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Abstract The dual-specificity tyrosine-regulated kinase (DYRK) family is evolutionarily
conserved from invertebrate to mammals. DYRKs regulate cell proliferation, apoptosis, sur-
vival, and differentiation by modifying the protein activation state, cellular localization,
and turnover. In contrast to several studies in cellular models, the available evidence regarding
the in vivo roles of DYRKs in mammalian development is limited. This review summarizes the
in vivo studies on Dyrks which provide insight into their roles in mammalian tissue development
and congenital diseases. In vivo evidence obtained using knockout and genetically modified an-
imals helps to understand and develop novel clinical therapies and drug for human congenital
diseases, such as Down syndrome and neuronal disorders (associated with DYRK1A) and skeletal
ciliopathies (associated with DYRK2).
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction

Dual-specificity tyrosine-regulated kinase (DYRK) family be-
longs to the CMGC group which includes cyclin-dependent
kinases (CDKs), mitogen-activated protein kinase (MAPK),
CDK-like kinases (CLKs), and glycogen synthase kinase
(GSK).1 The five members of mammalian DYRKs (DYRK1A,
DYRK1B, DYRK2, DYRK3, and DYRK4) are phylogenetically
categorized into two classes: class I (DYRK1A and DYRK1B)
and class II (DYRK2, DYRK3, and DYRK4) based on sequence
homology within the conserved kinase domain.2,3
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DYRKs exhibit the characteristic property of the DYRK
family of having both tyrosine (Tyr) and serine/threonine
(Ser/Thr) kinase activities. To attain full phosphorylation of
the target substrates, DYRKs are activated by auto-
phosphorylation of the second Tyr residue in a conserved Y-
x(x)(x)-Y sequence within activation loops2,4,5 (Fig. 1). Once
Tyr residue is auto-phosphorylated, Tyr kinase activity is lost
and DYRKs retain only Ser/Thr kinase activity.6,7 Therefore,
these kinases are termed dual-specificity tyrosine-regulated
kinases. During phosphorylation of target proteins, DYRKs are
known to phosphorylate Ser/Thr in the consensus sequence
“Rx(x)[S/T]P” (Fig. 1).5,8,9 In particular, proline (Pro) at the
þ1 position and arginine (Arg) at the �2 or �3 position rela-
tive to Ser/Thr seem to be preferred with a degree of diver-
gence from this consensus.5,8,9

DYRKs are evolutionarily conserved and are known to
regulate cell proliferation, apoptosis, survival, and differ-
entiation. Accumulating studies in cellular models have
revealed the molecular mechanisms of DYRKs, especially
DYRK1A, DYRK1B, and DYRK2. In embryogenesis, DYRKs play
important roles in development and cell differentiation in
several species, especially flies (Drosophila),10,11 and
worms (C. elegans).12e20 In contrast to invertebrate and
cellular models, there are limited reports regarding the
functions of DYRKs in mammalian development. This review
summarizes the in vivo studies that show that DYRKs play a
role in mammalian development. Moreover, using these
studies, we present an overview promoting the under-
standing of its roles in mammalian tissue development and
congenital diseases.
Representative molecular mechanisms of
DYRKs

Numerous studies have demonstrated that phosphorylation
by DYRKs regulates several biological processes by modi-
fying protein activation, cellular localization, and turnover
(stabilization and degradation) by the ubiquitin-
proteasome system. In this section, we summarize the
representative molecular mechanisms of DYRKs. For find-
ings on DYRKs inhibitor and clinical implications, see the
latest excellent reviews.21e24
Figure 1 Conformational activation of DYRKs by auto-phos-
phorylation of the second Tyr residue in a conserved Y-x(x)(x)-Y
sequence within the activation loop. After a conformational
change, DYRKs retain only Ser/Thr kinase activity with the
consensus sequence “Rx(x)[S/T]P”.
DYRKs regulate protein turnover during the cell
cycle

DYRKs phosphorylate several critical regulators of the cell
cycle. The first evidence regarding the role of DYRKs in cell
cycle control has been reported for DYRK1B via
proteasome-dependent turnover.25e28 Cyclin D1 (encoded
by CCND1) is a key regulator of the G1/S-phase transition
via interaction with CDK4 and CDK6, which phosphorylate
Rb (retinoblastoma), resulting in de-repression of E2F-
dependent transcription of S-phase genes.29 DYRK1B
directly phosphorylates cyclin D1 at Thr286 for proteasomal
degradation (Fig. 2A).25,28

DYRK1B also phosphorylates another cell-cycle regu-
lator, p27Kip1 (encoded by the cyclin-dependent kinase
inhibitor 1B; CDKN1B), which is a member of the Cip/Kip
family of CKIs and maintains cells in a quiescent state.30,31

DYRK1B co-localizes with nuclear p27Kip1 and directly
phosphorylates p27Kip1 at Ser10 for stabilization (Fig.
2A).26 Knockdown of DYRK1B by siRNA increased cell entry
from G0 to G1 via a decrease in protein levels of p27Kip1,
but not mRNA levels, in C2C12 myoblasts.26 Accordingly,
DYRK1B is expressed in G0/G1 to maintain cell growth
arrest. These reports show that DYRK1B maintains growth
arrest and quiescence by depleting cyclin D1 and stabi-
lizing p27Kip1 in a kinase activity-dependent manner.

