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[ Preface \
hedgehog,	n.
1.	 An	 insectivorous	 quadruped	 of	 the	 genus	 Erinaceus,	 armed	
above	with	innumerable	spines,	and	able	to	roll	itself	up	into	a	ball	
with	these	bristling	in	every	direction;	an	urchin.

2.	Genetics	and	Embryol. A gene originally identified in the fruit 
fly Drosophila melanogaster	which	encodes	a	protein	involved	in	
the	determination	of	segmental	polarity	and	cell-to-cell	signalling	
during	 embryonic	 development	 and	 metamorphosis;	 the	 protein	
encoded	by	this	gene.
	 	 	 	
	 	 	 Oxford English Dictionary

The development of  a new animal starts with fertilization 
of  the egg, the fusion of  the male and female gametes 

– the spermatocyte and the oocyte. Immediately following 
the fusion of  these two cells, a change in electric potential of  
the egg cell membrane changes essential properties of  the cell 
membrane, making entry of  another spermatocyte impossible 
and importantly, fires the starting gun for the developmental 
program. 
 What follows is the cleavage of  the zygote, giving rise 
to a spherical group of  cells that later on becomes hollow and 
subject to a range of  movements that shape the developing 
organism. As the developing organism grows more complex, 
gradients of  different signaling molecules guide the shaping 
of  the features that we associate with a normally developed 
individual. These signaling molecules are often called 
morphogens, and the Hedgehog proteins are prime examples 
of  these. It is here that the presented thesis contributes.
 The history of  the family of  Hedgehog (Hh) proteins 
starts in 1980, after Christiane Nüsslein-Volhard following 
sifting through thousands of  fruit fly embryos, published the 
identification of  a group of  genes responsible for polarity 
within the segments across the embryo’s body axis. One of  
the mutant fruit flies showed a denticle pattern reminiscent 
of  a hedgehog’s back. Undoubtedly strapped for gene names, 
the researcher considered hedgehog was a good name for the 
gene involved. Although a Nobel Prize was awarded for the 
work that gave birth to what is now a highly competitive and 
productive research field, it is probably fair to speculate that at 
the time, Nüsslein-Volhard did not realize the implications of  
the identification of  a gene named after the spiny mammal. 
 The biology of  the Hh proteins is remarkably 
complex and compared to other biological systems, unusual. 

An example of  such a remarkable feature is the receptor 
pair that relays the Hh signal. Unlike other pathways, in 
which one receptor transduces a signal into the cell to the 
downstream pathway components, the Hh pathway does this 
the hard way and uses an “on” receptor (Smoothened) and 
an “off ” receptor (Patched) to manage its activation status. 
In the absence of  Hh ligand, Patched employs vitamin D� (as 
shown in Chapter 2) and probably also similar molecules to 
inhibit Smoothened, inactivating the pathway. In the presence 
of  the ligand, Patched is inactivated and Smoothened is free 
to activate the pathway, ultimately leading to transcription 
of  target genes. The ligand itself  is also very interesting, 
being for instance the only sterolated protein in the animal 
kingdom, and to achieve this sterolation, it cleaves itself  from 
a precursor form. 
 As a consequence of  these idiosyncrasies, the Hh 
proteins are subject to an intense research effort, and the first 
part of  this thesis deals with the elucidation of  some unusual 
signaling mechanisms that were expected to exist but had 
remained obscure (Chapter 2 and 3), but also the discovery of  
an entirely new way of  transducing the Hh signal (Chapters 4 
through 6). 
 Knowing how the Hh signaling pathway works is 
also important to uncover novel roles and functions for Hh 
proteins. For instance, the work presented in the second part 
of  this thesis (Chapters 7 through 9) , focusing on novel roles 
of  Hh proteins in (patho)physiology is critically dependent on 
mechanistic knowledge of  the pathway, specifically the strong 
negative feedback mechanism that controls the pathway. 
 The introduction serves to provide a comprehensive 
overview to the uninitiated reader interested in the material 
presented within this doctoral thesis. However, with the research 
field advancing as fast as it does, the original publication 
contained what can now (4 years later) be considered 
factual errors. The original manuscript has therefore been 
altered to be truthful, but not fully exhaustive. The aim of  
the experimental work that follows the introduction is to 
enlighten the reader’s knowledge on  more specific aspects of  
Hedgehog protein biology and to hopefully entice him/her to 
take an interest in this astonishing signaling pathway.
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[ Chapter 1. \

Hedgehog:	an	Introduction	to	an	Unusual	Signal	Transducer
Maarten F. Bijlsma1, C. Arnold Spek1 and Maikel P. Peppelenbosch2

 

ADAPTED FROM: 
BIOESSAYS (2004)

Summary
Hedgehog (Hh) proteins are of  pivotal importance for 
development and maintenance of  tissue patterns in 
adult organisms. Despite the role of  Hh proteins in 
differentiation and tumorigenesis, signal transduction 
of  Hh remains a relatively uncharted area of  signaling 
biochemistry. For proper Hh distribution into tissues, 
two highly unusual covalent modifications are 
necessary, palmitoylation of  a secreted protein and 
the attachment of  a cholesterol group, making Hh 
the only established sterolated protein in the animal 
kingdom. Hh exerts its function via two membrane-
bound receptors, Patched and Smoothened; Patched 
transports (pro-)vitamin D3 out of  cells which inhibits 
Smoothened. Binding of  Hh to Patched impedes this 
pump function and thus Smoothened inhibition, 
leading to expression of  genetic Hh targets via relief  
of  transcriptional repression. These atypical features 
make Hh physiology unique in biology and may 
explain why this field has attracted such significant 
attention.

Introduction
One of  most important concepts to arise from contemporary 
developmental biology is the realization that in major 
patterning events throughout the animal kingdom the 
extrinsic information guiding morphogenesis is provided by 
a limited number of  morphogens. Concentration gradients 
of  these morphogens provide the differentiating cell spatial 
information to couple cellular position to its appropriate 
developmental fate. The most important of  these morphogens 
are the fibroblast growth factor (FGF), transforming growth 
factor (TGF), including the bone morphogenetic proteins 
and activins), Wingless/Int-1 (WNT), and Hedgehog (Hh) 
families (Hogan, 1999). The molecular details with respect to 

signaling of  these proteins are arguably least well understood 
with respect to Hh proteins.
 As is to be expected from a morphogen family, 
a plethora of  processes in different classes of  the animal 
kingdom have been described in which members of  the 
Hh protein family are involved. Very often these functions 
concern embryonic development, most notably the segmental 
patterning in the fruit fly embryo or digit patterning in the 
chick limb bud as well as left-right asymmetry of  vertebrate 
embryos. Hh, however, is also vital for the maintenance of  
tissue patterns in adults as well as tissue salvage following 
ischemia-reperfusion. Deregulated Hh signaling in adults is 
implicated in tumorigenesis. As a consequence of  this wide 
range of  functions, ever since its discovery in the 1980s, the 
Hh signaling pathway has attracted substantial research 
interest and probably will continue to do so as technical 
advances allow further insight into the molecular details of  
its signaling. In the present essay we shall attempt to provide 
the uninitiated reader with some first insights into the features 
and functions of  Hh proteins in both normal and pathological 
growth control. 

The Hh mutant in Drosophila melanogaster 
Most of  the components of  morphogenetic signaling 
pathways have been detected by phenotypes visible in mutant 
Drosophila larvae. The Hh pathway is no exception. In wild-
type Drosophila melanogaster larvae, a clear segmented pattern 
is visible. A band of  denticles runs across the anterior half  
of  each segment, whereas the posterior half  is smooth (the 
so-called naked cuticle). In screening for mutations that affect 
the segmental pattern of  Drosophila larvae, Nüsslein-Volhard 
and Wieschaus discovered a group of  mutants that affected 
patterning within the segments but at the same time left 
the number of  segments unaltered (Nusslein-Volhard and 
Wieschaus, 1980). One of  these so-called segment polarity 
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mutants caused denticles to occur not only on the anterior, but 
also on the posterior half  of  the segments, covering the back 
of  the larvae with a continuous lane of  bristles as shown in 
Fig. 1B (wild type Fig. 1A). This mutant was therefore named 
after the spiny little mammal hedgehog. 
 Although fervently sought after, the cloning of  the 
Hh gene was achieved only in 1992, and a prediction of  the 
protein’s properties was made according to the calculated hy-
drophobicity of  the spliced mRNA (Mohler and Vani, 1992). 
Originally, the Hh protein was thought to be a transmem-
brane, non-diffusible signal for neighbouring cells. However, 
with the exact amino acid sequence of  the protein known a 
year later, it became clear that the hydrophobic region is part 
of  a signal sequence, and Hh was thus proposed to constitute 
a secretory protein, a notion that turned out to be correct 
shortly later (Tashiro et al., 1993). At that time, however, 
one was still unaware of  the unusual posttranslational pro-
tein modifications and of  the autocatalytic properties of  Hh 
necessary for its biological activity (see below).

Hedgehog protein 
processing
Among the most unusual 
features of  Hh proteins 
is their unconventional 
posttranslational processing. 
Two years after the cloning 
of  the Hh gene, it became 
apparent that functional Hh 
is not a full-length product of  
the mature mRNA (Lee et al., 
1994). In order for Hh to exert 
its biological activity multiple 
modifications take place 
and these are summarized 

in Fig. 2. In addition to removal of  the signal sequence, 
the approximately 45 kD large Hh protein undergoes 
autocatalytic cleavage (Lee et al., 1994; Porter et al., 1995). 
More specifically, His239 activates the Cys258 thiol for 
a nucleophilic attack at the carbonyl of  Gly257, yielding 
an 18 kD N-terminal (Hh-N) fragment that presumably 
contains all the signaling functions, and a 25 kD C-terminal 
fragment (Hh-C) that apparently has no other function than 
to catalyze the cleavage. During this unusual autocatalytic 
cleavage a cholesterol moiety is covalently attached to the 
C-terminal part of  Hh-N (Porter et al., 1996), making Hh 
proteins the only established examples of  protein sterolation 
in contemporary biology. The fully processed N-terminal part 
of  Hh is called Hh-Np.  The cholesterol moiety is important 
for regulating the spatial distribution of  the Hh signal (Burke 
et al., 1999; Ingham, 2001; The et al., 1999), anchoring 
Hh to biological membranes and thus hampering diffusion. 
Accordingly, inhibiting Hh sterolation in Drosophila resulted 
in a gain-of-function phenotype, Hh action being observed 
at place where normally signaling is not observed, suggesting 
improved diffusion (Burke et al., 1999; The et al., 1999). In 
limbs of  rodent embryos containing sterolation-deficient Hh, 
however, digits close to the ZPA (zone of  polarizing activity, 
the source of  Hh in the limb bud) are normal but the more 
distant digits are absent, not in agreement with improved 
diffusion, but suggesting reduced diffusion. These seemingly 
contradictory results might be explained by a multitude of  
transportation mechanisms found to be able to deal with 
Hh’s hydrophobicity; for example the formation of  Shh 
multimeres in which the lipid attachments are sequestered 
in the interior of  the multimer, making the complex soluble 
and freely diffusible (Zeng et al., 2001), nodal vesicular 
particles that consist of  membrane fragments (Tanaka et 
al., 2005), lipoprotein-mediated trafficking as known for 

FIGURE 1. VENTRAL CUTICULAR PATTERN OF DROSOPHILA LARVAE
(A) Wild-type denticle pattern. 
(B) Hh mutant denticle pattern. Figure adapted with permission 
(Nusslein-Volhard and Wieschaus, 1980)

FIGURE  2. CLEAVAGE AND PROCESSING OF THE SONIC HH PROTEIN
(SS; signal sequence, Hh-N; unprocessed N-terminal cleavage product, Hh-C; C-terminal cleavage 
product, Hh-Np; processed N-terminal cleavage product, with lipophilic moieties added.  
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lipid transportation in blood (Panakova et al., 2005), and 
intracellular transportation acting like a relay race (described 
in more detail below). 
 Following the unusual posttranslational autocatalytic 
processing of  the primary translated product, another acylation 
occurs. After cleavage, the Sonic Hh (Shh) protein is covalently 
palmitoylated at the N-terminal Cys24 site (Pepinsky et al., 
1998). This is atypical as palmitoylation is usually restricted 
to the cytoplasm and thus only occurs on proteins without 
a signal peptide and not proteins entering the secretory 
vesicular pathway. Palmitoylated recombinant Hh has an 
approximately thirty fold higher biological activity compared 
to unpalmitoylatable mutants (Pepinsky et al., 1998) suggesting 
that this acylation is important for enhanced biological 
activity. In accordance, in a Drosophila mutant lacking the 
acyltransferase that mediates Hh palmitoylation (the so-called 
sightless mutant (sit)) the morphogen is functionally inactive 
(Chamoun et al., 2001; Lee and Treisman, 2001; Micchelli 
et al., 2002). During mammalian development, however, 
although promoting biological activity the requirement of  
N-terminal acylation is certainly not absolute (Micchelli et al., 
2002). The main function of  palmitoylation is the increase 
in hydrophobicity of  the molecule and replacing groups 
that increase hydrophobicity increase Shh potency (Taylor 
et al., 2001). Possibly, the remarkable N-terminal acylation 
of  Hh targets the molecule to lipid rafts, thereby facilitating 
the interaction with the Hh receptor Patched (Jeong and 
McMahon, 2002). Concluding, the exact functions of  the 
Hh-N adducts are not yet clear but apparently the sterolation 
determines somehow the spatial distribution of  Hh signaling 
but is not necessarily required for its biological activity.
 The latter point, the lack of  requirement per se of  Hh 
sterolation for biological activity, is important in view of  the 
deficiencies observed in patients with congenital abnormali-
ties in cholesterol metabolism. In each of  the six recognized 
sterol disorders, i.e. mevalonic aciduria, Smith-Lemli-Opitz 
syndrome, desmosterolosis, Conradi-Hunermann-Happle 
syndrome, CHILD syndrome, and Greenberg dysplasia, 
embryological abnormalities occur which are strikingly remi-
niscent to those observed with aberrant Hh signalling. Often 
these abnormalities are attributed to defective Hh process-
ing, but this view is disputed by the aforementioned not-ab-
solute requirement of  sterolation for Hh biological activity. 
In agreement with this notion, it has recently been shown 
that in such developmental disorders endogenous cholesterol 
levels are sufficient to allow normal Hh processing, suggest-
ing that deficient Hh sterolation is not fundamental for these 
abnormalities, and that the effects of  diminished cholesterol 
metabolism are more downstream in the Hh signal transduc-
tion (Cooper et al., 2003). The finding that (pro-)vitamin D�	is	
in fact the molecule responsible for inhibition of  Smoothened 

(Smo) explains at least part of  the puzzling phenotype of  the 
Smith-Lemli-Opitz syndrome (Chapter 2 and (Bijlsma et al., 
2006a; Bijlsma et al., 2006b)).
 Importantly, unsterolated Hh may display disrupted 
intracellular transport, providing an alternative explanation 
for the birth defects in cholesterol metabolism disorders not 
explained by the inhibitory action of  vitamin D�. Recent 
evidence also demonstrates an intercellular action for ste-
rolation in mediating proper intracellular transport of  Hh 
proteins. This effect involves the Dispatched protein, a pro-
tein resembling a prokaryotic ion pump that transverses the 
membrane twelve times and that stimulates long range Hh 
signaling in Drosophila (Burke et al., 1999). In Drosophila mela-
nogaster embryonic epithelia, cholesterol modification of  Hh 
is responsible for its assembly into large punctuate structures 
and apical sorting, apparently through the activity of  the 
Dispatched protein (Gallet et al., 2003). Also in mammalian 
cells, Dispatched aids in transporting Hh via the cholesterol 
moiety over an as yet unidentified cellular membrane (Ma et 
al., 2002). In accordance, Dispatched knock-out mice closely 
resemble mice genetically deficient in more distal elements 
of  Hh signaling (Kawakami et al., 2002). Hence, the choles-
terol moiety in Hh seems essential for proper intracellular 
transport of  Hh and for the correct extracellular concentra-
tion gradient. The sometimes-troublesome interpretation of  
genetic interference with Hh sterolation may be partly due to 
the complex interplay of  these two effects. Furthermore, the 
action of  Dispatched suggests that the acylations of  Hh occur 
in the cytoplasm, before the protein enters the vesicular path-
way via translocation by Dispatched, which provide a possible 
explanation as to how a palmitoylated protein localizes to the 
vesicular pathway.

Transduction of the Hh signal to its 
targets
The mechanisms of  transduction of  the Hh signal to its targets 
are only partly known, and important gaps in the biochemical 
details that mediate the action of  the morphogen still need to 
be elucidated. Recently, however, our knowledge concerning 
Hh signaling has substantially increased and a schematic 
representation of  the Hh pathway in the presence of  Hh 
is shown in Fig. 3. It should be noted that large differences 
between vertebrate and arthropod model systems have 
become apparent and we will focus here on what is known 
about vertebrate Hh signal transduction. 
 The receptor for Hh is the 12-transmembrane 
protein called Patched (Ptch1). Binding of  Hh to Ptch1 and 
its subsequent internalisation alleviates the inhibitory effect 
of  Ptch1 on the 7-transmembrane protein Smo, which then 
activates the Hh pathway (Kalderon, 2000). Hh binding to 
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Ptch1 is equivalent to the absence (genetic loss) of  Ptch1. 
The mechanism of  Smo inhibition by Ptch1 was unknown at 
the start of  the PhD project described in this thesis, but was 
suspected to be indirect since Ptch1 and Smo do not need to 
bind or co-localize, and Ptch1 also inhibits Smo when present 
sub-stoichiometrically (Taipale et al., 2002). Substantial 
homology exists between Ptch1 and the Niemann-Pick C1 
(NPC1) protein, a protein involved in cholesterol homeostasis 
in humans, but also various prokaryotic transporter molecules 
(Davies et al., 2000). This homology gave rise to the conception 
that in the absence of  Hh, Ptch1 pumps a compound out of  
the cell that binds to and inhibits Smo (Taipale et al., 2002). 
This inhibitory molecule was expected to resemble various 
compounds already known to inhibit Smo by direct binding, 
like cyclopamine (Chen et al., 2002) or the Hh antagonists 
described by Frank-Kamenetsky et al. (Frank-Kamenetsky et 
al., 2002) Indeed it was shown that Ptch1 translocates (pro-
)vitamin D�	(and probably similar molecules) across the cell 
membrane, and that this vitamin D� binds to Smo thereby 

inhibiting it (see Chapter 2 of  this thesis and (Bijlsma et al., 
2006a; Bijlsma et al., 2006b)).
 Smo inactivation by antagonists like vitamin D�	 is	
presumably achieved by lowering the phosphorylation state 
of  Smo. This induces an intracellular conformational switch 
by which the cell surface expression is regulated in such a way 
that in an inactive state, hardly any Smo is present at the cell 
surface. (Kalderon, 2000; Zhao et al., 2007). Signaling down-
stream of  Smo is still obscure in vertebrates but involves a 
complex of  proteins that inhibits transcription factors from 
activating Hh targets. Signal transduction from Smo to this 
complex probably involves G-proteins, a notion that arises 
from the structural resemblance of  Smo to G-protein coupled 
receptors, being a 7-pass transmembrane protein. Binding of  
G-proteins has been shown, as well as a necessity for this bind-
ing for activation of  the pathway, but definitive studies need 
to confirm the actual role of  the involvement of  G-proteins 
in development (DeCamp et al., 2000; Riobo and Manning, 
2005; Riobo et al., 2006).
 The complex targeted by Smo presumably consists 
of  the kinase Fused (Fu), Suppressor of  Fused (SuFu), which 
is a negative regulator of  Hh signaling and zinc finger 
transcription factors (glioma-associated oncogene, or Gli, 
protein family) (Nybakken et al., 2002; Robbins et al., 1997; 
Sisson et al., 1997; Stegman et al., 2000). Other proteins 
might be expected to associate with the complex to more 
closely mimic the situation in Drosophila, where Cos2 anchors 
the complex to the cytoskeleton. How the vertebrate complex 
interacts with the cytoskeletal will be discussed in more detail 
below. In the absence of  a Hh signal, the above-mentioned 
complex functions to sequester the Gli transcription factors. 
 There are three known Gli homologs in vertebrates, 
and they all differ in the way they respond to Hh. Gli1 is 
for instance only known to positively relay a Hh signal, and 
sequestration or proteolysis of  Gli1 relates to “no response”. 
Gli2 on the other hand, seems to be able to exert two different 
functions; when full-length and activated, it is an activator of  
transcription of  target genes, but when cleaved (in an inactive 
pathway) it acts as a repressor, inhibiting transcription of  
target genes. In this regard, Gli2 is most similar to the fruit 
fly cubitus interruptus (Ci) that is also capable of  two modes 
of  action. Gil3 seems only to be capable of  translating an 
inactive pathway status in a repressor function, inhibiting 
the transcription of  target genes (Riobo and Manning, 2007; 
Ruiz i Altaba et al., 2002; Wang et al., 2007). 
 Presumably, all of  the Gli proteins (Dunaeva et al., 
2003; Ingham and McMahon, 2001; Monnier et al., 2002; 
Nybakken and Perrimon, 2002) are phosphorylated by 
GSK-3b, PKA and CK1 (Doble and Woodgett, 2003; Jia 
et al., 2002; Lum et al., 2003), priming (in conjunction with 
b-TrCP, a ubiquitin ligase (Huntzicker et al., 2006)) them for 

FIGURE 3. PROPOSED MECHANISM OF THE HH SIGNAL TRANSDUCTION 
PATHWAY IN THE PRESENCE OF HH
In the absence of Hh ligand, Ptch1 secretes vitamin D3 into the extra-
cellular medium to inhibit Smo. Binding of Hh to Ptch1 causes its inac-
tivation and thus the secretion of vitamin D3 is blocked (indicated by 
cross). Smo is now active and signals to an inhibitory protein complex 
that keeps the Gli transcription factors from initiating transcription 
of target genes. The complex dissociates and following activation, 
Gli is imported into the nucleus and target genes are transcribed. 
Proteins not drawn to scale. 
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proteolysis (see (Riobo and Manning, 2007) for an exhaustive 
overview). These kinases fulfil a central role in controlling 
cellular physiology in all animals, usually activating proteins 
by phosphorylating them, but in this case the kinases have 
an inhibitory role. The involvement of  GSK-3b	 in	 the	
inhibition of  transcription factors is highly reminiscent of  
the Wnt pathway, in which Frizzled acts through Dishevelled 
to phosphorylate and inhibit GSK-3b (Barker and Clevers, 
2000) and strikingly Smoothened is a close genetic relative of  
Frizzled. As GSK-3b is known to be an important negative 
regulator in the Wnt pathway, the convergence of  Hh and 
Wnt signaling pathways on GSK-3b might mediate cross talk 
between both morphogenetic pathways.
 Following Smoothened signaling through unclear 
mechanisms to the SuFu/Fu complex (Nybakken et al., 2002; 
Stegman et al., 2000), Gli is no longer subject to phosphory-
lation and sequestration. Subsequently, Gli is activated and 
this free, full length activated Gli translocates into the nucleus. 
Upon binding to the proper DNA consensus sequences it acti-
vates transcription of  Hh targets and a Hh response ensues. 
 Recently, it has become clear that much of  the Hh 
signaling machinery localizes to the primary cilium, a struc-
ture present on most cell surfaces consisting of  microtubules 
(Corbit et al., 2005; Rohatgi et al., 2007). Apparently, Ptch1 
regulates the position of  Smo in the cilium, thus affecting its 
capacity to signal to the Gli transcription factors also found 
in the cilium. Mutations that abrogate the cilium also affect 
Hh signaling capacity and it is thought that the role of  ciliary 
localization of  Hh signaling components is a physiologically 
relevant phenomenon (Zhang et al., 2005).

New Hh homologues 
In 1993, a joint effort of  three research groups resulted in the 
identification of  vertebrate Hh genes, each rather comically 
named (Echelard et al., 1993; Krauss et al., 1993; Riddle 
et al., 1993). Using primary sequence comparisons of  these 
homologues in various species, clues can be obtained as to 
the evolutionary history of  this protein family. The fact 
that Hh homologues were recovered from both insect as 
well as vertebrate genomes (Fig. 4) demonstrates that these 
morphogens were already present in ancestral bilaterian living 
before the Cambrian explosion (over 545 million years ago). 
 Following the cloning of  the murine Hh homologues, 
it was shown that Shh mediates the action of  the ZPA in the 
chick limb bud (Riddle et al., 1993). The ZPA is a region at the 
posterior margin of  the chick limb bud responsible for normal 
anteroposterior patterning. Hh expression co-localized with 
this previously described region and ectopic expression of  Hh 
can alter limb patterning in a way similar to ZPA grafting. 
Also, Hh was shown to activate the expression of  the cell 

identity, determining Hoxd genes in the same fashion as ZPA 
grafts do. Thus Shh is the responsible molecule mediating ZPA 
action. At the time the principal role of  Shh in ZPA action 
was highly controversial, as the morphogenetic activity of  the 
ZPA was generally considered to be retinoic acid-mediated. 
The observation, however, that retinoic acid induced Shh 
expression and that Shh was sufficient to explain retinoic acid 
effects on developing limb gene expression suggested that 
Shh is the relevant polarising signal in the ZPA (Riddle et al., 
1993) and today this notion is uncontested. 
 Although Shh is the most important mammalian Hh 
isoform, both Ihh and Dhh are also implicated in a variety 
of  embryonic, physiological and pathological processes. Ihh 
regulates proliferation and differentiation of  chondrocytes, 
regulates pancreatic development and is expressed in the 
adult kidney and large intestine, whereas Dhh is expressed in 
adult testis. The functionality of  these adult expression pat-
terns is not very well understood, but influencing signaling of  
these proteins in diseases like osteoporosis and diabetes (which 
are becoming increasingly problematic in the ageing Western 
societies) might be an interesting option for therapeutic treat-
ment.

Hh target genes 
Following the relief  of  transcriptional repression, Hh 
target genes will be transcribed. These target genes used 
to encompass a relatively limited set of  proteins of  which 
HNF3b, Hox genes, various BMP morphogens, Ptch1 and 
HIP (Hh Inhibitory Protein; an extracellular Hh inhibitor 
(Chuang and McMahon, 1999)) were the most prominent 
members. Remarkably, the upregulation of  Ptch1 and HIP 
evidently provide feed back on the Hh signal, and thus Hh 
immediately downregulates its own activity, either via the 
expression of  the inhibitory component of  its receptor or via 
inhibitory proteins. HNF3b, the Hox genes and the various 

FIGURE 4. THE EVOLUTIONARY RELATIONSHIPS WITHIN THE HH FAMILY OF 
MORPHOGENS
Drosophila melanogaster, fruit fly; Homo sapiens, human; Mus mus-
culus, house mouse; Oncorynchus mykiss, rainbow trout; Takifugu 
rubripes, pufferfish.
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BMP morphogens are obviously implicated in transducing 
the morphogenetic signal. The advent of  the micro array 
technique, however, has greatly complicated matters and for 
reports on the diverse set of  Hh target genes, see references 
(Ingram et al., 2002; Kato et al., 2001; Pola et al., 2001; Yoon 
et al., 2002). Hh target genes found by micro array analysis 
include molecules involved in cell cycle (Yoon et al., 2002), cell 
adhesion (Yoon et al., 2002), signal transduction (Yoon et al., 
2002), apoptosis (Ingram et al., 2002; Yoon et al., 2002), nerve 
formation (Ingram et al., 2002), transcriptional regulation 
(Ingram et al., 2002), Wnt signaling antagonism (Ingram et 
al., 2002), protease inhibition and metal binding (Kato et 
al., 2001). This abundance of  targets reflects at least to some 
extent the versatile role of  Hh signaling throughout the body. 
The actual in vivo relevance of  these genes remains largely 
unclear and awaits functional studies for further validation.

Expression and function of the mammalian Hh 
proteins in normal health and tumorigenesis
In situ hybridisation and immunohistochemical studies 
showed that all three mammalian Hh homologues displayed 
intricate expression patterns during development as well as in 
adult organisms. Most well known is the expression of  Shh 
in ZPA and its subsequent role in digit formation, which is 
conserved throughout all vertebrates. However, virtually 
all pattern forming events, but especially those involving 
epithelia, prominently feature Shh signaling (e.g. tooth 
development, neuronal development and pattern formation 
along axial midline; excellently reviewed by Ingham (Ingham 
and McMahon, 2001)) and thus Shh can be argued to be the 
most significant of  the three mammalian Hh homologues. 
 Interestingly, recently it has become clear that 
Shh signaling remains active in the adult, maintaining 
tissue architecture in face of  the persistent sequence of  
proliferation, differentiation and apoptosis that challenges 
the shape and integrity of  tissue in the gut. Initially, during 
embryonic development, Shh is expressed in the endoderm 
throughout the gut tube, however, in the mouse from 10.5 
days post coitum on, this expression is gradually restricted to the 
glands of  the proximal stomach and the base of  the villi in the 
intestine (Bitgood and McMahon, 1995; Ramalho-Santos et 
al., 2000). In the crypts of  the fundic stomach, the stem cell 
is located halfway between the top and bottom of  the crypt, 
differentiating either upwards to become a pit cell, or in a 
downwards-migrating gland cell (see Fig. 5). In this structure, 
Shh expression maintains adult pit-gland asymmetry (van 
den Brink et al., 2001), providing an excellent example of  Hh 
action in adults. 
 Another beneficial role for Hh proteins in the adult 
organism has been found in ischemia models. In these models 

(hind limb, myocardial), Shh was found to be upregulated and 
the addition of  exogenous Shh was found to aid in salvage of  
damaged tissue (Kusano et al., 2005; Pola et al., 2003).
 Unfortunately, an activated Hh pathway has also 
been found to be causative in the onset of  a large number 
of  malignancies. For instance, transient activation of  Shh 
signaling in postnatal skin has been implicated in the 
regulation of  hair follicle growth (Sato et al., 1999; Wang 
et al., 2000), but genetic overactivation of  the Hh signaling 
pathway in epidermis also underlies basal cell carcinoma (Ruiz 
i Altaba et al., 2002). Recently, the requirement of  Hh for 
the development of  several digestive tract tumours has been 
shown (Berman et al., 2003), and many more malignancies are 
found to be caused by an excessively activated Hh pathway. 
Not surprisingly, Hh signal transduction inhibitors are being 
evaluated as novel anti-cancer strategies for a variety of  
cancers.  

Concluding remarks
Of  the network of  mediating morphogenetic signals in 
development and adult physiology, Hh signaling remains one 
of  the least understood and seems to have some unique fea-
tures: the protein is palmitoylated while being transported in 
the vesicular secretory pathway (not residing in the cytoplasm) 
and remains the only established example of  a sterolated pro-
tein within the animal kingdom. Its signaling is truly unique, 
as the dual receptor system of  Ptch1 and Smo gives rise to 
the seemingly contradictory situation that increased recep-
tor expression gives rise to diminished signalling. Signaling 
downstream of  Smo remains obscure but involves a variety 
of  unusual mechanisms, including a series of  sequential in-
hibitions. These idiosyncratic features may reflect its ancient 
evolutionary past, while highlighting its special interest for 
physiology.
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Summary
The developmentally important Hedgehog (Hh) 
pathway is activated by binding of  Hh to Patched 
(Ptch1), releasing Smoothened (Smo) and the 
downstream transcription factor glioma-associated 
(Gli) from inhibition. The mechanism behind Ptch1-
dependent Smo inhibition remains unresolved.  We 
now show by mixing Ptch1-transfected and Ptch1 
siRNA-transfected cells with Gli-reporter cells that 
Ptch1 is capable of  non-cell autonomous repression 
of  Smo. The magnitude of  this non-cell autonomous 
repression of  Smo activity was comparable to fusion 
of  Ptch1-transfected cell lines and Gli-reporter cell 
lines, suggesting it to be the predominant mode of  
action. CHOD-PAP analysis of  medium conditioned 
by Ptch1-transfected cells showed an elevated 
3ß-hydroxysteroid content, which we hypothesized 
to mediate the Smo inhibition. Indeed, inhibition of  
3ß-hydroxysteroid synthesis impaired Ptch1 action 
on Smo, whereas adding the 3ß-hydroxysteroid 
(pro-)vitamin D3 to the medium effectively inhibited 
Gli activity. Vitamin D3 bound to Smo with high 
affinity in a cyclopamine sensitive manner. Treating 
zebrafish embryos with vitamin D3 mimicked the 
smo-/- phenotype, confirming the inhibitory action in 
vivo. Hh activates its signalling cascade by inhibiting 
Ptch1-dependent secretion of  the 3ß-hydroxysteroid 
(pro-)vitamin D3. Not only does this explain the 
seemingly contradictory cause of  Smith-Lemli-
Opitz syndrome (SLOS), but also establishes Hh as 
a unique morphogen in that binding of  Hh on one 
cell, is capable of  activating Hh-dependent signalling 
cascades on other cells.

Introduction
Signal transduction of  the morphogen Hh is highly unusual, 
with many features unique to this signalling system, many of  
which are only partly understood (Bijlsma et al., 2004). For in-
stance, Hh signalling is mediated by two membrane proteins, 
Ptch1 (Entrez Protein accession number NP_032983) and 
Smo (accession number AAH48091), the former a 12-pass 
transmembrane protein (Ingham et al., 1991; Marigo et al., 
1996) resembling the Niemann-Pick disease type C1 (NPC1, 
accession number AAB63373) protein (which is involved in 
cholesterol trafficking and which has a pump function), the 
latter a 7-pass transmembrane protein resembling a G pro-
tein-coupled receptor (van den Heuvel and Ingham, 1996). 
In the absence of  the inhibitory receptor Ptch1 (or in the 
case of  a specific mutation rendering Ptch1 dysfunctional), 
Smo is constitutively active and leads to the activation and 
nuclear translocation of  its downstream transcription factor 
Gli.  Under normal physiological circumstances, activation of  
the signalling pathway is caused by binding of  Hh to Ptch1, 
resulting in the internalization of  Ptch1 and consequently 
alleviation of  the inhibitory effect of  Ptch1 on Smo (Denef  
et al., 2000; Incardona et al., 2002). The exact mechanism 
behind Ptch1 inhibition of  Smo however, remains unclear 
(Hooper and Scott, 2005). 
 Similarities in the phenotypes of  humans with 
inherited disorders of  sterol biosynthesis (as depicted in 
Figure 1A, lathosterolosis and SLOS) and the phenotypes 
seen with mutations in the Hh signalling pathway have led 
to the suggestion that cholesterol synthesizing enzymes may 
somehow be involved in Ptch1 dependent Smo inhibition 
(Bijlsma et al., 2004).  A fascinating finding in this regard 
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FIGURE 1. CHOLESTEROL SYNTHESIS AND POSSIBLE MODES OF ACTION OF 
PTCH1
 (A) Schematic representation of cholesterol synthesis. Boxed are la-
thosterol and 7-dehydrocholesterol (7-DHC), cholesterol precur-
sors known to accumulate in lathosterolosis and Smith-Lemli-Opitz 
syndrome (SLOS) patients respectively. Mutations in, or genetic 
loss of sterol C5-desaturase (Sc5d) cause stacking of lathosterol, 
whereas dysfunction of 7-dehydrocholesterol reductase (Dchr7) or 
the addition of its synthetic inhibitor AY-9944 causes accumulation 
of 7-DHC. The conversion of 7-dehydrocholesterol to vitamin D3 
(cholecalciferol) is mediated by UV light. Statins, like pravastatin, 
inhibit 3-hydroxy-3-methylgluatryl coenzyme A reductase, the en-
zyme that forms mevalonate.
(B) Three possible models for the inhibitory action of the Hh recep-
tor Patched (Ptch1) on Smoothened (Smo). 1) A cell autonomous mode 
of action, in which direct binding of Ptch1 inhibits Smo. 2) An intra-
cellular inhibitory action, mediated by direct binding of Ptch1 to 
Smo. 3) The model in which Ptch1 pumps an inhibitory small molecule 
that is capable of Smo-repression intercellularly (as well as intra-
cellularly, not shown). 

is that sterol content has been found to be crucial to a cell’s 
responsiveness to Hh, independent of  proper Hh sterolation 
(Cooper et al., 2003), suggesting that sterol -or more 
specifically cholesterol- levels are pivotal to a cell’s ability to 
respond to Hh, rather than the accumulation of  a specific 
inhibitory metabolite.  Figure 1B depicts the proposed 
possible modes of  Ptch1 action on Smo. As Ptch1 and Smo 
do not unambiguously show physical association, and Ptch1 
can inhibit Smo substoichiometrically, direct binding of  Ptch1 

to Smo as shown in Figures 1B-1 and 1B-2 seems an unlikely 
mechanism of  inhibition (Taipale et al., 2002). Ptch1 shares 
high homology (like for instance a sterol sensing domain) with 
NPC1, a protein involved in cholesterol trafficking (Davies et 
al., 2000), as well as with various (prokaryotic) pump proteins. 
Also, several small molecules with homology to cholesterol 
that act as Hh pathway antagonists have been identified 
(Frank-Kamenetsky et al., 2002; Incardona et al., 1998; 
Taipale et al., 2000). Cyclopamine, a well-known antagonist 
of  Smo, has been widely used for assessing the effects of  Hh 
pathway inhibition in several model systems (e.g. (van den 
Brink et al., 2004)). Consequently, it has been anticipated that 
in the absence of  Hh, Ptch1 translocates a small molecule 
resembling cholesterol across the membrane, acting as a Smo 
antagonist and this hypothesis is summarized in Figure 1B-3. 
 A consequence of  the proposed “pump” model 
for Ptch1, is that the action of  Ptch1 should be non-cell 
autonomous. We set out to test this prediction and established 
that Hh activates its signalling cascade by inhibiting 
Ptch1-dependent secretion of  the 3-beta-hydroxysteroid 
(pro-)vitamin D�. These data provide fundamental new insight 
into the molecular mechanisms by which Hh exerts its action 
in pathophysiology.

