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Since its discovery by C. Niisslein-Volhard and E. F. Wieschaus, hedgehog (hh) signaling has come a long
way. Today it is regarded as a key regulator in embryogenesis where it governs processes like cell prolif-
eration, differentiation, and tissue patterning. Furthermore, in adults it is involved in the maintenance of
stem cells, and in tissue repair and regeneration. But hh signaling has a second—much darker—face: it
plays an important role in several types of human cancers where it promotes growth and enables prolif-
eration of tumor stem cells. The etiology of medulloblastoma and basal cell carcinoma is tightly linked to
aberrant hh activity, but also cancers of the prostate, the pancreas, the colon, the breasts, rhabdomyosar-
coma, and leukemia, are dependent on irregular hh activity. Recent clinical studies have shown that hh
signaling can be the basis of an important new class of therapeutic agents with far-reaching implications
in oncology. Thus, modulation of hh signaling by means of small molecules has emerged as a valuable
tool in combating these hh-dependent cancers. Cyclopamine, a unique natural product with a fascinating
history, was the first identified inhibitor of hh signaling and its story is closely linked to the progress in
the whole field. In this review we will trace the story of cyclopamine, give an overview on the biological
modes of hh signaling both in untransformed and malignant cells, and finally present potent modulators
of the hh pathway—many of them already in clinical studies. For more than 30 years now the knowledge

on hh signaling has grown steadily—an end to this development is far from being conceivable.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction’'

In the late 1970s C. Niisslein-Volhard and E. F. Wieschaus at the
European Molecular Biology Laboratory studied mutations of the
fruit fly Drosophila melanogaster and identified more than 50 differ-
ent genes that have a direct effect on embryonic development. One
of these genes, when it was mutated, caused the larvae to grow a
coat of spines at their undersides. The similarity in appearance of
these larvae with a hedgehog led to the term hedgehog-gene
(hh).? For their landmark research in the field of genetics of early
embryonic development Niisslein-Volhard and Wieschaus to-
gether with E. B. Lewis were awarded with the Nobel Prize in med-
icine in 1995.3 In 1993 the three paralogous genes in vertebrates
were identified and termed Sonic hh (Shh), after Sega’s video game
hero, Indian hh (Ihh), and Desert hh (Dhh), both after existing hedge-
hog species.*””

The hedgehog-genes are highly conserved from fruit fly to hu-
man and today are regarded as key regulators of embryonic devel-
opment.® They govern processes such as cell proliferation,
differentiation, and tissue patterning. In insects hh signaling con-
trols correct segmentation and development of the wings, in verte-
brates it induces left-right-asymmetry and correct formation of
limbs, skeleton, muscles, skin, eyes, lungs, teeth, nervous system,
intestines, and differentiation of sperm and cartilage. In adult
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organisms this pathway has important functions in the mainte-
nance of stem cells, as well as in tissue repair and regeneration.

Recent research has revealed the darker side of hh signaling: in
mammals it is linked to the etiology of basal cell carcinoma (BCC)
and medulloblastoma. Additionally, cancers of the pancreas, pros-
tate, lung, and breast are dependent on irregular hh activity. Inhi-
bition of hh pathway activity by the means of small molecules has
therefore led to new therapeutic strategies. Contrarily, stimulators
of the hh pathway may find applications as angiogenesis inducers,
as promoters of wound healing, and as valuable tools in the field of
stem cell research.

This review will discuss the hh signaling pathway, different
models of hh involvement in cancer, its modulators (i.e., inhibitors
and activators), putting an emphasis on cyclopamine and related
molecules, as well as recent and possible future applications of
hh modulation in the therapy of inflammatory and proliferative
diseases. An exhaustive presentation of all known hh inhibitors is
beyond the scope of this article and the interested reader is re-
ferred to several reviews on this field.>~!°

2. The hedgehog signaling pathway

In order to understand the modes of action of different types of
hh pathway modulators a basic knowledge of the components of
hh signaling and their interplay is necessary.

P. Heretsch et al./Bioorg. Med. Chem. 18 (2010) 6613-6624

The hh pathway was discovered in D. melanogaster, but it was
found to be relatively conserved in different species including hu-
mans.'®!” In mammals the hh-genes encode for three unique pro-
teins, Shh, Ihh, and Dhh.

2.1. Maturation of the hedgehog proteins

The hh proteins have to undergo a maturation process before
their active forms can be released from the cell and activate hh sig-
naling in auto-/juxta- or paracrine manner (see Fig. 1). Hh proteins
are known to be covalently modified by lipid moieties, which
membrane-anchoring properties are not consistent with passive
models of protein mobilization within tissue.'® After translation,
the N-terminal signal sequence is first removed from the
~45 kDa precursor polypeptides and then an autocatalytic cleav-
age between GlyCys residues, that are part of an absolutely con-
served GlyCysPhe tripeptide, forms the N-terminal signaling
domain. Additionally, this signaling domain is modified in this pro-
cess at the C-terminal glycine by cholesterol and hence gives a
~19 kDa segment with which all known signaling activities are
associated. The cholesterol moiety is, paradoxically, not required
for signal transduction but acts as a lipid anchor that restricts spa-
tial mobility and results in the association of the precursor protein
with the plasma membrane. It has been shown in vitro that other
steroidal compounds can substitute for cholesterol in the process-

internal cleavage

W Coror.. .ol

signal
sequence

C-terminally processed species

signaling domain

autoprocessing domain

autocatalytic

o]
COAMW

palmitoyl-CoA

Hhat

S-palmitoylated species

S-N-palmitoyl shift

HS.