Similarly, cyclin D family members as well as p27Kip1 are
also phosphorylated by DYRK1A to regulate their protein
stabilities,32,33 thus affecting neurodevelopment, heart
development, and lymphopoiesis,34,35 as described below.

DYRK2 plays important roles in regulating the cell cycle
by modifying protein turnover. DYRK2 phosphorylates and
degrades CDC25A, which is essential for controlling the
cell cycle as a mediator of checkpoint responses to DNA
damage.36 DYRK2 also phosphorylates the 19S subunit
Rpt3 at Thr25 in a cell cycle-regulated manner, leading to
the activation of proteasome activity and cell prolifera-
tion.37 Another function of DYRK2 is to act as a scaffold
protein for the EDD-DDB1-VprBP (EDVP) E3 ligase complex.
In this complex, DYRK2 functions as an adaptor protein
between EDD and DDB1 and directly phosphorylates
Katanin p60 at Ser42, Ser109, and Thr133, resulting in
ubiquitination and degradation of Katanin p60 by DYRK2-
EDVP E3 ligase complex.38 Furthermore, DYRK2 regulates
the cell cycle as a priming kinase of c-Jun and c-Myc,39 as
described below.
DYRKs induce apoptosis via p53 phosphorylation

Genotoxic stress induces the activation of p53 (encoded by
TRP53), which is a transcription factor that acts as a
master regulator of the cell cycle checkpoint system.40,41

Phosphorylation of p53 at Ser46 is indispensable for
apoptotic induction. Although DYRK2 is mostly cytosolic,
upon genotoxic stress, phosphorylation of DYRK2 at Thr33
and Ser369 by ataxia telangiectasia-mutated (ATM) in-
duces its activation and nuclear localization.42 Notably, in
response to genotoxic stress, DYRK2 induces apoptosis by
phosphorylation of p53 at Ser46 in normal and tumor cells
(Fig. 2B).42



Figure 2 Molecular mechanisms of DYRKs. (A) DYRK1B-mediated growth arrest by protein turnover of cyclin D1 and p27kip1. DYRK1B
phosphorylates cyclin D1 at Thr286 for proteasomal degradation, and p27kip1 at Ser10 for stabilization. (B)DYRK2-mediated apoptosis under
DNAdamagebyp53-activation.Under genotoxic conditions, DYRK2phosphorylates p53at Ser46 and induces apoptosis. (C)DYRK2-mediated
cell cycle regulation as a priming kinase for GSK3b. DYRK2-mediated phosphorylation of c-Jun at Ser243 and c-Myc at Ser62 induces
sequential phosphorylation by GSK3b. Phosphorylated c-Jun and c-Myc are recognized by the Skp1-cullin-F-box-protein (SCF) complex and
degraded by the ubiquitin-proteasome system. (D) DYRKs-mediated phosphorylation of NFAT induces sequential phosphorylation by GSK3b
and CK1 (casein kinase 1). Phosphorylated NFAT is exported to the cytoplasm and its transcriptional activity is reduced.
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Interestingly, DYRK1A and DYRK3 are also involved in p53-
regulation in different manner. Sirtuin1, also known as NAD-
dependent deacetylase sirtuin-1, deacetylates transcription
factors that contribute to a variety of physiological processes
including pro-survival activities.43 DYRK1A and DYRK3 directly
phosphorylate Sirtuin1 at Thr522 and induce its activation.
Activated SIRT1 promotes deacetylation of p53, resulting in
the promotion of cell survival upon genotoxic stress.44
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Priming kinase activity of DYRKs induces protein
degradation

DYRKs also function as priming kinases, meaning that the
phosphorylation of a given residue by DYRKs is a prerequi-
site for the subsequent phosphorylation of a different res-
idue by other protein kinases such as GSK3b, CK1 (casein
kinase 1), or PLK-like kinase (PLK).45

DYRK2 acts as a priming kinase for GSK3b, which is a
serine/threonine kinase.39 DYRK2 directly phosphorylates
oncogenic transcription factors c-Jun (at Ser243) and c-Myc
(at Ser62), and regulates the G1/S transition and prolifer-
ation of tumor cells.39 Phosphorylation at the þ4 position
by DYRK2 induced subsequent phosphorylation by GSK3b
(Fig. 2C). Both priming kinase (DYRK2) and GSK3b-phos-
phorylated sites are essential for the recognition and
ubiquitination of the Skp1-cullin-F-box-protein (SCF) com-
plex, which is a ubiquitin ligase-mediated degradation
system.39

