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1 Summary 

A forward chemical genetics approach in order to identify novel modulators of Hh 

signaling pathway led to identification of three novel inhibitor classes with novel targets 

in Hh signaling. The identification of proteins involved in Hh signaling regulation sheds 

light on the complexity of Hh signaling pathway.  

An osteoblast differentiation assay that monitors Hh pathway activity identified YCL-220 

as an inhibitor of Hh signaling. Orthogonal assays revealed YCL-220 as a potent inhibitor 

of GLI transcription factor-mediated Hh signaling pathway. Mechanistic insights showed 

that YCL-220 acts as a SMO antagonist that inhibits SMO localization to cilia, similar to 

vismodegib. The SMO binding of YCL-220 was reversed upon a washout step, thus 

indicating the non-covalent and reversible mode of SMO binding. The mutations in SMO 

demands for new strategies to modulate SMO functions, therefore reversible inhibition of 

SMO by YCL-220 can be further investigated as future SMO targeted strategies. 

In addition, a pyrrolidine, RKN-1043, was identified as a Hh signaling pathway inhibitor 

acting downstream of SMO. Affinity chromatography coupled to proteomics for target 

identification revealed RHOGDI1 as a potential target of RKN-1043. Biophysical 

experiments showed that RKN-1043 inhibits RHOGDI1-mediated extraction of 

prenylated RAC1-GDP from liposomes. Furthermore, RKN-1043 competed with GerGer-

RAB1 peptide for binding to the GerGer binding pocket of RHOGDI1 which makes it the 

first molecule to bind to the GerGer binding pocket of RHOGDI1, thus inhibiting its 

function. Genetic alterations revealed involvement of RHOGDI1 as a negative regulator 

of Hh signaling.  

Overall, RKN-1043 is a novel inhibitor of Hh signaling as well as of RHOGDI1. In-depth 

analysis of the effect of RKN-1043 on the activation state of RHO GTPases will further 

support the mechanism of action for RKN-1043-mediated Hh signaling inhibition. 

The third compound, MJD-1314 was prepared as a result of diversity-oriented synthesis 

by using metathesis cascades to prepare substrates for inter- and intramolecular Diels-

Alder reactions. The substance was characterized as a potent inhibitor of osteogenesis 

and GLI-mediated Hh signaling pathway acting downstream of SMO. Chemical 

proteomics experiments revealed MTAP as a potential target for MJD-1314. Thermal 



Summary 

 

2 

stability experiments validated the target engagement by inducing thermal stabilization of 

MTAP. Although MJD-1314 binds to MTAP, it had no effect on enzymatic activity of 

MTAP. Additionally, MTDIA, an inhibitor of MTAP failed to inhibit GLI-mediated Hh 

signaling. These results indicated a possible non-canonical function of MTAP in Hh 

signaling regulation. Genetic alterations of MTAP indicated a contradicting mode of 

involvement, i.e. as a positive regulator or negative regulator of Hh signaling. 

Furthermore, MJD-1314 binding to MTAP did not alter its localization. Efforts to identify 

novel interaction partners of MTAP that may link MTAP to Hh signaling were 

unsuccessful.  

To explore the influence of MJD-1314 on the MTAP function in cells, the cell metabolic 

state upon compound treatment will be analyzed. Furthermore, in order to elucidate the 

mode of action of MJD-1314 in Hh pathway inhibition, gene expression profiling can 

facilitate a global picture of effect of MJD-1314 on the physiological state of the cells. 

The work presented in this thesis led to the identification of novel Hh signaling inhibitors 

and uncovered novel players in Hh signaling pathway. The approach followed in this 

study stresses on the importance of using a combination of methods for identification and 

validation of small-molecule targets in order to establish the mechanism of action of 

small molecule modulators. 
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2 Zusammenfassung 

Ein vorwärtsgerichteter chemisch-genetischer Ansatz zur Identifizierung neuer 

Modulatoren des Hedgehog (Hh)-Signalweges führte zur Entdeckung von drei Inhibitoren 

mit neuen Zielproteinen innerhalb der Signalkaskade. Die Ermittlung von Proteinen mit 

Beteiligung am Hh-Signalweg gibt Aufschluss über die Komplexität des Signalweges. 

Ein Osteoblasten-Differenzierungstestsystem, mit dessen Hilfe die Hh-Signalaktivität 

analysiert wurde, führte zur Identifizierung von YCL-220 als Inhibitor der Hh-

Signalkaskade. Orthogonale Experimente wiesen die Verbindung als potenten Inhibitor 

der GLI-vermittelten Signalaktivität aus. Mechanistische Untersuchungen zeigten, dass 

YCL-220 als SMO-Antagonist wirkt und analog zu Vismodegib den Transport von SMO 

in die Zilien verhindert. Die Bindung an SMO konnte durch Auswaschen aufgehoben 

werden, was auf einen reversiblen, nicht-kovalenten Bindungsmechanismus hindeutet. 

Mutationen in SMO erfordern neue Strategien zur Regulierung der Proteinfunktion, 

weshalb die reversible Inhibition durch YCL-220 zukünftig detaillierter untersucht 

werden sollte.  

Des Weiteren wurde das Pyrrolidin RKN-1043 als Inhibitor des Hh-Signalweges 

identifiziert, der unterhalb von SMO wirkt. Durch Affinitätschromatographie und 

Proteomik zur Zielproteinidentifizierung wurde RHOGDI1 als potentielles Zielprotein 

ermittelt. Biophysikalische Experimente zeigten eine Inhibition der RHOGDI1-

vermittelten Extraktion von prenyliertem RAC1-GDP aus Liposomen. RKN-1043 

konkurriert als erstes entdecktes Molekül mit dem GerGer-RAB1-Peptid um die Bindung 

an die GerGer-Bindetasche in RHOGD1 und inhibiert dadurch dessen Funktion. 

Genetische Veränderungen wiesen RHOGDI1 als negativen Regulator des Hh-

Signalweges nach. 

Abschließend konnte RKN-1043 als neuer Inhibitor des Hh-Signalweges und von 

RHOGDI1 identifiziert werden. Weiterführende Analysen des Effektes von RKN-1043 

auf den Aktivierungszustand von RHO-GTPasen können genauere Informationen zum 

Wirkungsmechanismus der Substanz liefern.  

Die dritte Verbindung MJD-1314 wurde mittels diversitätsorientierter Synthese durch 

eine Metathesenkaskade erhalten, die zur Herstellung von Substraten für inter- und 
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intramolekulare Diels-Alder-Reaktionen durchgeführt wurde. Die Substanz wurde als 

potenter Inhibitor der Osteogenese und GLI-vermittelten Hh-Signalkaskade erhalten, der 

unterhalb von SMO wirkt. Mittels chemischer Proteomik wurde MTAP als potenzielles 

Zielprotein identifiziert und eine thermische Stabilisierung des Proteins infolge der 

Substanzbindung bestätigt. Trotz der Bindung an MTAP konnte jedoch kein Effekt der 

Substanz auf die enzymatische Aktivität des Proteins aufgezeigt werden. Ebenso war 

keine Inhibierung des Hh-Signalweges durch den MTAP-Inhibitor MTDIA nachweisbar. 

Diese Ergebnisse wiesen auf eine mögliche nicht-kanonische Funktion von MTAP hin. 

Genetische Veränderungen von MTAP ergaben widersprüchliche Wirkungen des Proteins 

auf den Hh-Signalweg. Des Weiteren wurde keine Änderung der intrazellulären 

Lokalisierung infolge der der Bindung des Inhibitors ermittelt. Ansätze zur 

Identifizierung neuer Interaktionspartner von MTAP, die eine Verbindung zum Hh-

Signalweg aufzeigen könnten, waren nicht erfolgreich.  

Zur Untersuchung des Einflusses von MJD-1314 auf die intrazelluläre Funktion von 

MTAP wird die metabolische Aktivität der Zellen nach Substanzbehandlung untersucht 

werden. Weiterhin kann eine Genexpressionsprofilierung eine globale Darstellung des 

Effektes auf den physiologischen Zustand der Zellen ermöglichen, was detaillierte 

Informationen zum Wirkungsmechanismus von MJD-1314 liefern kann. 

Die hier präsentierte Arbeit führte zur Identifizierung neuer Inhibitoren des Hh-

Signalweges und bislang unentdeckter Bestandteile der Signalkaskade. Diese Studie 

verdeutlicht die Wichtigkeit einer Kombination verschiedener Methoden zur 

Identifizierung und Validierung von Zielproteinen niedermolekularer Substanzen, um 

deren Wirkungsmechanismen aufzeigen zu können.  
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3 Introduction  

The advent of whole genome sequencing in the beginning of 21
st
 century has led to 

overwhelming high throughput information on genes expressed in an organism. The study 

of genes and genetic variation i.e. genetics, has been used widely to study biology by 

manipulating the biological system at the level of the genes. This manipulation is 

achieved by knocking out the gene of interest, which prevents the expression of the 

corresponding proteins. Additionally, an increased number of gene copies or use of hyper 

active promoter results in an increased protein expression. Moreover, protein function can 

be altered by introducing missense mutation in the corresponding gene.
1
 Using these 

genetic perturbations, basic biological processes such as cell cycle in the yeast 

Saccharomyces cerevisiae,
2
 programmed cell death in the nematode Caenorhabditis 

elegans,
3
 as well as early embryonic development in the Drosophila melanogaster have 

been elucidated.
4
  

A classical genetics approach also termed as forward genetics, involves unbiased gene 

perturbation giving rise to a phenotype of interest followed by identification of the gene 

responsible for the phenotype. Recent advances in genome editing techniques have given 

rise to a reverse genetics approach to deconvolve gene function. Reverse genetics 

involves perturbation of a specific gene of interest followed by close examination of 

resulting phenotypes.  

3.1 Chemical Genetics 

The use of chemical compounds in the form of plant extracts for treatment of many 

diverse ailments has been a part of human history. Advances in scientific understanding 

of the importance of chemical compounds have led to the introduction of antibiotics in the 

form of pure small-molecule treatment in the twentieth century. Recently, the use of small 

molecules as therapeutics has increased significantly with an impact on the understanding 

of all areas of life sciences. This chemical intervention to understand biological systems is 

termed ñchemical geneticsò.
5
  

Contrary to the routinely used genetic approaches, chemical genetics employs small 

molecules to modulate biomolecule (nucleic acid, lipid and protein) function in order to 
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understand biology.
6
 Chemical genetics is divided into forward chemical genetics and 

reverse chemical genetics (see Figure 1). A forward chemical genetics approach involves 

screening of small molecule libraries in unbiased phenotypic assays.
6
 ñHitò compounds 

which affect a given cellular phenotype are then selected for further characterization and 

the biomolecules that are modulated are identified using various approaches discussed in 

the following sections. In reverse chemical genetics, small molecules are tested for their 

ability to directly modulate a biomolecule of interest. The small molecules that bind to the 

biomolecule of interest are selected and tested in phenotypic assays relevant to the 

biomolecule of interest. Hit compounds selected from forward and reverse chemical 

genetics approaches are then subjected to in-depth biological evaluation. The reverse 

chemical genetics approach is further extended to a genome-wide scale under the newly 

emerging field termed chemical genomics. Chemical genomics describes the search for 

small-molecule modulators for functions of all the gene products.
7
 

Forward and reverse chemical genetics approaches are widely used to identify small-

molecule modulators. However, these approaches have their own advantages and 

disadvantages. The forward chemical genetics approach relies on phenotypic assays and 

thus does not require prior information about a potential target. Therefore, there is a 

possibility to identify multiple or new targets regulating the phenotype studied. Limitation 

of this approach is the requirement of large libraries of diverse small molecules. Also, 

optimization of an initial hit compound which is cell permeable and metabolically stable 

can be challenging and time-consuming. Contrary to forward chemical genetics, reverse 

chemical genetics requires prior knowledge of the function of the target. In-depth 

knowledge of the natural ligand (if present) and binding pocket in the case of proteins 

facilitates the optimization of a newly identified small molecule modulator. However, the 

dynamic nature of the protein can complicate the design of small molecule modulator. 

The reverse chemical genetics approach to identify small molecule modulators is only 

limited to biomolecules under experimental study, as such new targets cannot be 

discovered by this approach. 
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3.1.1 Phenotypic Screening  

Phenotypic screens are the starting point of forward chemical genetics. They offer the 

possibility of identifying small-molecule modulators of targets that have not yet been 

linked to the studied phenotype. Moreover, as they are active in cellular assays, these 

identified small molecule modulators are cell permeable and metabolically stable.
6
 

The choice of physiologically-relevant phenotypic assay is critical in forward chemical 

genetics. Commonly used readout modalities are based on the physiological properties of 

the cell.
8
 In order to measure the transcriptional activity of the cell, reporter gene assays 

are the preferred readout. A reporter gene is a gene that is attached to the regulatory 

 

Figure 1. Mechanism-of-action and target identification in chemical genetics. 

(A) In forward chemical genetics, phenotypic assays are employed to identify small molecule modulators. 

Mechanism of action and target identification is undertaken to establish the biomolecule responsible for 

the phenotype. (B) In reverse chemical genetics small molecules are screened in a biochemical assay to 

identify modulators of a biomolecule under study. Exploration of the mechanism of action and possible 

side effects of the small-molecule modulator are undertaken. (Modified from Monica Schenone et al., 

2013)
6
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sequence of gene of interest. Expression of this reporter gene along with gene of interest, 

renders measurable characteristic such as fluorescence and luminescence.
9
 The activity of 

phenotype-relevant promoter can also be measured by placing the reporter gene under the 

control of promoter. The reporter gene products are mostly fluorescent proteins (e.g. 

Green fluorescent protein, GFP) or enzymes (e.g. Firefly luciferase) that hydrolyze 

substrate thereby generating light (i.e. luminescence) to obtain quantifiable signal. 

Reporter gene assays are developed to identify modulators of signaling pathways such as 

Hedgehog (Hh), Wnt and Notch by introducing the reporter gene under the control of 

pathway-specific transcription factors.
10

 

Cell viability assays are considered to identify cytotoxic compounds. Cell viability is 

measured by monitoring metabolic activity, membrane leakage or by visible cell 

growth.
11

 Metabolic activity of the cell is measured by using formazan-based dyes (e.g. 

MTT, XTT and WST) or by measuring the metabolite levels of ATP by using CellTiter-

Glo
®
 assay. Cell viability is also measured by monitoring cell growth under the 

microscope. Advanced imaging instruments such as IncuCyte
TM

 developed by Essen 

Biosciences measure cell confluency as a measure of cell growth. 

Sophisticated robotic systems are used to screen large compound libraries in disease-

relevant phenotypic assays. Hit compounds identified from these phenotypic screens are 

taken up for target identification process.  

3.1.2 Approaches to target identification 

In the forward chemical genetics approach, which includes phenotypic screening, the 

identification of the target(s) of small molecule modulators is the most important and 

challenging step. Target identification serves the purpose of establishing the mechanism 

of action of a small-molecule modulator. In order to identify the target(s) of small 

molecules, several strategies have been developed. Within the scope of this thesis, target 

identification strategies to identify protein targets are discussed. These strategies can 

broadly be divided into affinity-based methods, genetic methods and computational 

methods. The affinity-based method takes advantage of the direct interactions of a target 

protein and small molecule. For target identification, genetic methods rely on the 

alteration of the quantity of a target under investigation in order to change the activity of a 

small molecule in the phenotypic assay. Contrary to these experimental approaches, 
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computational methods are used to generate target hypothesis by comparing the structural 

similarity of the hit molecule with established ligand-target pairs.  

3.1.2.1 Affinity chromatography -based methods 

The most widely used method to identify target proteins is based on the direct affinity 

between a target protein and the small molecule (see Figure 2 A). The chemically 

modified active and inactive analogs of a hit compound are functionalized with a linker to 

synthesize affinity probes. The affinity probes are immobilized on a stationary phase and 

cell lysates are passed over the stationary phase in order to capture the proteins having an 

affinity towards the small molecule derived probe. The capture of the proteins is followed 

by stringent washing to remove nonspecifically bound proteins. Appropriate elution steps 

are used to release the bound proteins followed by mass spectrometry analysis to identify 

potential binders. Statistical analysis is performed to identify the proteins that are 

selectively enriched in active affinity probe.
12

 

Stable isotope labeling by amino acids in cell culture (SILAC) is used in affinity 

chromatography in order to facilitate quantification of the identified proteins (see Figure 2 

B).
13

 In this method, cell lysates are prepared from cells that are grown in ñheavyò or 

ñlightò medium, that are supplemented with 
13

C6,
15

N2 L-lysine and 
13

C6,
15

N4- L-arginine, 

and with 
12

C6,
15

N2 L-lysine and 
12

C6
14

N4- L-arginine, respectively.
14

 Complete 

incorporation of the labeled amino acids into the proteome is achieved by growing the 

cells in heavy or light medium for at least five cell divisions. The heavy and light cell 

lysate is passed over both of the immobilized active and inactive probes. After stringent 

washing and elution, the heavy proteins bound to the active probe are mixed with light 

proteins bound to the inactive probe. Similarly, heavy proteins bound to the inactive 

probe are mixed with light proteins bound to active probe followed by mass spectrometry 

analysis. The mixing allows less stringent washing steps and comparative quantification 

of the enriched proteins, therefore increases confidence in identification of the weakly 

bound proteins. SILAC has been used successfully to identify tubulin and exportin-2 as 

target proteins for tetrahydropyran-containing compound Tubulexin. It was 

experimentally shown that the compounds bind to the vinca alkaloid binding site of 

tubulin.
15

 BCR-ABL was confirmed as a target for Imitanib-a drug marketed by Novartis 

pharmaceutical for the treatment of acute myeloid leukemia.
16

 The SILAC approach can 
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also be extended to the whole organism such as mouse,
17

 C. elegans and D. 

melanogaster.
18

 Stable incorporation of labeled amino acids is critical and long term 

cultivation of cells in heavy medium is necessary. Therefore, cells such as blood platelets 

cannot be used for SILAC techniques as they can only be cultivated for a short time.
12

 

 

Figure 2. Affinity chromatography based methods for target protein identification. 

(A) Label-free affinity chromatography. For protein binding, cell lysate is passed over active and inactive 

analogs of small molecule-affinity-probe immobilized on solid support. The probes are then washed and 

bound proteins are finally eluted. The eluted proteins are tryptically digested and analyzed by mass 

spectrometry. (B) Quantitative affinity chromatography with SILAC. Cells are grown in ñlightò and 

"heavy" isotope-labeled amino acids supplemented growth medium in order to incorporate isotope-labeled 

amino acids in the proteome of the cells. The resultant ñheavyò and ñlightò lysates are passed over active 

and inactive analogs of the small molecule-affinity-probe immobilized on solid support. The probes are 

washed and the heavy proteins bound to active probe (AH) are mixed with light proteins bound to inactive 

probe (IL). Similarly, heavy proteins bound to inactive probe (IH) are mixed with light proteins bound to 

active probe (AL) followed by mass spectrometry analysis. By quantifying the ratios of "light" and "heavy" 

peptides between AH and IL as well as IH and AL signals, a potential target protein is identified. 

The success of affinity chromatography is dependent on several factors including the lysis 

buffer, the affinity of the small molecule towards the target protein and the expression 

level of the protein in the employed cell line.
19

 The affinity of the small molecule towards 

its target protein, which is critical for this method, can be greatly affected by the chemical 

modification required for preparation of affinity linker attachment (Figure 3 A). 

Therefore, in depth understanding of the structure-activity-relationship (SAR) is 
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necessary in order to retain the affinity while attaching the small molecule to an affinity 

linker. In some cases, addition of the affinity linkers on to the small molecule causes a 

significant drop in the bioactivity of the small molecule and thus its affinity towards 

target protein.
20

 To overcome this problem, small alkyne or azide groups are used to 

functionalize the small molecule (see Figure 3 B). In order to retain the sensitivity of the 

small molecule towards target, the small molecule is first added to the cell lysate and 

using ñclick-chemistryò, linker tag is added on to this functionalized small molecule.
21

 

Additionally, small photoreactive groups such as benzophenone, diazirine, or arylazide 

are used to stabilize weak protein-small molecule interactions by inducing covalent cross 

linking (see Figure 4 C).
22

 The functionalization of hit molecules by photoaffinity tags 

further enhances the sensitivity of the target identification process by allowing to identify 

weakly bound targets. One such example is of Imatinib, BCR-ABL oncogenic receptor 

kinase is an established target of Imatinib. However, using photoreactive aryl azide 

modification, g-secretase activating protein (gSAP) was found to be the additional target 

of Imatinib.
23

  

 

Figure 3. Chemical modification of active hit for affinity -chromatography. 

