
MOLECULAR BIOLOGY 
INTELLIGENCE 
UNIT 

Shh and Gli Signalling 
and Development 

Carolyn E. Fisher, B.Sc. Hons., Ph.D. 
Immunobiology Group 

MRC/UoE Centre for Inflammation Research 
The Queen's Medical Research Institute 

Edinburgh, U.K. 

Sarah E.M. Howie, B.Sc. Hons., Ph.D. 
Immunobiology Group 

MRC/UoE Centre for Inflammation Research 
The Queen's Medical Research Institute 

Edinburgh, U.K. 

LANDES BIOSCIENCE / EuREKAH.coM SPRINGER SCIENCE+BUSINESS MEDIA 

GEORGETOWN, TEXAS NEW YORK, NEW YORK 

U.S.A. U.SA 



SHH AND GLI SIGNALLING AND DEVELOPMENT 

Molecular Biology Intelligence Unit 

Landes Bioscience / Eurekah.com 
Springer Science+Business Media, LLC 

ISBN: 0-387-39956-9 Printed on acid-free paper. 

Copyright ©2006 Landes Bioscience and Springer Science+Business Media, LLC 

All rights reserved. This work may not be translated or copied in whole or in part without the written 
permission of the publisher, except for brief excerpts in connection with reviews or scholarly analysis. Use in 
connection with any form of information storage and retrieval, electronic adaptation, computer software, or 
by similar or dissimilar methodology now known or hereafter developed is forbidden. 
The use in the publication of trade names, trademarks, service marks and similar terms even if they are not 
identified as such, is not to be taken as an expression of opinion as to whether or not they are subject to 
proprietary rights. 
While the authors, editors and publisher believe that drug selection and dosage and the specifications and 
usage of equipment and devices, as set forth in this book, are in accord with current recommendations and 
practice at the time of publication, they make no warranty, expressed or implied, with respect to material 
described in this book. In view of the ongoing research, equipment development, changes in gpvernmental 
regulations and the rapid accumulation of information relating to the biomedical sciences, the reader is urged to 
carefully review and evaluate the information provided herein. 

Springer Science+Business Media, LLC, 233 Spring Street, New York, New York 10013, U.S.A. 
http://www.springer.com 

Please address all inquiries to the Publishers: 
Landes Bioscience / Eurekah.com, 810 South Church Street, Georgetown, Texas 78626, U.S.A. 
Phone: 512/ 863 7762; FAX: 512/ 863 0081 
http://www.eurekah.com 
http://www.landesbioscience.com 

Printed in the United States of America. 

9 8 7 6 5 4 3 2 1 

Library of Congress Cataloging-in-Publication Data 

Shh and Gli signalling and development / [edited by] Carolyn E. Fisher, 
Sarah E.M. Howie, 

p. ; cm. ~ (Molecular biology intelligence unit) 
Includes bibliographical references and index. 
ISBN 0-387-39956-9 (alk. paper) 
1. Morphogenesis—Molecular aspects. 2. Transcription factors. 

3. Cellular signal transduction. 4. Developmental genetics. I. Fisher, 
Carolyn E. II. Howie, Sarah E. M. III. Series: Molecular biology 
intelligence unit (Unnumbered) 

[DNLM: 1. Embryonic Induction—physiology. 2. Organogenesis 
—physiology. 3. Signal Transduction—physiology. 4. Transcription 
Factors-genetics. Q U 375 S554 2006] 
QH491.S47 2006 
571'.833~dc22 

2006025296 



CONTENTS 

Preface xi 

1. Introduction 1 
Carolyn E. Fisher and Sarah E.M. Howie 

The Concept of Developmental Biology 1 
Introduction to Morphogens: Shh 2 
The Hh Pathway in Drosophila 2 
The Shh Pathway in Vertebrates 4 
Gli Transcription Factors 5 
Roles for Shh in Vertebrates 6 
Clinical Aspects 8 
Final Thoughts 8 

