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ABSTRACT

The cellular response to a variety of stress including DNA damage is involved in cell cycle
arrest, activation of DNA repair, and in the event of irreparable damage, induction of
apoptosis. However, the signals that determine cell fate, that is, survival or apoptosis,
are largely unknown. Accumulating studies have revealed that dual-specificity tyrosine-
regulated kinases (DYRKS) play key roles on cell proliferation and apoptosis induction. In
particular, DYRK2 translocates from the cytoplasm into the nucleus following genotoxic
stress. DYRK? is then activated by ATM and induce apoptosis by phosphorylating p53 at
Ser46. Importantly, whereas precise regulation of these kinases remain uncertain, this
mechanism has consequences for cell proliferation, differentiation, or apoptosis. This
progress review highlights recent efforts demonstrating that DYRKs could be novel and

DNA damage
HIPK

essential regulatory molecules for the regulation of cell fate including apoptosis.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Dual-specificity tyrosine-regulated kinases (DYRKs) are a
novel subfamily of protein kinases that catalyze their
autophosphorylation on tyrosine residues and the phosphor-
ylation of serine/threonine residues on exogenous substrates
[1-3]. Their kinase activity depends on the presence of a YXY
motif in the activation loop of the catalytic domain [4], which
is located at the similar position as the characteristic TXY
motif of the mitogen-activated protein kinases (MAPKs). This
suggests a potential involvement of these proteins in signal
transduction pathways similar to those of the MAPKs [5],
although, unlike MAPKs, Tyr phosphorylation in the DYRK
activation loop is an autophosphorylation event and does not
involve an upstream activating kinase [3]. Indeed, phosphor-
ylation of the second Tyr residue of this motif is essential for
the kinase activity of all the DYRK members reported so far
[3,6,7].

Phylogenetic analysis suggests that DYRKSs are classified into
three subfamilies (Fig. 1). Lower eukaryotic members of this
family are the kinases Pom1p in Schizosaccharomyces pombe
[8], Yak1p in Saccharomyces cerevisiae [9], and YakA in Dictyos-
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telium discoideum [10]. The DYRK1 subfamily is animal specific
and represented by the mammalian DYRK1, minibrain (mnb) in
Drosophila melanogaster, and C. elegans MBK1. On the other
hand, the DYRK2 subfamily is conserved among diverse
eukaryotic organisms, including mammalian DYRK2, fly’s
smi35A, and worm’s MBK2. Interestingly, no member of the
DYRK2 subfamily is found in budding yeast species, whose cell
polarity is established by F-actin independently of microtubules
[11]. Absence of a DYRK2 member in budding yeast might imply
the function of the DYRK2 subfamily in the microtubule-driven
cell polarity in other eukaryotes, as has been found with Pom1
[8]. Although strains with mutations in these proteins present
different phenotypic abnormalities, all of them seem to be
involved in cell cycle regulation and the control of cell
proliferation and differentiation. The DYRK protein of Droso-
phila, mnb, is implicated in postembryonic neurogenesis.
Mutant flies with down-regulation of mnb expression present
reductions in the volumes of the adult optic lobes and central
brain hemispheres, mainly due to abnormal spacing of
neuroblasts in the outer proliferation center of the larval brain
[12]. Mammalian DYRKs include DYRK1A, DYRK1B (or MIRK),
DYRK2, DYRK3, and DYRK4 [13] (Fig. 1). DYRK1A is the most
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Fig. 1 - A phylogenetic tree for the kinase domain
sequences of DYRKs. % homology was defined according
to the comparison with DYRK1A sequence.

extensively characterized member of this family, and it shares
all the characteristic motifs of the catalytic domain with the
other family members. Outside the catalytic domain, the
sequence comprises several striking structural features, such
as a bipartite nuclear localization signal, a PEST domain,
a histidine repeat, and a region rich in serine-threonine
residues [4].

