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The most beautiful thing we can experience is the mysterious.
Das Schénste, was wir erleben kénnen, ist das Geheimnisvolle.
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| Abstract

| ABSTRACT

The identification of selective small molecule cytokine mimetics and signaling activators holds
great promise for numerous applications in biomedicine as they overcome the typical
drawbacks of physiological peptide- or protein-based ligands. Yet, the development of such
modalities remains a challenging task in drug discovery. In this thesis, a phenotypic, target-
agnostic, high-throughput screening assay is presented that probes Bone Morphogenetic
Protein (BMP) signaling during mesodermal patterning of murine embryonic stem cells. This
approach represents a novelty in BMP activator identification by harnessing embryonic
development in vitro, hence potentially expanding the druggable space of BMP signaling
activators. During mesoderm specification, BMP signaling can be temporally discriminated
from Transforming Growth Factor-f (TGFpB)-driven stages of cardiac differentiation. This
selective and authentic orchestration of BMP signaling cues can be recapitulated for the
discovery of genuine BMP activator- or potentiator chemotypes. Here, a robust hit validation
workflow has been devised, including the orthogonal assessment of BMP activation during
osteoblastogenesis as well as BMP-dependent reporter assays. Proof-of-concept is
demonstrated from screening of nearly 7,000 chemically diverse compounds, yielding 2,3-

disubstituted 4H-chromen-4-ones as a new potent BMP activating chemical modality.

Chromenone 1 enhanced osteogenic differentiation and mineralization in vitro. Structure-
activity relationship (SAR) studies with 29 different Chromenones revealed pharmacophoric
features relevant to BMP activity and provided a valuable toolkit of active and structurally
closely related inactive derivatives. Interestingly, mechanistic studies suggested that
Chromenone 1 enhances canonical nuclear BMP-Smad signaling outputs through an
unparalleled, kinase-independent, negative TGFB-Smad feedback loop. This is in sharp
contrast to the reported BMP sensitizer PD407824, revealing novel BMP potentiator biology

as desired from a conceptionally new morphogenic and phenotypic drug discovery approach.

An additional screening of 1,408 known bioactive compounds eventually furnished the
triazolo[1,5-c]quinazoline CGS-15943 as a novel and unique BMP activating chemotype that
exhibited highest selectivity among all profiled and characterized BMP modulators in the
present work. Its capacity to amplify BMP signaling during embryogenesis could be further

substantiated in vivo during zebrafish development (i.e., ventralization phenotypes). Target
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deconvolution studies unraveled novel targets of CGS-15943 with a pronounced potency for
CK156- and -e-isoforms. Mechanistically, CGS-15943 amplifies osteogenic BMP signaling
outputs through a dual targeting of CK18/¢ and PI3Ky (p110y) isoforms by enhancing BMP
signaling independent of a TGFp-feedback.

Together, the presented work underscores proof-of-concept for a novel phenotypic drug
discovery strategy to identify unique BMP signaling modulators. Two new chemotypes
ultimately expanded the druggable space of osteogenic BMP activators and sensitizers that
may serve as valuable tools for various applications in (stem) cell biology and regenerative
medicine. Notably, this work might spur future translation to even more complex 3D-gastruloid

and organoid systems.



Il Zusammenfassung

Il ZUSAMMENFASSUNG

Die ldentifizierung selektiver niedermolekularer Zytokin-Mimetika und Signalweg-Aktivatoren
verspricht zahlreiche Anwendungen in der Biomedizin, da sie die typischen Nachteile
physiologischer Liganden auf Peptid- oder Proteinbasis Ulberwinden. Dennoch bleibt die
Entwicklung solcher chemischen Substanzen eine anspruchsvolle Aufgabe in der
Arzneimittelforschung. In dieser Arbeit wird ein phanotypischer, targetagnostischer
Hochdurchsatz-Screening-Assay vorgestellt, der die Signalibertragung von BMP (Bone
Morphogenetic Protein) wahrend der mesodermalen Strukturierung von embryonalen Mause-
Stammzellen untersucht. Dieser Ansatz stellt ein Novum in der ldentifizierung von BMP-
Aktivatoren dar, indem die in vitro-Embryonalentwicklung ausgenutzt und so der chemische
Raum existierender BMP-Signalaktivatoren potenziell erweitert wird. Wahrend der Mesoderm-
Spezifikation konnte der BMP-Signalweg zeitlich von den Transforming Growth Factor-j3
(TGFB)-getriebenen Stadien der kardiopoietischen Differenzierung unterschieden werden.
Diese selektive und authentische Orchestrierung von BMP wurde erfolgreich fur die
Entdeckung neuartiger BMP-Aktivator- oder -Potentiator-Chemotypen rekapituliert. Es konnte
ein robuster Arbeitsablauf zur Hit-Validierung entwickelt werden, der die orthogonale
Validierung der BMP-Aktivierung wahrend der Osteoblastogenese sowie BMP-abhangige
Reporter-Assays umfasst. Uber das Screening einer Bibliothek von fast 7.000 chemisch
diversen Verbindungen wurde die Machbarkeit des neuen Ansatzes bestatigt, da 2,3-
disubstituierte 4H-Chromen-4-one als neue potente BMP-aktivierende Substanzen gefunden

wurden.

Das identifizierte Chromenon 1 verbesserte die osteogene in vitro-Differenzierung und -
Mineralisierung. Studien zur Struktur-Aktivitats-Beziehung mit 29 verschiedenen
Chromenonen lieferten Hinweise auf flur die BMP-Aktivitdt relevante pharmakophore
Strukturmerkmale, sodass ein wertvolles Set aus strukturell eng verwandten aktiven und
inaktiven Derivaten generiert werden konnte. Mechanistische Studien deuteten auf einen
neuartigen BMP-aktivierenden Mechanismus von Chromenon 1 hin, der die kanonischen
nukledren BMP-Effekte Uber einen Kinase-unabhangigen, negativen TGFB-Smad-Feedback
verstarkt. Dieser Mechanismus unterscheidet sich zum beschriebenen BMP-Sensibilisator

PD407824 und offenbart neuartige Mdglichkeiten den BMP-Signalweg zu verstarken und
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unterstreicht den Mehrwert des konzeptionell neuen phanotypischen Screening-Ansatzes fur

die Arzneistoffentwicklung.

Ein zusatzliches Screening von 1.408 bekannten bioaktiven Verbindungen ergab schlief3lich
das Triazol[1,5-c]chinazolin CGS-15943 als neuen und einzigartigen BMP-aktivierenden
Chemotyp, der unter allen profilieten und charakterisierten BMP-Modulatoren in der
vorliegenden Arbeit die hochste Selektivitat aufwies. Seine Fahigkeit, die BMP-
SignalUbertragung wahrend der Embryogenese zu verstarken, konnte in vivo wahrend der
Zebrafischentwicklung, d.h. Uber Phanotypen der Ventralisierung, weiter bestatigt werden.
Mittels verschiedener Strategien wurden neue Targets von CGS-15943 identifiziert und eine
ausgepragte Potenz fir CK16- und -¢-Isoformen aufgedeckt. Mechanistisch verstarkt CGS-
15943 die osteogenen BMP-Signale durch eine duale Inhibition der CK1&/e- und PI3Ky

(p110y)-Isoformen in TGFB-unabhangiger Weise.

Zusammengenommen bekraftigt die vorgestellte Arbeit die Machbarkeit des einer neuartigen
phanotypischen Strategie zur Identifizierung einzigartiger BMP-Signalwegmodulatoren. So
haben zwei neue Chemotypen den chemischen und pharmakologischen Raum bekannter
osteogener BMP-Aktivatoren und —Sensibilisatoren erweitert. Diese Substanzen werden als
wertvolle Werkzeuge fir verschiedenste Anwendungen in der (Stamm-)Zellbiologie und
regenerativen Medizin genutzt werden kdénnen. Vor allem kénnte diese Arbeit zuklnftig auf

noch komplexere 3D-Gastruloid- und Organoid-Systeme Ubertragen werden.

Vi



1 Introduction

1 INTRODUCTION

1.1 Stem Cells and Regenerative Medicine

Embryonic stem cells (ESC) are pluripotent cells that can proliferate indefinitely in vitro and
differentiate into almost any mature cell in the human body.!"! They arise from the blastocyst of
a multicellular embryo and form the three embryonic germ layers, the ectoderm, endoderm,
and mesoderm, which determine subsequent differentiation into specific cell lineages.? Their
potential to provide access to any specialized cell has made stem cell technologies among the
hottest research topics in medicine.®! More recently, stem cell-based research has become
important in the context of regenerative medicine, an emerging interdisciplinary field of
research and clinical application, particularly to enable targeted differentiation and
reprogramming into specialized cells and tissues, and thus repair and regeneration of
damaged tissues and whole organs.® Relevant examples in which regenerative medicine has
played a significant role in the past decade include cardiovascular and osteopenic diseases,
both representing a major challenge for our healthcare systems, especially in view of the
demographic change and our aging society. Cardiovascular diseases (CVD) are the leading
cause of death for about 18.6 million deaths worldwide in 2019 and 1.8 million in the EU in
2017, accounting for more than one-third of all cases.>® Over the past 25 years hospitalization
rates increased steadily with hypertension as the major risk factor for CVD-linked mortality,
that in total costs the EU economy about €210 billion per year.”! The majority of deaths is
caused by coronary heart disease (CHD) including chronic ischemic heart disease, acute
myocardial infarction, and heart failure. When acute circulatory disturbance occurs as a result
of arterial occlusion, irreversible damage to the myocardial tissue occurs and life-threatening
numbers of myocardial cells die.l!! The ischemically damaged heart constricts due to scar
tissue formation, where cardiac fibroblasts differentiate to myofibroblasts and heart failure may
result.® To counteract the failing heart, hypertrophy of cardiomyocytes occurs, which in
combination leads to organ damage and subsequent death.l'” Because pharmaceuticals are
administered only to treat symptomatic disease, the loss of heart muscle is almost irreversible.

In severe cases heart transplantation represents the only therapeutic option.'"]

In addition to CVD, about one in four people aged 85 is diagnosed with hip osteoarthritis, while

one in two has an arthritic knee.['?! Injuries to bone tissue or joints caused by accidents or
1
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overstressed joints are additional unpredictable factors. In the U.S. alone, the cost of
treatments exceeds $80 billion per year, and the chances of success of such treatments with
tissue grafts or connective tissue are limited.!') Administration of bone-inducing growth factors
across various therapeutic applications in treating skeletal trauma and disorders raised in
clinics.l' Such applications are based on cell therapies addressing mesenchymal stem cells
or osteogenic progenitors in vivo or for bone graft generation.l' Due to the tremendous
demand to develop more efficient and safer therapies, novel pharmaceuticals are of great

interest that may have enormous potential treating skeletal trauma and diseases.

Over the past two decades, the field of stem cell biology has advanced greatly, and new
approaches have been described for the discovery of drug-like small molecules that could
potentially lead to strategies for tissue regeneration. In terms of regenerative medicine, the
discovery of the efficient and reproducible generation of induced pluripotent stem cells (iPSCs),
which physiologically mimic embryonic stem cells, was groundbreaking.['® Yamanaka and
colleagues showed for the first time that adult somatic cells such as fibroblasts can be
reprogrammed into pluripotent cells capable of generating all three embryonic germ layers by
transducing the four transcription factors Oct4, Sox2, KlIf4, and c-Myc.'8'7 Different
transcription factors have been reported soon after, such as Lin28 or Nanog, expanding the
understanding and potential of somatic nuclear transplantation.l'®'9 |Interestingly, iPS
generation has been successful even in the absence of Oct4 overexpression, resulting in
reduced off-target gene activation leading to an enhanced developmental potential.?” The
revolutionary discovery by Yamanaka and colleagues enables ethically unproblematic use of
human pluripotent stem cells and the potential targeted growth of tissues or whole organs from
patient-derived cells. Hence, the finding was awarded the Nobel Prize in medicine in 2012 for
its great therapeutic potential and fundamental cellular insights, exactly 50 years after John B.
Gurdon described the potential of adult somatic cells to develop into an entire organism.':22
This patient-oriented application of stem cells enables personalized medicine. Just a couple of
years after this, in 2009 the world’s first clinical trial of a hESC-based therapy for treating spinal
cord injury was initiated with great attention, indicating the huge expectation and hope for
revolutionary regenerative therapies in clinics.®! A decade later, the first clinical application of
autologous hiPSCs was approved, and furthermore, hiPSC-derived mesenchymal cells will
likely be the first successful human clinical application for the treatment of graft-versus-host

disease.?! In addition, hiPSCs are being used extensively to create artificial tissues, such as

2
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3D-engineered heart tissue.?® A breakthrough was reported in the summer of 2021, in which
Heartseed and Novo Nordisk announced a global collaboration and the start of a clinical trial
using hiPSC-derived cardiomyocytes for the treatment of heart failure, under the name

HS-001.128!

Tissues and Chips R
Differentiated
cells
.
O A
’ ‘ Screening Organoids
4 P Grafts

iPSCs
Patient/ Human

©)
N
® \\

Somatic cells
(e.g. Fibroblasts) L

Figure 1: Therapeutic application of human induced pluripotent stem cells. Isolated somatic cells from a patient (1)
are reprogrammed into iPSCs (2) and subsequently used for differentiation to the desired cell lineage (3).
Differentiated cells mimic the pathological potential of a patient, which can be utilized for screening for novel
therapeutics by screening approaches of cells, multicellular tissues, and body/organ-on-a-chip systems (4). Further,
cells can be grown to more complex system such as organoids or ultimately to mature organs/grafts for
transplantation (5), while, in addition, screening of disease-relevant markers can enable personalized treatment.
Conversely, newly identified substances can be used to optimize reprogramming and differentiation processes,
leading to safer methods (6).

A major goal in replacement therapies is the control of stem cell induction to direct cellular
differentiation, e.g., iPSC differentiation and transdifferentiation or transition from tissue-
derived cells in vitro or in vivo.?"! One approach could be to use tissue-specific multipotent
adult stem cells such as hematopoietic or mesenchymal stem cells from bone marrow for co-
transplantation or cardiac progenitor cells for cardiomyocyte induction.?®2°l Adult stem cells
can be targeted by modulating the environment, thus inducing the "stem cell niche" promoting
active differentiation and migration of stem cells in the tissue.?”] Another alternative might be
to target proliferation of somatic cells in healthy tissues to induce cell cycle and regeneration

in vivo, as has been shown for the limited proliferative capacity of cardiomyocytes, for which
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various cell cycle factors and the Hippo signaling pathway have been identified as suitable
targets.%31 Moreover, direct reprogramming of somatic fibroblasts to cardiomyocyte-like cells
by treatment with a specific drug cocktail in a full chemical approach has been successfully

demonstrated, indicating an attractive alternative to hiPSC differentiation.®?

Human stem cells capable of differentiating into cardiomyocytes have been isolated from
various human tissues, but the pool of adult and multipotent cells is limited in its differentiation
potential.®® Somatic cell-derived induced PSCs can overcome these problems and are more
cost-effective.®** However, for clinical application of iPSC lines, various challenges must be
tackled. For instance, patient-derived iPSCs vary in natural variability, purity and yield and
extensive safety testing regarding genetic mutations must be considered.®® Moreover,
reprogramming can induce genomic and epigenetic changes in cells, so early genetic control
mechanisms of hiPSCs are crucial, even if the epigenomic profile remains very similar.?% As
a negative side effect of the great intrinsic proliferating potential, tumorigenicity risk is a critical
issue, particularly for transformed undifferentiated pluripotent cells of transplanted iPSC-
derived tissue. In addition, cell mutation occurs, since iPSCs have been subjected to
reprogramming stress and culture adaption, and the transcription factors used for
reprogramming are known oncogenes.®”! To reduce tumorigenic potential, a fail-safe system
has been developed in which a caspase9 vector induces apoptosis of degenerated cells,
demonstrating that this system may be suitable to avoid adverse effects after
transplantation.®® Another important factor is the immune recognition of the transplanted cells,
causing an immune response and subsequent rejection, even though the cells are autologous.
Changes in antigen expression due to genetic or epigenetic changes of iPSC derivatives may
contribute to a T-cell dependent response, indicating the importance of a robust screening test
system of reprogrammed embryonic cells.*® Given the broad clinical application of iPSC cells,
in the long term, allogeneic therapies from already reprogrammed cell banks are the more
cost-effective and less time-consuming alternative.*® Nevertheless, autologous iPSC
transplants are generally considered a safer strategy than allogeneic transplants, which require
long-term treatment with immunosuppressants. However, current clinical applications of grafts,
e.g., retinal pigment epithelial cells for rescue of retinal degeneration and functional
regeneration, seem to be very promising in terms of safety aspects, followed by recent
consecutive studies addressing different aspects of iPSC grafts.[*'#? To increase safety and

yield of iPSC-derived tissues and grafts, fully optimized protocols for differentiation and

4
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application are highly desired and the early application of good manufacturing practice is

becoming increasingly important.

1.2 Phenotypic Drug Discovery

Phenotypic screening approaches are used to access novel bio-active agents, including small
molecule modalities as potential pharmaceuticals. In the context of forward chemical genetics,
the influence of a compound in complex living systems is examined in its entirety in phenotypic
cell-based screenings.*¥ In contrast to hypothesis-driven, targeted drug discovery (TDD), the
observation of phenotypic changes in a physiologically relevant model system contributes to
the discovery of relevant mechanisms.“ It can be assumed that small molecules have multiple
binding partners (are promiscuous), therefore also affecting different targets including different
phenotypes in vivo. For this reason, it is important that disease-relevant assays elicit specific
phenotypes. Phenotypic drug discovery (PDD) holds great potential for successful translation
to in vivo models and thus to clinical trials. Certain knowledge on disease pathophysiology is
important for successful implementation of a phenotypic drug discovery approach. Meaningful
readouts are key to identify high-quality hits, while generic readouts such as viability or
apoptosis are less likely to be useful for the identification of novel targets or mode of actions.*®!
Subsequently, target deconvolution presents the next critical step in understanding the
mechanism and safety issues for new pharmaceuticals, which is the most elaborate and time-
consuming step in PDD. Here, the identification of targets is becoming more promising thanks
to recent advances in proteomics- and genomics-based technologies.*¢! To validate target
engagement and to rationalize biological significance of the target in the cellular context, a

variety of methods are available.

Because of the paradigm shift in stem cell biology in terms of cellular reprogramming and its
enormous potential for a broad range of clinical applications, as described earlier in Chapter
1, the use of stem cells in phenotypic screening has increased, particularly to identify novel
small molecules that modulate differentiation, reprogramming, and self-renewal. The
collaboration of PDD with stem cell-based systems could lead to a rapid translation of model
systems to in vivo applications, hence to preclinical trials and ultimately to personalized

medicine, as illustrated in Figure 2.#71 In addition, the introduction of hiPSCs derived from
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isolated cells of patients may contribute to homogenous disease-relevant cultured cells that

can be used in phenotypic screening campaigns.

() > @
...... » —> -
- ‘ ,
; ESCs
e s — Differentiated
b cells
! VAN 8
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Animal Models

New chemical 3%,
entities for cellular *

Reprogramming \ ™,
and Differentiation % . Phenotypic Screening ‘ ‘ |

.. l Diverse Compound Libraries
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A \6

- Graft Development &

Clinical Trial Pre-clinical tests Transplantation Therapy

Figure 2: Schematic workflow of stem cell-based Phenotypic Drug Discovery (PDD). A certain morphological

change and disease signature can be monitored from a high-throughput screen using different model systems, such

as stem cells, stem cell-derived specialized cells, tissue-derived primary cells, 3D organoids or animal models
systems. Integrating novel chemical biology techniques to expand the chemical space could lead to the identification
of true chemical hits that are subsequently validated and optimized towards early lead compounds for experimental
in vivo pharmacology. Identified compounds could expand the chemical space for stem cell reprogramming and
differentiation. Lead compounds will eventually be used for the development of engineered tissues (graft) or
undergo classic preclinical testing as a potential drug candidates. The figure was created with BioRender.com and

modified from Vandana et al., 2021.148!

Generated hiPSCs can also contribute to phenotypic screening of multicellular structures, such
as organoids or “organs-on-chips” with high physiological relevance.*®! An interesting feature
of organoids derived from human samples is the recapitulation of genetic mutations and
pathological morphology, thus allowing in vitro drug screening of tumor-organoids and
personalized treatment.’® One of the major limitations of hiPSCs is their lack of robust

cultivation and reproducible, efficient differentiation, which hinders broad screening in such
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systems. A recently introduced 3D-culture screening procedure for efficient generation of
differentiated cells could be the basis for more efficient differentiation protocols, where culture
conditions, signal inputs, doses, etc. were tested against each other.®" Besides organoid
screening of therapeutics for toxicity, metabolism and efficacy, recent advances in microfluidic
platforms, like “organ-on-a-chip”, are attractive and cost-efficient alternatives for preclinical and
pharmacokinetic studies.®”® Combinations of such systems can recapitulate whole-body
models (body-on-a-chip systems), and the use of hiPSC-derived cells has also been
successfully demonstrated in proof-of-concept studies.®® For instance, hiPSC-derived
cardiomyocytes were successfully cultured with primary hepatocytes from the liver in a multi-
organ system and various functional readouts for the determination of the contractility and
electrical conductivity of the cardiomyocytes, as well as the investigation of metabolites of the
drugs used, facilitate new and detailed preclinical investigations. Recently, a library of
organoids generated from hPSCs was already used in SARS-CoV-2 pathophysiology studies
to investigate respiratory failure of organs in response to viral infection and in which efficacies
of anti-viral drugs can be evaluated.® In contrast to stem cell-based PDD, whole-animal
screenings have shown to be suitable systems for drug discovery in physiological context and
in vivo administration, however, due to recent breakthroughs and advances in stem cell-

technologies and disease modeling, animal models become less attractive.*®!

An important factor in screening procedures is the early identification of substances that
interfere with readout or undesirable mechanisms that cause a comparable biological
phenotype of interest. Such compounds have been known as Pan Assay Interference
Compounds (PAINS) for several years.®® They occur as frequent hitters in compound libraries
and are generally substances that, for example, consist of certain chemical properties such as
protein-reactive or fluorescent structures, which are usually not target-associated and can
therefore interfere with biological mechanisms or assay readouts. Every substance library
faces these interfering compounds, which is why, in addition to a valid and well-designed
screening process, the quality and chemical diversity of the substances also plays a crucial
role, especially since the identification of such substances after phenotypic screening can
waste significant time and resources. A very comprehensive recent review summarized
experiences and problems of this phenomenon and optimized future pipelines to reduce the
impact of so-called nuisance compounds.®”! It is especially critical for phenotypic assay, to

distinguish between technological and non-technological-related artefacts, like cytotoxicity and
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autofluorescence. In cellular context, target and pathway-associated unspecific effects can
occur, e.g., metabolic, membrane or cell cycle perturbations.’”! A prominent bioactive drug
class that has been shown not to hit the intended target but to cause an off-target effect within
a putative mode of action are the cationic amphiphilic agents (CADs). These have recently
gained significance in antiviral research and usually induce phospholipidosis, i.e., an
accumulation of phospholipids in the lysosome, which is a known mechanism for inhibiting
virus production.®® Therefore, chemical modalities or genetic perturbants causing certain
phenotypes should be considered with caution, especially because new mechanisms and
targets are increasingly being identified even for known therapeutics.® Further, it is essential
to establish a valid pipeline for the identification of nuisance compounds at an early stage and,
ideally, to test possible interference compound classes during assay development. An
approach that is gaining increasing importance and insight into the bioactivity and classification
of biological compound classes is the morphological fingerprinting of compounds.” Here, a
complex image analysis of morphological changes is used to generate a biological fingerprint
of substances, thus allowing correlations between bioactivity and chemical structure in an
unbiased manner at an early drug discovery stage.®" With regards to image-based profiling,
machine learning strategies could improve understanding of the relationship between drug and

phenotype and lead to accelerated drug discovery.

Altogether, the interplay of novel chemical biology technologies with stem cell-based
phenotypic screens offers tremendous potential for drug discovery by expanding the chemical

space for specific mechanisms of action and targets in a disease-relevant context.

1.3 BMP signaling pathway

1.3.1 Overview of the BMP signaling transduction

Bone Morphogenetic Proteins (BMPs) are cytokines that belong to the TGFB-superfamily
including at least 20 ligand members causing an array of physiological responses.'®? The BMP
signaling pathway is highly conserved among multi-cellular organisms and at least 1.2 billion
years old.'" It is especially important in embryogenic and skeletal development, cell fate
decision, cell differentiation and tissue homeostasis.®3! The potential of BMPs was first

described in 1965, by the induction of ectopic bone formation and repair of bone tissue.[45°
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Among the ligands of TGFp-superfamily, BMPs are exclusive in their bone-inducing potential,
but in addition they have distinct and overlapping functions depending on the tissue and
receptor expression levels. In 1998, BMPs were described to be required for murine embryonic
stem cell self-renewal and stem cell maintenance and for osteoblastic differentiation of
mesenchymal stem cells.!®®! While BMP signaling is required for stem cell proliferation, it is also
essential for early mesoderm and trophoblast differentiation.®”) Specific BMPs (BMP-2/-4/-7)
are able to induce cardiac myogenesis, firstly described for chicken embryos, in which

mesoderm tissue differentiated towards cardiomyocytes upon contact to cardiogenic BMPs.[58]

BMP growth factors vary in their structural homology and can be classified into four different
subgroups, including BMP2/4, BMP5/6/7/8, BMP9/10 und BMP12/13/14 group.®®® One of the
cysteines of BMPs form a covalent disulfide bond with another BMP, resulting in a homo- or
heterodimer, capable of activating receptor complexes. In comparison to homodimers, BMP
hetero-dimers typically have an enhanced affinity towards specific receptors and vary in their
function, like BMP-2/7 and BMP-4/7.1% Generally, BMPs are translated to the secretory
pathway after cleavage of the proprotein, whereas uncleaved BMPs like BMP-2, BMP-4 or
GDF5 contain a bipartite nuclear localization signal, that can lead to translocation to the
nucleus.[™ This can also result from alternative start codon translation of the specific BMPs,
ultimately resulting in cell cycle inhibition and accumulation of cells in GO phase.l" It is
suggested that nuclear BMP-4 accumulation results in cell death, yet the function is unknown.
Some BMPs have exclusive physiological functions, such as BMP-1, a metalloproteinase,
which acts as a propeptidase for type | collagen, or BMP-3 (Osteogenin), that was also shown
to suppress osteoblast differentiation by blocking BMP receptor signaling.®® The closely
related Growth Differentiation Factors (GDFs) differ in function during development and the
regulation of specific processes. For instance, BMP-9, or GDF-2, is involved in iron metabolism
and homeostasis by increasing levels of the peptide hepcidin1, or GDF-3, also known as Vg-
related gene 2 (Vgr-2), which is specifically expressed in pluripotent embryonic cells as
regulators for balancing BMP and TGFp signaling.’273 It is able to inhibit BMP proteins and
potentiate Nodal signaling in pre-gastrulated mouse embryos, crucial for anterior-posterior axis
patterning. Some GDFs are also found as direct binders to BMPs, such as GDF6 (BMP-13),

which can inactivate Noggin and form hetero-dimers with BMP-2.

Depending on the ligand type and dimerization, the binding affinity towards BMP receptors

varies. There are two types of BMP receptors in mammals, that are specifically bound by
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BMPs: the type | receptors, consistent of four receptors (ALK1/2/3/6) and the type Il
receptors.’ Three different type Il receptors exist, the BMP specific BMPR2 and two activin
type Il receptors (ActR-IIA, ActR-1IB), which transduce signaling from BMPs, Activins and
Myostatin. Both types share an intracellular serine-threonine kinase domain, while type Il
receptors are constitutively active, and phosphorylate and activate the glycine-serine rich
domain (GS) of type | receptors.’¥ Among the four BMP-dependent BMP type | receptors,
ALK3 and ALKG6 share high structural similarity and function, whereas ALK1 is closely related
to ALK2. The abundance of ALK1 is limited to endothelial cells and some other specific cells,
whereby the expression of ALK2 and ALKS is widespread in different cell types, indicating a
high dependency on the cellular context and tissue of receptor expression levels.[" In addition,
BMP signaling response depends on the specific binding affinity of BMPs to their receptors, in
particular to type | receptors. For instance, BMP-2 and BMP-4 bind exclusively to ALK3 and
ALK®, directing the recruitment to BMPR2 and ActRIIA, whereas BMP-6 and BMP-9 bind to
ALK2 and weakly to ALK6.[7>76]

In principle, BMPs bind to type | BMP receptors (ALK1/2/3/6), inducing the formation of a
heterotetrameric complex with two type Il BMP serine/threonine receptor kinases.”® Upon
binding of homo- or heterodimerized BMP ligands on the transmembrane domain the canonical
BMP signaling pathway is activated, as depicted in Figure 3. In close proximity, the
constitutively active type Il receptor trans-phosphorylates BMP type | receptors, which in turn
activate regulatory SMAD1/5/8/9.4 Phosphorylated SMAD1/5/8/9 then forms a complex with
the co-SMAD protein SMAD4, which translocates to the nucleus, leading to the modulation of

BMP target genes, such as the induction of the Inhibitor of DNA binding (ID) gene family.[’"]

In general, three different types of SMAD proteins exist and are defined as regulatory, common
mediator and inhibitory SMADs. Specifically, R-SMADs consist of a N-terminal MH1 and a
C-terminal MH2 domain, linked by a proline-rich region and that form an autoinhibitory structure
between the two domains.[”® Phosphorylation and activation occurs at an SSXS-motif at the
MH2-domain, leading to trimeric complex formation with SMADA4.1%? In addition to receptor
recognition, the MH2 domain mediates oligomerization and transcription factor formation,
whereas the MH1 domain interacts with DNA and transcription factors. A lysine-rich nuclear
localization signal (NLS) is located in the MH1 domain and conserved in all R-SMADs, that is

exposed upon phosphorylation and leads to nuclear translocation.l”® The inhibitory SMADs
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are limited to SMAD6 and SMAD?7, that lack the MH1 domain, and mainly regulate and mediate

R-SMAD degradation, which is explained in more detail in chapter 1.3.2.

\
Growth Factors: BMPR type |: BMPR type Il

GDFs ALK1 (ACVRL1) BMPR-1I

Activins ALK2 (ACVR1) ActR-IlA

Myostatin ALK3 (BMPR1A)  ActR-IIB

BMP-2/-4 ALK6 (BMPR1E) BMPs
BMP-5/-6/-7/-8 3>
BMP-9/-10 ) >

BMP-12/-13/-14

Plasma membrane

SMAD1/5/9

9 v
TAB1  TAK1 PI3K

)
H v

¢
Sy

Schnurri || 0AZ

: Ty (e
Nucleus -

T W) Target g, Id
el R O\ e
(cuun [ cFos ) _
DNA N7 P i TNTNG @ BRE NN

Figure 3: Schematic representation of the BMP signaling pathway. Upon binding of BMP ligand homo- or
heterodimers or other growth factors, canonical BMP signaling is mediated by SMAD1/5/9 activation and nucleic
translocation. Non-canonical signaling is transduced via PI3K or TAB1/TAK1-mediated MAPK signaling, which
regulates specific target gene expression and SMAD signaling.

After translocation to the nucleus, SMAD complexes recruit a wide range of transcriptional co-
activators and DNA-binding proteins. The co-activators CBP and p300 are essential for DNA-
binding of the SMAD transcriptional complex by DNA acetylation, thus enhancing
transcriptional potential of the target gene region. Recruitment of specific transcriptional co-
factors also regulates the promoter that is activated.[”® The BMP-specific binding response
element (BRE) consists of a GC-rich sequence, typically the Bre7 (T)GGCGCC motif,
transcribed in the promoter region for different target genes like Bambi, hepcidin, Smad7 or
Vent2.®8981 Other GC-rich sequences, such as the GCCGnCGC motif was found in the
promoter region of SMADG, indicating the direct activation of a negative feedback loop.®? The

Smad-binding element (SBE), selective for TGF-target genes, consists of a GTCT and AGAC
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sequence, that are recognized by SMAD3 and -4, and which were found in the /d71 promoter
region in combination with a GC-rich box sequence. The CAGAC box is encoded multiple
times and the promoter contains a palindromic GC sequence to enhance SMAD-binding and
responsiveness to SMAD1/4.184 The BMP-specific transcription of /d genes results in negative
regulation of basic helix-loop-helix proteins (bHLH), thus inhibiting the transcription of bHLH
target genes and preventing cell differentiation.’®¥ Despite the transcriptional activation of
I-SMADs, SMADS9 transcription is induced by BMP signaling, but has been shown to form
suppressive complexes with SMAD1, giving it an exclusive mode of action beyond
R-SMADs.® Complex formation with specific transcription factors defines and regulates target
gene expression and biological response. For instance, runt-related transcription factor2
(Runx2), also known as core-binding factor subunit alpha-1 (CBFa-1), functions as a master
regulator of osteoblastogenesis.®! Recruitment of Runx2 by BMP-SMADs promotes gene
expression of osteogenic factors and proteins. Another transcription factor, the so-called
Schnurri (Shn), has various modes and mechanisms in BMP signaling, depending on organism
and tissue. In fly Drosophila embryos, BMP signaling is suppressed by the expression
repressor Brinker, whose gene expression is inhibited by the DNA binding protein Schnurri.[”]
When BMP signaling occurs, Schnurri recruits Mad and Medea (i.e., SMAD1 and SMAD4
orthologs in Drosophila) and binds to the SBE and BRE elements at the promoter site to
repress Brinker gene activation, and thus acting as a general “on switch” for BMP target gene
expression.®”l One of the first identified transcription partner of SMADs, OAZ, the OE/EBF-
associated zinc-finger protein, is involved in gene expression of Vent1 and Vent2, that induces
cell fate change and dorsoventral patterning by inducing ventralization and inhibiting dorsal
inducer Goosecoid (Gsc) in Xenopus mesoderm.®! For transcriptional activation, SMAD1 and
OAZ induce gene expression, that has been shown to be enhanced by Vent2 in a positive
feedback loop.¥ Interestingly, the Vent gene is not encoded in mouse or rat genomes, but in
the human genome.® Moreover, OAZ co-factor complexation with SMAD1/4 activates BMP
signaling and represses SMADG6 transcription in a cell context-specific manner as it is not

expressed in all cells, including the C2C12 cell line.[®®

Beside canonical signaling, BMP signaling can be mediated through Smad-independent, i.e.
non-canonical pathways, such as the mitogen-activated protein kinase (MAPK), c-Jun amino-
terminal kinase (JNK), phosphoinositol-3 kinase (PI3K) and Akt signaling pathways, that can
also act cooperatively with the canonical pathway and are important for different cellular
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responses (see Figure 3).°" The MAPK pathway is induced by association of TGF-B-activated
kinase 1 (TAK1), Tak binding protein 1 (TAB1) and X-chromosome-linked inhibitor of apoptosis
protein (XIAP) with BMP type | receptors upon ligand binding. TAK1 shares high similarity to
the MAP kinase Raf-1 and acts upstream of MAPK signaling, activating and recruiting its
binding partners to from an adapter complex with enhanced activity for subsequent
phosphorylation of p38 and JNK.®W In addition, the BMP-activated MAP kinase can
phosphorylate SMADs, including inhibitory SMADs, and regulates R-SMAD activity and
subcellular distribution, suggesting a universal BMP-dependent modulation.®? Early studies
on the TAK1 interacting protein XIAP found that the expression of ventral mesodermal genes
in Xenopus embryos was dependent on BMP-2- and BMP-4-induced p38 activation by TAB1-
TAK1, indicating the importance of non-canonical pathways in early embryonic patterning.[®3%4
In contrast to these findings, BMP-4 was found to inhibit MAPK signaling in the ectoderm via
TAK1 and p38, suggesting a biphasic nature of BMP activation.!®! Furthermore, in Xenopus
and murine hybridoma cells, BMP-2-induced TAK1 overactivation leads to cell apoptosis and
is in fine balance with ventral mesoderm formation, that is partially controlled by co-activation
of the antagonistic SMADG.°3% Beside TAK1-mediated signaling, MAPK-dependent Ras and
extracellular signal-regulated kinase (ERK) induction via BMP-2/-4 occur within minutes in
response to ligand binding in various cell types, whereas ERK can also be activated by SMAD
signaling.®” SMAD-independent signaling also depends on BMP specificity, for instance in
chondrogenesis, GDF5 (BMP-14) has been shown to induce p38 and ERK phosphorylation,
but not JNK.®® In case of BMP-2, in mouse osteoblastic MC3T3 cells, p38 phosphorylation
and nuclear accumulation is essential for BMP-2 induced activation of SMADS and the
synergistic induction of the osteogenic driver DIx3.°°! In summary, the activated kinases
translocate to the nucleus to activate transcriptional co-factors such as AP-1 (with SMAD4),
the Jun family and c-Fos, that induce target gene expression.®”l Additionally, it has been
shown, that ERK and p38 are essential for BMP-2-induced expression of various bone matrix
proteins and thus mediating osteoblastic differentiation.®”! Furthermore, BMPs can induce the
PI3K and Akt signaling pathways in a SMAD-dependent and -independent manner.®" Upon
activation, PI3Ks phosphorylate and activate Akt in the cell membrane, which results in further
downstream events, such as phosphatidylinositol and mTOR activation.['®” Moreover, PI3K
activation has been shown to support and promote SMAD-dependent differentiation to

osteogenic lineages. In one study, negative PI3K and Akt kinase regulation were shown to
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inhibit BMP-2-induced BMP transcription and Alp induction, while PI3K activation was
necessary for SMAD5 dependent transcription.l'"l However in the same year, the inhibition of
PI3K and p38 MAPK signaling in C2C12 has been shown to enhance BMP-2-induced SMAD
signaling.l'% In the latter case the mode of action depends on additional myogenic inhibition
caused by PI3K blockage, leading to osteogenic potentiation, again suggesting the importance

of canonical and non-canonical BMP signaling in different cell types.

1.3.2 Regulatory mechanisms of BMP signaling

BMP signal transduction is regulated at many different levels and is tightly controlled by binding
and activation enhancement or competition of ligands, receptors, or intracellular signal
transducers.!®? The great interactome of the BMP pathway indicates the fine dosing of BMP
activity, controlling embryogenesis and different cell-type specific differentiations. For
morphogenic gradient regulation in embryogenic development, extracellular antagonists like
Noggin or Chordin are secreted, that inhibit BMP ligands by direct binding, thus preventing
receptor binding and signaling.['® These antagonists are homodimers like BMP ligands and
classified in different families, depending on their cysteine knot motifs, such as the
Chordin/Noggin or DAN/Cerberus family. One of the most important inhibitors and regulator in
embryogenesis is Noggin, which binds specifically to BMP-2, -4, -5, -6, -7, -13 and BMP-14,
by wriggling around the epitopes for binding to both receptor types.l'® Typically, Noggin
expression is induced upon BMP activation, thus functions as a negative feedback regulator
and stabilizing the sensitive cellular or tissue response to BMP. Noggin expression strongly
depends on the tissue and is essential for BMP gradient-dependent dorsal-ventral patterning
and germ layer formation in the early embryogenesis at the Spemann organizer.['%41%5 The
antagonists differ in their expression depending on the tissue like Gremlin, which is expressed
in osteoblasts and in the limb bud and inhibits BMP-2/-4 and BMP-7 with high affinity.l"%! In
contrast, Cerberus (CER1) is only expressed in embryonic development in the anterior
endoderm and able to inhibit BMP, Nodal and Wnt signaling."%”! Its secretion is essential for
head and heart formation in vertebrates, depending on BMP or Nodal inhibition.['% An even
more diverse antagonist, Coco, induces neural formation by inhibiting BMP, Wnt and TGF
ligands, but is only expressed in pre-gastrula embryos.!'! These findings underline the tissue

dependency and secretion of BMP antagonists for embryonic patterning and differentiation. In
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addition to antagonists, extracellular activators can potentiate BMP signaling. For instance,
sulfated polysaccharides like heparins or dextran sulfate enhance BMP-2, -4 and -7 activity of
both homo- and heterodimers by enhancing their stability and suppressing accumulation of
BMPs into the cell layer.['% In some species, BMP-1 homologs were identified, for example
Tolloid and Xolloid, that cleave extracellular Chordin, hence releasing “trapped” BMPs and

activating BMP signaling.['"”]

BMP signaling induction through receptor activation is also regulated by co-receptors, such as
Betaglycan, a TGFp-receptor (TGFB-RIIl) that enhances binding of BMPs to type | BMP
receptors (see Figure 4). It was shown to be essential for epithelial-to-mesenchymal (EMT)

transition in the developing heart.[''"]

A Antagonists:
BMP-13/GDF6
Noggin/Chordin
DAN/CER1

Gremlin
Coco
BMPS Co-receptors:
BMPRI BMPR I Betaglycan (TGFB-RIII)
+4—— Endoglin
—' DRAGON
Plasma membrane BAMBI
Gerr2) A ® ® / ‘
S @ c=N
SMAD1/5/9 [\ 7\
TABT | TAKI | p—— ‘ —{
.‘. g Phosphatases
@_' Srnurf1.’2 .\ (e, ScPs)

[ m MH2 |

085 — W /

AN,

Endofin “.CDK8/9 -|-

Wnt signaling

DNA NFONTVNTVNTNG SBE BRE [N

Nucleus

Figure 4: (A) Overview about critical regulatory mechanisms of the BMP signaling pathway. Multiple extracellular
secreted antagonists regulate BMP ligand abundance, while receptor activity and stabilization are regulated by
different co-receptors and cytoplasmic factors. (B) Schematic representation of structural SMAD regulation.
Phosphorylation at the SSXS-motif on the MH2 domain results in conformational activation, which is directly
regulated by phosphatases. Moreover, R-SMADs are negatively regulated by phosphorylation and thus
ubiquitination at their linker region by various factors such as GSK3a/p and MAPKs.
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Additionally, the co-receptor Endoglin interacts with several BMP- and TGFpB-receptors,
enhancing complex formation and signaling.®? The co-receptor DRAGON, a
glycosylphosphatidylinositol (GPI)-anchored membrane protein of the repulsive guidance
molecule (RGM) family, binds directly to BMP-2 and BMP-4, directing the ligands to BMP
receptors, thereby potentiating BMP signaling.l”# Other members of the RGM family like RGMa
and RGMc (HFE2) share similar modes of action to DRAGON (RGMb).['"? In contrast, the
BMP and activin membrane-bound protein BAMBI, a pseudo-receptor lacking an active
serine/threonine kinase domain, competes with type | receptors for heterodimerization and
growth factor binding, thereby negatively regulating signal transduction.” Other receptor
interacting proteins, such as the tight-junction protein angiomotin (AMOT130), a receptor
adapter protein, driving cell proliferation and migration at the apical side of polarized cells, at
which BMP signaling is enhanced by receptor-induced SMAD1 phosphorylation and increased
cellular SMAD response.['"® The immunophilin protein FKBP12 was reported to interact with
TGFp type | receptors and preventing receptor internalization in a negative manner. It was

further found to suppress ALK2 and disrupting receptor response to ligand activation.'

Cellular sensitivity and response to BMP ligands also depend on the quality and quantity of
receptor assembly at the cell surface. Endocytosis and internalization mechanisms of the
receptor complexes on the cell surface determine different signaling cascades.®? In multiple
studies, the group of Petra Knaus has shown that BMPs can bind to BMP type | receptors,
thereby recruiting complex formation with type Il receptors, which is termed the BMP-induced
signaling complex (BISC) formation, or by direct binding to preformed receptor complexes
(PFC)."51181 | jgand binding to PFCs induces SMAD1/5 phosphorylation and clathrin-
dependent internalization, hence SMAD signaling transduction is initiated. Activated receptor
complexes are recruited by the adaptor protein 2 forming a clathrin-coated pit (CCP), inducing
receptor endocytosis and recycling, leading to enhanced BMP signaling and continuation.!'"”]
In contrast, the ligand-induced BISC complexes initiate the formation of caveolaes and
caveosomes, resulting in signal attenuation through SMAD-independent MAPK/ERK, PI3K
and p38 pathways.!""®! The latter leads, in part, to the expression of the osteogenic marker
alkaline phosphatase (ALP) in C2C12 cells, indicating specific BMP signaling for cell fate
decisions.'"® More specifically, type Il receptors interact with different components of lipid
rafts, such as the scaffold component Caveolin-1 and undergo slow internalization via
Caveolae, supported by cholesterol-rich membrane microdomains.[''® This process reduces
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BMP type Il receptor levels in the membrane, inhibits further activation of BRI in PFCs and
attenuates SMAD signaling.l'"® Following internalization, BMP receptors are directed to
different membrane compartments that determine the signal transduction, whether direct
recycling to the cell membrane and signal renewing, lysosomal proteolysis, or endosomal
translocation is processed.['' The different internalization pathways are also determined by
receptor mobility and is dependent on the cellular context, cholesterol concentration and
caveolin expression.['? |t is assumed, that low concentrations of BMP ligands predominantly
bind to PFCs, while increased concentrations re-balance the ratio of PFCs and BISCs,
indicating an additional important regulatory mechanism for BMP gradients in embryonic

development and differentiation.!'?"]

Moreover, receptors are directly regulated by SMADs. For example BMP type | receptors ALK3
and ALKG6 are negatively regulated by inhibitory SMADG via binding of the N-terminal lobe to
the MH2 domain, thus inhibiting phosphorylation.'?? In contrast, I-SMADs, of which SMAD?7 is
more selective for TGFf signaling, function on multiple levels of signal transduction and are
transiently upregulated upon BMP and TGF activation, thereby initiating a negative-feedback
loop, as illustrated in Figure 4.[482] Firstly, they inhibit R-SMAD phosphorylation by receptor
binding and recruit the Smad ubiquitin regulatory factor 1/2 (Smurf), an E3 ubiquitin ligase,
leading to proteasomal degradation and downregulation of the receptors.!'?® Both Smurfs differ
in their selectivities within the TGFp superfamily, as Smurf1 mainly interacts with SMAD1/5,
whereas Smurf2 interferes with all R-SMADs.['?*] Other E3 ligases, such as Hsc70 interacting
protein (CHIP) or SCFB-TrCP1 can ubiquinate SMADs similar to Smurf1.['?5! Secondly, I-
SMADs act intracellularly by competing with the co-SMAD4 and oligomerization with activated
R-SMADs. For instance, SMADG6 can form a complex with SMAD1, thereby enhancing SMAD
degradation via Smurf1 recruitment and hence reducing the cellular abundance.'?®! In addition,
nuclear I-SMADs are also translocated to type | receptors, upon Smurf1 and -2 recruitment,
enhancing the receptor suppression.['?¢! Another study has shown, that SMADG interacts with
TAK?1 to inhibit non-canonical signaling in addition to negatively regulated SMAD signaling.[®
Beside receptor and intracellular SMAD regulation, both I-SMADs were reported to inhibit the
transcription of specific genes. In particular, SMAD?7 interferes with signaling in the nucleus via
binding to the SMAD-binding element of the promoter, thereby disrupting transcription factor
complex formation.'?’! Generally, this mechanism is mediated by direct binding to specific

DNA-binding domains, or indirectly by recruitment of co-repressors such as CtBP and inhibition
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of histone deacetylases, thereby repressing transcription factor binding. Regulatory SMADs
are also regulated on their linker regions, that contain highly conserved phosphorylation sites
for glycogen synthase kinase 3 (GSK3) and MAPKs.['?8] Subsequent phosphorylation by MAP
kinases of activated SMADs occurs in the nucleus and GSK3 generates a highly
phosphorylated SMAD with increased Smurf1 affinity and recognition, thus inducing R-SMAD
degradation and downregulation, whereas Wnt activation results in GSK3 inhibition, thereby
promoting BMP signaling in many tissues.l'?® Specific phosphorylation by nuclear Cyclin-
dependent kinases (CDKs) 8 and 9 at the linker region, enables SMAD1-dependet recruitment
of YAP and Hippo signaling, thereby enhancing transcription of /d1.l'**l Generally, the linker
region serves as regulatory platform, which can be regulated by different signaling pathways.
In addition to the linker region, the N-terminal SSXS motif, can be dephosphorylated by
phosphatases like PPM1A/PP2Ca or small C-terminal domain phosphatases (SCPs).["4

Despite negative feedback loops, there are several factors that enhance R-SMAD
phosphorylation and activation, such as the endosome-associated FYVE domain protein
(Endofin), which binds to SMAD1 as an anchor, promoting its nuclear translocation.!'*"
Interestingly, Endofin can also regulate dephosphorylation of BMP type | receptors in a
negative manner (Figure 4). This biphasic mode of action seems to be important for bone
formation and skeletal angiogenesis, highlighting the specific cellular sensitivity to BMP
signaling.!"3" There are also factors that can regulate negative factors like Tribbles-like protein
3 (Trb3), which regulates negative feedback of Smurf1 by driving the degradation of Smurf1,
leading to potentiation of transient BMP signaling.”¥ Similarly to Trb3, the cyclic guanosine
3',5"-monophosphate (cGMP)-dependent kinase | (cGKI) is released from the receptor after
ligand binding, associates with R-SMADs and enhances BMP target gene expression. This
kinase also regulates and maintains type Il receptor phosphorylation and activation, indicating

a dual mode of action of transient pathway regulation.!3?!

Moreover, BMP signaling is crossregulated by other signaling pathways and cytokines, which
can additionally control BMP-dependent cell fate decisions, for example osteoblastic
differentiation, which is explained in more detail in chapter 1.4.3. One main regulator of SMAD
signaling is the Wnt/B-catenin signaling pathway, which stabilizes and potentiates BMP outputs
in two ways. Firstly, Wnt inactivates GSK3p, thus reducing R-SMAD ubiquitination and induces

stabilization of R-SMADs.l'#] Secondly, Wnt activation ultimately leads to P-catenin
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accumulation and nuclear translocation, where it can form a cooperative transcription factor
complex with SMADs acting as a key module for specific master genes.!'*¥ Both pathways act
cooperatively in osteoblastogenesis, inducing target gene expression of BMP and Wnt target
genes, leading to subsequent expression of the osteogenic transcription factor Osterix.
However, in contrast to the synergistic responses, BMP signaling disturbs p-Catenin nuclear
translocation in mesenchymal stem cells (MSCs) by recruiting SMAD1 to the Wnt mediator

Dvl1.1134]

Another key modulator of BMP signaling, the Sonic Hedgehog (Shh) pathway, is crucial for
embryonic development, bone formation and homeostasis.['** Once activated by Shh, the
transcriptional repressor Gli3 is replaced by the activator Gli2 to induce target gene expression
of BMP ligands such as BMP-2, -4 and -7.1"*® Conversely, BMP-2 and -4 induced SMAD5 was
reported to antagonize Shh signaling via transcriptional repression leading to downregulation
of Shh pathway components and inhibition of cell proliferation.['*®! In addition, BMPs act in a
negative feedback loop to regulate Shh gradients during limb development and in
organogenesis, indicating a critical circular regulation of both pathways in cellular
differentiation.['*”] Another pathway with regulatory roles in cell fate decisions is the Notch
signaling pathway, that can interact with BMP in a synergistic manner. Ligand binding induces
proteolytic cleavage and release of the Notch intracellular domain of the Notch receptor, which
translocates to the nucleus initiating gene expression of Notch target genes like Hes-1 and
Hey-1. Expression of these genes has been shown to be enhanced by BMP-4 induced SMAD1
in C2C12 cells.['*8, While these results indicate a clear synergistic effect of Notch and BMP, in
endothelial cells Notch and BMP signaling result in functional antagonism.!"** Furthermore,
BMP signaling can be regulated by cytokines that induce MAPK signaling and SMAD1/5 linker
phosphorylation, thus resulting in SMAD inhibition. These include Ras/MAPK-mediated effects
of fibroblast growth factors (FGF).'*®1 Whether signaling pathway cross-talks result in a BMP

synergistic or antagonistic manner strongly depends on the cellular and tissue context.
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1.4 Physiological functions of BMPs in development and diseases

1.4.1 Early development

Patterning of the dorso-ventral axis is of great importance in early development of vertebrate
embryos. In the blastoderm, BMPs are highly expressed and upon early gastrulation
antagonists secreted by the Spemann organizer to establish a BMP gradient across the
blastoderm.!"*1 The Spemann organizer is a dorsal BMP-negative region to control BMP levels,
thus forming the dorsal-ventral axis, as shown in Figure 5.0'*? Interestingly, in course of the
revolution BMP-dependent axis formation was inversed from dorsal to ventral fates, as shown
for Drosophila and Xenopus.'"*! The indirect mechanism of dorsal patterning relies on the
antagonistic inactivation of highly concentrated auto-activating BMP-2/-4/-7 by Noggin and
Chordin."*" In addition to Noggin and Chordin, nuclear B-catenin, that induces Chordin
expression, and the secreted Cerberus are required for BMP inhibition, hence establishing

ectoderm fate.

