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ABSTRACT

Cardiac disease continues to be a leading cause of death and hospitalizations
in developed countries. Transcription factors GATA4 and NKX2-5 are master
regulators of cardiac gene expression, taking part in multiple processes during
heart development, as well as hypertrophy and recovery after e.g. myocardial
infarction.

Pathological hypertrophy is a homeostatic process, which often leads to
cardiac dysfunction in pathological conditions (e.g. hypertension, genetic
alterations, and myocardial infarction) further progressing to heart failure.

There is an urgent need for treatments that would prevent disease
progression at a molecular level. To date, no therapies have directly targeted
the transcriptional regulation of cardiac hypertrophy. A novel treatment for
this target would be particularly interesting, as current treatments are slowing
the disease progression without directly targeting hypertrophic gene
expression.

The aim of this thesis was to design and synthesize nontoxic GATA4-
NKX2-5 interaction inhibitors with antihypertrophic activity and determine
their mechanism of action. Furthermore, the generated luciferase and toxicity
assay data were analyzed to select compounds for further evaluation. In
addition, different cycloaddition methods were explored for a facile synthesis
of isoxazole scaffold. Finally, the mechanism of action of the original hit
compound 1 was validated with affinity chromatography.

In conclusion, novel inhibitors of GATA4-NKX2-5 transcriptional synergy
were identified, which inhibit hypertrophic gene expression in rat
cardiomyocytes. Remarkably, the immobilized hit compound (1) was shown to
bind to GATA4 in the target validation study. In addition, with hierarchical
clustering, a group of synergy inhibitors were identified that did not inhibit
GATA4 transcriptional activity at 3 uM concentration. Further studies to
determine the therapeutic potential of these more selective compounds are
clearly needed.
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TIIVISTELMA

Sydansairaudet ovat merkittdvin kuolinsyy ja syy lisdintyneisiin
sairaalapdiviin teollisuusmaissa. Transkriptiotekijat GATA4 ja NKX2-5
sddtelevit syddngeenien ilmentymistd ja osallistuvat moniin prosesseihin,
jotka liittyvdat syddmen Kkehittymiseen, liikakasvuun ja esimerkiksi
sydaninfarktin jalkeiseen toipumiseen.

Patologinen liikakasvu on homeostaattinen prosessi, joka johtaa usein
toimintahairiéihin syddmen patologisissa tiloissa (esim. verenpainetauti,
geneettiset muutokset ja sydaninfarkti) edeten syddmen vajaatoimintaan.

Tulevaisuudessa on suuri tarve hoitomuodoille, jotka hidastavat taudin
etenemistd molekyylitasolla. Nykyiset syddmen liikakasvun hoitomuodot eivit
kohdistu suoraan sydidmessd tapahtuvan transkription saatelyyn. Uusi
hoitomuoto tdhidn kohteeseen olisi erityisen mielenkiintoinen, koska nykyiset
hoitomuodot hidastavat sairauden etenemistd mutta eivit suoraan vaikuta
syddmen liikakasvuun johtavien geenien ilmentymiseen.

Taman vaitoskirjatyon tavoitteena oli suunnitella ja valmistaa sydamen
liikakasvua vahentavia GATA4:n ja NKX2-5:n vilisen vuorovaikutuksen
estdjid, jotka eivit olisi toksisia, sekd todentaa niiden vaikutusmekanismi.
Lusiferaasi- ja toksisuusdata analysoitiin, jotta voitaisiin valita yhdisteita
jatkotutkimuksiin. Tamin lisdksi tutkittiin erilaisia sykloadditioreaktiota
isoksatsolirakenteisen molekyylirungon valmistamiseen. Lopuksi
alkuperdisen hit-yhdisteen 1 vaikutusmekanismi validoitiin kayttamalla
molekyylibiologisia menetelmii ja affiniteettikromatografiaa.

Tassda vaitoskirjatyossa tunnistettiin uusia GATA4:n ja NKX2-5:n
transkriptiosynergiaan vaikuttavia isoksatsolirakenteisia yhdisteitd, jotka
estivit rotan kardiomyosyyttien lilkakasvuun johtavien geenien ilmentymista.
Merkittava 10yt6 oli se, ettd hit-yhdiste (1) sitoutui GATA4:44n biologisen
vaikutuskohteen  validointitutkimuksessa. Hy6dyntden  hierarkista
klusterointia voitiin lisdksi tunnistaa joukko synergiaestdjid, jotka eivit
estineet GATA4:n transkriptioaktiivisuutta, kun yhdisteiden pitoisuus oli 3
uM. Lisatutkimuksia tarvitaan, jotta voitaisiin arvioida nididen aiempaa
selektiivisempien yhdisteiden toimivautta mahdollisissa lddkehoidoissa.
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The Road goes ever on and on
Down from the door
where it began.

Now far ahead
the Road has gone,

And I must follow,
if I can,

Pursuing it with eager feet,
Until it joins some larger way
Where many paths and errands meet.
And whither then?

I cannot say.

Bilbo Baggins in The Fellowship of the Ring (1954)
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1 INTRODUCTION

Reptiles, birds and mammals have hearts with two atrial and two ventricular
chambers, unlike the hearts of simpler organisms, such as fishes, which have
a single atrium and ventricle.! The main function of the heart is to provide
oxygenated blood around the body. Interestingly, it seems that oxygen causes
cardiac cell cycle arrest and inhibition of proliferative capacity.2 This explains
why animals such as zebrafish and neonatal mice retain regenerative capacity
in their hearts that have lower oxygen levels, but the hearts of adult mice, for
example, that have a higher oxygen level, do not regenerate. Remarkably, there
are case reports of complete recovery of human neonatal hearts after severe
myocardial infarction.3-5 Regenerative inability is especially devastating in
pathological conditions such as myocardial infarction in which millions to
billions of cells are lost. Myocardial infarction often leads to heart failure, in
fact, it is a underlying etiology in 70% of heart failure cases.6 One of the main
routes to heart failure after myocardial infarction is through hypertrophy,
remodeling and dilatation of non-infarcted myocardium.”

Clinically used and future therapies for myocardial infarction can be
classified based on their target regions during left ventricular remodeling
(Table 1).” During the subacute phase, it is crucial to prevent infarct
expansion.” Interestingly, it has been observed that an expansion is directly
proportional to the number of heart beats,” which rationalizes the use of -
blockade at this stage. Each contraction (during the heart beat) contributes to
left ventricular remodeling through increased wall stress.” Wall stress can be
decreased, for example, by lowering the blood pressure with angiotensin
converting enzyme (ACE) inhibitors or with intravenous nitroglycerin, which
reduces left ventricular filling pressure.7# In addition, nitroglycerin improves
perfusion to borderline areas of the infarction.8 Improved perfusion is
probably due to dilated epicardial coronary arteries.?

In the following weeks to months, viable cells adjacent to the infarct scar
may undergo apoptosis due to mechanical stress.” Preclinical studies have
proposed that current standard care (ACE inhibition and B-blockade) limits
nonischemic infarct extension at this stage.”

Beyond the adjacent region lies the remote non-infarcted region that is
unaffected by myocardial infarction in the early phase.” However, increased
workload due to large myocardial infarction can induce hypertrophic response
in the remote region. Based on the fact that hypertrophic response is induced
by wall stress, it is unsurprising that ACE inhibitors and (-blockade have
beneficial effect also at this stage. In addition, mineralocorticoid receptor
blockers (aldosterone receptor antagonists) have been shown to be effective
for inhibiting cardiac fibrosis and hypertrophy in a chronic phase.°

Thereis an urgent need for treatments that can prevent disease progression
at a molecular level. Recent advances have shed light upon the transcriptional
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regulation of cardiac hypertrophy,'2 yet no therapies have been developed to
directly target this process. A novel treatment targeting this process would be
particulary interesting, as current treatments slow disease progression
without directly targeting hypertrophic gene expression.

Isoxazole is a five-membered heterocyclic structure found in many
bioactive compounds.’3 Synthetic advances have promoted interest in
isoxazoles in drug development settings, because controlling regiochemistry
in dipolar cycloaddition reactions has become easier with various catalytic
methods. In drug development, various aspects of the bioactive molecule need
to be taken into account. Some compounds are toxic, insoluble, ineffective or
have an non-specific mode of action. The obtained data have to be carefully
analyzed to identify potential true hits for further validation. The clinical
translatability of the preliminary assays and identification of the true target of
the compound of interest are the most important individual factors in the drug
development process.