2. DYRK1A

DYRK1A is the human orthologue of the Drosophila mnb gene,
which is involved in postembryonic neurogenesis in flies.
Because of its mapping position on chromosome 21 and the
neurobehavioral alterations shown by mice overexpressing
this gene, it has been suggested that DYRK1A is involved in
some of the neurological defects of Down syndrome (DS)
patients. The human DYRK1A gene maps to chromosome 21
(HSAZ21) in the DS critical region 21922.2 [14-16]. Part of this
region includes the chromosomal segment deleted in HSA21-
linked microcephaly [17]. The mouse DYRK1A gene maps to
chromosome 16, in the region of synteny with HSA21 [18]. The
human DYRK1A and rodent DYRK1A genes are ubiquitously
expressed in tissues of adult and fetal origin [14,16]. In
addition, DYRK1A is overexpressed in DS fetal brains, while its
mouse orthologue is overexpressed in the brains of adult
Ts65Dn mice [19], a partial trisomy 16 mouse model, widely
used as a model for DS [20]. These data collectively indicate
that DYRK1A mightbe one of the genes involved in some of the
neurological abnormalities observed in DS patients. In agree-
ment with this is the fact that transgenic mouse models
overexpressing the DYRK1A gene present a deficit in visuos-
patial learning and memory [21,22]. Heterozygous DYRK1A
mice also present a noticeable phenotype, with region-specific
brain alterations [23]. Another seminal study demonstrated
that, by using embryonic rats, DYRK1A is strongly expressed in
brain and heart at the early postnatal stage [24]. Interestingly,
DYRK1A expression was gradually decreased with postnatal
growth. In this context, children with DS have normal brain
weights at birth, however, the weights become significantly
lower than normal by late childhood [25]. Furthermore,
congenital anomaly of the heart often occurs in DS children.

Taken together, these findings strongly suggest that DYRK1A
plays a pivotal role on the development of brain and heart.

DYRK1A harbors, in addition to the conserved catalytic
kinase domain, two nuclear localization signals (NLSs): a
classical bipartite NLS at the N terminus and a complex NLS
within the catalytic domain [26]. The kinase domain is
followed by a PEST domain and then by a repeat of histidines
that targets DYRK1A to the splicing factor compartment [26].
DYRK1A has been defined as a dual-specificity kinase because
of its ability to autophosphorylate on Tyr and Ser/Thr residues.
Moreover, in exogenous substrates it can only phosphorylate
Ser and Thr residues that occur within a consensus phos-
phorylation sequence, RPX(S/T)P, and with a preference for
proline in the +1 position [3,27]. Substrates of DYRK1A, some of
them awaiting confirmation in vivo, have been identified
among different classes of proteins. DYRK1A phosphorylates a
variety of substrates in vitro, such as the signal transducer and
activator of transcription 3 (STAT3) [28], the subunit of
eukaryotic initiation factor 2B (elF2B), the microtubule-
associated protein tau [29], Glil [30], the transcription factor
of the forkhead family FKHR [31], several splicing factors,
including cyclin L2 [32] and SF3b/SAP155 [33]; and some
cytosolic molecules such as dynamin [34] and the enzyme
glycogen synthase [35]. These data clearly indicate its
potential involvement in various biochemical pathways in
vivo. A recent report on the Drosophila DYRKs mnb and
dDYRK2 shows that autophosphorylation in the activation
loop of these kinases is an intramolecular event, mediated by a
transitional intermediate form during translation [36]. The
tyrosine kinase activity is lost once the protein is fully
translated, and the mature kinase can only phosphorylate
Ser/Thr residues. Assuming this mechanism to be general for
all DYRKs, the autophosphorylation of the activation loop in
DYRK1A would be constitutive. However, some DYRK1A
functions are clearly dose and activity dependent [37,38],
and it is therefore likely that the activity of DYRK1A will be
regulated by additional mechanisms. In this context, recent
findings demonstrated that the catalytic activity of DYRK1A is
regulated by autophosphorylation and binding to 14-3-3
protein [39,40]. This interaction induces its conformational
change, resulting in increased DYRK1A catalytic activity.

The available data with in vivo role demonstrated that
DYRK1A, when activated by the basic fibroblast growth factor
(bFGF) in immortalized hippocampal progenitor cells, stimu-
lates the phosphorylation of the cyclic AMP response element
binding protein (CREB) and induces subsequent CRE-mediated
gene transcription. In addition, overexpression of a kinase-
deficient DYRK1A remarkably attenuated the differentiation
of hippocampal cells [41]. Whereas the exact role for DYRK1A
in central nervous system (CNS) function has not been
determined, this recent finding provides the first evidence
indicating the involvement of DYRK1A in neuronal differ-
entiation [41].