“a\ Oo,. Spemann-organizer “a\ Oo,.
\le“ 6‘@/ / \IB“ ‘96’/
BMP BMPs Noggin L]
f~—< 1 Chordin
— — — —
Zygote Blastoderm Gastrulation Maturing

Figure 5: Schematic patterning of dorsal-ventral axis formation in a zebrafish embryo. In the early gastrulation of
the blastoderm, the Spemann organizer secrets BMP antagonists to form a BMP gradient and establish the dorsal-
ventral axis. The figure was created with BioRender.com and modified from Little et al. and Sieber et al.[62141]

Besides key roles as morphogens during embryonic patterning, BMPs are critical regulators of
self-renewal and mesoderm induction of pluripotent stem cells. The BMP target genes of the
Id family were found to encode negative regulators of the bHLH family, thereby suppressing
activation of lineage-specific transcription factors to inhibit cell differentiation in murine
embryonic stem cells and sustain pluripotency.[’”'*4 The leukemia inhibitory factor (LIF) is a
critical suppressor of differentiation in cooperation with BMP via the LIF-activated transcription
factor STAT3. More importantly, LIF/STAT3 signaling alone is not sufficient to maintain
pluripotency and LIF withdrawal enhances BMP-induced ESC differentiation to mesoderm.
The major effect of BMP-4 in maintaining pluripotency depend on ERK and MAPK pathway

inhibition.['*% In addition to combinatorial LIF and BMP activation via growth factor treatment,
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a “cocktail” of small molecules consisting of FGF, ERK and GSK3 inhibitors was identified to
maintain mESC self-renewal.['*¢! Furthermore, transient inhibition of BMP signaling induces
the differentiation of mesendoderm to cardiomyogenic tissue during gastrulation, that indicated
the important role of BMP in cardiogenesis and is explained in more detail in the next

chapter.['47]

In contrast to murine ESCs, BMP-4 acts as a mesoderm inducer in human ESCs. In hESCs,
inhibition of BMP signaling is required in combination with Activin A, Nodal, FGF and Insulin-
dependent pathways.!'*® When hESCs are treated with BMP-4, they exit the pluripotent state
and irreversibly commit to mesoderm differentiation. This was shown to depend on BMP-4-
driven transient induction of GATAS3, highlighting the fundamental relevance of BMP-4 in early
differentiation.['*®! Moreover, BMP signaling is important not only for exit from pluripotency but
also for cellular commitment to early mesendodermal stages and subsequent cardiac

differentiation of hESCs.[1%0

1.4.2 Cardiogenesis

In 2001, the first report was published on the spontaneous differentiation of human ESCs into
beating cardiomyocytes.['®"! Since then, major efforts were made to study and improve a
directed cardiomyogenic protocol in order to increase quantity and quality of generated
cardiomyocytes.l'? In general, four main steps are required in order to successfully
differentiate ESCs into functional cardiomyocytes. First, induction of primitive streak and
mesoderm formation (marked by T/Brachyury) is induced, followed by mesoderm structuring
(Goosecoid [Gsc] and Mesoderm posterior-1 [MESP1]), cardiac mesoderm induction (NKX2.5
and MEF2c), and finally, induction of cardiomyocyte formation and maturation (¢MHC/MYH®G,

cTnnT).[1".153]

These processes are largely controlled by three signaling pathway families, i.e. TGFB/BMP,
FGF and Wnt.['*3] Their secreted cytokines, such as Activin A, BMP-4 or Wnt3a form gradients
and define structural patterning of the cardiac tissue. Further, formed mesoderm posterior cells
contribute to the heart structures of the different heart fields, in which the interplay between
BMP, FGF, Hedgehog and Wnt at various stages determines cellular expansion and
differentiation.['%3'% BMP signaling plays a crucial role in the developing myocardium, where

BMP-2 and -4 are essential for atrioventricular (AV) formation and septation of the heart.!'s%
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Figure 6: Schematic illustration of the route from stem cell to cardiomyocyte. For directed cardiac differentiation of
hESCs or hiPSCs, key signaling pathways need to be modulated during (cardiac-) mesoderm induction, cardiac
specification, cardiomyocyte formation and maturation. Highlighted here are the biphasic regulations of BMP and
Whnt/B-catenin signaling. Arrows indicate activation or inhibition of the pathways. The figure was created with
BioRender.com and modified from Schade and Plowright, 2015 and Spéater et al., 2014.[11.153]

For the directed differentiation of hiPSCs and hESCs into cardiomyocytes, both BMP and Wnt
signaling exhibit multiphasic roles.l"'" BMP-4 or Wnt signaling activation drive mesodermal
differentiation, followed by inhibition to initiate cardiogenic mesoderm formation.['*! Later
differentiation of cardiac progenitor cells depends on DKK1-mediated Wnt downregulation and
induction of MESP1, which was considered as the master regulator for cardiac specification,
promoting subsequent expression of cardiac mesodermal marker, such as GATA4, NKX2.5,
MEF2C and others.!"5”:1%8 However, the transcription factor EOMES was found to be the key
factor decisive for the formation of cardiac cell lineages from hESCs, mediating MESP1 target
gene expression.' In addition, Id gene upregulation has been shown to be essential for
specifying mesoderm to cardiac cell fate in hESCs.["®% The Greber group conducted a detailed
study to determine the key requirements for optimal BMP and Wnt activation for cardiac
induction of hESCs.["*% They highlighted the cooperative activation of both signaling pathways
at an optimal induction level within a “cardiac corridor" in which EOMES was induced, whereas
subsequent cardiac specification was depended on Wnt inhibition. In contrast, in mESCs, each
BMP and Nodal signaling must be inhibited to induce differentiation of progenitor into
cardiogenic mesoderm, whereas late-stage cardiac progenitor specification is again
determined by BMP signaling.['6"621 These findings emphasize the regulatory importance of
BMP signaling in cardiac differentiation and specification. It is important to note that
differentiation protocols also vary depending on 2D- versus 3D-formats, highlighting the

relevance of organism context and complexity in differentiation studies.['¢?
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In an extensive report, a detailed protocol for hiPSC-derived cardiomyocytes was summarized
and discussed, using a cocktail of various factors such as BMP-4, Activin A, FGF and small
molecules for optimal mesoderm induction of embryoid bodies.?® To date, several
cardiopoietic small molecules that modulate mesoderm induction and/or determine
cardiomyogenic cell fates have been reported and used in cardiac differentiation protocols. In
particular, BMP and Wnt signaling modulators were identified as potent cardiomyogenic
probes, that also gave new insights in the signaling dependency of certain pathways and their
biphasic nature during cardiac differentiation (see Figure 6).'" In the past decade, potent
hESC mesoderm inducers like the GSK3p-targeting Wnt activators CHIR99021 and BIO have
been discovered.['5%164] Wnt inhibitors such as XAV939, Wnt-C59, or the inhibitor of the
canonical Wnt signaling response 1 (IWR-1) and its analogs, efficiently promoted late-stage
cardiomyogenic differentiation.['"185-1%8] Moreover, various cardiopoietic inhibitors of the BMP,
TGFB, Wnt and Nodal developmental signaling pathways have been reported, such as

Dorsomorphin, SB431542, or A-83-01 (see Figure 7).[162.169.170]
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Figure 7: Chemical structures of selected cardiopoietic small molecules for directed differentiation of stem cells via
the modulation of distinct developmental signaling pathways.

Remarkably, the potent cardiac inducer ITD-1 was identified as a selective inhibitor of TGF3
signaling by mediating the degradation of TGFBRII.!'""172 Since these cardiac modulators have
been found mainly in phenotypic screening assays, they generally lack selectivity among TGF
superfamily-related receptors, and further optimization studies are needed to overcome
selectivity and improve efficacy. Moreover, due to the biphasic behavior of Wnt and BMP
signaling, balancing in early cardiac development is critical for specific lineage commitment of

hESCs and hiPSCs.l'""%% As a result of the great interest in the chemical modulation of these
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cardiopoietic signaling pathways for efficient generation of cardiomyocytes, selective

cardiomyogenic small molecules are still being pursued.

Here, recent advances in the growing field of synthetic embryology hold promise for the
generation of cardiac organoids. Lineage-specific self-organizing organoids and gastruloids
have been successfully formed from hESCs, albeit with limitations in reproducibility.l'”®! In
gastruloid-like systems, BMP-4 was found to enhance the intrinsic tendency of hESCs to form
primitive streak and human organizer during early embryonic development.['"4175 Recently,
the first iPSC-derived self-organizing gastruloids have been reported to form complex heart-
like cardioids.!'”® When recapitulating the architecture of cardiac lineage, the Wnt-BMP
signaling axis was found to be critical for cavity formation during mesoderm formation and
specification for self-morphogenesis. In a similarly established protocol, small aggregates of
mESCs formed self-organizing cardiac precursor gastruloids of embryonic hearts with
pronounced heart fields and beating domains.['’”1 While these technologies are limited in terms
of reproducibility and are not yet screening-ready, they represent fundamental steps for future

drug development and graft formation.

1.4.3 Osteogenesis

The eponymous function of bone morphogenetic proteins is their role as major regulators and
inducers of bone morphogenesis, homeostasis, and bone remodeling. Additional signaling
pathways are involved in these processes and in differentiation of the mesenchyme, such as
Wnt, Hedgehog, MAPK p38, Notch, PI3K/Akt, IGF or Ca?* regulation.['’® Still, the BMP/SMAD-
signaling pathway represents most important and associated with diverse and severe bone
diseases when dysregulated. In early embryonic development, mesenchymal stem cells
(MSCs) are formed from neural crest and mesoderm, and undergo ossification, forming
cartilage and osteoblasts for skeletal development.®791 Bone tissue consists of different
homeostatic cells and an extracellular matrix (ECM), that is formed by hydroxyapatite, collagen
fibers, different glycans and bound BMP/TGFf cytokines. Homeostasis of bone tissue is
generally regulated by different cytokines but is has been shown that mechanical inputs from
the environment affect bone tissue in a mechano-BMP crosstalk dependent manner.l'8% In
contrast to BMP, TGFp signaling has distinct functions in skeletogenesis, including the
regulation of osteoclast activity, and thus, bone resorption or cartilage homeostasis.['® TGF
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mediates RANKL-induced osteoclast regulation through SMAD2/3-signaling. However, BMP-
2/SMAD signaling also stimulates bone resorption activity of osteoclasts but is unable to
increase survival rate, indicating a regulatory mechanism of the co-factor SMAD4 in bone
homeostasis.[t82l Osteoblastogenesis of MSCs undergoes different stages with gradual
reduction in proliferation potential, subsequent differentiation of osteoblasts and bone matrix
formation. While early progenitor cells are still committed to chondrogenic differentiation in
response to Sox-9 induction, once pre-osteoblasts are formed they cannot differentiate to
chondroblasts anymore.!'83 As illustrated in Figure 8, the differentiation is typically defined in
three different stages: Firstly, osteoprogenitors start proliferating and growing, followed by
maturing process in which they exit cell cycle and secrete components of the extracellular
matrix. Subsequently, mature osteoblasts secrete osteocalcin, which promotes mineralization

and tissue scaffolding of the osteoblasts.['83184]
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Figure 8: Schematic illustration of BMP-dependent osteoblastogenesis. BMP and Wnt signaling direct MSCs
towards osteogenic cell lineage via the key osteogenic regulator Runx2. Successive induction of osteogenic
transcription factors Runx2 and Osterix drives osteoblastic differentiation and maturing process of pre-osteoblasts.
Until maturation, osteoprogenitors and pre-osteoblasts proliferate, while osteoprogenitors may still have the
potential to undergo chondrogenic transition. Terminal mineralization of bone tissue is induced by various non-
collagenous proteins and hydroxyapatite, forming the extracellular matrix with incorporated osteoblasts, while some
further differentiate into osteoclasts or undergo regulated apoptosis.[83.184

BMP ligands have diverse roles in regulating lineage commitment of mesenchymal stem cells
(MSCs) to different fates by sensitive balancing specific transcription factors like osteogenic
Runx2, chondrogenic Sox9, adipogenic PPARy, and myogenic MyoD, the so-called “master
transcription regulators”.['®! Among these, BMP-2, -4, -6, -7, and -9 were shown to induce and
enhance osteogenesis and bone formation. In early osteogenesis, BMP-2, -6, and -9 may play
a more important role in the induction of osteogenic differentiation, as shown for the MSC-like
C3H10T1/2 cell line, whereas BMP-2, -4, -7, and -9 strongly induce the induction of
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osteoprogenitors.l'® In contrast, BMP-4 alone promotes adipogenic commitment of MSCs,
while BMP-2 was not.!"®”l Moreover, BMP-2 and -9 can promote Sox9-mediated chondrogenic

differentiation in mice.!'8!

In murine C2C12 myoblasts, osteoblastic MC3T3-E1 and mesenchymal C3H10T1/2 cells,
mechanistic studies on BMP-dependent osteogenesis were performed over the last two
decades. The myoblast-to-osteoblast transition of C2C12, which are close to osteoprogenitors
in their cellular BMP response, was shown to depend on osteogenic induction of Hey1, Tcf7
or Runx2 and simultaneous suppression of myogenic genes like myogenin and MyoD.['86.18°]
BMP-dependent induction leads to the expression of transcription factors that determine
osteoblastic fates, such as Runx2, Osx, DIx3/5 or Msx2, with the subsequent expression of
characteristic structural components like Osteocalcin, Osteopontin or bone sialoprotein.['33183l
Runx2 is essential for the induction of several further osteogenic factors, whereas Osx is highly
expressed upon osteogenic input, strongly promoting gene expression, which is why both
transcription factors are considered as master osteogenic factors.['®? In addition, Runx2 is
activated and induced upon BMP addition, but its activation does not solely depend on
SMAD1/5 signaling, yet it is necessary to induce osteogenic commitment.['*! The important
role of p38-mediated signaling in osteoblastogenesis was shown in C2C12 and MC3T3 cells
for critical BMP-2-dependent DIx3 expression.®® Especially in early phases of osteogenic
differentiation, SMAD5/p38 signaling is essential, but p38 alone was insufficient to mediate
osteogenesis.['%? In MC3T3 pre-osteoblasts, Runx2 transcription is enhanced by p38- and
ERK-mediated phosphorylation.l'®3! Further, ALP expression was found to be induced by BISC-
mediated BMP signaling, that initiates the activation of SMAD-independent, but p38-dependent
pathways.['® Moreover, multiple studies on osteoblast differentiation and maturation indicate

p38 signaling as a central hub for lineage commitment and subsequent osteoblastogenesis.!'®!

Similar to the specific physiological roles of BMP ligands for lineage commitment of MSCs,
cellular responses are also determined and mediated by specific receptor densities and
compositions. During chondrogenesis, myogenesis, osteogenesis and osteoclastogenesis of
MSCs, the three type | BMP receptors ALK2, ALK3 and ALK6 play different roles.['®!
Particularly, ALK2 is essential for osteogenic commitment of MSCs and for osteoblastic
differentiation of myoblasts, while it is involved in the repression of myogenesis as shown for
C2C12 myoblasts.["® ALK3 exhibits quite similar roles to ALK2, however, its function becomes

more relevant in the maturing process of osteoblasts and in the regulation of osteoblast and
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osteoclast formation or transition. In osteoblasts, ALK3-mediated signaling regulates
osteoclastogenesis and bone resorption depending of Wnt signaling pathway activity.['9%19]
The role if ALK6 is more specialized towards regulation of chondrogenesis and proliferation of
chondrocytes, while it has minor influence in osteogenesis. Due to the regulatory properties of
each individual BMP ligand or receptor, dysregulations cause imbalances in cell commitment

and differentiation, leading to severe skeletal diseases.

1.4.4 Pathology and Diseases

The BMP signaling pathway is highly conserved and involved in many cellular processes,
tissue development and homeostasis. In this chapter, an overview about prominent human
pathologies is given, with a focus on human bone and skeletal diseases, where dysregulated
BMP signaling plays a major role. A balanced regulation of BMP signaling in the bone is critical
for development and homeostasis. Various mutations in the pathway can cause dysregulation
and bone diseases, such as osteoporosis.''"Y In osteoporosis, the bone resorption rate is higher
than actual bone formation, hence bone matrix is steadily degraded. In general, this is caused
by low BMP activity in bone tissue as shown specifically for BMP-2.1'! In line with BMP
downregulation, overexpression of endogenous BMP inhibitors Noggin or Gremlin are
associated with osteoporosis and spontaneous bone fractures.[' A similar endogenous
balancing mechanism in bone formation is based on BMP-induced expression of SOST, a
gene encoding for Sclerostin. Mutations in SOST lead to an increase in bone density, bone
thickening and deformations.['%%2%1 When overactivated, BMP-2 promotes joint degeneration
of articular cartilage osteoarthritis (OA) and high levels of BMP-2 and -4 were found in patients
with degenerative joint disease.?°" In contrast, BMP-7 showed stimulative effects in cartilage
repair and symptom improvement in a clinical study.?°? Fibrodysplasia ossificans progressiva
(FOP) is a rare disorder, that causes heterotopic ossification of soft tissues like muscles,
tendons and other.?%s! The phenotype is associated with mutations in the BMP type | receptor
ALK2 transcribing an activating variant, of which a critical and well-characterized mutation is
R206H.2%4 This gain-of-function mutation is independent from BMPR2 activity, ligand binding,
and has a decreased binding affinity to FKBP12. In addition, mutated ALK2 becomes
neomorphic for Activin A, which can be rescued by Saracatinib as shown in an iPS-derived

FOP model.?®! There are other bone disease causing mutations, such as Brachydactyly type
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A2/B as a result of inactivating mutation in the ALKG6 receptor, a missense mutation of Noggin
or a nonsense Runx2 mutation.?%2071 The expressed truncated Runx2 cannot interact with
SMAD anymore, impairing BMP-dependent osteogenic induction. This mutation is associated
with the human bone disease cleidocranial dysplasia (CCD) and other skeletal disorders and
dental abnormalities.?*® Interestingly, a recent study reported a novel Runx2 stabilization
pathway through CK2 directed deubiquitylation, whereas pathway attenuation mediates

heterotopic ossification and dysregulated mineralization.%®

Besides osteopathic BMP dysregulations, disrupted BMP signaling is also associated with
cardiovascular diseases, such as pulmonary arterial hypertension (PAH).[20321% Typically, PAH
is caused by low BMPR2 levels or mutations in BMPR2, leading to attenuated BMP signaling.
It is assumed, that different mutations might lead to altered cellular localizations due to
perturbed receptor endocytosis via caveolae or CCPs.?'1 PAH is also linked to the autosomal
dominant gene disease hereditary hemorrhagic telangiectasia (HHT), also known as Osler-
Weber-Rendu syndrome, with fragile blood vessels in skin and organs.’?'% Different types are
caused by mutations various factors like BMP co-receptor Endoglin, SMAD4 or ALK1 mutants,
which are associated with impaired BMP-9 signaling causing HHT in abnormal endothelial

cells.[208]

Furthermore, BMP signaling is involved in differentiation of MSCs to adipocytes.?'? In white
adipocytes, BMP-4 and -7 were linked to white-to-brown transition in human adipose tissue
and may represent a therapeutic target for treating obesity.?'® In addition, alterations in ALK3
expression are linked to nondiabetic human obesity as well as single nucleotide
polymorphisms in BMPR2 encoding gene.?®s BMP dysregulation is also associated with
glucose homeostasis, diabetes and diabetes-dependent cardiovascular diseases.?' In
particular, BMP ligands have distinct effects on glucose homeostasis and insulin resistance,
as BMP-7 was shown to be beneficial for insulin signaling, increasing glucose uptake and body
fat reduction, whereas BMP-4 enhanced insulin resistance. In mature adipocytes, BMP-2 and
BMP-6 treatment led to an increase of glucose-uptake by sensitizing the cells to insulin.?'4
BMP-2 has an interesting role in diabetic retinopathy (DR), where it was shown to be
upregulated and the main driver of retinal inflammation, causing progressive vision loss.?'
Along with BMP-4, it destabilizes the blood-retinal barrier, that leads to a pathological
environment under diabetic conditions and to the development of microvascular

dysfunctions.2'®
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Figure 9: Representative overview about human pathologies and diseases caused by or associated with
dysregulated BMP signaling. CCD: Cleidocranial dysplasia; FOP: Fibrodysplasia ossificans progressiva; HHT:
Hereditary hemorrhagic telangiectasia; PAH: pulmonary arterial hypertension.

BMP signaling has divergent roles in cancer development, progression and in affecting tumor
microenvironments, as it can promote or suppress tumorigenesis in a context-dependent
manner.?'! In breast cancer patients, BMP signaling is generally overactivated, thereby
promoting cancer progression and metastasis. For instance, in approximately 50% of primary
tumor samples from breast carcinomas, BMP-7 was overexpressed and led to accelerated
bone metastasis.?'®! Additionally, BMP-4 was identified to enhance epithelial mesenchymal
transition (EMT) in combination with activated Notch signaling in cancer stem cells of breast
cancer cells, that promotes expression of cancer markers, and ultimately leads to MSC
proliferation and cancer metastasis.?'¥ In hepatocellular carcinoma cells, BMP-9 induced
EMT, hence initiated proliferation and metastasis.?'”! Aberrant BMP activation through
BMPRIB expression in breast cancer contributes to high tumor proliferation and is associated
with poor prognosis especially in estrogen receptor-positive carcinomas.??” BMP ligand
overexpression has also been linked to different malignant melanoma cells and they have been
found to interact with and activate B-integrins, thereby enhancing human prostate cancer cell
or osteosarcoma migration.?2"2221 |n non-small cell lung cancer (NSCLC), BMP-2 and other
ligands are highly overexpressed, due to genetic alterations among all different types of lung
adenocarcinomas, whereas BMP receptor mutations are generally rare.?? For these types of

cancer, BMP inhibitors have been shown to be effective.l??422° In general, it seems that the
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degree of BMP overactivation positively correlates with the progression stage and metastatic
aggressiveness in lung cancer.??! However, BMP downregulation can also promote
carcinogenesis and metastasis. For instance, very lethal pancreatic cancer is formed by
aberrant SMAD4 levels and reduced BMPRIA expression and is highly associated with
invasion and poor survival.’?”l In addition to these findings, various BMPs were associated
with increased proliferation of specific types of human pancreatic cancer cells, indicating
diverse roles of dysfunctional BMP signaling in in the pancreas.?¥ In colorectal cancer (CRC),
nuclear B-catenin is highly accumulated in SMAD4 negative cells, that leads to aberrant BMP

signaling and enhanced Wnt signaling.l?'"!

Taken together, dysregulation of BMP signaling can lead to a variety of diseases underlying
an urgent need for novel therapeutic agents that either inhibit or activate BMP signaling, ideally

in a cell and disease context-specific manner.

1.5 Clinical use and (potential) therapeutic applications of BMP

modulators

1.5.1 Recombinant human BMPs and agonists

BMPs are commonly recognized for their osteoinductive activity, with a high relevance for the
development of new therapeutic approaches to address skeletal trauma and osteopenic
diseases.!'"¥ The clinical use of BMPs is primarily focused on bone grafting for the treatment of
skeletal defects, trauma, degeneration, and other conditions, of which over 0.5 to 1.5 million
bone-grafting procedures are performed annually in the U.S. alone.??8! Two recombinant
human BMPs, rhBMP-2 (Dibotermin-a.) and rhBMP-7 (Eptotermin-a.) are approved by the FDA
for clinical use, commercially named as InductOS®, InFUSE®, OP-1 Implant®, and
OSIGRAFT®.??°l BMP-7 (OP-1, OSIGRAFT®, Opgenra®), is approved for the treatment of
tibial diaphyseal fractures with delayed non-unions, long-bone non-unions, and for
posterolateral lumbar spinal fusion in patients with spondylolisthesis.??®23% |n addition,
Opgenra® has been shown to benefit autologous bone graft for lumbar pseudoarthrosis./2*%
Recombinant human BMP-2 (InductOS®, InFUSE®) finds application for a variety of
indications, including treatment of acute tibia fractures, long-bone non-unions or anterior
lumbar interbody fusion.!??®! Furthermore, in dentistry, rhBMPs have been indicated for the
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treatment of alveolar ridge augmentation and maxillary sinus lift.??®! Especially for implant
placement in dental applications, BMPs have been shown to promote implant wound healing
and bone regeneration.?? For bone remodeling and bone grafting, an osteoconductive
microenvironment for rhBMPs is essential, so their application is associated with
hydroxyapatite, tricalcium phosphate and calcium phosphate ceramics to increase resorption

ratio and bioactivity of calcium phosphates.?%!

Despite the numerous application possibilities, rhBMP approvals are very limited due to
occurring side effects and were even associated with increased cancer risk.?*' Moreover, due
to their low bioavailability and stability, rhBMPs are administered at supraphysiological levels,
that can cause severe adverse side effects (e.g., inflammation and heterotopic ossification). In
addition, the impenetrable blood-brain barrier represents another major hurdle for therapeutic
delivery of these proteins.[??®2321 To overcome these problems, BMP mimetic peptides were
designed and tested. In several studies, these peptides could enhance bioactivity in vitro, in
vivo or in dental implants when immobilized on bioactive polymers or titanium surfaces.[2332%4]
Interestingly, a CK2 inhibiting peptide, CK2.3, was developed as an BMP activator by
disrupting the CK2-mediated inhibition of ALK3, thereby activating BMP signaling in the
absence of a BMP ligand.??*® Heterodimers, such as BMP-4/-7 with enhanced specificity and
bioactivity in vivo are another promising strategy, as shown for tissue-engineered
constructs.*®! Lack of extensive studies of engineered peptides in vivo still limit potential
applications. So far, the osteogenic BMP-4 has no application in clinic, but it shares a great
potential in bone repair and fracture healing. Moreover, BMP-4 is reported to induce
chondrogenesis of mesenchymal stem cells under chondrogenic microenvironment conditions,
thus promoting cartilage repair and maintaining regenerated cartilage of traumatic defects./?*"]
Hence, potential application for BMP-4 (and -2/-7) might be treatment of osteoarthritis (OA)
and rheumatoid arthritis (RA), for which patients showed decreased levels of BMPs in

chondrogenic synovial tissue.?%

Another important role is assigned to BMPs in the treatment of cancer. In human
osteosarcoma, cancer stem cell pools can be diminished by BMP-induced cell
differentiation.?% Similarly, it was shown that BMP-2 and -4 can induce the differentiation of
proliferating primary granule cell precursor (GNP) medulloblastoma cells, the most common
malignant brain tumor in children.!'*¢! Constitutively active Shh signaling promotes proliferation,

which is antagonized by BMP-2 and -4.1240241 The irreversible terminal differentiation of these
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tumor cells by BMPs might be utilized for potential therapeutic applications in cancer treatment
and indicates the broad range of benefits of BMPs in the clinic. Further, in a majority of sporadic
colorectal cancers BMP signaling is inactivated and it is assumed that mutations of BMP
ligands are linked to higher colon cancer risks.?%*2421 As an alternative to recombinant BMPs
and related agonists, the inhibition of the antagonizing extracellular factors, such as Noggin or
Gremlin, has been pursued. The potential application of an inhibitory antibody was proven for

the treatment of pulmonary arterial hypertension and recovery of central nervous system.23l

In summary, the many (patho)physiological functions of BMPs lead to a wide range of possible
therapeutic applications. Recombinant BMPs are in clinical use, but potential small molecule
drugs that mimic their physiological effects are rare. Genuine small molecule BMP mimetics or
potentiators are highly desirable. Moreover, novel BMP mimetics would also be of great value
for biotechnological applications, such as the chemically defined differentiation of human

induced PSCs or human ESCs towards mesodermal lineages (e.g., MSCs, CMs).

1.5.2 BMP Modulators

The identification and characterization of highly selective BMP small molecule inhibitors and
activators holds great promise for numerous applications in biomedicine. Several potential

strategies are feasible to modulate cellular BMP signaling outputs.

In the past decade, few modulators have been identified by different screening approaches.
Based on the discovery that Noggin promotes cardiac differentiation of mESC, early attempts
were made to screen for cardiogenic BMP inhibitors.'*”! The first reported chemical BMP
modulator was Dorsomorphin (DM), or Compound C, which was found in a Zebrafish-based
screen for compounds affecting dorsal-ventral axis formation.’?**l DM effectively blocks Smad
phosphorylation by inhibiting type | BMP receptors and was found to be a potent inducer of
cardiomyogenesis in mESC.!"® To determine off-target effects of DM, subsequent selectivity
studies were performed in which DM had significant activities against related receptors, such
as TGFp/Activin A and vascular endothelial growth factor (VEGF) receptors.?* To date, it is
also the only effective AMPK inhibitor, but due to its promiscuous properties, it is less
considered for cancer studies.?*® To eliminate off-target activities and improve drug-like
properties, structure-activity relationship (SAR) studies were executed. A potent and selective

derivative was identified, dorsomorphin homologue 1 (DMH-1), which specifically targets ALK3
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over other type | BMP receptors. Moreover, DMH-1 had no effect on VEGF signaling and was
unable to inhibit VEGF-dependent Flk1/Kdr phosphorylation.?*4 In a follow-up study, DMH-1
was shown to induce cardiomyocyte formation, similar to DM.[?*8! |t was the first selective BMP
inhibitor suitable for transient BMP inhibition for directed cardiac differentiation protocols and
with in vivo efficacy for the suppression of tumor growth and metastasis in mice.??4 Further
SAR studies gave insights into receptor selectivities, leading to additional potent BMP
inhibitors such as the ALK2/3 selective LDN-193189 (LDN) and ALK2 selective ML-347.1247:248]
In C2C12, DM and LDN blocked BMP-induced SMAD phosphorylation and non-canonical
signaling via p38 MAPK, ERK and Akt pathway, while DMH-1 had no effect on noncanonical
signaling in HEK293 cells.?#42491 |n addition, Yu et al. gave first evidence for potential
therapeutic applications of these inhibitors, as they showed a significant reduction of
heterotopic ossification of FOP in mouse models, by antagonizing the constitutively active
ALK2 receptor.?®? In several other studies, the antagonizing effect of LDN was validated in
vivo, for instance in treating chronic kidney disease in mice via BMPR type | inhibition or
BMP-4-driven prostate carcinogenesis.?5'2%21 | DN also attenuates atherosclerosis and
calcification, as demonstrated in mice, but due to the unselective effects on TGFBR2 and
VEGEF its clinical safety is questionable.?>32%4 To address these issues, lead optimization
furnished LDN-212854, that showed improved affinity and selectivity for type | BMP receptors,
while it remained potent in preventing FOP.125%25¢1 Fyrther efforts have been made to identify
ALK2-selective inhibitors, that led to the identification of K02288 in an ALK2 kinase screening
of 2,000 compounds with an improved binding mode in the ATP binding pocket compared with
LDN and without affecting TGFp signaling.?5"2%8 |n vivo tests in zebrafish confirmed the typical
dorsalization phenotype and subsequent SAR studies delivered LDN-214117, which
effectively binds to various ALK2 mutants, suggesting a lead compound for pre-clinical
studies.?®*? An extensive in silico screen provided new ALK?2 lead structures and gave insights
into the binding modes.?®®) Moreover, stable macrocyclic BMP inhibitors were recently found
to potently bind to the ATP binding pocket of ALK2 and antagonize ALK2-mutant induced
osteogenic and chondrogenic differentiation in FOP in vitro models, revealing a new potential
strategy for therapeutic BMP inhibition and FOP treatment.?6"] Additionally, a decade after the
identification of E6201 as a MEK-1 kinase inhibitor, a dual inhibition mode as an ALK2 inhibitor
showed high efficacy against ALK2 mutant derived tumor cells.?62263 Other derivatives of DM,

based on the pyrazolo-[1,5-a]-pyrimidine core, have been repeatedly optimized, including
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DMH-2. Newman et al. developed JL5 with further improved pharmacokinetics compared to
DMH-2.122% |nterestingly, other bioactive compounds were found to affect BMP receptor
signaling, such as Saracatinib or the PI3K inhibitor BYL719, which were found to inhibit

heterotopic ossification caused by ALK2 mutations in vivo.[205264]
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Figure 10: Overview of potential strategies to modulate the BMP signaling pathway. Activation can be modulated
via inhibition of extracellular antagonists (A) with antibodies or small molecules and by receptor activation using
novel agonists (B) or rhBMPs, alternatively. Further, BMP receptor-mediated activation might be enhanced with
receptor stabilizers or downregulation of endogenous negative receptor regulators such as FKBP12 or CK2 (C).
Multiple cytoplasmic SMAD regulators can be inhibited with small molecules, thereby enhancing SMAD signaling,
such as inhibition of SMADG6/7 or Smurf1/2-mediated ubiquitination (D/E) and by regulating SMADA4 levels (F). In
the nucleus various interactions with different transcription factors can be addressed to target selective gene
expression (G) and binding to co-factors might be enhanced with small molecules. In contrast, inhibition of BMP
signaling might be achieved by receptor kinase inhibitors (H), enhanced activation or expression of negatively
SMAD regulators (l) or by inhibition of selective transcription factor complex formation in the nucleus and RNA-
induced silencing (J).[233

While several BMP inhibitors with in vivo efficacy have been developed, only few BMP
activators have been reported. For instance, the marketed cholesterol-lowering drug
Simvastatin, has been shown to promote osteogenic differentiation via enhanced BMP-2

expression.l?652661 The phosphodiesterase inhibitor Sildenafil was shown to potentiate BMP
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signaling and is used for treatment of PAH, in which BMP activation is attenuated.!?¢”!
Furthermore, two studies recently reported on bacitracin and myricetin to enhance osteogenic
differentiation of human stem cells via the BMP-2/SMAD pathway and in part, non-canonical

signaling.[268.269]

The first screening approach for the identification of small molecule activators was reported
2013 by Vrijens et al., who discovered four different flavonoid derivatives, with the chalcone
Isoliquiritigenin as an effective inducer of osteogenesis in C2C12 differentiation.?’% As the first
reported attempt of screening for direct BMP activators, a stably transfected BMP-responsive
element (BRE) /d7-luciferase reporter assay system in a human carcinoma cell line was
utilized. In the following, Isoliquiritigenin was shown to induce p-SMAD1/5 levels and ventralize
zebrafish embryos. However, the chalcone scaffold did not suit very well as a lead compound

as it had typical properties of a PAIN compound.®®

Table 1: Overview of identified BMP modulating small molecules in different screening approaches.

Modulator Modulation Primary Screen Volume In vivo functionalization
Dorsomorphin Inhibition Zebrafish 7,500 Embryogenic and iron

metabolism studies in zebrafish
K02288 Inhibition ALK2 kinase screening 2,000 Zebrafish dorsalization
SVAK-12 Activation In silico screen of Smurf-1 | 70,000 -

binding domain

Isoliquiritigenin Activation Stably transfected BRE-/d71- | ~5,600 Zebrafish ventralization
Luc in C33A-2D2

Ventromorphins | Activation Stably transfected BRE-/d7- | 600,000 Zebrafish ventralization
Luc in C33A-2D2

FK506 Activation Stably transfected BRE-Id1- | 3,756 Reversion  of  dysfunctional
(tacrolimus) Lucin C2C12 BMPR2 signaling in endothelial
cells from patients with PAH

Benzoxazoles Activation Stably transfected BRE-/d71- | 63,608 -
Luc in HEK293

A01/A17 Activation In silico screen of Smurf-1 | ~100,000 | -
binding domain

PD407824 Activation Transiently transfected BRE- | 4,000 In vitro hESC differentiation
ld2-LucGFP in C2C12
DIPQUO Activation ALP activity in C2C12 >47,000 Ossification in zebrafish
oxtFK Activation Stably transfected BRE-/d7- | 250,000 AKI mouse model
Lucin C2C12
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Figure 11: Chemical structures of the identified BMP modulators from different screening assays.

The same assay system was subsequently used for high-throughput screening, that revealed
the more promising compound class “Ventromorphins”, which were capable of inducing
zebrafish ventralization and osteoblastic differentiation but were lacking potency.?”" Although
the authors stated to perform follow-up studies and hit-to-lead optimizations, no further

developments have been reported to date.

Another group disclosed a benzoxazole compound class, that was identified as BMP agonists
from a high-throughput screen using a BRE-/d7 luciferase reporter assay system in HEK293
cells.?”21 These benzoxazoles were able to induce p-SMAD1/5/9 levels and BMP-4 target gene
expression downstream of Noggin and BMP receptor type | levels. To this end, no mechanism-

of-action and in vivo efficacy have been reported.
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The approved immunosuppressant FK506 (tacrolimus), a structural analog of the mTOR
inhibitor rapamycin, was identified in a very similar luciferase reporter-based assay system that
was shown to activate BMP signaling through FKPB12 inhibition.?”®! This led to a stabilization
of activated BMP type | receptors, and consequently BMPR2 activation, which was shown to
rescue endothelial dysfunction, prevention and reversal of PAH. Thus, BMPR2 activation might
be suitable as a therapeutic strategy for PAH, which has also been demonstrated for BMP-9
treatment.?’# In first clinical trials, low-dose FK506 treatments in PAH patients was well
tolerated.?” In addition, a FK506 analog, FKVP was reported to activate BMP signaling by
selective inhibition of FKBP12, independently of calcineurin inhibition that lacks the
immunosuppressive response of FK506.27 This unique mechanism demonstrates the
dependency on FKBP12 inhibition, that could enhance BMP-2/-4-supported wound healing
response of myofibroblasts, as described before.?’" Interestingly, in another study, rapamycin
promoted the osteoblastic differentiation of hESCs via activation of BMP dependent SMAD
signaling. However, treatment with FK506 and the PI3K inhibitor LY294002 did not lead to
osteoblastic differentiation, suggesting a sensitive crosstalk of mTOR/FKBP12 and BMP
signaling in these cells.?’® Recently, in a large screen of 250,000 compounds from the Novartis
library, a hit cluster of closely related analogs to rapamycin and FK506 were identified in a
C2C12-based BRE-/d1 luciferase reporter gene assay.?’® The team subsequently developed
the calcineurin-sparing FKBP12-inhibitor oxtFK, with improved selectivity, in vivo
pharmacokinetic properties and safety compared with FK506. OxtFK potentiated BMP in renal
tissue in vitro and in vivo and effectively protected mice from acute kidney injury (AKI).
Importantly, BMP signaling is downregulated in AKI, that often occurs after cardiac surgery
and lacks therapy.?% In clinical trials for treatment and prevention of AKI, the BMP-7 mimetic
peptide THR-184 showed low response and failed. Hence, oxtFK might be a promising,
superior therapeutic candidate for AKI treatment.?®'! Other BMP activating small molecules
that block negative downstream regulators of the pathway were found in very similar screening
approaches. In 2014, two Smurf-1 inhibitors were described that attenuate SMAD degradation,
thus stabilizing BMP activation.!?®?! Using an in silico screening of the Smurf1-binding domain
and subsequent tests in C2C12, A01 and A17 were identified as BMP-active compounds. They
enhanced BMP-2-induced osteoblast marker expression in myoblasts and pre-osteoblasts,
suggesting Smurf-1 as a potential druggable target for pharmacological BMP activation. Using

a similar in silico approach, the Smurf-1 inhibitor SVAK-3 was identified, and follow-up studies
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reported the more stable SVAK-12 that enhanced the efficacy of BMP-2 in C2C12
transdifferentiation.?®3284 |n another study, the pan-kinase inhibitor PD407824 was identified
from a high-throughput screening using a BMP-responsive, C2C12-/d2-luciferase reporter
assay.?®! |t was reported to indirectly sensitize BMP-4-driven cellular differentiation, including
the formation of cardiac and cytotrophoblast cells from hESCs. PD407824 has been suggested
to enhance BMP signaling via checkpoint kinase 1 (CHK1) inhibition leading to a p21-CDK9-
mediated degradation of p-SMAD2/3, leaving more SMAD4 for translocating SMAD1 to the

nucleus.

Besides blocking negative regulators of canonical BMP signaling, two compounds have been
reported to enhance BMP signaling via non-canonical p38 MAPK signaling. BMP-2-induced
C2C12 osteogenesis was enhanced by quinoline KM11073 via activation of p38-3. KM11073
induced bone-forming activity in zebrafish and in vivo mouse bone formation.?%! Further, Cook
et al. reported the potential lead candidate DIPQUO, a BMP activator promoting osteogenesis
in human MSCs and zebrafish via selective p38-p activation, yet the direct cellular target and
mechanism of p38-pB activation is unknown.?8”1 This study eventually based on previous work
of this group who originally reported PD407824 from the conceptually identical screening

approach in C2C12 osteoblast differentiation.

Together, the herein summarized examples highlight that it is feasible to identify BMP
potentiators and activators from screening. However, many of the currently available agents
do not (yet) exhibit an optimal profile regarding their physicochemical, pharmacokinetic and
pharmacodynamic features for therapeutic application. In this regard, there is also a need for
new technologies beyond artificial reporter assay setups using cell lines. Novel phenotypic
assays are desirable that potentially enable the discovery of chemical modalities that expand

the druggable space of available BMP signaling modulators.
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2 MOTIVATION AND AIMS OF THE THESIS

The BMP signaling pathway is fundamental for embryogenic patterning and cellular
differentiation.®® Modulation of BMP is of great interest for (stem) cell biology, regenerative
medicine and basic research of this developmental signaling pathway. High-quality and
selective BMP inhibitors, such as the cardiopoietic BMP receptor inhibitor DMH-1, have been
developed and are - amongst other activities - reported to modulate embryonic development
in vivo.?%8 In contrast, comparably selective small molecule BMP mimetics are lacking. They
would have enormous therapeutic potential since rhBMPs are of great value in regenerative
medicine for treating osteopenic diseases and skeletal trauma.l'*?8 Several additional
therapeutic as well as biotechnological applications exist for BMP activating modalities.
However, due to their physicochemical and pharmacokinetic profile, rhBMPs must be
administered in supraphysiological doses, which is both costly and associated with adverse
effects, including heterotopic ossification or inflammation.?2%28 These deficits could be
overcome by selective and potent small molecule alternatives. Despite numerous efforts to
identify such BMP activators, there are no drug-like, highly selective chemical modalities
available that mimic the physiological action of BMPs. Therapeutic application of BMP
activating agents, however, has already been demonstrated using the macrocyclic FK506-

based derivative oxtFK in treating acute kidney injury (AKI).2"

Most reported screening approaches are based on artificial assay systems using immortalized
cell lines, which may ultimately miss genuine morphogenic mechanisms, and thus, novel and
attractive targets. This may be especially true in hindsight of the cell-context dependence of
BMP responses and its complex regulatory mechanisms. Thus, the discovery of small
molecules mimicking cytokine activity is intrinsically challenging due to the complexity and
diversity of BMP ligand and receptor binding.!228% More physiological screening systems such
as in zebrafish embryo development might provide attractive BMP-activating molecules but
high-throughput formatting is difficult and identified hits prone to polypharmacology. More
sophisticated 3D systems such as organoids and gastruloids are not yet suitable for compound
screenings.'"">-1"71 Here, in vitro embryogenesis was supposed to be bridged with drug
discovery by developing a morphogenic phenotypic screening assay that recapitulates BMP

signaling during cardiogenic mesoderm patterning from embryonic stem cells (ESCs). The
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SCHADE and MERCOLA group previously used a spontaneous 2D cardiac differentiation
protocol in murine ESCs, which has already successfully expanded the druggable space of
TGFB inhibitors.['"l Building on this knowledge, Dr. Jonas HALVER identified a BMP-specific
time window during cardiogenesis and successfully developed a prototype BMP-mimetic stem

cell-based assay.[2%0:2%1]

The aim of this thesis is the identification and characterization of novel BMP-activating
and/or -potentiating small molecules by integrating principles from phenotypic drug discovery,
chemically induced differentiation of stem cells and chemical biology. Therefore, optimization
of the prototype mESC assay from HALVER and functional characterization of the BMP- versus
TGFB-specificity during mesoderm structuring needs to be initially addressed. Further, a robust
phenotypic assay platform should be established to ultimately identify novel BMP activating
small molecules. This platform requires adaption to automation at the Compound Management
and Screening Center (COMAS) in Dortmund for high-throughput workflows. For hit validation,
a set of orthogonal, secondary assays needs to be established that mimic BMP activation

during osteogenic differentiation and allow assessing pathway selectivity.

Furthermore, proof-of-concept of this platform will have to be demonstrated for validated
screening hits with the ultimate goal to expand the druggable space of BMP activators and
potentiators. Their BMP-activating capacity should subsequently be validated in functional in
vivo and in vitro studies. Structure-activity-relationship (SAR) studies should define
pharmacophoric features and provide active as well as inactive derivatives as new tools for the
chemical biology of the BMP signaling pathway. Finally, a combination of different biochemical,
cell biology methods and target prediction tools is supposed to decipher a plausible

mechanism-of-action for the most attractive new BMP mimetics or signaling potentiators.
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3 RESULTS AND DISCUSSION

3.1 Establishment of a screening platform for BMP activator

identification

The differentiation of pluripotent stem cells offers a great opportunity to identify biological
mechanisms, and importantly, new chemical modalities that are involved in embryonic
development. By harnessing ESC differentiation for phenotypic drug discovery in a 2D-format,
throughput and physiological relevance were combined. Therefore, a morphogenic phenotypic
screening assay was aimed with focus to probe distinct members of the TGF superfamily

during cardiogenesis.

immortalized cells whole organism Figure 12: Principle of harnessing ESCs for
n phenotypic drug discovery by combining
_-_'_' ,é;;qu;(-n} throughput and physiological relevance.
. <«
physiological relevance
assay throughput
mesoderm

. differentiation

embryonic stem cells

Murine embryonic stem cells have been used previously to identify agents and small molecules
capable of inducing cardiac differentiation. A Myh6-GFP-carrying cell line was firstly described
by Takahashi et al., who established and utilized the murine ES cell line to generate embryoid
bodies and identified ascorbic acid as a cardiac enhancer.?®2 A 2D-approach allows higher
and more stable throughput screenings compared to other differentiation techniques, such as
3D-models or embryoid body-based formats and differ in the concrete timings of critical
differentiation pathways. Using this cell line in a 2D-assay format, groups from Dr. Mark
MERCOLA and Dr. Dennis SCHADE discovered a cardiogenic dihydropyridine compound
class.l'"172 The identified inducer of TGFB receptor Il degradation, ITD-1, and the further

developed DHPs demonstrated proof-of-principle of harnessing ESCs to expand druggable
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space of cardiopoietic selective probes. In subsequent studies in this stem cell line, Dr. Jonas
HALVER identified and characterized a new pharmacology of hawthorn as a traditional add-on

therapy for heart failure treatment.!2%3

Next, it was questioned whether it is possible to differentially probe specific members of the
TGFp superfamily during cardiogenesis. Therefore, high-quality chemical probes were tested
during different cardiopoietic time frames by image-analysis and quantification of Myh6-GFP*

clusters, as schematically shown in Figure 13.
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Figure 13: Schematic overview of the cardiac differentiation assay principle using mESCs. Chemical probes are
added at different time points during spontaneous mESC differentiation. Cardiogenesis (Myh6-GFP+ cardiomyocyte
clusters) is quantified after 11 days via high-content imaging.

Considering the known biphasic effect of BMP signaling in cardiac differentiation and its
interactions with TGFB and Wnt signaling, it was important to use selective substances.['"
Therefore, the known BMP inhibitor and cardiac inducer DM and DMH-1 were tested for their
cardiopoietic potential for different time frames, in which the ALK1, -2, -3 selective inhibitor
DMH-1 specifically induced cardiac cluster formation in between d3-5. These results indicated
a BMP-specific window after mesoderm induction during mesoderm structuring at day 3-4 (see
Figure 14).2%02%1 |n addition, the pan-ALK inhibitor Dorsomorphin induced cardiac

differentiation at later stages, due to the distinct inhibition of the TGFp signaling pathway.
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Figure 14: Identification of a BMP-selective time window for cardiac induction of mESC-Myh6-GFP. The dose-
dependent cardiac induction of DM and DMH-1 indicate a selective BMP time frame during early d3-4 stage. Murine
ESCs were treated for 48 h in 384-well format and Myh6-GFP+ clusters were analyzed after 11 days, and activities
were normalized to DMSO. Bars are represented by the mean of each condition and the respective SEM. Data by
Jonas HALVER.[290291]

In the following, the TGF-specific time frame was further confirmed by the highly selective
TGFBR-Il degrader ITD-1 and the ALK4, -5, -7 inhibitor SB-431542, that induced potent
cardiac clusters after treatment during day 4-6, as shown in Figure 15. The cardiogenic and
TGFB-selective (+)-enantiomer of ITD-1 exhibits strong cardiac induction, whereas the (-)-
enantiomer completely lacks cardiogenic potential.l'’?l In agreement with these results, DMH-
1 has almost no effect after day 4, where the TGFp-inhibitors show their maximal effect on

cardiac differentiation, which can be seen especially for SB-431542 in later treatments.
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Figure 15: The TGFp-selective time window can be discriminated from BMP-selective time window. The dose-
dependent cardiac induction of SB-431542 and enantiomers of ITD-1 suggests a selective TGFf time frame during
d4-6 after the BMP time frame. Murine ESCs were treated for 24 h or 48 h in 384-well format and Myh6-GFP+
clusters were analyzed after 11 days. Bars are represented by the mean of each condition and the respective SEM
and are normalized to DMSO.
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Overall, utilizing ALK-selective and unselective inhibitors strongly suggested specific time
frames for BMP- and TGF-signaling during mesoderm structuring of mESCs towards cardiac

cell fates, as illustrated in Figure 16.
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Figure 16: lllustration of cardiac differentiation from pluripotent murine ESCs towards cardiopoietic cell fates.
Signaling specificity of mESC-Myh6-GFP during mesoderm structuring is indicated by different time frames, as
shown for different cardiogenic chemical probes for BMP- and TGFp-signaling.

In addition, HALVER's studies addressed other embryogenic signaling pathways, in which it was
shown that inhibition of Wnt signaling becomes critical at post-mesodermal stages.??*° Based
on these initial results, further validation and characterization of the BMP-response towards

cardiac cell fates needed to be assessed in this thesis.

3.1.1 Assessment of BMP signaling during mesoderm structuring

3.1.1.1 Characterization of the BMP-specific time frame

Since selective inhibition of BMP signaling during d3-4 led to a cardiac phenotype, it was asked
if functional antagonism of DMH-1-mediated blockade by BMPs is possible, which would
enable potential screening for BMP-mimetic small molecules. In addition, to characterize the
BMP dependence of DMH-1-induced cardiogenesis, functional consequences of BMP
perturbation on mesoderm patterning were examined by gene expression analysis of different

development stages and cell markers.

