrichia is attached to the fin endoskeleton via muscles and ligaments. The lepidotrichia
are composed of two hemirays, shaped like parenthesis and facing each other (Fig. 4A). They
are segmented and periodically bifurcate along the proximodistal axis. Each segment is at-
tached to the next one by a collagenous ligament, forming a joint that gives flexibility to the fin
ray. Blood vessels, nerves, pigment cells and connective tissue are located between the two
hemirays and also in the inter-ray region.

The lepidotrichia are formed in two steps: first, the bone matrix is secreted in the subepider-
mal space by specialized cells, the scleroblasts, adjacent to the basal epidermal cell layer. Then,
this matrix is mineralized and forms a bone devoid of cells. This type of bone is called dermal,
or intramembranous, and contrarily to endochondral bone, no cartilage precursor precedes its
formation. The matrix secretion and mineralization follow the proximal to distal progression
of the fin growth.

Although zebrafish fin constitutes a good model for fin ray morphogenesis analysis during
larval development, it has been more studied during another process, regeneration. Teleost fish,
like zebrafish, possess the ability to regenerate their fins, and the ablation of any part of the fin
distal to the first segment will trigger a regeneration program that will give rise to a new struc-
ture identical to the amputared one.

Regeneration in zebrafish is epimorphic, which means it involves cell proliferation and
creation of a regeneration-specific structure, the blastema. In many aspects, the regeneration
process is reminiscent of the development, and most of the genes expressed during embryonic
or larval development are reexpressed during regeneration.

The regeneration process can be divided into three main steps (Fig. 4B-D):*>%

1. Wound healing (0-24hpa®): Within the 6 hours post amputation (hpa), an epithelial layer
completely covers the wound, followed in the next hours by several additional layers of
epidermal tissue. This forms the apical epidermal cap (AEC, Fig. 4B} in a process that does
not involve cell proliferation, but migration of epithelial cells from the unamputated re-
gion.?37 The innermost cell layer (the basal epidermal layer) located against the mesen-
chyme, recognizable by the cuboidal shape of cells, differentiates quickly after the forma-
tion of the AEC and is the source of factors regulating epithelial-mesenchymal interactions
which will control the regenerate outgrowth.!53438.39

2. Blastema formation (24-72hpa). Following the formation of the AEC, fibroblast-like cells
located up to two segments proximally to the amputation plane start to disorganize and
migrate to the distal region, at the site where the blastema will form by cell proliferation.3436:37
It is still unclear whether these cells originate from the dedifferentiation of preexisting
mesenchymal cells or from a population of progenitor cells. The blastema becomes clearly

¢ hpa: hour-post-amputation and dpa: day-post-amputation at 28.5°C. Regeneration can be conducted at
33°C and results in speeding up the process up to two times compared to the standard temperature used
to raise zebrafish.
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Figure 4. The fin regeneration process. A) Schematic representation of a fin ray. Each hemiray is composed
ofasuccession of segmentsattached to each other by ligament-like joints. Periodically, lepidotrichiabirfucate
creating two sister rays. Both segmentation and bifurcation occur at the same level on each hemiray. B-D)
Morphology of the regenerating caudal fin at 1dpa (B), 4dpa (C) and 6dpa (D). Few hours after amputation
an epidermal layer covers the wound, followed by additional layers of epidermis migrating from the
unamputated region. This forms the apical epidermal cap (AEC, arrow on B) by 1dpa. By 4dpa, as regen-
erative outgrowth occurs, the regenerated lepidotrichia is visible and a few segment limits have already
formed (arrow on C). Later, at 6dpa (D) the morphology of the proximal region of the regenerate is very
similar to the unamputated part and new ray segments are added distally (arrows on D). E) Schematic
representation of a fin regenerate during outgrowth phase: db: distal blastema, pb: proximal blastema, pz:
patterning zone, s: scleroblast layer, bel: basal epidermal layer, e: epidermis, I: lepidotrichia. F-I: in situ
hybridization on whole mount (F-G) and sectioned (H-I) 4 dpa regenerates. sh/ (F-G) is expressed in the
basal epidermal layer (bel) in two domains on each hemiray (arrows on F), preceding the morphological
bifurcation of the lepidotrichia whereas p#c] (H) expression domain spans the entire hemiray width (arrow
on G). Histological section allows us to localize shh expressing cells in the bel (H) whereas ib# is expressed
in the scleroblasts (I) at the level of the patterning zone.
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visible by 2dpa. At that time, mesenchymal cell division mostly occurs in the blastema re-
gion, whereas proliferating epithelial cells are restricted to more proximal regions of the fin.3”

3. Blastema maturation and regenerative outgrowth (72hpa and later). Immediately after the
blastema formation, mesenchymal cells segregate into three populations (Fig. 4E): First, a
small population of stow-cycling cells is located in the distal blastema (DB).5740 Ir has been
proposed that this population would constitute a pool of undifferentiated progenitor cells
for the second population in the proximal blastema region (PB) which shows an intense
and rapid cell cycling, twice as fast as during blastema formation.?” Finally, the most proxi-
mal part of the regenerate, the patterning zone (PZ), is mostly composed of differentiating
mesenchymal cells in the core of the regenerate and scleroblasts in the periphery, adjacent
to the basal epidermal layer. Cells of the PZ show little or no cell division. As regeneration
continues, the blastema constantly remains distally located, driven by cell proliferation oc-
curring in the PB, while cells of the PZ progressively differentiate into new structures which
replace the amputated part of the fin (Fig. 4C,D). Complete regeneration is achieved within
3 weeks depending on the amputation level.

The Hedgehog Pathway and Fin Ray Patterning:
Role of the Epithelial-Mesenchymal Interactions

shh-expressing cells are detected in a broad domain covering the distal tips of each ray at
about 30hpa. At 2dpa, the expression is localized to cells of the basal epidermal layer (BEL)
that covers the whole surface of the amputated ray. p#c/ is also detected by 40hpa in the distal
BEL, consistent with its role as a mediator of the Hh signal. During the outgrowth phase,
starting by 4dpa, shh expression becomes restricted to a subset of cells of the BEL adjacent 0
the newly formed legldotnchla, at the level of the PB and the PZ of the regenerate in each
hemiray (Fig. 4H)."> As regeneration proceeds, shh domain of expression regularly splits into
two discrete cell populations in each hemiray (Fig. 4F). This event always precedes the mor-
phological bifurcation of the fin ray, suggesting a possible role for shh in the specification of the
bifurcation. However, pzcl, which is expressed at that stage in the BEL at the level of the
shh-expressing cells and also in the adjacent scleroblasts, always shows a single domain of ex-
pression spanning the entire width of the hemiray (Fig. 4G). This raises the possibility that
factors expressed in between the two shh domains would inhibit shh signal in the central region
of the hemiray in the ecarly steps of branching formation.

A second Hp gene, coding for an orthologue of the mammalian Indian hedgehog (Ihh), was
recently isolated in our laboratory.* #hh-expressing cells are observed at 4dpa in the scleroblasts
expressing ptc! and adjacent to the shh-expressing cells of the BEL (Fig. 41). The fact thac ibb is
transcribed in the differentiating scleroblasts may suggest a more direct role for this factor in
bone formation than shh. Furthermore, this expression of b in scleroblasts is unexpecred, as
this gene has prev1ously been shown to be expressed in cartilage cells during endochondral
bone formation only.*"

Due to its easy access and relative simplicity, the zebrafish fin ray is a good model to perform
functional and genetic studies of the regeneration process. However, as only few mutants sur—
vive long enough to be studied during fin regeneration, it has been necessary to develog
adapt new methods to mampulate gene activity in this system. Chemical treatments,!>**% cell
transfection by microinjection®® and temperature—mduc1ble mutants®>¥* have revealed the
requirement of Hh signalling for proper patterning of the bony rays during fin regeneration.

RA trearments of zebrafish undergoing fin regeneratlon cause an inhibition of the regener-
ate growth followed by ray patterning defects.®” Treatments as short as 12h transiently mhxblt
regenerate outgrowth and downregulate shh expression. Thus, as in the embryomc fin buds,™
RA treatments of regenerating fins lead to a rapid downregulation of shb expression, support-
ing the idea of a direct role of RA in shh transcription via the RARE located in 5' region of the
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shh locus. After the end of RA treatment, the regenerate outgrowth resumes almost immedi-
ately whereas it takes 3 days for shh transcripts to be detected again. When reinitiated, the distal
limit of the shh expression domain corresponds to the distal limit of the bone matrix deposition
suggesting that shh expression may determine some aspects of scleroblast differentiation and
patterning.

Further evidence of the role of the Hh pathway in bone patterning has been demonstrated
by Quint et al who developed a method of gene transfection based on microinjection of plas-
mid DNA into the blastema (Fig. 5).® Ectopic expression of shh following injection of plas-
mid constructs coding for the active peptide of shh between ray branches induced an ectopic
expression of p#cl in this region and the fusions of the two branches. These fusions are caused
by deposition of ectopic bone material between the basal epidermal layer and the mesenchyme
of the interray region (Fig. 5C-D). However, no bone forms in the deeper mesenchyme of the
blastema where the shh transgene is also expressed, as indicated by the induction of pzci. This
suggests that only cells at the epithelial-mesenchyme interface have the potential to differenti-
ate into scleroblasts. Bone morphogenetic proteins (BMP), members of the transforming growth
factor B (TGF-B) family, are able to promote bone formation in both in vivo and in vitro
systems. 47 During fin regeneration, bmp2b is expressed in the distal BEL in a pattern similar
to that of shh, as well as in the adjacent scleroblasts.”” A second member of the BMP family,
bmp4, is restricted to the distal mesenchyme. &mp26 ectopic expression analysis using the ap-
proach described above leads to bone fusions similar to those obrained following ectopic shh
expression (Fig. SE-F). However, cotransfection of shh and chordin, an inhibitor of the BMP
signal,®® fails to produce any fusion. Altogether, these results indicate that the effect of shh
ectopic expression is mediated by BMP signalling, which would act downstream of shh.*> As
bmp2b ectopic expression does not induce shh-dependent pzcl expression, no feedback loop
mechanism between BMP and Hh seems to exist in the regenerate.

The effects of a loss of Hh signalling in the fin regenerate were analyzed using the steroidal
alkaloid, cyclopamine, an inhibitor of Hh signaﬂing.49 Treatments of regenerating fins with
cyclopamine initially cause a proximal extension of the expression domain of shh, with a slight
reduction of the regenerate outgrowth. In a second step, the outgrowth is completely inhibited
and sh# is no longer expressed. After 5 days of treatment, the regenerate is much shorter com-
pared to an untreated fin, shows an accumulation of pigment cells in the distal region and no
ray bifurcation. The initial upregulation of shh is suggestive of a feedback mechanism that
would normally restrict shh expression at the level of the PB and PZ. The progressive arrest of
fin regeneration, correlates with an inhibition of blastema cell proliferation in the regenerate
epidermis and mesenchyme suggesting that the Hh pathway is necessary for blastema mainte-
nance and outgrowth. Interestingly, bone deposition is still taking place but with abnormal
patterns suggesting that inhibition of Hh signalling does not affect already-differentiated
scleroblasts, but may rather affect the proliferation of undifferentiated blastema cells, their
survival, and/or differentiation into specialized cell types, including scleroblasts. Another pos-
sible role for the Hh signals could be the regulation of the distribution of scleroblasts, i.e., their
alignment against the basal epidermal layer. This role is further suggested by the phenotype of
the temperature-sensitive regeneration mutant, emmental (emm). This mutant, in which s/ (a
gene coding for a protein involved in protein trafficking) is disrupted when fish are subjected
to a heat shock at 33°C, presents blastema formation defects and a downregulation of shh
expression.”” Interestingly, scleroblasts of regenerating emm fins are no longer ordered against
the BEL but randomly dispersed throughout the blastema, a phenotype which connects
scleroblast alignment and shh signalling.

It is likely that the fibroblast growth factors (Fgf) play an important role in fin regeneration,
possibly through interaction with the Hh pathway. Wigf/fgf24°! a Fgf ligand of the fgf8/fgf17/
fgf18 subclass, and the receptor fgfr1 are expressed during fin regeneration. fgf#1 is expressed
at 18hpa in the forming blastema, then during the outgrowth phase in the distal BEL (in-
cluding shh-expressing cells) and the distal blastema.>® wfgf expression is restricted to the
epithelium at the distal part of the regenerate and appears relatively late, at 48hpa, suggesting
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that an additional, yet unidentified, Fgf ligand could be expressed at earlier stage concurrently
with fgfrl. Interactions between the Fgf-Hh signalling pathways are probable, as treating re-
generating fins with the Fgf signal inhibitor SU5402 causes effects reminiscent of cyclopamine
treatments: blastema outgrowth inhibition and down-regulation of shh without affecting the
wound epidermis or bone deposition.

The Wnt pathway is also involved in regeneration and is likely interacting with the Hh
pathway. Wnt factors are secreted molecules, unrelated to the Hh proteins but sharing a lot of
similarities with them at the structural level and their mode of action.*>>3 Complex regulations
exist between the Wnt and Hh pathways depending on the tissue in which they are expressed.
For example, ectopic activation of B-catenin, which transduces the wnt signal to the nucleus,
induces shb expression in mouse epidermis,”® whereas wnt3 is able to counteract the effect of
shh overexpression in chick neural tube explants.>® The Wnt pathway is also involved in bone
formation as PB-catenin is required for osteoblast (bone forming cells of the endoskeleton) dif-
ferentiation in the mouse embryo, possibly by acting downstream of the Hh pathway.>® Several
members of the Wnt signalling pathway, B-catenin, wnt3a, wnt5 and the transcription factor
lefl, are expressed during fin regeneration.? In the early stages, B-catenin is expressed in the
distal blastema whereas wnt5 and lgf transcripts are located in proximal cells of the wound
epidermis. During fin outgrowth, wn#5 is expressed in the distal BEL, and /f7 is found in most
of the BEL including shh-expressing cells. Both RA treatment and inhibition of Fgf signalling
using SU5402 during fin outgrowth downregulate /fI expression, in the same way as shh
expression.? This coregulation suggests that the Hh and Wnt pathways may participate in
similar processes in the basal epidermal layer during the outgrowth phase of fin regeneration.

Concluding Remarks and Future Prospects

This chapter presented the main data related to the role of the Hedgehog pathway during
fin bud development and fin regeneration. The eatly steps of zebrafish pectoral fin develop-
ment are highly reminiscent of tetrapod limb development, and shh function appears to be
conserved in this process. An in-depth observation of the fin phenotype of you-type mutants is
likely to provide new insights into the role and the regulation of the Hh pathway, as it will
allow us to dissect the Hh pathway, and analyze the effects of its disruption at various levels. In
the regenerating fin, shh plays a role in blastema maintenance and the patterning of the regen-
erating bony ray, probably through the correct differentiation and alignment of the scleroblasts.
Future studies will further investigate the role of the Hh pathway during regeneration and its
interaction with the major signalling pathways that have been described during embryonic
development.
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CHAPTER 10

Hedgehog Signalling in T Lymphocyte
Development
Susan Outram,* Ariadne L. Hager-Theodorides and Tessa Crompton

Abstract

cell development occurs in the thymus, which is seeded by multipotential lymphocyte

progenitor cells. These cells then move through a sequence of clearly defined develop-

mental stages at the end of which they become a fully functional mature T cell. For
correct organogenesis and T cell development to occur the thymic stroma and the developing
thymocytes must interact with one another. Thymocyte development is regulated by factors
produced by the thymic stroma. Sonic hedgehog (Shh) is secreted by the thymic stroma and
Patched (Ptc), Smoothened (Smo) and the Gli transcription factors ate expressed by thymocyrtes.
In the mouse, Shh is involved in the proliferation and efficient progression through the differ-
entiation process, as well as maintaining normal thymic cellularity. In the human, Shh signals
to progenitor cells in a paracrine fashion to instruct these cells to maintain the precursor cell
pool by increasing their cell viability and inhibiting their expansion and concomitant progres-
sion to the next stage in development. Thus, Shh plays an important role in T cell development
in both human and mouse.

