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A mio nonno Carlo
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SUMMARY

Neurodegenerative pathologies like Alzheimer’s disease (AD), Down syndrome (DS) and
glioblastoma are the main targets of the presented work. This project brought to the creation of a
small library of selective inhibitors which interfere with the principal pathways involved in the
development and progression of the above-mentioned pathologies. In particular, some of the
primary goals achieved are: the development of selective compounds towards the kinase Dyrk1A,
the discovery of dual-inhibitor compounds for the potential treatment of AD, and the
development of multi-target molecules towards glioblastoma. Because of the complexity of the
treated diseases, the multi-target approach was fundamental in order to avoid drug resistance,
attack the pathologies by interfering with different pathways, and increase the chances to stop
their progression. During this research project, we were able to test our compounds activities
using a newly developed cellular kinase inhibitory assay acquiring further information on the

behavior of our active compounds in a cellular environment.

ZUSAMMENFASSUNG

Die vorliegende Arbeit beschaftigt sich insbesondere mit neurodegenerativen Erkrankungen wie
Alzheimer, Down-Syndrom und Glioblastom. Hierbei wurde eine kleine Bibliothek von selektiven
Inhibitoren entwickelt, die in die Entstehung und das Fortschreiten der besagten Erkrankungen
eingreifen. Insbesondere wurden folgende Hauptziele erreicht: die Entwicklung selektiver
Inhibitoren der DyrK1A-Kinase, die Entdeckung dualer Inhibitoren zur méglichen Behandlung von
Alzheimer und die Entwicklung von Wirkstoffen mit multiplen Angriffspunkten gegen das
Glioblastom. Aufgrund der Komplexitat der zu behandelnden Krankheiten war ein Multi-Target-
Ansatz fundamental wichtig: um Arzneimittelresistenzen zu vermeiden, die Erkrankungen durch
Angriff an verschiedenen Stellen der Signalwege zu bek&mpfen, und die Chancen zu erhéhen, das
Fortschreiten der Erkrankungen zu stoppen. Wahrend des Forschungsprojektes konnten wir die
Aktivitat unserer Verbindungen in einem neu entwickelten zellbasierten Kinase-Hemmassay
testen, wobei weitere Informationen Uber das Verhalten unserer Wirkstoffe in zellularer

Umgebung erhalten wurden.
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1. Introduction

1.1. The CMGC group

This thesis focuses on kinases of the GMGC subfamily of the human kinome. The CMGC group takes its
name from the initials of some of its members: cyclin-dependent kinases (CDKs), mitogen-activated
protein kinases (MAP kinases), glycogen synthase kinases (GSK) and CDK-like kinases.

They represent an important and large group of kinases distributed in all eukaryotic cells (Figure 1).
They are involved in several different processes such as cell progression and proliferation. They are,
therefore, essential for cell survival and they represent an ideal target for the treatment of

different types of pathologies including cancer and neurodegenerative disorders.
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Figure 1. CMGC families and subfamilies. Picture from www.cellsignal.com
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1.1.1. DYRK family

Dual tYrosine phospo-Regulated Kinases (DYRKs) belong to the CMGC group and they are divided
into 5 sub-types: DYRK1A, DYRK1B, DYRK2, DYRK3 and DYRKA4.
DYRK 1A and 1B belong to Class I, while DYRK 2, 3 and 4 to Class Il. These 2 classes can be
distinguished by the presence of some specific motifs (Figure 2).
e Class | DYRK proteins are formed by a nuclear localization signal (NLS) area and a DYRK
homology box (DH) in the N-terminal region and by a motif rich in proline and glutamic acid
(PEST motif), serine and threonine in the C-terminal region.
e Class Il DYRKs are characterized by N-terminal autophosphorylation accessory regions (N1
and N2) and a DYRK homology box (DH) in the N-terminal part, while there is no known

protein domain in the C-terminal side of the protein.
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Figure 2. Schematic representation of the DYRKS structure.

11.11. DYRKIA
The Dyrk1A isoform is ubiquitously expressed and its localization inside the cell is nuclear and/or

cytoplasmic. Its gene was found to be present in the Drosophila Melanogaster' genome and it
produces 3 alternative transcripts, expressed at different stages of the embryonal development
and at the adult stage. In the human genome, alternative splicing in the N-terminal domain
generates 2 protein isoforms that are different by the presence or absence of a 9 amino acids

portion.



As a member of the DYRK family, this isoform has the property of self-activating via
autophosphorylation on the tyrosine residues and it subsequently phosphorylates serine/threonine
moieties situated on its target proteins.

DYRK1A presents a highly conserved structure and it is formed by 763 amino acids with a molecular
mass of 85.6 KDa. It has a high homology among the rat, mouse and human sequences with an
identity of 99%. DYRK1A has a typical kinase structure, formed by three regions: the N-terminal,
the C-terminal and the central domain.

The DYRK1A gene is located on chromosome 21, in the so called Down Syndrome Critical Region
(DSCR) and it plays an important role in several cellular mechanisms joining different signal
pathways. Because of its multiple functions exerted by its target proteins, DYRK1A is associated,

directly or indirectly, to a high number of physiological and pathological functions such as:

Phosphorylation of transcription factors like NFAT, CREB, FKHR playing an important role in

the regulation of these gene transcription;

- Regulation of cellular proliferation, differentiation and growth by phophorylating proteins
which control the cell cycle, apoptosis activation mechanisms and cellular survival like

caspase 9 and p53;

- Control of endocytosis, synaptic vescicles fusion and neurotransmitters release in the
synaptic space by phosphorylating the synaptic proteins involved in the regulation of

synaptical plasticity;

- Determination of brain volume and cellular density, formation of neurons and glial cells and

placement of neuritis;

- Phosphorylation of some of the proteins involved in alternative splicing mechanisms such as

ASF and Cyclin 2.

Due to its multiple functions, DYRK1A is considered a suitable target for the treatment of some
disorders connected with the pathways described above, including Alzheimer’s disease and many

types of tumor.

1.1.1.2. DYRKI1B
Dyrk1B is the closest related kinase to Dyrk1A as it shares 85% homology and it differs from one

amino acid in the ATP binding site (a methionine in Dyrk1A , a leucine in Dyrk1B). It is mainly
expressed in testes and muscle tissue and it plays an important role in tumors as an anti-apoptotic

agent in different types of cancer, including pancreatic cancer. Dyrk1B blocks the cellular cycle in
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the quiescent state GO®, via phosphorylation of the cellular cycle regulator cyclin D1*°. While in
healthy cells the quiescent state GO protects them from metabolic stress, in tumor cells it helps
them to survive to chemiotherapic treatments or radiations. Furthermore, Dyrk1B increases the
expression of some antioxidant genes, scavenging reactive oxygen species (ROS) and promoting cell

survival’.

1.1.13. DYRK2
Dyrk2 belongs to Class Il Dyrks, it is mainly present in the nucleus and it plays different roles in the

survival of cells. It is demonstrated that Dyrk2 phosphorylates the tumor suppressor p53 on Ser46
in response to DNA damage®, therefore it is considered important as apoptosis enhancer and
tumor growth suppressor. A later study has found that Dyrk2 is involved in the regulation of cell
cycle progression in tumor cells. In normal cells, during the late G1 phase, Dyrk2 phosporylates c-
Jun and c-Myc, which are then ready to be phosphorylated by GSK3B. In this way, these proteins
are recognized and then degradated by ubiquitin. In tumor cells Dyrk2 is down-regulated, thus
avoiding the previous mentioned pathway and ultimately c-Jun and c-Myc degradation, shortening

the G1 phase and increasing cell proliferation’,

1.1.1.4. DYRK3and4
The role of DYRK3 and DYRK4 is still not very clear. Some researchers have found an overexpression

of mDYRK3 in testes and erythroid cells, therefore it is supposed to play an important role in
erythropoiesis as a regulator of red cells development'® by phosphorylating some histones in the

nucleus, thus controlling cell cycle progression.

Apart from some studies about alternative splicing which generates different DYRK4 isoforms™,

there is not so much known about this kinase.

1.1.2.Clk family

1.1.21. Clkl
Clk1l phosphorylates Serine-Arginine Rich proteins (SR proteins), which are involved in RNA

splicing™. When phosphorylated, SR proteins translocate out of the nuclear speckle and become
associate with RNA polymerase Il for co-transcription splicing™. Alternative splicing is essential in

the regulation of inclusion or exclusion of exons leading to different protein isoforms, thus it is



involved in the development of several diseases, like neurodegenerative diseases and cancer*™°.

Therefore, different CIk1 inhibitors has been developed with the idea of blocking the aberrant

splicing event, typically found in these diseases.

1.1.3.Ck family

1.1.31. Ck2
Casein kinase Il (CK2) is a highly conserved serine/threonine kinase which has a tetrameric

structure formed by two alpha subunits and two beta subunits. It is ubiquitously expressed in
eukaryotic cells and it has an important role in many cellular functions such as cell
cycle control, DNA repair and cell cycle progression. It is upregulated in several human cancers like
in mammary gland tumor cells'’ and it has been found to be essential in the cell survival. Its
mechanism of action remains still unclear because it phosphorylates a high amount of critical
substrates in the cell. Therefore it is a promising target for the treatment of several pathologies,

such as neurodegenerative diseases, virus infections and glioblastoma®®?.

1.2. PI3k family

Phosphatidylinositol-3-phosphates (PI3K) belong to another important family of kinases: the lipid
kinase family of enzymes which phosphorylate the hydroxyl moiety on position 3 of the inositol ring
present in the phosphatidylinositol molecule. They are involved in many cellular mechanisms
including cell proliferation and differentiation, therefore they play an important role in cancer
progression. In particular, the PI3K/AKT pathway is an essential step in the development of

glioblastoma, one of the most malignant brain tumor, as we will discuss further.

PI3Ks are divided into 3 classes depending on their structure and substrate characteristics

(reviewed in %). In mammals class | kinases are further divided into class IA and class IB kinases?.

Class 1A enzymes are heterodimers formed by a pl110 catalytic subunit and a p85 regulatory
subunit. In mammals there are three p110 isoforms: p110a, p110B and p1108. The first two
isoforms are ubiquitously expressed, while the latter one is mainly expressed in leukocites??, The
regulatory subunit recruits the p110 catalytic subunit to tyrosine phosphorylated proteins at the

plasma membrane, where the pll10 phosphorylates its lipid substrates. Furthermore, the
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interaction between p85 and pl10 down-regulates pl10 activity. However this inhibition is
removed when p85 binds to the tyrosine phosphorylated peptides. The activation of receptor
tyrosine kinases by the growth factor, recruits PI3K to the membrane via interaction of its p85
subunit to tyrosine phosphate motifs on activated receptors directly (e.g. PDGFR) or to other
proteins associated with the receptors (e.g. insulin receptor substrate 1, IRS1). The activated p110
catalytic ~ subunit phosphorylates phosphatidylinositol-4,5-diphosphate (PIP2) to
phosphatidylinositol-3,4,5-triphosphate (PIP3), which in turn activates multiple signaling pathways.

Class IB PI3K is a heterodimer composed by a catalytic subunit p110y and a regulatory subunit
p101%. p110y is activated directly by G protein—coupled receptors (GPCRs) and, in particular, by its
free GBy subunit by a mechanism that is stimulated by the regulatory subunit p101%. p110y is
present only in mammals and it is mainly expressed in leukocytes but is also found in the heart,

pancreas, liver and skeletal muscles.

Class Il PI3Ks are larger proteins consisting of a single catalytic subunit, which prefers PI or PI(4)P as
substrates®®?’. Nevertheless, in some specific conditions, they also phosphorylate PIP2. There are
three isoforms: PI3KC2a, PI3KC2B and PI3KC2y, activated by receptor tyrosine kinases, cytokine
receptors, and integrins?®*22. PI3KC2a and PI3KC2p are expressed in all tissues, whereas PI3KC2y is
predominantly expressed in liver. It has been recently found that class Il PI3Ks are involved in

tumour angiogenesis and in the regulation of hepatitis C virus replication®*3*.

1.3. Therapeutic implications of kinase inhibitors

1.3.1. Neurodegenerative diseases

Neurodegenerative diseases are pathologies which involve the central nervous system (CNS) and
are characterized by a chronic and selective process of neuronal cell death. The etiology of this
pathological process is still unknown, nevertheless some genetic and environmental factors seem
to play an important role. The brain damage is irreversible and it exhibits cognitive deficits,
dementia, motor alteration, behavioral and psychological disorders.

Some excitatory amino acid brain transmitters, such as glutamate, are known to be toxic for
neuronal cells as they could over-activate excitatory amino acid receptors. In some acute
situations, this toxicity is responsible of the damage of brain cells, thence development of selective

antagonists was considered one of the major chance of treatment®.
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Oxidative stress is shown to be another possible cause of neurodegenerative disease, especially
those related with age-increasing®® . Furthermore glutamate toxicity and oxidative stress were
demonstrated to be linked by a common path®*“°.

The most common neurodegenerative diseases are: Amyotrophic Lateral Sclerosis (ALS),
Progressive Supranuclear Palsy (PSP), Frontotemporal Dementia (FTD), Lewy Body Dementia (LBD),
Alzheimer’s Disease (AD), Parkinson’s Disease (PD), Huntington’s Disease (HD). In this work, we will

focus on the description of Alzheimer’s Disease as it represents the principal target of our project.

1.3.1.1. Alzheimer’s disease

In 1901 the German psychiatrist Alois Alzheimer identified for the first time the symptoms of a
particular dementia, which will be named after him. Thereafter many scientists studied (and are
currently studying) the causes of this disease, in order to be able to cure it. Alzheimer’s disease
(AD) is a multifactorial disorder and it is one of the most invalidating and costly pathology in the
industrial world. AD represents the 50-80% of all dementias and it is often considered “the elderly
disease”, even though in some cases it affects people at an earlier age. Alzheimer’s disease is the
sixth cause of death in USA*" and the number of people affected by this disease is going to increase
as the percentage of population age over65 is going to grow.
The principal symptoms of Alzheimer’s are:

+ Memory loss, important in ordinary life;

++ Difficulties in planning and problem solving;

¢ Efforts to accomplish some goals at home, at work or during free time;

++ Confusion with “when” and “where”;

¢+ Problems in understanding some images or some spatial connections;

+ Difficulties with spoken and written words;

+ Less judgment capacities;

+ Mood swings.

Unfortunately, some of these factors are not easy to recognize, therefore the diagnosis is revealed
when the pathology is already at an advanced stage.

Many studies where addressed on understanding the causes of this important pathology. AD is a
neurodegenerative disease and it is irreversible. All the therapies are oriented on decelerate more

than on arresting the pathological development.



There are some interesting studies on the discovery of a genetic cause of AD (reviewed in ** ).
During this research, some genes where identified to be causative of the onset (early or late) and
development of AD, such as the gene STM/PS-2 (presenilin 2) on chromosome 1%, the $182iPS-1
(presenilin 1) gene on chromosome 14**, the apolipoprotein E (ApoE) gene on chromosome 194
and the amyloid precursor protein (APP) on chromosome 21%'.

Alzheimer’s disease’s multiple factors are a combination of brain changes, which may begin several
years before symptoms appear. Some of the brain changes which are contributing to the
development of AD are the formation of beta-amyloid plaques and of the tau tangles. The
diagnosis of AD is confirmed by the post-mortem analysis. The presence in the brain of high
percentage of neurofibrillary tangles (NFTs) and amyloid plaques are considered a further evidence
of AD. AP plaques accumulate outside the neurons and they interfere with neurons’
communication, while NFTs are mostly stored inside the neurons and they impede the transport of
essential substances inside the cells. They both contribute to neuronal cell death and they
represent the principal hallmarks of Alzheimer’s disease.

The amyloid precursor protein (APP) is proteolysed by a-, B- and y-secretase to oligomers of beta-
amyloid (AB)48. In a pathological state, there is a prevalence of AR terminating at the aminoacid 42
(AB42), which is the form more prone to oligomerization and fibril formation®.

Targeting one of these effects failed in the past, therefore there is no successful treatment against

AD known so far, as it is not possible to stop or slow down the neuronal cell death process.

1.3.1.2.  Down syndrome

Down syndrome (DS) is a congenital chromosomal disease caused by the presence of an extra
chromosome 21, that is why it is also called “Trisomy 21”. It represents the first genetic
abnormality described and identified on humans and the first pathology on which the relation
between the genotype and the phenotype has been shown. There are three forms of trisomy 21,
but the majority of patients presents a free trisomy form, which is caused by the presence of a full
extra chromosome, in 95% of the cases of maternal origin°***. Another form of trisomy is the one
for robertsonian translocation of parental origin. There is a fusion of two chromosomes by the
translocation on chromosome 14 or 21°. Finally, 2% of the cases present cellular mosaics. Two
types of cells are observed: one has the right number of chromosomes, the other one has three
chromosomes 21. This kind of trisomies are of mitotic origin and they appear during the
embryogenesis™'.
10



This pathology has a strong connection with the associated phenotype of patients. Each individual
affected by DS presents a combination of unique phenotypical characteristics®>. Apart from the
physical malformations, DS patients have a mental retardation more or less pronounced,
depending on each single individual. Furthermore, people affected by DS show strong linguistic
difficulties.

The principal cause of dementia, and in particular of Alzheimer’s disease in DS patients, is the
presence of the gene encoding amyloid precursor protein (APP) located on chromosome 21. Its
overexpression produces an increase of B-amyloid 42 concentration in the brain of individuals with

DS younger than 40 years of age.

1.3.2. Glioma

Glioma represents the most malignant brain tumor with a life expectation of 2 year survival in 58%
of the cases in USA™. Glioblastoma multiforme (GBM) is the most aggressive type of glioma,
classified as grade IV from the World Health Organization (WHO), which represents the maximum
hazardous level, also known as high-grade glioma (HGG).

Some of the symptoms of GBM are headache, nausea and symptoms similar to stroke which
become worse with the passing of time, leading to a state of unconsciousness>. The causes include
genetic factors, such as chromosomic alterations>. Some of the pathways (Figure 3) have been
identified in the past few years, which have brought to the development of new drugs with the
purpose of blocking some of the aberrant cellular mechanisms involved in abnormal cell
proliferation and tumor progression®’. Nevertheless, treatments result unsuccessful because of the
resistance of the tumor to most of the tested drugs®.

Surgery followed by chemo- and radio-therapy is the most frequent method for the treatment of

glioblastoma. Also immunotherapy showed promising results®°.
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Figure 3. (from *°). Some of the pathways involved in GBM progression.
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2. Aims of the thesis

This thesis focused on the development of a new series of small compounds which were quite
selective towards the principal targets of different CNS pathologies also including “multi-“ or

“group-“selective inhibitors. Our main goals were:

1) development of new selective Dyrk1A inhibitors;
2) development of potential anti-Alzheimer agents with dual mode of action;

3) development of multi-kinase targeting compounds for the treatment of glioblastoma.

Ad 1) An important requirement for the treatment of chronic diseases like neurodegeneration is
selectivity. A long-term therapy must achieve the best results by minimizing any possible side effect
for having a good compliance from the patient. At the beginning of this project, no selective Dyrk1A
inhibitor was known so far. Also the most potent inhibitor discovered until that time, harmine, a
beta-carboline alkaloid, was showing a moderate selectivity towards other members of Dyrk family
but a strong MAO-A inhibition®*, which led to several neuronal side effects. Our primary goal was,
therefore, to develop selective Dyrk1A inhibitors for the treatment of Alzheimer’s disease and
Down syndrome, where this kinase is overexpressed. For this purpose, our project was considering
the possibility to evaluate the inhibitory activities of our molecules in a cellular in vitro assay.
Therefore we elaborated a new cell assay for demonstrating the specific activity of Dyrk1A
inhibitors in intact cells. This goal was very challenging because of the high homology between
Dyrk1A and Dyrk1B (one amino acid difference, a methionine in Dyrk1A and a leucine in Dyrk1B,

which, however, expose only the peptide backbone to the ATP-binding pocket).

Ad 2) Another important goal was to develop dual inhibitors with the intention of addressing two
important cellular mechanisms involved in the development of Alzheimer’s disease: tau
phosphorylation and beta-amyloid aggregation. Considering the idea that a simultaneous and
specific inhibition of these two important pathogenic processes could increase the efficacy, we

62-65 \vere based on the

decided to focus on this polypharmacological approach. Other studies
combination of A-beta peptide and acetylcholinesterase inhibitors. Nevertheless this approach was
unsuccessful as the anticolinergic activity was not decreasing the progression of the disease as
expected. The most important advantage of our strategy was to selectively address our dual

inhibitors to the main pathways of the target pathologies, without inhibiting other targets.

