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Abstract: The Hedgehog (Hh) signalling pathway plays a pivotal role in the spatial and temporal
regulation of cell proliferation and differentiation. By controlling the correct maturation of developing
tissues and ensuring attainment of the correct size, position and the presence of fully functioning cellular
structures, the Hh plays a pivotal role in development. Conversely aberrant Hh signalling is involved in
Grolin syndrome, basal cell carcinoma (the most common cancer in the world), and more than one third
of all human medulloblastoma cases. In all of these cases, it is believed that deregulated Hh signalling
leads to increased cell proliferation and tumour formation. Inhibition of the Hedgehog signalling
pathway, is a recently validated anti-cancer drug target, with Vismodegib (Erivedge™), approved by the
U.S. Food and Drug Administration for the treatment of adult basal cell carcinoma.® In this perspective
we outline the current state of Hh pathway inhibitors with a particular focus on potential limitations of
upstream Hh pathway inhibition in relation to resistance mutations and crosstalk pathways. Together,
these limitations indicate that inhibition of downstream components, specifically the Gli family of
transcription factors, may represent a next generation approach to suppress tumours associated with

aberrant Hh pathway signalling.

Introduction
The Hedgehog Signalling pathway

The Hedgehog (Hh) gene was first identified in Drosophila
melanogaster and has subsequently been identified in numerous
vertebrates, including humans.> 2 The Hh pathway has been
shown to play a crucial role in embryogenesis by controlling cell
proliferation, differentiation and tissue patterning. These
important  functions include correct left-right asymmetry;
development of the nervous system, skeleton, skin, muscles, eyes,
lungs, teeth, limbs and differentiation of sperm and cartilage.* In
adults, the Hh pathway is significantly down-regulated and
limited to the maintenance of stem cells in the hemopoietic
system, neural system, mammary glands as well as tissue repair,
regeneration in hair follicles and skin cells.5

Given the significant role the Hh pathway plays in cell
proliferation, differentiation and tissue patterning, it is
unsurprising that abnormalities or mutations within the Hh
pathway lead to severe consequences. During embryogenesis,
inadequate activation of the pathway may result in cyclopia,
defects in ventral neural tube, somite, foregut patterning, severe
lamb malfunction, absence of ribs, failure of lung branching and
holoprosencephaly,®® bone defects!® and male infertility.!* In
contrast, aberrant up-regulation of the pathway has been shown to
be a critical factor in initiating and maintaining tumour growth
and survival. In both adults and children, up-regulation of the Hh
pathway has been linked to Gorlin syndrome (nevoid basal cell
carcinoma syndrome)*? basal cell carcinoma,®
medulloblastoma'#® and also with a wide range of other cancers
including cancers of the pancreas,*’ prostate,'8 lungs,** ?° colon,?
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stomach,?? breast,?® 2* gvarian and especially, stem cell cancer.?
% Consequently, Hh pathway inhibition has become an attractive
chemotherapeutic target.

Hh pathway Mechanisms

The activity of the Hh pathway is characterized by its
dependence on Hh ligands which are produced in secreting cells.
These ligands activate or inhibit downstream signalling in
receiving cells (Figure 1). In secreting cells, premature Hh
proteins undergo a number of chemical transformations. This
maturation process includes an autocatalytic cleavage from the
precursor, an attachment of a cholesterol or endogenous steroids
moieties to the C-terminal,?’ and an amide coupling of the
palmytoyl-CoA to the N-terminal of the Hh protein which
generate the fully active Hh ligand (Figure 1).226 Mature Hh
ligands are secreted with the aid of Disp, a trans-membrane
protein on the secreting cell. Evidence suggests that the released
Hh ligands reach the receiving cells via numerous mechanisms
including active transport® and passive diffusion.3® In the
absence of Hh ligands, the ‘off state’ for receiving cells, Ptch
catalytically inhibits Smo and prevents entry to the cilium where
it is believed to inhibit various protein kinases, including PKA,
GSK-3B and CK1 (Figure 1).3! As a result, the Gli family of
transcription factors (Glil, 2, and 3), which are the effectors of
the system, in complex with SuFu (a negative inhibitor of the
vertebrate Hh pathway) are phosphorylated stepwise by a number
of protein kinases (PKA, GSK-3B and CK1).32 These
phosphorylation events results in proteosomal cleavage where
Gli-2 is degraded to Gli2-R,* Gli3 is degraded to Gli3-R (limited
proteolysis) while Glil remains full length.3* Simultaneously, the



inhibitory protein SuFu sequesters the remaining unprocessed
cytoplasmic Gli such that only inactive Gli travels to the nucleus
and inhibits the transcription of Hh target genes.3® 3 Typical Hh
target genes include the components of the pathway itself (PTCH,
s GLI1) and cell proliferation and differentiation (Cyclin D, E,
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wnt, N-Myc),%-% angiogenesis (VEGF),* survival (BCL2),*
epithelial-mesenchymal transition (SNAIL, ELK1, MSX2),4> 43
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Figure 1. The Hedgehog Signalling Pathway Mechanism. A) In secreting cells, Hh pro-proteins undergo a number of post translational modifications.
This maturation process includes an autocatalytic cleavage from the precursor, an attachment of a cholesterol or endogenous steroid moiety to the C-
terminal?” and an amide coupling of the palmytoyl-CoA to the N-terminal of the Hh protein which generate the fully active Hh ligand at the plasma
membrane.®® Mature Hh ligands are secreted with the help of Disp1, a trans-plasma membrane protein located on the secreting cell. B) In the absence of
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Hh-ligands (OFF-STATE), smoothend (Smo) is inhibited by Patched 1 (Ptch1) and does not enter the cilium. Consequently, the complex SuFu-Glil,2,3 is

phosphorylated by various kinases (PKA, GSK-3p, CK1) and results in truncated inactive forms (Gli2,3-R). Gli3-R travels to the nucleus and inhibits the
transcription of Hh target genes. In the presence of Hh-ligands binding to and inhibiting Ptchl (ON-STATE), Smo is released to the primary cilium, where
it inhibits PKA, GSK-3p and CK1. Consequently, no phosphorylation over Gli-SuFu complex occurs and Gli1,2,3 remain in full-length active forms
(Gli1,2,3-A). These active forms of Gli travel to the nucleus and induce the expression of Hh target genes.

