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Abstract: Since the beginning of 2019, the Hoogendoorn lab is active at the University of Geneva. We are a
Chemical Biology lab and our research focuses on the Hedgehog (Hh) signalling pathway and the primary cilium,
a small cellular organelle which corrects structure and function, is required to conduct the Hh signal. Ciliary
Hh signalling plays an important role in embryonic development, and its dysregulation consequently results in
developmental disorders as well as a variety of cancers. We use an interdisciplinary approach, ranging from
organic chemistry to cell biology and genetics, to develop chemical tools to study and perturb ciliary signalling.
In this account, I will highlight existing small molecules that target the Hh pathway, our efforts to discover new
compounds, and the methodologies that we employ for target deconvolution and mechanism of action studies.
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1. Introduction
Cells respond to cues from their environment by activating

a variety of intracellular signalling pathways, typically initiated
by upstream receptor engagement and resulting in downstream
transcriptional regulation of target genes. In the context of a de-
veloping organism, cell signalling ensures the correct formation
and spatial restriction of tissues and organs, and is therefore of
essential importance. One of the major developmental signalling
pathways is the Hedgehog (Hh) pathway. The Hh pathway was
first discovered in the fruit fly Drosophila melanogaster where
mutation of a single Hh gene leads to embryos with a ‘spikey’
appearance – hence the name Hedgehog.[1] The Hh pathway has
attracted a lot of attention in past years because of its obvious
role in development, but also in stem cell maintenance and tissue
homeostasis.[2] An additional layer of complexity is added to the
Hh pathway by its dependence on a specialized cellular organelle,
the primary cilium.[3,4] Furthermore, dysregulated Hh signalling
contributes to the onset and progression of a variety of cancers,
and small-molecule inhibitors of this pathway have proven clini-
cal use.[5]TheHoogendoorn lab at the University of Geneva is part
of the Department of Organic Chemistry as well as the National

Centre of Competence in Research (NCCR) Chemical Biology
and in our research program we combine organic chemistry, cell
biology, and genetics to decipher and modulate the molecular
mechanisms underlying the Hh signalling pathway. Here, I will
present an overview of small molecules currently available as
therapeutics and tools that target the Hh pathway, and our efforts
to identify novel chemotypes through phenotypic screening. We
aim to tackle the challenge of going from a compound-induced
phenotype to mechanistic understanding of its action through an
interdisciplinary approach, to ultimately arrive at a toolbox of
well-defined compounds to unravel Hh pathway biology.

