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Targeting the Hedgehog Pathway: The development of Cyclopamine and
the Development of Anti-Cancer Drugs Targeting the Hedgehog Pathway
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Abstract: The Hedgehog signalling pathway plays a critical role in controlling growth, especially during development,
but is often over-activated in tumourigenesis. It has recently emerged as an important target for anticancer drugs, with
several compounds in clinical trials. This review initially describes the Hedgehog pathway, focussing on the Patched re-
ceptor, and the Smoothened GPCR-like protein, as well as discussing the role of Cancer Stem Cells. It subsequently pre-
sents the discovery and development of drugs targeting this pathway. The initial focus is on cyclopamine — the first com-
pound discovered that could inhibit the Hedgehog pathway — and selected cyclopamine analogues, including a review of
the development of IP1-926. In addition, a number of other compounds are briefly discussed, to give an overview of cur-
rent therapies in clinical development, and to indicate the possibilities for targeting different parts of the Hedgehog path-
way in future. Finally, combination chemotherapy — incorporating a Hedgehog pathway inhibitor as well as another drug —
is discussed from the perspective of drug resistance and effects on cancer stem cells.
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1. INTRODUCTION

The Hedgehog signal transduction pathway is critical to
stimulating and controlling growth during development.
However, over-activation of this pathway is associated with
tumour development. This mini-review discusses the Hedge-
hog pathway, drugs such as cyclopamine and others that tar-
get this pathway, and their significance in treating cancer.

Although about 40% of cancers can be cured through
surgery and radiotherapy alone, chemotherapy has become
increasingly important in the last 50 years [1]. Originally, the
mainstay of chemotherapy has been cytotoxic drugs that tar-
get rapidly-dividing cells. However, these have been associ-
ated with significant side effects related to their impact on
healthy cells, and, in the case of DNA damaging (genotoxic)
drugs such as alkylating agents or topoisomerase II inhibi-
tors, they can even lead to secondary malignancies appearing
later in life [2].

However, a significant turn in drug discovery in recent
years has been towards rational drug design, focused on the
targeting of molecular pathways specifically responsible for
cancer initiation, growth or metastasis. As it is easier to im-
pair the function of a molecule that is over-active than it is to
repair a damaged and inactivated molecule, oncoproteins
rather than tumour suppressors are the principal targets.
Gleevec (imatinib) is an extremely successful example of
this approach, very specifically targeting the tyrosine kinase
domain of the Ber-Abl oncoprotein responsible for chronic
myelogenous leukaemia (CML) [3].
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Anti-cancer drugs — including Gleevec — tend to suffer
from two major problems. First, the selective pressure ex-
erted by chemotherapy favours the emergence of mutations
that are drug-resistant. Second, they may fail to kill cancer
stem cells (CSCs), which are the cells ultimately responsible
for the growth of a tumour. Although there is a consensus
that drug resistance can be addressed with combination drug
therapy, the nature of CSCs and how to target them are still
being actively researched [3].

The Hedgehog pathway is of interest not only because it
is a specific pathway that can be over-activated in cancer and
therefore rationally targeted, but also because it is implicated
in CSC growth and survival [4].

In this review, we will aim to first describe the Hedgehog
signalling pathway, and the role of CSCs in cancer, followed
by the discovery and development of drugs targeting this
pathway, with a focus on cyclopamine — the first compound
discovered that could inhibit the Hedgehog pathway — and
selected cyclopamine analogues. A number of other com-
pounds will be discussed briefly, either to draw out points of
general interest, or to illustrate targeting different parts of the
Hedgehog pathway. Finally, combination chemotherapy —
incorporating a Hedgehog pathway inhibitor together with
another drug — will be discussed from the perspective of drug
resistance and effects on CSCs. Readers are also directed to
[5] for comprehensive coverage of Hedgehog inhibitors as
anticancer drugs, and [6] for an overview of clinically inter-
esting compounds and the activation of the Hedgehog path-
way in cancer.

2. THE HEDGEHOG PATHWAY

The Hedgehog pathway is characterized by three main
components. These are (1) the Patched (Ptc) receptor for the
Hedgehog ligand (tumour-suppressor); (2) the Smoothened
(Smo) GPCR-like protein (proto-oncoprotein); and (3) signal
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transduction machinery, terminating in Gli transcription fac-
tors (proto-oncoproteins) [5].

When Hedgehog (the ligand) is absent, Ptc inhibits Smo,
preventing it from transducing its signal (see Fig. 1). But
when Hedgehog is present, Ptc no longer inhibits Smo (see
Fig. 2). Smo then transduces a signal through to the nucleus,
enabling Gli transcription factors. The resulting transcription
and translation produces proteins that encourage growth and
survival (inter alia) [5].

The Hedgehog pathway plays a critical role in early de-
velopment, helping to control cell growth and tissue struc-
ture. The further cells are from a source of the Hedgehog
ligand, the less stimulation they receive. Differing levels of
stimulation cause different decisions to be made about cell
differentiation, resulting in the different tissue structures
seen along, for example, a limb. Loss of Hedgehog function
can have very serious effects. In humans, for example, loss
of Hedgehog function can often result in holoprosencephaly,
a condition where there is insufficient separation of brain
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hemispheres [5]. In adults, on the other hand, Hedgehog sig-
nalling plays a supporting or dormant role, maintaining stem
cell compartments in tissues, and participating in wound
healing.