Ad 3) Furthermore, we explored additional functions directing also other relevant non-kinase

targets in order to boost the inhibitory activity. Single-target drugs may not always induce the
13



desired effect and/or may not prevent cell compensatory reactions. The pathologies object of our
study are very complex and they involve many cellular pathways, hence it is necessary to address
different targets. Therefore we tried to hit more than one cellular mechanism using the so called
“multi-target” approach, without increasing side effects. An immediate example is the lacking of
effective therapeutics for the treatment of malignant brain cancer. The percentage of survival
patients affected by glioblastoma multiforme is very low and the most used pharmacological
treatment with temozolomide gives a high probability of drug-resistance. It is then believed that

multi-targeting kinase inhibitors could be more effective in combating this disease.

Muti-targeted inhibitory activity is an established concept in the treatment of cancer. The well
characterized drug Imatinib is an inhibitor of three tyrosine kinases, BCR-Abl (main target), PDGF
receptor kinase and c-kit. This multi-targeted activity is believed to be beneficial in some cases of
chronic myeloid leukemia (CML), which may also be caused by dysregulated PDGFR signaling®®®’.
Intriguingly, several second generation BCR-Abl inhibitors, which are effective in cases of Imatinib-
resistant CML, such as Bosutinib, Dasatinib and Ponatinib are not more but even less selective than

Imatinib®.

Finally, as all the target pathologies of this thesis are involving the central nervous system, it is very
important to design compounds able to permeate through the brain blood barrier in order to easily
reach the target. Having this purpose in mind, we planned the synthesis of compounds with such
specific properties. In particular, our set of compounds is composed by molecules with a very low

molecular weight and maximum one H-bond donor.

14



3. Results

3.1. Publication A: First selective dual inhibitors of tau
phosphorylation and beta-amyloid aggregation, two

major pathogenic mechanisms in Alzheimer’s disease
Marica Mariano, Christian Schmitt, Parisa Miralinaghi, Marco Catto, Rolf W. Hartmann,
Angelo Carotti, Matthias Engel

ACS Chem. Neurosci. 2014, 5, 1198-1202; dx.doi.org/10.1021/cn5001815

Reprinted with permission from ACS Chemical Neuroscience 2014, 5, 1198-1202;
dx.doi.org/10.1021/cn5001815

Copyright (2014) American Chemical Society
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ABSTRACT: In Alzheimer’s disease (AD), multiple factors
account for the accumulation of neurocellular changes, which
may begin several years before symptoms appear. The most
important pathogenic brain changes that are contributing to
the development of AD are the formation of the cytotoxic f-
amyloid aggregates and of the neurofibrillary tangles, which
originate from amyloid-f peptides and hyperphosphorylated
tau protein, respectively. New therapeutic agents that target
both major pathogenic mechanisms may be particularly
efficient. In this study, we introduce bis(hydroxyphenyl)-
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substituted thiophenes as a novel class of selective, dual inhibitors of the tau kinase DyrklA and of the amyloid-f aggregation.
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Izheimer’s disease (AD) is the sixth leading cause of death

in the United States' with an increasing incidence as the
percentage of population aged over 65 is steadily growing. AD,
as other chronic diseases, is a result of multiple factors rather
than a single cause. Two of the most prominent pathological
events in the appearance and development of Alzheimer’s
disease are the formation of insoluble amyloid plaques and
neurofibrillary tangles.” The amyloid plaques are extracellular
deposit of amyloid 8 (Ap) fibrils, which are aggregates derived
from oligomeric Af peptides, and thought to trigger the
disease, probably in concert with neurofibrillary tangles
(NFT).>* NFT are insoluble aggregates of the microtubule-
associated tau protein, which were also shown to promote
neurodegeneration.” The formation of NFT is caused by
hyperphosphorylation of the tau protein, for which several
protein kinases are discussed to play major roles, including
GSK3p, PKA, CDKS, and Dyrk1A.*

In people affected by Down syndrome (DS), AD occurs at a
substantially earlier age of about 40 years.” The early
amyloidosis-# in these patients was mainly attributed to an
overexpression of the amyloid precursor protein (APP) due to
the location of the APP gene in the so-called “Down syndrome
critical region” (DSCR) on chromosome 21, of which three
copies are present in all DS cases.” However, with respect to
the early neurofibrillary degeneration, one of the major
responsible factors was shown to be the dual specificity
tyrosine phospho-regulated kinase 1A (DyrklA), which is
encoded by another gene in the DSCR and therefore about 1.5-
fold overexpressed in DS patients.* ® It has been demonstrated
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that DyrklA is involved in the premature development of AD
in DS™ because it phosphorylates several crucial substrates,
such as the tau protein and a-synuclein (reviewed in ref 10).
Phosphorylation of a-synuclein enhances the formation of
neurotoxic intracellular inclusions, the so-called Lewy bodies,
which are present in about 30—40% of the AD cases. It is
assumed that in AD, Af, tau, and a-synuclein can promote each
other’s aggregation.'' DyrklA is the major tau kinase in DS/
AD patients, but it was also shown to be overexpressed in
sporadic AD cases and may act as a priming kinase by creating
the recognition sites for GSK3f, for example, via tau
phosphorylation at Thr212."?

The production of Af peptides requires proteolysis of the
APP by a-, -, and y-secretase. Of note, Dyrk1A was shown to
phosphorylate APP and presenilin-1, a key component of the y-
secretase complex, thereby accelerating the formation of Af
peptides.'® In a pathological state, different Af peptides ranging
from 39 to 42 amino acid residues are formed, with the
prevalence of Af terminating at the amino acid 42 (Af,,),
which is the form more prone to oligomerization and fibril
formation."”® In the brains of Down syndrome patients, A3,
can form numerous diffuse plaques already at the age of 12
years, whereas Af,, occurs first in plaques almost 20 years
later."*

Not surprisingly, both these major neurotoxic processes, the
formation of NFT and Ap plaques, were proposed
independently as pivotal targets for pharmacological inter-
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vention. However, attempts to inhibit either of these
pathogenic mechanisms alone have so far been disappointing.
Although the reasons for this are not fully clear, it can be
hypothesized that a higher efficacy may arise from the
simultaneous, specific inhibition of both major pathogenic
processes, in line with the view that complex diseases may
require polypharmacology approaches.'® Only few examples of
such dual inhibitors were hitherto described, and they were
mainly restricted to approaches combining the inhibition of Af
peptide a§gregation with the inhibition of acetylcholinesterase
(AChE)."*™" These prototype inhibitors were believed to be
superior to existing single-target agents; however, the AChE
inhibitory activity aimed at treatment of the symptoms by
amplification of the cholinergic neurotransmission, rather than
at stopping the disease progression. Earlier reports on the
inhibition of both tau protein phosphorylation and Af peptide
aggregation involved the use of nonselective natural com-
pounds such as curcumin or plant extracts (reviewed in ref 20).
However, such plant-derived compounds are known to inhibit a
plethora of enzymes; hence, the mechanism(s) of action remain
poorly defined, and target-oriented optimization is not possible.
In contrast, single small molecules able to specifically interfere
with only the disease-relevant pathways, amyloid formation and
tau phosphorylation, were—to the best of our knowledge—not
reported yet.

Herein, we present the first selective dual inhibitors that
inhibit a major tau kinase, DyrklA, and exhibit an anti-Af
aggregating activity, thus targeting two of the major pathogenic
mechanisms involved in AD progression.

Screening of an in-house library of enzyme inhibitors devoid
of typical kinase inhibitor motifs identified compound 1 as a hit
(Figure 1, ICyy = 1.8 uM).** Interestingly, we found that

2,5-bis(4"-hydroxyphenyl)thiophene
Figure 1. Hit and reference compound.”

structurally similar compounds were previously described to
bind to Af peptide aggregates with high affinity, for example,
2,5-bis(4'-hydroxyphenyl)thiophene (K, = 4.0 nM)*' (Figure
1). Since it was possible that compounds with such a structural
motif would also bind to the soluble monomeric or oligomeric
AP peptides, thus potentially preventing aggregation, we tested

the Dyrk1A inhibitor 1 and structurally related derivatives in
Table 1 for this second biological activity. With a well
consolidated experimental protocol in our hands,'® we decided
to use Af,, instead of the more toxic and aggregation prone
Apy,, also because of its slower aggregation kinetics. We also
explored the inverse approach, that is, testing of some 2,5-
disubstituted thiophene isomers that were more similar to the
described A ligands,”" and an analogous thiazole derivative
against Dyrk1A; however, this group of analogues did not show
any inhibitory activity (Table S1, Supporting Information).
Hence, we focused on the 2,4-disubstituted thiophene isomers.

Initially, we observed only a weak inhibition of the in vitro
Ap,, peptide aggregation by compound 1 (46% at 100 uM).
We then explored whether it was possible to optimize this
activity, starting with a variation of the hydroxyl position.
Moving of the hydroxyl on the A ring from the meta- to the
para-position clearly enhanced the potency to prevent the self-
assembly of the A peptide in all cases, and eventually gave rise
to the most potent compounds (3, S—8, Table 1). Importantly,
these modifications did not strongly affect the inhibition of
Dyrkl1A. The addition of an aliphatic moiety was identified as a
key step for the enhancement of the Af aggregation inhibition.
Especially the meta-methyl substitution of the A ring resulted in
the most potent compounds in this regard (7 and 8). However,
longer aliphatic chains were unfavorable (e.g., m-ethyl in 6) and
were even detrimental to the Dyrk1A inhibition (compare 6 vs
§). Concerning the B ring, the hydroxyl in meta-position was
favorable for the inhibition of DyrklA, whereas the para-
hydroxyl conferred a higher potency against the Af} aggregation
(cf. 5 vs 7). The comparison of 1 with 2 revealed that the
inhibition of DyrklA by compounds that are p-hydroxy—
substituted at the B ring could be increased by the introduction
of m-methyl (1), while ethyl at the same position was already
too large (4). Thus, compound 8 was synthesized aiming at
creating the best balance between the two desired biological
activities. The most favorable substitution pattern on the A ring
was kept (from S and 7), while an additional methyl group was
introduced in the meta-position of the B ring. Indeed, 8
displayed a slightly enhanced inhibition of DyrklA compared
with 7, while the potency to prevent the Af} aggregation was
also improved. The comparison of 8 to its methoxy precursor
8i showed that at least one H-bond donor function of the
hydroxyl groups was essential to both biological activities (8,
Table 1). Altogether, our structure—activity relationship
indicated that with the 2,4-diphenyl thiophene scaffold, the

Table 1. Biological Activities of 2,4-Diphenyl Thiophene Derivatives

>
R{
name R1 R2
1 3-OH 3-CH;; 4-OH
2 3-OH 4-OH
3 4-OH 3-OH
4 3-OH 3-CH,CHjy; 4-OH
S 3-CHj; 4-OH 3-OH
6 3-CH,CHj; 4-OH 3-OH
7 3-CH;; 4-OH 4-OH
8 3-CH;; 4-OH 3-CH;; 4-OH
8i 3-CH,; 4-OCH;4 3-CH;; 4-OCH,

=
\ B R

DyrklA ICq, (uM)“® Af,o % inhibition @ 100 M

1.8 46 + 2
40 38 +2
45 55 +2
5.0 49 +3
20 73 + 2
28%° 62 + 2
6.7 78 +1
5.0 91 +1
nid 3743

“SD < 10%. “[ATP] = 100 uM. “Percent inhibition at $ #M. “n.i,, no inhibition.
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potency toward Af,, aggregation could be increased without
loss of activity against DyrklA. In contrast, the previously
described class of hydroxybenzothiophene analogues, derived
from the bis(phenol)thiophenes following a ring condensation
strategy,” proved to be markedly less potent in preventing the
Af3 aggregation (Table S2, Supporting Information). Therefore,
it failed to provide an appropriate balance between the
inhibition of DyrklA and the Af aggregation, similarlZ to our
previously published bis(pyrimidinyl)thiophene series** (Table
S3, Supporting Information). Although it was suggested that
phenolic compounds in general can interfere with Af peptide
aggregation,” the lack of activity with the hydroxybenzothio-
phene analogs underlines that the spatial arrangement of the
thiophene to the phenolic structures is important, also
indicating a specific binding interaction.

Based on their highest potencies to prevent A} aggregation
(cf. ICsy values in Table 2), compounds S, 7, and 8 were

Table 2. ICg,’s of the Best Compounds for the Inhibition of
AB,, Aggregation and Intracellular Tau Phosphorylation

Apyo inhibition (cell free assay,  Inhibition of tau phosphorylation

name ICy, + SEM, uM) in cells (ICg, pM)*
5 33+4 8.5
7 16 +2 11.6
8 11+3 8.3

“SD < 15%.

selected for testing their cellular activity. To this end, we
developed a cell-based assay that provided conditions for a
strong tau phosphorylation specifically by DyrklA due to
overexpression of both proteins (cf. Supporting Information,
HEK293-tau-Dyrk1A cell assay). All three compounds were
found to inhibit the intracellular, DyrklA-catalyzed tau
phosphorylation with a remarkable efficacy, as there was only
a slight decline of potency compared with that in the cell-free
assay (Figure 2; cf. Table 1); the weakest DyrklA inhibitor 7

Name 5 7 8 HRM DMSO
gM IS 10 s 15 10 5 15 10 5 10 -
L] | | S A

(65KDa) : - — (| o—

GFP-Tau | .. — ] ————— w Sund

(65Kda) = SR Sy (| Sy

Figure 2. HEK293-tau-DyrklA cell assay. Compounds S, 7, and 8
inhibit Dyrk1A-catalyzed tau phosphorylation in stably transfected
HEK293 cells. The test compounds, DMSO, or the reference inhibitor
harmine (HRM)?>>?° were added to the cell medium at the indicated
concentrations. After immunoblotting, the level of phospho-tau-
Thr212 was detected using a phosphospecific antibody. To normalize
the signals, total recombinant tau protein was quantified using an anti-
GFP antibody. One representative experiment out of two is shown.

showed the lowest cellular potency. Altogether, compound 8
exhibited the best profile with a balanced inhibitory potency
toward both targets (Table 2).

A major obstacle for the application of kinase inhibitors is
often their poor selectivity. Therefore, we tested the selectivity
of 8 against a panel of carefully selected kinases, which not only
included a member of each branch of the human kinome but
also the complete list of frequently reported off-targets for
Dyrk1A inhibitors.”” This challenging screening revealed that 8
was rather selective for the Dyrk family of kinases, with the only
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exception of Clk4 (Table S4, Supporting Information).
Coinhibition of the latter kinase might be advantageous with
respect to its involvement in the alternative splicing of tau,
which results in a pathogenic imbalance between 3R-tau and
4R-tau isoforms through skipping of exon 10.°* As DyrklA
shares this pathogenic role,” coinhibition of Dyrk and Clk
kinases by our compounds might efficiently correct the tau
splicing isoform imbalance. It should be noted that the clean
selectivity profile versus the chosen kinase panel ruled out any
nonselective inhibitory properties such as those found with
plant—derived compounds like curcumin.*

In conclusion, using a focused multitarget approach, we
identified a new bis(hydroxphenyl)thiophene-based family of
dual DyrklA and f-amyloid inhibitors. Of note, the chemical
class of bis(hydroxyphenyl)-substituted thiophenes was pre-
viously reported to display a good metabolic stability in rat liver
microsomes and a high permeability in the CaCo-2 assay,”' and
was orally available in rats.** Although the substitution pattern
of those derivatives was different, these studies demonstrated
that bis(hydroxyphenyl)-substituted thiophenes can show
favorable pharmacokinetic properties in spite of the phenolic
substructure. Moreover, the penetration of the blood-brain
barrier is another important requirement for AD therapeutics;
interestingly, bisphenolic compounds with comparable phys-
icochemical properties (bis(hydroxyphenyl) bis-styrylbenzenes)
were shown to readily cross the blood-brain barrier.*?

For proof-of-concept studies, it is preferable to optimize the
potencies of our lead compounds; however, 8 might be
considered to be just at the border of being potentially
applicable to in vivo AD models—provided that no dose-
limiting toxicities occur. For comparison, Hirohata and co-
workers reported that ibuprofen inhibits a-synuclein fibril
formation with an ICs, of 12.1 M, similar to the potency range
of our compounds, and pointed out that such levels can be
reached in cerebrospinal fluid after an oral dose of 800 mg in
humans.** While the kinase inhibitory activity can certainly be
optimized, it is unclear to what extent the antifibrillogenic
potency can be increased, since the underlying mode of action
may involve stoichiometric binding rather than a catalytic
mechanism. Thus, the in vivo efficacy might also depend on the
concentration of the Aff peptides in the affected neurons, which
may, at least partially, be lower than the 30 #M in our cell-free
assay.

B METHODS

HEK293-Tau-Dyrk1A Cell Assay. HEK293-tau-DyrklA cells,
generated as described in the Supporting Information, were seeded
in 12-well plates and grown in full medium without G418 until 70%
confluence was reached. The medium was then exchanged by DMEM
containing 0.1% of FCS and tetracycline (0.3 yg/mL) to induce the
expression of Dyrk1A, resulting in a strong increase of Dyrk1A activity
in the cells (see experimental validation of the assay, Figure S1 in the
Supporting Information). The test compounds or DMSO (control)
were then added from stock solutions in DMSO to the desired final
concentration (DMSO concentration < 0.2%). Initially, potential
cytotoxicity of the compounds was checked; no signs of toxicity were
observed after incubation for 2 days at the highest concentrations (20
uM) of the compounds. Under the assay conditions, the incubation
with the compounds was carried out overnight in an incubator at 37
°C and 5% CO,. The next day, the medium was removed from each
well and the plate frozen at —80 °C for 10—15 min to facilitate the cell
disruption. Then, 200 L of SDS-PAGE sample buffer per well was
added to the frozen cells and cell lysis was completed by passing
several times through a micro syringe (Hamilton). Aliquots of 24 uL
of the samples were then separated by SDS-PAGE (10% gels), and the
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proteins blotted on a PVDF membrane (Immobilon-FL, Millipore)
using a semidry blotting apparatus (Biometra). Free binding sites on
the membrane were then blocked for 1 h using blocking buffer (3%
bovine serum albumin in Tris buffered saline (TBS), pH 7.2), followed
by an incubation with the first primary antibody (pT212) diluted
1:1000 in blocking buffer overnight at 4 °C. On the following day, the
membrane was washed with TBS containing 0.1% Tween-20 for three
times and one time with TBS. Then it was incubated with the second
primary antibody (anti-GFP, dilution 1:1000) in blocking buffer for 1
h at room temperature. After a second wash, the membrane was
incubated with secondary antibodies (IR-Dye-labeled anti-mouse and
anti-rabbit, both diluted 1:7500 in blocking buffer) for 1 h at room
temperature. The signals of the washed membrane were finally
detected by using an Odyssey infrared imager (LI-COR).

B ASSOCIATED CONTENT

© Supporting Information

Biological activities of 2,5-bis(hydroxyphenyl)thiophenes,
hydroxybenzothiophenes, and bis(pyridinyl)thiophenes (Tables
S1-83); selectivity screening (Table S4); experimental details
for all assays and syntheses; HEK293-tau-DyrklA assay
validation (Figure S1). This material is available free of charge
via the Internet at http://pubs.acs.org.
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Table S1
2,5-Bis(hydroxyphenyl)thiophenes and a thiazole analogue that are inactive against Dyrk1A

cmpd. name and screening % inhibition
structure concentration | of Dyrk1A”
harmine 1uM 90.2
Oy O
4
Ho C_J 5 uM 78.0
1 (hit cmpd.)
(O~
s
HO \ / . 5uM 8.3
221
(O~ A
s
HO \ / cF, 5uM 7.5
224
OH
i } S
Ho W & 5 uM 115
437

a)compound numbers as published in Bey et al., J. Med. Chem. 2009, 52, 6724-6743,; Y S.D. <10%.
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Table S2

Biological activities of hydroxybenzothiophenes.

