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Summary

1 Summary

A forward chemicalgenetics 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 thecomplexity of Hh signaling pathway.

An osteoblast differentiation assay that monitors Hh pathway activity identified220L

as an inhibitor of Hh signaling. Orthogonal assays revealed-¥ZCLas a potent inhibitor

of GLI transcription factomediated Hlsignaling 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 YGCR20 was reversed upon a washout step, thus
indicating the nortovalent and reverdd 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, RKMN.043, was idntified 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 RKIM3. Biophysical
experiments showed thaRKN-1043 inhibits RHOGDIdmediated extraction of
prenylated RACAGDP from liposomes. Furthermore, RKIN43 competed with GerGer
RABL1 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, thbgiting its
function. Genetic alterations revealed involvemenRbfOGDI1 as a negative regulator

of Hh signaling.

Overall, RKN-1043 is a novel inhibitor of Hh signaling as well as of RHOGDIidépth
analysis of the effect of RK{043 on the activain state of RHO GTPases will further

support the mechanism of action for RKI@43mediated Hh signaling inhibition.

The third compoundMJD-1314was prepared as a result of diverstyented synthesis

by using metathesis cascades to prepare substrategdprand intramolecular Diels
Alder reactions The substance was characterizsda potent inhibitor of osteogenesis
and GLI-mediated Hh signaling pathway acting downstream of SMO. Chemical

proteomics experiments revealed MTAP as a potential targevld@-1314. Thermal
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stability experiments validated the target engagement by inducing thermal stabilization of
MTAP. Although MJDB1314 binds to MTAP, it had no effect on enzymatic activity of
MTAP. Additionally, MTDIA, an inhibitor of MTAP failed to inhibiGLI-mediated Hh
signaling. These results indicated a possible-camonical function of MTAP in Hh
signaling regulationGenetic alterations of MTARnhdicated acontradicting mode of
involvement, i.e. as a positive regulator or negative regulator of Hhalsig.
Furthermore, MJEL314 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 M3D314 on the MTAP function in cellthe cell metabolic
state upon compound treatment will be analyzed. Furthermore, in order to elucidate the
mode of action of MJEL314 in Hh pathway inhibition, gene expression profiling can

facilitate a global picture of effect of MJD814 on the physiologal 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 combinatiorethods for identification and

validation of smalmolecule targets in order to establish the mechanism of action of

small molecule modulators.
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2 Zusammenfassung

Ein vorwartsgerichteter chemisgenetischer Ansatz zur Identifizierung neuer
Modulatoren de Hedgehog (Hhyignalweges fiihrte zur Entdeckung von drei Inhibitoren
mit neuen Zielproteinen innerhalb der Signalkaskade. Die Ermittlung von Proteinen mit

Beteiligung am H¥Signalweg gibt Aufschluss Gber die Komplexitéat des Signalweges.

Ein OsteoblasteDifferenzierungstestsystem, mit dessen Hilfe die-Siinalaktivitat
analysiert wurde, fuhrte zur Identifizierung von YQRO als Inhibitor der Hh
Signalkaskade. Orthogonale Experimente wiesen die Verbindung als potenten Inhibitor
der GLI-vermittelten Signlaktivitat aus. Mechanistische Untersuchungen zeigten, dass
YCL-220 als SM@Antagonist wikt und analog zu Vismodegib d@mansport von SMO

in die Zilien verhindert. Die Bindung an SMO konnte durch Auswaschen aufgehoben
werden, was auf einen reversiblencht-kovalenten Bindungsmeahismus hindeutet
Mutationen in SMO erfordern neue Strategien zur Regulierung der Proteinfunktion,
weshalb die reversible Inhibition durch Y20 zukinftig detaillierter untersucht

werden sollte.

Des Weiteren wurde dasyiolidin RKN-1043 als Inhibitor des HBignalweges
identifiziert, der unterhalb von SMO wirkt. Durch Affinitditschromatographie und
Proteomik zur Zielproteinidentifizierung wurde RHOGDI1 als potentielles Zielprotein
ermittelt. Biophysikalische Experimente zeigt eine Inhibition der RHOGDIi1
vermittelten Extraktion von prenyliertem RA@IDP aus Liposomen. RK043
konkurriert als erstes entdecktes Molekil mit dem GeiFeB1-Peptid um die Bindung

an die GerGeBindetasche in RHOGD1 und inhibiert dadurch dessenkiin.
Genetische Veranderungen wiesen RHOGDI1 als negativen Regulator des Hh

Signalweges nach.

AbschlieRend konnte RKi043 als neuer Inhibitor des HBignalweges und von
RHOGDI1 identifiziert werden. Weiterfuhrende Analysen des Effektes von-Re43
auf den Aktivierungszustand von RHGTPasen kénnen genauere Informationen zum

Wirkungsmechanismus der Substanz liefern.

Die dritte Verbindung MJEL314 wurde mittels diversitatsorientierter Synthese durch

eine Metathesenkaskade erhalten, die zur Herstellwmg Substraten fur interund
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intramolekulare DielAlder-Reaktionen durchgefuhrt wurde. Die Substanz wurde als
potenter Inhibitor der Osteogenese uBidl-vermittelten HRSignalkaskade erhalten, der
unterhalb von SMO wirkt. Mittels chemischer Proteomik veuMTAP als potenzielles
Zielprotein identifiziert und eine thermische Stabilisierung des Proteins infolge der
Substanzbindung bestatigt. Trotz der Bindung an MTAP konnte jedoch kein Effekt der
Substanz auf die enzymatische Aktivitdt des Proteins aufgezeigten. Ebenso war
keine Inhibierung des HBignalweges durch den MTAIRhibitor MTDIA nachweisbar.
Diese Ergebnisse wiesen auf eine mdgliche rienbnische Funktion von MTAP hin.
Genetische Veranderungen von MTAP ergaben widersprichliche Wirkungenatdeiss

auf den HRrSignalweg. Des Weiteren wurde keine Anderung der intrazellularen
Lokalisierung infolge der der Bindung des Inhibitors ermittelt. Ansatze zur
Identifizierung neuer Interaktionspartner von MTAP, die eine Verbindung zum Hh

Signalweg aufzgien kénnten, waren nicht erfolgreich.

Zur Untersuchung des Einflusses von MIB14 auf die intrazellulare Funktion von
MTAP wird die metabolische Aktivitat der Zellen nach Substanzbehandlung untersucht
werden. Weiterhin kann eine Genexpressionsprofiligrame globale Darstellung des
Effektes auf den physiologischen Zustand der Zellen ermdglichen, was detaillierte

Informationen zum Wirkungsmechanismus von MUE14 liefern kann.

Die hier prasentierte Arbeit fuhrte zur Identifizierung neuer Inhibitoren ldbs
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 Wirkungsiechanismen aufzeigen zu kénnen.
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3 Introduction

The advent ofwhole genome sequencing in the beginning of 2&ntury has led to
overwhelminghigh throughputnformation on genes expressed in an organism. The study
of genes and genetic variatioe. geretics, has been used widely to study biology by
manipulating the biological system at the level of the gefid&is manipulation is
achieved by knocking out the gene of interest, which prevents the expression of the
corresponding proteins. Additionally, acreased number of gene copies or useyper

active promoter results in an increased protein expression. Moreover, protein function can
be alteredby introducing missensenutationin the corresponding geneUsing these
genetic perturbations, basibiological processes such a=ll cycle in the yeast
Saccharomycegerevisia¢ programmed cell death in the nemato@eenorhabditis
elegans’ as well as early embryonic development in Bvesophila melanogastenave

been elucidated.

A classical genetgapproach also termed &srward genetics involves unbiased gene
perturbation giving rise to a phenotype of interest followed by ifilgation of the gene
responsible for the phenotydRecent advances genome editingechniqueshave given
rise to a reverse genetics approach to decowsajene function. Reverse genetics
involves perturbationof a specific gene of interest followed lajose examination of

resulting phenotypes.

3.1 Chemical Genetics

The use of chemical compounds in the form of plant extractéréatment of many
diverseailments has been a part of human histégvarces in scientific understanding

of theimportance of chmical compounds have led to the introduction of antibiotics in the
form of pure smatmoleculetreatment 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 science3his chemical intervention to understand biological sysiem

termed fichemical geneticso.

Contrary to theroutinely used genetic approaches, chemical genetggloys small

molecules to modulatkiomolecule (nucleic acid, lipid and proteifunction in order to
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understand biolog§ Chemical genetics is divided into forward chemical genetics and
reverse chemical geneti¢seeFigurel). A forward chemical genetiapproach involves
screening of small molecule libraries in unbiased phenotypic a%saysi t © compounds
which affecta givencellular phenotype are then selected for further characterization and
the biomoleculeghat are modulated are identified using various approaches discussed in
the following sections. Ireverse chemical genetjcsmallmolecules argested for their
ability to directly modulate biomoleculeof interest. The small molecules tloand to the
biomoleculeof interest are selected and tested in phenotypic assays relevant to the
biomoleculeof interest. Hit compoundselected from forward and reverse chemical
genetics approaels are then subjected to-olepth biological evaluation. The reverse
chemical genetics approach is further extendealgenomewide scale under the newly
emerging fieldtermedchemical genomics<Chemicalgenomicsdescribes the search for

smallmoleculemodulators for functions of all the gene products.

Forward and reverse chemical genetapproaches are widely used to identify small
molecule modulators. However, these approaches have their own advantages and
disadvantages. The forward chemigaheticsapproach relies on phenotypic assays and
thus d@s not require prior information abowt potentialtarget. Thereforethere is a
possbility to identify multiple or new targets regulatitige phenotypestudied Limitation

of this approach is the requirement of large libraries of diverse small molecules. Also,
optimization ofaninitial hit compoundwhich is cell permeable and metaboligadtable

can be challenging and tirRmmnsuming. Contrary to forward chemical genetics, reverse
chemical genetics requires pritinowledge ofthe function of the target. Indepth
knowledge ofthe natural ligand(if present)and binding pockein the case foproteins
facilitates the optimization ad newlyidentified small molecule modulator. However, the
dynamic nature of the protein can complicate the desigsmafll molecule modulator

The reverse chemical genetics approach to identify small moleculelatmdus only
limited to biomoleculs under experimental study, asuch new targes cannot be
discovered by this approach.
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A Forward chemical genetics B Reverese chemical genetics
0 el
) () ) )
Phenotypic Biochemical
assay o0 o o ) assay
o o
QO e
identification
Target Mechanism-of-
identification action studies

o 9

Figure 1. Mechanismof-action and target identification in chemical genetics.

(A) In forward chemical gegtics, phenotypic assays are employed to identify small molecule modul
Mechanism of action and target identification is undertaken to establish the biomolecule respon:
the phenotype.B) In reverse chemical genetics small molecules are smei@na biochemical assay
identify modulators of a biomolecule under study. Exploration of the mechanism of action and p
side )g:ffects of the smatholecule modulator are undertaken. (Modified from Monica Schenone ¢
2013

3.1.1 Phenotypic Screening

Phenotypic screens are the starting point of forward chemical genktieg offer the
possibility of identifying smaimolecule modulatoref targes that have notyet been
linked to the studied phenotyp®loreover as they arective in cellular assayshese

identified small molecule modulators are cell permeable and metdhyoditzble®

The choice ofphysiologicallyrelevantphenotypic assay is criticah forward chemical
geneticsCommory usedreadout modalities afeasedon thephysiological properties of
the cell® In order to measure the transcriptional activity of the cell, reporter gene assays

are the preferredeadout A reporter gene is gene that is attached to the regulatory
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sequence of gene of intereBxpression of this reporter gene along with gene of interest,
renders measurable characteristic such as fluorescence and luminéSderaetivity of
phenotyperelevant promoter can also beasured by placing the reporter gene under the
control of promoter.The reporter gene products are mostly fluoresqamteins (e.g.
Green fluorescent proteinrGFBP or enzymes(e.g. Firefly luciferase)that hydrolyze
substratethereby generating light (i.e. luminescende) obtain quantifiable signal.
Reporter gene assays a@veloped to identify modulators of signaling pathways such as
Hedgehog (Hh)Wnt and Notch by introducing the reporter gene under the control of
pathwayspecific transcription factors.

Cell viability assays are considered to identify cytotoxic compou@ed. viability is
measued by monitoring metabolic activity, membrane leakage or by visible cell
growth!* Metabolic activity of the cell isneasured by using formaebaseddyes (e.g.
MTT, XTT and WST)or by measuring the metabolite leved§ ATP by using CellTiter
Glo® assay. Cell viability is also measdréy monitoring cell growth under the
microscope. Advanckimaging instrumerst such as ncuCyte™ 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 assaydit compounds identified from these phenotypicesos are

taken up for target identification process.
3.1.2 Approaches to target identification

In the forward chemical genetics approachkhich includes phenotypic screeninipe
identification ofthe targe{s) of small molecule modulatsris the most importanand
challengingstep. Target identification serves the purpose of establishing the mechanism
of action of a smaltmolecule modulator. In order to identify the tafggtof small
molecules, several strategies have been develdpitkin the scope of thithesis, target
identification strategies to identify protein targets are discusBeese strategies can
broadly be divided into affinitpased methods, genetic methods and computational
methods. The affinitpased method tak@advantage of the direct imgetions of a target
protein and small molecule. For target identification, genetic methods reltheon
alteration otthe quantity ofa target under investigation in order to changeattieity of a

small molecule in the phenotypic assay. Contrary toethegerimental approaches,



Introduction

computational methods are used to generate target hypothesis by compasingctheal
similarity of thehit molecule with establishddyand-target pairs.

3.1.2.1Affinity chromatography -based methods

The most widely used method tdentify target proteimis based on the direct affinity
between a target protein and the small moledske Figure 2 A). The chemically
modified active andhactive analogof a hit compound aréunctionalized with a linketo
synthesize affinityprobes The affinityprobesare 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 molecutierived probeThe capture of the protes is followed

by stringent washing to remowenspecificallypound proteins. Appropriate elution steps

are used toeleasehe bound proteins followed by mass spectromatiglysis to identify
potential binders.Statistical analysis is performed to idéntthe proteins that are

selectivelyenriched in active affinitprobe?

Stable sotope labeling by amino acids in cell culture (SILAC) is usedaffinity
chromatographyn order to facilitate quantification of the identifiecbpgins(seeFigure2

B).2® In this methodcell lysats arepr epared from cells that
Al i g h und thanaelsupplementadth =Cs,*N; L-lysine and**Cs*°N4- L-arginine

and with *2C™N, L-lysine and *?C¢*N,- L-arginine respectively* Complete
incorporation of the labeled amino acids into the proteome is achieved by growing the
cells in heavy origtht medum for at least five cell divisiom 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
proteinsbound 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 stepsamgbarative quantification

of the enriched proteinghereforeincreass confidence in identification of the weakly
bound proteins. SILAC has been used successfully to identify tubulin and expadin
target proteins for tetrahydropyraontaining compound Tubulexin It was
experimatally shown that the compounds bind ttee vinca alkaloid binding site of
tubulin’® BCR-ABL wasconfirmedas a target for Imitania drug marketed by Novartis

pharmaceutical for the treatment of acute myeloiddenia’® The SILAC approach can
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also be extended tdhe whole organism such as modSeC. elegansand D.
melanogastet® Stable hcorporation of labeled amino asiis critical and long term
cultivation of cells in heavy meain is necessaryThereforecells such as blood platelets

cannot be used for SILAC techniquegtasy can only be cultivated for a short tiffe
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-
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Figure 2. Affinity chromatography based methods for target protein identification.

(A) Labelfree affinity chromatomaphy. For protein binding, cell lysate is passed over active and ine
analogs of small molecugffinity-probe immobilized on solid support. The probes are then washe«
bound proteins are finally eluted. The eluted proteins are tryptically digestédanalyzed by mas
spectrometry. B) Quantitative affinity chromatograpl
"heavy" isotopdabeled amino acids supplemented growth medium in order to incorporate iadtefes
amino acids in the proteome ofth cel | s. The resultant Aheavybo
and inactive analogs of the small moleeafénity-probe immobilized on solid support. The probes
washed and the heavy proteins bound to active probe (AH) are mixed withriigéinp bound to inactive
probe (IL). Similarly, heavy proteins bound to inactive probe (IH) are mixed with light proteins bot
active probe (AL) followed by mass spectrometry analysis. By quantifying the ratios of "light" and "t
peptides betweeAH and IL as well as IH and AL signals, a potential target protein is identified.

Thesuccesf affinity chromatographys dependent oseveral factorsncludingthe lysis
buffer, the affinity of the small molecule towards the target protein e expression
level of the protein in themployedcell line.*® The affinity ofthe small molecule towards
its target proteinwhichis critical for this methoglcan begreatlyaffected by the chemical
modification required for preparation of affinity linker attachmer(Figure 3 A).

