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a b s t r a c t

Dual specificity tyrosine phosphorylation regulated kinase 1A (DYRK1A) is an evolutionarily conserved

protein kinase belonging to the CMGC kinase family, which is closely related to Down syndrome (DS)

and Alzheimer’s disease (AD). In recent years, not only the treatment of diabetes, but also the treatment

of cancer gradually focuses on targeting DYRK1A. Therefore, a series of DYRK1A inhibitors have been

developed to treat relevant diseases and clarify their treatment mechanism furtherly. DYRK1A inhibitors

are mainly divided into natural products and synthetic compounds. Among them, harmine is an excellent

DYRK1A inhibitor. Therefore, the synthetic DYRK1A inhibitors are mainly based on harmine, which greatly

enriches the structure and quantity of DYRK1A inhibitors. The interaction between the inhibitors and

the DYRK1A protein has a guiding significance in predicting the activity of the inhibitors, and plays an

irreplaceable role in the design of the compounds. This paper mainly reviews DYRK1A inhibitors found

in recent years and their structure-activity relationship, looking forward to providing a theoretical basis

for the development of DYRK1A inhibitors.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Protein kinase is the most effective drug target in cancer treat-

ment since the systematic regulation of protein kinase activity is

closely related to tumorigenesis [1,2]. Therefore, targeting protein

kinases has always been an important direction for drug discov-

ery [3]. Dual specificity tyrosine phosphorylation regulatory kinase

(DYRK), an evolutionarily conserved protein kinase family directed

by proline or arginine [4], which together with cyclin-dependent

kinases (CDKs), mitogen-activated protein kinases (MAPKs), glyco-

gen synthase kinase (GSK) and CDK-like kinases, are collectively

termed the CMGC family. The DYRK family has five members,

DYRK1A, DYRK1B, DYRK2, DYRK3 and DYRK4, and all these ki-

nases could regulate cell proliferation, survival and differentiation.

DYRK1A and DYRK1B are located in the nucleus, which are the

most studied members [5–9]. DYRK1B is expressed at a low level

in most tissues except in ovarian and pancreatic cancer [10,11].
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DYRK1A is essential for brain development and function forma-

tion [12,13], whose phosphorylation promotes the development of

neuronal dendrites and dendrites by regulating the growth of mi-

crofibers and actin assemblies via Tau and N-WASP proteins [14–

16]. DYRK1A is located in the exclusive trisomy region of human

chromosome 21 (Hsa21) [17,18], which participates in many bi-

ological processes such as neural development and performs key

functions by phosphorylating downstream substrates transcription

factors, splicing factors and synaptic proteins [19]. DYRK1A is as-

sociated with congenital heart disease, Alzheimer’s disease (AD)

[20], diabetes [21] and other diseases for its important role in brain

development and functional regulation [22–26], neurodegenerative

diseases, tumorigenesis and apoptosis and other cellular functions

[22,27–30].

2. DYRK1A molecular structure and biological function

The DYRK1A gene has 151 kb, 15 exons, which encodes two pro-

tein subtypes at positions 763 and 754. And DYRK1A has a func-

tional dichotomous nuclear localization signal (NLS) at the N ter-

minus of the DH-box, which is the second NLS between the X and

XI subdomains in the kinase domain [18]. DYRK1A autophospho-
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rylates Tyr21 residues in the activation loop to stabilize its ac-

tive conformation [31]. DYRK1A can phosphorylate excessive pro-

tein targets on serine or threonine residues in mature cells, which

brings the DYRK1A gene a variety of biological functions [32]. The

effect of DYRK1A on cell cycle and differentiation regulation, T

cell regulation, cytoscaffold stability, brain nerve development and

synaptic activity are disrupted when the expression of DYRK1A in-

creases, which leads to a variety of diseases [31,33–37]. Therefore,

inhibition of DYRK1A is one of the main therapeutics for diseases

such as AD, cancer, inflammation and diabetes.

3. DYRK1A and diseases

3.1. AD

AD is one of the leading causes of death worldwide due to

the aging population, which is a neurodegenerative disease caused

by β-amyloid (Aβ) deposition and neurofibrillary nodules [38–40].