Table S3

Rt
S
/
DYRK1A ICs, | AB % inhibition
Compound R1 R2 (UM) @ @ 100uM
9 6-OH 3-OH 1.6 2416
10 3-CH3;6-0OH 3-OH 2.2 1549
11 5-OH 3-OH 0.33 3612
12 5-OH 4-OH 3.4 4614
13 5-OH 2-F,3-OH 0.26 39+2
14 5-OH 3-OH,4-F 0.8 4716
15 5-OH 3-CN 6.0 31+3
YATP concentration in the assay: 100 pM; b)S.D. <10%.
Biological activities of bis(pyrimidinyl)thiophenes.
Db
AB %
Compound A B D\ERfAl)é)‘Lf)Jso inhibition
H @ 100uM
X X
16 - L 0.67 1945
N N
X
17 - N 3.2 18+2
N w
N
X A
18 - - 1.13 3213
N N
X
19 N L 1.5 25t1
| N
N

YATP concentration in the assay: 100 pM; b)S.D. <10%.
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Table $4
Selectivity profile of compound 8 (10 pM) vs. a panel of selected kinases®

Kinase Tested % Inhibition®
ABL1 -1
CAMK2A (CaMKIl alpha) -5
CDK5/p25 -5
CLK1 1
CLK2 2
CLK3 -1
CLK4 104
CSNK1D (CK1 delta) -1
CSNKI1E (CK1 epsilon) -1
CSNK1G2 (CK1 gamma 2) 0
CSNK1G3 (CK1 gamma 3) 1
CSNK2A1 (CK2 alpha 1) 0]
DYRK1B 55
DYRK2 86
DYRK3 0
DYRK4 -8
GSG2 (Haspin) 36
GSK3B (GSK3 beta) 2
HIPK1 (Myak) -1
MAP3K9 (MLK1) -3
MAPK14 (p38 alpha) 0
MAPKS8 (JNK1) -7
MLCK (MLCKZ2) 81
MST4 -7
MYLK (MLCK) 34
MYLK2 (skMLCK) 5
NTRK2 (TRKB) -3
PIK3CG (p110 gamma) 0]
PIM1 -19
PIM2 -3
PRKACA (PKA) -10
PRKCA (PKC alpha) -11
PRKD2 (PKD2) -1
ROS1 2
STK17A (DRAK1) 69

The screening list was especially composed to include all kinases that were frequently reported as off-targets for
diverse chemical classes of Dyrk inhibitors®™ 2. Hence, the low hit rate besides the main targets Dyrk and Clk4 suggests
a very high degree of selectivity. Screenings were performed as a service at Life Technologies Labs; "ATP concentration
in the assay: 100 pM; S.D. <15%.
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Al. Chemistry

Al.1l. Synthesis Scheme

X=Br > 5ii
X=B(OH),> 4ii, 6ii, 7ii

Br

S | Jr
Br 2
N\ ’ X Z R
| \—R Br Rl\— S e S |
1 —) —_—)
e e s Br b \ JR,
X=Br - 4iii, 5iii, 8iii F
X=B(OH) s> 6iii, 7iii R1=3-OCHs; Ro;=3-CH,CHs, 4-OCHs~> 4i
R1=3-CHs, 4-OCH3; R,=3-0CH3-> 5i
S R1=3-CHCH3, 4-OCHs3; R2=3-OCH3-> 6i
B _@ R1=3-CHs, 4-OCH3; Ry=4-OCH3>> 7i
\ R1=R»=3-CHs, 4-OCH3s-> 8i

a

S S S
O Q) HOOH HOOH
g P e e
s s
HO HO
7 O OH 8 O OH

Scheme S1. Reagents and conditions: (a) For compound 4iii: (1) Mg, dry THF, rt, 3 h, (2)
Pd(dppf)Cl,, -78°C to rt, 18 h; for compound 5iii: Method A: (1) nBuLi, dry THF, -78°, 60 min, (2)
(BuO)3B, -78°C, 90 min, (3) Pd(PPhs)s, Na,COsaq, reflux; for compounds 6iii and 7iii: Method B:
Pd(PPhs)s, DMF/H,0, 100°C, 14 h; (a’) For compound 8iii: Method A; (b) For compound 4ii:
Pd(PPhs)4, Na,COgsaq, reflux; for compound 5ii: Method A, for compounds 6ii and 7ii: Method B;
(c) For compounds 4-8: Method C: BBrs;, CH,Cl,, -78°C to rt; for compound 8: Pyridinium

hydrochloride, pw 190°C, 2 h.
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Al.2. General Chemical Methods
All chemical starting materials purchased from Sigma-Aldrich, Acros Organics, CombiBlocks, and

Alfa Aesar were directly used without further purification. The purity of the synthesized compounds
was determined by reversed phase chromatography (Nucleodur 100-3 c18ec from Macherey Nagel)
using an Agilent 1100 series HPLC system from Agilent Technologies and a GC Trace Ultra from
Thermo. The purity of the compounds used in the biological assays was > 95%. Mass spectra (ESI)
were measured on an AB Sciex Qtrap2000 from AB Sciex. Mass spectra (EI) were measured on a
DSQ I1 from Thermo. *H and *3C NMR spectra were recorded on either a Bruker DRX-500 (*H, 500
MHz; *C, 126 MHz) instrument at 300 K or on a Bruker Fourier300 (*H, 300 MHz; *C, 75 MHz)
NMR spectrometer at 300 K in the deuterated solvents indicated. Flash column chromatography was
performed using silica gel 60 (Merck, 35-70 um). Reaction/flash monitoring was done by TLC on
ALUGRAM SIL G/UV254 (Macherey-Nagel) employing UV detection.

Al1.3. Synthesis and Compounds Characterization
4-(5-(3-hydroxyphenyl)thiophen-3-yl)-2-methylphenol (1): The detailed synthesis and compound

characterization of the title compound is described in Bey et al™

3-(4-(4-hydroxyphenyl)thiophen-2-yl)phenol (2): The detailed synthesis and compound

characterization of the title compound is described in Bey et al”

3-(5-(4-hydroxyphenyl)thiophen-3-yl)phenol (3): The detailed synthesis and compound

characterization of the title compound is described in Bey et al.”

Method A. 1 equivalent of arylbromide dissolved in 10 ml of degassed THF was cooled to -78°C.
1.2 eq. of n-butyllithium was slowly added (T < -70°C) and the reaction was stirred for 60 min at -
78°C. Then 1.1 eq. of tributyl borate added dropwise and the reaction was stirred for additional 90
min at -78°C. The mixture was allowed to warm to room temperature before 10 ml of degassed THF,
4 mol % Pd(PPhs)4, lequivalent of 2-4-dibromothiophene and 2.5 eq. of Na,COs in 2.5 ml of water

were added. The reaction was heated to reflux and the progress was monitored by TLC.
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Method B. 1 equivalent of the bromothiophene derivative and 2.5 equivalents of Cs,CO3; were
dissolved in a mixture of 8 ml of dimethylformamide and 1 ml of water. The mixture was purged
with nitrogen for 30 min and 1 equivalent of the corresponding boronic acid and 0.05 equivalents of
Pd(PPhs)s were added. The reaction mixture was stirred at 100°C for 14 hours. The progress of the
reaction was monitored by TLC. After completion the mixture was cooled to room temperature and
20 ml of brine was added. The aqueous layer was extracted with diethyl ether (4x). The combined
organic layer was dried over magnesium sulfate and the solvent was removed under reduced

pressure. The crude product was purified by flash column chromatography.

Method C. To a solution of methoxybenzene derivative (1 equivalent) in 10 ml of dry
dichloromethane at -78°C, boron tribromide (1 M, 3 equivalents per methoxy function) was added
dropwise and the mixture was allowed to warm to room temperature. The progress of the reaction

was monitored by TLC. After completion, the reaction was stopped by addition of 10 ml of water.

4-bromo-2-(3-methoxyphenyl)thiophene: 1 g of 3-bromoanisole (4iii) was slowly added to a
suspension of 0.156 g of magnesium in dry THF under nitrogen atmosphere. The mixture was
carefully heated to start the reaction and stirring was continued for at room temperature for 3 hours.
The solution was then cooled to -78°C and 1 eq. of 2,4-dibromothiophene and 4 mol % of
Pd(dppf)Cl, were added. The mixture was stirred at room temperature for 18 hours. The reaction
mixture was poured into water. The organic layer was washed several times with water, dried over
magnesium sulfate and the solvent was removed under removed pressure. The crude product was
purified using flash column chromatography eluting with hexane/ethyl acetate 30:1 to give 0.3 g (1.1
mmol, 20 %) of 4-bromo-2-(3-methoxyphenyl)thiophene as colorless solid."H NMR (500MHz
,DMSO-dg) § = 7.68 (d, J = 1.5 Hz, 1 H), 7.61 (d, J = 1.5 Hz, 1 H), 7.37 - 7.32 (m, 1 H), 7.24 - 7.21
(m, 2 H), 6.94 (ddd, J = 1.1, 2.3, 8.2 Hz, 1 H), 3.83 - 3.82 (s, 3 H); *C NMR (126MHz ,DMSO-dg) &
= 159.8, 144.6, 133.8, 130.3, 126.1, 123.1, 117.7, 114.2, 110.6, 109.8, 55.2. Purity (FID): 98 %); tr:

6.97 min; MS (EI), m/z [M]*: 269.89, calc. 269.95.
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4-(3-ethyl-4-methoxyphenyl)-2-(3-methoxyphenyl)thiophene (4i): 0.3 g (1.1 mmol) of 4-bromo-
2-(3-methoxyphenyl)thiophene was dissolved in THF under nitrogen atmosphere. Then, 0.2 g (0.75
mmol) of (3-ethyl-4-methoxyphenyl)boronic acid (4ii), 4 mol % of Pd(PPhs)s and 2.5 eq. of Na;COs
were added. The mixture was stirred under reflux and the reaction was monitored by TLC. After
completion, the crude product was washed with water and brine. The aqueous layer was then
extracted with ethyl acetate. The combined organic layer was dried over magnesium sulfate and the
solvent was removed under reduced pressure. The product was purified by flash column
chromatography eluting with hexane/ethyl acetate 20:1 to give 0.15 g (0.46 mmol, 61 %) of 4-(3-
ethyl-4-methoxypheny!)-2-(3-methoxyphenyl)thiophene as a slight yellow solid. *H NMR (500MHz
,CHLOROFORM-d) & = 7.51 (d, J = 1.6 Hz, 1 H), 7.40 - 7.37 (m, 2 H), 7.27 (d, J = 7.9 Hz, 1 H),
7.24 (d,J=1.6 Hz, 1 H), 7.23- 7.21 (m, 1 H), 7.17 - 7.15 (m, 1 H), 6.85 - 6.80 (m, 2 H), 3.83 (s, 3
H), 3.83 (s, 3 H), 2.67 (q, J = 7.6 Hz, 2 H), 1.22 (t, J = 7.6 Hz, 3 H); *C NMR (126MHz
,CHLOROFORM-d) 6 = 160.0, 156.9, 144.6, 143.1, 135.8, 133.0, 129.9, 128.4, 127.2, 124.7, 122.6,
118.5, 118.3, 113.1, 111.5, 110.4, 55.4, 55.3, 23.4, 14.2. Purity (FID): 98 %; tg: 9.61 min; MS (EI),

m/z [M]": 324.044, calc. 324.12.

2-ethyl-4-(5-(3-hydroxyphenyl)thiophen-3-yl)phenol (4): The title compound was prepared by
reaction of of 4-(3-ethyl-4-methoxyphenyl)-2-(3-methoxyphenyl)thiophene (4i) (75 mg, 0.23 mmol)
according to the method C. The crude product was purified by flash column chromatography eluting
with hexane/ethyl acetate 10:1 to give 58 mg (0.195 mmol, 85 %) of 2-ethyl-4-(5-(3-
hydroxyphenyl)thiophen-3-yl)phenol as a colorless solid. *H NMR (500MHz ,CHLOROFORM-d) &
=7.49(d, J=1.3Hz, 1 H), 7.37 (d, J = 2.2 Hz, 1 H), 7.31 (dd, J = 2.4, 8.4 Hz, 1 H), 7.25 - 7.23 (m,
2 H), 7.23-7.19 (m, 1 H), 7.10 (dd, J = 1.6, 2.5 Hz, 1 H), 6.78 (d, J = 8.2 Hz, 1 H), 6.75 (ddd, J =
1.6, 2.4, 7.6 Hz, 1 H), 2.67 (9, J = 7.6 Hz, 2 H), 1.27 (t, J = 7.9 Hz, 3 H); *C NMR (126MHz
,CHLOROFORM-d) 6 = 155.9, 152.8, 144.2, 143.0, 136.0, 130.3, 130.2, 129.0, 127.5, 125.0, 122.6,
118.5, 118.5, 115.5, 114.6, 112.7, 23.1, 14.0. Purity (FID): 95 %; tz: 9.85 min; MS (EI), m/z [M]":

295.92, calc. 296.009.
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4-bromo-2-(4-methoxy-3-methylphenyl)thiophene: The title compound was prepared by reaction
of 4-bromo-1-methoxy-2-methylbenzene (5iii) (1 g , 4.97 mmol) and 2-4-dibromothiophene (1.2 g,
4.97 mmol) according to the method A. The reaction was stopped by addition of 10 % citric acid.
The organic layer was separated and the aqueous layer was extracted with ethyl acetate. The
combined organic layer was dried and concentrated under reduced pressure. The crude product was
purified by flash column chromatography eluting with hexane/ethyl acetate 30:1 to give 847 mg (3
mmol, 60 %) of 4-bromo-2-(4-methoxy-3-methylphenyl)thiophene as a colorless solid. '"H NMR
(500MHz, Methanol-ds) & = 7.28 (dd, J = 0.6, 8.5 Hz, 1 H), 7.27 - 7.25 (m, 1 H), 7.13 (d, J = 1.6 Hz,
1 H), 7.05 (d, J = 1.6 Hz, 1 H), 6.80 (d, J = 8.5 Hz, 1 H), 3.74 (s, 3 H), 2.11 (s, 3 H) °C NMR
(126MHz, Methanol-d4) 6 = 159.5, 128.9, 128.3, 125.4, 125.4, 122.0, 111.4, 111.2, 55.9, 16.3. Purity

(FID): 95 %; tr: 7.340 min; MS (EI), m/z [M]": 283.886, calc. 283.97.

2-(4-methoxy-3-methylphenyl)-4-(3-methoxyphenyl)thiophene (5i): The title compound was
prepared by reaction of 3-bromoanisole (5ii) (62 mg, 0.33 mmol) and 4-bromo-2-(4-methoxy-3-
methylphenyl)thiophene (100 mg, 0.33 mmol) according to the method A. The crude product was
washed with small portions of water. The organic layer was then dried over magnesium sulfate and
the solvent was removed under reduced pressure. The crude product was purified by flash column
chromatography eluting with hexane/ethyl acetate 20:1 to give 71 mg (0.23 mmol, 70 %) of 2-(4-
methoxy-3-methylphenyl)-4-(3-methoxyphenyl)thiophene as a white solid which was directly used
for the next step without further characterization other than GC-MS. Purity (FID): 90 %; tr: 9.427

min; MS (EI), m/z [M]": 310.024, calc. 310.10.

4-(4-(3-hydroxyphenyl)thiophen-2-yl)-2-methylphenol (5): The title compound was prepared by
reaction of 2-(4-methoxy-3-methylphenyl)-4-(3-methoxyphenyl)thiophene (5i) (70 mg, 0.23 mmol)
according to the method C. The crude product was purified by column flash chromatography eluting
with hexane/ethyl acetate 5:1 to give 35 mg (0.12 mmol, 50 %) of 4-(4-(3-hydroxyphenyl)thiophen-
2-yl)-2-methylphenol as a white solid. '"H NMR (500MHz ,DMSO-ds) & = 9.54 (s, 1 H), 9.45 (s, 1

H), 7.65 (d, J = 1.3 Hz, 1 H), 7.60 (d, J = 1.6 Hz, 1 H), 7.45 (d, J = 1.9 Hz, 1 H), 7.35 (dd, J = 2.2,
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8.2 Hz, 1 H), 7.23 - 7.18 (m, 1 H), 7.18 - 7.15 (m, 1 H), 7.12 - 7.10 (m, 1 H), 6.82 (d, J = 8.2 Hz, 1
H), 6.72 (ddd, J = 1.1, 2.2, 7.8 Hz, 1 H), 2.17 (s, 3 H); **C NMR (126MHz ,DMSO-ds) & = 157.7,
155.5, 144.6, 142.3, 136.5, 129.7, 127.8, 124.7, 124.5, 124.0, 120.6, 118.5, 116.9, 115.0, 114.2,

112.8, 15.9. Purity (FID): 96 %; tg: 10.27 min; MS (EI), m/z [M]": 281.91, calc. 282.07.

4-bromo-2-(3-ethyl-4-methoxyphenyl)thiophene: The title compound was prepared by reaction of
2,4-dibromothiophene (489 mg, 2 mmol) and (3-ethyl-4-methoxyphenyl)boronic acid (6iii) (400 mg,
2.2 mmol) according to the method B. The crude product was purified by flash column
chromatography eluting with a mixture of hexane and dichloromethane (95:5) to give 505 mg (1.7
mmol, 84 %) of 4-bromo-2-(3-ethyl-4-methoxyphenyl)thiophene as colorless solid. *H NMR
(500MHz, DMSO-dg) & = 7.48 (d, J = 1.6 Hz, 1 H), 7.40 - 7.35 (m, 2 H), 7.33 (d, J = 1.3 Hz, 1 H),
6.90 (d, J = 8.5 Hz, 1 H), 3.73 (s, 3 H), 2.51 (q, J = 7.5 Hz, 2 H), 1.07 (t, J = 7.4 Hz, 3 H); °C NMR
(126MHz, DMSO-ds) d = 157.2, 145.1, 132.4, 126.0, 124.9, 124.4, 124.2, 121.7, 111.1, 109.6, 55.5,

22.7,14.1. Purity (FID): 98 %; tr: 7.85 min; MS (El), m/z [M]": 296.157, calc. 295.99.

2-(3-ethyl-4-methoxyphenyl)-4-(3-methoxyphenyl)thiophene (6i): The title compound was
prepared by reaction of 4-bromo-2-(3-ethyl-4-methoxyphenyl)thiophene (150 mg, 0.5 mmol) and
(3-methoxyphenyl)boronic acid (6ii) (70 mg, 0.5 mmol according to the method B. The crude
product was purified by flash column chromatography eluting with a mixture of hexane and
dichloromethane 5:1 to give 120 mg (0.37 mmol, 80 %) of 2-(3-ethyl-4-methoxyphenyl)-4-(3-
methoxyphenyl)thiophene as a white solid. 'H NMR (500MHz, DMSO-ds) 6 = 7.86 (d, J = 1.6 Hz, 1
H), 7.78 (d, J = 1.6 Hz, 1 H), 7.54 - 7.53 (m, 1 H), 7.53 - 7.51 (m, 1 H), 7.37 - 7.32 (m, 3 H), 7.00 (d,
J=9.1Hz 1H), 6.88 (ddd, J = 1.7, 2.6, 7.3 Hz, 1 H), 3.83 (s, 3 H), 3.82 (s, 3 H), 2.62 (g, J = 7.6
Hz, 2 H), 1.18 (t, J = 7.6 Hz, 3 H); *C NMR (126MHz, DMSO-ds) & = 159.7, 156.8, 144.2, 142.1,
136.5, 132.2, 129.8, 126.1, 126.1, 124.2, 121.4, 119.4, 118.4, 112.7, 111.6, 111.0, 55.4, 55.1, 22.8,

14.3. Purity (FID): 98 %; tr: 9.696 min; MS (EI), m/z [M]": 324.188, calc. 324.12.

2-ethyl-4-(4-(3-hydroxyphenyl)thiophen-2-yl)phenol (6): The title compound was prepared by

reaction of 2-(3-ethyl-4-methoxyphenyl)-4-(3-methoxyphenyl)thiophene (6i) (110 mg) according to
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the method C. The crude product was purified by flash column chromatography eluting with a
mixture of hexane and dichloromethane 1:1 to give 88 mg (0.3 mmol, 88 %) of 2-ethyl-4-(4-(3-
hydroxyphenyl)thiophen-2-yl)phenol as a white solid. *H NMR (500MHz, DMSO-dg) & = 9.45 (s, 1
H), 9.38 (br. s., 1 H), 7.59 (d, J = 1.3 Hz, 1 H), 7.53 (d, J = 1.6 Hz, 1 H), 7.36 (d, J = 2.5 Hz, 1 H),
7.27 (dd, J = 2.4, 8.4 Hz, 1 H), 7.15- 7.11 (m, 1 H), 7.11 - 7.08 (m, 1 H), 7.05 - 7.03 (m, 1 H), 6.75
(d, J=8.5Hz, 1 H), 6.64 (ddd, J = 1.3, 2.4, 7.7 Hz, 1 H), 2.51 (9, J = 7.5 Hz, 2 H), 1.10 (t, J = 7.3
Hz, 3 H); *C NMR (126MHz, DMSO-ds) & = 157.7, 155.1, 144.7, 142.3, 136.5, 130.6, 129.7, 126.3,
124.9, 124.0, 120.6, 118.5, 116.9, 115.3, 114.2, 112.8, 22.8, 14.2. Purity (FID): 98 %; tg: 10.129

min; MS (E1), m/z [M]*: 296.128, calc. 296.09.

4-bromo-2-(4-methoxy-3-methylphenyl)thiophene: The title compound was prepared by reaction
of 2,4-dibromothiophene (0.5 g, 2.2 mmol, 0.25 ml) and (4-methoxy-3-methylphenyl)boronic acid
(7iii) (0.4 g, 2.4 mmol) according to method B. The resulting crude product was purified by flash
column chromatography eluting with a mixture of hexane and dichloromethane (98:2) to give 0.5 g
(1.8 mmol, 82 %) of 4-bromo-2-(4-methoxy-3-methylphenyl)thiophene as a colorless solid. '"H NMR
(500MHz, DMSO-dg) & = 7.56 (d, J = 1.3 Hz, 1 H), 7.48 - 7.45 (m, 2 H), 7.40 (d, J = 1.6 Hz, 1 H),
6.98 - 6.95 (m, 1 H), 3.81 (s, 3 H), 2.18 (s, 3 H); **C NMR (126MHz, DMSO-dg) & = 157.6, 145.0,
127.5, 126.4, 124.7, 124.4, 124.2, 121.7, 110.7, 109.6, 55.4, 15.9. Purity (FID): 99 %; tg: 7.75 min;

MS (EI), m/z [M]": 284.15, calc. 283.97.