Over-activation of Hedgehog is associated with a variety
of cancers [5, 6]. Mutations affecting genes that express
components of the Hedgehog signal transduction pathway
can lead to over-activation independent of Hedgehog bind-
ing, and this type of disruption is particularly associated with
glioblastoma, medulloblastoma, and basal cell carcinoma
(BCC). For example, most BCCs are associated with deacti-
vation of Ptc, and some are associated with a constitutive
increase in Smo’s activity (i.e. regardless of inhibition from
Ptc). Medulloblastoma is associated with widespread dam-
age affecting the whole pathway, including Gli transcription
factors and other signal transduction machinery as well as
Ptc and Smo [5].

Alterations in regulatory pathways can cause over-
expression of Hedgehog, which in turn can also lead to can-
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Fig. (2). Schematic of active Hedgehog pathway.
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Fig. (3). Crystal structure of sonic Hedgehog bound to third fibronectin (glycoprotein) repeat of Cdo (pdb id 3D1M).

cerous growth in several other cancers, including pancreatic,
prostate, lung and breast cancers. In such cases, the Hedge-
hog pathway itself may be intact. The over-abundant ligand
can be received directly by the cancerous cells (autocrine
signalling), once again over-activating the pathway. Alterna-
tively, Hedgehog can be received by stromal cells outside the
cancer, which respond with different, non-Hedgehog, growth
signals that are received by cancerous cells (paracrine signal-
ling) [6].

Appropriate drug treatments may differ depending on the
underlying pathology. Where the Hedgehog pathway has
been compromised, there is no point inhibiting an upstream
component. However if Hedgehog is over-expressed, it may
make sense to inhibit or sequester Hedgehog itself [6].

The Hedgehog pathway was discovered in Drosophila,
and the basic scheme outlined in Figs. (1 and 2) applies to
both Drosophila and mammals. Hedgehog signalling, on the
other hand, is thought to be conserved within mammals, but
there are important differences between Drosophila and
mammals [7].

Firstly, there is more than one mammalian gene for each
of Hedgehog, Ptc, and Gli. Thus, there are three Hedgehog
ligands, known as Desert, Indian, and Sonic. Sonic Hedge-
hog (Shh) is most widely expressed and, as a result, Shh is
the focus of research and drug development. Only Shh is

considered in this review. Similarly, there are two mammal-
ian Patched receptors and three different Gli genes in mam-
mals, Glil — Gli3, each of which has different functions' [7].

Secondly, and more significantly, signal transduction
between the components is quite different. Mammalian sig-
nalling is not yet well understood, and although Drosophila
Hedgehog signalling is well understood, it cannot be reliably
used as a guide [7].

The different parts of the pathway are discussed below,
focussing primarily on Smo, because cyclopamine — and the
majority of Hedgehog drugs — are Smo antagonists. Con-
versely, signal transduction downstream of Smo is discussed
only briefly, and production and release of Shh are not pre-
sented in this review, due to the paucity of compounds tar-
geting these areas [6].

2.1. Hedgehog and Patched

Shh is a protein, 20kD in size, and is hydrophobic, with
fatty acids added to its N-terminal and cholesterol added to
its C-terminal [6]. Ptc, a 12-pass integral membrane protein,
was identified as the Shh receptor using co-immuno-
precipitation to isolate the protein complex containing Shh
bound to Ptc [8]. Binding experiments and Scatchard analy-
sis on labelled Shh and Ptc gave a dissociation constant of

'In Drosophila, the Gli gene is known as Ci.
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Fig. (4). A: an excerpt from the sterol synthesis pathway (adapted from [16]). B: cyclopamine. (Stereochemistry not shown).

1.2nM, consistent with the concentration of Shh required to
activate the Hedgehog pathway in vivo [9].

Several cell-surface proteins participate in negative feed-
back loops to fine-tune the response to differing Shh concen-
trations: positively-acting proteins are down-regulated on
pathway activation, whereas negatively-acting proteins are
up-regulated. The homologues Cdo and boc facilitate Shh to
Ptc binding, acting positively, whereas Hedgehog interactin%
protein (Hhip) inhibits Shh to Ptc binding, acting negatively
[10].

Ptc itself is up-regulated in a negative feedback response
to Shh: increasing the quantity of unliganded Ptc increases
inhibition of Smo. Ptc also acts negatively on Shh transmis-
sion to surrounding cells: once Shh binds, the Ptc-Shh com-
plex moves from the cell membrane to lysosomes and is bro-
ken down [7].

The Shh-Cdo structure was solved in 2008 (see Fig. 3),
which highlights the hydrophilic and hydrophobic residues
and metal ions required for binding. Shh-Ptc binding has not
yet been solved but is thought to be similar [11].

The Shh-Hhip structure was solved in June 2009, and
confirms that both Zn*" and Ca*" are important for binding
[12]. The same group is continuing this study, now working
to solve the structure of further receptors including Ptc,

*Cdo and boc map to iHog in Drosophila. There is no Drosophila equivalent of Hhip.

which would deliver new molecular targets for drug design
[13].

2.2. Hedgehog and Smoothened

Whether Shh binds Smo or Ptc was once the subject of
debate, particularly given the genetic sequence similarity
between Smo and GPCRs [8, 9, 14]. Although it is now ac-
cepted that Shh binds to Ptc, discussion continues as to how
Smo is controlled. The relationship is particularly important
because cancers often disrupt Ptc inhibition of Smo [15]. If
the mechanism can be elucidated, it may reveal new ways of
pharmacologically inhibiting Smo.