In the following literature review, the biological rationale of the study is
discussed regarding cardiac hypertrophy. In addition, synthetic methods to
prepare isoxazoles are presented with a theory regarding the regiochemistry
of the dipolar cycloaddition reactions. Next, possible toxicity mechanisms are
discussed based on the molecular structures of the compounds.

In the results and discussion section, synthesis of the isoxazoles and
compounds for affinity chromatography are presented together with a
structure-activity relationship (SAR) analysis. Finally, results regarding the
target validation study with affinity chromatography are presented.

Table 1 Currently used and therapedutic strategies under development to treat myocardial
infarction in different time frames after infarction and their targets in specific regions
of the heart.” Abbreviations: ACE, angiotensin converting enzyme; MMP, matrix
metalloproteinase.

Heart Time Current Developing therapies
region frame therapies
Infarct  Daysto Nitroglycerin Better scar formation
weeks ACE inhibition MMP inhibition
B-blockade Passive restraint
Stem-cell transplantation
Adjacent Weeks to ACE inhibition Antiapoptosis
months B-blockade Anticytokine
Passive restraint
Anti-inflammatory
Remote Monthsto ACE inhibition Antihypertrophy
years B-blockade Anticytokine
Aldosterone MMP inhibition
inhibition




2 REVIEW OF THE LITERATURE

2.1 CARDIAC HYPERTROPHY

Cardiac hypertrophy can be divided into physiological and pathophysiological
forms. Pathological cardiac hypertrophy can be seen as an intermediate step
enroute to heart failure.4 It is an adaptive process to normalize wall stress of
the left ventricle in pathological conditions such as volume or pressure
overload of the ventricle due to myocardial infarction or hypertension.4
According to Laplace’s law (Equation 1), wall stress of a sphere is directly
proportional to the radius and pressure, and indirectly proportional to wall
thickness. Pathological hypertrophy is characterized by thickening of the
ventricular wall (concentric hypertrophy), dilatation of the ventricular
chamber (eccentric hypertrophy), contractile dysfunction, and heart failure
(Figure 1).15 On the other hand, physiological hypertrophy is fully reversible
and is characterized sometimes even by the improvement of contractile
function.’s Understanding the biological processes behind these conditions is
crucial for the development of targeted therapeutics for reversing and
preventing disease progression.

R
(1) WS—PX;,

where
WS = wall stress of a sphere (ventricle)
P = pressure (ventricular)
R = radius (of the chamber)
T = wall thickness
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N\ . Thickness

Physiological Normal heart Pathological
hypertrophy hypertrophy
Physiological Pathological
stimuli

stimuli

Eccentric hypertrophy Concentric hypertrophy l

| Heart failure

!

Eccentric hypertrophy

Figure 1 Normal adult heart, physiological hypertrophy and pathological forms of hypertrophy
(eccentric or concentric). Modified from ref 16.

211 BIOLOGICAL PATHWAYS IN CARDIAC HYPERTROPHY
Interestingly, physiological hypertrophy can reverse the progression of
pathological hypertrophy to more severe conditions such as heart failure.?
Physiological hypertrophy is induced by repetitive endurance exercise and
pregnancy, for example.’> The molecular mechanisms of physiological
hypertrophy have been the focus of intense research.16:18-20 Although many
studies also mention cardiomyocyte proliferation due to exercise training, this
concept has been challenged by other researchers2:-23 and later studies24.
There has been ongoing debate2223 if cardiomyocytes divide in an adult heart.
However, the consensus seems to be that cardiomyocytes do not divide in the
adult heart to a large extent, but can undergo other cell-cycle variations
leading to the formation of polyploid (two or more paired sets of
chromosomes) cardiomyocytes and furthermore hypertrophy.22:23

Physiological hypertrophy is launched by signaling pathways active in cell
growth, proliferation, survival, and angiogenesis. At the molecular level,
insulin, insulin-like growth factor 1 (IGF1), thyroid hormone (Ts3), vascular
endothelial growth factor B (VEGFB), platelet-derived growth factor (PDGF),



nitric oxide, neuregulin 1 and periostin are endogenous ligands activating the
hypertrophic pathways in a cell.’s In the context of transcriptional regulation,
the downstream signaling of T;, VEGFB, insulin, and IGF1 are especially
interesting.’® Signaling pathways related to transcriptional regulation of
physiological hypertrophy are presented in Figure 2. T; regulates gene
transcription related to Ca2+ handling by downregulating the expression of
myosin heavy chain 7 (MYH7) and upregulating expression of myosin heavy
chain 6 (MYH®6). Insulin and IGF1 are involved in multiple cellular processes
in the heart related to hypertrophy. Intracellular signaling related to gene
transcription converges around nodal mediators such as phosphoinositide 3-
kinase-phosphatase and tensin homolog (PI3K-PTEN), RAC-alpha
serine/threonine-protein kinase (AKT), and extracellular signal-regulated
kinases 1/2 (ERK1/2).16 For example, exercise-induced physiological
hypertrophy signaling leads to downregulation of transcription factor C/EBPf3
through AKT1. C/EBPP downregulates25 other cardiac transcription factors
such as GATA binding protein 4 (GATA4) and NK2 homeobox 5 (NKX2-5) and
its knockdown2¢ has been associated with hypertrophy inhibition via p65-
nuclear factor kappa-light-chain-enhancer of activated B cells (p65-NFkB)
signaling pathway.

Along with adaptive processes, cell growth, and protein synthesis,
pathological hypertrophy is characterized by the following maladaptive
hallmarks: cell death, fibrosis, dysregulation of Ca2* handling proteins,
mitochondrial dysfunction, metabolic reprogramming, reactivation of fetal
gene expression, impaired protein and mitochondrial quality control, altered
sarcomere structure, and insufficient angiogenesis.’> Calcium-calcineurin
signaling during pathological hypertrophy is especially interesting as it
directly regulates?’ transcription of the genes associated with pathological
hypertrophy. Furthermore, mitogen-activated protein kinase (MAPK)
signaling cascade is closely linked to transcriptional regulation of hypertrophic
genes, such as GATA4 and myocyte enhancer factor 2 (MEF2), through p38
and c-Jun N-terminal kinase (JNK) branches.28 Signaling pathways related to
transcriptional regulation of maladaptive gene expression are presented in
Figure 3.
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Figure 2 Signaling pathways affecting gene transcription of physiological hypertrophy through
endogenous ligands: VEGFB, T3, IGF1, or insulin. Abbreviations: AKT, RAC-alpha
serine/threonine-protein kinase; ERK 1/2, extracellular signal-regulated kinases 1/2;
IR, tyrosine kinase insulin receptor; MEK 1, mitogen-activated protein kinase kinase
1; PI3K, phosphoinositide 3-kinase; VEGFR1, vascular endothelial growth factor
receptor 1. Modified from ref 16.
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Figure 3 Signaling pathways inducing maladaptive hypertrophic gene expression.
Abbreviations: AC, adenylyl cyclase; AT-R, angiotensin Il receptor; Endo-R,
endothelin 1 receptor; a/B-AR, a- or B-adrenergic receptor; JNK, c-Jun N-terminal
kinase; MAPKK, MAPK kinase; MAPKKK, MAPK kinase kinase; NFAT, nuclear factor
of activated T cells; PKA, protein kinase A. Modified from ref 16.

2.1.2 TRANSCRIPTION FACTORS GATA4 AND NKX2-5 IN
HYPERTROPHY

Transcription factors GATA4 and NKX2-5 are master regulators of cardiac
gene expression. They are involved in multiple processes related to cell
differentiation, cardiac hypertrophy, and disease progression.29-3t GATA4 and
NKX2-5 directly and synergistically interact with each other activating
cardiogenic gene transcription.3? Previous studies have shown that GATA4
mediates its pathological hypertrophic effect through physical interaction with
other cardiac transcription factors such as NKX2-533 and through
posttranslational34 modifications.
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Physical interaction between GATA4 and NKX2-5 is especially interesting
as it has been shown to be essential for mechanical stretch-induced
cardiomyocyte hypertrophy.33 Furthermore, Pikkarainen et al.33 showed that
myocyte stretch activates BNP (B-type natriuretic peptide) transcription in a
GATA4-dependent mechanism. BNP is a well-established biomarker3s:3¢ for
heart disease, as well as increased mechanical load and wall stretch in the
heart,3” and its lower levels would indicate inhibition of stretch-induced
hypertrophic signaling.

