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Abstract

Deregulation of dual-specificity tyrosine phosphorylation-regulated kinase 1A (DYRKI1A) plays a significant role in
developmental brain defects, early-onset neurodegeneration, neuronal cell loss, and dementia. Herein, we report the
discovery of three new classes of N-heterocyclic DYRK1A inhibitors based on the potent, yet toxic kinase inhibitors, harmine
and harmol. An initial in vitro evaluation of the small molecule collection assembled revealed that the core heterocyclic
motifs benzofuranones, oxindoles, and pyrrolones, showed statistically significant DYRKI1A inhibition. Further, the
utilization of a low cost, high-throughput functional genomic in vivo model system to identify small molecule inhibitors that
normalize DYRKIA overexpression phenotypes is described. This in vivo assay substantiated the in vitro results, and the
resulting correspondence validates generated classes as architectural motifs that serve as potential DYRK1A inhibitors.
Further expansion and analysis of these core compound structures will allow discovery of safe, more eftective chemical
inhibitors of DYRKIA to ameliorate phenotypes caused by DYRK1A overexpression.
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chromosome 21, along with supporting evidence from
trisomic mouse models, has led to speculation that the

Introduction

The dual-specificity tyrosine-phosphorylation-regulated
kinase 1A (DYRK1A), is considered an essential kinase in overexpression of DYRKIA in individuals affected by
cognitive development and retention."” Of the various Trisomy 21 (Ts21) is at least partially responsible for
DYRK isoforms, DYRKIA has received significant Down Syndrome (DS)-associated  phenotypes.’

attention over the past decade as a potential target for
therapeutics development, specifically as it relates to
congenital and neurodegenerative cognitive disorders."’
In contrast to other dual-specificity tyrosine-
phosphorylation-regulated  kinases (i.e, DYRKIB,
DYRK2, DYRK3, and DYRK4),' DYRKIA is
ubiquitously expressed and has been implicated in a
broad range of disorders.'>”"* Perhaps most notably, the
location of DYRKIA in the trisomic region of human

Developmental alterations in brain morphology due to
Ts21 lead to cognitive and behavioral impairments such
as memory deficiencies, motor dysfunction, altered
synaptic plasticity and early occurrence of (Alzheimer’s
disease) AD.""' Additionally, the phosphorylation of
amyloid precursor protein (APP) and presenilin-1, a
component of the y-secretase complex, by DYRKIA
accelerates the generation of neurotoxic AP peptides.'®
Hyperphosphorylation of the microtubule-associated



protein tau by DYRKIA further implicates the
overexpression of DYRKIA in neurodegeneration."”

In addition to the aforementioned cognitive disorders,
the increase in pancreatic P-cell proliferation upon
DYRKIA inhibition implicates DYRKIA as a potential
path to treat diabetes.”® Further, recent studies have
suggested that because DYRK1A phosphorylates an array
of proteins involved in apoptosis, proliferation, cell cycle
regulation, and tumor cell senescence, then new
chemotherapeutics which modulate DYRKI1A activity
would be effective anticancer agents.*'° For example, it
was shown that DYRKIA is overexpressed in
glioblastoma, which coincides with DYRK1A-promoted
EGFR signal enhancement leading to solid tumor
growth.” These findings suggest that while most of the
focus on moderating DYRK1A activity has been toward
alleviating cognitive disorders, the development of a
potent inhibitor could have far reaching clinical
applications across a diverse array of therapeutic areas.