20 In the presence of Hh ligands, the ‘on-state’, the ligands bind
to Ptch resulting in Smo activation. Once activated, Smo travels
to the cilium where it inhibits the phosphorylation of the Gli-
SuFu complex leading to the generation of active forms of Gli
(Gli1-A, Gli2-A, Gli3-A). The activated forms of Gli travel to the

25 nucleus and induce the transcription of Hh target genes.

Hh Signalling Pathway in Cancer
Abnormally constitutive Hh pathway activation in cancer can
be categorised as either: Hh ligand-independent, or Hh ligand-
30 dependent.
Hh ligand independent (Type 1) cancer is characterized by a
number of mutations of different components of the Hh pathway,
which results in aberrant signalling (Figure 2).

Ptch mutations

s Ptch loss of function mutations have been described at high
frequency in various disorders including patients with Gorlin
syndrome, and those who are predisposed to basal cell carcinoma,
medulloblastoma and rhabdomyosarcoma.*”%0 These mutations
include deletions, insertions or nonsense mutations in Ptch

40 proteins, which result in Ptch’s inability to inhibit Smo and
aberrant up-regulation of Hh signalling (Figure 2).

Smo mutations
Smo gain of function mutations up-regulate Hh signalling by
continuously generating active forms of Gli, which is typically
45 associated with sporadic basal cell carcinoma and other skin

abnormalities (Figure 2).51-53

SuFu mutations
SuFu regulates Gli activity exogenously sequestering Gli in the
cytoplasma and endogenously by repressing Gli transcription
so Within the nucleus.3565 Multiple SuFu inactivating mutations
are known to result in the nuclear accumulation of Gli proteins.
This results in constitutive Hh signalling in patients, especially
children, with medulloblastoma.5s-% Alternatively, inactivated
SuFu is no longer capable of retaining unprocessed full-length
ss Gli-proteins in the cytoplasm, resulting in more frequent entry of
active Gli proteins to the nucleus, and induction of aberrant
constitutive the Hh pathway (Figure 2).3°
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Figure 2. Type | cancer- Hh ligand independent. Loss-of-function in
Ptchl or gain-of-function in Smo mutations activate Smo prior to cilium
entry and subsequent inhibition of PKA, GSK-3f and CK1 in the absence

s of Hh-ligands, which results in aberrant the Hh pathway activation. Loss-
of-function in SuFu mutations can enable more frequent nucleus entering
of active Gli to or reduce the export of active Gli out of the nucleus, all of
which lead to aberrant the Hh pathway activation. Star symbol represents
mutations.

Nucleus

1 Hh ligand dependent (Type Il) cancer is characterized by a
“typical” the Hh pathway in terms of its functioning i.e. without
any mutations in the signalling components. Thus the aberrant Hh
signalling results instead from the continuous receipt of Hh
ligands. Depending on the Hh-ligand source, it is further

1s subdivided into three models: autocrine-juxtacrine, paracrine
and reverse paracrine (Figure 3). Theoretically, these models
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B. Type Il ligand dependent-Paracrine

have the potential to occur independently or in combination.

Autocrine-juxtacrine model
The autocrine-juxtacrine model promotes tumour growth;
2 typically resulting in prostate,® lung cancers®® and colon
cancers;®! by having a ligand both secreted and responded to by
the same/neighbouring tumour cells (Figure 3). Given that this
model does not involve mutations within any of the components
of the Hh pathway it is anticipated that these cancers should be
25 effectively controlled by the use of Hh pathway inhibitors at
different positions of the pathway, including Hh ligand, Smo and
Gli inhibitors.

Paracrine model
The paracrine model enables the development of tumour
20 angiogenesis, invasiveness and metastasis resulting in prostate,®?
hepatocellular carcinomas,®® pancreatic and colorectal cancers
(Figure 3).%* Cancer cell secreted Hh ligands interact with and
activate the surrounding normal stromal cells (endothelial cells,
epithelial cells, fibroblasts and immune cells) activating stromal.
35 Crucially this model does not necessarily display some standard
components of the pathway, including Smo. Consequently, Smo
inhibitors may not be effective against these cancers.

Reverse paracrine model
The reverse paracrine model is a variation of the paracrine
w0 type (Figure 3). It has been observed in B-cell lymphoma,
multiplemyeloma and leukemia patients, where Hh ligands are
excreted by the stromal microenvironment and activate the Hh
pathway in cancer cells.®> 8 This subtype highlights role of the
tumour microenvironment,”4 and that Hh pathway inhibitor
45 dosing should be carefully considered as they target both cancer
cells and its stromal microenvironment.
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Figure 3. Type Il cancers — Hh ligand dependent. A. Autocrine-juxtacrine model: Hh ligand is both produced and responded to the same cancer cell. B.
s0 Paracrine model: Tumour produces Hh ligands, which activate the Hh pathway in surrounding stromal cells. As a result, stromal cells produce necessary
components back to the tumour. Evidence indicates that this results in aberrant growth, invasion and metastasis. C. Reverse paracrine model: Stromal

cells secrete Hh ligands that activate the Hh pathway in tumour.