Results

A model system for measuring Ptch1-
dependent Smo inhibition
An experimental system allowing the study of  intercellular 
inhibitory actions of  Ptch1 on Smo should fulfil four require-
ments: cells must be capable of  sustaining Ptch1 expression, 
expressed Ptch1 must be functionally active, the inhibition 
of  Gli activity should be Smo-mediated and endogenous Hh  
should not be a contributing factor. 
 To set up a model system for studying Ptch1 depen-
dent inhibition, C3H/10T1/2 fibroblasts, cells extensively 
used for Hh research, were transfected with an 8xGli-binding 
site luciferase construct (Sasaki, 1999) together with Ptch1, 
Smo, Smo and Ptch1 or Gli1 (accession number BAA85004). 
 Overexpression of  Ptch1 drove cells into apoptosis 
(not shown, consistent with (Thibert et al., 2003)), possibly a 
reflection of  the function of  Ptch1 as a so-called dependence 
receptor. To overcome this problem, we performed experi-
ments in the presence of  20 mM caspase inhibitor zVADfmk. 
Under these conditions, transfection with a Ptch1 expression 
construct led to efficient overexpression of  Ptch1 as detected 
by Western blot (Figure 2A). Transfection of  Ptch1 effectively 
inhibited transactivation of  the Gli-reporter in the presence 
of  overexpressed Smo (Figure 2B). The Ptch1-insensitive mu-



��

FIGURE 2. CONFIRMATION OF FUNCTIONALITY OF CONSTRUCTS AND MODEL 
SYSTEM USED
(A) Transfection of Ptch1 expression construct in C3H/10T1/2  
fibroblasts increased Ptch1 expression over basal expression as seen 
on Western blot. Actin levels remained unaltered, cells were lysed 
24h post-transfection.
(B) C3H/10T1/2 cells are sensitive to Hh pathway components as 
indicated by Gli-reporter activity when pathway components are 
expressed; Smo increased Hh pathway activity as determined by Gli 
reporter luciferase assay. Cotransfection of Ptch1 suppressed Smo-
induced Gli activation. Transfection of Ptch1 in the absence of Smo 
overexpression did not decrease Gli activity below control levels. 
Shh stimulation (1 mg/ml for 6h, 16h post transfection), and transfec-
tion of a Gli1 expression construct showed highest reporter activity 
as expected. Addition of 1 mg/ml Shh-blocking antibody 5E1 reduced 
Shh-mediated activation of Gli-reporter activity. The Ptch1-insensi-
tive mutant SmoM2 showed a high basal activity which could not be 
diminished by co-transfecting Ptch1 as expected. Cells were trans-
fected and lysed after 24h. Values shown are RLU values corrected 
for an internal CMV Renilla standard, expressed as percent increase 
relative to vector (pcDNA 3.1-) transfection or control stimulation. 
Depicted is the mean +/- SEM. (n = 4; * = p<0.05; ** = p<0.01). 
(C) Shh concentration in medium is below the detection limit (5 ng/ml) 
of Western blotting. Medium was spiked with decreasing concentra-
tions of recombinant Shh, and blotted along with a 4x concentrated 
medium sample obtained from C3H/10T1/2 fibroblasts (incubated for 
16h at a volume to surface ratio identical to the Mix-and-Match and 
medium transfer experiments).

tant SmoM2 (Taipale et al., 2000; Xie et al., 1998) was not 
inhibited by Ptch1 cotransfection and showed a high basal 
Gli activity. The fact that Ptch1 transfection in the absence of  
Smo overexpression yielded no inhibition below control val-
ues has been described previously (Murone et al., 1999) and 
suggests the presence of  high basal Ptch1-levels and indicates 
the specificity of  Ptch1 inhibition acting through Smo in our 
system. The inhibitory effect of  the high basal Ptch1 levels 
could be overcome by the addition of  1 mg/ml recombinant 
N-terminal Shh for 6h, as can be seen from the high reporter 
activity upon stimulation (Figure 2B). Addition of  1 mg/ml 
5E1 Shh-blocking antibody (Ericson et al., 1996) could coun-
teract the stimulation by Shh. As Smo and Gli overexpression 
were capable of  increasing transactivation of  the Gli-reporter, 
despite the presence of  a caspase inhibitor, our experimental 
system is a valid readout for Smo-mediated Gli activity. 
 The requirement for Smo overexpression in order 
to respond to Ptch1 inhibition and the high responsiveness to 
exogenously added Shh suggests that endogenous Hh produc-
tion is not a major factor in our setup, although others have 
shown mRNA for Ihh and Shh in C3H/10T1/2 cells (Shea 
et al., 2003; Wu et al., 2004). To exclude Hh protein excre-
tion by our C3H/10T1/2 cells as a contributing factor in our 
model system we performed Western blot analysis on Shh-
spiked medium and medium from fibroblast cell culture.  The 
cells were not found to excrete Hh protein (Figure 2C). As can 
be seen, the detection limit was about 5 ng/ml, which was not 
reached in the (4 times concentrated) medium, indicating the 
Hh concentration in the medium to be less than 1.25 ng/ml, 
a concentration too low to evoke a response (Pepinsky et al., 
1998). Reprobing the blot for Ihh did not yield a signal for the 
medium either. 

Ptch1  can inhibit Smo in a non-cell 
autonomous fashion 
To assess the ability of  Ptch1 to act upon Smo on another 
cell, we employed a so-called Mix-and-Match approach (as 
schematically shown in Figure 3A), in which two populations 
of  cells are mixed. The donor population expresses Ptch1 at 
different levels (using an overexpression construct or siRNA) 
that could act on reporter cells with a constitutively active 
Hh-pathway (reporter cells; Smo receptor overexpressed and 
a Gli-luciferase reporter). We mixed reporter cells with vector, 
Ptch1, Ptch1 siRNA and scrambled control siRNA transfec-
tants. Cell populations were detached by EDTA treatment, 
mixed, and replated. Employing two fluorescent tracers for 
labelling the cell populations, the capability of  this procedure 
to obtain a homogenous mixture could be assessed. Figure 3A 
shows that combining two cell populations yields evenly mixed 
cells with intimate cell-cell contacts (micrograph). When in 
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FIGURE 3. PTCH1 INHIBITS SMO IN-
TERCELLULARLY 
(A) Detaching and mixing of two 
populations of fluorescently 
labelled cells resulted in a ho-
mogenous mixture with intimate 
cell-cell contacts. The proce-
dure is summarized in the left 
panel. Original magnification 
400x. Intercellular capacity of 
Ptch1 to inhibit Smo was assessed 
by mixing reporter cells overex-
pressing Smo and a Gli-reporter 
with Ptch1 overexpressing donor 
cells. The observed decrease in 
Gli-reporter activity could not 
be inhibited by the addition of 
1 mg/ml 5E1 Shh-blocking anti-
body. Exogenously added Shh 
(1 mg/ml) was capable of abol-
ishing the Ptch1 mediated inhibi-
tion. Transfecting donor cells 
with Ptch1 siRNA reversed the 
inhibitory effect. MDA-MB-231 
breast carcinoma cells (hatched 
bars) showed a similar response 
as the C3H/10T1/2 fibroblasts. 
Donor cells were transfected, 
washed (16h post transfection), 
mixed with reporter cells and 
lysed after 6-8h. Shown are RLU 
values corrected for an internal 
CMV Renilla luciferase control, 
expressed as percent differences 
relative to control transfected 
donor cells (vector DNA or 
scrambled control siRNA). (n ≥  
4; * = p<0.05; *** = p<0.005). 
Depicted is the mean +/- SEM. 
(B) Fusion of reporter cells 
with Ptch1 overexpressing donor 
cells showed a decrease in Gli-
reporter activity comparable 
in magnitude to the inhibition 
observed in mixed cells. Right 
panel; treating fluorescently la-

belled cells with PEG1500 4h after mixing resulted in multiple nuclei per cell and composite cell colours, indicating successful cell fusion. 
Magnification 1000X. Statistics and incubation times as (A)
(C) To assess the specificity of Ptch1 acting on Smo, reporter cells expressing the Ptch1-insensitive mutant SmoM2 (as indicated on the y-axis) 
were mixed with donor cells. The loss of inhibition indicates the specificity of Ptch1 acting through Smo in the Mix-and-Match setup. Statis-
tics and incubation times as (A)
(D) Model for the proposed intercellular action of Ptch1 inhibition following the results obtained in the Mix-and-Match experiments. 
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these Mix-and-Match experiments Gli-reporter cells were 
mixed with Ptch1 overexpressing cells, a significant reduction 
in Smo-mediated Gli activation could be seen as compared 
to control. This inhibition could not be diminished by addi-
tion	of 	�	mg/ml 5E1 Hh-blocking antibody (Figure 3A), again 
demonstrating that endogenous Hh is not a contributing fac-
tor in our experimental set up. This is specifically important 
as Hh present in the medium would increase reporter activity. 
As Ptch1 scavenges Hh from the medium, medium of  Ptch1 
overexpressing cells would contain lower Hh levels as control 
or Ptch1 siRNA transfected cells. The reduction in reporter 
activity as consequence of  such scavenging would mask the 
action of  a potential inhibitory molecule. Addition of  1 mg/ml 
recombinant Shh, which should inhibit Ptch1 present in these 
experiments, was able to abolish the inhibition conferred by 
Ptch1. Mixing reporter cells with Ptch1 siRNA transfected 
cells increased Smo-dependent reporter activity (Figure 3A), 
demonstrating that the inhibition is Ptch1-dependent and 
again suggests that C3H/10T1/2 cells have a significant basal 
level of  Ptch1 activity. Importantly, showing opposite effects 
of  Ptch1 siRNA versus DNA excludes any overexpression 
artefacts to be responsible for the observed non-cell autono-
mous effect. To exclude cell-specific artefacts, the procedures 
were also performed with MDA-MB-231 breast tumour cells, 
which had even higher levels of  endogenous PTCH and 
SMO than the C3H/10T1/2 fibroblasts (Western blot, data 
not shown). Indeed, using these cells yielded similar, but more 
pronounced effects as with the C3H/10T1/2 cells were found 
(Figure 3A, hatched bars). 
 To determine the maximal inhibition Ptch1 confers 
in a cell autonomous fashion, i.e. the extent to which Ptch1 
can inhibit Smo on the same cell, we mixed and fused the 
two previously described cell populations. PEG1500 induced 
efficient cell fusion as evident from blended staining of  
PEG1500-treated cells and the multi-nucleated cells (proce-
dure and micrographs shown in Figure 3B, left panel). Fusion 
of  reporter cells with Ptch1 overexpressing cells again showed 
a reduction in Gli activation like that observed in the Mix-
and-Match experiments (Figure 3A). Importantly, the reduc-
tion in reporter activity was of  the same magnitude as that 
obtained in the mixing experiments. Therefore, we conclude 
that Ptch1 inhibition of  Gli- reporter activity in our system is 
mainly mediated intercellularly. 
 The specificity of  the observed inhibitory action of  
Ptch1 acting through Smo was assessed by using the Ptch1-
insensitive SmoM2 mutant as previously shown in Figure 2B. 
As can be seen in Figure 3C, SmoM2 transfected reporter 
cells are no longer sensitive to mixing with Ptch1 overexpress-
ing donor cells, even when co-transfected with wild-type Smo.  
These findings led us to suggest the model for Ptch1 action 
as depicted in Figure 1B-3 and Figure 3D, in which Ptch1 on 

one cell is capable of  specifically inhibiting Smo on another 
cell; to act non-cell autonomously. 

Non-cell autonomous Ptch1-dependent 
Smo inhibition is carried by a medium-borne 
factor 
The intercellular Ptch1-mediated inhibition of  Smo as iden-
tified in the Mix-and-Match experiments may be conferred 
by either an inhibitory molecule secreted or translocated by 
Ptch1, or by diffusion of  a cytosolic mediator through tight 
junctions. The latter possibility is less likely, as it would result 
in a merged fluorophore signal in the mixed cell population, 
which was not observed (Figure 3A). Indeed, important sup-
port for the possibility that Ptch1 secretes a Smo inhibitory 
molecule into the medium was obtained from experiments 
in which medium conditioned on Ptch1-transfected cells was 
transferred to reporter cells in which Gli activity was assayed 
(procedure schematically shown in Figure 4A, left panel)
 Using this experimental set-up, medium conditioned 
on Ptch1-transfected cells was found to exert a strong 
inhibitory effect on Gli activation as compared to medium 
conditioned on control transfected cells (Figure 4A). This 
inhibition could not be blocked by addition of  1 mg/ml 
Shh or 5E1 to the reporter cells.  The inability of  Shh to 
prevent Ptch1-conditioned medium dependent inhibition of  
Smo activity is expected, as the transferred medium does not 
contain donor cells expressing Ptch1 on which Shh should 
exert its action, and the presence of  the medium-borne factor 
in the Ptch1-conditioned medium shortcuts the function of  
endogenous Ptch1 in the reporter cells. Using MDA-MB-231 
cells in this set-up, similar results were obtained (hatched 
bars). As for the Mix-and-Match experiments, medium 
conditioned on Ptch1 siRNA transfected cells increased 
Smo-dependent reporter activity in both cell lines. Medium 
conditioned on mouse embryonic fibroblasts (MEFs) from 
Ptch1 knockout mice (Goodrich et al., 1997) showed a distinct 
deficiency in their capacity to inhibit Smo as compared to 
medium conditioned on wild type (Ptch1+/+) MEFs. This 
inhibitory effect could again not be conferred to reporter cells 
transfected with the Ptch1-insensitive SmoM2. The opposite 
effects as observed with Ptch1 DNA transfection versus either 
Ptch1 siRNA transfection or genetic Ptch1 deficient MEFs 
exclude transfection artefacts on the donor cells as potential 
cause of  the observed effects. Overall, these findings suggest 
that Ptch1 transfers a molecule to the medium that inhibits 
Smo activity. Intriguingly, medium conditioned on Ptch1 
overexpressing MDA-MD-231 cells could inhibit Gli activity 
in C3H/10T1/2 cells and vice versa (not shown), suggesting 
that the inhibitory factor is not species specific, at least not 
amongst mammals.
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FIGURE 4. PTCH1 SECRETES SMO-INHIBITORY 3ß-HYDROXYSTEROIDS

(A) Left panel; Schematic representation of the medium transfer experiments, in which medium was incubated on (transfected) donor cells and 
subsequently transferred to reporter cells. Right panel; Intercellular Smo inhibition by Ptch1 is carried by the medium. Medium conditioned by 
control-, Ptch1- or Ptch1 siRNA transfected (C3H/10T1/2, solid bars and MDA-MB-231, hatched bars) cells was transferred to Gli-reporter 
cells. The same inhibitory action for Ptch1 was found as in the Mix-and-Match experiments. Neither 5E1 blocking antibody nor recombinant Shh 
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4B and 4C; quantification of  FPLC profiles as mM total 
3ß- hydroxysteroid). Judging from the retention profile, these 
3ß-hydroxysteroids were present on LDL particles and to a lesser 
extent on VLDL. HDL 3ß-hydroxysteroid levels remained con-
stant in all conditions. Medium incubated on cells transfected 
with siRNA for Ptch1 was virtually devoid of  LDL-associated 	
3ß-hydroxysteroids. This correlation between modified Ptch1 
levels and the accumulation of  3ß-hydroxysteroid molecules 
in the medium suggests that Ptch1 translocates or pumps these 
3ß-hydroxysteroids into the medium and thereby transfers the 
Smo inhibitory activity. 

3b-hydroxysteroids are necessary for Ptch1-
dependent Smo inhibition
In the presence of  pravastatin, a HMG-CoA reduc-
tase inhibitor that abrogates the biosynthesis of  the 	
3ß-hydroxysteroid precursor mevalonate (Figure 1A), LDL-
associated 3ß-hydroxysteroid (named LDL-C on axis) levels 
were substantially reduced (Figure 4C) and correspondingly, 
reduced Gli inhibition was observed in Ptch1-overexpress-
ing reporter cells as shown in Figure 4D. Conversely, the 	
3ß-hydroxysteroid precursor mevalonate strongly increased 
LDL-associated 3ß-hydroxysteroids and Ptch1-mediated in-
hibition of  Gli-transactivation. 
 If  the observed effects of  steroid synthesis modifiers 
on Gli-activation are Smo-specific, Hh responses mediated by 
Ptch1 (but not those by Smo) should remain unaffected. The 
endocytosis of  Ptch1 is such a Smo-independent response to 
Hh (Marigo et al., 1996; van den Heuvel and Ingham, 1996). 
Using [�H]-sucrose as a tracer (Peppelenbosch et al., 1999) 
we observed no effect of  1mM pravastatin on Hh-mediated 
endocytosis (Figure 4E) and thus the effects of  steroid synthesis 
inhibitors are Smo-specific. It is important to realize, however, 
that the above-mentioned reporter data are not from medium 
transfer experiments and that the inhibition or stimulation 
of  cholesterol synthesis and the concomitant effects on Gli 
activity do not unequivocally proof  the contribution of  sterol 
biosynthesis to the intercellular action of  Ptch1.

Using Dhcr7 -/- and Sc5d-/- MEFs to identify 
the inhibitory compound 
The paradoxical phenotype of  Smith-Lemli-Opitz 
syndrome (SLOS) patients, in which diminished Hh 
signalling is accompanied by an accumulation of  the sterol 
7-dehydrocholesterol (7-DHC; see Figure 1A), led us to 
hypothesize that 7-DHC might be a Smo inhibitor. To test 
this hypothesis, we used MEFs (Cooper et al., 2003) from 
mice genetically deficient for 7-DHC reductase (Dhcr7-/-) as 
these cells stack 7-DHC. To confirm the specificity of  7-DHC 
as Smo inhibitor, we also employed Sc5d-/- MEFs that stack 

 Using serum-free medium, no inhibitory action of  
Ptch1-conditioned medium on reporter cells could be con-
ferred (Figure 4A). As serum-free medium contains no lipo-
proteins, this implies an important role for lipoproteins in 
conveying the inhibitory signal from cell to cell. Alternatively, 
serum-free medium also lacks lipids, which could stress the 
necessity for lipids supplied in the medium for Hh responsive-
ness (Cooper et al., 2003). However, serum-free conditions 
for 8 hours (the incubation time in our experiments) do not 
deplete a cell’s cholesterol metabolism arguing in favour for a 
role of  lipoproteins in communicating the inhibitory signal.

Ptch1-dependent secretion of 3b-hydroxy-
steroids
The conditioned media were subjected to FPLC-cou-
pled CHOD-PAP analysis, a technique that analyzes 	
3ß-hydroxysteroid content. The Ptch1 conditioned me-
dium was found to be enriched with 3ß-hydroxysteroids 
relative to medium conditioned by control cells (Figures 

addition to the reporter cells could diminish the inhibitory potential 
of the conditioned media.  Medium conditioned on wild type (PTCH1+/+) 
MEFs showed a pronounced inhibitory effect on reporter cells as 
compared to Ptch1 knockout (PTCH1-/-) MEF conditioned medium. Gli 
activity in reporter cells transfected with SmoM2 was not inhibited 
by PTCH +/+ MEF conditioned medium. In the absence of serum, Ptch1 
transfectant conditioned medium did not contain the inhibitory ac-
tivity. Incubation times as Figure 3B. Values shown are RLU values 
corrected for an internal CMV Renilla standard and expressed as 
percent difference to control transfected donor cells. Depicted is 
the mean +/- SEM. (n ≥ 4; * = p<0.05; ** = p<0.01 medium Ptch1-trans-
fected compared to medium Ptch1 siRNA-transfected).
(B) Vector, Ptch1, and Ptch1 siRNA transfectant conditioned media 
investigated with FPLC-coupled CHOD-PAP analysis shows load-
ing of 3b-hydroxysteroids on lipoproteins by control cells. Medium 
conditioned by Ptch1 transfected cells shows a strong increase in 3b-
hydroxysteroids, mainly in the LDL fraction. Ptch1 siRNA transfec-
tion abolishes 3b-hydroxysteroid loading on LDL. The inset shows 
the lipid standard FCS, containing VLDL, LDL and HDL. Medium was 
incubated on cells for 16h. Shown are typical profiles. 
(C) Quantification of the LDL peaks expressed as mM LDL-C shows 
the Ptch1 induced increase, a reduction by HMG-CoA reductase in-
hibitor pravastatin treatment and the abolition by Ptch1 siRNA trans-
fection of 3b-hydroxysteroid loading on LDL (n = 3; * = p<0.05; ** 
= p<0.01).
(D) Pravastatin inhibited Ptch1 action on Smo-driven Gli reporter 
activity, whereas addition of the cholesterol precursor mevalon-
ate enhanced this inhibition. Cells were transfected and after 16h, 
pravastatin or mevalonate was added for 6-8h. Depicted is the mean 
+/- SEM. (n = 4; * = p<0.05; ** = p<0.01).
(E) Hh-induced endocytosis is not inhibited by 1 mM pravastatin (n=24; 
*** = p<0.005). Cells were stimulated with 1 mg/ml Shh for 1h, and 
preincubated with 1 mM pravastatin or control for 6h. 
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FIGURE 5. DIFFERENTIALLY MODULATED PTCH1 ACTION IN DHCR7-/- AND 
SC5D-/- MEFS
(A) Basal Gli reporter activity measured in MEFs either deficient 
for Sc5d or Dhcr7 shows that the stacking of 7-DHC (in the DHCR7-/- 

MEFs) lowers Gli activity in the mutant cells compared to lathos-
terol stacking in the SC5D -/- MEFs. Transfer of the conditioned media 
to reporter cells (indicated in Figure as “MEFs as medium donors”) 
shows that the inhibitory potential of the DHCR7-/- MEFs is medium-
borne. Media were incubated on donor MEFs for 16h and transferred 
to reporter cells for 6-8h. (n ≥ 4; * = p<0.05;  *** = p<0.005)
(B) Medium transfer of Ptch1, Ptch1 siRNA or control transfected 
SC5D-/- and DHCR7-/- MEFs shows that cells stacking lathosterol but 
lacking 7-DHC (SC5D-/- MEFs) are not able to translate different Ptch1 
levels to an inhibitory action on reporter cells. The DHCR7-/- cells 
were able to properly convey an inhibitory signal when transfected 
with Ptch1 or inversely, show a diminished inhibitory potential upon 
Ptch1 siRNA transfection. UVB treatment of Ptch1 transfectant 
medium (2h) amplified the inhibitory action. Media incubations and 
statistics as (A).

specific metabolite, both MEFs are equally incapable of  sterol 
synthesis. Our data therefore argue against reduced sterol 
levels as being responsible for the observed Smo inhibition. 
Overall, these data strongly suggest that 7-DHC or a Dhcr7 
independent metabolite of  7-DHC has an inhibitory action 
on Smo. 
 To assess whether Ptch1 utilizes 7-DHC to inhibit 
Smo, we performed medium transfer experiments with Ptch1 
(or Ptch1 siRNA) transfected Dhcr7-/- and Sc5d-/- MEFs as 
donor cells. If  Ptch1 would indeed pump 7-DHC, Ptch1 
overexpression or knockdown in the Sc5d-/- MEFs should show 
no effect on Smo inhibition. As shown in Figure 5B, the Sc5d-/-	
MEFs were severely hampered in their ability to transfer Ptch1 
action to the medium, as neither Ptch1 DNA nor siRNA 
transfectants differed from control transfectants in their ability 
to inhibit Smo on reporter cells. The Dhcr7-/- MEFs, however, 
were well capable of  translating Ptch1 expression levels to 
differential inhibitory action on reporter cells. Interestingly, 
UVB treatment of  Dhcr7-/- MEF conditioned media, which 
catalyzes the reaction from 7-DHC to vitamin D�, increased 
the Ptch1-effect on reporter cells, raising the tantalizing option 
that Ptch1 utilizes vitamin D� to inhibit Smo. 

Vitamin D3 is sufficient for Smo inhibition 
From the experiments described above, we hypothesized that 
addition of  synthetic 7-DHC or vitamin D� would inhibit Gli 
activity in reporter cells as well. Indeed, as can be seen from 
Figure 6A, 7-DHC was capable of  inhibiting Smo, but was 
not nearly as potent as its derivative, vitamin D�. This fits 
the observation that UV treatment enhanced the inhibitory 
potential of  Ptch1 conditioned medium (Figure 5B). Addition 
of  the 7-DHC reductase inhibitor AY-9944 (Repetto et 
al., 1990) successfully enhanced the effect of  vitamin D�	
treatment, but was also capable of  inhibiting Smo by itself, 
possibly by causing accumulation of  endogenously synthesized 
7-DHC, or by acting as a 7-DHC mimetic. The magnitude of  
inhibition conveyed by either the transfer of  Ptch1 transfectant 
conditioned medium or Ptch1 cotransfection were both smaller 
than that of  vitamin D�. In addition, inhibition conferred by 
vitamin D�	 was	 stronger	 than	 that	 of 	 �0	 mM cyclopamine. 
The finding that AY-9944 was not a necessity for inhibitory 
action excludes a role for sterol deprivation in this model (see 
also Figure 1A) as the exogenously added 7-DHC or vitamin 
D� can be readily metabolized by these (wild type) fibroblasts 
to produce downstream sterols. 
 Shown in Figure 6B is a dose dependent response of  
reporter cells to vitamin D� for 6h. In agreement the level of  
inhibitory N-terminal Gli3 protein increased accordingly, as 
quantified from Western blot. This digestion product of  Gli3 
originates from proteolysis in the SuFu/Fu complex present 

the precursor of  7-DHC (lathosterol) and contain little or no 
7-DHC. 
 Indeed, as shown in Figure 5A, Dhcr7-/- MEFs had a 
significantly reduced Gli activity as compared to Sc5d-/- MEFs. 
In addition, the Smo-inhibitory potential of  Dhcr7-/- MEF 
conditioned medium was much higher then Sc5d-/- MEF 
conditioned medium as shown in the medium transfer 
experiment depicted in Figure 5A. In addition to stacking a 
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FIGURE 6. ANALYSIS OF VITAMIN D3 AS A SPECIFIC SMO-ANTAGONIST
(A) Shown are the Gli-reporter inhibitions by 7-DHC, AY-9944, a Dhcr7 inhibitor, vitamin D3 and a combination of the latter two. Also shown 
is the inhibition that can be conferred by the well-known Smo-antagonist cyclopamine and the previously observed effects for Ptch1 transfec-
tant conditioned medium as well as Ptch1 cotransfection (data taken from 4B Figure 2B respectively). Cells were stimulated with the various 
compounds for 6h (16h past transfection), except for the cotransfection which was lysed after 24h.  (n ≥ 4).
(B) A range of concentrations of vitamin D3 was tested for inhibition of Gli reporter activity (also in SmoM2 transfected cells), MTT viability 
assay, and N-terminal repressor form Gli3 levels. Cells were stimulated with vitamin D3 for 6h prior to lysis. For the reporter assays, values 
were RLU values corrected for an internal CMV Renilla standard and expressed as percent difference to control stimulated cells (n = 4). 
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in Hh-pathway inactive cells, and is considered the repressor 
form (Ruiz i Altaba, 1999). To exclude cytotoxic artefacts of  
vitamin D�, we measured cell viability by MTT reduction. 
Only at very high (1 mM) concentrations of  vitamin D�	we	
could observe a slight decrease in cell viability. Using SmoM2 
transfected reporter cells, Gli reporter inhibition occurred 
only at 100 mM vitamin D�, and below that concentration 
no inhibition could be observed. This is very similar to the 
impaired but not absent response of  SmoM2 to cyclopamine 
(Taipale et al., 2000).
 To exclude Gli-independent effects of  vitamin D�	
being responsible for the observed reporter inhibition, we 
used a panel of  various luciferase reporter constructs. As can 
be seen in Figure 6C, interferon-stimulated response element 
(pISRE), TATA-like promoter (pTAL),  nuclear factor kappa 
B (pNF-kB) and mutant Gli-binding site (mGli)  luciferase re-
porter constructs were not significantly inhibited by addition 
of 	�0	mM vitamin D� for 6h, whereas reporter activity of  a 
pTAL-luciferase construct was increased. Thus, the inhibi-
tory effect of  vitamin D� on Gli-reporter activity appears to 
be a genuine effect on Smo-dependent signalling. 
 Figure 6D shows Gli reporter inhibition by vita-
min D� in the cell lines C3H/10T1/2 and MDA-MB-231 
previously employed in the Mix-and-Match and medium 
transfer experiments. Both showed a marked inhibition in 
reporter activity following treatment with 10 mM vitamin D�. 	
Importantly, Ptch1-/- MEFs also responded to vitamin D�. As 
these cells have no Ptch1, any artefacts of  vitamin D� by in-
terference with Ptch1 action rather than Smo activity can be 
excluded. 
 A consequence of  our model in which vitamin D�	
or a very similar  molecule mediates Ptch1 action on Smo (as 
shown in Figure 6E,  summarized in Figure legend), is that ex-

The MTT assays shown were raw absorption data expressed as percent difference to control stimulated (n = 8), MTT agent was added for 3h. 
N-terminal repressor form Gli3 was determined by quantifying ECL signal from Western blot and corrected for b-actin (n = 3). Depicted is the 
mean +/- SEM. 
(C) Gli-specificity of the inhibitory effect of 10 mM vitamin D3 was assayed by using a panel of luciferase reporter constructs, amongst which 
a mutant Gli binding site reporter (mGli-LUC). Cells were stimulated for 6h with vitamin D3 and the luciferase activity was assayed, values 
were calculated from RLU values corrected for an internal CMV Renilla standard and expressed as percent difference to control stimulated 
cells (n ≥ 4). Depicted is the mean +/- SEM.
(D) Different cell types share the inhibitory response to vitamin D3 on Gli activity. C3H/10T1/2 and MDA-MD-231 cells were used earlier in 
the Mix-and-Match and medium transfer experiments. PTCH1 -/- MEFs served as a control for any possible effects of vitamin D3 on Ptch1 func-
tion. Cells were stimulated for 6h and the luciferase activity was assayed, values were RLU values corrected for an internal CMV Renilla 
standard and expressed as percent difference to control stimulated cells (n = 4). Depicted is the mean +/- SEM. 
(E) Proposed mechanism of vitamin D3 action. First panel; in the presence of Hh, Ptch1 is inactive, and does not inhibit Smo. The Hh pathway is 
active and Gli activity can be measured in a reporter assay. Second panel; in the absence of Hh, Ptch1 is active and utilizes vitamin D3 to inhibit 
Smo. The pathway is inactive and low Gli activity is measured. Third panel; in the presence of Hh as well as exogenous D3, Smo is inhibited 
independently of Ptch1 and Hh can no longer elicit a Gli response.
(F) Confluent Shh-LIGHT II stable Gli reporter transfectants were stimulated with 10 mM of vitamin D3 and/or 200 ng/ml Shh overnight 
in the presence of 0.5% FCS. Luciferase activity was assayed, values are RLU values corrected for an internal CMV Renilla standard and 
expressed as percent difference to control stimulated cells (0 mM vitamin D3, 0 ng/ml Shh). In the presence of vitamin D3, Shh is no longer 
able to induce reporter activity. n = 4, depicted is the mean +/- SEM. 

ogenously added vitamin D� should overrule any effect of  Hh 
on Ptch1. To confirm this, we stimulated stable Gli-luciferase 
transfectants (Shh-LIGHT II) overnight with 10 mM vitamin 
D� and/or 200 ng/ml Shh. What is apparent from Figure 6F, 
is that in the presence of  vitamin D�, reporter activity could 
not be increased by the addition of  Shh, confirming our 	
hypothesis. 

Scatchard analysis reveals vitamin D3 
binding to Smo 
To assess possible binding of  vitamin D� to Smo, we used a 
yeast strain (Pichia pastoris) transformed with Smo of  which 
the expression could be induced by addition of  methanol 
to the growth medium (kind gift of  Dr Mus-Veteau (De 
Rivoyre et al., 2005)). We chose this approach for two rea-
sons; first, to our knowledge there is no vitamin D� receptor 
in	P. pastoris; second, baseline (or background) levels of  Smo in 	
non-induced P. pastoris are negligible. 
 First, we confirmed the successful induction of  
Smo expression by Western blot using a Smo antibody as 
shown in Figure 7A. We then set out to perform a Scatchard 
analysis with heterologous competition by cyclopamine. As 
cyclopamine is a ligand for Smo, this enabled us to distin-
guish the observed competition from any background by a-
specific binding or specific binding to a vitamin D� receptor 	
(although not known to exist in these cells).  As can be seen from 	
Figure 7B, [�H]-D3 was not capable of  specific binding to 
non-methanol induced P. pastoris (BMGY), whereas after 
methanol induction (BMMY) specific binding of  [�H]-D3 was 
observed which was subject to competition by cyclopamine. 
Cyclopamine replaced [�H]-D3 with an apparent Kd of  2 
nM in this heterologous assay, a higher affinity than the earli-
er reported 20 nM affinity of  cyclopamine.(Chen et al., 2002) 	
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FIGURE 7. SCATCHARD ANALYSIS OF VITAMIN D3 USING SMO-EXPRESSING 
PICHIA PASTORIS
(A) 24h methanol induction (buffered methanol-complex medium; 
BMMY) of Smo-transformed P. PASTORIS yielded successful Smo ex-
pression as shown by Western blot analysis with an antibody directed 
against Smo. 
(B) Scatchard analysis of heterologous competition with cyclopamine 
representing the binding of [3H]-D3 to Smo-expressing (closed circles, 
MeOH induced) and non-expressing (open circles, non-induced) yeast 
strains. The solid line indicates the induced high affinity binding, 
whereas the dotted line indicates non-specific low affinity binding. 
Scatchard analysis and fitting was performed as described earlier 
(Pynaert et al., 1999).

Nevertheless, these results show that vitamin D� has the poten-
tial to bind Smo at the same site as cyclopamine, indicating that	
vitamin D� is indeed a physiological ligand for Smo. 

Vitamin D3 treatment mimics the smo-/- 
phenotype in zebrafish
To test the action of  vitamin D� in a developmental in vivo	
model system, we continuously incubated zebrafish embryos 
starting between 32- and 64-cell stage in 1.2 mg/ml sonicated 
D�. We used sonication as described for 7-DHC (Gaoua et 
al., 1999), but did not use a stabilizing reagent. The vitamin 
D� treatment phenocopied to a great extent the slow muscle 
omitted (smu) mutant phenotype (Barresi et al., 2000), which 
has been identified as the zebrafish ortholog of  smo (Corbit et 
al., 2005; Varga et al., 2001). 
 One of  the most striking features of  the smo-/- phe-
notype are the U-shaped somites in contrast to the sharply 
defined chevron (V) shaped somites of  wild type embryos. 

The vitamin D�-treated embryos showed these disrupted so-
mites (as indicated by arrow 1 in Figure 8A) at the develop-
mental stages shown. Of  the treated animals, approximately 
75% (n=30, in 6 individual experiments) showed this somite 
phenotype as well as the typical responses as listed below. 
Quantification of  the somite angle was performed, measuring 
the angle between the dorsal and ventral portions of  the indi-
vidual somites while positioning the apex of  the angle on the 
horizontal myoseptum (as explained in Figure 8B, top panel). 
In properly shaped somites this angle was relatively sharp, 
whereas in vitamin D�-treated embryos somites were kidney-
shaped, displaying a shallow angle (Figure 8B). The ventrally 
curved body that is characteristic of  smo-/- zebrafish embryos 
was also observed upon vitamin D� treatment. The horizontal 
myoseptum was malformed (Figure 8A, see also Figure 1B of  
(Varga et al., 2001)). Another aspect of  the smo-/- phenotype is 
the aberrant extension of  the yolk tube resulting in a shorter 
and thicker yolk tube, this was also clearly noticeable in the 
vitamin D� treated embryos (indicated by arrow 2 in Figure 
8A, compare to Figure 1 A of  (Varga et al., 2001) and Figure 
4 of  (Corbit et al., 2005)). Although motoneurons have been 
described to be missing in smo-/- animals (Varga et al., 2001), 
we observed no apparent difference touch response between 
control- and vitamin D� animals. Interestingly and not previ-
ously reported, it appeared that the dorsal midbrain was more 
prominent in the treated embryos versus controls, resembling 
the prominent dorsal midbrain in smo-/- embryos (indicated 
by arrow 3 Figure 8A, compare to Figure 1 of  (Varga et al., 
2001) and Figure 4 of  (Corbit et al., 2005)). Also, note the 
similarity of  the treated embryo shown at 18h with regard 
to a reduced trunk possibly caused by increased cell death as 
shown for smo mutants (indicated by arrow 4 in Figure 8A, 
compare to Figure 8B of  (Chen et al., 2001)).
 To assess the specificity of  vitamin D� action on the 
Hh pathway, we employed molecular markers specific for 
Hh pathway activity in zebrafish. The protein Engrailed is 
a marker for muscle pioneers in normal development, and 
as development advances it is also expressed in the cells sur-
rounding the muscle pioneers (Hatta et al., 1991). In zebrafish 
embryos with an abrogated Hh signaling, muscle pioneers fail 
to differentiate and Engrailed is totally absent (Corbit et al., 
2005; Wilbanks et al., 2004; Wolff  et al., 2003; Woods, 2005). 
No Engrailed-staining of  muscle pioneers (indicated by ar-
row in Figure 8, 4D9) or surrounding cells was observed in 
vitamin D� treated embryos, suggestive of  inhibition of  Hh 
signaling by vitamin D�. In the control treated animals, stain-
ing of  muscle pioneers as well as ventrally located cells in the 
somites was observed. Expression of  ptc1 as determined by in 
situ hybridization (Figure 8 A, ptc1) showed a marked reduc-
tion of  transcript levels in the vitamin D� treated animals. As 
ptc1 is not only the primary receptor for the Hedgehog path-
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FIGURE 8. EFFECTS OF VITAMIN D3 ON DEVELOPING ZEBRAFISH EMBRYOS
(A) Fertilized zebrafish eggs were dechorionated and placed in buffer containing 1.2 mg/ml sonicated vitamin D3, starting the continuous 
incubation between the 32- and 64-cell stages. At the different developmental stages (as indicated), the embryos were analysed revealing 
persistent somite malformations, a ventrally curved body, poorly developed myoseptum, an aberrant extension of the yolk tube, a prominent 
dorsal midbrain, and a reduced trunk. The wild type Engrailed staining (4D9) of muscle pioneers and surrounding cells in control treated ani-
mals was not observed upon vitamin D3 treatment. In situ hybridization for ptc1 mRNA showed a strongly reduced signal in vitamin D3 treated 
animals compared to controls. Staining with the F59 antibody revealed that slow muscle fibres were disturbed in number and orientation in 
the treated animals. 
(B) At 18hpf, embryos were photographed in detail and somite angles were determined (as shown in top panel). The measurement was taken of an 
individual somite between dorsal and ventral portions of the vertical myoseptum for corresponding somites between the wild type and vitamin 
D3-treated embryos. Shown are the mean angles (+/- SEM, n = 3) of wild type control- and vitamin D3 treated embryos.
C) Detail of 4 day post-fertilization embryo. Note the slightly enlarged pericardial cavity in vitamin D3-treated animals. Orientation of all 
images: lateral view, anterior to the left. 
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way but also a transcriptional readout of  Hh activity (Varga et 
al., 2001; Woods, 2005), the attenuated expression seen in the 
treated animals confirms that vitamin D� specifically inhibits  
the Hh pathway. Another marker previously described to be 
indicative of  Hh pathway activity is slow muscle fibre orien-
tation and number in the somites. In smo-/- zebrafish, slow 
muscle fibres are fewer and malformed (Barresi et al., 2000; 
Corbit et al., 2005). Shown in Figure 8 (F59) is the disturbed 
pattern and number of  slow muscle fibres after vitamin D�	
treatment, reminiscent of  smo-/- zebrafish embryos. The use 
of  the abovementioned molecular markers confirms that the 
effects of  vitamin D� on zebrafish embryo morphology are 
indeed due to a reduced Hh pathway activity. 
 At later stages, we observed a subtle cardiac oedema 
and all treated embryos died after 5d of  vitamin D� treatment, 
a feature again similar to the smo-/- phenotype (Figure 8C). Al-
though we found the eyes to be relatively ventrally positioned 
throughout various developmental stages (as can be seen in 
Figure 8C), no absolute cyclopia was observed. However, cy-
clopia is not an unambiguous hallmark of  the smo deficient 
phenotype (Chen et al., 2001; Corbit et al., 2005; Varga et al., 
2001). 
 As nearly all of  the typical smo-/- phenotypic fea-
tures were also prominently present in vitamin D� treated 	
zebrafish embryos and the used molecular markers all pointed 
to a defective Hh signaling, we conclude that the in vivo action 
of  vitamin D� on embryonic development is due to a specific 
inhibitory effect on Smo.  