(A) The active-affinity-probe is directly immobilized on solid support. Proteins bound to the probe are 

analyzed by mass spectrometry. (B) The small molecule is modified with a óclickableô group and incubated 

with live cells. A tag is added on to this functionalized small molecule via a linker upon incubating with cell 

lysate for protein binding followed by mass spectrometry. (C) A small molecule is equipped with a photo-

reactive group (e.g. diazirine) to induce covalent cross-link between the small molecule and the target 

protein(s). (Modified from Jiyoun Lee et al., 2013)
20

 

Despite these advances in the affinity chromatography-based target identification 

techniques, for some compound classes even small changes in their structure can cause a 

significant reduction in bioactivity. Moreover, for some compounds target protein or 
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additional off-targets cannot be identified as a result of reduced bioactivity. Therefore, 

label-free approaches are of increasing importance as chemical modification of the hit 

compound is not necessary.  

3.1.2.2 Label-free techniques 

Label-free target ID approaches do not require chemical modification of the small 

molecule. Therefore the time duration and complexity of the target identification process 

is significantly reduced.
20

 These methods take advantage of the change in the 

thermodynamic properties of target protein upon binding to a small molecule. The 

cellular thermal shift assay (CETSA) relies on the change in the thermal stability of the 

target protein upon binding to small molecule ligand (see Figure 4 A).
24

 The small 

molecule may change the thermodynamic properties of the target protein(s) leading to 

thermal stabilization or destabilization. The small molecule is incubated with cellular 

extracts or live cells to allow binding to the target proteins. These extracts are then 

aliquoted and heated to different temperatures to induce protein melting at higher 

temperatures. Upon ultra-centrifugation, only the soluble fractions collected from these 

aliquots are analyzed by western blotting to detect the change in the melting behavior of 

the target protein. Thus, allowing the target validation for small molecule. Alternatively, 

for widening the applicability of CETSA, the soluble fraction are labeled with tandem 

mass tags (TMT) to analyze the proteome-wide melting behavior by mass spectrometry. 

As a proof of concept, PD0332991 was used, which showed specificity towards CDK4/6 

by stabilizing the kinase at higher temperatures.
25

 Another label-free approach is drug 

affinity responsive target stability (DARTS), which relies on changes in the sensitivity of 

proteins toward proteolytic enzymes upon binding with small molecule ligand (see Figure 

4 B). Cell lysates are treated with a ligand or vehicle followed by limited digestion by 

using proteases.
26

 The samples are then analyzed by gel electrophoresis or mass 

spectrometry to detect the disappearance of a protein from small molecule treated fraction 

as compared to vehicle treated sample. DARTS has been successfully used to identify 

molecular targets of rapamycin, FK506, didemnin B, and resveratrol.
27

 Similar to 

DARTS, stability of proteins from rates of oxidation (SPROX) depends on sensitivity of 

the protein-small molecule complex towards oxidative conditions (See Figure 4 C).
28

 An 

oxidizing agent (H2O2) and a chemical denaturant are used to induce oxidation of the 

methionine residues in target proteins. The reaction is quenched and the oxidized and 
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non-oxidized proteins are identified following quantification by mass spectrometry. The 

small molecule-bound proteins are more resistant to the denaturant and therefore show 

larger shift in the rate of oxidation at higher denaturant concentration. As a proof of 

concept, cyclophilin A and UDP-glucose-4-epimerase were identified as targets for the 

immunosuppressive drug cyclosporine A.
29

  

As described in the previous section, advances in affinity-based approaches have led to 

deconvolution of target proteins for many small molecules. The label free approaches 

significantly improve the versatility of the affinity based target identification process, as they 

do not require exploration of SAR and preparation of affinity probes. However, the 

identification weak binding or membrane protein target for small molecule remains 

challenging. 

 

Figure 4. Label-free techniques for target identification. 

(A) Cellular thermal shift assay (CETSA). Cell lysates are incubated with a small hit molecule or control 

(e.g. DMSO) and aliquoted. The aliquots are heated at a range of temperatures in order to denature the 

proteins. The soluble protein fractions are analyzed by immunoblotting using an antibody against the 

protein of interest. (B) Drug affinity responsive target stability (DARTS) relies on the increased stability of 

the target protein-small molecule complex against proteolytic cleavage. Lysate is incubated with small hit 

molecule followed by exposure to a protease. Proteins that are more resistant to proteolysis are analyzed by 

SDS-PAGE. (C) Stability of proteins from rates of oxidation technique is based on the sensitivity of 

proteinïsmall molecule interaction under oxidative conditions in various concentrations of chemical 

denaturant. Lysates are incubated with active hit small molecule and control and are exposed to H2O2 and 

various concentrations of chemical denaturant. Small molecule bound proteins are more resistant towards 

chemical denaturant. Therefore proteins that show denaturant-concentration dependent denaturation are 

identified by mass spectrometry. (Modified from Kapoor et al 2016 and Jiyoun Lee et al., 2013)
20,30
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3.1.2.3 Genetic methods 

The completion of the human genome sequencing has revolutionized biomedical 

research. The knowledge of genes and their effects on the biological system has given a 

new perspective to the target identification process. The function of genes and proteins 

has been determined by employing genomics tools such as analysis of gene expression 

profile, resistance-conferring mutations and RNAi libraries. Gene expression profiling 

generates a global picture of the effect of small molecule treatment on all the genes 

expressed in a cell/tissue or animal (see Figure 5 A). Generally, gene expression profiling 

is a choice for generating hypothesis for future research. Sometimes the data generated is 

too complex and therefore can give rise to several interpretations. Therefore gene 

expression profiling is always used in combination with other chemical biology tools to 

establish a mode of action for a small molecule modulator. Gene expression analysis of 

wide range of cancer lines upon treatment with 6-(4-(diethylamino)-3-nitrophenyl)-5-

methyl-4,5-dihydropyridazin-3(2H)-one (DNMDP) led to the identification of 

phosphodiesterase 3A (PDE3A) as a target. CRISPR/Cas9-mediated knockout of the 

PDE3A rescued the DNMDP mediated cytotoxicity, therefore validating PDE3A as a 

molecular target of DNMDP.
31

 

Genetic approach to identify and establish the functionality of a target is based on 

comparing the phenotypic outcome as a result of the small molecule and interfering RNA 

(RNAi) treatment to deplete the target (See Figure 5 B).
32,33

 Similarity in both phenotypes 

is then used to generate a target hypothesis. It is expected that the knockdown should 

result in a phenocopy of the small molecule inhibitor. The use of RNAi in combination 

with small molecule inhibition should result in a more potent induction of the phenotype 

depending on the nature of the target gene. Genome-wide RNAi experiments are 

performed to search for genes that have a similar effect when knocked down as the small-

molecule inhibitors.
34

 RNAi is also used in more focused experiments when the probable 

target for the small molecule modulator is known. 
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Another approach to identify the target protein is to identify resistance-conferring 

mutations upon exposure to toxic small molecules (See Figure 5 C).
35

 Cells grown in 

sublethal concentrations of the toxic small molecule can develop resistance to the toxic 

small molecule. These surviving cells are then analyzed by transcriptome sequencing to 

detect the genes that are mutated in the resistant cells. PLK1 was identified as the target 

of the small molecule BI2536 by analyzing BI2536-resistant clones of HCT116 cells that 

carried a mutantation in the BI2536 binding site in PLK1.
36,37

 However the approach is 

currently only limited to molecules that are cytotoxic to the cells.
30

 

  

 

Figure 5. Genetic methods for target identification.  

(A) To identify the target and establish a mechanism of action of a hit compound, gene expression profiling 

is performed to characterize changes in the gene expression level as a result of compound treatment. 

Bioinformatics tools are utilized to establish the relevance of gene expression profile with the phenotype 

under study. (B) Phenotypes as a result of small molecule treatment are compared with phenotypes from 

genome-wide RNAi studies. Similarities in the phenotype provide a hint that the depeleted gene product is a 

possible target of the small molecule. (C) Exposure of cells to a cytotoxic small molecule leads to the 

development of compound-resistant clones. Clones that are resistant to multiple compounds are excluded by 

treating the cells with a universal toxic agent. The remaining resistant clones are analyzed by transcriptome 

sequencing to compare parental and resistant clones to identify mutated genes. (Modified from Kapoor et 

al., 2016 and Schenone et al., 2013)
6,30
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3.1.2.4  Computational approaches 

Advances in computational techniques have opened up a new dimension in target 

identification research. In silico predictions of the molecular targets of small molecules 

are based on ligand and network-based computational approaches. 

The Similarity Ensemble Approach (SEA) clusters proteins by employing 2D structural 

similarity of their bound ligands to predict small molecule targets. All ligands are ranked 

according to the ratio of the number of features common to both molecules to the total 

number of features (Tanimoto coefficient). SEA can be used for predicting the off-target 

activities of small molecules. One such example is Fabahistin, for which the serotonine 

receptor 5-HT5A was predicted as a target. Fabahistin proved to have a K i
 of 130 nM for 5-

HT5A, which was better than the Ki for its canonical target, the histamine H1 receptor. 

Moreover, the predicted target 5-HT5A was experimentally validated to be potently 

modulated by fabahistin.
38

 

Self-organizing map-based prediction of drug equivalence relationship (SPiDER) is a 

self-organizing-maps (SOM)-based technique developed by Schneider et al., to predict 

the molecular targets of a small molecule modulator. SPiDER uses pharmacophoric 

similarity of well-established drugs with small molecules under study to predict the 

molecular targets. The similarity is based on the topological features, scaffold 

connectivity, and target interaction potential of small molecule under study, but is 

independent of molecular weight.
39

 Using this tool, target prediction was performed for 

molecules synthesized by using amprenavir, a HIV1 protease inhibitor, as a template. 

Surprisingly, in addition to the HIV1 protease, bradykinin receptor B1 was predicted as a 

target with a significant score. Moreover, the small molecules showed higher 

experimental affinities towards bradykinin receptor B1 than for HIV1 protease. 

Although there is no generic method for identification and validation of small-molecule 

targets, combination of these complementary methods as described in Figure 6 are used to 

establish the mechanism of action of small molecule modulators.  
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Figure 6. General approaches to target identification. 

In order to identify the target of a small molecule, combination of direct biochemical methods, genetic 

techniques and/or computational approaches are employed. The relationship between data from multiple 

platforms might lead to successful deconvolution of the target protein. (Modified from Schenone et al., 

2013) 
6
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3.2 The Hedgehog signaling pathway 

The Hedgehog gene (Hh) was identified by C. Nüsslein-Volhard and E. F. Wieschaus 

while studying genetic mutations in Drosophila melanogaster.
4
 They identified 50 genes 

that had an effect on the embryonic development of the larvae. One such gene when 

mutated gave rise to spine-like features on the dorsal side of the larvae with similarity in 

appearance to a hedgehog. Therefore, the gene responsible for this phenotype was termed 

Hedgehog. In 1993 three paralogues were identified and named as Sonic Hh (Shh), Indian 

Hh (Ihh) and Desert Hh (Dhh).
40-43

 The Hh genes are highly conserved across vertebrates 

and they govern various processes such as proliferation, differentiation tissue patterning, 

and tissue repair.
44

 However, anomalies in Hh signaling are linked to various types of 

cancers, basal cell carcinoma (BCC) and medulloblastoma being the most prominent. 

Cancers of the pancreas, prostate, lung, and breast are also linked to aberrations in Hh 

signaling.
45

 Therefore, modulators of the Hh signaling pathway may have therapeutic 

potential. Stimulators of the Hh pathway may have applications in the induction of 

angiogenesis and promotion of wound healing. Inhibitors of Hh signaling have 

applications in the treatment of cancers and other type of Hh pathway-related 

developmental anomalies.
46

  

3.2.1 Maturation of Hh proteins 

Posttranslational modification of the Hh protein is a prerequisite to release the active form 

of Hh from cells to activate Hh signaling.
47

 A ~45 kDa precursor signal sequence is 

removed from the N-terminus of Hh followed by autocatalytic cleavage between GlyCys 

residues, that is part of the highly conserved GlyCysPhe tripeptide (Figure 7). This N-

terminal signaling domain is further modified by addition of cholesterol at the C-terminal 

glycine to generate the ~19 kDa signaling domain. Cholesterol itself is not necessary for 

the activity of the signaling domain but is important for anchorage as well as transport of 

Hh ligand within the cells. It has been shown that other sterol modifications can substitute 

for the cholesterol modification.
45

 In the final step, fully functional Hh protein is formed 

after palmitoylation of the N-terminal cysteine by the enzyme Hedgehog acyl transferase 

(Hhat). A highly conserved CysGlyProGlyArg-sequence is necessary for palmitoylation 

to occur. The general hydrophobic effect rendered by palmitoylation contributes to the 

potency of Hh protein to activate Hh signaling.
47
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Figure 7. Posttranslational modification of Hh protein. 

A ~45 kDa polypeptide encoded by Hh genes undergoes internal proteolysis and N-terminal signaling 

sequence cleavage followed by acylation. As a result a ~19 kDa segment is produced by endoproteolytic 

cleavage at the GlyCysPhe sequence. The signaling domain is decorated by cholesterol at the C-terminal 

Gly. Hhat adds a palmitoyl moiety at the N-Terminal Cys followed by a spontaneous rearrangement (S-N-

acyl shift) to generate mature Hh ligand capable of activating the Hh signaling cascade upon binding to 

PTC1. (Modified from Heretsch et al., 2010)
48

 

3.2.2 The Hh signaling cascade in vertebrates 

Hh signaling starts by binding of the Hh ligand to its receptor Patched1 (PTC1). PTC1 

inactivation relieves repression of the seven transmembrane receptor Smoothened (SMO), 

initiating the signaling cascade (see Figure 8). This results in the activation of glioma-

associated oncogene (GLI) transcription factors and the expression of Hh target genes. 

The transcription factor GLI has three homologs: GLI1, GLI2 and GLI3.
49

 GLI1 is a 
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transcriptional activator, GLI2 is a major pathway activator and GLI3 functions as a 

repressor (GLIR). The Suppressor of Fused (SUFU) is a Hh pathway inhibitor that 

inhibits Hh signaling by maintaining GLI in an inactive state. In vertebrates, Hh signaling 

occurs at the primary cilium.
50

 The intraflagellar transport (IFT) protein, kinesin II (KIF3 

family) and dynein-2 (DYNC2) motors regulate the constant shuttling of Hh pathway 

components between the cilia and the cytoplasm.
51

 Transport and accumulation of Hh 

pathway-related proteins into the cilium is necessary but not sufficient for Hh pathway 

activity. Therefore, mutations in the ciliary transport genes lead to aberrations in Hh 

signaling.
52

 

In vertebrates, Hh signaling exists in an on or off state depending on the presence or 

absence of fully matured Hh ligand. In the absence of Hh ligand, PTC11 and the recently 

discovered G protein-coupled receptor (GPCR) GPR161 are present in the cilia. SMO is 

maintained in the inactive state by PTC1, while GPR161 activates protein kinase A 

(PKA).
53

 Upon activation, PKA together with Casein kinase 1 (CK1) and glycogen 

synthase kinase 3b (GSK3b) phosphorylates the GLI transcription factors which undergo 

proteolytic processing into C-terminally GLI repressor (GLIR) form. Transport of GLIR 

to the nucleus results in repression of Hh target genes, thus maintaining Hh signaling in 

the inactive state.
54,55

 Upon binding of mature Hh ligand to PTCH1, PTCH1 and GPR161 

are internalized and PTC1 undergoes lysosomal degradation. In the absence of PTCH1 

and GPR161 in the primary cilium, SMO repression is relieved. In the absence of active 

PKA, SMO is phosphorylated by CK1 and G protein-coupled receptor kinase (GRK2).
56

 

The phosphorylated SMO is transported into the cilium by the kinesin KIF3A and 

anchored near the base of the cilium by Ellis-van Creveld syndrome proteins 

EVC1/EVC2.
57

 The active state of SMO inhibits GLI phosphorylation and thus full -

length GLI2/3 (GLI FL) in complex with SUFU accumulates at the tip of cilia where they 

dissociate and exit the cilium.
58

 The GLI FL are transported to the nucleus, where they 

activate Hh target genes such as GLI1, PTCH1, and HIP. The transport of GLI FL to the 

nucleus is important for maintaining the GLI FL and GLIR ratio to regulate Hh 

signaling.
59

 Hedgehog interacting protein (HHIP) is another negative regulator of Hh 

signaling that binds to PTC1 with similar affinity as the Hh ligand.
60

 The expression level 

of Hh activator or repressor genes regulates Hh signaling by feedback mechanisms.
61

 Hh 

ligands can also trigger non-canonical pathways via SMO that are independent of GLI  

transcription factors.
62
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Figure 8. The Hh signaling pathway in vertebrates. 

(A) In the absence of Hh ligand, PTC1 inhibits ciliary transport of SMO. GLI2 and GLI3 are maintained in 

the inactive form by SUFU. GPR161 present in the cilium activates protein kinase A (PKA), which, 

together with Casein kinase 1 (CK1) and glycogen synthase kinase 3b (GSK3b) phosphorylates GLI2 and 

GLI3 at the base of the cilium. The phosphorylated GLI2 and GLI3 are processed to GLI repressor (GLIR) 

form by the proteasome. (B) When Hh ligand binds to PTC1, PTC1 and GPR161 are internalized and PTC1 

undergoes lysosomal degradation. In the absence of PTC1, SMO is phosphorylated by CK1 and GSK3b. 

The phosphorylated SMO is transported and anchored to the base of the cilium. The SUFU - GLI complex 

accumulates and dissociates at the tip of the cilium. The full-length GLI (GLI FL) is then transported to the 

nucleus where it activates Hh target genes. (Modified from Tatiana Gorojankina et al., 2016)
52

 

The activation of SMO and the downstream signaling cascade are still not fully 

understood. How SMO is inhibited by PTC1, and how the signal transduction from SMO 

to GLI occurs are questions that are intriguing for the Hh research community. It is 

proposed that SMO activation is a two-step process comprising ciliary localization and C-

terminal phosphorylation. This could explain the inhibition of SMO by cyclopamine but 

not the fact that it is still transported to cilia.
52

 It is shown that there is no direct physical 

interaction between SMO and PTC1.
63

 However, PTC1 regulates SMO by controlling the 

influx of sterols, specifically cholesterol, into the cytoplasm. Cholesterol allosterically 

binds to the cysteine rich domain (CRD) of SMO and triggers conformational changes 

sufficient for SMO activation. It is proposed that PTC1 maintains low levels of 

cholesterol in the ciliary membrane, thereby ensuring that SMO will not be activated.
64

 

However, upon PTC1 inhibition by SHH, cholesterol concentration in the cilia increases, 
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leading to SMO activation. The open form of SMO is accessible to kinesin protein KIF3 

which drives SMO localization to the base of cilia. The GPCR like activation of SMO is 

proposed via a GŬi protein that couples with the open conformation of SMO in the 

cilium.
65

 Once active inside the cilium, SMO activity is regulated by the concentration 

gradient of cholesterol. This gradient is dependent on Hh ligand concentration which 

regulates cholesterol influx through PTC1.
66

  

3.2.3 The Hh pathway in disease and cancer 

Aberrations in Hh signaling regulation are responsible for various types of cancers. There 

are three types of Hh pathway activity models proposed in cancer (See Figure 9).
67

 

In type 1 cancers, the Hh pathway is abnormally activated because of ligand-independent 

mutations (see Figure 9 A). Activating mutations in SMO or inactivating mutations in 

PTC1 result in constitutively active Hh signaling independent of Hh ligand. The type 1 

model was first observed in patients with Gorlin syndrome that harbored inactivating 

mutations in PTC1. Therefore, patients with Gorlin syndrome are prone to BCC, 

medulloblastoma and rhabdosarcoma.
68

 Inactivating mutations are also reported for 

SUFU which renders resistance to drugs acting upstream of SUFU. Therefore, drugs 

acting downstream of SUFU are needed for treatment of cancers originating due to type I 

cancers. 

Type 2 cancers are a result of ligand-dependent Hh signaling in an autocrine or 

juxtracrine manner. The Hh ligand produced by the tumor cell acts on the same or nearby 

cells in an autocrine or juxtacrine manner respectively, thereby stimulating the growth 

and proliferation of cancerous tissue. This type of model is observed in colon cancer. 