\/\/\/\/\/\/\/\rH

o

fully processed signaling species

Figure 1. Maturation of the hh protein. hh-Genes encode precursor polypeptides of ~45 kDa which undergo both N-terminal signal sequence trimming and acylation as well
as internal proteolysis at a conserved sequence. Endoproteolytic cleavage at the GlyCysPhe sequence is catalyzed by the processing activity associated with the C-terminal
domain and produces a ~19 kDa segment. During cleavage, the signaling domain is modified at its C-terminal Gly by cholesterol, the N-terminal Cys then becomes

palmitoylated by Hhat.
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ing of hh proteins. Additionally, it has been speculated that in vivo
not only cholesterol, but other endogenous steroids are possibly at-
tached in the hh maturation process.'®

At the plasma membrane, finally, the N-terminal cysteine is
palmitoylated by the enzyme Hhat (hedgehog acyl transferase) to
form the fully active hh signaling protein.'® The cholesterol modi-
fication is not a necessity for the attachment of palmitate to the hh
protein, but the highly conserved N-terminal CysGlyProGlyArg-se-
quence is an absolute requirement. Unlike most known palmitoy-
lated proteins, the palmitate moiety is attached via an amide bond
to the N-terminus. The fatty palmitoylation is proposed to occur
via a thioester intermediate involving the side chain of the
N-terminal cysteine, followed by a spontaneous rearrangement
(S-N-acyl shift) to form the amide bond. This final modification
contributes critically to full signaling potency of hh proteins,
though experiments indicate that this enhancement of signaling
activity is largely attributed to general hydrophobic effects rather
than exclusive specificity for palmitate.!® Secretion of mature hh
proteins is dependent on dispatched (Disp), a 12-transmembrane
protein. Although, both Patched, the hh receptor, and dispatched,
contain a sterol sensing domain (SSD), these SSDs do not aid bind-
ing of the cholesterol adduct of the hh protein. The dependence of
cholesterol in the maturation process of hh proteins played an
important role in the discovery of the mode of action of the first
hh inhibitor cyclopamine (see Section 4).

2.2. The hedgehog signaling pathway in vertebrates

The mature hh proteins are ligands of the membrane bound
receptors Patchedl and Patched2 (12-transmembrane proteins
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termed Ptch)?®?! and activate the hh signaling pathway, that is,
they have a direct influence on the transcription of hh-response-
genes. There are further regulators on the cell surface that enhance
or reduce binding of hh ligands to Ptch. A negative regulator is the
Hhip protein that competes with Ptch for ligand binding. Contrary
to this, positive regulators like immunoglobulin (Ig)/fibronectine
(Fn)-repeat-containing proteins Cdo and Boc, as well as glycosidyl-
phosphatidylinositol (GPI)-anchored membrane-bound protein
Gas1 enhance binding of hh ligands to Ptch.

Remarkably, all of the key components of the hh pathway are
enriched in the cilia (see Fig. 2). Two transmembrane proteins,
Ptch1 and smoothened (a seven-transmembrane protein termed
Smo, which resembles G-protein-coupled-receptors and acts
downstream of Ptch1l) show dynamic, hh-dependent trafficking
in the cilia.

Cilia are tail-like projections of the cell membrane that can be
found on nearly every eukaryotic cell in a single copy. They are in-
volved in sensing mechanical and chemical signals and act as com-
munication hubs for signaling and control cell differentiation and
polarity.???3 In the absence of hh ligands, membrane bound pro-
tein Ptch1 is found at the base of the primary cilium near the basal
body.2* Smo is usually not associated with the cilium because the
dynein retrograde intraflagellar transport (IFT) motor prevents
enrichment of Smo in the cilium.?® Instead, Smo exists in three dif-
ferent states: an internalized inactive form (SmoA), that is, in equi-
librium with an inactive cilium-bound form (SmoB), and an active
form (SmoC), that is, generated from SmoB.2%?’ Immunoprecipita-
tion assays have shown that Smo forms a dimer. Furthermore, a
fluorescent resonance energy transfer (FRET) analysis of Smo pro-
teins bearing yellow fluorescent protein (YFP) and cyan fluorescent
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Figure 2. The hh signaling pathway. (A) In the absence of a hh ligand Ptch is located at the ciliary membrane, where it inhibits the formation of active SmoC from ciliary
membrane located SmoB (itself in equilibrium with internalized inactive SmoA by the dynein retrograde intraflagellar transport (IFT) machinery) by an unknown mechanism.
Without SmoC the Gli2/3 transcription factors are stepwise labeled by phosphorylation and ubiquitination events for proteosomal cleavage into a truncated repressor form

(Gli3 to Gli3-R) or complete degradation (Gli2). Gli3-R travels into the nucleus, presumably by the retrograde IFT machinery

37.38 and inhibits gene transcription of hh-target-

genes. Gli1 (not shown) is always active and activates transcription of genes of hh components to keep the pathway functional. (B) In the presence of a hh ligand it binds to
Ptch, that is, inhibited by internalization and lysosomal degradation. Binding can be repressed by Hhip and supported by Cdo, Gas1 and Boc. Without Ptch active SmoC is
formed at the ciliary membrane where it inhibits kinases PKA, CK1 and GSK3. Now the Gli transcription factors Gli2/3 can be processed to their active forms (Gli2/3-A) that
are transported to the nucleus where they finally activate gene transcription of the hh-target-genes. KIF7 as a typical motor protein acts as an anterograde motor in the cilium.
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protein (CFP) at their C-terminal cytoplasmatic tails, has shown
that Smo is a conformational switch, changing between two forms
referred to as the ‘open’ and active (also referred to as SmoC) and
the ‘closed’ and inactive form (SmoB). Phosphorylation events at
arginine rich regions at the intracellular part of Smo may attribute
to this behavior.?®

At the base of the primary cilium, Ptch inhibits the activation of
SmoB into SmoC by an unknown mechanism. Ptch inhibits Smo in
a catalytic (though not enzymatic) way since one molecule of Ptch
can inhibit several molecules of Smo. The idea of a stoichiometric
model in which Ptch binds to Smo has been abandoned. Instead,
endogenous small molecules that modulate Smo activity and that
are gated by Ptch are discussed (e.g., oxysterols), but no such small
molecules have been identified yet.?°

In the absence of active SmoC in the ciliary membrane, the Gli
family of latent Zn-finger transcription factors, in a complex with
SuFu (the suppressor of protein fused, an important negative regula-
tor of mammalian hh signaling),3° are proteosomically processed.
This is sequentially accomplished by protein kinase A (PKA), GSK38,
and CKle-mediated phosphorylation of full-length Gli2/3, which
creates a binding site for the adapter protein B-TrCP. Then, the Gli/
B-TrCP complex becomes subject to ubiquitination mediated by
the Cul1-based E3 ligase, which finally results in partial proteosomal
degradation to form Gli3-R3! or complete degradation in the case of
Gli2.3233 The Gli3-R factor prevents transcription of the hh-re-
sponse-genes. Whether cytoplasmic nuclear shuttling of Gli is also
dependent on SuFu is not clear yet. Contrary to this, Gli1 only occurs
as a full-length transcriptional activator of genes of hh components
to keep the pathway functional.>* However, in vivo the transcription
repressor Gli3-R is the predominant species.