Introduction to T Cell Development

Central to the development of the T cell is the thymus. The thymus provides the optimal
environment required for maturation of functional T cells. The adult thymus consists of sev-
eral lobes of tissue made up of a central medullary region surrounded by an outer cortex. The
thymus is formed during foetal development by the seeding of the thymic primordium by T
cell progenitors and requires stage specific interactions between the epithelial cells and the
developing thymocytes (Fig. 1)." In the adult thymus the T cell progenitors arrive via the
corticomedutlary blood vessels. These progenitor cells first seed the subcapsula, the most exter-
nal thymic compartment, where they start out on a complex but carefully regulated develop-
mental pathway. This pathway requires the interaction of thymocytes with the thymic stroma
made up of thymic epithelial cells and mesenchyme derived cells. These interactions are bidi-
rectional between the thymic stroma and developing lymphocyte (Fig. 2).2

During T cell development thymocytes pass through a series of stages which can be defined
by the cell surface expression of CD4 and CD8. CD48" (DN) thymocytes progtess to the
CD4*8* (DP) stage in development and then to mature CD4*8 or CD4°8" single positive (SP)
T cells. Here we will address the effects of hedgehog (Hh) signalling on thymocyte develop-

ment in mouse and human separately.
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Figure 1. Development of the murine thymus during embryogenesis. The thymus develops from the
endoderm of the third pharyngeal pouch and the ectoderm of the third branchial cleft (first to fourth panels).
The thymic rudiment buds from the endoderm at around embryonic day E11 and starts being seeded with
common lymphoid progenitors, originating from the fetal liver, at day E11-11.5 (fifth panel), at which stage
the development and patterning of the thymus begins depending on interactions between epithelial cells
and developing thymocyrtes.
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Figure 2. Thymocyte development in murine thymus. The thymus is situated above the heart and consists
of several lobules each containing cortical (outer) and medullary (inner) regions, separated by the
corticomedullary junction region. Common lymphoid progenitors (CLP) enter the thymus via the
corticomedullary junction blood vessels and migrate through the cortex to the subcapsula and then back
to the medulla. During this migration they gradually develop from the CLP stage to the mature CD4" or
CD8’ single positive (SP) stage. CD4" and CD8" SP cells migrate to the periphery via the blood vessels of
the corticomedullary junction.

Effect of Hh Signalling on Thymocyte Development in the Mouse

In the mouse the DN population of thymocytes may be further subdivided into four devel-
opmental stages based on the expression of the cell surface markers CD44 and CD25. The
carliest thymic subset (DN1) is positive for expression of CD44 and negative for expression of
CD25. This cell then acquires CD25 expression and is known as DN2. CD44 expression is
then downregulated and the cell becomes DN3. Finally CD25 expression is lost and the cell is
negative for both CD44 and CD25 (DN4). This may be summarised as follows CD44*CD25"
{DN1) P CD44*CD25* (DN2) P CD44'CD25*(DN3) P CD44° CD25 (DN4). In order for
the cell to make the transition from DN3 to DN4 the TCR B chain must be rearranged and
expressed at the cell surface in a complex with the invariant preTa chain in the form of the
preTCR. Signalling through the preTCR complex allows for allelic exclusion at the TCRB
locus, thus preventing the T cell from expressing more then one TCR B chain at the cell sur-
face, as well as proliferation and differentiation. This checkpoint in the developmental process
is known as B selection.? Following a signal received through the preTCR the thymocyte
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progresses to the DP stage in development usually via an intermediate population most com-
monly expressing CD8. This cell is known as the intermediate single positive {ISP). Differentia-
tion from the DP cell to the mature SP cell is dependent on expression and positive selection of
the afTCR which consists of the TCR B chain in a complex with a rearranged TCR o chain.

The DN1 population contains cells that are still multipotential, and may give rise to T cells,
B cells, NK or dendritic cells,*> but as the cell acquires the expression of CD25 and moves
through the developmental program it becomes progressively more committed to the T cell
lineage. At the DN3 stage in development the cell has become irreversibly committed to the T
cell lineage. This developmental process is illustrated in Figure 2.

The first study to show an involvement of Hh signalling in murine thymic development was
from our laboratory.® Analysis of expression of the molecules involved in Hh signalling revealed
that RNAs encoding Sonic hedgehog (Skh) and Indian Hedgehog (Ihh) are both present in the
thymus. Shh transcripts were found to be expressed by the thymic sttoma and both Shh and Thh
proteins were detected by immunofluoresense staining on frozen sections of adult murine thy-
mus. Shh was detected in epithelial cells and Thh was detected associated with blood vessels
located in the thymic medulla. Analysis of expression of Desert Hedgehog in the mouse thymus
has not yet revealed this molecule to be present. Analysis of expression of the receptors for Hh,
Patched (Ptc) and smoothened (Smo), showed that both these receptors are detectable in the
adult murine thymus. Similar findings were reported by Li et al.”® Transcripts for the Ptc mol-
ecule were detected in DN, DP and CDS8 single positive thymocytes whereas Smo transcripts
were detected in DN adult murine thymocytes only. More detailed analysis of Smo expression
by cell surface staining of the DN subsets revealed that Smo was most highly expressed on the
surface of CD44'CD25* DN2 subset and that cell surface expression gradually decreased in
each subsequent DN population. The downstream effector molecules for the Hh signalling
pathway are the zinc finger transcription factors Gli 1-3.” Transcripts for Glil, Gli2 and Gli3 are
all detectable in the adult thymus. Analysis of these same molecules at day E14.5 in embryogen-
esis revealed that transcripts for Thh, Shh, Ptc, Smo and Glis 1-3 are all present.

In this study, the function of Hh signalling in murine thymic development was studied by
treating fetal thymic organ cultures (FTOC) with the human recombinant Shh protein and the
anti-Hh neutralising antibody, SE1. FTOC provides an ideal in vitro culture system in which
to study the effects of addition of exogenous molecules to the process of thymic development.
We found that treatment of FTOC with anti-Shh neutralising antibody accelerated differentia-
tion from DN to DP thymocyte and treatment of FTOC with a high concentration of recom-
binant Shh protein inhibited this differentiation. This arrest of differentiation occurred at the
CD25" stage of thymocyte development after initiation of TCR P gene rearrangement. How-
ever, treatment of FTOC with the neutralising Hh antibody did not replace the requirement
for a preTCR signal. We used a system in which thymocyte development in the generically
modified RAG1-/- mouse is arrested at the DN CD25* stage in development.'® Thymocytes
in these mice are unable to rearrange their TCR B locus with the result that they cannot express
a preTCR at the cell surface. However it is possible to mimic the preTCR signal in these mice
by administering anti-CD3 antibody to Rag -/- FTOC.!! Treatment of FTOC with anti Hh
antibody instead of anti-CD3 antibody did not induce thymocyte differentiation, one of the
downstream consequences of preTCR signalling. However it did accelerate anti-CD3 induced
differentiation. Conversely, addition of Shh protein after anti-CD3 treatment partially inhib-
ited differentiation. These data suggested that Shh might function to maintain CD25* DN
thymocytes as nonproliferating cells while they arrange their TCR B genes. We also showed
that an immediate consequence of preTCR signalling was a downregulation of Smo expres-
sion. The subsequent inability of the cell to signal through Hh might allow the cell to reenter
cell cycle. However, although these studies provided evidence that Hh signalling regulates T
cell development, they did not define the physiological role of each Hh species in the thymus.
Also, their interpetation was complicated by the fact that the neutralising antibody will bind
both Shh and Ihh, both of which are expressed in the thymus.
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To address this, a second study from our laboratory analysed genetically modified mice in
which the Shh gene was disrupted.'? This study revealed that Shh does indeed regulate foetal
thymus cellularity and thymocyte differentiation.!? Thymi were isolated from Shh-/- mice at a
number of different stages in embryogenesis and cell number, differentiation status, cell sur-
vival and proliferation status of the thymocytes were analysed. It was found that Shh was in-
volved at three distinct stages in thymocyte development.

In Shh-/- mice the proportion of fymphocyte-lineage cells early in development was de-
creased relative to littermates, suggesting that Shh might be involved in the maintenance/ex-
pansion of prethymic progenitor cells in the foetal liver, that it might function as a
chemoattractant in the seeding process, or might be involved in the maintenance/expansion of
the earliest DN1 thymocytes. Interestingly, Shh has been shown to regulate the expansion of
primitive human haematopoietic progenitor cells in an autocrine manner,'# and has recently
been shown to function as a chemoattractant in neural development.'

The transition from DN1 to DN2 cell was severely impeded in Shh knockout thymi, sug-
gesting that Shh is necessary for differentiation to DN2 or for T cell lineage commitment. It is
at this stage in development that T cell fate becomes specified. It has previously been reported
that expression of the Notch 1 molecule is involved in T cell fate specification, by regulating
specification to the T versus B cell lineage,''® a T versus ¥8 T'® and CD4 versus CD8
lineage commitment.?®?' However, it appears that Hh signalling is not involved in these lin-
eage commitment decisions as the percentage of B220+ B cells, NK1.1+ NK cells and TCR
¥3+ cells was unchanged in thymi isolated from Shh-/- mice.

The DN3 population in Shh-/- embryos then seems to partially recover but a second arrest
in development occurs at the transition from DN to DP thymocyte, with an increase in cell
death at the DN4 stage. Also, the overall cellularity of thymi isolated from Shh-/- mice was
greatly reduced at all developmental stages.

The finding that thymocyte differentiation to the DP stage was reduced in Shh-/- thymi
was surprising given our previous finding that treatment of FTOC with 5E1 accelerated thy-
mocyte differentiation from DN to DP cell. There are a number of different possibilities to
explain this finding, Firstly it is possible that, as Shh is absent throughout thymic development
in the Shh-/- embryo, the effect of removal of Shh is acting on an earlier stage of development
than that in the earlier in vitro study. This could result in different target cells being affected
allowing for a different outcome in development. Secondly, we may be observing a dose effect
with different concentrations of Shh inducing a different outcome. When analysing the Shh-/-
thymi, no Shh is present whereas removal of Shh from the FTOC system using a neutralising
antibody may leave low levels of Shh still present.

In summary these data suggest that Shh produced by the thymic stroma has a role in the
control of thymocyte development in vivo in the mouse. Shh is involved in the proliferation
and efficient progression through the developmental process as well as maintaining normal
thymic cellularity (summarised in Fig. 3).

Effect of Hb Signalling in Human Thymic Development

In humans, thymocyte development is also characterised by a DN-DP-SP set of transitions.
The progenitor cell that seeds the thymus is CD4 8 CD34*CD1a-. As in the mouse, this early
progenitor cell is multipotential and may become a T cell, NK cell, Dendritic cell or monocyte.
As this DN cell progresses through thymocyte development it acquires CD1a at the cell surface
and becomes committed to the T cell lineage. The cell then gradually loses CD34 expression
and gains CD4 expression followed by CD8a and then CD8 B expression. In humans, TCR B
chain rearrangement occurs mainly at this developmental stage. After B-selection DP thymocytes
begin to rearrange their TCR o locus allowing for expression of an off TCR at the cell surface.
This cell is now a target for positive selection.?? Positively selected cells then upregulate CD3,
CD69 and CD27 and down regulate either CD4 or CD8 becoming a mature SP thymocyte.
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Figure 3. The role of Shh in murine thymocyte development. In vitro addition of a high dose of Shh blocks
transition of DN3 to DN4 cell. In contrast, addition of anti-Shh antibody accelerates thymocyte develop-
ment to the DP stage. Shh deficiency results in severely reduced transition of DN cells to the DN2 stage.
Furthermore it increases apoptosis in the DN4 subset and causes a partial block in the transition of DN to
DP stage. Shh is normally expressed by thymic epithelial cells in the subcapsulla and the medulla and is
present in the cortical area as well. Smo is expressed in all thymocyte subsets at varying levels, its highest
expression being in the DN2 subset.

Analysis of expression of the component parts of the Hh signalling pathway revealed that
these molecules are all present in the human thymus. Thymic samples from children aged 1
month to three years undergoing corrective cardiovascular surgery were analysed.”> RNA tran-
scripts for Shh, Thh and Dhh were all detected in thymic epithelium but not in thymocytes.
Immunostaining studies revealed that the localisation of Shh expressing cells was restricted to
the subcapsular and medullary areas whereas Ihh and Dhh producing epithelial cells were ran-
domly distributed throughout the thymic parenchyma. Analysis of expression of the Hh recep-
tors, Pte 1 and Smo, revealed their presence in CD34" progenitor cells, immature CD4'8" cells
and mature CD4’8 and CD48" cells as well as thymic epithelium. Ptc 2 was expressed only in
CD34" cells and thymic epithelium. Cell surface staining studies showed that on average, 35%
of total thymocytes expressed the Smo receptor at their cell surface. In the human thymus, DP
and to a lesser extent, DN thymocytes contained the highest proportion of Smo+ cells.
Immunostaining revealed that Smo expression was associated with cell clusters composed of
epithelial cells and thymocytes. These clusters were located in the subcapsular, cortical and
medullary areas suggesting the existence of niches in which Hh signalling is taking place. RNA
transcripts for Glil, Gli2 and Gli 3 were found to be present in the CD34" early progenitor cell
and the thymic epithelium only. Glil and Gli3 were also detected in CD4°8" SP thymocytes
but all Glis were absent or below levels of detection in DP or CD4*8" th4ymocytes.

A role for Hh signalling in the human thymus was also reported.?* In this study it was
shown that Shh significantly increased the viability of CD34" precursor cells. CD34* thy-
mocytes were cultured for 48 hours with different doses of Shh and cell viablilty was assessed.
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Figure 4. The role of Shh in human thymocyte development in vitro. Addition of Shh protein in vitro
increased viability of CDD34* human thymocyte progenitors, possibly via the upregulation of Bcl-2 and
simultaneous downregulation of Bax. It also reduced proliferation of IL-7 treated CD34* thymocytes.
Furthermore, addition of Shh in vitro severely impaired differentiation to the DP stage whereas addition
of anti-Hh antibody promoted differentiation to the DP stage.

Doses of Shh ranging from 0.05ng/ml to 500ng/ml all resulted in an increase in cell viability. A
possible mechanism for this could be by modulating Bcl-2 and Bax expression. Shh induced an
increase in the Bcl-2/Bax ratio due to upregulation of Bcl-2 expression and down regulation of
Bax expression in CD34" precursor cells. Such a change in ratio would result in an increase in
cell viabilty. This effect was completely abrogated by application of the Hh neutralising mono-
clonal antibody SE1.

Addition of Shh to these cultures also resulted in a dose-dependent inhibition of prolifera-
tion. By using thymic reaggregation assays it was shown that Shh treated CD34* precursor cells
could not properly reconstitute thymocyte development. The production of DP thymocytes
was totally blocked after five days in culture, whereas treatment with the anti-Hh neutralising
antibody had the opposite effect. Expansion and survival of these CD34" progenitor cells is
dependent on factors such as Interleukin 7 (IL-7).% In the same study, it was shown that
addition of Shh to IL-7 treated CD34* cultures or human mouse chimeric FTOC could com-
pletely inhibit proliferation and differentiation of the CD34* cells.

