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Dysregulation of cell cycle machinery causes abnormal cell
division, leading to cancer development. To drive cell cycle
properly, expression levels of cell cycle regulators are tightly
regulated through the cell cycle. Dual specificity tyrosine
phosphorylation-regulated kinase 2 (DYRK2) is a Ser/Thr
kinase, and its intracellular functions had not been elucidated
for decades. Recent studies have shown that DYRK2 down-
regulates key molecules on cell cycle control. This review
mainly highlights the DYRK2 function during cell division. In
addition, we summarize tumor suppressive role of DYRK2 in
cancer cells and discuss future research directions for DYRK2
toward the novel cancer therapies.

Introduction

Dual specificity tyrosine phosphorylation-regulated kinase 2
(DYRK2) is a member of the DYRK family that belongs to the
CMGC group [(cyclin-dependent kinases (CDK), mitogen-acti-
vated protein kinases (MAPK), glycogen synthase kinase (GSK),
and CDK-like kinases (CLKSs)]. DYRKSs have both tyrosine (Tyr)
and serine/threonine (Ser/Thr) kinase activities. However, the
Tyr kinase activity is only exerted for the autophosphorylation.
All DYRKs phosphorylate their Tyr residues within the activa-
tion loop before completing translation, suggesting that they
have a common basal activation machinery." Intriguingly, the
Tyr kinase activity is lost after autophosphorylation. Therefore,
DYRKSs have only a Ser/Thr kinase activity in cells.

Members of the DYRK family are divided into 2 subclasses:
class 1 (DYRKI1A and DYRKI1B) and class 2 (DYRK2, DYRK3,
and DYRK4). Both subclasses share a central kinase domain and
an adjacent N-terminal DYRK homology (DH) box. Class 1
DYRKs are mainly localized in the nucleus because they retain
their nuclear localization sequence. Conversely, class 2 DYRKSs
are predominantly localized in the cytoplasm. The outside
sequences of the central kinase domain are distinct between the
subclasses and define their kinase characteristics including subcel-
lular localization, substrate specificity, and tissue distribution.”
DYRKs are evolutionally conserved from yeast to mammals and
regulate cell survival, differentiation, proliferation, and apoptosis.
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Since we revealed the apoptotic function of DYRK2 in 2007,
further intriguing functions have been reported for DYRK2. In
this review, we focus on the physiological functions of DYRK2
in human cancer cells.

Regulation of G1/S Transition as a Priming Kinase
for GSK3

To prompt responses to intracellular events, molecules includ-
ing transcription factors are required for rapid up- or down-regu-
lation of genes and proteins. One of the downregulation
machineries is the ubiquitin-proteasome system. In some cases,
down regulation of proteins is initially triggered by priming
phosphorylation. A phosphorylated protein is subsequently phos-
phorylated by glycogen synthase kinase 3 (GSK3) and thereafter
the substrate protein is recognized and ubiquitinated by ubiqui-
tin E3 ligase. Thus, the timing of the degradation might be deter-
mined by when and where the substrates are phosphorylated by a
priming kinase and GSK3. The expression level, activity, and
subcellular localization of the priming kinase and GSK3 are
important to understanding the regulatory mechanism of sub-
strates. During cell cycle progression, 2 major ubiquitin E3
ligases, the anaphase promoting complex/cyclosome (APC/C)
and the Skpl-cullin-F-box-protein complex (SCF) regulate the
expression levels of cell cycle regulators in a cell cycle phase-spe-
cific manner. Substrate specificity is determined by one of the
components in E3 ligases. In the case of SCF, the F-box protein
has an indispensable role in substrate recognition. Priming phos-
phorylation is essential for the recognition by F-box proteins that
are a variable component in the SCF complex, suggesting that F-
box proteins determine the substrate specificity of the SCF com-
plex. F-box and WD-40 repeat domain containing protein 7
(Fbw7) and B-transduction repeat-containing protein (3-TrCP)
are the most studied of the 69 known F-box proteins.*