There is general agreement that small molecules are re-
sponsible for controlling Smo, through stabilizing an active
or inactive state. The principal evidence is the large number
of small molecules — including cyclopamine — that are Smo
antagonists or agonists [15]. Moreover, the effects of these
molecules are consistent with an equilibrium between inac-
tive and active states (as are the activating effects of up-
regulation or oncogenic mutations of Smo). The similarity of
Smo to GPCRs is further, circumstantial evidence [15].

A recent publication established that Hedgehog pathway
activation relies on certain oxysterols. When sterol synthesis
is inhibited or compromised, e.g. through mutation, Hedge-
hog pathway activation is attenuated. Moreover, Hedgehog
activation can be rescued by supplying cholesterol or oxys-
terols. The similarity of cyclopamine and sterols at the hy-
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droxyl end of the molecules supports the argument for a role
for sterols in modulating Smo (see Fig. 4) [16].

In the same paper, the authors go on to suggest that Ptc
may regulate Smo activity by pumping oxysterols out of the
cell, unless Ptc is bound by Shh, in which case oxysterols
accumulate and activate Smo. Several means of activation
are suggested, including binding directly to Smo [16]. How-
ever, in a later paper, Dwyer ef al. found that unlike known
Smo agonists, oxysterols did not displace labeled cyclopa-
mine bound to Ptc, and did not increase cyclopamine’s ICs
for Smo. This suggests, albeit inconclusively, that oxysterols
act upstream of Smo rather than binding directly to Smo
[17].

The suggestion that oxysterols act upstream of Smo ties
in with the hypothesis that there is an additional step in Smo
activation that must occur prior to a conformational change.
Oxysterols are then a candidate for promoting this first step
[15]. In this two stage model, Smo must first be translocated
from the cytoplasm to the plasma membrane of the primary
cilium — an organelle projecting out from the cell — for signal
transduction to occur [15]. Using small molecule antagonists
as probes, it was confirmed that Hedgehog pathway activa-
tion requires translocation of Smo to the primary cilium,
followed by activation of Smo — with Ptc somehow inhibit-
ing the activation step [18].

However, if oxysterols do not influence Smo directly,
how does Ptc inactivate Smo? One possibility is pro-Vitamin
D3 (Fig. 4). Vitamin D3 competes with cyclopamine to bind
and antagonise Smo, and Ptc pumps a very similar com-
pound out of the cell, where it may bind to Smo in the pri-
mary cilia of the releasing and neighbouring cells [19]. This
unusual mechanism raises a number of questions. Further-
more, it also seems to conflict with [16], which strongly sug-
gested that pro-Vitamin D3 does not have a role in Smo
regulation. Perhaps the conflict can be resolved with the ob-
servation that [16] considered a role for pro-Vitamin D3 only
as a positive regulator. Indeed, as pro-Vitamin D3 is a pre-
cursor of oxysterols, pumping it out of the cell may preserve
it from consumption in the sterol synthesis pathway, and
reduce the activating effects of oxysterols.

It is unclear exactly how sterols influence Hedgehog ac-
tivation, and indeed how Ptc controls Smo. Nevertheless, it
is clear that sterol synthesis inhibitors, e.g. statins, may be
worth exploring to inhibit the Hedgehog pathway [15].

2.3. Signal Transduction Through to Glis

Although Glis are well understood, signal transduction
from Smo to Glis is not. It is known that Smo signal trans-
duction activates the G; family of G proteins and that this is
necessary but not sufficient for Gli activation [20]. Further-
more, a number of kinases are involved in transduction, but
they are not pathway-specific [7]. Downstream, Suppressor
of fused (Sufu) is a tumour suppressor protein also involved
in the pathway [21]. Sufu’s C-terminal binds all three Glis,
but its N-terminal is specific to Glil [22]. This asymmetry is
reflected in Gli functionality. All Glis have transcription
activation domains and, when the Hedgehog pathway is ac-
tive, they promote transcription of genes including many
growth factors. However, Gli2 and Gli3 also have latent re-
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pressor domains: when the pathway is inactive they may be
cleaved to form transcription repressors [7].

Glis have five ‘zinc fingers’, of which fingers two to five
bind to DNA sequences to promote or repress transcription
(see Fig. 5) [23]. As the crystal structures for Sufu and Gli
have been solved, [22, 23], mimicking Sufu or designing Gli
inhibitors directly appears a promising strategy for future
drug design.

3. CANCER STEM CELLS

The twentieth century revolution in genetics and molecu-
lar biology brought a new paradigm for the development of
cancer: evolution. Over many generations, accumulated mu-
tations that are most advantageous are ‘naturally selected’.
Similarly, drug resistance can be understood in terms of sur-
vival of those cells able to withstand chemotherapy [24].

The CSC model refines this paradigm. Like normal tissue
stem cells, CSCs are small in number, but are the only cells
with unlimited ability to proliferate [24]. If the surrounding
tumour is eliminated, CSCs can regenerate it — and relapse
times for tumours after chemotherapy can be related to the
time taken for normal tissues to regenerate [4].