DYRK2 also actively regulates epithelial-mesenchymal
transition and metastasis via phosphorylation of the tran-
scription factor SNAIL.46 DYRK2 initially phosphorylates
SNAIL at Ser104 as a GSK3b-priming kinase. Phosphorylated
SNAIL is recognized and ubiquitinated by the SCF-TrCP
complex and is degraded in breast cancer cells.46 In
neuronal cells, DYRK2 phosphorylates collapsin response
mediator protein 4 (CRMP4) at Ser522 as a GSK3b�priming
kinase, resulting in the regulation of axon elongation.47

DYRK1A and DYRK2 also function as priming kinases for
GSK3b. Woods et al reported that phosphorylation of
eukaryotic initiation factor 2B (eIF2B) at Ser539, by DYRK1A
and DYRK2,48 is required for phosphorylation of Ser535 by
GSK3. More recently, the role of DYRK1A in controlling
circadian rhythm via CRY2 was reported.49 CRY2 plays a
critical role as a potent inhibitor of E-box-dependent clock
gene expression. CRY2 is rhythmically phosphorylated by
DYRK1A (as a priming kinase) at Ser557 in the C-terminal
tail for subsequent GSK3b mediated phosphorylation of
CRY2 at Ser553, which leads to proteasomal degradation of
CRY2.49

DYRKs regulate cellular localization of the
transcription factor NFAT

The priming kinase activity of DYRKs also regulates cellular
localization and the activation of nuclear factor of acti-
vated T cells (NFAT), a transcription factor essential for
vertebrate development.50 The inactive phosphorylated
NFAT proteins reside in the cytoplasm. Increased intercel-
lular Ca2þ levels induce de-phosphorylation of NFATs by the
calmodulin-dependent phosphatase calcineurin, resulting
in NFATs translocating to the nucleus and acting as a tran-
scription factor (Fig. 2D). DYRK1A and DYRK2 have been
identified as regulators of this NFAT process in vertebrate
neurons51 and Drosophila,52 respectively. DYRK2 directly
phosphorylates NFAT1 as a GSK3b- and CK1-priming ki-
nase.52 DYRK1A also functions as a GSK3b-priming kinase for
NFATc4.51 GSK3b phosphorylates NFATc4 at a site different
from that of the c-Myc/c-Jun priming at þ4 position (as
described above). Phosphorylation at both the priming and
GSK3b sites acts as export signals and drive trans-
localization to the cytoplasm, resulting in inactivation of
NFAT transcriptional activity (Fig. 2D).53e55 Alternatively,
phosphorylation of NFAT by DYRKs has also been reported to
affect the stability of NFATs, that is, DYRK1A contributes to
stabilization and destabilization of NFATc1 and NFATc2,
respectively.56,57

Functions of DYRKs in mammalian
development, revealed by in vivo approaches

Accumulating evidence in cellular models demonstrates
that DYRKs regulate protein turnover, activation, and
cellular localization. DYRKs play indispensable roles in cell
differentiation and patterning during tissue development.
Although knowledge on DYRKs expression profile in various
developmental tissue is limited, data from RNA-seq analysis
in adult human tissues are available from public databases.
Expression profiles in adult human tissues showed some
differences among DYRKs, that is, DYRK1A and DYRK2 tend
to be ubiquitously expressed, but expression of DYRK1B in
the testis and muscle, and DYRK3 and DYRK4 in the testis
were higher than those in other tissues (Fig. S1).

In comparison to cellular model-based analysis on
DYRKs, studies on their roles in mammalian development
using in vivo models are limited. In this section, we sum-
marize the available literature on DYRKs in vertebrate
development, obtained using in vivo approaches, with a
view to reconfirm their role in mammalian tissue develop-
ment. We also describe the knockout studies involving the
various mice Dyrk types, including the latest findings on the
Dyrk2 depletion.

In vivo developmental roles of DYRK1A

DYRK1A is an orthologous gene of minibrain (mnb) in
Drosophila.58Mnbmutant (Mnb�/�flies) shows a smaller brain
due to abnormal arrangement of neuroblasts in the outer
proliferation layers of the larval brain and causes specific
behavioral abnormalities in learning, memory, visual, and ol-
factory abilities.11,58 In mammals, DYRK1A has been most
extensively studied in vivo among DYRKs, because DYRK1A is
located in the human Down syndrome (DS)-critical region
(DSCR; chromosome 21q22.2), and its overexpression in tri-
somy 21 is known to contribute to the neuropathological traits
of DS.21 In addition, a human DYRK1A-haploinsufficiency syn-
drome (DYRK1A-Related Intellectual Disability Syndrome),
which is characterized by intellectual disability, including
impaired speech development, autism spectrum disorder
including anxiety and/or stereotypic behavior problems, and
microcephaly, has been reported.59e61 This rare neuro-
developmental disorder is phenocopied by the heterozygous
Dyrk1A (Dyrk1Aþ/�) mice models.62,63