One of the main functions of DYRK2 is acting as a priming
kinase for GSK3. As direct substrates of DYRK2, we previously
identified 2 transcription factors, c-Jun, and ¢-Myc.® c-Jun and
c-Myc play central roles in G1/S transition. These transcription
factors are transiently expressed during the cell cycle. Expression
levels of c-Jun and ¢-Myc rapidly decline as cells pass through S
phase. Fbw7 recognizes phosphorylated c-Jun and ¢-Myc which
is catalyzed by the priming kinase and GSK3, to initiate protein
degradation via the proteasome. In the case of ¢-Jun and c-Myc,
DYRK2 acts as a priming kinase for GSK3. Because ¢-Jun and
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upper).'® Because high telomerase
activity is a hallmark of cancer, TERT
degradation is one of the tumor sup-
pressive functions of DYRK2. Katanin
p60 is a microtubule-severing enzyme
that contributes to mitotic spindle for-
mation. DYRK2 directly phosphory-
lates Katanin p60 at Ser42, Serl09,
and Thr133 to induce its proteasomal
degradation (Fig. 2, lower). Similar to
TERT degradation, DYRK2 triggers
Katanin p60 degradation as a scaffold
protein for the EDVP complex. The
interaction of DYRK2 with EDVP
occurs  specifically in G2/M  phase
because VprBP expression is altered
during the cell cycle. These findings
indicate that DYRK?2 functions specifi-
cally as a component of the EDVP
complex in G2/M phase. Knockdown
of DYRK2 leads to dysregulation of

cell division with aberrant expression

Figure 1. Regulation of G1/S transition via DYRK2-mediated c-Jun and c-Myc degradation. DYRK2-
mediated phosphorylation of c-Jun and c-Myc triggers sequential phosphorylation by GSK3. Phosphor-
ylated c-Jun and c-Myc are recognized and ubiquitinated by the SCF™®"” complex.

of Katanin p60 and failure to complete
cell division, resulting in an increased

of the 4N population and polyploidy

c-Myc regulate G1/§ transition, DYRK2 must play an important
role in proper control of cell cycle progression (Fig. 1). Indeed,
we found that DYRK2 phosphorylates c-Jun and cMyc at
Ser243 and Ser62, respectively.8 In DYRK2 knockdown cells,
subsequent phosphorylation of c-Jun and ¢-Myc by GSK3 is
absent. Because mutations of these phosphorylation sites have
been reported, regulation of ¢c-Jun and c-Myc expression is criti-
cal for cancer development. Taken together, a lack of DYRK2
activity accelerates cell proliferation with aberrant expression of
c-Jun and c-Myc.

Promoting G2/M Transition With EDVP E3 Ligase
Complex

Some DYRK2 substrates are degraded independently of
sequential phosphorylation by GSK3. Telomerase reverse tran-
scriptase (TERT) and Katanin p60 are ubiquitinated by the
EDD-DDBI1-VprBP (EDVP) E3 ligase complex, which is trig-
gered by DYRK2 phosphorylation (Fig. 2).”'® TERT is a cata-
lytic subunit of telomerase. Telomere repeats form the ends of
chromosomes and are lost through cell division. However, telo-
mere sequences are elongated by telomerase in certain cell types
including cancer cells."" DYRK2 phosphorylates TERT at
Ser457 to induce TERT degradation via EDVP complex-medi-
ated ubiquitination in G2/M phase. However, a DYRK2-TERT
interaction has not been observed in S phase, suggesting that
TERT is degraded in a cell cycle-specific manner. In DYRK2
knockdown cells, unphosphorylated TERT escapes from degra-
dation, resulting in an increase of telomerase activity (Fig. 2,
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(>4N) cells.’ Interestingly, a GSK3
phosphorylation motif has not been found near DYRK2 phos-
phorylation sites, suggesting that DYRK2-mediated degradation
of these molecules is independent of additional phosphorylation
by GSK3. In these cases, DYRK2 functions as a scaffold protein
for the EDVP complex (Fig. 2).