Therefore, in depth understanding of the strueaatvity-relationship (SAR) is

10
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necessary in order to retain the affinwhile attaching the small molecule & affinity

linker. In some casesddition of theaffinity linkers on to the small molecule causes a
significant drop in the bioactivity of the small molecule and thus its affinity towards
target proteirf® To overcome tis problem, small alkyne or azide groups are used to
functionalize the small moleculsee Figure3 B). In order to retain the sensitivity of the
small molecule towards riget, the small molecule is first added to the cell lysate and
usi ng -dilcd micskt ryo, linker tag is adde® on
Additionally, small photoreactive groups such as benzophenone, diazirine, or arylazide
are used to stabilize weak protamall molecule interacti@by inducing covalent cross
linking (see Figure 4 C).?? The functionalization ohit molecules byphotaaffinity tags
further enhances the sensitivity of the target identification process by allowing to identify
weakly bound targets. One such example is of Imatin®RBBL oncogenic receptor
kinase is an estabhed target of Imatinib. However, using photoreactive aryl azide
modification, gsecretase activating protein (gSAP) was found to be the additional target

of Imatinib 2

linker o
solid support
clickable tag
B Target ID by MS
\‘N N:NN_/-&
f Cu() W — —
5 ) >
Live cells m/z
C
o B8
SN N
hv Cu(l ﬁ
] e

photo-reactive group

A

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

(A) The activeaffinity-probe is directly immobilized on solid support. Proteins bound to the prob
analyzed by masspectrometry.B) The small molecule is modified withé c | i ¢ k a b | mcubatgr
with live cells.A tag is added on to this functionalized small moleeidea linkerupon incubating with cel
lysate for protein binding followed by mass spectrometty.A small molecule isequipped with ghoto
reactivegroup (e.g. diazirir) to induce covalent crofisk between the small molecule and the tar
proteir(s). (Modified from Jiyoun Lee et al., 20%8)

Despite these advances in the affinity chromatogrdyased target idefitcation
techniques, for some compound classes even small changes stringurecancausea

significant reduction in bioactivity. Moreover, for somsmpoundstarget protein or

11
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additional offtargets cannot be identifieas a result of reduced bioaaty. Therefore,
labelfree approaches am increasingimportance as chemical modification of the hit

compound is not necessary.

3.1.2.2Label-free techniques

Labelfree target ID approacks do not requirechemical modification of the small
molecule Thereforethe time duratiorand complexity of the target identification process
is significantly reduced@ These methods take advantage of the change in the
thermodynamic properties of target protein upon bindimga small moleculeThe
cellular thermal shift assa\CETSA) relies on the change in the thermal stability of the
target protein upon binding to small molecule ligaisde Figure 4 A).?* The small
molecule maychangethe thermodynamic properties of thargetproteirn(s) leading to
thermal stabilization or destabilization. The small molecule is incubated with cellular
extractsor live cellsto allow bindng to the target proteins. Thesetmcts are then
aliquoted andheated todifferent temperatures to induce protein melting at higher
temperatures. Upon ult@entrifugation, only the soluble fractiomsllectedfrom these
aliquots are analyzed by western blotting to detect the change mehing behavior of

the target proteinThus, allowing the target validation for small molecAééernatively,

for wideningthe applicability of CETSA, the soluble fraction are labeled with tandem
mass tags (TMT) to analyze the proteewide melting behvior by mass spectrometry.
As a proof of concepPD0332991 was used, which showed specificity towards CDK4/6
by stabilizing the kinase at higher temperatdre&nother labelfree approach is drug
affinity resporsive target stability (DARTS), which relies on changes in the sensitivity of
proteirs toward proteolytic enzymes upon binding with small molecule lidaeelFigure

4 B). Cell lysates are treated withligand or vehicle followedy limited digestion by
using protease®. The samples are then analyzed by gel electrophom@simass
spectrometryo detectthe disappearance @fprotein from small molecule treaté@ction

as compared to vehicle treated sample. DARTS has been successfully used to identify
molecular targets ofapamycin, FK506, didemnin B, and resveratfoSimilar to
DARTS, stability of poteins from rates of oxidation (SPROX) depends on sensitivity of
the proteirsmall molecule complex towards oxidative conditi¢B8seFigure4 C).?® An
oxidizing agent (HO,) anda chemical denaturant are used to induce oxidation of the

methionine residues in target proteins. The reaction is quencitetha oxidized and

12
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nonoxidized proteins are identified follomg quantification by mass spectrometry. The
small moleculébound proteins arenore resistant to thdenaturant and therefore show
larger shift in the rate of oxidation at higher denaturantcemtration. As a proof of

concept cyclophilin A and UDPglucose4-epimerase were identified as targets for the

immunosuppressive drug cyclosporiné®A.

A i active hit

OO AT — ===

= vehicle/control

el JURRINY — E=====esc

heating at increasing temperatures

lysate lysate protease protiase
— active hit
protease —_ proteolysis —_ —

= =

protease + active hit

|

C o
@ SN tryptic digestion and — active hit
mass -;pcctromctry = vehicle/control
=
vehicle/control —
lysate

H O and various concentrations —
of denaturant Denaturant

Figure 4. Label-free techniques for targetidentification.

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

(e.g. DMSO) and aliquoted. The aliquots are heated at a range of temperatures in order to den
proteins. The soluble proteiftactions are analyzed by immunoblotting using an antibody agains
protein of interest.K) Drug affinity responsive target stability (DARTS) relies on the increased stabili
the target proteksmall molecule complex against proteolytic cleavageate is incubated with small h
molecule followed by exposure to a protease. Proteins that are more resistant to proteolysis are an
SDSPAGE. C) Stability of proteins from rates of oxidation technique is based on the sensitiv
proteiri smal molecule interaction under oxidative conditions in various concentrations of che
denaturant. Lysates are incubated with active hit small molecule and control and are expgsdatalt
various concentrations of chemical denaturant. Small moleauadproteins are more resistant towa
chemical denaturant. Therefore proteins that show denattwanentration dependent denaturation

identified by mass spectrometry. (Modified from Kapoor et al 2016 and Jiyoun Lee et al?’3913)

As described in the previous sectiomlvances in affinigbased approaches have led to
deconvalition of target proteins for mangmall molecules. The label free approaches
significantly improve the versatility of the affiniyased target identification proceas they
do not requireexploration of SAR and preparation of affinity probes. However, the
identification weak binding or membrane protein target $mall molecule remains

challenging.
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3.1.2.3Genetic methods

The completion b 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 identificatiprocess The function of genes and proteins
hasbeen determinely employing genomics tools such as analysis of gene expression
profile, resistanceonferring mutations and RNAI libraries. Gene expression prgfil
generats a global picture of the effect of small molecule treatment on all the genes
expressed in a déissue or animafseeFigure5 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 interpretatibherefore 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 wittd-gdiethylamno)-3-nitrophenyl}5-
methyt4,5-dihydropyridazin3(2H)}one (DNMDP) led to the identification of
phosphodiesterase 3A (PDE3A) as a target. CRISPR/@agtated knockout of the
PDE3A rescued the DNMDP mediated cytotoxicity, therefore validating PDE3A as a
modlecular target of DNMDB?

Genetic approach to identify and establish the functionality of a tasgbtsed on
comparing thghenotypic outcome as a resodtthesmall molecule and interfering RNA
(RNAI) treatmento deplete the targéBeeFigure5 B).3223Similarity in both phenotype

is then used to generasetarget hypothesis. It is expected that the knockdown should
result ina phenocopyof the small moleculanhibitor. The use of RNAI in combination
with small moleculenhibition should resulin a more potent induction of thghenotype
depending on the nature of the target gene. Gemuide RNAI experiments are
performed to search for geswhat have aimilar effectwhen knocked dowas the small
moleculeinhibitors®* RNAI is also used in more focused experiments when the probable

target for the small molecule modulator is known.
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Figure 5. Genetic mehodsfor target identification.

(A) To identify the target and establish a mechanism of actiarhidfcompound, gene expression profilit
is performed to characterize changes in the gene expression level as a result of compound t
Bioinformatics toos are utilized to establish the relevance of gene expression profile with the phe
under study. B) Phenotypes as a result of small molecule treatment are compared with phenotyp:
genomewide RNAI studies Similarities in thgoghenotype provide hint that thedepeletedyene producis a
possibletarget of the small moleculeC) Exposure of cells t@ cytotoxic small molecule leads to tt
development o€ompoundresistantlones. Clones that are resistant to multiple compounds are excluc
treding the cells with a universal toxic agent. The remaining resistant clones are analyzed by transt
sequencing to compare parental and resistant clones to identify mutated genes. (Modified from K
al., 2016 and Schenone et al., 26£3)

Another approach to identify the target protein is to identify resistemckerring
mutations upon exposure toxic small molecules (SeeFigure 5 C).*>* Cells grown in
sublethalconcentrations ofhe toxic small moleculecandevelop resistance tiie toxic
small molecule These surviving cells are then analyzedtiaynscriptomesequencing to
detect the genesahare mutated in the resistant cef$K1 was identified as the target
of the small molecule BI2536 by analyzing BI25&8istant clones of HCT116 cells that
carried a mutantation in the BI2536 binding site in PEK¥.However the approach is

currentlyonly limited to molecules that are cytotoxic to the c&lls.
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3.1.2.4 Computational approaches

Advances in computational techniques have opened up a new dimension in target
identification researchin silico predictions of the molecular targets of small molecules
are based on ligand and netk-based computational approaches.

The Similarity Ensemble Approach (SEA) clusters proteins by employing 2D structural
similarity of their bound ligands to predisinall moleculdarges. All ligands are ranked
according to the ratio of the number of fgals common to both molecules to the total
number of features (Tanimoto coefficient). SEA can be used for predicting ther gt
activities ofsmall molecules. One such example is Fabahistin, for wthiehserotonine
receptor>-HTsawas predictedsa target.Fabahistirproved to have K; of 130 nMfor 5-

HTsa, which was bettethanthe Ki for its canonical targetthe histamineH1 receptor.
Moreover, the predicted target HiTsp was experimentally validated to be potently

modulated byabahistin®®

Seltorganizingmap-based prediction of drug equivalence relationship (SPIiDER)
selforganizingmaps (SOM)ased technique developed by Schneider et al., to predict
the molecular targets od small molecule modulatorSPIDER uses pharmacophoric
similarity of wellestblished drugs with small molecules under study to predict the
molecular target The similarity is based on the topological features, scaffold
connectivity, and target interaction potentiafl small molecule under studyut is
independent of molecular vght.>° Using this tool, target predictionas performed for
molecules synthesized by using amprenavir, a HIV1 protease inhibitor, as a template.
Surprisingly,in addition to the HIV1 proteasbradykininreceptorB1 was predictedsa

target with a significant score. Moreover, thlmmall molecules showed higher

experimental affinities towards bradykimeceptoB1 than forHIV1 protease.

Although there is n@enericmethod for identification and validation emallmolecule
targets combination of these complementary methasislescribed ifigure6 are used to

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

In order to identify the target of a small molecule, combinationict biochemical methods, genet
techniques andf computationabpproachesre employedThe relationship between data from multig
platforems might lead to successful deconvolution of the target protein. (Modified from Schenone
2013)
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3.2 The Hedgehog signaling pathway

The Hedgehog geneHh) was identified by C. NusskiVolhard and E. F. Wieschaus
while studying genetic mutations Brosophila melanogastérThey identified 50 genes

that had an effect on the embryonic development of the larvae. One such gene when
mutated gave rise to sphtike features on the dorsal side of the larvaih similarity in
appearaneto ahedgehog. Thereforéhe gene responsible for this phenotype was termed
Hedgehogln 1993 three paralogues were identified and named as Bbr{tghh), Indian

Hh (lhh) and Desetith (Dhh)#®*® The Hh genesare highly conserved across vertebrates
and they govern various processes such as proliferation, differentiation tissue patterning,
and tissue repaff. However, anomalies iith signaling are linked to vamus types of
cancers,basal cell carcinoma (BCC) andedulloblastoma being the most prominent.
Cancers othe pancreas, prostate, lung, and breastadse linked toaberrations irHh
signaling® Therefore modulators ofthe Hh signaling pathwaymay have therapeutic
potential. Simulators ofthe Hh pathway may have applications in the induction of
angiogenesis and promotion of wound healinghibitors of Hh signaling have
applications in the treatment of cancers and other tgpeHh pathwayrelated

developmental anomalié8.
3.2.1 Maturation of Hh proteins

Posttranslational modification ttie Hh protein isa prerequisitéo release the active form

of Hh from cells to activateHh signaling?” A ~45 kDa precursosignal sequencés
removedfrom the Nterminus of Hhfollowed by autocatalytic cleavage between GlyCys
residuesthat is part ofthe highly conserved Gly@sPhe tripeptidéFigure 7). This N
terminal signaling domaiis further modified byaddition ofcholesterol at the @erminal
glycineto generatehe ~19 kDa signaling domairCholesterol 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 shothat other sterol modifications can substitute
for the cholesterol modificatiof?.In the finalstep, fully functionaHh protein is formed

after palmitoylation othe N-terminal cysteine byhe enzymeHedgehog acyl transferase
(Hhai). A highly conserved CysGlyProGlyAfrgequence is necessary for palmitoylation

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

potency ofHh proteinto activateHh signaling?’
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Figure 7. Posttranslational modification of Hh protein.

A ~45 kDa polypeptide encoded by Hh genes undergoes internal proteolysis-tentifal signaling
sequence cleavage followed by acylation. As a result a ~19 kDeaesegsrproduced by endoproteolyt
cleavage at the GlyCysPhe sequence. The signaling domain is decorated by cholesterotetniealC
Gly. Hhat adds a palmitoyl moiety at theTerminal Cys followed by a spontaneous rearrangeng&nt (
acyl shift) to geerate mature Hh ligand capable of activating the Hh signaling cascade upon bin
PTC1. (Modified from Heretsch et al., 2010)

3.2.2 The Hh signaling cascade in vertebrates

Hh signaling starts bpinding of the Hh ligand to its receptor PatchedIG®P). PTC1
inactivation relieves repression of the seven transmembrane receptor SmootMgd (S
initiating the signaling cascadeee Figure 8). This results in the activation of glioma
associated oncogene (3 transcription factors and eéhexpression of Hh target genes.
The transcription facto6LI has threehomologs:GLI1, GLI2 and G.I3.*° GLI1 is a
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transcriptional activatorGLI2 is a major pathway activator ar@LI3 functions as a
repressor GLIR). The Suppressor of Fusd®UFU) is a Hh pathway inhibitor that
inhibits Hh signaling by maintainingLI in aninactive state. In vertebratdsh signaling
occurs at the primary ciliunf. The ntraflagellar trangort (IFT) protein, kinesin I1IF3

family) and dyneir2 (DYNC2) motors regulate the constasttuttling of Hh pathway
components betweethe cilia and the cytoplasnm! Transport and accumulation bfh

pathwayrelated proteins into the cilium is necessary but not sufficienHfopathway
activity. Therefore mutations in tk ciliary transport genes lead to aberrationdHm

signaling>?

In vertebratesHh signaling exists iran on or off state depending on the presence or
absence of fully maturedh ligand. In the absence &fh ligand, PTC11landtherecently
discovered G protetooupled receptor (GPCR)RRL61 are presentithe cilia.SMO is
maintained in the inactive state byf®l, while GPRL61 activates protein kinask
(PKA).>® Upon activaibn, PKA together with Casein kinase 1 (CK1) and glycogen
synthase kinaseb3 GSK3) phosphorylates the LG transcription factors which undergo
proteolytic processing into-€@rminally GLI repressor (GLIR¥orm. Transport of GIR

to the nucleus results inepression ofHh target gengsthus maintainingHh signaling in

the inactive stat&>Upon binding of maturéih ligand toPTCH1, PTCH1 and GPR161
are internalized andT1 undergoes lysosomal degradation. In #iisence oPTCH1
and G°R161 in the primary cilium, BO repression is relieved. In the absence of active
PKA, SMO is phosphorylated by CK1 and G proteioupled receptor kinase (GRKZ).
The phosphorylated MBO is transported into the cilm by the kinesin KIF3A and
anchored near the base of the urili by Ellissvan Creveld syndrome proteins
EVCIVEVC2>" The active state ofSMO inhibits GLI phosphorylationand thus full -
lengthGLI2/3 (GLI FL) in complex withSUFU accumulate at the tip of cilia where they
dissociate and exit the ciliufi.The GLI FL aretransported to the nucleus, where they
activateHh target genesuch asGLI1, PTCHJ, andHIP. The transport oGLI FL to the
nucleus is important for maintaining theLI FL and G.IR ratio to regulateHh
signaling>® Hedgehog interacting protein KHP) is another negative regulator bih
signalingthat binds to PC1 with similar affinity asthe Hh ligand®° The expression level

of Hh activator or repressor genes reguldtissignaling by feedback mechanisfi Hh
ligands can also trigger noncanonical pathwaysia SMO that are independent of Gl
transcription factor§?
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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 aréaimaihin
the inactive form by SUFU. GPR161 present in the cilium activates protein kinase A (PKA), \
together with Casein kinase 1 (CK1) and glycogen synthase kiha$g€SK3) phosphorylates GLI2 an
GLI3 at the base of the cilium. The phosphorylated GLI2 and GLI3 are processed to GLI repressor
form by the proteasomeB)Y When Hh ligand binds to PTC1, PTC1 and GPR161 are internalized and
undergoes lysosomadlegradation. In the absence of PTC1, SMO is phosphorylated by CK1 andbG
The phosphorylated SMO is transported and anchored to the base of the cilium. The SURtdmplex
accumulates and dissociates at the tip of the cilium. Théefudith GLI (GLIFL) is then transported to th
nucleus where it activates Hh target genes. (Modified from Tatiana Gorojankina et al*’> 2016)

The activation of SMO and the downstream signaling cascade are still not fully
undersbod. HowSMO is inhibited byPTC1, and how thesignal transduction frorSBMO

to GLI occursare questions that are intriguing for thla research communitylt is
proposed thaBMO activation is a twestep process comprising ciliary localization and C
termiral phosphorylationThis could explain the inhibition c8MO by cyclopamine but
not the fact that it is stilllansporédto cilia> It is shown that there is no direct physica
interaction betweeSMO andPTC1% However,PTC1regulatesSMO by controlling the
influx of sterols, specifically cholesterahto the cytoplasmCholesterol allosterically
binds to thecysteine rich domaitCRD) of SMO and triggers conformationehanges
sufficient for SMO activation.Ilt is proposed that PTC1 maintains low levels of
cholesterol in the ciliary membrane, thereby ensuring that SMO will not be acti¥ated.

