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Abstract
Cross-talk between Mirk/Dyrk1B kinase and Sonic hedgehog (Shh)/Gli pathway affects physiology and pathology. Here, 
we reveal a novel role for Dyrk1B in regulating ventral progenitor and neuron subtypes in the embryonic chick spinal cord 
(SC) via the Shh pathway. Using in ovo gain-and-loss-of-function approaches at E2, we report that Dyrk1B affects the 
proliferation and differentiation of neuronal progenitors at E4 and impacts on apoptosis specifically in the motor neuron (MN) 
domain. Especially, Dyrk1B overexpression decreases the numbers of ventral progenitors, MNs, and V2a interneurons, while 
the pharmacological inhibition of endogenous Dyrk1B kinase activity by AZ191 administration increases the numbers of 
ventral progenitors and MNs. Mechanistically, Dyrk1B overexpression suppresses Shh, Gli2 and Gli3 mRNA levels, while 
conversely, Shh, Gli2 and Gli3 transcription is increased in the presence of Dyrk1B inhibitor AZ191 or Smoothened agonist 
SAG. Most importantly, in phenotype rescue experiments, SAG restores the Dyrk1B-mediated dysregulation of ventral 
progenitors. Further at E6, Dyrk1B affects selectively the medial lateral motor neuron column (LMCm), consistent with the 
expression of Shh in this region. Collectively, these observations reveal a novel regulatory function of Dyrk1B kinase in 
suppressing the Shh/Gli pathway and thus affecting ventral subtypes in the developing spinal cord. These data render Dyrk1B 
a possible therapeutic target for motor neuron diseases.
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Abbreviations
Shh  Sonic Hedgehog
SMO  Smoothened
SAG  Smoothened agonist
NC  Notochord
FP  Floor plate
SC  Spinal cord

MNs  Motor neurons
INs  Interneurons
SpMNs  Spinal motor neurons
MN domain  Motor neuron domain
pMNs  Motor neurons progenitors
VZ  Ventricular zone
MZ  Mantle zone
CC  Central canal
NPCs  Neural progenitor cells
CNS  Central nervous system
M&M  Materials and methods

Introduction

Spinal cord (SC) development is orchestrated by coordinated 
actions of morphogens such as Sonic hedgehog (Shh), bone 
morphogenetic protein (BMP) and Wnt molecules that act 
by forming gradients in opposite directions along the dors-
oventral axis of the developing SC [1–5]. Shh is a key mol-
ecule for the specification of neuronal and glial cell lineages 
during SC development. Shh is produced initially by the 
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notochord (NC), which acts as an organizing center, later 
during neurogenesis by the medial floor plate (MFP), and 
finally, during gliogenesis, by the lateral floor plate (LFP) 
[3, 6–9]. Shh regulates the combinatorial expression of a 
set of transcription factors that are necessary and sufficient 
to specify each neuronal subtype, resulting in the formation 
of five discrete ventral progenitor domains (p3, pMN, p2, 
p1, and p0) that are arrayed along the dorso-ventral axis of 
SC [2, 6]. In the chick SC, Shh controls cell cycle progres-
sion of neural progenitors and their survival by maintaining 
progenitor cell proliferation and preventing cell death during 
SC development [9–11].

Dyrk1B kinase (also referred to as MIRK; minibrain-
related kinase) belongs to the DYRK kinase family (for dual-
specificity tyrosine-(Y)-phosphorylation-regulated kinases) 
comprising proline-directed kinases that phosphorylate 
tyrosine, serine and threonine amino acid residues 
[12–17]. DYRKs acquire their catalytic activity during 
their translation by intramolecular auto-phosphorylation 
at the second tyrosine residue located at the conserved 
YxY motif of their activation loop [17]. In particular, the 
intramolecular auto-phosphorylation of DYRKs is supported 
by a characteristic sequence motif, the DYRK homology box 
(known as the DH box), which is located at the N-terminal 
of their catalytic domain [15, 17]. Dyrk1B is normally 
expressed at high levels in skeletal muscle and testis with 
increased relative expression in cardiac muscle and brain 
compared to other tissues [18–20]. During development 
Dyrk1B has a critical role in myogenesis [21–23], 
spermatogenesis [24] and adipogenesis [25–28], while it is 
implicated in human diseases, such as metabolic syndrome 
[25–28], and tumor progression promoting survival and 
chemoresistance in cancer cells [29–38]. Dyrk1B mainly 
acts as a negative regulator of cell cycle progression via 
destabilization of cyclin D1 [16, 20, 38–46] and as a 
prosurvival factor [20, 22, 29, 33, 41, 47–49]. Moreover, 
Dyrk1B acts as central mediator of Sonic hedgehog/Gli [44, 
50–54], PI3K/mTOR/AKT [44, 52, 54] and RAF/MEK/ERK 
[41, 55] signaling pathways in development and disease.