Targeting the Hh pathway in Cancers

s5 Assessing the inhibitory activities of small molecules within the
Hh pathway
Given the diverse range of cells that secrete or respond to
Hedgehog proteins, and the diverse range of cancers that result
from aberrant signalling, it is unsurprising that a raft of cellular

60 models to examine the Hh pathway have been established. Whilst
a complete account of currently utilised models falls outside the
scope of this perspective, an overview of a number of cell types

and assays techniques utilised is presented in table 1.
As outlined in table 1, a significant number of inhibitor
es identification programs have utilised cell viability or proliferation
assays such as the MTT or the bromodeoxyuridine BrdU assays,
respectively. Further, a number of luciferase reporter cell lines
have been engineered such as NIH3T3 and SHH LIGHT2 cells
which carry a transfected Gli-reporter construct. Moreover a
70 homogeneous assay system that measures changes in
fluorescence polarization that accompany cholesterol-dependent
auto-cleavage of Hh proteins has recently been reported.5® In
contrast the luciferase assays which provide a means of means of

3



examining events between Smo and Gli activation, this assay
provides insights to Hh auto-cleavage and esterification with

cholesterol in the initial step of the pathway.

Table 1: Overview of representative cell lines and cellular assays models currently utilised to examine Hh pathway inhibition.

Cell lines Origin Regulator Assay Reference
NIH 3T3 Mouse embryonic fibroblast cells Activated by SHh Gli-Luciferase 69
NIH/3T3 cells were co-transfected with GLI-
SHH Light2  responsive Firefly luciferase reporter and other Activated by SHh or SAG Gli-Luciferase 69-72
reporters
- Activated by SHh Gli-Luciferase

C3H10/T1/2  Mouse pluripotent mesenchymal cells Hh responsive but non-dependent Cytotoxicity 73-75

T™M3 Mouse testis Leydig cells Activated by SHh Luciferase assay 76

TMHh12  Not specified Activated by SAG Smo binding 77

Gli-Luciferase

Sufu null . . Without Sufu, Hh target genes are -

MEEs Mouse embryonic fibroblast without Sufu highly expressed Quantitative PCR 78

22Rv1 Prostate carcinoma Available with elevated Glil level Bromodeoxyuridine 78
Available with elevated Hh Bromodeoxvuridine

PANC1 Pancreatic adenocarcinoma cells components, including Ptch, Sufu, c coxy 73,78

- ytotoxicity

Gli1,2 level

Rh30 Rhabdomyosarcoma cell line Av_allable with high overexpression of Gli-Luciferase 79
Glil genes

. Expressing Cytotoxicity

HaCaT Human keratinocyte cells GLI1 under tetracycline control Gli-Luciferase 3
Available with elevated Hh

DU145 Prostate cancer components, including Ptch, Sufu, Cytotoxicity 73

Glil,2 level
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Hh pathway inhibitors functioning upstream of Smo - Inhibitors
of the post-translational maturation of Hh ligands

During Hh-post-translation maturation (PTM) cholesterol
attaches to the newly auto-catalytically cleaved hedgehog ligand
and then HHat (Hedgehog acyltransferase) mediates subsequent
attachment of a palmitate molecule. Combined, this results in
signalling competent hedgehog ligand.8%8  Cholesterol
attachment is required for the activation of liver X receptors
(LXR).82

LXR activation in M2-10B4 marrow stromal cells by
cholesterol analogues 1 and 2 inhibits Hh pathway activation by
Shh ligands (Figure 4).8% The depletion of cholesterol under the
activation of LXR may occur on a Hh protein, and indirectly
affect hedgehog ligands’ maturation leading to mature hedgehog
ligand deficiency. This is consistent with the observation that the
same activator was not able inhibit the Hh pathway when
activated by Smo agonist purmorphamine.®® This interactivity
between LXR and the Hh pathway may partially explain the anti-
cancer and anti-proliferation properties of LXR activation,8* 8 in
addition to their traditional anti-atherogenic effects.%

The maturation of hedgehog ligands also occurs at the Hhat
mediated pamitoylation step. The thieopiperidyl RU-SKI 43 (3)
Hhat inhibitor blocks SHh palmitoylation in vitro and Gli
activation in NIH 3T3 cells (ICso = 10 puM).®® Further
investigations in SHH LIGHT2, Su/Fu,, and C3H10T1/2 cell
lines demonstrated that Hhat inhibitors reduced the production of
mature SHh ligands.®® The inhibitory effect of (3) on the Hh
pathway cannot be rescued in SHH-transfected cells with SAG or
SHh, suggesting the possibility of off-targets effects.®®

Hh ligand inhibitors

Robotnikinin (4) inhibits the Hh pathway by binding with the
hedgehog ligand which induces a conformational change thus
preventing binding to Ptchl (Figure 4). In SHH LIGHT2 cells,
40 human primary keratinocytes, and a synthetic model of human
skin, 4 displayed substantial repression of SHh-induced Glil and
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Gli2 transcripts.”? Currently the only other reported competitive
inhibitor of the Hh ligand is a monoclonal antibody, 5E1, which
blocks binding of SHh ligands to Ptchl through binding at the

s pseudo-active site groove of SHh.8 The 5E1 monoclonal

antibody has been largely used to elucidate the hedgehog biology.

Smo inhibitors

There has been a rapid increase in the number of Smo
inhibitors identified, through targeted synthesis and high
throughput screening (HTS) efforts, making them the current
largest class of the Hh pathway inhibitors.