However, upon PTC1 inhibition by SHidholesterokoncentrationn the cilia increases,
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leading to SMO activatiorilhe open form oEMO is accessiblé¢o kinesin protein HF3
which drivesSMO localization to the base of cilia. The GPCR like activatioshIO is
proposedvia a G U protein thatcouples withthe open confomation of SMO in the
cilium.®® Once active inside the ciliun§MO activity is regulated by the concentration
gradient of cholesterol. This gradient is dependenHanligand concentratio which
regulates cholesterol influx througi €1.%°

3.2.3 The Hh pathway in disease and cancer

Aberrations inHh signaling regulation are responsible for various types of canteese

are three types dih pathway ativity models proposed in cancgSeeFigure9).®’

In type 1 cancergheHh pathway is abnormally activated because of ligemigpendent
mutations(seeFigure 9 A). Activating mutations ifSMO or inactivating mutations in
PTC1 result in constitutively activélh signaling independent dih ligand The type 1
model was first observed in patients with Gorlin syndraheg harborednactivating
mutations inPTCL1 Theaefore patients with Gorlin syndrome are prone to BCC,
medulloblastoma and rhabdosarcothdnactivating mutations are also reported for
SUFU which renders resistance to drugs actingtngpsn of &JFU. Therefore drugs
acting downstream ddUFU are needed fdreatment of cancers originating due to type |

cancers.

Type 2 cancers are a result of ligatebendentHh signaling in an autocrine or
juxtracrine manner. Thieh ligand producedby the tumor cell acts on the same or nearby
cells in an autocrine or juxtacrine manneespectively thereby stimulating the growth

and proliferation of cancerous tissue. This type of model is observed in colon cancer.
Inhibitors acting upstream or downstreaffSMO may show effectiveness in typeHh-

driven cancersin type 3 canceréseeFigure9 B and C)the Hh ligand overproduced by
tumor cells, stimulates stromal cells in a paracrine manner. The stimulation of stromal
cells leadgo secretion of growth faors (VEGF, IGF etc) which iturn support growth

and survival of tumor cell¢seeFigure 9 B). Alternatively, Hh ligand is secreted by
stromal cells which stimulate growth and proliferation of tumolsc@lhis type of model

is knownas reverse paracrine signaling mgseeFigure9 C).
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Figure 9. Models of Hh pathway activation in cancer.

(A) Inactivating mutations in the negative repressors PTC1 &HeUSor activating mutations in th
positive regulator SMO lead to ligaiddependent activation of the Hh pathway. (B and C) Lige
dependent activation occurs through paracrin

secrete Hh liganthat stimulates surrounding cells (e.g., stromal cells) in a paracrine manner. In resp
stimulation by Hh, the stromal cells release twsgpporting factors such as IL6, VEGF, IGF and Wi
(C) In reverse paracrine activation, Hh ligand is produmedurrounding notiumor cells that stimulate th
growth of tumor cells. (Modified from Fujia Wu et al., 2017)

3.3 Modulators of the Hh signaling pathway

3.3.1 SMO inhibitors in clinical trials

The natural productyclopaminewas the first known inhibitor ofSMO. Cyclopamine
was discovered for causing cyclopia, when shibeyp ingestedVeratrum californicun
duringtheir gestation period gaverth to progeny with birth defectacluding cyclopia.

The steroid alkaloidcausng this was isolated from the plant extract ®eratrum
californicuand named cyclopamiff However, cyclopaminas not tested clinicallfor

its use in cancer theragyecause of moderate inhibition bth target gene=xpression
poor aqueous solubility ardck of stability in acidic pH® SMO is the most druggable
target in Hh signaling ad all small molecules that have reached clinical trais
antagonistsof 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 Efivedge
Novartis Institute of Biomedical Research developed NVJE225 (Sonidegib) as a
potentSMO antagonist. Sonidegib is phase I/liclinical trials for the treatment of BCC,
acue leukemia and medulloblastorffaPR04449913 Glasdegib) was developed by
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Pfizer as a poterSMO antagonist whichs currentlyin phase I/liclinical trials for the
treatment of acute myeloid leukemia and myelpthstic syndromé&' BMS-833923 was
developed by BristeMyers Squibb in collaboration with Exelixendis being evaluated

in phase | and Il as a single agent as well as in combination for the treatment of various

cancers?LY2940680 {Taladegib) developed by Eli Lilly i& phase | and Il trials for the
treatment of pediatric medulloblastoma and small cell lung cahd@eble 1 summarizes

the bioactivity of above mentioned SMO antagonists

Table 1. Established SMO inhibitors in clinical trials.

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

IC 5owild -type
Compound IC50D473H SMO Development status
SMO
Vismodegib 3-22 nM Loss of activity Clinically approved
NVP-LDE2225 2.5nM Loss of activity Phasell
PF04449913 5nM Not reported Phase I
BMS-833923 21 nM Not reported Phase Il
LY2940680 2.4 nM Active Phase I

3.3.2 Inhibitors upstream of SMO

Interfering withbinding ofthe Hh ligand to Ptch is another attractive strategy to inhibit
Hh signal tranduction. The monoclonal antibody 5E1 was developgdHoward Hughes
Medical Institute(Maryland, USA)to block the binding oHh ligand toPTC1with low
nanomolar potenc{’. However the antibody failed t@dvanceto clinical development
because of moderate activity in ceRIJ-SKI-43 was identified as an inhibitor éfhat
mediated palmitoylationf SHH - a posttranslational modificatiomecessaryor activity
of SHH. However, RUSKI-43 did not display any artiancer activitiesin vitro or in
vivo.”> Researchers at thBroad Institute (Cambridge USA) developed robotnikinin
which binds to the active #&rminal fragmentof SHH, thereby inhibitingHh signal
transductior® Statins are another class of molestutieat inhibit Hh upstream ofSMO.

Progeny ofpregnant womemdministeredstatins likecerivastatin, simvastatin, lovastatin
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or atorvastatindisplayedbirth defects like holoprosencepha8tatins reduce cholesterol
biosynthesis by inhibiting -Bydroxy-3-methylglutaryl CoA (HMGCoA) reductase. The
reduction of cholesterol biosynthesis leadsirhibition of cholesteroldependat Hh

pathway’’ Therefore compactin a statin derived moleculeas developed to deplete

cholesterol levels in the cell and thereby maturation oFthprotein(SeeFigure10B).”
3.3.3 Inhibitors downstream of SMO

Mutations upstrearm theHh signaling pathway components resulHh-dependent type

1 cancers. Therefor¢herapies that act downstream S0 and SJFU are desired to
overcomemutationrelated resistancé&LI transcription factors are attractive tagytr
inhibiting Hh signaling atthe transcriptional level. GANT58 and GANT61 are two
structurally dfferentinhibitors that were identifietb inhibit GLI transcription in a screen
performed in HEK293 cell€ Two independent studies have shown that arsenic trioxide
(ATO) inhibits GLI transcription factorwvia different mechanisms. ATO improved the
survival of SMO M2 mutatiorexpression model of medulloblastofffaHh pathway
inhibitor (HPI 1-4) were identified as potent inhibitors h signal transduction. It was
demonstrated by Cheet al. that these inhibitors act at or below the levelSiJFU.
Among these four inhibitors, HR is the most potent inhibitor ¢fth pathway activity It

is proposed that thesempoundsnhibit Hh pathway by interfering witl&sLI processing

or primary cilia formation(see Figure 10 C).° In another higkthroughput screen, the
natural product physal F was identified as a potent inhibitor of GLI1. Physalin F
inhibited GLI transcriptional activity with an igof 0.66 pM®*

3.3.4 Activators of Hh signaling pathway

Purmorphaming a purine derivative was identified as Hh pathway agonist inan
osteoblast differentiation assay performed in mouse mesenclGBraLOT1/2cells®
C3H/10T1/2cells undergo osteoblast differentiatio®,. osteogenesis, updih pathway
activation. Levels ofalkaline phosphatase (ALP), a gene expressed as a result of
osteogenesigrequantifiedas a measure éth pathway activity. The molecular target of
purmorphamine was identified to MO, as the activity of purmorphamine was
unchanged inPTCHI" cells and significantly affected ilSMO” cells. Also,
purmorphamine displaceBIODIPY-cyclopamine in HEK293T cells overexpressBigioO
which indicative obinding to SMO™
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SAG (SMO Agonist) is anotheHh pathway activator found in higtihroughput screening
in ShhLight2 cells. Experimentallyt was shown that SAG binds 8MO and activated
GLI-mediatedtranscriptional activitySMO is locked in open form upon binding of SAG
to heptahelical bundle MO (SeeFigure10D)*®
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Figure 10. Synthetic snall molecule modulators of Hh signaling pathway.

(A) Established SMO inhibitors in clinical trial88Y Hh pathway inhibitors acting upstream of SM@) (
Hh pathway inhibitors acting downstream of SMD) Hh pathway activators acting at the level of SMQ
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Motivation and aim of the thesis

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?* 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 SM{@wever, there is a need to impinge the
pathway downstream of SMO due to recently discovered mutations in thé'SMO.

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

pathway and establish their mode of action. In order to identify the novel modulators of
Hh signaling pathway a cdiased screening will bthis per
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 affidiigsed proteomics in order 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 pathwy. The primary celbased 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 mod@atetranscription
factormediated Hh phiway activity.SinceSMO is the most druggable target, the ability

of the Hh modulators to bind to SMO will be determined by BODIBy¢lopamine
displacement assay. For rR@8MO binders SAR exploration followed by affinibased
chemical proteomics will bperformed 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 tagfunctional assays.
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Cell based screening
Osteogenesis assay

Y

Orthogonal assay
Gli-reporter gene assay

l

Hh target gene expression
RT-qPCR

\

Yes SMO binding No
BODIPY -Cyclopamine displacement assay
Y
s g
[ SMO binder ] Non-SMO binder
- l J
P
Target identification
SAR, chemical proteomics

Target validation
Biophysical, genetic and functional assay

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 patway. 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 moléxs) the phenotypbased 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 cansbeeened for bioactivity. COMAS

library comprising 200,000 compounds was sceeein several celbased phenotypic
assays, including monitoring the modulation of autophagy, Wnt signaling, glucose
uptake, Hh signaling.

To examine Hh signaling pathway modulation, Hh responsive pluripotent mouse
mesenchymaC3H/10T1/2cells were used. Hese 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 mineralian during the process of bone formatidn.

The level of ALP can be used as a marker of Hh pathway activity and is quantified by
using the CDFStar reagent. CDFStar is dephospbrylated by ALP and converted to a
metastable dioxetanphenolate anion. The resulting unstable product undergoes decay,

emitting light which can be quantified by measuring the luminesc¢&nce.

The high throughput screening (HTS) of the 160,000 compounds yielded 1500 low
micromolar inhibitors of the Hh pathway, which dose deperitle decreased the
luminescence with low micromolar 4. 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 -tgdlovological
evaluation. Within the scope of this thesis, three such hit compounds were selected from
df-oxindole, bispyrrolidines and bigtrophenylebipyridine compound classes for

biological evaluation are depictedkigure12.

31



Results and discussion

YCL-220 RKN-1043 MJD-1314
df-oxindole Pyrrolidines bis-Nitrophenyl-bipyridine

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

A workflow for evaluation of Hh agthway modulators as notedkigure11 was followed

in an attempt to decipher the mode of action of these hit compounds.
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5.2 Biological evaluation ofdf-oxindoles

5.2.1 Confirmation of biological activity by secondary assays

The df-oxindole compound library was synthesized by Y&un Leea PhD student in

the department of chemical biology at the Max Planck Institute of Molecular Physiology,
Dortmund, Germany, in an effort tesign a ligandlirected gold catalysis approach to
access diverse scaffolds. The library comprised of 21 componadsassayed in the
osteoblast differentiation assay at COMAS. Out of 21 tested compounds, seven
compounds inhibited Hh signaling with low micromolars¢CseeTable9). The most
active compoundsMiPI-YENLEE-YCL-220 and MPIYENLEE-YCL-225, here after
referred to as YC1220 and YCLE225,had an IGy of 3.13 uM and 2.75 UM respectively.
Further,YCL-220 and YCL225were assayed iGLI-reporter gene assayn orthogonal
assay that is closer to physiological condition of Hh signalingwe®’ The assay is
peformed using irshhLIGHT2 cells, a NIH/3T3 derived cell line stably transfected with
GLI-dependent firefly luciferase and constitutRenillaluciferase reporters{gure 13

A).

The ability of the compounds to inhibit purmorphamine induced activation of Hh pathway
in ShhLIGHT2 cells was monitored by measuring the firefly luciferase signal and
normalizing it to the signal for renilla luciferase. In this assay, 220 and YCL-225
alsoinhibited the Hh pathway doskependently with I of 0.8 £ 0.15 pM and 1.75 +
0.42 uM respectively, which are in the same range as tkg d€nerated in the
osteogenesis assayigure 13 B). Both the compounds dlinot affect theRennila
luciferase activity, which is under the control of thymidine kinase promoter, therefore
suggestingGLI-specific inhibition of transcription upon treatment with Y2R0 and
YCL-225. YCL-220 was chosen for followp biological charderization as it was the
most potenGLI-transcription inhibitor in this series.
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Figure 13. Influence of YCL-220 and YCL-225 on the GLFmediated reporter gene
expression in ShRLIGHT?2 cells.

(A) Reporters in SHLIGHT2 cells, aNIH/3T3 derived cell line stably transfected with Gdépendent
firefly luciferase (Fluc) and constitutivenillaluciferase (Rluc) reportersB) YCL-220 and YCL225
inhibit GLI-dependent reporter gene expression in-SI@HT2 cells. Cells were treatedith 1.5 pM
purmorphamine and different concentrations of compounds for 48 h. Firefly and renilla luciferase au
were determined and ratios of firefly luciferase/Renilla luciferase signals were calculated, whiclt
measure of Hh pathway activitionlinear regression analysis was performed using a four paramet
All data are mean values of three independent experiments (n = 3)+s.d.

To further inspect the inhibition d&LI-specific transcription, expression of Hh target
genes upon YCI220 tratment was monitored by RJPCR. 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 activati@hl-dependent transcription of Hh pathway
specific target genesuch asPtch1andGli1.28 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 {pethway. The level of expressioniichl

and Glil was monitored inC3H/10T1/2cells. Upon treatment with various compound
concentrations along with purmorphamine, total RNA was isolated and cDNA was
synthesized by a reverse transcription reaction. The Aciwds used in the gPCR
experiment in order to quantify the expressioapdh PtchlandGlil. The expression

of Gapdh used as reference gene, was used to normalize the expressitahband

Glil. Both the target genes had basal levels of expresgion tieatment with DMSO.
Highest levels oPtchland Glil expression was detected upon treatment with 1.5 uM

purmorphamine and these values were set to t&oi0@ll further experimentslThe R
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gPCR experiments further confirmed the-sjkecific transcrippnal inhibition by YCL-

220, which dose dependently inhibited the expressioRtolil and Glil (Figure 14).

Upon treatment with 5 uM YCI220 target gene expression was reduced %0, 4thich

further dropped to 1 at 20 puM. Theseesults confirm theGLI-transcription factor
dependent inhibition of Hh pathway by Y20.
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3 Pechi
100 — B Gl
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DMSO DMSO 20 uM 10 pM 5uM 2.5 uM
YCL-220 YCL-220 YCL-220  YCL-220

Relative gene expression (%)

1.5 uM Purmorphamine

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

C3H/10T1/2 cells were treated with purmorphamine (1.5 uM) and different cwatiens of YCL-220
or DMSO as a control for 48 h before isolation of total RNA. Following cDNA preparation, the re
expression levels d?tchl, Glil and Gapdhwere determined by means of quantitative PCR emplo
specific oligonucleotides foPtchland Glil or Gapdhas a reference gene. Expression levelRtohl
andGlil were normalized to the levels Gfapdhand are depicted as percentage of gene expressi

cells activated with purmorphamine (100%). All data are mean values of three indepeipizihents
(n=3) xs.d.
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5.2.2 SMO binding of YCL-220

In order to explore the biological target of the Y220, the ability of YCE220 to
directly bind to SMO was explored. SMO appears to be the most druggable Hh pathway
component. Vismodegib and Cyclopae are the most studied examples of small
molecule inhibitors of the Hh signaling which directly bind to the seven transmembrane
pocket of SMO. A BODIPYcyclopamine displacement assay was performed in -HEK
293T cells transiently transfected wiBMO-expresing construct to determine whether
compounds competitively bound SMO at this site. BODB¥lopamine binds to cells
expressing SMO, which is detectedgasen fluorescent cell stainirfgigure15A). Upon
treatment with Vismodely, BODIPY-cyclopamine is displaced from the cells as
indicated by loss of the green fluorescence. YX2D treatment resulted in decreased
BODIPY fluorescence in cells indicating that Y@RO binds to SMO. In order to
guantify the displacement of BODIPYclopamine, 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 10% (Figure 15 B). Upontreatment with various concentrations of Y-CL
220, a concentratiedependent displacement of BODIRYclopamine from the cell was
observed similar to vismodegib at 5 pM.