3.1. Inherent Drug Resistance

Tissue stem cells are better protected than ordinary cells.
The same applies to CSCs, which are thought to be related to
tissue stem cells [24]. CSCs proliferate infrequently: it is
their non-CSC daughters that proliferate rapidly. CSCs are
therefore less vulnerable to cytotoxic drugs (which target
proliferating cells). CSCs also express efflux pumps — e.g.

Fig. (5). Zinc finger Gli-DNA complex (taken from [23])
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Fig. (6). Selected compounds tested for cyclopian-inducing activity in ewes. The structural formula of cyclopamine was unavailable at the

time.

ATP-binding cassette (ABC) transporters — which are able to
expel toxins and drugs [4].

The CSC model is supported by experiments in which
human tumour cells are transplanted into immunosuppressed
mice. Only those cells with stem cell surface markers are
able to cause tumours in the mice [24]. However, the model
isn’t universally accepted, and a recent series of letters in
Science debated whether these results could instead be ex-
plained by inter-species differences [25-27]. Moreover,
CSCs cannot by themselves explain how drug resistance can
spread throughout a tumour [4]. Nevertheless, the weight of
so many experiments is hard to ignore (see, e.g., [28], and
references within). It seems that the CSC model is useful but
not in all circumstances. However, as the Hedgehog pathway
is associated with tissue formation (using stem cells), the
CSC model should be particularly relevant in the understand-
ing of the Hedgehog pathway. Indeed, Hedgehog pathway
activity is associated with survival and growth of CSCs in
several cancers [29, 30]. Hedgehog inhibitors may be able to
fill the gap left by other drugs that do not specifically target
CSCs.

4. SMOOTHENED INHIBITORS

The largest and most important class of Hedgehog inhibi-
tors involves molecules that target Smo. Thus, in this section
we discuss the discovery and development of cyclopamine
and selected derivatives. Finally, we offer a brief discussion
of selected non-cyclopamine-based, synthetic inhibitors, to
set cyclopamine-based inhibitors in context, and to draw out
points of general interest in targeting Smo.

4.1. Cyclopamine and Cyclopamine Derivatives
4.1.1. Discovery of Cyclopamine

In the 1960s it was observed that ewes grazing on the
corn lily Veratrum californicum — rich in the steroidal alka-

loid cyclopamine — produced lambs with one-eye (cyclopia).
In a subsequent 3-year trial of potential causative agents, the
steroidal alkaloids cyclopamine, jervine and veratramine
were found to have strong, weak and no cyclopian activity
(respectively). Steroids, e.g. testosterone, were inactive (see
Fig. 6) [31].

The explanation for cyclopamine’s effects remained a
mystery until 1978, when, with its structural formula avail-
able, cyclopamine’s stereochemistry was found to be critical
for its action (see Fig. 7) [32].

HO
Fig. (7). Stereochemistry of cyclopamine.

The following characteristics appeared crucial for cyclo-
pamine activity:

1. The fused furan-piperidine rings (E-F) must be at
right-angles to the plane of the core steroid rings (A-
D).
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2. The furan ring (E) must be closed (c.f. veratramine).

3. The basic nitrogen is vital and must be some distance
removed from the steroidal core.

Cyclopia (Fig. 8) is an extreme form of holoprosen-
cephaly. This association between cyclopamine and holo-
prosencephaly led to its identification as a Hedgehog path-
way inhibitor in 1998 in a study using chick embryos [33].

A further study using neural cells extracted from chick
embryos (explant cells) provided evidence that cyclopamine
operated directly on the Hedgehog pathway, by showing that
cyclopamine’s effects are different to those of cholesterol
synthesis inhibitors [34].

4.1.2. Initial Cyclopamine Derivatives

Cyclopamine was also shown to block the response of
explant cells to Shh at concentrations of 20-100nM [34]. The
same research group followed up with a structure-activity
modeling assay, refining the 1978 results on the importance
of cyclopamine stereochemistry [35]. Jervine (Fig. 6) was 5
to 10X less potent than cyclopamine. Furthermore, saturating
the rings of jervine to give tetrahydrojervine reduced potency
threefold. Conversely, oxidising the hydroxyl group to a ke-
tone increased activity: cyclopamine-4-en-3-one was 2X
more potent than cyclopamine (see Fig. 9 and Table 1) [35].

Fig. (8). Cyclopian (above) and normal (below) lamb skulls (taken
from [31]).

This study quantitatively assessed different compounds
against cyclopamine. Subsequently, molecular biology or
drug development studies also adopted cyclopamine as a
benchmark against which to measure biological activity or
drug potency. Indeed, it is worth mentioning at this point that
the division between biology and compound development in
this review is rather artificial. In practice, the two go hand in
hand: new biologically active compounds are used as probes
to understand biology, and biological insights motivate new
avenues of drug development.

Gould and Missailidis
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Fig. (9). Tetrahydrojervine and cyclopamine-4-en-3-one.

Table1. Comparison of Potency of Compounds w.r.t. Cyclo-
pamine in Blocking Explant Chick Neural Cells Re-
sponse to Shh.