In contrast to its extensively studied pathophysiological 
role in several organ systems, Dyrk1B function in the 
nervous system remains unexplored. Dyrk1B is closely 
related to the Dyrk1A gene, while minibrain (MNB) is 
their orthologous gene in Drosophila named according to 
the brain phenotype of mutant flies [15, 56, 57]. Mutation 
of MNB causes abnormal arrangement of neuroblasts in 
the larval brain, resulting in smaller optic lobes and brain 
hemispheres, suggesting that MNB is crucial for proper 
neuroblast proliferation during neurogenesis [15, 56, 
57]. Notably, the minibrain phenotype in mutant flies is 
associated with behavioral deficits in learning, memory, 
visual and olfactory tasks [15, 56, 57]. Although the role 
of Dyrk1A in neurogenesis is well documented [57–63], 

the function of its closely related kinase, Dyrk1B, in CNS 
development remains elusive. In a previous study we 
obtained first evidence that Dyrk1B may be implicated 
in neurogenesis [42–44]. We have shown that Dyrk1B 
promotes cell cycle exit and neuronal differentiation in 
mouse neuroblastoma cells via cyclin D1 cytoplasmic 
relocation and proteasomal degradation [42, 43]. This 
function is counteracted by binding to the scaffolding protein 
RanBPM, which facilitates Dyrk1B proteasomal turnover 
[42]. These observations suggest that Dyrk1B may have a 
similar role in cell cycle progression/exit and differentiation 
of neural progenitors during neurogenesis in vivo [42–44]. 
To address this question, here we investigated the expression 
of Dyrk1B in the embryonic chick and mouse SC and used 
the early chick neural tube as a model system to explore the 
role of Dyrk1B in neurogenesis. We found that Dyrk1B is 
expressed in the notochord (NC) and floor plate (FP), as 
well as in cycling progenitors of the ventricular zone (VZ) 
and in neurons. Using in ovo gain-and-loss-of-function 
and phenotype rescue approaches in the E2 chick SC and 
subsequent analysis at E4 and E6 we uncovered a novel 
role for Dyrk1B kinase during spinal cord development, in 
controlling the numbers of ventral progenitor and neuron 
subtypes, as well as in the columnar organization of spinal 
motor neurons (MNs) via the Sonic hedgehog/Gli pathway.

Materials and methods

Cloning of chick Dyrk1B partial cDNA

To clone chick Dyrk1B cDNA we performed BLAST 
searches to identify EST clones corresponding to cDyrk1B 
using BBSRC chicken EST data (http:// www. chick. manch 
ester. ac. uk/).

We detected two EST clones: 603108058F1 
c l o n e I D  =  ‘ C h E ST 5 0 c 1 6 ’  a n d  6 0 3 2 0 9 3 2 1 F 1 
cloneID = ‘ChEST186i5’, but neither contained the whole 
reading frame nor the 3’-end of coding region of cDyrk1B 
that is highly different from the 3’-end of the coding 
region of its paralogue gene Dyrk1A. This was critical to 
distinguish Dyrk1B from Dyrk1A mRNA expression. Οpen 
reading frames of human, mouse and rat Dyrk1B orthologs 
display high similarity, as 92.64% between human and 
mouse, 93.17% between human and rat, and 96.72% between 
mouse and rat. Taking advantage of the high similarity 
between Dyrk1B coding regions among species, we then 
used primers corresponding to the 3’- end of mouse Dyrk1B 
coding region, in order to clone the 3’-end of chick Dyrk1B 
coding region by applying RT-PCR in total RNA isolated 
with Trizol from E4 chick SC. For cloning we used oligo dT 
and the primers FOR2D1B: 5’-CCC AAG CTT CCG TTG CCT 
TGG ACG ACC-3’ and REV2D1B: 5’- CCG GAA TTC TCA 

http://www.chick.manchester.ac.uk/
http://www.chick.manchester.ac.uk/
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TGA GCT GGC TGC TGTGC-3’ and Q5 High-Fidelity DNA 
Polymerase (New England Biolabs, M0491). We cloned a 
cDNA fragment of 253 bp, which then was subcloned into 
the Hind III and EcoRI restriction sites of pBluescript II 
KS (–) (Stratagene) plasmid and then subjected to Sanger 
Sequencing. This revealed that the 253 bp cDNA fragment 
corresponds to the 3’-end of cDyrk1B coding region and 
displays 100% similarity with mouse, 96.05% with rat and 
90.91% with human Dyrk1B, respectively (Fig.S1).