Several designed small molecules and natural products
have demonstrated potential as DYRKI1A inhibitors,
including TG003 (ICso = 930 uM)*, TBB (ICso = 4360
nM)*, GNF2133 (IC50 = 6.2 nM)?¥, purvalanol A (ICs,
=300 nM)?, the B-carboline alkaloid harmine (ICso = 33
nM)*, and the polyphenolic green tea extract
epigallocatechin gallate (EGCG) (ICso = 330 nM)*
(Figure 1).>'* Specifically, these latter two naturally
occurring compounds have received significant attention
for their inhibitory behavior, and both are hypothesized
to competitively bind to the DYRKIA ATP-binding
pocket.**** As with many catechins, EGCG is rapidly
metabolized and exhibits poor migratory aptitude across
the blood brain barrier (BBB).*”* Thus, although EGCG
demonstrates suitable in vitro activity (ICso = 330 nM)*’,
low metabolic stability precludes their use for in vivo
phenotypic evaluation of DYRKIA inhibition. In
contrast, harmine and its desmethyl analog harmol, are
exceptionally potent competitive inhibitors of the
DYRKI1A ATP-binding pocket (ICso = 33 nM)*, but are
not routinely used in animal studies because of behavioral
side effects associated with monoamine oxidase A
inhibition (MOAI) that leads to hallucinogenic
effects.**%*¥ %  Recently, the azaindole derivative
GNF2133 has been shown to exhibit exceptional
DYRKIA inhibitory activity (ICso = 6.2 nM)* that
appears to enhance B-cell proliferation, a key marker for
identifying candidates to treat type I diabetes.”” However,
administration of GNF2133 to rat models in vivo induced
cellular proliferation in non-targeted tissues such as the
liver, heart, and kidney.” Therefore, while a number of
small molecule inhibitors of DYRKIA have been
identified, a non-toxic, metabolically stable inhibitor with
the potential for kinase selectivity remains elusive. The in

vivo complications associated with small molecules
which have shown favorable in vitro DYRKIA inhibition
inspired us to embark on a study aimed at the
identification of new core scaffolds using a rapid
phenotypic in vivo response assay in Drosophila
melanogaster to probe the impact of exposure to novel
compounds. Previous work using Drosophila to test novel
compounds at the preclinical stages has demonstrated the
viability of Drosophila as a suitable model organism for
therapeutic development.*'~*
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Figure 1. Selected small molecule inhibitors of DYRK1A.

Here, we describe the analysis of the structure-activity
relationships of novel DYRKIA inhibitors using in vitro,
in vivo, and in silico approaches. Small molecule
inhibitors were synthesized by optimizing the attachment
groups to six core scaffolds that were designed to have a
similar chemical structure to harmine. We report three
new classes of N-heterocyclic DYRKIA inhibitors,
sulfonylated pyrrolones and benzofuranone/oxindole
ylides, that successfully inhibit DYRK1A in vivo and in
vitro. Furthermore, select compounds demonstrate
reciprocal inhibition against recombinant human
DYRKIA in vitro, and the Drosophila DYRK1A ortholog
in vivo. These findings underscore the challenges in
reconciling the disparate in vitro and in vivo efficacy of
small molecule DYRKIA inhibitors.  Further
optimization of the identified scaffolds and their
associated attachment groups may lead to the
identification of a potent, selective DYRKIA inhibitor
that can ameliorate disease phenotypes associated with
overexpression of DYRKIA.

Results and Discussion

Because the highly conjugated, planar core scaffold
present in harmine and harmol is likely a primary cause of
the unwelcome promiscuous activity observed, we
hypothesized that a non-planar spirooxindole
cyclopentenone with spiropyrrolidine 1 bearing H-bond
donor/acceptor functionality (blue) would possess
comparable inhibitory activity to harmine, and enable the
evaluation of phenotypic response in a Drosophila
model.**>!" The enhanced 3D topography of the



spirooxindole scaffold has the potential to minimize
undesired side effects common among p-
carbolines.******* The broad spectrum of therapeutic
potential, low normal tissue toxicity, and structural
properties amenable to BBB penetration of many
spirooxindoles prompted us to initiate an exploration of
their DYRKI1A inhibitory potential as a new chemical
probe scaffold in the phenotypic output related to
DYRKIA inhibition.*’

To gain further insight into possible binding modes of
harmine and spiropyrrolidine 1 to DYRKIA, we
performed molecular modeling studies. Harmine and 1
were first docked to the crystal structure of DYRK1A%®
(PDB code 2VX3, 2.4 A resolution) using Glide XP.*
These models were then refined by molecular dynamics
(MD) simulations (for details, see Supporting
Information). Snapshots of the MD simulations of
harmine and 1 are shown in Figure 2.

Figure 2. Harmine (top) and spirooxindole (bottom) modeled within
the DYRK1A ATP-binding site.

As can be seen, 1 binds very well to DYRKI1A. The
phenyl ring inserts deeply into the hydrophobic binding
pocket formed by A186, V222, F238, L294 and V306.
This binding position of the phenyl ring is equivalent to
that of the pyridine ring of harmine in DYRKI1A. The
amide bonds of 1 also form hydrogen bonds with N244
and the backbone of I16S. It is noteworthy that the
molecular framework of 1 positions the methoxy group
closer to the hinge region of the kinase (shown in yellow
in Fig. 2), suggesting possibilities for further
optimization.