2. The Hedgehog Signalling Pathway and the Primary
Cilium – Balancing Health and Disease States

The primary cilium is a microtubule-based organelle that pro-
trudes from the cell and is roughly 3–5 µm in length. Most mam-
malian cells only have one, non-motile, cilium; its presence is dy-
namically regulated by cell cycle stage as ciliogenesis is initiated
by the docking of the centrioles to the cell membrane, forming
the basal body.[6] Genetic mutations leading to lack of cilia or de-
fects in ciliary function underlie a broad range of developmental
diseases, collectively called ciliopathies. Clinical manifestations
of ciliopathies include mental retardation, obesity, digital anoma-
lies, retinal degeneration, skeletal dysplasias, cerebral anomalies
and renal disease.[7] In many cases, ciliopathy phenotypes can be
related back to dysregulation of the Hh pathway. All the core Hh
pathway components dynamically localize to the primary cilium,
which thus functions as an ‘organizing center’ (Fig. 1). In the
off-state of the pathway (Fig. 1A), the Hedgehog protein recep-
tor Patched1 (PTCH1) localizes to cilia and inhibits the main ac-
tivator Smoothened (SMO) by restricting its localization to the
cytoplasm. The transcription factors GLI2 and GLI3 are bound to
the negative regulator Suppressor of Fused (SUFU), phosphory-
lated by protein kinase A (PKA), and proteolytically processed
to their N-terminal repressor forms. Upon pathway activation
by Hedgehog protein binding to PTCH1, PTCH1 moves out and
SMO moves into the cilium. It is incompletely understood what
triggers the localization changes and which endogenous small
molecules are responsible for the communication between PTCH1
and SMO, though recent evidence points toward cholesterol and
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loblastoma, advanced basal cell carcinoma, rhabdomyosarcoma,
meningioma, and small cell lung cancer. Mechanisms include en-
hanced paracrine (i.e. stroma to tumour) and autocrine Hh signal-
ling, or oncogenic mutations in or loss of pathway components
such as Ptch1 or Sufu.[5,16] Clearly, small molecules acting on this
pathway could be of great therapeutic benefit, but for a long time
the druggability of the pathway remained elusive. A breakthrough
came with the discovery, using a chemical biology approach, that
SMO is the cellular target of the natural product cyclopamine (Fig.
2).[17] After years of research, cyclopamine had been identified as
the responsible teratogen present in the corn lily Veratrum cali-
fornicum. When this plant was consumed by pregnant ewes, their
lambs presented with severe developmental defects, with cyclopia
as the most striking manifestation.[18] Many drug discovery pro-
grams were subsequently launched in order to find novel SMO
inhibitors that could be used in the treatment of Hh pathway-driven
cancers (Fig. 2). Indeed, this resulted in FDA approval of vismo-
degib for treatment of advanced basal cell carcinoma in 2012,
whichwas allowed on the Swissmarket in 2013. Initial results with
vismodegib were extremely promising, with great reduction in tu-
mour burden. Upon prolonged treatment, however, tumour relapse
occurred in many cases. This resistance is induced by oncogenic
mutations in SMO or downstream pathway components.[19–21]
Furthermore, SMO inhibitors are inherently ineffective to tumours
driven by mutations in downstream components (e.g. SUFU mu-
tations) or non-canonical GLI-signalling (activation of GLI not
induced by activation of SMO, e.g. via Ras/mitogen-activated
protein kinase (MAPK) or phosphoinositide 3-kinase (PI3K)/Akt
signalling[22–24]). Regardless of their promise and pitfalls as thera-
peutics, SMO inhibitors have been, and still are, instrumental in
advancing SMO biology, by providing a means to temporally and
differentially control SMO localization and structure.[25–27]

3.2 Non-Smoothened Hh Pathway Inhibitors
The majority of compounds acting on the Hh pathway are

SMO inhibitors, and it is clear that this GPCR-like protein is the
most druggable in the Hh pathway. However, to overcome the
inherent limitations of SMO inhibitors, it is imperative to dis-
cover compounds that act downstream of SMO. A variety of Hh
pathway inhibitors has appeared in the literature that do not bind

sterol analogues.[8]Activation of SMO leads to a shift in the tran-
scriptional state of the GLI proteins. Upon SMO activation, the
interaction between GLI proteins and SUFU is lost. SUFU, GLI2
and GLI3 all accumulate at the ciliary tip during the initial stage
of signal transduction and this is required in order for the GLI
proteins to become transcriptionally active.[9–12] Consequently,
the formation of the activator forms of the GLI proteins, GLI-A,
leads to the transcription of Hh target genes, including Gli1 (the
most downstream transcriptional activator – a positive feedback
loop) and Ptch1 (a negative feedback loop) (Fig. 1B).[13,14]

The main players involved in signal transduction have been the
subject of extensive research efforts over the past years and are
generally well characterized.[13] However, on a mechanistic level
many gaps remain in our knowledge of ciliary signalling. During
my postdoctoral period at Stanford, my co-workers and I envi-
sioned a novel approach to systematically identify genes involved
in cilium assembly and Hh signalling. We developed a CRISPR/
Cas9-based screening platform for ciliary signalling and conduct-
ed a genome-wide knockout screen to identify genes important for
Hh signal transduction and cilium function. Among the many hits
we retrieved were known core Hh pathway components, genes in-
volved in cilia assembly, and ciliopathy genes with very few false
positives or false negatives, corroborating the importance of the pri-
mary cilium in Hh signal transduction. Follow-up studies on six hit
genes with uncharacterized roles in ciliary Hh signalling led to the
discovery of novel cilium components, candidate ciliopathy genes,
and a complex required for centriole stability.[15] Currently, we are
investigating the importance of several of the screen hits in more
detail, to learnmore about their role in cilium biology, and as a start-
ing point for target-based drug development. Furthermore, we aim
to repurpose and extend this screening platform for mechanism of
action studies of Hh signalling inhibitors, as detailed in Section 4.3.