As an additional confirmation of the SMO binding nature of the Y20, the inhibition

of Hh pathway by YCE220 upon activation of Hh signaling by 0.1 yM and 1 pM of
SAG was investigated using tli&_I-reporter gene assay. SAG is a SMO agonist which
activates the Hh pathway by binding to SMO. At higher concentrations, i.e. 1 uM, it
saturateshe binding sites on SMO, resulting into drop in the inhibitory activity of SMO
antagonistd® 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 uM SAG, a drop in the &eity of vismodegib was observed-igure 16 A).
Conversely, the activity of GANT61, a n&MO binder, was unaffected when the
pathway was activated by 1 puM SAGigure 16 B). In a similar manner, when Hh
signaling was activated by 1 uM SAG, Y20 was less potent in inhibiting ti&LI -
mediated Hh pathway activityrigure 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 SMGbound BODIPY -cyclopamine.

(A) HEK293T cells were transiently transfected with SMO expressing plasmid or empty vector. 48
cells were treated with BODIR¥yclopamine (5 nM, green) followed by additiof 10 uM of YCL-220
or 5 uM vismodegib and DMSO as controls and incubation for 1 h. Cells were then fixed and stain
DAPI to visualize the nuclei (blue). Scale bar: 20 (B) HEK 293T cells ectopically expressing SM
were treated with different coantration of YCL220 or vismodegib and DMSO as controls in 1
presence of BODIPXyclopamine (5 nM) for 5 h. The graph shows the percentage cbaetid
BODIPY-cyclopamine as detected by fluoresceactvated cell sorting. Data are mean values of tt
independent experiments (n=3) £ s.d.
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Figure 16. Effect of YCL-220 onGLI -mediated reporter gene expression upon Hh pathwa
activation by SAG.

(A) Influence of vismodegib(B) GANT61 and(C) YCL-220 onGLI-mediated reporter ge expressior
upon Hh pathway activation @hhLIGHT2 cells by SAG (0.1 uM and 1 puMXells were treated witl.1

UM or 1.0 uM SAG and different concentrations of compounds for 48 h. Nonlinear regression analy
performed using a four parameter fitata are mean values of three independent experiments (n=3)
and were normalized to cells treated with the respective concentration of SAG (set to 100%).

The df-oxindoles possess potentially reactive Michael acceptor functionalities often
responsike for covalent binding to cellular targets by addition of nucleophiles such as
thiols in biomoleculesTherefore to explore the mode of binding of YC220 to SMO,

i.e. reversible or irreversible, a washout step was introduced in the BOG&itdpamine
displacement assayigure 17 A). HEK-293T cells were transfected with pGESMO
plasmid for 48 h followed by treatment with YE20 and DMSO as a control for 1 h.
Cells were then washed three times with cell cultoeglia in order to wash away the

bound YCIL-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 introducedL-£80 was able to displace
BODIPY-cyclopamine as indicated by loss of green fluorescence. Whereas, upon
washout YCL-220 failed to displace BODIP¥yclopamine, indicating reversible
binding of YCL-220 to SMO.

Furthermore, this reversible binding of the Y220 to SMO was assayed using Giel-

reporter gene assay with an extra washout 8bpLIGHT2 cells were treated with 1.5

eM purmorphamine and different concentratio
washed three times with cell culture medium followed by addition of fresh medium

containing 1.5 €M pur mor phami nfa48hrFirddfMS O as &
and Renilla luciferase activities were determined. As sedfigare 17 B, the washout
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steps decreased the potency of ¥220 when compared to no washout step as detected
by shift in the curve adirming the reversible binding of YGR20 to SMO.
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Figure 17. Washout experiment to access the mode of SMO inhibition by YCR20.

(A) HEK293T cells were transiently transfected with Sidgpressing plasmid or empty vector. 4&ter
cells were tr ea-220 dndDMSOhas d dontrel fdr oeChbur. Cells were then wa
three times with medium, treated with 5 nM BODHeYclopamine (green) for 1 h prior to fixation ai
staining with DAPI to visualize the nuclei (blue). ca b a r : (B) HB sigeating activity was
determined usingsLI-dependent reporter gene expressioslimLIGHT2 cells. Cells were treated wit
1.5 €M purmorphamine and different concentr e
by additon of fresh media containing 1.5 &M pur mo
h. Firefly and renilla luciferase activities were determined. Ratios of firefly luciferase/renilla luci
signals were calculated as a measure of Hh pathwastycNonlinear regression analysis was perforn
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, Ptédduced inhibition of SMO is redved 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 multiplathway components to

the cilium. Upon Hh pathway activation, SMO is laterally trafficked to the primary cilium
via intraflagellar transport (IFT) through binding of the kineklke protein KIF3a.
However, genetic studies showed that SMO is constanttlingythrough the cilium
without activating the Hh pathway. Thus the localization of SMO into the cilium is
necessary but not sufficient for Hh pathway actifity.

The Hh pathway inhibition due to SMO antagonism can have different effects on the
localization of the SMO to the cilia. For example, visngidanhibits 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 @L¥220 on SMO trafficking

to the cilium, NIH/3T3 cells were treated with 1.5 uM purmorphamine and 2 puM
vismodegib or 5 uM YCE220 for 24 h. To visualize the localization of SMO to the
primary cilium, cells were stained with an antibody against acetylatadin to stain
ciium 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 pathwkig(re18). As
reported in literature, treatment with vismodegib abolished the localization of SMO to the
cilium. Similarly, upon treatment with YGR20 purmorphaminénduced SMO

localization into the cilium was inhibited.

The Michael acceptor fumionalities indf-oxindoles may lead to instable compound

upon reaction with cellular nucleophiles such as thiols in biomolecules. To address this
concern, the stability of YCI220 in the presence of glutathione (GSH) was
determined after different incuba on ti mes (1, 24 and 48 h)
Under the tested conditions, no reactivity of Y@RO towards 5 mM GSH
representing cellular concentrations of GSH was observed as indicated by the
abundance of YC1220 in the presence of 5 mM GSHidure19). Therefore, YCE220
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appears to have a naovalent and reversible mode of SMO binding and Hh pathway

inhibition.

Purmorphamine (1.5 uM)

DMSO Vismodegib (2 uM) YCL-220 (5 uM)

Merged

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

NIH/3T3 celk were treated with purmorphamine (£.31)  t followed by addition of 2 uM vismodegil
or 5 uM YCL-220, and further incubation for 12 Cells were then fixed and stained with DAPI
visualize the nuclei (blue), SMO (red) and cilia (acetylated tubulin; green). Insets: representative
cilium. Scale bar: 16 m.
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Figure 19. Reactivity of YCL-220 towards GSH.

YCL-220 (30 uM) was incubated with 5 mM GSH or PBS. Reactivity of the compounds towards GS
measured by HPLC. Numbers are percent abundance of thpooad in GSH as compared to thi
abundance in PBS at the given time points. Data are mean values of three independent experimer
+s.d
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5.2.4 Summary and outlook for df-oxindole YCL-220

In an effort to develodigand-directed gold catalysis apprda to diverse scaffold
synthesis, YerChun Lee synthesized af-oxindolebased compounds. An osteoblast
differentiation assay that monitors Hh pathway activity identified 7 out of 21
compounds as inhibitors of Hh signaling. Orthogonal assays revealed22Clas a
potent inhibitor ofGLI - mediated inhibition of Hh signaling with an 4&value of 0.8
MM. Target identification efforts revealed reversible antagonism of SMO by-X2ZI1.
Similar to Vismodegib, YCE220 inhibited SMO by blocking SMO entry into the

cilium, a necessary step in Hh pathway activation.

Although there are several compounds established as SMO inhikifergjndoles
expand theaool-kit for studying the reversible binding to SMO.
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5.3 Biological evaluation of pyrrolidines

5.3.1 Confirmation of biological activity by secondary assays

Dr. Rishikesh Narayan a pedbctoral researcher the Department of kiemicalBiology

at the Max Planck Institute of Molecular Physiology, Dortmund, Gerntapgrted a
[3+2] cycloadditionbased enantioselective metlobogy 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 expltinecchemical spacédgfined 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
oskeoblast differentiation assay.

The most active compouadRKN-1043 and SHAN&44 Figure 20) had an IGo value
for inhibition of purmorphaminéenduced osteogenesis of &%.2uM and 1.8t 0.0uM,
respectively Table8). The Hh inhibitory activity of these ogpounds was confirmed in
the orthogonalGLI-reporter gene assay with Qvalues 1.6t 0.15uM and 2.0+ 0.35
UM for RKN-1043 and SHAN&44 (Figure 21). Because of the fact that these two
compounds are epimers and RKR43 is morepotentin the osteoblast differentiation
andGLlI-reportergene assay, RKI043 was chosen for further biological evaluation.

RKN-1043 SHANG-244
Figure 20. Chemical structures of RKN-1043 and SHANG244.

RT-gPCR expements further confirmed the inhibition of Hh target gene expression by
RKN-1043, which dose dependently inhibited the expressidptail and Glil (Figure
21 B). Upon treatment with 10 uM RKH043 target gene expression was oedlito 20
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to 30%, which further dropped to 10% at 20 uM. The qPCR experiments along with the
GLI-reporter gene assay confiradl GLI-dependent inhibition othe Hh pathway by
RKN-1043.
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Figure 21. Influence on theGLI -mediated transcription by RKN-1043 and SHANG244.

(A) RKN-1043 and SHAN&44 inhibit GLI-dependent reporter gene expressiorSimLIGHT2 cells.

Cells were treated with 1.5 uM purmorphamine and different concentrations of compounds for 48 h.
and Renilla lucifelase activities were determined and ratios of firefly luciferase/Renilla luciferase s
were calculated, which are a measure of Hh pathway activity. Nonlinear regression analysis was p¢
using a four parameter fit. All data are mean values oktimdependent experiments (n = 3) + Bl

C3H/10T1/2cells were treated with purmorphamine (1.5 uM) and different concentrations of1IRKSBIor
DMSO as a control for 48 h before isolation of total RNA. Following cDNA preparation, the re
expressiorevels of Ptchl, Glil and Gapdhwere determined by means of RPCR employing specific
oligonucleotides foPtchl and Glil or Gapdhas a reference gene. Expression level®tohl and Glil

were normalized to the levels Glapdhand are depicted as percaye of gene expression in cells activa
with purmorphamine (10®). All data are mean values of three independent experiments (n = 3) + s.d

Furthermore, RKNLO43 treatment failed to displace BODHKeYclopamine from the cell
indicating that RKN1043 doesot bind to the cyclopamine binding site of SMEgure

22). In order to quantify the displacement of BODHeyclopamine, flow cytometry was
used to count the cells displaying green fluorescence because of bound BODPY
cyclopamine Cells that were treated with BODIRYclopamine and DMSO displayed

the maximum BODIPY intensity, and were set to Z0@rigure 22 B). Treatment with
various concentrations of RKkMN043 failed to displace BODIR¥yclopamine from ta

cell surface therefore confirming the microscopy results.
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BODIPY-Cyclopamine DAPI
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Figure 22. Effect of RKN-1043 on SMGbound BODIPY-cyclopamine.

(A) HEK293T cells were transiently transfected with SMO expressing plasmid or empty vector. 48 hlkt
were treated with BODIPyclopamine (5 nM, green) followed by addition of 10 uM of REBA3 or 5 uM
vismodegib and DMSO as controls and incubation for 1 h. Cells were then fixed and stained with [
visualize the nuclei (blue). Scale bar: 20 (B) HEK 293T cells ectopically expressing SMO were treated \
different concentration of RKNO043, vismodegib or DMSO as control in the presence of BODI
cyclopamine (5 nM) for 5 h. The graph shows the percentage dbmatid BODIPY.cyclopamine as detecte
by fluorescenceactivated cell sorting analysis. Data are mean values of threeeimdieqt experiments (n=3)
s.d.
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To rule out the interference of RKND43 with SMO localization to cilia, cells were
treaed with RKN-1043 along with purmorphamine. Tesualize the localization of SMO

to the primary cilium, cells were stained with an antibody against acetylated tubulin and
SMO proteinfollowed by respective secondary antibodies. SMO was localized to cilia
upon Hh pathway activation by purmorphamifregure 23). However, RKN-1043 did

not affect the localization of SMO into cilia as indicated by theocalization of
acetylated tubulin and SMO. Thus, indicating that RKIMNI3 might be acting
downstream of SMO for inhibition dhe Hh pathway.

Purmorphamine (1.5 pM)

DMSO Vismodegib (2 uM) RKN-1043 (5 pM)

Merged

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

NIH/3T3 cells were treated with 1.5 uM purmorphamine férfdllowed by addition of 2 uM vismodegib ¢
5 uM RKN-1043, and further incubation for h2 Cells were then fixed and stained with DAPI to visuali
the nuclei (blue), SMO (red) and cilia (acetylated tubulin; green). Insets: representative singtgcal:
bar: 10e m.
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5.3.2 Computational target prediction

To identify the molecular targets of RKN)43, computational target prediction using
SPIDER was attempted in collaboration with the group of Prof. Gisbert Schneider, ETH,
Zurich. SPIDER predictionsvere based on the topological features, scaffold connectivity,
and target interaction potential similarity of weBtablished drugs with RKN043
SPIDERpredictedthe Cholecystokinin receptor A and B (CCKA and CCKB), Glucagon
receptor angbrotein tyrosie phosphatases 1 B (PTP1d3) putative targets of RK1043.

It is paramount to experimentally validate the computationally predicted targets of RKN
1043 because the predicted bindohmes not guarantee the physiologioadulation of

the targetby small mdecule. Therefore, 1 is necessary to demonstration that a small
molecule binds directly to the target protein and leads to modulation of target protein

function.
5.3.2.1Influence of RKN-1043 on PTP1b enzymatiactivity

Protein phosphorylation is one of the masiportant postranslational 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. For measuring the PTP1B activity- p
nitrophenyl phosphate (pNPP) was used as a substrate. DephosphorylatibiPRf p
results in the production of-pitrophenol (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 &C3for 30 min and the
generation of pNP was detected by monitoring the absorbance at 405gure 24 A).

Linear rate of pNPP conversion was observed with 0.15 pg of PTP1B and 2 mM of
pNPP, therefore these conditions were usedl&ermining the effect of RK{043 on

the enzymatic function of PTP1B. For this, PTP1B wasiprabated with various
concentration of sodium orthovandate or RKBU3 followed by addition of pNPP to
initiate the enzymatic reaction. Sodium orthovandaigereeral competitive inhibitor for

PTP, inhibited the conversion of pNPP to pNP as indicated by decreasing absorbance at
405 nm Figure24 B). However, RKN1043 did not affect PTP1B enzymatic function as
indicated by complete corvsion of pNPP to pNF-{gure24 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 RKIN43. However, the probable binding of RKIN43
to PTP1B and targetings nonenzymatic functions cannot be completely ruled out and

needs further investigations.
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Figure 24. Infleunce of RKN-1043 on the enzymatic activity of PTP1B

(A) PTP1B enzyme concentration optimization.ridas concentrations of PTP1B were incubated v
2 mM pNPP at 37 °C. Conversion of pNPP to pNP was monitored by measuring the absorbanc
nm. (B) Effect of sodium orthovandate a(d) RKN-1043 on the enzymatic activity of PTP1B. 0.15
of PTP1B wagpreincubated with various concentrations of the compounds and DMSO as a contr
enzymatic reaction was initiated by addition of 2 mM pNPP and the generation of pNP was ma
by measuring the absorbance at 405 mata are representative of threglependent experiment
(n=3).

5.3.2.2Effect 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 neurotransmitt&lucagon receptds class B GPCR that is

activated by glucagon. Glucagomediated stimulation results in activationaafenylate
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cyclaseand increased levels wftracellularcAMP.%? This promotes the activiah of

adenylate cyclase and thus regulates hepatic glucose homebstasis.

In order to determine whether RKN043 binds to CCKA, CCKB and glucagon receptor,

in vitro binding assays werperformed byEurofins BioPharma Product Testing. The
GPCR binding assays were performed in whole membranes expressing high levels of
GPCRs, the binding of RK{043 to GPCRs was calculated as a percent inhibition of the
binding of a radioactively labeledyand, whichis specific for each targetable2 shows
percent inhibition of radiolabeled CCKA™f]CCK-8s, CCKB [*I]CCK-8s and
[**l]glucagon ligand binding to their respective GPCRs upon treatment with 10 pM
RKN-1043. Minimal effect (less than 25 %) on the GPCR binding was observed with
RKN-1043 treatment. However, suahhibition (or stimulation) lower than 2bis not
considered significant and mostly attributable to variability of the signal around the
control level. Basean these results it was concluded that RKIMI3 does not bind to
any of the tested receptors. Therefore, the predicted target binding wabdd¢ed and

these targets were not pursued further.

Table 2. Influence of RKN-1043 on radoligand labelled GPCR binding.

Thein vitro binding assays were performed by Eurofins BioPharma Product Testing.1B&3Nbinding
was calculated as a percent inhibition of the binding of radiolabeled CCRACEK-8s, CCKB
[*#]CCK-8s and f?1]glucagonligand specific for each target. The values represent the percent inhi
of the ligand binding obtained from two (n) independent experiments and their mean.