And these plaques are neurotoxic peptides produced by insolu-

ble fibers (gathered by Aβ 40 and Aβ 42), β-and γ -secretase hy-

drolyzing amyloid precursor protein (APP). The level of α secre-

tase is significantly decreased in AD patients, and the accumu-

lation of β secretase components has been observed in animal

models and AD patients. DYRK1A is highly expressed in the hip-

pocampus in neurodegenerative diseases, which induces the pro-

duction of Aβ by altering APP phosphorylation. The above evidence

indicates that DYRK1A is a potential target for the treatment of

AD [41–44]. DYRK1A phosphorylates Tau (including Thr181, Thr212

and Thr231) in NFT of the brain and APP in Thr668 or presenilin 1

(PS1) in Thr354 in AD patients. DYRK1A also phosphorylates some

AD-related immune mediators, including calcineurin nuclear fac-

tor (NFAT), which activates T cells, and transcriptional activator-3

(STAT3) that is involved in signal transduction [34,45–49]. In addi-

tion, some studies have shown that inhibition of DYRK1A can re-

store the balance of 3R/4R Tau protein by blocking exons in Tau

mRNA, thus promoting Tau aggregation, which is one of the main

markers of AD [50–52]. And the is study shows that DYRK1A in-

hibitor can improve the pathological changes of the mouse AD

model [53]. Harmine, a potent DYRK1A inhibitor, could inhibit

DYRK1A-mediated Tau phosphorylation [half maximal inhibitory

concentration (IC50) = 0.7 μmol/L)] [54].

3.2. DS

DS is a complex cognitive disorder caused by human chromo-

some 21 trisomy [55,56]. In the United States, about 1 in 300

babies carry trisomy, half of which are chromosome 21 trisomy

that can cause DS. DS not only causes intellectual disability, but

also leads to congenital heart disease, hematopoietic disorders and

early-onset AD [57–59], which cannot be ignored. But what is in-

teresting is that the incidence of most solid tumors in patients

with DS is greatly reduced [60], which is worthy for anti-tumor

researches paying attention to. DS is characterized by intellectual

disability and significant obstacles to planning, decision-making

and memory functions, which may be caused by abnormalities in

the hippocampus and medial prefrontal cortex [61–67]. Single gene

dose increase in Hsa21 (such as DYRK1A) is thought to explain

many neurodevelopmental and abnormal phenotypic changes as-

sociated with DS [68–70], which has become a target for the treat-

ment of DS. Hedgehog (Hh) and mTOR, essential signal pathways

for the embryonic development and cellular metabolism, both are

coordinated by the primary cilium. GLI1, a key downstream tran-

scription effector of the Hh signaling pathway, is involved in cell

growth, differentiation and tissue patterning in embryonic devel-

opment, of which the phosphorylation and nucleus localization is

conducted by DYRK1A. And studies have shown that the phos-

phorylation of Ser408 on GLI1 was blocked with the presence of

the selective DYRK1A inhibitor harmine. In addition, the activity of

mTORC1 is also negatively regulated by DYRK1A. In another word,

inhibiting DYRK1A is of positive meaning for the treatment of DS

[71–78].

3.3. Diabetes

Diabetes is a group of metabolic diseases characterized by hy-

perglycemia. There are more than 400 million diabetic patients

worldwide, which is equivalent to one diabetic patient in every 12

people, and the prevalence is still rising [79]. Among them, 90% of

these cases are type 2 diabetes with elevated blood sugar levels

caused by insufficient insulin secretion or insulin resistance. Ab-

solute or relative deficiency of insulin secretion due to functional

impairment of islet B cells (belong to endocrine cells, about 70%

of all islets), which lead to type 1 and type 2 diabetes. Recent

research has identified DYRK1A as a drug target in the genomics

study of insulinoma, for which can regulate the cell cycle of human

β cells and may be a key molecule for the proliferation of β cell

[7,80]. DYRK1A inhibitors can activate the nuclear factor of T cells,

thereby allowing the acquisition of promoters that activate human

β cell proliferation genes, which could bring therapeutic effect to

type 1 and type 2 diabetes. Studies have shown that harmine may

activate NFAT of the T cell transcription factor family, which acti-

vates the cell cycle mechanism and thus maintains differentiation

in human β cells. And this mechanism was also demonstrated in

different mouse, rat and human islet implantation models [25]. In

addition, harmine can induce the marker index of human β cells

in the range of 1%–3%. Therefore, DYRK1A inhibitor is a novel di-

rection for the treatment of diabetes.