In mice, Dyrk1A is highly expressed in the neural tube in
E9.5 embryos64 and transiently expressed in cycling
neuronal progenitor cells of the ventricular (VZ) and sub-
ventricular zone (SVZ) at E14.5.65 DYRK1A protein is also
expressed in several early postnatal tissues, such as the
brain, heart, lung, liver, spleen, and skeletal muscle.66 A
number of studies using genetically modified mice have
demonstrated that DYRK1A dosage is a key factor for neu-
rogenesis and neuronal maturation.21
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Dyrk1A null (Dyrk1A�/�) mutants are lethal in utero at
the embryonic stage between E10.5 and E13.5, with only
20% surviving at E13.5 (Table 1). Dyrk1A�/� embryos show
significant growth delay (with 1/3 to 1/2 size reduction
compared to wild type) with hypoplasia of several primitive
tissues such as the heart, liver, branchial arches, and brain
vesicles.64 In contrast, dyrk1a-deficient (dyrk1a�/�)
zebrafish shows hydrocephalus with small brain size caused
by increased apoptosis and impaired social behavior, but
develops into adulthood,67 and kinase-dead mutations
exhibit cerebral hemorrhage and defects in angiogenesis of
central arteries in the developing hindbrain (Table 1).68

Notably, Dyrk1Aþ/� mice, which are a model of DYRK1A-
Related Intellectual Disability Syndrome, survived but
showed decreased neonatal viability (approximately 30% of
Dyrk1Aþ/� mice survive), lower body weight (approxi-
mately 30% lower), and a reduced number of neurons in
some brain regions such as the superior colliculus.64

Dyrk1Aþ/� mice show behavioral abnormalities such as
impairment in spatial learning, delay in the appearance of
the righting reflex, Preyer’s reflex, eye lid opening, and
autistic traits.62,64 Conversely, transgenic mice over-
expressing Dyrk1A (Dyrk1A-Tg) mice showed normal
reproductive performance and litter viability. Dyrk1A-Tg
mice, however, exhibit retardation in neurodevelopmental
delay, and motor and cognitive deficits.19,69,70 These phe-
notypes of Dyrk1A-Tg mice are similar to those of DS
people.19

In addition to neurodevelopment, several studies have
shown that DYRK1A regulates tissue development
(described in the next sections).
In vivo molecular mechanisms: DYRK1A acts as a
dosage-sensitive kinase in developmental pathways

Molecular mechanism of DYRK1A’s role in
neurodevelopment
The function of DYRK1A in neuronal development has been
studied in vivo, since DYRK1A is located in the human DS-
critical region. Genetically modified mice studies have
revealed that DYRK1A dosage is indispensable for neuro-
genesis and neuronal maturation in vivo (Fig. 3A). DYRK1A
regulates neuronal development via dynamic spatio-
temporal expression patterns. Dyrk1A-expression is tran-
siently upregulated before the transition from proliferating
to neurogenic divisions and is maintained in neural pro-
genitor cells at a low level.71

As a representative mechanism, DYRK1A regulates pro-
liferation and differentiation via phosphorylation of cyclin
D1 and p27Kip, which are the main regulators of the cell
cycle in neurogenesis and neuronal maturation (Fig. 3A).
DYRK1A directly phosphorylates cyclin D1 at Thr286 for
proteasomal degradation in mice and humans.32 In utero
electroporation of Dyrk1A in the embryonic mouse
neocortex inhibits cell proliferation by inducing nuclear
export and degradation of cyclin D1. Dyrk1A-Tg mouse
embryos show an increase in the G1-phase in stem/pro-
genitor cells due to cyclin D1 phosphorylation and degra-
dation to produce a deficit in cortical projection neurons.34

Supporting these data, DYRK1A regulates the G1-phase of
trisomic fibroblast cells through the direct Thr286
phosphorylation of cyclin D1 and induces its nuclear export
and degradation.33 Dyrk1A-overexpression induces cell
cycle arrest with an increased number of cells expressing
p27Kip1 via phosphorylation at Ser10, resulting in protein
stabilization. Conversely, inhibition of Dyrk1A induces
proliferation through a decrease in p27Kip1.32,71

Other DYRK1A downstream molecules that contribute to
neurogenesis include NOTCH, REST1, STAT, and WNT.
DYRK1A directly phosphorylates and suppresses NOTCH1 in
a kinase activity dependent manner.72 NOTCH is a single-
pass transmembrane receptor activated by Delta and
Serrate ligand families. This activation leads to the pro-
teolytic cleavage and release of the NOTCH intracellular
domain (NICD),73,74 which in turn acts as a transcriptional
regulator in the nucleus. NOTCH signaling is essential for
maintaining the proliferation of neural progenitor cells, and
tightly regulates the decision of neural progenitors to stop
or commit to differentiation.75 Fernandez-Martinez et al
have shown that Dyrk1A is co-expressed with components
of the NOTCH signaling pathway (Notch1, Dll1, and a target
gene, Hes1) in the ventricular zone of the developing cor-
tex.72 Moreover, DYRK1A physically interacts with the NICD,
inducing the ankyrin domain, phosphorylating multiple sites
in the NICD, and reducing its transcriptional activity in
cultured cells and in vivo.