To summarise this section, Hh signalling also plays an important role in early human T cell
development. Shh may be provided to the target CD34" progenitor cells in a paracrine fashion
by the epithelial cells from the subcapsulary area. The subsequent Hh signalling in these cells
may maintain the CD34" precursor cell pool by increasing their cell viability and inhibiting
their expansion and concomitant progression to the ISP CD4* stage in development. This is
summarised in Figure 4.



114 Shh and Gli Signalling and Development

Conclusions

Overall these studies show that Hh signalling is an important regulator of early T cell devel-
opment in human and mouse. Hh is likely to act in concert with other morphogens such as the
Bone morphogenctic (Bmp) and Wt families of proteins. Bmp 4 for example is known to be
a Hh target gene.?® Both BMP and Wnt families of proteins have already been shown to be
involved in the regulation of T cell development.?’?? So, the role of morphogens such as Hh in
T cell development will be as part of a complex web of signalling events which still remains to
be fully characterised.
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CHAPTER 11

Hedgehog Signalling in Prostate
Morphogenesis

Marilyn L.G. Lamm* and Wade Bushman

Abstract

he prostate gland has not traditionally been a popular model system in developmental

biology, and mechanistic studies of prostate morphogenesis have generally lagged

behind work in other well-characterised systems. The mesenchymal-epithelial interac-
tions in prostate development and the role of testosterone as an inducer of prostate morpho-
genesis have certainly been a subject of enduring interest, but the lack of molecular markers for
prostate differentiation and of transgenic models with prostate-specific mutations have hin-
dered molecular studies. This is changing, and recent findings have catalysed rapid advances in
our understanding of prostate development. Studies have shown striking parallels between
morphogenetic signals that regulate prostate morphogenesis and paradigms developed from
work done in classic developmental model systems. Several growth factors such as fibroblast
growth factor 10, bone morphogenetic protein 4 and transforming growth factor B1 appar-
ently play similar roles in the foetal prostate as in other embryonic structures. A major signal-
ling molecule in diverse developmental systems, Sonic hedgehog (Shh) has emerged as a sub-
ject of paramount interest in prostate biology. This is in part because of its key role in prostate
ductal morphogenesis and differentiation but, largely, because Shh has recently been identified
as a factor that promotes human prostate cancer growth. Therefore, the hedgehog signalling
pathway is a promising target for therapies to slow or arrest prostate tumour growth.

Prostate Morphogenesis

The prostate is a male accessory sex gland that develops from the urogenital sinus (UGS), a
simple tubular endodermal derivative of the embryonic hindgut. The UGS consists of epithe-
lial cells that line its lumen and mesenchymal cells that envelope the epithelium. The out-
growth of the UGS epithelium into the surrounding mesenchyme to form bud-like structures
is the earliest discernible morphological evidence of prostate development, and this occurs
during embryonic development: at around 10 to 12 weeks of gestation in humans, 17.5 and
18.5 embryonic days in mice and rats, respectively (embryonic day 0 or EO = day of vaginal
plug).!® Prostate development continues as UGS epithelial buds grow into elongated solid
tube-like structures that eventually differentiate into a network of canalised branched ducts
with secretory functions. The temporal pattern of prostate ductal morphogenesis differs among
mammalian species: ductal branching occurs during foetal development in humans but largely
during postnatal life in rodents.!® Additionally, the overall architectural organisation of prostatic
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ducts is different: distinct paired ductal lobes (anterior, dorsolateral, and ventral lobes) with
characteristic branching networks in rodents and a tubuloalveolar gland in humans.'*” How-
ever, the key morphogenetic events of prostatic epithelial budding, ductal branching, and duc-
tal differentiation are strikingly conserved, suggesting common paradigms of regulation in
prostate development among mammalian species.

Mesenchymal-Epithelial Signalling in Prostate Morphogenesis:
Role of Androgens

Normal organ development is predicated upon appropriate, often at times reciprocal, inter-
actions between mesenchyme and epithelium, and deregulation of such signalling pathways
has been associated with significant birth defects and disease. The inirial trigger for prostate
morphogenesis is androgen-dependent and originates from the UGS mesenchyme. Testoster-
one is secreted by the foetal testes shortly before the onset of prostate morphogenesis, i.e., at
around 9 weeks gestation in humans and about E13 in rodents, then declines postnatally.® 1
Testosterone is converted to 5-0 dhihydrotestosterone (DHT) in the UGS by 5-a reductase
and DHT is considered to be the major active androgen that promotes prostate morphogen-
esis.>!! In the presence of exogenous DHT, embryonic male and female rodent UGS form
prostatic buds in vitro.!> Conversely, loss of androgens during foetal development, either through
surgical or chemical castration, or loss of androgen sensitivity such as in testicular feminization
(Tfm mice), inhibits prostate development.>'>!> The UGS mesenchyme (UGM) expresses
androgen receptors during gestation and it is the direct tissue target of androgen signalling
during foetal prostate development.!®!” Several experimental approaches, most notably tissue
recombination studies, have established the absolute requirement for an androgen-dependent
inductive signal from the UGM to the UGS epithelium (UGE) to initiate formation of epithe-
lial prostatic buds.!® This (these) inductive factor(s) must (1) be a downstream target of andro-
gen signalling in the UGM, (2) be a secreted ligand that can travel from the UGM to the UGE,
(3) have functional receptors in the UGE, and (4) directly participate in the process of epithe-
lial bud formation, the morphological event heralding prostate development. The identity of
the UGM-derived inductive factor(s) for prostate morphogenesis remains unknown, although
several growth factors have been proposed as likely candidates.

Epithelial-Mesenchymal Signalling in Prostate Morphogenesis:
Sonic Hedgehog-Gli Pathway

Hedgehog (Hh) proteins are secreted ligands that play critical roles in vertebrate embryonic
development. Hh signalling promotes cell proliferation, cell survival, and cell differentiation in
several developing organs (see other chapters in this book). There are three known vertebrate
Hb genes: Desert hedgehog (Dhh), Indian hedgehog (Ihh) and Sonic hedgehog (Shh). Dbb is most
closely rellgated to the homolog gene hedgebog in Drosophila; Ihh and Shh are more related to one
another.

In rodents, the Shh gene is expressed in the UGS epithelium at E11.5 (the earliest day
examined) which is at least 6 days prior to prostatic bud formation.?® A time course analysis
shows that $hh gene expression increases during the prebudding period (i.e., prior to E17.5 or
E18.5) and remains relatively high throughout the period of prostatic epithelial budding, dus-
ing late gestation through to birth.?"*> Shh gene and protein expression gradually diminish
through the first 10 days after birth, a period characterised by continued bud formation and
outgrowth, and additionally, by intense ductal branching in all three distinct lobes of the ro-
dent prostate. 2?2242 Between postnatal days 20 and 30, when the ductal branching process
is nearly complete and the initially prominent sheath of prostatic mesenchyme surrounding
the prostatic epithelium has considerably thinned out to form the stromal layer around the
distinctly and highly branched prostatic ducts, Sh# gene expression declines to very low levels
characteristic of the adult. DAb expression in the UGS is not observed and 7b# expression is
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Figure 1. A) Drawings illustrating the gross morphology of the mouse lower urogenital tract at embryonic day
15 (E15) prior to formation of buds from the prostatic anlage in the urogenital sinus (ugs) to its appearance
at birth (P1) with nascent buds in the anterior lobe or coagulating gland (cg), dorsal prostate (dp), and ventral
prostate (vp). Reprinted with permission from: Lamm MLG, Catbagan WS, Laciak R] et al. Dev Biol 2002;
249(2):349-366, ©2002 Elsevier. B) Schematic illustration of the expression profile of the Sh4 gene in the
mouse UGS during prostate morphogenesis. Sh# expression increases during the prebudding phase (i.e., prior
to E17.5) and remains relatively high during the period of epithelial budding at late gestation through to birth,
gradually diminishing through the first 10 days after birth to very low levels in the adult. C) Diagram
identifying key events of epithelial budding, ductal branching, and ductal differentiation during a timeline
of prostate morphogenesis. t: testis; ur: ureter; b: bladder; u: urethra; sv: seminal vesicle.

very low.2! A schematic illustration of how Shh expression fits in the timeline of key morpho-
genetic events in prostate development is presented in Figure 1.

As in the developing prostate in rodents, Shh expression (demonstrated at the protein level)
in the human foetal prostatic epithelium also increases coincident with the onset of ductal
budding and outgrowth: from 9.5 weeks (earliest time point examined) through to 13 weeks of
gestation, with expression particularly robust in newly formed prostatic buds.?* Unlike the
time course of Shh expression in rodent prostate development, however, Shh is down-regulated
prior to birth i.e., expression gradually decreases from week 16 through to week 20, and is
absent at 34 weeks of gestation.?* This period of diminishin% Shh expression in foetal human
prostate coincides with extensive prostatic ductal branching,” a curious similarity with events
during the early postnatal period in rodents when Shh levels are also declining. In contrast to
the very low level of expression in mouse prostate, S$hh message in the adult human prostate is
surprisingly high and this might be attributable to a wide range of histopathologic conditions
to which the human prostate is exposed throughout its adult lifespan.2

Shh gene and protein expression is localised strictly in the epithelium in both rodent and
human developing prostate.?’?> In situ hybridisation analysis, as shown in Figure 2,
reveals a pattern of distribution that begins with uniform Shh expression throughout the UGS
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E15

P1

Figure 2. Localisation of gene expression for Shh, Prcl and Glil by whole mount in situ hybridisation.
Although staining for Shh expression is not visible in whole mounts of E15 mouse UGS (A), uniform
expression is evident in epithelium (e) lining the lumen of the urethra (u) in whole mount sections (B). C)
At P1, Shhexpression is focused to the nascent buds of the dorsal prostate (dp), coagulating gland (cg), and
ventral prostate (vp). D) Apparent concentration of $H4 expression is exhibited in the epithelium (e} of the
distal duct (long arrow) relative to the proximal duct (short arrow), with diminished expression in the
epithelium (e*) of the urethra, u. No Sh4 expression is detected in the mesenchyme, m, at any stage of
prostate development. Expression of Ptc! (E) and Gli1 (G) surround the prostatic buds, and expression of
both genes is more concentrated in the mesenchyme immediately surrounding the epithelium source of the
Shhligand (EH). Low level expression of both genes is also observed in the prostatic epithelium suggesting
the possibility of autocrine signalling. Reprinted with permission from: Lamm MLG, Catbagan WS, Laciak
R] et al. Dev Biol 2002; 249(2):349-366, ©2002 Elsevier.
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epithelium during the prebudding phase, transitions to greater localisation in epithelial clusters
or buds that evaginate into the mesenchyme accompanied by diminished expression in the
UGS luminal epithelium, and becomes more restricted in the advancing apical or distal regions
of prostatic ducts.*>%

Consistent with paracrine signalling, the genes for the Shh receptor Pazched (Ptcl) and the
Gli family of known transcriptional activators of hedgehog signalling (G/iJand G/i2) are highly
localised in the mesenchyme of the UGS immediately surrounding the epithelial source of the
Shb ligand.? The spatial relationship in expression patterns of Sk, Prcl, and GliI in the UGS
is shown in Figure 2. The expression of G/:3, another transcriptional regulator of hedgehog
signalling, is diffuse throughout the UGM.2 Expression of Ptc1, Gli1 and G/i3, albeit low, was
also detected in the UGE, suggesting some degree of autocrine signalling interaction.?>? As
with Shh, levels of expression for Prc! and the G/i transcription factors increase coincident with
onset of prostatic budding in mice and gradually decrease postnatally.”>?> As Shh expression
becomes localised to the apical regions of elongating ducts, the expression for Prcl appears to
be strongest in the mesenchyme surrounding the distal ducts relative to the proximal ducts.*>%
Likewise, the expression of the three G/7 genes in the ductal mesenchyme exhibits a proximodistal
gradient.”® This asymmetric distribution of elements of the Shh-Gli pathway during embry-
onic ductal morphogenesis may signal the early establishment of a proximodistal heterogeneity
in the morphology and function of the adult prostatic ducts.”

Shh Signalling during the Budding Phase of Prostate Morphogenesis

There is evidence that epithelial-mesenchymal interaction via the Shh-Gli pathway occurs
as early as the prebud stage in foetal prostate development. Exogenous Shh peprtide exerts an
inductive effect on both Prc and G/i{ gene expression (known downstream targets of the path-
way) in isolated mouse male E14 UGS; this effect is direct and inhibited by cyclopamine, a
specific and potent chemical inhibitor of hedgehog action.?? Indeed, cyclopamine inhibition
of hedgehog signalling in E14 UGS inhibits epithelial and mesenchymal cell proliferation.??

Concurrent with onset of prostate morphogenesis marked by bud formation, the rodent
UGS at late gestation and during the early postnatal period is characterised by relatively high
levels of expression of $hh, Prc and the G/i transcription factors. However, functional studies of
Hh signalling using antibody blockade, chemical inhibition and genetic loss of function mod-
els, have yielded somewhat conflicting data on the requirement for Shh signalling in normal
prostate morphogenesis. Antibody blockade using a polyclonal antibody to Shh appeared to
block prostate development in a subcapsular renal graft model.?! Studies of the Shh null transgenic
mouse, however, showed that the UGS from this mutant could undergo budding morphogen-
esis in organ culture and, when transplanted under the renal capsule of an adult male host
mouse, could undergo glandular morphogenesis with apparently normal prostatic morphology.
Explants of UGS from Shh null murant male mice can be induced to form prostatic buds when
grown in the presence of androgenic support.?*?® Since a quantirative comparison of prostatic
ducts berween androgen-treated explants from Shh null murant mice and their wild-type coun-
terparts was not available, a possible role for hedgehog signalling in the formation of a full
compliment of ductal buds cannot be unequivocally excluded. Indeed, the mean total number
of prostate buds formed in E18.5 UGS of Shh null mutant male and female mice exposed to
DHT in utero appeared to be less than those in wild-type controls.”® A key concern with these
genetic studies is that the Shh null only abrogates Shh funcrion as opposed to globally blocking
Hh signalling, as cyclopamine does. Since Shh is not the only hedgehog ligand expressed in the
urogenital sinus, the potential for functional redundancy in Hh ligands exists.

Chemical inhibition of Hh signalling with cyclopamine has produced a variety of observa-
tions, including inhibition of ductal budding, altered ductal bud morphology, increased ductal
branching, and changes in epithelial cell proliferation and differentiation. The seemingly con-
tradicting results from cyclopamine inhibition studies may be a function of the stage in pros-
tate development when signalling is disrupted. When cyclopamine inhibition of hedgehog
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signalling is initiated in the prebud E14 mouse UGS, epithelial cell proliferation is decreased
and total number of prostatic buds is apparently reduced.?? These data, together with results
showing abrogation of growth and glandular morphogenesis following Shh antibody blockade
in E15 UGS,”! suggest an early requirement for hedgehog signalling in prostate growth and
morphogenesis. However, when initiated later in development i.e., in E16.5 mouse UGS or
the neonate rat ventral prostate (VP), cyclopamine treatment produces opposite effects: epithe-
lial cell proliferation is increased, prostate growth is enhanced, and number of ducts is either
increased or not significandy affected.?®* Conversely, exogenous Shh inhibits cell prolifera-
tion and decreases the number of prostatic ducts.?®* In addition, exogenous Shh promotes
terminal differentiation of luminal epithelial cells and appears to pattern slender elongated
prostatic ducts.”3?82? Collectively, these data may indicate a possible shift in the role for Shh
signalling in prostate morphogenesis: from promoting bud formation and outgrowth via in-
creased epithelial cell proliferation during eatly development to, later, a role in branching mor-
phogenesis and differentiation which entails inhibition of epithelial cell proliferation.