3.4. Cancer

Researchers accidentally found that the incidence of cancer in

patients with DS is significantly lower than that in normal people,

which may be attributed to DYRK1A. It is reported that DYRK1A

is overexpressed in gliomas [81], head and neck squamous cell

carcinoma, and non-small cell lung cancer [82]. DYRK1A induces

leukemia by phosphorylating NFATc transcription factors and pro-

moting their cytoplasmic retention [23,83]. The specific mechanism

of DYRK1A promoting the occurrence and development of tumors

may be attributed to the phosphorylation of cyclin D and enhance-

ment of the P27Kip and the following inhibition of certain tran-

scription factors and the block of cell cycle [84]. By phosphory-

lating SORY2 and then interfering the ubiquitination of epidermal

growth factor receptor (EGFR) mediated by Cbl, DYRK1A promotes

the stability of it [85]. And the overexpression of EGFR is generally

detected in lung cancer [86–88], glioblastoma [89], breast cancer

[90], pancreatic ductal adenocarcinoma [6], esophageal squamous

cell carcinoma [91] and many other types of cancer [92]. Therefore,

DYRK1A may also promote the occurrence and development of tu-

mors for the involving in the mutation pathway of EGFR (Fig. 1).

4. Research progress of DYRK1A kinase inhibitors

4.1. DYRK1A inhibitors in natural products

4.1.1. Epigallocatechin gallate

Epigallocatechin-3-gallate (EGCG), a kind of polyphenol found

in green tea, can reduce the risk of some neurodegenerative dis-

eases, cardiovascular diseases and even cancer [93–96]. EGCG was

originally used as a drug candidate for the treatment of DS for in-

hibiting DYRK1A in vitro [97,98]. However, Goodlett et al. [99] used

EGCG with different dose for different kinds of mice and found
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Fig. 1. The mechanism of DYRK1A in different diseases (AD, DS, diabetes, cancer). The inhibition of DYRK1A in AD can restore the balance of 3R/4R Tau protein by blocking

exons in Tau mRNA, thus promoting Tau aggregation. The selective DYRK1A inhibitor harmine can block the phosphorylation of Ser408 on GLI1, and the activity of mTORC1

is also negatively regulated by DYRK1A. DYRK1A inhibitors can effectively control the development of diabetes by promoting β cell differentiation. DYRK1A may also promote

the occurrence and development of tumors for the involving in the mutation pathway of EGFR.

that pure EGCG can reduce the activity of DYRK1A. Unfortunately,

EGCG cannot improve the behavior and cognitive deficits of DS

mice, and it may carry some dose-related risk for interfering with

growth and skeletal integrity (Fig. 2).

4.1.2. Harmine and its derivatives

Recently, it was discovered that DYRK1A is related to regula-

tors in the regenerative pathway, which functions in the secretion

of insulin from human pancreatic β cells. And harmine, a potent

inhibitor of DYRK1A, is modified to many derivatives for the dis-

covery of anti-diabetes drugs. Binding mode shows that harmine

derivatives form two hydrogen bond interactions with Lys188 in

the adenosine triphosphate (ATP) pocket of DYRK1A and Leu241 in

the side chain of the scaffold [100]. The preservation of 1-methyl

and 7-methoxy groups and the replacement of 9-N indole with 9-

N glycine can effectively improve the ability of β-cell proliferation,

while methyl ester or carboxyamide at the end can effectively oc-

cupy the ATP available space of DYRK1A. The chain length between

the above two parts is kept at three carbon chain lengths, which

have the strongest inhibitory activity on DYRK1A. The length of the

three carbon chains can maintain the semi-flexible conformation

of the compound, which is beneficial to the binding to the protein.

Compound 2-2c (IC50 = 25 nmol/L), a 9-N glycine harmine deriva-

tive, has stronger inhibitory activity on DYRK1A than harmine, and

can effectively induce NFAT translocation. And most importantly,

2-2c can also induce human β cell proliferation and improve β
cell differentiation. The above excellent performance can be at-

tributed to the additional hydrogen bond formed by carboxyamide

and Glu291. This additional hydrogen bond may also bring better

kinase selectivity to compound 2-2c. Compound 2-2c is of excel-

lent off-target spectrum in vivo and in vitro indicates its good se-

lectivity for DYRK1A. Compound 2-2c can not only increase the

β-cell marker (Ki67) but also improve the quality of β cell in

vivo. DYRK1A inhibitors have more obstacles as diabetes treatment

drugs, such as kinase selectivity as well as off-target effects on the

CNS and other tissues (Fig. 2).