2-(4-methoxy-3-methylphenyl)-4-(4-methoxyphenyl)thiophene (7i) : The title compound was
prepared by reaction of 4-bromo-2-(4-methoxy-3-methylphenyl)thiophene (7ii) (150 mg, 0.48
mmol) and (4-methoxyphenyl)boronic acid (70 mg, 0.48 mmol) according to method B. The
resulting crude product was purified by flash column chromatography eluting with a mixture of
hexane and dichloromethane (5:1) to give 115 mg (0.37 mmol, 77 %) of 2-(4-methoxy-3-
methylphenyl)-4-(4-methoxyphenyl)thiophene. *H NMR (500MHz, DMSO-dg) & = 7.78 (d, J = 1.6
Hz, 1 H), 7.72 - 7.70 (m, 1 H), 7.70 - 7.68 (m, 1 H), 7.60 (d, J = 1.6 Hz, 1 H), 7.54 - 7.52 (m, 1 H),

7.52 - 7.49 (m, 1 H), 7.00 - 6.96 (m, 3 H), 3.82 (s, 3 H), 3.79 (s, 3 H), 2.20 (s, 3 H): °C NMR
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(126MHz, DMSO-dg) & = 158.5, 157.1, 144.0, 141.9, 127.9, 127.5, 127.1, 126.2, 126.0, 124.1,
121.1, 117.5, 114.2, 110.7, 55.4, 55.1, 16.0. Purity (FID): 95 %; tz: 9.66 min; MS (EI), m/z [M]":

310.08, calc. 310.10.

4-(4-(4-hydroxyphenyl)thiophen-2-yl)-2-methylphenol (7): The title compound was prepared by
reaction of 2-(4-methoxy-3-methylphenyl)-4-(4-methoxyphenyl)thiophene (7i) according to method
C. The mixture was extracted with dichloromethane (4x) and the combined organic layer was dried
over magnesium sulfate. The solvent was removed under reduced pressure and the crude product
was purified by flash column chromatography eluting with a mixture of hexane and dichloromethane
(2:1) to give 81 mg (0.29 mmol, 89 %) of 4-(4-(4-hydroxyphenyl)thiophen-2-yl)-2-methylphenol as
a white solid. *H NMR (500MHz, DMSO-dg) & = 9.53 (s, 1 H), 9.49 (s, 1 H), 7.64 (d, J = 1.6 Hz, 1
H), 7.57 - 7.56 (m, 1 H), 7.56 - 7.55 (m, 1 H), 7.46 (d, J = 1.6 Hz, 1 H), 7.44 - 7.43 (m, 1 H), 7.34
(ddd, J = 0.6, 2.8, 8.2 Hz, 1 H), 6.83 - 6.81 (m, 1 H), 6.81 - 6.80 (M, 1 H), 6.80 - 6.79 (m, 1 H), 2.17
(s, 3 H); *C NMR (126MHz, DMSO-ds) d = 156.7, 155.4, 144.4, 142.3, 127.8, 127.1, 126.5, 124.9,
124.5, 123.9, 120.4, 116.2, 115.5, 115.0, 15.9. Purity (FID): 97 %; ts: 10.26 min; MS (EI), m/z [M]":

282.199, calc. 282.07.

2,4-bis(4-methoxy-3-methylphenyl)thiophene (8i): The title compound was prepared by reaction
of 4-bromo-2-methylanisole (8iii) (2 g, 9.94 mmol) and 2,4-dibromothiophene (1.2 g, 4.97 mmol)
according to method A. The reaction was stopped and the crude mixture was washed with saturated
NaCl solution. The aqueous layer was extracted with ethyl acetate (4x) and the combined organic
layer was dried over magnesium sulfate. The solvent was removed under reduced pressure and the
resulting crude oil was purified by flash column chromatography eluting with hexane/ethyl acetate
30:1 to give a 0.8 g (2.47 mmol) of 2,4-bis(4-methoxy-3-methylphenyl)thiophene as a white solid.
'H NMR (500MHz, DMSO-ds) 5 = 7.81 - 7.74 (m, 1 H), 7.65 - 7.48 (m, 5 H), 7.02 - 6.90 (m, 2 H),
3.81 (s, 6 H), 2.21 (s, 6 H); *C NMR (126MHz, DMSO-dg) & = 157.1, 156.7, 143.9, 142.1, 128.2,
127.5, 127.4, 126.2, 126.1, 125.8, 124.5, 124.1, 121.1, 117.2, 110.7, 110.4, 55.4, 55.3, 16.1, 16.0.

Purity (FID): 98 %; tr: 9.55 min; MS (EI), m/z [M]": 324.04, calc. 324.12.
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4,4'-(thiophene-2,4-diyl)bis(2-methylphenol) (8): 100 mg (0.3 mmol) of (2,4-bis(4-methoxy-3-
methylphenyl)thiophene (8i) and 50 eq. of pyridinium hydrochloride were added to a microwave
glass vial and heated to 190°C for 2 hours. Then the melt was cooled to room temperature and
dissolved in 20 ml of 3 N HCI. The aqueous layer was thoroughly extracted with diethyl ether (5x)
and the combined organic layer was washed with saturated NaHCOs. The organic layer was
separated and dried over magnesium sulfate. The solvent was removed under reduced pressure and
the crude product was purified by flash column chromatography eluting with hexane/ethyl acetate
5:1 to give 62 mg (0.21 mmol, 70 %) of 4,4'-(thiophene-2,4-diyl)bis(2-methylphenol) as colorless
solid. *H NMR (500MHz, DMSO-dg) 5 = 7.63 (d, J = 1.6 Hz, 1 H), 7.48 - 7.46 (m, 1 H), 7.44 - 7.43
(m, 2 H), 7.37 (ddd, J = 0.6, 2.5, 8.2 Hz, 1 H), 7.33 (ddd, J = 0.6, 1.9, 8.2 Hz, 1 H), 6.81 (d, J = 6.3
Hz, 1 H), 6.80 (d, J = 6.6 Hz, 1 H), 2.17 (s, 6 H); *C NMR (126MHz, DMSO-d¢) & = 155.4, 154.8,
144.3, 142.5, 128.4, 127.7, 126.3, 124.9, 124.5, 124.4, 124.1, 123.9, 120.5, 116.0, 115.0, 114.8,

16.0, 15.9. Purity (FID): 99 %; tr: 9.94 min; MS (EI), m/z [M]": 296.0, calc. 296.09.

(6-hydroxybenzo[b]thiophen-2-yl)(3-hydroxyphenyl)methanone (9): The detailed synthesis and

compound characterization is described in Miralinaghi et al.”

(6-hydroxy-3-methylbenzo[b]thiophen-2-yl)(3-hydroxyphenyl)methanone (10): The detailed
synthesis and compound characterization is described in Miralinaghi et al. "
(5-hydroxybenzo[b]thiophen-2-yl)(3-hydroxyphenyl)methanone (11): The detailed synthesis and

compound characterization is described in Miralinaghi et al. ™

(5-hydroxybenzo[b]thiophen-2-yl)(4-hydroxyphenyl)methanone (12): The detailed synthesis and
compound characterization is described in Miralinaghi et al. ™
(2-fluoro-5-hydroxyphenyl)(5-hydroxybenzo[b]thiophen-2-yl)methanone (13): The detailed
synthesis and compound characterization is described in Miralinaghi et al.”
(4-fluoro-3-hydroxyphenyl)(5-hydroxybenzo[b]thiophen-2-yl)methanone (14): The detailed

synthesis and compound characterization is described in Miralinaghi et al.”
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3-(5-hydroxybenzo[b]thiophene-2-carbonyl)benzonitrile (15): The detailed synthesis and

compound characterization is described in Miralinaghi et al.”

3,3'-(thiophene-2,4-diyl)dipyridine (16): The detailed synthesis and compound characterization of

the title compound is described in Schmitt et al.”’

4-(5-(pyridin-3-yl)thiophen-3-yl)isoquinoline (17): The detailed synthesis and compound

characterization of the title compound is described in Schmitt et al. ”’

3-(5-(pyridin-3-yhthiophen-3-yl)quinoline  (18): The detailed synthesis and compound

characterization of the title compound is described in Schmitt et al. ”’

4-(4-(pyridin-3-yl)thiophen-2-yl)isoquinoline (19): The detailed synthesis and compound

characterization of the title compound is described in Schmitt et al. ”’

A2. Biology

A2.1. Kinase assay

Dyrk1A reaction was performed in a reaction buffer containing 50 mM Tris/HCI, pH 7.4, 0.1 mM
EGTA, 0.5 mM DTT, 10 mM MgCl,, 10 pM or 100 uM ATP (as indicated) and 0.33 uM [y-*>ATP]
as well as 100 pM Woodtide (KKISGRLSPIMTEQ-NHy). The kinase reactions were performed at
30 °C for 15 min and terminated by spotting 5 pL of the reaction mixture onto a P81
phosphocellulose membrane (Whatman). The membrane was washed four times with 0.3 %
phosphoric acid and one time with acetone and dried. The dry membrane was exposed in a cassette
to a Phosphor Screen Imaging Plate (FujiFilm) and the signals detected by scanning of the imaging
plate in a Fuji FLA-3000 Phospholmager. The spots were quantified using AIDA software (Raytest,
Version 3.52) to determine the activities of the kinases in the assay reactions. For ICsg
determinations, eight concentrations of each compound were used in triplicates, and the percentage

of inhibition at 10 uM was also calculated from the average of triplicate values. 1Cs values were
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calculated by fitting the data with Origin Pro 8.6 (OriginLabs). The 1Cs, values given in the Tables

are representative of at least two independent determinations.

A2.2. AB40 peptide aggregation assay

The in vitro inhibition of AP4 aggregation was determined following a previously reported
thioflavin T (ThT) fluorescence—based method involving the use of hexafluoroisopropanol (HFIP) as
aggregation enhancer’®. To obtain batches of AB;_s free from preaggregates, commercial peptides
(purity >95%; EzBiolab, Carmel, USA) were dissolved in HFIP, lyophilized and stored at -20 °C.
The solution of ThT (25 uM) used for fluorimetric measurements was prepared in 0.025 M
phosphate buffer, pH 6.0, filtered through 0.45 um nylon filters and stored at 4 °C. Compounds were
first tested at 100 puM; test samples were co-incubated with 30 UM AP peptide in phosphate buffered
saline (PBS; 0.01 M phosphate buffer, 0,1 M NaCl, pH 7.4) also containing 2% HFIP and 10% (v/v)
DMSO as co-solvents. Blank samples were prepared for each concentration, devoid of peptide, and
their fluorescence value subtracted from the corresponding fluorescence values of the co-incubated
samples. As the control, a sample of peptide was incubated in the same PBS/2% HFIP/10% DMSO
buffer, without inhibitor. Incubations were run in triplicate at 25 °C for 2 h. Fluorimetric
measurements were performed in a 700 pL cuvette with a Perkin—Elmer LS55 spectrofluorimeter,
using FLWinlab software. 470 pL of the ThT solution were mixed with 30 pL of sample, and the
resulting fluorescence measured with parameters set as follows: excitation at 440 nm (slit 5 nm);
emission at 485 nm (slit 10 nm); integration time 2 s. Biological activity was determined as percent

of inhibitory activity V; for each concentration, according to the formula:
V; =100 - [(Fi — Fp)/Fo] x 100

where F; is the fluorescence value of the sample, Fy its blank value, and F, the fluorescence value of
AP control (already subtracted of its blank). For the most active inhibitors (> 80% AP aggregation
inhibition), 1Cso values were determined by testing in duplicate 5-7 concentrations, ranging from
200 to 0.01 pM. Statistics from three independent experiments were calculated within GraphPad
Prism® v. 5 software; data are reported in Tables 1, 2, S2 and S3.
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A2.3. Development of a cell-based Dyrk1A-tau phosphorylation assay
Plasmid. The pEGFP-htau352wt plasmid encoding for full length human tau protein fused to N-

terminal enhanced green fluorescent protein (EGFP) was kindly provided by Prof. Dr. Roland
Brandt, University Osnabriick, and originally constructed by J. Eidenmuller in his group. Before it
was used for cell transfections, the plasmid was analysed by digestion using the restriction enzyme

Nhel and sequenced by GATC Biotech service, Germany.

Antibodies. For the western blot, the primary antibodies rabbit anti-phospho-Threonine 212-tau
(pT212, Life Technologies GmbH, cat no. 444-740G) and mouse anti-GFP antibody
(LifeTechnologies GmbH, Cat n. 33-2600) were used. The same pT212 antibody had been
previously used by Dan Li et al.”” who showed that it was specifically detecting the Dyrk1A-
catalyzed phosphorylation (see Figure 5C therein). As secondary antibodies we used goat anti-mouse
IgG IR-Dye 800 CW (LI-COR Biosciences, cat n. 926-32210) and goat anti-rabbit IgG IR-Dye 680

RD (LI-COR Biosciences Cat n. 926-68071).

Generation of a stable double-transfected HEK?293-tau-Dyrk1A cell line. In the brains of
Alzheimer’s disease patients with Down Syndrome, Dyrk1A is overexpressed and physically
associated with tau fibrils®, which is thought to favor strong phosphorylation of the tau protein
specifically by Dyrk1A. To mimic this setting in a cellular assay for our compounds, we aimed at
overexpressing both proteins. To this end, a plasmid coding for EGFP-tau was transfected into a
human embryonic kidney cell line (HEK293-Dyrk1A) that had been modified with a stably
integrated pEGFP-DYRKZ1A expression vector under control of a tetracycline—responsive promoter
(kind gift from Prof. Dr. Walter Becker, Institute of Pharmacology and Toxicology, RWTH
Aachen). The cell line was grown in DMEM with 10% fetal calf serum (FCS) and 1% penicillin-
streptomycin mix (PenStrep). For the transfection, the cells were seeded in 12-well plates at a
density of 0.7-10° cells per ml. To minimize cell detachment during the transfection and later during
the assays, the plates were coated before with poly-L-lysine (100ug/ml in water). The transfection
was performed using polyethyleneimine (PEI) as a DNA-complexing agent (Cat. No. 23966-2,

Polysciences Inc., USA). We optimized the ratio of DNA:PEI (1:3) and also the amount of DNA
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(1.2 pg). The best transfection condition was identified by measuring in each well the intensity of
EGFP fluorescence corresponding to the EGFP-tau fusion protein in the absence of tetracycline in an
Omega Polastar plate reader (BMG Labtech, Germany), using the setting for fluorescein detection
(excitation 485 nm, emission 520 nm). The DNA/PEI complex was prepared in DMEM + 0.1%
FCS, vortexted and added to the cells. After 4-5 hours in an incubator (37 °C, 5 % CO,), the
transfection medium was supplemented by FCS (final concentration of 10%), and 1% PenStrep, and
the incubation continued overnight. The next day, the medium was exchanged by fresh full medium
containing geneticin (G418, 800ug/ml) as selection agent. The generation of a stable double-
transfected EFGP-Dyrk1A/EGFP-hTau HEK293 cell line proceeded over two weeks by exchanging
the old medium by fresh selection medium each time when the old medium started to turn yellow.
After two weeks, more than 95% of the cells showed green fluorescence in the absence of

tetracycline, indicative of resistant clones expressing EFGP-tau.

A2.4. Figure S1

Tetracycline
- 0,1 0,1 03 0,3
(ng/ul)
HRM (pM) - 10 - 10 - 10
pT212 -
(65 KDa) : —

The tau protein phosphorylation at threonine 212 in the HEK293-tau-Dyrk1A cells is dependent on
Dyrk1A and can be fully suppressed by harmine. The expression of Dyrk1A is induced upon
addition of the transcription enhancer tetracycline in a concentration—dependent manner, as seen by
the increase in tau phosphorylation (pT212) (detected using the anti-phospho-tau-Thr212 antibody
described under “Antibodies™). In the absence of the inducer tetracycline, only a weak background
signal is observed. The phospho-tau-Thr212 signal can be completely abolished by addition of the
selective Dyrk1A inhibitor harmine (HRM) to the cell medium. These results confirm that under the
experimental conditions, Thr212 on the overexpressed tau protein is specifically phosphorylated by

Dyrk1A, as previously described by Kimura et al.®*
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3.2. Publication B: Systematic diversification of benzylidene
heterocycles yields novel inhibitor scaffolds selective
for Dyrk1A, Clk1l and CK2

Marica Mariano, Rolf W. Hartmann, Matthias Engel

European Journal of Medicinal Chemistry 2016 vol: 112 pp: 209-216;
http://dx.doi.org/10.1016/j.ejmech.2016.02.017

Reproduced from Marica Mariano, Rolf W. Hartmann, Matthias Engel. European Journal of
Medicinal Chemistry 2016 vol: 112 pp: 209-216. Copyright (2016) Elsevier Masson SAS. All
rights reserved.
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The dual-specificity tyrosine-regulated kinase 1A (Dyrk1A) has gathered much interest as a pharmaco-
logical target in Alzheimer's disease (AD), but it plays a role in malignant brain tumors as well. As both
diseases are multi-factorial, further protein kinases, such as Clk1 and CK2, were proposed to contribute to
the pathogenesis. We designed a new class of a-benzylidene—y-butyrolactone inhibitors that showed
low micromolar potencies against Dyrk1A and/or Clk1 and a good selectivity profile among the most
frequently reported off-target kinases. A systematic replacement of the heterocyclic moiety gave access
to further inhibitor classes with interesting selectivity profiles, demonstrating that the benzylidene
heterocycles provide a versatile tool box for developing inhibitors of the CMGC kinase family members
Dyr1A/1B, Clk1/4 and CK2. Efficacy for the inhibition of Dyrk1A—mediated tau phosphorylation was
demonstrated in a cell-based assay. Multi-targeted but not non-specific kinase inhibitors were also
obtained, that co-inhibited the lipid kinases PI3Ka/y. These compounds were shown to inhibit the
proliferation of U87MG cells in the low micromolar range. Based on the molecular properties, the in-
hibitors described here hold promise for CNS activity.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

The dual-specificity tyrosine-regulated kinases (Dyrk) and
CDC2-like kinases (Clk) both belong to the CMGC branch of the
kinome and share the ability to phosphorylate tyrosine as well as
serine/threonine residues; however, only the activating autophos-
phorylation occurs actually at tyrosine.

The Dyrk1A isoform is expressed ubiquitously while the most
closely related homolog, Dyrk1B, is mainly found in testes and
muscle tissue [1]. In the last decade, Dyrkl1A, but not Dyrk1B,
received much attention due to its implication in the development
of Down Syndrome—related and sporadic Alzheimer's disease (AD)
[2,3], where it promotes neurodegeneration by hyper-
phosphorylating the microtubule-associated protein tau [4].
Furthermore, Dyrk1A was also shown to phosphorylate amyloid
precursor protein (APP) and presenilin-1, a key component of the y-
secretase complex, thereby accelerating the formation of neuro-
toxic AP peptides [5].

Recently, Dyrk1A was also proposed as a new target in

* Corresponding author.
E-mail address: ma.engel@mx.uni-saarland.de (M. Engel).

http://dx.doi.org/10.1016/j.ejmech.2016.02.017
0223-5234/© 2016 Elsevier Masson SAS. All rights reserved.

glioblastoma [6]. Glioma are among the most malignant types of
solid tumors and survival rates for patients are still very poor: less
than 5% of patients survive for 5 years after having been diagnosed
with glioblastoma multiforme, the most aggressive subtype [7].
Hence, more effective therapeutic agents are urgently needed. Of
note, Dyrk1A was reported to act as an enhancer of receptor tyro-
sine kinase signaling; known examples include FGFR [8] and EGFR
[6,9]. Pozo and coworkers found DyrklA to be strongly overex-
pressed in glioblastoma, paralleling EGFR expression [6]. Dyrk1A
prevents endocytosis—mediated degradation of EGFR by a mecha-
nism that requires phosphorylation of the EGFR signaling modu-
lator Sprouty2 [9]. Moreover, Dyrk1A—catalyzed phosphorylation
of FOXO (also called FKHR) was shown to promote nuclear exclu-
sion, thus maintaining cell cycle progression and suppressing the
activation of pro-apoptotic genes [10,11]. Compared with healthy
tissue, the mRNA of Dyrk1A, but not of the homologous kinases
Dyrk1B or Dyrk2, was strongly overexpressed in glioblastoma,
medulloblastoma, astrocytoma and oligodendroglioma (analyzed
using the Oncomine portal, www.oncomine.org) [12,13]. This sug-
gests that Dyrk1A could be an interesting anti-cancer target in
EGFR—overexpressing tumors.