Plasmids

For electroporation experiments, we used a bicistronic 
expression vector pCAG-mDyrk1B-IRES-NLS-GFP, 
co-expressing mDyrk1B coding region and nuclear targeted 
GFP. mDyrk1B coding region was obtained by applying 
PCR with Q5 High-Fidelity DNA Polymerase (New England 
Biolabs, M0491) in pCMV-SPORT6 plasmid containing 
mDyrk1B full length cDNA (clone: BC019545, IMAGE: 
4511845) and primers D1BFOR1: 5’-CTA GCT AGC GCC 
ACC ATG GCC GTC CCA CCA -3’ and D1BREV2: 5’-CCG 
ATA TCT CAT GAG CTG GCT GCT GTG CTC TGG-3’. The 
cDNA fragment of 1890 bp that corresponds to the whole 
coding region of mDyrk1B, was then subcloned into Nhe 
I and EcoR V restriction sites of the pCAG-IRES-NLS-
GFP empty vector. All clones were subjected to Sanger 
Sequencing analysis for verification. For in situ hybridization 
(ISH) experiments, we used a cDNA fragment of 253 bp 
corresponding to the 3’-coding region of cDyrk1B cDNA, 
a cDNA fragment of 396 bp corresponding to the 3’-coding 
region of mDyrk1B cDNA, both of them subcloned into the 
Hind III and EcoRI restriction sites of pBluescript II KS 
plasmid (Stratagene). For Sonic Hedgehog riboprobes, we 
cloned a cDNA fragment of 498 bp corresponding to the 
5’-coding region of mSHH by applying PCR with Q5 High-
Fidelity DNA Polymerase (New England Biolabs, M0491) 
in pCMV6-Entry plasmid, containing mShh coding region 
Myc-DDK-tagged (Mouse Sonic hedgehog NM_009170, 
ORIGENE, MR227201), and primers mSHHFOR: 5’-CCC 
AAG CTT GCC AGC GGC AGA TAT -3’ and mSHHREV: 
5’- CGG GAA TTC GTC CTT CAC CAG CTT G-3’. The PCR 
product of 498 bp, was then subcloned into the Hind III 
and EcoRI restriction sites of pBluescript II KS plasmid 
(Stratagene) and then subjected to Sanger Sequencing 
analysis for verification.

Chicks

Chicken eggs, provided by a local supplier, were incubated 
horizontally at 37 °C, with > 60–90% humidity until the 
desired Hamburger and Hamilton (HH) developmental 
stages for gain-and-loss-of-function and phenotype rescue 
experiments.

Mice

C57BL/6 J mice were handled in strict accordance with good 
animal practice, as defined by the relevant European and 
Greek animal welfare bodies, based on 3 + 1R: Replacement, 
Reduction, Refinement and Respect. Specifically, all 
procedures complied to the European and National Laws for 
Laboratory Animal Use (Directive 2010/63/EU and Greek 
Law, PD 56/2013), according to FELASA recommendations 
for euthanasia and the Guide for Care and Use of Laboratory 
Animals of the National Institutes of Health.

Unilateral in ovo electroporation

Gain-of-function experiments (GOF) were performed 
by applying unilateral in ovo electroporation of pCAG-
mDyrk1B-IRES-NLS-GFP or pCAG-IRES-NLS-GFP vector 
as control, in the developing chick neural tube as previously 
described [64–66]. Briefly, chick embryos at HH 12–14 (E2) 
were injected with plasmid DNA solution into the lumen 
of the central canal of the neural tube and then subjected 
to unilateral electroporation. Plasmids for electroporation 
were used at concentration of 2–2.5 µg/µl in TE (10 mM 
Tris–HCl, 1 mM EDTA, pH 7.5) containing 0.05% Fast 
Green (Sigma F7252). A few microliters of plasmid solution 
were injected with a glass microcapillary pipette into the 
lumen of the SC central canal by mouth pipetting. The 
microelectrodes made of platinum were spaced ~ 4 mm apart 
and gently placed in lateral position against the vitelline 
membrane surrounding the neural tube such that an applied 
electric current across the medio-lateral plane of the neural 
tube drove the negatively charged DNA into the cells on only 
the one side of the neural tube. Chick embryos were pulsed 5 
times each for 50 ms with an interval of 950 ms at 25 V, by 
using a square wave electroporator (BTX Harvard Apparatus 
ECM 830). The embryos were harvested at E4 or at E6 and 
were prepared for immunohistochemistry (IHC), RNA 
in situ hybridization (ISH), Western blot analysis (WB) or 
qRT-PCR. For BrdU-labeling, chick embryos received 20 µl 
BrdU (1 mg/ml) on top of each embryo, dropwise with a 
pipette, 2 h before sacrifice.