To assess functional antagonism, BMP-2 and BMP-4 were tested against 0.5 yM DMH-1 and
cluster analysis and quantification revealed a potent and effective antagonism of both rhBMPs
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to reverse the DMH-1 induced phenotype (see Figure 17). Here, BMP-4 as a key player in
embryonic development was more potent than BMP-2, while both factors were able to
completely inhibit cardiogenesis, suggesting the potential to manipulate this particular time
frame for assaying BMP activators. However, the observed behavior during d3-4 may
ultimately be used as a tool for compound investigation, while cardiac differentiation is suitable

as the phenotypic screening readout.
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Figure 17: BMP-2/-4 functionally antagonize DMH-1-induced cardiogenesis. Both rhBMPs inhibited DMH-1 induced
cardiogenesis in a dose-dependent manner, as shown for cluster formation (B) and quantified Myh6-GFP levels
(A). The differentiation was induced by DMH-1 (0.5 pM) at d3-4. Representative images of DMH-1 treated mESC
after fixation (d11) against BMP-4. Formed cardiomyocytes are indicated by green fluorescence and cell nuclei are
visualized by DAPI.

To elucidate whether DMH-1 mediates BMP inhibition through target gene expression, Id gene
expression analysis was performed. As shown in Figure 18, DMH-1 inhibited expression of all
three Id7-3 genes, while 10 ng/mL BMP-4 fully rescued gene expression repression, indicating

BMP specificity of the identified time frame during cardiac differentiation.
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Figure 18: BMP-4 antagonize DMH-1-mediated downregulation of all three BMP target genes. Relative
quantification of gene expression for BMP target genes /d1, Id2, Id3.. Murine ESCs were treated with 0.5 yM DMH-
1 or 10 ng/mL BMP-4 for 24 h at d3-4. RNA was isolated for each time point and RT-gPCR was conducted.
Statistical analysis was performed with an unpaired t-test of triplicates and the respective SEM compared to DMSO
control and a set confidence level of 95% (*:p <0.05; **:p <0.01; ***:p <0.001) for n=6-7 independent biological
experiments.
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To ensure that the BMP specificity is in line with expected cardiomyocyte formation, gene
expression of certain cell fate markers was conducted during cardiomyogenesis. Therefore, in
extensive studies on multiple time points during differentiation, DMSO and DMH-1 was added
after 72 h and lysates were taken for each day for reverse transcription gPCR (RT-qPCR).
Indeed, DMH-1 promoted timely shifting of mesoderm formation towards Mef2c cardiac
progenitor cells by reducing Mesp1 multipotent mesoderm progenitors on day 4, thereby
enhancing cardiac differentiation to Tnnt2-specific cardiomyocytes after 11 days (Figure 19).
Mesoderm-derived Mesp1-progenitors can also contribute to other non-cardiac mesodermal
lineages, such as muscle cells or hematopoietic precursors, that are repressed by DMH-1
induced BMP inhibition, which is visible by the d4 to d5 shift of Mesp1* cells.l'8%2%1 |n addition,
Gsc-dependent formation of mesendodermal progenitors is enlarged, promoting the capacity
of the heterogenous cell population to undergo cardiogenic differentiation. BraT-specific cells

were not affected, as they were already formed at d3.
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Figure 19: (A) Cardiac differentiation of MESCs illustrated based on marker genes specific for different cell lineages.
(B) DMH-1 stimulates mesodermal structuring towards cardiac progenitor cells compared to DMSO treated cells.
Cells were treated with DMSO or DMH-1 (0.5 uM) on day 3 for 24 h as indicated by the arrow. RNA was isolated
for each time point and RT-qPCR was conducted. Each data point represents the mean and the respective SD of
three independent experiments (n = 3) and is normalized to the maximum expression of each gene (=100%).

Interestingly, removal of LIF promotes spontaneous differentiation, however, Oct-4 levels

remains stable for 72 h after seeding, which is in line with FACS analysis of Oct-4 protein
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levels. Collectively, these data suggest a slow transition from the pluripotent stage with
plasticity to commit to differentiation. Remarkably, it has been shown in literature that despite
stable Oct-4 levels, cell self-renewal activity decreases upon LIF-withdrawal and colonies start
to differentiate.?®® This is consistent with the observed typical flattening of mMESC colonies in

cell cultures in the absence of LIF.

Because of the characteristic effect of DMH-1 during mesoderm patterning, time-dependency
of Id1 gene expression was monitored during differentiation. As shown in Figure 20 (and in
more detail in supporting Figure 95), endogenous levels of Id1 decrease upon spontaneous
differentiation and is further suppressed and inhibited by DMH-1 at d3. Removal of DMH-1 at
d4 resulted in a drastic increase in its expression, leading to sustained expression over time.
These data suggests a critical cellular response during differentiation of the characteristic
biphasic BMP-dependent target gene expressions.['®0162] |nterestingly, addition of BMP-4
rescued this effect and increased its expression, which steadily decreased over time similar to

untreated cells.
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Figure 20: BMP-4 rescues DMH-1-mediated perturbation of /d7 gene expression and Cer1? induction. ESCs were
treated with DMSO, DMH-1 (0.5 uM) or BMP-4 (10 ng/mL) on day 3 for 24 h as indicated by the arrow. RNA was
isolated for each time point and RT-gPCR was conducted. Each data point represents the mean and the respective
SD of three independent experiments (n = 3) and is normalized to day 0.

Another critical BMP-antagonistic factor is Cerberus-1 (Cer1), which is a reported endogenous
inhibitor of Nodal signaling and a partial driver of committing Mef2c-cardiac progenitor cells
from Mesp1 progenitors.['%72l Cer1 was substantially induced by DMH-1 and its expression
sustained from day 3 to day 6, whereas Cer1 expression is inhibited and suppressed compared
with time-dependent /d7 expression when /d1 levels are strongly induced, collectively
indicating the potent cardiopoietic effect of DMH-1 in spontaneous differentiation of mESCs.

Here again, DMH-1 dependent phenotype was fully reversed by addition of rhBMP-4.
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3 Results and Discussion

To further emphasize BMP-specificity at d3-4, function of the antagonistic exogenous factor
Noggin was determined in response to DMH-1 and BMP-4. Noggin could efficiently antagonize
and rescue rhBMP-4-reversed effect on DMH-1 induced cardiac differentiation in a dose-
dependent manner, whereas DMH-1 suppressed endogenous Noggin expression when
treated on d3 over time but did not further inhibit expression at the time of treatment (Figure
21). However, Noggin alone was incapable to promote cardiogenesis, albeit being reported to
gradientally inhibit BMP singling the in heart-forming region during gastrulation and being
active on the mesendoderm to promote cardiac differentiation in vivo.l'*”! As Noggin-mediated
transient spatial BMP inhibition is required for gastrulation and cardiac tissue formation, the
biphasic nature of BMP during cardiogenesis in mouse embryos supports the findings of the
identified time frame in the 2D-mESC assay.?®! The incapability of rhNoggin to induce
cardiogenesis in the BMP-specific time window (d3-4) may be due to reduced complexity and
lack of gradient formation. As expected, and in agreement with the results described above,
BMP-4 as an inducer of endogenous Noggin expression, fully reversed the DMH-1-induced

phenotype (Figure 21B).
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Figure 21: Functional regulation of BMP signaling during d3-4 mesoderm patterning. Exogenous addition of Noggin
antagonizes the BMP-4 rescue effect on DMH-1-induced cardiogenesis (A) and its gene expression is repressed
by DMH-1 (B). Cardiac differentiation of mESCs was induced by selective BMP inhibitor DMH-1 (0.5 pM) at d3-4 +
rh-Noggin at different concentrations. DMH-1 represses long-term endogenous expression of Noggin after
treatment at d3-4. Cells were treated with DMSO, DMH-1 (0.5 yM) or BMP-4 (10 ng/mL) on day 3 for 24 h as
indicated by the arrow Each data point represents the mean and the respective SD of three independent
experiments (n = 3) and is normalized to day 0.

In conclusion, the characterization of DMH-1 induced cellular commitment towards cardiac cell
fates strongly depends on specific and selective BMP inhibition, shifting the mesoderm
specification in a small, limited time frame. Importantly, all DMH-1 dependent effects on

expression levels and cell fate induction were rescued by BMP-4, which is particularly
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significant for the main experimental design of the assay to identify BMP-mimetic or activating

compounds.

3.1.1.2 Role of BMP receptor isoforms for mnESC mesoderm patterning

Because BMP-4 was in general efficiently reversed DMH-1-mediated BMP receptor blockage
whereas Noggin was incapable to induce BMP-dependent cardiogenesis, further
investigations were conducted whether specific ALK-inhibitors affect the BMP-selective time
frame and thus revealing possible receptor dependency. Different selective BMP inhibitors,
which are all developed from the initial found pan-ALK inhibitor Dorsomorphin, were able to
induce cardiac differentiation during the validated BMP-selective time from d3-d4 (Figure 22),
from which the very potent ALK1/ -3-inhibitor LDN-193189 strongly formed cardiac cluster at
very low dosages (50 — 100 nM).
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Figure 22: Different ALK-selective inhibitors efficiently induce cardiac cluster formation. (A) Structural overview of
used BMP receptor type | inhibitors for evaluation of cardiogenic ALK-selectivity in mESCs. (B) Evaluation of
cardiopoietic potential of BMP inhibitors during BMP-dependent time frame of differentiation. Bars are
representative for cardiac Myh6-GFP levels after 11 days and for total cell count to assess cell viability of mESCs.
Red asterisk indicate cytotoxic effects. Compound treatment was performed at d3-4 for 24 h and GFP or DAPI
levels are normalized to 0.5 pM DMH-1 (= 100%).

The ALK1/ -2-selective inhibitor ML-347 was less potent in comparison to DMH-1 and LDN-
193189, from which only the latter probe drastically reduced cell number after 11 days,

indicating cytotoxic effects. Notably, induced cardiogenesis by the unselective ALK-inhibitor
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DM exceeds the cardiac potential of the more selective ones, again highlighting potential
crosstalk of other affected signaling pathways important for cardiovascular differentiation, such

as TGFp and/or VEGFR.[244

Furthermore, LDN-193189 also affects TGFp-relevant and other receptors at higher dosages
(see Table 2), which may explain the severe loss of cardiopoietic function at doses greater
than 100 nM. Compliant to the literature-reported selectivity of the ALK-inhibitors, the cardiac
induction potential of MESCs indicated a predominant dependency on ALK3 over ALK1 and
ALK2.248l This is particularly true for ALK1- and -2-selective ML-347, that only induces
cardiogenesis efficiently at dosages > 80-fold higher than its reported I1Cso, pointing towards
an ALK2-independent mechanism. Because ALK2, unlike other receptors, is capable of
mediating Activin/Nodal induction of BMP signaling, these findings seem to indicate additional

selective dependence of the assay approach in terms of BMP signaling.2%7-2%!

Table 2: Overview of literature-reported |Cso-values for different ALK-selective BMP inhibitors.[248]

ICs0’s (nM) DMH-1 LDN-193189 ML-347 DM
ALK1 27 13 46 106
ALK2 108 41 32 68
ALK3 <5 <5 10,800 96
ALK4 >9000 1825 inactive >25000
ALKS inactive 565 inactive 17000
ALK®6 48 60 9830 235
BMPR2 inactive 3845 inactive 74
TGFBR2 inactive 140 inactive 103
AMPK inactive 1122 inactive 235
KDR/VEGFR2 inactive 215 19700 22

Taken together, these data are indicative for ALK3-dependency of BMP signaling during
mesodermal patterning. However, BMP-4-induced rescue of DMH-1-dependent phenotype
may be mediated through alternative type I/ type Il receptor complexations, primarily through
ALK6 or BMPR2, as BMP-2 and -4 lack binding affinity towards ALK1 and ALK2.[’5104]
Suboptimal doses of DMH-1 could also enable compensation mechanisms of BMP-4, which
has already been shown in a top-down inhibition xeno-free approach in which sensitive BMP

input was specifically generated using exogenous BMP-4 and DMH-1 to induce neural crest
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cell formation.?*® The ALK3-dependent phenotype eventually leads to a biased approach in
the search for possible targets and mechanisms of BMP-activating effectors in this assay
system. Compensation of BMP blockage may be achieved downstream of SMAD signaling or
via BMPRs. But due to the low-level blockage of ALK3 by DMH-1 at 0.5 yM and the potential
of BMPs to reverse these effects, BMP-activating mechanisms may be identified downstream

of receptor-mediated signaling, compensation via BMPR2 or receptor stabilization.

3.1.2 Setup of the stem cell-based phenotypic BMP screening assay
3.1.2.1 Optimization of cardiogenic efficacy

Since the BMP-selective time frame and cell stages during spontaneous cardiac differentiation
were validated and characterized, optimization of the developed mESC assay was performed.
Given the high variability of undirected spontaneous differentiation of mMESCs and the very long
incubation time of 11 days, as well as the multiple media changes and handling steps that
should generally be avoided in cellular screening assays, further optimization for a more robust
assay was required. This included treating or incubation parameters and technical aspects to
increase the dynamic range. Firstly, maintenance and pluripotency of mESCs was evaluated
with the main goal to store one sensitive batch for medium-throughput screening ensuring
maximum reproducibility. Because LIF removal is reported to induce spontaneous
differentiation of pluripotent mESCs, continuous FACS analysis of the pluripotent marker gene
Oct-4 was performed to ensure high pluripotent quality and integrity of cultured mESCs before
assaying.’% Indeed, Oct-4 was highly expressed in the cell population, indicating a high
capacity of pluripotency (see Figure 23A). Upon withdrawal of LIF, Oct-4 levels were mildly
reduced but remained stable for 72 h, consistent with the gene expression analysis described

above (Figure 19), and with literature.?®

To further confirm cell plasticity upon removal of LIF, the pluripotent marker Stage-specific
embryonic antigen 1 (SSEA1) was quantified. SSEA1 is a carbohydrate antigen that is present
on the membrane of MESCs (SSEA4 for human ESCs) and is an early marker for induced
pluripotent stem cells.°" Similar to Oct-4, the quantified SSEA1* cell population was very high
(88%), while the level was moderately reduced under LIF-free conditions but also remained at
a high level. This might be typical for LIF-treated pluripotent mESCs, as shown in the literature
for LIF-free conditions for Oct-4 and SSEA1 during long-term maintenance, in which marker
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slowly decreased.*? However, the morphological changes of the round colonies, indicative of
pluripotent ESCs, provide additional insight into the quality of the cell populations, which was
confirmed by confocal imaging of SSEA1- and DAPI-stained colonies, clearly highlighting
round-shaped colonies expressing a high amount of SSEA1, whereas LIF-free colonies rapidly

expanded and spontaneously differentiated (Figure 23B).2%!
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Figure 23: Quality and integrity of pluripotent mESCs. (A) Pluripotent quality of cultured mESCs was verified by
FACS analysis of Oct-4 and SSEA1 after 72 h before seeding cells for assaying. Oct-4 and SSEA1 protein levels
were quantified by FACS analysis before initiation of differentiation. Analysis was routinely performed by separate
immunostaining for Oct4 and SSEA1. Data shown is representative for cultured mESCs in presence or absence of
LIF for 72 hours. (B) ESCs were stained and imaged with SSEA1-antibody (green) and DAPI (blue) via confocal
imaging and representative images were selected to visualize morphological changes of LIF-untreated and treated
cells (scale bar = 100 um). (C) LIF directly affects DMH-1-induced cardiac differentiation of mESCs. As indicated,
LIF removal (d-1/-2) or addition to cells prior seeding (d0), compared to standardized conditions as highlighted in
yellow. ESCs were treated under maintenance conditions with 15 ng/mL LIF to keep pluripotency. Bars indicate
DMH-1 induced cardiac Myh6+-clusters.

To investigate whether LIF directly affects DMH-1-driven cardiogenesis, as it might shift time-
dependent induction of differentiation for responsive cells, LIF was removed 24 h (d-1) or 48 h
(d-2) before or added prior (d0) seeding cells to induce cardiac differentiation. As expected,
transient addition of LIF to seeded cells results in an immediate shift in spontaneous
differentiation, disrupting the BMP-sensitive time frame for DMH-1 and inhibiting cardiac
induction by delaying mesoderm induction. In addition, LIF removal 48 h before seeding the
cells negatively regulated cardiac potential, whereas LIF removal 1 day prior to and on the day

of the differentiation assay ensured most efficient cardiopoietic potential by DMH-1. These
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results suggest that LIF removal is optimal for mESCs just before cells are seeded, as this

reduces further handling, yet no further cardiac induction was obtained.

Given that FBS greatly affects stem cell maintenance and differentiation, different FBS batches
were tested during this thesis to ensure the highest quality and viability of cultured mESCs. As
FBS also has an influence on compound treatment, FBS concentrations from 0% to 10% during
treatment of DMH-1 and effect of heat-inactivated FBS, which might sensitize cells by reducing
growth factor activity, were investigated. MESCs treated with heat-inactivated FBS appear to
be slightly more sensitized to cardiac differentiation, but the difference was less dominant than

expected and generally indicates a stronger dependence on FBS concentration (Figure 24A).
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Figure 24: FBS concentration, vehicle and media change affect DMH-1-induced cardiogenesis (A) Assay
performance depends on FBS concentration used during DMH-1-treatment window (d3-4). Treatment was
performed at day 3-4 for 24 h. Yellow bar highlights standard assay conditions. (B) DMSO effect on cardiac efficacy
of DMH-1. Dose-dependent treatment with DMH-1 was performed at d 3-4 for 24 h with different DMSO
concentrations. Each concentration was normalized to its respective DMSO control. (C) Medium change frequency
affects assay performance, shown by representative induction levels of DMH-1 treated mESC during d3-4.

Moreover, high concentrations similar to FBS concentrations during maintenance result in
lower cardiogenic efficacy, indicating a negative influence of FBS on the efficacy of the drug.

Hence, the final FBS concentration for treatment should range between 4% and 6% to ensure
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maximum cell viability and performance. For further optimization and compound profiling 6%

FBS was used.

Next, the effect of the standard compound vehicle DMSO on cardiac efficacy of DMH-1 had to
be evaluated, because DMSO might interfere with DMH-1-induced cardiogenesis and
ultimately should be reduced to minimum concentration as it also affects cell viability during
compound treatments. As shown in Figure 24B, a final assay concentration of DMSO from
0.1% to 1% was tested, indicating a dose-dependent reduction of cardiac cluster formation of
DMSO concentrations greater than 0.2% as a result of visible reduction of cell number and
proliferation. A reduction of DMSO concentration was desired and stabilization of the
cardiogenic phenotype by DMH-1 was indeed measurable. It is important to note the observed
synergistic effect on DMH-1-induced cardiogenesis at 0.2% DMSO may be due to the known
cardiopoietic efficacy of DMSO itself and decreasing the dynamic range of the assay.* Due
to technical limitations, a further reduction to 0.1% DMSO was difficult to address, especially

when higher compound concentrations (> 5 uM) were tested.

One technical aspect was the amount of media changes during the differentiation over 11 days,
that generally should be reduced to a minimal number desirable for high-throughput-screening,
in part because of the increased risk of contamination under non-aseptic conditions. Especially
for late-stage differentiation of the cells as cardiac cluster might start beating, the differentiation
medium was consumed more rapidly, which had a direct negative effect on cell viability and
cluster stability, thus negatively affecting assay performance. Even though a single medium
chance after compound treatment is preferred, an additional medium change at day 9

drastically enhanced cardiac stability and ensured robust assay performance (Figure 24C).

As observed for negative control wells, autofluorescence of cell accumulations significantly
affected dynamic range after signal quantification of cardiac clusters, hence parameters for
quantification had to be adjusted for each individual assay run. To minimize quantification of
autofluorescence-based edge effects and maximize the dynamic range for DMH-1-induced
cardiac efficacy, only 80% of the wells were covered for imaging, which eliminated edge
effects, thus significantly improving the ratio of positive clusters to accumulated cells (Figure
25). Since this is a "negative readout", there is a chance of identifying false-positive hits that

only affect cell viability (or are cytotoxic). Therefore, during the primary readout for cardiac
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clusters, a total cell count was simultaneously included in the image analysis for DAPI-stained

cells, and subsequently, false-positive hits and artifacts were eliminated by visual inspection.

80% B Multiwavelength Cell Scoring

DMSO

0,5 yM DMH-1

DAPI+GFP, 4X DAPI, white

Figure 25: High-content imaging settings. (A) Representative images of DMSO treated cells. For each GFP and
DAPI channel one frame per well was taken, covering 80% of the well was analyzed to minimize autofluorescence-
based edge effects caused by cell accumulations. (B) Representative images of DMH-1-treated mESC after fixation
and illustration of imaging masks after processing for quantification of Myh6-GFP and DAPI signals via
Multiwavelength Cell Scoring using the MetaXpress software.

While having thoroughly evaluated further technical aspects during differentiation over 11 days
including multiple handling steps with different devices such as the automated washer and
dispenser in comparison to manual handling of the assay or optimal preparation of the
cardiogenic differentiation medium, a screening workflow was established, as shown in Figure

26.

Optimization of technical aspects and assay parameters to address cell viability and cardiac
efficacy were shown to successfully enhance assay performance and cardiogenic induction up
to 40-fold over control. Nevertheless, due to the nature cell population variability of the assay,
technical quadruplicates per plate were used for the primary testing of chemical substances,

limiting the compound throughput per plate.
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Figure 26: Schematic workflow of the BMP-mimetics assay in a high-throughput format with the assay principle to
screen for BMP-mimetic compounds by reversing cardiogenic induction of DMH-1 (A), and technical overview of
the screening workflow including the handling steps over the course of 11 days.

3.1.2.2 Assessment of small molecule BMP activators

Based on these findings, the day 3-4 period BMP-specific and selected for screening small
molecule BMP mimetics by rescuing a DMH-1-driven cardiomyogenic phenotype in 384-well
format. After screening assay parameters were optimized and set up, and BMP-antagonism
against cardiac phenotype was validated, a set of literature-known BMP activators was profiled
in the assay system to determine their efficacy in the screening setup and to evaluate possible
BMP mechanisms in the mESC-assay. For this, reported activators Isoliquiritgenin,
Ventromorphin and the CHK1-inhibitor PD407824 were evaluated against 0.5 uM
DMH-1.1270.271.285] \While Ventromorphin inhibited the cardiogenic phenotype only very
moderately at high concentrations above 5 uM, Isoliquiritigenin and PD407824 antagonized

DMH-1. Isoliquiritigenin, however, exhibited low efficacy, being active only at very high
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concentrations (10-20 uM), whereas the BMP-sensitizer PD407824 drastically inhibited
cardiogenesis at 2.5 uM, suggesting strong efficacy but which may be masked by high
cytotoxicity, as seen with the reduced cell number at 5 uM (Figure 27).
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Figure 27: Profiling of Isoliquiritigenin, Ventromorphin and PD407824 exhibit moderate activity in the BMP activator
screening assay. Bars graphs illustrate dose-dependent cardiogenic antagonism and cell count of BMP activators
against 0.5 yM DMH-I representative for at least three independent experiments. Red asterisks indicate cytotoxic
effects.

In general, PD407824 affected cell viability as seen visually after compound treatment, which
might be caused by the reported inhibition of the cell cycle regulator checkpoint kinase CHK-1.
Its BMP-sensitizing functions through inhibition, leading to progressive activation of the
CDK8/9 complex and depletion of SMAD2/3, thus releasing SMAD4 for enhanced BMP
signaling.l?®® However, inhibition of CHK-1 also leads to cell cycle impairment during regulation
of the G2/M checkpoint, and hence cell arrest at this stage.%! This effect is supported by the
reported inhibition of Wee1 by PD407824 and further, moderate pan-kinase activity of
PD407824 against the AGC kinase group has been reported, which may explain additional off-
target effects in addition to BMP-sensitizing behavior in hESCs.l3%! While Isoliquiritigenin
efficiently rescued the cardiac phenotype up to 90%, the reported Zebrafish ventralizing
chemical probe Ventromorphin lacked potent and efficient inhibition, indicating a different
BMP-activating mechanism of action that does not appear to be feasible in this assay system.
Nevertheless, the moderate activities demonstrate the possibility of small molecule testing to

also identify novel mechanisms of BMP pathway activation in embryonic context.
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3.1.3 Establishment of an osteoblastic differentiation assay

For further validation of identified non-toxic antagonists of DMH-1-induced cardiac phenotype,
an orthogonal secondary BMP-dependent differentiation assay was established. As explained
in detail previously, osteoblastic differentiation is highly dependent on BMP signaling and
activation. Murine mesenchymal C3H10T1/2 cells, C2C12 myoblasts, osteoblastic MC3T3-E1,
or stromal W-20-17 are commonly used for in vitro studies on BMP-dependent
osteogenesis.['87:189307.3081 They represent distinct stages of osteogenic differentiation and
differ in cellular response to BMP stimulation and the respective BMP isoforms.['8 C3H10T1/2
cells are more sensitive to Shh stimulation or co-stimulation of Shh and BMP, while MC3T3
cells are suitable for long-term mineralization studies. The rapid and sensitive
transdifferentiation of C2C12 in response to BMP stimulus enables a less complex assay

system.[307:308]

Thus, in order to display osteogenic differentiation in dependence of both growth factors
BMP-2 and -4, the sensitive C2C12 were employed, which have previously been used for the
validation of BMP-activating substances and in which BMP-dependent osteogenic
mechanisms were investigated, as summarized in chapter 1.5.2.['892701 Bgsjcally, C2C12
myoblasts were used that undergo spontaneous myogenesis in the confluent stage or by

stimulation of Insulin and insulin-like growth factors.%!

C2C12 BMP-2/-4 ALP+

Insulin
D _— —_—
fusion Runx2 Osx

myocytes myoblasts Osx
Immature Preosteoblast Osteoblast
Spontaneous differentiation
myotubes Alp Alp
Osteocalcin Osteocalcin
Osteopontin Osteopontin

Col1at

Figure 28: Schematic illustration of myogenic differentiation and BMP-dependent osteogenic induction of C2C12
myoblasts. When C2C12 become confluent, they undergo spontaneous myogenic differentiation into myocytes,
which subsequently fuse into multicellular myotubes. In contrast, BMP-dependent osteogenic induction depends
strongly on the expression of Runx2 and Osx, forming immature preosteoblasts secreting high levels of ALP and
additional cellular osteogenic marker such as Osteocalcin, Osteopontin and Collagen, type I, a1 (Col1a1).

When treated with osteogenic BMPs, C2C12 differentiate into immature preosteoblasts and

thereby produce high levels of measurable Alkaline Phosphatase (ALP), as illustrated in Figure
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28. This phosphatase is highly expressed and secreted during osteogenesis and is essential
for the mineralization of osteogenic tissue through the cleavage of phosphate groups, which

are important for the formation of bone-constituting hydroxyapatite.3'%

When establishing the assay for osteogenic differentiation, optimization and transfer to the
384-well format was aimed to allow the possibility of an independent screening of the
secondary assays. Firstly, cell number per well, medium volume, readout conditions and FBS
concentration was tested. As shown in Figure 29, dose-dependent BMP-4-induced ALP-
activity reached its plateau using 2000 cells/well, which ensured contact-free cell layer to

reduce myogenic potential of C2C12.
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Figure 29: Establishment of the assay in 384-well format resulted in increased sensitivity due to higher cell number
(A) and improved ALP performance under medium conditions with heat-inactivated FBS (B). Together with further
optimized conditions such as treatment (72 h) and seeding (16 h) time, the assay with 2000 cells/well and 6% heat-
inactivated FBS was found to be highly robust for small molecule profiling.

After the cells were seeded for 16 h, BMP-4 was added, and the response was assessed after
an additional 72 h to monitor osteogenic differentiation. Activity was measured by robust and
stable luminescence reaction of a chemiluminescent substrate for ALP. As FBS may interfere
with growth factor-induced differentiation and compound sensitivity, FBS concentration should
be minimized without affecting assay performance and cell viability. Heat-inactivated FBS-
containing medium showed significant improvement in BMP-dependent cellular response
compared with untreated FBS (Figure 29B). Low concentrations (2%-6%) of heat-inactivated
FBS still exhibit large dynamic ranges and high RLU, thus, 6% hi-FBS was set to study the
response of substances and factors to ensure minimal effects on cell viability during
differentiation over 72 h. Under fixed assay conditions, the dose dependence of osteogenic

BMP-2 and BMP-4 was assessed, with both reaching a maximum induction level of >400 fold
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over control (see Figure 30), but with great difference in potency, in which BMP-2 induced
ALP-activity with an ECso of 177 nM, 5.5-times greater than BMP-4 (ECso = 32 nM) and
extracellular antagonist Noggin inhibited low concentration of BMP-4. The high potency of
BMP-4 is particularly interesting since we were primarily aiming for a BMP-4-mimetic small

molecule.
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Figure 30: BMP-2 and -4 induce ALP activity of C2C12 in a dose-dependent fashion, indicating a maximum cellular
response at 100 ng/mL for BMP-4 and 250 ng/mL for BMP-2, respectively. This effect could be antagonized by
rhNoggin as shown for BMP-4. Activities were normalized to medium or DMSO control.

Next, different ALK-selective BMP-inhibitors were tested for their antagonizing activity, as
shown in Figure 31. All three chemical probes efficenty inhibited BMP-4-dependent ALP-
induction, from which LDN-193189 showed a total inhibition already at 50 nM, 10-times lower
than ALK1/-3-selective DMH-1 and > 200-times lower than the ALK1/-2-selective ML-347,
indicating a strong ALK3-dependency of C2C12 osteogenic transdifferentiation. These results
are consistent with the literature, reporting that BMP-2 and -4-induced osteogenesis is
primarily mediated by ALK3, whereas endogenous ALKG6 levels in C2C12 are very low. 76122311
For this reason, ALK6-selective inducers or agonists identified in the cardiac differentiation
assay might be inactive, indicating a mechanistic limitation of the C2C12 assay. However, due
to highly conserved binding domain of BMPs and oligomerized receptors, it seems still unlikely

to find genuine or even selective receptor agonists.

To investigate, whether DMH-1-induced antagonism could be rescued by increased
concentrations of BMP-4 in analogy to the original mESC-based morphogenic BMP activator
assay, 500 nM and 50 nM DMH-1 were tested against BMP-4 up to 500 ng/mL, showing
complete inhibition of BMP-4-induced ALP-activity at 500 nM (Figure 31B). Indeed, 50 nM

DMH-1 antagonism could be rescued by BMP-4 in a dose-dependent manner, whereas
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receptor inhibition of DMH-1 in the mESC assay at 0.5 uM could not be abolished. This
observation suggests a suboptimal BMP inhibition of DMH-1 in C2C12 analog to the mESC
differentiation assay, albeit shifted by a factor of 10 and may be explained by the comparatively

homogeneous cell system compared with heterogeneous mESC assay at day 3.
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Figure 31: Assessment of BMP-dependent antagonism of selective BMP-inhibitors. (A) Selective ALK-inhibitors
potently inhibit 7.5 ng/mL BMP-4-induced osteogenesis up to 99%. Bar graph represents mean + SD of at least two
independent experiments and are normalized to BMP-4/DMSO-control. (B) Dose-dependent osteogenic induction
by BMP-4 against DMH-1 treatment at 0.5 and 0.05 uM. Data represents ALP-response normalized to DMSO.

Given the large cellular response to BMP-2 and -4, a sensitive concentration for determining
the effects of small molecules had to be determined. To stimulate osteogenic induction of
C2C12 cells, small induction with low dose BMPs should be enhanced by a potential small
molecule activator and/or sensitizer. For this purpose, two literature-known BMP-activators
Isoliquiritigenin and Ventromorphin, which have been reported to induce C2C12-dependent
ALP, were tested in a range of low doses of BMP-2 and -4 from 1 to 50 ng/mL. Indeed, as
apparent for Isoliquiritigenin, a synergistically sensitive concentration window was revealed
between 5 to 20 ng/mL BMP-4, inducing ALP-acitvity at 10 uM up to 5-fold over BMP-4 control
(Figure 32). A similar window was seen for BMP-2-induced osteogenic induction, but which
was shifted to higher concentrations between 40 to 50 ng/mL BMP-2, consistent with the
observed lower efficacy of BMP-2 compared with BMP-4. In contrast, Ventromorphin did not
exhibit significant synergistic induction of ALP, nor did it induce ALP without addition of BMP-4,
whereas it induced synergistic ALP activity together with BMP-2 in a narrow concentration

window of 40 ng/mL.
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Figure 32: Assessment of BMP-dependent (and -synergistic) ALP induction of Ventromorphin and Isoliquiritigenin
to identify responsive concentration window of BMP-2 and -4. BMP-4 concentration of 7.5 ng/mL was considered
to be most suitable for investigating synergistic compound activation in a sensitive manner.

These results suggest a synergistic concentration window, but in addition, a certain threshold
for osteogenic induction is required, because none of the reference compounds caused
synergistic induction at 0-1 ng/mL BMP. For further validation of BMP-potentiating small
molecules, the BMP-4 concentration was set at 7.5 ng/ml to provide a compromise between

sufficient osteogenic induction and sensitivity to potential BMP activators and sensitizers.

After the optimal dose of BMP-4 to minimally induce osteogenic ALP was identified, full dose-
dependency of the known BMP-activators was assessed, as shown in Figure 33. As expected,
Isoliquiritgenin induced BMP-induced ALP-activation in a dose-dependent fashion up to 2.5-
fold over DMSO vehicle control, indicating a clear synergistic context, whereas Ventromorphin
lacked activation in low-dose BMP-4 treated cells. This may be in line with the original
publication in which Ventromorphin induced only morphological changes toward osteogenic
cell fates of C2C12, but no ALP-induction was demonstrated, in contrast to Isoliquiritgenin
published by the same group, indicating a unique mode of action of Ventromorphin for

exclusive ventralization of Zebrafish embryos.
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Figure 33: Synergistic dose-dependent ALP induction of BMP activators in C2C12 reveals Isoliquiritigenin as a
potent, nontoxic potentiator. (A) Reference compounds were added together with 7.5 ng/mL BMP-4 and ALP-
activities were normalized to BMP-4 (= 100%). (B) Cell viability was assessed via a CellTiter-Glo assay. Bars are
representative for at least three independent experiments.

The BMP-sensitizer PD407824 showed a very mild synergistic induction at 0.5 yM but strong
inhibition of ALP at higher concentrations, which may be due to cytotoxic effects and cell cycle
impairment during the course of 72 h of differentiation and also indicated by the reduced cell
viability compared with other BMP-activators via ATP-quantification by a CellTiter-Glo assay
(Figure 33B). This observation strongly suggests that the described mechanism via inhibition
of checkpoint kinase followed by synergistic BMP activation is difficult to reproduce in this
assay setup due to the problematic effects on cell viability, as already shown in the cardiac

differentiation assay.

Taken together, a C2C12-based BMP-dependent osteoblastogenic differentiaton assay was
established to identify synergistic activators with low dose BMP-4 to monitor enhanced ALP-
activity, resulting in a stable dynamic induction (30 x) and robust Z’-value of 0.6 to 0.8 (see
Figure 34). However, since ALP is not an exclusive marker of BMP-dependent osteogenesis,
additional osteogenic gene expression markers critical for cell fate decisions such as Runx2
or Osx and proteins important for tissue patterning like ALP, Osteopontin, Osteocalcin or
Collagen, type |, a1 (Col1a1) were established and quantified to profile osteogenic
differentiation signature.®'>-3'4 To demonstrate BMP-dependence on these osteogenic marker
genes, low dosed BMP-4 (7.5 ng/mL) and high induction with 100 ng/mL BMP-4 was
compared with DMSO-treated cells after 72 h (see Figure 34, Readout B).
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Figure 34: lllustration of assay concept and workflow monitoring osteogenic transdifferentiation of BMP-treated
C2C12 myoblasts. Readout A: 16 h after seeding, C2C12 myoblasts were treated with BMP-4 and compounds for
72 h followed by readout and quantification of ALP activity. ALP induction level yields in a ca. 30-fold dynamic range
of 7.5 ng/mL BMP-4 for compound treatment and a robust Z'-value of 0.6-0.8. Data is normalized to 100% ALP
induction level of 7.5 ng/mL BMP-4 which was effectively inhibited by DMH-1 and rh-Noggin; Readout B: Relative
quantification of gene expression for osteogenic target genes. Treatment with vehicle, 7.5 ng/mL BMP-4 or 100
ng/mL BMP-4 was performed for 72 h. Bars represent mean + SD (n = 3), normalized to DMSO vehicle control.
Statistical analysis was performed with an unpaired two-tailed t-test and a set confidence level of 95% (*:p <0.05;
**:p <0.01; ***:p <0.001) for n = 3-6 independent experiments for each gene.

As expected, high doses of BMP-4 significantly induced gene expression for all markers except
Osteopontin, which generally showed very low expression levels in C2C12 differentiation
among the other primers tested. Low concentration of BMP-4 also showed significant induction
of osteogenic transcription factors and structural components. Generally, the very high
induction of ALP in the assay was successfully confirmed, whereas the transcription of Runx2
was significant but very low. Here, however, Runx2 is also an important regulatory factor,
particularly in the early phase of osteogenesis, and is subject to critical regulation for efficient
differentiation, thus its expression is tightly controlled.?’ Runx2 promotes Osx-expression,
another critical transcription factor driving gene expression of osteogenic structural
components, and whose expression is potently induced by BMP-4-dependent Runx2-

expression. The results are promising, as they demonstrate that 7.5 ng/ml BMP-4 is capable
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of inducing osteogenesis beyond a certain threshold, while, as shown for all marker genes,

further enhancement of BMP signaling can be monitored by a synergistic BMP activator.

Consistent with the measured ALP-activity, Isoliquiritigenin showed significant induction of
ALP-expression as shown in Figure 35, but it did not induce any of the other marker genes for
osteogenesis in a significant manner. Moderate induction of Osx and Runx2 was observed,

but the osteogenic profile indicates a lack of potent osteogenic induction at 5 pM.
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Figure 35: Isoliquiritigenin but not Ventromorphin significantly induced BMP-4-dependent Alp expression in C2C12
cells, but no other marker gene for osteogenesis was enhanced by both compounds. Treatment with vehicle,
7.5 ng/mL BMP-4 or 100 ng/mL BMP-4 and compound was performed for 72 h. Data is shown as mean + SD (n = 3)
and normalized to DMSO vehicle (= 1-fold); Statistical analysis was performed with an unpaired two-tailed t-test (*
p <0.05; ** p <0.01; *** p <0.001).

As expected, Ventromorphin was incapable of enhancing ALP-expression, compliant to the
observed effects on ALP-activity at 5 uM. Contrary to Isoliquiritigenin, no moderate activation
of the key transcriptional drivers Runx2 and Osx was induced, thus indicating complete lack of
potential to induce BMP-induced osteogenesis in C2C12. Due to its pronounced cytotoxicity

of PD407824, no valid expression profile of the BMP-sensitizer PD407824 could be obtained.

Overall, a valid orthogonal assay system was established to depict BMP-dependent
osteogenesis and in which further studies on activating and synergistic properties of small
molecules can be performed. Moreover, for this purpose, a first gene expression profile

complements preliminarily validated substances.
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3.1.4 Establishment of BMP-dependent reporter gene assays

To further validate the initial identification of hits that reverse DMH-1-induced cardiac
phenotype and exhibit BMP-activating behavior in osteogenesis, reporter gene assays were
used to map different signaling pathways that play a role specifically in cardiogenesis. Thus,
to exclude possible signaling crosstalks, selectivity of BMP-activating effects was evaluated.
While the protocol for transient transfection and compound treatment was established by the
SCHADE group previously to investigate small molecule modulation of TGFp- and Wnt-
signaling, transfer to 384-well format was attempted and two different reporters responsive for
BMP signaling were tested. Two BMP-responsive elements (BRE) for embryogenic relevant
Vent2 and Id1 were established to validate BMP-dependent reporter gene activation of small
molecules. The BRE-/d1-firefly luciferase encoding plasmid was purchased from Addgene and
BRE-Vent2-firefly luciferase was received from the Mercola group, and its BRE-containing

insert was sequenced.®

As shown in Figure 36, BMP-4 induced both BMP-specific reporters with a potent ECso of
0.4 ng/mL and 0.5 ng/mL, reaching maximum induction at 10 ng/mL. Similarly, DMH-1
antagonized BMP signaling for both reporters in a dose-dependent manner with an I1Cso of

90 nM, demonstrating the functional BMP-response of both constructs.
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Figure 36: Dose-dependency of BMP-4 on two different BMP-response elements (BRE)-firefly luciferase reporters
(BRE-Vent2, BRE-Id1). BMP-4 was tested from 0.01-20 ng/mL to monitor BMP-dependent activation of BREs, and
BMP-4 (10 ng/mL) was antagonized by DMH-1 in a dose-dependent fashion. HEK293T cells were transiently
transfected and treated for 22 h before readout. Data is shown as mean + SD of firefly activity, normalized to DMSO
vehicle (= 100%).

It should be noted that both BMP-response elements consist of different BMP-binding domains

and differ in their structural constitution, which is why the expression and thus the absolute
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luminescence of both reporters differ. Although different transcription cofactors are critical for

specific transcription, their functionality behaves identically upon BMP stimulation in this assay.

In order to evaluate the selectivity of the BMP-activating molecules, reference compounds
were tested at 5 yM and 1 uM for BMP- and TGFp-reporters (Figure 37). An additional firefly-
luciferase assay was performed to distinguish between firefly modulating and reporter-inducing
effects. Isoliquiritigenin and Ventromorphin exhibited high activation of the ventral reporter
BRE-Vent2 and a very moderate activation of BRE-/d1, whereas PD407824 strongly inhibited
all luciferase expressions at tested concentrations. Interestingly, Isoliquiritigenin showed a
highly selective profile for BMP activation, although it modulated the constitutive luciferase
control slightly, too. This indicated a more selective BMP-activating profile for this chalcone

than expected.
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Figure 37: Selectivity profiles of BMP activators showing high activation of BRE-Vent2 response for Isoliquiritigenin
and Ventromorphin, whereas PD407284 inhibited all BMP/TGF B-reporters. Reporter activation was induced by the
respective growth factors at 10 ng/mL and compounds were tested at concentrations of 5 and 1 yM. Additional
unspecific Luciferase-control (Fluc) was determined without growth factor under similar conditions. Data is shown
as mean = SD (n = 3) and normalized to DMSO vehicle (= 100%).

However, Ventromorphin, which is validated for ventralization in zebrafish, was not selective
in stimulating all BMP/TGF-reporters, which may be due to nonspecific stabilization of
luciferase as observed in the constitutively expressed firefly control (Fluc). Similar effects were
observed for Renilla luciferase (data not shown). Ventromorphin was still able to induce Vent2-
dependent luciferase expression consistent with the reported induction of ventral
phenotype.?”"l Nevertheless, BMP activation by Ventromorphin appears to be highly
dependent on the cellular context, as no further osteogenic induction was shown in the original
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publication and, in a more recent study, Ventromorphins were unable to mimic the BMP-4-
induced blockade of TGFB-induced epithelial-mesenchymal transition (EMT) of lens epithelial
cells.B'® However, the study did not examine synergistic effects of BMP-4 and the activators,
but only independent effects against TGFB-2 at very high, unusual concentrations of 40 to

80 uM.

The BMP-sensitizer PD407824 inhibited all reporters with or without growth factor stimulation,
which was due to cytotoxic effect in HEK293T cells, as they were strongly rounded and
decreased in cell number. These observations and associated results suggest a dominant
effect of the off-target effects of PD407824 on CHK-1 and Wee1 in inhibiting cell cycle
regulation, and thus reflect an inadequate mapping of BMP activity in this assay system. Since
PD407824 consistently exhibited high toxicity and inhibition of cell proliferation in all BMP
assays, the problematic nature of negative modulation of the on- and off-target effects
suggests a very narrow concentration-response window for BMP sensitization of PD407824,
suggesting that the complex mechanism is unattractive and not suitable to mimic physiological

BMP activation.

3.1.5 Summary of the developed screening platform

Starting from the idea of establishing a phenotypic screening assay using embryogenic stem
cell development to mimic a more physiological cellular/tissue-relevant context compared to
rather artificial cell assays, extensive characterization and validation of the BMP-dependent
time window during cardiogenesis was performed and a broad assay pipeline for efficient
validation and selectivity studies was established. Furthermore, it was shown that the
orchestration of BMP signaling cues during mesodermal differentiation and specification can
be recapitulated for the discovery of BMP-activating chemical modalities. Validation was
performed in a newly established platform, consisting of an osteoblastic differentiation assay,
in which the synergistic activation of BMP-4 was examined and a reporter gene assay panel
for TGFB-superfamily and Wnt-signaling pathways to assess signaling crosstalks and pathway

selectivity (see Figure 38).

A special feature of the two differentiation assays is also the different morphological changes
and readouts. While rescue effects on DMH-1-induced cardiogenesis are investigated in the

phenotypic assay in stem cells, validation in an orthogonal differentiation assay to study BMP-
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activating effects in an actual induction readout is an excellent complementary setup. A good
example of this is the BMP-sensitizer PD407824, which is suspected to inhibited cardiac
differentiation by disrupting cell cycle regulation and these effects are also evident in the
orthogonal assay and in the activity profile of reporter genes that play important roles in
cardiogenesis and osteogenesis. The partial lack of activity in the selection of reference
compounds highlights the general problem in identifying growth factor-activating or -mimetic
factors due to the complexity and interplay of various mechanistic regulations of BMP signaling
depending on the cellular and developmental context, hence, a broad and comprehensive test

system with multiple cellular contexts is preferred.
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Figure 38: Schematic overview of the assay pipeline developed to identify and further validate novel BMP-activating
small molecules via primary screening in a mESC-based cardiogenic differentiation assay, followed by validation in
an orthogonal osteoblastic differentiation assay to study BMP-dependent ALP-induction and finally assessment of
BMP signaling-responsive reporter activities and selectivity studies of TGF-superfamily.

For future testing, established gene expression profiles might be applied and mechanistic
studies would round out the understanding induced osteogenic differentiation of chemical
probes. However, since the main goal is to identify a chemical modality that could be used in
therapeutic applications, the capacity to promote mineralization and thus ossification is more
attractive. Therefore, mineralization studies in the human osteosarcoma cell line hSaOS-2
were established and carried out by the BERTRAND group in Magdeburg, the results of which

are presented in validation studies in this thesis.
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3.2 Identification and characterization of Chromenone 1 as a novel

BMP potentiator

3.2.1 Phenotypic screening of an in-house diversity set of small molecules

The established and well-characterized BMP phenotypic screening assay was used to screen
an in-house diversity-focused and natural product-inspired small molecule library of almost
7,000 compounds. Therefore, compounds were subjected to mESC-Myh6-GFP cells at a
single dose of 5 uM to identify hits that would antagonize BMP-dependent DMH-1-induced
cardiogenesis. Due to the sensitivity of stem cells, compounds were tested only at 5 uM,
primarily to exclude hits that could negatively affect cell viability and thus be identified as false-
positive hits, but also to avoid excluding potential modulators of novel mechanisms by off-
target effects or crosstalks affecting cell proliferation and metabolism. Hits were defined as
compounds able to reduce DMH-1-induced cardiogenesis below 30% of its average 10-fold
dynamic range, which is below 2-fold the SD of mean induction without decreasing cell number
by maximum 30% after 11 days of differentiation. As visualized in Figure 39B, the compounds
varied in their activity, with 322 passing the initial criteria and 97 compounds (hit rate of 1.4%)
confirmed by retesting that had a purity of at least 70% as determined by COMAS for the
respective compounds. Remarkably, there are many outliers that probably even promoted
cardiogenesis, but this quantified effect is due to accumulated cell colonies and disrupted cell
monolayer that can form autofluorescent artifacts, as previously described and observed for
DMSO. Since these substances had a decisive negative influence on the vitality of the cells,
they were automatically excluded from the evaluation. The 97 compound hits were further
tested to verify dose-dependent activity in the mESC assay and to validate possible BMP-
dependent modulation. Of these, 35 hits were evaluated as potent compounds with an ICsg
below 1.5 uM, resulting in a final hit rate of 0.5%, which can be considered a valid value for
phenotypic screening. The 35 most potent hits were further subjected to the orthogonal
osteoblastic differentiation assay in C2C12 to determine their BMP-enhancing efficacy and

potency in the presence of a low dose of BMP to induce BMP-dependent osteogenesis.
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Figure 39: Screening of an in-house diversity-focused compound library yielded 35 potent hits that antagonize
DMH-1-induced cardiogenesis. (A) lllustration of screening and validation workflow to identify novel osteogenic
BMP activators: Primary screening was performed in mESC-based phenotypic screening assay and |Cse-validated
hits moved forward to secondary screening in osteoblastic differentiation of C2C12 cells and subsequent
mechanistic validation via gene expression analysis (C2C12), pathway selectivity (reporter gene assays, RGAs)
and osteoblast mineralization (human Sa0S-2 cells). (B) Summary of medium-throughput screening results in
mESC-Myh6-GFP. Stem cells were treated with compounds (at 5 uM) and cardiogenesis was induced by 0.5 yM
DMH-1 for 24 h at d3-4 of differentiation. Cardiac cluster levels are normalized to DMH-1 (= 100%, yellow line) and
compounds antagonizing cardiogenesis below set threshold of 30% Myh6-GFP level of DMH-1 (green line) were
selected. (C) Dynamic range of phenotypic screening assay averaged 10-fold the mean antagonism (DMH-1/
BMP-4) and induction (DMH-1). Data is shown as mean + SD of Myh6-GFP levels under screening conditions for
n = 45 plates. Statistical analysis was performed with an unpaired t-test (*** p <0.001). (D) Dose-dependent hit
validation of 97 initial hits yielded 35 potent inhibitors with ICso-values below 1.5 uM (n/a = not applicable).

3.2.1.1 Primary hit validation and clustering

The established secondary orthogonal differentiation assay in C2C12 was employed to
validate the BMP-dependent activation of identified potent primary hits. A total set of
10 compounds promoted low-dose BMP-induced osteogenic ALP-expression (Figure 40A,B),
which could be primarily classified into three distinct chemotypes, a quinolinoles-based class,
one 4H-chromen-4-one (Chromenone 1) and a subset of seven 2-aminopyrimidines including
the reported autophagy-inhibitor Autophinib that highly induced ALP-activity.?'"! Both
quinolinoles stimulated osteogenesis in a similar manner as Isoliquiritigenin at 5 yM, however,
the activity of both compounds could not be robustly reproduced, which will be discussed in
the next chapter. One cluster that appeared to be potent antagonists of cardiogenesis in the

primary screening assay included several glucose uptake inhibitors with different chemotypes
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collectively targeting the GLUT 1-4 glucose transporters with different selectivity profiles.!318-320
However, this highly potent cluster inhibited BMP-dependent osteogenesis in C2C12 in a very
similar manner to the profile observed in phenotypic screening assay and correlated strongly
with their GLUT inhibitory response (see appendix, Figure 96). Thus, these data suggest a
BMP-independent and antagonistic response mainly due to the perturbation of the cellular
glucose flux and homeostasis, which has been shown to be of great importance for the
differentiation process, since a high amount of glucose is required, and the cells undergo a
major change in their metabolic profile during differentiation.!®2:322 The other two hit classes
with Autophinib as the most potent autophagy inhibitor from the 2-aminopyrimidine subclass
and the 4H-chromen-4-one completely reversed DMH-1-induced cardiac cluster formation in

a dose-dependent manner with an equally potent ICsy of 200 nM displaying high potency and

efficacy (Figure 40C).
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Figure 40: Orthogonal assay furnished three distinct chemotypes of putative osteogenic BMP activators. (A)
Chemical structures of the three identified active BMP activator chemotypes. (B) ALP-induction of screening hits on
C2C12 osteoblastic differentiation at single doses (5 pM) in presence of 7.5 ng/mL BMP-4 after initial orthogonal
screening. Bars are represented as means + SD of ALP activity after 72 h, normalized to 7.5 ng/mL BMP-4. (C)
Proof of dose-response profiles of Autophinib and Chromenone 1 on DMH-1-induced (0.5 yM) mESC-Myh6-GFP
cardiogenesis display high potencies as BMP-4-mimetics. Data is shown as means + SEM for n = 3 experiments.