Upon binding a hh ligand, Ptch translocates out of the primary
cilium and is degraded by lyosomes. Active SmoC can now be gen-
erated and inhibits PKA which no longer phosphorylates full-
length Gli and as a result prevents B-TrCP/Cull binding and pro-
cessing, and eventually proteosomal Gli cleavage. Activated Gli
transcription factors (GliA) then bind to Gli promoters in the nu-
cleus and stimulate the transcription of hh-response-genes. Direct
targets for GliA are three genes in the pathway themselves: Glil,
Ptch1, and Hhip.3>° Since the products of these genes are positive
or negative regulators of hh signaling, this leads to feedback loops
that enhance or reduce hh response. It is not known whether the
set of target genes is the same for the GliR and GliA transcription
factors. While in D. melanogaster cilia are not required for hh sig-
naling, in vertebrates they play a role of paramount importance
(vide supra). This may be due to the role of KIF7, a kinesine that
tethers the hh signaling to the cilium and is only present in verte-
brates. KIF7, as a typical motor protein, acts as an anterograde mo-
tor in the cilium.

Finally, it is important to emphasize that the hh signaling path-
way is tightly connected to many other signaling pathways like
Wnt/B-catenin, TGF-B/BMP, Notch and FGF pathways, all of them
deeply involved in processes of tissue morphogenesis and homeo-
stasis, organogenesis, and stem cell renewal in adults.

3. The hedgehog signaling pathway in cancer

Three basic models are discussed for hh pathway activity in
cancer in literature (see Fig. 3):394°

Type 1 cancers (ligand independent, mutation driven) were
discovered first. The Gorlin syndrome belongs to this category.
Patients with Gorlin syndrome have a high incidence of basal cell
carcinoma, medulloblastoma, and rhabdomyosarcoma. The molec-
ular basis for the development of this type of malignancies can be
numerous. Inherited inactivating mutations in Ptch1 (i.e., Ptch1 loss
of heterozygosity and/or inactivating mutations), lead to constitu-

tively activated hh signaling in the absence of a ligand. Gorlin pa-
tients are excellent candidates for therapy applying inhibitors at
the level of Smo or below. Loss of function mutations have also
been described for SuFu. An activating mutation in Smo results in
ligand-independent constitutive hh pathway activation. Addition-
ally, gene amplification and translocation of positive-acting com-
ponents in the pathway like Gli belong to this category. It is
important to realize that the therapy of type 1 cancers by inhibi-
tion of constituents of the hh pathway can only be successful, if
these are situated downstream of the acquired mutation. We will
show later that most inhibitors target the protein Smo. However,
inhibitors downstream of Smo (e.g., on transcriptional level) would
obviously be the only effective means to generally address
hh-dependent cancers of type 1.

Type 2 cancers are hh ligand dependent and auto- or juxtacrine.
A hh ligand is both produced and responded to by the same tumor
cells. Only recently it was demonstrated conclusively in human
cancer cell lines of the colon that this type of hh signaling exists.*®

Type 3 cancers are hh ligand dependent and paracrine. Recently,
evidence accumulated that in most cancers aberrant hh signaling is
linked to an overproduction of hh ligand by the tumor cells. Hh
proteins may stimulate stroma cells near the tumor (endothelial
cells, epithelial cells, fibroblasts, and immune cells) in a paracrine
manner, which results in an indirect support of tumor growth
through mechanisms originating in the stroma cells. Such mecha-
nisms include the support of tumor cells including tumor stem
cells, stimulation of tumor angiogenesis, effects on the extracellu-
lar matrix, and secretion of components of molecular signaling
pathways involving insulin-like growth factor (IGF) and Wnt. 4748
A variant of this type of hh signaling is the so-called ‘reverse para-
crine’ signaling (type 3b), whereby hh ligands are secreted from
stromal cells to receiving cells in a tumor.

4. Cyclopamine and the hedgehog signaling pathway

During their studies on hh signaling in the 1990s, P.A. Beachy
and co-workers searched for a simple way to control this pathway
that did not involve gene knockout—a task difficult and lengthy to
perform. The use of small molecules as biochemical probes
presented an easier and faster alternative. However, a molecule
that was able to influence hh signaling was not known at that time.

Finally, Beachy and co-workers succeeded in combining their
knowledge on hh signaling with an apparently different scientific
field to solve this problem: they remembered a strange incident in
the 1950s in Idaho. In decade after World War Il a random batch
of lambs in sheep herds was born with severe craniofacial defects.
Up to 25% of newborn lambs of sheep grazing in the mountains of
central Idaho were affected. The severity of this malformation
termed holoprosencephaly varied from the extreme of cyclopia, that
is, the existence of only one eye placed directly on the forehead,
accompanied with malformations of the brain, to only a slightly
shortened upper jaw. The more severe malformations also included
incompletely or totally undivided cerebral hemispheres, olfactorical
and optical nerves. Finally, these sheep herders asked the Depart-
ment of Agriculture for help, when the disease had taken endemic
proportions and the economic loss was not tolerable anymore.
One of the scientists sent, Lynn F. James, lived with the sheep for
three summers and discovered that in times of drought the sheep
moved to higher grounds and grazed on the abundantly growing
flower Veratrum californicum. Richard F. Keeler of the Poisonous Plant
Research Laboratory later figured out the connection between the
consumption of V. californicum by pregnant sheep at the 14th day
of gestation and the occurrence of cyclopia in their offspring.#->!