The Clk1 and -4 isoforms do not only share a strong structural
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homology with the Dyrk family but also some physiological func-
tions: Both are involved in the regulation of alternative mRNA
splicing through the phosphorylation of serine/arginine-rich (SR)
proteins, including AF2/ASF, SC35 and SRp55 [14—18].

SR proteins mostly promote the inclusion of exons via binding to
exonic splicing enhancers, and their activity is mainly regulated by
multiple phosphorylations [19,20]. Upon dysregulation of the ki-
nase activities in the case of Alzheimer's disease, the alternative
splicing of tau is influenced, which results in a pathogenic imbal-
ance between 3R-tau and 4R-tau isoforms through skipping of exon
10 [17]. Thus, co-inhibition of Dyrk and Clk kinases might efficiently
correct the tau splicing isoform imbalance. Indeed, we could show
that dual inhibitors of Dyr1A and Clk1 are more efficient pre-mRNA
splicing modulators than selective Dyrk1A or Clk1 inhibitors [21].
Furthermore, Leucettine 141, a dual Dyrk1A/Clk1 inhibitor [22] was
recently reported to prevent memory impairments and neurotox-
icity induced by oligomeric ABys5.35 peptide administration in mice
[23].

However, whether the benefit of such multi-targeted ap-
proaches outweighs the potential accumulation of side effects
related to target inhibitions, will only be seen in long term in vivo-
studies. Therefore, a selective inhibitor of Dyrk1A is a primary goal
of drug development efforts, in particular with respect to Down
Syndrome—related neurodegeneration, for which the over-
expression of Dyrk1A is a main cause [24].

Rather selective Dyrk1A inhibitors have been described previ-
ously, such as harmine, INDY, KH-CB19, Leucettines and pyr-
idinylthiophenes [25—29], however, they still inhibited Clk1/4 with
equal potency. Recently, Falke et al. [30] reported some 10-iodo-
11H-indolo[3,2-c]quinoline-6-carboxylic acid derivatives as highly
selective inhibitors of Dyrk1A, but the carboxylic acid function may
impair CNS penetration [31].

From a medicinal chemistry point of view, it is advantageous
that Dyrk1A can potently be inhibited by very small molecules with
molecular weights below 300 g/mol [25,26], suggesting that the
binding site can adapt to small ligands. This property contributes to
the attractiveness of Dyrk1A as a target for CNS diseases, because as
a rule of thumb, the smaller the inhibitor, the higher are the
chances to pass the blood brain barrier [31].

In the following, we describe the development of small benzy-
lidene derivatives, which cover a broad range of selectivity and
potency profiles, depending on the combined heterocycles.

2. Results and discussion
2.1. Design strategy and synthesis

Two of the most important factors that determine the CNS
permeability of small molecules are the molecular mass, which
showed a median of 305 Da in a thorough analysis of CNS drugs,
and the number of H-bond donors, which should be < 1 [31].
Therefore, our design of new Dyrk1A inhibitors was based on
previously published inhibitors that fulfilled the following criteria:
i) low mass, ii) no requirement for an H-bond donor contacting the
hinge region, and iii) good potency in cellular systems. One of the
most compact but yet potent and orally available inhibitor of
Dyrk1A is the B-carboline alkaloid harmine (Fig. 1). In vitro studies
showed good activity against Dyrk1A, particularly in cells, and a
slight selectivity toward other members of the Dyrk family. How-
ever, it also exerts several adverse CNS effects due to its potent
monoaminoxidase-A inhibition [32]. The benzothiazole TG0O3 is a
synthetic inhibitor of Dyrk1A which was identified in a high-
throughput screening [26]. This compound is able to block the
negative regulatory activity of Dyrk1A in the NFAT pathway. Un-
fortunately, its potency is not sufficient for in vivo applications (cell-

free ICsp for Dyrk1A: 0.8 puM) [21]. Another rather small compound
with inhibitory activity against Dyrks and Clk1 is leucettamine B,
which was isolated from a marine sponge [22].

A superimposition of harmine, INDY (the 5-hydroxy derivative
of TGOO03, Fig. 1) and Leucettine L41 (a synthetic derivative of
Leucettamine B [22]) as bound to Dyrk1A in published cocrystal
structures revealed some common pharmacophoric features,
which were used as starting points for the design of new Dyrk1A
inhibitors (Fig. 2). Obviously, two H-bond acceptor (HBA) functions
at the molecule ends and an aromatic system connected to one HBA
were sufficient for strong binding affinity to the ATP binding cleft of
Dyrk1A. The smallest possible linker to connect two suitable moi-
eties, which preserved the planar overall geometry, was a methine
bridge. This was already present in the Leucettamine derivatives
(Fig. 1), in which the 2-aminoimidazolone carbonyl oxygen was
functioning as HBA for Lys188. Employing Claisen—Schmidt
chemistry, a large variety of different HBA ring combinations was
accessible, which were expected to have a strong impact on the
potency and selectivity profile due to differences in lipophilicity,
acidity and molecular electrostatic potentials. Since a systematic
study of the most straightforward combinations had not been done
before, we decided to synthesize and explore a set of new scaffolds
exhibiting the minimum pharmacophor features according to
Fig. 2. In order to maintain a good probability of CNS penetration,
the molecular weight was kept below 280 g/mol.

2.2. Structure-activity relationships (SAR)

First, several y-butyrolactone moieties were combined with
different benzylidene units, and the influence on potency and
selectivity was tested. The kinases chosen for the primary screening
panel were (i) frequently reported off-targets for diverse classes of
Dyrk1A inhibitors (first five kinases in Tables 1 and 2, all from the
CMGC family) [21], and (ii) kinases from more distant families (last
two in Tables 1 and 2). In this way, conclusive selectivity data were
immediately obtained.

The first synthesized compound 1 was moderately active as
Dyrk1A inhibitor (Table 1) and quite selective against our panel of
kinases. It did not appreciably inhibit Dyrk2 and showed weaker
activity even against Dyrk1B. In order to increase its activity and
selectivity, we decided to rigidify the p-methoxy-benzene into a
chromane (compound 2). This non-planar, partially saturated
system was favorable for the inhibition of Dyrk1A but less well
tolerated by Dyrk1B, resulting in increased selectivity towards
the latter isoform. This modification may take advantage — at least
indirectly — of the only difference between the ATP binding pockets
of Dyrk1A and Dyrk1B, which is the exchange of the linear side
chain of hinge region residue Met240 in Dyrk1A by a branched
leucine in Dyrk1B. Although pointing away from the ATP pocket,
the Leu side chain might restrict the flexibility of some B-sheet
residues that form the lid of the pocket to adapt to sterically more
demanding cyclic moieties. An extension of the lactone ring to a
six-membered cycle (3) or by a methyl substituent (4) confirmed
the trend that the ATP-binding pocket of Dyrk1A accepts more
bulky structures than that of Dyrk1B, as indicated by the 9 times
higher potency of 4 for Dyrk1A. Consistent with this finding, the
less bulky coumaran moiety in 5 caused a drop of the selectivity
towards Dyrk1B (compared with 2) — and particularly towards
Dyrk2 —, while the inhibition of Dyrk1A was conserved. Reintro-
ducing a methyl substituent in 6 not only recovered the selectivity
toward Dyrk1B but markedly increased the potency toward Dyrk1A
(ICs50: 0.17 uM). Thus, the potency was similar to that of harmine but
the selectivity towards Dyrk1B was considerably improved,
reaching a remarkable selectivity factor of 15.5 (cf. Table 1). The 5-
methyl substituent in 6 increased the selectivity in general, which
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Fig. 1. 2D structures of harmine, INDY and Leucettamine B.

Fig. 2. Superimposition of harmine (green), INDY (cyan) and Leucettine L41 (magenta) cocrystallized with Dyrk1A (PDB codes 3ANR, 3ANQ and 4AZE, respectively). All ligands are
bound in the ATP-binding cleft via two H-bonds, formed with Leu241-NH at the hinge region and Lys188 (indicated by the grey dashed lines). The measured ranges of the N—O
distances are given in A. Additional contacts comprise van der Waals-interactions with the side chains of Ala186, Val173 and Leu294, which mainly involve the left aromatic rings.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

became particularly evident from the negligible inhibition of the
atypical kinase haspin by 6 (43% at 5 uM) compared to 7 (75% at
5 uM) (Table 3). Haspin was reported as a notorious off-target even
for some of the most selective Dyrk1A inhibitors, including TG003
and harmine [27,33]. An extended selectivity profiling for com-
pound 6 revealed that besides Dyrk1A and Clk1, only Clk4 was
affected in our panel (Table S1, Supplementary Material). The ICsq
for Clk4 as determined by the LanthaScreen® Kinase Binding Assay
was 32 nM. However, this assay is based on the competition of the
test compound with an Alexa Fluor®—conjugated tracer compound
for binding to the ATP site, thus the ICsg is difficult to compare with
ICs0s obtained by peptide phosphorylation assays. The next most
strongly inhibited kinase was PI3Ke, with an ICs9 of 0.65 pM
(determined by a substrate phosphorylation assay in the presence
of 100 uM ATP). The PI3 lipid kinases had been included in the
screening panel for reasons stated below.

Because 6 still significantly inhibited Clk1 (and probably Clk4),
we tried to further optimize the selectivity by modifying the ben-
zylidene part of the molecule. Our strategy of including a second
oxygen atom was unsuccessful as both potency and selectivity
decreased (cf. compounds 8 and 9). Subsequently, we decided to
replace the coumaran of compound 5 by a benzothiazole moiety,

leading to a potent inhibitor (7) with dual selectivity for Dyrk1A
and CIk1. Surprisingly, our attempt to further increase the potency
and selectivity for Dyrk1A by introducing a methyl on the y-
butyrolactone ring failed (compound 10). Probably the methyl
group forced the compound into a slightly different binding
orientation, which negatively affected the H-bond interaction be-
tween the benzothiazole nitrogen and the hinge region. The
distinct behavior of compound 6 might be explained by the
different spatial orientation of the oxygen lone pairs. However, the
affinity to Clk1 was less affected, thus rendering compound 10
moderately selective for Clk1.

Our second set of compounds (Table 2) was designed by
modifying the lactone part of the molecule in order to establish
stronger interactions in the binding site and thus boost the potency.
For the first compounds, we decided to use again 4-
methoxybenzaldehyde as coupling partner, since the plain
methoxy substituent on the benzene had conferred the highest
selectivity towards Clk1 so far (cf. compounds 1 and 3 in Table 1).
The first designed compound 11 was not active, suggesting that the
combination of two carbonyls in the pyrrolidinedione was too polar
for the binding site (Table 2). Similarly, the hydantoin derivative 12
exhibited only a weak inhibitory activity toward Dyrk1A.
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Table 1
Inhibitory activity of «-benzylidene-y-butyrolactone derivatives against Dyrk1A and
selectivity profiling against a panel of selected kinases.

# Structure D1A Di1B D2 CK2 Clk1 EGFR  PKCB
(ICso, pM)*
1 9 1.81 380 >10 ni. >10 n.i. n.i.
PN
U,
2 o 0.93 6.70 >10 >10 390 >10 n.i.
Qe kf\o
3 o 1.10 580 >10 >10 7.52 ni. n.i.
PN
? ‘/ OCH,
4 Q 1.20 105 n.i. >10 437 nd. n.i.
o}/\ l\/\ocm
5 9 0.96 217 082 >10 >10 >10 n.i.
oJ ULy
6 o 0.17 264 043 >10 >10 >10 n.i.
PN
o>) l\f\o
7 5} s 0.13 105 006 >10 >10 >10 n.i.
LRV,
8 9 6 0.88 429 204 >10 >10 >10 n.i.
I
9 9 0.60 263 099 >10 >10 >10 n.i.
N
LY
10 9 1.08 168 >10 >10 017 >10 n.i.
\/ X S,

Hrm “‘Q@oem 0.13 0.18 3.00 nd. 022 nd. nd.

2 SD. < 18%, [ATP] = 100 pM; D1A = Dyrk1A, D1B = Dyrk1B, D2 = Dyrk2;
Hrm = Harmine; n.i,, no inhibition; n.d., not determined.

Nonetheless, when the NH heteroatom unit was replaced by sulfur
leading to the thiazolidinedione ring, appreciable inhibition was
observed (compound 13). Interestingly, 13 was mainly selective for
CK2, exhibiting an ICsqg of 0.17 uM. Since CK2 is known to preferably
bind acidic compounds in the ATP-binding site [34,35], the rela-
tively low pKa value of the thiazolidinedione group (reported to be
6.14 for the unsubstituted analog [36]) may account for this selec-
tivity. Indeed, the NH acidity of the CK2-inactive analog 12 is
considerably weaker (pka value: 8.9 [37]). We further explored the
effects of sulfur atoms by incorporating the rhodanine system (2-
thioxothiazolidin-4-one). This resulted in 5-fold increase in the
Dyrk1A inhibitory potency (compare compound 14 with 13), while
the CK2 inhibition remained unchanged. This was again in accor-
dance with the acidic pka of 14, which was previously reported to
be 5.8 [38]. Thus, 14 was a dual inhibitor of Dyrk1A and CK2; of
note, the overall selectivity did not drop, even though the rhoda-
nine system was frequently present in hits identified for many
different enzymes [39]. In particular, the high selectivity (23-fold)
of 14 over Clk1 was remarkable. CK2 is also believed to be involved
in the pathology of Alzheimer's disease [40—42]. Thus, 14 might
allow to evaluate whether simultaneous inhibition of Dyrk1A and
CK2 has any benefit in Alzheimer's disease models without signif-
icantly affecting Clk1.

In the course of our study, we found that the selectivity of the
rhodanine moiety was strongly modulated by the extent of the
aromatic system. The selectivity toward Dyrk1B and Dyrk2 was
reduced stepwise when the coumaran (15) and particularly the
benzothiazole (16) and quinoline (17) rings were introduced. The
resulting nanomolar inhibitors 16 and 17 were multi-targeted

Table 2
Inhibitory activity of benzylidene thioxothiazolidinone—based derivatives against
Dyrk1A and selectivity profiling against a panel of selected kinases.

A B
# A B D1A DIB D2 CK2 Clkl EGFR PKCB
(ICso, pM)?

11 [} >10 nd. nd nd nd nd nd.
ol O,
(o}

12 o 64 >10 ni ni 10 n.d. n.i.
HN
o)\ﬁ

13 o 13 52 92 017 36 ni n.i.
HNJS><
o)\S

14 025 15 >10 022 57 ni n.i

o e .
15 X 01 03 10 01 05 >10 >10
pl

16 m©:s> 0.04 0.07 020 0.06 0.1 >10 92
/

17 ‘Lm 002 0.06 006 004 02 >10 >10
e

18 o n@% 07 09 15 24 002 >10 >10
/
N

AS o N 0.03 0.08 0.1 0.02 0.07 >10 n.i.
S T
(0 7

2 SD. < 18%, [ATP] = 100 uM; D1A = Dyrk1A, D1B = Dyrk1B, D2 = Dyrk2,
AS = AS605240; n.d., not determined; n.i., no inhibition.

Table 3

Extended selectivity profiling of 6, 7, 16 and 17.
Kinase 6 7 16 17

% inhibition/(ICso [nM]€)

STK17A (DRAK1) 28%2 nd. nd. 97%P (12.8)
PIM1 19%? nd. nd. 89%P (103)
Haspin 43%2 75%? 93%P (255) 93%P (259)
PI3K-C2PB 8% 13%2 56%> 62%>
PI3K-p110-o. 84%2 (650) 90%2 98%P (2.2) 100%P (2.6)
PI3K-p110-3 73% 77% 90%P (12.4) 97%" (16.1)
PI3K-p110-y 75%2 79%2 97%" (2.3) 97%P (2.3)

2 % inhibition at 5 pM; ® % inhibition at 1 uM; *® shown are mean values of two
different measurements performed in duplicates (S.D. < 2.5%); € data were calcu-
lated based on mean values of duplicates that differed by less than 7%.

within the CMGC kinase family, but not promiscuous, since PKCB
and EGFR kinase were not affected.

Because the benzothiazole moiety in 16 generated a moderate
selectivity over Dyrk2, it was also combined with thiohydantoin
(cpd. 18) to test whether this favorable inhibitory profile and the
potency of the rhodanine analog 16 might be retained. While the
activities against Dyrk1A and CK2 dropped, compound 18 displayed
an impressive selectivity for Clk1 (35 fold over Dyrk1A). Thus, our
scaffold diversification identified thiohydantoin as a novel moiety
mediating strong and selective affinity for Clk1.

Because of the obvious structural similarity of our compounds
16 and 17 with the thiazolidinedione AS605240 (Table 2), which
was previously described as a rather selective PI3Ky inhibitor (ICsp:
8 nM) [43], it was straightforward to enlarge our panel of screened
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kinases by some of the PI3K isoforms; in turn, we tested AS605240
against our kinase targets. Indeed, AS605240 turned out to be a
nanomolar inhibitor of Dyrk1A and CK2 as well (Table 2), and not
surprisingly, both 16 and 17 were highly active against PI3Ky and—a
(Table 3). Compound 17 was slightly more selective than 16,
exhibiting lower activity toward PI3Kd and Clk1 (Tables 2 and 3; see
also extended screening in Table S1, Supplementary Material). Of
note, both for 16 and 17, a reduced activity against the atypical
kinase haspin was noted (Table 3), corroborating that the rhodanine
moiety does not a priori confer non-specific behavior. Collectively,
we identified CK2a, Clk1, STK17A and PI3Ka/y as additional targets
for 16 and 17 (Tables 2 and 3 and S1), of which, however, PI3Ka/y
turned out to be most potently inhibited. Literature data on the
pathogenic roles of these kinases in glioma suggest that they can all
be considered as potential targets in this brain malignancy
(Table S2, Supplementary Material). In light of this, the compounds
presented here might display a favorable profile as multi-target
agents for the treatment of glioma. Indeed, we found that 16, 17
and AS605240 inhibited the growth of U87MG glioma cells with
submicromolar ICsps, being more potent than the rather Dyrk1A/
1B—selective reference compound harmine (Table S3,
Supplementary Material).

To the best of our knowledge, this is the first report showing that
AS605240 is a strong inhibitor of Dyrk1A, CK2 and Clk1, and that
dual inhibitors of PI3 lipid kinases and protein kinases can be
developed. However, inhibition of multiple kinases might be
associated with severe side effects. In this regard, it is noteworthy
that AS605240, which exhibits an in vitro inhibitory profile similar
to 16 and 17, found a widespread use in many murine models of
inflammatory diseases, including rheumatoid arthritis, systemic
lupus erythematosus, atherosclerosis, colitis, liver fibrosis and
pulmonary fibrosis [44—46]. No signs of toxicity were observed in
any of these studies, even though some used high oral dosage, e. g.,
50 mg/kg twice per day over 14 days [44]. Moreover, in a Xxenograft
model using PI3Ky—expressing neuroblastoma cells in SCID mice,
AS605240 effectively suppressed tumor growth at 20 mg/kg [47]. In
the light of our findings — although the inhibition of PI3Ky may
account for a large part of the observed therapeutic effects — it is
fair to ask retrospectively what contribution was made by the in-
hibition of the kinase targets that were identified for AS605240 in
our screening, Dyrk1A, CK2a and Clk1. At any rate, the absence of
toxic effects of AS605240 proves that in rodents, multi-targeted
inhibitions involving even a pleiotropic kinase such as CK2, are
not harmful to the organism, at least in short-term treatments.

Having discovered new Dyrk1A inhibitory scaffolds with diverse
selectivity profiles, we were interested to evaluate their potency to
inhibit the Dyrk1A—catalyzed tau phosphorylation in intact cells.
To this end, we used a HEK293 cell line which overexpressed both
Dyrk1A and human tau protein. Under the chosen conditions,
phosphorylation of tau at Thr212 is solely dependent on the Dyrk1A
activity [48]. Testing of the most potent Dyrk1A inhibitors from
Tables 1 and 2, 6, 7,16 and 17, along with AS605240, revealed that
the tau phosphorylation was suppressed at low micromolar and
sub-micromolar concentrations (Fig. 3). There was no obvious
correlation with the inhibitory activities of the compounds against
purified Dyrk1A, since the most potent compounds in the cell free
assay, 16,17 and AS506240 were inferior to harmine and compound
7. Probably the distinct physicochemical properties of the scaffolds
accounted for variable degrees in cell permeability and further
pharmacokinetic properties. The high cellular potency of 7 was
encouraging, suggesting that benzothiazolylmethylene-y-butyr-
olactone might be a suitable core structure for the development of
novel therapeutic agents against Alzheimer's disease and also
against diseases involving abnormal pre-mRNA splicing, since Clk1
was strongly co-inhibited by 7 in the cell free assay (Table 1). Given

the low molecular weight (231.3 g/mol), the small polar surface
area (tPSA = 38.66 A2) and the absence of H-bond donors, the
compound fulfills the major criteria for CNS availability [31].