Next, the dose-dependent stimulation of BMP-driven ALP-induction in C2C12 myoblasts was
determined in absence and presence of BMP-4 to evaluate the potential of BMP-4-mimetics
or enhancers, respectively. Autophinib and Chromenone 1 exhibited quite distinct activity
profiles in C2C12 osteoblast differentiation (Figure 41A), with Autophinib overactivating ALP
induction in a very potent manner compared with high-dose BMP-4 (50 ng/mL) in a relatively
very small dosing window (0.2-1 yM), whereas Chromenone 1 showed a milder dose-
dependence from 0.013-1 uM with high efficacy and a calculated ECso of 0.34 uM, which is

close to the ICso-value from its potent reduction in cardiogenic cluster formation (1.7-fold
72



3 Results and Discussion

higher). Interestingly, Autophinib also stimulated ALP-induction independently of synergistic
low-dose BMP-addition with similar efficacy but lower potency, indicating a ligand binding-
independent mode of action. In contrast, Chromenone 1 was inactive in the absence of BMP-4,
suggesting a BMP-activating dependency and thus a BMP-potentiating mechanism in
osteogenic differentiation. Due to the very strong induction and the different modes of action
of the two chemotypes, the morphology typical for transdifferentiated C2C12 myoblasts was
examined and the characteristic "cobblestone" phenotype for high-dose BMP-4 was observed
(Figure 41B).2"1 Even low-dose BMP-4 (7.5 ng/mL) used to induce basal osteogenesis
showed the typical morphology, but less-developed, and an intact cell monolayer. Notably,
synergistically treated C2C12 with low-dose BMP-4 and Chromenone 1 at 1 uM indeed
showed a significant morphological shift toward osteoblastic C2C12, as observed for

100 ng/mL BMP-4, consistent with the observed ALP-activity of 1 uyM and high-dosed BMP-4.
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Figure 41: Orthogonal hit validation in C2C12 established Chromenone 1 as a novel osteogenic BMP potentiator.
(A) Dose-dependency of screening hits on ALP-induction in presence of absence of 7.5 ng/mL BMP-4, compared
to low- (7.5 ng/mL), medium- (50 ng/mL) and high-dosed (100 ng/mL) BMP-4; Data is shown as means = SD of
ALP activity (n = 3), normalized to 7.5 ng/mL BMP-4 (= 100%). (B) Representative micrographs reveal distinct
morphologies of BMP-4 and Chromenone 1/BMP-4 treated C2C12 cells after 72 h compared to Autophinib (scale
bar =200 pym).
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However, the morphology observed in C2C12 treated with 1 uM Autophinib differed from the
expected phenotype showing a predominantly myotube-like phenotype and significantly
reduced cell number, indicating that the formed cells are incapable of proliferation, contrary to
formed osteoprogenitors. This morphological change was also observed at lower doses of
Autophinib and it was suggested to be associated to the potent stimulation of ALP. To exclude
artificial ALP-activating effects and to assess the differentiation process, osteogenic transcript
levels were determined by qRT-PCR and compared with 7.5 ng/mL BMP-4-induced mRNA
levels. As shown in Figure 42, ALP-induction could be confirmed for Autophinib, which
increased relative transcript levels >80-fold over BMP-stimulated expression, but the
autophagy inhibitor was unable to induce any other osteogenic marker and even appeared to
suppress BMP-dependent gene induction. Various signaling pathways that crosstalk with BMP
signaling may be a crucial factor here, such as Wnt or SCF signaling, which can strongly
promote ALP production, but their function is only present with basal BMP stimulus.®'23'3 |n
addition, Autophinib may have a regulatory impact on noncanonical BMP signaling due to the
known modulation of Akt signaling. Since Autophinib mediates downregulation of autophagy
through inhibition of class Ill PI3K lipid kinase, this potential mechanism for ALP induction

required further investigation.
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Figure 42: Relative quantification of BMP-dependent osteogenic gene expression transcripts confirmed
Chromenone 1 as a BMP-4 potentiator and suggests Autophinib as a BMP-independent ALP-inducer. C2C12 cells
were treated with DMSO and/or BMP-4 (7.5 ng/mL) in the presence or absence of compound (1 uM) for 72 h. Data
is shown as mean + SD (n = 3) and normalized to DMSO. Statistical analysis was performed with an unpaired two-
tailed t-test (* p <0.05; ** p <0.01; *** p <0.001).
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In contrast to Autophinib, Chromenone 1 showed an osteogenic and BMP-dependent profile,
confirming the observed morphology and measured ALP-induction in C2C12. Although
important structural markers such as Osteocalcin and Col1a1 could not be significantly
increased despite moderate stimulation, the key osteogenic driver and transcription factors
Runx2 and Osx were markedly induced, yielding Chromenone 1 as the only potent positive

BMP-stimulating or amplifying chemotype from this screen.

3.2.1.2 De-validation of VPS34/GSK3-targeting 2-aminopyrimidines

Since Autophinib passed the primary screening assay and orthogonal differentiation assay,
further experiments were conducted to evaluate the activity and mode of action of the reported
autophagy inhibitor targeting VPS34 lipid kinase and to understand the potent and effective
induction of the observed BMP-independent ALP-activation. Therefore, an in-house panel of
14 2-aminopyrimidine derivatives, from which six derivatives were also identified after
secondary evaluation in C2C12, were profiled in both differentiation assays and their ICso and

ECso values were calculated (Figure 43).

The activities of the derivatives were compared with the literature-reported ICsp-values for
autophagy and VPS34, as illustrated in a heatmap, which indicate a strong correlation between
inhibition of VPS34 and activity in both BMP-dependent differentiation assays. Lack of the
pyrazole substitution resulted in a complete loss of function in inhibiting the catalytic activity of
VPS34 and also in its ability to induce ALP activity in C2C12. Interestingly, the isoxazole-
derivative (11) of Autophinib, was completely inactive against VPS34 and neither showed any
morphogenic activity in osteogenic and cardiogenic differentiation assays. Derivative 14 was
the only BMP-active VPS34 inhibitor that was inactive in C2C12, which is a known TBK1-
inhibitor and was the starting point for the development of Autophinib as a potent autophagy
inhibitor.323] These data strongly suggest a correlation between VPS34 inhibition and ALP-

induction.
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Figure 43: Structure-activity relationship analysis and de-validation of VPS34-targeting 2-aminopyrimidine hit class.
(A) Chemical structures of the in-house series of 2-aminopyrimidines tested for structure-activity relationships
(SARs). (B) Correlation of calculated and literature-reported activities of autophagy and VPS34-inhibitors for a
selected panel of aminopyrimidines in BMP-dependent differentiation assays.[®'7]

To further rule out autophagy regulation as an underlying cause of ALP induction, two other
literature-known autophagy inhibitors with different chemotypes targeting mitochondrial
complex | were tested in both differentiation assays.2432° Both Aumitin and Authipyrin have
been shown to inhibit mitochondrial complex |, leading to dysregulated autophagy and
mitochondrial respiration, thus negatively affecting cellular homeostasis. While Authipyrin
showed only moderate activity in the cardiogenic assay, Aumitin strongly antagonized DMH-
1-induced cardiogenesis at higher concentration above 2.7 yM, but notably, a decrease in cell

number was observed (Figure 44A).
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Figure 44: Inhibition of mitochondrial complex | leading to disrupted autophagy did not correlate with VPS34-induced
ALP induction. (A) Dose-response antagonism of in-house literature-known autophagy inhibitors with distinct
chemotypes in cardiac differentiation induced by selective BMP inhibitor DMH-1 (0.5 pM). Bar graph is
representative for the mean + SEM of two independent experiments. Myh6-GFP levels were normalized to DMH-1
with vehicle (DMSO). (B) Potent autophagy inhibitors did not enhance ALP-induction in C2C12. Compounds were
incubated along with 7.5 ng/mL BMP-4 in C2C12 and treated for 72 h. ALP activities were normalized to DMSO
and bars are represented as mean * SD for at least two independent experiments.

In comparison to Autophinib, both compounds lacked potency and showed distinct activity
profiles. A similar profile was observed in the BMP-dependent osteoblastic assay, where only
Authipyrin moderately induced ALP activity (1.7-fold over basal BMP-level, Figure 44B). Since
both compounds share a similar profile in both assays that differs from the one observed with
Autophinib, downregulation of autophagy by inhibition of mitochondrial complex | is most
probably not a mechanism of action, indicating an autophagy-independent effect of Autophinib

through VPS34 modulation.

Given the known role of PI3K signaling on BMP signaling, selective VPS34 inhibition might
affect non-canonical and thus secondary expression of typical BMP-dependent target genes
such as ALP.[01921 To elucidate whether modulation of lipid kinase class Ill is indeed
responsible for its expression, two literature-known distinct VPS34-inhibitor chemotypes

(SAR405 and VPS34-IN1) were profiled in the differentiation assays.?632"] Both potent VPS34
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inhibitors displayed very similar profiles, as they inhibited DMH-1-dependent cardiomyocyte
formation and moderately induced ALP-activity up to 2.5-fold above low-dose BMP-levels
(Figure 45B, C). However, they showed a significant decrease in cell number at higher
concentrations in both assays, and their efficacy differed substantially from that of Autophinib.
To evaluate the ALP-activation, osteogenic differentiation marker levels of SAR405 at a non-
toxic and effective concentration (1 uM) were quantified, showing no effects on BMP-
dependent expression (see Figure 45D), suggesting a unique mode of action of Autophinib’s

potent effects on differentiation, that is not solely due to selective VPS34 inhibition.
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Figure 45: Evaluation of VPS34-dependent BMP-induction indicate no enhanced osteogenic differentiation. (A)
Chemical structures of two distinct, highly potent VPS34 inhibitor chemotypes (SAR-405, VPS34-IN1). (B) Dose-
response antagonism of VPS34 inhibitors in cardiac differentiation induced by selective BMP inhibitor DMH-1
(0.5 uM). Bar graph is representative for the mean of triplicates and the respective SEM of two independent
experiments. Myh6-GFP level were normalized to DMH-1 with vehicle (DMSO). (C) Potent VPS34 inhibitors
moderately enhance BMP-dependent ALP induction in C2C12. Compounds were incubated along with 7.5 ng/mL
BMP-4 in C2C12 and treated for 72 h. ALP activities were normalized to DMSO and bars are represented as mean
+ SD for at least two independent experiments. (D) SAR405 did not induce synergistic gene expression of
osteogenic transcripts compared to BMP-4-treated and untreated C2C12. Treatment with vehicle, 7.5 ng/mL BMP-4
or 7.5 ng/mL BMP-4 and compound was performed for 72 h. Statistical analysis was performed with an unpaired
two-tailed t-test of the mean of triplicates and the respective SD compared to DMSO control and a set confidence
level of 95% (*:p <0.05; **:p <0.01; ***:p <0.001) for n = 2 independent experiments for each gene.
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Based on the unique profile in both assays, it is reasonable to assume that autophagy inhibition
by both modulation of mitochondrial respiration and inhibition of PI3K class Il kinase does not
show crosstalk with BMP activating or amplifying effects in the differentiation assays. These
are also interesting results considering that Akt-induced mTOR signaling can also be activated
by noncanonical BMP signaling and may represent a potential mechanism via a positive
feedback loop. However, it should be noted that cells undergoing differentiation demand high
energy, so an intact metabolism is essential, and impaired autophagy critical for cellular
homeostasis, could promote metabolic stress and thus cell viability and proliferation. This was
also observed for the most potent autophagy/VPS34-inhibitors at highest concentrations in the

stem cell-based cardiac differentiation assay, as cell number decreased.

Another possible reason for the potent activity of Autophinib could be its pronounced GSK3p
activity (ICso = 1.3 nM), a kinase involved in regulation of Wnt/B-catenin signaling. Activation
of canonical Wnt/B-catenin signaling via GSK3p-inhibition is a known synergistic contribution
to BMP-driven osteoblastogenesis and expression of Runx2 and ALP.["333121 To prove this
hypothesis, two potent GSK3p-inhibitors 6-BIO and CHIR99021 were tested similar to the
VPS34-inhibitors, as shown in Figure 46.

Both reference compounds antagonized BMP-dependent cardiogenesis only at very high
concentrations, with significantly lower potency compared with Autophinib, indicating a
predominant response to VPS34 inhibition, which is consistent with the observed profile of
potent VPS34 inhibitors in the mESC assay (Figure 46A). However, as observed for ALP-
activity and morphology in C2C12, GSK3p inhibition resulted in a highly similar profile. The
data strongly suggest a GSK3p-dependence of ALP-induction both in the presence and
absence of low-dose BMP-4 up to maximum cellular BMP-response as both reference
compounds exhibited only a slightly less potent profile, which would be expected given their
slightly less potent literature-reported ICso of 5-6 nM.[328:329] This effect was also supported by
representative micrographs, revealing similar cell morphologies of BIO (5 puM) and
Autophinib/BMP-4-treated C2C12 cells after 72 h that differ from BMP-4-dependent
phenotype, as shown in Figure 46D.
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Figure 46: The potent VPS34/GSK3 inhibitor Autophinib reveals a GSK3-dependent ALP-induction in C2C12
differentiation. (A) Comparison of VPS34/GSK3 inhibitor Autophinib with two distinct, selective and potent GSK3p-
inhibitors (BIO, CHIR99021) in mESC-BMP assay indicates a predominant cellular response to VPS34 inhibition.
Data graph is representative for the mean of triplicates and the respective SEM of two independent experiments.
Myh6-GFP level were normalized to DMH-1 (= 100%). (B) Autophinib and the GSK3p inhibitors (BIO, CHIR) did not
induce BMP-dependent reporter activity (BRE-Vent2) in HEK293T cells. 293T were transiently transfected and
treated with BMP-4 (10 ng/mL) and compounds at indicated doses for 22 h before readout. Data is shown as mean
1 SD (n =2 2) and normalized to DMSO vehicle (= 100%). (C) In the C2C12 osteoblast assay, Autophinib and known
potent GSK3p inhibitors induced ALP activity both in the presence or absence of 7.5 ng/mL BMP-4. Activities are
normalized to 7.5 ng/mL BMP-4 (= 100%). (D) Representative micrographs reveal similar cell morphologies of BIO
(5 uM) and Autophinib/BMP-4-treated C2C12 cells after 72 h (scale bar = 200 pm).

To investigate whether GSK3g-inhibition, and thus Wnt/B-catenin stimulation, also leads to an
increase in reporter activity, the set of compounds was tested on the BMP-dependent reporter
BRE-Vent2 and BRE-/d71. Contrary to the contributing stimulation of GSK3p-inhibition in
osteogenesis of differentiated C2C12, no enhancing effect of BMP reporter activity was
observed (Figure 46B), suggesting a quite exclusive crosstalk depending on the cellular

context. Collectively, these data demonstrated that inhibition of VPS34 may result in a false-
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positive hit in the mMESC assay but shows only weak activity in the C2C12 transdifferentiation
assay. This profile is reversed for GSK3p inhibition, in which classical inhibitors are inactive in

the mESC assay and mediate non-osteogenic ALP induction in C2C12.

To assess how such a mechanism or similar Wnt activating effects would affect the validation
assays, since Wnt and BMP signaling cross-regulations are known to be common in
differentiation processes, an overall selectivity profile of Autophinib was included. Here,
Autophinib (1 uM) showed no activity on TGFp-superfamily signaling including TGFp-2 and
Activin A (Figure 47A), but a strong induction of the B-catenin-sensitive SuperTOPflash (STF)

luciferase reporter was observed (up to 2-fold above basal Wnt stimulation of transfected cells).
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Figure 47: Autophinib strongly induced selective Wnt/B-catenin signaling via GSK3-modulation. (A) Pathway
selectivity profile of Autophinib at 1 uM. The specific pathways were activated with their respective GF at 10 ng/mL.
Wht-activation was induced with co-transfection of pWnt3a for autocrine Wnt3a expression. Additional unspecific
Luciferase modulation was determined without growth factor under similar conditions via the constitutively active
Fluc-reporter. Data is shown as mean + SD (n = 3) and normalized to DMSO vehicle (= 100%). These results based
on experiments performed by Tanja Schuh during her Bachelor thesis.[®3% (B) Activation of Wnt/p-catenin signaling
by Autophinib and C2C12/ALP-inactive derivative 11 in the presence or absence of different Wnt stimuli. HEK293T
were transiently transfected with a SuperTOPflash (STF) luciferase reporter and treated with compounds at
indicated doses for 22 h. Wnt stimulation was induced by either 6-BIO or rhWnt3a or by co-transfection of a Wnt3a
expression plasmid for autocrine activation. Bar graph represents mean + SD (n = 2) and normalized to DMSO
vehicle (= 100%).

Autophinib could effectively induce Wnt reporter gene activity up to 7-fold over basal reporter
activity in the presence and absence of autocrine Wnt3a-stimulus or exogenous rhWnt3a,
suggesting a strong cellular response to GSK3p-modulation of Autophinib (Figure 47B). This
dependence was further proven by Wnt induction of 1 yM 6-BIO and addition of Autophinib,
which was unable to increase Wnt activity in the presence of the reference compound.

Interestingly, the inactive isoxazole-substituted 2-aminopyrimidine derivative 11 was incapable
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of inducing reporter activity, indicating a possible correlation between VPS34- and GSK3p-

inhibition of pyrazole-substituted derivatives of Autophinib.

These data will be beneficial for future evaluation of Wnt-stimulating compounds in the
differentiation assays, as Wnt stimulation can interfere with BMP-dependent ALP-induction
during osteoblastogenesis but had only a moderate effect on DMH-1 antagonism in mESC
cells. Notably, neither GSK3p-reference compound would have been identified as a potent hit
from the primary screening assay. Furthermore, evaluation of the strong activity of Autophinib
also showed the expected effect on cellular viability and homeostasis, which could specifically
lead to false-positive hits in the mESC assay. Taken together, although the VPS34/GSK3p-
targeting Autophinib remained as a potent hit alongside the chromenone chemotype from
screening, it was ultimately de-validated as a BMP-mimetic compound, and further was a
useful tool compound to validate and prove the screening workflow, thus supported the proof-
of-principle of the assay strategy and provided insight into upcoming issues in future screening

campaigns.

3.2.1.2 De-validation of quinolinols

One of the identified hit clusters identified during orthogonal validation was the quinolinol
chemotype, from which two compounds were identified to synergistically induce ALP activity
during osteogenic differentiation of C2C12. In contrast to the 2-aminopyrimidine and
chromenone-based scaffolds, the activity was moderate at best and could not be reproduced.
Interestingly, the chemotype have been reported to activate TEAD-YAP interaction, thus
leading to Hippo pathway activation.®" Since the compound class was identified from an
internally synthesized library, a rapid re-screening of a variety of quinolinol derivatives was
performed to identify potential more active compounds and to generate a small SAR profile.
As shown in Figure 48, nine derivatives were tested in both differentiation assays, showing a
dose-dependent effect in the cardiogenic mESC-assay, with quinolinole 1 being the most
potent inhibitor (ICso = 1 uM). However, subsequent evaluation of quinolinol derivatives in
osteogenesis could not confirm this hit class, as they lacked robust and efficient potential to

induce ALP activity.
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Figure 48: De-validation of the hit chemotype of quinolinols. (A) Chemical structures of quinolinol derivates tested
for SAR-based validation. (B) SAR did not confirm BMP-dependent activity of quinolinols in C2C12 cells.
Compounds were sorted according to their reported activity as TEAD activators (from left to right, increasing
potency).331

Given that the ALP-enhancing activity could not be reproduced or was very weakly, no further
studies were performed, in part because the hydroxyquinoline-based scaffold is a known
metal-chelating scaffold that may affect cellular homeostasis, suggesting cellular artefacts thus

affecting reproducibility during differentiation.%?

3.2.2 Structure-Activity-Relationships of chromenone derivatives

A structure-activity-relationship study was performed to evaluate critical structural substituents
for BMP activity and to improve cellular BMP-response of the chromenone chemotype. For this
purpose, a combination of derivatives from the in-house library based on the previously
reported compound class and analogues newly synthesized by Mahesh Puthanveedu focusing
on the 2- and 3-positions (i.e., R? and R') of the 4H-chromen-4-one scaffold were used. A total
of 29 pure derivatives were profiled in both morphogenic differentiation assays and their BMP-

dependent activation was visualized in a heatmap (Figure 49).5%
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Figure 49: Structure-activity relationship study reveals chromenone 1 as chemical probe to induce BMP signaling
in differentiation assays. (A) Chemical structures of the series of chromenones 1-29 tested and synthesized for SAR
study. (B) Comparative structure—activity profiling of chromenone derivatives in BMP-dependent mESC- and
C2C12-differentiation assays in a dose-dependent manner. Heatmap illustrates activity as mean values of n >3
independent experiments.

At a first glance, no derivative exhibited an effective BMP-synergistic profile as the initial hit,
Chromenone 1 (1). In general, substitution on 3-position was essential for activity, as

unsubstituted analogues like 12 and 16-18 showed no effect. Interestingly, analogue 2
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(Chromenone 2), only lacking the p-trifluoromethyl moiety, was also inactive in the
differentiation assays, indicating a strong dependence on the electron-rich pharmacophore that
might cause a critical reduction in the electron-density of the chromenone-scaffold.
Replacement of the p-trifluoromethyl with an electron-donating group such as para-OMe (3),
or incorporation of a meta-chloro (4) or ortho-methyl (5) group resulted in loss of cellular
response. Notably, 4 showed activity in the mESC-assay, but this was due to a reduction in
cell number thus suggesting a cytotoxic effect of the chlorine-substituent. Modification at the
2-position were also not well tolerated, as alterations showed significant decrease in activity in
the cardiogenic differentiation assay, but generally were inactive in osteogenesis (6, 13-29).
Only the pyrrol-substituted analogue 23 showed a BMP-dependent response in both
morphological assays, albeit with lower potency compared with Chromenone 1. Moreover,
neither saturated 2-heteroalicyclic (24, 26-29) nor larger 2-heteroarylic derivatives (20-22)
exhibited increased activity, thus indicating a preference for small heteroaromatic groups.
Since all these modifications at the 2-position resulted in a significant reduction in biological
activity, the 2-(1,2,4-triazolyl) group turned out to be critical for the BMP-dependent response.
Various combinations including modifications at the 6- and 7-position (7-11) did not enhance
activity, but all of these derivatives lacked essential substitution in 3-position. These results
highlight the importance of pharmacophoric features at the 2- and 3-position of the 4H-
chromen-4-one scaffold with a small heteroaryl group in 2-position and an electron-deficient
aromatic substituent in 3-position. Overall, the set used for the SAR provided initial insights
into key elements critical for BMP activity, and thus providing a suitable starting point for
extensive hit-to-lead optimization. Considering that the 6- and 7-position at the chromenone
scaffold were not further investigated due to the more difficult accessibility of the synthesis,

there may be great potential for further modifications and optimization.

To further validate the critical triazole- and trifluoromethyl-substitutions for cellular BMP
response as valuable negative controls for biological profiling, the structural closely related 3-
(p-phenyl)- derivative (Chromenone 2) and the 2-(1,2,4-triazolyl)-lacking derivative
(Chromenone 3) were tested for their ability to induce ALP activity and their effect on the BMP-
responsive reporters Vent2 and Id1 compared with Chromenone 1. When profiling ALP activity
in C2C12 in the range of 0.05-10 yM, Chromenone 1 enhanced cellular ALP to the maximum
BMP response (100 ng/mL), whereas replacement of the triazole (Chromenone 3) resulted in

complete loss of function (Figure 50B), underlining high potency (ECso = 0.34 uM) and efficacy
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of Chromenone 1 compared to the inactive Chromenones. A mild induction up to 5-fold over
low-dose BMP-4 at 10 uM was observed for Chromenone 2, which exhibited moderate BMP-
induced osteogenesis, demonstrating the essentialism of the p-trifluoromethyl group. These
effects were confirmed by quantification of Alp expression levels after 72 h, consistent with the

observed activation range of measured catalytic ALP (Figure 50C).
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Figure 50: Chromenone 1-3 highlight key pharmacophoric features in 2- and 3-position required for BMP activity.
(A) Chemical structures of Chromenone 1-3 illustrating key pharmacophoric features. (B) Dose-dependent BMP-
synergistic ALP-induction of Chromenones 1-3 in C2C12 together with 7.5 ng/mL BMP-4. ALP activities are
normalized to 7.5 ng/mL BMP-4 and represents mean + SD for n = 3 independent experiments. (C) Quantification
of ALP transcript level normalized to BMP-4-induced expression. Treatment with vehicle, 7.5 ng/mL BMP-4 or
7.5 ng/mL BMP-4 and compound was performed for 72 h. (D) Dose-dependent profiles of Chromenones 1-3 on
BMP response element (BRE) firefly luciferase reporters using the Vent2 and Id1 promoters. HEK293T cells were
transiently transfected with BRE-luc reporter and co-treatment with compounds and BMP-4 (10 ng/mL) was
performed for 22 h. Luciferase activity was analyzed and normalized to DMSO (= 100%). Data is representative for
n = 3 independent experiments.

A very similar dose-response relationship for this set of chromenones was observed for the
induction of BMP-dependent luciferase reporter expressions /d7 and Vent2 (Figure 50D).
Chromenone 1 induced both luciferase expressions synergistically with applied BMP-4
(10 ng/mL), showing high efficacy up to 3-10-fold over BMP-4 induced expression levels. The
moderate ALP-inducer Chromenone 2 enhanced luciferase expression at 2.5-5 yM on both
reporters, indicating a similar dose-response to the observed ALP activity, whereas

Chromenone 3 was inactive on Vent2-expression, but exhibited a bell-like activation profile on
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the Id1-reporter. This effect was also observed in Renilla induction (not shown), suggesting
artificial activation of the reporter. However, the profile of active and inactive chromenones was
consistent across these validation assays, indicating pharmacophoric features essential for
BMP activity. Taken together, the SAR study furnished a set of BMP activating and inactive
4H-chromen-4-one-based closely related derivatives that can be used as valuable negative

controls for biological profiling and subsequent mechanistic studies.

3.2.3 Functional validation of Chromenone 1 as an osteogenic BMP potentiator

After successful screening and filtering of potential hits in a workflow of orthogonal validation
assays and observed BMP-amplifying behavior, in vitro mineralization studies were carried out
in BMP-sensitive osteosarcoma cells to validate osteogenic BMP-activators. As the only
remaining hit capable of inducing ALP activity and BMP-dependent osteogenic transcript
levels, quick profiling of a pair of close derivatives from the in-house library revealed a close
and inactive analogue of Chromenone 1 lacking the triazole, and both chromenone-based
compounds were tested on human Sa0OS-2 cells to evaluate their BMP-dependent potential to
promote mineralization in a more physiologically relevant and BMP-sensitive cell line. The
assay was set up in collaboration with Prof. Jessica Bertrand and her students at the University
Hospital in Magdeburg. In principle, during osteoblastogenesis, cells undergo different cellular
stages in a maturation process with gradually decreasing proliferating potential and increased
secretion of structuring factors that are important for the formation of an osteogenic milieu and
thus accumulate calcium and phosphates, form hydroxyapatite and contribute to terminal
mineralization of osteoblasts.' The human osteosarcoma cell line Sa0S-2 is well-
characterized in osteoblastogenesis and mineralization. Similar to the basal BMP stimulus
required for C2C12 osteoblast induction (7.5 ng/mL), it was observed that minimal induction of
BMP signaling (2 ng/mL) was required to induce osteosarcoma cell mineralization for
investigating small molecule induction. Both, the active Chromenone 1 and its inactive
analogue, as well as the characterized BMP-activator Ventromorphin were subjected to the
cells along with low-dose osteogenic BMP-2 and BMP-4 and incubated for 11 days. Notably,
due to the sensitivity of the cells during differentiation and regular medium refreshment, higher
concentrations of compound and DMSO negatively affected maturation and matrix

mineralization. As shown in Figure 51, the stained calcium deposits show an increase upon
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addition of BMPs, while Chromenone 1 indeed promoted mineralization of the cells by almost
1.5-fold, forming large local deposits, suggesting a strong induction of the osteogenic
environment during maturing process in combination with both BMPs. Moreover,
Chromenone 1 was incapable of inducing mineralization in absence of BMPs, which is
consistent with the lack of potential to induce ALP levels independently of BMP-4 in C2C12.
Considering that the inactive derivative showed no enhancement in the absence and presence
of BMPs, the data overall suggest a BMP-dependent synergistic contribution of Chromenone

1 that is also significant for BMP-4, as calculated for the quantified stained calcium levels.
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Figure 51: Chromenone 1 significantly induced synergistic osteoblastic mineralization in human osteosarcoma cell
line Sa0S-2 after 11 days of differentiation. The active compound, its inactive derivative 3 and Ventromorphin (VM)
were incubated in absence or presence of BMP-2/-4 (2 ng/mL) at 0.025 uM for 11 days and in vitro mineralization
was visualized by Kossa staining of calcium and image-based quantification of mineralized area was performed.
Bar graphs represent data as mean + SEM (n = 9); Statistical analysis was performed using one-way ANOVA test
(* p<0.05, ** p<0.01, ** p <0.001). Data from BERTRAND group.

As expected, the reference compound Ventromorphin did not exhibit synergistic induction of
mineralized area with neither BMP, which is consistent with its osteogenic profile in C2C12,

but notably, but noteworthy, the applied concentration may be outside its osteogenic range.

Overall, Chromenone 1 could be fully validated by in vitro mineralization as a novel osteogenic
BMP activator chemotype. It functions as a probe potentiating basal BMP signaling in mouse
and human cells and proves to be a valuable chemical biology tool for modulating BMP

signaling with a superior profile compared to reference BMP-activators.
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3.2.4 Mechanistic studies for Chromenone 1 as a BMP potentiator

3.2.4.1 Characterization of BMP/Smad- and TGFB/Smad-signaling outputs

After confirming the osteogenic activity of chromenone 1, the next step was to investigate the
underlying mechanism. Since an effective induction on both BMP reporter (/d1 and Vent2) was
observed, possible crosstalk of TGFf3 signaling was evaluated by the reporter gene response
of the TGFB-dependent Smad-binding element (SBE) in presence and absence of TGF3-2 or
Activin A.

BRE-vent2 BRE-Id1 SBE4 Flue

800+
6004

4004

BMP-4 + - + - - - - -
TGFp-2 - - - - + - - -
Activin A - - - - - + - -

normalized to DMSO [%)]

Firefly reporter gene activity,

Figure 52: Pathway selectivity profile of Chromenone 1 showing contrary modulation of BMP and TGFp signaling.
HEK293T cells were transiently transfected and treated with compound in presence or absence of growth factor for
22 h. Reporter activation on BRE-luc and SBE4-luc reporters was induced by the respective growth factors at
10 ng/mL and compounds were tested at concentrations of 5 and 1 uM. Additional unspecific Luciferase modulation
was determined without growth factor under similar conditions via the constitutively active Fluc-reporter. Data is
shown as mean + SD (n = 3) and normalized to DMSO vehicle (= 100%). These results based on experiments
performed by Tanja Schuh during her Bachelor thesis.[33!

As shown in Figure 52, Chromenone 1 induced both BMP reporter, whereas it efficiently
inhibited TGFB-signaling up to 95% upon stimulation with TGFB-2 and Activin A at 5 yM. An
insignificant activation of the basal activity of SBE was observed, which is similar to the non-
specific effect on the constitutively active Fluc-reporter control and is therefore considered
artificial. These data indicate a BMP-TGFB-feedback mechanism, as BMP-4 is inactive on the
TGFB-dependent SBE reporter, suggesting a possible crosstalk via the Smad4 cofactor shared
by both signaling pathways. Interestingly, such a mechanism via SMAD4 has been described
for the BMP-sensitizer PD407824 by CHK-1 inhibition leading to subsequent p21-CDKO9-

mediated degradation of Smad2/3.%%°! However, PD407824 was found to be inactive in
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osteogenic differentiation and BMP-reporter activation, suggesting a distinct mode of action of
Chromenone 1, that could also lead to Smad2/3 downregulation, which in turn leads to an
increase in BMP signaling outputs. To test this hypothesis, Daniel RIEGE monitored and
quantified cytosolic and nuclear levels of Smad2 and Smad4 after transient addition of
exogenous BMP-4 or TGFB-2. Indeed, cytosolic Smad2 levels decreased to levels similar to
the reference compound when treated simultaneously with Chromenone 1 and TGFp-2 for

24 h in C2C12 myoblasts (Figure 53B).
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Figure 53: TGFB/BMP-Smad level quantification reveals a negative TGF( feedback loop for Chromenone 1 via
TGFB-Smad2 downregulation resulting in increased nuclear SMAD1. (A) Schematic illustration of proposed mode
of action in TGFB/BMP-Smad regulation through Smad4. (B) Fractionation and quantification (Western Blot) of
cytosolic Smads in C2C12 cells after 24 hours compound exposure along with TGFB-2 (10 ng/mL). Nuclear
(phospho)-Smad1 levels were analyzed after an additional 30 min low-dosed BMP-4 stimulus (2 ng/mL); Bar data
is normalized to DMSO and shown as means + SD; Statistical analysis: unpaired, one-tailed t-test (* p < 0.01, ** p
< 0.001). Data by Daniel RIEGE.

To distinguish between cytoplasmic and nuclear Smad levels, the latter of which activates
target gene expression in a Smad4-dependent manner, cellular lysates were fractionated.
Since BMP signaling is transiently induced upon addition of BMP-4, compounds were pre-
incubated for 24 h followed by transient treatment with BMP-4 for 30 min. Activated nuclear
phospho-Smad1 levels were increased by 2-fold upon co-treatment with BMP-4 and TGFp-2
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in a dose-dependent manner, while PD407824 remained inactive under these conditions.
Notably, the inactive analogue Chromenone 2 did not significantly affect either cytoplasmic
Smad2 or nuclear pSmad1 levels. These data suggest a predominant BMP-potentiating effect
through downregulation of TGFp-Smad levels, leaving free Smad4 that enhances Smad1
translocation into the nucleus. Given that PD407824 did not induce osteogenesis but mESC-
based mesoderm structuring and showed no effect on Smad1-levels, Chromenone 1 appeared
to potentiate BMP signaling in a distinct manner compared with PD407824 through a novel

mechanism of selective regulation of Smad2/3 levels.

To rule out possible unexpected interactions of TGFf inhibition, the dose-dependent response

of specific TGFp inhibitors in C2C12 osteoblastogenesis was assessed.
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Figure 54: TGFB inhibition did not induce BMP-dependent osteogenesis. Potent TGFB-inhibitors SB431542, DHP-1
and its more selective and more potent derivative DHP-2 were not able to enhance BMP-dependent activation on
ALP and BRE-Vent2-Luc reporter. (A) Chemical structures of tested TGFp inhibitors. (B) ALP-activity of treated
C2C12 with inhibitors and BMP-4 (7.5 ng/mL) for 72 h. Data is shown as mean + SD (n 2 2) and normalized to
DMSO vehicle (= 100%).

The ALK4/5/7-selective inhibitor SB431542 did not induce BMP-dependent ALP, whereas
DHP-1 and DHP-2 antagonized BMP-dependent osteogenesis in a dose-response manner,

indicating negative feedback of TGFf3 receptor-mediated inhibition on BMP signaling outputs
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(Figure 54). This is particularly interesting, since Chromenone 1 may act through TGFp3
inhibition, strongly suggesting an intracellular and receptor-independent mode of action by
regulating available Smad4-levels. Notably, Chromenone 1 showed a unique profile across the
BMP-assays that could not be recapitulated by classical TGF-inhibitors such as SB431542
and ITD-1, as observed with the distinct profiles in DMH-1-mediated mesodermal specification

during d3-4 in the phenotypic mESC-BMP-assay (Figure 15).

To obtain a more comprehensive view of how Chromenone 1 modulates the TGF3 superfamily,
particularly in the initial phase of BMP-dependent C2C12 differentiation, an expression profile
of 84 transcripts was performed, including direct target genes and various factors relevant to
the regulation and signal transduction of this network. As illustrated in a heatmap indicating
up- or downregulation of gene expressions relative to BMP-4-treated C2C12, Chromenone 1
did not drastically alter the overall expression profile of low-dose BMP-4 treated cells (Figure

55A), but rather augmented BMP-4 induced expression patterns.
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Figure 55: PCR-array analysis highlights negative TGFp-feedback loop for Chromenone 1 via TGFp-Smad
downregulation. (A) TGFB/BMP-pathway gene expression analysis was conducted with RT? Profiler PCR-Array
(Qiagen) in C2C12 cells. After 24 h treatments with DMSO, BMP-4 (7.5 ng/mL) or Chromenone 1/BMP-4
(1 uM/7.5 ng/mL), cells were lysed, and RNA was isolated for microarray analysis. Heatmap visualization shows
gene expression data of 84 transcripts, sorted according to their pathway functions (log10-fold changes, n = 3).
Volcano plot compares Chromenone 1/BMP-4 co-treatment with BMP-4 alone and indicates significantly regulated
transcripts according to their p-values calculated with a student’s t-test. Bar graph summarizes the mean up- and
down-regulation of all BMP- (blue) and TGFp/Activin- (red) dependent Smad target genes. (B) Quantification of
relative gene expression of /d7 and /d2 upon BMP-4 (7.5 ng/mL) and Chromenone 1/BMP-4 (1 uM/7.5 ng/mL)
treatments of C2C12 cells for 24 h. Data is shown as means + SD (n =6) and normalized to DMSO vehicle.
Statistical analysis was performed with an unpaired two-tailed f-test (* p < 0.05, ** p < 0.01; *** p < 0.001).
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As shown in a volcano plot, synergistic treatment resulted in significant downregulation of
TGFB-related transcripts (Atf4, Plau, Serpine1, Pdgfb), which are positive regulators of
balancing TGFB-mediated signaling and whose impairment is associated with reduced Smad-
activity.3%-3% Moreover, Atf4 induction by TGFB ligands was reported to suppress
osteogenesis.B3 Interestingly, BMP-4 expression was significantly reduced, which is a typical
response to BMP-4-induced signaling as negative feedback, and further downregulation upon
simultaneous treatment most likely reflects the cellular response to regulate the strong
amplifying effect of Chromenone 1. Similarly, the pronounced activation of Hsp90 expression
might represent another feedback mechanism to compensate for the predominant negative
regulation of TGFp-Smad signaling by synergistic treatment with Chromenone 1 and BMP-4,
since the chaperone has been reported to protect TGFBR-I and TGFBR-II from ubiquitination
and proteasomal degradation.**3%1Based on the proposed mechanism of downregulation of
TGFB-Smad2 and thus enhanced BMP-Smad1 activity, Smad-dependent target gene
expression was also expected to be affected by Chromenone 1. As shown in the bar graph, a
significant downregulation of mean expression change was indeed observed for TGF3-Smad-
specific target genes (22 responsive genes) compared with BMP-4-treated cellular expression
patterns. This hypothesis was further confirmed by the collective upregulation of seven BMP-
dependent Smad target genes. To further confirm this observation, the target genes /d7 and
Id2 were examined in detail in separate qRT-PCR experiments and a successful and significant

induction was validated relative to low-dose BMP-4-treated C2C12 (Figure 55B).

These data collectively provided evidence that Chromenone 1 triggers a BMP stimulus-
dependent negative TGF feedback loop by downregulating Smad2 levels and Smad2/3-
dependent target gene expression while activating nuclear BMP-Smad1, resulting in increased
Smad target gene expression. It should be noted that due to the strong regulator connection
via canonical and non-canonical signaling of TGF3 and BMP and thus regulatory feedback
loops, it may be difficult to identify exclusively BMP-activating chemical probes, especially if
the BMP-potentiating response is mediated by an intracellular factor that is directly or passively
involved in this signaling network. The data collected so far strongly indicate such a feedback

mechanism for Chromenone 1, possibly through kinase network signaling.
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3.2.4.2 Kinome-wide activity profiling of Chromenone 1

Since Chromenone 1 decreased cytosolic TGFB-Smad2, thereby enhanced nuclear BMP-
Smad1 leading to potentiating BMP signaling response in a distinct manner compared with
PD407824, a kinome-wide profile was determined to obtain novel insights into relevant kinases
involved in signaling network regulations of BMP signaling. Therefore, Chromenone 1 was
screened at 1 yM (~5x above cellular ICs0/ECs0) and showed a clean kinome profile as none
of the catalytic activities of the 484 tested kinases were significantly modulated by more than
25% compared to the vehicle control (see appendix, Figure 97). Looking at the activity of
canonical and noncanonical BMP regulators, Chromenone 1 was completely inactive against
cell cycling regulators (CHKs, CDKs) and GSK3 isoforms, which were proposed to be targeted
by PD407824 and Autophinib (Figure 56).
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Figure 56: Kinase profiling of Chromenone 1 against kinases associated with canonical or non-canonical BMP
signaling regulation. Chromenone 1 did not modulate the catalytic activity of any kinase above 20%. Activities were
monitored by biochemical inhibition of selected kinases of 1 yM Chromenone 1 by Life Technologies in three
biochemical assay formats (Adapta, Z-Lyte, Lantha). Data is shown as the mean + SD of two replicates (n = 2) for
each kinase.

Further, no kinase involved in MAPK/ERK signaling was inhibited, suggesting a regulation of
Smad4-mediated BMP/TGFf signaling independent of noncanonical signaling. In this regard,
also no receptor kinase (e.g., ALKs) was modulated, showing only the type Il receptor BMPR2,
which was inhibited by 20%, suggesting a rather non-specific modulation at tested

concentration at 1 uyM in biochemical context.

A clean kinome profile suggests low polypharmacology of Chromenone 1, especially in
hindsight to the other kinase-modulating compounds tested such as PD407824 or the herein

targeted developmental signaling pathways, which are linked and regulated by kinase
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networks.?*? Overall, Chromenone 1 did not modulate the catalytic activity of any kinase family
known to regulate canonical or non-canonical BMP signaling or through closely related
signaling pathways. These results point towards a novel mechanism distinct from the proposed
one for PD407824, which predominantly sensitizes cells towards BMP signaling by affecting
various cell cycle regulating kinases. However, due to its described pan-kinase activity,
PD407824 affected cell viability and could interfere with the sensitive and selective induction
of BMP signaling. Thus, since no kinase was affected by Chromenone 1, Smad4 availability is
regulated in a distinct manner compared to PD407824, likely not via direct and instant kinase-
driven events. The responsible target or effector for this mechanism remains to be identified

by target deconvolution approaches.

3.2.5 Summary and Outlook

A novel screening workflow has been developed that successfully harnessed embryonic
development in a morphogenic cardiac differentiation assay to identify novel small molecule
BMP activators. As proof-of-concept, a diversity-focused library of almost 7,000 compounds
was screened, yielding 35 hits with a hit rate of 0.5% that showed a strong dose-response.
From subsequent validation assays and hit cluster analysis, two chemotypes were de-
validated due to lack of activity and structural issues, as shown for the quinolinole compound
class. The 2-aminopyrimidine Autophinib exhibited a false-positive BMP-independent
response through dual VPS34- and GSK3p-inhibition. Follow-up studies revealed that VPS34
inhibition may vyield potent false-positive hits in the mESC-based screening assay, whereas
GSK3p inhibition leads to non-osteogenic ALP induction in the secondary C2C12 assay.
Remarkably, neither selective inhibition would have resulted in a false-positive BMP mimetic.
Thus, de-validation of Autophinib demonstrated proof-of-concept of the screening campaign
workflow and underpinned the importance of combining both phenotypic BMP assays as a

screening platform.

Stringent hit filtering left the chromenone-based chemotype, which was further proven as a
potent osteogenic BMP potentiator. Moreover, validation of Chromenone 1 demonstrated the
feasibility of successful identification of BMP-activating chemicals via orthogonal validation,
induction of osteogenic protein and transcript levels, and phenotypic evaluation. By in vitro

mineralization of human osteosarcoma cells, Chromenone 1 could be fully validated as a novel
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osteogenic BMP activator chemotype, functioning as a probe potentiating basal BMP signaling
in mouse and human cell lines and proves to be a valuable chemical biological tool for
modulating BMP signaling. In SAR studies, a probe set of Chromenone-type BMP potentiators
was successfully established, highlighting key pharmacophoric features that provide a well-
characterized starting point for extensive hit-to-lead optimization studies and integration of
functional groups for target identification approaches. For this, functional groups, such as a
photo crosslinking or coupling group could be incorporated onto 6- or 7-position of the 4H-
chromenone-scaffold, since slight modifications at the chromon-based heterocycle on 2- and

3-position resulted in significant loss of activity.
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Figure 57: Screening of 6952 compounds in a stem cell-based phenotypic screening approach and subsequent
(de-)validation resulted in identification of a novel BMP-potentiating chemical probe, Chromenone 1. Initial
mechanistic studies revealed that BMP-potentiation might be mediated by TGFp-downregulation via balancing
Smad-canonical signaling.

Furthermore, reporter gene assays, BMP/TGFp-dependent gene expression analysis, Smad
level dynamic studies and kinase profiling substantiated the BMP-dependent osteogenic
response, suggesting a unique mode of action by downregulating TGFp-Smad signaling and
thereby enhancing nuclear BMP-Smad translocation and signaling outputs. Contrary to a very
similar mechanism reported for PD407824, negative TGF3 feedback was shown to be kinase-
independent, leading to a chemical modality with lower promiscuity as well as lower cell

toxicity.?%! Indeed, Chromenone 1 potentiated BMP signaling with high potency and efficacy,
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exhibiting cytotoxic effects only at concentrations above 10 uM, which were 30-50-fold higher
than the observed ICso and ECsp values, thus showing a superior profile than the CHK-1/Wee1
inhibitor PD407824. In addition, even though Chromenone 1 does not act as an actual BMP
mimetic but rather potentiates the signaling output, the identified unique mode of action allows
for applications where basal BMP signaling or low rhBMP levels can be locally targeted

contributing to a cell/tissue-specificity and an overall beneficial safety profile.

Taken together, proof-of-concept was demonstrated for the developed assay platform by the
successful identification of a genuine BMP-potentiating small molecule, thereby demonstrating
the potential to expand the chemical space of previously published BMP activators and
sensitizers whose activity is particularly dependent on the cellular context. To assess
therapeutic potential, further studies in zebrafish, bone marrow derived MSCs, or human-
derived osteopenia model systems may be considered.'#?81 Since validation of
Chromenone 1 was mainly focused on its osteogenic potential, broader applications are
required to evaluate BMP-potentiating efficacy in hESC-based mesoderm induction or cardiac
specification, which ultimately would contribute to more robust chemically-defined

differentiation protocols in 2D- and 3D-culture systems.['4%.173]
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3.3 Characterization of triazolo[1,5-c]quinazolines as novel BMP

potentiators

3.3.1 Identification of CGS-15943 as a highly potent and selective BMP

potentiator

Based on the initial identification of the BMP-sensitive time frame during cardiogenesis in
mESCs and the development of the BMP-mimetic morphogenic assay, a very first pilot screen
was performed by Jonas HALVER in the SCHADE group (2017).2°° For this, screening of 1408
compounds was conducted that consisted mainly of the LOPAC/Prestwick libraries which
contain pharmacologically active and well validated compounds that span all major target
classes of approved drugs on the market. Thus, phenotypic screening hits from such libraries
have a great potential to quickly identify relevant targets and mechanisms. These small
molecules represent a tool for demonstrating in vivo efficacy of observed activities, and
ultimately the repurposing of clinically tested or approved drugs may be attractive. Briefly,
compounds were subjected at 5 uM to the mESC-Myh6-GFP cells simultaneously with
cardiogenic DMH-1 (0.5 uM) at the BMP-specific time window (d3-4) to evaluate the
antagonistic potential of each compound after 11 days of differentiation. After quantification of
cardiac cluster intensity, compounds that antagonized DMH-1-induced Myh6-GFP cluster by
at least 50% were considered primary hits. From these 33 nontoxic hits, 12 remained that
showed a dose-dependent response in a concentration range of 0.01-5 uM (Figure 58A-C),
indicating a primary hit rate of 0.9%. Interestingly, among the identified active hits, eight
compounds were reported to target different G protein-coupled receptors (GPCRs), some of
which are associated with or related to BMP signaling or growth factor expression (e.g.,
Domperidone, Loxapine).?® For further hit validation, a BMP reporter gene assay and other
reporter constructs for TGFp and Wnt signaling were used for all identified positive hits to
determine selectivity within key developmental signaling pathways. Here, only one compound
stimulated both synergistic and non-synergistic BMP reporter gene expression of Vent2-
luciferase (Figure 58D): the triazolo[1,5-c]quinazoline CGS-15943.12°" CGS-15943 is a potent
non-selective adenosine receptor antagonist, inhibiting the binding of adenosine to its
receptors (A1, Aza, Azs, As) in the nanomolar range.B4'3#21 It was one of the first reported non-
xanthine adenosine receptor antagonists without activity toward phosphodiesterases,

indicating a more specific pharmacological signature. In animal studies it exhibited similar
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effects to caffeine, being more potent and effective.*3**4 However, the orally active research
compound did not advance beyond preclinical stages and did not exhibit selectivity for human
adenosine receptors compared with other non-xanthine compounds (e.g., ZM241385 or
SCH58261).B24 [Interestingly, Adenosine receptor blockade is already recognized as a
therapeutic approach for osteopenic diseases as it has been linked to the inhibition of

osteoclast differentiation.[346:347]
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Figure 58: Overview of a mESC mesoderm patterning screen for BMP activators from the LOPAC/Prestwick library
of pharmacologically active compounds, which identified CGS-15943. (A) lllustrative workflow of screening and
validation workflow to identify novel BMP activators in a 384-well format. (B) Primary screening was performed in
mESC-Myh6-GFP-based phenotypic screening assay which were treated with compounds (at 5 yM) and
cardiogenesis was induced by 0.5 yM DMH-1 for 24 h at d3-4 of differentiation, leading to 33 non-toxic and 1Cso-
validated hits (C) that moved forward to secondary validation by testing BMP response on the BMP-responsive
reporter Vent2-luciferase in HEK293T cells in presence or absence of BMP-4 (10 ng/mL) (D) Bar graphs are
represented by luciferase activity, normalized to Renilla control plasmid and DMSO vehicle. (E) Quantified Myh6-
GFP levels of CGS-15943, normalized to DMH-1 levels (= 100%). (F) Representative images (4x) of fluorescent
Myh6-GFP+ clusters and visualized cell nuclei by DAPI (scale bar = 1 mm) after fixation (d11).
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As shown in Figure 58F by fluorescence images, CGS-15943 inhibited cardiac cluster
formation in a dose-dependent manner, with high efficacy at doses above 2.5 yM and potency

indicated by the |Csp-value of 0.5 uM.

In order to characterize and validate the BMP-specificity during the sensitive BMP time frame

in cardiogenesis, /d gene expression of CGS-15943 was determined.
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Figure 59: Antagonistic effect of CGS-15943 on DMH-1-repressed I/d gene expression during cardiogenesis.
Relative quantification of gene expression for BMP target genes Id1, Id2, Id3 during BMP-sensitive time frame (d3-
4). Murine ESCs were treated with 2.5 yM CGS.15943, 0.5 yM DMH-1 or 10 ng/mL BMP-4 for 24 h at d3-4. RNA
was isolated at day 4 and RT-qgPCR was conducted. Statistical analysis was performed with an unpaired t-test of
triplicates and the respective SEM compared to DMSO control and a set confidence level of 95% (*:p <0.05; **:p
<0.01; ***:p <0.001) for n = 4 independent biological experiments.

Indeed, CGS-15943 was able to significantly rescue the DMH-1-triggered repression of /d1
gene expression (Figure 59) at 2.5 uM, similar to BMP-4 (10 ng/mL). However, in contrast to
BMP-4, the expression of /d2 and /d3 was not rescued by CGS-15943, suggesting a distinct
and specific mechanism to control /d7. Id genes differ in their specificity during different
developmental stages and differentiations as has been shown for /d7, which is critical for early
heart formation.['® According to these data, CGS-15943 exhibit a distinct cellular response to
BMP-4 on BMP target gene expression. The underlying mechanism causing the
morphogenetic phenotype may depend on targeting target gene regulators, leading to

selective gene expression, which needs to be elucidated.