Discussion
In the present study, we investigated the molecular mode 
by which Ptch1 represses Smo activity. By mixing Ptch1 	
expressing cells with cells expressing Smo and a Gli reporter, 
we were able to show that Ptch1 is capable of  non-cell auton-
omous repression of  Smo. This non-cell autonomous repres-
sion is carried by the extracellular medium as medium con-
ditioned by Ptch1-transfected cells was capable of  inhibiting 
Gli reporter activity as well. Conversely, medium conditioned 
by cells transfected with Ptch1 siRNA (so lacking endogenous 
Ptch1 expression) elevated Gli reporter activity significantly 
above medium conditioned by control cells, demonstrating 
that Ptch1 overexpression is not a prerequisite for observing 
this cell non-autonomous repression of  Smo by Ptch1. Mix-
ing Ptch1 overexpression cells with cells expressing Smo and 
Gli reporter produced inhibition of  Gli reporter activity to 
approximately the same extent as fusing these cells, showing 
that this non-cell autonomous repression of  Smo by Ptch1 is 
roughly of  similar potency as compared to intracellular Smo 
repression by Ptch1 and suggests that this intercellular repres-
sion constitutes an important physiological mechanism. In 

this context it is important to note that Hh quenching was not 
a major contributing factor in our experimental system as Hh 
neutralising antibodies do not interfere with Ptch1-dependent 
intercellular repression of  Smo and we were not able to detect 
Hh release by the cells.
 Conditioning medium with Ptch1-transfected cells 
led to the appearance of  a 3ß-hydroxysteroid in this medium 
suggesting that this compound is increasingly translocated 
into the medium as a consequence of  elevated Ptch1 ex-
pression. These results are concordant with the observation 
that Smo antagonists share structural similarities to steroids 	
(Incardona et al., 1998) and the high homology of  Ptch1 to the 
NPC1 protein, which has a cholesterol trafficking and a pump 
function (Davies et al., 2000), as well as to various prokaryotic 
pump proteins. These homologies gave rise to the suggestion 
that, in the absence of  Hh, Ptch1 pumps a compound out of  
the cell that binds to and inhibits Smo and the data of  this 
study confirm this model. Transfection of  Ptch1 siRNA abol-
ished deposition of  this 3ß-hydroxysteroid into the medium 
when compared to control transfected cells, showing that 
3ß-hydroxysteroid translocation is not an artefact of  Ptch1 
overexpression, but that endogenous Ptch1 expression levels 
are sufficient to sustain detectable 3ß-hydroxysteroid translo-
cation. This 3ß-hydroxysteroid translocation seems important 
for the intercellular repression of  Smo by Ptch1, because in 
the presence of  3ß-hydroxysteroid synthesis inhibitors Ptch1 
was no longer capable of  repressing Smo, whereas artificial 
stimulation of  3ß-hydroxysteroid biosynthesis, employing 
mevalonate supplementation, enhanced the inhibitory poten-
tial of  Ptch1 on Smo. 
 The 3ß-hydroxysteroid responsible for intercellular 
repression of  Smo is most likely the (pro-)vitamin D� (i.e. ei-
ther 7-dehydrocholesterol or its metabolite vitamin D�) or a 
highly similar molecule. Fibroblasts derived from animals ge-
netically incapable of  synthesizing these 3ß-hydroxysteroids 
(Sc5d-/-) do not sustain intercellular repression of  Smo by 
Ptch1, whereas fibroblasts that have a genetic defect leading 
to increased (pro-)vitamin D� production (Dhcr7-/-) show exag-
gerated intercellular repression of  Smo by Ptch1. Exogenous 
addition of  vitamin D� was more efficient in inhibiting Gli 
reporter activity than the established Smo antagonist cyclopa-
mine. SmoM2, which has a reduced sensitivity towards cyclo-
pamine, showed diminished sensitivity to vitamin D� as well. 
Importantly, in Scatchard assays cyclopamine and vitamin D�	
competed for Smo binding, suggesting that both compounds 
have an identical binding site on Smo. Scatchard analysis 	
using the precursor 7-DHC as a competitor revealed a ten-
fold lower affinity for Smo than vitamin D� or the hydroxyl-
ated (active) form of  vitamin D� (not shown). Treatment of  
Danio rerio embryos with vitamin D� phenocopied most of  the 
aspects of  the smo-/- phenotype in zebrafish. These findings 
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strongly suggest that Ptch1 translocates either vitamin D�, a 
related molecule or possibly a precursor that is subsequently 
metabolised in the extracellular medium that acts as a Smo 
antagonist.
 Our findings shed light on the puzzling biochemical 
basis of  SLOS, in which accumulation of  7-DHC (see Figure 
1A) accompanies a reduced cholesterol content and a seem-
ingly decreased Hh signalling (Waterham, 2002). Previously, 
the SLOS phenotype has been mimicked by using AY-9944 
(Repetto et al., 1990), which inhibits 7-DHC reductase (Fig-
ure 1A), leading to the accumulation of  its substrate suggest-
ing this molecule to mediate Hh inhibition. Treatment of  pa-
tients with a cholesterol rich diet, however, has been successful 
and statin treatment does not seem to alleviate the symptoms, 
suggesting that the lack of  cholesterol is the culprit (Kelley 
and Herman, 2001; Waterham, 2002). Others have been able 
to counteract the effect of  7-DHC stacking in experimental 
settings by exogenously adding cholesterol (Gaoua et al., 
2000), confirming that AY-9944 merely inhibits synthesis of  
cholesterol needed for proper Hh processing. Although these 	
findings seem to preclude the stacking of  a specific metabo-
lite to be responsible for the SLOS phenotype, it has become 
clear that the clinical phenotype correlates best with the ratio 
of  7-DHC to cholesterol levels in patient plasma rather than 
the levels of  cholesterol alone. Also, treatment with choles-
terol of  infants is arguably too late an intervention, as most 
of  the Hh patterning events are completed in utero. Our ex-
periments show that even in the absence of  AY-9944, addition 
of  vitamin D� strongly inhibits Hh signalling, stronger than 
Ptch1 cotransfection and Ptch1 transfectant conditioned me-
dium and we therefore conclude that the stacking of  7-DHC 
is responsible for the SLOS phenotype. 
 Very relevant to this manuscript and the abovemen-
tioned studies are the findings of  Cooper et al., who found 
that reduced sterol levels impair a cell’s responsiveness to Hh 
(Cooper et al., 2003). By employing fibroblasts from mice ge-
netically deficient for the enzymes involved in lathosterolosis 
(Sc5d) and SLOS (Dhcr7) and depleting lipids and sterols 
from the medium, they showed that sterol levels were crucial 
to a cell’s responsiveness to Hh.  By analyzing the Hh pro-
tein in these cells under the various conditions, they could 
demonstrate proper Hh maturation, thereby excluding im-
proper Hh sterolation to be the cause of  SLOS. They did not, 
however, hypothesize an inhibitory role for excess cholesterol 
precursors. We explain our hypothesis and findings in light 
of  their results by the fact that, by genetic and/or medium 
condition causes, steroid synthesis is seriously impaired in 
cells in their experiments. As a result of  this, 7-DHC levels 
will drop, and this leaves Ptch1 devoid of  substrate. Without 
substrate to pump or translocate, Ptch1 is “paralysed”, and 
addition of  Hh will not exert an effect, explaining the reduced 	

responsiveness. Important to note in this regard is that Hh 
responsiveness does not equal pathway activity, and that the 
absence of  Ptch1-substrate will diminish responsiveness but 
not pathway activity. As both cell lines share the inability to 
properly synthesize cholesterol, and as we find a differential 
inhibitory potential on Smo, we conclude that sterol content 
alone cannot account for Ptch1-mediated Smo-inhibition and 
suggest that the effects found by other groups take place else-
where in the Hh signalling pathway. Interestingly, in our sys-
tem, LDL seems a prerequisite for diffusion of  the inhibitory 
molecule and recently a similar requirement has also been 
found for distribution of  Hh itself  (Panakova et al., 2005).
 Although the present study clearly demonstrates 
that Ptch1 can inhibit Smo in a intercellular fashion, we have 
not addressed whether such intercellular action of  Ptch1 on 
Smo is relevant for Hh action in vivo. Vitamin D� is highly 
hydrophobic and is not expected to diffuse very far in the 
aqueous environment that surrounds cells. We observed that 
in the absence of  LDL as a carrier for the hydrophobic Smo 
inhibitor, intercellular repression of  Smo activity was unde-
tectable. Hence, although Ptch1 exports (pro-)vitamin D�	 it	
might act on Smo on the same cell (and thus function cell au-
tonomously) or, depending on the cell’s surroundings, on Smo 
on adjacent cells (and thus function non-cell autonomously). 	
Nevertheless, expression of  Ptch1 and Smo is often discordant, 
with Ptch1 expression being in the vicinity of  Smo expressing 
cells, without complete colocalization (e.g. (Koebernick et al., 
2001; Sacedon et al., 2003)). We ourselves observed that in 
cardiac nerve branch ganglia Smo and Ptch1 colocalize in the 
bronchial cartilage and epithelium, but not in the ganglion 
itself. In the ganglion, a pronounced staining for Ptch1 can be 
seen, whereas Smo staining is only observed in the adjacent 
cells. These findings are suggestive for intercellular signalling 
actually occurring in vivo (M.F. Bijlsma, unpublished data). In 
contrast with this finding are earlier reported experiments by 
Briscoe et al.(Briscoe et al., 2001)  in which a Hh uninhabit-
able form of  Ptch1 (Ptch1Dloop2) was evaluated with respect 
to its effects on Hh signalling in Drosophila melanogaster and 
Gallus gallus embryogenesis. The results obtained in this study 
suggest that the border of  Ptch1Dloop2 expression more or 
less corresponds with the boundary of  Hh-induced gene 
expression. Thus, it would appear that in these experimen-
tal systems, a Smo inhibitory vitamin D�-like ligand has not 
much capacity to diffuse over multiple cell layers. We there-
fore suggest that the action of  Ptch1 can be cell autonomous 
or non-cell autonomous in various in vivo situations, maybe 
dependent on the presence or absence of  molecules that can 
carry the hydrophobic ligand over larger distances and subse-
quently present this molecule to Smo.
 It is interesting to note that recently it was 
demonstrated that Hh-bound Ptch1 could titrate the inhibi-
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tory action of  the abovementioned Ptch1Dloop2. Further-
more, Hh-bound Ptch1 allowed Smo signalling to occur even 
in the presence of  a Ptch1 form that is incapable of  binding 
Hh (Casali and Struhl, 2004). This observation is inconsistent 
with a model in which Ptch1 serves to translocate a Smo in-
hibitory molecule out of  the cell as in this model Ptch1 action 
would only depend on the amount of  unliganded Ptch1 and 
the amount of  liganded Ptch1 should not influence Ptch1-
dependent inhibition of  Smo. Casali and Struhl provide as 
possible explanation for the titration effect that liganded and 
unliganded Ptch1 compete for access to Smo: Ptch1 acts as 
a multimer in which binding of  Hh to any of  the subunits 
blocks the action of  the complex or liganded and unliganded 
Ptch1 exert counteracting catalytic activities. Only the latter 
explanation seems consistent with the data presented in this 
study, the other explanation requires Ptch1 to function in a 
cell autonomous fashion. Hence, it is possible that unliganded 
Ptch1 translocates a Smo inhibitor to extracellular medium 
whereas Hh-bound Ptch1 would transport this inhibitor to the 
cytosol. Alternatively, Hh-bound Ptch1 is internalized and it is 
possible that in this process it co-internalizes the Ptch1Dloop2 
protein, especially if  both proteins would localize to the same 
plasma membrane compartment, say, lipid rafts. Support for 
this notion might be deduced from the strong Hh-dependent 
endocytosis we observed in the present study, suggesting that 
endocytosis is indeed a major cellular response to Hh bind-
ing to Ptch1. But further studies are needed to address the 
exact mode by which wild type Ptch1 impairs Ptch1Dloop2 
function.
 Activation of  the Hh pathway is under certain con-
ditions associated with development of  cancer, especially in 
the upper digestive tract (Berman et al., 2003; Thayer et al., 
2003) and in basal cell carcinoma in the skin, where this dis-
ease is linked to mutations in Ptch1 (Fan et al., 1997; Gailani 
et al., 1996; Johnson et al., 1996; Oro et al., 1997). Intercel-
lular action of  Ptch1 will allow this molecule to exert its ac-
tion as a tumour suppressor, not only on the Ptch1 expressing 
cell but also on neighbouring cells which may have acquired 
inactivating mutations of  Ptch1, making this mode of  Ptch1-
dependent Smo inhibition especially attractive with respect to 
tumour suppression. Thus, it will be interesting to investigate 
whether intercellular repression of  Smo by Ptch1 actually 
contributes to tumour suppression in vivo. Experiments ad-
dressing this possibility are currently in progress.

Materials and Methods

Constructs / siRNA  used
Mouse Ptch1 (a generous gift of  Dr. M.P. Scott) was cloned into 
the pcDNA 3.1(-) vector (Invitrogen, Carlsbad, California). Human 

SMO (referred to as Smo) cDNA (Image Consortium/RZPD, Ber-
lin, Germany) was cloned into the pcDNA 3.1(+) vector. The Gli1 
cDNA is in pcDNA1 (a generous gift of  Dr. A. Ruiz i Altaba). The 
Gli-reporter d51-LucII was kindly provided by Dr. H. Sasaki as well 
as the mutant binding site variant (mGli). The NF-kB, ISRE and 
TAL luciferase constructs were from Clontech Laboratories (Moun-
tainview, CA). The internal control CMV driven Renilla luciferase 
vector was from Promega (Madison, WI). SmoM2 in pRK7 was 
obtained from Genentech (South San Francisco, CA). The Ptch1 
(#63908) and scrambled control siRNA were from Ambion (Austin, 
TX). 

Western Blotting
Transfected cells were lysed in Laemmli buffer and brought onto  
SDS-PAGE gels. After electrophoresis, protein was transferred onto 
Immobilon-PVDF membranes (Millipore, Billerica, MA). Mem-
branes were blocked in 5% BSA (Sigma-Aldrich, St Louis, MO) 
in TBS/0.1% Tween-20 (TBST) for 1h. Goat polyclonal a-Ptch1 
antibody G-19, a-Smo C-17, a-Gli3 N-terminal N-19, a-Shh 
N-19 or a-Ihh I-19 (Santa Cruz Biotechnology, Santa Cruz, CA) 
were diluted to 1:500 in 3% BSA in TBST and membranes were 
incubated overnight. Goat polyclonal a-actin I-19 (Santa Cruz Bio-
technology) was diluted to 1:1000 in 3% BSA in TBST.  After 1h 
incubation in 1:1000 a-goat HRP-conjugated secondary antibody 
(DakoCytomation, Glostrup, Denmark), blots were imaged using 
LumiLight Plus ECL (Roche, Basel, Switzerland) on a GeneGnome 
chemiluminescence imager (Syngene, Cambridge, UK).

Mix-and-Match Procedure
Mouse mesenchymal fibroblasts (C3H/10T1/2 from American Type 
Culture Collection CCL-226, Manassas, VA) were grown in DMEM 
(Cambrex, East Rutherford, NJ) containing 10% fetal calf  serum 
(FCS (Cambrex, East Rutherford, NJ)). Human MDA-MB-231 
breast carcinoma cells (American Type Culture Collection HTB-26) 
were grown in L-15 Leibovitz medium (Cambrex) with 10% FCS. 
Cells were grown to approximately 70 % and transfected with either 
Ptch1 or Smo and the Gli-luciferase reporter in combination with a 
CMV-Renilla luciferase internal standard using Effectene (Qiagen, 
Hilden, Germany) according to routine procedures. Ptch1 and 
scrambled control siRNA were transfected using RNAiFect (Qiagen) 
following the supplied protocol. Transfected cells were treated with 
�0	 mM o-methylated zVADfmk (Sigma-Aldrich, St. Louis, MO) 
to neutralize the apoptotic effects of  Ptch1. After 16h, cells were 
washed three times with PBS, detached by 2 mM EDTA (Sigma-
Aldrich) in PBS, resuspended in DMEM with 10% FCS and pipet-
ted 3 times through a 40 µm cell strainer (BD Biosciences, San Jose, 
CA) into a tube to allow a homogenous mixture. Equal volumes of  
reporter and donor cells were mixed thoroughly and subsequently 
transferred to 24 well plates. After 6h (4 + 2h for the fusion protocol), 
cells were lysed with passive lysis buffer as provided by Promega and 
luciferase activity was assayed according to the Promega Dual-Glo 
Luciferase Assay System (Promega) protocol on a Lumat Berthold 
LB 9501 Luminometer (Berthold Technologies, Bad Wildbad, Ger-
many). Each Firefly luciferase value was corrected for its co-trans-
fected CMV driven Renilla luciferase standard to correct for trans-
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fection efficiency or dilution effects. Recombinant N-terminal Shh 
was obtained from R&D Systems (Minneapolis, MN) and dissolved 
in PBS with 0.1% BSA. The 5E1 Shh-blocking antibody was from 
the Developmental Hybridoma Bank (Iowa City, IA).

Fluorescent Tracking of Cells
Cells were grown to approximately 70% confluence in DMEM 
containing 10% FCS and washed with PBS to remove serum. Cell-
Tracker Green CMFDA or Orange CMTMR (Molecular Probes, 
Eugene, OR) was diluted to 5 mM in serum-free DMEM and added 
to cells for 45 minutes, the medium was aspirated and fresh medium 
containing 10% FCS was added. Cells were detached and mixed as 
described above. After 16h, cells were fixed in 3.7% formaldehyde 
overnight or mixed as described above and subsequently fixed. For 
fluorescent staining of  nuclei, cells were washed with PBS/0.1% Tri-
ton X-100 (PBST) and incubated in 200 ng/ml DAPI (Roche, Basel, 
Switzerland) in PBST for 1h. Prior to microscopy, cells on cover 
slips were washed briefly in PBS, placed upside-down on another 
cover slip if  imaged on a Leica TCS SP II confocal laser scanning 
microscope (Leica Microsystems, Wetzlar, Germany) or placed on 
an object glass when imaged on a Zeiss Axioskop (Carl Zeiss Inc., 
Oberkochen, Germany).

Cell Fusion
After fluorescent labelling (1h) or transfection (16h), cells were mixed, 
medium was aspirated and cells were washed with PBS. Pre-warmed 
PEG 1500/Hepes pH7.4 50% (Roche, Basel, Switzerland) was 	
added to the cells for 90 seconds, after which the cells were washed 
3 times with PBS. Fresh medium was added and after 2h, cells 
were either lysed with passive lysis buffer and assayed for luciferase 	
activity, or fixed for microscopy after 8h.

Medium transfer experiments 
Donor and reporter cells were transfected for 16h, after which the 
donor cells were washed extensively to wash out any remaining 
transfection complexes and supplied with fresh medium for 6h. Me-
dium was transferred to reporter cells for 6-8h after which cells were 
lysed and assayed for luciferase activity (according to manufacturer’s 
protocol).  The mutant mouse embryonic fibroblasts (MEFs) were 
grown in complete DMEM supplemented with 15% FCS and non-
essential amino acids (Sigma).  

CHOD-PAP-coupled Fast Performance Liquid 
Chromatography (FPLC) 
Steroid levels in the main lipoprotein classes (VLDL, LDL and 
HDL) were determined using high performance gel filtration chro-
matography (HPGC). The system contained a PU-980 ternary 
pump with an LG-980-02 linear degasser, FP-920 fluorescence and 
UV-975 UV/VIS detectors (Jasco, Tokyo, Japan). An extra P-50 
pump (Pharmacia Biotech, Uppsala, Sweden) was used for in-line 
CHOD-PAP enzymatic reagent (Biomerieux, Marcy l’Etoile, France) 
addition at 0.1 ml/min. 60 ml from each sample was subjected to 
size-exclusion chromatography to determine whether there is a rela-
tionship between Ptch1 expression and medium 3ß-hydroxysteroid 

levels using a Superose 6 HR 10/30 (Pharmacia Biotech) column 
with Tris-buffered saline (TBS) pH 7.4 at a flow rate of  0.31 ml/min 
with inline fluorescence and UV detection on the Jasco system with 
CHOD-PAP assay described above. Commercially available lipid 
plasma standards were used for total cholesterol pattern analysis 
(SKZL, Nijmegen, The Netherlands). 

Endocytosis assay (Peppelenbosch et al., 1999)
Cells on 24-wells plates were grown to 70% confluence and treated 
with no or 1 mM pravastatin for 6h. Subsequently, 200 nCi of  [�H]-
labelled sucrose (Amersham Pharmacia Biotech, Freiburg, Germany) 
was added per well. Cells were stimulated with either 1 mg/ml Shh 
or solvent control (0.1% BSA/PBS) for 1h. After washing, cells were 
lysed in 1% Nonidet P-40 and the lysate was transferred to 4 ml 
of  scintillation fluid and activity was determined on a Packard Tri-
Carb scintillation counter (PerkinElmer, Wellesley, MA). Values were 
corrected for solvent control treated cells on ice.

Stimulation experiments
Cells transfected with the Gli-luciferase reporter were stimulated for 
the indicated times and concentrations with; cyclopamine (Biomol, 
Plymouth Meeting, PA), AY-9944 (Calbiochem, San Diego, CA), vi-
tamin D� or 7-dehydrocholesterol (Sigma). 

MTT assay
Cells were seeded in flat-bottom 96 wells plates and treated with the 
indicated concentrations of  vitamin D� for 6h. During the last 3h, 
0.5 mg/ml thiazolyl blue tetrazolium bromide (MTT) was added. 
After incubation, supernatant was discarded, cells were lysed in 50 
ml 40 mM HCl in isopropanol and absorbance was measured at 570 
nm in a Benchmark Plus Microplate Spectrophotometer (Bio-Rad, 
Hercules, CA). 

Pichia pastoris culture 
The Smo-transformed P. pastoris strain was a kind gift from Dr Mus-
Veteau. Culture of  yeast and induction of  Smo expression was per-
formed as described (De Rivoyre et al., 2005).  

Scatchard analysis
Scatchard analysis was performed on intact cells as described earlier 
for (Bloemers et al., 1998; Pynaert et al., 1999). After 24h growth 
in methanol- or glycerol-complex medium, P. pastoris strains	 were	
washed with PBS and diluted to the same OD600. Subsequently, 
aliquots of  cells were labelled for 1.5h at 4ºC in PBS containing 1.66 
nM of  [�H]-labelled vitamin D� (Amersham Pharmacia Biotech) 
and 8 different concentrations of  unlabelled cyclopamine, 7-DHC, 
vitamin D� or hydroxylated vitamin D� (Sigma-Aldrich). The reac-
tion was stopped by washing 4 times with ice-cold PBS. The bound 
radioactivity was determined by transferring the washed pellets to 
4 ml of  scintillation fluid and activity was determined on a Packard 
Tri-Carb scintillation counter (PerkinElmer, Wellesley, MA). In each 
experiment each condition was performed in duplicate. In general, 
Scatchard plots on intact cells show considerable nonspecific low-af-
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finity binding of  [3H]-vitamin D�. Therefore Scatchard plots were 
fitted according to a one or two site model as appropriate. The ob-
served points of  non-induced yeast were satisfactory fit with a one-
site (low affinity) model, while two affinity sites could be distinguished 
in the induced P. Pastoris. 

Animals
Wild type zebrafish (Danio rerio) were kept and bred according to 
standard protocols (Westerfield, M. (1994) The Zebrafish Book, Uni-
versity of  Oregon Press, Eugene, OR). 1 to 1.5 hpf  embryos were 
dechorionated following 2 mg/ml pronase treatment for 1 minute 
followed by extensive rinsing. 1.2 mg/ml of  vitamin D� was added 
to HEPES buffered Ringer’s solution and sonicated on ice for 3 
minutes, control buffer was also sonicated. Suspension temperatures 
were equilibrated and added to the embryos.

In situ hybridization and immunofluorescence
After treatment, embryos were fixed in 4% paraformaldehyde/PBS 
and in situ hybridization was carried out as described (Thisse et al., 
1993) using a ptc1 probe synthesized according to (Concordet et al., 
1996). The 4D9 and F59 antibodies were obtained from the De-
velopmental Hybridoma Bank and utilized as previously described 
(Bader et al., 1982).
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Summary
Besides its roles in prenatal development, it has  
become clear that defects in the developmental 
Hedgehog (Hh) pathway can cause certain 
malignancies in the adult organism. Specifically, 
tumors of  the proximal gastrointestinal tract have 
been shown to depend on an excessively activated 
Hh pathway and previous studies have used the plant 
inhibitor of  the Hh pathway cyclopamine to treat 
Hh-dependent tumor growth. The present study 
aimed to determine the efficacy and specificity of  
the recently discovered endogenous inhibitor of  the 
Hh pathway, vitamin D3, on growth inhibition of  
pancreatic adenocarcinoma cells. Vitamin D3 was 
more effective in inhibiting cell growth of  pancreatic  
adenocarcinoma cells than cyclopamine, and 
this inhibition was specifically mediated through 
inactivation of  the Hh pathway rather than previously 
reported effects of  activation of  the vitamin D 
receptor. Although the exact mechanism for the 
observed cell death was not identified, Western blot 
analysis showed FasR induction by vitamin D3 but this 
was shown not to be causative in causing cell death in 
our model. Analysis of  cell cycle progress modulators 
suggested cell cycle arrest to be responsible for the 
effect of  vitamin D3 on pancreatic adenocarcinoma 
cell growth. 

Introduction
The family of  Hedgehog (Hh) proteins is involved in a 	
plethora of  patterning processes in the developing organism 
and most of  the research effort in the field has so far focused 
on the roles and mechanisms of  Hh proteins in prenatal de-

velopment (Bijlsma et al., 2004). This effort is at least partly 
driven by the unusual and complex signal transduction of  
the Hh proteins (Riobo and Manning, 2007). For instance, 
the Hh signal is relayed though the interaction between two 
receptors, Patched-1 (Ptch1 (Ingham et al., 1991; Marigo et 
al., 1996)) and Smoothened (Smo (Alcedo et al., 1996; van 
den Heuvel and Ingham, 1996)). In the absence of  Hh li-
gand, Ptch1 is actively inhibiting Smo and the pathway is 
inactive. Binding of  Hh ligand to its receptor Ptch1 alleviates 
the Ptch1-mediated inhibition of  Smo and the pathway be-
comes active (Murone et al., 1999). Another peculiarity is the 
synthesis of  the Hh ligand itself; after translation, the protein 
autocatalytically cleaves and a cholesterol group is added to 
the newly exposed C-terminus (Beachy et al., 1997; Lee et al., 
1994; Porter et al., 1996). Following sterolation, a palmitoyl 
group is added at the other terminus and despite these highly 
hydrophobic modifications, the protein is secreted.
 In addition to being investigated for their interesting 
signal transduction, the role of  Hh proteins in the adult 	
organism is becoming increasingly evident, and research has 
shown the Hh proteins to be involved for instance in gas-
trointestinal homeostasis (van den Brink et al., 2001), tissue 
salvage following ischemia (Kusano et al., 2005; Pola et al., 
2003) and T-cell maturation (Uhmann et al., 2007). An im-
portant downside of  improperly sustained Hh activity in the 
adult organism is its causative role in carcinogenesis in skin 
(Fan et al., 1997), prostate (Karhadkar et al., 2004), and the 
upper gastrointestinal tract (Berman et al., 2003; Watkins and 
Peacock, 2004). The underlying causes for excessive path-
way activity in these diseases vary from activating mutations 
in Smo rendering it unresponsive to endogenous inhibition 
by Ptch1, to inactivating mutations in Ptch1 paralyzing its 	
inhibitory action on Smo (Taipale et al., 2000).  Mutations 
in the downstream pathway component suppressor of  fused 
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(SuFu) have also been implied in tumorigenesis (Tostar et al., 
2006). Some tumors, however, do not depend on mutations 
in pathway components but in disproportionate Hh ligand 
production, and it is this Hh expression that has been found 
to cause most tumors of  the upper gastrointestinal tract 
(Berman et al., 2003). 
 Very few effective treatment strategies are available 
for tumors of  the proximal gastrointestinal tract (esophagus, 
stomach, duodenum and pancreatic cancer) and the relatively 
high incidence (10 in every 10000 persons for pancreatic 
cancer each year in Western countries) necessitates research 
into novel therapeutic options. As the alkaloid cyclopamine 
has been found to be a potent inhibitor of  Smo and its 
downstream signaling, it has seen extensive use as a tool in 
Hh research. Inhibiting the Hh pathway in cancer cells of  the 
upper gastrointestinal tract with cyclopamine has proven to 
be a successful way of  reducing cancer cell viability (Berman 
et al., 2002; Berman et al., 2003; Feldmann et al., 2007; 
Taipale et al., 2000). Although cyclopamine thus looks like 
a promising therapeutic option, and tumor growth could 
indeed be diminished in mouse models, phase III trials have 
proven unsuccessful (data not published). 
 We have recently identified the naturally occurring 
inhibitor of  Smo, vitamin D�. Using an in vitro model, we were 
able to show that Ptch1 pumps vitamin D� out of  the cell, 
after which it binds to Smo and inhibits Hh pathway activity 
(Bijlsma et al., 2006). Because of  its widespread and long 
clinical use, the side-effects of  administering vitamin D�	are	
well known (e.g. hypercalcaemia (Hathcock et al., 2007)), and 
we predict that treatment of  tumors that depend on excessive 

Hh pathway activity with vitamin D� is less likely to cause 
unexpected side effects compared to the relatively novel com-
pound cyclopamine, as well as show a better efficacy (Bijlsma 
et al., 2008a). In this study, we estimated the potency of  vi-
tamin D� in inhibiting growth of  tumor cells that are known 
to be sensitive to cyclopamine, thus confirming the action of  
vitamin D� on Smo and establishing a potential novel thera-
peutic option for Hh-dependent tumors. Also, we verified that 
a very significant part of  the vitamin D� induced cytotoxic-
ity was mediated specifically through inactivation of  the Hh 
pathway. 

Results and Discussion
Cell lines known to be dependent on Hh ligand expression 
were used as a model system to examine the effect of  vita-
min D� on Hh ligand dependent tumor cell growth. These 
cell lines included the pancreatic adenocarcinoma cell lines 
Hs766T, BxPC3, MIA PaCa-2 and PANC-1. These cell lines 
have previously been shown to have an elevated Hh pathway 
activity and subsequently increased cell growth, apparently 
caused by an excessive endogenous production of  Hh ligand 
(Berman et al., 2003; Neureiter et al., 2005). As can be seen 
in Figure 1A, cell viability was greatly reduced for the studied 
tumor cell lines when exposed to increasing concentrations 
of  vitamin D� for 3d. In comparison, cyclopamine was less 
effective (Fig. 1B), and at very high doses of  cyclopamine, a 
number of  viable cells always remained. Although these data 
show cytotoxicity to the same cells for both cyclopamine and 

FIGURE 1. VITAMIN D3 INHIBITS PANCREATIC ADENOCARCINOMA CELL GROWTH
(A) BxPC3, Hs766T, MIA Paca-2 and PANC-1 pancreatic adenocarcinoma cells were cultured in the presence of increasing concentrations of 
vitamin D3 and after 3 days, cell viability was assessed by MTT reduction. A strong decrease in viability could be observed with increasing 
vitamin D3 concentrations. Data expressed as percentage in-/decrease over control stimulated cells (0 µM). Shown is mean ±SEM, n=8.
(B) As for A, but using increasing concentrations of the Smo inhibitor cyclopamine. Again, a strong decrease  in cell viability could be seen, but 
to a lesser extent than for A. 
(C) Cells were treated with increasing concentrations of vitamin D3 in the presence or absence of the 7-dehydrocholesterol reductase inhibi-
tor AY-9944. 1 µM AY-9944 strongly augmented the cytotoxic activity of vitamin D3, but was also effective in the absence of exogenously 
added vitamin D3.
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vitamin D�, they do not necessarily prove that vitamin D� acts 
in a similar manner as cyclopamine does.
 To assess to what extent endogenously synthesized 
pro-vitamin D� could inhibit cell growth, we used the 7-de-
hydrocholesterol reductase (7-DHCR) inhibitor AY-9944 
(Gaoua et al., 1999). Inhibition of  7-DHCR causes stacking 
of  7-dehydrocholesterol, which is the precursor to vitamin D�. 
The addition of  AY-9944 to BxPC3 cells enhanced the inhibi-
tory effect of  vitamin D� but cell growth was also inhibited by 
AY-9944 alone (Fig. 1C). Exogenously added as well as en-
dogenously produced pro-vitamin D� is thus toxic to cells that 
depend on an excessively activated Hh pathway. 
 As we had previously shown vitamin D� to bind to 
Smo and inhibit it, we aimed to confirm this effect of  vitamin 
D� on Hh pathway activity in the pancreatic adenocarcinoma 
cells studied. BxPC3 cells were transiently transfected with 
a reporter construct sensitive to the Hh pathway transcrip-
tion glioma associated (Gli) factors (Gli d51-LucII (Sasaki et 
al., 1997)), and Hh pathway activity was assessed following 
vitamin D� treatment (Fig. 2A). A strong decrease in path-
way activity could be seen following treatment with vitamin 
D� proving the BxPC3 cells to have an active Hh pathway, 
and vitamin D� to be able to counteract this activation. 
Surprisingly, we could also observe a substantial pathway 
activation following exogenous stimulation with recombinant 
N-terminal Shh. This means that although the BxPC3 cells 
are able to support their own growth by excessive Shh pro-

duction, this production is not enough to maximally stimulate 
the pathway.
 As the cytotoxic effects of  vitamin D� on cancer 
cells are known to be mediated through several mechanisms 
(nearly all of  which are mediated through the vitamin D re-
ceptor (Deeb et al., 2007)), we aimed to confirm that (at least 
part of) the observed reduction of  cell viability is mediated 
through inactivation of  Smo and the downstream transcrip-
tion factors. To this end, BxPC3 cells were transfected with the 
Ptch1-insensitive Smo mutant SmoM2 (Taipale et al., 2000), 
or the downstream transcription factor Gli1 (Nguyen et al., 
2005). Subsequently, cells were exposed to 10 µM vitamin 
D� and cell viability was assessed by MTT reduction. The 
BxPC3 cells, known to depend on an activated Hh pathway 
for their growth, were rendered less sensitive to vitamin D�	
when transfected with SmoM2, and almost completely insen-
sitive when transfected with Gli1, confirming that a very sig-
nificant part of  the cytotoxic action of  vitamin D� is mediated 
through inactivation of  Smo. 
 To determine the specificity of  vitamin D� induced 
cell-death for cell lines dependent on excessive Hh pathway 
activation rather than a more general, aspecific cytotoxic ef-
fect, we treated HepG2 hepatocarcinoma cells with increas-
ing doses of  vitamin D�. As is apparent, the HepG2 cells 
are much less sensitive to vitamin D� than the BxPC3 cells. 
Because these hepatocarcinoma cells are not thought to be 
caused by an excessively activated Hh pathway (Patil et al., 

FIGURE 2. VITAMIN D3 SPECIFICALLY INHIBITS PANCREATIC ADENOCARCINOMA CELL GROWTH BY HH PATHWAY INACTIVATION
(A) BxPC3 cells were transfected with a luciferase reporter construct sensitive to active Hh pathway transcription factors. 16h after trans-
fection, medium was refreshed en cells were stimulated with vitamin D3 or recombinant N-terminal Shh for another 24h. Following lysis, 
luciferase activity was determined and data were expressed as percentage in-/decrease over control stimulated cells. Shown is mean ±SEM, 
n=3; ** p>0.01; * p>0.05.
(B) BxPC3 cells were transfected with vector DNA, the insensitive SmoM2 mutant or the downstream Gli1 transcription factor for the Hh 
pathway. 16h after transfection, medium was refreshed and cells were subsequently stimulated as for Fig. 1. Shown is mean ±SEM, n=8; *** 
p>0.005; * p>0.05. 
(C) HepG2 hepatocarcinoma cells were stimulated as for Fig. 1. For comparison, BxPC3 data is plotted alongside, showing a much-reduced 
sensitivity to vitamin D3 for the HepG2 cells. 
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2006), this was expected and is indicative of  the specificity of  
vitamin D� on the growth of  those cell types known to depend 
on Hh pathway activity. 
 To elucidate the mechanism by which vitamin D�	
induces cell death, we took clues from mechanisms described 
for cyclopamine previously. Specifically, we anticipated the 
cell growth inhibition by vitamin D� to be mediated through 
expression of  the Fas receptor (FasR (Athar et al., 2004)), ul-
timately leading to apoptosis, and by the inhibition of  cell 
cycle progress mediators (Chen et al., 2007). When we as-
sessed the induction of  FasR by Western blot following treat-
ment of  BxPC3 cells with doxorubicin as a positive control, 
we found a moderate increase in FasR expression (Fig. 3A). 
Doxorubicin is a DNA intercalating compound that has been 
shown to cause cell cycle arrest and FasR upregulation (Fulda 
et al., 1998). When we stimulated with vitamin D�, the FasR 
expression exceeded that by doxorubicin, suggesting that 
FasR induction might be responsible for the cell growth in-
hibition by vitamin D�. To test the actual relevance of  the 
observed FasR upregulation upon vitamin D� stimulation, 
we performed a cell viability assay with vitamin D�	 in	 the		
presence of  a Fas-blocking antibody (a-Fas). Surprisingly, the 
cell growth-inhibitory effect of  vitamin D� could not be di-
minished. Also, in contrast to what was previously reported, 
we could not inhibit cyclopamine induced cell death by a-Fas 
(Fig. 3B). 
 In addition to FasR upregulation, we could observe 
induction of  p21 and a reduction of  cyclin D1 by both doxo-

rubicin and vitamin D� (Fig. 3A). p21 
inhibits cyclin dependent kinase (Cdk) 
and thus stops cell cycle progression, 
whereas conversely, cyclin D1 triggers 
cell cycle progression in conjunction 
with Cdk (Chen et al., 2007). The ob-
served upregulation of  p21 and down-
regulation of  cyclin D1 could very well 
explain the cytotoxicity of  vitamin D�. 
 In an experiment similar to that 
described above for the Fas blocking an-
tibody, we determined if  apoptosis was 
responsible for the observed cell death/
growth inhibition by adding the effec-
tor caspase inhibitor zVADfmk (abbre-
viated as zVAD) to the cells with 10 µM 
vitamin D� or cyclopamine. Although 
we were able to diminish the effect of  
cyclopamine by inhibiting apoptosis as 
expected, we could not do so for vita-
min D� (Fig. 3B) meaning that vitamin 
D� at the dose used does not reduce 
cell viability by triggering apoptosis. 