However, most of our new scaffolds exhibited two metabolically
weak spots, which might impede in vivo applications. One was the
lactone ring structure, which might be hydrolyzed by esterases
present in the serum and/or cells, and the other one was the po-
tential Michael acceptor motif, which may also have toxicological
implications. The Michael-type acceptor reactivity of some of the
scaffolds disclosed as kinase inhibitors in this study, including 5-
benzylidene thiazolidinediones, hydantoins, thiohydantoins and
rhodanines, had been analyzed previously by Arsovska et al. [49].
The authors found that the 5-benzylidene five-membered oxo-
heterocycles revealed almost insignificant reactivity toward cyste-
amine as an exemplary biological nucleophile.

Hydrolytic instability was mainly a concern for the lactone de-
rivatives in Table 1. Therefore we decided to test the stability of
some selected compounds in rat plasma. As reference compounds,
diltiazem and N-acetyl-i-phenylalanine ethyl ester were chosen,
possessing a plasma-stable [50] and a labile ester function [51],
respectively. As can be seen from Table 4, all analyzed compounds
exhibited a long half-life in rat plasma, similar to or better than that
of diltiazem (tq/2 = 125 min), indicating a high metabolic stability in
plasma. In contrast, N-acetyl-i-phenylalanine ethyl ester was
completely metabolized within a few minutes, as it was expected.
Thus, it can be concluded that the lactone and lactam rings of our
compounds are not hydrolyzed by plasma enzymes.

3. Conclusions

Systematic variation of benzylidene—coupled heterocycles,
differing in acceptor strength, lipophilicity and electrostatic po-
tential, was highly effective to generate new scaffolds with different
kinase selectivities and potencies, while keeping the molecular
weight below 280 g/mol. Although we could not provide experi-
mental evidence for a blood—brain—barrier penetration of our in-
hibitors within the scope of this study, the close structural
similarity to some benzylidene derivatives previously reported to
be brain—permeable suggests that at least some of our lead com-
pounds might share this property, including the benzylidene
hydantoins (similar to compound 28 in Ref. [52]) and the thiazo-
lidinediones that are structurally similar to AS605240 [53].

With respect to novel agents against neurodegenerative dis-
eases, compound 7 displayed the most promising activity in our
cell-based tau phosphorylation assay. In a cytotoxicity assay, 7 was
not toxic toward HEK293 cells at concentrations up to 20 uM (data
not shown). The compound might be useful as a tool to further
explore the effects of co-inhibition of Dyrk1A and Clk1/4 on the
pathogenic mechanisms of Alzheimer's disease. Other compounds,
such as 3 and 4, were not very potent but showed an appreciable
selectivity towards Dyrk1B and Clk1. These compounds might be
considered as elaborated, selective fragments with still good ligand
efficiencies (0.55 and 0.54, respectively). In order to optimize the
potency, they might be extended analogously to the leucettines,
through functionalization e. g., at position 5 of the y-butyrolactone
in 4.

Within our panel of frequent off-target kinases for Dyrk1A in-
hibitors, the thiazolidinedione 13 and thiohydantion 18 were se-
lective for CK2, probably because of their elevated acidity. The
presence of thione sulfur in the five-membered ring generally
increased the potency, however, mostly at the expense of selec-
tivity. The loss of selectivity remained limited when the aromatic
portion of the benzylidene moiety was restricted to a single ring (cf.
compounds 14 and 16). Upon introducing a bicyclic aromatic sys-
tem, however, the selectivity toward Dyrk1B, Dyrk2 and CK2 was
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Cpd 6 7 16 17 AS Harmine | DMSO
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Fig. 3. Inhibition of Dyrk1A—catalyzed tau-Thr212 phosphorylation in stably transfected HEK293 cells. The test compounds, DMSO or the reference inhibitor harmine [54] were
added to the cell medium and the Dyrk1A expression induced as described. After immunoblotting of the total cell proteins, the level of phospho-tau-Thr212 was detected using a
phosphospecific antibody. To normalize the signals, total recombinant GFP-tau protein was quantified on the same blot using an anti-GFP antibody (fluorescence image converted to
grey scales). Initial screenings were performed at 1 uM compound concentrations (lower panel; one representative experiment out of two is shown). ?ICs, values were determined
after cell treatment with different concentrations in triplicates, referring to the signal derived from DMSO—treated cells as 100%. Values represent averages from at least two

independent determinations (+S.D.); AS, AS605240.

Table 4
Metabolic stability in rat plasma.

Compound t1,2 in rat plasma [min]*
6 >120°

5 >120°

7 186

16 101

Diltiazem 125
N-acetyl--phenylalanine ethyl ester <5

2 Mean values from two experiments, S.D. < 17%.
> No degradation detected after 120 min.

abolished, yielding potent, multi-targeted inhibitors with
enhanced anti-proliferative effect on the U87MG glioma cell line
(Table S3, Supplementary Material). Interestingly, this class of
compounds included the widely studied AS605240, formerly re-
ported as rather selective PI3Ky inhibitor. Altogether, our results
showed that inhibitors which simultaneously target PI3 kinases
and oncogenic protein kinases can be developed, with potential
benefit in anti-cancer applications.

4. Methods
4.1. Chemistry. Synthesis of the key compounds 6, 16 and 17

4.1.1. Synthesis of (E)-3-((2,3-dihydrobenzofuran-5-yl)methylene)-
5-methyldihydrofuran-2(3H)-one (6)

To a solution of NaH in dry toluene (0.162 g, 4.05 mmol), a so-
lution of the d-valerolactone (0.324 g, 3.24 mmol, 0.309 mL) was
added, and the mixture stirred overnight at room temperature. On
the next day, the mixture was cooled in an ice bath and 2,3-
dihydrobenzo-furan-5-carboxaldehyde (0.300 g, 2.025 mmol) dis-
solved in dry toluene was added dropwise. The temperature was
slowly increased to reflux until the starting materials were
consumed. After cooling down, a solution of 10% H,SO4 was added
and the solution stirred at room temperature for few minutes. Then
10 mL of water were added and the mixture extracted 3 times with
ethyl acetate (10 mL). The organic phase was washed with brine
and dried over NapSO4. After evaporating the solvent in vacuo,
crude product was purified the column chromatography. Yield:
31%. Mp: 131 °C. 'H NMR (500 MHz, DMSO-dg) ¢ ppm 1.36 (d,
J = 6.31 Hz, 3H) 2.72-2.84 (m, 1H) 3.23 (t, ] = 8.67 Hz, 2H)
3.33—3.40 (m, 1H) 4.60 (t, ] = 8.67 Hz, 2H) 4.69—4.79 (m, 1H) 6.87
(d, J = 8.20 Hz, 1H) 7.35 (s, 1H) 7.37—7.41 (m, 1H) 751 (s, 1H). 3C
NMR (126 MHz, DMSO-dg) 6 ppm 22.03 (s, 1C) 28.66 (s, 1C) 34.63 (s,
1C) 71.66 (s, 1C) 73.64 (s, 1C) 109.37 (s, 1C) 122.20 (s, 1C) 126.72 (s,
1C) 12718 (s, 1C) 128.47 (s, 1C) 131.34 (s, 1C) 135.15 (s, 1C) 161.17 (s,
1C) 171.65 (s, 1C). LC-MS (ESI): m/z MH* = 231.

General procedure A: rhodanine or hydantoine (1 eq), the cor-
responding aldehyde (1 eq) and sodium acetate (3 eq) were dis-
solved in 5 mL of acetic acid and the solution heated at 110 °C, if
necessary under microwave conditions (130 W for ~10 min). After
cooling, the precipitate was filtered off, washed to remove all the
acetic acid and dried in vacuo. The reaction has been described in
Mendgen et al. [39] to be stereospecific producing the Z-isomer as
confirmed by the single peak in the HPLC.

4.1.2. Synthesis of (Z)-5-(benzo[d]thiazol-6-ylmethylene)-2-
thioxothiazolidin-4-one (16)

Rhodanine (0.254 g, 1.84 mmol), 1,3-benzothiazole-6-
carbaldehyde (0.300 g, 1.84 mmol) and sodium acetate (0.452 g,
5.51 mmol) were used following the general procedure A described
above. Yield: 2%. Mp: > 300 °C. 'H NMR (500 MHz, DMSO-dg) 6 ppm
7.76 (d, ] = 8.51 Hz, 1H) 7.78 (s, 1H) 8.21 (d, ] = 8.51 Hz, 1H) 8.47 (s,
1H) 9.50—9.58 (m, 1H) 13.88 (br. 5., 1H). *C NMR (126 MHz, DMSO-
ds) 0 ppm 123.74 (s, 1C) 125.09 (s, 1C) 125.97 (s, 1C) 128.30 (s, 1C)
130.26(s,1C) 131.13 (s, 1C) 134.94 (5,1C) 153.93 (5, 1C) 159.56 (s, 1C)
169.43 (s, 1C) 195.71 (s, 1C). LC-MS (ESI): m/z MH*" = 279.

4.1.3. Synthesis of (Z)-5-(quinolin-6-ylmethylene)-2-
thioxothiazolidin-4-one (17)

Rhodanine (0.254 g, 1.909 mmol), 6-quinoline-carbaldehyde
(0.300 g, 1.909 mmol) and sodium acetate (0.470 g, 5.73 mmol)
were used following the general procedure A described above.
Yield: 90%. Mp: >300 °C. '"H NMR (500 MHz, DMSO-ds) 6 ppm 7.62
(dd,J = 8.35,4.26 Hz, 1H) 7.82 (s, 1H) 7.95 (dd, ] = 8.83, 2.21 Hz, 1H)
8.13 (d, ] = 8.83 Hz, 1H) 8.24 (d, ] = 2.21 Hz, 1H) 8.52—8.56 (m, 1H)
8.98 (dd, J = 4.26, 1.73 Hz, 1H) 13.69—14.22 (m, 1H). 3C NMR
(126 MHz, DMSO-dg) 6 ppm 122.53 (s, 1C) 126.93 (s, 1C)
127.13-128.39 (m, 1C) 130.06 (s, 1C) 130.25—-130.44 (m, 1C)
130.55—130.76 (m, 1C) 131.03 (s, 1C) 131.15 (s, 1C) 136.95 (s, 1C)
147.74 (5,1C) 152.34 (s, 1C) 169.45 (s, 1C) 195.72 (s, 1C) LC-MS (ESI):
mjz MH" = 273.

4.2. Biology

4.2.1. Kinase assay

Inhibition assays for Dyrk1A, Dyrk1B, Dyrk2, CK2alpha, Clk1,
EGFR and PKCP were performed using purified recombinant kinase
protein in the presence of 100 uM ATP as described previously [29].

4.2.2. HEK293-tau-Dyrk1A cell assay

The cell line was developed, and the assays for the inhibition of
cellular Dyrk1A activity were performed as described previously
[48]. In brief, HEK293-tau-Dyrk1A cells which stably overexpress
EGFP-fused human full length tau  protein  and
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tetracycline—inducible EGFP—fused Dyrk1A were grown in 12-well
plates to 70% confluency; then tetracycline (0.3 pg/mL) and test
compounds were added from stock solutions. The next day, the
cells were lysed and the lysates analyzed by immunoblotting using
an anti-phospho-tau-Thr212 antibody (pT212, Life Technologies
GmbH, Cat No. 444-740 g, dil. 1:1000) and a mouse anti-GFP
antibody (Life Technologies GmbH, Cat. No. 33—2600, dil. 1:1000)
for normalization of the signals. After incubation with dye-labeled
secondary antibodies, the signals for pT212 and EGFP were simul-
taneously detected using an Odyssey infrared imager (LI-COR).
Fig. 3 shows the image converted to grey scales.

4.2.3. Metabolic stability tests in rat plasma

The test or reference compounds (1 pM) were incubated with
rat plasma (pooled, heparinized) at 37 °C for 0, 5, 15, 30, 60, and
120 min. The incubation was stopped by precipitation of plasma
proteins with 5 volumes of cold acetonitrile containing an internal
standard, and the remaining compound concentration was
analyzed by LC-MS/MS. N-Acetyl-L-phenylalanine ethyl ester (Cat.
No. A4251) and diltiazem hydrochloride (Cat. No. D2521) were from
Sigma.

4.24. Calculation of ligand efficiency

The calculations were done by dividing the Gibbs free energy of
binding by the number of non-hydrogen atoms. K; values were
calculated from the ICsps using the Cheng-Prussoff equation. The
Kwm value of our Dyrk1A preparation for ATP was previously deter-
mined to be 64 uM [29].
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B1l. Chemistry

B1.1. General Chemical Methods
All chemical starting materials purchased from Sigma-Aldrich, Acros Organics, CombiBlocks, and

Alfa Aesar were directly used without further purification.

Column chromatography was performed on silica gel (70-200 um) and reaction progress was
monitored by TLC on ALUGRAM SIL G/UV254 (Macherey-Nagel) employing UV detection.

Mass spectrometry was performed on a TSQ® Quantum (ThermoFisher, Dreieich, Germany). The
triple quadrupole mass spectrometer was equipped with an electrospray interface (ESI). The purity
of the compounds was assessed by LC/MS. The Surveyor®-LC-system consisted of a pump, an auto
sampler, and a PDA detector. The system was operated by the standard software Xcalibur®. An RP
C18 NUCLEODUR® 100-5 (3 mm) column (Macherey—-Nagel GmbH, Diihren, Germany) was used as
stationary phase. All solvents were HPLC grade. In a gradient run the percentage of acetonitrile was
increased from an initial concentration of 0% at 0 min to 100% at 15 min and kept at 100% for
5 min. The injection volume was 15 pL and the flow rate was set to 800 puL/min. MS analysis was
carried out at the needle voltage of 3000V and the capillary temperature of 350 °C. Mass spectra
were acquired in positive mode from 100 to 1000 m/z and UV spectra were recorded at the wave

length of 254 nm and in some cases at 360 nm.

'H and 3C NMR spectra were recorded on either a Bruker DRX-500 (*H, 500 MHz; **C, 126 MHz)
instrument at 500 K or on a Bruker Fourier300 (*H, 300 MHz; *3C, 75MHz) NMR spectrometer at
300 K in the deuterated solvents indicated. Signals are described as br (broad), s (singlet), d
(doublet), t (triplet), dd (doublet of doublets), ddd (doublet of doublet of doublets), dt (doublet of

triplets) and m (multiplet). All coupling constants (J) are given in Hertz (Hz)

Melting points (mp) were measured in open capillaries on a Stuart Scientific SMP3 apparatus and

are uncorrected.

All tested compounds exhibited >95% chemical purity as measured by HPLC/MS.

Although the stereoselectivity was not controlled, all compounds showed only one peak in the
HPLC/MS analysis, suggesting that only one E/Z isomer was formed. It was previously shown that
the synthesis of compounds 3 and 4, according to the employed method, generated exclusively the

Zisomer.%?

o1



B1.2. Synthesis and Compound Characterization

(E)-3-(4-methoxybenzylidene)dihydrofuran-2(3H)-one (1)

A total of 0.854 mmol of 4-iodoanisole, 1.28 mmol of a-methylene-y-butyrolactone, 2.56 mmol of AcOK and
0.047 mmol of Pd,Cl,dppf were dissolved in 2mL of DMF, and the mixture was stirred under nitrogen at 80°C
for ~3h. After it was cooled, the reaction mixture was washed with a mixture of ethyl acetate and saturated
acqueous NaHCOs. The phases were separated, and the combined organic phases were dried over Na,SOs.
After removal of the solvent, the crude product was purified by column chromatography. The crude product

corresponding to the main spot on TLC was treated with ethyl ether and filtered (3 times).

Yield: 23%. Mp: 124°C. *H NMR (CDCl): & 3.21 (td, J = 3, J= 7 Hz, 2H), 3.84 (s, 3H), 4.44 (t, J = 7.5 Hz, 2H),
6.95 (dd, J=2,J =7 Hz, 2H), 7.45 (dd, J = 2, J = 6.5 Hz, 2H), 7.52 ppm (t, 1H). *C NMR (CDCl5): & 27.39, 55.40,
65.30, 114.44, 118.93, 120.63, 127.48, 131.80 ppm. LC-MS (ESI): m/z MH*= 205.

Synthesis of (E)-3-(chroman-6-ylmethylene)-5-methyldihydrofuran-2(3H)-one (2)

The solution of chroman-6-carbaldehyde (0.250 g, 1.54 mmol) and y-butyrolactone (0.133 g, 0.119 ml, 1.54
mmol) in ethanol was added drop by drop to a solution of NaOEt (0.252 g, 3.70 mmol) in ethanol in a ice-
cooled bath. The mixture was stirred increasing slowly the temperature to 50°C, if necessary under
microwave conditions (130W for ~10 minutes). Cool down and filter the precipitate, washing 3 times with

ethanol. Purify by chromatography, if necessary.

Yield: 4%. Mp: 160°C. *H NMR (500 MHz, CHLOROFORM-d) & ppm 2.01 - 2.08 (m, 2 H) 2.83 (t, J=6.31 Hz, 2 H)
3.22 (td, J=7.33, 3.00 Hz, 2 H) 4.22 - 4.27 (m, 2 H) 4.43 - 4.49 (m, 2 H) 6.85 (d, J=8.51 Hz, 1 H) 7.19 - 7.22 (m,
1 H) 7.29 (d, J=2.21 Hz, 1 H) 7.49 (t, J=2.84 Hz, 1 H). **C NMR (126 MHz, CHLOROFORM-d) & ppm 22.03 (s, 1
C) 24.90 (s,1C) 27.43(s,1C) 65.28 (s, 1 C) 66.84 (s, 1 C) 117.40 (s, 1 C) 120.15 (s, 1 C) 122.70 (s, 1 C) 126.93
(s,1C) 129.24 (s, 1 C) 132.44 (s, 1 C) 136.69 (s, 1 C) 156.58 (s, 1 C) 172.96 (s, 1 C). LC-MS (ESI): m/z MH'=
231.

Synthesis of (E)-3-(4-methoxybenzylidene)tetrahydro-2H-pyran-2-one (3)

To a solution of NaH in toluene dry (0.00116 g, 2.94 mmol) add a solution of the §-valerolactone (0.472 g,
0.420 mL, 4.70 mmol) and stir it at room temperature overnight. On the further day, add the 4-
methoxybenzaldehyde (0.400 g, 0.356 mL, 2.94 mmol) dissolved in toluene dry drop by drop in an ice cooled
bath. Slowly increase the temperature to reflux until the starting materials are consumed. Cool down, add a

solution of H,SO, 10% and stir at room temperature for few minutes. Add 10 mL of water and extract 3
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times with ethyl acetate (10 mL). Wash the last time with brine and dry the organic phases on Na,SO,. After

evaporating the solvent in vacuo, purify the crude product by chromatography.

Yield: 48%. Mp: 105°C. *H NMR (500 MHz, CHLOROFORM-d) & ppm 1.92 - 2.02 (m, 2 H) 2.86 (td, J=6.54, 2.36
Hz, 2 H) 3.83 (s, 3 H) 4.33 - 4.40 (m, 2 H) 6.90 - 6.96 (m, 2 H) 7.41 (d, J=8.51 Hz, 2 H) 7.86 (s, 1 H). **C NMR
(126 MHz, CHLOROFORM-d) & ppm 23.01 (s, 1 C) 26.03 (s, 1 C) 55.35 (s, 1 C) 68.46 (s, 1 C) 85.15 (s, 1 C)
114.06 (s, 2 C) 122.09 - 125.20 (m, 1 C) 127.74 (s, 1 C) 131.27 - 133.48 (m, 3 C) 141.41 (s, 1 C). LC-MS (ESI):
m/z MH" = 2109.
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Synthesis of (E)-2-(4-methoxybenzylidene)cyclopentanone (4)

To a solution of NaH in toluene dry (0.0705 g, 2.94 mmol) add a solution of the y-valerolactone (0.471 g,
0.448 mL, 4.70 mmol) and stir it at room temperature overnight. On the further day, add the 4-
methoxybenzaldehyde (0.400 g, 0.356 mL, 2.94 mmol) dissolved in toluene dry drop by drop in an ice cooled
bath. Slowly increase the temperature to reflux until the starting materials are consumed. Cool down, add a
solution of H,SO,4 10% and stir at room temperature for few minutes. Add 10 mL of water and extract 3
times with ethyl acetate (10 mL). Wash the last time with brine and dry the organic phases on Na,SO,. After

evaporating the solvent in vacuo, purify the crude product by chromatography.
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Yield: 52%. Mp: 87°C. *H NMR (500 MHz, CHLOROFORM-d) & ppm 1.45 (d, J=6.31 Hz, 3 H) 2.70 - 2.79 (m, 1 H)
3.33 (ddd, J=17.18, 7.88, 2.68 Hz, 1 H) 3.84 (s, 3 H) 4.68 - 4.78 (m, 1 H) 6.90 - 6.97 (m, 2 H) 7.40 - 7.45 (m, 2
H) 7.49 (t, J=2.84 Hz, 1 H). *C NMR (126 MHz, CHLOROFORM-d) & ppm 22.42 (s, 1 C) 35.25 (s, 1 C) 55.38 (s, 1
C) 73.87 (s, 1 C) 114.38 (s, 2 C) 122.03 (s, 1 C) 127.50 (s, 1 C) 131.72 (s, 2 C) 136.26 (s, 1 C) 160.81 (s, 1 C)
172.40 (s, 1 C). LC-MS (ESI): m/z MH" = 219.
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Synthesis of (E)-3-((2,3-dihydrobenzofuran-5-yl)methylene)dihydrofuran-2(3H)-one (5)

The solution of 2,3-dihydro-benzofuran-5-carboxaldehyde (0.300 g, 0.255 ml, 2.02 mmol) and vy-
butyrolactone (0.174 g, 0.156 ml, 2.02 mmol) in ethanol was added drop by drop to a solution of NaOEt
(0.275 g, 4.04 mmol) in ethanol in a ice-cooled bath. The mixture was stirred increasing slowly the
temperature to 50°C, if necessary under microwave conditions (130W for ~10 minutes). Cool down and filter

the precipitate, washing 3 times with ethanol. Purify by chromatography, if necessary.