Inhibitors acting upstream or downstream of SMO may show effectiveness in type 2 Hh-

driven cancers. In type 3 cancers (see Figure 9 B and C) the Hh ligand overproduced by 

tumor cells, stimulates stromal cells in a paracrine manner. The stimulation of stromal 

cells leads to secretion of growth factors (VEGF, IGF etc) which in turn support growth 

and survival of tumor cells (see Figure 9 B). Alternatively, Hh ligand is secreted by 

stromal cells which stimulate growth and proliferation of tumor cells. This type of model 

is known as reverse paracrine signaling mode (see Figure 9 C). 
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3.3 Modulators of the Hh signaling pathway 

3.3.1 SMO inhibitors  in clinical trials  

The natural product cyclopamine was the first known inhibitor of SMO. Cyclopamine 

was discovered for causing cyclopia, when sheep that ingested Veratrum californicum 

during their gestation period gave birth to progeny with birth defects including cyclopia. 

The steroid alkaloid causing this was isolated from the plant extract of Veratrum 

californicu and named cyclopamine.
48

 However, cyclopamine was not tested clinically for 

its use in cancer therapy because of moderate inhibition of Hh target gene expression, 

poor aqueous solubility and lack of stability in acidic pH.
69

 SMO is the most druggable 

target in Hh signaling and all small molecules that have reached clinical trials are 

antagonists of SMO (see Figure 10 A). Vismodegib was the first molecule to enter 

clinical trials and gain FDA approval in 2012 for the treatment of BCC. Vismodegib was 

co-developed by Curis and Genentech and marketed under the tradename Erivedge
TM

. 

Novartis Institute of Biomedical Research developed NVP-LDE225 (Sonidegib) as a 

potent SMO antagonist. Sonidegib is in phase I/II clinical trials for the treatment of BCC, 

acute leukemia and medulloblastoma.
70

 PF-04449913 (Glasdegib) was developed by 

 

Figure 9. Models of Hh pathway activation in cancer. 

(A) Inactivating mutations in the negative repressors PTC1 and SUFU or activating mutations in the 

positive regulator SMO lead to ligand-independent activation of the Hh pathway. (B and C) Ligand-

dependent activation occurs through paracrine (B) or óóreverse paracrineôô mechanisms (C). (B) Tumor cells 

secrete Hh ligand that stimulates surrounding cells (e.g., stromal cells) in a paracrine manner. In response to 

stimulation by Hh, the stromal cells release tumor-supporting factors such as IL6, VEGF, IGF and Wnts. 

(C) In reverse paracrine activation, Hh ligand is produced by surrounding non-tumor cells that stimulate the 

growth of tumor cells. (Modified from Fujia Wu et al., 2017)
67
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Pfizer as a potent SMO antagonist which is currently in phase I/II clinical trials for the 

treatment of acute myeloid leukemia and myelodysplastic syndrome.
71

 BMS-833923 was 

developed by Bristol-Myers Squibb in collaboration with Exelixis and is being evaluated 

in phase I and II as a single agent as well as in combination for the treatment of various 

cancers.
72

 LY2940680 (Taladegib) developed by Eli Lilly is in phase I and II trials for the 

treatment of pediatric medulloblastoma and small cell lung cancer.
73

 Table 1 summarizes 

the bioactivity of above mentioned SMO antagonists. 

3.3.2 Inhibitors upstream of SMO 

Interfering with binding of the Hh ligand to Ptch1 is another attractive strategy to inhibit 

Hh signal transduction. The monoclonal antibody 5E1 was developed at Howard Hughes 

Medical Institute (Maryland, USA) to block the binding of Hh ligand to PTC1 with low 

nanomolar potency.
74

 However, the antibody failed to advance to clinical development 

because of moderate activity in cells. RU-SKI-43 was identified as an inhibitor of Hhat-

mediated palmitoylation of SHH - a post-translational modification necessary for activity 

of SHH. However, RU-SKI-43 did not display any anti-cancer activities in vitro or in 

vivo.
75

 Researchers at the Broad Institute (Cambridge, USA) developed robotnikinin, 

which binds to the active N-terminal fragment of SHH, thereby inhibiting Hh signal 

transduction.
76

 Statins are another class of molecules that inhibit Hh upstream of SMO. 

Progeny of pregnant women administered statins like cerivastatin, simvastatin, lovastatin 

Table 1. Established SMO inhibitors in clinical trials. 

SMO inhibitors in clinical trials and their sensitivity towards cell with the D473H point mutation.  

Compound 
IC 50 wild-type 

SMO 
IC 50 D473H SMO Development status 

Vismodegib 3-22 nM Loss of activity Clinically approved 

NVP-LDE2225 2.5 nM Loss of activity Phase III  

PF-04449913 5 nM Not reported Phase II 

BMS-833923 21 nM Not reported Phase II 

LY2940680 2.4 nM Active Phase II 
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or atorvastatin, displayed birth defects like holoprosencephaly. Statins reduce cholesterol 

biosynthesis by inhibiting 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) reductase. The 

reduction of cholesterol biosynthesis leads to inhibition of cholesterol-dependent Hh 

pathway.
77

 Therefore, compactin- a statin derived molecule was developed to deplete 

cholesterol levels in the cell and thereby maturation of the Hh protein (See Figure 10 B).
78

 

3.3.3 Inhibitors downstream of SMO 

Mutations upstream in the Hh signaling pathway components result in Hh-dependent type 

1 cancers. Therefore, therapies that act downstream of SMO and SUFU are desired to 

overcome mutation-related resistance. GLI transcription factors are attractive targets for 

inhibiting Hh signaling at the transcriptional level. GANT58 and GANT61 are two 

structurally different inhibitors that were identified to inhibit GLI transcription in a screen 

performed in HEK293 cells.
79

 Two independent studies have shown that arsenic trioxide 

(ATO) inhibits GLI transcription factors via different mechanisms. ATO improved the 

survival of SMO M2 mutation-expression model of medulloblastoma.
80

 Hh pathway 

inhibitor (HPI 1-4) were identified as potent inhibitors of Hh signal transduction. It was 

demonstrated by Chen et al. that these inhibitors act at or below the level of SUFU. 

Among these four inhibitors, HPI 1 is the most potent inhibitor of Hh pathway activity. It 

is proposed that these compounds inhibit Hh pathway by interfering with GLI processing 

or primary cilia formation (see Figure 10 C).
10

 In another high-throughput screen, the 

natural product physalin F was identified as a potent inhibitor of GLI1. Physalin F 

inhibited GLI transcriptional activity with an IC50 of 0.66 µM.
81

 

3.3.4 Activators of Hh signaling pathway 

Purmorphamine, a purine derivative, was identified as Hh pathway agonist in an 

osteoblast differentiation assay performed in mouse mesenchymal C3H/10T1/2 cells.
82

 

C3H/10T1/2 cells undergo osteoblast differentiation, i.e. osteogenesis, upon Hh pathway 

activation. Levels of alkaline phosphatase (ALP), a gene expressed as a result of 

osteogenesis, are quantified as a measure of Hh pathway activity. The molecular target of 

purmorphamine was identified to be SMO, as the activity of purmorphamine was 

unchanged in PTCH1
-/-

 cells and significantly affected in SMO
-/-

 cells. Also, 

purmorphamine displaced BODIPY-cyclopamine in HEK293T cells overexpressing SMO 

which indicative of binding to SMO.
83
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SAG (SMO Agonist) is another Hh pathway activator found in high-throughput screening 

in Shh-Light2 cells. Experimentally it was shown that SAG binds to SMO and activated 

GLI-mediated transcriptional activity. SMO is locked in open form upon binding of SAG 

to heptahelical bundle of SMO (See Figure 10 D)
48

 

 

Figure 10. Synthetic small molecule modulators of Hh signaling pathway. 

(A) Established SMO inhibitors in clinical trials. (B) Hh pathway inhibitors acting upstream of SMO. (C) 

Hh pathway inhibitors acting downstream of SMO. (D) Hh pathway activators acting at the level of SMO.  
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4 Motivation and aim of the thesis 

The Hh signaling pathway is vital for organ development and body patterning during 

embryogenesis. However, its inappropriate activation is linked to several types of 

cancers.
44

 Therefore, development of small molecule modulators of Hh pathway is of 

utmost importance in the cancer research. 

SMO is the most druggable target in Hh signaling and all small molecules that have 

reached clinical trials are antagonists of SMO. However, there is a need to impinge the 

pathway downstream of SMO due to recently discovered mutations in the SMO.
84

 

In this regards, the aim of the thesis is to identify novel modulators of the Hh signaling 

pathway and establish their mode of action. In order to identify the novel modulators of 

Hh signaling pathway a cell-based screening will be performed. The ñhitsò from this 

primary screening will be chosen for validation in orthogonal assays. Where needed, 

exploration of structure activity relationship (SAR) for the hit compounds should enable 

attachment of a linker for the purpose of affinity-based proteomics in order to identify the 

targets of hit compounds. Validation and mode of action studies will be based on the 

nature of the targets identified.  

Figure 11 summarizes the workflow for identification of novel modulators of Hh 

signaling pathway. The primary cell-based screening will be done in compound 

management and screening center (COMAS) to identify the Hh pathway modulators. Hit 

compounds from this screen will be tested for their ability to modulate GLI transcription 

factor-mediated Hh pathway activity. Since SMO is the most druggable target, the ability 

of the Hh modulators to bind to SMO will be determined by BODIPY-Cyclopamine 

displacement assay. For non-SMO binders SAR exploration followed by affinity-based 

chemical proteomics will be performed in order to identify the targets of hit compounds. 

Target identification process will be followed by target validation experiments, e.g. 

modulation of the identified targets the by hit compounds will be determined by 

biophysical, genetic and target-functional assays.  
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Figure 11. Workflow for identification and characterization of novel modulators of Hh 

signaling pathway 

 

The success of this strategy would enlighten the mechanism of action that modulates Hh 

signaling pathway. Moreover, identification novel targets may allow novel entry points 

for therapeutic intervention downstream of SMO. 
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5 Results and discussion 

5.1 Phenotypic screening to identify Hh pathway modulators 

To investigate the biological activity of small molecules, the phenotype-based approach, 

i.e. forward chemical genetics approach, was followed. As opposed to reverse chemical 

genetics, forward chemical genetics does not need information about biological targets 

and moreover library of diverse molecules can be screened for bioactivity.
6
 COMAS 

library comprising 200,000 compounds was screened in several cell-based phenotypic 

assays, including monitoring the modulation of autophagy, Wnt signaling, glucose 

uptake, Hh signaling. 

To examine Hh signaling pathway modulation, Hh responsive pluripotent mouse 

mesenchymal C3H/10T1/2 cells were used. These multipotent progenitor cells undergo 

osteogenesis to differentiate into osteoblasts. Osteogenesis is the process of bone 

formation by osteoblasts. As a result of osteogenesis, cells produce Alkaline Phosphatase 

(ALP), an enzyme necessary for mineralization during the process of bone formation.
85

 

The level of ALP can be used as a marker of Hh pathway activity and is quantified by 

using the CDP-Star reagent. CDP-Star is dephosphorylated by ALP and converted to a 

meta-stable dioxetane-phenolate anion. The resulting unstable product undergoes decay, 

emitting light which can be quantified by measuring the luminescence.
86

  

The high throughput screening (HTS) of the 160,000 compounds yielded 1500 low 

micromolar inhibitors of the Hh pathway, which dose dependently decreased the 

luminescence with low micromolar IC50s. The compounds that inhibited Hh signaling 

without affecting cell growth and other tested signaling pathways (e.g. Wnt, autophagy, 

glucose uptake etc.) were regarded as hits, and selected for follow-up biological 

evaluation. Within the scope of this thesis, three such hit compounds were selected from 

df-oxindole, bispyrrolidines and bis-ntrophenyle-bipyridine compound classes for 

biological evaluation are depicted in Figure 12. 
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A workflow for evaluation of Hh pathway modulators as noted in Figure 11 was followed 

in an attempt to decipher the mode of action of these hit compounds.  

  

 

Figure 12. Hh pathway inhibitor analogues chosen for biological evaluation and target 

identification. 
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5.2 Biological evaluation of df-oxindoles 

5.2.1 Confirmation of biological activity by secondary assays  

The df-oxindole compound library was synthesized by Yen-Chun Lee, a PhD student in 

the department of chemical biology at the Max Planck Institute of Molecular Physiology, 

Dortmund, Germany, in an effort to design a ligand-directed gold catalysis approach to 

access diverse scaffolds. The library comprised of 21 compounds was assayed in the 

osteoblast differentiation assay at COMAS. Out of 21 tested compounds, seven 

compounds inhibited Hh signaling with low micromolar IC50 (see Table 9). The most 

active compounds MPI-YENLEE-YCL-220 and MPI-YENLEE-YCL-225, here after 

referred to as YCL-220 and YCL-225, had an IC50 of 3.13 µM and 2.75 µM respectively. 

Further, YCL-220 and YCL-225 were assayed in GLI-reporter gene assay - an orthogonal 

assay that is closer to physiological condition of Hh signaling pathway.
87

 The assay is 

peformed using in Shh-LIGHT2 cells, a NIH/3T3 derived cell line stably transfected with 

GLI-dependent firefly luciferase and constitutive Renilla luciferase reporters (Figure 13 

A). 

The ability of the compounds to inhibit purmorphamine induced activation of Hh pathway 

in Shh-LIGHT2 cells was monitored by measuring the firefly luciferase signal and 

normalizing it to the signal for renilla luciferase. In this assay, YCL-220 and YCL-225 

also inhibited the Hh pathway dose-dependently with IC50 of 0.8 ± 0.15 µM and 1.75 ± 

0.42 µM respectively, which are in the same range as the IC50 generated in the 

osteogenesis assay (Figure 13 B). Both the compounds did not affect the Rennila 

luciferase activity, which is under the control of thymidine kinase promoter, therefore 

suggesting GLI-specific inhibition of transcription upon treatment with YCL-220 and 

YCL-225. YCL-220 was chosen for follow-up biological characterization as it was the 

most potent GLI-transcription inhibitor in this series. 
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To further inspect the inhibition of GLI-specific transcription, expression of Hh target 

genes upon YCL-220 treatment was monitored by RT-qPCR. The activation of the Hh 

pathway by stimulation with an agonist, in this case purmorphamine, results in a cascade 

of events which culminates in the activation GLI-dependent transcription of Hh pathway-

specific target genes such as Ptch1 and Gli1.
88

 PTC1 is a negative regulator and GLI1 is 

positive regulator of the Hh pathway. Upon Hh pathway activation, expression of these 

genes is necessary for the Hh pathway regulation, as these proteins control the Hh 

pathway activity by feedback regulation of the pathway. The level of expression of Ptch1 

and Gli1 was monitored in C3H/10T1/2 cells. Upon treatment with various compound 

concentrations along with purmorphamine, total RNA was isolated and cDNA was 

synthesized by a reverse transcription reaction. The cDNA was used in the qPCR 

experiment in order to quantify the expression of Gapdh, Ptch1 and Gli1. The expression  

of Gapdh, used as reference gene, was used to normalize the expression of Ptch1 and 

Gli1. Both the target genes had basal levels of expression upon treatment with DMSO. 

Highest levels of Ptch1 and Gli1 expression was detected upon treatment with 1.5 µM 

purmorphamine and these values were set to to 100% in all further experiments. The RT-

 

Figure 13. Influence of YCL-220 and YCL-225 on the GLI-mediated reporter gene 

expression in Shh-LIGHT2 cells. 

(A) Reporters in Shh-LIGHT2 cells, a NIH/3T3 derived cell line stably transfected with GLI-dependent 

firefly luciferase (Fluc) and constitutive renilla luciferase (Rluc) reporters. (B) YCL-220 and YCL-225 

inhibit GLI-dependent reporter gene expression in Shh-LIGHT2 cells. Cells were treated with 1.5 µM 

purmorphamine and different concentrations of compounds for 48 h. Firefly and renilla luciferase activities 

were determined and ratios of firefly luciferase/Renilla luciferase signals were calculated, which are a 

measure of Hh pathway activity. Nonlinear regression analysis was performed using a four parameter fit. 

All data are mean values of three independent experiments (n = 3)±s.d. 
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qPCR experiments further confirmed the Hh-specific transcriptional inhibition by YCL-

220, which dose dependently inhibited the expression of Ptch1 and Gli1 (Figure 14). 

Upon treatment with 5 µM YCL-220 target gene expression was reduced to 40%, which 

further dropped to 10% at 20 µM. These results confirm the GLI-transcription factor 

dependent inhibition of Hh pathway by YCL-220.  

  

  

 

Figure 14. Effect of YCL-220 on Hh target gene expression. 

C3H/10T1/2 cells were treated with purmorphamine (1.5 µM) and different concentrations of YCL-220 

or DMSO as a control for 48 h before isolation of total RNA. Following cDNA preparation, the relative 

expression levels of Ptch1, Gli1 and Gapdh were determined by means of quantitative PCR employing 

specific oligonucleotides for Ptch1 and Gli1 or Gapdh as a reference gene. Expression levels of Ptch1 

and Gli1 were normalized to the levels of Gapdh and are depicted as percentage of gene expression in 

cells activated with purmorphamine (100%). All data are mean values of three independent experiments 

(n = 3) ± s.d. 
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5.2.2 SMO binding of YCL -220 

In order to explore the biological target of the YCL-220, the ability of YCL-220 to 

directly bind to SMO was explored. SMO appears to be the most druggable Hh pathway 

component. Vismodegib and Cyclopamine are the most studied examples of small 

molecule inhibitors of the Hh signaling which directly bind to the seven transmembrane 

pocket of SMO. A BODIPY-cyclopamine displacement assay was performed in HEK-

293T cells transiently transfected with SMO-expressing construct to determine whether 

compounds competitively bound SMO at this site. BODIPY-cyclopamine binds to cells 

expressing SMO, which is detected as green fluorescent cell staining (Figure 15 A). Upon 

treatment with Vismodegib, BODIPY-cyclopamine is displaced from the cells as 

indicated by loss of the green fluorescence. YCL-220 treatment resulted in decreased 

BODIPY fluorescence in cells indicating that YCL-220 binds to SMO. In order to 

quantify the displacement of BODIPY-cyclopamine, flow cytometry was used to count 

the cells displaying green fluorescence. Cells that were treated with BODIPY-

cyclopamine and DMSO displayed the maximum BODIPY intensity, and were 

normalized to 100% (Figure 15 B). Upon treatment with various concentrations of YCL-

220, a concentration-dependent displacement of BODIPY-cyclopamine from the cell was 

observed similar to vismodegib at 5 µM.  

As an additional confirmation of the SMO binding nature of the YCL-220, the inhibition 

of Hh pathway by YCL-220 upon activation of Hh signaling by 0.1 µM and 1 µM of 

SAG was investigated using the GLI-reporter gene assay. SAG is a SMO agonist which 

activates the Hh pathway by binding to SMO. At higher concentrations, i.e. 1 µM, it 

saturates the binding sites on SMO, resulting into drop in the inhibitory activity of SMO 

antagonists.
10

 As a proof of concept, the activity of vismodegib and GANT61, which 

inhibit the Hh pathway at different levels, was assayed. Upon activation of Hh signaling 

by 1 µM SAG, a drop in the activity of vismodegib was observed (Figure 16 A). 

Conversely, the activity of GANT61, a non-SMO binder, was unaffected when the 

pathway was activated by 1 µM SAG (Figure 16 B). In a similar manner, when Hh 

signaling was activated by 1 µM SAG, YCL-220 was less potent in inhibiting the GLI -

mediated Hh pathway activity (Figure 16 C). This data supports the observation that 

YCL-220 inhibits Hh signaling by binding to SMO. 
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Figure 15. Effect of YCL-220 on SMO-bound BODIPY-cyclopamine. 

(A) HEK293T cells were transiently transfected with SMO expressing plasmid or empty vector. 48 h later 

cells were treated with BODIPY-cyclopamine (5 nM, green) followed by addition of 10 µM of YCL-220 

or 5 µM vismodegib and DMSO as controls and incubation for 1 h. Cells were then fixed and stained with 

DAPI to visualize the nuclei (blue). Scale bar: 20 µm (B) HEK 293T cells ectopically expressing SMO 

were treated with different concentration of YCL-220 or vismodegib and DMSO as controls in the 

presence of BODIPY-cyclopamine (5 nM) for 5 h. The graph shows the percentage of cell-bound 

BODIPY-cyclopamine as detected by fluorescence-activated cell sorting. Data are mean values of three 

independent experiments (n=3) ± s.d.  
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The df-oxindoles possess potentially reactive Michael acceptor functionalities often 

responsible for covalent binding to cellular targets by addition of nucleophiles such as 

thiols in biomolecules. Therefore, to explore the mode of binding of YCL-220 to SMO, 

i.e. reversible or irreversible, a washout step was introduced in the BODIPY-cyclopamine 

displacement assay (Figure 17 A). HEK-293T cells were transfected with pGEM-SMO 

plasmid for 48 h followed by treatment with YCL-220 and DMSO as a control for 1 h. 