Loss‑of‑function (LOF) and phenotype rescue in ovo 
experiments

Loss-of-function (LOF) experiments, were performed by 
using the Dyrk1B-selective inhibitor AZ191 (Cayman No. 
17693). Specifically, 600 µg of AZ191 previously dissolved 
in DMSO, were injected with an insulin 29G syringe, at 
E2 chick embryos at three points, with a 45-degree angle 
via three small holes made in the vitelline membranes, in 
such a way that the entire embryo was surrounded with 
the compound. AZ191 was injected in a total volume of 
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1 ml, by adding sterile PBS (without  CaCl2 and  MgCl2, 
Gibco, Cat No 10010-015), and supplemented with 1% 
(v/v) penicillin–streptomycin (SIGMA, P4333). Similarly, 
activation of Shh pathway was performed by using the 
Smoothened agonist, SAG (Abcam, ab142160). Specifically, 
1 µg of SAG [67], previously dissolved in DMSO, was 
injected with an insulin 29G syringe, at E2 chick embryos as 
described above for AZ191. Phenotype rescue experiments 
were performed by administration of either AZ191 or 
SAG, 2 h after unilateral in ovo electroporation in order to 
minimize the stress inflicted on the embryos.

Western blot (WB)

Chick and mouse brain and SC homogenates derived from 
several developmental stages, were prepared in a ratio 1:10 
in ice cold lysis buffer containing: 10 mM Tris/HCl, pH 
7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM 
EGTA, 0.1% SDS, 0.5% sodium deoxycholate, protease 
inhibitor cocktail set I (Calbiochem/Merck Cat No 539131) 
phosphatase inhibitors (PhosSTOP, Roche Life Science, 
Cat No 04906837 001). Tissues homogenates were lysed 
at 4 °C in a tube roller for 4–6 h. Then, homogenates were 
centrifuged at 1300×g at 4 °C for 5 min, and supernatants 
were collected. Protein concentration was estimated by a 
modified Lowry assay (DC Protein assay from Bio-Rad). 
Proteins were separated by 10% or 12% SDS-PAGE 
electrophoresis and transferred onto Porablot nitrocellulose 
(Macheray-Nagel, Cat No 741280). Blocking was performed 
in 5% non-fat milk in TBST containing 10 mM Tris–HCl 
pH 8.0, 150 mM NaCl, 0.1% Tween 20, for 1 h at room 
temperature (RT), followed by overnight incubation with 
primary antibodies. Incubation with appropriate HRP-
conjugated secondary antibodies was performed for 2 h 
at RT. Primary and secondary antibodies were diluted 
in 2.5% non-fat milk in TBST and three washes were 
performed in TBST. Protein bands were detected by the 
enhanced chemiluminescence substrate (ECL) containing: 
1.25 mM Luminol, 198 µM Coumaric acid, and 0.0096% 
 H2O2 in 50 mM Tris–HCl pH 8.8. Densitometric analysis 
of protein bands and normalization relative to β-tubulin 
or GAPDH was performed using ImageJ software (NIH) 
(RRID:SCR_003070). All experiments were performed 
three times (n = 3), unless otherwise noted, by using protein 
lysates derived from pools of 3 animals corresponding to 
each experimental group. Quantitative data are mean values 
and error bars represent SEM.

Tissue preparation

Chick and mouse embryos were harvested and fixed 
overnight at  40 C with 4% paraformaldehyde (PFA) in 
phosphate buffered saline (PBS) pH 7.4. Adult pregnant 

mice were euthanized by isoflurane inhalation and perfused 
transcardially with PBS and then 4% PFA. Chick or mouse 
dissected SCs were then washed in PBS, cryoprotected 
for 16 h to 2 days at 4 °C with 20% sucrose in PBS for 
chick or 30% sucrose for mouse tissues, respectively, until 
osmotic equilibrium occurred. Tissues were then mounted 
in OCT (VWR Chemicals, Cat No 361603E), frozen and 
cryosectioned at 20 µm, and processed for immunostaining 
or RNA in situ hybridization (ISH). Serial sections placed on 
adjacent slides to allow for IHC or ISH at the same rostro-
caudal level.