Natural product Inhibitors and Derivatives

Cyclopamine (5), a natural steroidal alkaloid extracted from
the corn lily Veratrum californicum,®” has been considered the
classical inhibitor of the Hh pathway, acting by directly binding
to Smo (Figure 4).88 However, despite promising Hh antagonistic
and anticancer effects in various xenograft models,5%8%8° and in
basal cell carcinoma patients,® the unfavourable pharmaceutical
properties (poor water solubility, low pH instability), have
limited the development of this compound class as clinical
agents.®* KAAD-cyclopamine (6), IP1609 (7) and IP1-926 (8), are
representative of more drug like cyclopamine analogues (Figure
5).%2 98 |P1-609 (7) inhibited SHH-induced differentiation of
C3H10/T1/2 cells to osteoblasts with ECso of 200 nM.%%
Sulfonamide substituted 1P1-926 (8) showed superior potency to
IP1-609 with improved pharmacokinetics and metabolic stability
over cyclopamine. Further IP1-926 induced tumour regression in
mice ligand-independent medulloblastoma,®® as well as inhibited
lung and pancreatic xenografts’ growth.% Additionally a number
of vitamin D3 analogues, such as cholecalciferol (9) and calcitriol
(10), have been identified as Hh pathway antagonists.®” In models
of clear cell renal carcinoma 9, at a concentration of 50 nM,
decreased cell density in a time- and concentration- dependent
manner up to 90% within 24h.%
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Figure 4. Hedgehog pathway inhibitors targeting upstream of Smo, the LXR’s agonists (1) and (2), Hhat inhibitor (3), and Hh-ligand inhibitor (4) and the
Cyclopamine scaffold of Smo inhibitors cyclopamine (5), KAAD-cyclopamine (6), IP1-906 (7) and IP1-926 (8) along with the vitamin D3 analogues

cholecalciferol (9) and calcitriol (10).

Benzimidazoles, arylpyridines, pyrrolopyridine and quinazolines

From murine cell (C3H10T1/2) based HTS a series of
benzimidazoles, including compound 9, were identified as
nanomolar potent the Hh pathway.®® Lead optimization of 9
afforded GDC-0449 (Vismodegib) (12).%° Vismodegib (12) is the
first FDA approved Hh pathway inhibitor, for the treatment of
adult BCC.! In terms of mechanism of action, Vismodegib binds
to the extracellular domain of SMO and significantly inhibits
downstream hedgehog signalling.1° NVP-LDE225
(Erismodegib) (13, Figure 4) has also emerged as a promising
Smo inhibitor displaying potent in cell activity (ICso = 8 nM in
TM3 cells) as well as favourable pharmacokinetics properties in
animal models.” Further, a series of pyrrolo[3,2-c]pyridine were
recently reported with one of these analogues TAK-441 (14),
(Gli-luc reporter ICso = 4.6 nM) is currently undergoing
investigation in clinical trials.’®* In a related study a number of
quinazolines were discovered including XL-139 (15) and the
majority of compounds in this series displayed single digit
nanomolar activity.0?

Phthaladines

The phthaladines 16,17, and 18 have been reported to be 0.1-
10 uM inhibitors, via Smo targeting of the Hh pathway activated
by SAG inTMHh12 cells (Figure 5).77 LY2940680 (18) not only
inhibits Smo in the human medulloblastoma cell line (Daoy) and
murine C3H10T1/2 cell line, but also counteracts the effects in
D473H, a Smo mutant.!® Preclinical data on Ptch*~ p53--
transgenic mice, which spontaneously develop medulloblastoma,
revealed rapid anti-tumour activity and improved survival rate.1%
Second generation of phthaladine analogues such as NVP-
LEQ506 (19) display improved potency in a Gli-luc assay, low
hERG channel binding and enhanced solubility have been
reported. In vitro analysis revealed that 19 inhibited Hh signalling
in a human cell line (HEPM) as measured by Gli mRNA with an
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ICso ~6-fold more potent than NVP-LDE225 (13). Moreover 19
was evaluated in C3H10T1/2 luciferase reporter cells transfected

40 with a Smo D473H expression vector which conferred resistance

to Vismodegib (12) in a medulloblastoma patient after an initial
response. Analogue 19 retained good potency with an ICso <100
nM.1°4

Piperidines and piperazines

From HTS piperidines 20-22 were identified as potent Smo
inhibitors (Figure 8).7° SAR development led to piperazines such
as 23-24, which displayed high efficacy against the Hh pathway
in the SHh LIGHT?2 cell line displaying ICso values of 5 nM, and
25 nM, respectively. Unfortunately oxidative metabolism of the
oxadizole ring resulted in high clearance rates.”® SEN450 (25) is
representative of an additional series of piperidine based Smo
inhibitors. This compound is efficacious (ICso = 23 nM), and
effects reduction in tumour volume in the Hh pathway expressing
glioblastoma multiforme xenograft models.’% An additional
piperazine displaying Hh pathway inhibitory activity is the
triazole based antifungal agent Itraconazole (26) which displayed
an 1Cso of 55 nM against medulloblastoma cells.1%

N-acylthioureas, N-acylureas and N-acylguanidines

From the lead thiourea MRT-10 (27) the N-acylurea and N-
acylguanidine series of Smo inhibitors were developed. Amongst
these were compounds 28 (ICso = 60 nM), 29 (ICso = 25 nM), and
MRT-83 (30) (ICso = 11 nM), with inhibitory activity measured
against the Hh pathway SHH LIGHT2 and C3H10T1/2 cell lines
(Figure 5).17 An additional urea based analogue displaying

es activity in the Hh pathway is PF-04449913 (31). This analogue

displays an 1Cso of 5 nM (Gli-luciferase reporter C3H10T1/2) and
is currently under investigation in clinical trials.1%®
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Figure 5. First generation Smo inhibitors, the benzimidazole (11), and pyridine (12) and (13), the phthaladines (16-18), and the second generation Smo
inhibitor (19). Piperidines (20-22, 25) and piperazines (23-24). The N-acylthioureas (27) and (28), N-acylurea (29), and N-acylguanidine (30) along with

urea based analogue PF-04449913 (31).
s Potential Limitations of Upstream Hh pathway Inhibitors

Thus, whilst upstream inhibition of the Hh pathway has
afforded some promising agents, evidence is emerging that
downstream components of the pathway, and other interacting
pathways, can compensate for inhibitory activity elicited

10 upstream inhibitors. For example the effectors of Hh signalling,
particularly the Gli family of transcription factors, are regulated
by other signalling pathways and thus the activity of Smo and
Ptch inhibitors can be overridden.