Cells were then washed three times with cell culture media in order to wash away the  

bound YCL-220. After the washing steps, cells were supplemented with 5 nM BODIPY-

cyclopamine for 1 h prior to fixation and staining with DAPI to visualize the nuclei. For 

the cells wherein no washout step was introduced, YCL-220 was able to displace 

BODIPY-cyclopamine as indicated by loss of green fluorescence. Whereas, upon 

washout, YCL-220 failed to displace BODIPY-cyclopamine, indicating reversible 

binding of YCL-220 to SMO.  

Furthermore, this reversible binding of the YCL-220 to SMO was assayed using the GLI-

reporter gene assay with an extra washout step. Shh-LIGHT2 cells were treated with 1.5 

ɛM purmorphamine and different concentrations of compound for 30 min. Cells were 

washed three times with cell culture medium followed by addition of fresh medium 

containing 1.5 ɛM purmorphamine or DMSO as a control and incubated for 48 h. Firefly 

and Renilla luciferase activities were determined. As seen in Figure 17 B, the washout 

 

Figure 16. Effect of YCL-220 on GLI -mediated reporter gene expression upon Hh pathway 

activation by SAG. 

(A) Influence of vismodegib, (B) GANT61 and (C) YCL-220 on GLI-mediated reporter gene expression 

upon Hh pathway activation in Shh-LIGHT2 cells by SAG (0.1 µM and 1 µM). Cells were treated with 0.1 

µM or 1.0 µM SAG and different concentrations of compounds for 48 h. Nonlinear regression analysis was 

performed using a four parameter fit. Data are mean values of three independent experiments (n=3) ± s.d. 

and were normalized to cells treated with the respective concentration of SAG (set to 100%).  



Results and discussion 

 

39 

steps decreased the potency of YCL-220 when compared to no washout step as detected 

by shift in the curve confirming the reversible binding of YCL-220 to SMO.  

 

Figure 17. Washout experiment to access the mode of SMO inhibition by YCL-220. 

(A) HEK293T cells were transiently transfected with SMO-expressing plasmid or empty vector. 48 h later 

cells were treated with 10 ɛM YCL-220 and DMSO as a control for one hour. Cells were then washed 

three times with medium, treated with 5 nM BODIPY-cyclopamine (green) for 1 h prior to fixation and 

staining with DAPI to visualize the nuclei (blue). Scale bar: 20 ɛm. (B) Hh signaling activity was 

determined using GLI-dependent reporter gene expression in Shh-LIGHT2 cells. Cells were treated with 

1.5 ɛM purmorphamine and different concentrations of compounds for 30 min prior to washout followed 

by addition of fresh media containing 1.5 ɛM purmorphamine or DMSO as a control and incubation for 48 

h. Firefly and renilla luciferase activities were determined. Ratios of firefly luciferase/renilla luciferase 

signals were calculated as a measure of Hh pathway activity. Nonlinear regression analysis was performed 

using a four parameter fit. Data are mean values of three independent experiments (n = 3) ± s.d. 
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5.2.3  Effect on the ciliary transport of SMO 

 In vertebrate Hh signaling, Ptc1-induced inhibition of SMO is relieved upon Hh ligand 

binding. SMO in its active form initiates the cascade of Hh signaling events, which 

culminate in the transcription of Hh target genes. Most of the signaling cascade events 

occur in the primary cilium and involve mobilization of multiple pathway components to 

the cilium. Upon Hh pathway activation, SMO is laterally trafficked to the primary cilium 

via intraflagellar transport (IFT) through binding of the kinesin-like protein KIF3a. 

However, genetic studies showed that SMO is constantly cycling through the cilium 

without activating the Hh pathway. Thus the localization of SMO into the cilium is 

necessary but not sufficient for Hh pathway activity.
89

 

The Hh pathway inhibition due to SMO antagonism can have different effects on the 

localization of the SMO to the cilia. For example, vismodegib inhibits Hh pathway by 

antagonizing SMO and blocking its entry into the cilium. Contrary to this mode of 

inhibition, cyclopamine inhibits Hh pathway by antagonizing SMO but without blocking 

SMO entry into cilium. In order to investigate the effect of YCL-220 on SMO trafficking 

to the cilium, NIH/3T3 cells were treated with 1.5 µM purmorphamine and 2 µM 

vismodegib or 5 µM YCL-220 for 24 h. To visualize the localization of SMO to the 

primary cilium, cells were stained with an antibody against acetylated tubulin to stain 

cilium and against SMO protein followed by fluorescence microscopy. Upon 

purmorphamine treatment, SMO was localized to the cilium, as detected by co-

localization of SMO with cilium, indicating the activation of Hh pathway (Figure 18). As 

reported in literature, treatment with vismodegib abolished the localization of SMO to the 

cilium. Similarly, upon treatment with YCL-220 purmorphamine-induced SMO 

localization into the cilium was inhibited. 

The Michael acceptor functionalities in df-oxindoles may lead to instable compound 

upon reaction with cellular nucleophiles such as thiols in biomolecules. To address this 

concern, the stability of YCL-220 in the presence of glutathione (GSH) was 

determined after different incubation times (1, 24 and 48 h) in 5 mM GSH in PBS. 

Under the tested conditions, no reactivity of YCL-220 towards 5 mM GSH 

representing cellular concentrations of GSH was observed as indicated by the 

abundance of YCL-220 in the presence of 5 mM GSH (Figure 19). Therefore, YCL-220 
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appears to have a non-covalent and reversible mode of SMO binding and Hh pathway 

inhibition. 

 

 

Figure 19. Reactivity of YCL-220 towards GSH. 

YCL-220 (30 µM) was incubated with 5 mM GSH or PBS. Reactivity of the compounds towards GSH was 

measured by HPLC. Numbers are percent abundance of the compound in GSH as compared to their 

abundance in PBS at the given time points. Data are mean values of three independent experiments (n = 3) 

± s.d. 

 

  

 

Figure 18. Effect of YCL-220 on ciliary localization of SMO. 

NIH/3T3 cells were treated with purmorphamine (1.5ɛM) for 2h followed by addition of 2 µM vismodegib 

or 5 µM YCL-220, and further incubation for 12h. Cells were then fixed and stained with DAPI to 

visualize the nuclei (blue), SMO (red) and cilia (acetylated tubulin; green). Insets: representative single 

cilium. Scale bar: 10ɛm. 



Results and discussion 

 

42 

5.2.4 Summary and outlook for df-oxindole YCL-220 

In an effort to develop ligand-directed gold catalysis approach to diverse scaffold 

synthesis, Yen-Chun Lee synthesized 21 df-oxindole-based compounds. An osteoblast 

differentiation assay that monitors Hh pathway activity identified 7 out of 21 

compounds as inhibitors of Hh signaling. Orthogonal assays revealed YCL-220 as a 

potent inhibitor of GLI - mediated inhibition of Hh signaling with an IC50 value of 0.8 

µM. Target identification efforts revealed reversible antagonism of SMO by YCL-220. 

Similar to Vismodegib, YCL-220 inhibited SMO by blocking SMO entry into the 

cilium, a necessary step in Hh pathway activation. 

Although there are several compounds established as SMO inhibitors, df-oxindoles 

expand the tool-kit for studying the reversible binding to SMO.  
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5.3 Biological evaluation of pyrrolidines 

5.3.1 Confirmation of bi ological activity by secondary assays  

Dr. Rishikesh Narayan a post-doctoral researcher in the Department of Chemical Biology 

at the Max Planck Institute of Molecular Physiology, Dortmund, Germany reported a 

[3+2] cycloaddition-based enantioselective methodology to access functionalized 

tropanes. The screening for biological activity at COMAS of the resulting compound 

collection revealed potent inhibitors of Hh signaling pathway. Inspired by these results, 

Dr. Narayan and Dr. Erchang Shang further explored the chemical space, defined by these 

compounds. Towards this end, a small molecule library of pyrrolidines was synthesized 

and screened by COMAS for potential Hh pathway inhibition by employing the 

osteoblast differentiation assay. 

The most active compounds RKN-1043 and SHANG-244 (Figure 20) had an IC50 value 

for inhibition of purmorphamine-induced osteogenesis of 1.5 ± 0.2 µM and 1.8 ± 0.0 µM, 

respectively (Table 8). The Hh inhibitory activity of these compounds was confirmed in 

the orthogonal GLI-reporter gene assay with IC50 values 1.6 ± 0.15 µM and 2.0 ± 0.35 

µM for RKN-1043 and SHANG-244 (Figure 21). Because of the fact that these two 

compounds are epimers and RKN-1043 is more potent in the osteoblast differentiation 

and GLI-reporter gene assay, RKN-1043 was chosen for further biological evaluation. 

RT-qPCR experiments further confirmed the inhibition of Hh target gene expression by 

RKN-1043, which dose dependently inhibited the expression of Ptch1 and Gli1 (Figure 

21 B). Upon treatment with 10 µM RKN-1043 target gene expression was reduced to 20 

 

Figure 20. Chemical structures of RKN-1043 and SHANG-244. 
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to 30%, which further dropped to 10% at 20 µM. The qPCR experiments along with the 

GLI-reporter gene assay confirmed GLI-dependent inhibition of the Hh pathway by 

RKN-1043.  

Furthermore, RKN-1043 treatment failed to displace BODIPY-cyclopamine from the cell 

indicating that RKN-1043 does not bind to the cyclopamine binding site of SMO (Figure 

22). In order to quantify the displacement of BODIPY-cyclopamine, flow cytometry was 

used to count the cells displaying green fluorescence because of bound BODPY-

cyclopamine. Cells that were treated with BODIPY-cyclopamine and DMSO displayed 

the maximum BODIPY intensity, and were set to 100% (Figure 22 B). Treatment with 

various concentrations of RKN-1043 failed to displace BODIPY-cyclopamine from the 

cell surface therefore confirming the microscopy results. 

 

Figure 21. Influence on the GLI -mediated transcription by RKN-1043 and SHANG-244. 

(A) RKN-1043 and SHANG-244 inhibit GLI-dependent reporter gene expression in Shh-LIGHT2 cells. 

Cells were treated with 1.5 µM purmorphamine and different concentrations of compounds for 48 h. Firefly 

and Renilla luciferase activities were determined and ratios of firefly luciferase/Renilla luciferase signals 

were calculated, which are a measure of Hh pathway activity. Nonlinear regression analysis was performed 

using a four parameter fit. All data are mean values of three independent experiments (n = 3) ± s.d. (B) 

C3H/10T1/2 cells were treated with purmorphamine (1.5 µM) and different concentrations of RKN-1043 or 

DMSO as a control for 48 h before isolation of total RNA. Following cDNA preparation, the relative 

expression levels of Ptch1, Gli1 and Gapdh were determined by means of RT-qPCR employing specific 

oligonucleotides for Ptch1 and Gli1 or Gapdh as a reference gene. Expression levels of Ptch1 and Gli1 

were normalized to the levels of Gapdh and are depicted as percentage of gene expression in cells activated 

with purmorphamine (100%). All data are mean values of three independent experiments (n = 3) ± s.d. 
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Figure 22. Effect of RKN-1043 on SMO-bound BODIPY-cyclopamine. 

(A) HEK293T cells were transiently transfected with SMO expressing plasmid or empty vector. 48 h later cells 

were treated with BODIPY-cyclopamine (5 nM, green) followed by addition of 10 µM of RKN-1043 or 5 µM 

vismodegib and DMSO as controls and incubation for 1 h. Cells were then fixed and stained with DAPI to 

visualize the nuclei (blue). Scale bar: 20 µm (B) HEK 293T cells ectopically expressing SMO were treated with 

different concentration of RKN-1043, vismodegib or DMSO as control in the presence of BODIPY-

cyclopamine (5 nM) for 5 h. The graph shows the percentage of cell-bound BODIPY-cyclopamine as detected 

by fluorescence-activated cell sorting analysis. Data are mean values of three independent experiments (n=3) ± 

s.d. 
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To rule out the interference of RKN-1043 with SMO localization to cilia, cells were 

treated with RKN-1043 along with purmorphamine. To visualize the localization of SMO 

to the primary cilium, cells were stained with an antibody against acetylated tubulin and 

SMO protein followed by respective secondary antibodies. SMO was localized to cilia 

upon Hh pathway activation by purmorphamine (Figure 23). However, RKN-1043 did 

not affect the localization of SMO into cilia as indicated by the co-localization of 

acetylated tubulin and SMO. Thus, indicating that RKN-1043 might be acting 

downstream of SMO for inhibition of the Hh pathway. 

  

 

Figure 23. Effect of RKN-1043 on the ciliary localization of SMO. 

NIH/3T3 cells were treated with 1.5 µM purmorphamine for 2h followed by addition of 2 µM vismodegib or 

5 µM RKN-1043, and further incubation for 12h. Cells were then fixed and stained with DAPI to visualize 

the nuclei (blue), SMO (red) and cilia (acetylated tubulin; green). Insets: representative single cilia. Scale 

bar: 10ɛm. 
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5.3.2 Computational target prediction 

To identify the molecular targets of RKN-1043, computational target prediction using 

SPiDER was attempted in collaboration with the group of Prof. Gisbert Schneider, ETH, 

Zurich. SPiDER predictions were based on the topological features, scaffold connectivity, 

and target interaction potential similarity of well-established drugs with RKN-1043. 

SPiDER predicted the Cholecystokinin receptor A and B (CCKA and CCKB), Glucagon 

receptor and protein tyrosine phosphatases 1 B (PTP1B) as putative targets of RKN-1043. 

It is paramount to experimentally validate the computationally predicted targets of RKN-

1043 because the predicted binding does not guarantee the physiological modulation of 

the target by small molecule. Therefore, it is necessary to demonstration that a small 

molecule binds directly to the target protein and leads to modulation of target protein 

function.  

5.3.2.1 Influence of RKN-1043 on PTP1b enzymatic activity  

Protein phosphorylation is one of the most important post-translational modification 

processes. Protein kinases and protein phosphatases reversibly regulate protein 

phosphorylation. PTP1B catalyzes the dephosphorylation of insulin receptor kinases and 

plays a critical role in insulin signaling.
90

 For measuring the PTP1B activity, p-

nitrophenyl phosphate (pNPP) was used as a substrate. Dephosphorylation of pNPP 

results in the production of p-nitrophenol (pNP), which causes an increase in the 

absorbance at 405 nm. 

In order to determine the concentration of PTP1B to be used in enzymatic assay, various 

concentrations of PTP1B were incubated with 2 mM pNPP at 37 °C for 30 min and the 

generation of pNP was detected by monitoring the absorbance at 405 nm (Figure 24 A). 

Linear rate of pNPP conversion was observed with 0.15 µg of PTP1B and 2 mM of 

pNPP, therefore these conditions were used for determining the effect of RKN-1043 on 

the enzymatic function of PTP1B. For this, PTP1B was pre-incubated with various 

concentration of sodium orthovandate or RKN-1043 followed by addition of pNPP to 

initiate the enzymatic reaction. Sodium orthovandate, a general competitive inhibitor for 

PTP, inhibited the conversion of pNPP to pNP as indicated by decreasing absorbance at 

405 nm (Figure 24 B). However, RKN-1043 did not affect PTP1B enzymatic function as 

indicated by complete conversion of pNPP to pNP (Figure 24 C). These results indicate 
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that RKN-1043 has no effect on the enzymatic activity of PTP1B, thus deprioratizing 

PTP1B as a potential target of RKN-1043. However, the probable binding of RKN-1043 

to PTP1B and targeting its non-enzymatic functions cannot be completely ruled out and 

needs further investigations. 

 

Figure 24. Infleunce of RKN-1043 on the enzymatic activity of PTP1B. 

(A) PTP1B enzyme concentration optimization. Various concentrations of PTP1B were incubated with 

2 mM pNPP at 37 °C. Conversion of pNPP to pNP was monitored by measuring the absorbance at 405 

nm. (B) Effect of sodium orthovandate and (C) RKN-1043 on the enzymatic activity of PTP1B. 0.15 µg 

of PTP1B was preincubated with various concentrations of the compounds and DMSO as a control. The 

enzymatic reaction was initiated by addition of 2 mM pNPP and the generation of pNP was monitored 

by measuring the absorbance at 405 nm. Data are representative of three independent experiments 

(n=3). 

 

5.3.2.2 Effect of RKN-1043 on CCKA, CCKB and glucagon receptor 

CCKA and CCKB are receptors for cholecystokinin, a peptide that acts as a peripheral 

hormone and as a central neurotransmitter.
91

 Glucagon receptor is class B GPCR that is 

activated by glucagon. Glucagon-mediated stimulation results in activation of adenylate 
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cyclase and increased levels of intracellular cAMP.
92

 This promotes the activation of 

adenylate cyclase and thus regulates hepatic glucose homeostasis.
93

 

In order to determine whether RKN-1043 binds to CCKA, CCKB and glucagon receptor, 

in vitro binding assays were performed by Eurofins BioPharma Product Testing. The 

GPCR binding assays were performed in whole membranes expressing high levels of 

GPCRs, the binding of RKN-1043 to GPCRs was calculated as a percent inhibition of the 

binding of a radioactively labeled ligand, which is specific for each target. Table 2 shows 

percent inhibition of radiolabeled CCKA [
125

I]CCK-8s, CCKB [
125

I]CCK-8s and 

[
125

I]glucagon ligand binding to their respective GPCRs upon treatment with 10 µM 

RKN-1043. Minimal effect (less than 25 %) on the GPCR binding was observed with 

RKN-1043 treatment. However, such inhibition (or stimulation) lower than 25% is not 

considered significant and mostly attributable to variability of the signal around the 

control level. Based on these results it was concluded that RKN-1043 does not bind to 

any of the tested receptors. Therefore, the predicted target binding was de-validated and 

these targets were not pursued further. 

 

The SPiDER based target predictions based on the pharmacophoric similarity to 

established drugs did not lead to successful identification of the targets for RKN-1043. 

One of the drawbacks for predictions based on pharmacophoric similarity is the reliability 

of the biological data available for the established drugs. In addition, the pharmacokinetic 

Table 2. Influence of RKN-1043 on radioligand labelled GPCR binding. 

The in vitro binding assays were performed by Eurofins BioPharma Product Testing. RKN-1043 binding 

was calculated as a percent inhibition of the binding of radiolabeled CCKA [
125

I]CCK-8s, CCKB 

[
125

I]CCK-8s and [
125

I]glucagon ligand specific for each target. The values represent the percent inhibition 

of the ligand binding obtained from two (n) independent experiments and their mean.  

GPCR 

Inhibition of control specific binding (%)  

n1 n2 Mean ± s.d. 

CCK1 (CCKA) (h) (agonist radioligand) -6.2 -2.1 -4.2 ± 2.9 

CCK2 (CCKB) (h) (agonist radioligand) -22.8 -14.5 -18.7 ± 5.9 

Glucagon (h) (agonist radioligand) -22.1 -19.5 -20.8 ± 1.8 
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and pharmacodynamic properties of the small molecules greatly influence the bioactivity. 

Therefore, the predictions arising from curating such data might lead to target predictions 

that cannot be validated experimentally. 

5.3.3 Influence of RKN-1043 on kinases involved in Hh signaling 

Protein kinases play predominant role in the regulation of cellular processes. 

Phosphorylation of proteins by kinases leads to functional changes in the target protein. 

Therefore the effect of RKN-1043 on the kinases that are known to regulate Hh signaling 

was determined by Eurofins. The biochemical inhibition of the tested kinase by 10 µM 

RKN-1043 was determined by activity based assays (Table 10). However, RKN-1043 did 

not influence the tested kinases and therefore needs further efforts on identification of the 

novel regulators of Hh signaling pathway.   

5.3.4 Target identification by chemical proteomics 

The initial biological characterization data suggest that RKN-1043 is a potent inhibitor of 

Hh signaling acting downstream of SMO. The computationally predicted targets PTP1B, 

CCKA, CCKB and glucagon receptor were de-validated by in house or external assays. 