Yield: 4%. Mp: n.d. *H NMR (500 MHz, CHLOROFORM-d) & ppm 3.15 (td, J=7.39, 2.89 Hz, 2 H) 3.19 (t, J=8.68
Hz, 2 H) 4.39 (t, J=7.31 Hz, 2 H) 4.58 (t, J=8.83 Hz, 2 H) 6.78 (d, J=8.22 Hz, 1 H) 7.24 (d, J=8.22 Hz, 1 H) 7.29 (s,
1 H) 7.45 (t, J=2.89 Hz, 1 H). *C NMR (126 MHz, CHLOROFORM-d) & ppm 27.52 (s, 1 C) 29.34 (s, 1 C) 65.26 (s,

o4



1C) 71.88 (s, 1 C) 109.88 (s, 1 C) 119.83 (s, 1 C) 126.90 (s, 1 C) 127.58 (s, 1 C) 128.11 (s, 1 C) 131.24 (s, 1 C)
136.90 (s, 1 C) 161.59 - 161.91 (m, 1 C) 172.98 (s, 1 C). LC-MS (ESI): m/z MH'= 217.

Synthesis of (E)-3-((2,3-dihydrobenzofuran-5-yl)methylene)-5-methyldihydrofuran-2(3H)-one (6)

To a solution of NaH in toluene dry (0.162 g, 4.05 mmol) add a solution of the y-valerolactone (0.324 g, 3.24
mmol, 0.309 mL) and stir it at room temperature overnight. On the further day, add the 2,3-dihydrobenzo-
furan-5-carboxaldehyde (0.300 g, 2.025 mmol) dissolved in toluene dry drop by drop in an ice cooled bath.
Slowly increase the temperature to reflux until the starting materials are consumed. Cool down, add a
solution of H,SO,4 10% and stir at room temperature for few minutes. Add 10 mL of water and extract 3
times with ethyl acetate (10 mL). Wash the last time with brine and dry the organic phases on Na,SO,. After

evaporating the solvent in vacuo, purify the crude product by chromatography.

Yield: 31%. Mp: 131°C.*"H NMR (500 MHz, DMSO-ds) & ppm 1.36 (d, J=6.31 Hz, 3 H) 2.72 - 2.84 (m, 1 H) 3.23
(t, J=8.67 Hz, 2 H) 3.33- 3.40 (m, 1 H) 4.60 (t, J=8.67 Hz, 2 H) 4.69 - 4.79 (m, 1 H) 6.87 (d, J=8.20 Hz, 1 H) 7.35
(s, 1 H) 7.37 - 7.41 (m, 1 H) 7.51 (s, 1 H). **C NMR (126 MHz, DMSO-ds) & ppm 22.03 (s, 1 C) 28.66 (s, 1 C)
34.63 (s, 1C) 71.66 (s, 1 C) 73.64 (s, 1 C) 109.37 (s, 1 C) 122.20 (s, 1 C) 126.72 (s, 1 C) 127.18 (s, 1 C) 128.47
(s,1C)131.34(s,1C) 135.15 (s, 1 C) 161.17 (5, 1 C) 171.65 (s, 1 C). LC-MS (ESI): m/z MH"= 231.
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Synthesis of (E)-3-(benzo[d]thiazol-6-ylmethylene)dihydrofuran-2(3H)-one (7)

To a solution of NaH in toluene dry (0.146 g, 6.1 mmol) add a solution of the y-butyrolactone (0.253 g, 2.94
mmol, 0.226 mL) and stir it at room temperature overnight. On the further day, add the 1,3-benzothiazole-
6-carbaldehyde (0.300 g, 1.83 mmol) dissolved in toluene dry drop by drop in an ice cooled bath. Slowly
increase the temperature to reflux until the starting materials are consumed. Cool down, add a solution of
H,SO, 10% and stir at room temperature for few minutes. Add 10 mL of water and extract 3 times with ethyl
acetate (10 mL). Wash the last time with brine and dry the organic phases on Na,SO,. After evaporating the

solvent in vacuo, purify the crude product by chromatography.

Yield: 33%. Mp: 176°C.*H NMR (300 MHz, CHLOROFORM-d) & ppm 3.35 (td, J=7.22, 2.89 Hz, 2 H) 4.53 (t,
J=7.26 Hz, 2 H) 7.68 (dd, =8.75, 1.68 Hz, 1 H) 7.72 (t, J=2.89 Hz, 1 H) 8.12 (d, J=1.49 Hz, 1 H) 8.20 (d, J=8.75
Hz, 1 H) 9.09 (s, 1 H). **C NMR (75 MHz, CHLOROFORM-d) & ppm 27.53 (s, 1 C) 65.40 (s, 1 C) 123.71 (s, 1 C)
123.97 (s, 1 C) 124.27 (s, 1 C) 127.77 (s, 1 C) 132.33 (s, 1 C) 134.66 (s, 1 C) 135.91 (s, 1 C) 153.81 (s, 1 C)
155.96 (5, 1 C) 172.22 (s, 1 C). LC-MS (ESI): m/z MH'= 232.
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Synthesis of (E)-3-((2,3-dihydrobenzo[b][1,4]dioxin-6-yl)methylene)dihydrofuran-2(3H)-one (8).

To a solution of NaH in toluene dry (0.146 g, 6.1 mmol) add a solution of the y-butyrolactone (0.252 g, 0.225
mL, 2.9 mmol) and stir it at room temperature overnight. On the further day, add the 1,4-benzodioxan-6-
carbaldehyde (0.300 g, 1.8 mmol) dissolved in toluene dry drop by drop in an ice cooled bath. Slowly
increase the temperature to reflux until the starting materials are consumed. Cool down, add a solution of
H,SO, 10% and stir at room temperature for few minutes. Add 10 mL of water and extract 3 times with ethyl
acetate (10 mL). Wash the last time with brine and dry the organic phases on Na,SO,. After evaporating the

solvent in vacuo, purify the crude product by chromatography.

Yield: 19%. Mp: 188°C. *H NMR (300 MHz, CHLOROFORM-d) & ppm 3.22 (td, J=7.33, 2.84 Hz, 2 H) 4.28 - 4.38
(m, 4 H) 4.47 (t,J=7.31 Hz, 2 H) 6.89 - 6.98 (m, 1 H) 6.99 - 7.09 (m, 2 H) 7.48 (t, J=2.89 Hz, 1 H). **C NMR (126
MHz, CHLOROFORM-d) & ppm 23.07 (s, 1 C) 59.93 (s, 1 C) 60.30 (s, 1 C) 61.05 (s, 1 C) 113.50 (s, 1 C) 114.35
(5,1C)117.00 (s, 1 C) 119.98 (s, 1 C) 124.05 (s, 1 C) 132.03 (s, 1 C) 139.35 (s, 1 C) 140.98 (s, 1 C) 168.47 (s, 1
C). LC-MS (ESI): m/z MH" = 233.

Synthesis of (E)-3-(benzo[d][1,3]dioxol-5-ylmethylene)dihydrofuran-2(3H)-one (9).

Step 1. A solution of piperonyl alcohol (1 g, 6.6 mmol) in dry dichloromethane (10 ml) was added to a
solution of Dess-Martin reagent (3.35 g, 7.9 mmol) in dichloromethane (10 ml) at 0°C . The reaction was
stirred at room temperature for about 72 hours. After a filtration on celite, the organic solution was
extracted 3 times with water. The organic layers were dried on Na,SO, and the solvent was evaporated in

vacuo, obtaining a brown solid (benzo[d][1,3]dioxole-5-carbaldehyde).

Yield: 96%. Mp: 44°C. *H NMR (500 MHz, CHLOROFORM-d) & ppm 6.06 (s, 2 H) 6.91 (d, J=7.88 Hz, 1 H) 7.32
(d, J=1.58 Hz, 1 H) 7.39 (dd, J=7.88, 1.58 Hz, 1 H) 9.79 (s, 1 H). *C NMR (126 MHz, CHLOROFORM-d) & ppm
102.09 (s, 1 C) 106.92 (s, 1 C) 108.34 (s, 1 C) 128.66 (s, 1 C) 131.87 (s, 1 C) 148.70 (s, 1 C) 153.09 (s, 1 C)
190.28 (s, 1 C). LC-MS (ESI): m/z MH" = 151.
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Step 2. To a solution of NaH in toluene dry (0.144 g, 6.0 mmol) add a solution of the y-butyrolactone (0.275
g, 0.246 mL, 3.2 mmol) and stir it at room temperature overnight. On the further day, add the
benzo[d][1,3]dioxole-5-carbaldehyde (0.300 g, 2 mmol) obtained from Step 1, dissolved in toluene dry drop
by drop in an ice cooled bath. Slowly increase the temperature to reflux until the starting materials are
consumed. Cool down, add a solution of H,SO, 10% and stir at room temperature for few minutes. Add 10
mL of water and extract 3 times with ethyl acetate (10 mL). Wash the last time with brine and dry the
organic phases on Na,SO,. After evaporating the solvent in vacuo, purify the crude product by

chromatography.

Yield: 26%. Mp: 162°C. *H NMR (500 MHz, CHLOROFORM-d) & ppm 3.14 (td, J=7.31, 2.74 Hz, 2 H) 4.39 (t,
J=7.31Hz, 2 H) 5.96 (s, 2 H) 6.79 - 6.84 (m, 1 H) 6.92 (d, J=1.83 Hz, 1 H) 6.97 (dd, J=8.22, 1.52 Hz, 1 H) 7.42 (t,
J=2.89 Hz, 1 H). **C NMR (126 MHz, CHLOROFORM-d) & ppm 27.39 (s, 1 C) 65.27 (s, 1 C) 101.64 (s, 1 C)
108.81 (s, 1 C) 108.99 (s, 1 C) 121.18 (s, 1 C) 125.99 (s, 1 C) 129.04 (s, 1 C) 136.49 (s, 1 C) 148.27 (s, 1 C)
149.07 (s, 1 C) 172.63 (s, 1 C). LC-MS (ESI): m/z MH* = 219.

Synthesis of (E)-3-(benzo[d]thiazol-6-yImethylene)-5-methyldihydrofuran-2(3H)-one (10)

To a solution of NaH in toluene dry (0.147 g, 3.68 mmol) add a solution of the y-valerolactone (0.294 g, 2.94
mmol, 0.280 mL) and stir it at room temperature overnight. On the further day, add the 1,3-benzothiazole-
6-carbaldehyde (0.300 g, 1.84 mmol) dissolved in toluene dry drop by drop in an ice cooled bath. Slowly
increase the temperature to reflux until the starting materials are consumed. Cool down, add a solution of
H,SO, 10% and stir at room temperature for few minutes. Add 10 mL of water and extract 3 times with ethyl
acetate (10 mL). Wash the last time with brine and dry the organic phases on Na,SO,. After evaporating the

solvent in vacuo, purify the crude product by chromatography.

Yield: 13%. Mp: oil. *H NMR (300 MHz, CHLOROFORM-d) & ppm 1.53 (d, J=6.33 Hz, 3 H) 2.90 (m, J=7.82, 6.15,
5.22,2.79 Hz, 1 H) 3.42 - 3.54 (m, 1 H) 4.77 - 4.88 (m, 1 H) 7.67 (m, J=8.57, 1.68 Hz, 1 H) 7.71 (t, J=2.89 Hz, 1
H) 8.11 (d, J=1.30 Hz, 1 H) 8.20 (d, J=8.57 Hz, 1 H) 9.09 (s, 1 H). **C NMR (75 MHz, CHLOROFORM-d) & ppm
20.03 - 24.27 (m, 1 C) 33.00 - 37.74 (m, 1 C) 73.50 - 74.66 (m, 1 C) 123.30 - 123.80 (m, 1 C) 123.95 (s, 1 C)
125.19 - 126.64 (m, 1 C) 127.03 - 128.64 (m, 1 C) 131.70 - 133.10 (m, 1 C) 135.04 - 136.49 (m, 1 C) 153.13 -
154.15 (m, 1 C) 155.50 - 156.34 (m, 1 C) 171.78 (s, 1 C) 206.30 - 207.89 (m, 1 C). LC-MS (ESI): m/z MH'= 256.

58



3 H-NMR MIAT1.esp

Normalized Intensity

=

M09(s)

—909 ]
18
3

mmmmm
N0 I0N . mene
8523385 8858

o
L
772
r
7
7
7
7
483
82
481
481

§£ s
o
Ft

4

T T T T T T T T T T T T
8.0 85 8.0 7. 7.0 65 6.0 55 S.
Chemical Shift (ppm)

0.40 J MIA71 C-NMR esp

Normalized Intensity

1406(m)
M04(m)

MOS(s)

I
v

8
W11 (m) MO9(m)  MO7(m)
110(m) M08(m)

| = ho2(m) —_—
L o | i |

4 M13(m)

E-—171.78 ]

3

LUNRARLAAR A AaAAS RS AAMRE LAY LA LS LA S L LAS AL LAY SRS RARAS AARS RS LS BAAAS LALRS LAAA RARAR LAY LARAS MRAAS RALRS AARAS LALAL AN NLRS LARAS AARAE MALRS MAALS ARAA) LALLE LAASA AALLRAMLS VAR AARL) AARAL AR LA AAASA ARAL A
208 200 192 184 176 168 160 152 144 136 128 120 12 104 9% 88 80 72 84 56 48 40 32 24 16
Chemical Shift (ppm)

Synthesis of (E)-3-(4-methoxybenzylidene)pyrrolidine-2,5-dione (11)

Stir the maleimide (1,000 g, 10.3 mmol) with PhsP (2.702 g, 103 mmol) in acetone (10mL) for 1,5h at reflux.

Cool down and filter the precipitate obtained.

Stir the precipitate (1.055g, 2.94 mmol) with 4-methoxybenzaldehyde (0.400 g, 0.357 mL, 2.94 mmol) in dry
methanol (10 mL) at reflux for 48h. Cool down the reaction mixture and filtrate the precipitate through a

Buchner funnel. The filter cake was washed with MeOH. Purify the solid by column chromatography.

Yield: 36 %. Mp: 248°C.*H NMR (500 MHz, DMSO-dg) & ppm 3.60 (d, J=2.21 Hz, 2 H) 3.81 (s, 3 H) 7.03 (d,
J=8.83 Hz, 2 H) 7.34 (s, 1 H) 7.58 (d, J=8.83 Hz, 2 H) 11.28 - 11.38 (m, 1 H). **C NMR (126 MHz, DMSO-d) &
ppm 34.72 (s, 1 C) 55.32 (s, 1 C) 114.45 (s, 2 C) 124.04 (s, 1 C) 126.77 (s, 1 C) 131.37 (s, 1 C) 132.01 (s, 2 C)
160.41 (s, 1 C) 172.11 (s, 1 C) 175.81 (s, 1 C). LC-MS (ESI): m/z MH* =218.

Synthesis of (2)-5-(4-methoxybenzylidene)imidazolidine-2,4-dione (12)

Hydantoine (0.400 g, 4 mmol) was dissolved in 4 mL of water stirring. After complete dissolution, the pH of
the mixture was buffered to 7.0 with saturated NaHCO; solution. Ethanolammine (0.36 mL) was added at
the reaction mixture, and the temperature was increased to 90°C gradually. The 4-methoxybenzaldehyde

solution (0.544 g, 0.486 mL, 4 mmol) in 4 mL of ethanol was added dropwise with continuous stirring. The
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temperature was raised to 120°C and kept under reflux for 48h. On cooling, a precipitate was formed and it

was filtered and washed with H,0/EtOH 5:1.

Yield: 26%. Mp: 255°C. *H NMR (500 MHz, DMSO-dg) & ppm 3.79 (s, 3 H) 6.39 (s, 1 H) 6.96 (d, J=8.83 Hz, 2 H)
7.59 (d, J=8.83 Hz, 2 H) 10.18 - 10.61 (m, 1 H) 10.95 - 11.28 (m, 1 H) **C NMR (126 MHz, DMSO-ds) 6 ppm
55.25(s, 1 C) 108.61 (s, 1 C) 114.27 (s, 2 C) 125.42 (s, 1 C) 126.06 (s, 1 C) 131.07 (s, 2 C) 155.63 (s, 1 C) 159.41
(s, 1C) 165.59 (s, 1 C). LC-MS (ESI): m/z MH" = 219.

Synthesis of (2)-4-(4-methoxybenzylidene)thiazolidine-2,5-dione (13)

2,4-thiazolidinedione (0.400 g, 3.415 mmol) was dissolved in water (4 mLl) stirring. After complete
dissolution, the pH of the mixture was buffered to 7 with sat. NaHCOj3 solution. Ethanolammine ( 0,36 mL)
was added at the reaction mixture, and the temperature was increased to 90 °C gradually. The aldehyde
(0.465 g, 3.415 mmol, 0.415 mL) solution in EtOH (4 mL) was added dropwise with continuous stirring. The
temperature was raised to 120 °C and kept under reflux. After 48 h, cool down the reaction, add 10 ml of
water and extract 3 times with ethyl acetate (10 mL). Wash with brine and dry on Na,SO,. Dry the solvent in

vacuo. Add 20 mL of petroleum ether and few mL of water. Filter the precipitate.

Yield: 15%. Mp: 275°C. *H NMR (300 MHz, METHANOL-d,) & ppm 3.86 (s, 3 H) 4.57 (s, 1 H) 7.04 (d, J=8.94 Hz,
2 H) 7.52 (d, J=8.75 Hz, 2 H) 7.61 (s, 1 H). *C NMR (126 MHz, DMSO-ds) & ppm 39.60 (s, 1 C) 39.76 (s, 1 C)
39.93 (s, 1 C) 40.09 (s, 1 C) 55.32 (s, 1 C) 114.56 (s, 2 C) 127.04 (s, 1 C) 131.22 (s, 2 C) 159.86 (s, 1 C). LC-MS
(ESI): m/z MH" =236.
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Synthesis of (E)-5-(4-methoxybenzylidene)-2-thioxothiazolidin-4-one (14)

To a solution of NaH in toluene dry (0.176 g, 4.4 mmol) add a solution of the rhodanine (0.469 g, 3.5 mmol)
and stir it at room temperature overnight. On the further day, add the 4-methoxybenzaldehyde (0.300 g, 2.2
mmol, 0.268 mL) dissolved in toluene dry drop by drop in an ice cooled bath. Slowly increase the
temperature to reflux until the starting materials are consumed. Cool down, add a solution of H,SO, 10%
and stir at room temperature for few minutes. Add 10 mL of water and extract 3 times with ethyl acetate
(10 mL). Wash the last time with brine and dry the organic phases on Na,SO,. After evaporating the solvent

in vacuo, purify the crude product by chromatography.

Yield: 8 %. Mp: 255°C.*H NMR (300 MHz, DMSO-dg) 6 ppm 3.73 - 3.96 (m, 3 H) 7.03 - 7.23 (m, 2 H) 7.55 -
7.60 (m, 2 H) 7.62 (s, 1 H) 13.66 - 13.85 (m, 1 H). **C NMR (126 MHz, DMSO-ds) 6 ppm 55.55 (s, 1 C) 113.90
(s,1C) 115.09 (s, 2 C) 125.49 (s, 1 C) 131.82 (s, 1 C) 132.67 (s, 2 C) 134.09 (s, 1 C) 161.32 (s, 1 C) 194.25 -
196.09 (m, 1 C). LC-MS (ESI): m/z MH" =252.
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Synthesis of (2)-5-((2,3-dihydrobenzofuran-5-yl)methylene)-2-thioxothiazolidin-4-one (15)

Dissolve the rhodanine (0.09 g, 0.675 mmol), 3-dihydrobenzo-furan-5-carboxaldehyde (0.100 g, 0.675 mmol)
and sodium acetate (0.166 g, 2.025 mmol) in 5 mL of acetic acid and cook the solution at 110°C, if necessary
under microwave conditions (130W for ~10 minutes). Cool down and collect the precipitate via filtration.