These data might be explained by the possibility that differ-
ent mechanisms exist downstream of  inactive Smo. The latter 
possibility is supported by the fact that for instance binding 
to Smo by Smo agonist (SAG) can induce either activation 
or inhibition of  Smo depending on concentration (Chen et 
al., 2002), meaning that one binding site on Smo can account 
for different actions downstream. It would be interesting to 
see how Smo is able to translate signals from one binding site 
into two different responses, not only in light of  the findings 
presented in this study and the one describing the effects of  
SAG, but also with regard to the recently discovered ability 
of  Smo to signal in a canonical and a non-canonical fashion 
(Bijlsma et al., 2007; Bijlsma et al., 2008b). 
 Concluding, although inhibition of  tumor growth by 
vitamin D� has previousy been attributed to a large number 
of  mechanisms which include for instance inhibition of  IL-8 
induced angiogenesis, and activation of  the Akt/mTOR path-
way (nearly all of  which are mediated through the vitamin 
D receptor (VDR), although alternative means of  perceiving 
vitamin D� are available to a cell (Deeb et al., 2007)), we now 
report here the action of  vitamin D� on cancer cells through 
inhibition of  the Hh pathway and show that the observed 
cytotoxic activity of  vitamin D� is mainly mediated through 
inhibition of  Smo rather than activation of  the VDR. 
 In all the experiments described in the present study, 
we used the inactive form of  vitamin D�, also referred to as 
cholecalciferol. The strong effects of  this inactive form of  
vitamin D� observed are interesting, as in normal physiology, 

FIGURE 3. VITAMIN D3 MODULATES CELL CYCLE PROGRESSION TO INHIBIT CELL GROWTH
(A) Cells were treated with doxorubicin or vitamin D3 for 16h and subjected to Western blot 
analysis for FasR, p21, and cyclin D1. b-actin was included as loading control.
(B) Cells were treated with vitamin D3 or cyclopamine as for Fig. 1, in conjunction with a FasR 
blocking antibody (a-Fas) or caspase inhibitor (zVAD). No reduction in cytotoxicity of vitamin 
D3 could be observed following addition of inhibitors, whereas reduction of cyclopamine in-
duced cell death could be observed following zVAD treatment. Shown is mean ±SEM, n=8; *** 
p>0.005; ** p>0.01; * p>0.05.
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this inactive form does not influence mineral homeostasis as 
active vitamin D� does. To attain this activity, it must first be 
hydroxylated in the liver and the kidneys (Deeb et al., 2007). 
It should prove valuable to synthesize a non-activatable form 
of  cholecalciferol, to be able to avoid side effects such as hy-
percalcaemia. This compound would still bind to Smo, but 
not the VDR, thus acting only on the Hh pathway and pro-
vide a valuable therapeutic option to treat Hh-dependent tu-
mors. Progress on this matter is eagerly awaited and especially 
known safe compounds that show an inhibitory effect on the 
Hh pathway should speed up utilization of  basic research 
findings on Hh biology. 

Materials and Methods

Compounds and constructs
Cyclopamine was from Biomol (Plymouth Meeting, PA), AY-9944 
from Calbiochem (San Diego, CA), vitamin D� (cholecalciferol) from 
Sigma (St Louis, MO). Recombinant N-terminal Shh was obtained 
from R&D Systems (Minneapolis, MN). SmoM2 in pRK7 was ob-
tained from Genentech (South San Francisco, CA). The Gli1 cDNA 
in pcDNA1 was a generous gift of  Dr. A. Ruiz i Altaba. The Gli-
reporter d51-LucII was kindly provided by Dr. H. Sasaki

Cell culture and transfections 
Hs766T, BxPC3, MIA PaCa-2, PANC-1 and HepG2 cells were cul-
tured in DMEM (Cambrex, East Rutherford, NJ) containing 10% fe-
tal calf  serum (FCS (Cambrex)) according to routine cell culture pro-
cedures. Transfections were performed using Effectene according to 
manufacturer’s directions. For reporter assays, cells were transfected 
in 12-well cell culture plates. Per well, 1 µg DNA was used. For MTT 
assays, cells were transfected in 6-well plates (2 µg DNA per well) and 
after 16h, cells were transferred to 96-well plates (see below). 

MTT reduction cell viability assay
Cells were seeded in flat-bottom 96 wells plates in DMEM contain-
ing 0.5% FCS and treated with the indicated concentrations of  vi-
tamin D� for 3d as described perviously (Corcoran and Scott, 2006). 
During the last 2-4h, 0.5 mg/ml thiazolyl blue tetrazolium bromide 
(MTT) was added. After incubation, supernatant was discarded; 
cells were lysed in 100 µL 40 mM HCl in isopropanol and absor-
bance was measured at 570 nm in a Benchmark Plus Microplate 
Spectrophotometer (Bio-Rad, Hercules, CA).

Western blotting
Following stimulation, cells were lysed in Laemmli buffer and 
brought onto SDS-PAGE gels. After electrophoresis, protein was 
transferred onto Immobilon-PVDF membranes (Millipore, Billerica, 
MA). Membranes were blocked in 3% milk in TBS/0.1% Tween-20 
(TBST) for 1h. Mouse monoclonal a-FAS (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), a-cyclin D1, and a-p21 (both Transduction 
Laboratories, Baltimore, MD) were diluted 1:500 in 1% BSA in 

TBST and membranes were incubated overnight. Goat polyclonal 
a-b-actin I-19 (Santa Cruz Biotechnology) was diluted to 1:1000 in 
3% BSA in TBST.  After 1h incubation in 1:1000 of  the appropriate 
HRP-conjugated secondary antibody (DakoCytomation, Glostrup, 
Denmark), blots were imaged using LumiLight Plus ECL (Roche, 
Basel, Switzerland) on a LAS-3000 imaging system (Fujifilm)

Reporter assay
Cells grown to 70% confluence in a 12-well plate were transfected as 
described above with the Gli-reporter construct and a CMV-driven 
Renilla Luciferase control, and after 16h, stimulated. Subsequently, 
cells were lysed with passive lysis buffer as provided by Promega and 
luciferase activity was assayed according to the Promega Dual-Glo 
Luciferase Assay System (Promega) protocol on a Lumat Berthold 
LB 9501 Luminometer (Berthold Technologies, Bad Wildbad, Ger-
many). Each Firefly luciferase value was corrected for its co-trans-
fected CMV driven Renilla luciferase standard to correct for trans-
fection efficiency or dilution effects.
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Summary
Sonic hedgehog (Shh) is a morphogen pivotal for 
development and tissue maintenance. Biological ef-
fects of  Shh are mediated through a pathway that in-
volves binding to Patched1 (Ptch1), thereby releasing 
Smoothened (Smo) from inhibition resulting in the 
activation of  Gli transcription factors, which mediate 
the induction of  Shh target genes. Here, we describe 
a novel signal transduction pathway for Shh, which 
is transcription/translation-independent, SuFu in-
sensitive, and consequently independent of  Gli-me-
diated induction of  transcription. Through this al-
ternative pathway Shh, transduced via Smo, induced 
altered cell morphology together with lamellipodia 
formation. Migration assays demonstrate that this 
cytoskeletal rearrangement mediates the migratory 
response to Shh. This Shh-induced, Smo mediated 
migration utilizes and requires the metabolism of  
arachidonic acid through the 5-lipoxygenase pathway. 
These data provide a link between a seemingly novel 
Gli-independent Hh signaling pathway and the leu-
kotriene metabolism, and might explain the develop-
mental abnormalities observed in both patients with 
defective leukotriene metabolism as well as in rodent 
models of  defective Rho family GTPase signaling.

Introduction
Hedgehog (Hh) proteins constitute a highly conserved fam-
ily of  intercellular signaling molecules (Bijlsma et al., 2006a; 
Lum and Beachy, 2004; McMahon et al., 2003). Originally 

identified as a Drosophila segment polarity gene required for 
embryonic patterning, several mammalian homologues 
have now been discovered; Indian (Ihh), Desert (Dhh) and 
Sonic Hedgehog (Shh), the latter being the most extensively 	
characterized. These Hh proteins are fundamental regula-
tors of  embryonic development, as illustrated by dramatic 
embryonic malformations seen in humans and mice with 
perturbed Hh signal transduction. Equally important are the 
consequences of  inappropriate activation of  the Shh response 
in tumor formation. For instance, even one-allelic loss of  the 
Hh receptor Patched1 (Ptch1) causes Gorlin syndrome, which 
is characterized by frequent formation of  basal cell carci-
nomas (Gorlin, 2004) Besides being causative in basal cell 
carcinoma of  the skin, activation of  the Shh response is also 
involved in the development of  endodermal cancers (Beachy 
et al., 2004; Benson et al., 2004; Toftgard, 2000; Watkins and 
Peacock, 2004). In addition, the Hh pathway remains active 
in the post-embryonic period, maintaining tissue integrity in 
a variety of  tissues including the gastrointestinal tract and the 
immune system (Benson et al., 2004; van den Brink et al., 
2004; van den Brink et al., 2001) as well as revascularization 
after ischemic stress (Kusano et al., 2005; Pola et al., 2001). 
Despite the obvious importance of  Hh signaling for hu-
man (patho)physiology the molecular details underlying this 
signaling cascade remain are not completely understood.
 Hh biogenesis and signal transduction are unusual, 
many features appear unique to this signaling system. After 
synthesis, Hh undergoes autocatalytic cleavage followed by 
lipid modifications resulting in a secreted protein that is both 
sterolated and palmitoylated (Pepinsky et al., 1998; Porter 
et al., 1996). Its receptor Ptch1 is remarkable, as it does not 
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convey the Hh signal to the intracellular components of  the 
pathway itself  like a conventional receptor. Rather, binding 
of  Hh to Ptch1 alleviates the inhibitory effect of  Ptch1 on 
another membrane receptor, Smoothened (Smo), which, in the 
absence of  this repression, activates target gene transcription. 
Most likely, Ptch1 utilizes vitamin D� or a similar molecule to 
inhibit Smo (Bijlsma et al., 2006b). The alleviation of  Smo 
inhibition is preceded by internalization of  Ptch1 and Smo 
following binding of  Hh (Denef  et al., 2000; Incardona et al., 
2002). In mammals, separating Smo from Ptch1-dependent 
inhibition results in the activation of  the Gli transcription 
factors (Alcedo et al., 1996; Chen and Struhl, 1998; Ingham 
et al., 1991; Marigo et al., 1996; van den Heuvel and Ingham, 
1996) through a process which is still largely unknown 
but involves the dissociation of  Gli from a complex that 
presumably involves, Kif3/Costal2 and Fused/Suppressor 
of  Fused (SuFu) (Dunaeva et al., 2003). Although the exact 
actions of  the different Gli proteins and their processing with 
respect to gene activation and repression remain subject to 
debate, together, this Gli-dependent signaling cascade may 
be termed the classical Hh pathway. Note that for the sake 
of  simplicity, we will refer to the 3 Gli proteins as Gli in this 
manuscript. 
 Many features of  Hh signaling are similar to Wnt 
signaling which, like Hh, is a fundamental regulator of  verte-
brate morphogenesis. In canonical Wnt signaling (Reya and 
Clevers, 2005), the ligand Wnt binds to Frizzled (a serpentine 
protein similar to Smo) and reminiscent of  the Hh pathway, 
activation of  the receptor prevents degradation of  a central 
transcriptional mediator, b-catenin in the case of  Wnt signal-
ing. For Wnt signaling, however, in addition to this canonical 
pathway, also a non-canonical signaling pathway, signaling 
though Frizzeld, but not via b-catenin, has been identified 
that is essential for a plethora of  Wnt functions in pathophysi-
ology (Kuhl et al., 2000). This consideration prompted us to 
investigate whether, in analogy to Wnt signaling, Hh signal 
transduction also has alternative pathways that do not direct-
ly involve activation of  transcription. Suggestive data for such 
signaling come from neuronal development. It has emerged 
that Hh is an important chemotactic factor, with respect to 
axonal guidance during development of  the central nervous 
system (Charron et al., 2003), an action that fits poorly with 
Hh only acting through Gli-dependent transcription. Thus, 
we investigated the effects of  Hh on the actin cytoskeleton 
of  mouse mesenchymal fibroblasts, as the actin cytoskeleton 
is a highly sensitive readout for a variety of  signal transduc-
tion events (Ridley et al., 2003). Hereby we identified a novel 
pathway in response to Shh, mediating rapid actin reorgani-
zation, dependent on arachidonic acid metabolism through 
the 5-lipoxygenase pathway and functionally significant as an 
inducer of  cellular migration.

Results

Kinetics of the transcriptional response to 
Shh 
C3H/10T1/2 mouse mesenchymal fibroblasts are respon-
sive to Hh signaling. When transfected with the d51-LucII 
Gli-reporter (Sasaki et al., 1997) and employing CMV-driven 
Renilla luciferase as a control, we observed activation of  the 
reporter in response to 6h stimulation with 1 µg/ml Shh 
(Figure 1A). The stimulation could be blocked by the addition 
of  1 µg/ml Shh blocking antibody 5E1 (Ericson et al., 1996). 
Also shown in panel 1A, stimulating the C3H/10T1/2 cells 
with Shh for 3 days resulted in a more pronounced response. 
Importantly, we did not observe Gli-activation after a 10 min 
Shh stimulus. Using Ptch1+/- MEFs that express b-galactosi-
dase in response to Shh-stimulus, no response to 1 µg/ml Shh 
was seen 10 min after addition of  the ligand (0.37% ± 8.4 
increase in pathway activity, not shown in Figure 1) whereas 
a 45% increase in reporter activity was observed after 16h 
(Goodrich et al., 1997). 

FIGURE 1. KINETICS OF TRANSCRIPTIONAL SHH RESPONSE
(A) Gli-reporter transfected cells were treated with recombinant 
N-terminal Shh (1 µg/ml) for 10 min, 6h or 3d (22, 16 and 24h post-
transfection respectively). A co-stimulation with 1 µg/ml Shh and 1 
µg/ml 5E1 Shh-blocking antibody for 6h was included as a control. 
(B) Cotransfection of various Hh-pathway components as used in this 
study to assess their functionality showed expected responses (lysis 
24h post-transfection). Values shown are corrected for an internal 
CMV-Renilla luciferase standard. Depicted is the mean ±SEM; n≥4; 
*=p<0.05; ***=p<0.005; One-tailed Unpaired t test. RLU = relative 
light units.
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FIGURE 2. SHH INDUCES CYTOSKELETAL REARRANGEMENTS  

(A) Mouse mesenchymal fibroblasts were serum starved for 6h and stimulated with either solvent control or 1 µg/ml Shh for 10 min. Staining 
of the actin cytoskeleton with TRITC conjugated phalloidin showed the appearance of large sheet-like structures on the cell’s edges as 
indicated by the arrows. Pretreatment with cyclopamine abolished this response (pretreatment 10 min prior to Shh addition with 10 µM cyclo-
pamine). Scale bar = 100 µm. 
(B) Larger magnification of control- and Shh stimulated cells. Again, arrows indicate lamellipodia. Scale bar = 10 µm. 
(C) Deconvolved close-up images of the lamellipodia formed in response to Shh show distinct ruffling of the trailing edge of the cells. 
(D) Cells were stimulated and stained as for panel A and subsequently the number of cells with lamellipodia (as indicated by arrow in B) was 
quantified. For SuFu overexpression experiments, cells were transfected with either control vector or SuFu expression vector 16h prior to 
stimulation (depicted is the mean ±SEM; n=100 in 3 independent experiments; ***=p<0.005; One-tailed Unpaired t-test). 

To assess the functionality of  the expression constructs em-
ployed in this study, we co-transfected these vectors with the 
reporter construct and assayed reporter activity. The Gli-in-
hibitory protein SuFu abolished Gli activity in the presence of  
overexpressed Gli1, testimony of  the low basal activation state 
of  the Hh pathway in the cells used (Figure 1B). Not unex-
pectedly, Gli1 overexpression itself  was markedly stimulatory. 
Together these results show that the transcriptional response 
to Shh occurs happens in a timeframe measured in hours, 
not minutes, consistent with the expected time necessary for 
receptor trafficking, Gli activation, and transcriptional activa-
tion of  genes and translation of  proteins induced by Shh.

Shh induces cytoskeletal rearrangement
After establishing the timeframe of  transcriptional Hh re-
sponsiveness of  our model system, we investigated whether 
this cell type might display cytoskeletal reorganization in 
response to Shh. It appears that a 10 min stimulation with 
1 µg/ml Shh resulted in a significant reorganization of  the 
actin cytoskeleton as assessed by phalloidin-TRITC staining 
(Figure 2A). Especially, large flat sheet-like structures (indi-
cated by arrows), most likely lamellipodia, were formed in 
response to Shh as compared to untreated cells. Furthermore, 
in contrast to the elongated appearance of  control cells, Shh-
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stimulated cells appeared less angular. Cyclopamine pretreat-
ment prevented Shh-induced cytoskeletal rearrangements 
demonstrating these changes require Smo activation. Larger 
magnification images of  experiments as shown in Figure 2A 
are shown in Figure 2B, focusing on the lamellipodia formed 
in response to Shh (indicated by arrows). Shown in Figure 2C 
are detailed, deconvolved images of  the Shh-induced lamel-
lipodia, illustrating the distinct ruffling of  the cells, caused by 
lamellipodia that detach from the substrate and retract into 
the cell. A known function of  these lamellipodia is in cell mo-
tility, in which a lamellipodium adheres to the substrate in the 
direction of  cell movement, forming the leading edge of  a cell 
on its track.
 A single-blind quantification and statistical justifica-
tion of  the abovementioned Shh-dependent and cyclopamine-
sensitive lamellipodia formation is presented in Figure 2D. As 
at the 10 min. time point employed for these experiments 
no activation of  the Gli-reporter could be detected (Figure 
1A), the actin reorganization observed most likely does not 
involve Gli activation. This notion is further confirmed in 	
experiments in which the inhibitor of  canonical Hh signaling 
SuFu was overexpressed. Transfection of  SuFu did not al-
ter the amount of  Shh-induced lamellipodia (Figure 2D), 
emphasizing the Gli-independent nature of  this response. 
We conclude that in this model system, Shh is capable of  	
inducing a Smo-dependent but Gli-independent reorganiza-
tion of  the actin cytoskeleton within minutes.

Shh acts a chemoattractant 
Lamellipodium induction is associated with enhanced cell 
motility (Mitchison and Cramer, 1996; Ridley et al., 1999). 
Hence, to assess the functional relevance of  the Shh-induced 
cytoskeletal alterations, migration assays were performed 
using 2 µg/ml Shh as chemoattractant. We employ higher 
Shh concentrations in the Transwell system (See Figure 3A 
for the migration assay procedure) than in the actin reorga-
nization experiments because the Transwell system prevents 
rapid diffusion of  Shh to the cells resulting in a lower effective 
concentration (0.13 µg/ml Shh after 5 min in top well, 0.42 
µg/ml Shh at 10 min and 0.65 µg/ml Shh after 1h). Detached 
cells were resuspended in serum-free medium and introduced 
in the Transwell system. As cells move through the membrane 
towards the Shh gradient, the fluorescence signal at the bot-
tom side of  the Transwell was determined as measurement of  
cell migration. The Fluoroblok membrane blocks any excita-
tion light from cells in the top well. The fluorescent signal at 
the bottom side increased over time as more cells migrated 
through the membrane. In parallel to the experimental at-
tractant, migration to 20% FCS as well as a no-chemoat-
tractant control to subtract from the experimental conditions 

was included. Using a no-attractant control (that does show 
baseline migration), allows correction for aspecific effects of  
cell treatment or transfection. 
 As shown in Figure 3B, the chemoattractant capacity 
of  2 µg/ml Shh for mesenchymal fibroblasts compared well 
to that of  20% FCS. These data expressed as bar graph, as 
well as controls addressing the specificity of  the response, are 
shown in Figure 3C. Migration to Shh was blocked by the 
addition of  2 µg/ml Shh blocking antibody 5E1, making con-
taminants in the recombinant Shh preparation an unlikely 
factor in this response. The specificity of  the migratory effects 
observed as a novel Gli-independent response to Shh would 
require that the classical Ptch1/Smo receptor pair mediates 
this effect; otherwise relatively aspecific interaction with other 
signaling systems might be involved. Importantly, however, 
the specific Smo-inhibitor cyclopamine abolished the migra-
tion to Shh. Furthermore, 100 nM Smo agonist (SAG) was 
an efficient chemoattractant indicating that Smo activation is 
sufficient for mediating migration. 
 To establish whether this response reflects directed 
migration towards a gradient of  Shh, or is the result of  a 
general increase in cell motility conferred by Shh, we set up 
an experiment in which we added 2 µg/ml Shh to both sides 
of  the Transwell, i.e. to the top as well as the bottom well. As 
can be seen from Figure 3D, the absence of  a Shh gradient 
completely abolished cell movement to the bottom face of  the 
Transwell membrane, suggesting that the Shh response is in-
deed a chemotactic response and not dependent on enhanced 
chemokinesis. 
 Again, the timescale of  these migratory effects ap-
pears to be inconsistent with a role for canonical transcrip-
tion/translation-dependent Shh signaling. To formally 
confirm this notion, migration experiments with Shh were 
performed in the presence of  actinomycin D (transcription 
inhibitor) or cycloheximide (translation inhibitor). Treatment 
with these inhibitors was efficient as both inhibitors complete-
ly abolished induction of  Gli-reporter activity by Shh at ten-
fold lower concentrations than used in the migration experi-
ments (31%, -8% and -1% increase in pathway activity after 
Shh stimulation in control-, 0.5 µg/ml actinomycin D- and 
0.1 µg/ml cycloheximide treated cells respectively; procedure 
as Figure 1A, 6h stimulation). As can be seen in Figure 3E, 
however, transcription or translation inhibitors did not inhibit 
migration. In agreement with these experiments, SuFu over-
expression was equally incapable of  diminishing migration to 
Shh (Figure 3C). Together these data demonstrate that the 
Shh-mediated actin reorganization is reflected in a migratory 
response to this morphogen and that this response is truly Gli-
independent in its nature. 
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FIGURE 3. SHH ACTS AS A CHEMOATTRACTANT ON MOUSE MESENCHYMAL FIBROBLASTS INDEPENDENTLY OF GLI MEDIATED TRANSCRIPTIONAL ACTIVITY
(A) Schematic representation of migration assay procedure. Fibroblasts were fluorescently labeled, placed in a Fluoroblok Transwell migra-
tion system and allowed to move through the 8 µm pores of the Transwell to a chemoattractant as indicated. 
(B) Fluorescence measured at 2 min intervals at the bottom side of the well is shown and represents the number of cells migrated in time (rela-
tive fluorescence units; RFU). Shown in graph are migrations to 2 µg/ml Shh and 20% FCS. 
(C) Bar graph representation of migration towards 2 µg/ml Shh, Shh + 2 µg/ml 5E1 blocking antibody, 100 nM Smoothened agonist (SAG) and 
20% FCS. Cyclopamine (10 µm) was added to the cells during detachment and resuspension (approximately 10 min) as well as during the actual 
migration to 2 µg/ml Shh to address the Smo-specificity of migration to Shh. 
(D) To distinguish between true chemotaxis and an elevated chemokinetic state due to Shh treatment, cells were placed in a Transwell system. 
2 µg/ml of Shh was either added to the bottom well as previously for panel B., showing similar effects, or to both compartments showing no 
net movement to the bottom surface of the membrane. 
(E) Transcription and translation inhibitors (5 µg/ml actinomycin D or 1 µg/ml cycloheximide respectively) were added to the cells during de-
tachment and resuspension as well as during the actual migration to 2 µg/ml Shh. SuFu overexpressing cells are used for migration experiments 
16h post-transfection. (depicted is the mean ±SEM; *=p<0.05; One-tailed Unpaired t test). (***=p<0.005; Two-tailed Unpaired t-test).

Cytoskeletal and migratory Shh responses 
are regulated by leukotriene synthesis
The cytoskeletal responses to Shh resemble EGF-induced cy-
toskeletal changes (e.g. (Ridley, 1995)), a response to EGF that 
requires the conversion of  arachidonic acid into leukotrienes 
through the 5-lipoxygenase pathway (Peppelenbosch et al., 
1993) and a similar requirement might be found for the cyto-
skeletal response to Shh. 
 Indeed, stimulation of  serum starved fibroblasts with 
1 mg/ml Shh resulted in the rapid intracellular synthesis of  
cysteinyl leukotrienes (Figure 4A), in accordance with the 

timeframe observed for the cytoskeletal changes in response 
to Shh. Therefore, we decided to assess the requirement of  the 
5-lipoxygenase metabolism in this Shh-mediated cytoskeletal 
reorganization and migration using specific inhibitors. 
 Cells were stimulated, stained and quantified as de-
scribed for Figure 2 following preincubation with either 5 µM 
of  the pan-lipoxygenase inhibitor nordihydroguaiaretic acid 
(NDGA) or 5 µM of  the selective 5-lipoxygenase-activating 
protein (FLAP) inhibitor MK-886 (Dixon et al., 1990). Treat-
ment with these inhibitors of  lipoxygenases resulted in a sig-
nificant reduction in the cytoskeletal response to Shh (Figure 
4B). Artificial induction of  leukotriene synthesis by addition 
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of  50 µM arachidonate did not increase the responsiveness 
to Shh in this read-out, but it did increase lamellipodium 
formation in control cells. Together, these data indicate that 
the Gli-independent response to Shh in this system is at least 
partly mediated through the induction of  5-lipoxygenase me-
tabolism and that exogenously driven leukotriene production 
can cause cytoskeletal rearrangements similar to those found 
by Shh stimulation.

FIGURE 4. LEUKOTRIENE 
SYNTHESIS REGULATES THE 
CYTOSKELETAL SHH RESPONSE, 
AND CELL MIGRATION
(A) Cells were serum starved 
for 6h, and following short 
term Shh stimulation, leukot-
riene content was determined 
in the cells by cysteinyl leu-
kotriene EIA (depicted is the 
mean ±SEM.; n=3; *=p<0.05; 
**=p<0.01; One-tailed Un-
paired t test) 
(B) Cells were grown on 
cover slips, serum starved 
and stimulated as for Fig. 
2. Subsequently, they were 
pretreated with various 
inhibitors of leukotriene 
synthesis for 10 min and Shh 
(or control)-stimulated 
for another 10 min. 
Following fixation, the actin 
cytoskeleton was visualized 
with TRITC-phalloidin and 
scored for properly formed 
ruffling lamellipodia as for 
Fig. 2 D. The percentage of 
cells (either control- or 
Shh stimulated) that showed 
lamellipodia is shown (depicted 
is the mean ±SEM.; n=300; 
*=p<0.05; ***=p<0.005; One-
tailed Unpaired t- test). 
(C) Leukotriene and prosta-
glandin synthesis inhibitors 
were added to the cells during 
detachment and resuspension 
as well as during the actual 
migration to 2 µg/ml Shh. Re-

duced migration was observed for inhibitors addressing the 5-lipoxygenase branch of the leukotriene synthesis pathway, whereas stimulation 
of leukotriene synthesis with arachidonate enhanced migration. Inhibition of prostaglandin synthesis using celecoxib or indomethacin did not 
inhibit migration to Shh, nor did inhibition of 12-lipoxygenase (baicalein and CDC). Statistics as panel B. 
(D) Gli-reporter transfected cells were treated with Shh (1 µg/ml) for 6 h (16 h post-transfection) in the presence or absence of MK-886. 
After stimulation, RLU values were determined and corrected for an internal CMV-Renilla luciferase standard. (n=4). 
(E) MK-886 was added to the cells during detachment and resuspension as well as during the actual migration to 2 µg/ml Shh or 20% FCS. As 
can be seen, MK-886 only inhibited migration to Shh, not to FCS. RFU = relative fluorescence units. 

 The importance of  5-lipoxygenase for functional 
Gli-independent Shh responses was confirmed in cell migra-
tion experiments. Migration to Shh was greatly reduced in 
cells pretreated with either NDGA or MK-886 (Figure 4C), 
the specific 5-lipoxygenase inhibitor MK-886 being the most 
effective. The fact that we find negative values after subtrac-
tion of  the no-attractant control suggests that the NDGA-, 
and MK-886 pretreated cells actually become less motile after 
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Discussion
The Hh family of  morphogens is generally assumed to act 
through a pathway leading to transcriptional activation and 
repression, involving members of  the Gli transcription fac-
tor family. Studies, especially with regard to axonal guidance 
in the developing nervous system, have suggested that apart 
from this pathway, Hh also exerts developmentally relevant 
actions which -due to the spatiotemporal character- are un-
likely to directly involve transcription. The data in the present 
study now indicate the presence of  a Gli-independent Shh 
signaling pathway mediated by Smo that involves and requires 
the leukotriene metabolism to function in cytoskeletal rear-
rangement and cell migration to Shh. Although several novel 
receptors for Hh have been identified recently (McCarthy, 
2002; Tenzen, 2006; Yao, 2006; Zhang, 2006), this is the 
first study describing a truly novel downstream transduction 
mechanism for Shh. This mechanism fits well with several of  
the known actions of  Hh in pathophysiology: it has recently 
emerged that Hh is a critical mediator of  revascularization in 
ischemic tissue (Bijlsma et al., 2006a) and directed vascular 
outgrowth is well known to involve highly regulated cellular 
migration processes. In this context, it is important to note 
that the 5-lipoxygenase metabolism is important for angio-
genesis (Kanayasu et al., 1989) and that such 5-lipoxygenase 
metabolism emerged as an important effector of  the Gli-in-
dependent cytoskeletal and migration effects observed in this 
study, although awaiting functional studies, this remains a cor-
relation. Interestingly, defective 5-lipoxygenase metabolism 
is directly linked to developmental neuronal abnormalities 
(Mayatepek and Flock, 1998) reminiscent of  those caused by 
a malfunctioning Hh pathway in human patients. This would 
imply that the 5-lipoxygenase-dependent Gli-independent 
branch of  Hh signaling uncovered in this sudy is of  substan-
tial developmental importance. Indeed the recently described 
holoprosencephaly (HPE) phenotype caused by conditional 
Cdc42 deficiency (Chen et al., 2006) would support such a 
notion. Cdc42 regulates the actin cytoskeleton and affects the 
formation of  filopodia and lamellipodia and Cdc42 activa-
tion is important for chemotaxis but not chemokinesis and 
its effect thus closely resembles the effects of  Shh observed 
in this study. Furthermore, the Cdc42 knock out-dependent 
HPE has been described to be independent of  transcriptional 
targets of  Shh, indicating the involvement of  a Gli-indepen-
dent pathway. It is thus well possible that the effects described 
in the present study are an important constituent of  improper 
Hh action in pathophysiology.
 The stimulation of  leukotriene synthesis by Shh 
seems linked to the induction of  cytoskeletal alterations 
and induces cell migration. These are processes that are of-
ten linked to cancer cell invasiveness and metastasis, as well 

Shh stimulation compared to cells not exposed to attractant. 
We explain this by the fact that the inhibition of  leukotriene 
synthesis abolishes substrate competition for arachidonate be-
tween leukotriene and prostaglandin synthesis. Thus, in the 
presence of  MK-886, Shh stimulation leads to an increase 
in prostaglandins that we suggest to inhibit cell motility in 
response to Shh (for an example of  such a differential cyto-
skeletal response to leukotrienes or prostaglandins see (Pep-
pelenbosch et al., 1993)). This suggestion was confirmed by 
the observation that inhibition of  cyclooxygenases using indo-
methacin enhanced migration (Figure 4C). The 5-lipoxygenase 
specificity of  the effects found was confirmed by using spe-
cific inhibitors of  12-lipoxygenase (baicalein 30 µM; 10 µM 	
cinnamyl-3,4-dihydroxy-alpha-cyanocinnamate(CDC)) which 
were unable to inhibit of  Shh-induced migration. Arachido-
nate enhanced migration up a Shh gradient. Overall these 
data point to an intimate relationship between 5-lipoxygenase 
metabolism and the cytoskeletal rearrangements induced by 
Shh which seems reminiscent to that of  growth factors such 
as EGF (Peppelenbosch et al., 1993). 

Lipoxygenase is not important for Gli-
dependent Shh signal transduction
Although we have shown the redundancy of  Gli me-
diated transcription in mediating the migratory response to 
Shh, this does not strictly rule out the involvement of  the 
leukotriene metabolism in the Gli-dependent Hh pathway. In 
such a model, the effects observed are part of  the classical 
cascade but do not need full downstream activation (i.e. Gli 
activation). To assess the requirement of  the leukotriene me-
tabolism in Gli mediated transcription, a luciferase assay as 
described for Figure 1A was employed. Reporter transfected 
cells were stimulated with 1 µg/ml Shh in the presence or 
absence of  5 µM MK-886, and after 6h cells are lysed and 
assayed. There was no difference in transcriptional response 
to Shh when 5-lipoxygenase synthesis was inhibited (Figure 
4D). From these data we conclude that the leukotriene me-
tabolism is not involved in Gli activation by the Hh pathway, 
but instead that it functions in a Hh-dependent response dis-
tinct from the one leading to transcriptional activation of  Hh 
induced genes. 
 The specificity of  the MK-886-mediated inhibition 
of  migration towards Shh was assayed by performing a migra-
tion to FCS in the presence of  MK-886 in parallel. Inhibition 
of  5-lipoxygenase synthesis by MK-886 specifically inhibited 
migration to Shh and not that to FCS (Figure 4E). Thus, the 
necessity of  leukotriene metabolism is only required for mi-
gration towards Shh in our experimental paradigm.
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as wound healing (Callahan et al., 2004; Karhadkar et al., 
2004). Some of  these processes require the metabolism of  
arachidonic acid through the 5-lipoxygenase pathway (Green 
et al., 2004; Muller et al., 2001) and particularly striking are 
the observations that both Hh signaling components and 
5-lipoxygenase are highly expressed and required for the 
generation of  tumors in the proximal gastrointestinal tract 
(Berman et al., 2003; Fan et al., 2004; Hennig et al., 2005; 
Hoque et al., 2005). The possibility that the Gli-independent 
signaling pathway as described in the present study indeed 
contributes to well-documented Shh effects in gastrointestinal 
cancer may thus warrant further investigation. Migration ex-
periments using different cell types (not shown) demonstrated 
that the migration to Shh not to be unique the C3H/10T1/2 
fibroblasts, as we found a migratory response to Shh for 
3T3 fibroblasts, and various human cancer cell lines. Thus, 
Shh-dependent but Gli-independent Hh signaling leading 
to leukotriene production and subsequent migration may 	
contribute to tumor dissemination of  proximal GI tract can-
cers. As many other oncologically relevant stimuli (e.g. EGF) 
are capable of  inducing leukotriene synthesis as well, however, 
the actual physiological relevance for Shh-dependent leukotri-
ene synthesis in cancers of  the proximal gastrointestinal tract 
remains uncertain; at any case Gli-dependent transcription 
seems the major mediator of  Hh-dependent tumor growth in 
this compartment.
 The identification of  a novel Hh response pathway 
that is reminiscent of  the non-canonical Wnt signaling path-
way further strengthens the evolutionary similarity between 
these two important developmental pathways (Kalderon, 
2002; Medina et al., 2000). An obvious difference, however, 
between non-canonical Wnt signaling and Gli-independent 
Hh signaling is that canonical and non-canonical Wnt signal-
ing involve different Wnt ligands and receptors whereas Gli-
dependent and -independent Hh signaling are induced, in the 
present model system, by the same ligands and recptors.
 Together, our studies point to a novel Gli-indepen-
dent Shh signaling pathway. Formally our studies only show 
that the Gli proteins do not function as transcription factors 
to regulate cytoskeletal rearrangements and migration. As Gli 
proteins are primarily cytoplasmic one could argue that non-
transcriptional actions of  the Gli proteins in the cytoplasm 
might be responsible for the observed effects. However, as 
such cytoplasmic effects of  Gli have not been reported to date, 
we believe the novel Hh pathway is indeed Gli-independent. 
A finding that supports this notion comes from migration ex-
periments in which we used cells from mice knockout for the 
Gli transcription factors (Gli1-/-, Gli2-/-, Gli3-/-, Gli1-/-2-/- and 
Gli2-/-3-/-) (Lipinski et al., 2006) and found no reduction in mi-
gration to Shh. However, as none of  these cells lack all of  the 

Gli transcription factors, we feel these results are not entirely 
conclusive. 
 The main challenge now emanating from the 	
present study is the identification of  the signaling pathways 
responsible for the activation of  leukotriene synthesis. The 
recent advent of  kinome profiling technology that enables the 
generation of  comprehensive descriptions of  cellular kinase 
activity without the necessity of  a priori assumptions as to the 
signaling pathways affected should greatly aid the identifica-
tion of  these pathways. 

Materials and Methods

Reagents
Recombinant N-terminal mouse Shh was purchased from R&D 
(Abingdon, UK). SAG was a kind gift of  James Chen. Indometha-
cin, NDGA and phalloidin-TRITC were from Sigma (St. Louis, 
MO). Cyclopamine was from Biomol (Plymouth Meeting, PA). 
CellTracker Green CMFDA (5-chloromethylfluorescein diacetate) 
was obtained from Molecular Probes (Eugene, OR). Celecoxib was 
kindly provided by Pfizer (New York, NY). The Gli1 construct was 
a generous gift from dr Ruiz I Altaba. The SuFu expression vector 
was given by Dr Rune Toftgård. The pcDNA3.1 vectors used for 
expression of  abovementioned genes were obtained from Invitrogen 
(Carlsbad, CA). The Gli-Luciferase reporter and the Renilla control 
were a kind gift from dr H. Sasaki. 

Cell culture
C3H/10T1/2 clone 8 mouse mesenchymal fibroblasts (ATCC; 
Manassas, VA) were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM, Cambrex, East Rutherford, NJ) supplemented with 
10% fetal calf  serum (FCS, Cambrex). Ptch1 heterozygote MEFs 
were cultured in DMEM supplemented with non-essential amino 
acids and 15% FCS. Routine cell culturing procedures were used 
and cells were never allowed to reach confluence. For fluorescence 
microscopy, cells were grown on 15 mm glass cover slips in 24 wells 
plates to 20-40% confluence. 

Transfections
All DNA transfections were carried out using Effectene from Qia-
gen (Hilden, Germany) and performed as indicated in the supplied 
protocol. For transfections in 6-wells plates, 2 µg DNA was used at a 
1:15 ratio of  DNA/Effectene. Cells were incubated with transfection 
complexes for 16h, after which fresh medium was added for another 
6-8h preceding further experimentation. Transfection of  siRNA was 
performed using RNAiFect (Qiagen) in 6-wells plates with the same 
nucleic acid concentration and transfection reagent ratio as for the 
DNA transfections.

Luciferase assay
Cells grown to 70% confluence in a 24-wells plate were transfected 
as described above with a Firefly Gli-reporter construct and a CMV-
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driven Renilla Luciferase control, to a total of  1 µg of  DNA/well. 
Cells were serum starved, and 1 µg/ml of  Shh was added for 10 
min, after which cells were lysed. In another experiment, cells were 
stimulated with Shh for 3d. Luciferase activity was measured using 
the Dual-Glo Luciferase Assay System from Promega (Madison, 
WI). Raw relative luminescence units (RLU) were corrected for their 
Renilla control. For the Ptch1+/- MEFs, b-galactosidase activity was 
assayed by stimulating the cells as for the Gli-luciferase transfected 
cells, and lysis in 0.2% Triton X-100, 100 mM sodium phosphate 
pH 7.8. Lysates were incubated in Galacton (Applied Biosystems) 
in 1 mM MgCl, 100 mM sodium phosphate pH 8.0 for 45 min. 
The luminogenic reaction was started by the addition of  Emerald 
enhancer in 200 mM NaOH.