Therefore, in order to identify the molecular target(s) of RKN-1043, chemical proteomics, 

i.e. affinity-based chromatography (pull-down) was employed. For this technique, an 

active and control (inactive) affinity probe are required to enrich the molecular targets in 

pull-down experiments that can be analyzed by mass spectrometry. In order to synthesize 

the active and control linkers, primary screening data of the compounds synthesized by 

Dr. Rishikesh Narayan and Dr. Erchang Shang were taken into consideration to delineate 

a structure-activity relationship (SAR) (Figure 25).  
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Figure 25. SAR for bridged bispyrrolidines based on the Hh pathway inhibition in 

osteogenesis assay and reporter gene assay. 

Replacement of the methyl substituent on the bispyrrole at R
1
 by a bulkier group led to 

decrease in bioactivity. Para-bromo substitution on the aryl ring (R
2
) was indispensable 

for the bioactivity as other substitutions had a negative impact on the potency. The 

substitution pattern on the aryl rings (R
3
 and R

4
) of the chalcone was crucial for 

bioactivity. The aryl ring (R
3
) tolerated modifications at meta and para positions with 

slight decrease in bioactivity. Modifications on the aryl ring (R
4
) resulted in loss of 

bioactivity. Therefore, based on the SAR, R
3
 was identified as suitable site for linker 

attachment as a range of substituents at meta and para position retained biological 

activity. Interestingly, RKN-1082, an analog with a bromine at the para position at R
4
 

was inactive in the GLI-reporter gene assay. Therefore, synthesis of an active and contol 

pull-down probe was planned with linker attachment at the para position of R
3
 on the 

chalcone part of the compound with or without bromine modification at the para position 

on R
4
. In addition, a simplified control probe was designed containing only the chalcone 

part. 

The linker for the probe synthesis was prepared by mono-Boc protecting the amine on the 

2,2 -́(ethylenedioxy)-bis(ethylamine) (Figure 26). To avoid the di-Boc protection, one 

equivalent of di-tert-butyl dicarbonate was used with five equivalents of 2,2´-

(ethylenedioxy)-bis(ethylamine). The resultant linker 1 was used without purification. 4-

carboxy chalcone 2 was prepared by an aldol condensation of 4-carboxybenzaldehyde 

and acetophenone. Alternatively, compound 3 was prepared upon aldol condensation of 

4-bromo-4-carboxybenzaldehyde and acetophenone. Finally, chalcone linker fragments 4 

and 5 were prepared by amide coupling of 1 and 2 or 1 and 3. 
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Figure 26. Synthetic scheme for chalcone-linker fragment synthesis. 

(a) BOC2O, DCM, 0 °C to rt, 18 h. (b) 20% KOH (aqueous) EtOH, rt, 16 h. (c) HBTU, Et3N, DMF, rt, 16 

h. 

Compound 6 was prepared in two steps. In the first step, N-methyl maleimide and 4-

bromo-iminoester underwent a [3+2] asymmetric cycloaddition catalyzed by tetrakis- 

(acetonitrile) copper(I) tetrafluoroborate to yield bispyrrole building block, which in a 

second step was oxidized by tert-butyl hydroperoxide to yield 6 (Figure 27). 

In order to synthesize the active probe, 4 and 6 were stirred with tetrakis- (acetonitrile) 

copper (I) tetrafluoroborate and DBU to yield active probe 7 upon Michael addition. 

Similarly, 5 and 6 were stirred to prepare inactive probe 8. The choice of control probe is 

crucial in the target identification process. Close similarity of the positive and negative 

linker is desired in order to reduce the number of proteins that bind non-specifically to the 

core scaffold. In this case, probes 7 and 8 are identical to each other except for the para 

substitution of bromine on the aryl ring (R
4
). 

Compound 4 is a Michael acceptor, which may form covalent bonds to nucleophilic sites 

of proteins and DNA.
94

 Therefore, to prepare the simplified control probe 9, 4 was 

reduced by refluxing with dichloro(pentamethylcyclopentadienyl)iridium(III) dimer.  
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Having synthesized the desired probes, it was necessary to test their potency in the 

phenotypic assays. Therefore, the probes 7, 8 and 9 were tested in GLI-reporter gene 

assay prior to Boc de-protection as the free amine group may interfere with the cell 

permeability and give rise to false negative outcomes (Figure 27). The desired active 

probe 7 (IC50=12.0 µM) was less active than the hit molecule RKN-1043 (IC50=1.5 µM). 

Attachment of the linker might have affected the cell permeability or the interaction with 

target molecule therefore leading to drop in activity. However, 7 was deemed sufficiently 

active to be used as a positive pull-down probe in affinity chromatography experiments. 

The planned control probe 8 and simplified control probe 9 were inactive with IC50 values 

of more than 50 µM. 
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Figure 27. Synthetic scheme for the synthesis of pull-down probes. 

(a) Cu(CH3CN)4BF4, (R)-Fesulphos, Et3N, DCM, -10 °C, 4 h. Then TBHP, rt, 4 d. (b) Cu(CH3CN)4BF4, 

DBU, DCM, rt, 16 h. (c) [IrCp*Cl 2]2, K2CO3, iPrOH, 85 °C 5 h. 7, 8 and 9 were tested in GLI-reporter gene 

assay in Shh-LIGHT2 cells. Cells were treated with 1.5 µM purmorphamine and different concentrations of 

7, 8 and 9 for 48 h. Firefly and Renilla luciferase activities were determined and ratios of firefly 

luciferase/Renilla luciferase signals were calculated, which are a measure of Hh pathway activity. 

Nonlinear regression analysis was performed using a four parameter fit.  
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In order to use the probes in affinity chromatography experiments it was necessary to de-

protect Boc group from the linkers in order to attach the probes on NHS-ester magnetic 

beads. The Boc protected linkers, 7, 8, and 9 were stirred with 20% trifluoroacetic acid in 

DCM at 25 °C. The solvent was evaporated under rotary evaporator to recover 

quantitative yields of 10, 11, and 12 in the form of TFA salts (Figure 28). 

 

Figure 28. Synthetic scheme for synthesis of free amine pull-down probes. 

(a) 20% TFA in DCM, rt, 5 h. The products 10, 11 and 12 were recovered in quantitative yields. 
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5.3.5 Target identification by chemical proteomics 

For affinity chromatography N-hydroxy-succinimide (NHS) ester magnetic beads were 

used as a solid support to immobilize pull-down probes 10, 11 or 12. The NHS functional 

group of the activated magnetic beads reacts with the primary amine group to form an 

amide linkage. In order to avoid non-specific binding of the proteins to residual active 

groups, the NHS ester groups were quenched with ethanolamine during the coupling 

stage. NIH/3T3 cell lysates were incubated with the immobilized probes to enable protein 

binding. Non-specifically bound proteins were removed by washing the immobilized 

probes with lysis buffer containing 25 mM magnesium chloride. For the enzymatic 

digestion of bound proteins, magnetic beads were incubated with trypsin and LysC 

endopeptidases that cleave within the polypeptide. Trypsin cleaves at the carboxyl side of 

the lysin or arginine except when they are followed by proline. The LysC peptidase acts 

on the carboxyl side of lysines. Trypsin and LysC were used in combination to achieve 

efficient peptide cleavage. The resulting peptides were purified as mentioned in section 

and analyzed by means of nano-HPLC / MS / MS. The mass spectrometry experiments 

were done at the HRMS facility at the MPI Dortmund and data analysis was performed 

by Dr. Petra Janning (MPI Dortmnd). Statistical analysis was performed to quantify the 

proteins that were selectively enriched by the active probe as opposed to inactive probe. 

The affinity chromatography experiments were performed in technical triplicates using 

the same lysate to increase reproducibility. Several proteins binding to the immobilized 

probes were identified indicating the successful immobilization of the probes on resin. 

Label-free quantification of proteins bound to active probe 10 and inactive probes 11 and 

12 was performed to identify proteins that were enriched preferably with the active probe 

as compared to the inactive probes. Unfortunately, comparative analysis of active probe 

10 with simplified probe 12 did not yield any statistically significant hits (data not 

shown). However, comparative analysis of active probe 10 with inactive probe 11 yielded 

10 potential hits with statistical significance (Table 3). 

The ratio column in Table 3 represents the fold enrichment of the proteins in active probe 

10 against inactive probe 11. Identified proteins such as ATPase inhibitor, guanine 

nucleotide-binding protein, ribosome-recycling factor, 60S ribosomal protein L10a, 60S 

ribosomal protein L32, Hsc70-interacting protein and tropomyosin alpha-4 chain were 

regarded as non-specific binders because they had comparatively low enrichment in the 
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active probe and had been frequently identified in previous pull-down experiments in the 

department. RHO GDP-dissociation inhibitor 1 (RHOGDI1), Filamin-B and Filamin-C 

were considered as potential targets of the RKN-1043 because of the relatively high fold 

enrichment. RHOGDI1 was identified with 33 fold enrichment by the active probe. 

Filamin-B and filamin-C are scaffold proteins and are frequently found in the other pull-

down experiments performed in the department because of their higher abundance in cell 

lysates. However, in these particular experiments Filamin-B and Filamin-C were highly 

enriched in the presence of the active probe.  

Interestingly, the addition of a single bromine on the active linker led to a difference in 

biological activity and binding to proteins in the lysate. The successful identification of 

the potential targets is a validation of the pull-down probe synthesis strategy.  

With intention of validation and better quantification of the identified proteins, SILAC 

lysates were used in the affinity chromatography experiments. Several proteins were 

Table 3. List of proteins enriched by active probe 10 as identified by means of affinity 

chromatography. 

Active probe 10 and inactive probe 11 were immobilized on NHS ester magnetic beads. NIH/3T3 lysate 

was passed on to the probes and target protein identification was performed following the 

aforementioned protocol. The ratios indicate the fold excess of protein enriched in active probe 10 than 

inactive pull-down probe 11. 

Protein names Gene names 
Ratio 

(A/I)  

RHO GDP-dissociation inhibitor 1 Arhgdia 33 

ATPase inhibitor, mitochondrial Atpif1 4 

Filamin-B Flnb 36 

Filamin-C Flnc 27 

Guanine nucleotide-binding protein subunit beta-2-like 

1;Guanine nucleotide-binding protein subunit beta-2-like 1, 

N-terminally processed 

Gnb2l1 6 

Ribosome-recycling factor, mitochondrial Mrrf  3 

Ribosomal protein;60S ribosomal protein L10a Rpl10a - 

60S ribosomal protein L32 Rpl32 9 

Hsc70-interacting protein St13 4 

Tropomyosin alpha-4 chain Tpm4 4 
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identified bound to active and inactive probes. Unfortunately, statistical analysis of the 

ratios of heavy isotope-labelled proteins bound to the active probe (AH) and light isotope 

labelled protein bound to inactive probe (IL) (AH/IL) and vice versa the heavy isotope 

labelled protein bound to inactive probe and light isotope labelled protein bound to active 

probe (IH/AL) did not lead to identification of any protein targets with statistical 

significant identification score. Only one protein, high-mobility group protein HMG-

I/HMG-Y was identified as hit with 0.5 SILAC identification score. 

Moreover, the SILAC experiments failed to identify Filamin-B, Filamin-C and 

RHOGDI1 proteins. It was speculated that the 1:1 mixing step in the SILAC procedure 

might have led to dilution of the bound proteins, therefore, leading to protein 

concentrations that are below the detection limits of the HRMS instrument. To overcome 

this problem, the SILAC experiments were repeated with the use of double concentrations 

of lysate and less stringent washing steps. The salt concentration was varied to retain the 

weakly bound proteins during the washing steps. However, the change in the lysate 

concentration and less stringent washing steps did not yield a reproducible identification 

of potential targets. 

Affinity chromatography-based target identification methods are efficient in identifying 

proteins that are bound to affinity probes. However, due to unspecific binders, the list of 

potential targets might harbor false positive potential targets. In order to identify the true 

target for further biological studies, prioritization and validation of the identified proteins 

is necessary. At this stage, RHOGDI1 was prioritized because of its possible involvement 

in Hh pathway regulation via RHO GTPases that are positive regulators of Hh signaling 

(discussed later in 5.3.6.1).  

In order to validate RHOGDI1 as a potential target, immunoblotting after the pull-down 

was performed. Active and inactive probes were immobilized on the magnetic beads and 

exposed to NIH/3T3 cell lysates. The beads were washed to remove non-specifically 

bound proteins and heated in SDS sample buffer to elute proteins from the beads and 

denature the bound proteins. The resulting samples were then analyzed by SDS-PAGE 

followed by immunoblotting using a RHOGDI1-specific antibody (Figure 29). Higher 

enrichment of RHOGDI1 in positive probe can be seen as compared to control probe in 

the representative immunoblot. Quantification of the western blot image for the intensity 
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of RHOGDI1 revealed almost 2.5 fold higher enrichment by the positive pull-down probe 

as compared to control probe (Figure 29 B).  

This result confirms the target engagement of RHOGDI1 by the active pull-down probe. 

Therefore, further biophysical and genetic validation experiments were carried out to 

confirm RHOGDI1 as a target of RKN-1043.  

 

  

 

Figure 29. Validation of RHOGDI1 as a potential target of RKN-1043 by immunoblotting 

after the pull-down. 

(A) Active probe 10 and inactive probe 11 were immobilized on NHS ester magnetic beads and exposed to 

NIH/3T3 lysates. Bound proteins were eluted and analyzed by immunoblotting using RHOGDI1- specific 

antibody. (B) Quantification of RHOGDI1 enrichment in active probe (set to 1) against inactive probe. 

Data is representative of three independent biological replicates. (n=3) 
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5.3.6 Regulation of RHO GTPases by RHOGDI 

The RAS homologous (RHO) family of GTPases regulates aspects of cell adhesion, 

migration and proliferation. RHO GTPases are a subfamily of the Ras superfamily of 

small GTPases. RHO GTPases are highly conserved in eukaryotes and CDC42, RAC1 

and RHOA are the most studied members of the RHO GTPase family.
95

 Formation of 

stress fibers and focal adhesion is controlled by RHOA,
96

 whereas RAC1 regulates 

formation of membrane ruffles and lamellipodia
97

 and CDC42 regulates the formation of 

actin microspikes and filopodia.
98,99

 

RHO GTPases like all G proteins act as molecular switches. The RHO GTPases are 

prenylated and cycle at the membrane between an active GTP-bound and inactive GDP- 

bound state (Figure 30). The GTPases bind and hydrolyze GTP for the generation of 

energy. The GTPases are regulated by GTPase activating proteins (GAPs), guanine 

nucleotide exchange factors (GEFs) and GDP-dissociation inhibitors (GDIs). 

RHOGEFs promote activation of RHO GTPases by stimulating the release of guanosine 

diphosphate (GDP) to allow binding of guanosine triphosphate (GTP)
100

. Whereas, 

RHOGAPs bind to activated RHOGTPase and stimulate their GTPase activity that leads 

to inactive GDP-bound RHOGTPases.
101

 As an additional control, RHOGDIs act as 

negative regulators of RHO GTPases by sequestering the membrane bound inactive RHO 

GTPases (GDP-bound) to the cytoplasm to maintain them in a soluble inactive state.
102

 

RHOGDIs constitutes a family of three mammalian members: RHOGDI1, RHOGDI2 and 

RHOGDI3.
103

 Initially it was thought that RHOGDIs inhibit the loading and release of 

GDP and loading of GTP to GDP-bound RHO GTPase. However, later it was shown that 

RHOGDIs do not prevent loading of GDP or GTP to nucleotide-free GTPase but rather 

only inhibit the release of the GDP nucleotide.
104

  

At any given time point, the major fraction (90 - 95%) of prenylated RHO GTPases are 

maintained in stable soluble state in the cytosol by RHOGDI.
105

 The isoprenoid moiety at 

the carboxy terminus of the RHO GTPases is essential for the proper folding, subcellular 

localization and signaling. However, in the absence of membranes, the highly 

hydrophobic isoprenoid moiety impairs the proper folding leading to the degradation of 

RHO GTPases. RHOGDI maintains the RHO GTPases in the cytosol and protects them 

from degradation by inserting the isoprenoid moiety in a hydrophobic geranylgeranyl 

(GerGer) binding pocket at the C-terminus of RHOGDI (Figure 31). In the absence of 
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RHOGDI the cytosolic fraction of GTPases is unstable and rapidly degraded by the 

proteasome.
105

 

It is proposed that RHOGDIs act as molecular chaperones by stabilizing RHO GTPases in 

the cytosol and shuttling them between different membrane compartments. However, 

there is different evidence to support or oppose the chaperone-like function of RHOGDI. 

When mutants of constitutively active RAC1 and CDC42 were expressed in RHOGDI-

null cells or wild type cells, no significant difference in the localization of RAC1 and 

CDC42 was found. This lead to the conclusion that RHOGDIs are not needed for the 

 

Figure 30. RHO GTPase regulation by RHOGDI. 

(a) The prenylated RHO GTPase cycle at the membrane between an active GTP-bound and inactive GDP- 

bound state. Guanine nucleotide exchange factors (GEFs) promote activation of RHO GTPase by 

stimulating the release of guanosine diphosphate (GDP) to allow binding of guanosine triphosphate (GTP). 

Whereas, GTPase activating proteins (GAPs) bind to activated RHO GTPase (GTP bound) and stimulate 

their GTPase activity that leads to inactive GDP-bound RHO GTPases. (b) RHOGDIs act as negative 

regulators of RHO GTPases by sequestering the membrane bound inactive RHO GTPases (GDP-bound) in 

the cytoplasm in inactive soluble state. (c) Several RHO GTPases can associate with RHOGDIs and 

compete for binding. Overexpression of GTPase can displace the endogenous GTPase proteins from 

RHOGDI, targeting them for degradation. (d) Free prenylated cytosolic RHO GTPases are unstable and are 

rapidly degraded by the proteasome. (e) A slower pathway for recycling RHO GTPases through vesicle 

trafficking has also been postulated. (Adopted from Rafel Garcia-Mata et al., 2011)
106
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translocation of RHO GTPases to the membrane compartments.
107,108

 Contrasting to these 

observations, a RAC1 double mutant with impaired binding to RHOGDIs failed to cycle 

between membranes. Also, a double mutant CDC42, which is unable to associate with 

RHOGDI, accumulated at the perinuclear region rather than translocating to the plasma 

membrane. Thus supports the chaperone-like function of RHOGDIs. Alternatively, 

studies in yeast have proposed RHO GTPase cycling via relatively slow vesicular 

trafficking.
109

 

 

Figure 31. Crystal structure of RHOGDI1 in complex with a GerGer group (4F38). 

The regulatory arm at the N-terminal domain of RHOGDI binds to the switch I and II domains of RHO 

GTPases. The GerGer group is represented in red bound to the binding pocket on the C-terminus of 

RHOGDI. The crystal structure is adapted from GerGer-RHOA in complex with RHOGDI1.
110

 

The co-existence of two pathways for translocation of RHO GTPases to membranes thus 

explains the proper localization of constitutively active RHO GTPases that cannot interact 

with RHOGDI.
107,108

 Moreover, even in the absence of RHOGDI a small fraction of RHO 

GTPase is localized to the plasma membrane via slower vesicle trafficking that is 

sufficient for inducing the observable phenotype. Therefore, it is proposed that knockout 

of RHOGDI might lead to milder phenotypes due to alternative trafficking via vesicles.
106
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5.3.6.1 RHO GTPases in Hh signaling 

Literature evidence supports the cross-talks between RHO GTPases and Hh signaling 

(Figure 32). In a series of studies by Natalia Riobo et al., it was demonstrated that Hh 

isoforms are capable of stimulating RHOA and RAC1 in a Gi-dependent manner. 

Stimulation of serum-starved HUVEC cells with SHH resulted in three fold increase in 

the levels of RHOA-GTP as indicated by pull-down assays. Interestingly, pre-incubation 

of serum-starved HUVEC cells with either 0.5 ɛM KAAD-cyclopamine or 100 ng/mL 

pertussis toxin (inhibitor of Gi protein) prevented activation of RHOA by SHH indicating 

that RHOA activation by SHH involves SMO and Gi proteins.
111

 Follow-up studies 

showed that stimulation of NIH/3T3 cells with SHH led to activation of RHOA and 

RAC1 dependent on SMO and independent of GLI transcription factors.  