On the basis of these initial studies an extraction method was
developed, that allowed the alkaloids of V. californicum to be
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Figure 3. The hh signaling pathway in cancer. (A) Type 1 cancers are hh ligand independent. Hh pathway is overly active due to an activating or inactivating mutation in one
of its constituents. (B) In type 2 (autocrine) tumors the same cell produces and accepts hh ligands. (C) Type 3 (paracrine) tumors secrete hh ligands into the stroma. Stroma
cells respond by forming a growth promoting environment for the tumor. (D) In type 3b (reverse-paracrine) tumors the reverse situation can be observed: stroma cells secrete

hh ligands that promote the growth of tumor cells.

isolated for investigation of their ability to induce cyclopia in
embryos. It was shown that only three compounds posses this
ability in varying potency, namely the known alkaloid jervine,
cycloposine (3-glucosyl cyclopamine) and a third most
active steroidal alkaloid that was termed cyclopamine (see
Fig. 4).5%>3

Because Beachy and co-workers knew that in severe cases of the
Smith-Lemli-Opitz syndrome (a defect in cholesterol biosynthesis
caused by a deficiency of 7-dehydrocholesterol reductase) also hol-
oprosencephaly was observed,>® they proposed that cyclopamine
acts as an inhibitor of cholesterol biosynthesis—an idea further
supported by structural similarities of these molecules. However,
in 1998 Beachy and co-workers could show that this first assump-
tion was incorrect.>>>¢ Instead, cyclopamine interacts with the

protein Smo, induces its accumulation in the primary cilium and
inhibits its activity by a conformational change into the ‘closed’
form even with hh ligands being present.””>8

The maturation process of the hh protein is dependent on cho-
lesterol (vide supra). Although in embryos the same phenotype is
observed both in cases of cholesterol biosynthesis deficiencies
and cyclopamine intoxication the reason for this is not a lack of
correctly modified hh proteins. It has been shown, that in sterol de-
pleted cells a diminished hh response already occurs at sterol lev-
els still sufficient for normal autoprocessing of the hh protein.
Instead, sterol depletion affects the activity of Smo. This effect
could be mediated either through direct interaction of cholesterol
with Smo or through an impact on membrane properties, for
example, trafficking.>-%°

cyclopamine
ECgo~ 300 nM

cycloposine
ECs, > 700 nM

veratramine
inactive

jervine
EC5, ~ 500 nM

Figure 4. Structures of veratrum alkaloids cyclopamine, cycloposine, jervine, and veratramine.
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Cyclopamine itself is currently used in clinical trials in the ther-
apy of BCC (see Section 7) though its pharmacological and physico-
chemical properties are not ideal: cyclopamine exhibits only a
moderate inhibition of transcription of the hh-target-genes Glil
and Ptch1, with an ECsy of 300 nM. Additionally, it has very poor
aqueous solubility and is unstable to low pH values. However, it
was shown recently, that cyclopamine does not degrade to veratr-
amine®! as it has been postulated by Keeler.%? Veratramine, a nat-
ural occurring C-nor-D-homo-steroid with an aromatic D-ring and
without the furane E-ring, has no hh inhibitory effect. Instead,
cyclopamine isomerizes to give the C17-epimer and another non-
aromatic elimination product—both of these show no hh inhibitory
properties. To overcome the problems associated with cyclop-
amine several other inhibitors of hh signaling, in particular of
Smo, have been synthesized in recent years. Some of them bear
structural elements or are chemical derived from cyclopamine,
others have completely different chemical scaffolds.

Recently, our group succeeded in a biomimetic synthesis of
cyclopamine starting from abundantly available dehydroepian-
drosterone. This new approach will facilitate the synthesis of
cyclopamine-based Smo antagonists and furthermore allow deeper
insights into cyclopamine’s structure-activity relationship.5>64

5. Further inhibitors of the hedgehog signaling pathway

Although Smo has been termed the hh pathways most ‘druga-
ble’ target, and a majority of the known inhibitors currently avail-
able address Smo, other components of the hh pathway can be
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inhibited with the same result. Among these are targets upstream
of Smo, more precisely the Shh ligand itself and also targets down-
stream of Smo like the Gli transcription factors. Selected examples
for all these strategies are presented (see Fig. 5).

For the discovery of new inhibitors of hh signaling several as-
says are available. The most common one is using Shh-LIGHT2 cells
which represent a clonal mouse embryonic fibroblast cell line (NIH
3T3 stably incorporating a Glil-dependent firefly luciferase repor-
ter and a constitutive Renilla luciferase reporter).®® The binding of a
Shh-N protein to Ptch releases Gli transcription factors which in
turn lead to the expression of luciferase. After lysis of the cells
the enzyme can be detected by reaction with luciferin and lumi-
nescence measurement. An antagonist, that is, able to bind to
Smo will decrease Gli1-dependent expression of luciferase and will
therefore lower the luminescence. Analysis of constitutive Renilla
luminescence is used to normalize for any potential unspecific
Gli-reporter gene luminescence. The Smo agonist SAG (see
Fig. 14) is frequently used in this assay to give an up-regulated
(positive) readout both for comparison and determination of inhib-
itory strength of potential antagonists.5°

A cell-based assay not dependent on the transfection of a repor-
ter construct uses a hh-dependent phenotypic readout in mouse
mesoderm fibroblast C3H10T1/2 cells.%” In the presence of a Smo
agonist C3H10T1/2 progenitor cells differentiate into osteoblasts,
mediated by the hh signaling pathway. The enzymatic activity of
alkaline phosphatase (ALP) is a marker for this hh induced process
and can be readily measured. The ALP expression level in cells is
influenced by increasing concentrations of hh pathway inhibitors.

inhibitors of hh
(robotnikinin)

inhibitors of Smo
(cyclopamine,
IP1-926, GDC-0449,
itraconazole, SANT-2/-75...)

statins

m{%aa
Smo

SuFu, REN, _I

GSK3p, Dyrk2

inhibitors of
Gli-transcription

(GANT58/61,
HPI-1, physalin F, ...