3. DYRK1B/MIRK

MIRK/DYRK1B is a member of the Minibrain/DYRK family of
kinases [4,12,13] which mediate survival and differentiation in
certain normal tissues, including skeletal muscle [42], and that
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play pivotal roles in controlling the switch from proliferation
to differentiation in a wide variety of organisms. MIRK is
expressed at elevated levels in skeletal muscle compared to
other normal tissues [43]. The skeletal muscle maturation
program is controlled by the basic helix-loop-helix (bHLH)
transcription factor MyoD which is activated by the GTPase
RhoA. RhoA also induces MIRK expression together with bHLH
factors through an E-box site mapped in the MIRK promoter,
enabling MIRK expression to up-regulate about 10-fold during
differentiation [44]. MIRK depletion blocks myoblast differ-
entiation into multinucleated myotubes, while stable expres-
sion of MIRK increases their rate of fusion [44]. MIRK has
transcriptional activator activity for HNFla [45] and also for
the bHLH transcription factor MEF2, which is active in
myoblast differentiation [46]. MEF2 is sequestered by class II
histone deacetylases (HDACs). MIRK phosphorylates these
class II HDACs at a conserved site within their nuclear
localization region, inhibiting their nuclear accumulation in a
dose-dependent and kinase-dependent manner. The reduced
HDAC concentration in the nucleus releases MEF2 to tran-
scribe myogenin [46] and enables differentiation to sustain.
MIRK functions to promote cell survival during the initial
stages of differentiation [42]. MIRK diminishes the extent of
myoblast apoptosis during the differentiation process, at least
in part by direct modulation of p21°%? localization. MIRK
phosphorylates p21°P! around its nuclear localization
domain. This phosphorylation maintains a portion of
p21€P? protein in the cytoplasm where p21€%#? is unable to
mediate cell cycle arrest [47] and where p21P! blocks
caspase-3 activation [48].

4. DYRK2

The DYRK family is characterized by the presence of several
distinct amino-acid sequences in the kinase domain, includ-
ing an SSC motif following subdomain VII, conserved
sequences HCDLKPEN and YXYIQSRFYR(S/A)PE in subdo-
mains VI and VIII, respectively, and a YXY motif in the
kinase-domain-activation loop between subdomains VII and
VIII, and by a DYRK homology (DH) box immediately preceding
the kinase domain (Fig. 2) [13]. In this context, DYRK2 shares a
conserved kinase domain and adjacent N-terminal DH box but
does not contain a C-terminal PEST domain (Fig. 2). DYRK2 is
presumed to be involved in regulating key developmental and
cellular processes such as neurogenesis, cell proliferation,
cytokinesis and cellular differentiation. However, substrates
for DYRK2 by serine/threonine phosphorylation are little

Kinase Domain

1 149 462 528
DH box (] IVvIvIiv Xl
L
Y307_T.Y309

Activation loop

Fig. 2 - A schematic structure of DYRK2. Roman numerals
designate the kinase subdomains according to the
nomenclature of Hanks [59]. DH-box, DYRK homology box.

Table 1 - DYRK2 substrates with phosphorylation sites

DYRK2 Substrates Phosphorylation sites

Stat3 (Ser’?’) LPMSP
tau (Thr?*?) RSRTP
elF2Be (Ser>*?) RAGSR
NFAT (Drosophila) SPQRSRSPSPQPSPH
SNR1 (Drosophila) (Thr'%?) TSDTP
p53 (Ser®) LMLSP

determined (Table 1). Recent findings have shown that
DYRK1A and DYRK2 phosphorylate NFATc, which regulates
calcium signaling, to lead NFATc inactivation by its cytoplas-
mic sequestration [37,38]. In addition to calcium signaling,
another study demonstrated that, in the fission yeast
Schizosaccharomyces pombe, the DYRK-family member Pom1
kinase is involved in a cell-polarity maintenance under stress
conditions, such as heat-shock or high osmolarity [49].
Interestingly, MIRK is overexpressed in primary colon carci-
nomas and can mediate the survival of colon carcinoma cell
lines under stress-induced conditions [43]. A previous study
has reported that DYRK2 mRNA was down-regulated in
neuroblastoma cells by treating the cells with an anticancer
agent, 8-Cl-cAMP, a site-selective cyclic AMP analogue
exhibiting growth inhibition in a broad spectrum of human
cancer lines [50]. These observations indicate a potential role
for DYRK? in tumor development and/or progression. How-
ever, to our knowledge, involvement of DYRKs in other stress
responses including DNA damage is unknown.

Upon exposure to genotoxic stress, p53 is stabilized and
activated by phosphorylation at Ser15 and Ser20 to regulate a
cell cycle checkpoint and DNA repair. In case of the lesion for
irreparable DNA damage, p53 induces apoptotic cell death by a
mechanism in which an additional phosphorylation increases
the binding affinity of p53 to promoters of pro-apoptotic genes,
such as p53AIP1. In this context, previous studies have
established the mechanism in which p53 transactivates
P53AIP1 by its additional phosphorylation at Ser46, thereby
this phosphorylation is essential for p53-dependent apoptosis
[51,52]. Ser46 kinase(s) thus functions in p53-dependent
apoptosis; however, little was known of the kinase(s)
responsible for Ser46 phosphorylation. We recently demon-
strated that DYRK2 is a novel Ser46 kinase (Fig. 3) [53]. Our data
show that DYRK?2 has the characteristics of an in vitro direct
Ser46 kinase. Moreover, our results demonstrate that DYRK2
phosphorylates p53 at Ser46 in cells exposed to genotoxic
stress. Significantly, DYRK phosphorylation of Ser46 was
associated with the induction of apoptosis following DNA
damage (Fig. 3). These findings provide support a novel
signaling mechanism in which phosphorylation of p53 at
Ser46 by DYRK2 regulates apoptotic cell death in response to
DNA damage.