2.1.3 COMPOUNDS TARGETING GATA4 AND NKX2-5
TRANSCRIPTIONAL SYNERGY

Earlier studies3238 of GATA4 and NKX2-5 transcriptional synergy have
reavealed hot spots of their protein-protein interaction. A further pioneering
study of Valimaki et al.39 showed that transcriptional synergy of GATA4 and
NKX2-5 can be targeted by small molecular compounds, which either inhibit
or enhance transcriptional synergy of GATA4 and NKX2-5. The initial hit
compounds were identified by using a fragment-based screening and
pharmacophore search. Chemical structures of some initial hit compounds are
presented in Figure 4. The common structural feature for the initial hit
compounds found in fragment-to-hit growth was a hydrogen bond acceptor
(such as imine or amide) next to the five (or six)-membered ring. Compounds
were tested in an iterative process using a luciferase reporter assay to measure
GATA4 and NKX2-5 transcriptional synergy. The most promising compound
1 was tested in cytotoxicity, G-protein coupled receptor (GPCR), and kinase
profiling assays to determine possible off-target effects. In addition, a small
set of compounds was tested for possible molecular aggregation and
compound 1 for chemical stability.
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Figure 4 Examples of the initial hit compounds targeting transcriptional synergy of GATA4
and NKX2-5.%°



The luciferase assay measures the inhibition or enhancement of
transcriptional synergy of GATA4 and NKX2-5.38 The cell assay is based on
ability of GATA4 and NKX2-5 to synergistically activate gene transcription (of
luciferase enzyme) through the NXK2-5 binding site on DNA (Figure 5).
Activation can be measured with a luminometer, which measures light
emitting from the luciferase-catalyzed multistep reaction between D-luciferin,
ATP, molecular oxygen, and Mg2+. Oxyluciferin is formed as a reaction product
in an electronically excited state, emitting light on transition to the ground
state.

LucGene

Figure 5 Luciferase assay setup for synergistic activation of the reporter gene containing three
NKX-binding sites (NKE). The assay can detect either inhibitors or enhancers of
synergistic activation. Adapted from Publication II.

2.2 [3+2] DIPOLAR CYCLOADDITION REACTIONS FOR
SYNTHESIS OF THE ISOXAZOLE CORE

Synthesis of isoxazole-based compounds has drawn much interest during the
last decades since isoxazoles show activity in multiple different targets such as
enzyme cyclooxygenase 2 (COX-2),40 growth hormone secretagogue receptor
(GHS-R),4t* human dihydroorotate dehydrogenase (DHODH),4243 and
bromodomain-containing protein 4 (BRD4).44 Molecular structures (4-8)
with the aforementioned biological targets are presented in Figure 6.
Isoxazole synthesis is well established and in recent years there have been
remarkable advances in the cycloaddition, cycloisomerization, condensation,
and direct functionalization methods.45 The [3+2] dipolar cycloaddition
reaction has a long history dating back to the 1930s, when Quilico46:47 reported
the first isoxazole forming reactions between nitrile oxides and alkynes. To
date, [3+2] dipolar cycloaddition reaction is still considered the most
important method for the synthesis of isoxazoles.45
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Figure 6 Molecular structures of isoxazole compounds targeting various biological pathways.
Compound 7 (A771726) is an active metabolite of leflunomide.

2.21 REACTION MECHANISM AND REGIOCHEMISTRY

The reaction mechanism of [3+2] dipolar cycloaddition has been intensively
studied, as there are usually at least two possible regioisomers formed in the
reaction. Previously, poor regioselectivity has limited its use for broad range
of substrates but recent advances in metal-catalyzed reactions have helped to
overcome the challenge.45

Regiochemical prediction in [3+2] dipolar cycloaddition reactions is based
on Fukui’s frontier molecular orbital (FMO) theory48, which states that
interacting molecular orbitals (MO) are most stabilized when their energy
difference is smallest. Sustmann and Trill49 successfully applied FMO to [3+2]
dipolar cycloaddition reactions and explained the earlier findings of
Huisgens?, i.e. the reactivity of [3+2] dipolar cycloaddition reaction of phenyl
azide is increased both by electron-attracting and by electron-donating
substituents. They discovered that the substituent effect is context dependent,
i.e. it depends on the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) differences of the dipolarophile and
dipole. There are three different possibilities based on the relative positions of
frontier orbitals (Figure 7): (1) HOMOuipolarophile- LUMOuipole interaction is
dominant; (2) both interactions need to be taken into account and interaction
in which energy is reduced more due to the substituent becomes a decisive
factor for reactivity; or (3) LUMOuipolarophile-HOMOuipole is dominant.

Accordingly, substituents that increase the dipole HOMO energy or
decrease dipolarophile LUMO energy will accelerate type 1 reactions.5!
Furthermore, substituents that decrease the dipole LUMO energy or increase
dipolarophile HOMO energy will accelerate type 3 reactions.5! Type 2 reactions
are accelerated in both of the aforementioned ways.5!
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Three options for frontier orbitals that determine the dominant energy difference for
the substituent effect in [3+2] dipolar cycloaddition. Examples of 1,3-dipoles for each
reaction type.5?

Figure 7

Isoxazoles are generally made of a nitrile oxide acting as the 1,3-dipole and an
alkyne as the dipolarophile. Regiochemistry of the reaction is determined
based on HOMO and LUMO interactions of the 1,3-dipole and
dipolarophile.s3.54 Two possible outcomes are described in Figure 8.

electron poor dipolarophile electron rich dipolarophile

R— R—

=—gRG hucleophilic alkyne uses its HOMO

EWG—= electrophilic alkyne uses its LUMO

Lowest LUMO Highest HOMO

Two alternative reactions determining regiochemistry of the [3+2] cycloaddition
reaction between nitrile oxide and either electrophilic or nucleophilic alkyne.
Abbreviations: EWG, electron withdrawing group, ERG, electron releasing group.

Figure 8

22.2 REACTIONS AND SYNTHESIS
The nitrile oxide-mediated synthesis of isoxazoles has recently gained great
interest, as nitrile oxides can be generated in situ from oximes by using
different oxidizing agents such as hypervalent iodine reagents and Oxone®,
i.e. the triple salt 2KHSOs-KHSO4:K2S04.55-57 Previously, nitrile oxides were
generated from oxime halides in basic conditions,58:59 until recent publication
by Kesornpun et al., which showed that the reaction also works in acidic
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conditions (pH 4) and in water.5© Two different routes for nitrile oxides are
presented in Figure 9. In addition, isoxazoles have been prepared via
different catalytic methods using transition metals, such as ruthenium or
palladium®62 and coppert3 as catalysts. Metal catalyst can remarkably
increase selectivity in a [3+2] dipolar cycloaddition.63

S)
R N. base/acid /®N -0
\(/ OH  Tcatalyst S
X=ClorBr
R__N.
~ "OH
H

Figure 9 Different synthetic routes to prepare nitrile oxides.

2.3 TOXICITY MECHANISMS OF DIFFERENT RING
SYSTEMS

Understanding the chemical reactivity and metabolism of different ring
systems is extremely important in drug discovery. For example, a phenyl ring
is the most prevalent ring system in drug molecules.%4-%5 Generally, phenyl-
ring systems in drugs are safe, but their metabolism has been extensively
researched as their toxicity is mainly mediated by reactive metabolites.6¢
Moreover, there are some reports of DNA intercalation of the relatively flat,
multiple fused aromatic-ring—containing compounds.®” Furthermore, furan
rings are rarely seen in drug candidates as they are easily metabolized to
various electrophilic products further reacting with proteins or DNA and
causing toxicity.

2.31 CYTOCHROME P450 METABOLISM

Oxidative metabolism of phenyl rings mediated by the cytochrome P450 (CYP)
enzyme family is of great interest from the drug discovery point of view.68
Oxidative metabolism of arenes by CYP enzymes is important as it has been
linked to the formation of covalently binding metabolites.®¢ Two different
routes for acid-catalyzed oxidative metabolism of a phenyl ring are presented
in Figure 10. The direct pathway involves the loss of metabolically labile
hydrogen, while in the indirect pathway the hydrogen migrates to the a-
carbon.

12
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Figure 10  P450-catalyzed epoxidation of phenyl rings.