2. Sonic Hedgehog Signalling in Dorsal Midline 
and Neural Development 12 
Silvia L. Ldpez andAndris E. Carrasco 

The Hedgehog Pathway 12 
Shh Signalling and Floor Plate Formation 13 
Shh in Neural Development 17 
Closing the Idea 19 

3. Role of Hedgehog and Gli Signalling in Telencephalic 
Development 23 
Paulette A. Zaki, Ben Martynoga and David J. Price 

The Hedgehog Signalling Pathway 23 
Overview of Telencephalic Development 24 
Role of Shh in Telencephalic Dorsoventral Patterning 25 
Role of Shh in Cell Death and Proliferation 28 
Role of Shh in Cell Type Specification 29 
Telencephalic Phenotypes of Gli Mutants 29 
Role of Gli3 in Cell Deadi 30 
Loss of Gli3 Partially Rescues Shh'' Telencephalic Phenotypes 30 

4. Role of Shh and Gli Signalling in Oligodendroglial Development 36 
Min Tan, Yingchuan Qi and Mengsheng Qiu 

Early Oligodendrocyte Precursors Originate from the Oligl/2-\-
Ventral Neuroepithelium and Share the Same Lineage 
with Motor Neurons 36 

Ventral Oligodendrogenesis Is Induced by Sonic 
Hedgehog Signalling 37 

A Shh-Independent Pathway for Oligodendrogenesis 
in the Developing Spinal Cord 37 

Differential Roles of Gli Genes in Ventral Oligodendrogenesis 39 



5. The Role of Sonic Hedgehog Signalling 
in Craniofacial Development 44 
Dwight Cor dewy Minal Tapadia and Jill A. Helms 

Overview of the Anatomy of Craniofacial Development 44 
Sonic Hedgehog in Development of the Upper Face AG 
Sonic Hedgehog in the Development of Lower Facial Structures 51 
Human Craniofacial Disorders 52 
Importance and Future Directions 54 

6. Multiple Roles for Hedgehog Signalling in Zebrafish 
Eye Development 58 
Deborah L. Stenkamp 

Hedgehog Signalling and Photoreceptor Differentiation 59 
Hedgehog Signalling and Ganglion Cell Differentiation 62 
Hedgehog Signalling and Retinal Neurogenesis 63 

7. Sonic Hedgehog Signalling during Tooth Morphogenesis 69 
Martyn T. Cobourne, Isabelle Miletich and Paul T. Sharpe 

Early Generation of the Tooth 70 
The Shh Pathway Is Active in the Developing Tooth 70 
Long and Short Range Shh Signalling in the Tooth 72 
Shh Interacts with Multiple Gene Families 

in the First Branchial Arch 72 
The Functional Significance of Shh during Development 

of the Tooth 75 

8. Limb Pattern Formation: Upstream and Downstream 
of Shh Signalling 79 
Aimie Zuniga andAntonella Galli 

Limb Bud Initiation 82 
Early Limb Bud Polarisation and Establishment of the ZPA 82 
Molecular Mechanisms of the Shh Response 84 
Maintenance of the ZPA by Signal Relay 88 
Digit Patterning by Shh: The End of the Spatial Gradient Model? 88 

9. Sonic Hedgehog Signalling in the Developing and Regenerating 
Fins of Zebrafish 93 
Fabien Avaron, Amanda Smith and Marie-Andrie Akimenko 

The Zebrafish Hedgehog Genes 93 
Overview of the Zebrafish Pectoral Fin Bud Development 93 
Shh and Twhh Expression during Fin Bud Development 95 
Shh, Retinoic Acid Regulation and the ZPA 96 
Mutants of the Hh Pathway and Fin Bud Development 96 
Fin Ray Morphogenesis and Regeneration 99 
The Hedgehog Pathway and Fin Ray Patterning: 

Role of the Epithelial-Mesenchymal Interactions 101 



10. Hedgehog Signalling in T Lymphocyte Development 107 
Susan Outram, Ariadne L. Hager-Theodorides and Tessa Crompton 

Introduction to T Cell Development 107 
EflFect of Hh Signalling on Thymocyte Development in the Mouse... 109 