Cell migration
Cells were grown to 70% confluence in 6-wells plates and prior to 
experimentation labeled for 1h with 10 µM CellTracker Green in 
serum-free medium. The dye was fixed by 1h incubation in medium 
with 10% FCS, and subsequently cells were washed and detached 
with 2 mM ethylenediaminetetraacetic acid (EDTA) in PBS. After 
complete detachment, cells were resuspended in serum-free me-
dium, pipetted through a 70 µM cell strainer (BD Falcon, Franklin 
Lakes, NJ), transferred to 8 µM pore size HTS FluoroBlok Cell Cul-
ture Inserts from BD Falcon which were inserted in fitting 24-wells 
plates in which various attractant-containing media were present. 
Promptly, fluorescence values representing the number of  cells on 
the bottom side of  the insert were read 4 times every 2 min on a Se-
ries 4000 CytoFluor Multi-Well Plate Reader (Perseptive Biosystems, 
Framingham, MA). The raw fluorescence data were corrected for 
background fluorescence and fading of  the fluorophore. No-attrac-
tant controls were subtracted at each measured time point to correct 
for any effects not due to active migration to the chosen attractant. 
Migration start points were set to zero. Data shown in bar graphs 
are the mean fluorescence of  all measured cycles from base-line to 
plateau migration.

Fluorescence microscopy 
Cells grown on cover slips were washed with PBS and fixed with 3.7% 
formaldehyde for 20 min. After fixation, cells were permeabilized 
and blocked in PBS/0.1% Triton X-100 supplemented with 10% 
FCS for 1h. The actin cytoskeleton was stained with 10 µg/ml phal-
loidin-TRITC in PBS/0.1% Triton X-100 (PBS-T) supplemented 
with 1% FCS. After staining, the cells were washed and mounted in 
Mowiol/DABCO aqueous mounting medium and examined using 
a Leica DMRA (Wetzlar, Germany) epifluorescence microscope. Im-
ages were captured on a cooled charge-coupled camera (KX Series, 
Apogee, Auburn, CA) operated by ImagePro Plus software (Media 
Cybernetics, Silver Spring, MD).

Leukotriene EIA
Cells were grown in 100 mm culture dishes, serum starved, and 
stimulated with Shh. Cells were lysed in 1 ml of  methanol, after 
which the methanol was evaporated in a SpeedVac concentrator. 
After reconstitution in 100 µl of  EIA buffer, cysteinyl leukotriene 

content was assayed according to manufacturer’s directions (Cyste-
inyl Leukotrien EIA Kit, Cayman Chemicals, Ann Arbor, MI)
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Summary
The Hedgehog (Hh) pathway is required for many 
developmental processes as well as for adult 
homeostasis. Although all known effects of  Hh 
signaling affecting patterning and differentiation are 
mediated by members of  the Gli family of  zinc finger 
transcription factors, we demonstrate that the Hh-
dependent formation of  neurites from motorneurons, 
like migration of  fibroblasts, requires leukotriene 
synthesis and is different from the Gli-mediated Hh 
response. Smo activity is required for the utilization 
of  the leukotriene metabolism and inversely, the 
leukotriene metabolism is required for mediating the 
Hh effects on neurite projection. These data establish 
a function for the previously described arachidonic 
acid-dependent Hh pathway in a developmentally 
relevant model system. 

Introduction
Hh signaling is involved in a large number of  developmental 
processes as well as in adult pathophysiology (Bijlsma et al., 
2004), however its role in inducing ventral neurons was one of  
the first and best characterized functions to be found for Sonic 
hedgehog (Shh) signaling (Roelink et al., 1994). Activation of  
the Hh pathway involves a particularly complicated sequence 
of  events. The Hh ligands for the pathway are autocatalyti-
cally cleaved (Lee et al., 1994), sterolated (Porter et al., 1996), 
palmitoylated (Pepinsky et al., 1998), and despite its apparent 
hydrophobicity, Hh mediates long-range signaling. Hh binds 
to one of  the two receptors of  the pathway, Patched1 (Ptch1) 

(Marigo et al., 1996), which results in the internalization of  
the Ptch1/Hh complex (Incardona et al., 2000). The 12-pass 
transmembrane protein Ptch1 probably inhibits the activity 
of  the 7-pass transmembrane protein Smoothened (Smo) via 
the re-distribution of  (pro-)vitamin D� or similar molecules 
(Bijlsma et al., 2006). Smo accompanies the Ptch1/Hh com-
plex into the cell after which it segregates away from the 
complex thereby removing itself  from the inhibitory action 
of  Ptch1 and becoming active (Incardona et al., 2002). This 
activity is relayed to the pathway’s transcription factors (the 
family of  zinc finger containing glioma-associated oncogene 
(Gli) proteins) through an intracellular complex of  pathway 
components, the exact composition and function of  which 
is not yet clear and appears to be different in distinct phyla 
(Varjosalo et al., 2006). In the absence of  a signal from Smo, 
the pathway’s transcription factors are either kept inactive by 
sequestration or processing into repressor forms by this com-
plex (Ruiz i Altaba, 1999). 
 There were several reasons to postulate a Hh re-
sponse independent from the Gli-mediated activation or sup-
pression of  transcription. For instance, Shh has been shown 
to be an important chemotactic factor with respect to axonal 
guidance during development of  the central nervous system 
(Charron et al., 2003), an action that fits poorly with Shh 
acting through Gli-dependent transcription as these actions 
take place outside the cell body and on a timescale seemingly 
incompatible with transcription/translation. We recently 
showed that besides the traditional Hh pathway, an arachi-
donic acid-dependent but Gli-independent pathway exists 
(Bijlsma et al., 2007). This pathway was shown to function in 
mediating fibroblast motility independently of  transcriptional 
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activity and to require a functional arachidonate metabolism.  
We set out to investigate the existence and function of  the 
leukotriene-dependent Hh pathway in a neuronal model for 
Shh-mediated differentiation. 
 By virtue of  their pluripotency and sensitivity to dif-
ferentiation cues, embryonic stem (ES) cells provide a good in 
vitro model for neural differentiation (Wichterle et al., 2002). 
In neuralized ES cells, the response to Shh results in expres-
sion of  HB9, a marker of  motorneuron differentiation (Pfaff  
et al., 1996). By using ES cells derived from an embryo trans-
genic for an HB9 promoter-driven green fluorescent protein 
(GFP) (Wichterle et al., 2002), we were thus able to assess 
motorneuron differentiation in neuralized embryoid bodies 
(EBs) derived from these ES cells. By staining for class III 
b-tubulin (a neuron specific cytoskeletal protein), we could 
simultaneously visualize neurites of  neurons induced in neu-
ralized EBs (Ferreira and Caceres, 1992), allowing us to assess 
the effect of  Hh signaling on neuronal differentiation and 
neurite formation independently.
 To address the role of  leukotrienes in neurite forma-
tion, we focused on a key enzyme involved in their synthesis, 
5-lipoxygenase (5-LOX), which catalyzes the formation of  the 
leukotriene precursor 5-hydroperoxyeicosatetraenoic acid (5-
HPETE) from arachidonic acid. Due to its function in gener-
ating leukotrienes, the role of  5-LOX in immunology is clear 
and well established, and very specific inhibitors have been 
developed for pharmaceutical use. We showed that one of  
these inhibitors, MK-886, inhibited neurite outgrowth in of  
Shh induced motorneurons, while not affecting the induction 
of  motorneuron specific gene expression. We further showed 
that Smo function is required for MK-886 to inhibit neurite 
growth. These results indicate the presence of  two indepen-
dent, Smo-dependent mechanisms to relay the Hh response, 
the classical pathway, resulting in the induction of  motorneu-
rons, as well as a 5-LOX dependent response affecting neurite 
outgrowth. 

Results

Motorneuron neurite projection in 
neuralized embryoid bodies is dependent on 
5-lipoxygenase activity
To study the possible involvement of  the arachidonic acid-de-
pendent Hh pathway in a model for neuronal development, 
we investigated motorneuron differentiation in HB9::GFP	
EBs. motorneuron differentiation is known to be critically de-
pendent on Gli transcription factor activity (Bai et al., 2004; 
Wichterle et al., 2002), and this differentiation thus represents 
the classical Hh signaling pathway in our assay. Following 
neuralization by retinoic acid treatment and ventralization 

by a pharmacological Hh agonist, all EBs contained motor-
neurons as shown by GFP expression (Figure 1E). The Hh 
agonist used is similar to the previously described HhAg1.3 
(Frank-Kamenetsky et al., 2002; Wichterle et al., 2002), and 
specifically binds and activates Smo. 
 In addition to assessing proper motorneuron 
differentiation, staining for Tuj-1 enabled us to visualize the 
projection of  class III b-Tubulin positive neurites in these EBs. 
In response to Smo activation, a dense network of  neurite 
projections was formed. As we used conventional epifluores-
cence microscopy, we predominantly visualized motorneuron 
projections on the outside of  the EBs (Figure 1B). In the 
absence of  Hh agonist, this fine neurite network was largely 
absent and only a few projections could be seen per optical 
field (Figure 1A). When the EBs were stimulated with Hh 
agonist as well as with the specific inhibitor of  5-lipoxygenase 
(5-LOX), MK-886, the number of  neurites was significantly 
diminished (Figure 1C), while motorneuron differentiation as 
measured by GFP expression was unaffected (Figure 1F). 
 To quantify the density or reticularity of  this net-
work, we measured neurite length in between crossing neu-
rites (nodes). This quantification showed two distinct classes 
of  neurite network density evident from by the frequency 
distribution analysis of  the measured lengths (Figure 1G). In 
the dense network that formed in the presence of  Hh agonist 
the distances between crossing neurites were small, while lon-
ger distances between these nodes characterized a less dense 
network. The latter EBs were referred to as class I, while EBs 
containing a dense network were referred to as class II. Activa-
tion of  the Hh response by Hh agonist caused the formation 
of  class II EBs, while in the presence of  Hh agonist as well as 
MK-886, the neurite network became significantly less dense 
and these EBs were classified class I. All subsequent analyses 
of  proper neurite projection were performed using this clas-
sification. 
 Quantification of  the percentage of  class II EBs 
demonstrated that increasing concentrations of  MK-886 de-
creased the induction of  class II EBs by Hh agonist (Figure 
1H). Conversely, quantification of  the percentage of  GFP 
positive EBs showed that motorneuron differentiation was 
not affected by 5-LOX inhibition (Figure 1I). Thus, although 
MK-886 left the developmental program leading to motor-
neurons unaltered, it efficiently disturbed the formation of  
neurite projections from these motorneurons. This suggests 
that neurite extension, but not the differentiation of  motor-
neurons relies on leukotriene synthesis.
 Using a more general leukotriene inhibitor, nordihy-
droguaiaretic acid (NDGA), we found a similar response on 
class II EB induction (Figure 1J), although NDGA also caused 
some inhibition of  GFP expression (Figure 1K), probably due 
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FIGURE 1. HH AGONIST TREATMENT 
INDUCES MOTORNEURONS AND A DENSE 
NETWORK OF TUJ1-POSITIVE NEURITE 
PROJECTIONS IN NEURALIZED EBS
(A-F) As indicated by HB9 promoter-
driven GFP expression in neuralized 
EBs, Hh agonist induced differen-
tiation to motorneurons (GFP ex-
pression, lower row of panels). This 
differentiation was not abrogated 
by treatment with 5 µM MK-886. In 
the presence of Hh agonist, a dense 
network of class III b-tubulin posi-
tive neurite projections (stained by 
a-Tuj1, upper row of panels) could be 
seen. This network was, however, dis-
turbed by inhibition of 5-LOX with 5 
µM MK-886, a concentration that did 
not affect GFP expression. EBs were 
stimulated with 500 nM Hh agonist 
and 1 µM retinoic acid for 3d after 
2d of allowing aggregation in the ab-
sence of stimulus. MK-886 was added 
simultaneously with Hh agonist. 
(G) Frequency distribution analy-
sis of neurite length (in pixels) in 
between crossing neurites as mea-
sure of network reticularity. Two 
distinct classes of neurite network 
density could be seen. All conditions 
included RA treatment. n=40 
(H) Quantification of percentage of 
class II EBs showed strong inhibi-
tion by MK-886 treatment (as in C), 
whereas the population of GFP posi-
tive (motorneuron) EBs was hardly 
disturbed (I). Approximately 50 EBs 
were quantified in at least 3 individ-
ual experiments. Shown is the mean ± 
SEM. 
(J) NDGA treatment in abovemen-
tioned experimental setup and quanti-
fication shows a similar response but 
slightly more pronounced effect on 
motorneuron differentiation as indi-
cated by GFP expression (K). Statis-
tics as (H).
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to the relative low specificity of  NDGA as compared to MK-
886 in inhibiting LOX enzymes.

Neurite projection from ventral neural 
explants is dependent on 5-lipoxygenase 
activity
To be able to quantitatively study single neurite dynamics un-
der leukotriene inhibition and confirm the observations from 
the EB model, we used a ventral quail neural explant model 
(Yamada et al., 1993) in which we observed neurite projec-
tions, likely from motor neurons, exiting the explant and ad-
hering to the substrate in the presence of  Hh agonist (Figure 
2A). In this experimental setup, we observed that MK-866 
caused shortening of  the neurites outside the explant in a 
dose dependent manner (Figure 2B). Trypan Blue exclusion 
revealed that this was not due to cytotoxicity (data not shown). 
Quantification of  the effect of  MK-866 on the length of  neu-
rite outgrowth is shown in Figure 2C. Although these explant 
data do not allow us to precisely separate the effects of  Hh 
signaling on differentiation and neurite extension, they do 
emphasize that 5-lipoxygenase activity is required for neurite 
outgrowth from ventral neural explants.

Specificity of leukotriene inhibition for 
class II EB induction 
Arachidonate is generated from membrane phospholipids 
by phospholipase A2 (PLA�, see Figure 3A for overview). 
Leukotrienes (LTs) are subsequently synthesized from ara-
chidonate by the lipoxygenases (LOX), through hydroper-
oxyeicosatetraenoic acid (HPETE) intermediates whereas the 
cyclooxygenases (COX) mediate synthesis of  prostaglandins 

FIGURE 2. NEURITE PROJECTIONS FROM NEURAL EXPLANTS ARE SENSITIVE TO INHIBITION OF 5-LIPOXYGENASE
(A) Quail ventral neural explants were obtained and maintained in the presence of Hh agonist for 3 days with varying concentrations of MK-
886. Neurite projections from the tissue were severely shortened after MK-886 treatment (B). Explants were fixed and stained with a-Tuj1 as 
for EBs. Dotted line indicates neural tissue as determined by bright field microscopy. 
(C) Quantification of projection length following MK-886 treatment, shown is the mean ± SEM. n≥5, * = p<0.05, *** = p<0.005.

(PGs). The group of  cysteinyl leukotrienes (cysLT) includes the 
leukotrienes that are indirectly synthesized by 5-lipoxygenase 
and consists of  leukotrienes C4, -D4 and -E4. These leukotri-
enes are the focus of  this study. 
 We determined the IC�0 for inhibition of  class II EB 
formation as well as the IC�0 for inhibition of  GFP expression 
by compounds inhibiting lipoxygenases. 5-LOX inhibitors 
MK-886 and NDGA as well as the 12-LOX inhibitors ba-
icalein and cinnamyl 3,4-dihydroxy-(alpha)-cyanocinnamate 
(CDC)) and cyclooxygenases inhibitor indomethacin were 
tested. Inhibition of  cyclooxygenases was approximately 25 
fold less efficient in inhibiting class II EB formation, whereas 
its effect on GFP expression was comparable to that of  MK-
886 (Figure 3B). These data suggest a specific role for leukot-
rienes as the primary arachidonate metabolites required for 
the projection of  neurites from motorneurons.
 To confirm that inhibition of  leukotriene synthesis 
does not inhibit motorneuron differentiation in EB develop-
ment, but rather affects the projection of  neurites after com-
pleted motorneuron differentiation, EBs were stimulated for 
3 days with Hh agonist and during the last 24h, MK-886 
was added (Figure 4A). After 2 days, we observed widespread 
motorneuron differentiation. Subsequent addition of  MK-
886 affected only processes in differentiated motorneurons 
and resulted in significant inhibition of  class II EB induction 
(Figure 4B) The magnitude of  this inhibition was similar to 
that found in Figure 1H. To formally exclude a detrimental 
effect of  the inhibitors used on cell viability in general, we as-
sayed cell viability in EBs treated with various concentrations 
of  MK-886 and NDGA by Trypan Blue exclusion. NDGA 
and MK-886 were only toxic to cells at concentrations 10-fold 
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higher (50 µM) than those than those affecting neurite out-
growth (Figure 4B). At lower concentrations, these compound 
appeared to slightly enhance cell viability. 

The effects of 5-lipoxygenase inhibition on 
neurite projection require an active Shh  
response
To verify that the effects of  MK-886 on the induction of  class 
I EBs are dependent on Hh signaling, we assessed the effects 
of  the leukotriene inhibitors on neuralized EBs in the absence 
of  Hh signaling. We achieved this by either including the Shh 
inhibiting antibody 5E1 in the culture medium, or by using 
EBs derived from Smo-/-	ES cells, which are unable to activate 
a Hh response. The presence of  the Shh blocking antibody 
5E1 even resulted in a slight reduction of  neurite outgrowth 
indicating some low level of  Shh expression in the EBs (Fig-
ure 5A). The inhibition of  basal class II EB induction by 5E1 
also tells us that this basal level is not due to any non-Hh re-
lated artifacts such as the induction of  PLA� by retinoic acid 
(Antony et al., 2001). Inclusion of  MK-866 in the presence of  
5E1 had little effect, which might indicate that those neurites 
that form in the absence of  Hh agonist are not sensitive to 
this compound. Similarly, Smo-/- EBs, which are insensitive 
to Hh agonist, were not affected by MK-866, although at 5 
µM MK-886, no EBs remained, probably due to non-specific 
toxicity to Smo-/- ES cells (Figure 5B). Since very few neurites 
formed under these conditions in Smo-/- EBs in the first place, 
we wanted to test if  the neurite extensions that appear in 
the neuralized EBs in the absence of  Hh pathway activation 
are MK-886 sensitive. Note that the cells from which these 
neurites extended were probably Lim1/2 interneurons, rep-
resenting the dorsal and intermediate population of  neurons, 

as formed in neuralized tissue 
in the absence of  Shh.
 When Smo-/- EBs were 
cultured for an additional 3 
days, we could observe the 
induction of  class II EBs (Fig-
ure 5C-E, Figure 4F). The 
appearance of  these EBs was 
insensitive to MK-886 (Figure 
5D-F), demonstrating that 
Smo-independent formation 
of  neurite projections does not 
rely on leukotriene synthesis. 
This implies that the observed 
effect of  5-LOX inhibition on 
motorneuron projections is 
Smo-specific and -dependent.

Gli transcription factors do not influence 
leukotriene synthesis
To consolidate the Gli-independence of  neurite projections 
from motorneurons, it is important to uncouple leukotriene 
synthesis from transcriptional activity of  the Hh pathway 
through the Gli proteins. To formally exclude the family of  
Gli transcription factors to be responsible for modulation 
of  leukotriene synthesis, we investigated whether fibroblasts 
from mice knockout for these transcription factors had an in-
hibited or enhanced leukotriene synthesis. We used cells from 
wild type, Gli1-/-2-/-, and Gli2-/-3-/- double knockout mice. 
Although none of  the cells used were knockout for all 3 Gli 
proteins, Gli3 is a potent inhibitor of  the Hh response. Con-
sequently, the Gli1-/-2-/- knockout fibroblasts lack all activating 
functions of  the Gli transcription factors (see also (Lipinski et 
al., 2006)).
 Cells were treated with 30 µM arachidonate for 5 
minutes and leukotriene content was determined using a cys-
teinyl leukotriene EIA. The excess of  arachidonate (not recog-
nized by the EIA) served as a positive control for a functional 
leukotriene synthesis machinery (Peppelenbosch et al., 1993). 
Intracellular leukotriene content was not different between 
the different cell lines under both basal and stimulated (ara-
chidonate) conditions, meaning that the presence or absence 
of  Gli transcription factors does not influence leukotriene 
synthesis, and suggesting that the requirement for leukotriene 
synthesis for motorneuron neurite projection is Gli-indepen-
dent as well. 

FIGURE 3. SPECIFICITY OF VARIOUS BLOCKERS OF ARACHIDONATE METABOLIZING ENZYMES FOR INDUCTION OF 
CLASS II EB FRACTION
(A) Schematic of arachidonate metabolism leading to production of leukotrienes and prostaglandins. 
PLA2, phospholipase A2; LOX, lipoxygenase; COX, cyclooxygenase; HPETE, hydroperoxyeicosatetrae-
noic acid; cysLTs, cysteinyl leukotrienes; PGs, prostaglandins. Grey boxes indicate enzymes. 
(B) Following differentiation in the presence of Hh agonist and various blockers of arachidonate metabo-
lizing enzymes, class II- and GFP positive EBs were quantified as for Fig. 1H and –I  and IC50 values were 
determined. 
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Exogenous arachidonate bypasses the 
requirement for Hh agonist for neurite 
projection
We reasoned that if  Hh activates and requires the arachido-
nate metabolism for cytoskeletal rearrangement in motorneu-
rons as it does in mesenchymal fibroblasts, enhancing the pro-
duction of  leukotriene synthesis via the addition of  substrate 
(arachidonate) while Smo activity is low should mimic the 
Hh agonist effect on neurite outgrowth. Indeed, we observed 
that the addition of  5 µM arachidonate was sufficient to in-
duce class II EBs in the absence of  Hh agonist (Figure 6A). 
Under these conditions, motorneuron differentiation did not 
occur, but the low Smo activity was adequate to utilize the 	
exogenously added arachidonate to increase neurite out-
growth. In other words; by adding arachidonate in excess 
we augment the non-Gli Hh pathway and this is shown by 
the presence of  neurites but absence of  GFP expression. In 
the presence of  Hh agonist, arachidonate was not able to 
further increase the number of  neurite rich EBs, which has 	
apparently reached the highest possible level (Figure 6A). 
 Although pathway activation by Hh agonist was 
not required for arachidonate-induced class II EB formation, 
basal Smo activity was required; in Smo-/- EBs the increase in 
class II EBs after arachidonate stimulation was non-signifi-
cant. This is important, as it confirms that Smo signals to the 
leukotriene dependent Hh pathway. This is consistent with 
the notion that Smo mediates two distinct activities, one that 
signals to the Gli transcription factors and which mediates 
patterning, and another that utilizes leukotrienes, and is in-
volved in cytoskeletal rearrangement (Bijlsma et al., 2007). 

 Figure 6B summarizes the experiments as performed 
in Figures 1-5. Stimulation of  EBs with Hh agonist activates 
Smo and this induces a transcriptional response as well as a 
Gli-independent, non-transcriptional response. This latter 
pathway is sensitive to leukotriene inhibition and requires 
Smo. If  Smo activity is low, the addition of  excess substrate 
(arachidonate) is required and sufficient to induce the non-
transcriptional response (Figure 6C). Under these conditions, 
there is no transcriptional Hh response as determined by the 
lack of  HB9 promoter-driven GFP expression, separating 
the effects of  the two pathways. If  Smo is absent, additional 
arachidonate has no effect and no class II EBs are formed 
(Figure 6D). These experiments provide solid evidence for a 
leukotriene-dependent Hh pathway that is Gli-independent, 
but mediated through Smo.

Discussion
In this study, we describe the requirement of  arachidonic acid 
for Hh action in an in vitro model for neurite projection. A 
major advantage of  deriving neurons from embryonic stem 
cells in vitro is that this allows us to use small molecule activa-
tors and inhibitors in a controlled manner, in contrast to in 
vivo systems, where pharmacokinetics and side effects greatly 
complicate interpretation of  results. Another advantage is 
that we can use stem cell lines with specific mutations that 
would be lethal in experimental animals. For example, they 
allow us to easily visualize neurons in cell lines mutant for 
Smo, which are thus completely insensitive to Hh, inherently 
superior to the use of  Smo inhibitors such as cyclopamine. 
 We have shown earlier that Shh induces 
cytoskeletal rearrangement and migration regulated by ara-

FIGURE 4. THE INHIBITION OF CLASS II EB FORMATION BY MK-886 IS NOT CAUSED BY ABROGATION OF MOTORNEURON DIFFERENTIATION OR DIMINISHED 
CELL VIABILITY
(A) ) EBs were stimulated with retinoic acid and Hh agonist for 2d, and during the last 24h, MK-886 was added at the concentrations as 
indicated. EBs were fixed and stained with a-Tuj1 and classified as for Figure 1H. 
(B) EBs were treated as for Figure 1, with increasing concentrations of MK-886 or NDGA and subsequently incubated for 5 min in 0.1% Trypan 
Blue. EBs were mounted in aqueous medium, photographed and subsequently, intensity of the blue RGB channel was quantified using ImageJ 
software. Statistics as Figure 1H, * = p<0.05. ** = p<0.01, Student’s t-test.t-test.
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FIGURE 5. THE INHIBITION OF MOTOR-
NEURON NEURITE PROJECTIONS BY MK-
886 IS HH PATHWAY-SPECIFIC
(A) EBs were treated with 1 µg/ml 
Shh blocking antibody (5E1) simul-
taneously with RA, resulting in a 
low amount of class II EBs. In these 
EBs, MK-886 addition showed no 
effect. 
(B) Low baseline levels of class II 
amongst Smo-/- EBs after 3d of Hh 
agonist treatment could not be low-
ered by MK-886 treatment. 
(C-E): Following incubation for 6d, 
Smo-/- EBs form proper (Hh-inde-
pendent) neurite projections. These 
were insensitive to treatment with 
MK-886, quantification in (F). 
(G) To exclude Gli action on the 
leukotriene metabolism, fibro-
blasts from wild-type, Gli1-/-2-/-, and 
Gli2-/-3-/- double knock-outs were 
stimulated with 30 µM arachidonate 
or solvent control for 5 minutes and 
intracellular cysteinyl leukotriene 
(cysLT) content was determined and 
not found to significantly differ in 
both baseline and stimulated condi-
tions. n=6. 

chidonate metabolites, independently of  transcription. In 
analogy, neurite extension, as observed in the present study, 
also involves significant cytoskeletal rearrangements. Previous 
studies have shown that Shh signaling is involved in neural 
guidance (Charron et al., 2003; Okada et al., 2006). How-
ever, the Shh response as mediated via the normal pathway, 
involving Ptch1 and Smo trafficking, followed by activation 
of  the Gli transcription factors, occurs at a timescale incom-
patible with the fast responses that take place in the growth 
cone. In addition, this response would be incompatible with 
maintaining directional information. Our observation that 
Shh mediates neurite outgrowth via arachidonate metabolites 
is compatible with a fast acting, directional response. It is easy 
to imagine that this signaling pathway is contained within the 
growth cone, and is expected to be able to mediate a direc-
tional response on a short timescale. 

 Our results also demonstrate that Smo is required 
for leukotriene dependent signaling as is the Gli-depen-
dent pathway. The molecular discrimination between the 
leukotriene-dependent and Gli dependent response must oc-
cur at or downstream of  Smo. Smo activity is know to be 
modulated, both positively and negatively, by several small, 
lipophilic molecules (Bijlsma et al., 2006; Corcoran and Scott, 
2006; Frank-Kamenetsky et al., 2002; Williams et al., 2003), 
and it is not a major conceptual leap to hypothesize that Smo 
interacts with yet another class of  membrane associated mol-
ecules to influence the arachidonate metabolism. 
 Involvement of  the leukotriene pathway in neurite 
projection of  neurons is consistent with the observation that 
infants with impaired leukotriene synthesis show a syndrome 
of  seemingly Hh-related phenotypes (Mayatepek and Flock, 
1998). Most strikingly, the phenotype is characterized by im-
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paired motorneuron functioning, consistent with our finding 
that leukotriene synthesis is necessary for proper formation of  
motorneuron neurites. 
 Another interesting implication of  our findings is 
that motor neurons appear to go through multiple develop-
mental phases where they are dependent on Hh signaling. 
Initially Hh dependence is via the classical pathway involving 
Gli activity, but the later phases, involving the establishment 
of  the correct connectivity, rely on the leukotriene-depen-
dent pathway focused on in this study. Since we have shown 
that neurite extension is independent of  Gli-mediated Shh 	
signaling, it is expected that Hh mediated neurite exten-
sion can affect many aspects of  Hh mediated growth cone 
guidance. This might be particularly important for the many 
axons that cross the ventral midline. The morphogen Shh is 
an axonal chemoattractant that collaborates with netrin-1 in 
midline axon guidance (Charron et al., 2003). This chemoat-
traction is known to require the Hh co-receptor brother of  
cdo (BOC), and this Shh-mediated pathfinding is a prime 

candidate to be mediated in a Smo dependent, leukotriene 
dependent pathway. Not only the axons of  dorsal sensory 
relay neurons cross the midline. Other examples include 
the axons in the lateral corticospinal tract, and the vast 	
majority of  retinal ganglion cells. In particular in these cases, 
the growth cones are at a significant distance from the tran-
scriptional machinery, making any involvement of  Gli medi-
ated signaling unlikely, but instead it would be consistent with 
our observations that some of  the required guidance occurs 
via arachidonic acid metabolites. 
 Given the analogy between neurite formation and 
membrane ruffling, it is possible that this Hh dependent 
process also plays a role in tumor metastasis. Not only is 
the activation of  the Shh pathway the cause of  many tu-
mors, increased Hedgehog signaling is also know to enhance 
metastasis of  some tumors (Feldmann et al., 2007). Inhibitors 
of  leukotriene synthesis are commonly used as anti allergens, 
and such compounds could be anticipated to have a role in 
the inhibition of  Hedgehog-induced metastases. It has been 

FIGURE 6. ARACHIDONATE TREAT-
MENT IS SUFFICIENT TO RECOVER 
PROPER NEURITE PROJECTION UNDER 
LOW SMO ACTIVITY CONDITIONS
(A) EBs in the absence of Hh ago-
nist (0 nM HhAg) or EBs from a 
Smo knockout background (Smo-/-) 
were treated with arachidonate 
and class II EBS were scored. Addi-
tion of arachidonate in the absence 
of Hh agonist was able to induce 
class II EBs, whereas addition of 
arachidonate to Smo-/- EBs did not 
significantly raise the number of 
class II EBs. Addition of arachido-
nate in the presence of Hh agonist 
did not further increase neurite 
rich EB formation, possibly indi-
cating the upper limit of the assay. 
Statistics as Figure 1H. 
(B) Schematic explaining the 
mechanisms elucidated in Figures 
1 through 5; Smo stimulation by 
a synthetic agonist induces Gli 
transcription factor activity as 
well as a response that is indepen-
dent of transcription factors that 
requires leukotriene synthesis and 
functional Smo. 
(C) If Smo is functional but has low activity in the absence of agonist as for the experiments shown in Figure 5 and 6, the addition of excess 
arachidonate is sufficient to drive the Gli-independent response. Low Smo activity due to the absence of agonist, however, precludes a tran-
scriptional Hh response as determined by differentiation markers. 
(D) In the total absence of Smo as shown in Figure 6A, excess arachidonate does not induce class II EBs proving that the leukotriene-dependent 
Hh pathway requires Smo.
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shown that inhibition of  the arachidonic acid metabolism 
has an inhibitory effect on pancreatic tumors (Schuller et 
al., 2002), which often are induced in response to Shh and 
it could be argued that the novel Hh pathway is responsible 
for the observed beneficiary effects (Thayer et al., 2003). In 
addition, the use of  leukotriene-inhibiting compounds might 
need more scrutiny in regard of  their use during pregnancy. 
Conversely, the widespread use of  these leukotriene synthesis 
inhibitors might help in determining the in vivo importance 
of  this pathway in Hedgehog-dependent cellular migration, 
neuron guidance, and other biological phenomena.

Materials and Methods

ES Cell Culture
HB9::GFP or Smo-/- mouse-derived ES cells were maintained in ES 
medium (DMEM with 4.5 g/L D-glucose, L-glutamine, 110 mg/L 
sodium pyruvate (Invitrogen, Carlsbad, CA) and 3.7 g/L Na-bicar-
bonate (Mallinckrodt Baker, Phillipsburg, NJ), supplemented with 0.1 
mM 2-mercaptoethanol (Sigma-Aldrich, St Louis, MO), 15% fetal 
bovine serum (FBS, Gemini Bio-Products, West Sacramento, CA), 
1% Penicillin-Streptomycin-Glutamine, 1% Non-Essential Amino 
Acids (all Invitrogen), 1% ES cell Nucleosides and 1000 Units/ml 
recombinant murine leukemia inhibitory factor (LIF, both from 
Chemicon-Millipore, Billerica, MA)). For EB differentiation cells 
were trypsinized, washed and diluted to a concentration of  50,000 
cells/ml in DFNB (25% DMEM with 4.5 g/L D-glucose, L-gluta-
mine, 110 mg/L sodium pyruvate (Invitrogen) and 3.7 g/L Na-bi-
carbonate (Mallinckrodt Baker), 48% Neurobasal, 25% Ham’s F12 
(both Invitrogen), supplemented with 80 mM FM2-mercaptoetha-
nol (Sigma), 1% Penicillin-Streptomycin-Glutamine, and 1% B-27 
Supplement (all from Invitrogen). To induce motor neurons, the cells 
were grown in non-adherent bacterial grade Petri dishes for 2 days 
to allow aggregation into EBs.  On day 2, medium was changed 
to DFNB supplemented with appropriate combinations of  1 µM 	
retinoic acid (RA) (Sigma), and Hh agonist. Produced EBs were 
grown for an additional 3 days in this supplemented DFNB with a 
media change after 2 days. For the experiments described in Fig. 3C, 
EBs were grown in the supplemented DFNB for 6 days. 

Shh response quantification
After culture, EBs were fixed in 4% phosphate buffered paraformal-
dehyde for 30 min, blocked and permeabilized in phosphate buffered 
saline (PBS)-Triton X-100 0.1% with 10% normal goat serum (NGS) 
for 1h and incubated in 1:500 a-Tuj1 primary antibody (Covance, 
Princeton, NJ) overnight. After overnight incubation with Cy3-con-
jugated secondary antibody, EBs were mounted in ProLong Gold 
(Invitrogen) and imaged on a Nikon fluorescence microscope. For 
classification, EBs were counted on a Zeiss dissection microscope. 
EBs were simultaneously quantified for proper neurite projection 
(see text body and Figure 1 for details on this) and GFP expression. 

Neural plate explants
Ventral neural plate explants were obtained as previously described 
(Robertson et al., 2004; Yamada et al., 1993), and maintained on 
growth factor-reduced Matrigel substrate (Invitrogen) in the presence 
of  Hh agonist for 3d. Leukotriene synthesis was inhibited by adding 
500 nM or 5 µM MK-886. Explants were processed for microscopy 
as described above and neurite projection length was quantified 
using ImageJ (NIH, public domain software). Image colors shown 
were inverted for better visibility of  projections.

Leukotriene measurement (Bijlsma et al., 2007)
Cells from wild type, Gli1-/-2-/-, and Gli2-/-3-/- double knock-out 
mice(Lipinski et al., 2006) were grown in 145 mm culture dishes, 
and stimulated with arachidonate or solvent control. Cells were lysed 
in 2 ml of  methanol, after which the methanol was evaporated in 
a SpeedVac concentrator. After reconstitution in 200 µl of  enzyme 
immunoassay (EIA) buffer, cysteinyl leukotriene content was assayed 
according to manufacturer’s directions (Cysteinyl Leukotriene EIA 
Kit, Cayman Chemicals, Ann Arbor, MI). Measured values of  all 
samples were mid-range of  the standard curve.
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Summary
Hedgehog (Hh) signaling is a conserved  
morphogenetic pathway which plays critical roles 
in embryonic development with emerging evidence 
supporting a role in healing and repair processes 
and tumorigenesis in adults.  The Gli family of  
transcription factors (Gli1, 2 and 3) mediate the 
Hedgehog morphogenetic signal by regulating 
the expression of  downstream target genes.  We 
previously characterized the individual and 
cooperative roles of  the Gli proteins in Hh target gene 
regulation using a battery of  primary embryonic 
fibroblasts from Gli null mice.  Here, we describe 
the establishment of  spontaneously immortalized 
mouse embryonic fibroblast (iMEF) cell lines lacking 
single and multiple Gli genes.  These non-clonal 
cell lines recapitulate the unique ligand mediated 
transcriptional response of  primary MEFs.  While 
loss of  Gli1 had no effect on target gene induction, 
Gli2 null cells demonstrated reduced target gene 
induction while Gli3 null cells exhibited elevated 
basal and ligand-induced expression.  Target gene 
response in Gli1-/-2-/- iMEFs was severely reduced 
while Gli2-/-3-/- iMEFs were incapable of  ligand-
induced transcriptional response. However, both 
Gli1-/-2 -/- and Gli2-/-3-/- cells exhibited robust migration 
responses to Hh-ligand, demonstrating that this 
response is not transcriptionally-dependent.  To 
complement these Gli null cell lines, we generated 
iMEFs with stable over-expression of  several Hh 
pathway components yielding constitutive pathway 
activity.  Moving forward, the battery of  immortalized 
Gli-null and over-expressing cell lines described here 

should prove a valuable tool set to study the unique 
functional regulation of  the Gli proteins in a Hh-
responsive cell-type. 