Another Functions of DYRK2 in Tumor Cells

Apoptosis induction

DNA in eukaryotic cells is continuously damaged by ultravi-
olet light, genotoxic reagents, and reactive oxygen species. To
prevent damaged DNA from being inherited by daughter cells
during cell division, cells have checkpoint machinery. In cells
bearing repairable DNA damage, the checkpoint is activated to
arrest the cell cycle and repair the DNA lesion. However, upon
exposure to severe DNA damage, cells undergo apoptosis to
eliminate damaged cells. The transcription factor p53 functions
as a master regulator of the checkpoint machinery.'” p53 binds
to its consensus sequence, 5'-PuPuPuC(A/T)(T/A)GPyPyPy-3/,
on the promoter region of target genes to promote transcrip-
tion. In contrast, under normal conditions, p53 is constitutively
degradated by murine double minute 2 (MDM2)-mediated
ubiquitination. Under conditions of DNA damage, p53 escapes
from degradation and transactivates its target genes involved in
cell cycle arrest and DNA repair. p53 stabilization is elicited by
rapid phosphorylation at Ser15 and Ser20, suggesting that these
modifications inhibit degradation by MDM2. Notably, addi-
tional phosphorylation of p53 at Ser46 is indispensable for

commitment to apoptotic induction. Two  kinases,
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homeodomain-interacting protein
kinase 2 (HIPK2) and DYRK2, have
been identified as Ser46 kinases.>!'*
Both kinases have mutual features in
terms of structure and function.
HIPK2 and DYRK2 belong to the
CMGC group, and their position on
the branch of CMGC kinases is adja-
cent to each other. These kinases are
ubiquitinated by MDM2 under nor-
mal conditions and escape from the
degradation following DNA dam-

VPRBP

age."””'®  Stabilized HIPK2 and

DYRK2 then phosphorylate p53 at

Ser46 to irreversibly induce p53-

dependent apoptosis. Phosphorylated
p53 at Serd6 selectively transactivates
apoptosis-related genes, indicating that
the phosphorylation alters promoter
selectivity among target genes. p53-
regulated apoptosis inducing protein 1
(p53AIP1) was the first identified gene
that is induced by Ser46-phosphory-
lated p53." p53AIP1 is induced by

DYRK2

p53 and then localizes to the mito-
chondria  after DNA  damage.

(Katanin p60>

p53AIP1 triggers depolarization of the
mitochondrial potential and cyto-
chrome ¢ release.'”'® Amphiregulin

(AREG) has also been identified as a

selective target gene of the Ser46-phos-
phorylated p53."” AREG belongs to

Figure 2. DYRK2 regulates TERT and Katanin stability as a scaffold protein for the EDVP complex. In G2/
M phase, DYRK2 phosphorylates TERT (upper) and Katanin p60 (lower). These phosphorylations trigger
ubiquitin ligase EDD-mediated ubiquitination.

the epidermal growth factor (EGF)

family. However, it has a bifunctional

role in cell growth. Under genotoxic insult, AREG modulates
tumor suppressive microRNAs biogenesis via RNA helicase
DDX5. One of the microRNAs, miR-15, induces apoptosis by
targeting the anti-apoptotic protein Bcl2.%° In response to
DNA damage, AREG modulates precursor miR-15 processing
to inhibit Bcl2 expression. Notably, Ser46-phosphorylated p53
by DYRK2 is selectively recruited to the promoter region of the
AREG gene upon DNA damage."” These findings suggest that
DYRK?2 induces apoptotic cell death via regulation of tumor
suppressive microRNA biogenesis and that apoptosis induction
is a major functon of DYRK2 (Fig. 3). Additionally, DNA
repair might be another function of DYRK2 under genotoxic
stimuli. Smogorzewska and colleagues performed a genome-
wide shRNA screening to identify the molecules involved in
DNA repair.”' Through this screening, DYRK2 was ranked in
the top 38 candidates. DYRK2 knockdown cells show slight
sensitivity to DNA interstrand crosslinking agents, such as mito-
mycin C, indicating that DYRK2 might be associated with
DNA repair. However, whether DYRK2 physiologically affects
DNA repair has been elusive. Further study of DYRK2 func-
tions under crosslinking damage is required to determine this