Since four compounds stimulated reporter activity in the absence but not in presence of BMP-4,
while only CGS-15943 induced both, this initially suggested a unique mode of action (Figure
58B). Moreover, the other three chemotypes (i.e., A-77636, Tyrphostin AG808, PAC-1)
showed structural elements typical of PAINS and non-selective modulation of TGFp

superfamily was observed.”®® Only CGS-15943 displayed a highly selective profile within the
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TGFp superfamily as demonstrated by employing various pathway-specific response elements
(Figure 60A). Here, CGS-15943 (5 uM) exhibited a selective profile on BMP-dependent Vent2-
expression with a significant induction over 100% of the basal reporter expression in presence
of BMP-4. It should be noted that the reporter activity was more prone to artificial effects in the
absence of growth factor, since the basal luminescence signal was very low, Therefore, growth
factor-independent reporter gene induction or activation should be viewed with caution. The
Vent2 reporter was in place for the pre-validation of all hits identified from the pilot screen.
However, during the course of this thesis the BRE-/d71 reporter has been additionally
established to provide a broader picture of the compounds’ BMP-activity. Moreover, as
previously described and discussed, the Renilla control luciferase signal oftentimes resulted in
artificial luciferase perturbation. Therefore, firefly luciferase reporter activities were also
compared in the absence of an internal Renilla control, but under close observation of cell
number and morphology. To further exclude unspecific effects of test compounds on the firefly
luciferase reporter expression and activity, a constitutively active firefly luciferase system in

293T cells was used as a control.
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Figure 60: The pathway selectivity profile of CGS-15943 showed specificity for BMP-dependent Vent2 expression
but not for Id1. (A) HEK293T cells were transiently transfected and treated with compound in presence or absence
of growth factor for 22 h and firefly luciferase response was normalized to the basal activity. Reporter activation on
BRE-luc, SBE4-luc and STF-luc reporters was induced by the respective growth factors at 10 ng/mL or co-
transfection with pWnt3a for autocrine Wnt-signaling, and compound was tested at concentrations of 5 uM. Data is
shown as mean + SD (n = 3) and normalized to DMSO vehicle (= 100%). (B) Dose-dependent profiles of CGS-
15943 in comparison with reference compounds on BRE-vent2-luc reporter. HEK293T cells were transiently
transfected with BRE-luc reporter and co-treatment with compounds and BMP-4 (10 ng/mL) or Noggin (10 ng/mL)
was performed for 22 h. Luciferase activity was normalized to DMSO (= 100%) and data is shown as mean + SD
of n = 3 independent experiments.

101



3 Results and Discussion

Furthermore, a mild inhibition (< 25%) of TGFB-2 and Activin A was observed, but no inhibition
of the basal activity of TGFB-responsive reporter was mediated and thus, TGF modulation
was considered to be negligible (Figure 60A). These data were very promising, as avoiding
crosstalks between BMP and TGFf signaling was already recognized as challenging. The
herein presented Chromenone 1 (see Chapter 3.2) eventually enhanced canonical BMP
signaling outputs via a negative TGFp feedback mechanism. Moderate induction of up to 48%
was observed for Wnt3a-induced signaling, suggesting a possible crosstalk via Wnt-induced
signaling. However, CGS-15943 did not enhance basal Wnt signaling activity. Importantly, the
expression of the constitutively active firefly luciferase was not affected, indicating that
luciferase induction was not caused by artificial luciferase modulation. Crosstalks with Wnt/3-
Catenin have been observed via targeting GSK3p (see Autophinib, Chapter 3.2.1.2). In
contrast, Autophinib effectively induced Wnt reporter gene activity up to 7-fold over basal
reporter activity in both presence and absence of autocrine Wnt3a-stimulus (see Figure 47).
In fact, all of the known BMP activators/sensitizers profiled in this work affected more or less
these pathways. Therefore, CGS-15943 appears to exhibit a superior selectivity for BMP.
Moreover, it showed a superior dose-dependent activity profile on reporter activity when
treated simultaneously with BMP-4 up to 10 yM compared to the tested known BMP
potentiators (Isoliquiritigenin, Ventromorphin, PD407824) as reference compounds (Figure

60B; for selectivity, see Figure 37).

Interestingly, in contrast to the observed enhancement of /d71 gene expression by CGS-15943
in the cardiogenic differentiation assay, it did not result in synergistic /d71-reporter luciferase
expression in HEK293T cells. Initial test experiments in C2C12 confirmed this observation
(data not shown), so the effect cannot be attributed solely to the lack of complexity of the HEK
reporter gene assay. In contrast to the quantified induction of /d7 gene transcripts in the context
of complex differentiation, which involves critical interactions and regulatory feedback as
described, these mechanisms may be absent in the artificial 1d1 reporter. 1d1-dependent
expression of luciferase could therefore be very linear and is mainly dependent on the pure
Smad1/4-signaling cascade.**® This would also imply limitation of the general use of reporter
gene assays and underscore the established approach to identifying novel BMP-activating
small molecules. Another possible explanation for the lack of reporter activation, in contrast to
the induction of the embryonically important developmental biology marker Vent2, could be

compound-mediated repression of certain transcription factors involved in the selective
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expression of target genes, as various factors and cofactors have been reported to impair or
enhance gene binding and thus expression activity. This is particularly the case with BMP
signaling, given that BMP drives cellular commitment to various cell lineages by inducing
transcriptional regulation of early genes transcribing lineage-specific transcription factors and
cofactors that in turn promote differentiation.*?! Since both assays differ greatly in their cellular
complexity to depict BMP signaling and because regulatory networks may be beneficial on the
phenotype of interest in embryonic biology, mere observation of reporter activity in HEK293T
cells is not sufficient to conclude a physiological BMP-mimetic effect, especially since 1d1 was
not affected here. Therefore, the Vent2 reporter was used for further characterization of the

underlying BMP activity of CGS-15943.

To examine whether CGS-15943 induces reporter activity independently of exogenous BMP
and whether it synergistically enhances BMP signaling output at a sensitive BMP concentration
similar to the observed profile of references in C2C12 (see Figure 32), BMP-4 was titrated from
0.01 to 10 ng/mL and the dose-response of CGS-15943 was determined. To eliminate
endogenous and exogenous BMP activity, cells were treated with rhNoggin (10 ng/mL), which

showed basal activity of CGS-15943 on Vent2 expression (Figure 61).
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Figure 61: CGS-15943 activates Vent2 expression independent of BMP-4 but synergistically enhances reporter
activity at low BMP-4 doses. BMP-4 was titrated from 0.01-10 ng/mL along with CGS-15943 for 22 h and bar graphs
indicate Vent2-luc-induction normalized to the respective BMP-4 concentration. Noggin (10 ng/mL) was added as
control to eliminate exogenous and endogenous BMP-4. These results based in part on experiments performed by
Tanja Schuh during her Bachelor thesis.[330]

Consistent with previously collected data, the hit compound enhanced reporter response in a
sensitive concentration window between 0.1-0.5 ng/mL BMP-4 by up to 3.5-fold above BMP-4-

mediated level, which is within the range of calculated ECso-values of BMP-4 (0.5 ng/mL, see
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Figure 36). These data suggest an amplifying effect of Vent2 expression on low synergistic
BMP levels, resulting in a more sensitive cellular response. As previously discussed, such a
sensitive concentration window for BMP activating reference compounds was observed in
C2C12 cells. This was also shown for CGS-15943 in HEK293T cells, thus a reduction of
exogenous BMP could be considered for further validation of BMP-enhancing compounds. It
is important to note that the cofactor OAZ is essential for Vent2 expression, but not expressed
in C2C12 cells. Consequently, the BRE-Vent2-luc reporter did not work in these cells for

compound profiling (data not shown).[®8!

Taken together, an initial test screen of bioactive compounds yielded 12 compounds (hit rate
of 0.9%) that exhibited dose-dependent antagonism of DMH-1. Only CGS-15943 was able to
induce Vent2-dependent expression either in the presence or absence of BMP-4 and was
capable of partially reversing DMH-1-induced gene expression. These data indicate a
regulatory enhancement of BMP-dependent signaling outputs. Promisingly, CGS-15943
showed a distinct and superior selective profile to all reference compounds and to the herein
characterized hit compound Chromenone 1. Next, CGS-15943 was further validated in BMP-

dependent osteogenic differentiation to examine its BMP-potentiating capacity.

3.3.2 Functional validation of CGS-15943 as an osteogenic BMP potentiator

Next, the osteogenic potential of the hit compound CGS-15943 in both C2C12 differentiation
and human Sa0S-2 mineralization was investigated to further validate a BMP-potentiating or
activating mode-of-action. As shown previously, a minimum induction of BMP-4 is usually
required to induce transdifferentiation in C2C12 and to overcome a certain BMP output
threshold to display a BMP-inducing response. Interestingly, this behavior was also observed
for CGS-15943, as it induced synergistic ALP activity at concentrations of 5-20 ng/mL BMP-4
with efficient signal amplification up to 5.4-fold of the BMP-4 level (Figure 62A). However, a
BMP-independent induction was not observed, in contrast to the reporter response on the
BRE-vent2 promoter in 293T cells. This may suggest a specific mechanism potentiating BMP-
signaling or underlying basal BMP activity that cannot be excluded in this 239T-based setup.
Similar to Ventromorphin and Isoliquiritigenin (see Figure 32), the osteogenic potential of the
hit compound was suppressed at very high physiological levels of BMP-4 above 30 ng/mL, as

maximum signaling upregulation may be reached. When tested along with 7.5 ng/mL BMP-4
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under standard assay conditions, CGS-15943 exhibited a synergistic dose-response, starting

with low doses at 0.1 uM (Figure 62B).
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Figure 62: Assessment of BMP-dependent (and -synergistic) ALP induction of CGS-15943 displaying a sensitive
ALP-enhanced dose-dependent relationship in co-treatment with 5-20 ng/mL BMP-4. (A) BMP-4 was titrated from
1-50 ng/mL along with CGS-15943 for 72 h and bar graph indicate ALP-induction normalized to the respective
BMP-4 concentration. (B) CGS-15943 and reference compounds were added together with 7.5 ng/mL BMP-4 for
72 h and ALP-activities were normalized to BMP-4 (= 100%).

Compared with the tested BMP-active reference compounds, CGS-15943 displayed a very
similar activation profile on reporter activity and ALP-induced activation as Isoliquiritigenin,
albeit the latter was not as effective in antagonizing cardiogenesis in mESCs. To validate the
observed ALP-activity, gene expression was monitored, and an osteogenic transcript profile
was determined. Here, similar to Isoliquiritigenin, synergistic ALP induction was successfully

validated by significantly induced Alp expression after 72 h (Figure 63).
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Figure 63: Relative quantification of BMP-dependent osteogenic gene expression transcripts confirmed CGS-15943
as a BMP-4 potentiator. C2C12 cells were treated with DMSO and/or BMP-4 (7.5 ng/mL) in the presence or absence
of compound (5 uM) for 72 h. Data is shown as mean + SD (n = 5) and normalized to DMSO. Statistical analysis
was performed with an unpaired two-tailed t-test (* p <0.05; ** p <0.01; *** p <0.001).
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In contrast to Isoliquiritigenin, the entire set of osteogenic markers was significantly stimulated,
especially the osteogenic transcriptional drivers Runx2 and Osterix. The only exception was a
repression of Col1a1, which may be explained by a delayed expression. This marker gene is

particularly important for later stages of osteoblastic maturation.!'8®!

To validate long-term differentiation and osteoblastic maturation in a human context, CGS-
15943 was tested in the in vifro hSaOS-2-based mineralization assay. As shown by
normalization to DMSO, CGS-15943 was incapable of increasing basal mineralization in
absence of BMPs, whereas low-dose BMP-2 and BMP-4 (2 ng/mL) stimulated osteogenesis
by up to 50%. Simultaneous treatment resulted in an increase in BMP-dependent
mineralization by up to 150% for BMP-2 and 100% for BMP-4, suggesting an enhancement of
BMP-dependent signaling during osteoblastogenesis (Figure 64).
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Figure 64: CGS-15943 significantly induced synergistic osteoblastic mineralization in human osteosarcoma cell line
Sa0S-2 after 11 days of differentiation as shown by quantified calcium deposits of mineralized area. Incubation in
absence or presence of BMP-2/-4 (2 ng/mL) at 0.025 yM was performed for 11 days and in vitro mineralization was
visualized by Kossa staining of calcium and image-based quantification of mineralized area was performed. Bar
graphs represent data as mean + SEM (n = 3); Statistical analysis was performed using paired one-tailed f-tests (*
p < 0.05). These experiments were performed by the BERTRAND group (Magdeburg).

With these data, CGS-15943 was shown to enhance BMP-induced osteogenesis in both
mouse and human cell lines. Overall, CGS-15943 was not able to induce osteogenesis in the
complete absence of BMP-4, supporting an amplifying activity on BMP signaling. This
observation was further confirmed by mineralization studies, where CGS-15943 did stimulate
calcium deposits moderately in a synergistic manner when treated with osteogenic BMP-2 or
BMP-4. Thus, it was hypothesized that CGS-15943 mediates a BMP-amplifying mechanism of
action that differs depending on the cellular context, as opposite observations were made for

reporter gene activity and osteogenesis. As demonstrated for the reference compound
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Isoliquiritigenin, however, C2C12-dependent osteogenic induction requires minimal BMP
induction for myoblasts to undergo osteoblastogenesis. The C2C12 assays have been used
in several screening campaigns to search for BMP activators. However, despite the large
number of small molecules screened in these assays, it is becoming increasingly apparent that
drug-like small molecules that mimic the physiological activity of BMP are unlikely to be found,
which is why this assay is reaching its limits.[273.279285.287] Thjg s also likely due to the complex
heterodimeric complexation of the receptors, their different binding affinities towards specific
ligands such as BMP-2 and -4, and their highly conserved binding mode, supporting efforts

made in this thesis to establish alternative phenotypic assays in this field.

3.3.3 In vivo validation in a zebrafish embryo development model

Since Zebrafish models have been used to evaluate BMP-activating chemical probes,
zebrafish embryos were utilized and tested during early gastrulation and dorso-ventral axis
patterning. Early gastrula stage can be visualized by marker gene expression for phenotypic
analysis of embryonic dorsalization and ventralization.?7%2"1 To recapitulate the potential of
CGS-15943 to modulate BMP-dependent embryonic development, given the critical response
of CGS-15943 during mesodermal specification in mESCs, it was questioned whether the
compound also induces ventralization during early gastrulation (3 hpf) leading to ventrally
matured embryos (24 hpf) by enhancing BMP-mediated response of BMP-gradient areas
during axis patterning (Figure 65A). These experiments were performed by collaboration
partners at the Karlsruhe Institute of Technology (KIT, Dr. Sepand RASTEGAR). CGS-15943
was tested at 1 uM, and the expression of dorsal (goosecoid) and ventral (vox, eve1) markers
was visualized by in situ-hybridization as shown in Figure 65B. The BMP-dependent target
genes Vox/vent and eve? are counterparts of the dorsal gene goosecoid that prevent its
expression, thus causing defects in head regions.2%-3%2 As expected for a BMP activating
compound, expression of the ventral markers vox/vent and eve? were induced, whereas
goosecoid expression was suppressed by CGS-15943 at 2 yM. These data underscored that
CGS-15943 increases BMP signaling during gastrulation, thereby shifting the morphogenic
BMP gradient-dependent dorsal-ventral axis patterning. To further validate this activity, a large
number of embryos were treated with DMSO or CGS-15943 (1-50 uM) and dorso-ventral-
specific phenotypes evaluated (Figure 65C,D).
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Figure 65: CGS-15943 recapitulates BMP-triggered zebrafish ventralization. (A) Schematic illustration of the
experimental setup to evaluate ventralization during grastrulation after 3 h and dorso-ventral axis formation 24 h
post fertilization (hpf). (B) Visualization of gastrula stage marker gene expression by in situ hybridization at 3 hpf of
embryos treated with DMSO vehicle or CGS-15943 (2 uM). (C) Representative images of dose-dependent ventral
induction by CGS-15943 from 1-10 uM and dorsalizing phenotype induced by control DMH-1 (1 uM). Images of
treated embryos were taken 24 hpf. Arrows indicate ventralized areas (D) Embryos develop distinct phenotypes at
different CGS-15943 concentrations (1-50 uM) for at least 15 embryos per condition. Experiments were conducted
and analyzed by Sabrina WEBER and Dr. Sepand RASTEGAR (KIT, Karlsruhe).

Representative images illustrate ventral phenotypes (24 hpf) induced by concentrations of 1-
10 uM, typical morphological ventral defects were observed, such as mild cyclopia, a reduction
in brain size or more severe heedlessness on the ventral tissue (Figure 65C). In addition,
growth of ventral mesoderm tissue at the yolk sac and its terminal extension, as well as
abnormal cellular accumulation at the urogenital pore, was observed, which was visible in mild
and moderate ventral phenotypes. This was particularly noticeable in embryos treated with 1-

5 uM CGS-15943, while increasing the concentration resulted in more severe phenotypes with
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loss of dorsoanterior tissue in the tail region. As controls, zebrafish embryos treated with
DMSO showed an intact wild-type phenotype, whereas embryos treated with DMH-1 showed
a dorsal phenotype with impaired tail patterning, as previously reported.?*4 When sorting and
quantifying ventral-specific phenotypes, a dose-dependent relationship was observed, albeit

high concentrations (25-50 uM) were toxic.

Next, the ventral capacity of the BMP-sensitizer PD407824 was examined, as it exhibited
moderate antagonism of DMH-1-induced cardiogenesis in mESC up to 2.5 uM (see Figure 27)
before becoming toxic. Since the tested references Isoliquiritigenin and Ventromorphin have
already been shown to mediate ventral phenotypes, they were not included further.[?702711 The

ventralization potential of PD407824 was assessed at 24 h post fertilization (Figure 66).

€ o

DMSO PD-407824 (2.5 uM)

ntl expression

B .Y .

DMSO PD-407824 (2.5 uM)

Figure 66: Representative images of embryos treated with the BMP-sensitizer PD407824 at 24 hpf indicate a
dorsalization phenotype. Dorsal marker nt/ (no tail) is visualized by in situ hybridization 24 hpf (see blue arrows).
Experiments were conducted and analysed by Sabrina WEBER and Dr. Sepand RASTEGAR (KIT, Karlsruhe).

Indeed, PD407824 induced the characteristic secondary tail fin morphology described as
dorsalization phenotype, indicating an antagonistic BMP response in zebrafish embryonic
development. This observation was further confirmed by additional in situ hybridization of the
ntl gene expression, which is a critical gene for the development of the mesoderm during
gastrulation and subsequent tail fin formation.*" As indicated by the blue arrows (Figure 66),
PD407824 mediated an impaired tail phenotype, further questioning its described activity and
utility as a BMP sensitizer. Moreover, PD407824 exhibited pronounced cytotoxic effects, likely
mediated by its pan-kinase inhibitor activity, specifically on cell cycle regulators, leading to

many off-target effects in a more complex in vivo model such as zebrafish development.

Overall, CGS-15943 induces a moderate ventralization phenotype consistent with an activation

or enhancement of BMP signaling. Furthermore, it exhibits comparable ventral phenotypes
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compared to those reported for Isoliquiritigenin and Ventromorphins. Notably, studying
synergistic response in Zebrafish embryogenesis is difficult due to the low bioavailability of

exogenously supplemented proteins, so no direct synergism could be tested in this setup.

3.3.4 Structure-activity-relationship studies

Following validation of CGS-15943 in several in vifro and in vivo assays, a systematic
structure-activity-relationship study was performed to identify critical pharmacophoric features
and opportunities to introduce functional groups for target identification approaches. Stefan
LOHMANN (SCHADE group, Kiel) designed and synthesized a series of CGS derivatives for this
purpose. For biological characterization, the osteogenic potential of the synthesized
derivatives was assessed in C2C12 differentiation in a BMP-synergistic manner, as the
secondary assay represents a suitable compromise between subsequent extensive SAR
studies and physiological relevance by recapitulating the potential to induce cellular
commitment. The major focus was on an array of substituents at the 2-, 5- and 9-position while
the triazoloquinazoline scaffold was kept. Replacement and modifications of the primary amino
group in 5-position was examined in detail to explore potential hydrogen-bond formations. In
addition, initial attempts were made to test the potential of a scaffold-hopping approach to
overcome the rigid nature of the scaffold by replacing the triazolo-quinazoline with an imidazo-

quinoline.

Figure 67 summarizes the activity data of all newly synthesized CGS derivatives in C2C12
cells. ALP activity is represented relative to BMP-4 levels using a color code that indicates an

enhanced activity in blue or no activity in red.

110



3 Results and Discussion

| | i
R3 R R2 R3 ! | R? R2 R® | |
~ 5 | * <
0 [\/I‘Cj\<N 1 NHo g ) d ! 19y so 3
- (CGS-15943) R i H ) !
9= N
A | B * | . | |
A & 2 M g \ g | 20 N 9-cl W |
EXONTOR! =r 0| N o | |
7 I » |
NH N | | . 9.Cl N
3 2 9-F \ o : I 21 H/m - \ d
. x : . 5 N
Conc. [uM] 4 2 9-H *\ o | 22 ﬁm 9-Cl *\ J
. Xy “_ Bn _ .
1 5 10 5 NH:  9-OMe N : 23 N g-Cl \ o
. | )
* = | | . N
ALP [%] 6 NH;  9-OH oy 2 \H/BZ 9-Cl J
| | .
. * e B o
90 110 500 7 “NH, 9-NH, W\ o : I 25 \l\‘l/ - S )
: | | .
- N l *y-BZ 9-Cl =
8 w7 \ o 28 W d
* | | Bz y
[ |
- R | . 9-Cl =
2 w8l Yo |27 Ty \ d
. [ | .
= * X
10 “w, 100 o 28 “c 9-Cl \ J
0 * X |
11 *\Cl 7-Cl \ o l 29 ~OH 9-Cl N\ o l
. ) i
x = . = |
12 "y 8-Cl Yo 30 oo\ Wy |
. ) |
|
* = . N
13 " 10-Cl NI M 9-Cl Q I
. ) |
i | S |
14 oy 7.Cl \ : 32 9-Cl § NH: I
. ) |
[
" - . g
15 "o 8-Cl Yo 3B g 9-Cl N}\/jo |
. > : N |
16 “on o0 Yo 34 9.l $ |
. | | )
N = | * N
17 o o.F \ 3 : : 35 "oy 9-Cl g
N - 5=0 X |
18 N 9-Cl \ d . O o.cl QH |
) |

Figure 67: The Structure-activity-relationship study illustrates potential to modulate the osteogenic BMP activity of
CGS-15943 by different substituents in 9-position. All derivatives were synthesized by Stefan LoHMANN and tested
in the C2C12 osteogenic differentiation assay at three different doses (1, 5, 10 uM). The color code illustrates
activity as mean values of n = 3 independent experiments, with enhanced ALP activity in blue.

First, the necessity of the chlorine substituent in the 9-position on the A-ring of triazolo-

quinoline (R?) was investigated to determine the relevance of a halogen in this position and to

identify opportunities to replace chlorine with other halogens and substituents. Significant shifts
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in activity were observed with variations. By removing the 9-chlorine (4), a significant decrease
in activity was observed, indicating an interaction of the halogen with its respective target, e.g.,
via possible halogen-n-stacking or electrostatic interaction. Consistent with this assumption,
bromination at the 9-position resulted in the strongest ALP-induction (2), while the fluorinated
analog (3) was less active than 1 and 2, suggesting an interaction that is enhanced with
increasing atomic size and decreasing —/-effect of the tested halogens (Br>CI>F). With the
incorporation of oxygen at the 9-position, moderate activity for the hydroxyl group (6) similar
to the amino group (7) and potent activity of the methoxy substitution (5) relative to CGS-15943
(1) were observed, indicating a beneficial -/- and +M-effect (OMe>OH>NH>) for the BMP-
response on 9-position. Thus, electron-rich substitutions at the 9-position of quinazoline that
do not have significant electron-withdrawing influence on the tricyclic heteroaromatic backbone
are favorable. When shift in the position of the mono-substitution (7-, 8-, 10-Cl) on the A-ring
was assessed, it revealed a loss of activity for nearly all derivatives (8-10, 11-13, 14-16), with
7-Cl (8) exhibiting moderate activity but being less active than the 9-Cl-substitution, suggesting

a steric clash at the 7-, 8-, 10-positions in the binding site.

Further, to investigate the importance of the NH» group in the 5-position, its possible
importance as a functional group for the formation of H-bridges by exchange with other
substituents was evaluated. Different substituents were incorporated at the amino-group in the
5-position (R'), which resulted in an overall reduction or complete loss of ALP-activity. Given
that small methyl groups (18, 25) and larger substituents such as benzoyl (24, 26) or benzyl
(23) were inactive, indicated very little space in the binding site and critical hydrogen-bond
formations of the amine to the target. The latter hypothesis is supported by the replacement of
the 5-amino group by a chlorine substituent or hydroxy group (28, 29), which resulted in a
significant decrease in activity. In general, replacement of the amino group by chlorine resulted

in significantly lower solubility and increased cytotoxicity in the assay.

Next, the possibility of replacing different heterocycles at position 2 was investigated. The furan
group in the 2-position was modified (R®) by incorporating an additional nitrogen (30, 32, 34,
36) or by replacing the furan with an oxazole (31, 33, 35) to introduce an additional hydrogen-
donor for a hydrogen-bond-interaction and to preserve the H-accepting properties of the
oxygen. Replacement of the furan with a pyrrole (30) resulted in loss of activity, indicating
incompatible introduction of a hydrogen-donator, whereas the oxazole-derivative (31)

exhibited moderate ALP induction but was less active than the 2-furan (1) showing an activity
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> 5 uM. However, this correlation showed no beneficial properties from introducing an

additional heteroatom, but there may still be room for optimization in the 2-position.

Finally, the scaffold was analyzed to assess the rigidity of the triazoloquinazoline backbone.
Here, attempts were made to open up the tricyclic structure at the B-heterocycle (37, 38) as
well as converting the scaffold to an imidazoquinoline (40). Interestingly, the ring-opened

derivatives 37 and 38 were similarly active as CGS-15943 (4a) as shown in Figure 68.
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Figure 68: Structure-activity-relationship study of different scaffold-changing approaches reveals limited potential
to enhance BMP-response of CGS-15943 in C2C12 osteogenic differentiation assay. Dose-response of the
derivatives synthesized by Stefan Lohmann is visualized in a heatmap. The color code illustrates activity as mean
values of n = 3 independent experiments, with blue activity indicating ALP-increase.

It is tempting to speculate that ring opening allowed for intramolecular H-bonds that stabilized
the molecule in a conformation similar to the triazolo-quinazoline scaffold. However, the 9-
bromo derivative 38 was less active than its 9-chloro congener as well as CGS-15943 (1). This
may hint towards a distinct binding mode and raises the question whether the observed activity
is due to the same mechanism of action. Fixation of a putative cyclic conformation as
speculated for 37/38 via an N,N-acetonide (40) again diminished biological activity. This finding

again underscores the necessity of an unsubstituted amino group in this part of the molecule.

Imidazoquinoline 40 was designed and synthesized as an early attempt to assess the
relevance of the nitrogen-rich scaffold for osteogenic BMP activity. In particular, replacement
of the 4-nitrogen at the annulation site by a carbon atom would result in dramatic changes of
the scaffolds’ ability to form hydrogen-bond acceptor/donor interactions within a given target.
Although the imidazoquinoline (40) stimulated osteogenic C2C12 differentiation, its activity
reached a plateau at 5 yM and was inferior compared to the triazoloquinazoline CGS-15943.
The observed activity suggests that the imidazole ring is either losing critical H-bond acceptor
interactions or gains counterproductive H-bond donor features, leading to an impaired H-bridge

network and thus decreased target binding affinity.
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As summarized for the most active derivatives in Figure 69, the SAR consisting of 39
synthesized derivatives revealed several key pharmacophoric elements regarding the desired
osteogenic BMP response. Key substituents were identified, including the free 5-amino group
and an electron-rich functionality in 9-position, preferably bromine, but hydroxyl- and methoxy-
substitutions were also tolerated with a reduction in activity. Replacement of the furan at 2-
position with an oxazole was tolerated, while a pyrrole resulted in further loss of activity.
Scaffold changes due to nitrogen shift and reduction in the rigidity of the triazoloquinazoline
backbone were tolerated but did not outperform maximum response induced by CGS-15943
(Figure 69A). In addition, compared with (1), these derivatives exhibited moderate to no activity
on Vent2 expression, suggesting critical hydrogen-bond acceptor formations of the
incorporated 4-nitrogen (Figure 69B). In general, the dose-response of the derivatives was
consistent with that observed with Vent2 expression, proving cellular activity in both assays.
Both 37 and 40 reached a plateau at 5 uyM on ALP activation and were lacking activity or

efficacy in the reporter gene assay (Figure 69C), respectively.
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Figure 69: SAR summary of key pharmacophoric elements of the triazoloquinazoline CGS-15943 as an osteogenic
BMP potentiator. (A) Chemical structures of derivatives exhibiting the most efficient ALP activity and key
pharmacophoric features of the SAR study are highlighted: 2-, 5-, and 9-position required for BMP activity. (B) Dose-
dependent BMP synergistic ALP induction of selected derivatives in C2C12 along with 7.5 ng/mL BMP-4. ALP
activities are normalized to 7.5 ng/mL BMP-4 and are representative for mean + SD for n = 3. (C) Dose-dependent
activity on BMP Vent2 response element (BRE) firefly luciferase. HEK293T cells were transiently transfected with
BRE-Vent2-luc reporter and co-treatment with compounds and BMP-4 (10 ng/mL) was performed for 22 h.
Luciferase activity was analyzed and normalized to DMSO (= 100%). Data represent the mean + SD for n = 3.
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The hydroxyl derivative (6) was tolerated and exhibited a moderate activity in both assays,
which is particularly promising as it would allow the incorporation of functional phosphate
esters as prodrugs. Notably, incorporation of an amino group at the 9-position (7) also
appeared to be moderately tolerated in osteogenesis but did not affect Vent2 expression (data
not shown). With (2), one derivative was identified with improved capacity to enhance BMP-
dependent ALP activity, with slightly induced activity on Vent2 gene expression. Remarkably,
in comparison with CGS-15943, (2) had no negative effects on cell viability, resulting in an

improved viable and active analog.

Taken together, the study revealed a rather narrow SAR profile. Halogenation at the 9-position
appeared to be essential, and modifications of the furan group on 2-position resulted in a
significant reduction in activity. Collectively, the SAR study revealed key elements for the
observed osteogenic BMP activity, providing insights into potential steric clashes of CGS-
15943 with its target. Further target-agnostic optimization may lead to more precise structural
improvements that may enable new derivatives with improved bioavailability as valid chemical

probes for osteogenic studies.

3.3.5 Mechanistic studies and target deconvolution

Following the functional validation of CGS-15943 and the evaluation of the structure-activity
relationship study, efforts were made to illuminate the mechanism of action underlying its
potentiating efficacy on BMP signaling. Since functional validation and SAR were carried out
in C2C12 cells, this cell line was also used for most of the mechanistic studies. A combination
of gene expression analyses and assessment of BMP/TGFB-Smad regulation was used to
decipher the quality, quantity, and dynamics of BMP signaling outputs. These efforts were
complemented by kinome and cell imaging profiling and several hypothesis-driven approaches

to explain the BMP-potentiating mode of action of CGS-15943.

3.3.5.1 Characterization of BMP signaling dynamics

Cellular responses to growth factor-induced signaling are often transient, and target gene
expression can occur within minutes upon growth factor binding, leading to rapid and

irreversible cellular commitment.l"*®! Since the long-term effect of CGS-15943 on osteogenic
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gene expression has been validated (after 72 h), the short-term response on BMP target genes
was further evaluated to assess mechanistic dynamics and eliminate long-term feedback
loops. It was questioned, how fast minimal low-dose BMP-4 (7.5 ng/mL) promotes irreversible
induction of osteogenic differentiation and whether CGS-15943 sustains or amplifies the
BMP4-induced signals. Based on these findings, the optimal time window for follow-up studies

such as TGFB/BMP-wide gPCR array analysis should be determined.

First, the BMP target genes Id1, Id2, Id3 and the osteogenic transcription factors Runx2 and
Osx, as well as the expression level of Bmp-4 in response to exogenous BMP-4 were

quantified (Figure 70).
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Figure 70: Relative quantification of gene expression for BMP target genes and osteogenic transcription factors.
Treatment with vehicle or 7.5 ng/mL BMP-4 was performed for 8 h and cell lysates were taken for each time point
and gRT-PCR was conducted. Data points represent mean + SD (n = 2), normalized to 0 h (to).

As expected, strong transcriptional induction of /d genes was observed after 2 h, reaching a
robust and consistent level (4-fold induction) after 8 h of treatment, while DMSO-treated
expression remained at a very low basal level. Interestingly, all /d genes displayed quite similar
profiles and transcript levels, suggesting nonselective induction of /d genes. In addition to /d
gene expression, transcript levels of the osteogenic relevant factors Runx2 and Osx were
induced upon stimulation of BMP signaling after 2 h. Runx2 in particular showed an expression
pattern with higher fluctuations, but within the margin of error. However, its gene expression

was induced only up to 1.8-fold relative to DMSO, consistent with its reported tight regulation
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even after osteogenic induction is triggered. In contrast to the regulation of Runx2 expression,
Osx as a downstream transcriptional regulator of Runx2, was strongly induced after 2 h and
was consistently induced up to 25-fold of basal activity, substantiating initiated and ongoing
osteoblastic differentiation of C2C12. The only downregulated gene expression quantified was
observed for Bmp-4, which was stably downregulated by 50% upon BMP induction, which may
be a cellular response to regulate BMP activation via an early negative feedback mechanism.
Remarkably, this negative cellular response also occurred rapidly after 2 h. Overall, these
results provided evidence that rapid transcriptional activation occurred already after 2 h of

exposure to minimal osteogenic BMP-4 levels.

Next, the synergistic effect of CGS-15943 was examined to determine whether it stabilizes and
sustains signal transduction at an early stage of differentiation. A maximum duration of 24 h
was chosen since instant amplification of BMP-dependent induction appeared unlikely. Indeed,
BMP-4-induced expression of the selection of genes showed a sustained and stable level of
activity from 2-24 h, whereas Osx expression was again continuously activated, which is
overall consistent with the observed early rapid response (Figure 71). When BMP-4 was
treated simultaneously with 5 yM CGS-15943, a BMP-enhanced activity was observed only
for Id1 with a continuous increase of cellular transcript levels, while Runx2 mRNA levels

remained unaffected and Osx gene activity was attenuated.
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Figure 71: Relative quantification of gene expression for BMP target genes and osteogenic transcription factors.
Treatment with vehicle, 7.5 ng/mL BMP-4 w/ or w/o 5 yM CGS-15943 was performed for 24 h and cell lysates were
taken after 2 h, 8 h and 24 h and gqRT-PCR was conducted. Data points represent mean + SD (n = 2), normalized
to to.

Remarkably, CGS-15943 exhibited an amplifying effect on Id7 expression in C2C12
osteogenesis, which was also detected in mESC cardiogenesis after being exposed to the
compound for 24 h, suggesting the important role of Id71 transcriptional activity during

differentiation (see Figure 71, Id1). Since Runx2 expression was not increased within 24 h but
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strong activation of the downstream transcription factor Osx was observed, these data suggest
a BMP-enhancing effect of CGS-15943 on direct BMP-enhancing target gene regulations that
might sustain BMP signaling outputs over time. This may lead to a substantiated osteogenic
differentiation, that is not due to direct induction of the key osteogenic drivers. Because Osx is
a downstream osteogenic driver of tightly regulated Runx2 for efficient osteogenic
differentiation, early induction might not be apparent when treated with CGS-15943, albeit
long-term positive regulation of osteogenic factors may be mediated, as CGS-15943 induced

Osx expression more than 4-fold above basal BMP levels after 72 h.

Next, it was examined how BMP signaling is amplified when cells are exposed to CGS-15943
prior to BMP stimuli. Since CGS-15943 was shown to stimulate /d7 gene expression, the
transcriptional activation of /d7-3 gene expression was investigated. As depicted in Figure 72,
BMP-4-induced mRNA levels were quantified after 2 h and 24 h in presence or absence of
simultaneous treatment with 5 uM CGS-15943 in combination with pretreated cells for 2 h and

16 h exposure to CGS-15943.

After treating C2C12 for 2 h, no synergistic enhancement of /d7 expression was observed
compared with BMP-4 treated cells. In addition, pre-incubation with CGS-15943 (for 2 h and
16 h) did not result in synergistic induction but enhanced BMP signaling output of BMP-4 by
23-25% after 2 h, as shown in the curve plot. When BMP-4 was incubated for 24 h, the
synergistic treatment resulted in a significant induction of /d7 gene expression by nearly 40%,
consistent with the observed effects of CGS-15943 after 24 h. Here, short-term preincubation
(2 h) of C2C12 with CGS-15943 did not further enhance synergistic induction, whereas longer
preincubation (16 h) enhanced expression under both synergistic and non-synergistic
conditions. Remarkably, similar but still significantly weaker effects were observed in the
transcript levels of Id2 and /d3, consistent with the lack of ability of CGS-15943 to induce /d2
and /d3 in both C2C12 and mESC cells after 24 h. (see appendix, Figure 98).

These observed effects on the regulation of /d7 expression indicate a predominant synergistic
induction of CGS-15943 after 24 hours, suggesting interference with regulatory mechanisms

to maintain and prolong the downstream activity of BMP-4.
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Figure 72: BMP-dependent /d71 expression dynamics upon CGS-15943 exposure reveal a long-term upregulation
after 24 h. Relative quantification of gene expression for BMP target gene /d7 was determined by qRT-PCR.
Treatment with DMSO vehicle (grey dot), 7.5 ng/mL BMP-4 (green) and/or 5 yM CGS-15943 (blue) was performed
for 24 h with different pre-incubation times of CGS-15943 for 2 h and 16 h. Cell lysates were taken after 2 h and

24 h. Data points represent mean + SD (n = 4), normalized to 7.5 ng/mL BMP-4. Statistical analysis was performed
with an unpaired two-tailed t-test (*: p <0.05).

Beyond that, the short-term positive effect (within 2 h of BMP-4 exposure) after preincubation
with CGS-15943 suggests increased cellular sensitivity towards BMP stimulation that might
depend on a rapid /d1-mediated pre-regulatory effect on differentiation by directing myoblasts
to osteogenic differentiation prior to the BMP stimulus. Such a “priming effect” could promote
cellular plasticity, which in turn increases subsequent osteogenic potential. Indeed, Id7 has
been proposed to be an important inhibitory factor in preventing myogenic differentiation of
C2C12 myoblasts.®*¥ Given that CGS-15943 did not directly enhance synergistic BMP
signaling outputs, whereas preincubation positively affected them, this could point at a
mechanism that does not require prior BMP stimulation but positively influences and maintains

long-term cellular BMP output.
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To further address these signaling dynamics, Smad protein levels were monitored. This work
was performed by Daniel RIEGE (SCHADE group, Kiel). Nuclear and cytosolic fractions of
BMP-4- and CGS-15943-treated C2C12 were generated and canonical Smad levels quantified

to investigate phosphorylation and translocation dynamics.

As shown in Figure 73, levels of nuclear Smad1 and phospho-Smads were rapidly induced
upon stimulation with 7.5 ng/mL BMP-4, reaching a peak level of translocated Smads in the
nucleus within 10-30 min. This activation slowly decayed, reaching a basal level of Smads after
60-120 min and thus a restored activity level of BMP-Smad-mediated signaling. This was also
observed for a decrease in band intensity over 24 h and a characteristic band indicating

ubiquitinylated Smad proteins in test experiments (not shown).
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Figure 73: Smad nuclear levels increased rapidly in response to BMP-4 but remained unchanged upon stimulation
with CGS-15943. Fractionation and quantification (Western Blot) of nuclear activated p-Smads and total Smad1
was performed in C2C12 cells. DMSO vehicle, 7.5 ng/mL BMP-4 or 5 yM CGS-15943 were incubated for

240 minutes and lysates were collected after different time points, followed by subcellular fractionation and western
blotting. Data is shown as means + SD and normalized to f. The experiment was conducted by Daniel Riege.

Importantly, co-treatment with 5 yM CGS-15943 did not enhance early transient Smad
activation and translocation in comparison with BMP-4-mediated activity. This is in agreement
with the observed early downstream regulation of /d7 within 2 h of treatment (Figure 72).
Remarkably, no difference in the response profile was observed between pSmad1/5/9 and
total Smad1 proteins.
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Since CGS-15943 did not enhance early Smad signaling outputs, a pre-incubation was
examined to elicit Smad dynamics after reapplied BMP stimulation. A second stimulus was
induced with low-dose BMP-4 (2 ng/mL) for 30 min after 24 h of treatment to detect CGS-
15943/BMP-synergism (Figure 74A). Again, stimulation with 7.5 ng/mL BMP-4 resulted in a
rapid induction (1.8-3.1-fold) of total nuclear Smad1 and activated nuclear p-Smads levels, but
no further increased nuclear translocation was observed when cells were treated

synergistically with CGS-15943 (Figure 74B).

A +Cmpnd +BMP
+BMP (7,5 ng/ml) (2 or 7,5 ng/ml)
I 1 i Lysis
24 h 30 min
BMP (ng/ml) 0 2 7,5
CGS (M) 0 0 1 5 10 0 A1 5 10  DMH1
SMAD 1 .. — — — & 55kDa
PSMAD 1 Mpep— f & FOF § € 55kDa
2 ng/ml 7.5 ng/ml
3x
— 20074 *% *okk —~ 2001 3.1
E?. | —— | —— s?- LIX
_— ~ Lo |
T - © y ns ns
R 21x § ol S
2 e 2
g 1004 $o b bd o e oo uu s < 1001 + +
w 2]
2 50 2 50
T &
© 9]
g o ] o
O \60 Qy N \60 Qy Q*\ O ° \.90 Q’b\\\ O 9 \‘.ao Q)x
> & & & S O“\(}‘b“\ N 0“‘0“‘
& Ry & &
Conc [uM]

Conc [uM]

B pSMAD1/5/9 [ total SMAD 1

Figure 74: Smad nuclear levels increased rapidly in response to BMP-4 but remained unchanged upon stimulation
with CGS-15943. Fractionation and quantification (Western Blot) of nuclear activated p-Smads and total Smad1
was performed in C2C12 cells. DMSO vehicle, 7.5 ng/mL BMP-4 and 5 yM CGS-15943 were incubated for 24 h,
followed by additional stimulation with 2 or 7.5 ng/mL for 30 min. After transient stimulation of the cells, lysates were
collected, fractionated and western blotting was performed. (A) Smad-characteristic bands were visualized by
western blot and quantified intensity (B) was determined by total protein staining. Data is shown as means + SD (n
= 4) and normalized to BMP-4. Statistical analysis was calculated with an unpaired, one-tailed t-test (* p <0.05; **
p <0.01; *** p <0.001). The experiment was conducted by Daniel Riege.

When BMP input was reduced by stimulating the system with 2 ng/mL BMP-4 for 30 min, a
reduction in the dynamic range of enhanced translocation was detected for both total Smad

(1.5-fold) and p-Smad levels (2-fold) relative to the basal levels, proving the hypothesized

121



3 Results and Discussion

maximal cellular response to 7.5 ng/mL BMP-4 within 30 min. Here, a dose-dependent
induction of CGS-15943 was shown from 1-10 uM relative to BMP-4-treated cells with
significance indicated for 10 uyM. Remarkably, synergistic treatment of CGS-15943 and
2 ng/mL BMP-4 increased p-Smad levels by 3-fold over basal activity, consistent with the
calculated maximum induction of 7.5 ng/mL on Smad phosphorylation (3.1-fold), providing
evidence for an amplified effect on Smad phosphorylation and translocation to the nucleus by

CGS-15943, subsequently leading to enhanced target gene expression such as /d1.

In summary, the data comprehensively describe a rapid BMP-induced Smad-phosphorylation
within 30-60 min, leading to maximal BMP-target gene transcription that became apparent
after 2 h. Moreover, the collective data from /d gene expression analysis and pSmad1 protein
level quantification indicated that CGS-15943 activity requires BMP stimulation to be fully
effective. Collectively, this profile suggests a mechanism for CGS-15943 that counteracts or

blocks negative regulatory feedback on canonical BMP signaling outputs.

3.3.5.2 Global perturbation of the BMP/TGFp superfamily

To identify potential negative regulators of BMP signaling whose expression is inhibited by
CGS-15943, a global TGFB/BMP gene expression profiling was performed. Considering that
CGS-15943 enhanced BMP-Smad dependent signaling outputs after 24 h, an expression
profile screen of 84 transcripts was performed, including direct target genes and various factors
relevant to the regulation and signal transduction of this signaling network. Global TGFp/BMP
gene expression with 7.5 ng/mL BMP-4 and 5 yM CGS-15943 was visualized by a heatmap
showing up- or downregulation of gene expressions relative to BMP-4-treated C2C12 (Figure
75), revealing nonsystematic perturbation of TGFp-dependent target genes, whereas induction
was observed for BMP-responsive Smad target genes. This signature of CGS-15943 is
consistent with the exhibited selectivity profile towards BMP signaling in reporter gene assays.
In general, no global disruption of TGFB/BMP signaling was observed, suggesting that BMP
signaling is enhanced by CGS-15943 in a similar manner as basal, physiological BMP
signaling. Furthermore, CGS-15943 did not inhibit the tested TGFB-dependent Smad genes
and had no effect on Smad2 and Smad3 expression levels in contrast to Chromenone 1, which
attenuated TGFp-Smad-dependent target gene expression, whereas, remarkably, moderate

induction of Smad4 and Smad5 transcript levels was detected.
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Figure 75: TGFB/BMP superfamily-focused qPCR-array revealed that CGS-15943 has an enhanced BMP signaling
pattern similar to physiological BMP-4. Gene expression analysis of the TGFB/BMP pathway was performed using
the RT2 Profiler PCR array (Qiagen) in C2C12 cells. C2C12 were treated with DMSO, BMP-4 (7.5 ng/mL) or CGS-
15943/BMP-4 (5 uM/7.5 ng/mL) for 24 h, lysates were taken, and RNA was isolated for microarray analysis.
Heatmap shows gene expression data of 84 transcripts, sorted according to their pathway functions (log10-fold
changes, n = 3).

More pronounced effects were observed when significant modulation of genes was taken into
account, as illustrated by a volcano diagram (Figure 76). Strongly perturbed genes are
highlighted that exhibited a 2-fold change upon treatment with CGS-15943 after 24 h in

presence of BMP-4 (over BMP-4-induced gene expression).
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Figure 76: Significantly perturbed transcript levels of CGS-15943/BMP-4-treated cells compared with physiological
expression levels of BMP-4. Volcano plot showing significantly regulated transcripts of TGF/BMP superfamily-
focused gPCR-array (84 genes) according to their p-values (> 0.5) calculated with a student’s t-test (n = 3).
Red/blue/yellow dots indicate significantly downregulated/upregulated/BMP-responsive genes.

Here again, as observed for BMP-4 and Chromenone 1-treated cells, Bmp-4 expression was
significantly reduced in response to signal activation as a negative feedback response to
enhanced BMP signaling. Remarkably, the gene expression of /d7 and /d2 was increased by
1.9-fold, showing high significance and being consistent with the observed effects discussed

previously and therefore suitable as positive controls in this array analysis.
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Other upregulated genes such as Ifrd1 and Cdkn1a (p21) were highly increased by 3.7- and
4.9-fold, respectively, in CGS-15943-treated cells. Remarkably, Cdkn1a (p21) was shown to
be downregulated by PD407824, thereby subsequently attenuating TGFB downregulation.22°!
However, CGS-15943 showed a distinct cellular response throughout the BMP-assays and did
not inhibit TGFp signaling, indicating a different mode of action for inducing p21 expression.

Indeed, the expression of p21 (p21C/FWAF)

, as well as p27 (here 1.4-fold induction) has been
shown to be induced by BMP-4 in osteoblast-like cells and to contribute to osteoblast
proliferation and differentiation and being a target gene activated by Smad1.254-3%! |t should
be noted that general downregulation of cell cycle regulators results in dysregulation and
impairment of cell homeostasis and proliferation, and thus is often found to be dysregulated in
cancer cells, so off-target attenuation should be avoided.>"! The other strongly induced gene,
Ifrd1, is a transcriptional coactivator involved in promoting muscle gene expression and is
highly expressed in myoblasts such as C2C12 and myofibroblasts.*® The strong upregulation
induced by CGS-15943 might be another cellular response to compensate for the enhanced
commitment to osteogenic differentiation, as shown for BMP-2 in primary osteoblasts, in which

induced BMP signaling enhanced Ifrd1 expression as negative regulation of

osteoblastogenesis.*%

Several genes that were significantly downregulated in response to CGS-15943 are involved
in the regulation of myogenic differentiation or are expressed in muscle cells, such as Igf1/Igfr,
Interleukin-6 (116) and the TGFB-receptor-associated protein Endoglin, whereas the gene
transcribing the growth factor Pdgfb is involved in TGFp-mediated modulation of
myofibroblasts, which all together strongly suggests a specific downregulation of muscle

development by CGS-15943.[360-363]

Collectively, these data further support that synergistic treatment with CGS-15943 strongly
sensitizes cells to BMP-4-induced signaling, as shown by gene expression perturbation of
regulatory proteins involved in myogenic and osteogenic differentiation as well as direct
amplification of BMP-Smad signaling target genes. Studies on reporter genes and on
BMP/TGFB gene expression profiling demonstrated unprecedented pathway selectivity of
CGS-15943. This is particularly interesting, since regulatory crosstalks with TGF3 are common
(e.g., Chromenone 1, PD407824), while CGS-15943 exhibit a unique and selective BMP

amplifier mode-of-action.
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3.3.5.3 Kinome profiling of CGS-15943

Since BMP signaling is crossregulated by other network kinase signaling pathways, a kinome-
wide profiling was performed at Reaction Biology. Here, the casein kinase 1 (CK1) a1, 8, &-
isoforms, were found to be prominent targets that are regulatory factors of various cellular
processes (see Figure 77).2%4 They showed the most efficient inhibition among the 391 tested
kinases with an efficient activity of up to 18% residual activity for CK16 and around 60%
residual activity for CK1a1 and . None of the other typical kinases were inhibited by more than

50%, indicating a very clean kinome profile for CGS-15943.
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Figure 77: Kinome screen versus 408 kinases revealed CK1 isoforms as a target of CGS-15943. Dendogram
represents residual activities of 391 screened kinases (without lipid kinases) against 1 yM CGS-15943. Activities
were determined by biochemical inhibition at Reaction Biology. Data is shown as percentage relative to DMSO
control and results were plotted using CORAL. Data analysis was performed by Stefan LOHMANN.

Among the 17 lipid kinases tested, only the y-isoform of class IB PI3K (p110y) kinases was
significantly inhibited by 70% at 1 yM CGS-15943. In the course of a study of cancer treatment
with caffeine, the analog CGS-15943 was shown to selectively inhibit the p110y catalytic

subunit among other lipid kinases, leading to attenuation of PI3K/Akt signaling.¢°! in addition,
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the DNA-dependent protein kinase (DNA-PK) was inhibited by 70% similar to p110y. DNA-PK
is a regulatory factor involved in transcriptional regulation of certain signal transduction-
associated genes related to proliferation and differentiation. Of the identified kinases that were
modulated by at least 50%, a dose-response curve was determined to validate the observed
perturbation on the catalytic activity. Compound 29 was profiled against these kinases as a

structurally closely related analog of CGS-15943 lacking osteogenic BMP activity.
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Figure 78: Validation of kinome screening hits confirmed CK1 isoforms, PI3K isoforms and DNA-PK as targets of
CGS-15943. (A) Calculated ICso-values of validated targets showing = 50% inhibition. N.t. = not tested (de-validated
in the literature).[*% (B) Dose-response curve of inhibition of CK1 isoforms against CGS-15943 and BMP-inactive
analog 2a at the ATP concentration at Km of the tested kinases.