Based on our in silico studies of the DYRKIA ATP-
binding site with harmine and 1, we targeted a series of
related N-heterocyclic substrates and evaluated their
efficacy as DYRK1A inhibitors in order to determine the
effectiveness of a comparable 3D molecular architecture
as a viable DYRKI1A active site inhibitor. These docking
simulations revealed functionality in harmine and harmol
that interact with three primary domains within the ATP-
binding pocket of DYRK1A.** Each of the six scaffolds
synthesized for this investigation mimic these binding
interactions in the kinase hinge region, central domain,
and hydrophobic pocket of the active site (Figure 3). The
scaffolds investigated include spirooxindole pyrrolones 2,
spirooxindole cyclopentenones 3, vinyl indolines 4,
sulfonylated pyrrolones §, benzofuranone ylides 6, and
oxindole ylides 7 where each scaffold was designed to
serve as a molecular probe for DYRKIA inhibition.
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Figure 3. Synthesized novel DYRKIA inhibitors and their predicted
DYRKIA ATP-binding site interactions.

We began our study by assembling a collection of
spiropyrrolone oxindoles 2 employing our recently
reported (4+1)-cycloadditions of aroyl isocyanates and in
situ generated oxyphosphonium enolate species.”* The
oxyphosphonium enolate is generated from the addition
of a nucleophilic phosphorous™ (i.e., P(NMe,)3) to an
isatin derivative 8 (Figure 4a). Subsequent addition of an
aroylisocyanate 9, generated from the corresponding aryl
amide and oxalyl chloride, leads to formation of the
desired pyrrolone 2 wherein R'-R? are readily customized
based on the starting materials employed. In a similar
fashion, the spirocyclopentenone oxindoles 3 were
assembled leveraging our recently reported Rh"-
catalyzed (4+1)-cycloaddition between a vinyl ketene,
generated in situ from an electrocyclic ring opening of the
corresponding cyclobutenenone 10, and a diazooxindole
derivative 8.°' Initial diazo decomposition followed by
cyclopropanation and subsequent ring expansion affords
the desired series of substituted spirooxindole
cyclopentenones 3 (Figure 4b).

The vinyl indolines 4 were synthesized employing a
recently reported Pd"-catalyzed (4+1)-cycloaddition
between sulfonyl hydrazones 11 and carbamates 12
(Figure 4c).” The utilization of the well-established



carbamate scaffold afforded access to a diverse array of
electron withdrawing and electron donating arene
substitution. Likewise, the aryl hydrazone 11 enabled
incorporation of various aromatic substituents at the C2-
position of the target indoline 4. Sulfonylated pyrrolones
S were constructed by a Rh"-catalyzed nitrenoid insertion
of sulfonamide 13 into the vinyl ketene derived from
cyclobutanone 10 (Figure 4d).

Zn .z
; R
o 2 X )\ ge (4+1)-cycloaddition R % _/<
HS
(a) N R3
2O o=, i)r
7 N P(NMey)g, CH,Cl AN
2 o + __P(NMeg)y CHiCly _ RZ_OES:O
= N, 0 R X N,
g R 9 2 R
{b)
N
7 : OHS[ Rh,(OAC)s, PhM
o C)o, e
R2— o + —_— > R:
NS | N
8 R 10 Ar
{c) = —
NNHTs = 0o Pd,(dba)s, THF =
A)J\H + gel | o )3 Rg_\ | N Ay
r N 0 2
1 R?0:S 12 s SOR
{d)
° s Rh,(OAC), CHoCI Si
C)2,
R-S-NH, + A )2 Gl \ NSQO,R
PhI(OAC),
13 10 Ar Ar g

P"Bug, GHClg, t

14:X=0
15: X=NR’

Figure 4. Synthetic approaches to molecular scaffolds of novel
DYRKIA inhibitors: (a) phosphorus-mediated cycloannulation of N-
acyl isocyanates; (b) Rh'-catalyzed cycloaddition of cyclobutenones;
(c) PdO-catalyzed assembly of indolines; (d) Rh'“nitrenoid
construction of pyrrolones; (e) phosphine-mediated, dearomative
rearrangement of dianiline squaraine dyes.