possibility.
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Inhibition of metastasis

The epithelial-to-mesenchymal transition (EMT) is a hall-
mark of breast cancer invasion. Originally, EMT was defined by
the morphological changes during early embryonic development.
However, a similar phenomenon was observed in cancer metasta-
sis. In the process of breast cancer metastasis, breast cancer cells
lose expression of the adhesion protein E-cadherin, thereby
acquiring a cell migration ability.”* Snail is the most studied tran-
scription factor in EMT research. It is one of the members of the
Snail superfamily of transcription factors. All Snail family mem-
bers bind to the E-box domain, 5'-CACCTG-3’, to repress the
expression of target genes including E-cadherin.?® Snail is an
unstable protein because of constitutive ubiquitination by
B-TrCP and FBXL14. B-TrCP-mediated ubiquitination of Snail
requires priming phosphorylation at Ser104 and Ser107. How-
ever, this priming phosphorylations does not affect FBXL14-
mediated ubiquitination.24 Snail, a zinc-finger transcription fac-
tor, has a pivotal role in EMT, a key step in cancer metastasis. In
addition, Snail is also initially phosphorylated by DYRK2, and
then additionally phosphorylated by GSK3. F-box protein
B-TrCP recognizes these phosphorylations and triggers proteaso-
mal degradation. In the absence of DYRK2, Snail escapes from
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Figure 3. DYRK2-mediated apoptosis induction. Nuclear DYRK2 is ubiqui-
tinated by MDM2 under normal conditions. Upon DNA damage, ATM
phosphorylation stabilizes DYRK2 in the nucleus, and then DYRK2 phos-
phorylates p53 at Ser46. Phosphorylated p53 transactivates its target
genes including areg. AREG interacts with the DDX5 complex and regu-
lates precursor miR-15 processing. miR-15 attenuates bcl'2 mRNA trans-
lation, resulting in the acceleration of apoptosis induction.

B-TrCP-mediated degradation and then stabilizes (Fig. 4.2 As
described above, DYRK2 phosphorylates Snail at Ser104 as a
priming phosphorylation for GSK3 (Fig. 4). Knockdown of
DYRK2 causes abnormal expression of Snail and inhibits E-cad-
herin expression, which eventually leads to bone metastasis.
Notably, DYRK2 expression in invasive breast cancer tissues was
declined.”® These findings indicate that DYRK2 negatively regu-
lates EMT in human breast cancer tissues via Snail degradation.

As described previously, Katanin p60 degradation is triggered
by DYRK2 phosphorylation (Fig. 2, lower). Ye and colleagues
showed that Katanin p60 is associated with bone metastasis of
prostate cancer cells. In this context, Katanin p60 expression may
be elevated in prostate cancer tissues. Surprisingly, prostate can-
cer cells that highly express Katanin p60 showed a high migration
ability, but also an inhibition of cell proliferation.® Because
DYRK2 expression declined in prostate cancer tissues,® DYRK2
might inhibit cell migration via Katanin p60 degradation in pros-
tatic adenocarcinomas.