Immunohistochemistry (IHC)

Cryosections of chick and mouse SC were subjected to 
antigen retrieval for heat-mediated epitope unmasking by 
incubating the slides in 10 mM Sodium citrate pH 6.0 for 
30 min at 70 °C. After washing the slides 3 times for 10 min 
each, with 1X PBS, the slides of cryosections were blocked 
with 5% normal donkey serum (NDS) containing 0.1% v/v 
Triton X-100 in PBS for chick tissues or 0.2% v/v for mouse 
tissues respectively, for 1 h at RT. Primary antibodies were 
diluted in 2.5% NDS containing 0.05% v/v Triton X-100 
in PBS, for chick tissues or 0.1% v/v for mouse tissues and 
tissue cryosections were incubated overnight at 4 °C, while 
cryosections were incubated with the appropriate secondary 
antibodies Alexa-Fluor 488, Alexa-Fluor 546 and Alexa-
Fluor 647 (Invitrogen/ThermoFisher Scientific) for 2 h at 
RT. Cell nuclei labeled with TOPRO-3 and /or Hoechst 
(Molecular Probes, Invitrogen Cat No 33258). Slides were 
mounted with MOWIOL 488 Reagent (Calbiochem, Cat 
No 475904). Digital images were acquired by performing 
confocal microscopy using Leica TCS SP5II and Leica TCS 
SP8 confocal microscopes and images were analyzed using 
ImageJ software (NIH) (RRID:SCR_003070). Statistical 
analysis was performed by using at least n = 12 sections 
obtained from 4 animals corresponding to each experimental 
group. Normalization of cell numbers was performed to 
 GFP+ cells or to total cell nuclei. Quantitative data were 
presented as mean values and error bars correspond to 
standard error of the mean (SEM).

In situ hybridization (ISH)

Slides with 4% PFA-fixed cryosections were incubated 
with pre-hybridization buffer containing: 50% deionized 
formamide, 5X SSC buffer, 5X Denhardt’s solution 
(Invitrogen, Cat No 750018), 250  µg/ml yeast t-RNA 
(Roche Life Science, Cat No 10109223001), and 500 µg fish 
sperm DNA (Roche Life Science, Cat No 11467140001) 
in a humified chamber containing: 5X SSC for 3–4 h at 
65 °C. Non-radioactive in  situ hybridization (ISH) was 
performed in the hybridization buffer, which is same with 
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the pre-hybridization buffer containing plus the DIG-labeled 
riboprobe. Hybridization buffer containing the DIG-labeled 
riboprobe before used was previously incubated at 85 °C 
for 5 min for denaturation of riboprobes. Preparations for 
DIG-labeled probes were carried out as previously described 
[64–66]. On the following day, slides were washed with 
0.2X SSC for 2 × 30 min at 65 °C, 0.2X SSC for 5 min at 
RT, with B1 buffer (0.1 M Tris /HCl, pH 7.5 and 0.15 M 
NaCl) for 5 min at RT. Sections were blocked with B1 
supplemented with 10% normal donkey serum (NDS) 
for 1 h, at RT, before incubating in an anti-DIG alkaline 
phosphatase (AP) conjugate (see Antibodies section) in 
B1 buffer supplemented with 1% NDS at 4  °C. On the 
following day, slides were washed with B1 buffer for 2X5 
min at RT, with B3 buffer (0.1 M Tris/HCl, pH 7.5, 0.1 M 
NaCl, and 50 mM MgCl2) for 2X5 min at RT. Slides were 
then incubated with AP buffer (100 mM Tris /HCl, pH 9.5, 
50 mM MgCl2, 100 mM NaCl, 0.1% Tween-20, and 1 mM 
levamisole) for 10 min at RT. Color reaction development 
started by adding AP buffer containing 10 µl/ml NBT/
BCIP (Roche Life Science, Cat No 11681451001). The 
reaction was performed in the dark at RT for several hours 
to overnight. Color reaction was stopped by washing slides 
with PBS. After washing, sections were mounted in DPX 
mounting (Sigma-Aldrich, Cat No 06522). Digital images 
were acquired by performing transmitted light-bright field 
microscopy in ZEISS Axiovert 200 (ZEISS) and Leica TCS 
SP8 (LEICA microsystems) microscopes. Representative 
images from reproducible results were presented.

Antibodies

All primary and secondary antibodies used are listed in 
Supplementary Table 1 and 2, respectively.