The benzofuranone and oxindole ylides 6 and 7
constitute two of the more exotic architectures evaluated
(Figure 4e). During a recent study toward the
development of a new class of squaraine dye-based
chemodosimeters, we discovered that upon addition of
nucleophilic phosphines to ortho-substituted dianiline
squaraines, an intriguing dearomative  skeletal
rearrangement occurred to afford the corresponding enol
ylides.”® The extended conjugation exhibited by 6 (X =
0O)and 7 (X=NR"), where R" is an electron withdrawing
functionality that effectively lowers the pKa of the
adjacent N-H, draws comparisons to the B-carboline
cores of the potent DYRKIA inhibitors harmine and

harmol. It is notable that benzofuranones 6 and oxindoles
7 are surprisingly stable to a wide array of environmental
stimuli and were found to only undergo retroversion to
the parent squaraine in the presence of either a strong
Bronsted acid or electron deficient transition metal
complex. In sum, these synthetic methods provided ready
access to a variety of positional and functional group
derivatives of each core scaffold targeted for evaluation as
novel DYRK1A inhibitors.

With the scaffolds and compound libraries generated,
we began our evaluation on the impact of chemical
inhibition of DYRK1A activity through an in vitro ELISA
assay (Figure S). In the assay, DMSO acted as the
negative control and harmine functioned as the positive
control. All compounds were screened at a concentration
of 10 uM. To determine the activity of each substrate,
recombinant human DYRKI1A phosphorylation activity
was tested. Because DYRK1A phosphorylates dynamin,
an antibody for the phosphorylated form of dynamin
allowed for a measurable signal (absorbance at 405 nm,
OD405) to infer DYRKI1A activity.***® From analysis of
the ELISA assay, certain scaffolds showed better kinase
inhibitory activity. In particular, the sulfonylated
pyrrolones § class and the benzofuranone/oxindole
ylides 6/7 displayed consistent and statistically
significant inhibition of DYRKI1A. The spiropyrrolone
oxindoles 2 had promising inhibitory effects for most
compounds, but overall exhibited lower levels of activity
relative to 5 and 6/7. While constituents of the
spirocyclopentenone oxindole 3 and vinyl indoline 4
classes presented noteworthy inhibitory effects,
particularly 3a, 3b, 4a, and 4b, these classes exhibited
variable efficacy. This was demonstrated by analogs
displaying no detectable levels of inhibition, such as 3¢
and 4c¢ (SI Figure 1).

Moving forward to an in vivo analysis of scaffolds that
exhibited promising activity in the ELISA assay, we
selected four molecular inhibitors and tested in their
ability to rescue an excess growth phenotype induced by
DYRKIA/mnb overexpression in the adult fruit fly
Drosophila melanogaster wing. The fruit fly is an
established model system for early stage, low-cost in vivo
testing of drugs.”** Further, Drosophila have
previously been used as a model organism for AD
through characterization of APP and AB42 transgenic
models.”7° The fruit fly has a highly conserved
orthologue of DYRKIA called minibrain that shares 82%
overall protein identity and 91% identity to the ATP-
binding sites of DYRKIA."? An advantage of
Drosophila-based disease models is the ability to develop
low-cost genetic models of human diseases that provide
quantifiable phenotypic readouts.”””* The disease model
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Figure 5 In v1tro evaluatlon of chemlcal inhibitors for DYRK1A
reveals § and 6/7 as effective DYRKIA inhibitor scaffolds. Each data
point represents a single data point from a 96-well plate absorbance
measurement. Each compound was run in triplicate totaling three data
points per compound. Sa (yellow) and 6a (red) were selected for in
vivo testing. 2a (pink), 3a (green), and 4b (white) were notable
DYRKI1A inhibitors in vitro for other classes.

does not have to correspond directly to the human organ
equivalent if there is a clear phenotypic analog connected
to the underlying conserved genetic cause.””””” For
example, the thyroid carcinoma therapeutic Vandetanib
was identified using Drosophila as a disease model
although Drosophila do not have a thyroid gland.*”® This
capability is useful for providing initial, rapid in vivo
analysis of new molecules, and has a proven track record
for testing novel therapeutics.””’”*”” We utilized the
GAL4/UAS binary expression system in Drosophila®
generate a tissue-specific overexpression model of
DYRKIA/mnb. Overexpression of mnb using the wing
specific =~ MS1096-Gal4  driver has  previously
demonstrated an overgrowth phenotype that can easily
be measured.”! DYRKIA/mnb overexpression flies were
treated with select synthesized DYRKIA inhibitors to
evaluate the efficacy and potency of the inhibitors in vivo
(Figure 6).