3. Small Molecule Inhibitors of Ciliary Hedgehog
Signalling

3.1 Smoothened Inhibitors
Uncontrolled GLI activation contributes to the onset and/or

progression of a number of (paediatric) cancers, including medul-

Fig. 1. Schematic representation of the Hedgehog pathway. A) In the off-
state, PTCH1 inhibits SMO translocation to the cilium. The GLI proteins
are phosphorylated by PKA and processed into their transcriptional
repressor forms (GLI2/3R). B) Upon binding of SHH, PTCH1 is inhib-
ited. SMO enters the cilium leading to the formation of GLI activators
(GLI2/3A) through decreased cAMP levels and inhibition of PKA.

Fig. 2. SMO inhibitors. The discovery that the natural product cyclo-
pamine binds the transmembrane protein SMO spurred the develop-
ment of the SMO-targeting clinical drugs vismodegib and sonidegib.
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cases, the target of the hit compound was successfully identified,
yielding very useful tool compounds. A good example of this is
HPI-4 (Fig. 3A). Originally found in a screen by Hyman et al.,
treatment of cells with this compound resulted in shorter than usu-
al cilia, so this class of molecules was renamed ‘ciliobrevins’.[40]
Follow-up studies showed that ciliobrevins bind the motor pro-
tein dynein, thereby disrupting intraflagellar transport (IFT) in the
cilium and inhibiting Hh signalling.[49,50] Ciliobrevins have subse-
quently been successfully employed as tools to study dyneinmotor
function in a number of studies.[51]

Despite the promise of Hh pathway and ciliogenesis inhibi-
tors for therapeutic purposes and as tool compounds to examine
the biology associated with their cellular targets, few inhibitors
with favourable properties have been found to date. Moreover,
most known inhibitors lack a defined target and mechanism, thus
not reaching their full potential. We are collaborating with the
ACCESS screening facility (NCCR Chemical Biology) to con-
duct a high-content, microscopy-based screen, using a chemically
diverse library of compounds and cells that express fluorescent
protein-tagged Hh pathway and ciliary proteins. In luciferase-
based transcriptional screening the cells are lysed in the process,
and information on cell and ciliummorphology is lost. In contrast,
our screening approach allows the identification of novel mol-
ecules that perturb signal transduction and/or the primary cilium,
while toxic compounds can be directly excluded.

4. Hit-to-Lead: How to Identify Cellular Targets and
Mechanism of Action of Small Molecules?

The fact that so few hits that came out of phenotypic screens
have been properly characterized in terms of their target and mode
of action illustrates the underlying problem: it is usually challeng-
ing and time-consuming to identify the target and the mechanism
by which an inhibitor acts if there is no other information besides
the phenotype available. The problem requires an interdisciplinary
approach, since no one strategy guarantees a successful outcome

to SMO (a selection is shown in Fig. 3). These inhibitors prevent
GLI activation, either directly, such as robotnikinin that binds
Sonic hedgehog protein,[28] or through indirect mechanisms. For
example, forskolin inhibits Hh signalling through activation of ad-
enylate cyclases and PKA,[29] BET bromodomain inhibitors such
as JQ1 and I-BET151 disrupt signalling through transcriptional
regulation of GLI1,[30,31] and epigenetic drugs targeting HDAC
prevent deacetylation of GLI1[32] (Fig. 3A). Other published
GLI antagonists include arsenic trioxide,[33] itraconazole,[34] ar-
cyriaflavins,[35] physalins,[36] arylisoquinolones,[37] and mercapto-
benzoimidazoles,[38] but none of these have a validated cellular
target and/or mechanism of action, diminishing their potential as
tool compounds or therapeutic leads (Fig. 3B).