4.1.3. Acridone alkaloids

In recent years, tropical plant extracts have become more and

more researched, Beniddir et al. [101] found that the EtOAc bark

extract of G. chlorosperma exhibited the most effective inhibitory

activity against DYRK1A (IC50 = 0.66 μg/mL). Molecular docking

showed that strong, stabilizing interactions of the ligand with both

conserved Lys188 and backbone atoms in the hinge region (Glu239

and/or Leu241) are required for good biological activity (e.g., com-

pound 4 and harmine). This is the first report of a natural acridone

with potent DYRK1A inhibitory effect, which provides an active

scaffold for DYRK1A inhibitors (Fig. 2). And the docking results are

consistent with the activity data and provides an explanation for

the good inhibitory effect.

4.1.4. Leucettines

DYRK1A plays an important role in DS, specifically, it is lo-

cated in the DS chromosome 21 critical region which encodes

a serine/threonine kinase of numerous substrates. DYRK1A phos-

phorylates cytoskeletal substrates such as β-tubulin in the cyto-

plasm, and can also regulate the nuclear/cytoplasmic localization

of the NFAT transcription factors. Therefore, when DYRK1A is over-

expressed in DS, it can lead to cognitive impairments [23,102].

To verify the above conclusions, Nguyen et al. [103] treats differ-

ent mice [Tg(DYRK1A), Ts65Dn and Dp1Yey)] by DYRK1A inhibitor

leucine (Leucettine, L41 as an example) and finds that DYRK1A is

present in synaptosomes and may affect the transport of synap-

tosomes, which shows the specific relationship of DYRK1A and

recognition memory. L41 can also dephosphorylate SYN1, a pro-

tein related to seizures, which broadens the application of DYRK1A

inhibitors. Although the specific mechanism of L41 improving the

cognitive function of DS patients requires further research, it is un-
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Fig. 2. DYRK1A inhibitors.

deniable that L41 is a potential drug candidate for the treatment of

DS (Fig. 2).

4.1.5. Meridianins

Studies have shown that GSK-3β , CK1δ, CLK1 and DYRK1A

act together in the occurrence and development of AD. It has

been shown that meridianins, indole alkaloids of the marine tu-

nicate Aplidium from the Southern Ocean, could act as inhibitors

of these four kinases. In addition, kororamides A–B, two bromi-

nated alkaloids of the bryozoan Amathia tortuosa from Australia,

showed a phenotypic signature on Parkinson’s disease. Modifica-

tion of meridianins derivatives mainly focus on the indole scaffold

and the substitution of halogen [104]. The ATP cavity of protein

kinase can be divided into five regions: glycine-rich region (GRR),

hydrophobic pocket (HP), adenine region (AR), sugar pocket (SP)

and phosphate binding pocket (PBP) [105–107]. Therefore, the ba-

sis for the design of inhibitors is to effectively occupy these cav-

ities. Indole scaffold and ATP cavity can form a strong combina-

tion, so the indole scaffold is essential. Compared with terrestrial

molecules, marine compounds have at least one bromine atom,

which could improve oral absorption, lipophilicity, blood brain bar-

rier (BBB) permeability, metabolic and chemical stability, or even

potency. Compounds 2a and 2e have strong binding interactions to

protein kinase with generally selective. In addition, the computer

predicted that although they had good absorption property and

distribution property. But toxic tendencies indicate further modi-

fications are required. All of the above conclusions are based on

computer prediction, and the specific parameters of in vitro and in

vivo activities need further study (Fig. 2).

4.2. Synthetic DYRK1A inhibitors

4.2.1. 2,4′-Bipyridine derivatives

The natural product harmine has been identified as the most

effective DYRK1A inhibitor scaffold due to its good selectivity and

potent inhibitory effect on DYRK1A [100,108]. On this basis, We-

ber et al. [109] developed a variety of new DYRK1A inhibitor scaf-

folds, which greatly enriched the types of DYRK1A inhibitors. First

of all, the selectivity mainly attributes to the interaction between

inhibitor and the backbone carbonyl of Leu241. The scaffold was

introduced into the thiazole to obtain compound 15 with nanomo-

lar potency (IC50 = 1.0 nmol/L), unfortunately, the sulfur of 15

blocked further growth at this position. But replacing S atom by

N atom to form a pyrazole ring (compound 20 IC50 = 2.0 nmol/L)

breaks this limitation. The five-membered ring is further expanded

into a six-membered ring, which is expected to contact the hinge

region sterically accommodated to bring better inhibitory effect.