As depicted in Figure 78, CGS-15943 inhibited the kinase activity of all three CK1 isoforms,
DNA-PK and p110y in a dose-dependent manner, thus confirming the targeting of these

kinases. The calculated ICse-values of CK1 isoforms were consistent with the measured
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inhibition of each kinase at 1 uM, with selectivity toward the &-isoform being expressed by
potent inhibition of 50% at 230 nM. The dose-response relationship of CK1a1 and ¢ showed
less potent inhibition with ICs¢’s of 0.84 uM and 0.49 uM, displaying a 3.7- and 2.1-fold lower
activity than the &-isoform. Interestingly, the BMP-inactive derivative was inactive toward CK15
and showed weak inhibition of CK1a1 and ¢ at high concentrations above 10 uM. As expected,
potent inhibition of p110y (ICso = 120 nM) as well as inhibition of DNA-PK activity (ICso =
210 nM) were confirmed, demonstrating efficient perturbation by CGS-15943, whereas the
BMP-inactive quinazolinone analog 29 showed no inhibition. Given that 29 did not inhibit any
of the validated kinases, all of them might represent potential target candidates for CGS-

15943, underlying its mechanism of BMP amplification.

In summary, CGS-15943 affected only three types of kinases, representing a unique signature
of the kinome with high selectively. All of these kinases were modulated in a dose-dependent
manner but remained unaffected by the BMP-inactive analog. Subsequently, biological
characterization and (de-)validation should be performed using biochemical and

pharmacological inhibition studies.

3.3.5.4 Characterization of CK16/¢ as a new target for CGS-15943

After CGS-15943 revealed a clean profile of kinase modulation and inhibition of CK1 isoforms
was validated, the role of CK1 isoforms as BMP-relevant targets of CGS-15943 was assessed
and potential off-target contributions evaluated. First, SAR studies on the catalytic activity of
CK1 isoforms were performed by Aileen ROTH (KNIPPSCHILD group, Ulm), who tested a
selection of derivatives against full-length CK1 isoforms, as opposed to the catalytic fragments
used in kinome screening. Testing against full-length proteins provides higher quality inhibitor
profiles as all possible binding modes, including allosteric mechanisms, are taken into account.
New insights into structural modifications for the rational design of optimized and selective
derivatives could be obtained. Two potent CK1 inhibitors, SR-3029 and PF-670462, were
included for the direct comparison of the CK1 inhibitory capacity of CGS-15943. Residual
activities were monitored and visualized in a heatmap, indicating a very steep SAR on all three
CK1 isoforms (Figure 79A). This limited SAR is in line with activity data derived for BMP-
dependent C2C12 differentiation, suggesting a possible correlation of CK1 isoform inhibition

and BMP activation. Notably, an improved activity was detected for the bromo-derivative 4b.
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Figure 79: CGS-15943 inhibits full-length CK18 and CK1¢ selectively. (A) Biochemical screening of SAR-derivatives
(10 uM) for their effect on full-length CK1-isoenzymes. Heatmap visualized as percentage of mean residual activity
(n = 3), normalized to DMSO control. (B) Corresponding representative dose-response curves and |ICso-values of
CGS-15943 and CK138/e-selective reference inhibitor SR-3029. Experiments were conducted by Aileen Roth.

Moreover, as expected and described for full-length CK1 kinases, the overall activities were
lower than those calculated for the catalytic fragments of the enzymes, approximately one
order of magnitude lower (Figure 79B). Similar behavior was observed for the CK1d/¢-selective
inhibitor SR-3029 with reported ICsy’s of 44 nM and 460 nM, respectively.%®! However, both
compounds were incapable of inhibiting CK1a at relevant concentrations, with CGS-15943
being more active than the selective inhibitor SR-3029. The unselective CK1 inhibitor PF-

670462 exhibited higher activity on all CK1 isoforms.

Subsequently, the mode of inhibition was further investigated by varying the substrate
concentrations (i.e., radiolabeled ATP) from 0-100 uM. CGS-15943 was tested at its calculated
ICso and IC2s concentrations against CK16 and ¢ and the reaction rates were plotted as

Michaelis-Menten and Lineweaver-Burk diagrams (Figure 80).
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Figure 80: Michaelis-Menten kinetic studies revealed a mixed inhibition (competitive and uncompetitive inhibition)
profile of CGS-15943 on CK13. Kinase assays were conducted with 6xHis-tagged full-length CK1 enzyme, 40 pmol
a-casein substrate, [y->2P]-ATP (0-100 uM) versus IC2s and ICso-concentraions of CGS-15943 in H20 at 30 °C for
30 min. The reactions were stopped by addition of SDS and samples were separated by SDS-PAGE followed by
quantification of radioactive signal strength by Cherenkov counting. Enzyme kinetics were displayed using
Lineweaver-Burk plots. Experiments were conducted by Aileen Roth. Km = Michaelis-Menten constant; Vmax =

maximum conversion rate.

As shown for CK18 and ¢, an increase in the Michaelis-Menten constant K., was observed for
both kinases at elevated concentrations of CGS-15943, as indicated by an increase in the
slope in the Lineweaver-Burk plots. Interestingly, a decrease in maximum rate (Vmax) of the
reaction was observed versus CK15, with increased K. indicating a mixed inhibition of
competitive and non-competitive inhibition of ATP.1%7! This type of inhibition differs from that of
a purely competitive inhibitor (unaffected Vmax), which typically competes with ATP for binding
and thus inhibits enzyme activity. A mixed inhibition suggests a combination of ATP-

competition and potential allosteric binding to CK1 mediated by a conformational change or by
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direct binding to the enzyme-bound substrate.¢836% A different effect on CK1e-activity was
observed for CGS-15943 at the calculated ICso- and ICgzs-concentrations, displaying an
increase in Kn but an unaffected Vmax, suggesting a competitive inhibition of CGS-15943 on
CK1e. This is particularly interesting since distinct types of inhibition between CK1 isoforms
are not very common. These data suggest a quite unique isoform-specific mechanism of CK1

perturbation for CGS-15943.[366]

In order to confirm binding to the CK1 active site and to gain further insights into ligand-protein
interaction, a soak-in experiment in a CK15 crystal was performed by the group of Prof.

BAUMANN. The co-crystal structure was resolved at 1.85-1.92 A (Figure 81).

Figure 81: Binding mode of CGS-15943 in the ATP pocket of CK13. (A) Overview about the resolved CK18/CGS-
15943 co-crystal structure. A truncated crystal structure of CK18 (PDB: 4TWC) was used as a search model (B)
Close-up pose of CGS-15943 in the ATP-binding pocket of the enzyme (Electron density of CGS-15943 is depicted
as blue mesh with a contour level of 10; red dashed lines symbolize stabilizing hydrogen-bond interactions;
Coordinated water molecules are shown as red spheres). lllustration of binding pose was made by Christian PICHLO
and BAUMANN group, Cologne.

Similar to the adenine of bound ATP, the quinazoline scaffold of CGS-15943 forms multiple
hydrogen bonds with the flexible hinge in the cleft region between both lobes of CK1. The
amino group in 5-position, which is very critical for BMP activity, is stabilized by hydrogen
bonds within the hinge region and a coordinated water molecule. The 9-chloro substituted part
of CGS-15943 extends into the deeper hydrophobic cavity at the gatekeeper residues of the
ATP binding pocket. Here, the halogen appears to interact with Tyr56 via n-halogen-stacking

over a distance of 3 A, which could be enhanced by exchange with bromine at the 9-position
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of CGS-15943. Intriguingly, this derivative has been shown to improve cellular BMP responses
in the SAR study. Moreover, the chloro-quinazoline might also coordinate the gatekeeper
residue Met82, mediating a significant conformational change to ligand-free CK15.27% Further,
van der Waals interactions of the triazolo-quinazoline scaffold with the side chains of Leu135
and 1le148 could contribute to the binding mode. The furan-2-yl coordinates another water
molecule in cooperation with the 1-triazolo-moiety of CGS-15943, and thus, stabilizes the
solvent exposed part of the molecule in the pocket. However, no binding or stabilization via
hydrogen-bond-interactions with the catalytically active Lys38 and Asp149 was observed,
which are typically strongly engaged by CK16/e-inhibitors such as PF670462 or 4,5-
diarylimidazoles."372 The lack of interaction with these residues might provide opportunities
for further optimization of binding affinity. Another option for improvement might be achieved
by a more complex functionalization in the future, replacing the 2-furyl group and thereby
increasing the structural flexibility of CGS-15943, binding affinity and/or selectivity,
respectively. Considering that the SAR of CGS-15943 was also very narrow and that various
modifications to the amino group resulted in almost complete loss of activity, this may be further
evidence of CK1 inhibition-dependent BMP activity. The binding pose of CGS-15943 in CK15
supports the notion that any N-alkyl or N-acyl substituent would diminish inhibitory activity as
steric clash in the hinge region is expected to occur. Interestingly, the reduction in BMP activity
by replacing the triazoloquinazoline with an imidazoquinoline could be due to an impaired
propensity to coordinate several water molecules as observed for the nitrogen atoms of the
triazole-moiety, all which function as hydrogen-bond acceptors. This H-bond network might be
disturbed by an imidazole that functions both as an H-bond donor and acceptor, depending on
the tautomeric form within the CK1 active site. It should be noted that the quite selective kinome
signature of CGS-15943 suggests a unique binding mode that may not be shared with other
kinases. This would also be consistent with the narrow structure-activity-relationship, where
minimal changes or functional modifications lead to a loss of activity that may depend on the
specific mixed inhibition on CK13. In particular, the structural basis and functional
consequences of the putative allosteric modulation of this CK1 isoform will be very interesting

and important to elucidate in future studies.

To further assess whether the unique, mixed CK1 inhibition mechanism is relevant for BMP
activity, the CK18/¢e-selective SR-3029 and the less selective CK1 inhibitors PF-670462 were

systematically profiled in all morphogenic BMP assays. In general, CK1 inhibitors differ in terms
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of isoform selectivity, leading to distinct cellular responses.’™™ To assess the differentiation

ability of both mESC and C2C12, the dose-response relationship was monitored, as depicted

in Figure 82.
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Figure 82: Characterization of CK1 inhibitors in BMP-dependent differentiation assays suggests a unique CK1-
related contribution by CGS-15943 compared to classic inhibitors. (A) Dose-response antagonism of CK1 inhibitors
in cardiac differentiation induced by the selective BMP inhibitor DMH-1 (0.5 uM). Bar graph is representative of the
mean of triplicates and the respective SEM (n = 3). Myh6-GFP levels were normalized to DMH-1 with vehicle
(DMSO). Impaired cell viability is indicated by red dots (B) Dose-response relationship of CK1 inhibitors on ALP
activity during BMP-induced osteogenesis in C2C12. Compounds were incubated along with 7.5 ng/mL BMP-4 in
C2C12 and treated for 72 h. ALP activities were normalized to DMSO and bars are shown as mean + SD for at
least three independent experiments. (C) Chemical structures of used CK1 inhibitors and their reported biochemical
ICso-values in comparison with the calculated ICso’'s of CGS-15943.[366]

In mESC-Myh6-GFP, SR-3029 potently inhibited BMP-dependent DMH-1-induced cardiac
cluster formations, albeit exhibiting high cytotoxicity, as revealed by the significant decrease in
cell number at concentrations greater than 0.5 uM (Figure 82A). However, due to impaired cell
viability, the “rescue effect” on DMH-1 was no evidence of a BMP-specific response. SR-3029

would not have passed the set standard assay filter for potential hits in the cardiac mESC
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assay. In osteogenic differentiation of C2C12 myoblasts, SR-3029 also impaired cell viability
above 50-100 nM, as indicated, but induced ALP-activity within a narrow dose range from 20-
50 nM to a similar extent as CGS-15943, as shown in Figure 82B. Together, these data imply
a CK1-dependence in both differentiation assays that may also be mediated by CGS-15943.
In contrast, the more potent CK1 inhibitor PF-670462 showed no activity and did not affect
cellular viability in either differentiation assay, which is surprising at first glance. The lack of
activity may be due to lower cell permeability of PF-670462.¢1 Moreover, PF-670462 lacked
the anti-carcinogenic activity of SR-3029, which exhibited highly antiproliferative effects in
comparison to PF-670462 in several tumor types, such as CK18-high breast cancer cells.?"3
This may also be due to a less selective kinome profile of PF-670462 relative to SR-3029,
which was more effective against various kinases including p38 or EGFR, indicating a pan-
kinase activity of PF-670462 and a distinct pharmacological effect due to non-selective
targeting.*%¢-3741 Again, it should be noted that SR-3029 showed potent inhibition of various
CDKs with I1Cs¢’s from 400-600 nM, which could lead to the observed cytotoxicity at higher
concentrations and contribute to its combinatorial pharmacological profile and improved
pharmacokinetic properties leading to the reported efficacy in cancer treatment as an anti-
cancer drug.B®37% Based on these reported characteristics, the different profile of the CK1
inhibitors SR-3029 compared with PF-670462 may have been observed in both differentiation

assays.

When CK1 inhibitors were tested to further verify activity on the BMP reporter genes BRE-
Vent2 and BRE-/d1, a different response was again observed, with SR-3029 showing specific
induction of Vent2-luciferase expression, whereas PF-670462 showed no activity on either
reporter (Figure 83). Remarkably, SR-3029 exhibited a moderate dose response on Vent2-
expression of up to 200%, but no induction of /d7-luciferase was observed, which is
comparable to the very selective induction of Vent2 by CGS-15943 (see Figure 61). However,
SR-3029 showed a bell-shape dose-response on Vent2-expression with artefacts at higher
concentrations, as typically described for firefly luciferase stabilizers.*"® Since Id7-dependent
expression of firefly luciferase was not increased, it was hypothesized that enhancement of
BMP-induced Vent2-expression may be mediated by selective CK14/e-inhibition. The
observed effects at higher concentrations in both C2C12 and HEK293 are likely due to global

CK1 inhibition leading to attenuated cell viability and biosynthesis.
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BMP-reporter gene assay (Vent2 vs. Id1)
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Figure 83: Characterization of CK1-inhibitors on BMP-responsive reporters reveal bell-like shape specifically on
Vent2 expression. Dose-dependent profiles of reference compounds on BRE-Vent2-luc and BRE-/d7-luc reporter
was determined. HEK293T cells were transiently transfected and treated with compounds and BMP-4 (10 ng/mL)
for 22 h. Luciferase activity was normalized to Renilla activity expressed by a control plasmid and data is shown as
mean + SD of n = 2 experiments relative to DMSO (= 100%).

Because SR-3029 showed a very similar profile to the one of CGS-15943 in the BMP-specific
assays and to prove the tiny concentration range in which both CK1 inhibitors induce ALP-
activity, the osteogenic expression levels of established marker were determined. Given the
narrow activation window of SR-3029 on BMP-dependent ALP activity (20-50 nM, see Figure
82), osteogenic transcript levels were calculated for 50 nM. However, no significant synergistic
induction of SR-3029 was observed for any marker gene, indicating a lack of osteogenic
potential (Figure 84). Only Runx2 and Alp were moderately induced by up to 2-fold over BMP-

4-dependent expression levels, but this was significantly less relative to CGS-15943.
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Figure 84: Relative quantification of BMP-dependent osteogenic gene expression transcripts did not confirm
efficient osteogenic induction by SR-3029. C2C12 cells were treated with DMSO and/or BMP-4 (7.5 ng/mL) in the
presence or absence of compound for 72 h. Data is shown as mean + SEM (n = 3) and normalized to 7.5 ng/mL
BMP-4 (base line = 1).

134
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These data did not provide evidence for a CK1-dependent activation of osteogenic ALP-
induction, which may also depend on the tiny activation frame for both inhibitors, thus
recapitulation of the osteogenic potential in C2C12 might be problematic. In addition, these

data may imply a different mechanism for CGS-15943 based on additional targets.

To further delineate a CK1 isoform-specific dependency of CGS-15943-mediated BMP
amplification, functional genetics experiments were considered. CK1 isoforms could be
overexpressed using constitutively active expression constructs. In combination with the BMP-
responsive Vent2-luc reporter, dose-response were determined for CGS-15943 when
individual CK1 isoforms were overexpressed. As shown in Figure 85, overexpression of CK16
resulted in a complete loss of BMP activity, while overexpression of CK1¢ did not completely
rescue the activity of CGS-15943. Notably, overexpression of CK1a did not affect the
performance of CGS-15943. These data are consistent with the determined selectivity profile
of CGS-15943 for the CK1 isoforms, with 8/¢ being potently inhibited and are also in agreement
with the insignificant reduction of CK1a by 17% at 10 yM relative to basal CK1 levels and are

within the range of the determined ICso (8/e = 2.6/4.9 uM) versus full-length CK1.
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Figure 85: Overexpression of CK15 and ¢ rescued the BMP amplifier activity of CGS-15943. HEK293T cells were
transiently transfected with BRE-Vent2-luc and different plasmids with constitutively active expression constructs
encoding CK1 isoforms for 16 h, followed by treatment with compound and 10 ng/mL BMP-4 for 22 h. Bar graphs
represent luciferase activity as mean + SD (n = 2), normalized to DMSO vehicle (= 100%).

Since the transcription factor OAZ, which is essential for Vent2-expression, is not expressed
in C2C12 cells, the CK1-dependence might be demonstrated by ALP activity rescue of CGS-
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15943. In addition, upcoming genetic validation by knockdown of CK1 isoforms should provide
further insight into CK1-dependent ALP induction. Considering that CGS-15943 exhibited a
much lower cytotoxicity, it could also be considered as a novel chemical probe to address CK1-

dependent cancer pathologies with a mitigated safety risk than SR-3029.(366:373]

3.3.5.5 Investigation of a dual CK1/PI3K inhibition mechanism

Since SR-3029 did not enhance osteogenic transcript levels in a significant manner, the
underlying mechanism of CGS-15943 may differ from that of classical CK1 inhibitors. This was
evidenced by its differential efficacy in enhancing BMP signaling outputs and enzymatically by
its mixed inhibition profile, which appeared to rely on inhibiting CK18 and ¢ isoform in a

competitive and noncompetitive manner.

Interestingly, profiling of morphological changes by chemical probes in an unbiased approach,
provided further insight into potential cellular targets. Recently, the COMAS established a cell
painting assay (CPA) to evaluate bioactivity of compounds relative to annotated references, in
order to identify cellular targets and devise target hypotheses.*3? In this assay, cells were
treated with compounds, followed by staining of different cell compartments and acquired
automated imaging. Using comprehensive image analyses, 579 morphological features are
captured, providing a unique fingerprint for each small molecule. Each fingerprint represents a
mean induction value indicating overall significant changes of the observed phenotype relative
to DMSO vehicle, with a threshold induction of 25% reflecting significant morphological
changes. By adjusting the concentrations of overactive (induction >75%) or inactive
compounds, valid fingerprints can be generated that are comparable to each other. Taking into
account the correlation distances between the individual profiles, a biological similarity value
(in %) can be calculated, which is empirically considered significant if the value is greater than

75% between compounds.

When analyzing CGS-15943 in the CPA, its low induction value (9%) provided no insight into
biosimilar references. In general, low induction indicates morphological changes of only a few
features, but does not mean that a compound is inactive. With increasing concentration, the
changes of the features in the fingerprint became more dominant without altering the overall
signature of the phenotype (Figure 86). The highest biological similarity compared to 50 uM
CGS-15943 was exhibited by the reference compounds PIK-93 (10 uM), BYL-719 (10 uM),
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and NU6027 (30 puM), which had no structural similarity. Interestingly, PIK-93 exhibited the
most similar profile and is a known class | PI3K inhibitor with selectivity for the y over o isoform
(ICso = 16/ 39 nM).B"1 BYL-719, also known as Alpelisib, was identified as another PI3K
inhibitor that exhibits >50-fold selectivity for p110a relative to other isoforms.B® The other
identified compound, NU6027, is a reported inhibitor of various cyclin dependent kinases such
as CDK1 and 2, for which no inhibition by CGS-15943 was observed in the kinome profile and

therefore not considered a hypothetical target.*”
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Figure 86: Morphological profiling of CGS-15943 in the Cell Painting Assay reveals high biosimilarity to selective
PI3K class I inhibitors. Compounds exhibiting high biological similarity greater than 75% to CGS-15943 (50 uM)
were considered significant. Assay and analysis were conducted by the COMAS team. (A) Heatmap visualizes
morphological fingerprints consisting of 579 morphological features divided into cellular (1-229), cytoplasmic (230-
461) and nucleic (462-579) parameters. Induction represents overall increase (red) and decrease (blue) of features
relative to DMSO. (B) Morphological fingerprint of CGS-15943 (30 uM) and PIK-93 (10 uM) visualized as line plot,
indicates high biological similarity.

The identification of selective PI3K inhibitors in this unbiased morphological approach provided
evidence for a PI3K-mediated cellular response of CGS-15943. In fact, CGS-15943 inhibited
p110y up to 70% at 1 yM and was validated with an ICso of 120 nM with selectivity toward the
y-isoform, consistent with previously reported selectivity.**% Remarkably, CGS-15943 inhibited
VPS34 at 1 uM only very mildly (by 28%) in kinome profiling, highlighting its selectivity over

class | PI3Ky.

Next, it was questioned if specific inhibition of PI3Ks could enhance BMP-dependent ALP
induction in C2C12 transdifferentiation. Inhibition of PI3K class I lipid kinases has been shown

to benefit osteogenic differentiation by enhancing the cellular response of BMP-2.['%2 This was
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demonstrated by the non-selective PI3K class | inhibitor LY294002 (ICso = 500-970 nM), which
inhibits PI3Ka/B/d-mediated Akt/mTOR signaling and enhances ALP activity similar as the
mTOR inhibitor rapamycin.8 However, it was also reported that the observed effects did not
depend on BMP-mediated Smad1 phosphorylation, which would be contrary to the effects
observed for CGS-15943. Therefore, the VPS34-selective inhibitors VPS34-IN1 and SAR405
as well as the PI3K class | inhibitors PIK-93 and BYL-719 were investigated in greater detalil
in the two morphogenic BMP assays. As depicted in Figure 87, only the two distinct VPS34
inhibitor chemotypes potently rescued DMH-1-induced cardiogenesis, turned out toxic at
higher concentrations and only moderately enhanced ALP-induction in the C2C12 assay.
However, the latter effect did not depend on BMP as discussed earlier (see Figure 45, chapter
3.2.1.2). In fact, VPS34 Inhibitor treatment eventually induced distinct phenotypes and a highly
apoptotic cell population of C2C12 (data not shown).

A SAR405 VPS34-IN1 LY294002 PIK-93 BYL-719

o] Cl.__N i c N | SL
[ 4 SRES Ny vl s o WS 0 e URIREES E e
NN NJ\ A Y ¢ ° N()o oo W lN%N;—N:j
m\ﬁ) L_o N o% 0

A

=

N

VPS34 (ICs, = 1.2 M) VPS34 (ICs, = 25 nM) PI3Ke ICs, = 500 nM PI3Ka ICs, = 39 nM PI3Ka ICs, =5 nM
PIBKB 1Cq = 970 nM PIBKp ICq = 590 M PIBKP ICq = 1,156 nM
PI3KS ICs, = 570 M PI3K5 1C5, = 120 nM PI3K5 1C5, = 290 nM
PI3Ky ICso = n.d. PI3Ky ICs = 16 1M PI3Ky ICs, = 250 nM
B C

1000+

2504
750
2004
* toxie

1504 5004 I

1004 [ DM H induction level

Myh6-GFP level, normalized to DMH-1 [%]
ALP activity, normalized to 7.5 ng/mL BMP-4 [%]

250+ M
50- aniie
r = ” == T70% inhibition level i m]fl = |1| -
o] L. . A AN
AN “‘(\2 2 Bob
A A R R
5 & 0 & R
& =) S
KN (Qo(oo%o
L — ATV 9
c(uM) 5 2.7 1 0.67 0.33 0.1 0.05 0.017 c(uM) 5 2.5 1 0.5 0.1 0.05

Figure 87: Selective class | PI3K inhibitors exhibit predominant ALP induction relative to class Ill inhibitors. (A)
Chemical structures of selective compounds for PI3K subclasses and isoforms and their reported
ICs0’s.[326:327,377,380.381] (B) Dose-response antagonism in cardiac differentiation induced by the selective BMP
inhibitor DMH-1 (0.5 uM). The bar graph is representative of the mean of triplicates and the respective SEM of two
independent experiments. Myh6-GFP level were normalized to DMH-1 with vehicle (DMSO). (C) Potent VPS34
inhibitors moderately enhanced ALP induction, while p110y-selective PIK-93 enhanced BMP response with high
potency. The compounds were incubated along with 7.5 ng/mL BMP-4 in C2C12 and treated for 72 h. ALP activities
were normalized to DMSO and bars are represented as mean + SD for n = 2 experiments.
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The non-selective inhibitor LY294002 was inactive in both differentiation assays, indicating an
Akt/mTOR-independent mechanism of BMP amplification and contradicting to the reported
enhancement of ALP induction. In particular, it lacks potency (>20-fold less active) compared
to PIK-93, especially towards the y-isoform, and selectivity among class | PI3Ks.[3%
Interestingly, the y- and a-selective PI3K inhibitors PIK-93 and BYL-719 induced ALP activity
in a dose-dependent fashion, whereas PIK-93 enhanced synergistic activity up to 5-fold
compared to the basal BMP level. Despite enhancing ALP activity, no efficient dose-response
was observed in cardiogenesis (Figure 87B), with similar antagonism detected with a residual
Myh6-signal of 54%, clarifying the distinct response of the different lipid kinases during
differentiation. Thus, it appears that inhibition of specific class | PI3K isoforms is insufficient to

recapitulate the activation of BMP signaling in mESCs.

Since PIK-93 showed greater similarity to CGS-15943 in the CPA as well as in the C2C12
osteogenic differentiation assays, it was selected for further characterization. Interestingly,
CGS-15943 was also more selective for the y-isoform, unlike BYL-719 that reportedly inhibits
o~ and y-isoforms about equally potent. In this regard, selective inhibition of PI3K class | o has
been shown to impair osteoblastic function and homeostasis, thus preventing heterotopic
ossification, suggesting an opposite mechanism to the hypothesized p110y-mediated BMP

signal amplification and highlighting the cellular specificity of distinct PI3K isoforms.[264:382]

Because osteogenic ALP induction of PI3K class Il inhibitors has been de-validated previously
(see Figure 45), a similar osteogenic transcript profile was examined in presence of 5 uM PIK-
93 and 7.5 ng/mL BMP-4 to evaluate BMP-dependent ALP activity of p110y inhibition. As
shown in Figure 88, PIK-93 significantly enhanced BMP-mediated gene expression of Runx2,
Osteocalcin, and Osx, while no significance was confirmed for Alp mRNA. This effect was
possibly due to the high biological variability of the BMP-4-induced response for these
generated samples. However, the pronounced enhancement of ALP activity was significant
and has been validated before (Figure 87). With respect to CGS-15943, enhanced expression
of the osteogenic drivers Runx2 and Osx was induced at very similar levels (2- and 6-fold
induction) compared with low-dose BMP-4. The induction of the late-stage marker of
osteoblastogenesis, Col1a1, was not observed, but was similarly inactive to CGS-15943
treatment. This osteogenic gene expression profile during C2C12 differentiation suggests that

PI3K p110y is a BMP-dependent target in this context.
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Figure 88: Relative quantification of BMP-dependent osteogenic gene expression transcripts confirmed enhanced
osteogenesis by PIK-93. C2C12 cells were treated with DMSO and/or BMP-4 (7.5 ng/mL) in the presence or
absence of compound (5 uM) for 72 h. Data is shown as mean + SEM (n = 4) and normalized to DMSO (=1).
Statistical analysis was performed with an unpaired two-tailed t-test (* p <0.05; ** p <0.01; *** p <0.001).

Since selective chemical probes for CK18/¢ and PI3K-p110y were able to stimulate BMP-
dependent ALP induction, a possible mechanistic synergism was postulated to account for the
unique efficacy of CGS-15943. To investigate a potential synergistic capacity of dual
CK16¢/p110y inhibition, combinations of the well-characterized inhibitors were assessed.
Combinatorial 2D-screening of a large dose-range was deemed most suitable for this purpose.
As shown in Figure 89, with potent ALP induction depicted in deep green, no additive effect
was observed for PIK-93 and SR-3029 at higher concentrations of PIK-93 (a), while mild
synergism occurred at 20-50 nM SR-3029 and 1-2 yM PIK-93, indicating a “synergistic dose-
response corridor”. Further, a modest shift in synergistic activity was visible toward low nM-

levels of the CK1-inhibitor, indicating positive contribution of CK18/¢ and p110y inhibition.

Treatment of CGS-15943 with the selective p110y inhibitor PIK-93 and CK16/¢-selective SR-
3029 resulting in insufficient enhancement of CGS-15943-mediated ALP induction would
indicate saturation of the respective kinase targeted by CGS-15943. As shown for b) and c),
synergistic treatment of CGS-15943 with PIK-93 and SR-3029 did not contribute to enhanced
ALP formation at higher concentrations, suggesting saturation of the respective p110y and
CK16/¢ targets by CGS-15943. At lower concentrations of CGS-15943 below 50 nM, a mild
synergism is observed, which may indicate incomplete saturation of the kinases that is

captured by the respective inhibitor.

140



3 Results and Discussion
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Figure 89: Analysis of CK1 and p110y inhibition by combination treatment in the C2C12 osteogenesis assay. ALP
induction was detected after 72 h of treatment with compounds in presence of 7.5 ng/mL BMP-4. Total DMSO
vehicle concentration was set to 0.4% for each condition. ALP activities were normalized to 7.5 ng/mL BMP-4 and
log(% induction) was calculated and visualized, representing induction and/or synergism with green squares.

These data suggest the titratability of CK18/¢ and p110y inhibition (a vs. b/c) to generate an
optimal osteogenic profile, which is no longer possible when attempting to titrate CGS-15943
with either inhibitor. Both combinatorial screens showed a reduction or inhibition in ALP activity
at high concentrations that could be caused by oversaturation of these regulatory kinases in
the long-term and cause cellular stress or be counterproductive in terms of BMP-enhanced
signaling.

Taken together, the 2D-Screen further supports a synergistic mode-of-action via combined
CK18¢/-PI3Ky inhibition. At this point, however, the presented pharmacological approach

reaches its limits and additional functional genomics and biochemical experiments will have to

shed light on the underlying mechanistic consequences for BMP-driven osteoblastogenesis.

3.3.5.6 Proposed mechanism of action

In this work, CK18/¢ was identified and further validated as a novel target for CGS-15943 by
kinome screening. Furthermore, utilizing the newly established COMAS morphological cell
painting assay, a correlation of phenotypic PI3Ky inhibition with CGS-15943 was observed. In

subsequent studies, a BMP inducing activity was observed when these specific isoforms were
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inhibited, whereas global CK1 and PI3K class | inhibition was counterproductive. These
observations suggest a successful recapitulation of CGS-15943’s capacity to induce BMP
signaling via CK16¢e/PI3Ky-dependent downregulation. Furthermore, CGS-15943 exhibits a
unique selectivity profile CK1, particularly affecting CK15 and s-isoforms in a competitive (8
and ¢) and non-competitive (8) manner, with very low activity on CK1a. It also shows an
interesting selective profile to the y-isoform of class | PI3Ks. Together, this profile contributes
to the hypothesis of a novel dual mode-of-action on selective targeting of CK1 and PI3K

isoforms, as particularly shown in C2C12 osteogenesis.

Global silencing of PI3BK/mTOR signaling has been shown to attenuate nuclear translocation
and accumulation of Smads.["% PI3K/Akt signaling is part of the non-canonical BMP signaling
pathways and is well-recognized to support osteoblastogenesis, in part by regulating low basal
levels of Smad1 via a PI3Ka/B-GSK3-Smad axis.*8! In particular, p110a/B-deletion resulted in
increased GSK3 and reduced Smad1 levels, leading to reduced bone formation. This is
consistent with the demonstrated selective p110a inhibition by BYL-719 that leads in impaired
BMP signaling and thus indicated useful pharmacology for the treatment of heterotopic
ossification.l?®¥ These findings show isoform specificity of PI3K class | with specific roles for
distinct signaling outputs in BMP signaling and osteogenic differentiation or homeostasis.
Selective inhibition of p110y might have another specific role in osteogenic regulation that
would explain the observed activity of CGS-15943 and PIK-93 in C2C12. However, the
selective modulation of PI3K isoforms on Smad activity requires further investigation. In fact,
Smads are tightly regulated, even after their activation by phosphorylation at multiple sites in
the linker region by regulatory kinases such as GSK3.62l However, as shown in this thesis,
selective inhibition of GSK3 does not result in specific induction of osteogenic BMP signaling
in C2C12. Here, selective inhibition of specific isoform appears to promote the cellular BMP
response, whereas global inhibition of PI3K/mTOR signaling was less pronounced. This
suggests an indirect regulatory mechanism of p110y resulting in enhanced BMP signaling, e.g.,
by downregulation of a negative feedback loop of BMP. Interestingly, CGS-15943 has been
shown to sensitize the cellular response when treated prior BMP input, supporting this
hypothesis. In addition, inhibition of PI3K isoforms in C2C12 myoblasts has been shown to

block myogenic differentiation, which in turn supports BMP-driven osteogenic commitment.!'%?
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Figure 90: Proposed mechanism of action of CGS-15943 in potentiating BMP signaling via dual inhibition of
selective kinase isoforms CK18/e and PI3Ky. CK18/¢ and PI3Ky may regulate Smad signaling directly via
phosphorylation or via crosstalk regulation. Selective inhibition leads to enhanced nuclear translocation and
sustained or stabilized nuclear Smad signaling (A). Enhanced BMP-Smad target gene expression of Id1 promotes
upregulation of Runx2 and subsequently osteogenic target gene expression. Further Id1 inhibits myogenic capacity
of C2C12. Specifically, in C2C12, inhibition of PI3K class | blocks myogenesis, maintains cellular plasticity, and
thus sensitizes osteogenic differentiation at low BMP input (B). Moreover, the underlying mechanism of selectively
increased target gene expression depend on CK16/¢ inhibition, that may depend on specific transcription factor
regulation or repression (C). Dashed arrows indicate attenuated activity.

Moreover, induction of expression of the BMP target gene /d71 is essential for cellular
osteogenic differentiation and leads to transient induction of the major osteogenic master
regulator Runx2, which in turn promotes expression of Osterix. Stable 1d1 levels support
osteogenesis by additionally suppressing myogenesis by directly affecting the transcriptional
activity of the myogenic driver MyoD.% This could explain the observed activity of CGS-
15943, since it induced and sustained I/d7 expression levels within 24 h upon BMP
administration, thereby promoting short-term inhibition of myogenesis and long-term induction

of osteoblastic commitment.[383
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Regarding the observed activity in mESC cells, CK1-dependent activity may be more essential
for mimicking BMP activation and /d71 expression, as PI3Ky modulation did not express similar
activity but may be beneficial in the hypothesized dual CK13¢/-PI3Ky inhibition of CGS-15943.
Both kinases may be directly involved in regulating activated Smads by controlling its
phosphorylation, as pretreatment with CGS-15943 enhanced BMP sensitivity, as shown by
Smad levels. To date, no clear regulation of Smad signaling by CK1 isoforms has been
reported. This would suggest novel functions of CK1 on BMP-Smad biology, albeit there is
evidence that the CK1¢ isoform may interact directly with various Smads and act as a ligand-
dependent regulator.l*4 Due to the crucial involvement of CK1 isoforms in Wnt signaling,
various crosstalks with BMP signaling have been discussed, such as GSK3 inhibition and Wnt-
mediated amplification of BMP signaling.l'?®! Given the distinct properties of CK1 isoforms in
Whnt signaling, contrary effects with respect to Wnt inhibition are mediated by CK15/¢s-selective
inhibitors such as SR-3029. Moreover, since CK1 isoforms are found only in the cytoplasm,
they do not mediate direct nuclear regulation of transcription factors, but upstream regulation
of such factors cannot be excluded. However, further extensive studies should be considered
to substantiate this dual mode of action to gain new insights into the underlying mechanism of
the regulatory function of CK1 isoforms on BMP-Smads on the proposed CK1-dependent BMP

enhancement.

3.3.5.7 Miscellaneous target hypotheses

To assess and (de)validate the BMP dependence of the most important reported and identified
off-targets of CGS-15943, modulators of ADORA signaling, DNA-PK and AhR were

subsequently tested in the BMP assays.

CGS-15943 was first discovered and developed as a potent non-selective adenosine receptor
antagonist with low nanomolar activity against all four receptor types.4'3421 Therefore, an
obvious and necessary step to delineate a plausible mechanism of action for CGS-15943 as
a new BMP potentiator was to assess a broad range of adenosine signaling modulators for
this activity. The selection consisted of 45 compounds, including receptor agonists,
antagonists, and modulators of adenosine metabolism to investigate a possible adenosine-
dependent response in BMP signaling during osteogenic differentiation of C2C12 cells, mESC
mesoderm patterning as well as the BRE-Vent2-luc reporter assay. As shown in Figure 91,
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none of the 45 modulators exhibited a similar BMP response to CGS-15943 (1), whose BMP-
dependent enhancing effect is shown in blue. Interestingly, the xanthine caffeine (3), which
has been frequently compared with the pharmacological profile of CGS-15943, was inactive in

all three assays.
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22 2010 "PSB-10 hydrochloride"
23 1036, S8105 "ZM 241385"
24 H3288 HEMADO
25 G5794 GR 79236X
26 A-202 APNEA
27 A-236 AB-MECA
28 C-141 CGS-21680 hydrochloride
29 C-277 Chloro-IB-MECA
30 C5134 2-CADO
31 C8031 N6-Cyclopentyladenosine, CPA
32 C9901 CHA
33 I-146 IB-MECA
34 M-225 Metrifudil
35 P-101 2-Phenylaminoadenosine, CV-1808
36 P-108 N6-Phenyladenosine
37 1104 2-Cl-IB-MECA
38 4472 "BAY 60-6583"
39 Prestw-236 Dilazep dihydrochloride
40 AT7987 5'-Amino-5'-deoxyadenosine p-toluenesulfonate salt
41 861669 S-(4-Nitrobenzyl)-6-thioguanosine
42 D5294 Dilazep hydrochloride, Cormelian
43 D5385 Paraxanthine
44 M5501 N6-Methyladenosine
45 N2255 S-(4-Nitrobenzyl)-6-thioinosine, NBTI
46 AB626 "Adenine, Vitamin B4"

Figure 91: Adenosine (receptor) modulators do not share BMP amplifying activity of the triazolo[1,5-c]quinazoline
CGS-15943. BMP-dependent response in differentiation assays (mESC and C2C12) and response on Vent2-
expression of a selection of adenosine receptor and metabolic modulators from the COMAS library revealed no
systematic correlation between BMP response of CGS-15943 (1) and adenosine modulation. Heatmap illustrates
activity as mean values of n = 2 independent experiments. BMP-dependent activity is indicated in blue.

Generally, agonistic chemical probes were moderately active at best. Remarkably, the known

Toll-like receptor agonist Imiquimod, whose imidazoquinoline-based scaffold is closely related
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to CGS-15943, also inhibits Sonic hedgehog signaling through ADORA-mediated GLI-
phosphorylation and suppression of target gene expression, revealing a novel poly-
pharmacological profile.% In contrast to CGS-15943, it acts as an adenosine receptor agonist
but was entirely inactive in all BMP-dependent assays (data not shown), hence a similar
mechanism is also unlikely. Several known receptor modulators had already been screened in
the initial LOPAC screen with only CGS-15943 identified as a hit. Since no comparable
pharmacological profile to CGS-15943 was observed, ADORA-signaling was considered as a

BMP-irrelevant off-target.

The atypical DNA-dependent protein kinase (DNA-PK) has been identified as a kinase target
for CGS-15943. It is critically involved in regulation of cellular homeostasis and DNA repair by
recognizing and repairing double-strand DNA breaks, and thus, ensures genomic stability.[3¢!
Inhibition of DNA-PK has been shown to be beneficial in combination with radiation and
chemotherapy to enhance drug response by interrupting DNA damage repair mechanisms.
However, it is generally challenging to discriminate between selective DNA-PK and PI3K
inhibition due to the close structural similarity of these kinases.®”] Recently, the very potent
DNA-PK inhibitor AZD7648 has been reported to have superior selectivity and an improved
pharmacokinetic properties with a good safety profile and potential for combinatorial drug
therapies.l®® Interestingly, although it showed strong biochemical inhibition of PI3K type |
isoform fragments (e.g., ICso of p110y = 50 nM), it lacked cellular activity against PI3Ks, while
retaining high efficiency against DNA-PK.38 Notably, a 100-fold selectivity against 396 other
kinases was described for AZD7648.53% Considering the lack of selectivity among all currently
available DNA-PK inhibitors, AZD7648 also represents a valid tool compound for assessing
putative DNA-PK-dependent effects on BMP signaling in our differentiation assays. As shown
in Figure 92, AZD7648 showed a very weak rescue of DMH-1 during mESC mesoderm
patterning at concentrations = 1 yM. This finding points at a DNA-PK-independent response,
given that the biochemically determined potency of AZD7648 on DNA-PK is 350-fold higher
than the one calculated for CGS-15943. Consistent with this data, AZD7648 also did not induce
ALP activity during osteogenic C2C12 differentiation at concentrations up to 5 yM and no
enhancement of osteogenic transcript levels was observed (see Appendix, Figure 99). Since
the cellular activity of AZD7648 on p110y has been confirmed by Fok et al. with a reported,
high ICso of 1.37 uM, an amplifying effect on ALP and osteogenesis may be observed at much
higher concentrations.!388!
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Figure 92: Evaluation of DNA-PK-dependent BMP induction indicates no correlation with BMP signal activation. (A)
Chemical structure of AZD7648 and its reported ICso-values on DNA-PK in vitro and in cellulo. (B) Dose-response
antagonism of CGS-15943 and AZD7648 in cardiac differentiation induced by selective BMP inhibitor DMH-1 (0.5
pM). Bar graph is representative for the mean of triplicates and the respective SEM for n = 3. Myh6-GFP level were
normalized to DMH-1 with vehicle (DMSO). (C) Osteogenic induction of ALP by CGS-15943 and AZD7648.
Compounds were incubated along with 7.5 ng/mL BMP-4 in C2C12 and treated for 72 h. ALP activities were
normalized to BMP-4/DMSO and bars are represented as mean + SD for n > 3.[388.389]

Albeit the distinction between selective targeting of DNA-PK and lipid kinases is challenging,
assessment of the selective inhibitor AZD7648 did not result in significant BMP-dependent
activation in either morphological assay. Moreover, due to the endogenous activity and specific
role of DNA-PK, it is unlikely to be involved in the observed specificity with respect to BMP
signaling and collectively considered as an off-target. In view of the high selectivity of CGS-
15943 versus CK1d/e, p110y and DNA-PK on the kinome, it should be noted that it is generally
difficult to distinguish between PI3K and DNA-PK selective inhibitors. This is why commonly
used reference compounds, such as PIK-93, despite being reported as selective, also show

high potency toward DNA-PK.

Furthermore, during the course of this thesis, a new report and patent was published describing
the aryl hydrocarbon receptor (AhR) as a putative target of CGS-15943. The AhR is a ligand-
activated transcription factor that translocates to the nucleus inducing expression of target
genes involved in cellular proliferation.**® It also mediates the toxicity of compounds such as
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD). Its modulation has implications for anti-cancer
therapy. By binding to and activating AhR, CGS-15943 has been shown to induce apoptosis
of breast and liver cancer cells via upregulation of the Fas-ligand.!*®"! Jana FLEGEL (WALDMANN
group, MPI Dortmund) established an AhR-reporter gene assay and characterized CGS-15943

to confirm its activity on XRE-reporter in comparison to its BMP-inactive derivative 29 and the
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highly potent known AhR inducer FICZ. As depicted in Figure 93A, FICZ induced XRE
expression with high potency and efficacy up to nearly 100-fold. As expected, CSG-15943 also
showed up to 62-fold induction, reaching a maximum at 10 uM. The BMP-inactive analog 29
was less active as CGS-15943, but still able to drive AhR-dependent transcription (31-fold).

These profiles suggest an AhR-independent correlation to BMP signaling.
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Figure 93: Assessment of CGS-15943 on AhR-dependent XRE expression and characterization of FICZ on ALP
and Vent2 induction suggests a AhR-independent BMP-enhanced response. (A) HepG2 cells were transfected with
AhR responsive reporter plasmid transcribing XRE-luciferase and a Renilla control plasmid for 24 h, followed by
compound treatment for 24 h. Luciferase activity was normalized to DMSO vehicle. Data is shown as mean + SD
of n = 3 experiments. (B) Dose-response relationship on ALP activity during BMP-induced osteogenesis in C2C12.
Compounds were incubated along with 7.5 ng/mL BMP 4 in C2C12 and treated for 72 h. ALP activities were
normalized to DMSO and bars are shown as mean + SD for n = 3. (C) Dose-dependent profiles on BRE-Vent2-luc
reporter in HEK293T cells. Cells were transiently transfected and treated with compounds and BMP-4 (10 ng/mL)
for 22 h. Luciferase activity was normalized to DMSO and data is shown as mean + SD of n = 2 experiments relative
to DMSO (= 100%).

These findings were further supported when FICZ was assessed in the C2C12 osteogenic
differentiation assay. No stimulation of BMP-dependent ALP activity was detected, as shown
in Figure 93B in direct comparison with CGS-15943 and 29. In addition, FICZ was also inactive

on the BRE-Vent2-luc reporter, providing compelling evidence of an AhR-independent
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enhancement of BMP signaling by CGS-15943. Moreover, the published patent disclosed
extensive SAR studies for CGS-15943 in which the amino group at the 5-position, essential
for BMP/CK1 activity, was not required for AhR activation.%? Efforts were made to increase
the selectivity to AhR by replacing this critical function, thus reporting a very different SAR
compared to the herein described SAR of BMP amplification. In addition, one of the most
potent activators, TCDD, was shown to effectively inhibit osteogenic differentiation of human
mesenchymal cells by interfering with BMP-2/TGF-1/SMAD signaling, revealing an

antagonistic response in BMP-dependent differentiation.%!

Collectively, the inability of FICZ to enhance BMP-dependent differentiation and gene
expression and the distinct structure-activity-relationships for AhR- and BMP-activity exclude
AhR as a viable BMP-relevant target. The herein newly identified targets of CGS-15943 that
explain its unparalleled BMP potentiating activity are CK18/e and PI3K p110y. Yet, future
studies should take AhR interference into account, and structural optimization to eliminate AhR
activity might be considered, as AhR may affect cellular viability through apoptosis and
potentially represents a counterproductive target as reported for the TCDD-mediated inhibition

of osteogenesis.%!

3.3.6 Summary and Outlook

In the initial screen of the mMESC-based prototype BMP-mimetic differentiation assay
developed by Jonas HALVER, the LOPAC/Prestwick libraries were tested for the identification
of known bioactive compounds. Among 11 other hits, the adenosine receptor antagonist CGS-
15943 was identified as the only hit that could be validated for its BMP-dependent reporter
activity.°02° Moreover, the identified small molecule was the only one that showed selective
activation of the BMP reporter compared within the TGFB superfamily, showing a superior
profile among all tested and profiled compounds and references. Furthermore, in direct
comparison to the profiled BMP activators Ventromorphin, Isoliquiritigenin and PD407824, the
BMP response of CGS-15943 exceeded the profile of a superior BMP activator in all BMP
assays. However, CGS-15943 was not consistently able to induce BMP signaling in the
absence of ligand, and thus CGS-15943 can be classified primarily as a BMP enhancer and a

purely agonistic function could be excluded.
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Furthermore, osteogenic effect was confirmed by upregulation of specific osteogenic drivers
by CGS-15943 and functional validation was performed in a mineralization assay, highlighting
its potential to enhance osteogenesis in a human-derived system. In addition to osteogenic
validation, the ability of CGS-15943 to recapitulate BMP signaling in embryogenic development

was demonstrated using in vivo zebrafish ventralization.

Next, to evaluate the structural dependence on BMP signaling, a structure-activity-relationship
study was conducted with 39 newly synthesized derivatives by Stefan Lohmann, which
revealed a narrow SAR with only one compound leading to significantly increased potency but
providing important structural insights for upcoming optimization. Due to the very steep SAR,
the incorporation of functional substituents for target identification approaches was not

possible, and thus they were to date not considered for synthesis.

A combination of gene expression analyses and assessment of BMP/TGF-Smad regulation
was used to decipher the quality, quantity, and dynamics of BMP signaling outputs. Here,
studies on the dynamics of mediated activation during osteogenic differentiation using Smad
quantification and gene expression analysis demonstrate nucleic Smad-dependent
enhancement of signaling outputs by CGS-15943, leading to sustained and robust osteogenic
differentiation. In addition, preincubation enhanced BMP signaling, strongly suggesting an

attenuated negative regulatory mechanism.

These efforts were complemented by kinome and cell imaging profiling and several
hypothesis-driven approaches to explain the BMP-potentiating mode of action of CGS-15943.
To identify novel targets and since kinase-dependent regulatory crosstalks are common, CGS-
15943 was profiled on the entire kinome. It was shown to be highly selective for targeting
CK1a1/8/e, p110y and DNA-PK and exhibited low nanomolar potency, the latter of which was
de-validated by the highly selective and potent DNA-PK inhibitor AZD7648 that was published
by AstraZeneca in 2019.881 Given that CGS-15943 showed interesting selectivity among CK1
kinases, further biochemical validation against full-length kinases was performed by the group
of Prof. KNIPPSCHILD, which revealed high selectivity against CK16/¢ isoforms. Kinetic studies
versus ATP revealed competitive inhibition of CK1¢ and a mixed inhibition mode against the
d-isoform, revealing potential allosteric and competitive inhibition. In collaboration with Prof.
BAUMANN, a crystal structure of CGS-15943 and CK15 isoform was generated, confirming

binding to the ATP-binding pocket with specific binding of the triazoloquinazoline to the hinge
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region at the adenosine binding site and coordination into the hydrophobic pocket, without
binding to the catalytic core. The binding mode and rigidity of the scaffold revealed its limited
potential for further optimization, which strongly correlated with the observed BMP-dependent
SAR of CGS-15943. Biological characterization of the closely related CK148/¢ inhibitor SR-3029
revealed a correlation of CK18/¢-specific inhibition in the mESC assay and activity on the Vent2
promoter and exhibited moderate potential for enhancing synergistic ALP activity. With this
indication, overexpression of each CK1 isoform was performed and successful rescue of the
observed reporter activation by CGS-15943 via CK18/¢ was achieved, demonstrating a
dependence of BMP-enhanced activity on specific CK1 modulation. To further substantiate
this observation for C2C12, genetic validation via knockdown of specific CK1 isoforms should
next be performed. This could be addressed by robust genomic knockdown via lentiviral
transfection of RNA-interfering small hairpin RNAs specific for certain CK1 isoforms, which
could ultimately be used to investigate the putative CK1-dependent regulatory mechanism for

Smad signaling.

Furthermore, an unbiased morphological cell painting assay established and performed by the
COMAS, revealed high biological similarity of CGS-15943 with selective and potent PI3Ka and
y inhibitors, the latter of which was a validated target for CGS-15943.3%! Biological
characterization and combinatorial screening of characterized selective inhibitors of CK1 and
PI3K isoforms to evaluate synergism of CK1- and PI3K-mediated amplification of BMP
signaling outputs, showed an additive behavior on BMP-dependent ALP activity. These data
provided insights into a dual mode-of-action of CGS-15943 in osteogenesis via its selective

and unique kinase profile on CK18/¢ and p110y.