3.3 Phenotypic Screens for Hh Pathway Inhibitor
Discovery

High-throughput phenotypic screening is a powerful method
to assess the biological activity of a large collection of molecules.
As there is no a priori target-bias, phenotypic screening allows for
the discovery of molecules with alternative mechanisms to those
already described. Not surprisingly, the Hh pathway has been
central to various industrial and academic phenotypic screening
campaigns to identify additional inhibitors (Table 1).[39–46] Most
screens relied on the use of a transcriptional reporter, containing an
8xGLI-bindingmotif and aminimal promoter, followed by the fire-
fly luciferase gene (‘LIGHT’).[47] Cells are stimulated with ShhN
(the N-terminal domain of SHH)-conditioned medium ‘ShhN’ or
a synthetic SMO agonist (SAG, Ag1.5 or purmorphamine[48]) to
activate the pathway at the level of PTCH1 or SMO, respectively.
There is a limited number of cell lines that can be used for this pur-
pose, because few cells express all the necessary components for
Hh signal transduction in culture. Fibroblasts, including the mouse
cell line NIH-3T3, are the model system of choice because of their
robust ciliogenesis and Hh signalling properties. Additionally,
mouse Leydig TM3 cells have been used successfully.[44] In some

Fig. 3. Selection of Hedgehog
signalling inhibitors. A) Inhibitors
have very diverse targets and
modes of action. Compounds
shown in green have validated
targets. Robotnikinin inhibits
Sonic Hedgehog (SHH).[28] HPI-
4 (Ciliobrevin A) is an inhibitor
of cytoplasmic dynein.[40,49] JQ1
inhibits BRD4 resulting in tran-
scriptional inhibition of GLI pro-
teins.[30] GANT61 prevents GLI1
DNA-binding.[41] B) Inhibitors with
unknown target. HPI-1 was identi-
fied in a large-scale phenotypic
screen conducted by the Chen
lab and has been validated as a
downstream inhibitor but has an
unknown target.[40] BRD50837
and 4-arylisoquinolone 2m do not
directly engage SMO, but their
mechanism is unknown.[37,39] No
information on the target is avail-
able for mercaptobenzoimidazole
10a.[38]
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In some cases, it can be advantageous to combine the ligation
handle and the photo-labile group in an ‘all-in-one’ functional
group, i.e. ‘clickable’ aliphatic diazirines.[55] Cells are incubated
with the probe after which the photoactive group is activated by ir-
radiation, resulting in a covalent adduct between the probe and its
protein target. Subsequently, the ligation handle is used to attach
an affinity tag (biotin) for pull-down and mass spectrometry ex-
periments, a fluorophore for visualization of the target, either by
gel electrophoresis or fluorescence microscopy, or both by incor-
poration of a biotin-fluorophore construct (Fig. 4C).[56] A draw-
back of photo-affinity labelling studies for target identificaation
(ID) is the potential of retrieving abundant, ‘sticky’ proteins that
bind non-specifically. Competition experiments with unlabelled
analogues are useful to differentiate between specific and non-
specific binding. Crosslinked samples with and without excess
competitor can be resolved by 1D gel electrophoresis followed by
streptavidin-based detection of biotin, or by 2D FITGE (fluores-
cence difference in two-dimensional gel electrophoresis) through
labellingwith different fluorophores. Spots that are exclusively la-
belled by probe alone are most likely to be specific and can be cut
out of the gel and processed for downstream mass spectrometry
(Fig. 4C).[57] Although SAR studies and probe development are
labour-intensive, a distinct advantage of this methodology is that
once the target is elucidated, the probe can directly be employed
in cellular assays to visualize its target in various contexts. For
example, the probe BODIPY-cyclopamine, a fluorescent cyclo-
pamine analogue, is widely used in competition assays to assess
if a small-molecule Hh pathway inhibitor binds to SMO.[17,40,45,58]