RNA isolation, cDNA synthesis and real‑time 
qRT‑PCR

Total RNA was extracted from E4 chick SC, using Trizol 
Reagent (Ambion/Life Technologies, Cat No 15596-018) 
and then was incubated with DNase I (Takara Bio, Cat No 
2270A). 1 µg of total RNA was used for first strand cDNA 
synthesis by using the ImProm-II Reverse Transcription 
System (Promega, Cat No A3800) and oligo dT primer, 
according to the manufacturer’s instructions. Real-time 
qRT-PCR analysis was carried out in a Mini-Opticon Real-
Time PCR System (Bio-Rad, Cat No CFD-3120) using 
KAPA SYBR FAST qPCR Master Mix (Kapa Biosystems, 
KK4602) according to the manufacturer’s instructions. 
The analysis of relative gene expression was performed 
with  2−ΔΔCt Method, by using the chick housekeeping gene 
glyceraldehyde-3-phosphate dehydrogenase (cGAPDH) 
as an internal reference. Real-time qRT-PCR analysis was 

carried out in three independent experiments (n = 3), by 
using mRNA pools of 3 chick embryos corresponding to 
each experimental group in technical triplicates. Relative 
gene expression data were presented as the mean of triplicate 
values obtained from three independent experiments. Error 
bars represent SEM. Primer sets used were: FOR cSHH: 
5’-CAA AGC AGA AAA CTC AGT GGCA-3’ and REV 
cSHH: 5’-TGA CGT AGA AGA GCT TTC GGG-3’, FOR 
cGLI3: 5’-GCA TGT GCC TTC TGC CTT ATC TAG -3’ and 
REV cGLI3: 5’- GGT CAA AGC TGT GAT CAG ATA GGG 
-3’, FOR cGLI2: 5’-TGG CAC AAG GAG TGC CGC AG-3’ 
and REV cGLI2: 5’-GTA CGT CAC GGG GTT GAT GGG-3’ 
FOR cGAPDH: 5’-TCG GAG TCA ACG GAT TTG GC-3’ and 
REV cGAPDH: 5’-GCC CAT TTG ATG TTG CTG GG-3’.

Statistical analysis

Before analysis, the normality of values was verified 
with the Shapiro–Wilk normality test using IBM SPSS 
Statistics for Windows Version 20.0 (RRID:SCR_019096). 
Statistical analysis was performed using two-tailed Unequal 
variance t test (Welch t test) to assess the significance of 
differences between two groups. The results are shown 
as mean values of experiments described above in each 
M&M section ± Standard error of the mean (SEM). 
Probability values p ≤ 0.05 were considered as statistically 
significant (*p ≤ 0.05; **p ≤ 0.01, ***p ≤ 0.001). All 
analyses were performed using Microsoft Excel 2013 
(RRID:SCR_016137).

Results

Dyrk1B is expressed in the notochord, floor plate, 
proliferating progenitors in the ventricular zone 
and post‑mitotic motor neurons in chick and mouse 
spinal cord

Τo establish the time-course of Dyrk1B expression in the 
developing chick and mouse CNS we performed Western 
blot analysis, using a specific monoclonal anti-Dyrk1B 
antibody on chick and mouse brain and SC protein lysates 
derived from different developmental stages, as indicated 
(Fig. S2). Dyrk1B protein expression was evident at all 
stages, declining over time. To further investigate Dyrk1B 
gene expression, we proceeded to RNA in situ hybridiza-
tion (ISH) and immunohistochemical (IHC) analysis in 
transverse sections of chick and mouse SC using a 253 bp 
riboprobe corresponding to the 3’-end of cDyrk1B coding 
region that displays 100% identity with the correspond-
ing 3’ region of mDyrk1B (Fig. S1). At early stages of 
chick spinal cord development (E3) Dyrk1B is ubiqui-
tously expressed in neuroepithelial progenitors. At later 
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stages (E4 and E6) though its expression is more evi-
dent in the floor plate (FP) and mantle zone (MZ) where 
neurons reside, as well as in the ventricular zone (VZ), 
where Dyrk1B is expressed in cycling neural progenitors 
(Fig. 1A). In mouse SC, Dyrk1B gene expression was ana-
lyzed at E12.5 and E16.5, by ISH using a 396 bp riboprobe 

corresponding to the 3’-end of mDyrk1B coding region, 
and by IHC at E12.5 and E16.5 (Fig. 1B, C). Again, at 
E9.5 Dyrk1B displays a broad expression throughout the 
SC (Fig. S3), while at E12.5 and E16.5, Dyrk1B expres-
sion is mainly detected in the FP, cycling  Sox2+ progeni-
tors of the VZ,  TuJ1+ postmitotic neurons and in Islet1/2+ 
MNs (Fig. 1B, C).