P450 enzymes also catalyze oxidation of heterocycles such as furan rings to
reactive metabolites.® Trapping reactions with glutathione (GSH) have shown
that furan oxidation can proceed via either cis-enedione or direct addition to
the carbon adjacent to furanyl oxygen.®® P450 enzyme-mediated oxidation of
furan to either epoxide or cis-enedione and their subsequent reactions with
GSH are presented in Figure 11.

HO
[c add e
N
P450 (o) \ GS
Q B o o~ o 022:510
H H H H
-

Figure 11  P450-catalyzed oxidation of furan to either epoxide or cis-enedione and subsequent
reaction with GSH.”%"!

The computational prediction of oxidative reactions that potentially generate
toxic metabolites to identify labile sites of metabolism is intriguing, as a vast
majority of the drugs containing phenyl rings, for instance, are safe.66:68
Computational methods are generally based on density functional theory
(DFT) calculations and ligand docking to the various CYP enzyme isoforms.58
DFT calculations predict the accurate activation energies needed for the
oxidation reaction for each site on the substrate.
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2.3.2 STACKING INTERACTIONS OF RINGS IN DRUGS

Stacking interactions play a pivotal role in biological systems.”3 These
interactions can be considered to be a major driving force for the binding of
potentially cytotoxic DNA intercalators.’4 Generally, stacking interactions
mean face-to-face interactions of approximately parallel and planar st-systems
(Figure 12a).75s From the structure-based drug design point of view, the
stacking interactions to aromatic amino acid side chains (Phe, Tyr and Trp, see
Figure 12b) are especially interesting. 7 One recent example of such
interactions can be found between the Phe residue of human cystic fibrosis
transmembrane conductance regulator and oxoquinoline part of ivacaftor
(Figure 13).77

Figure 12  (a) Face-to-face stacking interaction;”® (b) aromatic amino-acid side-chains.

Figure 13  Stacking interaction of oxoquinoline and the Phe residue in human cystic fibrosis
transmembrane regulator; image created with NGL Viewer’® (PDB 602P).

Calculating stacking interaction energies is computationally heavy as it
requires the use of quantum mechanical methods and systematic exploration
to determine the global minimum energy of the stacked structure.”® However,
a recent study of Bootsma and Wheeler7¢ showed that stacking interaction

14



energies can be predicted accurately based on simple electrostatic potential
descriptors of rings with no quantum chemical calculations.

2.3.3 DNAINTERCALATION

Planar m-systems have been also associated with drug intercalation to
DNA.79:80 g-Interactions are regarded as the major driving force for
intercalator binding.74 Proflavine is an example of a classic DNA intercalator,
that binds between adjancent DNA bases (Figure 14).8! More sequence
specificity can be obtained with threading intercalators, which extend their
binding to either a minor or major groove.82

DNA intercalation is a very interesting topic in drug design as it has been
associated with cytotoxicity8° of some drugs and it could be exploited83 when
designing new inhibitors of transcription factors.

Figure 14  (a) Proflavine intercalating to DNA; (b) Tr-interactions (green lines) of aromatic DNA
bases and proflavine; images created with NGL Viewer’® (PDB 3FT6).

2.4 TARGET IDENTIFICATION WITH AFFINITY
CHROMATOGRAPHY

Target identification is a crucial step for projects focused on phenotypic drug
discovery.84 Affinity chromatography is a method used for determining the
protein targets of small molecular compounds by either immobilizing a
compound to a solid phase or by tagging a compound with a fluorescent group,
for example.85 Affinity chromatography has been successfully used to identify
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targets of bioactive compounds and drugs in clinical use, such as diminutol,86
imatinib,8” purvalanol,88 roscovitine,39 thalidomide,%°¢ and vancomycin.9! In
affinity chromatography, the compound of interest is attached to a solid phase,
such as Sepharose® with a linker molecule.85 Generally, linker molecules are
based on either alkyl chains or preferably polyethyleneglycol (PEG).
Hydrophilic PEG linkers usually decrease the amount of non-specific binding
to the proteins compared to hydrophobic alkyl linkers.92 Different types of
linkers are described in Figure 15. The immobilized compounds are
incubated with protein lysate and the unbound proteins are washed away in
several steps followed by identification of the bound proteins, either with
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) or
tryptic digestion and identification of the resulting peptides by MS/MS mass
spectrometric analysis (Figure 16).92

W alkyl linker
\O/\/O\/\O/\/H‘“ triethyleneglycol

(0]

HZN\/\/\)J\N/\/\/\O}i aminocaproylaminopentoxy
H

W/\O/\/O\/& ethylene glycol diglycidyl ether
(e}
OH O
HO . v N NH, tartaric acid linker
o ow ™ n=01
AcNH-Lys-Lys-(Pro)g-Lys-NH, polyproline rod

Figure 15  Various linkers for affinity chromatography.®?
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Figure 16  Schematic presentation of affinity chromatography. Modified from Publication III.

Performing a successful affinity chromatography experiment requires deep
understanding of the SAR of the compound of interest.93 This is crucial
because a linker compound has to be attached in a way that compound binding
to the target is not extensively affected. Attaching the linker to the active
compound is not always straightforward, because suitable functional groups
may be lacking in the compound of interest or synthethic challenges may pose
problems in cases of more complex molecules.93

Itis difficult to avoid non-specific binding completely, but amount of it can
be approximated by using a negative control.93 Negative controls are used to
distinguish specific targets from background binding.93 A simplest negative
control is the matrix without a ligand, although the matrix linked to the non-
binding ligand is considered a better option.9 This strategy was succesfully
applied by Oda et al.?4 in their study where they identified the primary target
of the anticancer agent E7070. The matrix-immobilized E7070 and its
negative amide control are shown in Figure 17.
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Figure 17  Immobilized E7070 and its negative amide control.
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3 AIMS OF THE STUDY

The general aims of the study were to design and synthesize nontoxic GATA4-
NKX2-5 interaction inhibitors with antihypertrophic activity and determine
their mechanism of action.

The more specific aims were:

e Design and synthesis of isoxazole derivatives and exploration of
different cycloaddition methods (I) & (II)

e Analysis of luciferase assay and cytotoxicity data to select
compounds for further evaluation (II)

e Validation of the mechanism of action of the hit compound with
affinity chromatography (III)
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4 RESULTS AND DISCUSSION

4.1 SYNTHESIS OF 3,4,5-TRISUBSTITUTED ISOXAZOLE
DERIVATIVES (PUBLICATIONS | & II)

To study different heterocyclic rings as a replacement for the hit compound’s
(1) phenyl ring at the 3-position of an isoxazole ring, we designed various bis-
heterocycles (5a-e). In addition, one pyrazole derivative (5f) was synthesized
with a similar method. The synthesis procedure is presented in Scheme 1.
Compounds 5a-f were synthesized starting from the commercially available
aldehydes (1a-e), which were converted to the corresponding oximes (2a-g)
in the presence of hydroxylamine hydrochloride. The oximes were used to
generate nitrile oxide intermediates for 1,3-dipolar cycloadditions in the
presence of various oxidants: diacetoxyiodobenzene (DIB), Oxone®, or
[hydroxy(tosyloxy)iodo)] benzene (HTIB). Various methods to synthesize
isoxazole esters 3a-g from ethyl 2-butynoate and oximes 2a-g are listed in
more detail in Table 2. Generally, a lower dipole moment containing oximes
with thiophene (2c¢ or 2e) or phenyl (2f) rings seemed to work better
compared to the higher dipole moment containing oximes with furan (2b),
oxazole (2a), or isoxazole (2d) rings. A lower dipole moment of the reactant
could increase reaction rate in a polar solvent as the transition state does not
involve charge separation and the reaction itself is not dependent on solvent
polarity.95 However, it is difficult to draw firm conclusions as different
methods were used to generate reactive nitrile oxides. Interestingly, water
could be used as a solvent for dipolar cycloadditions.?¢ It has been shown
previously that water increases the rate of the 1,3-dipolar cycloadditions when
compared to organic solvents.9” Furthermore, isoxazole esters 3a-g were
hydrolyzed to carboxylic acids 4a-g with NaOH in an equimixture of H.O and
MeOH. Carboxylic acids g4a-g were further coupled with N,N-diethyl-p-
phenylenediamine in the presence of N,N,N’,N’-tetramethyl-O-(1H-
benzotriazol-1-yl)uronium  hexafluorophosphate (HBTU) and N,N-
diisopropylethylamine (DIPEA).