Compound Relative potency
Cyclopamine-4-en-3-one 2%
Cyclopamine 1
Jervine 0.1 to 0.2x
Tetrahydrojervine 0.03 to 0.07x

A case in point is an important study which demonstrated
cyclopamine’s ability to address cancer. The study used a
more potent cyclopamine derivative, KAAD-cyclopamine, as
a probe (in addition to cyclopamine), to link cyclopamine
with cancer biology, and thereby motivated further develop-
ments in the field [36]. In this study, Hedgehog activity was
gauged by the quantity of light emitted by a luminescent
enzyme linked to Gli-dependent cellular activity — a Gli-
luciferase assay. Cyclopamine (and derivatives) blocked the
activation of the Hedgehog response pathway resulting from
mutations that inactivate Ptc and to a lesser extent from mu-
tations that activate Smo, due to resistance of Smo related
proteins. The study indicated that the target of cyclopamine
action is likely to be a pathway component that functions
between Ptch and the Gli proteins. However, cyclopamine
and its derivatives failed to prevent pathway activation in-
duced by Gli2 overexpression and mutations to Gli [36].

4.1.3. KAAD-Cyclopamine

KAAD-cyclopamine (Fig. 10) is 10 to 20x more potent
than cyclopamine. It was used to avoid cyclopamine cytotox-
icity at the higher concentrations (=10uM) required to inhibit
cells with oncogenic Smo mutations [36]. KAAD-
cyclopamine retains the ketone moiety of cyclopamine-4-en-
3-one, and further substitutes a basic phenol-terminated side
chain at the amine of the piperidine ring (F). Less basic,
longer or branched chains are less active; it is suggested this
may be because of cell impermeability or steric hindrance
[5]. (See [5] for details of alternative substituents)

In addition, KAAD’s side-chain resembles hydrophobic
amino acids — e.g. isoleucine or phenylalanine — linked by
peptide bonds. This resemblance may help in mimicking an
endogenous ligand or in associating with the cell membrane.



Targeting the Hedgehog Pathway

If a 3d structure of Smo were available, it would be possible
to evaluate such hypotheses and make refinements accord-

ingly.
(6]

Fig. (10). KAAD-cyclopamine.

Cyclopamine is hydrophobic and might be expected to
bind to a membrane protein. The above observation that cy-
clopamine only effectively suppressed Hedgehog signalling
upstream of Smo suggested that cyclopamine bound directly
to Smo. This was subsequently confirmed in a study using
labelled cyclopamine [37]. In this study, the Ky of KAAD-
cyclopamine was determined to be 23nM, by displacement
of labelled cyclopamine [37].

4.1.4. Cyclopamine or KAAD-Cyclopamine in the Clinic?

A number of in vitro and in vivo studies have demon-
strated an antitumour activity for cyclopamine and KAAD-
cyclopamine. In one such study, both compounds were first
shown to inhibit growth of mouse medulloblastoma cells in
vitro. Subsequently, subcutaneously-injected cyclopamine at
50mg/kg/day for one week was shown to completely inhibit
or even reverse growth of tumours resulting from the same
cells grafted onto immunosuppressed mice. As a control,
tumours from cells engineered with downstream, Gli over-
activity were unaffected by cyclopamine [38]. No toxic ef-
fects were observed for these compounds, but toxicity was
not the main focus of this study, as there were no quantita-
tive (e.g. weight) or qualitative (e.g. autopsy) toxicity results
reported [38].

Cyclopamine has been shown to have some serious dis-
advantages as a drug. A subsequent study observed toxicity
in mice with injection or oral dosing, but not infusion, and
noted poor oral bioavailability [39]. In strongly acidic condi-
tions, such as the stomach of a mouse or human, cyclopa-
mine’s furan ring opens, converting cyclopamine to veratra-
mine (unfortunately for sheep, cyclopamine has a good oral
bioavailability in ruminating animals thanks to their less
acidic stomachs) [35].

Low oral bioavailability does not necessarily preclude
use in cancer chemotherapy, as injection and infusion remain
common delivery methods, particularly for drugs associated
with life threatening conditions [40]. But, overall, cyclopa-
mine’s relatively poor affinity and pharmacokinetic profile
makes it difficult to develop as a drug.

Published accounts of in vivo KAAD-cyclopamine activ-
ity are not available. Like cyclopamine, KAAD-cyclopamine
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is hydrophobic and poorly soluble, and is unstable in acid
conditions [44]. It is also bulky for a drug, which can lead to
various problems: e.g. it is possible that its increased potency
comes at the expense of selectivity.

Neither compound is in clinical trials [6]. Nevertheless,
cyclopamine has had one documented success in humans, in
which it was applied topically to BCCs, albeit only with four
patients [41].

All the patients’ skin tumours regressed, and after surgi-
cal removal, examination under a microscope confirmed
widespread apoptosis of tumour cells [41]. Interestingly, the
authors asked why apoptosis occurred, rather than a cy-
tostatic effect. They hypothesised that cancer cells rely so
heavily on the Hedgehog signalling pathway that they are no
longer viable when it is removed [41]. This explanation is an
example of the ‘oncogene addiction’ model for the success
of drugs that target over-active molecular pathways in cancer
[42]. Cancer cells become dependent on an earlier oncogenic
mutation and when it is removed cannot tolerate the ‘with-
drawal symptoms’.

Although cyclopamine failed as a systemically-
administered drug, it was successful in that it indicated that it
is possible to treat cancer by inhibiting the Hedgehog path-
way. It also acted as a starting point for further drug devel-
opment. Two examples are discussed below: wrapping cy-
clopamine in a chemical delivery system — i.e. a prodrug —
and modifying cyclopamine itself.