Wash with an appropriate solvent to remove all the acetic acid. Dry in vacuo.

Yield: 20%. mp: >300°C. *H NMR (300 MHz, chloroform-d) & ppm 3.30 (s, 2 H) 3.30 (t, j=8.75 Hz, 2 H) 4.70 (t,
j=8.75 Hz, 2 H) 6.90 (d, j=8.29 Hz, 1 H) 7.30 - 7.34 (m, 1 H) 7.35 (s, 1 H) 7.63 (s, 1 H) 8.90 - 9.40 (br, 1 H). °C
NMR (126 MHz, DMSO-d6) & ppm 28.49 (s, 1 C) 72.13 (s, 1 C) 109.02 (s, 1 C) 110.06 (s, 1 C) 121.35 (s, 1 C)
125.57 (s, 1 C) 127.32 (s, 1 C) 129.47 (s, 1 C) 132.42 (s, 1 C) 132.63 (5, 1 C) 162.31 (s, 1 C) 195.48 (5, 1 C). LC-
MS (ESI): m/z MH"= 264,

Synthesis of (2)-5-(benzo[d]thiazol-6-ylmethylene)-2-thioxothiazolidin-4-one (16)

Described in the Methods section of the main text.
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Synthesis of (2)-5-(quinolin-6-ylmethylene)-2-thioxothiazolidin-4-one (17)

Described in the Methods section of the main text.
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Synthesis of (2)-5-(benzo[d]thiazol-6-ylmethylene)-2-thioxoimidazolidin-4-one (18)

2-thiohydantoin (0.213 g, 1.84 mmol), 1,3-benzothiazole-6-carbaldehyde (0.300 g, 1.84 mmol) and sodium

acetate (0.452 g, 5.51 mmol) were used following the general procedure A described above. Yield: 22%. mp:

>300°C. *H NMR (500 MHz, DMSO-ds) 5 ppm 6.63 - 6.65 (m, 1 H) 7.81 - 7.87 (m, 1 H) 8.07 - 8.12 (m, 1 H) 8.59

-8.63 (M, 1 H) 9.47 (s, 1 H) 12.22 - 12.28 (m, 1 H) 12.40 - 12.46 (m, 1 H) **C NMR (126 MHz, DMSO-ds) 6 ppm

110.76 (s, 1 C) 123.03 (s, 1 C) 123.62 (s, 1 C) 128.36 (s, 1 C) 128.63 - 129.03 (m, 1 C) 134.30 (s, 1 C) 143.35 (s,

1) 152.87 - 153.40 (m, 1 C) 157.91 (s, 1 C) 165.75 (5, 1 C) 179.31 (s, 1 C). LC-MS (ESI): m/z MH*= 262.
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B2. Supplementary Tables

B2.1. Table S1. Selectivity of compounds 6 and 17 against a panel of selected protein kinases®
covering all kinase families from the kinome tree.

Kinase . — .6. I
family Kinase % inhibition @ 5 | % inhibition @ 1
UM (ICs [NM])° | UM (ICso [nM])°
Clk2 65% 80%
Clk3 44% 95% (86.6)
Clk4 98% (31.8) 97% (17.8)
CDK5/p25 n.i. n.i.
DYRK3 7% 84%
eMeC DYRK4 i 3%
GSK3B (GSK3 beta) 8% 10%
HIPK1 (Myak) n.i. 33%
MAPK14 (p38 alpha) n.i. 6%
MAPKS (JNK1) 14% 7%
PIM2 n.i. 31%
CAMK2A (CaMKII alpha) n.i. 7%
MLCK (MLCK2) 12% 89% (157)
CAMK MYLK (MLCK) n.i. 48%
MYLK2 (skMLCK) n.i. 35%
MKNK1 (MNK1) - 44%
MKNK2 (MNK2) - 34%
MAP3K9 (MLK1) n.i. 2%
TKL ACVR1 (ALK2) - 37%
RIPK2 - 83%
STE MST4 n.i. n.i.
AGC PRKACA (PKA) n.i. n.i.
PRKD2 (PKD2) n.i. 19%
ABL1 6% 14%
K NTRK2 (TRKB) n.i. 3%
EGFR n.i. n.i.
ROS1 n.i. 5%
CSNK1D (CK1 delta) n.i. 11%
K1 CSNK1E (CK1 epsilon) n.i. 1%
CSNK1G2 (CK1 gamma 2) n.i. 43%
CSNK1G3 (CK1 gamma 3) n.i. 17%

®The screening list was especially composed to include all kinases that were frequently
reported as off-targets for diverse chemical classes of Dyrk inhibitors ®7072838
(complemented by Tables 1 and 2 in the main part). *Data represent mean values of
duplicates that differed by less than 7%. I1Csos were only determined when the % inhibition
was greater than 85%. Inhibition rates > 80% are highlighted.
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B2.2. Table S2. Involvement of the target kinases of compound 17 in the pathology of
glioblastoma according to current literature.

Kinase Involvement in glioblastoma pathology

STK17A was found to be among the top 1-5% overexpressed
genes in glioblastoma (along with EGFR) in several
independent studies [*7], %

In addition, STK17A was among the top 1% of genes showing
STK17A the highest gain of copy numbers in glioblastoma [®]. The
overexpression in gliomas vs. healthy cells also correlated with
the tumor grade [*]. Further recent studies provided evidence
for a causal role of STK17A in the neoplastic transformation of
glial cells [***].

Particularly abundant in the brain and recently reported to be

CK2a a promising target in glioblastoma [*°].
Clkl mRNA is overexpressed in several types of brain cancer”
Clkl and specifically upregulated in temozolomide—resistant glio-
92,93

blastoma [**%]. These and other studies [**] pointed to a role
of CIk1 in chemoresistance.

*Data were analyzed using the Oncomine web portal (http://www.oncomine.org).

"TCGA brain study, http://tcga-data.nci.nih.gov/tcga/ The Cancer Genome Atlas — Glioblastoma Multiforme Gene
Expression Data (http://tcga-data.nci.nih.gov/tcga/)
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B2.3. Table S3. Inhibition of U87MG cell growth by the multi-targeted inhibitors 14, 15, 16, 17
and AS605240.

compound ICso (UM)*°
14 9.5
15 5.6
16 0.56
17 0.20
AS605240 0.32
harmine 7.2

®alues represent averages from three independent
experiments with concentrations tested in triplicate; S.D.
<15%. "measured in the presence of 1% fetal calf serum.

B3. Supplementary method

B3.1. MTT cell growth assay

U87MG glioma cells were seeded in a 96 well plate (5,000 cells per well) and allowed to adhere overnight in
Dulbecco’s Modified Eagles Medium (DMEM, Sigma-Aldrich), supplemented with pen/strep (Invitrogen) and
10% fetal calf serum (FCS, Sigma-Aldrich). The following day, the medium was exchanged by DMEM with
pen/strep mix and 1% FCS, also containing the test compounds in the desired concentrations (100 pl
volume). The cells were grown for four days at 37 °C in a humidified incubator containing 5 % CO,, without
further change of medium. After that, 20 puL of a solution of 3-[4, 5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT, Sigma) (5 mg/mL in PBS) was added to each well, the plate incubated
again at 37°C for 30 — 40 min, followed by the addition of 100 pl of 10 % SDS/ 0.1 N HCI solution to solubilize
the formazan dye. The plate was shaken for 3 h at 37°C, and the absorbance at 600 nm measured in a plate
reader (BMG labtech, Germany). DMSO in the same total concentration as in the wells with compounds (<
0.2 %) was used as a reference for no inhibition, and medium without cells was treated with the same

reagents to obtain the background.
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4. Additional results not included in the papers

In our project we developed a new in vitro assay for testing the Dyrk1A inhibitory activity in cells.
For this purpose we employed HEK293-tau-Dyrk1A cells, obtained by co-transfection of the
HEK293-Dyrk1A cell line with an EGFP-tau plasmid using the DNA-complexing factor PEI in a specific
ratio and the selecting agent geneticin G418 (Figure 4 and Scheme 1). The transcription of Dyrk1A
was depending on tetracycline’s concentration (Table 1) and the specific phosphorylation on the

tyrosine residue T212 on the tau protein was followed using a specific antibody (Figure 5).

Conc. tetracycline GFP
(ug/ml) Fluorescence
- 3516
0,01 3335
0,02 4266
0,05 7516
0,07 9451
0,1 12880
0,2 34263
0,3 34739
0,5 34717
0,7 34738
1 34179

Table 1. Study on the variation of GFP fluorescence with increasing concentrations of tetracycline. For our
experiments we used 0.3 pg/mL of tetracycline as it was the lowest concentration which gave an appreciably
fluorescence level. Fluorescence was given by GFP-Dyrk1A, obtained using a plasmid containing the
sequence for the GFP-tau fusion protein in the HEK 293 cells.
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Figure 4. a) Representation of the pEGFP-htau plasmid. b) Graphical representation of the study of
DNA/PEI ratio. We used the ratio 1:3 and 1.2 g of DNA in our experiments as it gave the highest intensity of
fluorescence. (EGFP = enhanced green fluorescent protein)

a) b)

Scheme 1. a) Tetracycline activates a tetracycline promoter on the plasmid and the transcription of
fluorescent-Dyrk1A is enabled. b) Dyrk1lA phosphorylates the GFP-tau protein. The inhibitor blocks this
process, thus reducing the signal detected by the phosphospecific antibody.
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Figure 5. The tau protein phosphorylation at Threonine 212 in the HEK293-tau-Dyrk1A cells is dependent
on Dyrk1A and can be fully suppressed by Harmine. Increasing concentrations of Harmine reduce
progressively the signal of the bands in comparison with DMSO control. The tau-GFP signal due to the GFP-
antibody is approximately the same in each well, therefore tau-pT212 signals don’t need to be normalized

exceptin one lane.

The activity towards beta-amyloid aggregation was checked using a AB4o peptide aggregation assay
mainly because of its slower kinetics. This assay, developed by Cellamare et al. ®, is based on the
production of a fluorescent signal depending on the aggregation state using Thioflavin T and
hexafluoroisopropanol as aggregation enhancer.

Dyrk1A activity was analyzed using a radioactive assay based on the phosphorylation of a woodtide
peptide with y*2-ATP. The phosphorylation state of the peptide was checked measuring the
radioactivity level, in comparison with a DMSO control and a Harmine control. Different
concentrations of our compounds were incubated in the reaction in order to obtain an ICs value

calculated using Origin Pro by OriginLabs (Figure 6).

Inhibitor DMSO

Triplicates

Figure 6. Example of determination of ICsousing the radioactivity test. Each spot represents a reaction
performed at increasing concentrations in triplicates. Last column corresponds to DMSO control. Spot

intensities decrease with the increasing of concentration of the kinase inhibitor.
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5. Conclusions

It is currently believed that multi-factorial diseases such as cancer or neurodegenerative disorders
cannot be treated with single molecular target drugs but with a combination of multiple-targets
compounds that act simultaneously against such complex disease systems. This approach is
fundamental to avoid drug resistance and it is becoming a common strategy in several important
therapies.

This study was focused on the research of new drugs for the treatment of Alzheimer’s disease (also
in combination with Down Syndrome) and glioblastoma — both having in common that Dyrk1A plays
a pathogenic role. These pathologies are very complex and they are known to be multi-factorial. It
is therefore fundamental to use a multi-target strategy in order to attack the disease on different
sides and better block its development.

Our panel of compounds successfully reached the goal of stopping some fundamental pathogenic
processes in vitro, which are known to be relevant for the progression of the above mentioned

diseases on different sides.

Publication A

In the first part of our project we were able to identify compounds from a panel of
bis(hydroxyphenyl)thiophenes, that were able to interfere with the two major AD processes: beta-
amyloid formation and tau phosphorylation through Dyrk1A. In particular, our best compound 8
showed a good inhibitory profile as it balances with success both inhibitory activities (Table 2) and
it may represent an ideal dual selective compound for the treatment of the two major pathogenic
mechanisms of Alzheimer’s disease. The results obtained in the cell-free assays were confirmed in
the cell-based assays, newly developed during this project (see “Additional results not included in
the papers”). Using this assay, we were able to test compounds specifically inhibiting the tau
phosphorylation by Dyrk1A in intact cells.

The design strategy was developed starting from the identification of a hit compound after
screening an in-house library and considering the similarity of the hit compound to a reported
binder of AB peptide aggregates. The optimization of compound 1 (Table 2) was focused on the
purpose of reaching a good potency on both targets and on increasing selectivity towards all off-
target kinases. Systematic variation of the position and nature of substituents on the two aromatic

rings, generated a set of compounds which were tested against our two targets.
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For Dyrk1A inhibition, none of the optimized compounds reached the inhibitory level of the hit
compound. Nevertheless, a big improvement on the AB inhibition was observed introducing a
methyl group in meta- and an hydroxyl group in para-position of both aromatic rings of the
molecule (see Table 2).

A critical point for achieving good pharmacokinetic properties is the presence of a phenolic moiety
in the structure of our inhibitors. Nevertheless, hydroxyl functions might be replaced bioisoterically
in future optimizations or used to create ester prodrugs to allow the permeation through the blood

brain barrier.

AB4o % Inhibition of tau

Dyrk1A ICso inhibition at | phosphorylation
(UMD 100uM in cells

(ICsoSEM, uM)? | (ICso, M)

S
1 O O on 1.8 4642 n.d.
HO
S
\ 91+1
8 N O 50 8.3
HO OH (1143)

Table 2. Inhibitory activities of the hit compound 1 and the best compound 8 with a more balanced profile.

% 5.D.<10%; ® [ATP]= 100pM; 9 S.D. < 15%; n.d. = not determined

Name Structure
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Publication B

In the second part of our study we synthesized and tested a small library of benzylidene compounds
which turned out to be potent and selective inhibitors of Dyrk1A, Clk1 and Ck2. Systematic variation
of the heterocycles was important for modifying the mode of interaction with the enzyme and the
physico-chemical properties of the molecules. Despite of the low molecular weight of our
compounds, these modifications led to distinct kinase selectivities and potencies. The small size of
the inhibitors as well as the presence of maximum one H-bond donor could be highly favorable also

for the possible blood-brain barrier penetration.

Compound 6 was showing a high Dyrk1A inhibition (Table 3), but most importantly the best
selectivity profile towards its closest homolog Dyrk1B (which differs from Dyrk1A for one amino
acid in the ATP binding site) with a selectivity factor of 15.5 vs. 1.4 of the reference compound
harmine. Therefore we were able to remarkably increase our selectivity towards other members of
the Dyrk1A kinase family. Given the high homology between the two kinases, the degree of

selectivity towards Dyrk1B was remarkable.

Our compound 7 displayed the most promising activity in our cell-based tau phosphorylation assay
(Table 4). Furthermore it was not toxic toward HEK293 cells at concentrations up to 20 uM. Hence,

it could be promising as co-inhibitor of Dyrk1A and Clk1/4 for the treatment of Alzheimer’s disease.

Compounds 16 and 17 were not very selective towards several off-target kinases but they showed a
very high potency especially against PI3K (Table 3), which is not surprising given their similarity with
the previously reported thiazolidinedione AS605240%. Thus, we were able to identify the first
compounds that inhibited oncogenic protein kinases along with the PI3 lipid kinases. The inhibition
of this lipid kinase, together with the co-inhibition of Dyrk1A, blocks glioblastoma cell proliferation
via two different pathways, thus increasing the potency for the treatment of this pathology (Figure
7).

Compound 17 might be an interesting agent against glioblastoma as it also inhibits STK17A, Ck2a
and CIk1 (Table 3). These three kinases are highly expressed in glioblastoma cells (see Table S2 in
the Supplementary Material of Publication B), so their simultaneous inhibition could be very
effective for the regression of the pathology. Our goal to have a multi-target drug was successfully
achieved with this compound. As shown in Figure 7, our inhibitor can block the tumors by blocking
two kinases, hence two different pathways creating a synergistic action which could lead to an

increased inhibitory efficacy.
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PI3K- | PI3K- | PI3K-
Name Structure Dyrk1A | CIkl1 | Ck2a | STK17A
p110-a | p110-6 | p110-y
ICso (UM)? (% inhibition / ICs,® [nM])
e} 0.17
84%"
6 |o (Dyrk1B: | 0.43 | >10 | 28%° 650) 73%° | 75%"°
5
© 2.64)
O
7 Oé/\@% 013 | 006 | >10 | nd. | 90%? | 77%° | 79%°
X
Q d d d
S 98%? | 90%? | 97%"
16 |y ¥ »| 004 | 01 |006| nd.
S N 22) | 124) | (2.3)
S
Q d d d d
N 97%% | 100% | 97%" | 97%"
17 | un 0.02 | 0.2 | 0.04
Y Nz (12.8) | (26) | (16.1) | (2.3)
S

Table 3. Inhibitory activities of our best compounds 6, 7, 16 and 17. n.d.= not determined; AS = AS605240

93.D. < 18%, [ATP]= 100uM; ? data were calculated based on mean values of duplicates that

differed by less than 7%; © % inhibition at 5 pM; ® % inhibition at 1 uM; 9% shown are mean values

of two different measurements performed in duplicates (S.D. < 2.5%).

Compound

6

7

16

17

ICso (LM)?

2.1+0.06

0.2+0.01

2.1+0.25

1.4+0.43

Table 4. Inhibitory activities of our best compounds 6, 7, 16 and 17 of Dyrk1A-catalyzed tau Thr212
phosphorylation in stably transfected HEK293 cells; AS = AS605240

?|Cso values were calculated on triplicates, referring to the DMSO-treated cells signal (100%); +S.D.

This study also included the analysis of the metabolic stability of our best compounds in rat plasma

(see Table 4 of Publication B), which was successfully proved giving a long half-life profile for all

compounds (more than 101 minutes for the less stable compound 16), similar to the reference drug

Diltiazem (half-life of 125 minutes) compared to the esterase-sensitive control compound N-acetyl-

L-phenylalanine (less than five minutes). The stability in rat liver microsomes, however, requires

optimization (half-life for 6 and 16, 20 and 30 minutes respectively, data not shown).
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The anti-proliferative activity of our best inhibitors has also been tested on U87MG glioma cell line
giving an ICso in the micromolar range (see Table S3 in Supplementary Material of Publication B)
and, for some of them, we reached a nanomolar potency. This experiment was performed using
MTT and the absorbance was measured in a plate reader, as described in the Supplementary
Material 83.1 of Publication B.

glioblastoma cell

G

dual 4 ; -
Inhibitor i
\/ FOXO-5% \V/ suppression of
DYRK1A %k’ A\ FOXO activity
© / ‘ 4
% N expression of
: POXO 1 . ~-> pro-apoptotic
- &\ e \ YOO . / genes
5N / ‘ ‘
enhanced N
degradation = prevention of
of EGFR EGFR degradation

Figure 7. Anticipated synergistic anti-tumor effects (in red) based on dual PI3K/Dyrk1A inhibition in
glioblastoma. The PI3K pathway is an established drug target in glioblastoma. Concomitant inhibition of
Dyrk1A is expected to enhance the activation of FOXO, which leads to the induction of pro-apoptotic genes.
Furthermore, the stabilizing effect on EGFR by Dyrk1A is abolished, thus decreasing the EGFR-mediated
oncogenic signaling.

Overall, our compounds were shown to inhibit several targets involved in the development of some
of the most malignant and invalidating neurological pathologies of the last decades: Alzheimer’s

disease and glioblastoma tumors.
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6. Abbreviations

AB Amyloid B

AchE Acetylcholinesterase E

AD Alzheimer's Disease

ALS Amyotrophic Lateral Sclerosis
ApoE Apolipoprotein E

APP Amyloid Precursor Protein

CDK Ciclin Dependent Kinase

CK Casein Kinase

CLK CDC-like kinase

CREB cAMP response element-binding protein
DS Down Syndrome

DSCR Down Syndrome Critical Region
DYRK Dual Specificity Tyrosine Kinase
FGFR Fibroblast Growth Factor Receptor
FTD Frontotemporal Dementia

GBM Glioblastoma Multiforme

GFP Green Fluorescent Protein

GPCR G-protein Coupled Receptor

GSK Glycogen Synthase Kinase

HBA H-bond Acceptor

HD Huntington’s Disease

HFIP Hexafluoroisopropanol

HGG High-Grade Glioma

HRM Harmine

LBD Lewy Body Dementia

MAO MonoAmino Oxidase

MAP Mitogen-Activated Protein

n.d. not determined

n.i. no inhibition

NFAT Nuclear Factor of Activated T-cells
NFT Neurofibrillary tangle

NLS Nuclear Localization Signal

PD Parkinson Disease

PDGFR |Platelet-derived growth factor receptor
PEI Poliethylenimine

PI/PIP Phosphoinositol/Phosphoinositol phosphate
PIK Phosfonotidil kinase

PK Protein Kinase

PS Presenilin

PSP Progressive Supranuclear Palsy
ROS Reactive Oxygen Species

SD Standard Deviation

SR Serine-arginine Rich

ThT Thioflavin T
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