Introduction
The Hedgehog (Hh) signaling pathway is a critical regulator 
of  diverse biological processes including developmental pat-
terning and organogenesis.  The pathway is initiated upon 
Hh-ligand binding to the transmembrane receptor Patched 
(Ptch1).  This relieves the Ptch1-mediated suppression of  
Smoothened (Smo), triggering a complex downstream signal 
cascade (reviewed in (Ingham and McMahon, 2001)). Gli1	
and Ptch1 are conserved Hh target genes and their expression 
levels are considered reliable indicators of  pathway activity. 
Most biological effects of  Hh signaling appear to be medi-
ated through transcriptional regulation of  Hh target genes, 
although recently a non-transcriptional response was identi-
fied (Bijlsma et al., 2007; Bijlsma et al., 2008).     
 Null mouse models have been critical in determining 
the role of  Hh signaling in the growth and morphogenesis of  
tissues and organs.  These models have also proved valuable 
in gleaning the function of  individual Hh signal mediators in 
pathway regulation.  In cell-based assays, Gli1 over-expression 
has been found to induce Hh target gene expression.  The 
finding that Gli1-/- mice develop normally (Park et al., 2000) 
however, infers that Gli1 function is dispensable for normal 
development.  Gli2-/- mice exhibit neural tube defects and 
demonstrate diminished Hh target gene expression in several 
tissues (Ding et al., 1998; Doles et al., 2006; Matise et al., 
1998). This supports the finding of  cell-based assays (Sasaki et 
al., 1999) that Gli2 functions as a critical target gene activator.   
Increased target gene expression in tissues derived from Gli3	
null mice relative to wildtype mice (Buttitta et al., 2003; Hu 
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et al., 2006) suggests a transcriptional repressive function of  
Gli3.
 Previously, we created a complete set of  mouse em-
bryonic fibroblasts (MEFs) from Gli null mice providing a trac-
table cell-based system in which to quantitatively examine the 
regulation of  Hh target gene expression by the Gli transcrip-
tion factors.  Measuring the basal and Shh-ligand induced 
expression Gli1, Ptch1, and Hip1 we found Gli2 loss-of-func-
tion was associated with diminished Shh-induced target gene 
expression, while Gli3 loss-of-function was associated with 
increased basal and Shh-induced target gene expression. 
 Numerous studies have utilized transgenic MEFs 
to investigate diverse gene and protein properties.  However, 
the experimental utility of  primary cells is limited by finite 
propagation and culture period.  Here, we set out to estab-
lish immortalized Gli null MEFs (iMEFs) and characterize 
their transcriptional response to Hh-ligand stimulation.  We 
found that these non-clonal iMEF cell lines are Hh-ligand 
responsive and generally recapitulate the expression patterns 
of  corresponding primary cells.  The iMEF lines allow stable 
genetic manipulation and represent a novel tool set for the 
study of  diverse properties of  the Gli proteins.  

Results and Discussion

MEF immortalization,  morphological 
characterization and ploidy analysis 
Gli3+/+ (WT), Gli1-/-, Gli2-/-, Gli3-/-, Gli1-/-2-/-, Gli1-/-3-/- and 
Gli2-/-3-/-	primary MEFs were propagated by described 3T3 
protocols for spontaneous immortalization (Todaro and 
Green, 1963).  Each cell type except Gli1-/-3-/- yielded an 
immortalized mouse embryonic fibroblast (iMEF) cell line.  
Each non-clonal line demonstrated a fibroblast-like mor-
phological appearance in monolayer culture but individual 
lines exhibited subtle morphological differences (Figure 1). 

FIGURE 1. GLI-NULL IMEF MORPHOLOGY IN 2-D CELL CULTURE
Indicated iMEFs were grown to confluence in monolayer culture and 
imaged at 40x magnification. 

This may be due to the heterogeneous origin of  the primary 
MEFs or as a result of  chronic Gli deficiency but suggests 
that these cell lines may not be well-suited for studies of  tissue 
specific biological function. Each iMEF line was determined 
to be tetraploid by flow cytometry analysis (data not shown).	

Characterization of iMEF transcriptional 
Hh responsiveness
We next tested whether iMEF lines recapitulate the unique 
Hh-ligand mediated transcriptional responses of  primary Gli	
null MEFs.  iMEFs were treated ± Shh ligand and Hh tar-
get gene expression was determined by real time RT-PCR.  	
Figure 2A shows the expression of  Ptch1 following stimulation 

FIGURE 2. TRANSCRIPTIONAL HH-RESPONSIVENESS OF GENERATED IMEFS 
 Indicated iMEFs were plated at confluence and treated ± Shh li-
gand.  After 24 hrs, expression of Ptch1 was determined by Real-Time 
RT-PCR.  
(A)  Basal and Shh-induced expression of Ptch1. Values represent the 
mean ± SEM of 3-5 replicate experiments, * indicates P≤0.05 (paired 
t-test).  
(B) Ptch1 expression plotted as fold induction (Shh/Veh).  Values 
represent the mean ± SEM of three replicate experiments. The letters 
above the bars denote the groups produced by the ANOVA pair-wise 
differences. Genotypes sharing a letter are not statistically signifi-
cant at p≤0.05.
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with Shh or vehicle and Figure 2B shows the fold induction 
(Shh/Veh) of  Ptch1 expression.  Gli3-/- iMEFs demonstrated 
elevated basal and Shh-induced expression of  Ptch1.  Shh li-
gand stimulation induced Ptch1 expression in each iMEF line 
except that lacking expression of  both Gli2 and Gli3, which 
are essential for a transcriptional Hh response. Ptch1 induc-
tion was reduced in Gli2-/- iMEFs relative to WT.  While loss 
of 	Gli1 had no effect on Ptch1 induction, the combined loss 
of 	Gli1 and Gli2 further decreased Ptch1 induction relative 
to iMEFs lacking Gli2 alone.  Gli1, Gli2 and Gli3 expression 
was not detectable in corresponding null cell types (data not 
shown).

Characterization of non-transcriptional Hh 
responsiveness 
While Hh signaling effects are thought to be primarily 
exerted through transcriptional regulation, a novel pathway 
was recently identified that is Smo-dependent but does not 
require transcription (Bijlsma et al., 2007; Bijlsma et al., 2008). 
This alternative pathway triggers cytoskeletal rearrangement, 
driving a migratory response toward Hh-ligand.
 When activation of  this pathway was investigated 
in wild type, Gli1-/-2-/-, and Gli2-/-3-/- iMEF cells by allowing 
them to migrate to 2 µg/ml Shh, migration was observed for 
all iMEF cell lines used (Figure 3A, pooled data from several 
experiments in B). Remarkably, an enhanced migration to 
Shh was observed for the knock-out cells (Gli1-/-2-/- and Gli2-

/-3-/-) that inversely correlated with the transcriptional Hh-re-
sponsiveness of  the different cell lines (Figure 2). This cor-
relation might be explained by competition for Hh pathway 

components by the two different pathways, or in other words; 
in the absence of  transcriptional Hh-sensing machinery, more 
resources might be available to a cell to respond to Shh non-
transcriptionally. 
 As several studies have demonstrated that the Hh 
signaling transcriptional response is mediated through Gli2 
and Gli3, meaning that the Gli2-/-3-/- iMEF cells are not 
capable of  any transcriptional Hh-response (Buttitta et al., 
2003; Lipinski et al., 2006; McDermott et al., 2005), the 
observed migration confirms that the migratory response to-
wards Hh-ligand is indeed independent of  Gli transcription 
factor activity. More important to the scope of  the presented 
study however, is that the observed migration data prove that 
the iMEFs have functional Hh-sensing machinery and that 
the diminished Hh-responsiveness is due to the absence of  Gli 
proteins, rather than ablation of  the Ptch1/Smo receptor pair 
or other artifacts. 

Stable over-expression of Hh components 
drives constitutive pathway activation 
Indefinite propagation potential of  immortalized cells al-
lows for retroviral-mediated stable expression of  vectors for 
gene-knockdown or over-expression.  Here, we generated 
WT iMEFs with stable over-expression of  several pathway 
components and examined target gene expression.  We found 
that iMEFs over-expressing mShh, mGli1, or constitutively 
active forms of  Gli2 (DnGli2) or Smo (Smo*) demonstrated 
increased expression of  Ptch1 relative to iMEFs expressing 
only GFP (Fig. 4).  This demonstrates that over-expression of  
pathway components at multiple levels including ligand and 

FIGURE 3. NON-TRANSCRIPTIONAL HH-RESPONSIVENESS OF THE GENERATED IMEFS  
(A) Example of a migration assay using wild type (Gli3+/+), Gli1-/-2-/- and Gli2-/-3-/- iMEFs in a Transwell system with 2 µg/ml Shh as chemoat-
tractant. No-attractant condition was subtracted and migration starting points were set to t=0. Robust migration was observed for all cell 
lines. 
(B) Total migration data from several experiments as performed for A. pooled and expressed as fraction of wild type iMEF migration (Gli3+/+, 
set to 1, n=5).
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transcription factor is sufficient to drive constitutive pathway 
activity.
 The presence of  the complete family of  Gli	 genes	
in most Hh ligand-responsive cell models mitigates their 	
utility in investigations of  molecular regulation and biological 	
activity of  the individual Gli transcription factors.  The bat-
tery of  Gli-null iMEFs described here should prove a useful 
tool in a wide range of  the Hh signaling field.  These iMEF 
cell lines have been distributed to several investigators for a 
wide range of  purposes including; studies of  transcriptional 
co-regulators and Gli-binding partners; chemical pathway 
inhibitor site of  action studies; a-Gli antibody specificity 
studies; and several studies of  Gli dependence in specific Hh-
related biological function.

Materials and Methods

Cell immortalization 
Primary MEFs were grown as described previously (Lipinski et al., 
2006) in 10% fetal calf  serum (FCS) (DMEM [with L-glutamine, 
4.5 g/L glucose, without sodium pyruvate] with 1% Pen/Strep 
and propagated following the 3T3 protocol for spontaneous 	
immortalization (Todaro and Green, 1963).  Cells were plated at 
3 x 10� cells /ml media in 60 mm plates and passed at three day 
intervals.  After 8-12 passes, proliferation rates decreased and cells 
were allowed to grow to confluence before subsequent passing.  After 

15-25 passes, proliferation rates increased, suggesting spontaneous 
immortalization.  Following, cells were grown for an additional 10-
12 passes to ensure stable immortalization. 

Generation of stable over-expresser cell lines by 
retroviral  gene delivery 
A pIRES shuttle vector  carrying coding sequences for hShh, hGli1, 
DnGli2, hSmo* and independently translated GFP  was used to 	
retrovirally infect WT iMEFs.  iMEFs were plated at subconfluence 
in DMEM with 10% FCS 100mm plates.  Cells were then incubated 
with viral-conditioned media at 4°C for 6 hrs.  Following a 72 hr 
propagation period, GFP-sorting was used to isolate over-expressing 
populations.  

Cell treatment 
Cells were plated in Multiwell Primaria™ 24 well plates (Falcon, 
Franklin Lakes, NJ) at 2.0 x 10� cells per well in 400 µl media. 
Cells were allowed to attach overnight and media were replaced 
with DMEM containing 1% FCS ± 1nM octylated Shh peptide 
(Curis/Genentech).  At 24 hrs RNA was harvested and gene expres-
sion was determined by real time RT-PCR as described (Lipinski 
et al., 2006) using gene specific primers as listed: GAPDH: 5’- 
AGCCTCGTCCCG TAGACAAAAT -3’ and 5’- CCGTGAGTG 
GAGTCATACTGGA -3’, Ptch1: 5’- CTCTGGAGCAGATTTC-
CAAGG -3’ and 5’- TGCCGCAGTTCTTTTGAATG -3’, Gli1: 5’- 
GGAAGTCCTATTCACGCCTTGA -3’ and 5’- CAACCTTCTT-
GCTCACACATG TAAG -3’, Gli2: 5’- CCTTCTCCAATGCCT 
CAGAC -3’ and 5’- GGGGTCTGTGTACCT CTTGG -3’, Gli3: 
5’- AGCCCAAGTATTATT CAGAACCTTTC -3’ and 5’- ATG-
GATAGG GATTGGGAATGG -3’.

Migration assay
Cells were grown to 70% confluence in 6-well plates and labeled with 
10 µM CellTracker Green (Invitrogen) in serum-free medium for 1h. 
The dye was fixed by adding 10% FCS for 1h, and subsequently cells 
were washed and detached with 5 mM ethylenediaminetetraacetic 
acid (EDTA) in PBS. After complete detachment, cells were 
resuspended in serum-free medium, pipetted through a 70 µM cell 
strainer (BD Falcon, Franklin Lakes, NJ), transferred to 8 µM pore 
size HTS FluoroBlok Cell Culture Inserts from BD Falcon which 
were inserted in fitting 24-wells plates in which various attractant-
containing media were present. Promptly, fluorescence values 
representing the number of  cells on the bottom side of  the insert 
were read 4 times every 2 min on a Series 4000 CytoFluor Multi-Well 
Plate Reader (Perseptive Biosystems, Framingham, MA). The raw 
fluorescence data were corrected for background fluorescence. No-
attractant controls were subtracted at each measured time point 
to correct for any effects not due to active migration to the chosen 
attractant. Migration start points were set to zero. For comparison of  
the different cell lines from multiple experiments, total migration of  
wild-type cells was set to one. 

FIGURE 4. STABLE OVER-EXPRESSION OF SEVERAL HH COMPONENTS DRIVES 
CONSTITUTIVE PATHWAY ACTIVITY 
WT iMEFs were infected with retrovirus encoding, hShh-GFP, hGli1-
GFP, DnGli2*-GFP, hSmo*-GFP or an empty GFP IRIS vector.  Stable 
over-expressor cell lines produced by GFP sorting were plated at 
confluence.  Following 24 hrs, expression of Ptch1 was determined by 
Real-Time RT-PCR.  Values represent the mean ± SEM of three repli-
cate experiments. *indicates P≤0.05 (paired t-test) vs. GFP iMEFs.
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Statistical analysis 
Statistical significance of  data presented in Figures 2A and 4 was 
determined by paired t-tests.  For data presented in Figure 2B, dif-
ferences in fold inductions across genotypes were examined by a 
one-way analysis of  variance (ANOVA). If  overall differences were 
found, as judged by P < 0.05, pair-wise comparisons were exam-
ined (Fisher’s LSD). All reported P-values are two-sided. SAS ver-
sion 9.1.3 for Windows (SAS Institute, Cary, NC) was used for the 
analysis. 
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Summary
In this review we focus on the basic biology of  the 
important developmental Hedgehog (Hh) protein 
family, its general function in development, pathway 
mechanisms, and gene discovery and nomenclature. 
Hh function in cardiovascular development as well as 
recent findings concerning Hh signaling in ischemia 
models is discussed in more detail and future 
perspectives are proposed. In light of  the recent 
discovery of  Hh transport by insect lipophorin, 
we also hypothesize a role for LDL in mammalian 
Hh transport, creating a surprising role for LDL in 
cardiovascular disease. 

A short introduction to morphogens
A cell located in its surrounding tissue -either in a develop-
ing organism or adult tissue- has no “map” or any other au-
tonomous clue about its position. Consequently, the cell does 
not know where it is, what it has to do, how to change its 
expression pattern, when to proliferate, where to migrate to, 
or even when to die. For structures as complex as the vascula-
ture, informing cells about their required action is not only a 
necessity but also a challenge. 
 Two main mechanisms inform cells about their 
position. By cell-cell interactions, cells receive information 
concerning their position from neighboring cells. Alternately, 
gradients of  signaling proteins called “morphogens” (reviewed  
in (Ashe and Briscoe, 2006)) diffuse through tissue over time.  
In the illustration for the hypothetical morphogens Signal A 
& Signal B (Figure 1), cell 1 has a high concentration of  signal 
protein A in its local environment, whereas cell 2 senses a 
lower concentration. Based on the simple information con-
veyed by a single morphogen gradient, these cells are already 
destined to different fates. This mechanism suffices in the de-

veloping neural crest, which gives rise to a variety of  tissue, 
including the aortic arch. (Payne et al., 1995) In addition to 
sensing a certain concentration of  Signal A, cell 3 also senses 
Signal B, and is able to act accordingly. In a nutshell, the in-
terplay between different morphogen gradients has complex 
results – for instance, determining how extremities and digits 
are formed. However, in some situations, the mere presence 
of  a morphogen rather than a gradient is enough for proper 
patterning or tissue repair. While morphogen gradients are 
important in developing tissues, it seems that they are not that 
important in stable adult cells, where cell-cell interactions 
predominate in determining cell fate.
 In humans, four families of  morphogens are criti-
cal for providing almost all positional information. Hence 
the expression “morphogenetic code” is used to describe 
the combined action of  the four morphogen gradients that 
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FIGURE 1. GRADIENTS OF MORPHOGENS PATTERN TISSUE BY INFORMING 
CELLS ABOUT THEIR POSITION 
Arrows indicate direction of diffusion in developing tissue (limb 
bud in this case). Cells receiving different concentrations of the 
two proteins are numbered and the arrows indicate the direction of 
morphogen diffusion, the “Signal” labels indicate the source of the 
gradients. 
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and Hh proteins are one of  the few palmitoylated proteins 
that are secreted (another example of  secreted palmitoylated 
proteins are the Wnt proteins). Not unexpectedly, the lipho-
philic moieties limit the diffusion capacity of  Hh in the aque-
ous medium that surrounds cells, leaving the mechanisms by 
which Hh is distributed throughout tissues subject to fierce 
debate.

Discovery of the Hedgehog mutant in  
Drosophila melanogaster and new homologs
In wild type fruit fly (Drosophila melanogaster) larvae, a band of  
denticles runs across the anterior half  of  each segment, where-
as the posterior half  is smooth (naked cuticle). In screening 
for mutations that affect the segmental pattern of  the fruit fly 
larvae, Nüsslein-Volhard and Wieschaus discovered a group 
of  mutations that affected the patterning within segments, but 
left the number of  segments unaltered (Nusslein-Volhard and 
Wieschaus, 1980). One of  these segment polarity mutants 
caused denticles to occur not only on the anterior, but also 
on the posterior half  of  the segments, covering the back of  
the larvae with a continuous lane of  bristles as shown in Fig-
ure 2C. Nüsslein-Volhard and Wieschaus were awarded the 	
Nobel Prize for this discovery in 1995.
 In 1993, a joint effort of  three research groups (labs 
of  McMahon, Tabin and Mohler) resulted in reporting the 
first vertebrate Hh genes (Echelard et al., 1993; Krauss et 
al., 1993). Echelard used the cloned fruit fly Hh to identify 
three genes homologous to fruit fly Hh in mouse and chicken 
((Echelard et al., 1993) and personal communication with Y. 
Echelard, PhD, unpublished data, 2003). As shown in Figure 
3, these homologues were comically termed Sonic Hh, after a 
Sega arcade game character introduced in 1990, Desert Hh, 
after an Egyptian species of  hedgehog (Hemiechinus auritus), 
and Indian Hh, a hedgehog species endemic to the Indian 
peninsula (Hemiechinus micropus). 
 The name Sonic Hh was proposed by Robert Riddle 
and Randy Johnson, for it seemed to be the “all powerful” of  
the Hh homologs, just like Sonic the Hedgehog is all powerful 
in his hit arcade game. While the playful nomenclature for 
the Hh homologs is testimony of  geneticists’ sense of  humor, 
the number of  Hh species to name Hh homologs seems de-
pleted. One research group has now chosen to use “quahog” 
as homolog name (Hao et al., 2006) in nematodes, and in 
fish, “Tiggy-Winkle” Hedgehog is known (Ekker et al., 1995). 
Although the above-mentioned proteins were found to share 
great homology, they did not colocalize in the developing or-
ganism, and it seems they have varying functions regardless 
of  their similarity. 

provide positional information to the differentiating cell. The 
first of  these families is the wingless/Int (Wnt) family of  extra-
cellular glycoproteins, important in axis determination in the 
developing embryo (Sokol et al., 1991) (see Figure 2 A), heart 
valve formation (Hurlstone et al., 2003), and colorectal can-
cer (through activating mutations in this signaling pathway, 
Taipale and Beachy, 2001). The second family is the group 
of  hormones belonging to the transforming growth factors 
b (TGFb)/bone morphogenetic proteins (BMP)/Activins 
family, involved in a plethora of  events including immuno-
suppression, ovulation, and induction of  apoptosis in the 
membranous sheets between the various digits during gesta-
tion (Graff, 1997; Zou and Niswander, 1996, see Figure 2B). 
Third, the fibroblast growth factor (FGF) family, which is im-
portant in inducing stem cell proliferation in hematopoiesis 
and developing the blood islands during embryogenesis (Ri-
sau and Flamme, 1995). Finally, the family of  Hedgehog (Hh) 
proteins (Bijlsma et al., 2004) (Figure 2C), which consists of  
highly similar small secreted proteins that function in the de-
veloping organism, adult physiology, and tumorigenesis, all 
discussed in more detail below.

FIGURE 2. FUNCTIONS OF DIFFERENT MORPHOGENS
(A) The Wnt family of extracellular proteins functions in body axis 
determination, as shown here in a clawed frog (Xenopus laevis) em-
bryo, in which an additional source of Wnt is injected (Wnt-1 RNA), 
leading to the formation of a second head (Figure taken from (Sokol 
et al., 1991)). 
(B) TGFb and BMP proteins initiate apoptosis to separate the digits. 
Shown here are developing chick legs, the right one infected with a 
dominant negative BMP receptor, showing defective digit separation 
(Figure taken from (Zou and Niswander, 1996)). 
(C) The denticles pattern in fruit fly embryos show the distinct 
phenotype of Hedgehog (hh) mutants compared to wild type (wt). 
Figure adapted from Nusslein-Volhard C, Wieschaus E. 1980 Nature 
287:795–801 with permission of Nature Publishing Group.

 Some features unique in biology have been found 
for the Hh proteins and therefore, Hh draws considerable at-
tention from the research and medical community. It is par-
ticularly fascinating that the mature protein is derived from 
autocatalytic cleavage (i.e. the protein cleaves itself) of  a pre-
cursor protein, followed by the addition of  a cholesterol and a 
palmitoyl group (Pepinsky et al., 1998; Porter et al., 1996). Hh 
is the only known sterolated protein in the animal kingdom 
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FIGURE 3. ETYMOLOGY OF SOME HH HOMOLOGS
(A) The predominant Hh homolog in mammals, Sonic Hh, was named 
after an arcade game character “Sonic the Hedgehog”. 
(B) The Desert Hh homolog was named after a hedgehog species from 
Africa. 
(C) The Indian hedgehog species from the Indian peninsula, gave its 
name to another homolog. 
(D) Another fictional hedgehog character “Miss Tiggy-Winkle” was 
chosen to term a fish Hh homolog. 

Function of the Hedgehog proteins in 
cardiovascular development
Long after its discovery as a segmental patterning protein in 
fruit fly, the Hh protein family is continuously found to be 
involved in new processes, many of  which were previously 
attributed to other proteins or compounds, or were simply 
unexplained. In situ hybridization and immunohistochemical 
studies showed that mammalian Hh homologues displayed 
intricate expression patterns during development as well as in 
adult organisms, especially in the vascular system. Especially 
interesting to the scope of  this review is the involvement of  Hh 
in the morphogenesis of  the heart and blood vessels. A clue to 
this involvement was the ability of  Shh to induce VEGF and 
angiopoietins in human fibroblasts (Pola et al., 2001), but a 
more definite answer came from studies in mice deficient for 
Hh pathway components. Seemingly, Hh proteins (mainly Ihh 
and Shh) are of  pivotal importance to vascular remodeling in 
the yolk sac of  the developing mouse (excellently reviewed in 
(Byrd and Grabel, 2004)). In the mesoderm, so-called blood 
islands, the first hallmarks of  vascular structures in the yolk 
sac, are formed in response to fibroblast growth factor (FGF) 
(Risau and Flamme, 1995) (although in vitro, a requirement 
for Smo and Ihh was found). These blood islands are lined 
by angioblasts, cells that will later form the endothelium, and 
filled with hematopoietic cells, primitive erythrocytes. These 
blood islands then fuse to a honeycomb-like network (the pri-
mary capillary - or vascular plexus) and the angioblasts dif-
ferentiate to become endothelium. In Smo mutant mice, the 
activating receptor for the Hh pathway, development stops 
here and there is no further development of  the vasculature 
(Byrd et al., 2002). The capillary plexus in mice genetically 
deficient for Hh proteins will be remodeled to early vessels, 
however these are clearly smaller and less organized than in 
the wild type vasculature. The responsiveness to Hh of  en-

dothelial cells or endothelial precursor cells themselves is not 
yet clear. Although most groups show unresponsiveness to Hh 
for these cells and suggest the action of  intermediate cells in 
translating the Hh signal to for instance VEGF or angiopoi-
etins, (Byrd et al., 2002; Pola et al., 2003) others have been 
able to induce capillary morphogenesis in endothelial cells by 
Hh in vitro (Kusano et al., 2004).
 The development of  the heart starts very early in 
the developing embryo, as progenitor cells in the mesoderm 
form the primitive cardiac tube. The straight tube then un-
dergoes rightward looping and subsequently, the atrial and 
ventricular chambers appear and mature. Due to the function 
of  Hh proteins in determining left/right asymmetry (Levin 
et al., 1995; Meyers and Martin, 1999), heart tube looping is 
critically dependent on proper Hh processing (Tsukui et al., 
1999). In Shh-/- mice embryos, numerous defects in cardiac 
development are seen, which are briefly summarized in the 
following section.
 Although the atrial and ventricular chambers are 
formed (suggesting completed heart looping) in Shh mutant 
mice, they differ from wild type in many aspects. For instance, 
a single common atrium is seen and a pulmonary valve is ab-
sent. The right ventricle is reduced, whereas the left ventricle 
is extended. Furthermore, the heart is positioned on the left 
side of  the thorax, and the shape of  the heart indicates a lat-
erality defect. Surprisingly, although heart looping is delayed 
and incomplete in these animals, the direction of  heart loop-
ing is unchanged. In Gli2-/-;Gli3+/- double mutant mice (thus 
lacking 2 out of  3 Hh transcription factors), disturbed cardiac 
development very similar to that found in Shh mutants is ob-
served (Kim et al., 2001). In Shh and Ihh double mutants as 
well as Smo mutants, no heart looping and successive heart 
development was observed at all. As these mice are arguably 
most deficient in Hh signaling, the severe phenotype argues 
for an absolute requirement for Hh signaling in cardiac 	
development (Zhang et al., 2001). Mice mutant for the in-
hibitory Hh pathway component SuFu showed inverted heart 
looping, indicating that heart looping is not only affected by 
diminished Hh function, but also by aberrantly increased 
pathway activity (Cooper et al., 2005).
 Later in cardiac development, cells from the neural 
fold (neural crest cells or NCCs) are recruited to form the aor-
tic arches, the cardiac outflow tract, and the proximal great 
vessels. In addition to the anomalous cardiac development 
described above, Shh-/- mice embryos show defects in NCC 
localization and increased cell death, leading to the absence 
of  the ductus arteriosus, abnormal subclavian arteries, and 
a single midline carotid artery. It is remarkable that Shh 	
signaling is pivotal in two different events in cardiac develop-
ment, testimony to its relevance in the developing organism.
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Hedgehog in ischemia
As mentioned previously, Hh proteins have long been known 
to act in the developing organism, and to remain active in 
adult physiology (e.g., in the histostability of  the gastrointes-
tinal tract) (van den Brink et al., 2001). Among Hh-regulated 
processes in adults, revascularization of  ischemic tissue is of  
utmost clinical importance. The previously described Hh 
signaling in the development of  certain elements of  the car-
diovascular system pointed to a vascularizing or patterning 
role for Shh. In recent years, this vascularizing role seems to 
be only one of  the beneficial effects that the Hh pathway can 
confer to ischemic tissue. 
 Two recent papers of  Pola cum suis (Pola et al., 2003; 
Pola et al., 2001) established a strong role for Hh signaling in 
adult cardiovascular pathophysiology. They showed that Hh 
mediates a profound upregulation of  target genes involved 
in angiogenesis, indicating the responsiveness of  adult tissue 
to Hh. Remarkably, VEGF and the angiopoietins Ang-1 and 
-2 were simultaneously upregulated in response to Shh, and 
concomitantly Shh was found to be a potent inducer of  vas-
cularization in a cornea model. It is important to note that fol-
lowing in vitro experiments, the authors found that endothelial 
cells do not respond to Hh, and -as abovementioned for the 
developing embryo- suggest an intermediate action of  mesen-
chymal cells. As previously mentioned, Byrd and co-workers 
confirmed that Hh responsiveness is confined to mesothelial 
and smooth muscle cells (Byrd et al., 2002). The authors ex-
tended their findings and managed to salvage ischemic hind 
limbs in mice by injecting Shh in the afflicted muscle. Later, 
the specificity and mechanism behind this salvage was fur-
ther elucidated and the Hh response to ischemia was found to 
be an endogenously occurring process (Pola et al., 2003). 
 In an elegant experimental setup, Kusano (Kusano 
et al., 2005) recently demonstrated that intramyocardial gene 
transfer of  Shh promoted recovery and preservation of  left 
ventricular function in both acute and chronic myocardial 
ischemia by enhanced neovascularization and recruitment of  
bone marrow-derived endothelial progenitor cells. Reduced 
fibrosis and cardiac apoptosis was observed after Shh gene 
transfer. In this myocardium model, the endogenous acti-
vation of  Shh in ischemia was again confirmed, suggesting 
that the observed salvage by injecting Shh-DNA is not an 
artificially created situation, but rather an augmentation of  
a naturally occurring phenomenon. The obvious potential of  
endogenous Hh to induce significant tissue alterations and 
cell recruitment raises questions as to the involvement of  Hh 
in the development of  (rare) angio-, fibro- or rhabdomyosar-
comas (Hahn et al., 1998).
 In cerebral ischemia, a positive role for Hh-mimick-
ing molecules has also been shown in limiting the damage 

caused by artificial vessel occlusion in rats (Nobel Conference, 
Stockholm, 2004) (Briscoe and Therond, 2005). Together, 
these data strongly support the notion that Hh aids in the res-
cue of  ischemic tissue, especially in its revascularization. This 
Hh-dependent revascularization probably reflects a physi-
ological response to ischemic stress, although what exactly 
drives this Hh response (e.g. hypoxia or inflammation) is not 
yet known. Many signals that are generated in ischemic tissue, 
ranging from cytokines to acidity might trigger Hh expression. 
Also, we do not know which specific areas in the ischemic 
tissue activate Hh expression, the degree of  tissue damage 
still considered “salvageable” enough for the Hh pathway to 
function, or whether the complex Hh pathway remains intact 
in damaged cells.

Lipophorin carries the Hedgehog protein
One of  the major questions remaining with respect to Hh 
signal transduction today is the mechanism that underlies the 
distribution of  the morphogen itself. Hh is a highly unusual 
intercellular messenger, as the protein is both sterolated (Por-
ter et al., 1996), and palmitoylated (Pepinsky et al., 1998) and 
therefore extremely hydrophobically modified. Hence, its dif-
fusion capacity is strongly limited in the aqueous medium that 
surrounds cells. Hh is, however, capable of  long-range signal 
transduction and various models have been put forward to 
explain Hh distribution in tissues. The most simple of  these 
models is the formation of  Hh multimers (Feng et al., 2004), 
in which the hydrophobic groups of  several Hh molecules are 
arranged in such a way that the protein complex becomes 

FIGURE 4. LIPOPROTEIN MEDIATED HH TRANSPORTATION
After synthesis, autocatalytic proteolysis and liphophilic moiety ad-
dition, the Hh protein is now presumed to be transferred to a lipopro-
tein particle, lipophorin in Drosophila. The transfer of sterolated 
Hh to lipophorin might be mediated by Disp. By unknown mechanisms, 
probably involving heparan sulfate proteoglycans (HSPGs), the par-
ticles travel a certain distance through the tissue and reach a target 
–Hedgehog responsive- cell. Endocytosis of the entire particle-
bound Hedgehog or perhaps just docking to the cells surface is prob-
ably mediated by Megalin, the main receptor for Hedgehog however 
being Ptc.
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Hedgehog turns lipoproteins into Janus-
faced particles 
One of  the major contributors to human cardiovascular 
disease and ischemic stress is atherosclerosis, cha-racterized 
by atherosclerotic depositions in the medium and larger size 
arteries (Orford et al., 2000). Although the exact cause of  
progression of  atherosclerosis is unknown, a negative role 
for lipid transport to the intima of  the arteries by LDL has 
been well established. The accumulation of  these lipids and 
subsequent progression of  the atherosclerotic plaque may 
cause its rupture or fragmentation leading to thrombosis 
causing, amongst others, tissue ischemia. As it is generally 
accepted that LDL is the carrier of  cholesterol from hepatic 
to peripheral tissues and that an excess of  LDL causes 
atherosclerosis, LDL has since long been considered the “bad” 
cholesterol carrier. The lipophorin Hh transport mechanism 
as found by Panakova et al. (2005) however suggests that 
LDL in human circulation could function in a similar way, 
transporting Hh through the circulation, accumulating in 
plaques and providing a natural signal for revascularization. 

FIGURE 5. POSSIBLE ROLES FOR HH SIGNALING IN AN ATHEROSCLEROTIC 
PLAQUE
When the intima at the location of atherosclerotic lesion grows, 
lipids accumulate in the so-called “lipid core”. As LDL particles 
incorporate lipids into the plaque, the lipid content in the intima 
grows. Possibly, Hh is transferred from the LDL particles in the lipid 
core to the intima and surrounding tissue. Some of the anticipated 
cellular processes that could be affected by this Hh are 1) modula-
tion of T-lymphocyte cell cycle progression (Lowrey et al., 2002), 
activation and cytokine production (Stewart et al., 2002); 2) prolif-
eration and migration of smooth muscle cells (Kusano et al., 2004); 
3) revascularization or other regenerative processes induced in adja-
cent tissue. (Pola et al., 2001)  4) Recruitment of stem cells by Hh as 
known for myocardial ischemia. (Kusano et al., 2005) Alternatively, 
Hh could remain in the plaque due to its hydrophobicity and induce 
vascularization therein, a harmful process. (McCarthy et al., 1999)

soluble in a polar medium. Another model is built on the sug-
gestion that cells pass on Hh, by means of  endo- and exo-
cytosis cycles that presumably involve the known receptor 
for Hedgehog, Ptc and a homolog of  Ptc, dispatched (Disp) 
(Briscoe and Therond, 2005). Tanaka et al. recently described 
transportation of  Hh by means of  “nodal vesicular parcels” 
or NVPs (Tanaka et al., 2005). In this model, the NVPs con-
taining Hh are transported through the ventral node fluid by 
ciliary movement. Recently however, an even more appealing 
way of  transporting the amphipatic Hh molecule throughout 
the body has been proposed (Panakova et al., 2005).
 Very similar to the vertebrate circulation, in which 
cholesterol is transported by lipoproteins, in a recent study by 
Panakova et al. (2005), Drosophila Hh was found to be carried 
by the insect equivalent of  LDL, lipophorin. The authors 
showed that glycosylphosphatidylinositol (GPI)-anchored 
and sterolated proteins, amongst which some well known 
morphogens, colocalize with lipophorin and that proper 
patterning by these morphogens requires lipophorin. This 
lipophorin-bound Hh is carried away from the Drosophila fat-
body where lipophorin is generated, to signal in the imaginal 
discs (summarized in Figure 4). 
 Interfering with this lipophorn-dependent transport 
mechanism severely restricts the range of  Hh signaling. This 
remarkable finding creates new insights into the possible ac-
tion of  Hh in physiology; Hh loading on lipophorin implies a 
seemingly endless diffusion capacity for Hh. Although the au-
thors speculate on transport through tissue, transport of  Hh 
together with the hemolymphatic circulation in insects seems 
a logical implication of  the finding described by Panakova et 
al. Thus, local Hh production, ironically by virtue of  its hy-
drophobicity, loaded on lipophorin may affect tissue far away 
from the source of  morphogen production. Interestingly, the 
mammalian homologues of  Drosophila Hh, i.e. Sonic Hh, 
Indian Hh, and Desert Hh, share the extensive posttrans-
lational sterolation and palmitoylation with Drosophila Hh. 
Consequently, these mammalian Hh homologues are also 
partly hydrophobic molecules (Jeong and McMahon, 2002). 
It seems plausible that in mammalian systems Hh is loaded 
on the mammalian equivalent of  lipophorin, LDL (Van Hoof  
et al., 2002). This point was also not lost by Panakova et al.	
(2005), who highlighted that megalin, a protein with strong 	
homology to LDL receptors, has been shown to mediate en-
docytosis of  Hh independent of  Ptc and that megalin seems 
to be necessary for normal Hh signaling in vivo. This mecha-
nism would provide the means to “catch” LDL-bound Hh 
specifically. If  LDL would be a source of  Hh, however, this 
could change our view on the role of  LDL in cardiovascular 
disease. 
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Thus lipoproteins could function as both a risk factor for 
cardiovascular disease by causing atherosclerotic plaques, 
but also as a carrier for Hh-dependent revascularization and 
tissue salvage. If  this hypothesis is true, inhibitors of  LDL 
cholesterol loading (that diminish LDL cholesterol content, 
but not cholesterol synthesis) would have superior therapeutic 
potential compared to generic sterol biosynthesis inhibitors 
that also impair Hh bioactivity (which is highly dependent on 
its lipid modifications). These cholesterol loading inhibitors 
diminish the cholesterol content on LDL but do not affect Hh 
activity on LDL.  
 Hence, an interesting change of  paradigm might 
emerge for LDL. No longer would LDL be merely bad news 
in the progression of  atherosclerotic plaques, as it also conveys 
a revascularization or patterning signal in the form of  Hh. In 
that case, Hh containing LDL would serve an intrinsic repair 
mechanism by which the body tries to limit the damage done 
by the plaque. Based on known effects of  Hh in various model 
systems, it is attractive to hypothesize that Hh in this context 
plays its beneficial role via; 1) proliferation (Kusano et al., 
2004) and perhaps migration of  smooth muscle cells, perhaps 
also into the intima. 2) modulation of  T-lymphocyte cell cycle 
progression, activation, and cytokine production (Stewart et 
al., 2002). 3) induction of  revascularization or other regenera-
tive processes in adjacent tissues (Pola et al., 2001). See also 
Figure 5.  
 Together, these data suggest that Hh loading on lipo-
proteins may force us to abandon the current one-dimension-
al LDL doctrine in vascular disease. Obviously, however, one 
should realize that significant differences may exist between 
vertebrates and arthropods with respect to Hh signal trans-
duction and that this might also prove true for the transport 
of  Hh by lipoproteins. 