Further studies to assess selectivity and raise evidence for a p110y-dependent BMP response,
a set of chemical probes consist of kinase inhibitors with selectivity towards each p110 isoform,
such as Alpelisib (PI3Ka), TGX-221 (p110B), AS-252424 (p110y), Idelalisib (p1103) should be
tested and evaluated for BMP signaling outputs. Subsequent siRNA-mediated knockdown
studies in combination with the selective compounds targeting distinct PI3K isoforms can be

performed.87]

Overall, although CGS-15943 has already been shown to target ADORA, AhR and PI3K, the
additional targets CK1 and DNA-PK were identified by kinase activity in this thesis, revealing
a polypharmacological chemical probe. However, CGS-15943 showed a clean kinome profile

151



3 Results and Discussion

and a unique cellular response and mechanism among all tested BMP activators tested based

on its genuine dual CK1/PI3K-inhibition profile.

In addition to its demonstrated activity in osteogenic differentiation, CGS-15943 exhibited great
potential to recapitulate BMP activation in embryogenic development in both mESC mesoderm
specification and zebrafish ventralization. Thus, its capacity to enhance BMP activity in human
embryogenic cell lines is of great interest, especially with respect to early mesoderm formation

and hence in differentiation protocols in regenerative medicine.

The dual mechanism of action is of particular interest for the treatment of various cancer cells
associated with Shh, Wnt and BMP signaling, since CGS-15943 could induce cancer apoptosis
with a lower risk due to its unique and selective profile against specific isoforms of CK1 and
PI3K and could open a great potential for various therapeutic applications among ossification

or for cancer treatment.
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4 CONCLUSION AND PERSPECTIVES

The BMP signaling pathway is among the major developmental pathways critical for
embryogenesis and driving differentiation into multiple cell lineages. To name a few key
functions, BMP regulates pluripotency exit, morphogenic mesoderm patterning during
gastrulationas well as bone and cartilage development.['46214% Dysregulations of BMP have
been linked to a variety of diseases, including the development of cancer. Its numerous
regulatory properties in lineage commitment demonstrate the tremendous potential of
exogenous BMP modulation. In particular for BMP activators, there is an urgent need for high-
quality chemical probes and therapeutics that mimic physiological BMP. However, the
development of signaling activators or genuine small molecule growth factor or cytokine
mimetics represents a challenging task in drug discovery. The highest specificity for a certain
signaling pathway is achieved by highly conserved receptor-ligand binding. The complex
ligand-receptor engagement, which is often accompanied by receptor (hetero)-oligomerization,
is difficult to mimic by a small molecule modality and is more likely to be achieved by peptide-
or protein-based agents. However, with SB-247464 as a granulocyte-colony stimulating factor
mimetic or the thrombopoietin mimetic Eltrombopag, few small molecule examples exist.[2%3%]
Alternatively, perturbation of well-characterized signaling pathway components enables the
rational development and design of activators. This process requires comprehensive basic
research on the pathway of interest and profound knowledge on the biochemistry of the cellular
target. Examples are the GSK3p-inhibitor CHIR-99021 as a Wnt/pB-catenin activator or the
Bayer-developed HIF-PH inhibitor Molidustat that induces erythropoietin (EPO) expression

rather than being a receptor activator.[2%6-39

A most critical requirement for the discovery of truly novel BMP activator modalities is the
availability of a meaningful and unique screening assay. Most reported BMP activators were
identified from screens in artificial reporter gene assays employing immortalized cell lines,
which ultimately may miss attractive targets and mechanisms relevant in physiologically

complex systems.

Therefore, building on previous results by Dr. Jonas HALVER (SCHADE group), this work
established and optimized a physiological, morphogenic cellular screening assay using murine

embryonic stem cells to recapitulate embryonic development in a 2D screening
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approach.?®0291 Herein, the orchestration of BMP signaling cues during mesodermal
differentiation has been successfully shown to be feasible in a phenotypic screening format by
using high-quality chemical probes selective for distinct signaling pathways. This new assay
setup was supposed to furnish novel BMP activator chemotypes that mimic the exogenous
activity of BMP-4 and potentially expand the druggable space of BMP signaling effectors.
Proof-of-concept could be demonstrated from screening a 7,000 compounds chemical
diversity library and a 1,408 compounds library of known pharmacologically active agents. In
addition, a stringent hit validation workflow was successfully established with a particular focus
on the capacity of small molecule hit candidates to enhance osteogenesis. As a result of these
efforts, two novel chemical modalities were identified that potently enhanced osteogenic BMP

signaling, as illustrated in Figure 94.

immortalized cells ~ whole organism

~

: physiological relevance \ 3
assay throughput N I\
' cl I °N
. mesoderm N’
differentiation
S e
- » NJ\NH

embryonic stem cells

2 Osteogenesis

CGS-15943 Chromenone 1
BMPs TGFBs :
H I Smad4 availability
PI3Ky + CK15/ % w w : by anew target

highly conserved:
- receptor-ligand interaction

- Smad-phosphorylation INPUT

BMPR-I/Il dynamics,  _ ... fsan i

compartmentalization FKBP12

Al

p-Smad1,5,8 stability, non-canonical
Smad4 availability, ~ ""**"""" events
non-canonical effectors

p-Smad1,5,8 p-Smad2,3

o
OH  (Cell Chem. Bio. 2021)

p21-CHK1
DIPQUO

(Cell Ghem. Bio. 2018) =

H
Oy N
transcription factors,

= HO, ©
o @
...... by P X
- p o Y = \ tk. G
co-activators/repressors & TFs | Smad genes Xy N
o
/ TFs A
Vi U PD407824
1 M-Smad genes Smad genes'\,

VouTpuT  (CellReport 2016)

Figure 94: Schematic overview of the druggable space of BMP activators/sensitizers and its expansion by the
identified BMP amplifiers Chromenone 1 and CGS-15943. Both chemotypes amplify BMP signaling via stabilization
of BMP-Smad signaling outputs. Chromenone 1 enhances canonical nuclear BMP-Smad signaling outputs through
an unparalleled, kinase-independent, non-toxic negative TGFB-Smad feedback loop. In contrast, the identified
selective CGS-15943 amplifies osteogenic BMP signaling outputs independent of a TGF p-feedback via a proposed
dual inhibition of CK18/¢ and PI3Ky (p110y) isoforms.
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With the identification of the 2-aminopyrimidine chemotype, including the autophagy inhibitor
Autophinib, successful de-validation of false-positives could be demonstrated. Here, inhibition
of VPS34 resulted in false-positive activity in the cardiogenic mESC assay, whereas GSK3p
was the relevant off-target in the osteogenic C2C12 assay, which is known to crosstalk
between canonical BMP and Wnt signaling. Considering that GSK3p functions as a central
regulator for many signaling pathways, its targeting carries the risk of non-specific
polypharmacology and should be avoided. De-validation provided further insight into how
autophagy-related chemical probes impair cardiogenic differentiation, as shown by lipid kinase
VPS34 and mitochondrial complex | inhibitors. Due to the perturbed cellular homeostasis
during differentiation, autophagy-interfering modulators could generally appear as false-

positives.

One of the identified and validated hits, the 2,3-disubstituted 4H-chromen-4-one
Chromenone 1, proved to be a BMP signaling potentiator with high potency and efficacy
representing a new BMP-activating chemotype. A combination of kinome and transcriptome
profiling with biochemical evaluation of cytosolic and nuclear BMP/TGFp-Smads revealed a
unique mode-of-action. Chromenone 1 appeared to induce a pronounced, kinase-
independent, negative TGFj feedback that resulted in enhanced nuclear BMP-Smad signaling
outputs. Future endeavors might decipher its direct cellular binding partner(s), which in turn,
could furnish novel druggable regulators of the BMP pathway. The characterized set of
Chromenones 1-3 serve as valuable chemical probes already at this stage and represent a

valid starting point to generate a lead structure for early in vivo efficacy studies.

From screening of 1,408 known bioactive compounds, the triazolo[1,5-c]quinazoline CGS-
15943 was identified and fully validated as another novel BMP activating chemotype and
exhibited highest selectivity among all profiled hits as well as reported BMP modulators. It not
only functionally rescued BMP blockade in the original stem cell-based phenotypic screening
assay during mesodermal patterning, but also proved effective in vivo in zebrafish embryo
development during gastrulation. Moreover, CGS-15943 amplified BMP signaling outputs to
efficiently promote osteogenic differentiation and mineralization in murine C2C12 cells and
human osteosarcoma cells in vitro, underscoring its versatile applicability as a BMP
potentiator. The known adenosine receptor targets of CGS-15943 could not explain the

underlying mechanism of action. However, CK15/e and PI3Ky were identified as novel targets
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from kinome-wide profiling of CGS-15943. Thus, CGS-15943 turned out to amplify osteogenic
BMP signaling outputs via a proposed dual inhibition of CK18/e and PI3Ky. This represents a
unique mode-of-action that appeared to function as a critical regulator leading to enhanced

nuclear BMP-Smad signaling independent of TGFp-feedback mechanisms.

With the successful advent of identifying and characterizing these two small molecule
modalities, a proof-of-concept could be presented that underscores the utility and impact of
the underlying screening approach for the discovery of genuine and novel BMP activators or
amplifiers, respectively. These efforts led to two high-quality, BMP-active chemical modalities
with unique mode-of-actions on the BMP pathway and BMP-dependent developmental
processes. Interestingly, both compound classes enhance BMP signaling outputs by stabilizing
nuclear BMP-Smad levels in a distinct fashion. Chromenone 1 potentiates BMP signaling by
downregulating TGFB-Smad signaling in a kinase-independent manner, very much unlike the
reported BMP sensitizer PD407824. Further, it exhibits a superior activity profile in the BMP
assays and cellular toxicity profile compared to other BMP activator or sensitizer chemotypes
tested. Strikingly, CGS-15943 selectively targets BMP signaling without affecting TGFp-Smad
signaling. Here, the regulatory functions of CK18/¢ isoforms and PI3K class | y-isoform may
contribute to a novel role in Smad-biology. Interestingly, CGS-15943 was found to inhibit CK13
in a rare mixed competitive and non-competitive manner, which might additionally explain its
unique effect on BMP-Smad localization and stability. However, the molecular basis of this
phenomenon remains to be investigated in greater detail and could reveal new critical

regulatory functions.

As both BMP activators have shown an enhancing osteogenic activity profile in vitro, they offer
great potential for therapeutic application to treat osteopenic diseases and skeletal trauma for
which rhBMPs have been utilized to date. The herein identified BMP potentiators, Chromenone
1 and CGS-15943, mediate enhanced activity of basal BMP signaling. Their mode-of-actions
differ from pure receptor agonists and pure BMP mimetics. However, amplification of basal
BMP activity allows for local enhancement of BMP signaling in areas where BMP activity is
physiologically insufficient. Such pharmacology would enable therapeutic applications without
concomitant administration of rhBMPs and would demonstrate the potential of non-mimetic
BMP amplifiers. Such sensitive balancing of basal BMP activity could potentially overcome the

adverse effects of rhBMPs in the treatment of osteopenic diseases and skeletal trauma, such
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as heterotopic ossification. Moreover, in applications and treatments requiring obligate rhBMP
activity, simultaneous administration could lower the required doses of rhBMPs. Such a co-
application would contribute to the stabilization and enhancement of the local osteogenic effect
and would also be much more cost-effective. Clinical application for ossification with rhBMPs
has already been successfully exploited, with great opportunities for BMP activators or
potentiators for the treatment of bone degeneration, bone, and joint repair.l'*28 Since bone
recovery is a slow process, combinatorial application would enhance this process for autograft
formation and patient-derived bone tissue. A cost-effective treatment with a ligand-rhBMP-
cocktail would be applicable for graft incorporation and bone-tissue regeneration. This is where
the BMP-Smad enhancer may come into play, as signal transduction is amplified downstream
of receptor-ligand complexation. Moreover, these BMP potentiators might be utilized for nano-
scaffolds that have been developed to engineer bone tissue for graft formation. BMP-activating
small molecules could be encapsulated or applied to nanofiber scaffolds, which have already
successfully demonstrated synergistic osteogenesis by BMP-2 and dexamethasone, providing
evidence for the potential incorporation of osteoblastogenic drugs to enhance differentiation

and osteoblastic homeostasis. 40

Furthermore, harnessing embryonic development as an enabling technology to identify BMP
activators might translate to even more complex 3D systems in the future. Recent advances
in the field of “synthetic embryology” have been made, for instance in the formation of
embryonic organoids known as gastruloids. The first self-organizing human heart-like cardioids
were reported in a multi-well format.l'"® Interestingly, critical BMP cardiac mediators (i.e.,
BMP-2/-4, and BMPRZ2) that drive cardiac specification of the mesoderm were identified in this
hESC-based model system. These findings highlight the relevance of the morphogenic effect
of BMP-4 in cardiac mesoderm formation and the significance of recapitulating BMP signaling
during mesoderm specification of the herein described mESC-based screening assay. This is
further substantiated by a recently reported protocol for the generation of cardiac precursor
gastruloids with distinct cardiac heart fields from differentiated mESCs, recapitulating early
cardiogenesis in a murine system.!"””! Importantly, BMP-4 has been shown to be important for
intrinsic stem cell patterning and formation of human organizer.['*17% Due to their complexity,
these gastruloid model systems cannot be used for drug screening approaches. Therefore, the
phenotypic BMP-dependent mESC assay represents a screening alternative to these

sophisticated systems in order to capture the morphogenetic contributions of BMP signaling.
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In conclusion, the methodology presented in this thesis enables the identification of novel BMP
activators that expand the druggable space of currently available modalities. Future studies
will have to unravel their modes-of-action in greater detail on the molecular level. It will be
exciting to see the full potential of these new agents as BMP signaling amplifiers for various

therapeutic applications and as tools for directed differentiation of pluripotent stem cells.
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5 MATERIALS AND METHODS

5.1 Material

5.1.1 Chemicals, recombinant proteins, and reagents

Compounds listed below were purchased from different suppliers directly or from the
Compound Management and Screening Center’'s (COMAS) small molecule library. All other
compounds mentioned in this thesis have been synthesized either by M.Sc. Stefan LOHMANN
from the department of Pharmaceutical and Medicinal Chemistry of the Pharmaceutical

Institute in Kiel, or by chemists of the Chemical Biology department of the Max Planck Institute

of Molecular Physiology in Dortmund.

Reagent Supplier Identifier
0.25% Trypsine/ 0.02% EDTA Gibco 25200-056
2-Phospho-L-ascorbic acid Sigma Aldrich 49752-10G
Acetone Sigma Aldrich 32201
Autophinib Selleckchem S8596
AZD7648 Selleckchem S8843

BIO Selleckchem S7198
Blasticidin Sigma Aldrich SBR00022
Bovine Serum Albumin (BSA) Sigma Aldrich A3059
Bradford assay reagent Bio-Rad 5000204
BYL-719 MedChemExpress HY-15244
Carbenicillin Carl Roth 6344.2
CGS-15943 Sigma Aldrich C199-25MG
CHIR99021 Sigma-Aldrich SML1046
Cycloheximid Sigma-Aldrich C4859
DAPI Carl Roth 6335.1
DMEM (with Glucose, L-Glutamine, Sodium PAN-Biotech P04-03590
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pyruvate)

DMEM, high glucose, pyruvate, no glutamine
DMEM, high glucose, no glutamine

DMEM, high glucose, pyruvate

DMH-1

DMSO, bio-grade

DMSO, BioScience Grade
Dorsomorphin (DM)
DPBS

EBSS

Ethanol, absolute

Fetal bovine serum, Premium

FICz

Formaldehyde solution (37%)
FUGENE® HD Transfection Reagent
G418, Geneticin

Gelatine in PBS, 0.1%
GelRed® Nucleic Acid Gel Stain
GlutaMAX™

Glycerol

Hoechst 33342

Hydrochloric acid (HCI)
Isoliquiritigenin

Isopropanol

LDN-193189

Leukemia inhibitory factor, LIF

L-Glutamine

Lipofectamine® 2000
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Gibco
Gibco
Gibco

Selleckchem

Carl Roth

Acros Organics
Carl Roth
Tocris

Gibco

Sigma Aldrich
Fisher Chemical

PAN-Biotech
Sigma-Aldrich

Sigma Aldrich
Carl Roth
Promega
Sigma Aldrich
PAN Biotech
Biotium
Gibco

Gerbu

Sigma Aldrich
J.T.Baker
Selleckchem
Honeywell
Sigma-Aldrich

Protein Chemistry
Facility, MPI Dortmund

Gibco

Invitrogen

21969-035
11960-044
41966-029

7146

A994 .2
327182500

A994.2
3093
14190-094
E3024
10542382

Batch# 151203
Batch# 9857

SML1489
P733.1
E2693
G8168
P06-20410
41003
35050-038
2006.5000
B2261
15142675
S2404
33539
SML0559

84-14_pOPIN-
His-GST-LIF

25030081
11668-019



Lipofectamine® 3000

LY294002

ML-347

Non-essential amino acids (NEAA)
NP-40

Opti-MEM

PCR grade water

PD407824

Penicillin/Streptomycin

PF670462

Phusion flash high-fidelity PCR master mix
PIK-93

Propidium iodide

Purmorphamine

rhActivin A

rhBMP-2

rhBMP-4

rhNoggin

rhTGFj-2

RNase/DNase-free water (no DEPC)
Saponin

SAR405

SB-431542

SR-3029

SYTOX™ Green Nucleic Acid Stain
TripLE™ Cell Dissociation Buffer
Tris

Triton-X100

TriTrack DNA Loading Dye (6X)

Trypan Blue
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Invitrogen
Selleckchem
Sigma-Aldrich
Gibco
Calbiochem
Gibco

VWR
Sigma-Aldrich
Gibco

Sigma Aldrich
Biolabs
Selleckchem
Sigma Aldrich
Cayman Chemical
Bio-Techne

R&D Systems
R&D Systems
StemCell Technologies
Merck Millipore
Ambion

Carl Roth
Selleckchem
Selleckchem
Axon

Invitrogen

Gibco

Carl Roth

Carl Roth

Thermo Fisher Scientific

Thermo Fisher Scientific

L3000-001
S1105
SML1273
11140-050
492016
31985-062
733-2573
PZ0111
15140-122
SML0795
M0530S
S1489
P4864
10009634
338-AC
355-BM-010
314-BP-050
78060.1
GF113
AM9938
9622.2
S7682
S1067
2547
S7020
A12177-01
4855.2
3051.3
R1161
T10282
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Trypsin-EDTA (0.25%), phenol red

Ultra Low Range DNA Ladder
1 kb Plus DNA Ladder
High Range DNA Ladder

UltraPure™ Agarose
Ventromorphin/ 219757816
ViaFect™ Transfection Reagent
Vismodegib

VPS34-IN1

B-Mercaptoethanol

5.1.2 Buffers and media

Gibco 25200056
Thermo Fisher Scientific ~ SM1213
SM1333
SM1351
Invitrogen 16500-100
Enamine 4254445/0003
Promega E4983
Selleckchem S1082
Selleckchem S7980
Gibco 31350-010

Buffer

Composition

293/Luc medium

DMEM (P04-03590)
FBS 10% (v/v)

1% NEAA

10 pg/mL Blasticidin

C2C12 differentiation medium

DMEM (high Glucose, no Glutamine,
Pyruvate)

6% FBS (heat-inactivated)
1% GlutaMAX

1% Penicillin/Streptomycin

no

C2C12 maintenance medium

DMEM (high Glucose, no Glutamine,
Pyruvate)

10% FBS
1% GlutaMAX

no

C3H10T1/2 medium

DMEM (high Glucose, no Glutamine,
Pyruvate)

10% FBS (heat-inactivated)
3% L-Glutamin
1% N-Pyruvate

1% Penicillin/Streptomycin

no
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Cytoplasmic extraction buffer 10 mM HEPES, 10 mM KCI, 0.1 mM EDTA, 1
mM Dithiothreitol, 0.5% Nonidet-P40, pH 7.5
FACS staining buffer SB PBS
0.25% Saponin
2% FBS
Fixation buffer 4% formaldehyde in PBS
LB medium 10 g/L Bacto Trypton
5 g/L Bacto Yeast Extract
10 g/L NaCl
pH 7.4
LB Agar + 1.5% Bacto Agar

+ 100 pug/mL antibiotic

Lysis buffer 100 mM Tris-HCI, pH 9.5
250 mM NaCl
25 mM MgCls
1% Triton X-100 in ddH20

mESC differentiation medium DMEM (high Glucose, Pyruvate, no Glutamine)
2-6% FBS
1% GlutaMAX
1% NEAA
1% Penicillin/Streptomycin

0.1 mM B-Mercaptoethanol

mESC freezing medium DMEM (high Glucose, Pyruvate, no Glutamine)
20% FBS
10% DMSO
1% GlutaMAX
1% NEAA
1% Penicillin/Streptomycin
0.1 mM B-ME
15 ng/mL LIF

mESC  maintenance  medium for DMEM (high Glucose, Pyruvate, no Glutamine)
pluripotency 10% FBS

1% GlutaMAX
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1% NEAA

1% Penicillin/Streptomycin
0.1 mM B-Mercaptoethanol
15 ng/mL LIF

Mineralization medium DMEM/F12
10% FCS

1% Penicillin/Streptomycin

Nuclear extraction buffer 10 mM HEPES, 400 mM NaCl, 1 mM EDTA, 1
mM Dithiothreitol, pH 7.5

Osteogenesis medium DMEM/F12
10% FCS

1% Penicillin/Streptomycin
10 mM R-glycerophosphate
0.2 mM Ascorbic acid

10 nM Dexamethasone

Permeabilization buffer PBS
0.25% Triton-X
2% FBS
Standard cell culture medium DMEM (P04-03590)

FBS 10% (v/v)

TAE (50 x) 2 M Tris-acetate
50 mM EDTA

5.71% (v/v) acetic acid

5.1.3 Cell lines
Cell line Supplier Identifier
293/Luc Cell Line Cell Biolabs AKR-230
C2C12 Mouse Myoblast Cell ATCC CRL-1772™
Line
HEK293T ATCC CRL-3216™
Human Bone osteosarcoma Cell Lines Service 300331
cell line Sa0S-2
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Mouse CGR8-aMHC-GFP

Sanford-Burnham

Medical

Research Institute, Mercola Lab

5.1.4 Bacterial strains

Bacterial strain

Supplier
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Takahashi et al. 2003[?%2

Escherichia coli BL21-CodonPlus (DE3)
Escherichia coli OmniMAX

5.1.5 Antibodies

Agilent

ThermoFisher

Antibody Supplier Identifier
Anti-Histone H3 Abcam ab1791
Anti-Smad2 Cell Signaling 5339
Donkey anti-Rabbit IgG (Alexa Fluor 750) Invitrogen ab175730
GAPDH Polyclonal Antibody Invitrogen PA5-85074
Goat anti-Mouse 1gG (Alexa Fluor 488) Invitrogen A-11001
Goat Anti-Rabbit IgG (HRP) Abcam ab97051
Human/Mouse SSEA-1 Antibody R&D Systems MAB2155
pSmad1/5/QSer463/465 Cell Signaling 13820
Anti-Oct4 Abcam ab19857

5.1.6 Oligonucleotides

Oligonucleotides were synthesized and desalted by IDT Technologies.

Gene Sequence

mouse-Actb Forward

5-ACCCTAAGGCCAACCGTGA-3’

Reverse | 5-ATGGCGTGAGGGAGAGCATA-3’

mouse-ALK3 Forward

5-TGACCTGGGCCTAGCTGTTA-3’

Reverse 5TTCAGGCTTTCATCCAGCA-3

mouse-Alp Forward

5-ATCTTTGGTCTGGCTCCCATG-3’

Reverse | 5-TTTCCCGTTCACCGTCCAC-3’
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mouse-BraT

mouse-BMP2

mouse-BMP4

mouse-BMPR?2

mouse-Cer1

mouse-Col1a1

mouse-Gapdh

mouse-Gsc

mouse-Ild1

mouse-ld2

mouse-ld3

mouse-Kdr/Flk1

mouse-Mef2c

mouse-Mesp1

mouse-Noggin

mouse-Ocn
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Forward | 5-GACTTCGTGACGGCTGACAA-3
Reverse | 5-CGAGTCTGGGTGGATGTAG-3’
Forward | 5-GGGACCCGCTGTCTTCTAGT-3’
Reverse | 5-TCAACTCAAATTCGCTGAGGAC-3
Forward | 5-TGAGGAGTTTCCATCACGAAG-3’
Reverse | 5-CTCACTGGTCCCTGGGATGT-3’
Forward | 5-TGGGAGGTGTTTATGAGGTGT-3
Reverse | 5-GAAAAGCCATCTGGTAATCTGG-3’
Forward | 5-GTCAAGATGGTGATGCAAGTAGA-3’
Reverse | 5-GGATGAAGGAACCCTGGGA-3’
Forward | 5-GGGGCAAGACAGTCATCGAA-3’
Reverse | 5-GGTGGGAGGGAACCAGATTG-3’
Forward | 5-AGGTCGGTGTGAACGGATTTG-3’
Reverse | 5-TGTAGACCATGTAGTTGAGGTCA-3’
Forward | 5-CAACCAGCTGCACTGTC-3
Reverse | 5-TCTGGGTACTTCGTCTCCT-3
Forward | 5-CCTAGCTGTTCGCTGAAGGC-3
Reverse | 5-CTCCGACAGACCAAGTACCAC-3’
Forward | 5-GAGGCACTCAGCTTAGCCAG-3
Reverse | 5-TCAGATGCCTGCAAGGACAG-3’
Forward | 5-GAGGCACTCAGCTTAGCCAG-3
Reverse | 5-TCAGCTGTCTGGATCGGGAG-3
Forward | 5-AAGGAACTAGAATGCGGGCT-3’
Reverse | 5-ACTCCCTGCTTTTACTGGGC-3
Forward | 5-AGATCCCGATGCAGACGATT-3
Reverse | 5-AGACCGCCTGTGTTACCTG-3
Forward | 5-CCATCGTTCCTGTACGCAGA-3’
Reverse | 5-CTAGAAGAGCCAGCATGTCG-3’
Forward | 5-CCTTCTGCCCGGTGCTGTAC-3’
Reverse | 5-ACAGACTTGGATGGCTTACACACC-3’
Forward | 5-ATGGCTTGAAGACCGCCTAC-3’
Reverse | 5-AGGGCAGAGAGAGAGGACAG-3




mouse-Oct4

mouse-Opn

mouse-0sx

mouse-Runx2

mouse-Tnnt2
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Forward | 5-TAGGTGAGCCGTCTTTCCAC-3’
Reverse | 5-GCTTAGCCAGGTTCGAGGAT-3
Forward | 5-TTCTGGCAGCTCAGAGGAGA-3’
Reverse | 5-TTCTGTGGCGCAAGGAGATT-3'
Forward | 5-CGCTTTGTGCCTTTGAAAT-3’
Reverse | 5-CCGTCAACGACGTTATGC-3
Forward | 5-CCTGAACTCTGCACCAAGTCCT-3'
Reverse | 5-TCATCTGGCTCAGATAGGAGGG-3’
Forward | 5-CAGAGGAGGCCAACGTAGAAG-3
Reverse | 5-TCGATCAGAGTCTGTAGCTCATT-3

5.1.7 Plasmids
Recombinant DNA Supplier Identifier
pBRE-/d7-luc (pGL3 BRE Luciferase) Addgene 45126
pBRE-xVent2-luc (pGL2 BRE Luciferase) Mercola Lab Hata et al.
200018
pCS2+Ck1a Knippschild Lab Dolde et al.,
201801
pCS2+Ck16 Knippschild Lab Dolde et al,,
2018401
pCS2+Ck1e Knippschild Lab Dolde et al.,
2018401l
pRL-TK Promega E2231
pSBE4-luc (pBV-Luciferase) Addgene 16495
pSTF (M50 Super 8x TOPFlash) Addgene 12456
pWnt3a (Wnt3a cDNA in pUSEamp) Upstate 21-124
Biotechnology
5.1.8 Kits
Kit Supplier Identifier
CDP-Star reagent® Roche 11759051001
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CellTiter-Glo® Cell Viability Assay Promega G7570
Dual-Luciferase® Reporter Assay System Promega E1960
E.Z.N.A.® Plasmid DNA Mini Kit Omega Bio-tek D6943-01
Lysis buffer (5x) Promega E194A
MycoAlert™ mycoplasma detection kit Lonza LTO7-118

NucleoSpin RNA, Mini Kit

Macherey-Nagel 740955

ONE-Glo™ Luciferase Assay System Promega E6120
Plasmid Midi Kit (100) Qiagen 12145
gScript™ cDNA SuperMix Quanta 84033
Biosciences
RNAse-free DNAse Set Qiagen 79256
RNeasy Mini Kit Qiagen 74106
RT? First Strand Kit Qiagen 330404
RT? Profiler™ PCR Array Qiagen PAMM-035ZG
RT? SYBR Green gPCR Mastermix Qiagen 330503
Takyon™ No Rox SYBR MasterMix dTTP Blue Eurogentec UF-NSMT-B0701
5.1.9 Devices
Device Identifier Supplier
Agarose-gel chamber Unit MIDI Plus Carl-Roth
Autoclave Laboklav 160MV SHP
Biosafety Cabinet NU-437-400E Nuaire
Cell Counter Countess™ | Invitrogen
Countess™ |l
Cell freezing container 5100-0001 Nalgene
Centrifuge 5418 Eppendorf
5804R
5427R
5810
Echo Liquid Handler ECHO® 520 Labcyte
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Electrophoresis cell

Flow Cytometer

Gilson Multichannel Finnpipettes

High-Content Imaging Microscope
System

Immunoblot Imager

Objective

Incubator

Incubator shaker

Instant pot stove

Liquid Dispenser

Liquid nitrogen freezer tank
Matrix Electronic Pipette
Microplate Mover

Microscope

Neubauer counting chamber
PCR Cycler
pH Meter

ECHO® 550

Mini-PROTEAN Tetra Cell
System

BD LSRII analyzer
S97172
V90153

V74805
S89715

ImageXpress Micro XL

Bioprint DS

CFI Plan Apochromat 60x
Galaxy 48S

Galaxy 170S

NU-4850E

NU-5500E

IN55

Innova® 42
Multitron HT Pro

Bleuet® 206 Plus
Multidrop® Combi
LS3000

Orbitor RS

EVOS XL Core (2x, 4x,
10x, 20x)

Primo Vert (4x, 10x, 20x,
40x)

TCS SP5 (20x)

Biostep Prime Gradient

FiveEasy™
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Bio-Rad

BD

Thermo Fisher Scientific

Molecular Devices

Labexchange

Nikon

New Brunswick
New Brunswick
Nuaire
Nuaire

Memmert

New Brunswick

Infors-HT

Campingaz

Thermo Fisher Scientific
Tec-lab

Thermo Fisher Scientific
Thermo Fisher Scientific

Life Technologies

Zeiss

Leica
Brand
Techne

Mettler Toledo

169



5 Materials and Methods

Pipettes
Pipetting aid

Plate Reader

Plate Shaker

Plate Washer

Power supply

Realtime PCR Cycler
Safe Aspiration System

Scale

Small tube metal tip dispensing

cassette
Spectrophotometer

Stainless Steel Manifold

Standard tube metal tip
dispensing cassette

Thermomixer comfort
Ultrasonic cleaner
Vortex mixer

Water bath

5.1.10 Software

Software

Research Plus

accu-jet® pro

Tecan Infinite® M200

Spectramax Paradigm

Envision
Teleshake
Elx405

Power PAC300
LightCycler® 480
Vacusafe comfort

AX2202
CS200

24073295

Nanodrop 2000c
3-000-102

24072670

5355
EMMI30HC
Vortex-Genie 2

Eppendorf
Brand

Tecan
Molecular Devices

Perkin-Elmer

Thermo Fisher Scientific
BioTek

Bio-Rad

Roche

Integra Biosciences

Sartorius

Ohaus

Thermo Fisher Scientific

Thermo Fisher Scientific

Drummond Scientific
Company

Thermo Fisher Scientific

Eppendorf
EMAG AG
Scientific Industries

GFL

Supplier

BioRender Imaging Software
ChemDraw Professional
Excel

Fiji-imaged

FlowJo

170

BioRender.com
PerkinElmer
Microsoft

Fiji

FlowJo Software



GraphPad Prism
LC480 SW1.5.1

LAS X

MetaXpress Software 6
OriginLab

Quattro software

5.1.11 Consumables
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Graphpad Software
Roche

Leica

Molecular Devices
OriginLab Software

Quattro-research

Name Supplier Identifier
12-well plate Sarstedt 83.3921
24-well plate Sarstedt 83.3922
2mL Screw Cap Micro Tube Conical Sarstedt 72.694.006
384-well plate, black, pclear, flat Greiner Bio-One 781091
384-well plate, white, flat Greiner Bio-One 781080
384-well plate, white, low-volume Corning 3826
384-well plate, white, PCR, conical Sarstedt 72.1985.202
5 mL Round Bottom Polystyrene Test Corning 352235
Tube, with Cell Strainer Snap Cap

6-well plate Sarstedt 83.3920
96-halfwell plate, white, flat Corning 3693
96-deepwell plates, 2 mL Eppendorf 0030502310
96-well plate, clear bottom, flat Sarstedt 83.3924
96-well plate, clear, conical Sarstedt 82.1583.001
Adhesive qPCR foil Sarstedt 95.1999
Adhesive sealing film Nerbe plus 04-095-0200
Cell culture dish, 10 cm Sarstedt 83.3902
Cell culture flasks, 175 cm? Sarstedt 83.3912.002
Cell culture flasks, 25 cm? Sarstedt 83.3910.002
Cell culture flasks, 75 cm? Sarstedt 83.3911.002
Countess Cell Counting Chamber Slides  Invitrogen C10283
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Cryovials

Cuvettes

Disposal bags

DNA low-bind tube, 0.5 mL
Echo Environmental Lid

Echo Qualified Microplates

Filter membrane

Glass Pasteur pipettes

Luer-Lock solo Syringe, 10 mL Omnifix

Luer-Lock solo Syringe, 20 mL Injekt

Octagonal PET Storage Bottles

Parafilm M
PCR tubes, 0.2 mL

Pipette tips, 10 uL

Pipette tips, 1250 pL

Pipette tips, 200 pL

Pipette tips, Matrix pipette, 125 pL
Pipette tips, Nuclease-free, 100 uL
Pipette tips, Nuclease-free, 1000 yL
Pipette tips, Nuclease-free, 1250 uL
Pipette tips, Nuclease-free, 20 uL
Pipette tips, Nuclease-free, 200 uL
Precision Wipe Tissues

Reagent Reservoir (25 mL),
RNAse/DNAse-free

RNase decontamination solution
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NanoEntek

Greiner-Bio

Greiner-Bio
VWR
Brand
Eppendorf
Labcyte
Labcyte

Brand
Brand
Braun
Braun

Corning

neolLab®
Biozym
Sarstedt
TipOne®

Sarstedt

Sarstedt

Thermo Fisher Scientific

Sarstedt
Sarstedt
Sarstedt
Sarstedt
Sarstedt
Kimtech

Vistalab

Sigma Aldrich

CS-050

121263
123263

634-0676
759705
022431005
LL-0310

LP-0200
PP-0200

265.30
747720
4617100V
4606205V

431732
431733

PM996
BZYM711002

70.1130.600
S1111-3700

70.1186.100
70.760.502
7442
70.760.212
70.3060.255
70.1186.210
70.1114.210
70.1189.215
05511
3054-1002

ZAP R2020
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RT? Loading Reservoir Qiagen 338162
SafeSeal Micro Tubes, 0.5 mL Sarstedt 72.704
SafeSeal Micro Tubes, 1.5 mL Sarstedt 72.706
SafeSeal Micro Tubes, 2 mL Sarstedt 72.695.500
Screw cap tubes, 15 mL Sarstedt 62.554.502
50 mL 62.547.354
Serological pipettes 1 mL Sarstedt 86.1251.001
2mL 86.1252.001
5mL 86.1253.001
10 mL 86.1254.001
25 mL 86.1685.001
Standard Micro Tubes, 1.5 mL, brown Sarstedt 72.690.004
Surface Disinfection Cleaner Tana Professional Apesin rapid
Syringe, 25¢g BD Becton Dickinson 303175
Water bath sterilizer Waro Waroklar
5.2 Methods

5.2.1 Cell biology methods
5.2.1.1 Cell culture

All experiments were performed in a mammalian cell culture under a laminar floor cabinet using
sterile equipment and medium. For sterilization, equipment was autoclaved at 121 °C for
20 min. Cells were incubated in a humidified incubator at 37 °C and 5% CO: and cell plates
with small volumes were generally incubated in an additional humidity chamber. For FBS heat-
inactivation, the FBS was incubated at 56 °C in a water bath for 45 min. All buffers used for
cell culture were sterile filtered after preparation. Each cell culture was regularly tested for
mycoplasma pneumoniae contamination using the MycoAlert™ Mycoplasma Detection Kit

according to the manufacturer’s protocol.
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All compounds used in the experiments were dissolved in DMSO as 10 mM stock solutions
and stored at -20 °C. For compounds treatments, DMSO levels did not exceed a final

concentration of 0.5% (v/v) and DMSO was used as a standard vehicle for controls.

5.2.1.2 Thawing of cell lines

To thaw cells, a cryo-vial was collected from a liquid nitrogen tank and immediately thawed in
a water bath at 37 °C for 2 min. In the meantime, 6 mL of pre-warmed culture medium was
transferred to a 15 mL tube, and 1 mL was added carefully to the cryo-vial to ensure
homogenous mixture and to thaw small ice clumps. The complete suspension was added to
the prepared tube and the cells were centrifuged at 300 g for 3 min. Cells were resuspended
in 1 mL culture medium and mixed by pipetting, followed by determination of the cell number,
and transferring of the appropriate volume to a cell culture flask. Generally, cells were

passaged for at least one more time before experimental usage.

5.2.1.3 Sub-cultivation of cell lines

Cell lines were cultivated in the respective medium until cells were confluent (70-90%), unless
stated otherwise. Medium and trypsine/EDTA-solution were pre-warmed at 37 °C before
usage. For passaging and seeding, medium was aspirated, and cells were washed once with
PBS, followed by trypsination with 0.5 mL - 2 mL 0.25% trypsin/EDTA-solution for 5 min at
37 °C. Depending on the cell line, cells were detached by tapping against the culture flask and
incubated for 2 min additionally. Cells were resuspended and collected with medium, followed
by centrifugation at 300 g for 3 min. Medium was aspirated and the cell pellet was carefully
resuspended in 1 mL — 2 mL culture medium by pipetting, to ensure a homogenous single cell
suspension. Depending on the cell density, medium was added and 10 pL of the suspension
were mixed with 10 yL trypan blue to determine the cell concentration with a Neubauer
Counting chamber or an automated cell counter. For passaging, a suitable amount of cells
were transferred into a new flask T25 (T75, T175) with 7 mL culture medium (12 mL, 20 mL)

and/or further seeded into culture plates.
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5.2.1.4 Cryo-conservation of cell lines

For long-term maintenance of cell lines, cells were harvested as described before and
concentration was determined. Freezing medium was prepared with complete medium
containing 10 — 20% FBS, depending on the cell line, and 10% (v/v) DMSO. The proper
amount of cells were resuspended in freezing medium to achieve a final concentration of
0.5 -2 x 108 cells/mL. Immediately, 1 mL of freshly mixed cells in freezing medium were
transferred to each cryo-vial and stored in a freezing container at -80 °C for 24 h. To ensure
the greatest possible reproducibility of the screens, a single batch was cryopreserved several
times. After 24 h, the cryogenic vials were stored in the gas phase of liquid nitrogen for long-

term storage.

5.2.1.5 Cultivation of pluripotent murine embryonic stem cells

The CGR8-mESC cell line carrying a Myh6-GFP reporter was cultivated in Leukemia inhibitory
factor-containing (LIF) maintenance medium (high-glucose DMEM supplemented with 10%
FBS, 1% GlutaMAX, 1% non-essential amino acids, 1% Penicillin-Streptomycin and 0.1 mM
2-mercaptoethanol, 15 ng/mL LIF). The cells were grown in periods of 2 — 3 days before
passaging to maintain pluripotency and minimize spontaneous differentiation of the cell culture
by seeding cells at low density, so individual pluripotent colonies can be formed, and
confluency is kept below 70%. For passaging, 6-well plates were coated with 0.1% gelatine-
solution (2 mL/well) for at least 10 min. Murine ESCs were washed with PBS and trypsinated
for 5 min (300 pL/well) at 37 °C and 5% CO.. After 5 min, the cells were dissolved by pipetting
and incubated for another 2 min. The cells were collected with pre-warmed culture medium
and centrifuged for 3 min at 300 g, followed by resuspension of the cell pellet with 1 mL LIF-
containing maintenance medium and gentle pipetting to ensure a homogenous single cell
suspension. Afterwards, the cell number was determined and 4 x 10* cells per well were
seeded in 4 mL LIF-containing maintenance medium into pre-coated 6-well plates. To achieve
optimal cell distribution, the plate was gently swung several times and incubated at 37 °C and

5% CO..
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5.2.1.6 Phenotypic screening of murine embryonic stem cells

For assaying, mESCs were cultivated and harvested as described in 5.2.1.5. In principle, the
cardiac differentiation assay was described before.['!:1722%3 Here, the assay was modified and
optimized for the screening of BMP-activating small molecules as described in the following.
The centrifuged cell pellet was resuspended in LIF-free culture medium to allow spontaneous
differentiation and cells were separated as described before. Cell number was determined and
an appropriate volume of culture medium with a cell concentration of 0.02 x 109/mL was
prepared. For coating, 384-well plates were incubated with 25 uL/well of 0.1% gelatine-solution
(in PBS) for at least 30 min at room temperature. Gelatine-solution was aspirated with a steel
manifold or automated plate washer EIx405, prior cell seeding of 25 L per well (500 cells/well)
using a Matrix pipette or dispensed with a Multidrop Combi Dispenser (Day 0) after extensive
pre-washing of the standard cassette with pre-warmed medium. The plates were incubated at
37 °C, 5% CO2, 95% humid atmosphere in additional humidity chambers. On Day 3,
compounds and DMSO were added to the cells in quadruplicates for primary screening, in
triplicates for ICso determination using the Echo Liquid Handler (Labcyte) or in multiple wells
for RNA isolation using a Matrix pipette. To induce cardiac differentiation, the BMP inhibitor
DMH-1 was diluted in serum-reduced medium (4% FBS) and added to the wells with
automated or manual dispensing. The final treatment concentration was set to 0.2% DMSO,
0.5 yM DMH-1 and 6% FBS. As a control, DMSO without DMH-1 and 10 ng/mL rhBMP-4 in
DMH-1 control wells were used for calculation of the induction level of DMH-1. The plates were
incubated for 24 h, unless otherwise stated, and medium was aspirated by automated plate
washer. Complete serum-containing medium (10% FBS) was added to the wells (90 uL/well)
on days 4, 7 and 9. After 11 days, medium was aspirated, and cells were fixed with 4% PFA
in PBS and DAPI (1:1000 of 1 mg/mL stock-solution) or Hoechst33342 (1:1000 of 1 mg/mL
stock-solution) for nuclear staining of the cells for 10 - 20 min at room temperature. Fixation
was stopped by washing the plates three times with PBS on the plate washer EIx405 and 50 uL
PBS was dispensed to each well. Washed plates were sealed with adhesive sealing films and
centrifuged at 500 rpm for 1 min. The clear bottom of the plates was cleaned with isopropanol
and the plates were imaged on an automated Image Xpress Micro XL System from Molecular
Devices. For screening multiple plates, the automated microplate mover Orbitor RS was
utilized. Fluorescent levels of GFP and DAPI were quantified using MetaXpress Software 5 — 6

by the “Multiwavelength Cell Scoring” algorithm. Intensity levels of the parameter “Mean Stain
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Integrated Intensity” for GFP and “Total Cells” for DAPI were extracted and analyzed by Excel.
DMH-1 levels were normalized to DMSO and all data are shown as the mean + SEM of Myh6-
GFP level of DMH-1 induction level or cell count, respectively. ICso-values were calculated with
GraphPad Prism 5 or Quattro Workflow 3.1., alternatively. Cell count levels below 70% of

DMH-1 were considered false-positive due to cytotoxicity.

5.2.1.7 Osteoblastic differentiation assay

The osteoblastic differentiation assay is an orthogonal differentiation assay to primarily validate
BMP-mimicking and BMP-synergistic compounds. Therefore, the BMP-sensitive murine pre-
myoblast cell line C2C12 was cultivated and assayed. C2C12 needed to be passaged before
the cellular monolayer became confluent (< 70% confluency) to prevent cellular contact and
spontaneous myogenic differentiation. For the assay, C2C12 were seeded manually or by
Multidrop Combi dispenser at 2 x 10° cells in 384-well plates (20 uL/well) in differentiation
medium with heat-inactivated FBS-containing medium. After short centrifugation at 500 rpm
for 30 sec, the plates were incubated for 16 h at 37 °C and 5% CO2 at 95% humidity in humidity
chambers to reduce plate edge effects caused by evaporation. Compounds were added
manually and/or with the Echo Liquid Handler in DMSO (0.2%) and in triplicates. To induce
osteogenic differentiation, BMP-4 was added to the wells (7.5 ng/mL) immediately after
compound addition to reach a final volume of 50 yL/well and cells were incubated for 72 h.
After treatment, medium was aspirated by automated plate washer BioTek EIx405 or manual
steel manifold. To monitor cellular ALP-activity, substrate-containing CDP-Star was added to
lysis buffer (1:100) and 15 yL CDP-lysis reagent were added per well. The plates were shaken
for 5 min, followed by short centrifugation and incubation at room temperature in the dark. After
1 h incubation, the luminescence was measured on a Paradigm Reader (excitation 0.2 sec),
and data was exported to Excel. In general, ALP-activity of 7.5 ng/mL BMP-4 in DMSO was

set to 100% to calculate synergistic activity of tested compounds.

For BMP-dependent osteoblastic differentiation of murine mesenchymal stem cells,
C3H10T1/2 cells were assayed. Therefore, 8 x 102 cells were seeded by Multidrop Combi
dispenser with a standard cassette into 384-well plates for 24 h in 25 L differentiation medium
and incubated at 37 °C and 5% CO. at 95% humidity in humidity chambers. Recombinant

human BMPs and/or compounds were added manually and/or with an Echo Liquid Handler
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(10 pL/well) and incubated for 96 h in a humid atmosphere. Cellular lysis (25 uL/well) and

Readout were performed similar to C2C12 assay.

5.2.1.8 Transfection of cell lines

Transfections were carried out for different cell lines and conditions, depending on the
experiment and constructs. Detailed experimental conditions are listed in the table below and

the general transfection is described in the sub-chapter 5.2.1.9.

Table 3: Overview of transfection conditions with constructs and usage. Each indicated volume is based on one
experiment for one plate.L: Lipofectamine®2000; V: ViaFect™.

. . Recombinant Reagent Nucleic Incubation
Experiment Cell line [uL/pg . Cells .
DNA acid time
DNA]

BMP-signaling HEK293T | pBRE-/d7-luc L [3:1] 6 ug 3x10°6 16 h
modulation
BMP-signaling C2C12 pBRE-/d1-luc V [6:1] 5ug 1x106 16 h
modulation
BMP-signaling HEK293T | pBRE-xVent2-luc | L [3:1] 6 ug 3x108 16 h
modulation
TGFB/AcA- HEK293T | pSBE4-luc L [3:1] 6 ug 3x108 16 h
signaling
modulation
Whnt-signaling HEK293T | pSTF L [3:1] 3 ug 3x108 6 h
modulation
Whnt-signaling HEK293T | pWnt3a L [3:1] 3ug 3x108 6h
modulation
Standardized HEK293T | pRL-TK L [3:1] 0.3 ug 3x10° 6-16 h
control
Standardized C2C12 pRL-TK V [6:1] 0.5 ug 1x108 16 h
control
CK1 HEK293T | pCS2+Ck1a L [3:1] 2 ug 1x108 16 h
overexpression
CK1 HEK293T | pCS2+Ck1d L [3:1] 2 ug 1x108 16 h
overexpression
CK1 HEK293T | pCS2+Ck1e L [3:1] 2 ug 1x108 16 h
overexpression
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5.2.1.9 Luciferase reporter gene assays

To monitor the cellular effect of small molecules on different signaling pathways that are
involved in the modulation of cardiogenic and embryogenic differentiation, luciferase-based
reporter gene expression was performed. Therefore, HEK293T cells (or C2C12) cells were
transiently transfected with a firefly luciferase reporter gene containing plasmid and a Renilla
luciferase expressing plasmid pRL-TK as a standardized control, according to 5.2.1.8. Briefly,
6 ug of the respective plasmid with 0.3 pg of pRL-TK and Lipofectamine (3 uL/1 ug DNA) were
added into 250 uL OptiMEM and incubated for 5 min at room temperature to transfer the
plasmid-reagent into prepared Lipofectamine-solution. The mixture was incubated for 20 min
and added to 3 x 10° HEK293T cells. Hence, HEK293T cells were collected, and cell number
was determined to seed 3 x 108 cells per plate (96-well or 384-well plate) in 2% FBS-containing
medium into a cell culture flask (4 mL total medium in a T25). The transfection reagent was
added to the cells and incubated for 6 — 16 h, depending on the experiment, at 37 °C and 5%
CO, at 95%. After transfection was completed, medium was aspirated and the cells were
washed gently with PBS. The cells were trypsinated, centrifuged and the cell number was
determined. The appropriate cell volume was diluted in 1% FBS-containing medium and
2.5 x 10* cells per well (2 x 10%) were replated into a 96-well plate (384-well plate). For the
assay, the plates were incubated for 2 h and compounds were added in triplicates with the
respective growth factor to obtain a final DMSO concentration of 0.5% and 10 ng/mL GF. After
22 h, medium was aspirated and 50 pyL (5 pL) lysis buffer was added into each well and
incubated on a plate shaker at room temperature for 25 min. The luciferase activity was
measured using the Dual Glo® Luciferase Assay Kit. For the 96-well plates, 10 pL firefly
luciferase substrate was placed in a white half-well plate and 10 yL of the lysate was
transferred to the substrate and mixed thoroughly by pipetting up and down. The luminescence
was then measured on a Paradigm Reader or Envision, alternatively. When pRL-TK was
transfected as a standardized control, 10 uL of Renilla Stop and Glo reagent was added to
each well following the firefly measurement, and luminescence was read out. For 384-well
plates, medium was aspirated using the BioTek plater washing device and 5 pL lysis buffer
was added per well. The plates were centrifuged at 500 rpm for 30 sec and shaken on a plate
shaker for 25 min, followed by the addition of 5 uL firefly luciferase to each well, short
centrifugation, mixing and measurement of the luciferase on a Paradigm Reader or Envision.

For Renilla luciferase measurement, 5 yL Stop and Glo buffer was added, and the plates were
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shortly centrifuged and read out. Both luminescence values were extracted to Excel and the
firefly luciferase signal was normalized to the Renilla luciferase signal. The induction control
wells with the respective growth factor were set to 100% for the calculation of inhibition or

activation levels of the compounds.

5.2.1.10 Luciferase inhibition assay

For the identification of small molecules that modulate the activity of the firefly luciferase and
could lead to false-positive results in the reporter gene assays (see 5.2.1.9), compounds were
tested using a 293/Luc cell line, containing a stably expressing firefly luciferase gene. To
compare the results with the reporter gene assays, 293/Luc cells were seeded in a T25 culture
flask in 2% FBS-containing medium for 16 h, followed by seeding into 96- or 384-well plates.
After 2 h, compounds were added, incubated for 22 h and Readout was performed according
to section 5.2.1.9 or with ONE-Glo Luciferase reagent according to the manufacturer's

instructions.

To identify small molecules that modulate the standardized control Renilla luciferase of the
reporter gene assays which leads to falsified normalization, Renilla luciferase lysates were
generated and tested. For this purpose, pRL-TK transfected HEK293T were lysated and 9.5 pyL
of Renilla luciferase-containing lysate was incubated with compounds of interest (0.5 uL) for
1 h in a 96-halfwell plate. After incubation, 5 uL of Renilla-substrate of the Dual Glo Luciferase
Assay Kit was added to the lysate and luminescence was measured in a Paradigm plate

reader.