Gli
1/2/3

Gli1, Ptch1,
HHIP

Figure 5. Mechanisms of regulation and modulation of the hh signaling pathway. The hh pathway bears several regulative elements, for example, at the stage of hh binding,
and activation/deactivation of the Gli transcription factors. Small molecular inhibitors, either natural products or synthetic compounds, are known for Smo, Gli/DNA binding
in the nucleus, and also for the hh ligand. Aditionally, Smo agonsists are available. It is known that these agonists and also different antagonists bind to distinct sites of Smo.
The inhibitory effect of Ptch on Smo can also be modulated. It is enhanced by statins and reduced by oxysterols.
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5.1. Inhibitors of smoothened

Since cyclopamine was the first inhibitor of hh signaling to be
discovered large efforts have been conducted to improve the defi-
cits of this natural product mentioned before. One of the first semi-
synthetic cyclopamine-based inhibitors was KAAD-cyclopamine
(3-keto-N-(aminoethyl-aminocaproyl-dihydrocinnamoyl)cyclop-
amine, see Fig. 6). It displays both higher potency, with an ICsq of
20 nM, and reduced cytotoxicity. Although, its stability with spe-
cial regard to the unconjugated double bond in the B-ring remains
unexplored.

Later, Infinity Pharmaceuticals could overcome cyclopamine’s
acid lability by derivatization of the D-ring. Therefore, natural
cyclopamine was protected and subjected to the Simmons-Smith
cyclopropanation reaction. Then, BFs;-promoted ring expansion by
rearrangement gave D-homo-cyclopamine that was further modi-
fied to yield IPI-269609.58 This analog both possesses better solu-
bility (by the factor 20) and an enhanced acid stability (tested in
a human liver microsomes assay) in comparison with natural
cyclopamine. A number of D-homo-cyclopamine derivatives were
then accessed by variations of the A-ring. Among these, three lead
compounds (IPI-926, W02008109184, and W02008109829, see
Fig. 7) emerged and IPI-926 was found to have the most improved
pharmaceutical properties, highest potency, and a favorable phar-
macokinetic profile relative to cyclopamine and IPI-269609.5° IPI-
926 has progressed into human clinical trials phase 1/2 (see Sec-
tion 7.1).

Cyclopamine-based antagonists of Smo bind to a distinct site of
Smo, that is, different from the one that SANT-2 (see Fig. 8) as well
as the agonist SAG bind to. This has been established by competi-

KAAD-cyclopamine
IC50 ~ 20 nM

Figure 6. Structure of KAAD-cyclopamine.

tion experiments using fluorescent-labeled BODIPY-cyclopamine:
KAAD-cyclopamine, for example, reduces bound BODIPY-cyclop-
amine to near background levels at 200 nM while SANT-2, though
a potent inhibitor of Smo, has no influence on bound BODIPY-
cyclopamine.

In a high-throughput screen based on murine 10T1/2 (S12)
embryonic fibroblast cells containing a plasmid with a luciferase
reporter gene downstream of the Gli binding site, a hit-to-lead
optimization identified Smo-antagonist GDC-0449.7° This bisaryl-
carboxamide exhibited excellent potency also in an analogs human
Gli luciferase assay and a low clearance with high absorption in
rats and dogs. GDC-0449 has progressed into human clinical trials
phase 2 (see Section 7.2).

Another screen in a Shh-LIGHT2 cell assay of 10,000 small mol-
ecules gave among others the Smo antagonists SANT-2. Both inhib-
itors, although identified in different screens conducted by
different groups, share many structural features.

Based on the scaffold of Smo agonist SAG (see Section 6) by only
changing the aminomethyl into a more bulky aminopropyl group
the potent Smo antagonist SANT-75 was synthesized.”! An ICs, va-
lue of 20 nM was determined using Shh-LIGHT2 cells, competitive
experiments with BODIPY-cyclopamine showed, that SANT-75
abrogates cyclopamine/Smo binding in a dose dependent manner.
FRET-experiments could confirm that SANT-75 overrides Shh in-
duced conformational change of Smo and locks Smo conformation
in the inactive ‘closed’ form. By using a novel Gli-GFP transgenic
zebrafish assay the same group also succeeded in establishing a
fast in vivo detection of hh activity in living embryos.

A recently conducted screen of drugs previously tested in
humans identified itraconazole (Sporanox®, Johnson&jJohnson), a
systemic antifungal with a triazole core that has been used in the
therapy of fungal infections in humans since 1988, as an antagonist
of hh signaling (ICso of 800 nM, see Fig. 9).” Antiangiogenic prop-
erties of itraconazole have been described before.”>” [traconazole
is a potent inhibitor of ergosterol biosynthesis in fungi acting on
14-o-lanosterol demethylase (14LDM). Although itraconazole
inhibits also cholesterol biosynthesis in humans at high dosage,
this is not the mechanism of action on hh signaling, since related
fluconazole, though also an inhibitor of sterol biosynthesis, both
in fungi and to a weaker extent in humans, lacks any hh inhibitory
activity. Further experiments revealed itraconazole to be an inhib-
itor downstream of Ptch (by using Ptch loss-of-function cells) and
eventually act on Smo (since itraconazole’s inhibitory action was
bypassed using cells expressing SmoA1, a constitutively active
oncogenic variant of murine Smo). The ability to suppress pathway
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Figure 7. Synthesis of D-homo-cyclopamine derivatives from cyclopamine and some of the most potent analogs.
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Figure 9. Structure of Smo antagonist and approved antimycotic itraconazole.

activity from Smo overexpression but not from SmoAl suggests
that itraconazole may be an inverse agonist of Smo. Treatment
with itraconazole dramatically reduced Shh-induced accumulation
of Smo in the primary cilium, similar to SANT-2, but in contrast to
cyclopamine, which induced Smo accumulation in the primary
cilium. Large synergistic effects were observed using both KAAD-
cyclopamine and itraconazole (ICso for KAAD-cyclopamine in
combination with itraconazole was 2 nM), again suggesting that
itraconazole binds to a distinct site from cyclopamine and its
derivatives.