The quinoline derivative and benzodioxane derivatives bring IC50s

of 10 and 11 nmol/L, respectively. The above results confirm that

the previous design strategy, providing a heteroatom to accept a

hydrogen bond from the hinge amide nitrogen of Leu241 to im-

prove selectivity, is correct. More than one amino group on the

pyridine is required to form an interaction with the Glu203 to in-

crease the binding affinity to DYRK1A. The addition of the non-

polar groups on the five-membered ring seems to maintain a high

affinity to DYRK1A, high selectivity versus CDK9, and potent inhi-

bition of DYRK1A autophosphorylation in the cellular setting (36

IC50 = 2 nmol/L, 38 IC50 = 8 nmol/L), which consolidates the

choice of the imidazopyridine core for future optimization. The

next optimization of inhibitors focused on the improvement of

cellular activity. 46 was obtained by introducing 2-PhO-ethyl into

imidazole, which provides the highest cellular inhibitory activity

(IC50 = 35 nmol/L), and strong inhibitory effect against DYRK1A

(IC50 = 1 nmol/L). It is deduced that the 2-PhO-ethyl side chain

of 46 sits alongside the imidazo-pyridine core removes this apo-

lar substituent from water, and rigidifies the linker to confine the

phenyl to its DYRK1A-bound orientation. Based on this, replacing

benzene with pyridine and introducing halogen atoms into pyri-

dine was well tolerated. The compounds with bromine (56) or

chlorine (57) was well tolerated by DYRK1A giving 2.0 nmol/L-ar
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Fig. 3. 2,4′-Bipyridine derivatives.

or 3.0 nmol/L-ar inhibitors, respectively. In addition, the cellular

most potent inhibitory effect of 56 and 57 were observed at 32

and 26 nmol/L, respectively. In the kinase selectivity experiment,

DYRK1A and DYRK2 were inhibited to 10% activity by compound

40 at a lower dose, and 40 induced a 52% decrease of hERG ac-

tivity at 10 μmol/L. In vitro, 40 have favorable absorption, distribu-

tion, metabolism, and excretion (ADME) properties including the

complete predicted oral absorption, moderate microsomal stability

and a high unbound (free) fraction in plasma. In vivo, the cyto-

static effects of 40 on A270 cell line still exist after stopping treat-

ing, which suggests that DYRK1A inhibitors, at least in this ovarian

model, shows good anti-tumor activity. But it might not be effi-

cient to induce tumor regressions as single agents. Further work

is needed to study whether these DYRK1A inhibitors is effective in

tumor by combined with other agents (Fig. 3).

4.2.2. Pyrrolo[2,3-d]pyrimidine derivatives

Research shows that DYRK1A and 1B play an important role

in cell cycle control and modulation of DYRK1A/B in sarcoma

[110,111], and lung [112], pancreatic [11] and ovarian cancers

[113] can result in dysregulation of cell cycle control, and the sup-

pression of DYRK1A restrains myeloid cell leukemia 1 (MCL-1) ex-

pression and sensitizes nonsmall cell lung cancer cells to B-cell

lymphoma 2 (Bcl-2) inhibitors [114]. Walmsley et al. [115] iden-

tified potent and selective ATP competitive inhibitors of DYRK1A

and DYRK1B based on the lead discovery method of fragments

and structures, which are used to probe inhibitory effect. And they

founded that pyrrolopyrimidine compounds can be used for fur-

ther optimization. The first optimization was concentrated on the

carbonyl of L241. Compound 16 (IC50 = 65 nmol/L) was obtained

by introduction a methyl group into the 2-position and substitu-

tion the 6-position by pyridine, which brings the highest ligand

efficiency. The crystal structure shows that the 2-methyl occupies

the pocket adjacent to the carbonyl of L241, and the pyridine nitro-

gen hydrogen-bonds to K188 with the other polar atoms of the lig-

and making interactions with defined solvent positions. Compound

19 was formed by introducing the methoxy group into pyrrolopy-

rimidine. Because the methoxy on 4-position of the pyrimidine

presents a vector toward the amino acids in the sugar pocket of

the ATP site and the glycine loop regions, compound 19 has a high

binding affinity for DYRK1A (IC50 = 20 nmol/L). Next, substituents

at the 4-position of the pyrimidine aromatic ring was researched,

which brings compound 34, the most promising lead compound.