Future perspectives 
Once the practicalities that surround the different variants 
of  gene therapy have been overcome, it is very likely that 
Shh-DNA will provide treatment options for patients that 
survived an initial myocardial ischemia. Should DNA transfer 
remain a problem in the future because of  the potential 
danger of  horizontal transfer or genome incorporation, an 	
interesting role for RNA-based therapies might emerge. As 
RNA is very unlikely to be reverse-transcribed after transfer, 
issues with horizontal gene transfer or chromosome integra-
tion are avoided. 
 The current problems with RNA stability and de-
livery, however, pose challenges that preclude application at 
this time. Before wide-scale injection of  Shh protein or DNA 
would be feasible, problems involving costs and the intricacy 
of  uniformly injecting compounds in the myocardium must be 

overcome. While the development of  chemically synthesized 
small-molecule agonists for the Hh pathway may provide a 
thrust forward, their distribution could prove too systemic in 
practice. Using a molecule that specifically recognizes isch-
emic tissue coupled to a Hh agonist can provide us with a 
specific, potent, and relatively affordable therapeutic option 
(resembling the aptamer approach developed for specific tar-
geting of  cancer cells (Farokhzad et al., 2006)). Targeting Smo 
rather than Ptc with small molecules, for instance using pur-
morphamine, eliminates any Smo-independent effects. Also, 
this should further enhance specificity as well as potency, as 
it eliminates the inhibitory actions on Smo of  yet unidenti-
fied Smo-inhibitory proteins (Ptc2 is known for instance (Mo-
toyama et al., 1998), but others might arise). Evident from the 
paper of  Kusano (Kusano et al., 2005) was the involvement of  
Hh in enhancing myocardial influx of  bone marrow-derived 
progenitor cells. As this naturally occurring population of  cells 
finds its way to the damaged myocardium, they could perhaps 
confer specificity to the action of  systemically administered 
Hh. Of  course, this would not be feasible when Hh is, in fact, 
the recruiting factor for these cells. Also, bone marrow-de-
rived stem cells have been implicated in tumorigenesis (for 
instance, in the stomach (Houghton et al., 2004)); so overly 
enhanced proliferation of  such circulating stem cells might 
not necessarily prove beneficial in the long run. 
 In summary, we predict that through intense re-
search efforts our understanding of  Hh pathway mechanisms 
and the participation of  the Hh pathway in cardiovascular 
development will continue to develop. Together with progress 
in technologies such as gene therapy and -diagnostics, this will 
aid in applying our knowledge and offer us a means to com-
bat cardiovascular disease in adult as well as the developing 
child. 
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Summary
The developmentally important Hedgehog (Hh) 
pathway is activated in ischemic tissue and 
exogenously administered Sonic hedgehog (Shh) 
supports tissue repair following cardiac ischemia. 
Hence, it is currently assumed that the endogenous 
increase in Shh during ischemia serves a beneficial 
role in limiting cardiac tissue damage. To prove or 
refute this hypothesis, we treated mice with the 
Smoothened (Smo) inhibitor cyclopamine to block the 
Hh pathway during myocardial ischemia-reperfusion. 
The experimental induction of  myocardial ischemia 
resulted in activation of  the Hh pathway, and hallmark 
features of  myocardial damage such as left ventricular 
dilatation and reduced cardiac output. Unexpectedly, 
cyclopamine treatment ameliorated left ventricular 
dilatation and cardiac output. As the beneficial 
effect of  exogenous Shh was suggested to depend on 
reduced apoptosis, increased vascularization and 
reduced fibrosis, we subsequently assessed the effect 
of  cyclopamine on these processes. Vascularization 
was similar in cyclopamine- and control treated 
animals, but increased apoptosis and reduced fibrosis 
were observed in the cyclopamine treated animals. 
Thus, Hh seems to exert a dualistic action in cardiac 
ischemia in which high exogenous levels are able to 
foster tissue repair, whereas endogenous Hh seems 
to be deleterious. 

Introduction
The developmental Hedgehog (Hh) protein 	
family (Nusslein-Volhard and Wieschaus, 1980) is known 
to be pivotal in many embryonic patterning events and the 
number of  processes in which Hh plays an essential role is ex-
panding persistently. For instance, Indian hedgehog (Ihh) and 
the more thoroughly characterized homolog Sonic hedgehog 
(Shh) are critical to the development of  the vasculature and 
of  early erythrocytes (reviewed in (Bijlsma et al., 2006a; Byrd 
and Grabel, 2004)). By virtue of  its role in establishing left-
right asymmetry, Shh is furthermore crucial to the looping of  
the cardiac tube, which later becomes the heart. 
 Recently, is has become clear that the Hh pathway 
is not only active in the developing embryo, but also in the 
adult organism (van den Brink et al., 2004). Among others, 
Hh has been suggested to salvage ischemia-induced tissue 
damage. Two recent papers of  Pola et al. established a strong 
role for Hh signaling in adult cardiovascular pathophysiology. 
Shh mediated a profound upregulation of  Hh target genes 
like vascular endothelial growth factor (VEGF) and the angio-
poietins Ang-1 and Ang-2, which were found to induce neo-
vascularization (Pola et al., 2001). The authors extended their 
findings and managed to salvage ischemic hind limbs in mice 
by injecting Shh in the afflicted muscle (Pola et al., 2003). In 
another experimental setup, Kusano and colleagues demon-
strated that intramyocardial gene transfer of  Shh promoted 
recovery and preservation of  left ventricular function in both 
acute and chronic myocardial ischemia models (Kusano et al., 
2005). Hh exerted its beneficial effect by enhancing neovas-
cularization, recruiting bone marrow-derived progenitor cells 
and reducing fibrosis and cardiac apoptosis. 
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 Interestingly, a characteristic feature of  both 
the hind limb as well as the myocardial ischemia model 
mentioned above is the endogenous production of  Shh 
and the activation of  the associated signaling system. The 
physiological importance of  this endogenously expressed Shh 
is unexplored in the myocardial model but it is thought that 
the endogenous increase of  Shh during myocardial ischemia 
serves a beneficial role in limiting tissue damage as it does in 
hind limb ischemia models. To prove or refute this hypothesis, 
we set up experiments in which mice were treated with 
cyclopamine to block the Hh pathway before subjecting them 
to a model of  myocardial ischemia-reperfusion (De Celle et 
al., 2004). Cyclopamine is an alkaloid that specifically inhibits 
the activating receptor of  the Hh pathway, Smoothened 
(Smo) (Chen et al., 2002; Incardona et al., 2000; van den 
Heuvel and Ingham, 1996). In the used model, the left 
anterior descending coronary artery (LAD) is ligated for 
30 minutes and then reperfused for 1 week. End points of  
this model are dimensional and functional markers for the 
integrity of  the ventricular structure and function. In addition 
to these physiological parameters, immunohistochemistry 
was performed to determine the effect of  cyclopamine on 
apoptosis, vascularization, and fibrosis in the heart. 
 Our results show that in contrast to the prevailing 
notion that endogenous Shh is a beneficial response following 
cardiac ischemia, endogenous Shh contributes to ischemia-
reperfusion induced injury. Hence, a dualistic role of  Shh 
signaling in coronary disease is revealed, in which high levels 

of  exogenous Shh as well as inhibition of  endogenous pro-
duction are associated with improved outcome of  disease.

Results

The Hh pathway is activated in ischemic 
myocardium
Previous data suggest that the Hh pathway is activated in the 
heart of  animals exposed to myocardial ischemia (Kusano 
et al., 2005). To confirm these observations, we analyzed 
Patched1 (Ptch1) expression in the heart of  mice subjected 
to myocardial ischemia-reperfusion. Ptch1, the inhibitory 
regulator of  the Hh pathway, is a direct target gene of  the Hh 
pathway and Ptch1 levels are thus indicative of  Hh pathway 
activity (Marigo et al., 1996). As shown in Figure 1A, some 
baseline expression of  Ptch1 was observed in the left ventricle 
of  control animals. Ischemia-reperfusion, however, strongly 
induced the expression of  Ptch1 confirming that indeed the 
Hh pathway is activated.

Exclusion of non-cyclopamine responsive 
animals
Cyclopamine inhibition of  Hh signaling is notoriously vari-
able in its efficacy, mainly because of  its hydrophobicity 
(Keeler and Baker, 1989). To eliminate superfluous variation 
in the experimental setup caused by inefficient cyclopamine 
bioavailability, we analyzed Hh pathway activity in kidney ho-
mogenates of  both cyclopamine and solvent control treated 

animals. Animals in which cyclopamine 
treatment was unsuccessful will not 
show decreased Hh pathway activity 
in organs with an active Hh pathway. 
As shown in Figure 1B, solvent treated 
animals (lane 1) show robust expression 
of  Ptch1 (indicative of  Hh pathway ac-
tivity as Ptch1 is a direct target of  the 
Hh pathway). Efficient cyclopamine 
treatment dramatically reduced Ptch1 
expression levels (lane 2), whereas ineffi-
cient cyclopamine treatment did not re-
duce Ptch1 levels (lane 3). Cyclopamine 
treated animals with Ptch1/b-actin 
levels (as determined by densitometry) 
at or above the average Ptch1/b-actin 
level of  all animals were considered 
non-responders and were excluded 
from the study (6 out of  16 cyclopamine 
treated animals).

FIGURE 1. HH PATHWAY ACTIVITY IN THE ISCHEMIC HEART AND INHIBITION BY CYCLOPAMINE
(A) Hh pathway activity in sections of control and ischemic myocardium was analyzed by 
staining for the Hh pathway receptor Ptch1 (staining denoted by arrows). Increased Ptch1 
levels, indicating elevated Hh pathway activity, could be seen in left ventricular tissue after 
24h reperfusion following 1h ischemia. Indicated is original magnification. 
(B) Kidneys of control- and cyclopamine treated animals were homogenized and immunoblotted 
for Ptch1 and b-actin. Densitometry was performed for all samples and cyclopamine treated 
animals that did not show diminished Ptch1 levels were considered “non-responder”.
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FIGURE 2. ECHOCARDIOGRAPHY PRE- AND POSTOPERATIVELY
(A) Preoperative functional parameters of the left ventricle as determined by echocardiography are similar between solvent-control and 
cyclopamine treated animals. Abbreviations; LVSs, systolic left ventricle wall thickness (cm); LVSd, diastolic left ventricle wall thickness 
(cm); LVIDs, systolic left ventricle internal diameter (cm); LVIDd, diastolic left ventricle internal diameter (cm); FS, fractional shortening 
(%); SV, stroke volume (µl x 1000); EF, ejection fraction. 
(B) Postoperative functional parameters of the left ventricle show improved outcome for cyclopamine-treated animals. (*P<0.05) 
(C) Relative values calculated from data in A and B (postoperative value divided by preoperative value) confirm the beneficial effect of 
cyclopamine (**P<0.01). 
(D) Examples of hematoxylin/eosin stained sections confirm left ventricular dilatation in control treated animals compared to non-ischemic 
animals, which is strongly ameliorated in cyclopamine treated animals.
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Echocardiography
To assess the effect of  cyclopamine 
treatment on the function of  the 
afflicted tissue, left ventricular di-
mensions and resultant functional 
parameters were obtained by echo-
cardiography. The raw data are 
shown in Figure 2A and -B (pre- and 
postoperative, respectively). As evident 
from Figure 2A, prior to the induction 
of  ischemia-reperfusion, left ventricu-
lar integrity and consequent function 
are similar between cyclopamine and 
solvent control treated animals. These 
parameters are similar to those ob-
served after 2 weeks in sham operated 
animals (De Celle et al., 2004). The 
induction of  ischemia-reperfusion, 
however, severely compromised left 
ventricular integrity as evident from 
both a systolic and diastolic decrease 
in left ventricle wall thickness (LVS) 
and an increase of  the internal left 
ventricular diameter (LVID) (Fig. 2B). 
In addition, ischemia-reperfusion 
severely reduced fractional shorten-
ing, the stroke volume and the ejec-
tion fraction, indicating diminished 
ventricle contractility. The strong 
deterioration of  these parameters 
highlights the severe effect of  the 30 
min ischemia-reperfusion procedure 
on cardiac function. 
 Figure 2C shows the relative 
values for the abovementioned 
parameters as calculated by dividing 
postoperative values by preopera-
tive values. Cyclopamine treatment 
reduces left ventricular dilatation as 
evident from increased systolic and 
diastolic left ventricle wall thickness 
(non-significant) as well as from a re-
duced internal diameter. Furthermore, 
cyclopamine treatment mitigated the 
reduction of  fractional shortening, 
stroke volume and ejection fraction 
induced by ischemia-reperfusion, re-
sulting in postoperative values more 
similar to preoperative values and 
thus sham-operated values. Taken 

FIGURE 3. IMMUNOHISTOCHEMICAL ANALYSIS OF APOPTOSIS AFTER MYOCARDIAL ISCHEMIA-REPERFU-
SION
(A) Hearts were collected and subjected to immunohistochemistry for active caspase-3. Shown 
are similar sections of left ventricle, showing increased caspase-3 activity in cyclopamine treated 
animals relative to control treated and non-ischemic mice. 
(B) Quantification of active caspase-3 DAB staining in the left ventricle as performed using the 
histogram function in Photoshop. Units on Y-axis represent mean intensity in sample areas of 
fixed size for all sections. (***P<0.005) 
(C) As for (A), but using TUNEL staining. Shown are similar sections of left ventricle, showing 
increased number of TUNEL positive nuclei in the cyclopamine group. 
(D) Quantification of number of TUNEL positive nuclei per optical field (3 fields counted in left 
ventricle per animal, n=4, *P<0.05).
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together, the echocardiography data show that cyclopamine 
treatment significantly restored ventricular function inflicted 
by ischemia-reperfusion.
 To assess the consequence of  myocardial ischemia-
reperfusion on the histological level, slides were stained by 
hematoxylin/eosin. As shown in Figure 2D, the left ventricle 
of  mice subjected to ischemia-reperfusion is rather severely 
dilated. In cyclopamine treated animals, however, the left 
ventricle seems (almost) unaffected, closely resembling a non-
ischemic control ventricle.

Apoptosis 
The previously described beneficial effect of  exogenous 
Shh was partly attributed to reduced apoptosis in the infarcted 
area (Kusano et al., 2005). To determine the effect of  endog-
enous Hh on apoptosis, caspase-3 activity in the left ventricle 
wall was assessed by immunohistochemistry. As shown in 
Figure 3, some caspase-3 staining was observed throughout 
the left ventricle of  non-ischemic control animals, whereas 
ischemia-reperfusion slightly (but significantly) increased the 
amount of  caspase-3 staining. In the cyclopamine treated ani-
mals, caspase-3 staining and thus apoptosis was strongly aug-
mented compared to both non-ischemic controls and solvent 

treated animals (Fig. 3A and -B). Thus, similar to exogenous 
Shh, endogenous Hh limits ischemia-reperfusion-induced 
apoptosis.  
 To confirm and consolidate the data obtained from 
the caspase-3 staining, we also employed TUNEL analysis as 
shown in Figure 3C and D. Hardly any TUNEL-positive nu-
clei were present in non-ischemic control conditions, whereas 
the induction of  ischemia-reperfusion induced the number 
of  TUNEL positive nuclei (ischemia-control). Cyclopamine 
treatment further increased the number of  TUNEL positive 
nuclei –and thus apoptotic cells- compared to solvent control 
treated mice.

Revascularization 
Another feature thought to be at least partly responsible for the 
salvaging effect of  exogenously Shh in myocardial ischemia is 
increased neovascularization of  the myocardium. To assess 
the role of  endogenous Shh in vascularization after ischemia-
reperfusion injury, heart sections were immunohistochemi-
cally stained for a-smooth muscle actin (aSMA, Figure 4A) 
and positively stained vessels were counted. Solvent treated 
animals showed aSMA positive vessels throughout the heart. 
Cyclopamine treatment did not reduce the number of  

FIGURE 4. IIMMUNOHISTOCHEMICAL ANALYSIS OF VASCULARIZATION AND FIBROSIS AFTER MYOCARDIUM ISCHEMIA REPERFUSION
(A) Hearts were stained for a-smooth muscle actin (aSMA) and positive vessels were counted. No difference in vessel number was observed 
between the groups. 
(B) Fibrosis of the left ventricle in ischemic solvent control or ischemic cyclopamine treated animals. Quantification of the average ratio of 
fibrotic area to left ventricular area 
(C), showing decreased fibrosis in cyclopamine treated animals following ischemia-reperfusion (*P<0.05; ***P<0.005).
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aSMA-positive vessels indicating that endogenous Shh does 
not induce vascularization after ischemia-reperfusion. Both 
groups did not differ in number of  aSMA-positive vessels 
from the non-ischemic control group. It should be noted that 
this analysis did not include capillaries. 

Fibrosis 
In the study performed by Kusano et al., exogenous Shh also 
reduced cardiac fibrosis which was suggested to be responsi-
ble for limiting ischemia-reperfusion induced injury (Kusano 
et al., 2005). To assess the role of  fibrosis in the beneficial 
effect of  cyclopamine treatment in our model, we evaluated 
fibrosis in the left ventricle by Sirius Red staining. This analy-
sis included any present scar tissue. As shown in Figure 4C 
and –D (quantification), the left ventricle of  solvent treated 
animals contains large fibrotic lesions as compared to non-
ischemic controls (Fig 4D), which did not contain any fibrotic 
lesions at all. Evidently, cyclopamine treatment dramatically 
reduced left ventricular fibrosis. Although preventing (or re-
ducing) fibrosis is clearly beneficial in maintaining ventricular 
function, our data do not allow conclusions as to the cause or 
consequence of  reduced fibrosis in improving left ventricular 
integrity by cyclopamine treatment.  

Discussion
The developmental Hh pathway has previously been shown 
to be activated in ischemic tissue and exogenously driven Shh 
expression exerted a protective effect in ischemia models (Ku-
sano et al., 2005; Pola et al., 2003; Pola et al., 2001). These 
studies did, however, not address the role of  endogenously 
expressed Shh. To investigate the role of  endogenous Shh, 
we employed the Hh pathway inhibitor cyclopamine in a 
model of  acute myocardial ischemia-reperfusion. Although 
a deleterious effect of  cyclopamine treatment was expected, 
we instead observed a beneficial effect of  cyclopamine given 
just before ischemia indicating that endogenous Hh might be 
deleterious during the early phase of  myocardial ischemia-
reperfusion. 
 Exogenous Shh has been shown to reduce ischemia-
reperfusion-induced apoptosis and the diminished apoptosis 
has been suggested to be (partly) responsible for the protective 
effect of  exogenous Shh (Kusano et al., 2005). In accordance 
with Shh limiting apoptosis, we show that the inhibition of  an 
endogenously activated Hh pathway by cyclopamine aggra-
vates apoptosis. As both exogenous Shh (and thus diminished 
apoptosis) as well as cyclopamine (and thus increased apop-
tosis) seem to limit ischemia-reperfusion-induced myocardial 
injury it seems unlikely that apoptosis is a major determinant 
in myocardial injury. However, one should realize that apop-
tosis induced by cyclopamine is mechanistically different from 

Shh-induced inhibition of  apoptosis. Cyclopamine-induced 
apoptosis, well known to limit cancer cell growth, is depen-
dent on inactivation of  downstream Hh pathway components 
to induce apoptosis (Thayer et al., 2003). On the contrary, 
apoptosis inhibited by Shh is directly dependent on Ptch1, 
which serves as a dependence receptor, and does not neces-
sarily involve downstream pathway signaling (Thibert et al., 
2003). 
 The beneficial effect of  cyclopamine on myocardial 
injury as assessed by echocardiography was unambiguous, 
but we were unable to conclusively identify the underlying 
mechanism responsible. Cyclopamine did not significantly 
affect vascularization. Considering the relatively short time 
frame of  the experiment and the fact that neovascularization 
is thought to be more important in chronic models of  myo-
cardial ischemia, our observation might not be that surprising 
(Kusano et al., 2005). 
 In analogy, the presented study has some limitations 
that should be kept in mind when interpreting our data. For 
instance, the model we use does not allow us to discriminate 
between the effects of  cyclopamine on acute myocardial in-
jury versus the effects on the subsequent remodeling. Future 
studies in which the effect of  cyclopamine on ischemia-re-
perfusion-induced myocardial damage is assessed at different 
time-points should pinpoint whether cyclopamine exerts its 
beneficial action in the acute or remodeling phase. Further-
more, we did not determine the area at risk (i.e. ischemic 
area) in the individual animals. Formally, it is therefore dif-
ficult to exclude that cyclopamine-treated mice accidentally 
had smaller infarctions and thereby exhibited better post-
ischemic functional recovery. However, the LAD ligation was 
performed by a single experienced technician in a blinded 
fashion minimizing variation in area at risk (and infarct size) 
and we feel confident that infarct sizes were similar between 
groups.
 Interestingly, the fibrosis data might shed another 
light on the potential beneficial effect of  apoptosis induction 
by cyclopamine (as discussed above). One could argue that 
the induction of  apoptosis keeps fibroblast proliferation in 
check, thereby limiting ischemia-reperfusion-induced fibrosis 
and consequently myocardial damage. Future experiments 
should test the validity of  this hypothesis. 
 Whatever the mechanism responsible for the protec-
tive effect of  cyclopamine, it is fascinating to speculate about 
the clinical implications of  this finding. Systemic administra-
tion of  a Hh-inhibitory molecule might be a more practical 
treatment option than the previously utilized injection of  Shh 
expressing plasmid directly into the myocardium. As systemic 
administration of  cyclopamine has so far not been successful 
in humans, (pro-)vitamin D�, which is well-tolerated at high 
doses, might be an attractive therapeutic option (Bijlsma et 
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al., 2006b). However, before making such claims, studies ad-
dressing the actual potential of  (pro-)vitamin D� in experi-
mental myocardial ischemia need to be performed. Currently, 
we are planning these experiments in addition to experiments 
in which Hh inhibitors are administered after induction of  
ischemia, which should more closely mimic the clinical situa-
tion. 
 In conclusion, we show that cyclopamine treatment 
limits myocardial ischemia-reperfusion injury. Thus, Hh 
seems to exert a dualistic action in cardiac ischemia in which 
high exogenous levels are able to foster tissue repair, whereas 
endogenous Hh seems to aggravate ischemic disease.

Materials and Methods

Animals
Ten week old, male C57Bl/6 mice (Harlan Sprague-Dawley Inc., 
The Netherlands), weighing approximately 25g at the time of  sur-
gery, were maintained at the animal care facility of  the University of  
Maastricht according to institutional guidelines, with free access to 
food and water. Animal procedures were carried out in compliance 
with Institutional Standards for Humane Care and Use of  Labora-
tory Animals. The Animal Care and Use Committee of  the Maas-
tricht University approved all experiments. 

Experimental set-up
Mice were anaesthetized with ketamine (100 mg/kg im) and xyla-
zine (5 mg/kg sc). Body temperature, monitored with a rectal probe, 
was maintained at 37°C using a warming pad and heating lamp. 
The trachea of  each mouse was intubated per orally with a stain-
less-steel tube connected to a respirator (Hugo Sachs Electronic 
rodent ventilator type 845, March-Hugstetten, Germany) set at a 
stroke volume of  250 µl and a rate of  210 strokes/min. After left 
thoracotomy and exposure of  the heart, the left anterior descending 
coronary artery (LAD) was ligated with 6–0 (metric 0) polypropylene 
suture (Surgipro, Chicago, IL) just proximal to its main branching 
point. The suture was tied around a 3 mm long polyethylene tube 
(PE-10) to induce ischemia. Under microscopic viewing blood flow 
was re-established after 30 min of  ischemia by removal of  the tube. 
For Figure 1A, ischemia was induced for 1h, and reperfusion was 
allowed for 24h. 
 Animals were injected intraperitoneally with 2 mg/kg 
cyclopamine (a dose previously shown to completely block the Hh 
pathway (van den Brink et al., 2001); Biomol, Plymouth Meeting, 
PA) or solvent control (2-hydroxypropyl-b-cyclodextrin) 1 day before 
ligation of  the LAD. Immediately before the surgical procedure, 
echocardiography was performed to determine left ventricular di-
mension and function (pre-MIR). Following the operation, animals 
were treated daily for 7 days with cyclopamine (or solvent) after 
which a second echocardiography was performed prior to sacrificing 
the animals (post-MIR). Upon sacrifice, hearts were removed for 
(immuno)histochemistry whereas kidneys were collected for assessing 
Hh pathway activity to determine the efficacy of  cyclopamine treat-

ment. The technicians performing the (randomized) treatment, op-
eration and analysis were blinded for the identity of  the injected 
solutions.  

(Immuno)histochemistry
Hearts were fixed in 10% buffered formalin and embedded in paraf-
fin. Slides (4 µm thick sections) were stained with hematoxylin/eosin 
according to routine procedures or incubated in 1% Sirius Red F3B 
in picric acid for 1h to assess fibrosis. For immunohistochemistry, 
slides were first deparaffinized and rehydrated. Endogenous per-
oxidase activity was quenched with 0.03% H�O� in methanol, an-
tigen retrieval was performed by boiling for 5 minutes in 10 mM 
citrate buffer (pH 6.0). Slides were blocked with TENG-T. Ptch1 
staining was performed with 1:250 a-Ptch1 G-19 (Santa Cruz 
Biotechnology, Santa Cruz, CA). Specific active caspase-3 staining 
was performed with 1:200 a-ACTIVE Caspase-3 antibody (Pro-
mega, Madison, WI). TUNEL staining was performed according to 
manufacturer’s protocol (DeadEnd Colorimetric TUNEL System, 
Promega). Smooth muscle actin was visualized using anti-a-SMA-1 
clone 1A4 (1:200, Sigma-Aldrich, St Louis, MO). Slides were incu-
bated with the appropriate HRP-conjugated secondary antibodies 
and DAB staining was used to visualize peroxidase activity. Slides 
were photographed on a Zeiss Axioskop (Zeiss, Jena, Germany) 
with a Sony DXC950P CCD camera (Sony, Tokyo, Japan). Caspase 
staining was quantified by measuring staining intensity; image colors 
were inverted in Photoshop 7.0 (Adobe Systems, San Jose, CA) and 
luminosity was determined in 3 separate areas in the left ventricle. 
For TUNEL staining, positive nuclei were counted per optical field 
at random locations in the left ventricle wall. For quantification of  
vascularization anti-a-SMA-1 stained vessels were counted in the 
heart. For assessment of  amount fibrosis in the ventricle wall, the 
fraction of  Sirius Red-stained ventricle wall thickness was measured 
at 3 sites in the ventricle wall. 

Western Blot
Kidneys were collected and homogenized in Greenberger lysis 
buffer. Protein content was determined using a BCA protein assay 
(Pierce Biotechnology, Rockford, IL), equalized, and samples were 
diluted with 2x Laemmli buffer. After heating, samples were run 
on 10% SDS-PAGE gels, and subsequently transferred to blotting 
membrane. Following blocking with 3% Protifar (Nutricia, Zoe-
termeer, the Netherlands) in TBS-T, membranes were incubated 
overnight in 1:2000 a-b-actin (Santa Cruz Biotechnology) or 1:500 
a-Ptch1 (G-19, Santa Cruz Biotechnology). Membranes were incu-
bated in a-rabbit secondary antibody (1:2000, Dako Cytomation, 
Glostrup, Denmark) and imaged on a LAS3000 dark box (Fujifilm, 
Tokyo, Japan). Densitometry was performed in Photoshop using the 
histogram function in a selected area of  constant size for each band. 
Background was subtracted and values for Ptch1 were corrected for 
those	of 	b-actin. 

Echocardiography
Transthoracic echocardiography of  the left ventricle (LV) was per-
formed under light isoflurane anesthesia using a Hewlett-Packard 
15 MHz linear array transducer (15–6 l) interfaced with a Sonos 
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5500 echocardiography system (Philips, Eindhoven, the Nether-
lands). Two-dimensional B-mode echocardiograms were captured 
at a rate of  90–120 Hz from parasternal long-axis views as well as 
from midpapillary short-axis views of  the left ventricle. Data were 
obtained from at least three different images taken in end diastole 
and peak systole using EnConcert software (Agilent Technologies, 
Andover, MA). 

Statistical analysis 
Depicted are the means ± SEM. After exclusion of  non-responders 
(see result section for details), 7 animals remained for the control 
groups and 8 animals for the cyclopamine group. Comparison be-
tween two groups was done using unpaired student’s t-test.
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Summary
Recently, it has become clear that the developmental 
Hedgehog pathway is activated in ischemic adult 
tissue where it aids in salvaging damaged tissue. 
The exact driving force for the initial Hedgehog 
response is unclear and as most physiological and 
cellular processes are disturbed in ischemic tissue, 
Hedgehog-activating signals are hard to dissect. Here, 
we demonstrate that hypoxia per se is able to induce 
a rapid systemic Hedgehog response in mice, as 
evident from expression of  the pathway ligand, Sonic 
hedgehog, as well as the pathway activity marker 
Patched1 in various organs. Using in vitro models 
of  hypoxia, we showed that the Hedgehog response 
was transient and preceded by the accumulation 
of  HIF-1a which we hypothesized to communicate 
between hypoxia and Hedgehog expression. Indeed, 
pharmacological inhibition, knockdown or genetic 
ablation of  HIF-1a abolished Hedgehog pathway 
activation. Concluding, we have established that 
hypoxia is translated into a Hedgehog response 
through HIF-1a and this mechanism is likely to be 
responsible for the Hedgehog response observed in 
various ischemia models.

Introduction
The Hedgehog (Hh) family of  proteins (Bijlsma et al., 2004) 
is important in many patterning events in the developing em-
bryo like for instance in determining digit position (Riddle 
et al., 1993) and the development of  the nervous system 
(Echelard et al., 1993). Hh signal transduction is highly un-
usual and some of  its pathway components act in a rather 
unique manner (Bijlsma et al., 2004). As shown in Fig. 1A, 
the Hh pathway has two receptors, i.e. the 12-pass transmem-

brane receptor Patched 1 (Ptch1) (Marigo et al., 1996) and the 
7-pass transmembrane receptor Smoothened (Smo) (Alcedo 
et al., 1996). When the pathway is active, due to binding of  
Sonic hedgehog (Shh) to Ptch1 (thereby alleviating its in-
hibitory action on Smo), target gene transcription is initiated 
through the Gli family of  transcription factors (Murone et al., 
1999). One of  these target genes is Ptch1, creating a negative 
feedback loop (Jeong and McMahon, 2005), and increased 
expression of  Ptch1 is thus indicative of  pathway activity. As-
saying Ptch1 levels thus enables to analyze tissue responses to 
generated Shh. 
 Recently, it has become clear that the Hh pathway 
is not only active in the developing embryo, but also in the 
adult organism. Intestinal tract morphostasis is critically de-
pendent on proper Hh signaling (van den Brink et al., 2004) 
and Hh functions in a range of  beneficial processes to salvage 
damaged tissue in different ischemia models (Kusano et al., 
2004; Pola et al., 2003; Pola et al., 2001). Recent work by 
Kusano et al. has shown the involvement of  Hh in myocardial 
ischemia, and the use of  Shh cDNA enabled the authors to 
reduce apoptosis in the afflicted area, to recruit progenitor 
cells, and to enhance tissue vascularization (Kusano et al., 
2005). The salvage experiments using Shh protein or -DNA 
in the abovementioned papers look like promising therapeutic 
options but although the authors provide an in-depth descrip-
tion of  the involvement of  Shh in their experiments, the exact 
mechanism driving Shh expression during ischemia remains 
unknown. In this study, we set out to examine whether hy-
poxia per se could induce Hh upregulation and to elucidate the 
mechanism behind this response. 
 The response to hypoxic conditions is usually medi-
ated through the hypoxia inducible factors (HIFs, reviewed in 
(Schumacker, 2005)). Under normal oxygen conditions, the 
HIF-1a transcription factor is constitutively synthesized, but 
also subject to degradation thereby keeping HIF-1a protein 
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levels low. Under low oxygen conditions however, the degra-
dation is impaired and HIF-1a levels rise. After binding to 
the constitutively present HIF-1b subunit, the HIF-1ab com-
plex binds to consensus sequences present in the promoter 
region of  hypoxia responsive genes to initiate their transcrip-
tion. HIF target genes are generally involved in processes like 
angiogenesis and cell survival. In this study, we elucidate the 
mechanism by which one of  the hallmark features of  isch-
emia, hypoxia, induces a Hh response and show the require-
ment for HIF-1a in this Hh response.
	

Results

Hypoxia induces a widespread Shh response 
in mice
To study the possible involvement of  the Hh pathway in 
hypoxia, mice were subjected to decreasing concentrations 
of  oxygen. In contrast to previous observations (Ertel et al., 
1995; Knoferl et al., 2000; Lawson et al., 1997), the threshold 
of  non-lethal hypoxia was 8% O� in our hands. The previ-
ously reported level of  5 or 6% O� caused immediate death 
in our animals. At the observed threshold of  8% O�, the mice 
became severely hypoxic within one hour (arterial pO� de-
creased from 90 mm Hg to 35 mm Hg). 
 To evaluate the activation of  the Hh pathway in 
hypoxic tissue, we performed Western blot analysis for Shh 

on whole organ homogenates from mice exposed to hypoxia 
for different time periods. Fig 1 B shows increased expression 
of  Shh in spleen, liver, brain and to a lesser extent in lung 
following hypoxia. This is unexpected, as the expression of  
Shh in the adult organism is anticipated to be rather limited. 
However, the observed Shh response to hypoxia is reminis-
cent of  the upregulation seen in ischemia experiments and 
might provide a mechanistic explanation for these previous 
findings. 
 Quantification of  Western blot analysis for Ptch1 
(Fig 1C) shows Ptch1 upregulation in the analyzed organs, 
and although liver does not show increased Ptch1 expression, 
Ptch1 is induced in lung, spleen and brain. Thus, these organs 
not only generate Shh in response to hypoxia, but also re-
spond to it by activation of  the Hh pathway, leading to Ptch1 
expression. 

Normobaric hypoxia induces a Shh response in 
an in vitro model for hypoxic cardiac muscle
The abovementioned data do not explain the exact mecha-
nism by which Shh expression is triggered by hypoxia, and 
to be better able to assess the mechanism behind this Hh re-
sponse, we employed an in vitro model system to study Hh 
pathway activation. Rat cardiomyoblast cells (H9c2 (Kimes 
and Brandt, 1976)) were subjected to low oxygen levels (1% 
normobaric) in an airtight thermostated chamber. 

FIGURE 1. HYPOXIC MICE SHOW A SYSTEMIC HEDGEHOG PATHWAY RESPONSE
(A) Schematic representation of the Hh pathway, showing that Ptch1 inhibits Smo-dependent signal transduction. Alleviating Ptch1-dependent 
Smo inhibition by addition of Shh results in pathway activation and expression of Ptch1, thus creating a negative feedback mechanism.
(B) After 1, 4 or 24 hours of 8% O2, mice were sacrificed (n = 2 mice per time point). Animals maintained under normal oxygen conditions were 
used as normoxic controls. Organs (brain, liver, lung and spleen) were homogenized in lysis buffer and subjected to Western blot analysis using 
antibodies against Shh (Coomassie stain served as loading control). Signals were quantified, corrected for Coomassie signal and expressed as 
the percentage of the signal for mice from normoxic conditions (expressed as t = 0; mean+/-SEM). 
(C) Quantification of Western blots as for B, but using antibodies against Ptch1.



91

 After hypoxic 
stimulation, cells were lysed 
and immunoblotted. As 
expected, HIF-1a levels 
rose quickly after exposure 
to low oxygen levels (Fig 
2A, upper panel). Within 1 
hour, maximal levels were 
reached. Together with the 
accumulation of  HIF-1a, 
an increase in mature Shh 
protein levels was observed 
(lower panel), peaking about 
1 hour later than HIF-1a. 
In response to the expressed 
Shh, Ptch1 levels were also 
elevated. The lower band 
on the Ptch1 blot was not 
identified, but probably 
represents either a break-
down product of  Ptch1 fol-
lowing Shh stimulation or a 
splice variant (Shimokawa 
et al., 2007). After 6h of  hy-
poxia, levels of  the analyzed 
proteins had normalized. 
Densitometric quantification 
and statistical justification 
of  Western blots as shown in 
Fig 2A is shown in Fig 2B. 
The kinetics of  these results 
predict that hypoxia leads 
to rapid HIF-1a accumu-
lation, which initiates Shh 
transcription and translation, leading to pathway activation, 
and as a negative feedback, Ptch1 expression. 
 To formally confirm that Hh pathway transcription 
factors (Gli proteins (Sasaki et al., 1997)) are activated in the 
cardiomyoblasts by hypoxia, we transfected these cells with a 
reporter construct that is sensitive to activation of  the Gli1 and 
-2. In analogy to the Ptch1 expression following hypoxia (in-
dicative of  pathway activation), induction of  reporter activity 
after 2 hours of  1% O� was seen, thus confirming activation 
of  the Gli proteins in response to hypoxia. Stimulation of  
reporter-transfected cells with 300 ng/ml recombinant Shh 
activated the Hh pathway to a similar magnitude as observed 
with hypoxia. This confirms the Hh-responsiveness of  the 
H9c2 cells, as well as hints to the amount of  Shh produced by 
the cardiomyoblasts, which should be roughly similar to the 
300 ng/ml added exogenously. 

FIGURE 2. NORMOBARIC HYPOXIA INDUCES A HEDGEHOG PATHWAY RESPONSE IN CARDIOMYOBLASTS
(A) H9c2 rat cardiomyoblasts were grown to full confluence and exposed to 1% O2 for the times indicated. 
After hypoxia, cells were rapidly lysed and analyzed by Western blot using antibodies against HIF-1a, Shh, 
Ptch1 and b-actin (loading control). Please note different time scale for the HIF-1a blot. 
(B) Western blots as described for A were quantified as for Fig. 1C. using b-actin as loading control. 
Mean+/-SEM is shown of three independent experiments. 
(C) Cardiomyoblasts were transfected with a Gli-reporter construct and exposed to 1% O2 or stimulated 
with 300 ng/ml Shh for times indicated. After lysis, luciferase activity was assayed and values were ex-
pressed as percentage increase relative to t=0. Mean+/-SEM is shown, n≥3.

Normobaric hypoxia induces a Shh response 
in fibroblasts
To verify that the effects of  MK-886 on the induction of  To 
be able to use embryonic fibroblasts from mice knock-out 
for relevant genes, we first needed to confirm that the Hh 
pathway is also activated in fibroblasts in response to hypoxia 
as observed in the myocardioblasts. The Hh pathway activity 
in response to hypoxia was assessed in a murine fibroblast 
cell line routinely used for Hh research (NIH-3T3 fibroblasts) 
stably transfected with the abovementioned Gli-reporter 
construct (Shh-LIGHT II (Taipale et al., 2000)). As shown 
in Fig 3A, the fibroblasts respond to hypoxia by activating 
the Hh pathway, suggesting that these fibroblasts are a good 
model for studying hypoxia-induced Hh responses. 
 To confirm that Shh expression and secretion is 
mediating the Hh pathway response to hypoxia, Hh pathway 
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activation to hypoxia was determined in the abovementioned 
Shh-LIGHT II cells pretreated with 1 µg/ml 5E1 Shh-
blocking antibody (Ericson et al., 1996). The 5E1 antibody 
binds to the epitope on Shh that is also required for binding to 
its receptor Ptch1, and thereby 5E1 inactivates Shh released 
into the medium. This treatment was successful in abrogating 
the pathway response to hypoxia as shown in Fig 3B, 
suggesting that indeed Shh secretion in response to hypoxia is 
responsible for increasing Hh pathway activity.
Shh levels were already increased after 60 min of  hypoxia (Fig 
2), which might seem a short time for de novo protein expression. 
To formally confirm that transcription and translation are 
indeed required for Shh levels to rise, we used transcription- 
and translation blockers on fibroblasts subjected to hypoxia 
and determined Shh levels as for Fig 2A-B. Pretreatment with 
5 µg/ml actinomycin D (transcription inhibitor) or 1 µg/ml 
cycloheximide (translation inhibitor) completely abrogated 

the expression of  Shh in 
response to hypoxia (Fig 
3C), confirming that de novo 
transcription and translation 
are responsible for the 
observed Shh production 
and subsequent pathway 
activation. 