4.1.5. Cyclopamine Prodrugs

In metastatic prostate cancer, the Hedgehog pathway is
over-activated. A simple but elegant prodrug formulation
was devised to treat prostate cancer, whilst avoiding possible
toxicity in healthy tissues. Cyclopamine was conjugated to
two peptides that were previously shown to be specifically
cleaved by Prostate Specific Antigen (PSA) at the F-ring
amine, to form the prodrug. /n vivo, the drug would be re-
leased by the prostate-specific protease prostate specific an-
tigen (PSA), which can selectively cleave the peptide, con-
verting the mature peptide into the active Hedgehog inhibitor
within the malignant cells [43].

The lead compound, Mu-SSKYQ-cyclopamine (Fig. 11),
was hydrolysed by PSA with a half-life of 3 hours, and suc-
cessfully inhibited prostate cancer cell growth in vitro. In
vivo studies are ongoing [43].

These drugs would need to be injected, as degradation in
and absorption from the stomach would be problematic, and
metabolism of prodrugs is unpredictable. It would also be
worth considering whether this prodrug strategy could ex-
tend to other, more potent cyclopamine derivatives such as
cyclopamine-4-en-3-one, and the Infinity Pharmaceuticals
compounds are discussed below.

4.1.6. IPI-609

Infinity Pharmaceuticals set out to improve cyclopa-
mine’s pharmacokinetic properties, starting with its acid in-
stability. Noting that the allylic ether (-C=C-C-O-) strad-
dling the D and E rings was susceptible to hydrolysis, they
sought to reduce its reactivity without disrupting the overall
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Fig. (11). Mu-SSKYQ-cyclopamine.

cyclopamine structure. The six-membered D ring was re-
placed by a seven-membered ring, effectively inserting a
carbon atom between the double bond and oxygen (Fig. 12).
Acid stability improved, but at the cost of potency, and the
ketone moiety from cyclopamine-4-en-3-one was adopted,
increasing potency and solubility [44].

The resulting compound, IPI-609 (Fig. 12), was an order
of magnitude more soluble than cyclopamine at plasma pH,
with 80% oral bioavailability and an elimination half-life of
3 hours in mice. KAAD-cyclopamine-style substitutions at
the amine of the F-ring resulted in 10 to 20x more potency,
but were rejected because of poor solubility [44].

//%IND’

O m

Fig. (12). IPI-609 (a.k.a. IPI-269609). Changes from cyclopamine
are highlighted.

In vitro, 1P1-609 and cyclopamine blocked Hedgehog
signalling with an ICso of 0.6uM in a Gli-luciferase assay
(GliLuc). Human pancreatic cancer cells, thought to over-
activate the Hedgehog pathway mainly through ligand over-
expression, were surgically implanted into immunosup-
pressed mice. IPI-609 was given orally at 20mg/kg/day (c.f.
50mg/kg/day cyclopamine in the previously described
study). It prevented the spread or metastasis of cancer to
other sites — the major cause of death in pancreatic cancers
(and many other cancers) [45]. However, IPI-609 did not
have a statistically significant effect on the primary tumour
size, although these were smaller on average. In post-mortem
examinations of tumours, IPI-609 did substantially reduce
the proportion of cells most able to seed new tumours. The
same cells also had the most active Hedgehog pathways [45].
These results are particularly interesting. Although the drug

failed by a traditional tumour size criterion, IPI-609 was ar-
guably more therapeutically valuable. It inhibited the most
serious cause of cancer mortality, i.e. metastasis, and killed
the CSC-like cells that might eventually lead to a relapse
(CSCs). Furthermore, no toxicity was found, using criteria
such as weight and post-mortem organ examination [45].
However, IPI-609 was later rejected due to metabolic insta-
bility, as well as its relatively low potency [45, 46].

4.1.7. IPI-926

First-pass metabolism in monkeys converted IPI-609’s
A-ring ketone to an alcohol, which was rapidly cleared.
Structure-activity relationship modelling studies were used
to improve metabolic stability and potency. Metabolic stabil-
ity was gauged in vitro using human liver P450 enzymes,
and potency was measured using a cellular assay [46].

The first phase of structure-activity modelling investi-
gated replacing the A-ring ketone, starting with a high po-
tency, saturated A-ring cis-decalone analogue (1). Initial
modelling established some general principles (see Table 2
and Fig. 13). Consistent with these principles, the amide 7
and sulfonamide 8 were found to be metabolically stable,
with 8 being the most potent [46].

The second phase of structure-activity relationship stud-
ies investigated more dramatic modifications to the A-ring,
including fusing a heterocycle to it, and replacing it with a
seven-membered ring. This led to the pyrazole analogue 9
and the lactam analogue 10. As before, a hydrogen bond
donor was required [46].

The pharmacokinetics and pharmacology of compounds
8-10 were investigated. Compounds 8 and 10 both had good
oral bioavailability, but 8 stood out with a half-life of more
than 8 hours in multiple species [46]. In vivo testing against
mouse medulloblastoma also showed 8 to be superior. Oral
dosing of 40mg/kg/day eliminated tumours after 9 days [46],
and there were no relapses after 50 days [47]. This demon-
strates the substantial improvement in metabolic stability and
potency achieved by structure-activity modeling over IPI-
609. Compound 8 — now renamed IPI-926 — is proceeding to
phase II clinical trials [48].
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Table2. Required Properties for Substituent to Replace 3-Keto
Property Example substitutions at 3 position
More potent Less potent
Polarity =0, ketone (1) none (2)
Hydrogen bond donor =NOH, oxime (3) =NOCH;, methyloxime (4)
R stereochemistry “MOCH; (R)-methoxy (5) === OCHs (S)-methoxy (6)

~H

HN

Ix (IPI-609)

0.8x (frans-decalone analogue)

23x (1)

20x (3)

1.7x (5)

18x (7)

23x (9)

HO //C
N
H
e
o
H
i
cHy” TN :Ig
H H
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N
H

(;Ii 0.4x (2)
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H
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0 d; 43x (8)
" .
CH;—S—N"
n H H
(0)
0 12x (10)

Fig. (13). Alternative substituents to replace 3-keto (compounds 1-8), or fuse to or replace the A-ring (compounds 9-10). Potencies are

quoted relative to IP1-609.