Table 2 Reaction conditions for 1,3-dipolar cycloaddition reactions.

Cmpd Oxidant Catalyst Solvent Yield

3a HTIB - H-0 20%
3b DIB TFA MeOH 19%
3¢ DIB TFA MeOH 32%
3d Oxone PhI H.O 7%

3e Oxone KCl H.O 42%
3f Oxone KClI H.O 55%
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Scheme 1  Synthesis of bis-heterocycles and pyrazole. Reagents and conditions: (i) 2a: H,NOH-
HCI, NaOAc, MeOH, rt, 2b-f: H.NOH-HCI, pyridine, EtOH, rt; (ii) 3a: ethyl but-2-
ynoate, HTIB, H,O, rt, 2 h, 3b-c: ethyl but-2-ynoate, DIB, trifluoroacetic acid (TFA),
MeOH, 0 °C—rt, 2-3 h, 3d: ethyl but-2-ynoate, Oxone®, Phl, H20, rt, 18 h, 3e-f: ethyl
but-2-ynoate, Oxone®, KCI, H.O, rt, 4-5 h; (iii) 4a-f H,O/MeOH (1:1), NaOH, 60 °C
(or rt for 4d), 1 d; (iv) N,N-diethyl-p-phenylenediamine, HBTU, DIPEA, N,N-dimethyl
formamide (DMF), rt, 1-2 d; (v) 3-amino-5-(4-methoxyphenyl)pyrazole, HBTU,
DIPEA, DMF, rt, 18 h.

4.2 SCAFFOLD HOPPING (PUBLICATION II)

To test whether a phenyl ring in the northern part of compound 1 could be
replaced with a heterocycle, we synthesized a thiazole derivative 8 (Scheme
2). Compound 8 was synthesized from 1-bromopinacolone 6, which was
reacted with thiourea in ethanol under microwave irradiation at 120 °C to get
4-(tert-butyl)thiazol-2-amine 7. Thiazolamine 77 was further coupled with 5-
methyl-3-phenylisoxazole-4-carboxylic acid in the presence of HBTU and
DIPEA.
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Scheme 2 Synthesis of thiazole derivative 8. Reagents and conditions: i) EtOH, mw (100 °C, 30
min); ii) 5-methyl-3-phenylisoxazole-4-carboxylic acid, HBTU, DIPEA, DMF, rt, 1 d.

Based on the preliminary data, we had a reason to believe the bisisoxazole
core to be a potentially optimal scaffold for biological activity. We decided to
study bisisoxazole scaffold further by synthesizing derivatives where we either
kept bisisoxazole core intact or explored different heterocycles in the place of
the isoxazole attached to the central part of the molecule (Scheme 3).
Carboxylic acids were acquired from Enamine Ltd and coupled with N,N-
diethyl-p-phenylenediamine in the presence of HBTU and Hiinig’s base in
DMF at room temperature. Yields varied between 63% and 88%. The small
scale of synthesis created some purification problems that were overcome by
triturating the crude product with either n-heptane or diethyl ether. None of
the synthesized compounds were notably active in the GATA4-NKX2-5
transcriptional synergy assay, indicating that the isoxazole ring is not the best
replacement for the hit compound’s phenyl ring in the southern part.
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Scheme 3 Amide coupling reaction to get different heterocyclic scaffolds. Reagents and
conditions: (i) N, N-diethyl-p-phenylenediamine, HBTU, DIPEA, DMF, rt, 1 d.

4.3 SAR ANALYSIS (PUBLICATION II)

The original hit compound 1 was divided into three parts (southern, northern
and central part) based on the structural modifications carried out (Figure
18). In the southern part of the compound, different heterocycles were tested
as a surrogate of the phenyl ring. In addition, different scaffolds were tested in
place of the isoxazole core ring structure. In the central part of the compound,
the central amide group was replaced with alkyl, thioamide, inverse amide,
imino and ether linkers. In the northern part of the compound, mainly para
substitution of the compound was studied.
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Figure 18  Hit compound 1 and its subsections.

4.3.1 SOUTHERN PART
To identify structural features affecting the inhibition of GATA4-NKX2-5
transcriptional synergy, we first explored the chemical space around the
southern part of the original hit compound 1. Different scaffolds for the
southern part of the compound were either synthesized in-house or acquired
commercially. The most interesting activity cliffs of the molecular pairs in the
scaffold hopping endeavor are presented in Table 3. Interestingly, reversing
a substitution pattern from compound 1 to 65 increased activity by
approximately 20% in the GATA4-NKX2-5 synergy assay. A similar trend can
be seen with compounds 390 and 3. In this case, activity of the inactive
compound 390 increases by approximately 20% in the reversely substituted
isoxazole (3). This indicates that the isoxazole core plays an important role in
activity of the compounds. In addition, inhibition of transcriptional synergy
decreases approximately 50% when the phenyl ring of the compound 65 is
replaced with the isoxazole ring in compound 3. Furthermore, 5-
phenylisoxazole (47d) without a methyl substituent is inhibiting
approximately 20% less GATA4-NKX2-5 transcriptional synergy than the 3-
methyl-5-phenylisoxazole (65) counterpart. Surprisingly, replacing the
phenyl ring of compound 47d with a cyclopropyl ring (47r) converts the
compound to an enhancer of the transcriptional synergy of GATA4 and
NKX2-5. In a series of pyrazole compounds, the phenyl ring (47e) seems to
work again better than isoxazole (47f) as a ring replacement. A similar
observation can be made concerning synergy inhibition of 5-methyl-2-
phenylfuran (54) when compared to 3-(5-methylfuran-2-yl)-5-
methylisoxazole (47h). Interestingly, changing one nitrogen to sulfur (47n) in
the phenyltriazole (470) decreases transcriptional activity from 84% to 41% of
control. A drastic change in transcriptional synergy inhibition, approximately
80%, can also be seen in a plain thiophene (55) when compared to isothiazole
(47s), 2-nitrothiophene (47u), or 2-methyl-3-phenylthiophene (47t). Activity
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of 2-methyl-3-phenylthiophene (47t) is lost if its phenyl ring is replaced with
a pyrrole ring as in compound 56. Finally, the fused ring systems (47v and
47aa) might be good scaffolds for transcriptional synergy enhancers. Synergy
enhancing activity of the compound 47aa is lost with a removal of one
nitrogen and and addition of a methyl substituent in a compound 47ab.

Table 3 Representative examples of scaffold hopping of the southern part of the compound
1 and their transcriptional synergy inhibition (% of control) at 10 uM concentration.
Compound numbers are from Publication II.
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Results and discussion

As it seemed evident that the isoxazole substituent regulates compound
activity, the substituent effect was researched in more detail with different
heterocycles and phenyl rings (Table 4). First, the effect of different
substituents in the phenyl ring of the hit compound was considered. We
noticed that an electron withdrawing substituent (Br and NO.) in the para
position of the phenyl ring (compounds 39i and 39a) remarkably reduced the
synergy inhibition. The meta position (39g) was the optimal position for the
nitro group, which still led to 15% lower synergy inhibition. Interestingly,
ortho-dichloro substitution (39f) did not affect synergy inhibition of the meta-
substituted nitrophenyl. However, the removal of the nitro group led to
diminished synergy inhibition in ortho-dichloro and monochloro-substituted
compounds (39e and 39k). In pyridine rings, “ortho” nitrogen (59)
diminished synergy inhibition while “para” nitrogen (39c¢) did not affect
synergy inhibition remarkably (50% compared to 61%). These data indicate
that the activity of the compounds is not dominated by the electronic effect of
the ring. The most potent synergy inhibitor in this series was a para fluorine-
substituted compound 39d. Interestingly, it also inhibited less GATA4
transcriptional activity (79%) than the original hit compound 1 (62%) at 10 uM
concentration. It is unlikely that electronegativity of the fluorine atom is the
main contributor to the increased synergy inhibition as other electron
withdrawing substituents in the same position did not increase synergy
inhibition. One possible explanation could be a direct contribution to the
binding affinity through either hydrogen bond or hydrophobic interactions.98
Activity is lost with the addition of an extra phenyl ring in compound 39j
indicating that there is a limited space in that region of the binding pocket. Of
the tested five-membered heterocycles, only 3-thiophene 39m showed
noticeable inhibition of the transcriptional synergy of GATA4 and NKX2-5.
The plain alkyl chain led also to the diminished inhibition of transcriptional
synergy in compound 39b.
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Table 4 Isoxazoles substituted with various heterocycles and phenyl rings and their
transcriptional synergy inhibition (% of control) at 10 uM concentration. Compound
numbers are from Publication II.
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4.3.2 CENTRAL PART