A previous study demonstrated that DYRK?2 is predomi-
nantly expressed in the cytoplasm [13]. We confirmed the
cytoplasmic localization of DYRK2 in unstimulated cells.
Furthermore, we found that DYRK2 translocates from the
cytoplasm into the nucleus in response to DNA damage. The
mechanism for nuclear targeting of DYRK2 is, at present, not
known. There was little if any difference between control cells
and ATM silenced cells on DNA damage-induced nuclear
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p53 is rapidly degraded by MDM2-mediated ubiquitination

Fig. 3 — Sequential phosphorylations and distinct functions
of p53 in response to DNA damage. In unstressed
condition, p53 is rapidly degraded by MDM2-mediated
ubiquitination and proteasome system. Upon exposure to
DNA damage, p53 is phosphorylated at Ser15 and Ser20 to
escape from degradation by inhibiting interaction with
MDM2. Phosphorylated p53 induces cell cycle arrest or
DNA repair. If cells are exposed severe DNA damage, p53
is additionally phosphorylated at Ser46 by DYRK2 to
strongly induce apoptotic cell death by transactivating
P53AIP1.

targeting of endogenous DYRK2, suggesting that nuclear
translocation of DYRK2 is independent of its activity.
Importantly, however, nuclear translocation may be required
for efficient phosphorylation of p53 at Ser46 and, therefore it is
conceivable that Ser46 phosphorylation occurs in relatively
later periods following genotoxic stress [51,52]. Indeed, our
findings that nuclear re-distribution of DYRK2 coincides with
Ser46 phosphorylation of nuclear p53 further support the
mechanism in which nuclear targeting of DYRK2 is, at least in
part, required for sufficient phosphorylation of p53 at Ser46 in
the nucleus [53].

5. DYRK3

DYRK3 is selectively expressed at high levels in hematopoietic
cells of erythroid lineage. Using an antisense oligonucleotide
approach, it has been demonstrated, in primary murine and
human hematopoietic progenitor cells, thatinhibition of DYRK3
expression significantly and specifically affects the production
of colony-forming units-erythroid (the penultimate progenitors
of erythroblasts) [54,55]. DYRK3 activity is shown to depend
upon intactness of Tyr333 within its predicted autophosphor-
ylation loop, and loop acidification is proved to be activating.
This is unlike ERK2, for example, which possess an equivalently
positioned TXY loop, but is not affected markedly by tyrosine
acidification [56]. DYRK3 is shown to act via kinase domain- as
well as unique C-terminal domain-dependent mechanisms to
regulate CREB and CRE response pathways via PKA-dependent
routes. DYRK3 expression in hematopoietic progenitor cells is
revealed to modulate apoptosis due to cytokine withdrawal.
DYRK3 has been shown to attenuate apoptosis due to cytokine
withdrawal in IL-3-dependent hematopoietic FDCW?2 cells, and

this occurred independently of any detectable effect on
mitogenic potential [6]. Roles for DYRKs in cell survival have
not previously been well studied or described.

6. DYRK4

In contrast to well-studied DYRK1A, 1B, 2, and 3 isoforms,
barely no data, apart from its raw sequence, are available for
DYRK4. Arecent study demonstrated a crucial role of DYRK4 in
spermiogenesis based on its highly restricted testicular
expression pattern [57]. A DYRK4-deficient mouse line was
analyzed with respect to the potential involvement of the
kinase in spermiogenesis and sperm function. However,
DYRK4 deficient mice are fertile without any obvious
dysfunctions in spermatogenesis, sperm motility and fertili-
zation. Obviously, further studies are needed to get more
insight into the potential cellular function of the DYRK4.

7. Perspectives

The homeodomain-interacting protein kinases (HIPKs) belong
to the larger family of the DYRKs and consequently are closely
related to DYRKs [1]. Interestingly, it has been shown recently
that even though HIPK1 and HIPK?2 single deficient mice are
viable and fertile, HIPK1 and HIPK2 double deficiency leads to
an embryonic mortality at mid-gestation [58]. This indicates
that members of the DYRK superfamily do act in a functional
redundant manner. In this context, the molecular bases are
still unclear and future work has to face the open question
how the DYRKs are compensatively involved in cell growth,
differentiation, and apoptosis. In this respect should the
future analyses of single DYRK as well as double deficient mice
provide a more detailed view on the synergistic action of the
DYRK kinases and their contribution to cell regulation. Finally,
a more detailed analysis of the DYRKs-dependent signal
transduction cascade including a comprehensive screen for
putative substrates should give more insight into the
molecular function of DYRKs.
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