Inhibition of control specific binding (%)
GPCR
nl n2 Mean = s.d.
CCK1 (CCKA) (h) (agonistradioligand) -6.2 -2.1 -4.2+29
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

The SPIDER based target predictions based on the pharmacophoric similarity to
established druigydid not lead to successful identification of the targets for RR#B.
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
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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 canot be validated experimentally.
5.3.3 Influence of RKN-1043 on kinasesnvolved 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 theeffect of RKN-1043 on the kinases that are knowrregulate Hh signaling

was determined by Eurofin§he biochemical inhibition ofhe tested kinase by 10 uM
RKN-1043was determinedly activity based assay$dble10). However, RKN1043 did

not influence the tested kinases @herefore 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 RIM3 isa potent inhibitor of

Hh signaling actig downstreanof SMO. The computationgllpredicted targeteTP1B,

CCKA, CCKB and glucagon receptor were\dadidated by in house or external assays.
Therefore, in order to identify the molecular target(s) of RKIM3, chemical proteomics,

i.e. affinity-based chromatographypyll-dowrn) was employed. For this technique, an
active and control (inactive) affinity probe are required to enrich the molecular targets in
pull-downexperiments that can be analyzed by mass spectrometry. In order to synthesize
the acive and control linkers, primary screening data of the compounds synthesized by
Dr. Rishikesh Narayan and Dr. Erchang Shaegetaken into consideration to delineate

astructureactivity relationship (SAR)Rigure25).
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R4 Does not tolerate modification

Does not tolerate modification

. R}
Methyl group is preferred R'-N . .
Meta and para modification tolerated

(Linker attachment site)

p-Bromo substitution indispensable R?

Imine preferred over amine

Figure 25. SAR for bridged bispyrrolidines based on the Hh pathway inhibition in
osteogenesis assay and reporter gene assay.

Replacement ofhe methyl substitenton the bispymle at R by a bulkier group led to
decrease in bioactivityara-bromo substitution on the aryl ring YRwas indispensable

for the bioactivity as other substitutions had a negative impact on the potency. The
substitution pattern on the aryl rings*(Rnd R) of the chalcone \as crucial for
bioactivity. The ayl ring (R®) tolerated modifications anetaand para positions with
slight decrease in bioactivity. Modifications on the aryl rind)(Resulted in loss of
bioactivity. Therefore, based on the SAR? Ras identified as suitable site for linker
attachment as @aange of substituents aheta and para position retained biological
activity. Interestingly, RKNL082, an analog with a bromine at th@ra position at R*

was inactive in th&Ll-reportergene assay. Therefore, synthesis of an active and contol
pull-down probe was planned with linker attachment at plea position of R on the
chalcone part of the compound with or without bromine modification gidreposition

on R. In addition, a simplified control probe was designed containing only the chalcone

part

The linker for the probe synthesis was prepared by aBwwoprotecting the amine on the
2,2’-(ethylenedioxyjbis(ethylamine) Figure 26). To avoid the dBoc protection, one
equivalent of ditert-butyl dicarbonate was used witlive equivalents of 2,2
(ethylenedioxydbis(ethylamine). The resultant linkérwas used without purification-4
carboxy chalcon® was prepared by an aldol condensation -@fatboxybenzaldehyde
and acetophenone. Alternatively, compowhaas prepared upoaldol condensation of
4-bromao4-carboxybenzaldehyde and acetophenone. Finally, chalcone linker fraginents

and5 were prepared by amide couplingloAnd2 or 1 and3.
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Figure 26. Synthetic schemdor chalconelinker fragment synthesis.

(a) BOC,0, DCM, 0 °C to rt, 18 h(b) 20% KOH (aqueous) EtOH, rt, 16 kc) HBTU, EtLN, DMF, rt, 16
h.

Compound6 was prepared in two steps. In the first stepnéthyl maleimide and-4
bromaiminoester underwena [3+2] asymmetric cycloaddition catalyzed by tetrakis
(acetonitrile) copper(l) tetrafluoroborate to yield bispyrrole building block, which in a

second step was oxidized by tbrityl hydroperoxide to yiel@ (Figure27).

In orde to synthesize the active probkand6 were stirred with tetrakis(acetonitrile)
copper () tetrafluoroborate and DBU to yield active pr@bapon Michael addition.
Similarly, 5 and6 were stirred to prepare inactive pradelhe choice of control prabis
crucial in the target identification process. Close similarity of the positive and negative
linker is desired in order to reduce the numbeproteins that bind neapecifically to the

core scaffoldIn this case, probesand8 are identical to eacbther except for thpara

substitution of bromine on the aryl ringJR

Compound4 is a Michael acceptor, which may form covalent bonds to nucleophilic sites
of proteins and DNA? Therefore, to prepare the simplified control prdhe4 was
reduced by refluxing with dichloro(pentathglcyclopentadienyl)iridium(Ill) dimer.
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Having synthesized the desired probes, it was necessary to test their potency in the
phenotypic assays. Therefore, the proBe8 and 9 were tested irGLI-reporter gene

assay prior to Boc dprotection as the freamine group may interfere with the cell
permeability and give rise to false negative outconfeégufe 27). The desired active
probe7 (IC50=12.0 uM) was less active than the hit molecule RKIM3 (IGo=1.5 uM).
Attachment of thdinker might have affected the cell permeability or the interaction with
target molecule therefore leading to drop in activity. HoweX@&ras deemed sufficiently
active to be used as a positipell-down probe in affinity chromatography experiments.

The ganned control prob8 and simplified control prob® were inactive with 1, values

of more than 50 pM.
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NiO’%

Q ICsy > 50 pM

Figure 27. Synthetic scheme for the synthesis giull-down probes.

(a) Cu(CH,CN),BF,, (R)}Fesulphos, EN, DCM, -10 °C, 4 h.ThenTBHP, rt, 4 d.(b) Cu(CHCN),BF,,

DBU, DCM, rt, 16 h.(c) [IrCp*Cl,],, K,CO;s, iPrOH, 85 °C 5 h7, 8 and 9 were tested @LI-reporter gene
assay irShhLIGHT2 cells. Cells were treated with 1.5 pM purmorphamine afféréint concentrations o
7, 8 and 9 for 48 h. Firefly and Renilla luciferase activities were determined and ratios of
luciferase/Renilla luciferase signals were calculated, which are a measure of Hh pathway
Nonlinear regression analysi@s 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 onrddt¢® magnetic
beads. The Boc protected linkers8, and9 were stirred with 2@ trifluoroacetic acid in

DCM at 25 °C. The solvent was evaporated under rotary evaporator to recover

guantitative yields 010, 11, and12in the form of TFA saltsKigure28).

N/\/O\/\O/\/N\n/o\'< N/\/O\/\O/\/NH3 CFs
Cﬂ H CI H
e} a

Figure 28. Synthetic scheme for synthesis of free amirgill-downprobes.

() 20% TFA in DCM, rt, 5 h. The products0, 11 and12 were recovered in quantitative yields.
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5.3.5 Target identification by chemical proteomics

For affinity chromatographyN-hydroxy-succinimide (NHS)ester magnetic beads were
used as a solid support to immobilizell-downprobeslO, 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 napecific binding ofthe proteins to residual active
groups, the NHS ester groups wepeenchedwith ethanolamine during the coupling
stage NIH/3T3 cell lysates were incubated with the immobilized probes to enableprot
binding. Nonspecifically 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
endopeptidses 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 resndi peptides were purified as mentioned in section
and analyzed by means of nad®LC / 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 triplicateg usin
the same lysate to increase reproducibility. Several proteins binding to the immobilized
probes were identified indicating the successful immobilization of the probes on resin.
Labelree quantification of proteins bound to active prdBeand inactive ppbesl1 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 probel2 did not yield any statistically sigincant hits (data not
shown). However, comparative analysis of active pddbeith inactive probell yielded

10 potential hits with statistical significancEeaple3).

The ratio column iMable3 represats the fold enrichment of the proteins in active probe
10 against inactive probdl. Identified proteins such as ATPase inhibitgyanine
nucleotidebinding protein ribosomerecycling factor, 60S ribosomal protein L10a, 60S
ribosomal protein L32, Hsc7teracting protein andropomyosin alph& chainwere

regarded as nesgpecific binders because they had comparatively low enrichment in the

56



Results and discussion

active probe and had been frequently identified in previulisdownexperiments in the
department. RHO GDHissocation inhibitor 1 (RH@DI1), Flamin-B and Filamin-C

were considered as potential targets of the RKIM3 because of the relatively high fold
enrichment. RHOGDI1 was identified with 33 fold enrichmémyt the active probe.
Filamin-B andfilamin-C are scatffld proteins and are frequently found in the ofteli-
downexperiments performed in the department because of their higher abundance in cell
lysates. However, inhese particular experimentddmin-B andFilamin-C were highly

enriched in the presencetbk active probe.

Table 3. List of proteins enriched by active probe 10 as identified by means of affinit
chromatography.

Active probelO and inactive prob&1 were immobilized on NHS ester magnetic be&di$l/3T3 lysate
was passd on to the probes and target protein identification was performed following
aforementioned protocol. The ratios indicate the fold excess of protein enriched in activa (ptiode
inactivepull-downprobell.

_ Ratio
Protein names Gene names (A/l)
RHO GDRdissociation inhibitor 1 Arhgdia 33
ATPase inhibitor, mitochondrial Atpifl 4
Filamin-B FInb 36
Filamin-C Finc 27
Guanine nucleotidéinding protein subunit betzlike
1;Guanine nucleotidbinding protein subunit betzlike 1, Gnb2l1 6
N-terminally procesed
Ribosomerecycling factor, mitochondrial Mrrf 3
Ribosomal protein;60S ribosomal protein L10a Rpl10a -
60S ribosomal protein L32 Rpl32
Hsc7Qinteracting protein St13
Tropomyosin alpha chain Tpm4

Interestingly, the addition of 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 fhdl-downprobe synthesis strategy.

With intention of valdation and better quantification of the identified proteins, SILAC

lysates were used in the affinity chromatography experiments. Several proteins were
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identified bound to active and inactive probes. Unfortunately, statistical analysis of the
ratios of heay isotopelabelled 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, higlobility group protein HMG
I/THMG-Y was identified as hit with 0.5 SILAC identification score.

Moreover, the SILAC experiments failed to identifyFilamin-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 theetgion 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 dimg 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 chromatographybased target identification methods are efficient in idemigfyi
proteins that are bound to affinity probes. However, due to unspecific binders, the list of
potential targets might harbor false positive potential targietorder to identify the true
target for further biological studies, prioritization and validatof the identified proteins

is necessary. At this stage, RHOGDI1 was prioritized because of its possible involvement
in Hh pathway regulationia RHO GTPasgthat are positive regulators of Hh signaling
(discussed later i6.3.6.).

In order to validate RHOGDI1 as a potential target, immunoblotting aftguutelown

was performedActive andinactive probeswereimmobilized on the magnetic beaalsd
exposed to NIH/3T3 cell lysateThe beads were washed to remove-speciically

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 HBAGES
followed by immunoblotting usinga RHOGDI1-specific antibody Figure 29). Higher
enrichment of RHOGDI1 in positive probe can be seen as compared to control probe in
the representativienmunoblot Quantification of the western blot image for the intensity
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of RHOGDI1 revealed almost 2.5 fold higher enrichmenthgygdositivepull-downprobe

as compared to control proldeidure29 B).
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Figure 29. Validation of RHOGDI1 as a potential target of RKN-1043 by immunoblotting
after the pull-down

(A) Active probelOandinactive probell were immobilized on NHS ester magnetic beads and expos
NIH/3T3 lysates. Bound proteins were eluted and analyzed by immunoblotting using RHGpEX¢ific
antibody. (B) Quantification of RHOGDI1 enrichment in active probe (set todBirest inactive probe
Data is representative of three independent biological replidate3)

This result confirms the target engagement of RHOGDI1 by the gmtiN«elown probe.
Therefore, further biophysical and genetic validation experiments wernedaut to
confirm RHOGDI1 as a target of RKNO43.
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5.3.6 Regulation of RHO GTPases by RHOGDI

TheRAS homologous RHO) family of GTPasesegulats 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 memberstbé RHO GTPase family® Formation of

stress fibers and focal adhesion is controlled RIJOA,*® whereas RAC1 regulates
formation of membrane ruffles and lamellipodiand CDC42 regulates the formation of
actin microspikes and filopodi&*®

RHO GTPases like all G proteins act as molecular switches. The RHO GTPases are
prenylated and cycle at the membrane between an activeb@ir®l and inactive GDP
bound state Rigure 30). The GTPases bind and hydmdy GTPfor the generation of
energy. The GTPases are regulated by GTPase activating proteins),(@a&sne
nucleotide exchange factors (GEFs) ar@DP-dissociation inhibitas (GDISs).
RHOGEFspromote activation of RHO GTPases by stimulating the releagaasfome
diphosphat¢GDP) to allow binding ofuanosine triphosphat6TP)®. Whereas
RHOGAPsbind to activatedRHOGTPase and stimulate th&iTPaseactivity that leads

to inactive GDPbound RHOGTPases’® As an additional controlRHOGDIs act as
negative regulators of RHO GTPases by sequestering the membrane bound inactive RHO
GTPases (GD®Bound)to the cytoplasm to maintain them in a soluble inactive $tate.
RHOGDIs constitutes a family of three mammalian members: RHOGDI1, RHOGDI2 and
RHOGDI3!? Initially it was thought that RHOGDIs inhibit the loading and release of
GDP and loading of GTP to GBBobund RHO GTPase. However, later it was shown that
RHOGDIs do not prevent loading GDP or GTP to nucleotidifee GTPase but rather

only inhibit the release of the GDP nucleottd.

At any given time point, the major fraction (9®5%) of prenylated RHO GTPases are
maintained in stable solubktate in the cytosol by RHOGEBYF The isoprenoid moiety at

the carboxy termius of the RHO GTPases is essential for the proper folding, subcellular
localization and signaling. However, in the absence of membratiee 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 ggeaaglyl
(GerGer) binding pockeat the Gterminus 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

proteasomé®
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Figure 30. RHO GTPase regulation by RHOGDI.

(a) The prenylated RHO GTPase cycle at the membrane between an actiMeo@IdPand inactive GDP
bound state. Guanine nucleotide exchange factors (GEéwsiote activation of RHO GTPasky

stimulating the release giianosine diphosphat&DP) to allow binding ofuanosine triphosphat&TP).

Whereas, GTPase activating proteins (GARS) to activateRHO GTPase (GTP bound) and stimul:
their GTPaseactivity that leads to inactive GBRIBound RHO GTPasesb) RHOGDIs act as negativ
regulators of RHO GTPases by sequestering the membrane bound inactive RHO GTPadasuftaipm
the cytoplasm in inactive soluble state) Several RHO GTPases can associate with RHOGDIs
compete for binohg. Overexpression of GTPase can displace the endogenous GTPase proteit
RHOGDI, targeting them for degradatiod) Free prenylated cytosolic RHO GTPases are unstable ar
rapidly degraded by the proteasomeg). A slower pathway for recycling RHGTPases through vesicl
trafficking has also been postulated. (Adopted from Rafel Gafeiaet al, 2011}

It is proposed that RHOGDIs act as molecular chaperones by stabilizing RHO GTPases in
the cytosol and shuttling them between different membrane compartments. However,
thereis different evidence to support or oppose the chapeikadunction 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
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translocatiorof RHO GTPases to the membrane compartm@fté®Contrasting to these
observationsa RAC1 double mutant with impaired binding to RHOGDIs failed to cycle
between membranes. Alsa,double mutant CDC42, which isnable to associate with
RHOGDI, accumulated at the perinuclear region rather than translocating to the plasma
membrane.Thus supports the chaperelilee function of RHOGDIs. Alternatively,
studies in yeast have proposed RHO GTPase cyadliagrelatively slow vesicular

trafficking.'%°

NfnRegul at
N-terminus
GerGerbinding site

C-terminus

Figure 31 Crystal structure of RHOGDI1 in complex with a GerGer group (4F38).

The regulatory arm at the-términal domain of RHOGDI bits to the switch | and Il domains of RH
GTPases. The GerGer group is represented in red bound to the binding pocket otertimin of
RHOGDI. The crystal structure is adapted from GerB&tOA in complex with RHOGDIT°

The coexistence of two pathways for translocation of RHO GTPases to merslinase
explains the proper localization of constitutively active RHO GTPases that cannot interact
with RHOGDIX°"**®Moreover even in the absence of RHOGDI a small fraction of RHO
GTPase is localized to the plasma membraize slower vesicle trafficking that is
sufficient for inducing the observable phenotype. Therefore, it is proposed that knockout
of RHOGDI might lead to mildr phenotypes due to alternative traffickirig vesicles'®
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5.3.6.1RHO GTPases in Hh signaling

Literature evidence supps the crossalks between RHO GTPases and Hh signaling
(Figure 32). In a series of studies by Natalia Riobbal, it was demonstrated that Hh
isoforms are capable of stimulatifgHOA and RAC1 in a Gdependent manner.
Stimulaion of serumstarved HUVEC cells with SHH resulted in three fold increase in
the levels oRHOA-GTP as indicated bgull-downassays. Interestingly, precubation

of serumst arved HUVEC <cel |l s wyclogamireiot0®&ng/Mn0 . 5
pertussis tox (inhibitor of G protein) prevented activation &HOA by SHH indicating

that RHOA activation by SHH involves SMO and; ®roteins*! Follow-up studies
showed that stimulation of NIH/3T3 cells with SHH led toiation of RHOA and
RAC1 dependent on SMO and independerbf transcription factors.

Interestingly, Kenji Kesaet al. have demonstrated that constitutive activatiofRBIOA
induces GLimediated transcription, whereas dominant neg&®iME©A suppresse@HH-
mediatedactivation of GLI transcriptioh*? Extensive genetic studies by Steve Cétoal.
in hematopoietic stem cells have shown that constitutively active mutaRAGIL
induced higher expression &LI-2 and SHH Conversely, blocking RAC1 activity by
dominant negativeRAC1 decreased the expression @&LI-2 and SHH, therefore

suggesting a GLtlependent regulation of Hh signaling by RHO GTPakes.