Shh Signalling in Prostatic Ductal Branching

There is some evidence that Shh signalling regulates postnatal branching morphogenesis.
Exogenous Shh treatment of neonate rat VP explants leads to a reduction in ductal branching
revealing a more expansive mesenchymal area, whereas cyclopamine inhibition of Shh signal-
ling increases the formation of ductal branches into the thinning mesenchyme.?>?>? Given
this inhibitory action of Shh, the postnatal decline in expression levels of $hh, Ptc and the G/
genes can be viewed as permissive for intensive branching activities.

The inhibitory action of Shh on ductal branching has been linked to factors that appear to
be downstream of the pathway: see Figure 3. Shh upregulates the expression of Transforming
Growth Factor-B1 (TGF-B1) and activin A which are both expressed in prostatic mesenchyme
in spatial association with distal epithelial ducts, and which are both known to inhibit prostate
branching morphogenesis.'®*>*" Bone morphogenetic protein 4 (Bmp4) is another member of
the TGF family that is expressed in the prostatic mesenchyme, particularly strongly in areas
separating nascent buds, and Bmp4 restricts prostatic ductal outgrowth and branching.®! How-
ever, whether Bmp4 is a direct target of Shh signalling in the prostate remains to be resolved.”>%’
Shh has also been shown to down-regulate the expression of mesenchymal Fibroblast growth
Jactor 10 (Fgf10), and exogenous Fgf10 can reverse Shh-mediated inhibition of prostate growth
and branching in rat ventral prostate.”> A model for ductal branching that involves the interac-
tion of Shh, FGF10, and Bmp4 was recently proposed.?> Whether this model, which is based
largely on the dichotomous branching pattern of the VP, will stand up to rigorous experimental
challenge remains to be determined; however, it has introduced an important discussion of
possible signalling interactions regulating ductal morphogenesis and will serve as a testable
hypothesis for future mechanistic scudies.

The prostate branching architecture in rodents is lobe-specific and hints at unique path-
ways of regulation. However, the postnatal rodent ventral prostate has been used almost exclu-
sively to study branching morphogenesis. A recent study indicates prostate lobe-specific re-
sponses in both Shh signalling and branching morphogenesis to high-dose oestrogen exposure.?
Thus, a clear understanding of prostatic ductal morphogenesis and the role that Shh plays in
this process requires studies targeted at all prostatic lobes.

Shh Signalling during Ductal Outgrowth and Differentiation

Shh has been implicated in the patterning of prostatic ducts as they continue to grow and
extend into the mesenchyme. UGS exhibited slender ducts when treated with exogenous Shh
and enlarged blunt-ended ducts when exposed to cyclopamine.”®?* These effects maybe ex-
plained, in part, by the anti-proliferative action of Shh on epithelial cells during this phase in
prostate morphogenesis resulting in thinner ducts. Shh may also regulate the surrounding mes-
enchyme, and cyclopamine inhibition of signalling could disrupt mesenchymal/stromal
organisation and contribute to altered ductal morphology. That the morphology of ductal tips
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Figure 3. Schematic illustrating Shh-driven epithelial-mesenchymal interactions in the developing prostate.
Recent studies have identified some downstream target genes of the Shh-Gli signalling pathway in the
mesenchyme of the developing prostate. TGF-BI and activin A are postulated to inhibit epithelial cell
proliferation and facilitate prostate branching morphogenesis.?® A decrease in FgflOexpression is postulated
as the proximate cause for Shh-mediated growth inhibition in the prostate.”> Bmp4 has been shown to
inhibit prostate ductal budding and morphogenesis,?! but conflicting data exist as to whether it is a
downstream target of the Shh pathway in the prostate.

is altered in the absence of Hh signalling is significant in light of observations that Shh expres-
sion is more focused in the apical distal areas of elongating ducts in association with high level
expression of Pre, Glil and Gli2.2%%

Prostatic buds grow out into the UGM initially as solid cords of epithelial cells. Concurrent
with ductal canalisation, epithelial cells differentiate into basal and luminal cells which exhibit
distinctive expression patterns of cytokeratins (CKs) and p63.%? The link between Shh and the
terminal differentiation of ductal epithelial cells has been investigated recently. Exogenous Shh
increased the proportion of epithelial cells that did not express CK14 and p63, indicative of
increased luminal cell differentiation; conversely, cyclopamine inhibited differentiation.?” In
another study, however, cyclopamine accelerated both ductal canalisation and epithelial cell
differentiation, suggesting that Shh has an inhibitory effect on these processes.?® Since lesions in
ductal cell differentiation manifest themselves in prostatic diseases including cancer, a clear
understanding of the role of Shh signalling in this morphogenetic event needs to be established.

Concluding Remarks

Studies to date have established an important role for hedgehog signalling in prostate devel-
opment. However, the picture is far from complete. At least five important questions remain to
be answered.

1. How is the expression of $hb scripted in a process that is fundamentally androgen depen-
dent? Prostate development is absolutely dependent on testosterone. However, the exact
mechanism of action(s) of testosterone remains almost a complete mystery. Despite consid-
erable effort, no factor that plays an important growth-inducing role in prostate develop-
ment has been shown to be strictly androgen dependent. Sh# expression may be somewhat
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increased by testosterone, but the effect is not robust enough to be a trigger for prostate
development.?! What is intriguing is that the spatial pattern of $h4 expression in the prebud
phase seems to be influenced by testosterone?? suggesting that one action of testosterone
may be to specify or pattern the expression of factors at sites of future epithelial ductal
outgrowth.

2. Is there functional redundancy in Hh peptides that mitigates the effect of genetic loss of
Shh function? There is the potential that functional redundancy in Hh ligand may compli-
cate the interpretation of experiments performed with the Shh null mutant. Further work is
necessary to determine whether Ihh could provide some degtee of functional compensation
in the absence of Shh.

3. What are the signalling interactions that regulate Shh expression and action during ductal
budding and ductal morphogenesis? Studies to date suggest that Shh exerts dichotomous
actions in ductal budding and ductal morphogenesis that may be explained by differential
responses of targer cells at specific stages in prostate development. Shh, Fgf10, Bmp4, TGF-1
and activin, all appear to have important roles to play during ductal branching morphogen-
esis. It rerains to be determined whether these signalling interactions also regulate ductal
budding.

4. Whar are the targets of Shh activation during prostate development? While some appar-
ently conserved Hh target genes such as Insulin-like Growth Factor Binding Protein-6 are
expressed in the developing prostate in a Hh dependent fashion,?3 the full complement of
Shh activated target genes is unknown. In particular, it remains to be determined whether
Shh induces the expression of any genes that are unique to the prostate.

5. What are the mechanisms that integrate the actions of Shh in ductal morphogenesis and
the process of terminal differentiation? The expression of Shh during the continuum of
activities from bud formation to ductal growth and branching is characterised by a dynamic
evolution that correlates with morphologic changes and coordinate differentiation. Several
studies suggest that inhibition of Shh action during postnatal development affects both
ducral growth and cell differentiation. Understanding how growth and differentiation are
linked to the actions of Shh—whether they are both regulated directly by Shh, linked in an
epistatic hierarchy, or are both down-stream of a single Shh-controlled regulator—is an
important and answerable question.

Studies on the role of Shh in prostate development have assumed added significance due to
recent findings showing an important role for Shh signalling in prostate cancer growth and
progression. A better understanding of the actions of Shh in normal prostate morphogenesis
may clarify its role in the genesis of prostate cancer and its role in tumour progression and
provide insights into the potential therapeutic uses of pharmacological Hh antagonists.
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CHAPTER 12

Sonic Hedgehog Signalling in Visceral
Organ Development

Huimin Zhang, Ying Litingtung and Chin Chiang*

Abstract

he secreted signalling molecule encoded by Sonic hedgehog (Shh) has been shown to

play an indispensable role in mammalian organogenesis. During embryonic develop-

ment, one of the prominent sites of Shh expression is in the tubular gut endoderm and
its derivatives such as the esophagus, lung, stomach and intestine. Loss of Shh function results
in profound growth and patterning defects of the gastrointestinal tract and associated organs.
Furthermore, misregulation of Shh signalling in human patients has been implicated in a vari-
ety of gastrointestinal tumors. In this chapter, we will discuss studies that reveal the critical
roles of Shh signalling in mammalian visceral organ development and homeostasis.

Introduction

Gut morphogenesis in mouse begins around embryonic day 8 (E8. O) when the lateral edges
of the flat endodermal sheet begin to converge medio-ventrally by a complex process of differ-
ential growth and embryonic folding beginning at the cephalic and lateral regions and pro-
gressing caudally. As gut tube closure is completed by E9.0, complex patterning events involv-
ing inductive interactions between gut endoderm and surrounding mesoderm begin along the
anterior-posterior (AP) axis, regionalizing the gut into defined organ segments such as esopha-
gus, lung, stomach, spleen, liver, duodenum, pancreas, intestines and rectum (Fig. 1). $h4 is
expressed broadly in the developing gut endoderm but its expression becomes gradually re-
gionalized during gut differentiation. $h4 expression is mostly excluded from mature organs,
however, focal expression in spec1ﬁc compartments of the stomach and intestine can be de-
tected.'”3? Shh provides the instructive signal essential for the proliferation and differentiation
of the gut mesoderm. This is achieved through binding to its receptor Patched (Ptch), permit-
ting actxvatlon of downstream target genes mediated by the Gli family of zinc-finger transcrip-
tion factors Genetic and biochemical studies have revealed that Glil and Gli2 function as
activators,>> while Gli3 possesses both activator and repressor functions. 36 Several factors ex-
pressed in the gut mesoderm are known to directly influence Shh activity. In partlcular, the
secreted Hedgehog-interacting protein, Hip, functions to inhibit Shh from binding to its re-
ceptor.” In this chapter, we will review the critical roles of Shh signalling in the development
and pathogenesis of the gastrointestinal tract and associated organs.
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U.S.A. Email: chin.chiang@vanderbilt.edu

Shh and Gli Signalling and Development, edited by Carolyn E. Fisher and Sarah E.M. Howie.
©2006 Landes Bioscience and Springer Science+Business Media.
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Figure 1. Differentiation of gut derivatives during early stages of embryonic development. Whole-mount
immunohistochemistry on E9.5 (a), E10.5 (b) and E11.5 (c,d) wild-type (a-c) and Shh-/- (d) embryos using
an antibody specific for Hnf3B (adapted, with permission, from Litingtung et al. Nature Genetics 1998;
20:58-61, ©1998 Nature Genetics). Emerging buds of lung (Ib), liver (hb), ventral and dorsal pancreas (vpb
and dpb) from gut endoderm are clearly evident at E9.5 (arrows). By E11.5, the wild-type esophagus (es)
and trachea (tr) are completely separated, whereas Shh-/- trachea and esophagus remain attached to each
other (d). Note that the growth of $h5-/- lung (Ib) is severely affected. Pancreas (vp and dp) and liver (Iv)

development appear to be normal at E11.5.

Esophagus

The esophagus differentiates from the dorsal foregut endoderm as the trachea, with a pair of
lung buds, emerges ventrally (Fig. 1). Shb expression in the foregut endoderm can be detected
as early as E8.5 when closure of the tubular gut begins rostrocaudally. $h5 expression is
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excluded from the dorsal foregut endoderm prior to the separation of the esophagus and tra-
chea.® Remarkably, loss of Sh# function results in shortenin§ and severe narrowing of the esopha-
gus which also fails to separate from the trachea (Fig. 1).%° These characteristics are reminis-
cent of a spectrum of human foregut con%enital malformations known as esophageal atresia
(EA) and tracheoesophageal fistula (TEF).'® These EA/TEF phenotypes can be recapitulated
when Gli2 and Gli3 functions are both eliminated,'! consistent with the critical role of Shh
signalling in patterning foregut derivatives. The mechanism by which absence of Sh# disrupts
esophageal development is not well understood. Given that Sh# is not expressed in the early
dorsal foregut endoderm, it is possible that Shh signalling may have an earlier role in the
maintenance of endodermal progenitor cells that contribute to the foregut endoderm. Disrup-
tion of retinoid acid (RA) signalling, by ablating the functions of several members of the retin-
oid acid receptor family, leads to similar EA/TEF phenotypes,'? raising the possibility that Shh
signalling may interact with RA signalling during foregut morphogenesis.

Notably, Sh4 expression is excluded from the adult esophagus. Recent studies have revealed
that the expressions of Sh4 and its pathway components are activated in several primary esoph-
ageal tumor cell lines.!? The ability of Hh pathway inhibitor, cyclopamine, to block growth of
these epithelial tumor cell lines suggests that Shh functions as a mitogen and/or survival factor
via autocrine signalling. Whether Shh pathway activation is required for the initiation and/or
maintenance of esophageal tumor phenotype remains to be determined.

Lung

Lung morphogenesis in the mouse starts around E9.0 when a lung primordium can be
distinguished on the ventral side of the upper foregut (Fig. 1). This newly formed lung primor-
dium divides laterally into two buds as they invade the surrounding splanchnic mesenchyme. '
Starting around E10.5, a sequential and highly ordered patterning event, termed branching
morphogenesis, occurs in the epithelium to generate the bronchial tree and the proximal-distal
axis of the lung."” Concomitant with bronchial tree morphogenesis, the surrounding splanch-
nic mesenchyme also undergoes a series of differentiation events resulting in the generation of
airway smooth muscle which is juxtaposed to the proximal bronchial tubules, blood vessels and
neural networks.'®

During mutine lung branching morphogenesis, Sh# transcripts are localized throughout
the developing respiratory epithelium with high levels at the distal tips. This expression pattern
is maintained until E16.5, when Shh protein becomes more localized to nonciliated cells in the
bronchiolar and bronchial epithelium.®!”'® Low level Sh# expression remains detectable in the
alveolar and bronchial epithelia up to postnatal day 24, while adult lung epithelial cells are
devoid of Shh expression.!? Detailed Sh# expression patterns have also been reported in rat and
human lungs indicating great similarities across species.”’ Targeted deletion of Shh or its signal-
ling components leads to severe retardation in lung growth and branching morphogenesis (Fig.
2). Remarkably, mutant mice lacking both G/i2 and Gi3 show absence of lung,!" a phenotype
that is much more severe than that of $h» mutant.®’ This observation suggests that cither Zbh
partially compensates for the loss of Shb or that Gli family proteins may have other functions
independent of $h4 signalling. Further studies are necessary to distinguish among these possi-
bilities. Disruption of $h4 signalling in the lung also causes defects in mesenchymal cell prolif-
eration and differentiation, leading to reduced mesenchymal cell numbers as well as disrupted
vasculogenesis and bronchial myogenesis.”?! By contrast, excessive proliferation of lung mes-
enchymal cells is observed in transgenic lungs in which Shb signalling is upregulated by either
Shh overexpression in the endoderm!® or removal of the $44 inhibitor, Hipl, in the mesen-
chyme.?2 Taken together, these observations indicate that Sh# signalling is crucial for normal
epithelial branching as well as mesenchymal cell proliferation and differentiation during lung
development. The mechanism by which Sh4 regulates branching is not well understood. This
is in part complicated by the fact that Sh# is also required for lung mesenchymal cell prolifera-
tion and differentiation. Fibroblast growth factor 10 (Fgf10) has been shown to be a key
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secreted factor expressed in the distal lung mesenchyme that regulates branching morphogen-
esis.2>24 It has been reported that exogenous Shh protein can repress the expressions of several
Fgfs in culture.” This finding combined with the observation that Fgf10 expression domain is
expanded in Shh mutant lungs,® suggest that Shb signalling may regulate focal budding pro-
cess by restricting Fgf10 expression in the lung mesenchyme.