Although the metabolic stability is moderate, it shows good cellu-

lar activity with the IC50 for inhibition of the autophosphorylation

of S520 on DYRK1A in U2OS cells only threefold less than the IC50

in the functional assay and with an concentration for 50% of max-

imal effect (EC50) of less than 1 nmol/L in a nano-BRET assay. In

addition, compound 34 has significant selectivity to DYRK1A (0.4%)

and DYRK1B (5%), especially to DYRK2 (88%). It is orally bioavail-

able and tolerated at doses over 100 mg/kg and achieves sufficient

plasma and tumor exposure, showing efficacy in an in vivo model

of glioblastoma with a pharmacodynamic (PD) marker (phospho-

rylation of S520), which confirms cellular target engagement. It is

speculated that the methyl group on the 34 pyrropyrimidine oc-

cupying a small hydrophobic pocket adjacent to Leu244 to brings

good performances. Therefore, the methyl group is a crucial for

the selectivity to DYRK1A against other kinases. Compound 34 will

be a useful tool to further explore the functional consequence of

DYRK1A inhibition which may lead to new therapeutic strategies

in oncology and DS (Fig. 4).

4.2.3. Pyrido[3,4-b]indole derivatives

DYRK1A and GSK-3β play a critical role in the occurrence and

development of AD. GSK-3β , the main Tau kinase involved in the

pathology of AD, is found to be hyperactivated in the brain of

AD patients, and DYRK1A is the initiating kinase of GSK-3β sig-

nal transduction [116,117]. Thus, inhibition of GSK-3β and DYRK1A

simultaneously will effectively prevent the hyperphosphorylation

of Tau, restore the normal function of Tau protein and inhibit the

generation of NFTs, which is an encouraging new strategy for anti-

AD treatment [118]. Therefore, Liu et al. [119] designed and synthe-

sized harmine derivatives as novel dual GSK 3β/DYRK1A inhibitors

based on the β-carboline scaffold. The cyclopropanecarboxam-

ide is linked to different positions of pyridine to form two new

types of scaffolds, and the main transformation strategy is concen-

trated on the 7-position substitution. Among them, the compound

ZDWX-12, introducing a methoxy group at the 7 position, has a

strong inhibitory activity against DYRK1A (inhibition rate of 85% at

1 μmol/L) and GSK-3β (IC50 = 144 nmol/L). ZDWX-19, substitut-

ing the 7-position of phenyl structure by halogen, had moderated

GSK-3β inhibitory activity. In addition, compound ZDWX-25 bear-

ing methyl ester at 7-position showed the most promising GSK-

3β inhibition activities (IC50 = 71 nmol/L), and also showed the

best inhibitory activity against DYRK1A (IC50 = 103 nmol/L) which

was at least 450-fold more active than the reference compound

harmine. Molecular docking showed that the β-carboline scaffold

of the compound ZDWX-25 is well accommodated in the ATP bind-

ing pocket of GSK-3β and binds to residues Lys85 and Val135, two

crucial amino acids. And, the carbonyl oxygen of the methyl ester
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Fig. 4. Pyrrolo[2,3-d]pyrimidine derivatives.

Fig. 5. Pyrido[3,4-b]indole derivatives.

binds to the residue Leu241 at the hinge region of DYRK1A, and

the nitrogen atom of the pyridine ring forms a hydrogen bond with

the side chain of Lys188, which are consistent with the binding

mode of the harmine–DYRK1A complex. The above results indicate

ZDWX-25 is an ATP-competitive GSK-3β inhibitor. What’s impor-

tant is that ZDWX-25 effectively improved the cognitive dysfunc-

tion in APP/PS1/Tau transgenic mice (Fig. 5).

4.2.4. 6 Azaindole derivatives

Insufficient β-cells (type 1 diabetes) or restricted β-cell func-

tion (type 2 diabetes) are the main pathogenesis of diabetes.

Therefore, promoting β cell proliferation and preventing its apop-

tosis is an effective measure to treat diabetes. Studies have shown

that harmine can inhibit the phosphorylation of NFAT in acti-

vated T cells to promote the proliferation of β cells by inhibiting

DYRK1A in vivo and in vitro. And inhibiting DYRK1A and GSK-3β
simultaneously have a synergistic effect on promoting β cell pro-

liferation. Liu et al. [120] explored the groups linked at the ni-

trogen 1-position of the 6-azaindole core in 8a and substituted

by a phenyl group to obtain 8g with good inhibitory effect (IC50

= 0.013 μmol/L) and selectivity to GSK3 (IC50 > 8.3 μmol/L),

but the metabolic stability of compound 8g is poor in vivo. It

is assumed that substitution at the ortho position of the pyri-

dine nitrogen can reduce the metabolic potential of ADP, which

can also form additional hydrogen bond contacts with the scaf-

fold oxygen atom of Leu241. The introduction of urea (compound

13a) displayed higher liver microsomal stability across species,

but its inhibition on hERG channel (IC50 = 1.2 μmol/L) brings

cardiotoxicity. The ethyl piperazine urea of (GNF2133, compound

13g) contributes to its strong inhibitory effect on DYRK1A (IC50

= 0.0062 μmol/L) and a good selectivity for GSK3, as well as a

low metabolic clearance rate and low hERG inhibition. In addition,

GNF2133 also shows good proliferation effect on primary β cells

and accepted safety in vivo, which confirmed the previous hypoth-

esis that the additional hydrogen bonding contact with the scaffold

oxygen atom of Leu241 could increase the potency. 6-Azaindole

DYRK1A inhibitor can increase the cell proliferation marker Ki67

and then regulate the cell cycle to influence the proliferation of β
cells (Fig. 6).