The literature reports described above demonstrate a conmikrplay between Hh
signaling and RHO GTPases. These studies propose two types -camamical Hh
signaling involving RHO GTPases that are dependent and independent of GLI
transcription factors. Based on this it can be summarized that activation of2RIR@se
results in activation of Hh signaling, and inhibition of the RHO GTPases results in
inhibition of Hh signaling.
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Hh canonical pathway

Figure 32 Crosstalks between RHO GTPases and Hh signaling.

Schematic representation of complex interplagveen Hh signaling and RHO GTPas&). Canonical Hh
signalingvia SMO and GLI (orange arrows)) Two types of norcanonical Hh signaling involving RH(
GTPases that are dependent and independent of GLI transcription factors (blue arrows).

5.3.7 RKN-1043 bindsto the GerGer binding pocket of RHOGDI1

In order to further investigate the binding of RKIN43 to RHOGDI1, theffect of RKN

1043 on RHOGDIs interaction with RHO GTPases was investigated. RHOGDIs
sequester GDBound inactive RHO GTPases as soluble foacin the cytosol. It is
proposed that binding of RHOGDI1 to RHO GTPases is ast@p procesdn the first

step the regulatory arm at thet&rminal domain of RHOGDI binds to the switch | and I
domains of RHO GTPase. This binding leads to slower iseatem of RHOGDI and
insertionof geranylgeranyl moietinto the hydrophobic pocket of RHOGDI, resulting in

RHO GTPase release from the membrane.

In order to determine the effect of RKNO 4 3 on RHOGDI 16s binding t
fluorescence polarizationxperiments were performed by Mohammad Akbarzadeh at

Heinrich Heine University DusseldorfAMRA-GDPAHoundRAC1 was titrated with

increasing concentrations of RHOGDI1 in the presence or absence of 50 uMGKN

(Figure33). The penylatedRAC1 and RHOGDI1 have f¢alue of >40 nrt** However,

the RAC1 used in these experiments was -poenylated, as prenylated GTPases
precipitate in the employed buffer, thus making it difficult to use in the experiments. In

the absence of RKI1043, RHOGDI1 could bind taonprenylated RAC1 with
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dissociation constant (§ of 14 uM which correlates with the earlier reported & >10

UM for non-prenylated RAC1 and RHOGDI** The higher K valueis attributed to the
use of norprenylated RACL1 that has weaker binding affinity for RHOGDécause of
the absence ahe prenyl moiety. In the presence BKN-1043, the K value for the
RHOGDI1-RAC1 interaction was increased to 134 uM. The ~10 fold higherakue for

RHOGDI1Z-RACL1 interaction indicates that RKN)43 interfere with RHOGDI1s

association with RAGGDP.
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i 0.15
L S 0.148
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Figure 33. Influence of RKN-1043 on the binding of RAC1 to RHOGDI

Fl uorescence polarization measur e me-GDFRboundeRAEL
with increasing concentrations of RHOGDI1 in {#g presence of DMSO dB) 50 uM RKN-1043. Data
is representative of three independent experiments.

Further, theeffect of RKN1043 on the RHOGDI1 mediated extraction of prenylated
RAC1-GDP from membranes was studied usiagliposome sedimentation assay.
Synthetic liposomes were prepared and prenyl@&Bé&#-bound RAC1 was immobilized

on the liposomes. The presencela prenyl moiety facilitates the insertion of RACL1 into
the liposomes. RHOGDI1 was added to the liposomes followed byadiriaifugation to
pellet the liposomes. The addition of RHOGDI1 to the liposome resulted in extraction of
RACL1 as seen ifrigure 34, wherein RACL1 is mostly detected in the supernatant fraction.
Addition of RKN-1043 along with RHOGDI1 resulted in detection of RAC1 in the pellet
containing liposomesndicating the inhibition of RHOGDFmediated RAC1 extractio

As an additional control to confirm the specificity of RKIN43, a structurally similar
inactive analog of RKNLO25 was used in the sedimentation experiment. Addition of 50
MM 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 suggBd-1043specific
inhibition of RHOGDI1 function.

B

RKN-1025 - - - +
RKN-1043 - - & -
RHOGDII - o+ it ®
RACI + + + +
A
(ROGDIE e~ === RACI
) HOGTPAS Supernatant
GDP’
p)) — — — . HOGDII
R0,
%ﬁﬁs‘%@g}‘ Ultra-centrifugation
o Liposomey —————— > q?gfﬁ’gg}.
‘.r"‘? nﬁ' .“Lipusnme:‘.g Pellet
< % o
mc(nmp WEA = | RHOGDII
RACI
GDhP
C D
Liposome floatation RKN-1043 - + -
i RHOGDI1 - + +
RACI + + +
5 m Upper

- - RACI

i

e=® e | RHOGDII

‘rl 7“ Lower

Figure 34. Influence of RKN-1043 on RHOGDIX:mediated extraction of prenylated RACZt
GDP from liposomes.

(A) Schematt representation of the liposome sedimentation asBgyDigplacement of prenylated GI2F
bound RACL1 from synthetic liposomes by GBHOGDI1 in the presence and in the absence of 50
RKN-1043 or RKN1025 was measured using liposome sedimentation a&sand D) Prenylated GDR
bound RACL1 displacement from liposomes by @8TOGDI1 in the presnce or absence of 50 uM RKM
1043 was analyzed under the same condition &shy liposome floatation assafC) Fractions collectec
after gradient centrifugatio{D) The upper fraction containing liposomes was analyzed by WB. De
representative ohtee independent experiments.= 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 flotatiassays were performed Byohammad
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 lipososs were prepared using %Zluorescent NBBPE as mentioned in
section7.5.6 Upon addition of RHOGDI1 to the liposorassociated 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 liposormeontaining fractions were analyzed by immunoblotting using
RAC1-specific antibodies. Similar to the sedimentation assay, RHOGDI1 cotriacex
RAC1 from liposomes as indicated by the low intensity band irFtgare34 D. Addition

of 50 uM RKN-1043 along with RHOGDI1, inhibited RHOGDI1s ability to extract
RACL1 from liposomes as indicated by the presence of a RAC1 band lipdkeme
fractions. Overall, these experiments demonstrate that-RKI8 specifically interferes
with the RHOGDI1RACL1 interaction and inhibits the RAC1 extraction by RHOGDI1.
The inability of the inactive analog RKkMNO25 to interfere with the RHOGDIRAC1
interaction in the sedimentation assay is an evidence of specificity of RKB towards
RHOGDI1.

Surface plasmon resonance (SRRperiments werperformed as an additional proof of
RKN-1043 interference with RAC1 extraction by RHOGDERR enables theetkction

of proteinprotein interactions in real time, without the use of labEt& detection system

is equipped with gold L1 sensor chip that changes refractive index upon binding of
biomolecules on its surface. Figure35 A, an increase in the response units (RU) upon
loading synthetic liposomes otine L1 sensor chip indicasethe immobilization of
liposomes on the chip. Further, the addition of 5 uM prenylated-G@d RACL1 to the
immobilized liposomes resulted in a masdRid increase that indicates RAC1 binding to
the liposomeson the chip(Figure 35 B). The signal remained relatively stable after
washing with buffer but rapidly decreased upon injection of 25 pM RHOGDI1 mixed
with 50 uM of the inative derivative RKN-1025. Addition of RHOGDI1 displaced
liposomebound RACL1 significantly sloweas compared to RKIM025when 50 & M
RKN-1043 was added. Calculated rate constants by regponential fitting of RU
decays were 0.002 and 0.0032fer RHOGDI1-mediated RAC1 displacement from the
liposomes in the presence of RKIN43 and RKN1025, respectively. This confirmed the
ability of RKN-1043 towards inhibition of RAC1 extraction by RHOGDI1.
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Figure 35. Influence of RKN-1043 on RHOGDI1 mediated extraction of GerGeiRAC1
from liposomes as determined by SPR.

(A) Synthetic liposomes were loaded on tesensor chip for a period of 1000 s@8) PrenylateedGDP-

bound RAC1 was next loaded on the immobilized liposomes. After washing with buffer 25 uM RHOGDI1
premixed with 50 uM RKN1043 or RKN1025 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-1043wit h  RHOGDI 16s functi on. Reproducibility
indicates the definite interference of RKN043 with the membrane extraction function of
RHOGDI1. However, the binding site of RKND43 cannot be deduced from the above
mentioned exp@ments. Therefore, to elucidate the mode of inhibition and binding site of
RKN-1043 on RHOGDI1, fluorescence polarization experiments with fluorescein
(FITC)-labelled GerGeRabl peptide were performed. Although RabGTPases bind to
RHOGDI1 with weaker affity than RHO GTPase, the interaction is sufficient to study
whether RKN1043 can bind to the GerGer binding pocket of RHOGDIIA rapid
increase in the polarization was observed upon addition of RHOGDI1 to-GEFrGer

RAB1 peptide indicating RHOGD#Rabl peptle binding as a result of insertion thie

GerGer group intdhe hydrophobic pocket of RHOGDI1F{gure 36). The addition of
RKN-1043 to this setup in 10 pMtepsresulted in steady reduction in polarization. This
stepwise drop ithe polarization indicates competition of RKINN43 with GerGeRAB1

peptide for binding to the GerGer binding pockgtis finding demonstrates that RKN

1043 binds most likely to the GerGer binding hydrophobic pocket of RHOGDI1 thus
explaining the inhibibn of RHOGDIEtmediated extraction of RAGGDP.
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Figure 36. Competition of RKN-1043 withFITC -labelled GerGerRabl peptide for binding
to RHOGDI1.

Fluorescence polarization measurements were performed by titratinglR&KNinto nixture of 5 uM
FITC-labelled GerGeRabl peptide and 50 uM 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 secramme-an potentinhibitor of the endoplasmic reticuluto-Golgi-toi plasma
membrane transport of a viral glycoprotein fused to green fluorescent pfegeiramine

is proposed to modulate CDC42 by stabilizing the RHOGODICA42 interactiorthus
leading to inhilttion of endoplasmic reticulua-Golgi-toi plasma membrane transport of
glycoproteins*® The inhibitory effects of secramine were dependent on the presence of
RHOGDI1. However, direct binding ofsecramine to RHOGOI was not proven
experimentally. Therefore, RKl1043 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 RKN1043

RHOGDI1 was iéntified as a potential target of RKN043 by affinitybased 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 GerGdrinding pocket of RHOGDI1. However, a direct involvement of
RHOGDI1 in Hh pathway regulation is not known. Therefore, the effe®kiN1043
RHOGDI1 interaction orthe regulation of Hh signaling needed to be explored. In order
to understand theole of RHGGDI1 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.
5.3.8.1siRNA-mediated RHOGDI1 knockdown

RNA interference (RNAIi) 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 thet gege is necessary for cell
survival as in the case of RHOGDI1 as it directly or indirectly governs cell proliferation
and other vital cellular processe&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
gqPCR of the target mMRNA’ The sRNA has two strands of RNA, an antisense guide
strand and a passenger strand. Upon liposome mediated delivery of siRNA into the cells,
this doublestranded RNAs are processed by Dicer into a duplex of 19 to 25 bp in length
with 3 dinucleotide overhangs. I&aequently, this duplex is incorporated into a silencing
complex known as RNAnduced silencing complex (RISC). The siRNASC complex
recognizes and induces cleavage of the target mBRIA.

The siRNAmediated target knockdown causes reduction in the concentration of the
target protein within the cell, potentially leading to alterations in the observed
phenotype?*?° The target protein is regded 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 levet 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 Hhakngn
pathway and the osteoblast differentiation assay, sHRi¢fliated 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 siRife 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 si RNA tr angsckdewnt i on.
efficiency, C3H/10T1/2cells were treated with 10 and 30 nM RHOGDI1 siRNAs along

with 2% (v/v) DharmaFECT" as a transfection reagefigure37 A shows a successful
knockdown of RHOGDI1 inC3H/10T1/2cells. All three siRMs reduced RHOGDI1
abundance as demonstrated by immunoblotting for all tested concentrations as compared
to the control sSiRNAFigure37 B shows the quantification of the RHOGDI1 knockdown
efficiency. Amongst the three sSiRNARHOGDI1 siRNA1 was most efficient in
reducing the RHOGDI1 protein expression at 10 nM and 30 nM concentrations.
Interestingly, RHOGDI1 siRNAL was most efficient when used at 10 nM showing only

18% RHOGDI1 expression. On the basis of these results, RHOGBNAs1 and 26

(v/v) DharmaFECT" 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 knockd®wa.
populatons of C3H/10T1/2cells were transfected with RHOGDI1 siRNAand control
SsiRNA following the optimized conditions. Cells were reseeded 48 h later-mefd6
plates and treated with 1.5 uM purmorphamine and various concentrations o1 643\

or DMSO as aantrol. 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 celransfected with control siRNAFgure 37 C), thus
indicating that RHOGDI1 is a negative regulator of Hh signaliigure37 D shows the
luminescence values upon treatment of the siRMAsfected cells with various

concentrations of RKNLO43. Both curves show a RKN)43 concentratn-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, RKIM3 is less potent in
inhibition of osteoblast differentiation in RHOGDdHepleted cells as anked by the shift

in inhibition curve to higher concentrations, thereby confirming the modulation of
RHOGDI1 by RKN1043 and involvement of RHOGDIn Hh regulation.
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Figure 37. siRNA-mediated knockdown of RHOGDI1 and its influerce on Hh signaling.

(A) C3H/10T1/2cells were transfected with 10 and 30 nM RHOGDI1 siRNAs and control siRNA u%in
(viv) DharmaFECT" as a transfection reagent. Cells were lysed and RHOGDI1 knockdown was de
by immunoblotting using arRHOGDI1 antbody. (B) After densitiometric analysis of the bands that w
detected in A,the knockdown efficiency was calculated by first normalizing the band intensitic
RHOGDI1 to the intensities for the bands factin in respective samples. RHOGDI1 exprassn the
control siRNAsampleswere set to 10%. (C) C3H/10T1/2cells were transfected with 10 nM RHOGD
SiRNA-1 and control siRNA using?2 (v/v) DharmaFECT" as a transfection reagent. 48 h later cells w
treated with 1.5 pM purmorphamine and DMSO arstieoblast differentiation was monitored after 9€
The Hh pathway activity in cells treated with control sSiRNA was set t86.QD) C3H/10T1/2cells were
transfected with 10 nM RHOGDI1 siRNA and control siRNA using?%2 (v/v) DharmaFECT as a
transfedon reagent. 48 h later cells were treated with 1.5 pM purmorphamine and different concen
of RKN-1043 and osteoblast differentiation was monitored after 96 h. The curves represent the relat
units (RLU) as measure of Hh pathway activityt®are mean values of three technical replicates an
representative of three biological replicates (N =3, n = 3).

As summarized in sectiob.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*?* RHOGDI1 plays a critical role in the regulation of RHO GTPases as in the
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absence of RHOGDI, cytosolic fractions constituting9® of total RHO GPases are
unstable and are rapidly degraded by the proteasome5(3e2 However, William
Bozzaet al.,have shown that knockdown of RHOGDI1 indeed led to slight decrease in
the total RHO GTPase, whildhe levels of active RB GTPases (GTBound) were
significantly higher in RHOGDUeficient cells compared to control celfd!? The
depletion of RHOGDI in the cells leads to higher retention of inactive RHO G$Pase
(GDP-bound) at the mmbrane that are eventually activated by GEFs. As a result, more
active RHO GTPaseare 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 oft@e RHO GTPase (GTHBound) that are positive
regulators of Hh signaling. Agreeable results were obtained upon RHOGDI1 knockdown
that led to activation of Hh signalirend therefore higher concentrations of REKOY3

are needed to inhibit the Hh pathw@&ygure37).

The twastep binding process of RHOGDI to RHO GTPases leads to release of RHO
GTPase fronthe membrane. The binding eégulatory arm at the #&rminal domain of
RHOGDI to the switch | and Il domains of RHO GTPase iithithe interaction of GEFs

with RHO GTPasé? This binding leads to slower isomerizatiohthe RHOGDI and
insertion ofthe GerGermoiety in the hydrophobic pocket of RHOGDI, resulting in RHO
GTPase releasedm the membrand he GerGer binding pocket of RHOGDIL1 is crucial

for maintaining the RHO GTPases in stable and soluble form in the cytosol1R&Nis

an inhibitor of Hh signaling that binds to the GerGer binding pocket of RHOGDIL.
Therefore, it is temptig to speculate that RklO43displaces 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 RHGTPase and Hh pathway inhibitiofFigure 38). The
contradicting outcome of the RHOGDI1 knockdown indicates that perturbation by RKN
1043 and RNAiknockdownof RHOGDI1 have different impact on the RHO GTPase
regulation cycleln the case of RKNL0O43 mediated RHOGDI1 perturbation, only the
GerGer binding pockedt C terminusof RHOGDI1is inhibited while the regulatory arm
might remainbound tothe switch | and Il domains of RHO GTPa3&e inactive RHO
GTPase in complex with RHOGMould be inaccessible to the GEFs that can facilitate
the activation of RHO GTPase, thus causing RHO GTPase and Hh pathway inhibition.
Whereas, upon RNAIi knockdown, RHOGDIs bindingsatitch | and Il domains and
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GerGer moiety are reducetherefore, basedn 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 RKI43.
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Hh pathway inhibition

. ¥
< Proteasomal ™
“_degradation
—

Br
RKN-1043

Figure 38. Schematic representation of proposed modef action for Hh pathway inhibition
by RKN.