Dosage imbalance in DYRK1A contributes to the reduc-
tion in RE1 silencing transcription factor (REST), which is a
neuron-restrictive silencer factor that suppresses the
transcription of its target genes.76 Although the phosphor-
ylation sites have not yet been identified, DYRK1A may
phosphorylate the C terminus of REST and induce degra-
dation, resulting in reduced REST expression.77 Kurabayashi
et al have shown that overexpression of DYRK1A promotes
the activity of the astrogliogenic transcription factor STAT
in neuronal progenitors, resulting in aberrant astroglio-
genesis in DS.78 Overexpression of DYRK1A in DS negatively
regulates hippocampal WNT/b-catenin signaling.79 These
insights into the molecular mechanisms of DYRK1A in neu-
rogenesis lead to an understanding of the pathogenesis of
DS and Alzheimer’s disease.

Molecular mechanism of DYRK1A’s role in pancreatic b

cell development
Rachdi et al have reported that DYRK1A regulates pancreatic
b-cell development (Fig. 3B).80 In the pancreas, Dyrk1A is
highly expressed during development and is enriched in adult
islets.81 Dyrk1Aþ/� mice show reduced b-cell mass by reduc-
tion of b-cell proliferation, resulting in defective insulin
secretion and impaired glucose tolerance.81 Conversely,
transgenic mice overexpressing Dyrk1A (Dyrk1A-Tg mice)
showexpansion of b-cell mass through increased proliferation
and cell size and improved glucose tolerance.80 Mechanisti-
cally, accumulation of p27Kip1 is observed in the pancreas of
Dyrk1Aþ/� mice. Since the expression of p27Kip1 in b-cells is
regulated by the transcription factor forkhead box O1
(FOXO1), which is a substrate for DYRK1A, b-cell mass and
proliferation may be controlled via a DYRK1A-FOXO1-p27
pathway (Fig. 3B). However, an inhibitor of DYRK1A, harmine,
induces b-cell proliferation, increases islet mass, and im-
proves glycemic control in human pancreatic b-cells.82

Further analysis is required to reach a conclusion on the
function of DYRK1A in the pancreas.



Table 1 Phenotypes and associated diseases of Dyrks knockout animals.

Knockout animal Defects in knockout animal Associated diseases Ref.

Lethal at E10.5 to 13.5 19,59e61,64,65,69,70

Smaller body and hypoplasia of several
primitive tissues such as heart, liver, branchial
arches, and brain vesicles

Dosage-dependent Down syndrome

Cerebral hemorrhage and defects in
angiogenesis of central arteries in the
developing hindbrain

DYRK1A-Related Intellectual
Disability Syndrome

67,68

Hydrocephalus with small brain size and
impaired social behavior

No obvious developmental defects (Detailed
phenotype is not available)

Abdominal obesity-metabolic
syndrome 3

89,90,92

Lethal before 72 hpf 98

Shortened and curved body axis, visible loss of
somites, and cyclopic eyes

Loss of paraxial myoD-expression

Lethal at or close to birth

Skeletal ciliopathies

109,110

Smaller body and hypoplasia of multi organs
with especially skeletal abnormality

Suppression of Hedgehog signaling via
abnormal ciliogenesis

Dosage-independent

No obvious developmental defects

124,126,128

Increase numbers of red blood cells under
conditions of anemia (postnatal)