4.2 Mass Spectrometry-based Methods
Given the constraints of SAR studies and the development of

photo-crosslinking probes, label-free approaches for target de-
convolution are valuable alternatives. Recent advances in quan-
titative mass spectrometry-based proteomics have sparked the
development of global proteome profiling methodologies for
target deconvolution. Thermal proteome profiling is a mass spec-
trometry-based extension of the cellular thermal shift (CETSA).
[59,60] CETSA relies on the stabilization of a protein target upon

for eachmolecule under examination.A structured pipeline for tar-
get deconvolution of Hh pathway inhibitors is lacking to date, and
one of the goals of our group is to change this – we are develop-
ingmethodologies ranging from probe synthesis to CRISPR-based
screening, taking advantage of the interdisciplinarity of our group.

4.1 Photo-affinity Labelling
Photo-affinity labelling has proven to be a valuable strategy

in the identification of cellular target(s) of small molecules (Fig.
4). It relies on the physical proximity of the ligand to its target
when bound, and the ability of photoactive organic groups such
as diazirine, aryl azide, and benzophenone to react with light to
form highly reactive intermediates that can crosslink to nearby
protein residues. Once the ligand is covalently bound to its tar-
get, the complex can be visualized or extracted from the pro-
teome for downstream analysis using a reporter group (biotin,
fluorophore) (Fig. 4A). Typically, this involves the introduction
of both a photo-crosslinking group and a reporter group to the
pharmacophore core of a hit compound.[52,53] It is essential that
the probe behaves as much as possible as the parent molecule to
be able to extrapolate the information gained with the probe to
the actual hit compound. Hits from phenotypic screens are typi-
cally moderately potent, with potencies in the 1–10 µM range.
Extensive structure–activity relationship (SAR) studies are often
necessary to sample the chemical space surrounding the phar-
macophore, yielding 1) analogues with increased potency and
selectivity, tremendously increasing the utility of the initial hit,
and 2) guidelines for where to incorporate the photoactive and
reporter groups without destroying its potency. In some cases,
the reporter group can be incorporated in the probe (through use
of a linker) directly. When the bulk of the reporter group changes
the potency, localization or selectivity of the probe compared to
the parent compound, a bio-orthogonal ligation strategy can be
used (Fig. 4B). Over the past years, a variety of bio-orthogonal
reactions have been developed, most notably 1,3-dipolar cycload-
ditions (both Cu(i)-mediated and strain-promoted click reactions)
and inverse electron demand Diels-Alder reactions as these re-
quire small functional groups (azides, alkynes, cyclopropene).[54]

Table 1. Hedgehog inhibitors discovered through phentotypic screening

compound cell line activation by inhibitors of readout target comments ref.

HPI-1, 2, 3, 4 Shh-LIGHT2 SAG Hh pathway luminescence HPI-1, 2, 3:
unknown
HPI-4: dynein

downstream of
SMO

[40]

BRD50837 Shh-LIGHT2 ShhN Hh pathway luminescence unknown unconventional
mechanism,
highly potent

[39]

GANT61 HEK293 GLI1
expression

GLI luminescence GLI1 low potency [41]

SA1-10,
CA1, CA2

IMCD3 SMO-YFP SMO ciliary
localization,
ciliogenesis

fluorescence
microscopy

SMO;
microtubules

no Hh signalling;
constitutive
localization of
SMO-YFP to the
cilium

[42]

Eggmanone zebrafish endogenous Hh
dependent
patterning

phentotype PDE4 [43]

CMAP TM3-LIGHT Ag1.5 Hh pathway luminescence GPR39 [44]