(a) The prenylated RHO GTPase cycle at the membrane between an actida@¥Pand inactive GDP
bound state. GERzromote activation of RHO GTPase, whereas, GBRd to activateRHO GTPase anc
stimulates thie GTPaseactivity that leads to inactive RHO GTPasels) RKN-1043 binds to GerGe
binding pocket of RHOGDI1d] Binding of RKN-1043 to GerGer binding pocket leads to release of
GerGer moiety in the cytosol. This release of GerGer moiety induces ladimgfoand proteasome
degradation of the RHO GTPasdd) Inhibition of RHO GTPasedeads to inhibition of Hh signaling
pathway.
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5.3.8.2Effect of RHOGDI1 overexpression on Hh signaling

Similar to the siRNAmediated knockdown of the RHOGDI1, the ceapressia in the
C3H/10T1/2 cells was optimized to achieve efficient transfection of RHOGDI1
expression plasmid. Owexpression increases the cellular protein levels, therefore

allowing a complementary study to RHOGXiockdown.

The transfections of the RHOGD#&kpression plasmid using the lipidsed transfection
reagent Lipofectamine LTX & PIU¥ were performed as described in the secfidh?

In the course of the optimization, different volumes of the transfection reagent aswell
different plasmid DNA concentrations were testkdorder to evaluate the RHOGDI1
overexpression efficienc;3H/10T1/2cells were transfected with 400 and 800 ng/mL of
N-FLAG-RHOGDI1 plasmid along with Lipofectamine LTX & PI}5in the ratios of
1:4 and 1:8 (Plasmid [ug] : Transfection reagefil]). Figure 39 A and B show the
successful overexpression of-MLAG-RHOGDI1 in C3H/10T1/2 cells. All tested
conditions led to overexpression ofMLAG-RHOGDI1. As seen thd-igure 39 B, 21-

fold overexpression of RHOGDI1 was obtained when 800 ng/mL plasmid was used in the
ratio of 1:8.0n the basis of these results, 800 ng/mL eFIMAG-RHOGDI1 plasmid
with ratio of 1:8 to Lipofectamine LTX & PIU¥ reagent werehosen 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 cels were transfected with ANLAG-RHOGDI1
plasmid and mock vector using the optimized conditions. The cells were reseeded in a 96
well plate and treated with 1.5 uM purmorphamine and various concentrations of RKN
1043 or DMSO, as a control. The level of AMRs measured by using the CISRr
reagent. The Hh pathway activation upon purmorphamine treatment in empty vector was
normalized to 10® assuming that empty vector would not have any effect on the Hh
signaling Figure39 C). In the case of NFLAG-RHOGDI1 overexpression, nearly 40%
reduced activation of Hh signaling was observed upon purmorphamine treatment. Thus
indicating that RHOGDI1 is a negative regulator of Hh signalifigure 39 D shows the
luminescence values upon treatment of théIMG-RHOGDI1 transfected cells with
various concentrations of RkM043. Both curves show an RKI043 concentraticn

dependent reduction in the Hh pathway activity. However, no major difference in the

75



Results and discussion

potency of RKN1043 in N-FLAG-RHOGDI1 and mock vector transfected cells was
observed. The increasedncentration of NNLAG-RHOGDI1 causing inhibition of Hh
signaling confirmghe RHOGDI1 involvement in Hh signaling as a negative regulator.
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Figure 39. RHOGDI1 overexpression and its influence on Hh signaling.

(A) C3H/10T1/2cells were transfected with 400 and 800 ng eFING-RHOGDI1 plasmid or mock
vector using 1:4 or 1:8 ratios with respect to Lipofectamine LTX & Plus as atransfection reagen
were lysed and RHOGDI1 overexpression was detected by means of immunoblotting using ¢
RHOGDI1 antibody(B) After densitometrc analysis, the overexpression efficiency was calculated b
normalizing band intesities for RHOGDI1 to the band isikes for b-actin in respective sample
RHOGDI1expression levels for the mock vector sample were set {€)1C3H/10T1/2 cells were
transfected with 800 ng RLAG-RHOGDI1 plasmid or mock vectdripofectamine LTX & Plus" as
transfection reagent (ratia4)). 24 h later cells were treated with 1.5 pM purmorphamine and DMSC
osteoblast differentiation was monitored after 72 h. The Hh pathway activity in cells that were tran
with the mock vector were set to 260(D) C3H/10T1/2cells were transfeed with 800 ng N-LAG-

RHOGDI1 plasmid or mock vector Lipofectamine LTX & Pltlsas transfection reagent (ratio 1:4). 2¢
later cells were treated with 1.5 uM purmorphamine and different concentrations of1B4&N and
osteoblast differentiation was moniar after 72 h. The curves represent the relative light units (RLL
measure of Hh pathway activity. Data are mean values of three technical replicates and are represe
three biological replicates (N =3, n = 3).

These findings are complementaty 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 int&Dird
inactive state in the cytosol. The inactivel® 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 dbldORHOGDI1
overexpressionthe Hh pathway is inhibited to the maximuevels. Therefore further
inhibition by RKN-1043 is not significantto exert aditional Hh inhibitory effect
Therefore,there is no shift inthe potency of RKNLO43 in NFLAG-RHOGDI1 and

mock vector transfected cells.

5.3.9 Effect of RKN-1043 on stress fibers

A noncanonical Hh signaling pathway has been reported in endothelial cells, which
regulates actin stress fibers in response twidAIGLI-independent mechanism. Then
canonical Hh signaling activates the small RHO GTPases RHOA and RAGIMO-
coupledGa; proteins and regulatabe actin cytoskeleton in fibroblasts and endothelial
cells via RHO-associated proteiinase(ROCK).'+12412°Therefore, the effect of RKN
1043mediated RHOGDI1 inhibition orthe actin g/toskeleton was determined by
staining cells with phalloidimhodamine. NIH/3T3 cells were treated with 1.5 uM
purmorphamine and the ROCK inhibitor H1152, RABM3 or DMSO as a control
(Figure 40). As expected, H1152 abolishedesss fibers formation at all tested time
points. In contrasta dense network of parallel stress fibers was observed upon treatment
with RKN-1043 and DMSO. Alteration in the totkvel of RHO GTPase as result of
RKN-1043 treatment was expected to influersteess fibers. Although RKI1043
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 toplasma membrane through vedar
trafficking which is sufficient to account for the observed phenotypes (e.g. stress fiber
formation.'°® Therefore, inhibition of RHOGDI1 by RKN043 might have no influence

on the stress fibdormation
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DMSO H1152 (5 pM) RKN-1043 (20 pM)
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Figure 40. Effect of RKN-1043 on stress fibers.

NIH/3T3 cells were treated with H1152, RKN043 or DMSO a a control for various times. Cells we
fixed and stained with DAPI to visualize the nuclei (bluehereas actin filaments were stained w
phalloidinrhodamin (gray). The images shown are representative images of three biological ref
Scale bar10 pm.
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5.3.10 Summary and outlook for RKN-1043

RKN-1043was 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 &erGerRAB1 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 functioninvestigation of the crystal structure of the
RHOGDI1-RKN1043 complex would further helin understanding the binding mode of
RKN-1043.

RHOGDI1 knockdownenhanceddh signaling, whereas RKII043mediated inhibition

of RHOGDI1 inhibits Hh signalingwhich highlights the complexity of RHOGDI1
involvement in Hh signalinglt was speculated th&®KN-1043 displaces the GerGer
moiety form the binding pocket thus leading to release of the GerGer moiety in the
cytosol Thus inducegnisfolding and proteasomal degradation of the RHO GTPases

which cau®sRHO GTPase and Hh pathway inhibition

In-depth analsis ofthe effect of RKN-1043 on the activation state of RHO GTPases will
further support the mechanism of action for REG43Imediated Hh inhibition.
Fluorescence lifetime imaging microscopy (FLHegsed fluorescence resonance energy
transfer (FRET) measement¥°would address the speculation whether RKM3
indeed affects the interaction of RHOGDVith RHO GTPase in live cellsThis can
further be extended to assess the specificity towards RHOA, RAC1 and CBCH2-
FRET would alsoshed light of spatial and temporal effects of RKB43 on RHO
GTPase regulation by RHOGDIAlternatively, implementation of proximity ligation
assay would facilit& the understanding of RKMNO43 on localization of th&RHO
GTPaseRHOGDI1 in complex and on RHO GTPaRe&lOGDI1lcomplex formation.

Overall, RKN1043 is a novel inhibitor of Hh signaling as well as for RHOGDI1
function. It can be used as a tool compound talystthe effect of small molecule

mediated RHOGDI1 modulation on various cellular processes.
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5.4 Biological evaluation of bisnitrophenyl-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 liary with diverse scaffolds was prepared as a result of
diversity-oriented synthesis by using metathesis cascades to prepare substrates- for inter
and intramolecular DielAlders reactions?’ The resulting compound library was
screened by COMA®r modulation of several biological signaling pathways. Among the
tested assays, Hh pathway activity in osteoblast differentiation assay was inhibited by
LDS-000764 with an 16 of 1.3 puM. Since LDS00764 was a racemic mixture, pure
enantiomers MJE1314 and MJD1320 (seeFigure 41) were synthesized by Dr. Mark
Dow (School of Chemistry, University of LegdLeeds, UK) andanalyzedfor Hh
pathway inhibition by employinghe osteoblast differentiation assay\ significant
differencein Hh pathway inhibition was observed for Md314 and MJBEL1320 with

ICs0 valuesof 0.60 = 0.13 uM and 11.2 + 0.6 puM, respectiveiygure4l.)

OH
Q

0N QN | X

A s

MJD-1314 MJD-1320
ICsy: 0.6 + 0.13 uM ICs): 11.2 +0.6 uM

Figure 41. Chemical structures of MJD-1314 and MJD1320 and biological activity.

ICses were determined upon treatemenC8H/10T1/2cells with various concentrations of test compoul
and DMSO as control. The Hh pathway was activated upon teeatwith 1.5 uM purmorphamine an
ALP activity was measure after 96 h. All data are mean values of three independent experiments |
s.d.

The Hh inhibitory activity of MJB1314, being the most potent analogue, was confirmed
in the orthogonaGLI-reportergene assay withnICsg value of 1.53 + 0.4 uMKigure42

A). Analysis of Hh target gene expression further confirmed the Hh specific
transcriptional inhibition by MJEL314, which dose dependenthhibited the expression

of PtchlandGlil (Figure42 B). The inhibition of Hh target gerexpressioralong with

the GLI-reportergene assay confirm ti@LI-transcription factor dependent inhibition of
the Hh pathway by MJ1314.
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Figure 42. Influence ofMJD-1314 on theGLI -mediated transcription.

(A) MJID-1314 inhibitsGLI-dependent reporter gene expressiosimLIGHT2 cells. Cells were treate
with 1.5 uM purmorphamine and different concentrations oDMJ3B14 for 48 h. Firefly and Renilli
luciferase activities were determined and ratios of firefly luciferase/Renilla luciferase signals
calculated, which are a measure of Hh pathway activity. Nonlinear regression analysis was perform
a four paameter fit. All data are mean values of three independent experiments (n = 3) (B)s
C3H/10T1/2cells were treated with purmorphamine (1.5 uM) and different concentrations oflBtDor
DMSO as a control for 48 h before isolation of total RNA. FolloyicDNA preparation, the relativ
expression levels dPtchl, Glil and Gapdhwere determined by means of quantitative PCR emplo
specific oligonucleotides fdPtchlandGlil or Gapdhas a reference gene. Expression levelBtohland
Glil were normalied to the levels o6Gapdhand are depicted as percentage of gene expression in
activated with purmorphamine (1%). All data are mean values of three independent experiments (n :
s.d.

Furthermore, MJEL314 treatment failed to displace BODHeYclopamine from the cells
indicating that MJB1314 most likelydoes notbind to the cyclopamine binding site of
SMO (Figure43A). In order to quantify the displacement of BODHeyclopamine, flow
cytometry was used to count thellgedisplaying green fluorescenatue to bound

BODIPY-cyclopamine. Cells that were treated with BOD{Eytlopamine and DMSO
displayed the maximum BODIPY intensitfi§ure 43 B). However, treatment with
various concentrations df1JD-1314 failed to displace BODIPXtyclopamine from the
cells, therefore confirming the microscopy results.
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Figure 43. Effect of MJD-1314 on SMGbound BODIPY -cyclopamine.

(A) HEK293T cells were transiently transfected with a SkEKpressing plasmid or empty vector. 48
later cells were treated with BODIRPYyclopamine (5 nM, green) followed by addition of 10 uM
MJD-1314 or 5 uM vismodegib and DMSO as controls and further incubation for 1 h. Cells wer
fixed and stained wittDAPI to visualize the nuclei (blue). Scale bar: 20 (B) HEK293T cells
ectopically expressing SMO were treated with different concentrations of181B, vismodegib ol
DMSO as a control in the presence of BODiBy€lopamine (5 nM) for 5 h. The graph sheothe
percentage of cetbound BODIP¥cyclopamine as detected by fluoresceactvated cell sorting. Dati
are mean values of three independent experiments (n=3) £ s.d.

To rule out the interference of MJIB14 with SMO localization to cilia, cells were

treated with MJB1314 along with purmorphamine andlogalization of SMO with cilia
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was analyzed by microscopy. However, MIB14 did not affect the localization of SMO

in cilia indicating that MJBL314 might be acting downstream of SMO for inhibition of

Hh pathway.

Purmorphamine (1.5 pM)

Vismodegib (2 pM)

DMSO MJD-1314 (5 uM)

Merged

Figure 44. Effect of MJD-1314 on the ciliary localization of SMO.

NIH/3T3 cells were treated with 1.5 uM purmorphamine fdr fBllowed by addition of 2 uM vismodegil
or 5 uM MJD-1314, and further incubation for h2 Cells were then fixed and stained to visualize
nuclei (blue), SMO (red) and cilia (acetylated tubulin; green). Inset: representative single cilia. Sci

10e m.
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5.4.2 Influence of MJD-13140n kinases involved in Hh signaling

The effect of MJD1314 on the kinases that are known to regulate Hh signaling was
determined by Eurofins. The biochemical inhibition of the tested kinase by 10 uM MJD
1314 was determinebly activity based assay$dble 11). However,MJD-1314did 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 © identify the molecular targets of MJIB14, affinitybased chromatography
was performed. For this technique, positive and negative affinity probes are required to
enrich the molecular targets pull-down experiments, which can be analyzed by mass
spectometry. 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 MJIB14 was not possible. Nonetheless, Dr. Matthias
Bischdf (COMAS) synthesized thgull-down probes by attaching the linker on the
alcohol group of the bipyridenthat was amenable to modification. It was assumed that
coupling of a PEGIinker to Ztosylpiperidin3-ol would lead toa simplified negative
probe MB63 (Figure45). MB-64 inhibited Hh signaling witlan ICso 0of 6.4 + 1.2 uM in

the GLI-reporter gene assay, whereas the control probe6Bifiled to inhibit the Hh
signaling Therefore, MB64 was used as positive probe, whereas-®3Bvas used as

negative probe fahefollowing chemical proteomics experiments.
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Figure 45. Chemical structures of thepull-down probes MB-64 and MB-63 and biological
activity.

MB-64 and MB63 wee tested irGLI-dependent reporter gene assaphhLIGHT2 cells. Cells were
treated with 1.5 uM purmorphamine and different concentrations o6MBnd MB63 for 48 h. Firefly
and Renilla luciferase activities were determined and ratios of firefly rasiééRenilla luciferase signa
were calculated, which are a measure of Hh pathway activity. Nonlinear regression analy:
performed using a four parameter fit. All data are mean values of three independent experiment:
+s.d.

For the pull-down experiments the free amine derivatives of 488 and MB63 were
immobilized on NHS ester magnetic bead#1/3T3 cell lysates were incubated with the
immobilized probes to enable protein binding. MNpecifically bound proteins were
removed by washing th@nmobilized probes with lysis buffer containing 25 mM
magnesium chloride. For the enzymatic digestion of bound protemmagnetic beads

were incubated with trypsin and LysC endopeptidases that cleave within polypeptide

The resuling peptides were pifred as mentioned in sectioh4.4and analyzed by means

of naneHPLC / MS / MS. The mass spectrometry experiments were done at the HRMS
facility at the MPI Dortmund anthe subsequendata analysis was performed by Dr.
PetraJanning (MPI Dortmnd). Statistical analysis was performed to quantify the proteins
that were selectively enriched by the active probe as opposkeeditactive probeTable

4 represents the proteins that were identified usindatbetfree 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 sucgedls of

downprobe synthesis immobilizatiorrategy.
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Table 4. List of proteins enriched by active probe MB64 as identified by means of affinity
chromatography.

The active probe MB4 and the inactive probe M&3 were immobilized on NHS ester magnetic bee
NIH/3T3 lysate wagpassed on to the probes and target preteire identified upon enrichment usir
mass spectrometry and labete quantification. The ratios indicate the fold excess for protein enri
using active probe M#4 as compared to the inactive probe H8R The pull-down experiments were
performed in two independent biological duplicates with three technical replicates.