For the in vivo assay, we tested the kinase inhibitory
activity of compounds  Sa, 3d, 7a, and 6a, where the
efficacy of each compound was easily evaluated via
mounting of the wings and subsequent analysis of their
size (Figure 7). Compound leads Sa and 6a were selected
due to their in vitro efficacy while 3d was selected due to
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Figure 6. In vivo assay for testing novel DYRKIA inhibitors in
Drosophila melanogaster with DYRKIA/mnb overexpressed in the
developing wing primordia. A tissue specific Gal4 driver, MS1096, was
used to either overexpress or knock down DYRKIA/mnb. Developing
larvae were fed synthesized compounds and adult wing areas of males
were measured.

its close architectural similarities to the B-carbolines
harmine and harmol. Likewise, the rather exotic and
stable ylide 7a was selected as a new class of compounds
derived from squaraine dyes.”® Thus, we tested two
compounds from this class to ensure the viability of the
class as a whole in vivo. Drosophila exhibiting
overexpression were fed with 10 uM of DMSO or small
molecule DYRKIA inhibitors. Overexpression of mnb
(UAS-mnb) significantly increases the wing area of the
progeny, while knockdown (UAS-mnb™*) significantly
decreases wing area (p < 0.001). Overexpression of
DYRKIA/mnb in the Drosophila wing disc increased
adult wing size by 21.36% (p < 0.001, Figure 7, SI Table
1). Confidence intervals for wing area medians are
overlaid for the overexpression line fed the negative
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Figure 7. In vivo phenotypic evaluation of DYRKIA inhibitors
validates in vitro positive hits by rescuing an overexpression
phenotype. Sa (yellow) and 6a (red) from the in vitro assay
demonstrate statistically significant DYRK1A/mnb inhibition. 3d and
7a additionally demonstrate statistically significant DYRK1A/mnb
inhibition. UAS-mnb and UAS-mnb™4 indicate DYRKIA/mnb
overexpression and knockout, respectively. MS1096-Gal4 represents
the wing specific transcriptional activator of gene expression. The x-
axis demonstrates the genetic cross and the compound fed to
developing larvae. Statistical tests were performed using the Mann-
Whitney U Test for nonparametric comparison of the effects of tested
inhibitors on DYRKIA activity compared to the effects of either
DMSO (p <0.05% p <0.01*, p <0.001 ***) or to the effects of harmol
(p<0.05").



control (DMSO) and for the parental wildtype line with
no drugs being administered (red dashed lines). All four
of the tested compounds, Sa, 3d, 7a, and 6a, significantly
rescued the overexpression phenotype in comparison to
DMSO, with Sa inhibiting DYRK1A activity to a greater
extent than the positive control harmol, a metabolite of
harmine (SI Table 1).

Conclusions

In conclusion, we evaluated a small library of
compounds deriving from six disparate heterocyclic
scaffolds and characterized their impact of chemical
inhibition of DYRKI1A activity. Of significant importance
is the in vitro to in vivo correspondence of compound
activity to inhibit DYRK1A for the evaluated compounds.
This result is crucial due to other compounds often
lacking in vitro to in vivo correspondence in other animal
models. To optimize the viability of the identified
scaffolds, compound libraries for each scaffold were
synthesized with different functional groups attached at
specified sites (Figure 4). This serves to improve the
selectivity and potency of synthesized DYRKIA
inhibitors. This short report paves the way for similar
approaches in future studies. While specifically targeting
DYRKIA, this study serves as a platform for identification
of kinase inhibitors using transgenic Drosophila in a low-
cost in vivo phenotypic assays. This is transformative to
preclinical screening assays of kinase inhibitors to reduce
the cost, time, and burden associated with taking a
therapeutic from testing to validation. Moreover, the in
vivo and in vitro correspondence of tested compounds
highlights the potential for the scaffolds to allow
discovery of safe, more effective chemical inhibitors of
DYRKIA.
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