4.2. Synthetic Inhibitors

All the other Hedgehog inhibitors in clinical trials are
synthetic Smo inhibitors. XL-139 and LDE-225 (Bristol
Meyers and Novartis, structures not disclosed) are in phase |
trials. GDC-0449 (Genentech; Fig. 14), with a Gli-luciferase
ICsp of 3nM, is 200x more potent than cyclopamine and it is
currently in phase I1 trials [49].

GDC-0449 competes with cyclopamine and therefore
seems to bind to the same active site [49]. However, another
inhibitor, SANT-1, (see Fig. 15) does not appear to bind

competitively [50]. It was SANT-1 which was found to
block Smo translocation to the primary cilium [18]. This
raises the possibility of sequentially blocking both stages of
the Smo activation pathway with different drugs in combina-
tion, to counter acquired drug resistance.

Itraconazole is a drug already used as a systemic antifun-
gal, and was identified as a Hedgehog inhibitor in a recent
Gli-luciferase screen of several thousand compounds, with
an ICsy of 800nM [51]. It operates in a similar fashion to
SANT-1, and has been shown to reduce accumulation of
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Smo to the primary cilium, to non-competitively inhibit Smo
with respect to agonists acting at the cyclopamine binding
site, and to act synergistically when used in combination
with cyclopamine. Further support for developing itracona-
zole as an anticancer agent is gained due to its well-known
toxicity profile, and its effectiveness in mouse models at
similar doses to its use as an antifungal [51].

i,

Fig. (14). The chemical structure of GDC-0449.

@N'Nji},

Fig. (15). The chemical structure of SANT-1.

GDC-0449 is derived from HhAntag, (Fig. 16) which
was discovered using a Gli-luciferase screen [6]. HhAntag
was found to cause permanent bone defects in young mice,
even with only 2 days treatment [52]. On the other hand, no
serious toxicity has been found with GDC-0449 in clinical
trials [49].

| al
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Fig. (16). The chemical structure of HhAntag.

HhAntag toxicity was similar to genetically-engineered
loss of Indian Hedgehog [52]. GDC-0449 may be more spe-
cific to Sonic Hedgehog.

5. NON-SMOOTHENED INHIBITORS

Upstream of Smo, Shh binds to Ptc to activate the
Hedgehog pathway. Several cell-surface proteins mediate
binding, including the negative modulator Hhip, whose
structure with Shh has recently been solved.

Downstream, signal transduction prior to the Gli zinc-
finger transcription factors is poorly understood. The tran-
scription factors themselves seem like the most attractive
drug targets. A number of inhibitors have been developed,
which are briefly described in the following sections.

5.1. Hedgehog and Patched Inhibitors

It is more common to target receptors than ligands, but
Robotnikin is a small molecule that binds Shh, inhibiting

Gould and Missailidis

Hedgehog signalling. It was recently discovered by screen-
ing thousands of small molecules (bound to a microscope
slide) for Shh affinity, followed by structural optimisation
(Fig. 17) [53].

Robotnikin inhibited Hedgehog signalling only in the
absence of Smo agonists (Fig. 18), confirming it operates
upstream of Smo. 30uM Robotnikin had a similar inhibitory
effect to that observed with 6uM cyclopamine, making Ro-
botnikin 5x less potent than cyclopamine [53].

T

HO /\/
Cl
Shh Ky =9 mM Shh K4 =3.1 mM
(initial hit) (robotnikin)

Fig. (17). Left: small-molecule microarray hit. Right: robotnikin.
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Fig. (18). In a Gli-luciferase assay, Robotnikin inhibited Shh-
initiated Hedgehog signalling in a concentration-dependent manner.
In the presence of Smo agonists purmorphamine and SAG, Robot-
nikin had little effect (taken from [53]).

An alternative to screening is to start from an endogenous
molecule that binds Shh. One attractive possibility is to start
from the known, Shh-Hhip structure and design a molecule
to mimic the Hhip binding site [6, 54].

Antibodies have been effective in cellular assays at se-
questering Shh, or binding to Ptc to block Shh [55, 56].
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However, it still remains unclear whether these are being
actively pursued as a therapeutic strategy.

5.2. Gli Inhibitors

Targeting transcription factors is thought to be problem-
atic. Protein-protein interactions often involve a large area
and are harder to inhibit with small molecules. Moreover,
off-target effects on other transcription factors can be severe,
and systemic delivery can result in on-target toxicity in
healthy cells, potentially affecting several pathways [57].

Nevertheless, several approaches are underway [5]. The
most promising compounds are GANT58 and GANT61, Fig.
(19), which were discovered in a cellular screen for inhibi-
tion of Glil transcription (Glil is the transcription factor
most strongly implicated in cancer) [58].