Recently, some progress has been made in unraveling the molecular mechanism of
Shh-mediated regulation of cell proliferation and differentiation in the lung. As mentioned
earlier, Gli3 is a bipartite transcription factor capable of functioning as an activator (Gli3A) or
as a repressor (Gli3R) upon cleavage of full-length Gli3.# Recent studies have revealed that Sh#
controls the balance of Gli3R and Gli3A species in the developing lung. Abrogation of Shh
function as in $hhH-/- mutant lung or Shh signalling blockade in lung explants significantly
shifts the balance in favor of Gli3R.?! The accumulation of Gli3R species appears to contribute
significantly to the Shh-/- lung phenotype, as removal of G/i3 can partially restore growth
potential and vascular differentiation in Shh-/- lung,?! However, it is not clear to what extent
Gli3A contributes to proper lung development. In G/i3 mutants, defective lung lobulation has
been reported.?’

Although Shh expression is not detectable in normal adult lungs, the Shh pathway ap-
pears to be involved in maintaining lung homeostasis. Recently, considerable attention has
been given to the role of Shh signalling in airway epithelium remodeling and lung disease
progression. For instance, activation of Shh pathway has been documented during repair of
acute airway injury.”® Moreover, Shh pathway activation has been detected in several small-cell
lung cancer (SCLC) cell lines.?® The growth of these tumor cell lines in nude mice xenografts
appears to be dependent on Hh pathway activation, as administration of cyclopamine, a Hh
pathway-specific inhibitor, can completely block tumor formation.?® The Shh signalling path-
way has also been implicated in the pathogenesis of interstitial lung fibrosis, a disease caused
by the presence of hyperproliferative interstitial fibroblast cells due to injury to the airway
epithelium.

Stomach

The stomach is a distinct and specialized compartment of the gastrointestinal tract formed
by regionalization and differentiation of the most distal part of the foregut (Fig. 3). The devel-
oping stomach, like the rest of the gut, is lined by an endodermal epithelium which is sur-
rounded by mesenchymal cells of splanchnic mesodermal origin. While these mesenchymal
cells differentiate into tissues such as smooth muscle, by contrast, the stomach endodermal
layer remains relatively undifferentiated until late gestation when cytodifferentiation occurs to
generate the gastric epithelium with gastric unit primordia or buds. These gastric buds undergo
complex morphogenesis postnatally to generate tubular invaginations, known as gastric units,
into the lamina propria.’® The gastric epithelium of the adult mouse stomach can be subdi-
vided based on distinct morphological and functional characteristics; the proximal forestom-
ach is composed of stratified squamous epithelium while the distal portion of the stomach is
composed of glandular epithelium which can be further subdivided into three zones: the zy-
mogenic, mucoparietal and pure mucous zones.>' Gastric units in the zymogenic zone are
highly organized vertical structures with compartmentalized regions consisting of the apical pit
followed by the isthmus, a neck and a base. The neck and base are situated in the lower part and
constitute the gland region of the gastric unit.>? Within each gastric unit is a distinct arrange-
ment of cells including mucus-producing pit cells, acid-producing parietal cells and
pepsinogen-producing zymogenic cells.”' The distinct epithelial cell types of the zymogenic
zone have been shown to be continuouslz self-renewed and replenished by proliferating stem
cells in the isthmus of the gastric unit.**"3

Shh is expressed in the developing mouse stomach epithelium with high expression in the
forestomach and lower expression level in the hindstomach. Strong epithelial expression of Shh
has been found to be associated with high expression of Bmp4 in the adjacent mesenchyme, as
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has been observed at other sites of Sh# expression and epithelial-mesenchymal interactions.!”

Shh expression is maintained in the zymogenic zone epithelium of the glandular stomach dur-
ing embryogenesis and likely throughout life in both mouse and human.>**#3 In the human
stomach, Shh appears to be expressed exclusively in parietal cells with particularly high expres-
sion in parietal cells closer to pit cells and lower expression in parietal cells closer to the base of
the gastric tubular unit; however, in the mouse, Sh4 expression can be detected in both parietal
and zymogenic cells.”?

Patrerning of the stomach epithelium into nonglandular and glandular zones appeared nor-
mal in Shh-/- mouse mutants, however, a substantial overgrowth of the stomach epithelium
was observed (Fig. 3b,f). The Shh-/- glandular stomach epithelium displays partial intestinal
metaglasia as demonstrated by the expression of intestinal markers within patches of the stom-
ach.** In agreement, it was found that inhibition of Shh using cyclopamine, a potent inhibitor
of hedgehog signalling, considerably enhanced gastric glandular epithelial Eroliferation in the
murine stomach accompanied by a switch from gastric to intestinal cell fate.>? However, whether
or how downregulation of Shh target genes in the stomach is associated with depletion of
parietal and zymogenic cells with concomitant replacement by overproliferating intestinal-type
cells remains to be fully elucidated. It has been suggested that Shh may function to induce or
maintain a stomach character, however, specific downstream target genes of Shh that are likely
important in mediating proper mesenchymal-epithelial signalling remain to be elucidated.

By contrast, upregulation of Shh signalling activity has been reported in human stomach
tumors growing in vivo and in stomach tumor cell lines suggesting that Shh hyperactivity
contributes to uncontrolled gastric epithelial proliferation.!® This finding is also consistent
with the mitogenic role of Shh in many organ systems. While the distinct roles of Shh signal-
ling in the stomach appears to be conflicting, these findings are likely revealing differences in
the intricate molecular circuitry that directs normal stomach morphogenesis during embryo-
genesis as opposed to a response to epithelial injury in adulthood.* The findings that absence
of Shh function in the glandular stomach can lead to intestinal metaplasia and Shh hyperactiv-
ity appears to be associated with gastric tumor growth, underscore the importance of control-
ling proper level of Shh signalling during embryogenesis and throughout life.

Pancreas

Morphogenesis of the pancreas in mouse is initiated as soon as the gut tube is formed
around E9.0. Three primordial pancreatic buds protrude from the gut endoderm at the
foremidgut boundary, with one bud located dorsally and two buds, ventrally (Fig. 1). As devel-
opment progresses, one of the ventral pancreatic buds regresses while the other fuses with the
dorsal bud to form the pancreas. During this period, epithelial-mesenchymal interactions re-
sult in extensive organ morphogenesis and cell differentiation within the pancreas area leading
to the formation of endocrine and exocrine cell compartments. The endocrine cells organize
into islets of Langerhans, a cluster of hormone-secreting cells that regulate glucose homeostasis
while the exocrine cells secrete digestive enzymes into the duodenum.

While Skh promotes the development of several gut derivatives, it functions as a negative
regulator during development of the pancreas.’” Although Sh# is expressed broadly in the
gut endoderm, its expression is initially excluded from the dorsal endoderm.® However, at
the foremidgut boundary, Shh expression is excluded from both the dorsal and ventral pan-
creas tissues during development.a&39 Based on chick notochord extirpation studies, it was
proposed that a factor such as fibroblast growth factor 2 (Fgf2) secreted from the notochord
could inhibit $h4 expression in the dorsal endoderm.?*#% This inhibition appears to play a
role in pancreas development. Ectopic expression of Sh# in the pancreatic primordium un-
der the regulation of pancreatic and duodenal homeobox gene 1 (PdxI) promoter, in mice,
leads to severe disruption of pancreatic architecture and significant reduction of both endo-
crine and exocrine cells.”® Additionally, the pancreatic mesenchyme of Pdx1-Shh transgenic
embryos was found to be partially transformed into contractile muscle with characteristics of
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duodenal mesoderm. Similarly, loss of Hh inhibitor, Hhip, also leads to impairment of pan-
creatic growth and endocrine cell differentiation.?! These observations raise a critical ques-
tion as to whether Sh% functions to restrict and define the pancreatic primordium boundary.
Initial observation in chick appears to support this model; inhibition of Hh signalling using
cyclopamine in ovo leads to ectopic formation of epithelial buds and scattered insulin-positive
cells in the distal stomach and duodenum.*? However, analysis of $hb mutants did not reveal
an expansion of pancreatic tissue (Fig. 2e,f), even in the Shh-/-;Ihh+/- background.®

Hh pathway activation has been implicated in the pathogenesis of pancreatic cancer. It has
recently been reported that Hh pathway is activated in several human pancreatic tumor cell
lines and pancreatic tumors.!>* The growth of these tumor cell lines in nude mice xenografts
appears to be dependent on Hh pathway activation as administration of cyclopamine can sig-
nificandy inhibit tumor growth. Furthermore, pancreata of Pdx1-Shh transgenic mice show
abnormal ductal epithelial growth resembling precursor stages of human pancreatic cancer.

Intestine

During embryogenesis, regionalization of the midgut and hindgut gives rise to the duode-
num, small and large intestines, rectum and anus. Unlike the invaginations in the glandular
stomach, the small intestinal epithelium evaginates into the lumen to form villi which are
finger-like projections that function to increase the gut surface area for nutrient absorption.
Both the small and large intestines (colon) contain glands known as crypts where stem cells are
thought to reside.®> Differentiation of intestinal mesenchyme gives rise to the smooth muscle
layer that surrounds the gut epithelium.

Shh is initially expressed throughout the endodermal epithelium of the developing midgut
and hindgut. Later in embryogenesis, Shh expression is confined to the base of villi and crypts
in the small intestine and base of crypts in the colon.!” The smooth muscle layer in the intes-
tine develops a few cells away from the Shh-expressing endoderm, separated by a Bmp4-expressing
domain in the submucosal mesenchyme. Inhibition or ectopic activation of Bmp4 expression
in chick embryonic gut explants had no apparent patterning effects on smooth muscle devel-
opment, suggesting that the lack of smooth muscle in the submucosal mesenchyme is not due
to Bmp4 expression.*® By contrast, ectopic activation of Sk expression in chick gut explants
inhibits smooth muscle differentiation. Additionally, reduction of Shh signalling in chick gut
explants using cyclopamine leads to ectopic expression of smooth muscle marker including the
subepithelial domain.*® These observations suggest that Shh directly inhibits smooth muscle
differentiation. However, we need to be circumspect about this interpretation since
cyclopamine-treated gut explants also show reduction in the subepithelial mesenchymal cell
population. In fact, it appears that the level of smooth muscle marker expression in these
treated gut explants is reduced to various extents depending on the level of Hh pathway inhibi-
tion.%® Furthermore, mice lacking either Shh or Ihh have reduced number of smooth muscle
cells. At E18.5, Sh5" small intestine shows about 20% reduction in thickness of the circular
smooth muscle layer (Fig. 3c,g).34 Similar reduction in smooth muscle differentiation is ob-
served when Hbh signalling is knocked down by Villin-driven ectopic expression of hedgehog
inhibitor, Hip, in the intestinal epithelium.*” Taken together, it appears that Shh may not
directly inhibit smooth muscle differentiation, but could be required for the proliferation of
smooth muscle progenitor cells, a reduction in which could affect the level or timing of smooth
muscle differentiation. However, it remains possible that low level Shh signalling may have a
direct role in the differentiation of intestinal smooth musdle.

In addition to smooth muscle defects, absence of Shh signalling also leads to
hyperproliferation of the small intestinal epithelium, leading to extensive villi formation.**
Interestingly, this effect appears to be due to ectopic activation of Wnt pathway in the epithe-
lium, as the expression of several Wnt target genes are enhanced in the small intestinal epithe-
lium of transgenic embryos with reduced Hh signalling.*’ The repressive effect of Hh signal-
ling on the Wnt pathway has also been proposed in the adult colon where expression of Ihh, in
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mature colonic enterocytes (absorptive cells) at the tip of crypts, is thought to counteract Wnt
signalling at the base of crypts.*® As Wit pathway activation is intimately associated with colon
carcinoma,®” loss of Thh may have a significant impact on colon homeostasis. Interestingly, [hh
expression is lost from the colonic epithelium of many patients with familial adenomatous
polyps.*® However, mutations in human IHH cause brachydactyly type A1 syndrome which is
often associated with short statures;*® these patients do not appear to display a higher occur-
rence of colon cancer.

The lack or reduction of Shh signalling also has profound consequences in the morphogen-
esis of the distal hindgut. In Shh-/- or Gli2 and G/i3 compound mutants, the distal hindgut
and lower urinary tract share a common outlet resulting in a severe form of anorectal malfor-
mation known as persistent cloaca. In G/i2 or G/i3 mutants, a milder spectrum of hindgut
defects such as narrowing of the anus (anal stenosis) and abnormal connection between rec-
tum, anus and urethra (rectal-urethral fistula) is observed.! In fact, these phenotypic charac-
teristics are highly reminiscent of a spectrum of human anorectal malformations (ARM). Re-
cently, embryos with ARM have been generated by exposing pregnant mice to all-trans retinoic
acid (ATRA).>? In these embryos, the expressions of Shb and its putative target, Bmp4, are
significantly downregulated in the hindgut, suggesting the involvement of Shh signalling in
ARM.? The question remains as to how a teratogenic dose of ATRA leads to downregulation
of Shh signalling in the hindgut epithelium. Further studies are required to establish whether
ARM in these embryos are indeed caused by disruption of Shh signalling or by elevated RA
signalling that is independent of Shh signalling.

Kidney

Kidney organogenesis in the mouse begins at E11.0 with the outgrowth of a ureteric bud
epithelium from the mesonephric (Wolffian) duct into the surrounding metanephric mesen-
chyme, a distinct population of mesoderm-derived cells. The ureteric bud subsequently divides
and undergoes branching morphogenesis which is dependent on reciprocal signalling interac-
tions between epithelium and mesenchyme.>® A host of signalling molecules and transcription
factors have been genetically shown to be involved in crucial ureteric bud epithelial and meta-
nephric mesenchymal interactions during kidney morphogenesis.>* For example, Glial-derived
neurotrophic factor (GDNF) secreted by the surrounding mesenchyme binds to c-ret receptor
tyrosine kinase expressed in the ureteric bud epithelium to promote migration and invasion of
the ureteric bud into the surrounding mesenchyme.*® The existing ureteric bud-derived epi-
thelium gives rise to collecting ducts while signals emanating from the ureteric bud induce a
subset of metanephric mesenchymal cells to aggregate, forming renal vescicles. These vesicles
undergo extensive sequential morphogenesis (tubulogenesis) to form S-shaped bodies that even-
tually convert into polarized tubular epithelia of nephrons which are the basic functional units
of the mature kidney involved in filtration. These nephron epithelia fuse with the collecting
tubules to form a complete kidney ductal system.”