Interactions of the Hh Pathway with other Signalling
15 Pathways - The Big Crosstalk Picture

Crosstalk with the TGF-8 pathway
Similar to Hh pathways, the TGF-p signalling pathway plays a
crucial role in the embryonic development and both share
overlapping functions including cell differentiation, cell growth
2 control, tissue repair and regeneration.l%%11° Consequently,
dysregulation of TGF-B signalling pathway also leads to the

2

3

3
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development of various cancers.l% 10 |t has been recently
identified that both pathways share the same powerful effector,
G“Z.lll' 112

Gli proteins were previously regarded as effectors of the Hh
pathway only, but there is increasing evidence that the TGF-p
pathway controls Gli expression and activation through induction
of Gli2 expression independently of the Hh pathway in human
keratinocytes,'*® and by repressing PKA activity and thus
indirectly elevated the number of full-length active Gli proteins in
human melanoma cells (Figure 6).1* This provides potential
insights to resistance development mechanisms associated with
current Hh pathway inhibitors and may be exploited to create
better chemotherapeutics. This also explains how cancer cells,
usually lacking of primary cilium formations, can still induce Hh
pathway without mutations in the ciliary Hh components
including Smo.%5

Crosstalk with p53 and WIP1 pathways
The p53 pathway is either suppressed or subject to loss of
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function mutations in multiple cancers. In the context of Hh
pathway, p53 inhibits human Glil transcriptional activity by
either reducing its nuclear localisation and protein levels or, by
activating phosphorylation of Glil into its repressor form.
s Conversely, up-regulation of Glil represses p53 activity.*6 The
oncogenic phosphatase WIP1, a p53 inhibitor, has been shown to
enhance Glil function in human cancer cells (melanomas, breast
cancer) by increasing its transcriptional activity, nuclear
localisation, and protein stability. Further WIP1 has been shown
o to, maintain tumour growth and cancer stem cell renewal in the
Hh pathway cancers.*'® WIP1 can dephosphorylate and inhibit a
wide range of important targets p53, p38MAPK, ATM/ATR,
Chk1/2, all of which contribute to the complete or partial
inactivation of the p53 pathway (Figure 6). As a result of reduced
s p53 activity and the mutual inhibitory relationship between p53
HSP

RAS/RAF/MEK
and PI3K/A

2

0

and Gli1, it is likely that WIP1 modulates Glil activity through
p53 pathway inhibition.

Crosstalk with RAS/RAF/MEK/ERK and PI3K/AKT/mTOR
pathways

Given the ability to promote cancer cells survival,
proliferation, invasion and inhibition of apoptosis, the abnormal
activation of the RAS/RAF/MEK/ERK and PI3K/AKT/mTOR
signalling pathways play an important role in the development
cancers.!’ 118 The PISK/AKT and RAS/MEK pathways share the

25 same initiating components PGF, RTKs and RAS. These enhance
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Glil transcriptional activity, increase nuclear localisation, whilst
at the same time antagonising the inhibitory effects of SuFu, PKA
and GSK3p over Gli (Figure 6).8% 119-121

Transcription

Nucleus

30 Figure 6. Crosstalk between the Hh pathway and other oncogenic signalling pathways. TGF-3p induces Gli2 expression in the nucleus independently of
the HSP, and inhibits PKA, which results in the presence of more full- length Gli. RAS/RAF/MEK/ERK and PI3K/AKT/Mtor pathways share the same
initiating components (PGF, RTKs and RAS). These pathways inhibit SuFu and the phosphorylation of PKA and GSK-3p over Gli. Evidence indicates
that they enhance Glil transcriptional activity and increase its nuclear localisation. P53 pathway activates the phosphorylation of Glil into repressor form
and reducing its nuclear localisation and protein levels. WIP1 increases Glil transcriptional activity, nuclear localisation, and protein stability, possibly by
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inhibiting p53.
The Need for Next Generation Hh Pathway Inhibitors

LXR activators, Hhat inhibitors, Robotnikinin and the
monoclonal antibody 5E1 act as upstream antagonists at the level
of hedgehog ligand production and binding. They could be a
valid option for hedgehog related cancers activated by
overexpressed hedgehog ligands, but not for those whose aberrant
activation of the Hh pathway is due to downstream lesions of the
pathway. For instance, Robotnikinin loses inhibition over the Hh
pathway in cells missing Ptchl receptors or when Smo is
activated by its agonists SAG or purmorphamine.’”
Consequently, the sensitivity of these inhibitors functioning
upstream of Smo is preserved only to cancers dependent on Hh
ligands.

With respect to Smo inhibitors, despite being the largest class
with more than 30 on going clinical trials, they possess several
limitations. Firstly, from the chemical point of view, these Smo
inhibitors can be categorized into a handful of structurally similar
classes, including benzimidazoles, pyridines, pyridazines,
piperidines, phthaladines, and piperazines. The inhibitors in each
s group share core structural similarities. Thus, acquired resistance
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against one inhibitor may result in resistance against the entire
class. Secondly, most Smo inhibitors are ineffective against the
ligand-dependent cancer models, in which Smo proteins are not
displayed in cancer cells, but rather in the surrounding stromal
microenvironment. Here, Smo inhibitors alone would be
predicted to give no direct short-term tumour regression, but a
long-term benefit in survival rate may be achieved due to the
depletion of the Hh pathway in stromal microenvironment. This
limitation, theoretically, should be overcome when combining
Smo inhibitors with standard anticancer therapies. This approach
is being largely applied in clinical trials. Finally, up-regulation of
the Hh pathway due to any incident downstream of Smo will
obviously render the tumour resistance to all of existing Smo
inhibitors and further upstream inhibitors. One such example is
the amplification of Gli transcription factors, which originates
from the complicated crosstalk of the Hh pathway and other
oncogenic signalling pathways (Figure 8). Indeed, current clinical
trials are highlighting these flaws.