HIF-1a mediates 
the Shh response to 
hypoxia
Classically, cells sense hy-
poxic conditions through 
HIF-1a. HIF-1a accumu-
lates in response to hypoxia 
and mediates the transcrip-
tion of  various target genes. 
To test if  the observed 
HIF-1a accumulation is re-
quired for the Shh response 
to hypoxia, we pretreated 
Shh-LIGHT II cells with a 
panel of  inhibitors known 
to inhibit HIF-1a accumula-
tion, including 2-ME2 (Powis 
and Kirkpatrick, 2004). 2-
ME2 is a pharmacological 
inhibitor that depolymerizes 
microtubules and thereby 
blocks HIF-1a nuclear accu-
mulation in response to hy-
poxia (Mabjeesh et al., 2003) 
and thus paralyzes the pro-

tein in acting as a transcriptional activator. As can be seen in 
Fig 4A, pretreatment of  cells with 30 µM 2-ME2 was able to 
abrogate Hh pathway activation following hypoxia. Although 
this inhibitor is widely used as an inhibitor of  HIF-1a, it is 
also known to interfere with other processes dependent on 
microtubule dynamics (Mabjeesh et al., 2003), and we there-
fore used several other inhibitors known to affect HIF-1a	
activity in different ways. By using rapamycin (mTOR inhibi-
tor (Zhong et al., 2000)) and wortmannin (PI-3K inhibitor 
(Sandau et al., 2000)), the transcription and translation of  
HIF-1a was inhibited (Powis and Kirkpatrick, 2004). Similar 
to 2-ME2, these inhibitors are not strictly specific for HIF-1a	
but as these inhibitors, which do not share off-target effects, 
all abrogate Hh pathway activity at least some specificity for 
HIF-1a inhibition could be argued. 

FIGURE 3. NORMOBARIC HYPOXIA INDUCES A HEDGEHOG PATHWAY RESPONSE IN FIBROBLASTS
(A) Shh LIGHT II cells were grown to full confluence and exposed to 1% O2 or stimulated with 300 ng/ml 
recombinant Shh for times indicated. After lysis, luciferase activity was assayed and expressed as described 
for Fig 2C. Mean+/-SEM is shown, n=6. 
(B) Shh LIGHT II cells were preincubated for 20 min with 1 µg/ml 5E1 Shh-blocking antibody and exposed 
to 1% O2 for 120 min. After lysis, luciferase activity was assayed and expressed as described for Fig 2C. 
(C) C3H/10T1/2 cells were pretretated for 20 min with actinomycin and cycloheximide at the concentra-
tions indicated and subsequently subjected to 1% O2 for 120 min. Cells were lysed and analyzed by Western 
blot using antibodies against Shh, and b-actin and densitometry was performed as for Fig 1B. Mean+/-SEM 
is shown, n=3.



93

 A more conclusive 
model to study the require-
ment for a specific protein 
is provided by cells from 
mice knock-out for the gene 
encoding that protein. To 
confirm the necessity of  
HIF-1a in hypoxia-induced 
expression of  Shh, we sub-
jected fibroblasts from mice 
knock-out or wild type for 
HIF-1a (Hif1a-/- Hras TAg	or	
Hif1a+/+	Hras TAg mouse em-
bryonic fibroblasts (Stiehl et 
al., 2006)) to hypoxia and de-
termined Shh protein levels. 
As shown in Fig 4B, Shh lev-
els were raised by low oxygen 
conditions in fibroblasts from 
wild type mice, whereas fibro-
blasts from HIF-1a knock-out 
mice were incapable of  this 
response. This confirms that 
indeed, HIF-1a is required 
for Shh expression in response 
to hypoxia. 
 To assess the re-
quirement for HIF-1a	 in	 the	
activation of  the Hh pathway 
transcription factors by hy-
poxia, we employed siRNA 
knockdown of  HIF-1a	 in	
Shh-LIGHT II cells, as well 
as reporter transfection of  the 
abovementioned fibroblasts 
from mice knock-out or wild 
type for HIF-1a (Fig 4C). Following ablation of  HIF-1a by 
either method, no activation of  the Hh pathway transcription 
factors could be observed, providing definitive evidence that 
HIF-1a is essential in mediating the Hh response to hypoxia. 
Figure 4D shows the reduction in HIF-1a protein level after 
siRNA transfection and subsequent hypoxia (the hypoxia was 
necessary to induce HIF-1a to measurable levels). Although 
the reduction in protein is definitely not complete, it is enough 
to abrogate the Hh response as shown by the data from Figure 
4C. Concluding, the presented data show that cells are able 
to respond to an oxygen-poor environment by expression of  
Shh, mediated by HIF-1a. 

Discussion
In this study, we set out to investigate whether one of  the 
most prominent features of  ischemia, i.e. hypoxia, was able 
to induce a Hh response both in vivo and in vitro. By exposing 
mice to low oxygen levels, we were able to show a widespread 
Hh response. Mechanistic studies in cardiomyoblasts and fi-
broblasts mimicked the effects observed in vivo, and showed 
that HIF-1a accumulation was required for the Hh response. 
These findings show that of  the plethora of  disturbed pro-
cesses in ischemic tissue, hypoxia per se is able to induce a Hh 
response. Based on these data we propose the following model 
for Hh action in hypoxic tissue; an occluded vessel restricts 
blood flow to tissue, which subsequently becomes hypoxic. 
HIF-1a levels rise due to these hypoxic conditions leading to 

FIGURE 4. HIF-1a MEDIATES THE SHH RESPONSE TO HYPOXIA IN VITRO
(A) Shh LIGHT II cells were preincubated for 20 min with the indicated inhibitors and exposed to 1% O2 
for 120 min. After lysis, luciferase activity was assayed and expressed as described for Fig 2C. 
(B) Hif1a+/+ Hras TAg or Hif1a-/- Hras TAg mouse embryonic fibroblasts were subjected to hypoxia for the 
times indicated, lysed and analyzed by Western blot using antibodies against Shh, and b-actin. 
(C) Shh LIGHT II cells were transfected with siRNA for HIF-1a or scrambled control and subjected to 
120 min 1% O2, lysed and analyzed as described for Fig. 2C. Hif1a+/+ Hras TAg or Hif1a-/- Hras TAg mouse 
embryonic fibroblasts were transfected with Gli-reporter construct and subjected to 1% O2 for 120 min. 
(D) fibroblasts were transfected with siRNA for HIF-1a or scrambled control for 24h, subjected to hy-
poxia for 2h, lysed and analyzed by Western blot using antibodies against HIF-1a, and b-actin** = p<0.01, 
Student’s t-test.
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de novo expression of  Shh subsequently activating its path-
way. It is tempting to speculate that as a consequence, tran-
scriptional targets of  Shh, like among others, vascular endo-
thelial growth factor (VEGF) and the angiopoietins (Ang 1/2) 
are expressed, thereby leading to tissue vascularization and 
the reduction of  tissue damage. However this latter notion 
needs to be confirmed in future experiments. 
 The proposed model would not only explain the 
upregulation of  Shh as seen in ischemia models, but might 
also have intriguing implications for other conditions in which 
individuals are exposed to low oxygen levels, for instance 
flight or high altitude (sometimes leading to significant arte-
rial hypoxia without symptoms), or situations such as COPD 
or asphyxia. An interesting preliminary observation in this 
regard comes from pilot experiments involving non-smok-
ing volunteers. After challenging the volunteers with tobacco 
smoke, isolated neutrophils were found to have almost 2-fold 
higher levels of  Ptch1 mRNA within 6 hour after first inha-
lation. It should be noted however that tobacco smoke does 
not only induce hypoxia, but affects many other physiological 
processes, making the data from these experiments inconclu-
sive and further studies into this phenomenon are planned.
 Some issues should be kept in mind when interpreting 
our data. The murine experiments depicted in Fig. 1 clearly 
indicate that systemic hypoxia leads to Shh expression but 
they also indicate that some discrepancy between Shh levels 
and the subsequent Hh pathway activity in a given organ 
exists. Especially the fact that Shh protein levels are easily de-
tected in liver of  mice subjected to hypoxia whereas no Hh 
pathway activity is detected in these livers is puzzling. One 
could however argue that the amount of  Shh produced is not 
sufficient to block all Ptch1 receptors. Alternatively, the ma-
jority of  hepatocytes might not have a functional Hh pathway 
and consequently Shh expression does not lead to pathway 
activation (see also the data on HepG2 cells in (Huang et al., 
2006)). Whatever the explanation however, it does not conflict 
with the main message of  our manuscript. 
 In summary, we sought to determine whether hy-
poxia triggers the Hh pathway. Our data confirm that hypoxia 
indeed leads to HIF-1a dependent Shh expression and conse-
quent Hh pathway activity. We suggest that this activation by 
hypoxia per se might explain the observed Shh expression in 
the ischemia models as described by others. 

Materials and Methods

Animals and exposure of mice to hypoxia
C57BL/6 wild type mice were purchased from Charles River 
(Zeist, The Netherlands). All mice were housed and fed according 
to routine procedures and were used at 8-10 weeks of  age. The 

experiments were approved by the Institutional Animal Care and 
Use Committee of  the Academic Medical Center, Amsterdam, 
The Netherlands. Mice were exposed to normobaric hypoxia 	
using a custom-made hypoxia-chamber containing an oxygen sensor 
(Marin Assist, Hazerswoude, The Netherlands). Mice were placed in 
the hypoxia chamber and the oxygen level was lowered to 8% within 
one hour. After 16h of  8% O�, animals were sacrificed by bleeding 
from the vena cava inferior after being anesthetized (by intraperi-
toneal injection of  FFM ((1:1:2 hypnorm (Janssen Pharmaceutica, 
Beerse, Belgium), dormicum (Roche, Mijdrecht, The Netherlands), 
sterile water for injection (Braun Melsungen AG, Melsungen, Ger-
many); 0.1 ml per 10 grams body weight). Immediately before the 
mice were sacrificed, body temperature (intrarectal) and weight were 
measured, pO�, pCO�, HCO3-, hemoglobin and hematocrit levels 
of  mice exposed to 8% O� were analyzed. Blood was sampled by 
heart puncture via a lateral approach and analyzed using an ABL 
505 blood gas analyzer and an OSM3 oxymeter (Radiometer, Co-
penhagen, Denmark).

Materials
The 5E1 Shh-blocking antibody was from the Developmental 
Hybridoma Bank (Iowa City, IA). Rapamycin, wortmannin and 
2-methoxyestradiol (2-ME2) were purchased from Sigma (St. Louis, 
MO). 

Cell culture and exposure of cells to hypoxia
C3H/10T1/2 mouse mesenchymal fibroblasts (from American 
Type Culture Collection CCL-226, Manassas, VA), were grown in 
DMEM (Cambrex, East Rutherford, NJ) containing 10% fetal calf  
serum (FCS (Cambrex, East Rutherford, NJ)). The Shh-LIGHT II 
mouse fibroblast cell line (ATCC number CRL-2795) was main-
tained in DMEM with 10% FCS, 0.4 mg/ml G418 and 0.16 mg/ml 
Zeocin. Hif1a+/+ Hras TAg	 or	 Hif1a-/- Hras TAg mouse embryonic 
fibroblasts were kindly provided by Dr Camenisch and grown as the 
C3H/10T1/2 cells. All media were supplemented with L-glutamine. 
Cells were exposed to normobaric hypoxia using a custom-made hy-
poxia-chamber and premixed gas containing 1% O�, 5% CO� and 
94% N� in a normal cell culture incubator. After incubation, cells 
were quickly lysed for Western blot analysis or luciferase assays. 

Western Blotting
Cells were lysed in Laemmli buffer and brought onto SDS-PAGE 
gels. After electrophoresis, protein was transferred onto Immobi-
lon-PVDF membranes (Millipore, Billerica, MA). Membranes 
were blocked in 3% Protifar (Nutricia) in Tris buffered saline/0.1% 
Tween-20 (TBST) for 1h. Goat polyclonal a-Ptch1 G-19 (Santa 
Cruz Biotechnology, Santa Cruz, CA), 5E1 a-Shh (Developmental 
Studies Hybridoma Bank, Iowa City, IA), a-Shh (Cell Signaling, 
Danvers, MA) or a-HIF-1a (Novus Biologicals, Littleton, CO) an-
tibodies were diluted 1:500 (1:1000 for b-actin) in 1% BSA (Sigma-
Aldrich) in TBST and membranes were incubated overnight. After 
1h incubation in 1:1000 a-goat or a-rabbit HRP-conjugated sec-
ondary antibody (DakoCytomation, Glostrup, Denmark), blots were 
imaged using LumiLight Plus ECL (Roche, Basel, Switzerland) on 
a LAS 3000 Imager (Fuji Photo Film, Tokyo, Japan). Densitometry 
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was performed using the histogram function in Adobe Photoshop 
7.0 (mean intensity determined in selection of  constant area (Adobe 
Systems, San Jose, CA)). 

Luciferase assays
After treatment, cells were lysed with passive lysis buffer as provided 
by Promega and luciferase activity was assayed according to the Pro-
mega Dual-Glo Luciferase Assay System protocol on a Lumat Ber-
thold LB 9501 Luminometer. Firefly luciferase values were corrected 
for co-transfected CMV driven Renilla luciferase standard to correct 
for transfection efficiency or dilution effects. Values were expressed 
as percent difference to control conditions.

Transfections
Transfections of  pre-designed siRNA (control and Silencer HIF-1a	
siRNA; ID#158954), obtained from Ambion Inc (Austin, TX) were 
performed using RNAiFect (Qiagen, Hilden, Germany) according 
to the manufacturer’s protocol and as described previously (Bijlsma 
et al., 2006). Cells were incubated with transfection complexes for 
16 h, after which fresh medium was added for another 6 h preceding 
further experimentation. 
	

Statistics
Statistical analyses were conducted using GraphPad Prism version 
4.00, GraphPad software (San Diego, CA, USA). Data are expressed 
as means ± SEM. Comparisons between two conditions were ana-
lyzed using two-tailed unpaired t-tests. *, p<0.05; **, p<0.01; ***, 
p<0.005.
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[ Chapter 10. \

Summary	and	Discussion.
 

PUBLISHED IN PART IN: 
DEVELOPMENT (2007)

MEDICAL HYPOTHESES (2007)

The Hedgehog (Hh) protein family poses interesting 
biological problems that have attracted a great deal 
of  research effort. This thesis is exemplary of  this 
effort and to recapitulate what the work described in 
this thesis contributed to the field, a short summary 
of  the chapters follows including some discussion on 
opened perspectives and potential future work.

Part I. Novel Mechanisms for Hedgehog 
Signaling
The first part of  the thesis deals with the way the Hh 
signal is relayed into the cell and essentially consists of  two 
different projects; one is the identification of  the modus 
operandi of  Patched-1 (Ptch1, Chapter 2 and 3), the other is 
the identification of  a novel, non-canonical pathway for Hh 
signaling (Chapters 4 through 6). The first project, aimed 
to identify the mode of  action of  Ptch1, was inspired by 
the prevailing uncertainty as to how the two receptors for 
the Hh pathway interacted; it was known that Ptch1, the 
receptor for the Hh ligand, was inhibitory on Smoothened 
(Smo), the excitatory receptor (see also Chapter 1) and that 
in the presence of  Hh ligand, Ptch1 was inactivated, making 
Smo free to activate the downstream pathway. How this 
inhibition by Ptch1 was mediated was unknown but Taipale 
et al. had previously provided strong suggestive material 
in a groundbreaking article (Taipale et al., 2002). In this 
manuscript, evidence was provided that supported a pump 
function for Ptch1 to inhibit Smo. For instance, it was shown 
that one molecule of  Ptch1 could inhibit multiple molecules 
of  Smo and, together with the strong homology of  Ptch1 
to transporter proteins and the lack of  verifiable binding to 
Smo, suggesting that Ptch1 might act as a pump. However, 
the question if, let alone what, was actually pumped remained 
unanswered. 

 Intrigued by this enigma, we decided to elucidate the 
exact mechanism by which Ptch1 acted, and set up a model 
system that, although somewhat artificial, allowed us to prove 
the intercellular signaling capacity of  Ptch1 to Smo as de-
scribed in Chapter 2. We furthermore showed that Ptch1 was 
able to secrete vitamin D� into the extracellular medium and 
using a variety of  other model systems, we demonstrated that 
vitamin D� was actually the physiologically relevant inhibitor 
of  Smo. This finding was interesting and timely in light of  the 
contemporary notion that the chemically similar oxysterols 
(oxidized derivatives of  cholesterol) were actually stimulatory 
on the Hh pathway (Corcoran and Scott, 2006; Dwyer et al., 
2007). How these two seemingly contradictory models relate 
is yet unknown, but it has been shown that oxysterols do not 
bind to Smo, suggesting their action to be on Ptch1 rather 
than Smo directly. 
 Another discrepancy came from a paper describing 
the exact opposite role for the enzyme metabolizing the 
precursor to pro-vitamin D� (7-dehydrocholesterol reduc-
tase, DHCR7) published just before our own data became 
public. Experiments performed by Koide et al. indicated that 
knocking down or pharmacologically inhibiting DHCR7 
was stimulatory on the Hh pathway rather than inhibitory, 
suggesting that DHCR7 acted as a negative regulator of  the 
Hedgehog pathway (Koide et al., 2006). Thus, these data ap-
parently conflicted with our work, but also with earlier papers 
that suggest a positive regulatory role for DHCR7 on the Hh 
pathway. Besides large differences in the model systems used 
(for instance the presence or absence of  Shh, and thus acti-
vation status of  Ptch1), combining the data of  Koide et al.	
with those of  Chapter 2 suggested that DHCR7 plays a dual 
role in Hedgehog signaling. Through its enzymatic activity it 	
limits vitamin D� levels in the cell thereby reducing vitamin D�	
secretion via Ptch1 and subsequently Ptch1-dependent Smo 
inhibition. Alternatively, via a currently unknown mechanism 
but independently of  its enzymatic activity, DHCR7 func-
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tions as a negative regulator of  Shh signaling. This kind of  
contradictory publications seems to be typical of  the field, and 
contributes to the confusion amongst scientists with regard 
to the complex phenotype of  Smith-Lemli-Opitz syndrome 
patients (SLOS, see also Chapter 2 and (Kelley and Herman, 
2001)). SLOS patients have a defective 7-DHCR, and there-
fore stack 7-dehydrocholesterol (precursor to pro-vitamin D�, 
and Hh-inhibitory itself) but have little cholesterol. Although 
these patients benefit from a high-cholesterol diet, their symp-
toms correlate best with the ratio of  7-dehydrocholesterol 
to cholesterol in their serum, suggesting the low cholesterol 	
levels not to be causative of  their problems. Their phenotype 
is reminiscent of  that observed in patients with defective Shh 
signaling, and the close connection between sterol synthesis 
and Hh signaling has lead to the suggestion that the disturbed 
sterol levels perturb Shh signaling in SLOS patients. How the 
perturbed sterol levels exactly contribute to the symptoms is 
subject to fierce debate and the confusion in literature con-
cerning the role of  sterol synthesis in Hh signal transduction 
in general only adds to this confusion. 
 By identifying the mechanism and inhibitory com-
pound, we not only contributed to answering an urgent scien-
tific question (the mechanism by which Ptch1 inihbits Smo), 
but also created an interesting therapeutic option as described 
in Chapter 3; very few effective treatment strategies are cur-
rently available for tumors of  the proximal gastrointestinal 
tract. The relatively high incidence (10 cases per 10000 in-
dividuals for pancreatic cancer annually in Western coun-
tries) and lack of  adequate treatment strategies call for novel 
therapeutic options (Schneider et al., 2005). Recent research 
efforts implicated an overactive Hedgehog (Hh) pathway as 
being causative for most upper gastrointestinal tract tumors 
(Berman et al., 2003) and an obvious candidate for combating 
the abovementioned malignancies would be the benchmark 
Hh pathway inhibitor cyclopamine. Although model systems 
(in vitro and in vivo) showed that cyclopamine very effectively 
inhibited the growth of  those tumors dependent on an over-
active Hh pathway, clinical application was rather unsucces-
ful.
 As vitamin D�, which is intrinsically safe even in 
high doses, was found to be a more potent inhibitor of  the 
Hh pathway than cyclopamine, we hypothesized that vitamin 
D� will prove an effective treatment strategy for malignancies 
dependent on an excessively active Hh pathway. In support 
of  this hypothesis, several epidemiological observations indi-
cated that sun exposure (Tuohimaa et al., 2007) or elevated 
vitamin D� levels reduced gastrointestinal cancer incidence 
and mortality (Giovannucci et al., 2006). In conclusion, 	
(pro-)vitamin D� seemed a promising treatment strategy for 
Hh dependent malignancies of  the gastrointestinal tract. 

 Indeed, it was shown in Chapter 3 that vitamin 
D� was toxic to Hh-dependent tumor cells and even more 
so than the benchmark inhibitor cyclopamine. Previously, 
cyclopamine had been described to induce apoptosis through 
G0/G1 arrest, an we were able to demonstrate a similar 
mechanism for vitamin D�. However, it is yet unknown how 
the concentrations needed for cell growth inhibition relate to 
maximally achievable concentrations in the human body. 
 The work in Chapters 4 through 6 describing a novel 
signal transduction mechanism for Hh ligand was inspired by 
another developmental signaling pathway, the Wnt pathway. 
The Wnt pathway essentially has two ways of  transducing 
ligand signal into the cell. One way of  signal transduction is 
dubbed canonical, and involves the activation of  the path-
way’s transcription factors, similar to what was known for the 
Hh pathway. The other way of  transducing Wnt signal, how-
ever, does not inevitably involve the transcriptional activation 
and this signal transduction is called non-canonical (Medina 
et al., 2000). Due to the similarity of  the Wnt and the Hh 
pathways, we suspected a non-canonical signaling pathway to 
also exist for the Hh pathway. 
 To prove or refute the existence of  such a pathway, 
we assayed for responses that are too rapid to depend on 
transcription and translation. For instance, we were able to 
show cytoskeletal rearrangements within 5 minutes of  Hh 
ligand addition to cells and migratory responses to a Hh 
gradient within that same timescale. Furthermore, the use of  
transcription/translation inhibitors and cells lacking the Hh 
pathway transcription factors showed that the transcription 
factors were not at all required for any of  the measured re-
sponses.
 Intriguingly, we did find a requirement for the leu-
kotriene synthesis machinery. The reason to investigate this 
came from earlier work of  the author’s promotor, who de-
scribed the role of  leukotrienes in mediating the cytoskeletal 
response of  cells to EGF, a response very similar to that found 
for Hh (Peppelenbosch et al., 1993). The requirement for 	
leukotrienes allowed us to demonstrate non-canonical 
Hh signaling in model systems that do not rely on limited 
timescales to show transcription factor-independence (Chap-
ter 5). It is unclear to what extent the non-canonical Hh 
pathway contributes to development, adult homeostasis or 
pathology, but a case report has been published that describes 
leukotriene synthesis deficiency leading to a phenotype that 
would fit with the role of  non-canonical signaling in motor-
neuron projection (Mayatepek and Flock, 1998). Future work 
should address the possible role of  non-canonical signaling in 
neuronal patterning in vivo, but studies into the role for non-
canonical Hh signaling in the metastasis of  tumors known to 
be dependent on Hh signaling are also called for. 
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Part II. Novel Functions for Hedgehog 
Signaling
The second part of  this thesis describes novel roles found 
for the Hedgehog proteins in adult (patho)physiology, with 
a strong focus on cardiovascular disease that was the early 
aim of  this thesis. In fact, the work described in Chapter 8 is 
an elaboration of  the initial project the author was hired on; 
to elucidate the molecular signals that recruit bone marrow 
derived stem cells to the heart. Early in the project, atten-
tion shifted to the role of  Hh proteins in this regard, or more 
specifically, to what gains could be achieved by stimulating 
the Hh pathway in a model for myocardial ischemia. Unfor-
tunately, our work was prematurely confirmed (see (Kusano 
et al., 2005)), and it was decided to investigate the reverse; 
what happens if  the Hh pathway is inhibited in myocardial 
ischemia. Surprisingly, we found improved cardiac function 
in those animals that had been treated with Hh inhibitor, in 
seemingly stark contrast to prior work by others (who found 
improved cardiac function by stimulating the pathway). Al-
though we did not ultimately identify why inhibition of  the 
Hh pathway had the same effect as exogenous stimulation 
of  that pathway, we hypothesized that endogenous levels of  
Hh (as addressed by inhibitors, not exogenous addition of  Hh 
ligand) were deleterious to the outcome in our model. This 
finding suggests vitamin D� to be a therapeutic option, but 
this was not investigated. It should however be possible to ex-
tract supportive material for this notion from existing patient 
data. 
 The experiments presented in Chapter 9 were based 
on the analysis of  a previous experiment performed oustide 
the scope of  this thesis, in which mice had been subjected to 
hypoxic conditions. Surprisingly, we found increased expres-
sion of  Shh ligand in many of  the organs from these mice and 
could also observe pathway activation as indicated by expres-
sion of  the target gene Ptch1. This was rather surprising as 
the expression of  Shh ligand (and subsequent pathway acti-
vation) was previously expected to be very limited in adult 
organisms. Further in vitro studies showed that the upregula-
tion Shh ligand following hypoxic conditions was dependent 
on HIF-1a activation. Not only did these experiments show 
widespread Shh expression in adult tissue, they also offered 
an explanation for the observed induction of  Shh expression 
in various models of  ischemia, like the myocardial ischemia 
model described above (Kusano et al., 2005; Pola et al., 2003). 
Again, the therapeutic implications from findings such as this 
are obviously not entirely hypothetical. 

Concluding Remarks
Taken together, the data presented in this thesis are diverse in 
nature but all share the biology they provide information on, 
namely that of  the Hh pathway. It took a decade following 
the discovery of  the gene to its cloning and the subsequent 
birth of  an entirely novel field of  research, but now, 25 years 
later, this field has become one of  the most rapidly advancing 
research societies around and there is no doubt that the Hh 
pathway will yield many useful treatment options for a range 
of  diseases in the near future.
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De familie van Hedgehog (Hh) eiwitten stelt 
wetenschappers voor een aantal interessante 
biologische vraagstukken die veel onderzoek hebben 
geïnspireerd. Dit proefschrift is daar een voorbeeld 
van en de volgende samenvatting beschrijft 
kort wat het in dit proefschrift beschreven werk  
bijgedragen heeft aan het onderzoeksveld, en  
welke toekomstige mogelijkheden en  
onderzoekslijnen te verwachten zijn. 

Deel I. Nieuwe mechanismen voor Hedgehog 
signaaltransductie
Het eerste deel van dit proefschrift beschrijft het mechanisme 
achter de transductie van het Hh signaal en komt voort 
uit twee projecten; het eerste is de identificatie van het 
werkingsmechanisme van Patched-1 (Ptch1, hoofdstukken 2 
en 3), het tweede is de vondst van een nieuwe non-canonical 
signaleringsroute voor Hh eiwitten (hoofdstukken 4, 5 en 6). 
Het eerste project, erop gericht te onrafelen hoe Ptch1 precies 
werkt, is geïnspireerd door de heersende onzekerheid omtrent 
de interactie tussen de twee receptoren voor de Hh pathway; 
het was bekend dat Ptch1, de receptor voor het Hh ligand, 
remmend is op Smoothened (Smo), de activerende receptor, 
en dat Ptch1 in de aanwezigheid van Hh ligand geïnactiveerd 
wordt zodat Smo vrij kan signaleren. Hoe de remming door 
Ptch1 gemedieerd werd was onbekend maar een sterke 
aanwijzing kwam uit een baanbrekend artikel door Taipale 
cum suis. In dit artikel werd gesuggereerd dat Ptch1 middels 
een pompfunctie remmend zou kunnen werken op Smo. Er 
werd bijvoorbeeld getoond dat één Ptch1 receptor remmend 
kon werken op meerdere Smo receptoren, en gezien de sterke 
gelijkenis van Ptch1 met eiwitten die een pompfunctie hebben, 
alsmede het gebrek aan aantoonbare binding met Smo, werd 
de suggestie gewekt dat Ptch1 als pomp zou kunnen werken. 
De vraag bleef  echter óf  en zo ja, wát er gepompt werd. 
 Door dit raadsel geboeid, besloten we het exacte 
werkingsmechanisme van Ptch1 te onrafelen, en hebben 
daartoe een modelsysteem opgezet dat ons in staat stelde 
de intracellulaire signaleringscapaciteit van Ptch1 naar Smo 
aan te tonen (hoofdstuk 2). Verder lieten we zien dat Ptch1 
in staat was vitamine D� naar het extracellulaire medium 

te transporteren, en dat vitamine D� de fysiologische Smo-
remmer was. Deze interessante bevinding kwam tegelijk met 
de publicatie van werk van andere groepen die de chemisch 
verwante oxysterolen beschreven als Smo-stimulatoir. Hoe 
deze ogenschijnlijke tegenstrijdige resultaten verklaard 
kunnen worden is nog onduidelijk, maar het is bekend dat 
de oxysterolen niet aan Smo binden, wat suggereert dat deze 
stoffen op Ptch1 werken, in tegenstelling tot vitamine D�. 
 Een andere tegenstrijdigheid kwam van een artikel 
dat een nieuwe rol beschreef  voor het enzym dat de voorloper 
van vitamine D� afbreekt (7-dehydrocholesterol reductase, 
7-DHCR) die niet overeenkwam met onze bevindingen. 
Experimenten uitgevoerd in het lab van Koide lieten zien dat 
het remmen van DHCR7 stimulatoir werkt op de Hh pathway, 
en niet remmend, zoals op basis van onze resultaten verwacht 
zou worden. Dit was zowel in tegenspraak met onze data, als 
met die van eerdere studies die een positieve regulatie van 
de Hh pathway door 7-DHCR beschreven. Hoewel er grote 
verschillen bestaan in de gebruikte modelsystemen, en het 
de vraag is in hoeverre de verkregen resultaten vergelijkbaar 
zijn, lijkt het erop dat 7-DHCR een duale rol heeft in het 
reguleren van de Hh pathway; enerzijds verlaagt het enzym 
door enzymatische activiteit de vitamine D� niveaus in de cel, 
daarmee remming van Smo verminderend, anderzijds is er 
sprake van een nog onduidelijk mechanisme, onafhankelijk 
van enzymatische activiteit, waardoor 7-DHCR remmend 
werkt op Hh signalering. 
 Dit soort tegenstrijdige resultaten zijn typerend 
voor het onderzoeksveld, en verklaren misschien het 
complexe fenotype van het Smith-Lemli-Opitz syndroom 
(SLOS, zie Hoofdstuk 2). SLOS patienten hebben een 
slecht functionerend 7-DHCR en daardoor verhoogde 7-
dehydrocholesterol (voorloper van vitamine D�) niveaus, 
maar tevens weinig cholesterol. Hoewel deze patienten baat 
hebben bij een dieet met veel cholesterol, lijken hun klinische 
problemen het beste te correleren met de verhouding van 
7-dehydrocholesterol tot cholesterol in het serum, hetgeen 
suggereert dat lage cholesterol niveaus per se niet causaal 
zijn. Het fenotype van deze patienten doet denken aan dat 
van patienten met gebrekkige Hh-signalering, en het sterke 
verband tussen sterol synthese en Hh signalering heeft geleid 
tot de suggestie dat de verstoorde sterol niveaus in SLOS 
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patienten de Hh signalering remmen. Hóe de verstoorde 
sterolhuishouding bijdraagt aan het SLOS fenotype is nog 
steeds onderwerp van vurig debat, maar het identificeren van 
vitamine D� als Smo-remmer verklaart op zijn minst een deel 
van het SLOS fenotype. 
 Door het werkingsmechanisme van Ptch1 alsmede 
de remmende stof  te identificeren, beantwoordden we niet 
alleen een prangend wetenschappelijk vraagstuk, maar 
schepten we ook een therapeutische optie zoals beschreven in 
hoofdstuk 3; er zijn maar weinig effectieve behandelingsopties 
voor tumoren van de proximale tractus digestivus. Dit gegeven 
samen met de relatief  hoge incidentie (10 gevallen per 10.000 
individuen voor pancreaskanker per jaar in westerse landen) 
maakt nieuwe behandelingsstrategieen meer dan welkom.  
Recent onderzoek heeft aangetoond dat een overactieve 
Hh pathway verantwoordelijk is voor de meeste tumoren 
van de proximale tractus digestivus, en een voor de hand 
liggende behandelingsmethode zou de bekende Hh-remmer 
cyclopamine zijn. Hoewel cyclopamine zeer effectief  was in 
diermodellen, was klinische toepassing weinig effectief.
 Omdat vitamine D� tot hoge doses veilig is, en in 
onze experimenten een sterkere remmer van de Hh pathway 
bleek dan cyclopamine, voorspelden we dat vitamine D�	een	
effectieve behandeling zou kunnen zijn voor maligniteiten 
die afhankelijk zijn van een overactieve hh pathway. Deze 
hypothese wordt ondersteund door epidemiologische studies 
waaruit bleek dat zonlicht en verhoogde vitamine D� niveaus 
in serum de incidentie en mortaliteit van gastrointestinale 
kanker verlaagden, en vitamine D� leek een veelbelovende 
behandelingsoptie.
 In hoofdstuk 3 blijkt inderdaad dat vitamine D� toxisch 
is voor kankercellen waarvan bekend is dat ze afhankelijk zijn 
van een overactieve Hh pathway, en daarin nog effectiever is 
dan cyclopamine. Eerder werd voor cyclopamine beschreven 
apoptose te induceren door de celcyclus in G0/G1 te stoppen, 
en uit onze studies bleek eenzelfde mechanisme voor het effect 
van vitamine D� verantwoordelijk te zijn. Het is uit de in vitro 
proeven beschreven in hoofdstuk 3 echter nog niet mogelijk 
te concluderen wat voor concentraties vitamine D� nodig en 
haalbaar zullen zijn in patienten. 
 Het werk in hoofdstukken 4 tot en met 6, dat het    
bestaan van een nieuwe signaaltransductieroute voor Hh 
beschrijft, was geinspireerd door een andere ontwikkeling-
spathway, de Wnt pathway. Deze signaleringscascade heeft 
in principe twee manieren om een ligandsignaal de cel in 
te communiceren. Eén van die manieren heet de canonical	
respons, en benut de transcriptie/translatie machinerie om 
een biologische respons te medieren. De andere manier van 
signaaltranductie is de non-canonical respons, welke niet afhan-
kelijk is van transcriptie/translatie. Gezien de vele overeenk-

omsten tussen de Wnt- en de Hh-pathway, vermoedden we 
het bestaan van een non-canonical pathway voor de Hh. 
 Om deze hyopthese te toetsen, maakten we gebruik 
van assays die te snel zijn om van transcriptie/translatie 
afhankelijk te zijn. Een voorbeeld daarvaan is de cytoskeletaire 
respons op Hh ligand die we al na 5 minuten waar konden 
nemen en een migratoire respons op eenzelfde tijdschaal. 
Door gebruk te maken van transcriptie/translatieremmers 
en cellen die de transcriptiefactoren voor de Hh-pathway 
missen konden we bevestigen dat de snelle Hh respons niet 
afhankelijk was van de transcriptionele activiteit van de Hh 
pathway. 
 Verrassend genoeg vonden we wel een afhankelijkheid 
van een functionele leukotrieen synthese. De aanleiding om 
naar de leukotrieensynthese te kijken kwam van eerder werk 
door de promotor, die had laten zien dat de cytoskeletaire 
respons op EGF, welke zeer sterkt lijkt op die van Shh, 
afhankelijk was van leukotrienen. De afhankelijkheid van 
leukotrienen stelde ons in staat de non-canonical Shh 
signalering aan te tonen in modelsystemen waar we geen 
gebruik konden maken van zeer kortstondige stimulaties 
(hoofdstuk 5). Wat de relevantie is van deze pathway voor 
ontwikkeling, en homeostase in volwassenen is nog onbekend, 
maar een zeer suggestieve waarneming is gepubliceerd in de 
vorm van een case report die een patient beschrijft met een 
defect in de leukotrieensynthese met een fenotype dat de rol 
van non-canonical Hh signalering in motorneuron geleiding 
ondersteunt. Verdere studies zijn nodig om de feitelijke rol 
van non-canonical siganlering in neurale ontwikkeling te 
bevestigen, maar een betrokkenheid van deze pathway in 
de metastasering van tumoren die afhankelijk zijn van een 
actieve Hh pathway ligt ook in de lijn der verwachting. 

Deel II. Nieuwe functies voor Hedgehog 
signalering
Het tweede deel van dit proefschrift beschrijft de vondst van 
nieuwe functies voor de Hh eiwitten in volwassenen, met 
name op cardiovasculair vlak. Eigenlijk vertegenwoordigt 
dit deel van het proefschrift, en met name hoofdstuk 8 het 
onderzoeksonderwerp waar de promovendus in eerste 
instantie voor aangetrokken was; het elucideren van de 
signalen die beenmerg stamcellen naar het hart recruteren 
na ischemie. Al vroeg in dat project verschoof  de aandacht 
naar de Hh eiwitten, en naar wat de voordelen zouden 
kunnen zijn van het stimuleren van de Hh pathway in een 
model voor myocard ischemie/reperfusie. Jammer genoeg 
werden de resultaten uit dit project vroegtijdig bevestigd, 
en werd een omgekeerde strategie gekozen; wat is het effect 
van remming van de Hh signaleringscascade in het myocard 
ischemie/reperfusie model ? Verrassend genoeg vonden we 
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een verbeterde hartfunctie in de dieren die behandeld waren 
met Hh-remmer, in tegenstelling tot de eerder gepubliceerde 
artikelen die een positieve rol voor de Hh pathway in herstel na 
ischemie/reperfusie beschreven. We zijn niet in staat gebleken 
het exacte mechanisme achter de onverwachte resultaten te 
ontdekken, maar het lijkt erop dat de endogene productie van 
Shh (zoals in onze studie onderzocht) een nadelige rol speelt in 
tegenstelling tot exogeen toegevoegde Shh. Dit suggereert dat 
vitamine D� ook in deze setting een therapeutische optie kan 
zijn. Het zou mogelijk moeten zijn ondersteunende data voor 
deze hypothese te vinden in bestaande patient gegevens. 
 De experimenten beschreven in hoofdstuk 9 zijn 
gebaseerd op waarnemingen in weefsel uit eerder uitgevoerde 
experimenten, waarbij muizen waren blootgesteld aan lage 
zuustofniveaus. In verschillende organen van deze dieren 
vonden we Shh expressie en ten gevolge daarvan activatie van 
de Hh pathway. Dit was verrassend omdat de expressie van 
Shh in het volwassen organisme gedacht werd nogal beperkt 
te zijn. Verdere in vitro studies lietem zien dat de Shh expressie 
afhankelijk was van HIF-1a activatie. Deze experimenten 
laten niet alleen zien dat Shh expressie mogelijk is in een groot 
aantal weefsels in het volwassen dier, maar verklaren ook de 
eerder waargenomen Shh expressie in verschillende ischemie 
modellen, zoals het eerdergenoemde myocard ischemie/
reperfusie model. De therapeutische mogelijkheden voor 
geïnduceerde Shh expressie in hypoxische of  ischemische 
organen zijn niet geheel hypothetisch. 

Conclusie
Het geheel aan experimenten gepresenteerd in dit proefschrift 
is divers van aard, maar alle data hebben betrekking op de 
fascinerende biologie van de Hh pathway. Hoewel het ruim 
10 jaar duurde om van de ontdekking van het Hh gen tot 
de eerste klonering en vervolgens geboorte van een heel 
onderzoeksgebied te komen, is dit veld inmiddels uitgegroeid 
tot een van de snelst ontwikkelende wetenschappelijke 
gemeenschappen en het leidt geen twijfel dat de Hh pathway 
in de nabije toekomst aan de wieg zal staan van vele 
behandelingsopties voor een groot aantal ziektes.
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