Next, the search continued for an optimal central part of the compounds
inhibiting transcriptional synergy of GATA4 and NKX2-5 (Table 5).
Interestingly, activity of the original hit compound 1 was completely lost with
methylation of the amide bond in compound 25a. However, bigger benzyl
(25¢) and fluoroethyl (25b) substituents were tolerated, which was
particulary important regarding the target validation study (Publication III).
The reversed amide bond (27) and sulfonamide (21) linker led to the
diminished synergy inhibition. Interestingly, the most potent inhibitors of the
transcriptional synergy of GATA4 and NKX2-5 were N-acylated amines 58
and 30c. As imines (19 and 31) or amines (20 and 33) were not promising
replacements for the amide bond, one could conclude that a hydrogen bond
acceptor is a required feature in the central part. This observation was further
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validated, because thioamide as a weaker hydrogen bond acceptor was not a
suitable replacement for an amide in compounds 23 and 26.

Table 5 Different central parts for inhibition of transcriptional synergy between GATA4 and
NKX2-5 (% of control) at 10 uM concentration. Compound numbers are from
Publication II.
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! /7
{ ad
Cmpd R Synergy Cmpd R Synergy
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4.3.3 NORTHERN PART

Finally, different northern parts with amide or ether linkers were tested
(Table 6). Surprisingly, the compound with a dimethylaniline-substituted
northern part (4d) was completely inactive, indicating the existence of the
important hydrophobic interaction. Indeed, this hypothesis is reinforced with
the observed inhibitory activity of the branched alkyl group (4i) and bulky 4-
chromen-4-one (4g) derivatives. Methylation of N-ethyl-N-isopropylaniline
4i led to a decreased inhibitory effect on transcriptional synergy in compound
7. Activity decreased in a similar manner if either an electron withdrawing
nitro group (8) or an electron donating amino group (9) were added to the
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northern part phenyl ring. This indicates that the acid strength of aniline is not
important for the compound activity. Interestingly, the diethylaniline group of
the original hit compound 1 could be replaced with an ethynyltrimethylsilane
group (4j) and retain a weak inhibitory effect. The replacement of the phenyl
ring with a thiazole in compound g4k completely abolished the inhibition of the
transcriptional synergy of GATA4 and NKX2-5. In addition, a carboxylic acid
12 and carbocylic acid esters with nitrile groups 10a-c were tested, but none
showed any significant activity in the GATA4-NKX2-5 transcriptional synergy
assay.

However, nitriles with ether-type central-part linkers, 35a and 35b,
inhibited transcriptional synergy potently (26% and 52% of control,
respectively). (1-Methoxypropyl)phenyl substitution in 34e also showed
similar activity (43% of control) as the original diethylaniline northern part in
compound 1 (50% of control). Interestingly, the polar ester derivative with an
oxopropyl group (35d) also showed a promising inhibitory effect (37% of
control). Neither of the alkyl derivatives (34¢ and 35e€) or amides (36a and
36b) showed any activity.
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Table 6 Various northern parts with amide and ether linkers and their transcriptional
synergy inhibition (% of control) at 10 yM concentration. Compound numbers are
from Publication II.
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4.4 CYTOTOXICITY (PUBLICATION II)

To determine whether a compound toxicity potentially influenced the
observed activities in luciferase assays, 40 compounds were selected for
toxicity testing in the lactate dehydrogenase (LDH) and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) bromide assays
(Figure 19). None of the compounds induced any significant necrosis to
COS-1 cells in an LDH assay. The most toxic compounds for COS-1 cells in the
MTT assay are displayed in Table 7. Interestingly, ether (34a, 34e, and 34d)
and N-acylated amine (30c¢, 58, and 64) central-part—containing compounds
seemed to be more toxic than the amides.

A 1pM 3pM 10 pM 30 uM B 1pM 3 pM 10 uM 30 pM
— 4 10 1 140
2 2
% %
8
1 1
4] 4 130
30b 30b
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_Sweo| . ] 5179 |
e E 5144 10 544 60

Figure 19  Cytotoxicity of the compounds to COS-1 cell line. A; Compound-induced necrosis in
an LDH assay after 24 h exposure (% of maximal LDH release). B; Cell viability in
the MTT assay after 24 h compound exposure. The data represent means from 2—3
independent experiments and are presented as % of control. Grouping is based on
the central part of the compounds: a, amide; b, ether; ¢, N-acylated amine; d, amine
and e, imine. Compound numbers are from Publication Il.
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Table 7 Most toxic compounds in an MTT assay (COS-1; 3 yM and 10 yM concentrations;
the cell viability data are presented as % of control). Compound numbers are from
Publication II.

Cmpd Structure 3 uM 10 pM

(e}
-
35d Né /0@0 73419 65 + 19

CN
35a \% o @—& 73 +5.1 66 + 7.3

o N )
54 @;IQB 84+ 11 74 + 13
63 g @> 83+7.1 76 + 3.8

58 @> 82+ 6.5 76 £ 4.3
o \ %0
64 L@ 85+ 6.2 77+ 4.6
N N
65 © “N@N) 83+ 2.1 81+1.6
= o} >
47c¢ oy ”NON) 85+ 5.0 82+ 0.9
S
o
w O
) 00 + 1.1 84 +1.1

SI88 Oij
@N*N/

o]
34e v °©§ 95 + 0.66 86 + 5.0
o

32



4.5 DATA ANALYSIS (PUBLICATION II)

A total of 257 compounds were tested in a GATA4 and NKX2-5 transcriptional
synergy assay (Figure 20). In addition, the most active compounds were
tested in individual assays for inhibition of GATA4 and NKX2-5 and for MTT
cell viability assay. The hypothesis was that the assay results of GATA4-
NKX2-5 transcriptional synergy, GATA4, NKX2-5, and MTT are not
independent of each other. For that reason, data analysis was used to identify
dependencies. Furthermore, one of the aims was to identify compounds that
potently inhibit transcriptional synergy without inhibiting GATA4.

Interestingly, there was correlation with individual GATA4 and NKX2-5
assays and the synergy assay at 10 pM concentration. NKX2-5 and GATA4
luciferase assay results explained 76% (r2=0.76, Figure 21A) and 77%
(r2=0.77, Figure 21C) of the variation in the transcriptional synergy assay at
10 uM concentration, respectively. The concentration is relatively high and
might lead to non-specific effects. At a lower concentration of 3 uM, however,
assay readouts explained 64% (r2=0.64, Figure 21B) and 53% (r2=0.53,
Figure 21D) of the variation, respectively, indicating that a concentration of
3 LM is more appropriate for identifying the specific effects of the compounds.

The luciferase assay measures emitting light and it is directly proportional
to the amount of living cells, as dead cells do not emit light. For that reason,
toxic compounds seem to be active in the assay setting. The cytotoxicity in the
MTT assay was measured at the same concentrations and using the same cell
line as in the luciferase activity experiments to make results comparable. Cell
viabilities of the tested compounds were compared to the results from reporter
gene activity of individual GATA4 and NKX2-5 assays at 3 and 10 pM
concentrations to test correlations between these results. Compounds were
classified as toxic (cell viability <90%, red spots) and nontoxic (cell viability
>90%, black spots). In an NKX2-5 assay, cell viability explained 23% (r2=0.23,
Figure 21E) and 16% (r2=0.16, Figure 21F) of the variation for nontoxic
compounds at 10 and 3 uM concentrations, respectively. In addition, for toxic
compounds there was no significant correlation at 10 and 3 uM
concentrations, as cell viability explained 25% (r2=0.25, Figure 21E) and 17%
(r2=0.17, Figure 21F) of the variation, respectively. Interestingly, there is a
moderate correlation between the toxic compounds in GATA4 assay and cell
viability at 10 and 3 uM concentrations as cell viability explained 69%
(r2=0.69, Figure 21H) and 42% (r2=0.42, Figure 21I) of the variation,
respectively.