11. Hedgehog SignaUing in Prostate Morphogenesis 116 
Marilyn L. G. Lamm and Wade Bmhman 

Prostate Morphogenesis 116 
Mesenchymal-Epithelial Signalling in Prostate Morphogenesis: 

Role of Androgens 117 
Epithelial-Mesenchymal Signalling in Prostate Morphogenesis: 

Sonic Hedgehog-Gli Pathway 117 
Shh Signalling during the Budding Phase of Prostate 

Morphogenesis 120 
Shh SignalHng in Prostatic Ductal Branching 121 
Shh Signalling during Ductal Outgrowth and Differentiation 121 

12. Sonic Hedgehog Signalling in Visceral Organ Development 125 
Huimin Zhang, Ying Litingtung and Chin Chiang 

Esophagus 126 
Lung 127 
Stomach 129 
Pancreas 131 
Intestine 132 
Kidney 133 

13. Shh/Gli Signalling during Murine Lung Development 137 
Martin Rutter and Martin Post 

14. New Perspectives in Shh Signalling? 147 
Carolyn E. Fisher 

Megalin 147 
Cubilin 147 
Endocytosis: RAP and Other Adaptor Molecules 148 
Megalin-RAP Binding 148 
Megalin-Shh-RAP Interactions 148 
Megalin in Development: More Links to Shh 149 
Proteoglycans and Megalin Interactions 149 
Lung Development and the Role of Megalin 149 
The Good, the Bad and the Ugly 151 

Index 155 



EDITORS 

Carolyn E. Fisher 
Immunobiology Group 

MRC/UoE Centre for Inflammation Research 
The Queen's Medical Research Institute 

Edinburgh, U.K. 
Email: carolyn.fisher@ed.ac.uk 

Chapters 1, 14 

Sarah E.M. Howie 
Immunobiology Group 

MRC/UoE Centre for Inflammation Research 
The Queen's Medical Research Institute 

Edinburgh, U.K. 
Email: s.e.m.howie@ed.ac.uk 

Chapter 1 

CONTRIBUTORS 

Marie-Andr^e Akimenko 
Department of Medicine and Cellular 

and Molecular Medicine 
Ottawa Health Research Institute 
University of Ottawa 
Ottawa, Ontario, Canada 
Email: makimenko@ohri.ca 
Chapter 9 

Fabien Avaron 
Department of Medicine and Cellular 

and Molecular Medicine 
Ottawa Health Research Institute 
University of Ottawa 
Ottawa, Ontario, Canada 
Chapter 9 

Wade Bushman 
Department of Surgery 
University of Wisconsin 
Madison, Wisconsin, U.S.A. 
Chapter 11 

Andres E. Carrasco 
Laboratorio de Embriologfa Molecular 
Instituto de Biologfa Celular 

y Neurociencias 
Facultad de Medicina 
Universidad de Buenos Aires - CONICET 
Ciudad Aut6noma de Buenos Aires, 

Argentina 
Email: rqcarras@mail.retina.ar 
Chapter 2 

Chin Chiang 
Department of Cell and Developmental 

Biology 
Vanderbilt University Medical Center 
Nashville, Tennessee, U.S.A. 
Email: chin.chiang@vanderbilt.edu 
Chapter 12 



Martyn T. Cobourne 
Department of Craniofacial 

Development and Orthodontics 
GKT Dental Institute 
King's College London 
Guy's Hospital 
London, U.K. 
Chapter? 