No obvious developmental defects

125
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Figure 3 In vivo phenotypes and representative molecular mechanism of DYRK1A during development by genetically modified
mice. The phenotypes of haploinsufficiency (Dyrk1Aþ/� mice), conditional knockout mice (Dyrk1A�/�), and/or transgenic mice
overexpressing Dyrk1A (Dyrk1A-Tg) are shown in each upper panel with its representative molecular mechanism in the lower panel;
(A) In neurodevelopment, DYRK1A phosphorylates cyclin D1 and p27Kip1 for proteasomal degradation and stabilization, respec-
tively; (B) In pancreatic b-cells, DYRK1A phosphorylates and degrades FOXO1, which is a negative regulator of a cyclin-dependent
kinase inhibitor, p27Kip1; (C) In heart development, DYRK1A phosphorylates and degrades cyclin D2, which is a positive regulator of
Rb (retinoblastoma); (D) In angiogenesis, DYRK1A positively regulates VEGF-induced NFAT target genes in a kinase activity-
dependent manner; (E) In lymphopoiesis, DYRK1A phosphorylates and degrades cyclin D3 and FOXO1, which are negative regulators
of B cell development.
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Molecular mechanism of DYRK1A’s role in heart
development
Dyrk1A, along with dysregulation of NFAT signaling, is
involved in heart development (Fig. 3C). Knockdown of
Dyrk1A by siRNA sensitized agonist-stimulated car-
diomyocyte hypertrophy.83 Dyrk1Aþ/- mice with calci-
neurin overexpression show an exaggerated pathological
cardiac growth response.84 Moreover, in this process,
Dyrk1A was downregulated by miR-199b.84 Later, Hille et
al reported a study using transgenic mice with cardiac-
specific overexpression of DYRK1A under the control of
the cardiac-specific aMHC promoter.85 Although newborn
Dyrk1A-Tg mice do not show obvious phenotypes, Dyrk1A-
Tg mice are generally smaller than their wild-type litter-
mates until they invariably die at a young age with marked
dilation of the atria and ventricles. DYRK1A interacts with
all members of the cyclin D family and represses their
protein levels in cellular models and in vivo (Fig. 3C). In
particular, DYRK1A phosphorylates cyclin D2 at Thr280 and
promotes its proteasomal degradation, and consequently
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impairs the formation of the phospho-active cyclin D-
Cdk4/6 complex. This phospho-active cyclin D-Cdk4/6
complex induces hypo-phosphorylated Rb1, resulting in
suppression of Rb/E2f-signaling and expression of E2f-
target genes for cell cycle progression (Fig. 3C).85 This
negative regulation of cyclin D-mediated Rb/E2f-signalling
via DYRK1A-overexpression impairs cardiomyocyte prolif-
eration, leading to cardiomyopathy.

Molecular mechanism of DYRK1A’s role in angiogenesis
Recently, the importance of DYRK1A in angiogenesis has
been revealed.86 Vascular endothelial growth factor (VEGF)
signaling in endothelial cells is an important regulator of
angiogenesis. In VEGF signaling, NFATs are key downstream
effectors. Rozen et al showed that DYRK1A positively reg-
ulates VEGF-induced NFAT target genes in primary endo-
thelial cells in a kinase activity-dependent manner (Fig.
3D).86 In fact, the loss of DYRK1A impairs VEGF-stimulated
Ca2þ mobilization in human umbilical vein endothelial
cells. In this process, DYRK1A induces VEGFR2 accumulation
and stabilization in response to VEGF. Moreover, in post-
natal retinal development, Dyrk1Aþ/� mice show defects in
retinal vascularization via fine-tuning of endothelial cell
proliferation and angiogenesis (Fig. 3D).86 Although the
possibility of a combination of endothelial and non-
endothelial effects cannot be ruled out, these data sup-
port a role for DYRK1A in physiological angiogenesis.

Molecular mechanism of DYRK1A’s role in lymphopoiesis
DYRK1A is required for normal lymphopoiesis. Dyrk1A con-
ditional knockout in hematopoietic cells of mice showed
that B and T cell precursors failed to enter a quiescent state
and a cell-autonomous defect emerged in lymphoid devel-
opment (Fig. 3E).35 During lymphopoiesis, DYRK1A phos-
phorylates cyclin D3 (at Thr283) for its degradation,
thereby promoting cell cycle exit and subsequent lymphoid
maturation (Fig. 3E). More recently, the same group showed
that DYRK1A is required for the growth of B cell acute
lymphoblastic leukemia cells in a kinase-dependent manner
using Dyrk1A conditional knockout mice and a small-
molecule inhibitor, EHT 1610.87 Mechanistically, DYRK1A
phosphorylates FOXO1 and STAT3, which are indispensable
transcription factors for B cell development in B lympho-
poiesis via the regulation of DNA damage and ROS,
respectively (Fig. 3E).87 These data suggest that DYRK1A is
a candidate therapeutic target for B cell acute lympho-
blastic leukemia. Other groups showed that DYRK1A regu-
lates the balance between Th17 and T regulatory (Treg)
cells, which critically modulates immune homeostasis.88

Inhibition of DYRK1A by harmine induces differentiation
into Tregs and suppresses differentiation into Th17 without
affecting the pathways of Treg/Th17 differentiation.88 The
molecular mechanisms by which DYRK1A regulates Th dif-
ferentiation remain to be elucidated.

In vivo developmental roles of DYRK1B

In humans, DYRK1B mutations are related to abdominal
obesity and metabolic syndrome 3 (AOMS3), which is
characterized by abdominal obesity, type 2 diabetes,
hypertension, and early onset coronary artery disease.89,90

Mutations H90P and R102C affect the structural element
DYRK homology box and interfere with the maturation
of DYRK1B by tyrosine auto-phosphorylation, thereby
compromising the conformational stability of the catalytic
domain and resulting in loss-of-function.