5.2.1.11 Cell viability assay

The cell toxicity for selected compounds was monitored in different assays and performed
simultaneously as described for the respective assay. After compound treatment, the medium
was aspirated and the cells were lysed using prepared CellTiter-Glo Luminescent Cell Viability
Assay reagent (25 uL/well). The plates were incubated on a plate shaker for 10 min at room
temperature and luminescence was measured on a Paradigm Reader to read out ATP-activity

levels.
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5.2.1.12 In vitro mineralization

These assays were performed by Dr. med. Eva MULLER (Magdeburg, Bertrand group). Human
osteoblast-like cell line SaOS-2 were cultured in maintenance medium and seeded into 96-well
plates (8 x 10° cells/well) in osteogenic differentiation medium (complete medium
supplemented with 10 mM [-glycerophosphate, 0.2 mM ascorbic acid and 10 nM
dexamethasone, 2 ng/mL rhBMP-2 or rhBMP-4) to induce osteogenic mineralization over
11 days. Subsequently, differentiation medium was changed every three days and ascorbic
acid was refreshed each day. To monitor the synergistic mineralization potential, the cells were
treated with low concentrations of the indicated compounds in addition to BMP-treatment for

11 days. DMSO (0.01%) was used as a vehicle control.

Von Kossa staining: To stain the calcium level of mineralized osteoblasts, von Kossa staining

was used in which silver ions replace calcium ions and form a visible metallic silver.[4024%3 The
cell cultures were washed twice with PBS and fixed with 4% PFA in PBS for 10 min. Fixation
was stopped by washing the cells with water, an aqueous 5% silver nitrate (AgNO3)-solution
was added into the wells and the plates were exposed to sunlight for 1 h. Wells were rinsed
with water and incubated with 1% 1,2,3-Trihydroxybenzol for 3 min, followed by washing and
addition of 5% sodium thiosulfate (Na>S.03) for 3 min. The stained cells were washed twice
with ethanol, dried and imaged using a 100 x magnification. For quantification, von Kossa-
stained calcium deposits were analyzed using Image J. The area of black and white images
was quantified after threshold substruction and the mean value for von Kossa stained area
was calculated from at least four images for each test condition. Statistics were assessed by

ANOVA-tests with GraphPad Prism 7.

5.2.1.13 Flow cytometry

To control the pluripotent potential of cultured mESC, regular batch control was carried out
using staining of pluripotent marker proteins Oct4 and SSEA1 and further analysis by flow
cytometry. Therefore, cultured pluripotent mMESCs were washed with PBS and detached with
TripLE-buffer for 5 min at 37 °C and 5% CO.. Cells were harvested and dissociated with PBS
and centrifuged at 300 g for 3 min, followed by fixation with 4% (v/v) PFA in PBS for 10 min at
room temperature. After fixation cells were centrifuged and washed with PBS and
permeabilized in FACS staining buffer (0.25% saponin/ 2% (v/v) FBS) for 30 min at room
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temperature. Subsequently, permeabilized cells were centrifuged and stained with mouse anti-
Oct4 (1:100) and/or mouse anti-SSEA1 (1:100) in staining buffer for 1 h at RT or overnight at
4 °C. Incubated cells were centrifuged and washed (2 x) and secondary antibodies (donkey
anti-rabbit AlexaFluor 750 or goat anti-mouse Alexa Fluor 488) in staining buffer (1:1000)
and/or DAPI (1:1000 of 1 mg/mL stock-solution) were added for 30 min at RT. Stained cells
were washed twice, resuspended in 500 uL PBS and filtered through a FACS test tube with a
cell strainer snap cap. The cell suspension was then analyzed on a BD LSRII Aria instrument
by sorting at least 10,000 cells. The data from sorted cells was analyzed with FlowJo software
by defining gates for living cells from forward and side scatter (FSC, SSC) and further gating

for fluorescent cells.

5.1.2.14 Immunocytochemical staining and confocal imaging

For visualization and localization of pluripotent marker, mMESC were seeded into 6-well plates
(4 x 10* cells/well) and incubated with or without LIF. After 3 days, cells were washed with PBS
and permeabilized with staining buffer (0.25% Triton-X, 2% FBS) at room temperature for
30 min, followed by addition of primary antibodies (1:100) in PBS for 1 h at RT or overnight at
4 °C, alternatively. The incubation was stopped, and the cells were washed with PBS (3 x),
secondary antibodies (1:1000) and DAPI (1:1000) were added and the cells were stained for
1 hin the dark. Afterwards, cells were washed multiple times (3 x) with PBS and stored at4 C
in PBS. For fluorescence imaging, stained cells were imaged on a Leica SP5 confocal
microscope using a 20 x objective and images were exported and analyzed using LAS X

software and ImagelJ.

5.2.2 Molecular biology methods
5.2.2.1 Agarose gel electrophoresis

To analyze DNA fragments, PCR products and DNA plasmids, DNA was separated using
agarose gel electrophoresis. Therefore, 1 — 5% agarose, depending on product size, was
suspended in 1 x TAE buffer and dissolved by heating in a microwave. For pre-staining,
GelRed® was added (1:10,000) and the gel was filled into an agarose gel electrophoresis

chamber. TAE buffer was added to the cooled down agarose gel and DNA samples that were
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supplemented with 6 x DNA loading dye, and DNA marker were loaded onto the gel. The
separation was started with an applied voltage of 80 V (50 V) for 1% (5%) agarose gel for
45 min (60 min) and the DNA was visualized by UV-light.

5.2.2.2 Heat-shock transformation of E. coli

Competent Escherichia coli strains OmniMAX or BL21-CodonPlus were transformed by heat
shock with plasmid DNA. Bacteria was thawed on ice and 1 pL of plasmid DNA (450 ng/ulL)
was transferred to 100 pyL E. coli, followed by incubation on ice for 30 min. The suspension
was heat-shocked at 42 °C in a water bath for 90 sec, stopped on ice for 2 min and 1 mL of
pre-warmed LB-medium was added and incubated on a thermo shaker at 37 °C, 500 rpm for
1 h. After incubation, the suspension was further diluted in LB-medium (1:1 and 1:2) and plated
on LB agar plates containing the respective antibiotic (100 ug/mL) for selection of transformed

bacteria and incubated at 37 °C overnight.

5.2.2.3 Plasmid amplification and isolation

To amplify transformed E. coli, an overnight culture was inoculated. Therefore, a bacterial
colony of an agar plate or cells from a glycerol stock were picked up with a sterile pipette tip
and transferred to a pre-warmed LB culture flask, supplemented with the respective antibiotic
(100 pg/mL), and incubated overnight at 37 °C and 180 rpm. On the next day, the bacterial
suspension was collected and centrifuged at4 °C and 8000 rpm for 15 min in a cooled tabletop
centrifuge. Obtained cell pellets were lysed and plasmid DNA was isolated and purified using
the E.ZN.A.® Plasmid DNA Mini Kit or Qiagen Plasmid Midi Kit according to the
manufacturer’s protocols. Isolated plasmids were dissolved in DNAse-free H.O and plasmid
concentrations were determined using a Nanodrop spectrophotometer. Plasmids were diluted

(450 ng/mL), aliquoted and stored at -20 °C until further usage.

5.2.2.4 Glycerol stock preparation

For the storage of intact transformed E. coli, a glycerol stock was prepared for each amplified

plasmid. Generally, 500 uL of an overnight culture were transferred to 500 pL of 50% glycerol-
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water mixture in a cryo-vial and gently inverted multiple times. The cryo-vial was stored

at -80 °C for long-term storage.

5.2.2.5 DNA sequencing

The transcription factor binding site and the multiple cloning site (MSC) of plasmids used for
luciferase transcription reporter gene assays, were sequenced by single-tube sequencing at

Microsynth AG.

5.2.2.6 RNA isolation

C2C12 cells were seeded into 12-well plates (24-well plate) at 2 x 10° cells/well
(1 x 10° cells/well) and incubated for 16 h, followed by compound and/or growth factor addition
for different durations depending on the experiment. For evaluation of embryonic
differentiation, pluripotent mESC were seeded into 384-well plates and incubated for 3 days.
Treatment was performed as indicated for each experiment at different time points and
durations. RNA was isolated from assayed mESC from at least 12 wells for each condition.
After treatment, C2C12 and mESC cells were washed with PBS, lysed, and homogenized by
vortexing the viscous lysates for 1 min and flash-frozen in liquid nitrogen for further storage at
-80 °C. Alternatively, the lysates were additionally disrupted using a sterile 25 g needle before
flash freezing. The isolation was performed with the NucleoSpin® RNA Kit from Macherey
Nagel or RNeasy Kit from Qiagen, according to the manufacturer’s protocol. The concentration
of isolated RNA was determined using a Nanodrop spectrophotometer and stored at -20 °C

until further usage.

5.2.2.7 Reverse transcription

To generate complementary DNA (cDNA) from isolated RNA, equal amounts of RNA
(250 ng — 500 ng) of one biological experiment was transcribed using the gScript cDNA
Synthesis Kit on a PCR thermocycler following the manufacturer’s instructions. Transcribed

cDNA was further used for real-time RT-gPCR.
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5.2.2.8 Quantitative real-time PCR

To quantify the mRNA level of a sample, quantitative reverse transcription polymerase chain
reaction (RT-gPCR) was performed, by which transcribed cDNA is amplified and formed DNA
is measured with a DNA intercalating dye. In real-time as the DNA is synthesized, the
fluorescent signal intensifies per cycle and the crossing point (Cp or Ct) of the signal crossing
the threshold can be determined.l%4 Before quantification of samples of interest, all primer
pairs were tested for their efficiency and for synthesized DNA artefacts by melting curve
analysis. For that, a serial dilution of cDNA from a pool of samples was prepared
(0.1 — 1,000 ng/well) and the efficiency was calculated by linear regression of Cp values. An
efficiency of 90 — 110% was considered valid. Additional, optimal primer concentration was

determined in a serial dilution of the primer sets between 50 — 500 nM.

In general, synthesized cDNA was pre-diluted in PCR-grade water to yield a concentration of
125 ng/uL and 4 uL were transferred into a 384-well PCR plate, followed by addition of 6 uL
Master-Primer Mix per well. The Master Mix was prepared by mixing Takyon SYBR Master
Mix with 5 uM primer stock solution (reverse/forward primer 1:1) in a ratio of 5:1. Plates were
sealed with clear adhesive foils and centrifuged for 30 sec to dissolve any air bubbles in the
wells. qRT-PCR was performed on a Lightcycler 480 with adjusted PCR cycling steps: heat-
activation for 3 min (95 °C), followed by 45 cycles of a denaturation (95 °C for 3 sec),
amplification (20 sec, 60 °C) and elongation step (20 sec, 72 °C), and a final melting curve
determination (95 °C for 5 sec, 65 °C for 60 sec, followed by heating to 97 °C at continuous
ramp rate). The Cp and Tm values were extracted from the Lightcycler software and relative
gene expression was calculated by the AACp method.%! As standardization control the Cp
value from the housekeeping genes Gapdh and Actb were subtracted from the Cp value of the
corresponding sample. Subsequently, the calculated ACp value from the control sample
(DMSO or BMP control) was subtracted from each ACp value resulting in a AACp, which was
used for gene expression value determination (224¢°). All data points are shown as mean of

triplicates £ SD normalized to DMSO unless stated otherwise.

5.2.2.9 PCR array analysis

The PCR array analysis was performed with all reagents from Qiagen and according to
Qiagen’s instructions. C2C12 cells were seeded into 6-well plates (24-well plate) at 2 x 10°
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cells/well (8 x 10* cells/well) and incubated for 16 h, followed by compound and/or growth
factor for 24 h. After treatment, C2C12 were washed, lysed and RNA was isolated with the
RNeasy Kit. Reverse transcription was performed using the RT2 First Strand Kit on a PCR
thermocycler and the samples were tested for their gene expression as described in 5.2.2.8 to
validate the reproducibility and quality of the samples. The PCR Array was then performed by
transferring generated cDNA onto a RT2 Profiler™ PCR Array plate (PAMM-035ZG) for Mouse
TGFB / BMP Signaling Pathway. The respective volume of RT2 SYBR Green gPCR Mastermix
was added to the wells and the plate was sealed and shortly centrifuged. The array was run
on a Lightcycler 480 following the cycling conditions of the manufacturer’s instructions. Data
extraction and expression analysis was done as described in 5.2.2.8. Additional internal profiler
quality controls as reverse transcription controls, positive PCR controls and genomic DNA
contamination controls were evaluated for each sample individually. All data points shown are

the mean of triplicates normalized to DMSO and/or BMP-4 controls.

5.2.3 Biochemical methods
5.2.3.1 Immunoblotting and subcellular fractionation

These assays were performed by Daniel RIEGE (Kiel, Schade group). For quantification of
Smad levels, C2C12 myoblasts were cultured in 10 cm dishes (2.5 x 108 cells/well) and treated
with compounds and DMSO as indicated. To distinguish between cellular and nuclear protein
levels, RIEGE established a protocol for subcellular fractionation. This was performed through
a modified protocol based on Schreiber et al. 1989, by which cells were detached with trypsin,
subsequently lysed with lysis buffer containing phosphatase inhibitor cocktail (Sigma) and
cOmplete™ protease inhibitor cocktail (Roche), and subsequently washed with PBS (3 x) and
cytoplasmic fraction was extracted with extraction buffer (10 mM HEPES, 10 mM KClI, 0.1 mM
EDTA, 1 mM Dithiothreitol, 0.5% Nonidet-P40, pH 7.5).14%¢1 Cells were centrifuged and pellets
containing the nuclei were lysed in nuclear extraction buffer (10 mM HEPES, 400 mM NacCl,
1 mM EDTA, 1 mM Dithiothreitol, pH 7.5). For quantification of protein concentration, a
Pierce™ BCA Protein Assay was performed. The required protein amount was loaded on self-
cast polyacrylamide gels containing 0.5% trichlorethanol.[*%”] Afterwards, gels were illuminated

with UV-light for 5 min and fluorescence and luminescence signals were imaged with an Intas
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ChemoStar. Quantification was calculated with Lablmage 1D software and antigen-specific

luminescence intensities were normalized to total protein amount per lane.

5.2.3.2 Kinase activity and binding assays

To evaluate kinase modulation of small molecules, compounds were sent to Reaction Biology
or to the SelectScreen™ Biochemical Kinase Profiling Service at Thermo Fisher Scientific and
tested in a kinase panel using recombinant kinases in different assay technologies as

described in the following.

I) Kinase HotSpot™ Profiling at Reaction Biology:

The Kinase HotSpot™ Profiling included 369 wildtype, 20 atypical and 17 lipid kinases that
were tested in single dose duplicates. ICso’s were determined by a 10 dose duplicate assay. In
principle, the assays were based on quantification of radioactive labeled kinase substrate.
Labelled **P-phosphate from added ATP is transferred to the kinase substrate. Therefore, ATP
was added at a concentration at Km of each kinase and incubated for 2 h. Radiolabeled
substrates are detected after filtering the reaction mixture on a P81 ion exchange filter
membrane. In contrast, the activity of lipid kinases was screened by ADP-Glo substrate from

Promega to quantify the amount of formed ADP .08l

II) SelectScreen™ Adapta Assay at Thermo Fisher Scientific:

For kinase activity determination, the Adapta universal kinase assay utilizes fluorescent based
detection of ADP via a fluorescence resonance energy transfer (FRET) signal. First, the kinase
reaction with ATP concentration at Km of the kinases is incubated for 60 min and stopped with
EDTA, followed by addition of a europium labeled anti-ADP antibody and an Alexa Fluor™ 647
labeled ADP tracer. The antibody and tracer form a complex which results in a high FRET
signal which is decreased by formed ADP that displaces the tracer and inhibits complex
formation. Kinase activity is calculated by the emission ratio from europium and Alexa Fluor™

647. Compounds are tested at a final DMSO concentration of 1% DMSO. 0!
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[I1) SelectScreen™ LanthaScreen Assay at Thermo Fisher Scientific:

The LanthaScreen kinase binding assay is based on FRET detection of europium-labeled anti-
tag antibody and a kinase binding tracer conjugated with Alexa Fluor™ 647. Affinity-tagged
kinases were used to which the antibody binds, and a FRET signal is induced by binding of
the tracer. In presence of an inhibitor, the tracer is displaced, and the FRET signal decreases.
For assaying, the kinases were incubated for 60 min with a test compound at 1% DMSO at

room temperature and FRET signal was measured.*1%

IV) SelectScreen™ Z-Lyte Assay at Thermo Fisher Scientific:

The Z-Lyte biochemical assay employs a substrate peptide, labeled with one fluorophore on
each end, that form a FRET signal and kinase activity is determined by monitoring cleaved
peptide. Therefore, the peptide substrate is phosphorylated by a kinase at specific residues
which then block the following proteolytic cleavage reaction of the peptide. Unphosphorylated
peptide substrate is disrupted by added protease and the FRET signal is disturbed, which
indicates the inhibition of the kinase reaction by a test compound. The reaction was induced
by the addition of a test compound (1% DMSO) and ATP at concentration of the respective
Km for 60 min at room temperature. After reaction, detection mixture was added and incubated
for additional 60 min and fluorescence signals were read out and analyzed. The kinase activity

is calculated by the emission ratio from coumarin at 445 nm and fluorescein at 520 nm.[4"

5.2.4 Computational methods/ Data analysis

5.2.4.1 Statistical analysis

Statistical analysis between two groups was performed with a paired or an unpaired t-test
depending on the experimental setup with GraphPad Prism 5-7. The confidence level was set
to 95% for three replicates and n =3 independent biological experiments unless stated
otherwise. Symbol meanings for the significance level are indicated as the following unless
stated otherwise: ns: not significant; *: p < 0.05; **: p < 0.01; ***: p < 0.001. ICsp and ECs
values were calculated with GraphPad Prism 5-7 via nonlinear regression using a four-
parameter fit unless stated otherwise. Replicates are defined as follows: N = technical

replicates; n = biological replicates.
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7 Abbreviations

7 ABBREVIATIONS

Abbreviation Definition

AcA Activin A

ADORA Adenosine A Receptor

ADP Adenosine diphosphate

AhR Aryl hydrocarbon receptor

AKI Acute kidney injury

ALK Anaplastic lymphoma kinase/ ALK tyrosine kinase receptor
ALP Alkaline phosphatase

ATP Adenosine triphosphate

BIO 6-BIO, (2'Z,3'E)-6-Bromoindirubin-3'-oxime
BISC BMP-induced signaling complex
BMP Bone Morphogenetic Protein
BMPR BMP receptor

BraT Brachyury T

BRE BMP-responsive element

CAD Cationic amphiphilic agent

CCD Cleidocranial dysplasia

CCP Clathrin coated pits

CDK Cyclin-dependent kinase

cDNA complementary DNA

Cer Cerberus

CHD Coronary heart disease

CHIP Hsc70 interacting protein

CHK Checkpoint kinase

CK Casein kinase

CM Cardiomyocyte

Col1a1 Collagen, type I, a1

COMAS Compound Management and Screening Center
Conc. Concentration

Cp Crossing point
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CPA
CRC
CVvD

DAPI
DHP
DM
DMEM
DMH-1
DMSO
DNA
DNA-PK
DNase
DR
EC50
ECM
EDTA
EGFR
EMT
ERK
ES/ESC
FACS
FBS
FGF
FKBP
Fluc
FOP
FRET
GDF
GF
GFP
GLUT

7 Abbreviations

Cell painting assay

Colorectal cancer

Cardiovascular disease

Day

4' 6-diamidino-2-phenylindole
1,4-Dihydropyridine

Dorsomorphin
Dulbecco's modified Eagle's medium
Dorsomorphin homologue 1
Dimethyl sulfoxide
Deoxyribonucleic acid
DNA-dependent protein kinase
Deoxyribonuclease

Diabetic retinopathy

Half maximal effective concentration
Extracellular matrix
Ethylenediaminetetraacetic acid
Epidermal Growth Factor Receptor
Epithelial mesenchymal transition
Extracellular signal-regulated kinase
Embryonic stem cell
Fluorescence-activated cell sorter
Fetal bovine serum

Fibroblast growth factors

FK506 binding protein
Firefly-Luciferase

Fibrodysplasia ossificans progressiva
Fluorescence resonance energy transfer
Growth Differentiation Factor
Growth factor

Green fluorescent protein

Glucose transporters
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7 Abbreviations

GNP Granule cell precursor

GPCR G protein-coupled receptors

Gsc Goosecoid

GSK3 glycogen synthase kinase 3

h Hour

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HHT Hereditary hemorrhagic telangiectasia
hi Heat-inactivated

IC50 Half maximal inhibitory concentration
Id Inhibitor of DNA binding

Il Interleukin

iPSC Induced pluripotent stem cell

ITD-1 Inducer of TGFBR Il degradation

LB lysogeny broth medium

LIF leukemia inhibitory factor

LOPAC Library of Pharmacologically Active Compounds
Luc Luciferase

MAPK Mitogen-activated protein kinase
Mef2c Myocyte-specific enhancer factor 2C
mESC Murine embryonic stem cell

Mesp1 Mesoderm posterior 1 homolog
mRNA messenger-RNA

MSC Mesenchymal stem cell

Myh6 Myosin Heavy Chain 6

MyoD Myoblast determination protein

NLS Nuclear localization signal

Nog Noggin

NSCLC non-small cell lung cancer

OA Osteoarthritis

OAZ OE/EBF-associated zinc-finger protein
Ocn Osteocalcin

Osx Osterix
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PAH
PAIN
PBS
PCR
PDD
PFC
PI3K
PPAR
PS/ PSC
gPCR
RA

rh

RLU
Rluc
RNA
RNase
Rpm
RT
RT-gPCR
Runx2
SAR
SBE
SD
SEM
Shh
TDD
TGFp
Tnnt2
VEGFR
XRE

7 Abbreviations

Pulmonary arterial hypertension

Pan Assay Interference Compound
Phosphate-buffered saline

Polymerase chain reaction

Phenotypic Drug Discovery

Preformed receptor complexes
Phosphoinositol-3 kinase

Peroxisome proliferator-activated receptor
Pluripotent stem cell

Quantitative polymerase chain reaction
Rheumatoid arthritis

Recombinant human

Relative Light Units

Renilla-Luciferase

Ribonucleic acid

Ribonuclease

Rounds per minute

Room temperature

Reverse Transcription g°PCR
Runt-related transcription factor 2 (CBF-a-1)
Structure-activity relationship
SMAD-binding element

Standard deviation

Standard error of mean

Sonic hedgehog

Targeted Drug Discovery
Transforming Growth Factor
Troponin T2

Vascular endothelial growth factor

Xenobiotic-responsive element
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8.1 Supplementary Figures
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Figure 95: DMH-1 stimulates mesodermal structuring towards cardiovascular progenitors and its phenotype is fully
rescued by BMP-4. Cardiac differentiation of mESCs is illustrated based on marker genes specific for different cell
lineages. Quantification of temporal mRNA gene expression levels of cell-specific markers during spontaneous
mESC differentiation (DMSQO) compared to DMH-1 (0.5 uM) treatment in presence or absence of 10 ng/mL BMP-4
in the BMP-sensitive time frame (d3-4). MESC-Myh6-GFP were treated with DMSO, DMH-1 or BMP-4 and DMH-1
24 h and RNA was isolated for each time point. Data points represent the mean and respective SD of three
independent experiments (n = 3) and is normalized to day 0.
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Figure 96: Distinct chemotypes of GLUT inhibitors potently inhibited both morphogenetic assays, indicating a strong
correlation between glucose transporter inhibition and calculated antagonistic potency in BMP-dependent
osteogenic and cardiac differentiation. The heatmap illustrates the calculated ICs0’s (n = 2) of dose-response in
differentiation assays and literature-reported |Cs0.[318-3201
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Figure 97: Kinase profiling of Chromenone 1. Activity profile of the full kinase screening set (484 kinases) against
1 uM Chromenone 1. No kinase was modulated beyond >25%. Activities were monitored by biochemical inhibition
of selected kinases at Life Technologies in three biochemical assay formats (Adapta, Z-Lyte, Lantha). Data is shown
as the mean + SD of two replicates (n = 2) for each kinase.
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Figure 98: BMP-dependent /d2/ld3 expression dynamics upon CGS-15943 exposure reveal a long-term
upregulation after 24 h. Relative quantification of gene expression for BMP target genes was determined by qRT-
PCR. Treatment with DMSO vehicle (grey dot), 7.5 ng/mL BMP-4 (green) and/or 5 yM CGS-15943 (blue) was
performed for 24 h with different pre-incubation times of CGS-15943 for 2 h and 16 h. Cell lysates were taken after
2 h and 24 h. Data points represent mean + SD (n = 4), normalized to 7.5 ng/mL BMP-4.
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Figure 99: Relative quantification of BMP-dependent osteogenic gene expression transcripts did not confirm
efficient osteogenic induction by DNA-PK inhibitor AZD7648 at 5 uM. C2C12 cells were treated with DMSO and/or
BMP-4 (7.5 ng/mL) in the presence or absence of compound for 72 h. Data is shown as mean + SEM (n = 2) and
normalized to DMSO or 7.5 ng/mL BMP-4 (base line = 1).
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8 Appendix

8.2 Supplementary Tables

Table 4: Results of kinase profiling of Chromenone 1 at SelectScreen versus 484 kinases. Activities were monitored
by biochemical inhibition of selected kinases with 1 yM Chromenone 1 at Life Technologies in three biochemical
assay formats (Adapta, Z-Lyte, Lantha). Data is shown as the mean of residual kinase activity + SD of two replicates

(n = 2) for each kinase.

Kinase mean r.a. | Kinase mean r.a. | Kinase mean
[%] [%] r.a. [%]
AAK1 98,5 ERBB4 (HER4) 96 NTRK1 (TRKA) 109
ABL1 91,5 ERNA1 99 NTRK2 (TRKB) 97,5
ABL1 E255K 96 ERN2 99,5 NTRK3 (TRKC) 94,5
ABL1 F3171 98 FER 97,5 NUAK1 (ARKS5) 104,5
ABL1 F317L 97,5 FES (FPS) 93 NUAK2 95
ABL1 G250E 97,5 FGFR1 98,5 PAK1 95,5
ABL1 H396P 99 FGFR1 V561M 99 PAK2 (PAKB5) 103,5
ABL1 M351T 93 FGFR2 99 PAK3 95,5
ABL1 Q252H 97 FGFR2 N549H 98 PAK4 99,5
ABL1 T315I 96,5 FGFR3 98,5 PAK6 94
ABL1 Y253F 97,5 FGFR3 G697C 86,5 PAK7 (KIAA1264) 98,5
ABL2 (Arg) 98 FGFR3 K650E 98,5 PASK 101,5
ACVR1 (ALK2) 96,5 FGFR3 K650M 96,5 PDGFRA (PDGFR alpha) 95
ACVR1 (ALK2) R206H 102,5 FGFR3 V555M 99 PDGFRA D842V 99
ACVR1B (ALK4) 102,5 FGFR4 95,5 PDGFRA T674l 99
ACVR2A 93 FGR 97,5 PDGFRA V561D 96
ACVR2B 96,5 FLT1 (VEGFR1) 98 PDGFRB (PDGFR beta) 97,5
ACVRL1 (ALK1) 114 FLT3 96,5 PDK1 87,5
ADCK3 94 FLT3 D835Y 94,5 PDK1 Direct 100
ADRBK1 (GRK2) 97 FLT3 ITD 89,5 PEAK1 92
ADRBK?2 (GRK3) 101 FLT4 (VEGFR3) 93,5 PHKG1 97,5
AKT1 (PKB alpha) 97 FRAP1 (mTOR) 98,5 PHKG2 91,5
AKT2 (PKB beta) 95 FRK (PTK5) 96,5 PI4K2A (P14K2 alpha) 105
AKT3 (PKB gamma) 89 FYN 98 P14K2B (P14K2 beta) 97,5
ALK 93 FYN A 100 PI4KA (Pl4K alpha) 104
ALK C1156Y 99,5 GAK 100 P14KB (PIl4K beta) 110,5
ALK F1174L 96,5 GRK1 101,5 PIK3C2A (PI3K-C2 alpha) 99
ALK L1196M 97 GRK4 100 PIK3C2B (PI3K-C2 beta) 103
ALK R1275Q 94 GRK5 101 PIK3C2G (PI3K-C2 gamma) 100,5
ALK T1151_L1152insT 103 GRK6 99,5 PIK3C3 (hVPS34) 105
AMPK (A1/B1/G2) 107 GRK7 99 PIK3CA E542K/PIK3R1 (p110 96,5
alpha E542K/p85 alpha)
AMPK (A1/B1/G3) 105 GSG2 (Haspin) 99 PIK3CA E545K/PIK3R1 (p110 97
alpha E545K/p85 alpha)
AMPK (A1/B2/G1) 101 GSKB3A (GSK3 alpha) 98 PIK3CA/PIK3R1 (p110 95
alpha/p85 alpha)
AMPK (A1/B2/G2) 98,5 GSK3B (GSK3 beta) 98 PIK3CA/PIK3R3 (p110 106
alpha/p55 gamma)
AMPK (A1/B2/G3) 95 HCK 94 PIK3CB/PIK3R1 (p110 beta/p85 100,5
alpha)
AMPK (A2/B1/G2) 82 HIPK1 (Myak) 97 PIK3CB/PIK3R2 (p110 beta/p85 114,5
beta)
AMPK (A2/B1/G3) 97 HIPK2 101 PIK3CD/PIK3R1 (p110 delta/p85 110
alpha)
AMPK (A2/B2/G1) 99 HIPK3 (YAK1) 99,5 PIK3CG (p110 gamma) 102
AMPK (A2/B2/G2) 104 HIPK4 97,5 PIM1 100
AMPK (A2/B2/G3) 99,5 HUNK 104,5 PIM2 100,5
AMPK A1/B1/G1 100 ICK 101,5 PIM3 94,5
AMPK A2/B1/G1 98 IGF1R 95,5 PIP4K2A 104
ANKKA1 92,5 IKBKB (IKK beta) 94 PIP5K1A 99,5
AURKA (Aurora A) 96 IKBKE (IKK epsilon) 96 PIP5K1B 99
AURKB (Aurora B) 95 INSR 94,5 PIP5K1C 106
AURKC (Aurora C) 97 INSRR (IRR) 95,5 PKMYT1 100,5
AXL 98,5 IRAK1 92,5 PKN1 (PRK1) 96,5
AXL R499C 102 IRAK3 100,5 PKN2 (PRK2) 99,5
BLK 84 IRAK4 96 PLK1 93
BMPR1A (ALK3) 97 ITK 96,5 PLK2 96
BMPR1B (ALK®6) 98,5 JAK1 100,5 PLK3 97,5
BMPR2 81,5 JAK2 97 PLK4 104
BMX 90,5 JAK2 JH1 JH2 100,5 PRKACA (PKA) 97,5

224




BRAF

BRAF

BRAF V599E

BRAF V599E

BRSK1 (SAD1)

BRSK2

BTK

CAMK1 (CaMK1)
CAMK1D (CaMKI delta)
CAMK1G (CAMKI
gamma)

CAMK2A (CaMKIl alpha)
CAMK2B (CaMKI!I beta)
CAMK2D (CaMKII delta)

CAMK2G (CaMKII
gamma)
CAMK4 (CaMKIV)

CAMKK1 (CAMKKA)
CAMKK2 (CaMKK beta)
CASK

CDC42 BPA (MRCKA)
CDC42 BPB (MRCKB)
CDC42 BPG (MRCKG)
CDC7/DBF4
CDK1/cyclin B

CDK11 (Inactive)
CDK11/cyclin C
CDK13/cyclin K

CDK14 (PFTK1)/cyclin Y
CDK16 (PCTK1)/cyclin Y
CDK17/cyclin Y
CDK18/cyclin Y
CDK2/cyclin A
CDK2/cyclin A1
CDK2/cyclin E1
CDK2/cyclin O

CDK3/cyclin E1
CDK4/cyclin D1
CDK4/cyclin D3
CDKS5 (Inactive)
CDK5/p25

CDK5/p35

CDKG6/cyclin D1

CDKT7/cyclin H/MNAT1
CDKS8/cyclin C

CDK9 (Inactive)
CDK9/cyclin K
CDK9/cyclin T1
CDKL5

CHEK1 (CHK1)
CHEK2 (CHK2)

CHUK (IKK alpha)

CLK1

CLK2

CLK3

CLK4

CSF1R (FMS)

CSK

CSNK1A1 (CK1 alpha 1)
CSNK1A1L

CSNK1D (CK1 delta)
CSNK1E (CK1 epsilon)
CSNK1E (CK1 epsilon)
R178C

CSNK1G1 (CK1 gamma
1)

CSNK1G2 (CK1 gamma
2)

CSNK1G3 (CK1 gamma

3)

CSNK2A1 (CK2 alpha 1)
CSNK2A2 (CK2 alpha 2)
DAPK1

DAPK2

99,5

93,5
97,5

108,5

97,5
98,5

91,5
96,5
100,5
93,5

JAK2 JH1 JH2 V617F
JAK3

KDR (VEGFR2)

KIT

KIT A829P

KIT D816H

KIT D816V

KIT D820E

KIT N822K

KIT T670E

KIT T670I

KIT V559D

KIT V559D T670I
KIT V559D V654A

KIT V560G

KIT V654A

KIT Y823D

KSR2

LATS2

LCK

LIMK1

LIMK2

LRRK2

LRRK2 FL

LRRK2 G2019S
LRRK2 G2019S FL
LRRK2 12020T
LRRK2 R1441C
LTK (TYK1)

LYN A

LYN B

MAP2K1 (MEK1)
MAP2K1 (MEK1)
MAP2K1 (MEK1) S218D
S222D

MAP2K2 (MEK2)
MAP2K2 (MEK2)
MAP2K4 (MEK4)
MAP2K5 (MEK5)
MAP2K6 (MKK6)
MAP2K6 (MKK6)
MAP2K6 (MKK6) S207E
T211E

MAP3K10 (MLK2)
MAP3K11 (MLK3)
MAP3K14 (NIK)
MAP3K19 (YSK4)
MAP3K2 (MEKK2)
MAP3K3 (MEKK3)
MAP3K5 (ASK1)
MAP3K7/MAP3K7IP1
(TAK1-TAB1)
MAP3K8 (COT)
MAP3K9 (MLK1)
MAP4K1 (HPK1)
MAP4K2 (GCK)
MAP4K3 (GLK)
MAP4K4 (HGK)
MAP4K5 (KHS1)
MAPK1 (ERK2)
MAPK10 (JNK3)
MAPK10 (JNK3)
MAPK11 (p38 beta)
MAPK12 (p38 gamma)

MAPK13 (p38 delta)
MAPK14 (p38 alpha)

MAPK14
Direct
MAPK15 (ERK7)
MAPK3 (ERK1)
MAPK7 (ERK5)
MAPKS8 (JNK1)

(p38 alpha)

8 Appendix

PRKACB (PRKAC beta) 101,5
PRKACG (PRKAC gamma) 101
PRKCA (PKC alpha) 96,5
PRKCB1 (PKC beta I) 113
PRKCB2 (PKC beta Il) 97,5
PRKCD (PKC delta) 97
PRKCE (PKC epsilon) 98,5
PRKCG (PKC gamma) 96
PRKCH (PKC eta) 103
PRKCI (PKC iota) 95,5
PRKCN (PKD3) 98
PRKCQ (PKC theta) 91
PRKCZ (PKC zeta) 99
PRKD1 (PKC mu) 87,5
PRKD2 (PKD2) 98
PRKG1 106,5
PRKG2 (PKG2) 98,5
PRKX 97
PTK2 (FAK) 94
PTK2B (FAK2) 95
PTK6 (Brk) 99
RAF1 (cRAF) Y340D Y341D 100,5
RAF1 (cRAF) Y340D Y341D 84
RET 98,5
RET A883F 98,5
RET G691S 103,5
RET M918T 95,5
RET S891A 98,5
RET V804E 96
RET V804L 95,5
RET V804M 98
RET Y791F 97
RIPK2 100
RIPK3 93,5
ROCK1 98
ROCK2 102,5
ROS1 90,5
RPS6KA1 (RSK1) 95,5
RPS6KA2 (RSK3) 98,5
RPS6KA3 (RSK2) 98
RPS6KA4 (MSK2) 96
RPS6KA5 (MSK1) 98,5
RPS6KA6 (RSK4) 98,5
RPS6KB1 (p70S6K) 91
SBK1 96
SGK (SGK1) 101
SGK2 97,5
SGKL (SGK3) 98
SIK1 103,5
SIK3 100
SLK 101
SNF1LK2 96,5
SPHKA1 101
SPHK2 99
SRC 94
SRC N1 93,5
SRMS (Srm) 93,5
SRPK1 95,5
SRPK2 101,5
STK16 (PKL12) 103
STK17A (DRAKT1) 98
STK17B (DRAK2) 104
STK22B (TSSK2) 94,5
STK22D (TSSK1) 91,5
STK23 (MSSK1) 99,5
STK24 (MST3) 102
STK25 (YSK1) 106
STK3 (MST2) 105
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DAPK3 (ZIPK) 100 MAPKS (JNK1) 92,5 STK32B (YANK2) 98
DCAMKL1 (DCLK1) 96 MAPK9 (JNK2) 94,5 STK32C (YANK3) 99,5
DCAMKL2 (DCK2) 98,5 MAPK9 (JNK2) 90 STK33 98,5
DDR1 99,5 MAPKAPK2 98,5 STK38 (NDR) 98
DDR2 99,5 MAPKAPK3 94 STK38L (NDR2) 98
DDR2 N456S 97 MAPKAPKS5 (PRAK) 95,5 STK39 (STLK3) 9
DDR2 T654M 94,5 MARK1 (MARK) 88,5 STK4 (MST1) 98,5
DMPK 98,5 MARK2 95 SYK 98
DNA-PK 96 MARK3 98 TAOK1 102,5
DYRK1A 88,5 MARKA4 95,5 TAOK2 (TAO1) 100,5
DYRK1B 101,5 MASTL 99 TAOK3 (JIK) 97
DYRK2 99 MATK (HYL) 95,5 TBK1 94,5
DYRK3 98,5 MELK 92,5 TEC 100,5
DYRK4 97 MERTK (cMER) 97,5 TEK (Tie2) 91,5
EEF2K 93,5 MERTK (cMER) A708S 99 TEK (TIE2) R849W 102,5
EGFR (ErbB1) 100 MET (cMet) 98,5 TEK (TIE2) Y1108F 98,5
EGFR (ErbB1) C797S 98 MET (cMet) Y1235D 100 TEK (TIE2) Y897S 107
EGFR (ErbB1) d746-750 99,5 MET D1228H 106 TESK1 104,5
EGFR (ErbB1) d747-749 94,5 MET M1250T 101,5 TESK2 93,5
A750P
EGFR (ErbB1) G719C 105 MINK1 93,5 TGFBR1 (ALKS5) 100
EGFR (ErbB1) G719S 98,5 MKNK1 (MNK1) 77,5 TGFBR2 97,5
EGFR (ErbB1) L858R 95 MKNK2 (MNK2) 98,5 TLK1 110,5
EGFR (ErbB1) L861Q 102 MLCK (MLCK2) 100 TLK2 103,5
EGFR (ErbB1) T790M 97 MLK4 104 TNIK 98,5
EGFR (ErbB1) T790M 97,5 MST1R (RON) 100,5 TNK1 9
C797S L858R
EGFR (ErbB1) T790M 95 MST4 100 TNK2 (ACK) 99
L858R
EIF2AK2 (PKR) 103,5 MUSK 90 TTK 94,5
EPHA1 97,5 MYLK (MLCK) 98 TXK 96,5
EPHA2 93 MYLK2 (skMLCK) 97,5 TYK2 97
EPHA3 92,5 MYLK4 97,5 TYROS3 (RSE) 97,5
EPHA4 83,5 MYO3A (MYO3 alpha) 96 ULK1 101
EPHA5 92 MYO3B (MYO3 beta) 101,5 ULK2 101
EPHA6 99,5 NEK1 98 ULK3 97
EPHA7 97 NEK2 101,5 VRK2 98,5
EPHAS 97 NEK4 94,5 WEE1 96,5
EPHB1 97,5 NEK6 96,5 WNK1 96,5
EPHB2 93 NEKS 91,5 WNK2 98
EPHB3 99,5 NEK9 97,5 WNK3 96,5
EPHB4 89,5 NIM1K 96,5 YES1 96
ERBB2 (HER2) 102,5 NLK 98,5 ZAK 99
ZAP70 99,5

Table 5: Results of kinase profiling of CGS-15943 at Reaction Biology versus 408 kinases. Activities were monitored
by biochemical inhibition of selected kinases with 1 yM CGS-15943 and ICso’s were calculated for potently inhibited
kinases. Data is shown as the mean of residual kinase activity + SD of two replicates (n = 2) for each kinase. N.c.
= not confirmed.

Kinase Mean ICso Kinase Mean IC5; | Kinase Mean ICs
r.a. [%] r.a. r.a.
[%] [%]
ABL1 98,9 FYN 102,7 PKCepsilon
ABL2/ARG 95,1 GCK/MAP4K2 86,0 PKCeta 93,5
ACK1 101,1 GLK/MAP4K3 112,1 PKCg 96,2
AKT1 86,4 GRK1 90,2 PKCiota 87,8
AKT2 82,5 GRK2 92,6 PKCmu/PRKD1 95,7
AKT3 99,7 GRK3 100,1 PKCnu/PRKD3 84,8
ALK 99,9 GRK4 95,3 PKCtheta 101,5
ALK1/ACVRL1 101,4 GRK5 100,0 PKCzeta 127,0 58,7
ALK2/ACVR1 135,9 n.c. GRK6 104,0 PKD2/PRKD2 112,6
ALK3/BMPR1A 108,3 GRK7 94,5 PKG1a 98,2
ALK4/ACVR1B 94,6 GSK3a 91,8 PKG1b 98,1
ALK5/TGFBR1 105,3 GSK3b 111,0 PKG2/PRKG2 99,1
ALK6/BMPR1B 102,3 Haspin 91,9 PKN1/PRK1 110,4
ARAF 87,6 HCK 103,9 PKN2/PRK2 109,4
ARK5/NUAK1 88,5 HGK/MAP4K4 75,2 PKN3/PRK3 90,0
ASK1/MAP3K5 96,7 HIPK1 88,3 PLKA1 94,7
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Aurora B
Aurora C

AXL

BLK

BMPR2
BMX/ETK
BRAF
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BRSK1
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c-Kit
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c-MET

c-Src

CAMK1a
CAMK1b
CAMK1d
CAMK1g
CAMK2a
CAMK2b
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CAMK2g
CAMK4
CAMKKA1
CAMKK2
CDC7/DBF4
CDK1/cyclin A
CDK1/cyclin B
CDK1/cyclin E
CDK14/cyclin
(PFTK1)
CDK16/cyclin
(PCTAIRE)
CDK17/cyclin
(PCTK2)
CDK18/cyclin
(PCTK3)
CDK19/cyclin C
CDK2/cyclin A
CDK2/Cyclin A1
CDK2/cyclin E
CDK2/cyclin E2
CDK2/cyclin O
CDK3/cyclin E
CDK3/cyclin E2
CDK4/cyclin D1
CDK4/cyclin D3
CDK5/p25
CDK5/p35
CDKG6/cyclin D1
CDKG6/cyclin D3
CDK7/cyclin H
CDK9/cyclin K
CDK9/cyclin T1
CDK9/cyclin T2
CHK1

CHK2

CK1a1
CK1a1lL

CK1d
CK1epsilon
CK1g1

CK1g2

CK1g3

CK2a

CLK4
COT1/MAP3K8
CSK
CTK/IMATK
DAPK1

DAPK2

< < =< <

81,8

94,7

88,8

37,3

n.c.

0,853

0,244
0,584

HIPK2
HIPK3
HIPK4
HPK1/MAP4K1
IGF1R
IKKa/CHUK
IKKb/IKBKB
IKKe/IKBKE
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IRAK1
IRAK4
IRR/INSRR
ITK

JAK1

JAK2

JAK3

JNK1
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KDR/VEGFR2
KHS/MAP4K5
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KSR2
LATS1
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LCK
LCK2/ICK
LIMK1
LIMK2

LKB1
LOK/STK10
LRRK2

LYN
LYNB
MAK

MAPKAPK2
MAPKAPK3
MAPKAPK5/PRAK
MARK1
MARK2/PAR-1Ba
MARK3

MARK4

MEK1

MEK2

MEKS3

MEKS

MEKK1

MEKK2

MEKK3

MEKK6

MELK
MINK/MINK1
MKK4

MKK6

MKK7
MLCK/MYLK
MLCK2/MYLK2
MLK1/MAP3K9
MLK2/MAP3K10
MLK3/MAP3K11
MLK4

MNK1

MNK2
MRCKa/CDC42BPA
MRCKb/CDC42BPB
MSK1/RPS6KA5
MSK2/RPS6KA4
MSSK1/STK23
MST1/STK4
MST2/STK3
MST3/STK24
MST4

MUSK

98,7
105,7
116,1
1111
102,6
111,5
103,4
91,2
97,5
104,0
121,6
99,8
100,8
105,1
91,1
104,6
106,5
106,2
94,1
109,7
91,5
98,2
100,9
100,3
81,4
89,0
103,3
104,5
97,7
98,0
91,7
77,4

103,9
101,5
88,9

97,3
102,4
128,4
102,2
112,9
110,2
99,9
103,2
117,4
131,2
105,3
120,8
106,3
130,8
102,6
76,7
68,6
110,9
100,3
101,7
96,5
91,5
85,4
74,3
76,9
117,9

1138

102,4
92,6
103,4
96,7
91,4
92,0
91,3

34,9

n.c.

n.c.

PLK2
PLK3
PLK4/SAK
PRKX
PYK2
RAF1

RET
RIPK2
RIPK3
RIPK4
RIPKS
ROCK1
ROCK2
RON/MST1R
ROS/ROS1
RSK1
RSK2
RSK3
RSK4
SBK1
SGK1
SGK2
SGK3/SGKL
SIK1

SIK2

SIK3
SLK/STK2
SNARK/NUAK2
SNRK
SRMS
SRPK1
SRPK2

SSTK/TSSK6
STK16
STK21/CIT

STK22D/TSSK1
STK25/YSK1
STK32B/YANK2
STK32C/YANK3
STK33
STK38/NDR1
STK38L/NDR2
STK39/STLK3
SYK

TAK1

TAOK1
TAOK2/TAO1
TAOKS3/MJIK
TBK1

TEC

TESK1

TESK2
TGFBR2
TIE2/TEK

TLK1

TLK2

TNIK

TNK1

TRKA

TRKB

TRKC

TSSK2
TSSK3/STK22C
TTBK1

TTBK2

TXK

TYK1/LTK
TYK2
TYRO3/SKY
ULK1

ULK2

ULK3

VRK1

105,4
91,5
89,0
84,7
101,2
103,3
11,1
105,3
80,7
107,9
113,4
101,8
100,0
99,2
117,0
105,1
95,7
105,3

93,0
100,3
89,4
100,7
97,0
101,9
105,9
91,0
96,8
91,8
106,8
100,5
105,7

93,3
105,6
79,4

93,4
95,4
99,2
106,5
94,0
76,2
107,5
98,3
71,0
95,1
98,1
110,1
104,5
94,7
93,5
110,1
116,6
111,0
109,6
90,9
110,4
86,3
61,5
94,9
101,0
96,9
93,4
116,4

85,3
104,0
90,2
126,3
100,8
91,9
91,7
95,0
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n.c.
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DCAMKL1 95,6 MYLK3 91,3 VRK2 85,2
DCAMKL2 96,6 MYLK4 84,4 WEE1 102,1
DDR1 90,3 MYO3A 83,6 WNK1 79,8
DDR2 106,7 MYO3b 120,8 WNK2 97,3
DLK/MAP3K12 100,5 NEKA1 94,6 WNK3 111,7
DMPK 101,6 NEK11 103,5 YES/YES1 99,1
DMPK2 95,7 NEK2 99,3 YSK4/MAP3K19 103,3
DRAK1/STK17A 101,0 NEK3 112,7 ZAK/MLTK 85,4
DYRK1/DYRK1A 84,4 NEK4 106,3 ZAPT70 95,0
DYRK1B 72,8 NEK5 92,2 ZIPK/DAPK3 101,6
DYRK2 89,9 NEK6 103,1 AMPK(A1/B1/G1) 96,7
DYRK3 103,3 NEK7 103,4 AMPK(A1/B1/G2) 107,1
DYRK4 109,5 NEK8 89,4 AMPK(A1/B1/G3) 94,3
EGFR 98,7 NEK9 87,5 AMPK(A1/B2/G1) 102,7
EPHA1 102,4 NIM1 93,3 AMPK(A2/B1/G1) 99,2
EPHA2 97,4 NLK 99,4 AMPK(A2/B2/G1) 93,9
EPHA3 90,9 OSR1/0OXSR1 88,5 AMPK(A2/B2/G2) 98,8
EPHA4 102,4 P38a/MAPK14 98,9 AMPK(A2/B2/G3) 104,1
EPHA5 97,2 P38b/MAPK11 107,6 DNA-PK 97,9
EPHAG6 102,3 P38d/MAPK13 114,2 EEF2K 30,1 0,209
EPHA7 98,6 P38g 104,2 EIF2AK1 90,6
EPHAS8 96,1 p70S6K/RPS6KB1 103,9 EIF2AK2 75,0
EPHB1 95,2 p70S6Kb/RPS6KB2  105,0 EIF2AK3 88,3
EPHB2 99,3 PAK1 101,4 EIF2AK4 110,4
EPHB3 100,7 PAK2 105,9 mTOR/FRAP1 96,4
EPHB4 95,6 PAK3 65,1 PDK1/PDHK1 87,4
ERBB2/HER2 106,3 PAK4 115,8 PDK2/PDHK2 97,7
ERBB4/HER4 92,0 PAK5 100,3 PDK3/PDHK3 125,7
ERK1 104,9 PAK6 99,0 PDK4/PDKH4 67,8
ERK2/MAPK1 102,1 PASK 99,1 TRPM7/CHAK1 90,0
ERK5/MAPK7 109,9 PBK/TOPK 113,4 PI3KC2A 93,4
ERK7/MAPK15 100,2 PDGFRa 93,2 PI3KC3 97,1
ERN1/IRE1 90,9 PDGFRb 96,6 Pl4Ka 71,5
ERN2/IRE2 112,8 PDK1/PDPK1 112,9 Pl4Kb 78,4
FAK/PTK2 98,6 PEAK1 107,1 PI4K2A 58,1
FER 107,6 PHKg1 107,6 PIP5K1A 93,7
FES/FPS 101,7 PHKg2 94,5 PIP5K1C 97,8
FGFR1 99,2 PIM1 107,3 SPHKA1 98,1
FGFR2 97,6 PIM2 111,7 SPHK2 105,4
FGFR3 114,6 PIM3 94,4 PI3Ka (p110a/p85a) 108,0
FGFR4 106,9 PKA 91,4 PI3Kb (p110b/p85a) 53,4
FGR 102,6 PKAcb 98,3 PI3Kg (p110g) 92,8
FLT1/VEGFR1 91,3 PKAcg 99,7 PI3Kd (p110d/p85a) 26,4
FLT3 68,1 PKCa 98,8 PI3K (p110a/p65a) 70,8
FLT4/VEGFR3 92,9 PKCb1 90,6 PI3K 34,8
(p110a(E542K)/p85a)
FMS 108,3 PKCb2 93,0 PI3K 58,5
(p110a(E545K)/p85a)
FRK/PTK5 96,1 PKCd 103,7 PI3K 42,0
(p110a(H1047R)/p85a)
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8.3 Structural formula directory
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