Dwight Cordero 
Department of Obstetrics 

and Gynecology 
Brigham and Women's Hospital 
Harvard Medical School 
Boston, Massachusetts, U.S.A. 
Chapter 5 

Tessa Crompton 
Department of Biological Sciences 
South Kensington Campus 
Imperial College London 
London, U.K. 
Chapter 10 

Antonella Galli 
Developmental Genetics 
Centre for Biomedicine 
University of Basel 
Basel, Switzerland 
Chapter 8 

Ariadne L. Hager-Theodorides 
Department of Biological Sciences 
South Kensington Campus 
Imperial College London 
London, U.K. 
Chapter 10 

Jill A. Helms 
Department of Plastic 

and Reconstructive Surgery 
Stanford University 
Stanford, California, U.S.A. 
Email: jhelms@stanford.edu 
Chapter 5 

Marilyn L.G. Lamm 
Department of Pediatrics 
Children's Memorial Research Center 
Northwestern University Feinberg 

School of Medicine 
Chicago, Illinois, U . S J \ . 
Email: mlamm@northwestern.edu 
Chapter 11 

Ying Litingtung 
Department of Cell and Developmental 

Biology 
Vanderbilt University Medical Center 
Nashville Tennessee, U.S.A. 
Chapter 12 

Silvia L. L6pez 
Laboratorio de Embriologfa Molecular 
Instituto de Biologfa Celular 

y Neurociencias 
Facultad de Medicina 
Universidad de Buenos Aires - CONICET 
Ciudad Aut6noma de Buenos Aires, 

Argentina 
Chapter 2 

Ben Martynoga 
Genes and Development IDG 
Section of Biomedical Sciences 
University of Edinburgh 
Edinburgh, U.K. 
Chapter 5 

Isabelle Miletich 
Department of Craniofacial 

Development 
GKT Dental Institute 
King's College London 
Guy's Hospital 
London, U.K. 
Chapter 7 

Susan Outram 
Department of Biological Sciences 
South Kensington Campus 
Imperial College London 
London, U.K. 
Email: s.outram@ic.ac.uk 
Chapter 10 



Martin Post 
Program in Lung Biology 
The Hospital for Sick Children 

Research Institute 
Institute of Medical Sciences 
University of Toronto 
Toronto, Ontario, Canada 
Chapter 13 

David J. Price 
Genes and Development IDG 
Section of Biomedical Sciences 
University of Edinburgh 
Edinburgh, U.K. 
Chapter 3 

Yingchuan Qi 
Department of Anatomical Sciences 

and Neurobiology 
School of Medicine 
University of Louisville 
Louisville, Kentucky, U.S.A. 
Chapter 4 

Mengsheng Qiu 
Department of Anatomical Sciences 

and Neiuobiology 
School of Medicine 
University of Louisville 
Louisville, Kentucky, U.S.A. 
Email: mOqiu001@gwise.louisville.edu 
Chapter 4 

Martin Rutter 
Program in Lung Biology 
The Hospital for Sick Children 

Research Institute 
Institute of Medical Sciences 
University of Toronto 
Toronto, Ontario, Canada 
Chapter 13 

Paul T. Sharpe 
Department of Craniofacial 

Development 
GKT Dental Institute 
King's College London 
Guy's Hospital 
London, U.K. 
Email: paul.sharpe@kcl.ac.uk 
Chapter 7 

Amanda Smith 
Department of Medicine and Cellular 

and Molecular Medicine 
Ottawa Health Research Institute 
University of Ottawa 
Ottawa, Ontario, Canada 
Chapter 9 

Deborah L. Stenkamp 
Department of Biological Sciences 
University of Idaho 
Moscow, Idaho, U.S.A. 
Email: dstenkam@uidaho.edu 
Chapter 6 

Min Tan 
Department of Anatomical Sciences 

and Neurobiology 
School of Medicine 
University of Louisville 
Louisville, Kentucky, U.S.A. 
Chapter 4 

Minal Tapadia 
Department of Plastic 

and Reconstructive Surgery 
Stanford University 
Stanford, California, U.S.A. 
Chapter 5 

Paulette A. Zaki 
Genes and Development IDG 
Section of Biomedical Sciences 
University of Edinburgh 
Edinburgh, U.K. 
Email: pzaki@ed.ac.uk 
Chapter 3 



Huimin Zhang Aim^e Zuniga 
Department of Cell and Developmental Developmental Genetics 

Biology Centre for Biomedicine 
Vanderbilt University Medical Center University of Basel 
Nashville Tennessee, U.S.A Basel, Switzerland 
Chapter 12 Email: Aimee.Zuniga@unibas.ch 

Chapter 8 



PREFACE 

The hedgehog signalling pathway is highly conserved and seen in 
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-fmger 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. 