Shh is expressed in the branching ureteric bud epithelium of the developing mouse embryo
at E11.5. As development advances, Sh# expression becomes restricted to the ureteric epithe-
lium of the distal, nonbranching medullary collecting ducts and ureter, a urinary tract connect-
ing the kidney with the bladder. Accordingly high levels of Ptch expression, a readout for Shh
signalling, and Bmp4 were detected in mesenchymal cells adjacent to the Shh-expressing epi-
thelium of the distal collecting ducts and ureter, indicating paracrine signalling.!”*¢ Several
molecules have been suggested as candidare targets of Shh signalling in the metanephric mes-
enchyme, however, their definite roles in mediating Shh function remain to be elucidated.
Strong Shh expression has also been detected in the newborn mouse kidney in the inner med-
ullary collecting ducts, the renal pelvic and ureter epithelia.’® Shh-/- kidneys exhibit hypoplasia
and fusion as a result of midline defects (Fig. 2i-l). It has also been reported that Gl2-/-Gli3+/
- mouse mutants, which are deficient in the Shh signalling pathway, display renal anomalies.>’
In order to understand the role of Shh specifically in the kidney, a HoxB7-driven Cre transgenic
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mouse line, which is activated in the mesonephric duct and its derivatives, was used to condi-
tionally ablate $h4 function specifically in the kidney primordium.’® These Sh# conditional
mutant mice displayed abnormal kidney development postnatally including severe renal hypo-
plasia and dilated proximal ureter likely due to reduction in ureteral smooth muscle leading to
a condition known as hydroureter in which urine abnormally accumulates in the ureter due to
its inefficient transport to the bladder. Detailed analysis of the $44 conditional mutants re-
vealed that Shh function is required for proliferation of the kidney mesenchyme as well as the
normal timing of smooth muscle differentiation in the ureter.’® Although Bmp4 expression in
the ureteral mesenchyme is dependent on Shh signalling, it does not appear to mediate the
mitogenic function of Shh. Bmp4 has also been shown to promote smooth muscle differentia-
tion in the kidney and ureter, however, it does not appear to be absolutely essential for the
process.”®38 Therefore, the precise role of Bmp4 in kidney development and function remains
to be elucidated. It has been suggested that, in HoxB7-Cre conditional Sh# mutants, the severe
reduction in medullary kidney and ureteral mesenchymal cell proliferation is likely the under-
lying cellular defect leading to kidney hypoplasia and shortening of the ureter. Although Shh
has been implicated in visceral smooth muscle differentiation, the precise mechanism remains
unclear. While bronchial®?' and intestinal smooth muscle myogenesis** appear to be depen-
dent, at least in part, on Shh signalling, smooth muscle differentiation in the ureter appears to
be inhibited by Shh, consistent with a negative role of Shh in the generation of smooth muscle
in the chick gut.% It has been suggested that Shh may be required to promote proliferation of
smooth muscle progenitor populations.® However, increase in the mesenchymal cell popula-
tion in $hh and G/i3 double mutant lung did not restore bronchial myogenesis which is absent
in Shh mutant lung with severe defect in mesenchymal proliferation,?' suggesting that, as in
ureteral myogenesis, a direct role of Shh in smooth muscle differentiation remains possible.

Conclusion

Over the past decade, extensive knowledge has been gained in understanding the critical
function of Shh during embryonic development. It is apparent that basic mechanisms govern-
ing cell survival, proliferation, differentiation and tissue patterning share great similarities among
different tissues and organs. However, much less is known about how Shh signalling regulates
these diverse cellular events during development. Therefore, the future challenge will be to
identify and functionally characterize downstream effectors of Shh signalling during gut mor-
phogenesis. During organ maturation, Shh expression becomes compartmentalized in special-
ized glands of the stomach and the intestine; however, the roles of $h4 in these glands remain
elusive. The availability of conditional mutants in Hh signalling pathway and the ever-increasing
tissue-specific Cre mouse lines should facilitate our understanding of Shh function in these
glands.

The observation that constitutive Shh pathway activation is associated with many forms of
visceral organ malignancies has generated excitement and provided challenge for future inves-
tigations. It is thought that the majority of gastrointestinal tumors arise from repetitive injury
to the epithelial lining of visceral organs, leading to unregulated proliferation of epithelial cells
within a stem cell niche. Given that Shh is involved in the proliferation of adult stem cells in
the brain,”®! it will not be surprising that Shh can act directly on stem cell niches during
tissue repair and tumor growth.
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CHAPTER 13

Shh/Gli Signalling during Murine Lung
Development

Martin Rutter and Martin Post*

Abstract

urine lung development is a complex process regulated by many factors guiding a
M carefully orchestrated series of events leading to mature lung formation. Many

developmental pathways have been implicated in governing proper lung forma-
tion. Most notably, the Shh/Gli pathway shown to be crucial to the development of numerous
other organ systems, is an absolute requirement for correct lung formation. Many interactions
between the Shh pathway and other fundamental lung signalling molecules such as fibroblast
growth factor 10 (Fgf10) have presented themselves. While the specifics of these interactions
have yet to be elucidated, the consequence of their actions is paramount in guiding lung devel-
opment.

Murine lung development begins with the out pocketing of two endodermal lung buds
from the ventral region of the primitive foregut tube around 9.5 days post coitum (dpc). The
two primary lung buds then start to extend in a posterior-ventral track into the splanchnic
mesenchyme, each bud representing the future left and right sides of the mature lung. Concur-
rently, the single foregut tube at the primary branch point begins to pinch into two distinct
tubes forming the dorsal esophagus and ventrally located trachea. The right lung bud (right
primary bronchus) then undergoes a secondary branching event leading to the creation of four
secondary bronchi, each denoting one of the four right lung lobes (lobar bronchi). From this
point, both the primary left bronchus and the four secondary bronchi of the right lung bud
will continue to undergo further generations of dichotomous branching until the mature net-
work of airways is formed. However, this branching process is not a chaotic event, but rather a
carefully controlled process. A highly structured series of interactions between the developmg
airway epithelium and mesenchyme guides proper lung development.? These interactions are
directed by many tissue specific morphogenic signals.” Much like the development of other
branching organs such as the kidney, the mammalian lung requires a carefully orchestrated
symphony of genes to accomplish its end goal. Several gene families have been shown to be
involved in lung development, including fibroblast growth factors (Fgf), bone morphogenic
proteins (Bmp), as well as the primary focus of this chapter, the Hedgehog (Hh) family.

While many factors contribute to the formation of the mature lung, Sonic hedgehog (Shh)
is absolutely required for functional lung formation. Evidence of Shh in lung development was
first postulated with the observation of expression of sh# transcripts throughout the epithelium
of the developing mouse lung at 11.5 dpc, the highest levels occurring at the developing tips of
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Figure 1. Photo showing a side by side ventral view compatison of a 12.5 dpc shb null lung (right) and its
wild-type sibling counterpart (left). Note the s5A null mutant only has a single right lobe, and does not show
the same developmental complexity as the wild-type lung at the same stage.

the epithelial buds.* Expression was also detected in the tracheal diverticulum, the esophagus,
and the developing trachea.” Shh expression was originally reported to be strongly expressed
until about mid gestation, after which it decreased.® However, more recent evidence indicates
shh expression increases towards birth peaking just prior to parturition.”® Also interesting was
the detection of high levels of the transcripts for Patched (ptc) and Smoothened (smo), the down-
stream Shh signal relaying proteins, in the mesenchyme adjacent to the shh expressing epithe-
lial cells in the developing buds.® When the effect of shh over-expression in the lung epithelium
using the surfactant protein (SP)-C promoter was examined, it was found that the ratio of
interstitial mesenchyme to epithelial tubules had increased. More detailed analysis of these
lungs revealed an abundance of mesenchyme and the absence of typical alveoli due to increased
cellular proliferation in both the mesenchyme and the epithelium. Expression of pzc was also
noticeably up-regulated in lungs of shh over-expressers, however no evidence of regulatory
changes in other lung development related genes such as mp4 or fgf7 was found.® Also inter-
esting to note is the 2.5 fold increase in g/f] expression in response to shh over-expression, while
gli2 and gli3 expression levels remain unchanged.” If we now examine the other side of the
coin, a similar picture presents itself that further supports the concept of shb as a regulator of
lung proliferation. A knockout of the shh gene has been created in mice in which the second
exon of shh has been replaced with a PGK-neo cassette resulting in a nonfunctional truncated
protein upon translation.'® While many developmental defects occur in this prenatal lethal
model, we will focus on the pulmonary phenotype for the purposes of this chapter. Sh4 null
lungs have a dramatically altered phenotype; most obvious is the complete lack of asymmetry
as the secondary branching in the right lung is defective (see Fig. 1). The resulting single left
and single right lung lobes are severely hypoplastic and fail to develop a vast network of mature
air sacs. The trachea and esophagus do not divide into separate entities. Ultimately the lack of
shb results in severely reduced mesenchymal proliferation and an extensive reduction in epithe-
lial branching. When effects on gene regulation were examined, it was shown that p#c, gil and
g0i3 were all down-regulated in the lung mesenchyme.!! Like the sh# over-expression model,
proximal-distal differentiation of the lung was unaffected while prominent proliferative defects
were evident. However, shh over-expression with the SP-C promoter in the lungs of shh”" mice
showed a significant improvement in growth, branching morphogenesis and vascularization.?
But, the peripheral over-expression failed to correct lobulation as well as cartilage defects in the
trachea and bronchi seen in the sh47 mice, signifying the importance for shh expression in



ShhiGli Signalling during Murine Lung Development 139

areas to secondary branching and cartilage formation. More recently, a lung specific knockout
of shh has been achieved in mice, which can also be temporally controlled through administra-
tion of doxycycline.'>!® Shh expression appears to primarily be required for lung development
prior to 13.5 dpc, after this point in development only mild defects in peripheral lung structure
are observed when shb function is removed. However, removal of shh prior to 13.5 dpc resulted
in severe malformations similar to the sh4”" null mouse, with defects in the trachea, bronchi
and peripheral lungs, as well as many changes in gene expression levels as evident from microarray
data. This study also demonstrated the localized spatial requirement for shb in proper cartilage
formation in the conducting airways of the developing lung.'?

Ptc is a twelve pass transmembrane receptor protein that is 2 fundamental component of
the Shh signalling pathway. While Ptc itself is not a transcriptional regulator, nor a diffusible
morphogen, its presence and funcrion is absolutely critical for normal lung development. Prcis
expressed in high concentrations in the mesenchyme near the epithelial border of the develop-
ing tigs neighboring to shh expression, as well as at lower concentrations in the distal epithe-
lium.® A pzc null mutant has been created, however this embryonic lethal genetic defect offered
no clues to the role of pzc in lung development as these mice die around 9.0 dpc to 10.5 dpc, at
the start of lung formation.!* While a mouse with lung specific over-expression of pzc has not
been created, other experiments show that increased expression of pc results in a reduction of
Shh signalling, consc?uentially down-regulating expression of Shh responsive genes such as
glil and prc itself.'*!> This would suggest that over expression of prc in the lung near the
mesenchymal border would attenuate the Shh epithelial to mesenchymal signalling, resulting
in somewhat of a less severe shh null phenotype.'® Most likely proliferative and branching
defects would present themselves, however depending on the onset of over-expression, early
lung development may proceed to further stages than the sh4 null phenotype.

Smoothened (Smo), another trans-membrane protein essential to the Hh signalling path-
way, has been targeted for gene deletion in mice. The resulting phenotype is very severe, and
offers little insight into effects on lung develop with embryos dying prior to 9.5 dpc."” To
speculate on possible effects of a smo null mutation on lung development, it must be taken into
consideration that there is only one mammalian homologue of smo, and that it has been sug-
gested that all three Hh signalling pathways would use smo.!” Therefore one would expect a
lung specific smo null mutant to have a phenotype at least as severe to that of the shb null lung.
Furthermore, since the transcripts for Indian Hedgehog (Ihh) have more recently been found
to be expressed in the lung as well, the resulting phenotype could be even more detrimental to
lung formation as the effects of Thh on lung development are not known. '8

Another protein important in the regulation of Shh through a negative feedback loop is
Hedgehog-interacting protein 1 (Hipl). Hip! is induced in Shh responsive cells upon Shh
signalling and encodes a membrane-bound protein capable of directly binding to Shh, Thh and
Desert Hedgehog (Dhh).!? HipI expression has been found in the lung epithelium, as well as
the underlying mesenchyme. Closer inspection shows ép1 is transcribed in cells near sources
of Hh signalling, in a domain that overlaps with prc expression.”® An increase in bip! expres-
sion is observed in shh over-expression models, and conversely hip! is decreased in shh null
mutants. Experiments in which hip I was ectopically expressed in the developing endochondral
skeleton where [hh is accountable for Hh signalling, it was found to attenuate Hh signalling
showing a similar phenotype to the 754 null mutant.”® More recently in continuing their inves-
tigation into Hipl function, Chuang and coworkers (2003) have demonstrated that the zp!
loss-of-function mutant mouse has increased Hh signalling, disrupting morphogenesis in the
lung and skeleton. They indicate that increased Shh function due to lack of hip/ function
causes a misregulation of fgf10 expression resulting in failure of secondary branching.?' The
sum of these observations implicates Hip1 as a negative feedback regulator of Hh signalling,
crucial to normal development of the lung, as well as other organ systems.

Turning attention to the downstream transcription factors of the Shh pathway, we can see
further evidence of the importance of Shh signalling in lung development. The Gli fam-
ily of transcription factors are a group of three genes which encode proteins containing DNA
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binding zinc finger motifs. Early analysis suggested these genes would function as transcription
factors with a relationship to cellular proliferation. The glis were found to be expressed in the
splanchnic component of the lateral mesoderm in the developing gut amongst other places.
More detailed analysis of expression patterns revealed that all three gl genes are strongly ex-
pressed in different but over-lapping domains in the lung mesenchyme during the
pseudoglandular stage with expression declining towards birth.” Gli1 is expressed in the distal
mesenchyme, mostly concentrated around the developing endodermal lung buds. G52 on the
other hand has a more dispersed mesenchymal expression pattern which is still more spatially
restricted towards the distal regions of the lung, but has strong expression near the trachea as
well. G/i3 is not particularly concentrated in either proximal or distal mesoderm, however is
not as widely dispersed as G/i2, lying in between the expression domains of G/ and G2.°
Expression of all three g/ genes is dynamic and seems to correspond with branching morpho-
genesis in the developing lung lobes. The temporal down-regulation of the g/7 transcripts to-
wards birth appears to occur in three separate phases. While expression of each gl is elevated
early in lung development, g/i2 and gli3 show a decrease in expression from 12.5 dpc to 16.5
dpe, at this point gfi2 mRNA expression stabilizes. G/i1 and g/3 continue to decrease (along
with shh expression) until just prior to birth when g/i2 will also further diminish, resulting in
down-regulation of all gl genes just before birth.’

Removal of the zinc finger coding region of the gli/ gene from mice results in a
loss-of-function mutation in the Glil protein which can no longer signal to other Shh targets.
These mice are viable, show no physical abnormalities and display no observable behavioral
traits.”®> G/i2 null mice on the other hand have a very severe lung phenotype. While a heterozy-
gous gl/i2 deletion has no detectable effect on lung development, complete removal of gli2
results in a lethal phenotype, with mice dying in-utero during late gestation.?* The lungs of the
£/42 null mice are very hypoplastic in appearance and most notably show defective branching in
the right lung with only one lobe forming. The left lung still forms one lobe but has a severe
reduction in wet weight of approximately 60% at 13.5 dpc. This developmental trend contin-
ued to 18.5 dpc, when the left lung weight was 50% lighter than its wild-type counter part.
The lungs show little sign of apoptosis but bromodeoxyuridine (BrdU) incorporation experi-
ments demonstrated a 40% and 25% reduction in cellular proliferation in the mesenchyme
and epithelium, respectively. Histological analysis revealed that the trachea and esophagus are
both hypoplastic, but still separate. Smaller air sacs were also evident and they were surrounded
by thicker than normal mesenchyme. When lung development associated growth factors such
as fzf1, fzf7, fef10, bmp2, bmp4, and bmpG were examined for changes in gene expression, no
deviations were found. However, in-situ hybridization was able to detect decreases in both pzc
and gli] expression, further demonstrating a reduced response to Shh signalling.”> G/3 null
mice have been around for many years. The null allele designated Gli3*Y, was discovered in the
“Extra toes” mouse mutant to be a viable homozygous deletion.”® Unlike the viable gfi7 null
mouse, the g/i3 null mouse does show an altered pulmonary phenotype. While the homozy-
gous gli3*¥ mouse embryo is actually heavier than its wild-type littermates at all stages of gesta-
tion, the lungs are typically smaller with an altered shape, most noticeably a reduction in lung
width.” The wet lung weight when measured at 18.5 dpc was 35% lower than wild-type litter-
mates. The gl/i3 heterozygous mice did not show any altered lung phenotype. When gene
expression for other Shh pathway members was tested in the g3 null lung, no changes in
exprcs;ion levels or localization was detected for shh, glil, gli2, or prc, as well as bmp4, and
wnt2.