Fig. 1  Dyrk1B expression in 
chick and mouse spinal cord. 
A Dyrk1B mRNA is mainly 
expressed in embryonic chick 
spinal cord by notochord (NC), 
floor plate (FP), cycling pro-
genitors in the ventricular zone 
(VZ) and by motor neurons 
(MNs) in the mantle zone (MZ), 
as revealed by in situ hybridi-
zation (ISH) on transverse 
brachial spinal cord sections. 
The abundant Dyrk1B mRNA 
expression observed at E3 (i) 
is gradually restricted to the 
VZ area adjacent to the central 
canal (CC) and in the MN 
domain at E4 and E6 (ii–iii). 
B Similar Dyrk1B expression 
is observed in E12.5 mouse 
spinal cord (corresponding to 
E4 of chick) both at the mRNA 
(i) and protein levels (ii, iii), 
where Dyrk1B is expressed by 
 TuJ1+ post-mitotic neurons of 
MZ (iv) and by Islet1/2+ MNs 
(vi, vii), as well as by  Sox2+ 
cycling progenitors in VZ (viii, 
ix). Spinal cord domains are 
depicted in the scheme left (v). 
C At E16.5 mouse spinal cord, 
Dyrk1B is abundantly expressed 
in the grey matter and the VZ 
(i–vii), both at mRNA (i) and 
protein levels (ii–iii), Dyrk1B 
co-expression is shown in  TuJ1+ 
post-mitotic neurons (iv) and 
Islet1/2+ MNs (vii). Scale bars: 
100 µm. TO-PRO-3: nuclei 
staining
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Dyrk1B overexpression promotes cell cycle exit 
and neuronal differentiation

To investigate the role of Dyrk1B in SC development, we 
applied unilateral in ovo electroporation at E2 chick SC 
in order to overexpress mDyrk1B, using the bicistronic 
expression vector pGAG-mDyrk1B-IRES-NLS-GFP 
(Dyrk1B/GFP embryos) or the control vector pGAG-IRES-
NLS-GFP (GFP embryos), allowing both to use the GFP 
reporter gene as marker for transfected cells. 48  h after 
Dyrk1B/GFP electroporation, we confirmed a 3.0-fold 
increase in Dyrk1B mRNA and a 2.7-fold increase in protein 
levels (Fig. S4), respectively, by comparison to wild-type SC.

Since Dyrk1B has been previously shown to act as a 
G0-checkpoint kinase that promotes cell cycle exit [20] and 
terminal differentiation of proliferating myoblasts [21–23], 
immature male germ cells [24], and mouse neuroblastoma 
cells [42], we investigated the effect of mDyrk1B overex-
pression on the cell cycle. To detect cycling progenitors in 
S-phase, we performed a 2-h pulse with the thymidine analog 
5-Bromo-2´-Deoxyuridine (BrdU) before sacrifice of elec-
troporated embryos, followed by IHC and confocal micros-
copy on transverse cryosections of SC at the brachial level. 
We observed a 2.22-fold ± 0.20 reduction (***p ≤ 0.001, 
n = 18 sections from 5 embryos) in the fraction of  BrdU+/
GFP+ cells over total  GFP+ cells (relative index) in Dyrk1B/
GFP embryos compared to control GFP embryos (Fig. 2A, B). 
Moreover, we noted a dramatic decrease by 10.16-fold ± 0.98 
(***p ≤ 0.001, n = 18 sections from 5 embryos) in the relative 
index of phosphohistone H3 (PH3) mitotic cells (Fig. 2C, D), 
with a concomitant 1.53-fold ± 0.16 (**p ≤ 0.01, n = 18 sec-
tions from 4 embryos) decrease in the relative index of cells 
expressing the neural precursor marker Sox2 (Fig. 2E, F). Next 
we examined the effect of Dyrk1B overexpression in neuronal 
differentiation. We found that in Dyrk1B/GFP embryos the 
relative index of  GFP+ cells co-expressing the early neuronal 
marker doublecortin (DCX) was increased by 1.39-fold ± 0.13 
(*p ≤ 0.05, n = 13 sections from 4 embryos), as compared to 
GFP controls (Fig. 2G, H). Similarly, the index of the pan-
neuronal marker βΙΙΙ-tubulin (TuJ1) cells was increased by 
1.22-fold ± 0.06 (**p ≤ 0.01, n = 24 sections from 4 embryos), 
compared to GFP embryos (Fig. 2I, J). Thus, our data demon-
strate that forced Dyrk1B expression promotes cell cycle exit 
and neuronal differentiation of proliferating precursors.