Next, hierarchical clustering was used to identify compounds that inhibited
transcriptional synergy of GATA4 and NKX2-5 without affecting GATA4 gene
transcription. Compounds were clustered (Figure 22) based on activity in
three different assays (NKX2-5, GATA4 and transcriptional synergy assay of
GATA4 and NKX2-5). Based on clustering, two interesting groups of
compounds were identified at 3 uM concentration: i) compounds which had a
relatively similar activity pattern to the original hit compound 1 but did not
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inhibit GATA4 (47d, 47n, SI88, 39d); and ii) a group of compounds, which,
in addition, did not inhibit NKX2-5 (3, 25a, 47z, S194, 4f, 4j, SI108). These
two groups of compounds are presented in Table 8. Compounds 25a, 4f, and
SI108 were excluded from the analysis as they did not inhibit transcriptional
synergy at 10 UM concentration, indicating that inhibition at 3 pM
concentration was inaccurate in this case.

The most potent synergy inhibitor of these compounds was thiadiazole 47n
(52% of control). Interestingly, isoxazole 47d with a reversed substitution
pattern (compared to the original hit compound 1) and pyrazole SI88 also
inhibited synergy, although these compounds lacked a methyl substituent in
their southern parts. The addition of a fluorine atom to the original hit
compound seems to diminish the inhibition of GATA4 (94% of control) in
compound 39d. In addition, the second group of compounds did not inhibit
NKX2-5 reporter activity either. This group of compounds consisted of a
diverse set of southern parts and contained a bisisoxazole 3, an imidazole 47z,
a pyrazole SI94, and a compound 4j with a standard southern part and
northern part substituted with an ethynyltrimethylsilane moiety.

Finally, compounds that most potently inhibited transcriptional synergy of
GATA4 and NKX2-5 at 3 uM concentration were analyzed. The activity data of
the eight most potent inhibitors are presented in Table 9. The most potent
inhibitor of transcriptional synergy at 3 uM concentration was ether derivative
35a (27% of control). However, it was also cytotoxic (cell viability 76% of
control) to cell line (COS-1) used in luciferase assay and for that reason
excluded from further research. The next compound, isothiazole 61 had an
interesting activity profile as it was only moderately inhibiting GATA4 (71% of
control) and potently inhibiting transcriptional synergy (29% of control). Bis-
heterocyclic compounds 62 and 47¢ also showed potential activity (31% and
45% of control, respectively), although some concerns arose from the
cytotoxicity of compound 47c¢ (cell viability: 85% of control). A nitrothiophene
derivative 477u was a potent inhibitor in all assays, which might indicate some
non-specific mechanism of action. N-Acylated secondary amines 58 and 64
were also potent synergy inhibitors, but there were some concerns about
cytotoxicity (cell viability: 82 and 85% of control, respectively). Finally, the
compound with a reversed substitution pattern in the isoxazole core had an
interesting activity pattern, as it was inhibiting transcriptional synergy (42%
of control) more than GATA4 (70% of control) and NKX2-5 (68% of control)
in reporter gene assays.
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Figure 21  (A) Relationship of NKX2-5 luciferase reporter gene activity and the transcriptional

synergy assay of GATA4 and NKX2-5 at 10 yM concentration; (B) at 3 uM
concentration; (C) Relationship of GATA4 luciferase reporter gene activity and the
transcriptional synergy assay of GATA4 and NKX2-5 at 10 uM concentration; (D) at
3 UM concentration; (E) Relationship of the NKX2-5 reporter gene activity and cell
viability in the MTT assay at 10 uM concentration; (F) at 3 uM concentration; (H)
Relationship of GATA4 reporter gene activity and cell viability in the MTT assay at 10
UM concentration; (1) at 3 yM concentration. Red spots: Toxic compounds (cell
viability <90% in the respective concentration). Black spots: Nontoxic compounds
(cell viability >90% in the respective concentration). Blue spots: Not tested. Blue line
(A-D): Linear model for whole data set. Blue line (E-l): Linear model for nontoxic
compounds. Black line (E-I): Linear model for toxic compounds. Gray area: 95%
confidence interval for linear model predictions.

36



MTT 10puM

(% control) (% viability)

Activity

Activity MTT 3uM

(% control) (% viability)

>90
<90
ND

:

o o o
S D S o
131 = = re}
=) Qo ooy Q oﬂ @ o 8 e}
o vvooIa Vo N P = Ec® e © G 020 0®.c wogx £ Zc_gmo @go

7 2 835|754009]5QT7 724547|7 OR————.__ N ——0)— ODON N u XOHHKOFTN O DO O~ LODO—D
FOTOOMTF FOMDBAMNOIFNTF - DODHFNTNOONNODN T T NN O DI T F O DO~ DT DN DN

[ GATA4 10uM
NKX2-5 10pM
Synergy 10uM

[TITTTITIITTITITIT I T TR IMTT 10pM

>90
<90
ND

:

140
120
100

o o o
© o <

1) ~ ©
joitel 0.0 oD » < < =} 2
1S o o ccEo B ovead 8Qcs (=) o} Q oo O ©eo N,
Ftx 00T S0R T oS B mOT O 0 O O oS, RS SET SRS §BJoNe = S 0

3742637835336443437443131574S34566354644446483313333783873325454 IS4737S

NKX2-5 3uM
]l Synergy 3uM
DH_H-H-HI_____ [T TTTT T T MTT 3uM
T Eﬁﬁht{qﬁ_ﬁ_ﬁﬁkﬁ&ﬁw

the magnitude of

to

are colored according
37

of compounds
inhibition/enhancement. The most potent enhancers are shown in blue and inhibitors

Hierarchical clustering of the activity data at 3 yM and 10 pM concentrations.
in red. Compound numbers are from Publication Il.

Activities

Figure 22



Results and discussion

Table 8 List of the compounds from hierarchical clustering that inhibit transcriptional synergy
of GATA4 and NKX2-5 without affecting GATA4 gene transcription at 3 uM
concentration. Compound numbers are from Publication I1.
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Table 9 List of the most potent GATA4-NKX2-5 transcriptional synergy inhibitors at 3 yM
concentration. Compound numbers are from Publication 1.
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4.6 ANTIHYPERTROPHIC ACTIVITY (PUBLICATION II)

B-type natriuretic peptide (BNP) promoter activity is a hypertrophic marker
in cardiomyocytes. Hypertrophic gene expression can be induced with
endothelin-1 (ET-1). Five compounds (GATA4-NKX2-5 synergy inhibitors 1,
61, 47c and 65; and the synergy activator 2) were chosen based on the
transcriptional synergy assay data. In the experiment, the cardiomyocytes
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were first transfected with a construct containing the -534/+4 proximal region
of the rat BNP promoter containing GATA4 and NKX2-5 binding sites in front
of luciferase (Figure 23). After transfection, compounds were added followed
by ET-1 addition 1 h later.

The most potent inhibitor of transcriptional synergy 61 drastically
inhibited the BNP promoter activity in cardiomyocytes before and after
addition of ET-1. ET-1 induced approximately 3-fold increase in BNP gene
activity. Other synergy inhibitors 47c¢ and 65 showed no statistically
significant effect on hypertrophic gene expression. Interestingly, the most
potent enhancer of transcriptional synergy, compound 2, increases
hypertrophic gene expression before addition of ET-1. After addition of ET-1,
the effect to hypertrophic gene expression diminishes at 10 uM concentration
and at 30 uM concentration compound 2 inhibits BNP reporter activity.
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Figure 23  Hypertrophic BNP gene activation in rat cardiomyocytes with or without ET-1 and the
effect of five tested compounds to that. Compound numbers are from Publication Il.

4.7 TARGET VALIDATION WITH AFFINITY
CHROMATOGRAPHY (PUBLICATION III)

Previous study by Valimaki et al.39 implicated that the original hit compound
1 may bind directly to GATA4, since it decreased phenylephrine-induced
GATA4 Ser-105 phosphorylation in cardiomyocytes. The direct binding to
GATA4 could prevent protein-protein interaction with NKX2-5 and have
antihypertrophic effect in cardiomyocytes.