Interestingly, Kenji Kesai et al. have demonstrated that constitutive activation of RHOA 

induces GLI-mediated transcription, whereas dominant negative RHOA suppressed SHH-

mediated activation of GLI transcription.
112

 Extensive genetic studies by Steve Choi et al. 

in hematopoietic stem cells have shown that constitutively active mutant of RAC1 

induced higher expression of GLI-2 and SHH. Conversely, blocking RAC1 activity by 

dominant negative RAC1 decreased the expression of GLI-2 and SHH, therefore 

suggesting a GLI-dependent regulation of Hh signaling by RHO GTPases.
113

 

The literature reports described above demonstrate a complex interplay between Hh 

signaling and RHO GTPases. These studies propose two types of non-canonical Hh 

signaling involving RHO GTPases that are dependent and independent of GLI 

transcription factors. Based on this it can be summarized that activation of RHO GTPase 

results in activation of Hh signaling, and inhibition of the RHO GTPases results in 

inhibition of Hh signaling. 
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Figure 32. Cross-talks between RHO GTPases and Hh signaling. 

Schematic representation of complex interplay between Hh signaling and RHO GTPase. (a) Canonical Hh 

signaling via SMO and GLI (orange arrows). (b) Two types of non-canonical Hh signaling involving RHO 

GTPases that are dependent and independent of GLI transcription factors (blue arrows).  

5.3.7 RKN-1043 binds to the GerGer binding pocket of RHOGDI1  

In order to further investigate the binding of RKN-1043 to RHOGDI1, the effect of RKN-

1043 on RHOGDIs interaction with RHO GTPases was investigated. RHOGDIs 

sequester GDP-bound inactive RHO GTPases as soluble fraction in the cytosol. It is 

proposed that binding of RHOGDI1 to RHO GTPases is a two-step process. In the first 

step the regulatory arm at the N-terminal domain of RHOGDI binds to the switch I and II 

domains of RHO GTPase. This binding leads to slower isomerization of RHOGDI and 

insertion of geranylgeranyl moiety into the hydrophobic pocket of RHOGDI, resulting in 

RHO GTPase release from the membrane. 

In order to determine the effect of RKN-1043 on RHOGDI1ôs binding to RHO GTPases, 

fluorescence polarization experiments were performed by Mohammad Akbarzadeh at 

Heinrich Heine University Düsseldorf. TAMRA-GDPȤbound-RAC1 was titrated with 

increasing concentrations of RHOGDI1 in the presence or absence of 50 µM RKN-1043 

(Figure 33). The prenylated-RAC1 and RHOGDI1 have Kd value of >40 nm.
114

 However, 

the RAC1 used in these experiments was non-prenylated, as prenylated GTPases 

precipitate in the employed buffer, thus making it difficult to use in the experiments. In 

the absence of RKN-1043, RHOGDI1 could bind to non-prenylated RAC1 with 
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dissociation constant (Kd) of 14 µM which correlates with the earlier reported Kd of >10 

µM for non-prenylated RAC1 and RHOGDI1. 
114

  The higher Kd value is attributed to the 

use of non-prenylated RAC1 that has weaker binding affinity for RHOGDI1 because of 

the absence of the prenyl moiety. In the presence of RKN-1043, the Kd value for the 

RHOGDI1-RAC1 interaction was increased to 134 µM. The ~10 fold higher Kd value for 

RHOGDI1-RAC1 interaction indicates that RKN-1043 interferes with RHOGDI1s 

association with RAC1-GDP. 

 

Figure 33. Inf luence of RKN-1043 on the binding of RAC1 to RHOGDI. 

Fluorescence polarization measurements were performed by titrating 1 ɛM TAMRA-GDPȤbound RAC1 

with increasing concentrations of RHOGDI1 in the (A) presence of DMSO or (B) 50 µM RKN-1043. Data 

is representative of three independent experiments. 

Further, the effect of RKN-1043 on the RHOGDI1 mediated extraction of prenylated 

RAC1-GDP from membranes was studied using a liposome sedimentation assay. 

Synthetic liposomes were prepared and prenylated GDP-bound RAC1 was immobilized 

on the liposomes. The presence of the prenyl moiety facilitates the insertion of RAC1 into 

the liposomes. RHOGDI1 was added to the liposomes followed by ultra-centrifugation to 

pellet the liposomes. The addition of RHOGDI1 to the liposome resulted in extraction of 

RAC1 as seen in Figure 34, wherein RAC1 is mostly detected in the supernatant fraction. 

Addition of RKN-1043 along with RHOGDI1 resulted in detection of RAC1 in the pellet 

containing liposomes, indicating the inhibition of RHOGDI1-mediated RAC1 extraction. 

As an additional control to confirm the specificity of RKN-1043, a structurally similar 

inactive analog of RKN-1025 was used in the sedimentation experiment. Addition of 50 

µM RKN-1025 along with RHOGDI1 to the liposomes did not affect the function of 
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RHOGDI1 as RAC1 was detected in the supernatant. This suggests a RKN-1043 specific 

inhibition of RHOGDI1 function. 

 

Figure 34. Influence of RKN-1043 on RHOGDI1-mediated extraction of prenylated RAC1-

GDP from liposomes. 

(A) Schematic representation of the liposome sedimentation assay. (B) Displacement of prenylated GDPȤ
bound RAC1 from synthetic liposomes by GSTȤRHOGDI1 in the presence and in the absence of 50 µM 

RKN-1043 or RKN-1025 was measured using liposome sedimentation assay. (C and D) Prenylated GDPȤ
bound RAC1 displacement from liposomes by GSTȤRHOGDI1 in the presence or absence of 50 µM RKN-

1043 was analyzed under the same condition as in A by liposome floatation assay. (C) Fractions collected 

after gradient centrifugation. (D) The upper fraction containing liposomes was analyzed by WB. Data is 

representative of three independent experiments. (n = 3) 

The long centrifugation step in the liposome sedimentation assay could lead to false 

positive results as protein precipitates can be confused with the liposome pellet. To 

overcome this shortcoming, liposome flotation assays were performed by Mohammad 

Akbarzadeh (Figure 34 C and D). The principle of the flotation assay is similar to the 

sedimentation assay except for the use of a sucrose gradient to separate the liposomes. 

The synthetic liposomes were prepared using 0.2% fluorescent NBD-PE as mentioned in 

section 7.5.6. Upon addition of RHOGDI1 to the liposome-associated RAC1, liposomes 

were separated by centrifugation under sucrose gradient. Upon centrifugation, the 

liposomes were detected in the upper fraction as indicated by fluorescent color of 
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liposomes. The liposome-containing fractions were analyzed by immunoblotting using 

RAC1-specific antibodies. Similar to the sedimentation assay, RHOGDI1 could extract 

RAC1 from liposomes as indicated by the low intensity band in the Figure 34 D. Addition 

of 50 µM RKN-1043 along with RHOGDI1, inhibited RHOGDI1s ability to extract 

RAC1 from liposomes as indicated by the presence of a RAC1 band in the liposome 

fractions. Overall, these experiments demonstrate that RKN-1043 specifically interferes 

with the RHOGDI1-RAC1 interaction and inhibits the RAC1 extraction by RHOGDI1. 

The inability of the inactive analog RKN-1025 to interfere with the RHOGDI1-RAC1 

interaction in the sedimentation assay is an evidence of specificity of RKN-1043 towards 

RHOGDI1. 

Surface plasmon resonance (SPR) experiments were performed as an additional proof of 

RKN-1043 interference with RAC1 extraction by RHOGDI1. SPR enables the detection 

of protein-protein interactions in real time, without the use of labels. The detection system 

is equipped with gold L1 sensor chip that changes refractive index upon binding of 

biomolecules on its surface. In Figure 35 A, an increase in the response units (RU) upon 

loading synthetic liposomes on the L1 sensor chip indicates the immobilization of 

liposomes on the chip. Further, the addition of 5 µM prenylated GDP-bound RAC1 to the 

immobilized liposomes resulted in a massive RU increase that indicates RAC1 binding to 

the liposomes on the chip (Figure 35 B). The signal remained relatively stable after 

washing with buffer but rapidly decreased upon injection of 25 µM RHOGDI1 mixed 

with 50 µM of the inactive derivative, RKN-1025. Addition of RHOGDI1 displaced 

liposome-bound RAC1 significantly slower as compared to RKN-1025 when 50 ɛM 

RKN-1043 was added. Calculated rate constants by mono-exponential fitting of RU 

decays were 0.002 and 0.0032 s
-1

 for RHOGDI1-mediated RAC1 displacement from the 

liposomes in the presence of RKN-1043 and RKN1025, respectively. This confirmed the 

ability of RKN-1043 towards inhibition of RAC1 extraction by RHOGDI1. 
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(A) Synthetic liposomes were loaded on the L1 sensor chip for a period of 1000 sec. (B) Prenylated-GDP-

bound RAC1 was next loaded on the immobilized liposomes. After washing with buffer 25 µM RHOGDI1 

premixed with 50 µM RKN-1043 or RKN-1025 was added to the L1 chip and change in the RU was 

followed over time. Data are representative of three independent experiments.  

The findings from the fluorescence polarization experiment, the liposome sedimentation 

assay, the liposome flotation assay and SPR measurements validate the interference of 

RKN-1043 with RHOGDI1ôs function. Reproducibility of this outcome in diverse assays 

indicates the definite interference of RKN-1043 with the membrane extraction function of 

RHOGDI1. However, the binding site of RKN-1043 cannot be deduced from the above 

mentioned experiments. Therefore, to elucidate the mode of inhibition and binding site of 

RKN-1043 on RHOGDI1, fluorescence polarization experiments with fluorescein 

(FITC)-labelled GerGer-Rab1 peptide were performed. Although RabGTPases bind to 

RHOGDI1 with weaker affinity than RHO GTPase, the interaction is sufficient to study 

whether RKN-1043 can bind to the GerGer binding pocket of RHOGDI1.
115

 A rapid 

increase in the polarization was observed upon addition of RHOGDI1 to FITC-GerGer-

RAB1 peptide indicating RHOGDI1-Rab1 peptide binding as a result of insertion of the 

GerGer group into the hydrophobic pocket of RHOGDI1 (Figure 36). The addition of 

RKN-1043 to this setup in 10 µM steps resulted in steady reduction in polarization. This 

stepwise drop in the polarization indicates competition of RKN-1043 with GerGer-RAB1 

peptide for binding to the GerGer binding pocket. This finding demonstrates that RKN-

1043 binds most likely to the GerGer binding hydrophobic pocket of RHOGDI1 thus 

explaining the inhibition of RHOGDI1-mediated extraction of RAC1-GDP. 

 

Figure 35. Influence of RKN-1043 on RHOGDI1 mediated extraction of GerGer-RAC1 

from liposomes as determined by SPR. 
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Figure 36. Competition of RKN-1043 with FITC -labelled GerGer-Rab1 peptide for binding 

to RHOGDI1. 

Fluorescence polarization measurements were performed by titrating RKN-1043 into mixture of 5 µM 

FITC-labelled GerGer-Rab1 peptide and 50 µM RHOGDI1. 

A small molecule library was synthesized by mimicking the biosynthesis of the natural 

product galanthamine on polystyrene beads. Screening of this library led to identification 

of secramine-an potent inhibitor of the endoplasmic reticulum-to-Golgi-toïplasma 

membrane transport of a viral glycoprotein fused to green fluorescent protein. Secramine 

is proposed to modulate CDC42 by stabilizing the RHOGDI1-CDC42 interaction thus 

leading to inhibition of endoplasmic reticulum-to-Golgi-toïplasma membrane transport of 

glycoproteins.
116

 The inhibitory effects of secramine were dependent on the presence of 

RHOGDI1. However, direct binding of secramine to RHOGDI1 was not proven 

experimentally. Therefore, RKN-1043 is the first molecule to bind directly to the GerGer 

binding pocket of RHOGDI1, thus inhibiting its function of membrane extraction. 
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5.3.8 Genetic validation of RHOGDI1 as target of RKN-1043 

RHOGDI1 was identified as a potential target of RKN-1043 by affinity-based chemical 

proteomics. Biophysical experiments including a liposome sedimentation assay, 

fluorescence polarization assay and SPR binding assay confirmed the direct binding of 

RKN-1043 to the GerGer binding pocket of RHOGDI1. However, a direct involvement of 

RHOGDI1 in Hh pathway regulation is not known. Therefore, the effect of RKN1043-

RHOGDI1 interaction on the regulation of Hh signaling needed to be explored. In order 

to understand the role of RHOGDI1 in the regulation of Hh signaling pathway, 

RHOGDI1 gene expression can be modified by dominant negative controls, antisense 

oligonucleotides, peptide nucleic acids, ribozymes, and siRNAs.
117

 

5.3.8.1 siRNA-mediated RHOGDI1 knockdown 

RNA interference (RNAi) offers a number of advantages over other techniques. The 

transient knockdown mediated by siRNA does not completely diminish the expression of 

a target gene. This is particularly advantageous when the target gene is necessary for cell 

survival as in the case of RHOGDI1 as it directly or indirectly governs cell proliferation 

and other vital cellular processes.
118

 siRNA can be synthetically designed to specifically 

target the gene isoform of interest, thus increasing specificity. Moreover, siRNA-

mediated knockdown can be easily monitored by western blotting of the target protein or 

qPCR of the target mRNA.
117

 The siRNA has two strands of RNA, an antisense guide 

strand and a passenger strand. Upon liposome mediated delivery of siRNA into the cells, 

this double-stranded RNAs are processed by Dicer into a duplex of 19 to 25 bp in length 

with 3 dinucleotide overhangs. Subsequently, this duplex is incorporated into a silencing 

complex known as RNA-induced silencing complex (RISC). The siRNA-RISC complex 

recognizes and induces cleavage of the target mRNA.
119

 

The siRNA-mediated target knockdown causes reduction in the concentration of the 

target protein within the cell, potentially leading to alterations in the observed 

phenotype.
12,120

 The target protein is regarded as a positive regulator of phenotype, if its 

knockdown phenocopies the effect of an inhibitor. In this case lower concentrations of 

inhibitor are required to observe the similar phenotype compared to the cells expressing 

normal target protein levels.
19

 However, if the knockdown of the target leads to increased 
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expression of a phenotype then the target is regarded as a negative regulator of 

phenotype. 

5.3.8.1.1 siRNA-mediated RHOGDI1 knockdown 

For the evaluation of the influence of RHOGDI1 knockdown on the Hh signaling 

pathway and the osteoblast differentiation assay, siRNA-mediated RHOGDI1 knockdown 

efficiency was optimized with regard to the siRNA sequence and the concentration of the 

siRNA.  

Initially, three different RHOGDI1 siRNA sequences and a control siRNA were tested. 

The control siRNA has no specific complementary sequence to a mouse gene as it 

contains at least four mismatches to all mouse genes, and thus served as a reference for 

unspecific effects of siRNA transfection. In order to evaluate RHOGDI1ôs knockdown 

efficiency, C3H/10T1/2 cells were treated with 10 and 30 nM RHOGDI1 siRNAs along 

with 2% (v/v) DharmaFECT
TM

 as a transfection reagent. Figure 37 A shows a successful 

knockdown of RHOGDI1 in C3H/10T1/2 cells. All three siRNAs reduced RHOGDI1 

abundance as demonstrated by immunoblotting for all tested concentrations as compared 

to the control siRNA. Figure 37 B shows the quantification of the RHOGDI1 knockdown 

efficiency. Amongst the three siRNAs, RHOGDI1 siRNA-1 was most efficient in 

reducing the RHOGDI1 protein expression at 10 nM and 30 nM concentrations. 

Interestingly, RHOGDI1 siRNA-1 was most efficient when used at 10 nM showing only 

18% RHOGDI1 expression. On the basis of these results, RHOGDI1 siRNA-1 and 2% 

(v/v) DharmaFECT
TM

 were chosen for the following knockdown experiments. 

In order to determine the effect of RHOGDI1 knockdown on Hh signaling pathway, an 

osteoblast differentiation assay was performed following RHOGDI1 knockdown. Two 

populations of C3H/10T1/2 cells were transfected with RHOGDI1 siRNA-1 and control 

siRNA following the optimized conditions. Cells were reseeded 48 h later in 96-well 

plates and treated with 1.5 µM purmorphamine and various concentrations of RKN-1043 

or DMSO as a control. In the case of RHOGDI1 knockdown 2.5 fold stronger activation 

of Hh signaling was observed upon purmorphamine treatment as compared to 

purmorphamine treatment of cells transfected with control siRNA (Figure 37 C), thus 

indicating that RHOGDI1 is a negative regulator of Hh signaling. Figure 37 D shows the 

luminescence values upon treatment of the siRNA-transfected cells with various 

concentrations of RKN-1043. Both curves show a RKN-1043 concentration-dependent 
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reduction in the Hh pathway activity. Noticeably, the Hh pathway activity is significantly 

enhanced in cells with depleted RHOGDI1. In addition, RKN-1043 is less potent in 

inhibition of osteoblast differentiation in RHOGDI1-depleted cells as marked by the shift 

in inhibition curve to higher concentrations, thereby confirming the modulation of 

RHOGDI1 by RKN-1043 and involvement of RHOGDI1 in Hh regulation. 

As summarized in section 5.3.6.1, RHO GTPases have been linked to Hh signaling as 

positive regulators. Thus, activation of RHO GTPases leads to activation of Hh 

signaling.
112

 RHOGDI1 plays a critical role in the regulation of RHO GTPases as in the 

 

Figure 37. siRNA-mediated knockdown of RHOGDI1 and its influence on Hh signaling. 

(A) C3H/10T1/2 cells were transfected with 10 and 30 nM RHOGDI1 siRNAs and control siRNA using 2% 

(v/v) DharmaFECT
TM

 as a transfection reagent. Cells were lysed and RHOGDI1 knockdown was detected 

by immunoblotting using anti-RHOGDI1 antibody. (B) After densitiometric analysis of the bands that were 

detected in A, the knockdown efficiency was calculated by first normalizing the band intensities of 

RHOGDI1 to the intensities for the bands for b-actin in respective samples. RHOGDI1 expression in the 

control siRNA samples were set to 100%. (C) C3H/10T1/2 cells were transfected with 10 nM RHOGDI1 

siRNA-1 and control siRNA using 2% (v/v) DharmaFECT
TM

 as a transfection reagent. 48 h later cells were 

treated with 1.5 µM purmorphamine and DMSO and osteoblast differentiation was monitored after 96 h. 

The Hh pathway activity in cells treated with control siRNA was set to 100%. (D) C3H/10T1/2 cells were 

transfected with 10 nM RHOGDI1 siRNA-1 and control siRNA using 2% (v/v) DharmaFECT
TM

 as a 

transfection reagent. 48 h later cells were treated with 1.5 µM purmorphamine and different concentrations 

of RKN-1043 and osteoblast differentiation was monitored after 96 h. The curves represent the relative light 

units (RLU) as measure of Hh pathway activity. Data are mean values of three technical replicates and are 

representative of three biological replicates (N =3, n = 3). 
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absence of RHOGDI, cytosolic fractions constituting 90-95% of total RHO GTPases are 

unstable and are rapidly degraded by the proteasome (see 5.3.6). However, William 

Bozza et al., have shown that knockdown of RHOGDI1 indeed led to slight decrease in 

the total RHO GTPase, while the levels of active RHO GTPases (GTP-bound) were 

significantly higher in RHOGDI-deficient cells compared to control cells.
121,122

 The 

depletion of RHOGDI in the cells leads to higher retention of inactive RHO GTPases 

(GDP-bound) at the membrane that are eventually activated by GEFs. As a result, more 

active RHO GTPases are detected at the membrane upon RHOGDI1 knockdown. 

Accordingly, depletion of RHOGDI1 was expected to mark activation of Hh signaling as 

a result of increased levels of active RHO GTPase (GTP-bound) that are positive 

regulators of Hh signaling. Agreeable results were obtained upon RHOGDI1 knockdown 

that led to activation of Hh signaling and therefore higher concentrations of RKN-1043 

are needed to inhibit the Hh pathway (Figure 37).  

The two-step binding process of RHOGDI to RHO GTPases leads to release of RHO 

GTPase from the membrane. The binding of regulatory arm at the N-terminal domain of 

RHOGDI to the switch I and II domains of RHO GTPase inhibits the interaction of GEFs 

with RHO GTPase.
123

 This binding leads to slower isomerization of the RHOGDI and 

insertion of the GerGer moiety in the hydrophobic pocket of RHOGDI, resulting in RHO 

GTPase release from the membrane. The GerGer binding pocket of RHOGDI1 is crucial 

for maintaining the RHO GTPases in stable and soluble form in the cytosol. RKN-1043 is 

an inhibitor of Hh signaling that binds to the GerGer binding pocket of RHOGDI1. 