4.2.5. Pyridoquinazoline derivatives

Studies have shown that all protein kinases share the same

co-factor (ATP), and most of their ATP binding pocket are highly

conservative in structure, which requires researchers pay more

attention on the selectivity of kinase inhibitors [121]. Tazarki

et al. [122] synthesized and optimized a series of pyrido[3,4-

g]quinazolines derivatives as inhibitors of Cdc2-like kinase 1 (CLK1)

and DYRK1A for their synergistic effect on the occurrence and de-

velopment of cancer, neurodegenerative diseases and viral infec-

tions. The binding modes of pyridoquinazoline derivatives are as

follows: the amino group forms a hydrogen bond with Leu244 in

the hinge region. And compounds lacking an amino group at po-

sition 2 do not show significant inhibition of the tested kinases,

which suggests that aminopyrimidine is essential. The compound

10i with an amino group at the 10 position is due to the introduc-

tion of the secondary amino group interacts with either the back-

bone oxygen of Leu244 or points in the direction of the Lys191–

Glu206 salt bridge, but without forming additional electrostatic in-

teractions with the latter. Therefore, it has better inhibitory activity

on DYRK1A. This article provides a promising scaffold for the de-

velopment of dual CLK1/DYRK1A inhibitors (Fig. 2).
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Fig. 6. Azaindole derivatives.

4.2.6. Thiadiazine derivatives

It has been disclosed that DYRK1A plays a key role in can-

cer. Recent studies have reported that inhibiting DYRK1A may pro-

mote EGFR degradation and then inhibit the growth of tumors.

Furthermore, DYRK1A inhibition induces activation of caspase-9

which leads to massive apoptosis in specific cancer cell types. Ku-

mar et al. [123] used an integrated computational modeling and

medicinal chemistry approach to screen novel DYRK1A inhibitor

scaffolds. At first, DFG-in conformation was used to confirm these

inhibitors as canonical type-I, ATP competitive inhibitors [12,124–

126]. And Kumar et al. constructed models of DYRK1A in the DFG-

out conformation for virtual screening to identify hits with novel

binding modes. Notably, gatekeeper residue Phe238 is a key fea-

ture of DYRK1A, which is located at the narrow channel bridg-

ing the ATP-binding pocket and the DFG-pocket. Screened from the

ZINC12 molecular library, 1,3,4-thiadiazine compound 1 with good

inhibitory effect on DYRK1A (IC50 = 9.41 μmol/L) was discovered.

The Kd (71 nmol/L) of the p-fluorobenzylamino introduced at posi-

tion 2 (compounds 3–5) are of 60 times higher potency than that

of compound 1, which indicates that this group is good for the

combination of inhibitor and DYRK1A. Increasing the carbon chain

length of between the 2-amino group and a phenyl group by 1–

2 carbons could increase the binding affinity with DYRK1A. With

the above characteristics, compounds 3–5 induced β cell prolifer-

ation at 5 μmol/L in vitro, and showed good kinase selectivity for

DYRK1A (compared with DYRK1B and DYRK2 with similar struc-

ture to DYRK1A). The data all above indicate that compounds 3–5

thiadiazine group can be used as the scaffold for further research

and development of DYRK1A inhibitors (Fig. 7).

4.2.7. Aminopyrimidine derivatives

Chronic anemia (ACD) is a common form of anemia only sec-

ond to iron deficiency anemia [127], which often occurred in pa-

tients with acute or chronic immune activation. Hypoxydine un-

derexpression is a common phenotype of hereditary hemochro-

matosis. Regulation of hepcidin would be a promising treatment

strategy for ACD for hepcidin has emerged as the central regula-

tory molecule in systemic iron homeostasis, and oral hepsidrin in-

hibitors improve patient compliance. Fukuda et al. [128] hypothe-

sized that the mechanism of inhibition of hepcidin production is

due to inhibition of DYRK1A or kinases belonging to CMGC family.