5.2. Inhibitors upstream of smoothened

In a screen of bacterially expressed sonic hedgehog N-terminal
peptide (ShhN) by small-molecule microarrays (SMMs), containing
a collection of more than 10,000 diversity-oriented synthesis com-
pounds and natural products, a number of structurally related
macrocycles emerged as positive hits. Binding to ShhN was proven
by surface plasmon resonance. Several related macrocycles were
synthesized and tested in Shh-LIGHT2 cells and eventually robot-
nikinin emerged as an optimized structure (see Fig. 10). Robotnikin
is a moderately active hh inhibitor at the level of Shh and shows no
cytotoxicity at relevant inhibitory concentrations.”>”®

An approach using antibodies to inactivate the Shh ligand has
been successfully conducted with the Shh monoclonal antibody
5E1.”7

Statins are a class of drugs that reduce serum cholesterol
by HMG-CoA reductase inhibition. HMG-CoA reductase converts
3-hydroxy-3-methylglutaryl CoA (HMG-CoA) to mevalonate,

(0]
(0] o X
N
(0]
robotnikinin
Ky~ 3.1puM
Cl

Figure 10. Structure of the Shh protein inhibitor robotnikinin.
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Figure 11. Structure of the statin compactin.

which is the rate-limiting step in cholesterol biosynthesis. There-
fore, statins are usually used to combat coronary heart diseases in-
duced by hypercholesterolemia. A recent study revealed that in
pregnant women of first trimester that were exposed to lipophilic
statins like cerivastatin, simvastatin, lovastatin or atorvastatin, in
many cases birth defects like holoprosencephaly were observed.
It was concluded that the inhibition of cholesterol biosynthesis
eventually led to down-regulation of the cholesterol dependent
hh pathway.”®

In an approach to inhibit maturation of the hh protein by comp-
actin (see Fig. 11) induced cholesterol depletion it was shown that
even at low cholesterol levels the hh protein still matures correctly.
Additionally, cholesteroylation is not a necessity for the hh ligand
to be fully active (vide supra). Therefore it was concluded that the
inhibition of response to the hh protein is a more probable cause of
the malformations associated with cholesterol biosynthetic disor-
ders than is inhibition of hh autoprocessing.”® Statins seem to en-
hance the inhibitory effect of Ptch on Smo. A combination therapy
of cancer using a hh pathway antagonist and an additional statin
could therefore provide benefits.

Since inhibition of cholesterol biosynthesis does not target the
hh protein directly, another approach to interfere with the hh mat-
uration process would be the inhibition of hh plamitoylation by
Hhat. Only N-terminal palmitoylated hh proteins become fully ac-
tive signaling species. Therefore, selective inhibitors of Hhat can
emerge as a new possibility to combat hh-dependent cancers of

Br
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/\/\/\/WLNHZ
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Figure 12. Structures of known unspecific palmitoylation inhibitors.
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type 2 and 3 (see Section 3). Known inhibitors of the human palmi-
toyl transferases PAT1 and PAT2, respectively, are the natural prod-
uct cerulenin,®® and the synthetic compounds 2-bromo palmitate
(2BP), and 2-(2-hydroxy-5-nitro-bezylidene)-benzo[b]tiophen-3-
one (CV)3182 (see Fig. 12), with 2BP being an irreversible inhibitor,
and cerulenine and CV being reversible ones. It should be empha-
sized, that none of these molecules exerts specificity for the palm-
itoylation enzymes. Cerulenin, for example, is additionally an
inhibitor of HMG-CoA-reductase and therefore also inhibits choles-
terol biosynthesis. 2BP is also an inhibitor of fatty acid oxidation.
This highlights the need for new and specific inhibitors of Hhat
to be used as inhibitors of the crucial step of hh protein maturation.

5.3. Inhibitors downstream of smoothened

Most inhibitors of hh signaling target Smo. However, hh-depen-
dent cancers belonging to type 1 (see Section 3) have alternative
mechanisms to affect Gli-mediated effector gene transcription.
This is the case in mutation and overexpression of SuFu, REN,
Gli1, and Gli2. Therefore, inhibitors of the Gli-factors should have
a broad applicability in cancers, irrespective of the component
responsible for hh signaling activation. With GANT58, a tetrapyr-
idyl thiophene, and GANT61, a hexahydropyrimidine (see Fig. 13),
two small-molecule inhibitors of hh signaling downstream of Smo
targeting Gli-transcription have been described.®® Both were dis-
covered in a screen based on inhibition of Glil-transcription in
HEK293 cells transiently transfected with plasmid cDNAs encoding
Gli1 and a Gli-responsive luciferase reporter. Both compounds also
inhibited endogenous hh signaling at an ICsq of 5 uM each in a NIH
3T3 cell line in which the Gli reporter was stably incorporated and

N
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NMe, NMe,
GANT58 GANT61
ICgo~ 5 UM ICso~ 5 uM

HPI-1 physalin F

ICso~ 1.5 uM IC5 ~ 0.66 pM

Figure 13. Structures of the synthetic Gli-antagonists GANT58, GANT61, HPI-1, and
natural product physalin F.
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Figure 14. Structure of the synthetic Smo-agonists SAG and purmorphamine.

induced with SAG. For GANT61 the mechanism of inhibition has
been elucidated to include interference with DNA binding of Glil.