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



CHAPTER 1 

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

The Concept of Developmental Biology 

Although no real insights into the mechanisms of development were obtained until after 
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 ftirther 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 Aristode 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 adult 
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 4TJ, 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. 



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 a 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 it. Different transcription factors are therefore induced, committing 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 chemorepeWent 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 gradients along the anterior-posterior axis.̂  Morphogenesis genes are highly con
served across species. They include members of the Wnt family (wingless in Drosophila) and 
decapentaplegic (Dpp) in Drosophila appendage development; ' bone morphogenic proteins 
(BMPs); fibroblast growth factors (FGFs); members of the TGPP family, such as Squint in 
early zebrafish embryogenesis; 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 entailed (en), which induces Hh synthesis. Hh is 
secreted into the A compartment, inducing transcription of several genes including Patched 
(Ptc), Dpp and en.^ In anterior cells bordering the A-P boundary (the disc lumen), 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 direcdy 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 by 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 indirecdy 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 stabilises smo, which accumulates at least 10-fold and 
becomes more highly phosphorylated.^^ 

Evidence suggests that intracellular localisation of smo-containing organelles depends pardy 
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 direcdy.^ 
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 activates 
target genes containing Ci-binding sites. A detailed analysis of smo has been published. ̂ ^ 
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Segment polarity 

Cleavai'eofCi 

i^B^ 
microtubule 

Cl^^ 
Target geftes 

Figure 1. In the absence of ligand binding, Ptc-1 inhibits the aaivity 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 Fih 
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. ̂ ^ Fu is dispensable if Su(fu) is lost. Su(fu) nega
tively regidates 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 D N A 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 Cî ^^ to Ci'̂ ^ in vivo. 

Intact Ci(Ci^ 55) 
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 H h 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 Ptc, 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. Currendy it is hypodiesised 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 pardy, 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 direcdy, or indirecdy 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 (Dip) and Dally, which are required for 
extracellular Hh transport; and (c) HSP biosynthesis enzymes such as Sulfateless and toutvelu? 
Tout vein 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 Drosophila but there are two or more 

homologues of some components, consistent with divergence of fiinction. Mammals have two 
Ptc receptors (Ptc-1 and Ptc-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) Hedgehogs which differ in their 
tissue-specific expression patterns and in their roles during development. The mammalian ho
mologues o{ 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 have not been fiinctionally linked to pathway regulation, suggesting that certain 
Drosophila 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 fiinction 
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-?^ 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 surface, 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 Hipl (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.̂ ^*^ 

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. ' 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 Gli 1 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. GUI 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 tighdy controlled by the activities of Gli2 
and 3.^^ 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 factors 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 HNF3p, which regulates floor plate identity. ^ 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. 



Shh and Gli Signalling and Development 

Roles for Shh in Vertebrates 
The importance of Shh signalUng 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 GUI. All have activator 
function but only Gli2 and 3 have potent repressor functions, and each appears to be regulated 
differendy. 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 
A-P patterning, and defects resulting from ZPA transplants can be mimicked by misexpression 
ofShh.52 

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 shonened; in Gli3-/-, 
the length and shape of most bones are altered and sometimes the radius and tibia are miss-

Shh signalling is also involved in chondrogenesis and smooth muscle differentiation, with 
Shh and Ihh participating 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 diflferentiation of the gonads and accessory 

sex glands.^^ In females, Ihh, 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 patterning. All three Gli genes are expressed during ductal budding; 
their levels decline postnatally, becoming low in the adult. 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 pulmonary development, and GUI 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 Drosophila^ Xenopus, 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 (El2) 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 