Fig. 7. Thiadiazine derivatives.

Compound 1 (inhibitory activity for hepcidin IC50 = 4.2 μmol/L)

with 4-aminopyrimidine was obtained by screening the library of

compounds [128]. And the optimization of compound 1 indicates

that methoxy group at 8-position can improve the inhibitory ef-

fect (compound 14, IC50 = 0.53 μmol/L). When the scaffold was

replaced with pyrazole and isoxazole, the activity was found to

be lost, which suggests that the 4-aminopyrimidine scaffold is es-

sential for hepcidin inhibitory effect. And the aminopyridine moi-

ety binds to the ATP pocket of DYRK1A by interacting with the

hinge region. Compound 32 is obtained by linking the 8-position of

piperidine with an exo-olefin linker, which significantly improves

the in vitro activity (IC50 = 0.021 μmol/L). This is because that

the 8-position NH group of piperidine forms a hydrogen bond

with Glu291. In vitro for the NH group at 8-position of piperi-

dine formed a hydrogen bond with the Glu291. In addition, an

exo-olefin linker was considered to improve the spatial comple-

mentarity with the P-loop. Compound 34 (DS42450411), with sim-

ilar structure to compound 32, significantly reduces the concentra-

tion of hepcidin in the blood. And DS42450411 shows appropriate

lipophilicity, moderate plasma protein binding capacity, and high
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Fig. 8. Aminopyrimidine derivatives.

Fig. 9. Imidazopyridazine derivatives.

plasma exposure, all of these features meet the original require-

ments of looking for oral hepcidin inhibitors (Fig. 8).

4.2.8. Imidazopyridazine derivatives

Recent studies have shown that the dysregulation and dys-

function of mammalian CLK and DYRK1A are related to a variety

of diseases including single-cell parasitic diseases. Therefore, CLK

and DYRK1A have been researched as therapeutic targets. Several

patents [129] have described imidazo[1,2-b]pyridazines as poten-

tial antimalarial medicines. The introduction of an aromatic ring at

position C-3 greatly improves the activity, and imine is the most

active substituent. In addition, compound 11e, substituted by (S)-

2-amino-1-butanol at the C-6 position, seems to have the high-

est activity among a series of compounds introduced with triflu-

oromethylphenyl (CLK1 IC50 = 0.12 μmol/L). The properties above

were combined to obtain the compound 20a, which appears to

be the best combination of all tested compounds. Unfortunately,

compound 20a cannot inhibit parasites well at a concentration of

10 mmol/L. However, imidazo[1,2-b] pyridazine scaffold is still a

promising candidate for further research as an antimalarial drug

(Fig. 9).

5. Summary

DYRK1A is closely related to many diseases, such as DS and AD.

And the correlation between diabetes and DYRK1A is discovered in

recent years. Thus, DYRK1A has attracted much attention in drug

development. DYRK1A inhibitors must be selective for different

diseases, and the pathogenesis of diabetes and neurological dis-

eases are very different. The interaction between DYRK1A inhibitor

and protein is mentioned in most articles that DYRK1A inhibitors

mainly occupy the ATP binding sites. At present, 3–4 heterocyclic

structures are the scaffolds of most DYRK1A inhibitors for better

hydrogen bond interaction with proteins, thereby efficiently bind-

ing to the DYRK1A domain. Lys188, Leu241, Glu239 and Phe238 are

important amino acid residues of DYRK1A, and the compound in-

teract with them has good inhibitory effect, which provides guid-

ance for the design of DYRK1A inhibitors. Zhan et al. [130,131]

proposed that the current design strategies for synthetic com-

pounds mainly include: (1) target-derived (-dependent) de novo

drug discovery methodologies, and (2) follow-on derivatization ap-

proaches from initially identified active molecules (hit-to-lead and

lead-to-candidate efforts). Therefore, the discovery of DYRK1A in-

hibitors mainly use the second strategy, that is, to design a series

of harmine derivatives as DYRK1A inhibitors to explore their ther-

apeutic effects on different diseases, and harmine is a potent in-

hibitor of DYRK1A. In the process of modification, computer aided

design technology is fully utilized. Because the kinases in the DYRK

family are similar, the developed inhibitors should be of good se-

lectivity for DYRK1A, which is a big challenge for pharmacologists.

In addition to its irreplaceable role in the treatment of DS, AD and

diabetes, DYRK1A inhibitors have been found to play a unique role

in chronic anemia and osteoarthritis in recent years. Thus, DYRK1A

target always attracts attention of researchers.
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