Clinical Experiences with Hh Pathway Inhibitors targeting
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Vismodegib/GDC-0449

Phase | evaluation of Vismodegib (12) revealed that only
patients with BCC or medulloblastoma, which are Hh-ligand
independent cancers, were completely or partially sensitive to
Vismodegib.*?? In the same study, patients with other types of
cancers, including ovarian, colorectal and pancreatic cancer
displayed at best arrested cancer progression. No mutations or
alterations in the Hh pathway in these patients were identified,
which suggested a paracrine the Hh pathway scenario. This
evidence indicated that the feedback from the surrounding
stromal microenvironment supported the tumour growth
regardless of the use of Vismodegib and to a greater extent, other
Smo inhibitors. Phase 1l trial in patients with locally advanced or
metastatic BCC showed a total response rate of 30% and 63% of
stable disease in metastatic patients; and 43% of total response
with 40% of stable disease in locally advanced BCC patients.!?
Vismodegib is the first-in-class the Hh pathway FDA approved
inhibitor, but its application is strictly limited to adult patients
with BCC.

Despite these promising results, Vismodegib resistance has
been reported in one patient with metastatic medulloblastoma
after a preliminary positive response.!?* This resistance was
enacted through a D473H mutation in Smo which prevented
Vismodegib-Smo binding while, maintaining the aberrant Hh
signalling.124 125

IP1-926 (Saridegib)

In a Phase | study of patients with locally advanced or
metastatic solid tumours, IP1-926 (8) exhibited low levels of side
effects and showed evidence of clinical activity in BCC
patients.’¥ Combination approaches with gemcitabine and IPI-
926 in a Phase Ib study of metastatic pancreatic cancer patients
were positive with good tolerance and limited toxicity.??
However IP1-926 was less effective than gemcitabine or a
placebo, terminating the metastatic pancreatic cancer Phase Il
study.'?” This may have been a result of Hh up-regulation in both
in the tumour and stromal microenvironment. Additional clinical
trials with IP1-926 are on going in patients with chondrosarcoma
and myelofibrosis are on going, but the likelihood of success is
questionable as these conditions are not considered to be
mutation driven.t?’

NVP-LDE225

One phase | trial was conducted in patients with advanced
solid tumours to determine the maximum tolerated dose of NVP-
LDE225 (13), with additional assessments of its
pharmacokinetics, pharmacodynamics, and potential efficacy.?
NVP-LDE-225 was shown to be well tolerated up to 800 mg (mg
/ kg) and displayed preliminary evidence of activity of reducing
Gli-1 mRNA expression in one medulloblastoma patient.
However their was also evidence of several resistance
mechanisms in other animal models of medulloblastoma.?® The
resistance may come from separate mechanisms, including the
amplification of Gli2, an aberrant up-regulation of the PI3K
signalling pathway and Smo mutations.?®

Thus, these current clinical trials suggest that inhibition of the
Hh pathway further downstream of Smo may be more effective
against Smo resistant cancers and others caused by the
overexpression of Hh ligands. In addition, compelling evidence
of the complicated crosstalk between the Hh pathway and other
oncogenic pathways highlights the crucial role of the Gli
transcription factors as the unique link of the crosstalk (Figure 4).
Consequently, there has been increasing interest in the creation of
the new inhibitors targeting at Gli transcription level. These
inhibitors are likely to be sensitive against not only Smo resistant
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cancers, but also others generated by several oncogenic pathways.

Next Generation the Hh pathway Inhibitors — The Gli
Inhibitors

GANT-61 and GANT-58

As previously alluded to, given the Gli family are the effectors
of the Hh pathway and other oncogenic pathways, Gli inhibitors
pose as attractive chemotherapeutic agents. Two of the first Gli
inhibitors described were GANT-61 (32) and GANT-58 (33)
(Figure 6). Both compounds dependently interfere with Glil and
Gli2-mediated transcription and suppressed Hh signalling in SHH
LIGHT2 (SAG-activated) and Sufu null MEFs cell lines,
suggesting their inhibitory activity lays downstream of Smo and
Sufu.”® The selectivity towards the Hh pathway was confirmed
relative to other oncogenic pathways, including TNF
signalling/NFkB  activation, RAS/RAF/MEK/ERK, and
Glucocorticoid receptor gene transactivation. GANT-61 and
GANT-58 inhibited growth of Cyclopamine resistant Hh-
dependent cancer cell lines PANCL1 (pancreatic adenocarcinoma)
and 22Rv1 (prostate carcinoma). This efficacy was reproducible
in human xenografts models in mice. GANT-61 is also cytotoxic
to a panel of seven human neuroblastoma cells with growth
inhibition values (Glso) between 5.82 - 12.4 uM. Significantly,
GANT-61 inhibited neuroblastoma growth in mouse xenografts
in which Smo inhibitors had no effect.’®® GANT-61 was more
efficacious than the Smo inhibitor Cyclopamine in six human
colon cancer cell lines, and inhibited pancreatic cancer stem cell
growth in vitro and in NOD/SCID/IL2R gamma null mice
xenograft models. 131 132

The mechanism by which GANT-61 and GANT-58 inhibit the
Hh pathway at the Gli level is unknown. Current evidence
suggests that GANT-61, but not GANT-58, induces modification
of Glil and prevents it from binding to the DNA promoter.”® As
these compounds inhibit both Glil and Gli2, with Gli2 being
intricately involved in bone development,!33 134 possible
implications for their use in therapy may include serious bone
defects, especially in children.

HPI-1, HPI-2, HPI-3, HPI-4 and NanoHHI

A screen of 122,755 compounds was conducted to find
candidates which could block the SAG-induced Hh pathway
activation in SHH-LIGHT2 cells.” Four structurally diverse leads
displaying 1Cso values of < 10 uM (HPI-1 to HPI-4) (34 - 37)
were identified (Figure 7).