Four new Gli antagonists have been identified in a large-scale,
high-throughput screening by Chen et al.®#* Among them, the com-
pound HPI-1 displays the highest potency for hh inhibition
(ICs9 ~1.5 uM). HPI-1 was found neither to block BODIPY-cyclop-
amine/Smo binding in Smo expressing cells, nor to competitively
interact with SAG, suggesting that it acts downstream of Smo.
HPI-1 suppresses hh-target-gene expression induced by loss of
SuFu and/or Gli protein overexpression. It has been speculated,
that HPI-1 may target a primary cilium-independent process such
as a posttranslational modification of the Gli protein and/or inter-
action between the transcription factors and a co-factor. HPI-1
activity is due at least in part to an increase in Gli repressor levels,
since it uncouples Shh signaling from Gli2 processing. However,
the ability of HPI-1 to inhibit hh pathway activation induced by
overexpressed Gli1l and to increase Gli1 stability indicates that this
compound must antagonize Gli activator function in a more direct
manner. The partial resistance of Gli2 APKA to HPI-1 further sug-
gests that this compound acts through a mechanism, that is, poten-
tiated by Gli phosphorylation.

A screen of natural products and plant extracts gave several hits
for inhibition of Gli1 with the physalins, 13,14-seco-16,24-cyclos-
teroids, as the most active compounds.®> Physalin F reduces Glil-
mediated activity with an ICso of 0.66 nM. Additionally, Gli2-med-
iated transcription is inhibited with an ICsq of 2.6 uM as has been
proven in a separate cell-based assay. Inhibition of Gli function
seems to be an indirect antagonizing effect through a PKC/MAPK
pathway blockade.

To conclude, HPI-1 differs mechanistically from GANT58,
GANT61, and physalin F. Furthermore, it has striking structural
similarities to the known kinesin Eg5 inhibitor dimethylenastron.®®
At least in part, inhibitory activity may therefore arise from the
inhibition of the correct formation of the mitotic spindle or related
processes, for example, the antero- and retrograde IFT of the
Gli-factors.

6. Activators of the hh signaling pathway

During a high-throughput screening in Shh-LIGHT2 cells the
compound SAG was discovered (see Fig. 14). SAG activates hh sig-
naling by binding to Smo and induces Gli activity well above the
level of 2 nM ShhN induction. Using FRET-experiments it has been
confirmed that SAG binds to the heptahelical bundle of Smo and
locks the conformation of Smo in the active ‘open’ form.

Initially, from a library screen of more than 50,000 compounds,
the synthetic purine derivative purmorphamine was identified to
induce osteogenesis of C3H10T1/2 cells.®” Mouse embryonic meso-
derm fibroblast C3H10T1/2 cells are multipotent mesenchymal
progenitor cells which can differentiate into various mesenchymal
cells and have been widely used as a model system for studies of
osteoblast differentiation. For the library screen the expression of
the osteogenesis marker gene ALP (alkaline phosphatase) was as-
sayed. A subsequent gene expression profile study showed, that
purmorphamine upregulates Glil and Ptch1, but not Shh, Ihh, and
Dhh and therefore is a hh pathway agonist.2® The molecular mech-
anism of purmorphamine was then elucidated.®® Purmorphamine
activity is independent of Ptch1 (since Ptch~/~ MEFs were un-
changed in their activity when treated with purmorphamine). Also
in Smo~/~ MEFs it had no measurable activity. In Shh-LIGHT2 cells,
treated with KAAD-cyclopamine, purmorphamine showed a 10-
fold higher ECsp, indicating that Smo inhibitors counteract the
activity of this hh pathway agonist. Finally, purmorphamine blocks
BODIPY-cyclopamine binding in a Smo binding assay involving
HEK 293T cells which overexpress Smo. Taken together, pur-
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Figure 15. Structure of some naturally occurring oxysterols as agonists of hh
signaling.

morphamine is a structurally novel agonist of hh signaling that tar-
gets Smo at its cyclopamine binding site.

Also oxysterols have an agonistic effect on hh signaling.
Although they have been thoroughly investigated, their mecha-
nism of action remains unknown. Oxysterols reduce the inhibitory
effect of Ptch on Smo, typical members of this class have ECsqy-val-
ues ranging from 0.1 to 3 pM (see Fig. 15).%°

7. Medical relevance and applications of hedgehog signaling
inhibitors

Since aberrant activation of the hh pathway leads to malignan-
cies, including basal cell carcinoma, medulloblastoma, rhabdomyo-
sarcoma, leukemia, prostate, pancreatic, colorectal, and breast
cancer, inhibition of hh signaling provides a route to novel antican-
cer therapies. Hh pathway inhibitors proved to be effective in
in vitro studies on cancer cell lines and in animal disease models.
Importantly, the anticancer activity of such inhibitors was recently
demonstrated in clinical trials. In this section, some important
developments in this field are presented. Finally, preclinical and re-
cently published results of clinical studies with Smo inhibitors
used as anticancer drugs will be discussed.

7.1. Treatment of pancreatic cancer with cyclopamine and its
derivatives

More than 90% of pancreatic cancers are ductal adenocarcino-
mas. They are the fourth most common cause of cancer-related
mortality in both females and males in the USA. At metastatic
stages, pancreatic cancer can almost never be controlled by any
of the available drugs, and the 5-year survival rate is estimated
to be <2%. Even in cases with early stage, localized disease, where
surgical resection with curative intention can be done, the majority
of patients develop local recurrence or metastases in distant or-
gans, and finally die.°! Intensive efforts have been undertaken in
recent years to develop therapeutic strategies that directly target
the spread of metastatic tumors, and it is anticipated that such
strategies will have tremendous clinical impact.

Recently, a study involving global sequencing analysis identi-
fied the hh signaling pathway as one of the core signaling path-
ways that undergoes somatic alterations in nearly all pancreatic
cancers.®? Inhibition of hh signaling with cyclopamine has en-
hanced the survival rate in a genetically engineered mouse model
of pancreatic cancer and has abrogated the systemic metastases
arising from orthotopic xenografts.®> This study also provides evi-

dence that hh signaling is a valid target for the development of no-
vel therapeutics for pancreatic cancer and is worth to be evaluated
in a clinical setting. The derivative IPI-269609 (see Section 5.1) was
developed to overcome some of cyclopamine’s deficits. IPI-269609
profoundly inhibited systemic metastases in orthotopic xenografts
established from human pancreatic cancer cell lines. IPI-926, a no-
vel semisynthetic cyclopamine analog, was subsequently synthe-
sized (see Section 5.1). By using a highly invasive and lethal
genetically engineered model of pancreatic cancer, Olive et al.%
showed that IPI-926 increases survival when used in combination
with gemcitabine in an otherwise gemcitabine-resistant mouse
model. This study clearly shows that inhibition of the hh pathway
in the stroma of malignant tumors results in a striking reduction in
the dense fibrotic reaction that accompanies these tumors. IPI-926
also increases tumor neovascularization, thereby facilitating the
distribution of gemcitabine to malignant cells. This study suggests
that patients with locally advanced pancreatic cancer are the most
likely to benefit from a therapeutic inhibition of the hh pathway.

