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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 β-
amyloid aggregates and of the neurofibrillary tangles, which
originate from amyloid-β 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)-
substituted thiophenes as a novel class of selective, dual inhibitors of the tau kinase Dyrk1A and of the amyloid-β aggregation.
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Alzheimer’s disease (AD) is the sixth leading cause of death
in the United States1 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.2 The amyloid plaques are extracellular
deposit of amyloid β (Aβ) fibrils, which are aggregates derived
from oligomeric Aβ peptides, and thought to trigger the
disease, probably in concert with neurofibrillary tangles
(NFT).2,3 NFT are insoluble aggregates of the microtubule-
associated tau protein, which were also shown to promote
neurodegeneration.2 The formation of NFT is caused by
hyperphosphorylation of the tau protein, for which several
protein kinases are discussed to play major roles, including
GSK3β, PKA, CDK5, and Dyrk1A.4

In people affected by Down syndrome (DS), AD occurs at a
substantially earlier age of about 40 years.5 The early
amyloidosis-β 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.6 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 (Dyrk1A), which is
encoded by another gene in the DSCR and therefore about 1.5-
fold overexpressed in DS patients.6−9 It has been demonstrated

that Dyrk1A is involved in the premature development of AD
in DS8,9 because it phosphorylates several crucial substrates,
such as the tau protein and α-synuclein (reviewed in ref 10).
Phosphorylation of α-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, Aβ, tau, and α-synuclein can promote each
other’s aggregation.11 Dyrk1A 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 GSK3β, for example, via tau
phosphorylation at Thr212.12

The production of Aβ peptides requires proteolysis of the
APP by α-, β-, and γ-secretase. Of note, Dyrk1A was shown to
phosphorylate APP and presenilin-1, a key component of the γ-
secretase complex, thereby accelerating the formation of Aβ
peptides.10 In a pathological state, different Aβ peptides ranging
from 39 to 42 amino acid residues are formed, with the
prevalence of Aβ terminating at the amino acid 42 (Aβ42),
which is the form more prone to oligomerization and fibril
formation.13 In the brains of Down syndrome patients, Aβ42
can form numerous diffuse plaques already at the age of 12
years, whereas Aβ40 occurs first in plaques almost 20 years
later.14

Not surprisingly, both these major neurotoxic processes, the
formation of NFT and Aβ 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.15 Only few examples of
such dual inhibitors were hitherto described, and they were
mainly restricted to approaches combining the inhibition of Aβ
peptide aggregation with the inhibition of acetylcholinesterase
(AChE).16−19 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 Aβ 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, Dyrk1A, and exhibit an anti-Aβ
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, IC50 = 1.8 μM).22 Interestingly, we found that

structurally similar compounds were previously described to
bind to Aβ peptide aggregates with high affinity, for example,
2,5-bis(4′-hydroxyphenyl)thiophene (Ki = 4.0 nM)21 (Figure
1). Since it was possible that compounds with such a structural
motif would also bind to the soluble monomeric or oligomeric
Aβ 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,18 we decided
to use Aβ40 instead of the more toxic and aggregation prone
Aβ42, 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 Aβ ligands,21 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

Aβ40 peptide aggregation by compound 1 (46% at 100 μM).
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 Aβ peptide in all cases, and eventually gave rise
to the most potent compounds (3, 5−8, Table 1). Importantly,
these modifications did not strongly affect the inhibition of
Dyrk1A. The addition of an aliphatic moiety was identified as a
key step for the enhancement of the Aβ 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
5). Concerning the B ring, the hydroxyl in meta-position was
favorable for the inhibition of Dyrk1A, whereas the para-
hydroxyl conferred a higher potency against the Aβ aggregation
(cf. 5 vs 7). The comparison of 1 with 2 revealed that the
inhibition of Dyrk1A 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 5 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 Dyrk1A compared
with 7, while the potency to prevent the Aβ 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 (8i,
Table 1). Altogether, our structure−activity relationship
indicated that with the 2,4-diphenyl thiophene scaffold, the

Figure 1. Hit and reference compound.21

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

name R1 R2 Dyrk1A IC50 (μM)ab Aβ40 % inhibition @ 100 μM

1 3-OH 3-CH3; 4-OH 1.8 46 ± 2
2 3-OH 4-OH 4.0 38 ± 2
3 4-OH 3-OH 4.5 55 ± 2
4 3-OH 3-CH2CH3; 4-OH 5.0 49 ± 3
5 3-CH3; 4-OH 3-OH 2.0 73 ± 2
6 3-CH2CH3; 4-OH 3-OH 28%c 62 ± 2
7 3-CH3; 4-OH 4-OH 6.7 78 ± 1
8 3-CH3; 4-OH 3-CH3; 4-OH 5.0 91 ± 1
8i 3-CH3; 4-OCH3 3-CH3; 4-OCH3 n.i.d 37 ± 3

aSD < 10%. b[ATP] = 100 μM. cPercent inhibition at 5 μM. dn.i., no inhibition.
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potency toward Aβ40 aggregation could be increased without
loss of activity against Dyrk1A. In contrast, the previously
described class of hydroxybenzothiophene analogues, derived
from the bis(phenol)thiophenes following a ring condensation
strategy,23 proved to be markedly less potent in preventing the
Aβ aggregation (Table S2, Supporting Information). Therefore,
it failed to provide an appropriate balance between the
inhibition of Dyrk1A and the Aβ aggregation, similarly to our
previously published bis(pyrimidinyl)thiophene series22 (Table
S3, Supporting Information). Although it was suggested that
phenolic compounds in general can interfere with Aβ peptide
aggregation,24 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 Aβ aggregation

(cf. IC50 values in Table 2), compounds 5, 7, and 8 were

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 Dyrk1A due to
overexpression of both proteins (cf. Supporting Information,
HEK293-tau-Dyrk1A cell assay). All three compounds were
found to inhibit the intracellular, Dyrk1A-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 Dyrk1A inhibitor 7

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.27 This challenging screening revealed that 8
was rather selective for the Dyrk family of kinases, with the only

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 10.28 As Dyrk1A
shares this pathogenic role,29 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.30

In conclusion, using a focused multitarget approach, we
identified a new bis(hydroxphenyl)thiophene-based family of
dual Dyrk1A and β-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,31 and
was orally available in rats.32 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.33

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 α-synuclein fibril
formation with an IC50 of 12.1 μM, 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.34 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 Aβ peptides in the affected neurons, which
may, at least partially, be lower than the 30 μM in our cell-free
assay.

■ METHODS
HEK293-Tau-Dyrk1A Cell Assay. HEK293-tau-Dyrk1A 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 μg/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
μM) of the compounds. Under the assay conditions, the incubation
with the compounds was carried out overnight in an incubator at 37
°C and 5% CO2. 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 μL 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 μL
of the samples were then separated by SDS-PAGE (10% gels), and the

Table 2. IC50’s of the Best Compounds for the Inhibition of
Aβ40 Aggregation and Intracellular Tau Phosphorylation

name
Aβ40 inhibition (cell free assay,

IC50 ± SEM, μM)
Inhibition of tau phosphorylation

in cells (IC50, μM)a

5 33 ± 4 8.5
7 16 ± 2 11.6
8 11 ± 3 8.3

aSD < 15%.

Figure 2. HEK293-tau-Dyrk1A cell assay. Compounds 5, 7, and 8
inhibit Dyrk1A-catalyzed tau phosphorylation in stably transfected
HEK293 cells. The test compounds, DMSO, or the reference inhibitor
harmine (HRM)25,26 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.
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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).
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