Smoothib
Pipinib

C3H10T1/2 purmorphamine Hh pathway alk.
phosphatase

SMO
PI4K

prevents SMO
cilium entry

[45]
[46]
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binding of a small molecule, resulting in a shift in its melting tem-
perature. Cells are treated with the compound or DMSO control
and subjected to increasing temperatures before lysis and collec-
tion of the soluble (non-denatured) fraction. In thermal proteome
profiling, the soluble fractions are then analysed by mass spec-
trometry, giving global, quantitative proteome profiles. Proteins
that are (de)stabilized upon compound treatment are then likely
direct or indirect targets of the compound. The advantage of this
methodology is that, if successful, it will provide both the cel-
lular target as well as information on the mechanism through
indirect targets. Furthermore, it allows the identification of off-
targets or multiple targets if the phenotype arises through poly-
pharmacologic action of the compound. The drawback however
is that it is hard to detect low abundance proteins, so its success
largely depends on the identity(ies) of the protein target.[59,61,62]
A slightly different approach is that of limited proteolysis, where
the conformational changes induced by compound binding result
in differential proteolytic patterns, which can be detected by mass
spectrometry when comparing conditions with and without com-
pound.[63]

4.3 Genetic Screening Approaches
Instead of studying the physical association of the drug and its

protein target, genetic screening canbeused to perturb protein levels
and thereby also the ability of the compound to exert its effect.With

the discovery of CRISPR-mediated gene editing, pooled screening
approaches have gained greatmomentum,withmany successful ex-
amples indiverse areas of biologyover thepast couple of years.[64–66]
Fewer examples exist where genetic screening has been employed
to study compound action, even though this should in principle be a
very powerful alternative strategy to proteomics-based approaches.
[67,68] To identify the target of a cytotoxic compound, a growth-
based screen is a viable option, as illustrated by the identification of
NAMPT as the cellular target of the anti-cancer drug STF-118804.
[69]Genetic screens also provide information on potential resistance
mechanisms to drugs or conceivable combination therapies. For
non-cytotoxic drugs either FACS-based screening approaches can
be used, or a growth phenotype can be engineered.[15,70]At Stanford,
I have previously developed a cell line compatible with growth-
based pooled CRISPR-screening for Hh signalling. These cells are
engineered to contain a blasticidin resistance marker under control
of the GLI-driven promoter (Fig. 5A). Hence, under signalling con-
ditions the cells become resistant to the antibiotic blasticidin, but
when signal transduction is inhibited, either through addition of a
compound or knock-out of a positive regulator of the pathway, the
cells die when exposed to blasticidin. Conversely, knock-out of a
negative regulator such as Sufu results in (constitutive) increased
blasticidin resistance (Fig. 5B).[15]Wenow repurpose this screening
platform with a focused library of sgRNA’s to assess which genes’
knockout or knockdown results in compound hypersensitivity or

Fig. 4. Target deconvolution by photo-affinity labelling. A) Examples of photo-crosslink groups and reporter groups used in photo-affinity probes.
B) Starting from a screen hit, SAR studies are done to determine where the ligand can be functionalized with a photo-crosslink and reporter group.
Depending on the bulk that can be added to the ligand, a one-step or two-step probe can be synthesized. C) In a typical photo-affinity experiment,
the cells are incubated with the probe (here shown is a two-step probe), which is covalently crosslinked to its target upon exposure to light. Next,
a reporter group is attached through bio-orthogonal labelling. The labelled proteins are then pulled-down using streptavidin beads or resolved on
SDS-PAGE. By comparing the labelled proteins with and without competitor, specific bands can be distinguished from aspecific background, and
subjected to mass spectrometry analysis to determine the identity of the corresponding protein.
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obtain by genetic methods. Compounds can be dosed to titrate
the effects, they can be washed out, and they can be combined
with chemical or genetic perturbations to study additive effects.
This is especially true for a complex signalling network such as
the Hedgehog pathway. A collection of compounds with known
targets, ranging from upstream Smoothened to downstream GLI
transcription factors, and defined mode of action would be of
tremendous benefit to unravel the molecular mechanisms of Hh
signal transduction and we believe that our chemical biology
program can contribute towards this goal. We are currently em-
ploying photo-affinity labelling and genetic approaches to study
Hh pathway inhibitors without validated target and mechanism,
and hope to extend our studies to mass spectrometry methods in
the near future.
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