In normal human tissues, DYRK1B mRNA is highly
expressed in the skeletal muscle and testes (Fig. S1).91

Since higher expression of DYRK1B is observed in the muscle
cells and testes during normal development,92 DYRK1B is
assumed to play key roles in growth arrest in a quiescent
state, differentiation, and survival during myogenesis93e95

and spermatogenesis.96

In myogenesis, DYRK1B is strongly expressed in differ-
entiated skeletal muscle but does not dividing myoblasts,
indicating a physiological role in muscle development and
function. In a study using cellular models, expression of
DYRK1B was highly increased in non-dividing cells such as
serum-starved fibroblasts and myoblasts that exit the cell
cycle to undergo terminal differentiation. Moreover,
DYRK1B overexpression promotes differentiation of myo-
blasts into skeletal muscle cells (terminal differentiation),
whereas knockdown of Dyrk1B by siRNA suppresses differ-
entiation.94 Notably, DYRK1B is also involved in skeletal
muscle regeneration after injury in adult tissue.94 DYRK1B
is expressed at low levels in satellite cells (stem cells);
however, it is upregulated when satellite cells are activated
and re-enter the cell cycle.94

In spermatogenesis, DYRK1B regulates proliferation and
differentiation by phosphorylating p27Kip1 for stabilization
and cyclin D1 for degradation, and its kinase activity is
negatively regulated by interaction with cold-inducible
RNA-binding protein.96

Unexpectedly, Dyrk1B knockout (Dyrk1b�/�) mice show
no obvious developmental defects and survive several weeks
after birth (Table 1).97 Detailed phenotypes of Dyrk1b�/�

mice are not available. The International Mouse Phenotyping
Consortium (https://www.mousephenotype.org/) provides
information that Dyrk1B�/� mice show preweaning lethality,
and Dyrk1Bþ/� adult mice show decreased body weight,
retinal thickness, bone mineral density, lymphocyte cell
number, and abnormal auditory brainstem response. To
reach a conclusion on the function of DYRK1B in mammalian
development, further analysis is needed.

More recently, a study of CRISPR/Cas9-mediated dyrk1b
knockout zebrafish using two different guide RNAs was
conducted (Table 1).98 Homozygous knockout (dyrk1b�/�)
zebrafish exhibit embryonic lethality and do not survive
beyond 72 hpf (hours post fertilization) with shortened and
curved body axis, visible loss of somites, and cyclopic eye.
Dyrk1b is expressed in the somitic mesoderm, which is the
precursor of skeletal muscles cells, and dyrk1b�/� zebrafish
showed loss of paraxial myoD-expression, which is a key
basic helix-loop-helix transcription factor for myogenic
differentiation. In addition, knockdown analysis shows that
dyrk1b may be involved in endoderm formation and
craniofacial patterning via the induction of endodermal
markers cas and sox17 expression in zebrafish.99 These data
suggest that DYRK1B is indispensable for survival and
embryogenesis, at least in zebrafish.

https://www.mousephenotype.org/


Figure 4 DYRK2 in ciliogenesis and Hedgehog (Hh) signaling. A schematic model of ciliogenesis and response to stimulation with
Hh ligand in wild-type (A); and Dyrk2�/� mice (B); Dyrk2�/� embryo shows Hh-inactivation and skeletal abnormalities via abnormal
ciliary morphology (showing by scanning electron microscopy; SEM) and abnormal ciliary trafficking of Hh pathway components
(GLI2 and GLI3).
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In C. elegans, Mbk2 has been identified as an ortholog gene
of DYRK2. Null Mbk2 mutants in C. elegans are lethal due to
various defects in cytokinesis during early embryonic
development.100 Phosphorylation by MBK2 initiates the
degradation of MEI1 via a ubiquitin-dependent mechanism
involving the CUL3/MEL26-E3 ligase ubiquitin complex.12e14

In vivo studies clearly show that MBK2 plays a critical role in
the regulation of maternal protein degradation during the
oocyte-to-embryo transition.101 In zebrafish, morpholino-
mediated knockdown of dyrk2 reduces the expression
levels of myoD in muscle progenitor cells.102 Double
knockdown of dyrk2 with cdk5 causes abnormal positioning
of Rohon-Beard neurons103 and caudal primary neurons104 in
the dorsal part of the spinal cord. In mammals, DYRK2
functions as a tumor suppressor in breast,39,105 liver,106 and
colon107,108 by regulating cell survival, proliferation, and
epithelial-mesenchymal transition/migration via p53 (Fig.
2B),42 c-Jun/c-Myc (Fig. 2C),39 and SNAIL46 as described
above. Although evidence indicates that DYRK2 plays
important roles in the development of invertebrates and
tumor suppression, little is known about the functions of
DYRK2 in mammalian development because no study with
Dyrk2 knockout mice has been carried out.