Therefore, it is tempting to speculate that RKN-1043 displaces the GerGer moiety form 

the binding pocket thus leading to release of the GerGer moiety in the cytosol. This 

release of GerGer moiety induces misfolding and proteasomal degradation of the RHO 

GTPases thus causing RHO GTPase and Hh pathway inhibition (Figure 38). The 

contradicting outcome of the RHOGDI1 knockdown indicates that perturbation by RKN-

1043 and RNAi knockdown of RHOGDI1 have different impact on the RHO GTPase 

regulation cycle. In the case of RKN-1043 mediated RHOGDI1 perturbation, only the 

GerGer binding pocket at C terminus of RHOGDI1 is inhibited while the regulatory arm 

might remain bound to the switch I and II domains of RHO GTPase. The inactive RHO 

GTPase in complex with RHOGDI would be inaccessible to the GEFs that can facilitate 

the activation of RHO GTPase, thus causing RHO GTPase and Hh pathway inhibition. 

Whereas, upon RNAi knockdown, RHOGDIs binding at switch I and II domains and 
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GerGer moiety are reduced. Therefore, based on these observations, RHOGDI1 inhibition 

by RKN-1043 cannot be compared with RHOGDI1 knockdown by siRNA. Thus, the 

knockdown of RHOGDI1 does not lead to phenocopy of RKN-1043. 

 

Figure 38. Schematic representation of proposed mode of action for Hh pathway inhibition 

by RKN. 

(a) The prenylated RHO GTPase cycle at the membrane between an active GTP-bound and inactive GDP- 

bound state. GEFs promote activation of RHO GTPase, whereas, GAPs bind to activated RHO GTPase and 

stimulates their GTPase activity that leads to inactive RHO GTPases. (b) RKN-1043 binds to GerGer 

binding pocket of RHOGDI1 (c) Binding of RKN-1043 to GerGer binding pocket leads to release of the 

GerGer moiety in the cytosol. This release of GerGer moiety induces misfolding and proteasomal 

degradation of the RHO GTPases. (d) Inhibition of RHO GTPases leads to inhibition of Hh signaling 

pathway. 
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5.3.8.2 Effect of RHOGDI1 overexpression on Hh signaling 

Similar to the siRNA-mediated knockdown of the RHOGDI1, the over-expression in the 

C3H/10T1/2 cells was optimized to achieve efficient transfection of RHOGDI1 

expression plasmid. Over-expression increases the cellular protein levels, therefore 

allowing a complementary study to RHOGDI1 knockdown. 

The transfections of the RHOGDI1 expression plasmid using the lipid-based transfection 

reagent Lipofectamine LTX & Plus
TM

 were performed as described in the section 7.6.2. 

In the course of the optimization, different volumes of the transfection reagent as well as 

different plasmid DNA concentrations were tested. In order to evaluate the RHOGDI1 

overexpression efficiency, C3H/10T1/2 cells were transfected with 400 and 800 ng/mL of 

N-FLAG-RHOGDI1 plasmid along with Lipofectamine LTX & Plus
TM

 in the ratios of 

1:4 and 1:8 (Plasmid [µg] : Transfection reagents [µL]). Figure 39 A and B show the 

successful overexpression of N-FLAG-RHOGDI1 in C3H/10T1/2 cells. All tested 

conditions led to overexpression of N-FLAG-RHOGDI1. As seen the Figure 39 B, 21-

fold overexpression of RHOGDI1 was obtained when 800 ng/mL plasmid was used in the 

ratio of 1:8. On the basis of these results, 800 ng/mL of N-FLAG-RHOGDI1 plasmid 

with ratio of 1:8 to Lipofectamine LTX & Plus
TM

 reagent were chosen for the following 

overexpression experiments.  

In order to determine the effect of RHOGDI1 overexpression on Hh signaling pathway, 

an osteoblast differentiation assay was performed following RHOGDI1 overexpression. 

Two populations of C3H/10T1/2 cells were transfected with N-FLAG-RHOGDI1 

plasmid and mock vector using the optimized conditions. The cells were reseeded in a 96-

well plate and treated with 1.5 µM purmorphamine and various concentrations of RKN-

1043 or DMSO, as a control. The level of ALP was measured by using the CDP-Star 

reagent. The Hh pathway activation upon purmorphamine treatment in empty vector was 

normalized to 100% assuming that empty vector would not have any effect on the Hh 

signaling (Figure 39 C). In the case of N-FLAG-RHOGDI1 overexpression, nearly 40% 

reduced activation of Hh signaling was observed upon purmorphamine treatment. Thus, 

indicating that RHOGDI1 is a negative regulator of Hh signaling. Figure 39 D shows the 

luminescence values upon treatment of the N-FLAG-RHOGDI1 transfected cells with 

various concentrations of RKN-1043. Both curves show an RKN-1043 concentration-

dependent reduction in the Hh pathway activity. However, no major difference in the 



Results and discussion 

 

76 

potency of RKN-1043 in N-FLAG-RHOGDI1 and mock vector transfected cells was 

observed. The increased concentration of N-FLAG-RHOGDI1 causing inhibition of Hh 

signaling confirms the RHOGDI1 involvement in Hh signaling as a negative regulator. 

 

Figure 39. RHOGDI1 overexpression and its influence on Hh signaling. 

(A) C3H/10T1/2 cells were transfected with 400 and 800 ng of N-FLAG-RHOGDI1 plasmid or mock 

vector using 1:4 or 1:8 ratios with respect to Lipofectamine LTX & Plus as atransfection reagent. Cells 

were lysed and RHOGDI1 overexpression was detected by means of immunoblotting using an anti-

RHOGDI1 antibody. (B) After densitometrc analysis, the overexpression efficiency was calculated by first 

normalizing band intesities for RHOGDI1 to the band intensities for b-actin in respective samples. 

RHOGDI1expression levels for the mock vector sample were set to 1. (C) C3H/10T1/2 cells were 

transfected with 800 ng N-FLAG-RHOGDI1 plasmid or mock vector Lipofectamine LTX & Plus
TM

 as 

transfection reagent (ratio 1:4). 24 h later cells were treated with 1.5 µM purmorphamine and DMSO and 

osteoblast differentiation was monitored after 72 h. The Hh pathway activity in cells that were transfected 

with the mock vector were set to 100%. (D) C3H/10T1/2 cells were transfected with 800 ng N-FLAG-

RHOGDI1 plasmid or mock vector Lipofectamine LTX & Plus
TM

 as transfection reagent (ratio 1:4). 24 h 

later cells were treated with 1.5 µM purmorphamine and different concentrations of RKN-1043 and 

osteoblast differentiation was monitored after 72 h. The curves represent the relative light units (RLU) as 

measure of Hh pathway activity. Data are mean values of three technical replicates and are representative of 

three biological replicates (N =3, n = 3). 

 

These findings are complementary to the RHOGDI1 knockdown results, wherein 

knockdown led to stronger activation of Hh signaling. The increased stoichiometric ratios 
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of RHOGDI1 in the cells might have led to capture of RHO GTPases in GDP-bound 

inactive state in the cytosol. The inactive RHO GTPase in complex with RHOGDI would 

be inaccessible to the GEFs that can facilitate the activation of RHO GTPase, thus 

causing RHO GTPase and Hh pathway inhibition. As a result of 20-fold RHOGDI1 

overexpression, the Hh pathway is inhibited to the maximum levels. Therefore further 

inhibition by RKN-1043 is not significant to exert additional Hh inhibitory effect. 

Therefore, there is no shift in the potency of RKN-1043 in N-FLAG-RHOGDI1 and 

mock vector transfected cells. 

5.3.9 Effect of RKN-1043 on stress fibers 

A non-canonical Hh signaling pathway has been reported in endothelial cells, which 

regulates actin stress fibers in response to Hh via GLI-independent mechanism. The non-

canonical Hh signaling activates the small RHO GTPases RHOA and RAC1 via SMO-

coupled Gai proteins and regulates the actin cytoskeleton in fibroblasts and endothelial 

cells via RHO-associated protein kinase (ROCK).
111,124,125

 Therefore, the effect of RKN-

1043-mediated RHOGDI1 inhibition on the actin cytoskeleton was determined by 

staining cells with phalloidin-rhodamine. NIH/3T3 cells were treated with 1.5 µM 

purmorphamine and the ROCK inhibitor H1152, RKN-1043 or DMSO as a control 

(Figure 40). As expected, H1152 abolished stress fibers formation at all tested time 

points. In contrast, a dense network of parallel stress fibers was observed upon treatment 

with RKN-1043 and DMSO. Alteration in the total level of RHO GTPase as result of 

RKN-1043 treatment was expected to influence stress fibers. Although RKN-1043 

inhibited Hh signaling and RHOGDI1 function, it did not have significant measureable 

effect on stress fibers. It is proposed that even in the absence of RHOGDIs, a fraction of 

RHO GTPases continue to be transported to the plasma membrane through vesicular 

trafficking which is sufficient to account for the observed phenotypes (e.g. stress fiber 

formation).
106

 Therefore, inhibition of RHOGDI1 by RKN-1043 might have no influence 

on the stress fiber formation.  
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Figure 40. Effect of RKN-1043 on stress fibers. 

NIH/3T3 cells were treated with H1152, RKN-1043 or DMSO as a control for various times. Cells were 

fixed and stained with DAPI to visualize the nuclei (blue), whereas actin filaments were stained with 
phalloidin-rhodamin (gray). The images shown are representative images of three biological replicates. 

Scale bar: 10 µm. 

 

  



Results and discussion 

 

79 

5.3.10 Summary and outlook for RKN-1043 

RKN-1043 was identified as Hh signaling pathway inhibitor acting downstream of SMO. 

Target identification and validation efforts revealed RHOGDI1 as a potential target of 

RKN-1043. Competition with binding of a GerGer-RAB1 peptide to the GerGer binding 

pocket of RHOGDI1 makes RKN the first molecule to bind to the GerGer binding pocket 

of RHOGDI1, thus inhibiting its function. Investigation of the crystal structure of the 

RHOGDI1-RKN1043 complex would further help in understanding the binding mode of 

RKN-1043.  

RHOGDI1 knockdown enhances Hh signaling, whereas RKN-1043-mediated inhibition 

of RHOGDI1 inhibits Hh signaling which highlights the complexity of RHOGDI1 

involvement in Hh signaling. It was speculated that RKN-1043 displaces the GerGer 

moiety form the binding pocket thus leading to release of the GerGer moiety in the 

cytosol. Thus induces misfolding and proteasomal degradation of the RHO GTPases 

which causes RHO GTPase and Hh pathway inhibition 

In-depth analysis of the effect of RKN-1043 on the activation state of RHO GTPases will 

further support the mechanism of action for RKN-1043-mediated Hh inhibition. 

Fluorescence lifetime imaging microscopy (FLIM)-based fluorescence resonance energy 

transfer (FRET) measurements
126

 would address the speculation whether RKN-1043 

indeed affects the interaction of RHOGDI1 with RHO GTPase in live cells. This can 

further be extended to assess the specificity towards RHOA, RAC1 and CDC42. FLIM-

FRET would also shed light of spatial and temporal effects of RKN-1043 on RHO 

GTPase regulation by RHOGDI1. Alternatively, implementation of proximity ligation 

assay would facilitate the understanding of RKN-1043 on localization of the RHO 

GTPase-RHOGDI1 in complex and on RHO GTPase-RHOGDI1complex formation. 

Overall, RKN-1043 is a novel inhibitor of Hh signaling as well as for RHOGDI1 

function. It can be used as a tool compound to study the effect of small molecule 

mediated RHOGDI1 modulation on various cellular processes. 
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5.4 Biological evaluation of bis-nitrophenyl -bipyridines 

5.4.1 Confirmation of biological activity by secondary assays  

In the working group of Prof. Adam Nelson (School of Chemistry, University of Leeds, 

Leeds, UK) a compound library with diverse scaffolds was prepared as a result of 

diversity-oriented synthesis by using metathesis cascades to prepare substrates for inter- 

and intramolecular Diels-Alders reactions.
127

 The resulting compound library was 

screened by COMAS for modulation of several biological signaling pathways. Among the 

tested assays, Hh pathway activity in osteoblast differentiation assay was inhibited by 

LDS-000764 with an IC50 of 1.3 µM. Since LDS-000764 was a racemic mixture, pure 

enantiomers MJD-1314 and MJD-1320 (see Figure 41) were synthesized by Dr. Mark 

Dow (School of Chemistry, University of Leeds, Leeds, UK) and analyzed for Hh 

pathway inhibition by employing the osteoblast differentiation assay. A significant 

difference in Hh pathway inhibition was observed for MJD-1314 and MJD-1320 with 

IC50 values of 0.60 ± 0.13 µM and 11.2 ± 0.6 µM, respectively (Figure 41.) 

The Hh inhibitory activity of MJD-1314, being the most potent analogue, was confirmed 

in the orthogonal GLI-reporter gene assay with an IC50 value of 1.53 ± 0.4 µM (Figure 42 

A). Analysis of Hh target gene expression further confirmed the Hh specific 

transcriptional inhibition by MJD-1314, which dose dependently inhibited the expression 

of Ptch1 and Gli1 (Figure 42 B). The inhibition of Hh target gene expression along with 

the GLI-reporter gene assay confirm the GLI-transcription factor dependent inhibition of 

the Hh pathway by MJD-1314.  

 

Figure 41. Chemical structures of MJD-1314 and MJD-1320 and biological activity. 

IC50s were determined upon treatement of C3H/10T1/2 cells with various concentrations of test compounds 

and DMSO as control. The Hh pathway was activated upon treatment with 1.5 µM purmorphamine and 

ALP activity was measure after 96 h. All data are mean values of three independent experiments (n = 3) ± 

s.d. 
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Furthermore, MJD-1314 treatment failed to displace BODIPY-cyclopamine from the cells 

indicating that MJD-1314 most likely does not bind to the cyclopamine binding site of 

SMO (Figure 43 A). In order to quantify the displacement of BODIPY-cyclopamine, flow 

cytometry was used to count the cells displaying green fluorescence due to bound 

BODIPY-cyclopamine. Cells that were treated with BODIPY-cyclopamine and DMSO 

displayed the maximum BODIPY intensity (Figure 43 B). However, treatment with 

various concentrations of MJD-1314 failed to displace BODIPY-cyclopamine from the 

cells, therefore confirming the microscopy results. 

 

 

Figure 42. Influence of MJD-1314 on the GLI -mediated transcription. 

(A) MJD-1314 inhibits GLI-dependent reporter gene expression in Shh-LIGHT2 cells. Cells were treated 

with 1.5 µM purmorphamine and different concentrations of MJD-1314 for 48 h. Firefly and Renilla 

luciferase activities were determined and ratios of firefly luciferase/Renilla luciferase signals were 

calculated, which are a measure of Hh pathway activity. Nonlinear regression analysis was performed using 

a four parameter fit. All data are mean values of three independent experiments (n = 3) ± s.d. (B) 

C3H/10T1/2 cells were treated with purmorphamine (1.5 µM) and different concentrations of MJD-1314 or 

DMSO as a control for 48 h before isolation of total RNA. Following cDNA preparation, the relative 

expression levels of Ptch1, Gli1 and Gapdh were determined by means of quantitative PCR employing 

specific oligonucleotides for Ptch1 and Gli1 or Gapdh as a reference gene. Expression levels of Ptch1 and 

Gli1 were normalized to the levels of Gapdh and are depicted as percentage of gene expression in cells 

activated with purmorphamine (100%). All data are mean values of three independent experiments (n = 3) ± 

s.d. 
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Figure 43. Effect of MJD-1314 on SMO-bound BODIPY-cyclopamine. 

(A) HEK293T cells were transiently transfected with a SMO-expressing plasmid or empty vector. 48 h 

later cells were treated with BODIPY-cyclopamine (5 nM, green) followed by addition of 10 µM of 

MJD-1314 or 5 µM vismodegib and DMSO as controls and further incubation for 1 h. Cells were then 

fixed and stained with DAPI to visualize the nuclei (blue). Scale bar: 20 µm. (B) HEK293T cells 

ectopically expressing SMO were treated with different concentrations of MJD-1314, vismodegib or 

DMSO as a control in the presence of BODIPY-cyclopamine (5 nM) for 5 h. The graph shows the 

percentage of cell-bound BODIPY-cyclopamine as detected by fluorescence-activated cell sorting. Data 

are mean values of three independent experiments (n=3) ± s.d.  

To rule out the interference of MJD-1314 with SMO localization to cilia, cells were 

treated with MJD-1314 along with purmorphamine and co-localization of SMO with cilia 
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was analyzed by microscopy. However, MJD-1314 did not affect the localization of SMO 

in cilia indicating that MJD-1314 might be acting downstream of SMO for inhibition of 

Hh pathway. 

 

Figure 44. Effect of MJD-1314 on the ciliary localization of SMO. 

NIH/3T3 cells were treated with 1.5 µM purmorphamine for 2h followed by addition of 2 µM vismodegib 

or 5 µM MJD-1314, and further incubation for 12h. Cells were then fixed and stained to visualize the 

nuclei (blue), SMO (red) and cilia (acetylated tubulin; green). Inset: representative single cilia. Scale bar: 

10ɛm. 
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5.4.2 Influence of MJD-1314 on kinases involved in Hh signaling 

The effect of MJD-1314 on the kinases that are known to regulate Hh signaling was 

determined by Eurofins. The biochemical inhibition of the tested kinase by 10 µM MJD-

1314 was determined by activity based assays (Table 11). However, MJD-1314 did not 

influence the tested kinases and therefore needs further efforts on identification of the 

novel regulators of Hh signaling pathway.   

5.4.3 Target identification  

In order to identify the molecular targets of MJD-1314, affinity-based chromatography 

was performed. For this technique, positive and negative affinity probes are required to 

enrich the molecular targets in pull-down experiments, which can be analyzed by mass 

spectrometry. In order to synthesize the positive and negative probes knowledge of the 

SAR is critical. Unfortunately, due to limited availability of derivatives, a complete 

understanding of the SAR for MJD-1314 was not possible. Nonetheless, Dr. Matthias 

Bischoff (COMAS) synthesized the pull-down probes by attaching the linker on the 

alcohol group of the bipyridine that was amenable to modification. It was assumed that 

coupling of a PEG-linker to 1-tosylpiperidin-3-ol would lead to a simplified negative 

probe MB-63 (Figure 45). MB-64 inhibited Hh signaling with an IC50 of 6.4 ± 1.2 µM in 

the GLI-reporter gene assay, whereas the control probe MB-63 failed to inhibit the Hh 

signaling. Therefore, MB-64 was used as positive probe, whereas MB-63 was used as 

negative probe for the following chemical proteomics experiments. 
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Figure 45. Chemical structures of the pull-down probes MB-64 and MB-63 and biological 

activity. 

MB-64 and MB-63 were tested in GLI-dependent reporter gene assay in Shh-LIGHT2 cells. Cells were 

treated with 1.5 µM purmorphamine and different concentrations of MB-64 and MB-63 for 48 h. Firefly 

and Renilla luciferase activities were determined and ratios of firefly luciferase/Renilla luciferase signals 

were calculated, which are a measure of Hh pathway activity. Nonlinear regression analysis was 

performed using a four parameter fit. All data are mean values of three independent experiments (n = 3) 

± s.d. 

For the pull-down experiments the free amine derivatives of MB-64 and MB-63 were 

immobilized on NHS ester magnetic beads. NIH/3T3 cell lysates were incubated with the 

immobilized probes to enable protein binding. Non-specifically bound proteins were 

removed by washing the immobilized probes with lysis buffer containing 25 mM 

magnesium chloride. For the enzymatic digestion of bound proteins, the magnetic beads 

were incubated with trypsin and LysC endopeptidases that cleave within polypeptides. 

The resulting peptides were purified as mentioned in section 7.4.4 and analyzed by means 

of nano-HPLC / MS / MS. The mass spectrometry experiments were done at the HRMS 

facility at the MPI Dortmund and the subsequent data analysis was performed by Dr. 

