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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 D3 into the extracellular medium and 
using a variety of  other model systems, we demonstrated that 
vitamin D3 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 D3 (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 D3 levels in the cell thereby reducing vitamin D3 
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 D3, 
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 D3, 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 
D3 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 D3 levels reduced gastrointestinal cancer incidence 
and mortality (Giovannucci et al., 2006). In conclusion,  
(pro-)vitamin D3 seemed a promising treatment strategy for 
Hh dependent malignancies of  the gastrointestinal tract. 

 Indeed, it was shown in Chapter 3 that vitamin 
D3 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 D3. 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 D3 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-1α 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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