7.2. A hedgehog pathway inhibitor for treatment of basal cell
carcinoma and medulloblastoma

Basal-cell carcinoma is the most common skin cancer in the
USA and constitutes approximately 80% of all non-melanoma skin
cancers. This disease has an estimated annual incidence of 0.1-
0.5% and is largely caused by exposure to UV radiation.>® Surgery
cures most cases of basal cell carcinoma, but in a few patients there
is progression to life-threatening, inoperable, locally advanced, or
metastatic tumors. Inhibitors of the hh pathway at the level of
Smo represent valuable strategies for the treatment of this type
of cancer. A cream containing cyclopamine was applied to basal
cell carcinoma in patients who were scheduled to have their tu-
mors excised.®® All of the tumors treated with cyclopamine re-
gressed rapidly. Histological and immunohistochemical analyzes
showed inhibition of the proliferation and highly efficient induc-
tion of the differentiation and apoptosis of the tumor cells. By tran-
sient inhibition of hh signaling in vivo a rational approach to
treating BCC is provided. Recently, 33 patients with metastatic or
locally advanced basal cell carcinoma received GDC-0449 orally
(see Section 5.1). Of these 33 patients, 18 had an objective response
to GDC-0449. According to assessment by imaging and/or physical
examination, 11 patients had a response, of which two showed a
complete response and 16 a partial response. The other 15 patients
had either stable disease (11 patients) or progressive disease (4 pa-
tients). No dose-limiting toxic effects were observed during the
study period. In conclusion, GDC-0449 appears to have antitumor
activity in locally advanced or metastatic basal-cell carcinoma.
These findings also confirm the involvement of the hh pathway
in basal cell carcinoma and suggest that inhibition of this pathway
could be useful for the treatment of inoperable tumors.

GDC-0449 has also been used in the therapy of medulloblas-
toma in one patient.’” Medulloblastoma is the most common
embryonal tumor in children. The median age at diagnosis is 5
years, with the age range extending into young adulthood. Therapy
consists of surgical resection followed by radiation therapy and
chemotherapy. Current therapies have serious short-term and
long-term adverse effects, including neurocognitive deficits, endo-
crinopathies, sterility, and the risk of secondary high-grade glioma
or meningioma.’® In the above-mentioned study, a 26-year-old
man had metastatic medulloblastoma that was refractory to multi-
ple therapies. Treatment with GDC-0449 resulted in a rapid but
transient regression of the tumor and a dramatic reduction of the
symptoms. Molecular analyzes of tumor specimens obtained be-
fore treatment suggested that there was an activation of the hh
pathway, with loss of heterozygosity and somatic mutation of
the gene Ptchl. The mutational status of hh signaling genes in
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the tumor was determined after disease progression to evaluate
the mechanism of resistance in the medulloblastoma patient.%
Finally, an amino acid substitution at a conserved aspartic acid
residue of Smo was observed that had no effect on hh signaling,
but disrupted the ability of GDC-0449 to bind to Smo and act as
an inhibitor of the hh pathway. A mutation altering the same ami-
no acid in a mouse model also arose in a GDC-0449-resistant
medulloblastoma.

These findings clearly show that acquired mutations in a ser-
pentine receptor that has features of a G-protein-coupled receptor
can serve as a mechanism of drug resistance in human cancer.
Furthermore, the demonstration that these mutations do not have
an impact on hh signaling continues to support the rationale for
targeting this pathway, but also highlights the need to identify sec-
ond-generation Smo inhibitors capable of overcoming acquired
resistance and to identify inhibitors that target signaling molecules
downstream of the Smo receptor.8*

7.3. Treatment of leukemia with hedgehog pathway antagonists

Recently it was demonstrated that hh signaling is essential for
the maintenance of cancer stem cells in multiple myeloma!® as
well as in chronic myeloid leukemia (CML). For this reason inhibi-
tors of the hh pathway could be valuable tools for treatment of
such neoplastic diseases. For example, pharmacological inhibition
of hh signaling by cyclopamine impairs not only the propagation
of CML driven by wild-type BCR-ABL1, but also the growth of
imatinib-resistant mouse and human CML. These data indicate that
hh activity is required for the maintenance of normal and neoplas-
tic stem cells of the hematopoietic system and raise the possibility
that drug resistance associated with imatinib treatment of CML
might be avoided by targeting this essential stem cell maintenance
pathway.101:102

8. Conclusion

With P. A. Beachy'’s initial report on cyclopamine to be an inhib-
itor of the hedgehog signaling pathway, discovered by C. Niisslein-
Volhard and E. F. Wieschaus, a story that began in the 1950s with
unsettling observations in Idaho culminated into a breakthrough in
the search for a novel and selective anticancer therapy. Now
clinical studies show that the hedgehog pathway can be the basis
of an important new class of therapeutic agents with far-reaching
implications in oncology. Based on the interdisciplinary interplay
between chemistry, biology, and medicine, not only cyclopamine’s
development into an anticancer therapeutic was fostered, but also
several synthetic modulators became available that selectively
access various points of the hedgehog signaling pathway. In this
review we tried to trace the story of cyclopamine, to give an over-
view on the biological modes of hedgehog signaling both in
untransformed and malignant cells, and finally to present potent
modulators—many of them already in clinical studies. For more
than 30 years now the knowledge on hedgehog signaling grows
steadily—but an end to this development is far from being
conceivable.
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