Petra Janning (MPI Dortmnd). Statistical analysis was performed to quantify the proteins 

that were selectively enriched by the active probe as opposed to the inactive probe. Table 

4 represents the proteins that were identified using the label-free quantification. Based on 

the fold enrichment ratio, 10 statistically significant proteins were identified as potential 

targets. The protein enrichment using the positive probe indicates the success of pull-

down probe synthesis immobilization strategy. 
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In order to achieve better quantification of the identified proteins, next SILAC lysates 

were used in the affinity chromatography experiments. Several proteins were identified as 

bound to the active and the inactive probe. SILAC-based quantification of proteins bound 

to the active probe MB-64 and inactive probes MB-63 was performed by Dr. Petra 

Janning (MPI, Dortmund) to identify proteins that were enriched in active probe as 

compared to inactive probe. Statistical analysis of the enriched proteins led to positive 

ratios for heavy isotope-labelled proteins bound to the active probe (AH) and light isotope 

labelled protein bound to inactive probe (IL) (AH/IL)  and negative ratios for the heavy 

isotope labelled protein bound to inactive probe (IH) and light isotope labelled protein 

bound to active probe (AL) (IH/AL) indicating the enrichment of proteins using the 

positive as compared to the negative probe. Table 5 shows the proteins that were 

identified as significant hits and the ratios are indicative of fold enrichment by the 

positive probe MB-64 as compared to the negative probe MB-63. Among the identified 

proteins, noticeably, acid ceramidase (ASAH1), S-methyl-5-thioadenosine phosphorylase 

(MTAP) and Sterol-4-alpha-carboxylate 3-dehydrogenase (NSDHL) were identified with 

higher ratios using the label-free as well as SILAC-based quantifications after the pull-

downs. Because of the reproducibility in identification of ASAH1, MTAP and NSDHL 

Table 4. List of proteins enriched by active probe MB-64 as identified by means of affinity 

chromatography. 

The active probe MB-64 and the inactive probe MB-63 were immobilized on NHS ester magnetic beads. 

NIH/3T3 lysate was passed on to the probes and target proteins were identified upon enrichment using 

mass spectrometry and label-free quantification. The ratios indicate the fold excess for protein enriched 

using active probe MB-64 as compared to the inactive probe MB-63. The pull-down experiments were 

performed in two independent biological duplicates with three technical replicates. 

Protein names Gene names 
Ratio 

(A/I)  

Stomatin-like protein 2 Stoml2 29 

Acid ceramidase subunit alpha Asah1 12 

60S acidic ribosomal protein P0 Rplp0 10 

Sterol-4-alpha-carboxylate 3-dehydrogenase, 

decarboxylating 
Nsdhl 10 

Acyl-CoA-binding protein Dbi 9 

S-methyl-5-thioadenosine phosphorylase Mtap 5 

26S proteasome non-ATPase regulatory subunit 11 Psmd11 5 

60S ribosomal protein L14 Rpl14 5 

Phosphatidylethanolamine-binding protein 1 Pebp1 4 

Carboxypeptidase;Lysosomal protective protein Ctsa 3 
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across two label free quantifications and one SILAC pull-down experiment, these proteins 

were regarded as potential targets which needed further validation.  

 

  

Table 5. List of protein identified by SILAC pull-down experiment. 

The active probe MB-64 and the inactive probe MB-63 were immobilized on NHS ester magnetic 

beads. Heavy and light isotope labelled NIH/3T3 lysates were passed on to the probes and target 

proteins were identified upon enrichment using mass spectrometry and SILAC-quantification. The 

ratios indicate the fold excess for protein enriched using active probe MB-64 as compared to the 

inactive probe MB-63. The pull-down experiments were performed in once with three technical 

replicates. 

Protein name Gene name 
SILAC  

 ratio  

Acid ceramidase subunit alpha Asah1 6.72 

S-methyl-5-thioadenosine phosphorylase Mtap 6.02 

Phosphatidylethanolamine-binding protein 1 Pebp1 3.85 

A-kinase anchor protein 8 Akap8 3.53 

Ras-related protein Rab-2A;Ras-related protein Rab-2B Rab2a;Rab2b 2.91 

Sterol-4-alpha-carboxylate 3-dehydrogenase, decarboxylating Nsdhl 2.52 

Signal transducer and activator of transcription 3 Stat3 2.37 

Ras-related protein Rab-10 Rab10 1.93 

Acyl-protein thioesterase 1 Lypla1 1.90 

Retinol dehydrogenase 11 Rdh11 1.40 

Clathrin heavy chain 1 Cltc 1.27 
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5.4.4 Target validation 

5.4.4.1 Determination of target engagement of MJD-1314 by 

immunoblotting 

In order to validate the results of the affinity chromatography experiments and prioritize a 

potential target, immunoblotting after the pull-down was performed. Initially ASAH1 and 

MTAP were prioritized because of their identification in SILAC experiments with high 

SILAC ratios of 6.72 and 6.02, respectively. MTAP and ASAH1-specific antibodies were 

used to detect the enrichment of the proteins after affinity pull-down experiments (Figure 

46). Enrichment of the MTAP protein only using the active pull-down probe was detected 

by immunoblotting. (Figure 46 A), whereas ASAH1 was not enriched using the positive 

or negative probe (Figure 46 B). The failed detection of ASAH1 could be a result of 

weaker binding of ASAH1 to the linker. The weakly bound ASAH1 protein might have 

been washed away during the washing steps, therefore making it difficult to identify by 

immunoblotting. Although the washing steps remain the same in the proteomics based 

pull-down, the HRMS instrument sensitivity would have led to identification of ASAH1. 

Therefore, these results confirm the selective enrichment of only MTAP by active probe 

MB-64. 

 

Figure 46. Validation of MTAP and ASAH-1 enrichment by active probe MB-64 by 

immunoblotting after the pull-down. 

The active probe MB-64 and the inactive probe MB-63 were immobilized on NHS ester magnetic beads 

and exposed to NIH/3T3 lysates. Bound proteins were eluted and analyzed by immunoblotting using (A) 

MTAP-specific antibody and (B) ASAH-1-specific antibody and secondary antibody that was coupled to 

infra-red fluorescent dye IR800. Data is representative of three independent biological replicates. (n=3) 
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In order to further demonstrate target engagement of MTAP by the active pull-down 

probe, competition-based pull-down was performed. At this stage, the potential target 

NSDHL was also followed for validation because of its involvement in cholesterol 

biosynthesis regulation, which has been linked to Hh pathway regulation. For 

competition- based pull-down, the active probe MB-64 was immobilized on magnetic 

beads and exposed to NIH/3T3 lysates that were pre-incubated for 2 h with various 

concentrations of MJD-1314 and DMSO as a control. It was expected that MJD-1314 

would compete with the active probe MB-64 for binding to the target protein, therefore 

leading to differential enrichment by the active probe as a function of MJD-1314 

concentration in the lysates. As seen in Figure 47 A, NSDHL was enriched by the active 

probe, however, exposure of lysates to MJD-1314 did not lead to competitive binding 

indicating the nonspecific binding of NSDHL with the pull-down probes. In contrast, pre-

incubation of the lysate with MJD-1314 led to competition with the active probe for 

binding to MTAP as indicated by diminished band intensities in the samples with high 

(i.e. 10, 30 and 50 µM) concentration of MJD-1314. 

These results confirm the target engagement of MTAP by MJD-1314. Therefore, further 

biophysical and genetic validation experiments were carried out to confirm MTAP as a 

target of MJD-1314. 

  

 

Figure 47. Validation of potential targets by immunoblotting after a competitive pull-down. 

The active probe MB-64 and the inactive probe MB-63 were immobilized on NHS ester magnetic beads 

and exposed to NIH/3T3 lysates that were pre-incubated with increasing concentrations of MJD-1314 or 

DMSO as a control. Bound proteins were eluted and analyzed by immunoblotting using (A) NSDHL-

specific antibody and (B) MTAP-specific antibody and secondary antibody that was coupled to infrared 

fluorescent dye IR800. Data is representative of three independent biological replicates. 
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5.4.4.2 MJD-1314 induces thermal stabilization of MTAP 

In order to further investigate the binding of MJD-1314 to MTAP, the effect of MJD-

1314 on MTAP thermal stability was investigated by means of the cellular thermal shift 

assay. Small-molecule binding to a target protein may cause changes in the 

thermodynamic properties of the protein leading to thermal stabilization or 

destabilization.
128

 NIH/3T3 cell lysates were incubated with 30 µM MJD-1314 or DMSO 

as a control. As seen in Figure 48, MTAP band intensities in DMSO treated lysates 

diminish with increasing temperatures indicating melting of MTAP at higher temperature. 

Upon treatment with MJD-1314 the MTAP band intensities remain relatively stable at 

higher temperatures (>60 °C) compared to the DMSO-treated lysates. These results 

confirm the target engagement and thermal stabilization of MTAP protein in lysate by 

MJD-1314. 

In order to demonstrate thermal stabilization of purified human MTAP by MJD-1314, 

differential scanning fluorimetry experiments were performed. The assay principle is 

similar to CETSA with differences in the detection method and the use of purified 

protein. Purified MTAP protein along with SYPRO-orange dye was incubated with 

various concentrations of MJD-1314 and DMSO as a control and exposed to increasing 

temperatures. As a result of heating, hydrophobic sequences of the protein become 

exposed to solvent as the protein starts to unfold. The fluorescence of SYPRO-orange dye 

increases as a result of binding to the solvent-exposed hydrophobic regions of the protein. 

 

Figure 48. Cellular thermal shift assay for MTAP. 

(A) NIH/3T3 cell lysates were incubated with 30 µM of MJD-1314 followed by heating at increasing 

temperatures to denature the proteins. Upon ultracentrifugation, MTAP and b-actin (used as a reference) 

were detected in the soluble fractions by means of immunoblotting. (B) Quantification of MTAP abundance 

in the soluble fractions upon normalization to the band intensities for b-actin and MTAP at 36 °C (set to 1). 

Data is representative of three independent biological replicates. 



Results and discussion 

 

92 

Therefore, the change in the fluorescence intensity of SYPRO-orange dye was measured 

to determine protein stability.
129

 As seen in Figure 49, thermal stabilization of MTAP was 

observed upon exposure to MJD-1314. The maximum melting temperature shift (DTm) 

was observed at 80 and 100 µM MJD-1314. Moreover, saturation of DTm with 80 µM 

and 100 µM of MJD-1314 indicates the highest degree of thermal stabilization of MTAP.

  

 

Figure 49. Thermal stability of MTAP as detected by differential scanning fluorimetry. 

(A) Purified human MTAP protein was incubated with various concentrations of MJD-1314 or DMSO as a 

control. The change in the fluorescence intensity of SYPRO-orange was used as a measure of the melting 

behavior of MTAP. (B) Melting temperature (Tm) were determined by the maximum fluorescence 

intensity of SYPRO-orange in A and are plotted against the concentration of MJD-1314. Data is 

representive of three independent biological replicates 
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The results so far demonstrate the target engagement of MTAP with MJD-1314 that leads 

to thermal stabilization of MTAP.  

Table 6. Change in the melting temperature of MTAP in the presence of MJD-1314. 

Melting temperature (Tm) and differences of Tm (DTm) between MJD-1314 and DMSO-treated samples 

are given. Tm were determined were determined by the maximum fluorescence intensity of SYPRO-

orange measured using differential scanning fluorimetry. All data shown are mean values (N = 3, n = 2ï3). 

MJD-1314 (µM) Tm (°C) DTm (°C) 

100 79.5 4.25 

80 79.5 4.25 

60 78.25 3.0 

30 77.5 2.25 

15 76.75 1.5 

7.5 76.0 0.75 

DMSO 75.25 - 
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5.4.5 Polyamine biosynthesis 

MTAP is an enzyme ubiquitously expressed in normal tissues and plays a central role in 

the salvage of adenine and methionine. Biochemical evidence suggests that mammalian 

MTAP is a trimer made up of three identical subunits of 32 kDa (Figure 50)
130

 although 

in at least one case the enzyme was reported as a dimer.
131

 MTAP catalyzes the 

phosphorylation of S-methyl-5'-thioadenosine (MTA), a product of both spermidine and 

spermine synthases in the polyamine biosynthesis pathway. As a result of 

phosphorylation, MTA is cleaved into adenine and 5-methylribose-D-ribose-1-phosphate 

(MTR-1-P).
132,133

 Subsequently, adenine is salvaged to generate adenosine 

monophosphate (AMP), and the MTR-1-P is converted to methionine (Figure 51). These 

products are further recycled to S-adenosyl-L-methionine (SAM) which, via 

decarboxylation, serves as a precursor for MTA synthesis. Moreover, spermine and 

spermidine are produced from putrescine by the subsequent addition of an aminopropyl 

group derived from SAM.
134

 Thus, this metabolic pathway represents an alternative to de 

novo purine biosynthesis.  

 

Figure 50. Crystal structure of MTAP trimer (1V4N).  

MTAP is a trimer with three identical subunits. Each identical subunit is shown in a different color.
135

 

Inhibition of MTAP leads to increased intracellular MTA concentration that causes 

feedback inhibition of polyamine biosynthesis. MTA accumulation causes SAM-induced 

alterations in DNA methylation. Therefore, MTA accumulation is predicted to have 

different effects on cells by altering the DNA methylation.
136

 Co-deletion of the MTAP 

gene together with the tumor suppressor cyclin-dependent kinase inhibitor 2A (CDKN2A) 

and other genes near the chromosomal locus 9p21 are frequent in non-Hodgkin 
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lymphoma and acute lymphoblastic leukemia and have also been observed in lung, 

bladder, pancreatic, endometrial, breast, ovarian cancer, mantle cell lymphoma, 

conventional chondrosarcomas, and biliary tract cancers.
137-140

 Recent studies have shown 

that deletion of CDKN2A is closely associated with tumor development than MTAP 

deletions. MTAP deletions in specific tumor cells in vivo have a metabolic effect different 

from whole organism inhibition of MTAP as MTA accumulation will not occur in 

MTAP-deficient tumor because of the MTA removal by MTAP produced by surrounding  

normal tissues.
136

 

MT-DADMe-ImmA (MTDIA) is a transition state inhibitor of MTAP with Kd = 1 nM.
141

 

MTDIA treatment led to accumulation of MTA and inhibition of A549 (human non-small 

Figure 51. The polyamine biosynthesis pathway. 

MTA is a common product of both spermidine and spermine synthetases and is proposed to act as a 

feedback product inhibitor for both enzymes. MTAP catalyzes the conversion of MTA to 5-methyl-D-

ribose-1-phosphate and adenine that is recycled to S-adenosylmethionine. The enzymes involved in 

polyamine biosynthesis pathway are represented in color.  
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cell lung carcinoma) and H358 (human bronchioloalveolar non-smallcell lung carcinoma 

cells) xenograft tumor growth in immunodeficient mice which indicates that MTAP as a 

target for lung cancer therapy.
142

 Inhibition of MTAP by MTDIA in FaDu cells 

(hypopharynx squamous cell carcinoma cell line) and Cal27 cells (head and neck 

squamous cell carcinoma cell line) led to accumulation of MTA, decreased the levels of 

polyamines and induced apoptosis.
136

 These results have shown that inhibition of MTAP 

enzymatic activity by MTDIA is an attractive strategy for targeting cancer. 

 

Expression of MTAP in MTAP-deleted HT1080 cells decreased colony formation, 

migration and ability to form tumors in severe combined immunodeficiency mice, 

whereas treatment of MTAP-expressing cells with MTDIA did not result in MTAP 

deletion phenotype. Furthermore, expression of catalytically inactive MTAP in MTAP-

deleted HT1080 cells resulted in reversal of the MTAP deletion phenotype, thus 

suggesting that in this particular case (inhibition of) MTAP enzymatic activity is not 

necessary for tumor suppressing function of MTAP.
143

 These contradictory studies 

demonstrate a more complex role of MTAP in cancer progression that is not only limited 

to its enzymatic function. 

5.4.5.1 Crosstalk between the polyamine biosynthesis pathway and Hh 

signaling 

The effect of Hh pathway activation on polyamine metabolism was studied in cerebellar 

granule cell progenitors (GCPs), the cells of origin of Hh-dependent medulloblastoma.
144

 

Stimulation of GCPs with SHH increased proliferation and elevated the levels of 

putrescine, spermine and spermidine. An inhibitor of ornithine decarboxylase (ODC), 

Difluoromethylornitine (DFMO), inhibited SHH-induced GCP proliferation and 

decreased the levels of polyamines without affecting GLI-mediated transcription of Hh 

target genes. Furthermore, DFMO inhibited the proliferation of Ptch1
-/-

 mouse embryonic 

fibroblasts (MEFs) while it failed to inhibit the proliferation Sufu
-/-

 MEFs indicating a 

SUFU-mediated mode of action of DFMO. Immunoaffinity precipitation of proteins 

bound to SUFU revealed that SUFU binds and stabilizes cellular nucleic acid binding 

protein (CNBP) to regulate ODC translation. Later it was shown that the presence of an 

evolutionarily conserved AMPK-consensus site in CNBP is critical in Hh-dependent 

regulation of CNBP activity.
145,146
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Although MTAP regulates ODC by production of downstream metabolites,
147

 a direct 

involvement of MTAP in the Hh pathway has not been explored. 

5.4.6 Influence of MJD-1314 on MTAP enzymatic activity 

As discussed above, MTAP phosphorylates MTA and cleaves it into adenine and MTR-1-

P. Therefore, for measuring the enzymatic activity of MTAP, MTA was used as a 

substrate and its conversion to adenine was monitored by conversion of adenine to 8-

dihydroxyadenine by xanthine oxidase. The generation of 8-dihydroxyadenine was 

detected by monitoring the absorbance at 305 nm (Figure 52 A). Highest absorbance and 

linear rate of enzyme reaction was observed with 200 µM MTA when used with 100 nM 

MTAP and 0.2 U of xanthine oxidase. Therefore these conditions were used for 

determining the effect of MJD-1314 on the enzymatic function of MTAP. MTDIA 

inhibited the conversion of MTA as indicated by a concentration-dependent inhibition of 

8-dihydroxyadenine formation (Figure 52). However, MJD-1314 did not affect the MTAP 

enzyme activity as indicated by the complete conversion of MTA to adenine and then to 

8-dihydroxyadenine thus implying that MJD-1314 had no effect on the enzymatic activity 

of xanthine oxidase as well.  

The affinity pull-down and thermal stabilization assays clearly revealed the target 

engagement of MTAP with MJD-1314. However, MJD-1314 did not inhibit the 

enzymatic function of MTAP thus indicating an enzyme activity-independent mode of 

interaction of MJD-1314 and MTAP. To further understand the possible involvement of 

MTAP in Hh pathway regulation, the effect of MTDIA -mediated inhibition of MTAP on 

the Hh pathway was measured by GLI-reporter gene assay (Figure 53). However, 

MTDIA failed to inhibit purmorphamine-induced activation of the Hh pathway in Shh-

LIGHT2 cells. These results show that inhibition of MTAP enzyme activity has no effect 

on the GLI-dependent Hh signaling pathway. 

Failure of MJD-1314 to inhibit the enzymatic activity of MTAP and the inability of 

MTDIA to inhibit the GLI-dependent Hh signaling pathway led to the assumption that 

MTAP is involved in Hh signaling by a putative non-canonical function. Tang et. al., 

have shown that expression of the catalytically inactive form of MTAP in MTAP-deleted 

HT1080 cells resulted in reversal of the MTAP deletion phenotype thus suggesting a non-

canonical i.e. not related to enzymatic function of MTAP.
143
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Figure 52. Effect of MJD-1314 on the enzymatic activity of MTAP.  

(A) Liberation of adenine upon phosphorylation of methylthioadenosine (MTA) by MTAP was monitored 

by adenine conversion to 8-dihydroxyadenine by xanthine oxidase. Various concentrations of 

methylthioadenosine (MTA) were incubated with 100 nM MTAP and 0.2 U xanthine oxidase at 25 °C for 

60 min. The resulting change in the absorbance at 305 nm was continuously monitored for 60 min. (B) 

Effect of MTDIA and MJD-1314 on the enzymatic activity of MTAP. 200 µM methylthioadenosine 

(MTA), 0.2 U xanthine oxidase, and the test compounds were incubated at 25 °C. The enzymatic reaction 

was initiated by addition of 100 nM MTAP. The resulting change in the absorbance at 305 nm was 

continuously monitored for 60 min. All data are mean values of three independent experiments (n = 3)±s.d. 

 

Figure 53. Effect of MTDIA on GLI mediated reporter gene assay. 

Shh-LIGHT2 cells were treated with 1.5 µM purmorphamine and different concentrations of MTDIA for 

48 h. Firefly and Renilla luciferase activities were determined and ratios of firefly luciferase/Renilla 

luciferase signals were calculated, which are a measure of Hh pathway activity. Nonlinear regression 

analysis was performed using a four-parameter fit. All data are mean values of three independent 

experiments (n = 3) ± s.d. 






























































































































