For affinity chromatography, a compound of interest is immobilized to a
solid phase, such as Sepharose® with a linker molecule. Hydrophilic PEG
spacer was used as alinker, because it is known to reduce non-specific binding
to proteins. The attachment point of the linker molecule has great importance,
because critical interactions for compound binding might be lost. The planned
attachment points for PEG linker and pegylated derivatives are shown in
Figure 24. In the SAR study (Chapter 4.3.2), it was noticed that the central
amide nitrogen tolerates longer alkyl groups and the northern part tolerates
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polar groups or hydrogen bond acceptors. For that reason, those attachment
points were chosen for PEG linker. To identify specific targets, an inactive
control compound 2 was used. Compound 2 was not active in a transcriptional
synergy assay and it lacked a hydrogen bond acceptor next to the isoxazole ring
(reversed amide bond compared to the original hit compound 1).

D Active Inactive || Pegylated derivatives
NEt, NEt, (\NEt NEt,

3 I

Attachment

Figure 24  Attachment points for PEG linker in active (1) and inactive (2) compounds. Pegylated
derivatives of active compound (3 and 4) and inactive compound (5) for affinity
chromatography. Compound numbers are from Publication III.

4.71 SYNTHESIS

Synthesis of the central part derivatives 3 and 5 started from the alkylation of
the amide bonds of compounds 1 and 2 with Boc-PEG;-Br in the presence of
KH followed by tert-butoxycarbonyl (Boc) removal with a 4 M solution of HCI
in 1,4-dioxane (Scheme 4). The northern part of derivative 4 was synthesized
from N-ethyl-4-nitroaniline (8). First, N-ethyl-4-nitroaniline (8) was
alkylated with Boc-PEG-Br in the presence of NaH to obtain compound 9. The
nitro group of compound 9 was reduced with palladium-catalyzed
hydrogenation to give primary amine 10. Compound 10 was coupled with 5-
methyl-3-phenylisoxazole-4-carboxylic acid. 1-[Bis(dimethylamino)methyl-
ene]-1H-1,2,3-triazolo[ 4,5-b]pyridinium 3-oxide hexafluorophosphate
(HATU) was used as a coupling reagent in a triethylamine-assisted coupling
reaction in DMF at room temperature to yield Boc-protected compound 11.
The Boc-group was removed in a 4 M solution of HCI in 1,4-dioxane to give
free amine 4. The free amines 3-5 and the sole PEG linker with a methyl end
were immobilized to N-hydroxysuccinimide-activated Sepharose® in DMF.
Successful immobilization was confirmed with Fourier-transform infrared
spectroscopy (FTIR).
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Scheme 4 Synthesis of pegylated active and inactive compound derivatives. Reagents and
conditions: (i) KH (30 w/w %, mineral oil), Boc-PEG3-Br, THF, rt, 2 d; (ii) 4 M HCI in
1,4-dioxane, 0 °C—rt, 2-4 h; (iii) KH (30 w/w %, mineral oil), Boc-PEGs;-Br, DMF,
rt—80 °C, 72 h; (iv) NaH (60 w/w %, mineral oil), Boc-PEG;-Br, DMF, 0 °C—rt, 1 d;
(v) Hz, Pd/C, rt, 1 d; (vi) 5-methyl-3-phenylisoxazole-4-carboxylic acid, HATU, EtsN,
DMF, rt, 3 d. Compound numbers are from Publication III.

4.7.2 BIOLOGICAL TESTING

Immobilized ligands 12—15 were used in affinity chromatography to identify
if they are binding directly to either GATA4 or NKX2-5 (Figure 25). The
protocol was modified from the previous study of Kinnunen et al.99 Proteins of
interest (GATA4 and NKX2-5) were overexpressed in COS-1 cells, and the total
cell lysate was extracted in protein conformation preserving non-denaturing
conditions. This is important for detecting binding in a biologically active
conformation. Unbound proteins were washed away from the protein lysate
after overnight incubation with the immobilized compound. The bound
proteins were released by boiling in SDS sample buffer. The released proteins
were resolved by SDS-PAGE and immunoblotted with GATA4 or NKX2-5
antibodies.

According to immunoblotting (Figure 26), GATA4 bound to active
compounds 14 and 15 but not to the inactive compound 13. In addition,
GATA4 bound mildly to PEG; linker-containing 12. On the other hand,
NKX2-5 bound almost equally to inactive (13) and active (15) compound.
NKX2-5 bound most potently to PEG; linker 12 and active compound 14. As
all of the tested compounds bound relatively potently to NKX2-5 it was
hypothesized that binding was likely to be non-specific. Binding of active
compounds (14 and 15) to GATA4 was likely specific, as inactive compound
13 did not bind to GATA4, and PEG; linker 12 binding was only modest.
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Compounds exposed to
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Schematic illustration of the used affinity chromatography method. Compound
numbers are from Publication III.

12 13 15 14 12 13 15 14

Western blot images of NKX2-5 or GATA4 binding to immobilized compounds.
Protein lysates used in affinity chromatography were either overexpressing GATA4
(A) or NKX2-5 (B). Four different immobilized compounds were used: PEG; linker 12,
inactive compound 13 or active compounds 14 and 15. Bound proteins were

visualized with either GATA4 or NKX2-5 antibodies. Compound numbers are from
Publication Il1.
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Summary and conclusions

5 SUMMARY AND CONCLUSIONS

Due to global megatrends, aging populations and population growth, cardiac
disease will continue to be the leading cause of death and hospitalization.
Transcription factors GATA4 and NKX2-5 are master regulators of cardiac
gene expression, taking part in multiple processes regarding heart
development, hypertrophy, and recovery after events like myocardial
infarction. Hypertrophy is a reversible process of the heart for adaptation to
the demands of different physiological conditions, such as normal growth of
children, pregnancy, and exercise. Hypertrophic process aims, according to
Laplace’s law, to reduce wall stress by either increasing the ventricular radius
(eccentric hypertrophy) or wall thickness (concentric hypertrophy). However,
in pathological conditions, such as long-term hypertension, genetic
alterations, and myocardial infarction, this homeostatic process is disrupted.
Pathological hypertrophy often leads to cardiac dysfunction, which further
progresses to heart failure. Current therapies focus on slowing down the
progress of heart failure in pathological conditions, but none of them targets
the actual hypertrophic process at a molecular level.

In this thesis design, synthesis and SAR analysis of novel isoxazole-based
compounds targeting transcriptional synergy of GATA4-NKX2-5 with
antihypertrophic activity are presented. Moreover, binding of the original hit
compound 1 directly to GATA4 was validated with affinity chromatography.
Furthermore, structural features important for compound activity in
transcriptional synergy assays were identified. It was noticed that the
hydrogen bond acceptor in the southern part of the compound, corresponding
to the nitrogen or oxygen atom of the isoxazole core of the original hit
compound 1, is important for compound activity. Interestingly, sulfur worked
equally well as a hydrogen bond acceptor in the position corresponding to the
nitrogen or oxygen atom of the isoxazole core. This might be related to
thiophene’s ability to form intra- or intermolecular noncovalent bonds with -
systems or electron donors with its electron-deficient sulfur’s low-lying o*
orbitals of the C—S bond.© For the regulation of the specifity of binding, the
isoxazole core (in the original hit compound 1) substituent was found to be
important. For synergy inhibition, substitution was not necessary as the most
potent compound 61 contained no substituents in the core structure.
Compounds that inhibited transcriptional synergy without affecting GATA4
transcriptional activity, all contained either a phenyl or isoxazole ring as a
substituent in the southern part of the core ring structure.

In the central part of the compound, amide bond, or other hydrogen bond
acceptor, such as ether or N-acylated amine, was a necessary feature for active
compounds. However, the free rotation of the central part might increase
ethers’ and N-acylated amines’ susceptibility for the non-specific binding or
cytotoxicity.
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Furthermore, in the northern part, the active compounds contained either
hydrogen bond acceptor(s), donors, or otherwise polar groups. Interestingly,
the nitrile-substituted ethers 35a and 35b were relatively active, unlike their
amide counterparts.

Finally, the mechanism of action of the original hit compound 1 was studied
with affinity chromatography. Remarkably, the immobilized hit compound (1)
bound to GATA4 unlike its inactive counterpart with a missing phenyl
substituent in the southern part and reversed amide in the central part.

In conclusion, novel inhibitors of GATA4-NKX2-5 transcriptional synergy
were identified, which inhibit hypertrophic gene expression in rat
cardiomyocytes. In addition, with hierarchical clustering a group of synergy
inhibitors were identified which did not inhibit GATA4 transcriptional activity
at 3 uM concentration. Further studies to determine the therapeutic potential
of these more selective compounds are clearly needed.
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