The evolution of the Glis from their common ancestor cubitus interruptus (Ci) in Droso-
phila melanogaster to the mammalian three part signalling system, suggests the evolution of
separate roles for each Gli. Double mutant combinations of the g/ genes have been created to
help elucidate the possible functional roles for each Gli transcription factor during pulmonary
development. Different combinations of g/71 and g/i2 null alleles show that there is some level
of redundancy between the two genes. While neither the gliI™", gli2*", nor the double g/i1/gli2
heterozygous mouse, show an altered lung phenotype, the combined glil”";gli2*"; genetic
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condition results in a variable lung phenotype with minor alterations in size and shape relative
to its wild-type sibling,”> While not as severe as the g/i2 null lung phenotype, this signifies
some functional redundancy between Glil and Gli2 activities. Further supporting this notion
is the fact that when one copy of gli! is removed from a g/i2 null lung which already has a
severe phenotype on its own, the resulting lung is even smaller. Finally, if all functional Glil
and Gli2 protein is removed from the develoaping lung, the result is a lung with two very small
single lobes, smaller than the g/i2 null lung.?* To date, the only gli1/g/i3 double mutant mouse
analyzed has been the gli/”";gli3*" mouse. These mice show an identical polydactyly pheno-
type to the g/i3 null mouse, and analysis of pulmonary phenotype effects were not performed.??
So it appears that there is functional redundancy between Glil and Gli2, and not Glil and
Gli3. However, the most severe lung phenotype indicating further functional redundancy be-
tween Glis reveals itself in the g/i2/gli3 double null mutant. While the gl/i2/gli3 heterozygous
double mutant shows no observable foregut malformations, the gli2/gli3 double null mouse
suffers an early embryonic lethal phenotype typically not surviving past 10.5 dpc. A few of the
double null embryos will survive to 14.5 dpc and these mice fail to show any lung formation.
In fact, no evidence of any trachea or lung primordia is found past 9.5 dpc.?> While the g/i2*/
“;gli3" mouse has been generated, no comment on the pulmonary phenotype has been re-
ported thus far. However, the gli2";g/i3'" mutant mouse has a severe lung phenotype, result-
ing in an extremely hypoplastic, single lung lobe. This is suggested to result from an ectopic
lung bud developing between the left and right lung buds fusing them together after the pri-
mary branching at the posterior end of the lung. These mice also develop a single
tracheo-oesophageal tube connecting the lung directly to the stomach.?> While each of the Gli
proteins has evolved to function independently, as evident from unique expression patterns
and null phenotypes, there is also a level of redundancy between them. This is evident from the
observation of increased severity of developmental defects in combinarion null mutants. One
interesting double knockout recently published was the combined sh#” and g/i3" double
knockout mouse.” These mice actually show a pulmonary phenotype that is less severe than
the shb null lung, The shhigli3 double null lungs showed enhanced vasculogenesis and growth
potential. There was also an increase in Cyclin D1 expression in both the epithelium and
mesenchyme compared with the shb null lung. Wnt2, fox1, tbx2 and tbx3 (via_fox1), have also
been shown to be de-repressed by the removal of g/i3 from the shh null lung. The de-repression
of these genes could explain the less severe growth defects seen in these double transgenic
lungs. Perhaps the most interesting finding was that the levels of the truncated repressor form
of Gli3 (Gli3R), were much higher in s null lungs than wild-type. This could explain the
reduction in phenotypic severity of the shh”;gli3" lung as the Gli3R level would no longer
increase but be absent. Therefore, since no more Gli3R is present, the effect of increase in Gli3
repressor function in the sh4 null lung over wild-type levels is abrogated, thus decreasing phe-
notypic severity.

It is worth taking a closer look at a few of the other signalling factors and how they relate to
certain aspects of lung development and the potential for interaction with the Hedgehog sig-
nalling network. Several Bmps, members of the transforming growth factor-f (Tgf-B) super
family, have been found in the lung and they include Bmp4, Bmp5, and Bmp7. Bmp5 is
expressed throughout the embryonic lung mesenchyme, however null mutants show no pul-
monary aberrations, and over-expression of BmpS5 in the lung has not yet been examined.?®
Bmp7 was found to be ubiquitously expressed in the lung endoderm and the null phenotype is
quite severe, however no lung defects were reported.”” On the other hand, Bmp4 has been
shown to have significant effects on proper lung formation. Bmp4 expression is similar to sbh
expression in that it is found primarily at the developing tips in the distal endoderm, but its
expression has also been established in the adjacent mesenchyme.? A mp4 null mutant has
been created, however the embryo does not live long enough to see potential effects on lung
development as it dies between 6.5 and 9.5 dpc.>®®! Conversely, an over-expression model for
bmp4 has been created in which bmp4 is mis-expressed by the SP-C promoter. These lungs are
smaller, show a reduction in the amount of branching, have distended terminal buds and also
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show defects in differentiation with a lower proportion of type II alveolar cells later in gesta-
tion.? Closer inspection revealed no differences in shb expression suggestive that BMP4 has no
direct regulatory effects on shh. The Fgf family and its receptors have also been shown to be
major players in lung branching morphogenesis. Both Fgf1 and Fgf7 have been shown to have
effects on lung development in lung culture systems.*>*> While both induce lung growth, Fgf7
appears to have greater proliferative effects. Fgfl was also shown to have some minor effects on
lung differentiation, but Fgf7 again proved to be the more potent inducer of differentiation by
inducin§ both surfactant proteins A and B, as well as the appearance of clusters of lamellar
bodies.>* This was also shown to be true in the in vivo system, as mice containing a construct
over-expressing Fgf7 in the lung by the SP-C promoter, produce cyst-like structures and show
differentiation markers.”> However, an Fgf7 null mouse has been created and no lung pheno-
type was evident, sug§esting it is not essential to lung development or can be compensated by
other growth factors.”® Fgf10 on the other hand, is a crucial growth factor pertaining to lung
development. Expressed as early as 9.75 dpc, fzf10 is localized to the distal mesenchyme sur-
rounding the developing lung buds. Expression is quite dynamic, appearing to precede lung
bud growth in that it is expressed in areas of the mesenchyme where the next lung bud will
form, suggesting interactions between the developing epithelium and adjacent mesenchyme
regulate its expression.”” Recent studies have implicated a couple T-box genes in regulating the
expression of Fgf10. Several T-box genes have been found to be expressed in the lung, with
thx] restricted to the epithelium and #6x2-5 in the surrounding mesenchyme.*® By using antisense
oligonucleotides to hinder gene expression, it was found that inhibition of #6x4 and #6x5 re-
sulted in a dramatic reduction in branching of early embryonic lung cultures, whereas inhibi-
tion of #6x2 and #6x3 failed to show any effect on branching morphogenesis.>> Further inspec-
tion revealed that there was a loss of shh expression in the lung epithelium and that mesenchymal
Jfzf10 expression was severely reduced in the lung cultures. Reintroduction of exogenous Fgf10
into the culture restored most of the branching defects suggesting that inhibition of thx4 and
thx5 distupts branching morphogenesis through Fgf10.%? Removal of fgf10 from the develop-
ing lung results in severe complications. FgfI0 null mice survive to birth but will quickly die
due to lack of proper lung formation. The trachea forms in these mice, but ends in a mass of
disorganized mesenchymal cells in which no primary lung buds are visible.*® An interesting
connection between Fgf10 and Shh has been uncovered. Expression levels of fgf10 increase as
development proceeds towards birth.® This follows the opposite trend of shh expression, al-
though recent studies do not agree with a reduction in shh expression at later lung gestation.”®
Interestingly, over-expression of sh# in the distal epithelium causes a reduction in fgf70 expres-
sion.¥” This pattern of interaction suggests that Shh is a potential negative regulator of fzf10.
However, the fzf10 null mouse shows no lung formation, with shb expression only in the
rudimentary trachea, and not in the distal lung endoderm, indicating Fgf10 is upstream of
shh.*® When experiments testing the effect of Fgf10 on shh expression using beads soaked with
Fgf10 implanted in wild-type 11.5 dpc lung explants were performed, no changes in shh ex-
pression were detected.*! This is in contrast to more a recent finding in murine palate forma-
tion in which exogenous Fgf10 was shown to induce sh4 expression in wild-type palatal epithe-
lium.*? While the s#b null lung phenotype develops further than the £f70 null lung, as
demonstrated by its ability to form two small lung lobes, the trachea and esophagus fail to
separate signifying failure in other areas of pulmonary development. This contrasts the fzf70
null phenotype, in which the trachea and esophagus do manage to separate into individual
tubes, but no further lung formation is evident. This suggests that any potential interaction
between Shh and Fgf10 would be regulated by intermediate proteins. Furthermore, it has been
suggested that the primary developmental functions of these two proteins most likely act in
separate parallel pathways during lung development.®3

If we now take a closer look at the Fgf receptors (Fgfr), further conclusions into a possible
relation with Shh signalling can be drawn. While all four fgfrs are expressed in the postnatal
lung, it is difficult to elucidate their functions through the generation of knockouts. Both
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Figure 2. A diagram of Shh signalling in the developing lung. Fgf10 is expressed in the mesenchyme, which
will signal to the epithelium to increase shh expression through the Fgfr2b receptor. Shh will then signal back
to the mesenchyme to the membrane bound Ptc receptor. Shh may also be sequestered by Ptc and/or Hip1
in the epithelium as well as the mesenchyme. Shh binding to Ptc will de-repress Smo which will then signal
for the up regulation of pzc, gli1 and hipI expression. Both Ptc and Hip1 will then travel to the cell surface
where they will act in a negative feedback mechanism by sequestering the Shh signalling molecule. Smo may
also indirectly signal back to the controlling mechanism of Fgfl0 production in a negative feedback
regulatory loop. Tbx4 and Tbx5 may also be involved in the regulation of Fgf10 expression.

Jefr-1 and fgfr-2 null mice die very early in development so effects on lung development can
not be observed.** Fgf-3 null mice do exhibit some skeletal and inner ear developmental
defects, however, no lung phenotype has been reported to date.”” The fgfr-4 null phenotype is
by far the most mild, as these animals show no gross developmental abnormalities of any
kind.*® However, the combined fzf-3/fgfi~4 double homozygous null mutant mouse suffers
from dwarfism, and failure to complete alveogenesis postnatally.®® Most interesting though, is
a special fzf#-2 null mutant, the ]gﬁzb" ~ (IIIb isoform), generated through fusion chimeras in
which mutant embryonic stem cells were combined with wild-type tetraploid embryos to allow
survival until birth. These mice fail to develop limbs and lungs, quite similar to the fgf70 null
mouse.*” When murine fgf26"" palate explants were given exogenous Fgf10, no induction of
shh was observed contrary to effects observed in wild-type explants.®? This indicates that Fgf10
signalling from the mesenchyme, through the epithelial located Fgfr2b recepror regulates
shh expression in the epithelium. If this holds true in the lung, this could explain previous
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observations suggesting a relationship between Fgf10 and Shh in the developing lung. While
the previously discussed Fgf10 null mutations resulting in a reduction in shb expression fits this
model, a possible explanation for shh over-expression causing a reduction in fgf10 now exists.
The observed over-expression of shb in the distal epithelium causing a reduction in Zf70 ex-
pression could possibly be a form of negative feedback. If mesenchymal fgf10 expression causes
an epithelial increase in shh expression signalled through the Fgfr2b receptor, so that Shh can
now signal back to the developing mesenchyme to help direct morphogenesis, the prospect of
a negative feedback loop to Fgf10 signalling to attenuate the s#4 induction cue could exist.

In summary, development of the lung is a complex process as it not only entails growth and
differentiation processes like many other organs, but also the creation of a complicated series of
branched airways with their associated vasculature to create the interface for gas exchange.
Members of the Shh pathway are found at the epithelial/mesenchymal border and removal of
these proteins can have devastating effects on growth and branching morphogenesis. Cross-talk
between epithelium and mesenchyme is essential for cordinating growth and branching signals
so that the two tissues will successfully grow to form one cohesive functioning unit (see Fig. 2).
Feedback mechanisms play an integral part in regulation of developmental signalling mecha-
nisms and the Shh pathway has shown evidence of self-regulation through Ptc and Hipl.
While clearly required for pulmonary development, our lack in comprehension of the Hedge-
hog signalling network and its interactions with other regulatory molecules, clearly demon-
strates the need for further investigation.
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CHAPTER 14

New Perspectives in Shh Signalling?

Carolyn E. Fisher*

research. Previous chapters of this book have illustrated the importance of this pathway

and its activation in many aspects of development, regeneration of adult organs, and
pathology. The role of Ptc as the primary receptor for Shh and its analogues has been emphasised
in these chapters. However, there is mounting evidence that megalin [also known as glycopro-
tein 330 (gp330) or low-density lipoprotein receptor-related protein 2 (LPR2)], a 600kDa
transmembrane glycoprotein belonging to the low density lipoprotein (LDL) receptor family,
may be a second receptor for Shh. In this chapter I shall review this evidence; but I shall preface
this discussion with an outline of the known properties and biological functions of megalin.

Megalin

Megalin (gp330) was first discovered in 1982 as the pathogemc antigen of Heymann ne-
phritis.” The megalm gene has been sequenced in rat and human®? and mapped to chromo-
some 2.4 The protein contains a single transmembrane domain,* is known to act as an endocytic
receptor and is ex;)ressed primarily in polarised epithelial cells, and strictly on the apical sur-
faces of such cells.” Both the protein and its mRNA have been identified in human parathyroid
cells, placental cytotrophoblasts and epididymal epithelial cells. The protein is also expressed in
mammary eplthella, thyroid follicular cells, yolk sacs, the ciliary body of the eye,® the intestinal
brush border,” the male reproductive tract,® uterus and ov1duct, and gallbladder epnthehum 10
In addition, 1mmortahsed foetal rat alveolar pretype II cells,'! adult rat type I pneumocytes'?
and human type II cells'® have all been reported to express megahn It has been proposed that
in adult lung megalin may be important in supplying vitamin E to type II pneumocytes.

The functions of megalin have been studied in greatest detail in the renal proximal tubule,
where it is cxpressed in the lummal aspects of eplthellal cells, and is associated with the
sodium-potassium exchanger It is also involved i in renal uptake of anglotensm17 and the
reabsorption of various molecules including calcium'® and vitamin D."