HPI-1, -2, -3, and -4 were active against Ptch”-, Sufu 7 cell
lines consistent with Hh pathway inhibition downstream of Smo
and Sufu. They were inactive against PKA and other Hh pathway
associated oncogenic signalling pathways, including the
PIBK/AKT/MTOR, RAS/RAF/MEK/ERK and the Wnt
pathways.” In NIH3T3 cells, which overexpress Gli proteins,
HPI-1 (34) and HPI-2 (35) inhibited Glil and Gli2 functions, but
no significant inhibition was noted with HPI-3 (36) and HPI-4
(37).7- " Each of the Hh pathway inhibitors analogues operate via
a unique mechanism of action distinct from other known Gli-
mediated transcription inhibitors, including GANT-61 (32),
GANT-58 (33), zerumbone (44), arcyriaflavin C (48), and
physalin F (50) (Figure 8). HPI-1 (34) was thought to inhibit both
endogenous and exogenous Glil/Gli2 activity independently of
the primary cilium. HPI-2 (35) and HPI-3 (36) appeared to
counteract the activation of Gli into active forms in the primary
cilium. HPI-4 (37) was believed to disrupt the ciliogenesis,
leading to the malfunction of Gli’s ciliary processes.”t These
mechanisms are currently speculative.

Encapsulation of HPI-1 (34) (NanoHHI) in polymeric
nanoparticles enhanced aqueous solubility and bioavailability.13®

8



NanoHHI actively inhibited the Smo mutant allograft of mouse
medulloblastoma, and dramatically down-regulated mGli as well
as Hh target genes. NanoHHI in combination with gemcitabine
significantly hampered the growth of orthotropic Pa03C
s pancreatic cancer when compared with gemcitabine alone.!3 This
pancreatic cancer, possibly having the ligand-dependent and
paracrine type of Hh pathway activation, could express resistance
to the Smo inhibitor IP1-926 (8) as discussed above. NanoHHI
resulted in no hematologic side effects or biochemical
10 abnormalities during administration.'3

Ketoprofen derivatives
Rationally designed from lead Gli inhibitor 38,'% to
specifically inhibit Glil, analogues 39 and 40 selectively
inhibited Glil-mediated transcription over that of Gli2, with 1Cso
s values of 11.4 uM and 6.9 uM, respectively in C3H10T1/2
cells.®¥” The phenol moiety was believed to promote metabolism
in liver microsomes. Accordingly a phenol-to-indole bioisosteric

41

35

a @, .

U OOY O

replacement strategy was implemented yielding 41 and 42 with
enhanced drug characteristics, including improved liver

20 microsome stability, greater Glil selectivity and good membrane

permeability. Both 41 and 42 inhibit exogenous and endogenous
Glil-mediated transcription in C3H10T1/2 and Rh30 cell lines,
respectively.”

Replacement of the ketone carbonyl moiety with a ether,

25 amide, sulphonamide, or sulfone generated several candidates

with equipotent activity, including 43, which lacked the
phototoxicity linked to the ketoprofen moiety (Figure 8).1%8 Thus
far, 43 is the most promising candidate in this class of Hh
pathway inhibitors displaying enhanced stability and low toxicity.

30 The mechanism of action is currently unknown, but 43 does not

inhibit the promotors of Glil-mediated transcription, Dyrkla or
HDAC-1 inhibitors,139. 140

!
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Figure 7. Chemical structures of Gli-mediated transcription inhibitors GANT-61 (32) and GANT-58 (33); the Gli-mediated transcription inhibitors HPI-1,
HPI-2, HPI-3, and HPI-4 (34-37), the lead Gli inhibitor (38) and the Ketoprofen analogues (39-43).

Natural products inhibition of Gli-mediated

transcription
0 A wide range of natural product based Gli-mediated
transcription inhibitors have been reported.” 141142 Among the
first natural products Glil and Gli2 inhibitors identified were
zerumbone (44), zerumbone epoxide (45), staurosporinone (46),
6-hydroxystaurosporinone  (47), arcyriaflavin C (48), 6-
dihydroxyarcyriaflavin A (49), physalin F (50) and B (51) (Figure
8).143 These compounds inhibited the Hh pathway target proteins,
including Ptch, GI1 and Bcl2 (anti-apoptosis protein) in HaCaT
and PANC1 cells, respectively. SAR studies highlighted the
importance of a,f-unsaturated carbonyl group in the zerumbones
(44 and 45),** as well as the indole NH moieties in 46-49.143

The pentacyclic triterpenes colubrinic acid (52), betulinic acid
(53) and alphitolic acid (54), were isolated from Zizyphus
cambodiana and subsequently identified as Gli inhibitors.
Compounds 52 and 53 inhibited the expression of Ptch, Glil,
Gli2 and Bcl in HaCaT and PANCL1 cell lines, respectively.
Further investigations on the cytotoxicity over other cell lines
expressing the Hh pathway (DU145 and C3H10T1/2)
demonstrated that C3H10T1/2, an Hh responsive but not reliant

cell line, were less sensitive to the compounds’ cytotoxic activity.

displaying

ki

=}

@

=}

a

60 This is indeed positive in terms of selectivity, as these

compounds have limited effects on normal cell lines.”s 44
Taepeenin D (55), (+)-drim-8-ene (56) and a glycoside quercetin
(57) were isolated from Acacia pennata and displayed Glso
values of Gli-mediated transcriptional inhibition in HaCaT cells
1.6, 13,5 and 10.5 pM, respectively. These inhibitors dose
dependently reduced Ptch and Bcl expression in HaCaT and
PANC1 cells, but only 55 could reduce the exogenous Glil
protein level in same cells.®® 45 Gli inhibitors have also been
identified from Excoecaria agallocha (Euphorbiaceae) and
Adenium obesum (Apocynaceae). Excoecaria agallocha afforded
58-60 as 0.5, 19.1 and 2.0 uM potent inhibitors, respectively, of
Glil-mediated transcription in HaCaT cells with selective toxicity
for PANC1 and DU145 cells over the normal cells C3H10T1/2.
Further, compound 58 was confirmed to inhibit the translocation
of Glil into the nucleus, as well as the expression of Hh proteins
Ptch and Bcl in PANC1 cells.3® 145 Examination of Adenium
obesum, identified up to 17 cardiac glycosides as potent Glil-
mediated transcriptional inhibitors with 1Cso values from 0.11-2.4
MUM. Screening against PANC1, DU145 and HaCaT cell lines

g0 indicated that these analogues were selectively cytotoxic against

the PANC1 and DU145 cancer cells, while sparing the normal
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cell (HaCaT). Among these, compounds 61-65 clearly decreased compounds 62-65 also decreased Ptch mRNA at 0.25uM (Figure