DYRK2 Mutation and Expression in Human Cancer

As described previously, DYRK2 controls accurate cell cycle
progression and inhibits cancer metastasis, suggesting that mal-
function of DYRK2 might tumorigenesis. Somatic mutations of
DYRK2 are found in breast, central nervous system, large intes-
tine, ovarian, and prostate cancers. Almost all these mutations

are missense mutations confined to the

DYRK2

Metastasis
Mammary gland

L e-cadherin TT

kinase domain. One of the somatic
mutations, S471X, is a nonsense muta-
tion that lacks kinase activity. As
described above, DYRK2 down-regu-
lates TERT expression, but the mutant
loses the ability to interact with TERT
and failes to de-stabilize its expression.
Therefore, the S471X mutation con-
tributes to tumor progression because
of high telomerase activity.'®

DYRK2 expression is down-regu-
lated in various human cancer tissues
including those in the kidney, colon,
breast, anus, prostate, and esophagus.8
Furthermore, patients with non-small
cell lung cancer that are positive for
DYRK?2 exhibit chemosensitivity, con-
firming that DYRK2 has a tumor

Figure 4. DYRK2-mediated Snail degrada-
tion protects against tumor cell metastasis.
DYRK2 phosphorylation of Snail at Ser104
triggers sequential phosphorylation by
GSK3. Phosphorylated Snail is recognized
and ubiquitinated by the SCFP™ com-
plex. Snail degradation leads to an induc-
tion of e-cadherin expression. Cells with
highly expression of E-cadherin lose their
cell migration ability.
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suppressive function in vivo.””*® In the early-stage of breast can-
cer, down-regulation of DYRK2 expression is correlated with
lymph node metastasis.””*® An aggressive breast cancer cell line,
MDA-MB-231, has a high metastasis potential, and the expres-
sion level of DYRK2 in these cells is lower than that in other
breast cancer cell lines such as MCF7. These data suggest that a
lack of DYRK2 expression leads to breast cancer development.
Intriguingly, mRNA levels of DYRK2 are equivalent in both
MDA-MB-231 and MCF?7 cells.””

DYRK2 accumulates in the presence of a proteasome inhibi-
tor, MG-132, suggesting that DYRK2 expression is downregu-
lated by a post-translational mechanism. Ubiquitin ligases
DYRK2, SIAH2, and MDM2 have been identified in DYRK2
degradation.'®'® SIAH2 modulates DYRK2 polyubiquitination
under hypoxic conditions. Hypoxic stress causes DYRK2 degra-
dation, thereby failing to induce p53-dependent apoptosis. Perez
and colleagues demonstrated that this machinery contributes to
the acquisition of chemotherapy resistance in solid tumors.'*
Our group found that MDM2 constitutively ubiquitinates
nuclear DYRK2 under normal conditions. Nuclear stabilization
of DYRK?2 is required for p53-mediated induction of apopto-
sis."® If nuclear DYRK2 escapes from proteasomal degradation,
tumor cells would be eliminated by p53-mediated cell death.
Considering the evidence showing that DYRK2 expression
declines in invasive tumor tissues, the concept of escape from the
proteasomal degradation would be a promising approach for can-
cer prevention.

Conclusions and Future Prospects

DYRK2 properly controls cell cycle progression through
c-Jun, c-Myc, TERT, and Katanin p60 degrzldzltion.g’lo‘25 Most
importantly, DYRK2 functions as a priming kinase for GSK3
and the SCF complex in G1 phase, because c-Jun and c-Myc deg-
radation is essential for G1/S transition (Fig. 1). However,
DYRK?2 binds to the EDVP complex and triggers proteasomal
degradation of TERT and Katanin p60 in G2/M phase (Fig. 2).
Because dysregulation of cell cycle progression leads to tumori-
genesis, DYRK2 might have a tumor suppressive role in cancer
cells. In addition to cell cycle regulation, DYRK2 promotes p53-
mediated apoptosis in response to severe DNA damage (Fig. 3).
DYRK?2 phosphorylation alters the promoter affinity of p53, sug-
gesting that the phosphorylation changes its function but not its
stability. Although DYRK2 has different functions under normal
and stressed conditions, its differential functions serve to block
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