Cubilin

Interactions between megalin and scaffold proteins, usually mediated through cytosolic
adaptors, imply a diversity of functions in cellular communication and signal transduction as
well as endocytosxs 20 The 460 kDa receptor protein cubilin (gp 280), which has been se-
quenced in human?! and other species, is required for megalm -dependent endocytosis of many
ligands in kidney tubules and other epithelial types. Cubilin is a peripheral protein, at-
tached to the extracellular face of the epithelial cell membrane by its 110-residue N-terminal
sequence,28 which contains numerous EGF-like, complement (C1r/C1s)-like and bone mor-
phogenic protein-like repeats.?” In neonate and adult mice, there is significant overlap between

The Shh-Prc signalling pathway and its components have been the subject of much
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expression of the cubilin and megalin transcripts.”> However, cubilin is more restricted in
distribution than megalin.*

Endocytosis: RAP and Other Adaptor Molecules

The polarised distribution of me§a.lin in epithelial cells results from interactions involving
its cytoplasmic (C-terminal) moiety.! Several adaptor molecules that bind the cytoplasmic tail
of megalin to intracellular proteins have been identified including autosomal recessive hyperc-
holesterolemia (ARH), which facilitates megalin-related endocytosis and might serve as a chap-
erone during internalization.?> ARH colocalizes with megalin in clathrin coated pits and in
recycling endosomes in the Golgi. Internalised megalin is first seen together with ARH in
clathrin coated pits. Then, in sequence, it is seen in early endosomes, pericentriolar tubular
recycling endosomes, and finally the cell surface again.

Trafficking through early endosomes might be characteristic of ligand-bound megalin, but
in the absence of ligands this process involves the receptor-associated protein, RAP, in humans
and rats;>>* the mouse homologue is heparin binding protein-44.>> Megalin-RAP complexes
appear to cycle through the late endosomes. From these, megalin is returned to the cell surface
while RAP is degraded in the lysosomes.>® RAP has a chaperone-like function necessary for
normal processing and subcellular distribution of megalin. Without RAP, megalin levels in the
cell fall significantly; in kidney proximal tubule cells, less is detected on the brush-border mem-
brane and relatively more on the rough endoplasmic reticulum.®”

Megalin-RAP Binding

In humans, RAP is a 39 kDa protein that copurifies with megalin,®®*® binds to it with high
afﬁni?l (K4 = 8nM), and colocalises with it on the apical surfaces of renal tubular epithelial
cells.?® In rats, RAP is a 44 kDa molecule.”® Binding of RAP to megalin is calcium-dependant. %41
Direct binding studies show that there are two primary megalin binding sites within RAP; one
between amino acids 85 and 148, and the other between amino acids 178 and 248.%

Orlando et al*? demonstrated that amino acids 1111-1210 represent a binding site on megalin
for various ligands including RAP and concluded that thete was one common binding site for
several ligands. A specific anti-megalin Ab causes only partial inhibition of RAP-binding to
megalin®’ and a more recent study suggests that megalin has more than one binding site for
RAP;* however, the stoichiometry is unknown.*® Multiple RAP-binding sites on megalin would
be consistent with the fact that the most closely-related member of the LDLR family, LDL
receptor-related protein (LRP), which is very similar to megalin in overall structural organisation,

function and size,>** has multiple RAP-binding sites.

Megalin-Shh-RAP Interactions

Megalin is known to interact with a multitude of molecules, most notably cubilin. How-
ever, there is now in vitro evidence that Shh and megalin interact. A radiolabelled ligand bind-
ing assay and ELISA showed that N-Shh binds megalin with high affinity. In addition, surface
plasmon resonance {SPR) measurements showed that a recombinant fusion protein of N-Skh
with glutathione-S-transferase (GST-N-Shh) was able to bind megalin with an affinity con-
stant (Kp) of 21nM in the presence of calcium; in control experiments recombinant GST did
not bind to megalin.*

Possible interactions among RAP, megalin and Shh were investigated in BN (rat yolk sac
cell-line) cells, where it was established that megalin was the only RAP-binding member of the
LDLR family prescnt.44 When these cells were cultured in the presence of GST, intracellular
punctate staining consistent with vesicular localisation of GST-N-Shh was evident; addition of
RAP, or anti-megalin antibodies, blocked GST-N-Shh uptake. This implies communication
among these molecules at some level, and confirms that RAP is a specific inhibitor of megalin
in this system. As mentioned eatlier, megalin endocytoses its ligands. It has been argued that
this leads to lysosomal degradation, evidenced by the presence of TCA-soluble proteolytic
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fragments of ligands in media after in vitro culture.!! In contrast, megalin-N-Shh appears
resistant to dissociation at pH 4.5, implying stability in the acidic environment of endosomes;
moreover, chloroquine (a lysosomal proteinase inhibitor) does not inhibit*? P-labelled
GST-N-Shh degradation in BN cells.* How some megalin ligands appear to bypass lysosomal
degradation is not clear at present.

Megalin in Development: More Links to Shh

Megalin is expressed on the outer cells of the preimplantation mouse embryo during epi-
thelial differentiation, suggesting a role in early embryo development.”” Not surprisingly, it
participates in the development of the renal proximal tubule,*® and it is important in develop-
ment of the forebrain.*” Megalin-cubilin complexes might be important in glacental transport,
since application of antibodies to pregnant females has teratogenic effects.”” However, megalin
and cubilin have different expression patterns in the mouse embryo.!

Many developmental abnormalities in mice that lack components of the Shh pathway are
strikingly similar to those found in megalin -/- mice, suggesting that megalin is a regulatory
component of the Shh signalling pathway.”? Shh -/- and smo -/- mice, smo -/- zebrafish em-
bryos, mice lacking dispatched (Disp), which is critical for the secretion/long-range signalling
of N-Shh, and partially rescued Ptc -/- embryos, all display neurodevelopmental abnormali-
ties.”> Shh and megalin are coexpressed early in the development of the nervous system, and
megalin-containing cells internalise the active fragment N-Shh by a mechanism sensitive to
anti-megalin antibodies. N-Shh uptake may also be dependent on heparan-sulphate-
containing-proteoglycans.* McCarthy and Argraves®® have proposed possible models for the
role of megalin in the neurodevelopmental biology of Shh and retinol. N-Shh might signat
directly via megalin; it might be internalised by megalin-dependent endocytosis to regulate its
availability to Ptc, or in order to deliver it to vesicular pools of Pec’? or it might undergo
transcytosis while megalin internalises Ptc and smo.

Proteoglycans and Megalin Interactions

Although heparan sulphate proteoglycans (HSPGs) have been implicated in megalin func-
tion, there is no direct interaction; megalin does not specifically bind heparin.”® RAP pos-
sesses binding sites for both megalin and heparin; the heparin-binding site on RAP is between
amino acids 261 and 323.%2 The megalin and heparin binding sites within RAP are noncon-
tiguous, consistent with the view that the glycosominoglycan site is physiologically exposed
when RAP is bound to megalin.®? Therefore it is conceivable that megalin requires the aid of a
ligand, such as cell-surface expressed RAP, in order to interact with HSPGs for signalling pur-
poses; alternatively HSPGs might be required for megalin to bind to certain ligands, as evi-
denced in the thyroid. The Transcytosis of thyroglobulin (Tg) via megalin within the thyroid
gland involves HSPGs, and it has been demonstrated that HSPGs bind to the heparin-binding
sequence on Tg (between amino acids 2489 and 2503 in rar), facilitating the binding of this
prohormone to megalin, and ultimately its transcytosis.”

Lung Development and the Role of Megalin

Pulmonary development begins in the mouse at embryonic day (E) 9-9.5 as an endodermal
budding from the foregut; two endodermal buds (primary buds) give rise to the left and right
lobes of the distal lung, Initially the primary bronchial buds divide asymmetrically, growing
ventrally and caudally. Not until E10.5 does lateral branching begin, leading to one left and
four right secondary bronchi. As morphogenesis continues, dichotomous branching ensues.
Four morphological stages of lung morphogenesis in mammals have been described.””*® In
mice, the pseudoglandular phase, characterised by dichotomous branching and the establish-
ment of the basic branching pattern of the lungs, begins at E11.5 and ends at approximately
E16. The canalicular phase then ensues with centrifugal branching (radially outward from the
centre) forming the bronchial airways. E19 signifies the end of the saccular phase, which like
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Figure 1. Coexpression of Shh and megalin during murin pulmonary development. The epithelia of em-
bryonic airways express sonic hedgehog protein (A), demonstrated here with chromogenic DAB-based
staining; megalin protein is also expressed in some epithelial airway cells (B), as shown here using fluorescent
immunohistochemistry. Overlaying the transmission micrograph of Shh staining with the fluorescent
image demonstrating megalin expression, shows that these proteins are coexpressed in some airway cells of
the developing murine pulmonary system (C). The red circle highlights one such cell. The scale bar
represents 10 pm in all of the above images.

the canalicular phase involves centrifugal branching, and results in the formation of distal
branches linked to alveolar sacs. The final stage of lung morphogenesis is termed the alveolar
phase; mature alveoli are formed by outpouching of alveolar sacs. In mice (and rats) alveolar
maturation is an entirely postnatal event.>

Whilst the most noticeable abnormalities in megalin-deficient embryos involve the CNS,
Willnow et al* reported developmental abnormalities in both kidney and lung in
megalin-deficient mice. Megalin knockout mice die perinatally of respiratory insufficiency and
show abnormalities in epithelia that normally express the protein. In particular, immunohis-
tochemical analysis of the lungs reveals emphysematous areas characterised by enlarged alveoli,
and atelectic regions defined by collapsed alveoli and thickened alveolar walls.’

Although it has long been known that Shh is expressed in lung during mammalian pulmo-
nary development, the only published evidence that megalin is also expressed during pulmo-
nary development was reported by Kounnas et al’ who found megalin in the bronchial epithe-
lia of E12.5 murine lungs. [ts possible role in pulmonary development has not been investigated
until now. Just as Shh expression becomes restricted as pulmonary development progresses, so
does megalin expression. Moreover, not only do the expression patterns of the two molecules
appear similar but also megalin and Shh are coexpressed in the same cells during pulmonary
development (Fig. 1). This probably represents colocalisation, though as yet the evidence is
circumstantial.

Although mRNA transcripts for megalin are found in adult mouse lung, there is no
coexpression of cubilin.? Therefore if megalin is involved in the transport/endocytosis of Shh
in this organ, it either does this in isolation or an alternative ligand must be involved. One
possible candidate is RAP. RAP is most abundant in the lumen of the ER, but immunohis-
tochemistry and cell surface radioiodination have been used to demonstrate its presence on the
apical surface of renal proximal tubule cells,*® gingival fibroblasts®' and two carcinoma
cell-lines.’>%2 Biochemical studies have shown that RAP present on the surface of cells, or
exogenous RAP added to culture, is an effective inhibitor of ligand binding to megalin and
LRP. HBP-44 mRNA is present during murine pulmonary morphogenesis® and although a
study of the immunolocalisation of megalin and RAP proteins during murine embryogenesis,
did not determine whether RAP was present in lung,’ there is no evidence to the contrary.
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Indeed, the greatest problem facing researchers intent on studying RAP protein expression in
the mouse is the nonavailability, to date, of any specific antibody (personal communications).
However, it is likely that RAP protein (HBP-44) is expressed in murine lung, as evidenced by
the presence of mRNA.

All seven types of glycosaminoglycans (GAGs) are found w1thm the lungs of postnatal rats,%
sulphated GAGs are present during chick lung development,®> and heparin is thought to modu-
late the kinetics of heparan sulphate binding ligands that drive lung development.*¢ Coupled
with the observations that megalin and Shh are expressed within the same cells during develop-
ment of the mouse pulmonary system, and that there is a conserved sequence within Shh for
binding heparan containing PGs that is distinct from the binding site for Ptc,%” this invites
conjecture about how all these molecules interac.

At least three models of possible Shh-m %alm interactions during neurodevelopment have
been proposed by McCarthy and Argraves,” though whether megalin constitutes a compo-
nent of the Shh pathway is not clear.

1. N-Shh signals directly via megalin. In the thyroid, HSPGs aid the binding of megalin to its
ligands.5¢ By analogy, it could be argued that in those lung cells that coexpress Shh and
megalin, HSPGs are bound by Shh, which then facilitates binding to megalin, allowing
signalling to ensue. A similar model for Shh binding to Ptc has been proposed> on the
evidence that HSPGs synthesised by the enzymatic action of tout velu regulate Shh
movement.58

2. The observation that Shh can be internalised by megalin-containing cells during develop-
ment of the CNS, and the work of McCarthy et al* on BN cells, give credence to the
possibility that N-Shh might be internalised by megalin-dependent endocytosis, a process
reliant on RAP. Although there is no conclusive evidence that RAP protein is expressed in
lung, the presence of HBP-44 mRNA suggests that it is likely.

3. N-Shh might undergo transcytosis while megalin internalises Ptc and smo. This would
imply that megalin is either a component of the Shh pathway or that it interacts with
various elements of it.

The Good, the Bad and the Ugly

As with all relatively new discoveries and models, the interaction(s) between megalin and
Shh, the cross-talk between megalin and other components of the Shh signalling network such
as Prc and smo, and the hypothesis that megalin constitutes a regulatory component of the Shh
pathway, ate by no means fully detailed or articulated.

During mouse embryogenesis, many sites of megalin expression are elther identical to those
expressing Shh or located in adjacent tissues regulated by Shh 51gnallmg, suggesting interac-
tion at some level. Most of the work aimed at elucidating interactions between Shh and megalin
has concentrated on development of the CNS, where coexpressmn of the molecules has been
demonstrated. Such studies, and the ex-vivo study of McCarthy et al*4 investigating megalin-Shh
interactions in BN cells, strengthens the suggestion made by Herz and Bock®? that megalin is
a component of the Shh signalling pathway. Indeed, when comparisons are made among the
abnormalities prevalent in the CNS of Shh -/- mice, megalin KO mice and embryos lacking
other components of the Shh signalling cascade, significant crossover is apparent. Since megalin
and Shh are also coexpressed during development of the murine pulmonary system, it is tempt-
ing to speculate that the interactions demonstrated during neurodevelopment are conserved
across different organs, and possibly different species.

However, while there is evidence that Shh and megalin are coexpressed during pulmonary
development, just as they are during development of the CNS, the data concerning lung orga-
nogenesis from KO studies do not directly implicate megalin in the Shh pathway. Shh -/- mice
essentially have no lungs; it is an embryonic lethal phenotype. Megalin -/- mice die perinatally
due to respiratory insufficiency, lungs do form but there appear to be problems with differ-
entiation/specialisation. This suggests that even if megalin acts as a second receptor for Shh
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during early lung development, in conjunction with the primary receptor P, it is neither
sufficient nor indispensable for lung branching morphogenesis. In addition, the phenotypic
evidence from studies on KO mice clearly indicate that megalin cannot be substituted for Pic
or Shh i.e., this is not an example of redundancy in nature. The most plausible conclusion from
this evidence is that the function(s) of megalin during pulmonary morphogenesis is (are) unre-
lated to the Shh pathway. This of course does not preclude interactions between these mol-
ecules, or the possibility that Shh is a ligand for megalin, but it challenges the view that megalin
is a component of the Shh pathway.

There are data suggesting that Shh and megalin directly interact, and phenotypic data strongly
indicating that megalin constitutes a member of the Shh signalling pathway (the ‘good’). But
there are also data inconsistent with this conclusion (the ‘bad’), leaving us with conflicting
information and a need for clarification (the ‘ugly’). Such confusion is inevitable at this stage;
the Shh pathway/network has not been fully elucidated. It will not be an easy task to integrate
our understanding of this pathway with megalin, a very versatile protein thar interacts with a
vast number of ligands and serves many different functions that remain incompletely under-
stood. It is clear that the importance of Shh-megalin interacrions varies among different or-
gans, as does the relative importance of the individual proteins at different stages of develop-
ment. Further research will be required to elucidate these interactions.
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