Ptch and Bcl2 proteins at 0.25 uM in PANC1 cells; and 8).141
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Figure 8. Structures of natural Gli-mediated transcription inhibitors (44-51) and of natural Gli-mediated transcription inhibitors (52-65).

Obstacles to the Development of Chemotherapeutics from Hh NVP-LDE225 via an alternative mechanism to that observed with
pathway Inhibitors GDC-0449.1%

»s  Gli transcription level inhibitors are expected to resolve a
number of issues associated with the resistance of Smo inhibitors,
as they are the last effector of the Hh pathway. Based on new
insights into the complicated crosstalk of the Hh pathway with
other oncogenic pathways, it may be appropriate to target indirect

3 inhibition of Gli by removing/enhancing the supporting/inhibiting
activity from corresponding pathways. Consistent with this is the
evidence that PI3/ALK inhibitors in murine xenografts result in
about a 50% reduction in the Smo and Gli protein levels. This
may occur by the rescue of GSK3B-phosphorylation, as GSK3p-

35 phosphorylation promotes proteosomal degradation of Smo and
Gli proteins.?°

Acquired resistance to Hh inhibitors

1 One of the most important attributes of cancer cells is their
unique ability to quickly generate resistance to any therapeutic
agents or stressed conditions. A comparison between the
genomes of a malignant melanoma and a normal cell line from
the same person revealed over 33,000 nucleotide substitutions, 66

15 micro insertion/deletions and 37 rearrangements.!*® Not all of
these mutations were anticipated to develop cancers due to the
self-repairing functions. Thus, despite the highly specific
molecular level targeting by Hh pathway inhibitors, they are
vulnerable to resistance. Resistance against the Smo inhibitor

20 GDC-0449 (Erivedge™), through a D473H Smo mutation, was
the first such case reported.'?* 125 Point mutations in Smo and Serious Side Effects

other crosstalk mechanisms resulted in Smo resistance against . . .
g The crucial role of the Hh pathway, particularly in early

10
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development suggests that non-physiological inhibition may give
rise to significant side effects. The adult Hh pathway is less
pronounced and the toxicity may be mild in those self-renewing
tissues such as bone marrow, gut and skin. Common side effects
of Vismodegib (Erivedge™) in adult patients include digestive
disorders (diarrhoea, constipation, and decreased appetite),
tiredness, hair loss, and muscle spasms. However, in children, the
consequences can be very severe in the skeletal system. Indeed,
experiments in young mice treated with Hh pathway inhibitors
resulted in serious bone defects, including premature
differentiation of chondrocytes, thinning of cortical bone, and
fusion of the growth plate. Unfortunately, these bone defects
could not be compensated by administering parathyroid hormone-
related protein (PTHrP), whose function is to maintain
chondrocytes in a proliferative state.4’

An acceptable solution to these limitations remains elusive.
However, one potential approach may be selective targeting of
Glil, instead of Gli2 and Gli3. Gli2 has been reported to induce
PTHrP promoter activity, as well as PTHrP protein production,
while Glil showed no regulation in PTHrP promoter activity.'3*
Glil mutants are viable and normal while Gli2 and Gli3 mutants
showed from severe bone, nervous system defects to lethal
consequences in mice.X*® Importantly Gli2, not Glil, interacts
with and up-regulates the expression and function of Runx2,
which involves in osteoblast differentiation in mesenchymal cell
line (C3H10T1/2).1° This suggests that a selective inhibition in
Glil may minimize the defects in the skeletal system in children
treated with the HPIs. Moreover HPI-1 nanoparticle incorporated
NanoHHI showed no evidence of hematologic or biochemical
abnormalities.’®> It is possible that the combination of nano-
encapsulation and specific targeting of Glil may allow Hh
signalling pathway inhibitors to fulfil their considerable promise
as anti-cancer agents.

Conclusion

The rapid identification and development of hedgehog
inhibitors has benefitted from HTS cell-based assays. However
the lead optimisation is hampered at the testing stage in living
systems, as it is getting more complex, possibly enhanced by
multiple interactions with the microenvironment and different
endocrine regulators. Furthermore, different cancers can display
different types of the Hh pathway with varying crosstalk
combinations, which may largely complicate the development of
an effective therapeutic. As a result, despite the fact that
thousands of patented and non-patented promising Hh pathway
inhibitors have been developed, only one product has
successfully reached the clinic (Erivedge™). Many others have
been suspended in the clinical trials, when new obstacles emerged
in the in vivo systems, significantly higher than initial
expectations.

Identification of a unique target in the Hh pathway expressed
in cancer cells but not in normal cell remains elusive.!®
Fortunately, in this respect, the Glil transcription factor has
emerged as the “gold target”: it is the requisite final effector of
the Hh pathway but is not involved in a majority developmental
processes unlike Gli2, which is a mainstay of skeletal
development. Thus, selective inhibitors of the Glil-transcription
factor are expected to counteract any hedgehog-dependant
cancers, irrespectively of their origin or being resistant to up-
stream components’ inhibitors, while displaying fewer side
effects. Preliminary inhibitors of Glil-mediated transcription
have been developed with promising anti-cancer properties and
their mechanisms of activity are being characterised.” 78131
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