Protein names Gene names F(Q:/tll)o
Stomatinlike protein 2 Stoml2 29
Acid ceramidase subunit alpha Asahl 12
60S acidic ribosomal protei?0 RplpO 10
géig)rfoi;ﬁgsﬁgrboxylate Aehydrogenase, Nsdhl 10
Acyl-CoA-binding protein Dbi o]
S-methyl5-thioadenosine phosphorylase Mtap 5
26S proteasome neTPase regulatory subunit 11 Psmdi11l 5
60S ribosomal protein L14 Rpl14 5
Phosphatidylethanolamirdeinding protein 1 Pebpl 4
Carboxypeptidase;Lysosomal protective protein Ctsa 3

In order to achieve better quantification of the identified proteins, next SILAC lysates
were used in the affinity chromatography experiments. Sepmteins were identifieds
bound to the active and the inactive probe. SIt#gSed quantification of proteins bound

to the active probéMB-64 and inactive probes MB3 was performed by Dr. Petra
Janning (MPI, Dortmund) to identify proteins that wereidred in active probe as
compared to inactive probe. Statistical analysis of the enriched proteins led to positive
ratios forheavy isotopdabelled proteins bound to the active probe (AH) and light isotope
labelled protein bound to inactive probe (IL) (AH and negative ratios fahe heavy
isotope labelled protein bound to inactive probe (IH) and light isotope labelled protein
bound to active probe (AL) (IH/AL)ndicating the enrichment of proteins using the
positive as compared to the negative probable 5 shows the proteins that were
identified as significant hits and the ratios are indicative of fold enrichigrthe
positive probe MB64 as compared tthe negative probe ME&3. Amoryg the identified
proteins,noticeably acid ceramidase (ASAH1),-8iethyl5-thioadenosine phosphorylase
(MTAP) and Stercl-alphacarboxylate adehydrogenase (NSDHL) were identified with
higher ratios using the labf&ke as well as SILA@®ased quantifications after tipaill-
dowrs. Because of theeproducibility in identification of ASAH1, MTAP and NSDHL
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across two label freguantificatiors and one SILAGull-downexperiment, these proteins

were regarded as potential targets which needed further validation.

Table 5. List of protein identified by SILAC pull-downexperiment.

The active probe MB4 and the inactive probe M&3 were immobilized on NHS ester magne
beads. Heavy and light isotope labelled NIH/3T3 lysatere passed on to the probes and ta
proteins were iddified upon enrichment using mass spectrometry and SigéAghtification. The
ratios indicate the fold excess for protein enriched using active prob&4viis compared to th
inactive probe MBG63. The pull-down experiments were performed in once with thteehnical

replicates.
Protein name Gene name el
ratio
Acid ceramidase subunit alpha Asahl 6.72
S-methyl5-thioadenosine phosphorylase Mtap 6.02
Phosphatidylethanolamirgnding protein 1 Pebpl 3.85
A-kinase anchor protein 8 Akap8 3.53
Rasrelatedprotein Rab2A;Rasrelated protein Ra2B Rab2a;Rab2b 291
Sterot4-alphacarboxylate 3dehydrogenase, decarboxylating Nsdhl 2.52
Signal transducer and activator of transcription 3 Stat3 2.37
Rasrelated protein Rath0 Rab10 1.93
Acyl-protein thioestmase 1 Lyplal 1.90
Retinol dehydrogenase 11 Rdh11l 1.40
Clathrin heavy chain 1 Cltc 1.27
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5.4.4 Target validation

5.4.4.1Determination of target engagement of MJD1314 by

immunoblotting

In order to validate the results of the aitfinrchromatography experiments and prioritize a
potential target, immunoblotting after tpall-downwas performed. Initially ASAH1 and
MTAP were prioritized because of their identification in SILAC experiments with high
SILAC ratios of 6.72 and 6.02, resgively. MTAP and ASAH4ispecific antibodies were
used to detect the enrichment of the proteins after affmitlydownexperimentsKigure

46). Enrichment of the MTAP protein only using the acin#-downprobe was detected

by immunoblotting. Figure46 A), whereas ASAH1 was not enriched using the positive
or negative probeHgure 46 B). The failed detection of ASAH1 could be a result of
weaker binding of ASAH1 to the linkefhe 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 sensitivityould have led to identification of ASAH1.
Therefore, these results confirm the selective enrichmeonlgfMTAP by active probe
MB-64.

MTAP
<— ASAH-1

Figure 46. Validation of MTAP and ASAH-1 enrichment by active probe MB-64 by
immunoblotting after the pull-down

The active probe MB4 and the inactive probe MB3 were immobilized on NHS ester magnetic be:
and exposed to NIH/3T3 lysates. Bound proteins were eluted and analyzed by immunoblottir@us
MTAP-specific antibody andB) ASAH-1-specific antibody and secondary antibody that was couple
infra-red fluorescent dyHR80Q 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 gmtli*down
probe, competitiofbasedpull-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 basedpull-down the active probe HB-64 was immobilized on magnetic
beads and exposed to NIH/3T3 lysates that weranpréated for 2 h with various
concentrations of MJ21314 and DMSO as a control. It was expected that 43D4
would compete with the active probe MB for binding to thearget protein, therefore
leading to differential enrichment by the active probe as a function of-1\312
concentration in the lysates. As seerfFigure47 A, NSDHL was enriched by the active
probe, however, exposure of lysatesMJD-1314 did not lead to competitive binding
indicating thenorspecific binding of NSDHL with theull-downprobes. In contrast, pre
incubation of the lysate with MJD314 led to competition with the active probe for
binding to MTAP as indicated by dimshed band intensities in the samples with high
(i.e. 10, 30 and 50 pMyoncentration of MJEL314.

A B
Active + + + + Active + + + +
probe probe
MJD-1314’ - ‘ 10 uM ’ 30 pM | 50 uM MJD-I3I4‘ : ’ 10 uM ‘ 30 pM ’ 50 uM
M. ,

Figure 47. Validation of potential targets by immunoblotting after a competitivepull-down

The active probe ME4 and the inactie probe MB63 were immobilized on NHS ester magnetic be:
and exposed to NIH/3T3 lysates that were-ippeibated with increasing concentrations of MIBL4 or
DMSO as a control. Bound proteins were eluted and analyzed by immunoblotting(ApitnSDHL-

specific antibody andB) MTAP-specific antibody and secondary antibody that was couplédfrared
fluorescent dy¢éR80Q Data is representative of three independent biological replicates.

These results confirm the target engagement of MTAP by-M&D3t. Therefore, further
biophysical and genetic validation experiments were carried out to confirm MTAP as a
target of MJD1314.
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5.4.4.2MJD-1314 induces thermal stabilization of MTAP

In order to further investigate the binding of MidB14 to MTAP, the effect of MJD
1314 on MTAP thermal stability was investigatedrhgans of theellular thermal shift
assay. Smalinolecule binding to a target protein may cause changes in the
thermodynamic properties of the protein leading to thermal stabilization or
destabilizatiort?® NIH/3T3 cell lysates were incubated with 30 pM MaB14 or DMSO

as a control. As seen iRigure 48, MTAP band intensities in DMSO treated lysates
diminish with increasing temperatures indicating meltinyld/AP at higher temperature.
Upon treatment with MJE1314 the MTAP band intensities remain relativetgbleat
higher temperature$>60 °C) compared to the DMSteated lysates. These results
confirm the targeengagement and thermal stabilization of MTARtein in lysate by
MJD-1314.
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Figure 48. Cellular thermal shift assay for MTAP.

(A) NIH/3T3 cell lysates were incubated with 30 uM of MaB14 followed by heating at increasir
temperatures to denature the proteins. Upon @itaifugation, MTAP and-actin (used as a referenc
were detected in the soluble fractions by means of immunobloBy@uantification of MTAP abundanc
in the soluble fractions upon normalization to the band intensitids-&tin and MTAP at 36 °C (setto 1
Data is repesentative of three independent biological replicates.

In order to demonstrate thermal stabilization of purified human MTAP by-LBII3,
differential scanning fluorimetry experiments were performed. The assay principle is
similar to CETSA with differencesn the detection method and these of purified
protein. Purified MTAP protein along with SYPROrange dye was incubated with
various concentrations of MJILB14 and DMSO as a control and exposed to increasing
temperatures. As a result of heating, hydrdptsequencef the proteinbecome
exposedo solventas the protein starts to unfold. The fluorescence of SY:-BR@ge dye

increases as a result of binding to the sohsxmiosed hydrophobic regions of the protein.
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Therefore, the change in the fluoresoemtensity of SYPR@range dye was measured
to determine proteistability.**® As seen irFigure49, thermal stabilization of MTAP was
observed upon exposure to MlB314. The maximum melting temperature sHiit ifn)
was observed at 80 and 100 uM MJ1B14.Moreover, saturation ddTm with 80 uM
and 100 puM of MJB1314 indicates thhighest degree of thermal stabilization of MTAP.
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Figure 49. Thermal stability of MTAP as detected by differential scanning fluorimetry.

(A) Purified human MTAP protein was incubated with various concentrations of181B orDMSO as a
control. The change in the fluorescence intensity of SYJRDge was used as a measure of the me
behavior of MTAP.(B) Melting temperature (Tm) were determined by the maximum fluoresc
intensity of SYPRGorange in A and are plotted agairtie concentration of MJ2314. Data is
representive of three independent biological replicates
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Table 6. Change in the melting temperature of MTAP in the presence of MJE1314.

Melting temperature (Tm) and differences of TBT (n) between MJB1314 and DMS@reated sample:
are given. Tm were determined were determined by the maximum fluorescence intensity of-S
orange measured using differential scanning fluorimetry. All data shown are mean values (N 5 3).n

MJD-1314 (uM) Tm (°C) DTm (°C)
100 79.5 4.25
80 795 4.25
60 78.25 3.0
30 775 2.25
15 76.75 15
75 76.0 0.75
DMSO 75.25 -

The results so far demonstrate the target engagement of MTAP witHLBMDthat leads
to thermal stabilization of MTAP.
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5.4.5 Polyamine bicsynthesis

MTAP is an enzymaubiquitously 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 @bgure50)**° although

in at least one case the enzyme was reported as a dimdiAP catalyzes the
phosphorylation of $nethyl5-thioadenosine (MTA), a product dbth spermidine and
spermine synthases in th@olyamine biosynthesis pathway. sAa result of
phosphorylation, MTA is cleaved into adenine anché&thylriboseD-ribose1-phosphate
(MTR-1-P) 32133 gubsequently adenine is salvaged to generate adenosine
monophosphate (AMP), and the MTIRP is cawverted to methioning={gure51). These
products are further recycled to-aflenosyl-methionine (SAM) which, via
decarboxylation, servessaa precursor for MTA synthesis. Moreover, spermine and
spermidine are produced from pucene by the subsequent additionaofaminopropyl
group derived fron8AM."* Thus, this metabolic pathway represents an alternatide to

novopurine biognthesis.

Figure 50. Crystal structure of MTAP trimer (1V4N).

MTAP is a trimer with three identical subunits. Each identical subunit is shown in a different®olor.
Inhibition of MTAP leads to increased intracellular MTéoncentrationthat causes
feedback inhibition of polyamine biosynthedidTA accumulation causes SAliduced
alterations in DNA methylation. Therefore, MTA accumulation is predicted to have
different effects on cells bgltering the DNA methylatio®® Co-deletion of the MTAP
gene together with the tumor suppressalin-dependent kinase inhibitor 2&DKN2A

and other genes near the chromosomal locus 9p®d frequent in noeiloddkin
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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 cart¢et® Recent studies have shown

that deletion ofCDKN2A is closely associated with tumor development than MTAP
deletions MTAP deletions in specific tumor celiis vivo have a metabolic effect different

from whole organism inhibition of MTARas MTA acumulation will not occur in
MTAP-deficient tumor because of the MTA removal by MTAP produced by surrounding

normal tissue$®
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Figure 51. The polyamine biosynthesis pathway.

MTA is a common product of both spermidi and spermine synthetases and is proposed to aci
feedback product inhibitor for both enzymes. MTAP catalyzes the conversion of MTAmiethylD-
ribosel-phosphate and adenine that is recycledStadenosylmethionine. The enzymes involved
polyamine biosynthesis pathway are represented in color.

MT-DADMe-ImmA (MTDIA) is a transition state inhibitor of MTAP witkq = 1 nM.**
MTDIA treatment led to accumulation of MTA and inhibition of A549 (human-siorall
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cell lung carcinoma) and H358 (human bronchioloalveolarsmalkell lung carcinoma
cells) xenograft tumor growth in immunodeficianice which indicates thaMTAP as a
target for lung cancer therap¥/. Inhibition of MTAP by MTDIA in FaDu cells
(hypopharynxsquamous cell caraama cell line) and Cal2%ells (head and neck
squamous cell carcinoma cell line) led to accumulation of MTA, decreased the levels of
polyamines and induced apoptoisThese results have shown that inhibition of AP

enzymatic activity by MTDIA is an attractive strategy for targeting cancer.

Expression of MTAP in MTARJeleted HT1080 cells decreased colony formation,
migration and ability to form tumors in severe combined immunodeficiency mice,
whereas treatment dITAP-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 tbe MTAP deletion phenotype, thus
suggesting that in this particularsea(inhibition of) MTAP enzymatic activity is not
necessary for tumor suppressing function of MTAPThese contradictory studies
demonstrate enorecomplex role of MTAP in cancer progression that is not only limited

to its enzymatic function.

5.4.5.1Crosstalk between the polyamine biosynthesis pathway and Hh

signaling

The effect of Hh pathway activation on polyamine metabolism was studied in cerebellar
grarule cell progenitors (GCPs), the cells of origin of-épendent medulloblastortid.
Stimulation of GCPswith SHH increased proliferation and elevated the levels of
putrescine, spermine and spermidine. An inhibitor of ornithine decarboxylase (ODC),
Difluoromethybrnitine (DFMO), inhibited SHH-induced GCP proliferation and
decreased the levels of polyaminesheut affecting GLimediated transcription of Hh
target genes. Furthermore, DFMO inhibited the proliferatioftohI” mouse embryonic
fibroblasts (MEFs) while it failed to inhibit the proliferati®ufi” MEFs indicating a
SUFU-mediated mode of actionf DFMO. Immunoaffinity precipitation of proteins
bound to SUFU revealed that SUFU binds and stabila#isilar nucleic acid binding
protein (CNBP) to regulate ODC translation. Later it was shown that the preseace of
evolutionarily conserved AMP¥onsasus site in CNBP is critical in Hilependent

regulation of CNBP activity*>14®

96



Results and discussion

Although MTAP regulates ODC by production of downstream metabdfitesdirect

involvemert of MTAP intheHh pathway has not been explored.
5.4.6 Influence of MJD-1314 on MTAP enzymatic activity

As discussedbove MTAP phosphorylates MTA and cleaves it into adenine and NIHR

P. Therefore, for measuring the enzymatic activity of MTAP, MTA was use@ a
substrate and its conversion to adenine was monitored by conversion of adenine to 8
dihydroxyadenine by xanthine oxidase. The generation -dfhydroxyadenine was
detected by monitoring the absorbance at 305Figufe52 A). Highest absorbance and
linear rate of enzyme reaction was observed with 200 uM MTA when used with 100 nM
MTAP and 0.2 U of xanthine oxidas&herefore these conditions were used for
determining the effect of MJ2314 on the enzymatic function of MTAP. MTMI
inhibited the conversion of MTA as indicated by a concentradigmendent inhibition of
8-dihydroxyadenine formatiorF{gure52). However, MJD1314 did not affect the MTAP
enzyme activity as indicated by the complete conversfaTA to adenine and then to
8-dihydroxyadenine thus imglyg that MJD1314 had no effect on the enzatit activity

of xanthine oxidase as well.

The affinity pull-down and thermal stabilization assays clearly revealed the target
engagement of MTAP with §D-1314. However, MJEL314 did not inhibit the
enzymatic function of MTAP thus indicatingn enzyme activityindependent mode of
interaction of MJD1314 and MTAP. To further understand the possible involvement of
MTAP in Hh pathway regulation, the effedt TDIA -mediated inhibition of MTAP on

the Hh pathway was measured WyLl-reporter gene assayigure 53). However,
MTDIA failed to inhibit purmorphaminénduced activation othe Hh pathway inShh
LIGHT2 cells. These results shatvat inhibition of MTAP enzyme activity has no effect
onthe GLI-dependent Hh signaling pathway.

Failure of MJD1314 to inhibit the enzymatic activity of MTAP arbe inability of
MTDIA to inhibit the GLIFdependent Hh signaling pathway ledth® assumptn that
MTAP is involved in Hh signaling by a putative roanonical functionTanget. al.,
have shown thateression othe catalytically inactive form of MTAP in MTARleleted
HT1080 cells resulted in reversaltbe MTAP deletion phenotype thus suggegta non
canonical i.e. not related to enzymatic function of MTAP.
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Figure 52. Effect of MJD-1314 on the enzymatic awvity of MTAP.

(A) Liberation of adenine upon phosphorylation of methylthioadenosine (MTA) by MTAP was mon
by adenine conversion to-dhydroxyadenine by xanthine oxidase. Various concentrations
methylthioadenosine (MTA) were incubated with 100 MTAP and 0.2 U xanthine oxidase at 25 °C 1
60 min. The resulting change in the absorbance at 305 nm was continuously monitored for @) 1
Effect of MTDIA and MJD1314 on the enzymatic activity of MTAP. 200 uM methylthioadenos
(MTA), 0.2 U xanttine oxidase, and the test compounds were incubated at 25 °C. The enzymatic t
was initiated by addition of 100 nM MTAP. The resulting change in the absorbance at 305 n
continuously monitored for 60 min. All data are mean values of three indepeexperiments (n = 3)ts.d

Figure 53. Effect of MTDIA on GLI mediated reporter gene assay.

ShhLIGHT2 cells were treated with 1.5 uM purmorphamine and different concentrations of MTDI
48 h. Firefly and Renilla luciferasactivities were determined and ratios of firefly luciferase/Rer
luciferase signals were calculated, which are a measure of Hh pathway activity. Nonlinear reg
analysis was performed using a fgarameter fit. All data are mean values of thredependent
experiments (n = 3) + s.d.
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