GANTS58

GANT61

Fig. (19). The chemical structures of GANTS58 and GANT61.

In cellular assays with mutations downstream of Smo,
both compounds showed activity, whereas cyclopamine did
not. GANT61 was effective in vivo against cyclopamine-
resistant human prostate cancer cells grafted onto immuno-
suppressed mice (Fig. 20). Their ICs, values in Gli-luciferase
assays were SUM, making them 10X less potent than cyclo-
pamine [58].

400
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200 —e— GANT61
---a-- GANTS8
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o
o

o
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Fig. (20). Effects of subcutaneous injection of solvent control, cy-
clopamine, GANT58 and GANT61 on tumour growth in mice,
following introduction of 22Rv1 human prostate cancer cells (taken
from [58]).

Developing inhibitors of the Hedgehog pathway up-
stream or downstream of Smo requires breaking new phar-
macological ground, but the process has begun. Robotnikin
targets Shh (upstream) and the GANTSs target Glis (down-
stream); however they are less potent than cyclopamine.
Figs. (18 and 20) illustrate that Hedgehog and patched in-
hibitors are only effective for Shh over-expressing cancers,
whereas Gli inhibitors can target cancers with mutations
downstream of Smo.
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6. COMBINATION CHEMOTHERAPY

This section begins with the inhibition of efflux pumps
and also looks at the targeting of cancer stem cells, to offer a
broader overlook on the role of Hedgehog inhibitors in com-
bination therapy.

6.1. Inhibiting Efflux Pumps

In one study, cancer cell lines were treated with Shh
ligand, a cytotoxic drug, or a combination of cytotoxic drug
and cyclopamine. Shh protected cells against the cytotoxic
drugs, whereas the combination treatment was found to en-
hance cytotoxicity. Radioactive labelling confirmed that the
difference was due to a reduction (Shh) or increase (cyclo-
pamine) in drug uptake [59].

Hedgehog pathway activation is associated with efflux of
multiple structurally different drugs. Genetic knock-out stud-
ies showed that one mechanism underlying drug efflux is
Hedgehog-activated expression of ABC transporters [59].

Other studies have found that Hedgehog inhibitors act
synergistically with other drugs in assays against human
cancer cell lines. E.g., GDC-0449 increased the effectiveness
of the genotoxic topoisomerase II inhibitor mitoxantrone
[60].

6.2. Targeting Cancer Stem Cells

These observations are consistent with a model in which
Hedgehog targets CSCs, the small proportion of cells that are
able to proliferate indefinitely. CSCs must be killed to eradi-
cate a tumour, but they are inherently drug resistant because,
for example, they express efflux pumps and proliferate only
rarely.

The reason that Gleevec is not curative and treatment
must be chronic is because Gleevec is ineffective against
CSCs. A recent study shows that the CSCs’ survival relies
on Hedgehog signalling, as demonstrated by their suscepti-
bility to cyclopamine. Most significantly, Hedgehog inhibi-
tors impaired growth of Gleevec-resistant CML, both in vitro
and in vivo [61].

Similarly, the results of the in vivo study of IPI-609
against pancreatic cancer showed effectiveness against
CSCs. However, IPI-609 did not significantly decrease tu-
mour size.

Hedgehog inhibitors have a unique — and complementary
— role in cancer treatment as they can specifically target
CSCs. Thus, although they may not on their own be effective
at reducing tumour size in the short term, they have great
potential in combination chemotherapy approaches, and
hence their effectiveness should not be judged solely on this
criterion [3].

Even if the CSC model is flawed, experimental results
indicate that Hedgehog inhibitors can play an important role
in fighting drug resistance in combination with other drugs.

CONCLUSION

Cyclopamine is the benchmark for a new class of anti-
cancer drugs targeting the Hedgehog pathway. The four
drugs in clinical trials share the same target as cyclopamine,



212 Mini-Reviews in Medicinal Chemistry, 2011, Vol. 11, No. 3

the GPCR-like Smoothened oncoprotein. This is surely no
coincidence: cyclopamine showed that Smoothened could be
inhibited to fight cancer, and drug companies had a ready
supply of expertise and chemical libraries to target GPCRs.

Cyclopamine was discovered serendipitously, and, ac-
cording to available information, non-cyclopamine Hedge-
hog inhibitors were discovered through high-throughput
screening. Limited information on molecular mechanisms
and structures has precluded target-based structural design
and development, but powerful drugs have nonetheless been
produced. An example is the cyclopamine analogue IPI-926,
which is 40X more potent than cyclopamine.

Research into Hedgehog molecular biology is elucidating
mechanisms and solving protein structures. These insights
can be expected to guide future drug development. Upstream
and downstream of Smoothened, recently-discovered com-
pounds may act as a benchmark and a spur to develop drugs
in their respective areas. However, future drug development
will undoubtedly be dependent on the success or otherwise
of IP1-926 and GDC-0449, the drugs most advanced in clini-
cal trials.

The cancer stem cells model suggests a unique role for
Hedgehog inhibitors in fighting drug resistance by inhibiting
the regenerative core of a cancer. This is supported by ex-
perimental evidence, including results showing inhibition of
Gleevec-resistant CML. Hedgehog inhibitors look set to be-
come one prong of a combined — and more effective — che-
motherapeutic attack on cancer.
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