Recently, our group revealed for the first time the
function of DYRK2 in mammalian development by analyzing
knockout mice (Fig. 4 and Table 1).109,110 Although het-
erozygous Dyrk2 knockout showed no obvious defects, ho-
mozygous Dyrk2 knockout (Dyrk2�/�) mice died at or close
to birth due to respiratory disorders110 with a smaller body
and hypoplasia of multiple organs. In particular, skeletal
abnormalities were remarkable, including the limbs, ster-
nebrae, vertebra, cleft palate, tracheal cartilage, and
cranial base.109 These phenotype defects exhibited by
Dyrk2�/� mice are similar to those seen in Hedgehog (Hh)
signaling.111 Indeed, Dyrk2 deficiency causes suppression of
Gli1-expression, which is a transcription factor and indi-
cator of Hh signal activation,112 in the embryo tissues.
Supporting this in vivo evidence, primary mouse embryonic
fibroblasts derived from Dyrk2�/� mice or transient
knockdown of Dyrk2 by siRNA showed that DYRK2 is
essential for responding to the Hh ligand in a kinase
activity-dependent manner.109 Primary cilia are essential
organelles required for signal transduction in vertebrate Hh
signaling.113 Notably, deletion of Dyrk2 induced abnormal
ciliary morphology, that is, cilia were significantly elon-
gated, bulged at the tips, and twisted (Fig. 4).109 During Hh
activation, key regulators of Hh signaling (such as seven-
spanner Smoothened (SMO), GLI2, and GLI3) are recruited
and activated at the cilia via intraflagellar transport.114e117

Disorders in the ciliary trafficking of Hh components cause
Hh signaling dysfunction.118 Deletion of Dyrk2 induces
abnormal ciliary trafficking of Hh pathway components,
GLI2 and GLI3, but not SMO (Fig. 4).109 While this study did
not include any evidence to identify a potential substrate
for phosphorylation of DYRK2, the in vivo evidence from
Dyrk2�/� mice shows that DYRK2 is a novel regulator of
ciliogenesis and is required for normal embryogenesis via
activation of Hh signaling during development. Cilia are
known to be indispensable for tissue development, and
their defects cause diseases termed “ciliopathies” in
humans and mice.119 Although regulators of ciliogenesis
have been identified using genetic screening in
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Chlamydomonas (a model organism for ciliogenesis),120 this
study shows for the first time that DYRK2 is a ciliogenesis-
related gene. Additionally, DYRK2 is a ciliary protein that
is primarily localized at the basal body and the transition
zone,109 which contains a growing number of ciliopathy
proteins.121 These findings using Dyrk2�/� mice suggest the
possibility that DYRK2 is involved in human skeletal cil-
iopathies, such as short-rib thoracic dysplasia, short-rib
polydactyly syndrome, and Jeune asphyxiating thoracic
dystrophy (Table 1).122,123
In vivo developmental roles of DYRK3 and DYRK4

As described above, DYRK3 and DYRK4 in human and mice
are expressed at higher levels in the testes than in other
tissues (Fig. S1).124,125 Among the DYRK family genes,
however, literature on DYRK3 and DYRK4 involvement in
mammalian development is limited.

Dyrk3 is strongly expressed in hematopoietic cells,
especially erythroid progenitor cells and the testis,126e128

and is assumed to be involved in erythropoiesis and sper-
matogenesis. Surprisingly, Dyrk3�/� mice survived and
showed no obvious developmental defects and essentially
had normal hematological phenotype (Table 1).124 An in-
crease in the number of red blood cells under conditions of
anemia in postnatal Dyrk3�/� mice indicated that DYRK3
functions as a negative regulator of erythropoiesis.124

Dyrk4 mRNA is also expressed at a higher level in the
testis.125 Notably, DYRK4 expression is restricted to stage
VIII post-meiotic spermatids during spermatogenesis. Dyrk4
knockout mice show, however, no aberrant sperm pheno-
type or defects in male fertility (Table 1).125 Using in situ
hybridization, Sacher et al showed that Dyrk1B, Dyrk2, and
Dyrk4 are expressed in stage VIII post-meiotic sperma-
tids.125 One explanation might be that other molecules such
as Dyrk1B and Dyrk2 functionally compensate for the lack
of Dyrk4 during spermatogenesis. This possibility remains to
be analyzed further.
Conclusion

Identification of spatio-temporal proteins expression pat-
terns with evidence from knockout animals are important in
understanding tissue development and congenital diseases.
This review highlights the fact that among the DYRKs,
DYRK1A is the best characterized and has been identified to
have important roles in DS and DYRK1A-haploinsufficiency
syndrome. Dyrk2 knockout mice provide novel insights into
the dosage-independent relationship between ciliogenesis
and the congenital disease called ciliopathies. These in vivo
studies help to understand and develop novel clinical ther-
apies and drugs for human congenital diseases such as DS
(DYRK1A-associated) and skeletal ciliopathies (DYRK2-asso-
ciated). Absence of developmental defects in some knockout
mice (Dyrk1B, Dyrk3, and Dyrk4), might suggest a functional
redundancy among DYRKs. Further in vivo studies and tissue-
specific depletion via a Cre-loxP recombination system will
provide novel insights into the functions of DYRKs in several
diseases, including cancer progression, as well as in main-
taining post-natal tissue homeostasis.
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