Dyrk1B overexpression promotes apoptosis 
specifically in the motor neuron domain 
and decreases the number of motor neurons 
and V2a interneurons

As Dyrk1B has been previously shown to have an anti-
apoptotic role [20] in myogenesis [22] and cancer [29, 
30, 32, 33], we investigated if it has a similar function 

in the developing chick SC. Apoptosis of spinal MNs 
occurs during SC development at discrete developmental 
stages, along the rostrocaudal axis of the SC [68–70]. 
At E4 chick neural tube apoptosis occurs physiologically 
in the MN domain at the brachial level where the final 
number of MNs is stabilized at E15 [69]. To address if 
Dyrk1B overexpression has an effect on MN apoptosis, 
we compared the expression of activated Caspase-3 in the 
electroporated versus the non-electroporated side of SC in 
experimental and control embryos. First, we observed that 
in both groups, apoptosis was restricted in the MN domain 
in line with previous findings. Unexpectedly though, the 
percentage of  Casp3+/Islet1/2+ cells over total nuclei 
was increased by 102.74% ± 17.02 (***p ≤ 0.001, n = 12 
sections from 4 embryos) in the electroporated side of 
Dyrk1B/GFP embryos, compared to the contralateral side, 
while no significant differences were observed between 
the two sides of the SC in GFP embryos (Fig. 3A,B). 
Our data indicate that Dyrk1B overexpression promotes 
apoptosis in the MN domain, unlike the previously noted 
anti-apoptotic role of Dyrk1B, suggesting that Dyrk1B 
function on cell survival and apoptosis is tissue- and/or 
context-dependent.

To further investigate the effect of Dyrk1B on the 
MN domain, we compared bilaterally the  Olig2+ MN 
progenitors in Dyrk1B/GFP and control GFP embryos. All 
quantifications in this and following sections were made 
by counting marker + cells normalized over total nuclei and 
given as percentages. We estimated that the percentage 
of  Olig2+ MN progenitors in the electroporated side of 
Dyrk1B/GFP embryos was reduced by 25.12% ± 3.11 
(***p ≤ 0.001, n = 17 sections from 4 embryos) as 
compared to the non-electroporated side, while no 
significant differences were observed bilaterally in the SC 
of GFP embryos (Fig. 3C, D). In agreement, the percentage 
of MNs positive for the homeobox transcription factor 
Hb9, which is expressed in newborn and late postmitotic 
MNs [71] was reduced by 20.33% ± 1.67 (***p ≤ 0.001, 
n = 17 sections from 4 embryos) at the Dyrk1B/GFP 
electroporated side compared to the non-electroporated 
side, while no significant differences were observed 
between the two sides of control GFP embryos (Fig. 3E, 
F). Moreover, the percentage of Islet1/2+ postmitotic 
MNs was also reduced by 16. 25% ± 3.60 (**p ≤ 0.01, 
n = 15 sections from 4 embryos) at the Dyrk1B/GFP 
electroporated side compared to the non-electroporated 
side, whereas no such differences were observed in GFP 
embryos (Fig.  3G, H). Markedly, the effect of forced 
Dyrk1B expression on the reduction of MN progenitors 
and MNs was most pronounced when Dyrk1B/GFP 
electroporation reached the most ventral parts of the SC, 
as revealed by the loss of  Olig2+,  Hb9+ and Islet1/2+ cells 
(see arrowheads in Fig. 3C, E, G).
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Fig. 2  Dyrk1B overexpression at E2 promotes at E4 cell cycle exit 
and neuronal differentiation. A, B  Dyrk1B+/GFP+ electroporated 
cycling progenitors co-expressing the S-phase marker BrdU were 
significantly reduced by 2.22 ± 0.20-fold (p ≤ 0.001, n = 18 sections 
from 5 embryos), compared to control. C, D Similarly, the rela-
tive index of  Dyrk1B+/GFP+ cycling progenitors co-expressing the 
mitotic marker PH3 showed a dramatic decrease by 10.16 ± 0.98-
fold (p ≤ 0.001, n = 18 sections from 5 embryos), compared to  GFP+/
PH3+ cells in control embryos. E, F Significant reduction by 1.53-
fold ± 0.16 (p ≤ 0.01, n = 18 sections from 4 embryos) in the relative 
index of cells expressing the pluripotency marker Sox2, compared to 
control embryos. G, H The relative index of electroporated  Dyrk1B+/

GFP+ cells co-expressing Doublecortin (DCX) is increased by 1.39-
fold ± 0.13 (p ≤ 0.05, n = 13 sections from 4 embryos) compared to 
GFP-electroporated embryos. I, J The relative index of electroporated 
 Dyrk1B+/GFP+ cells co-expressing βΙΙΙ-tubulin (TuJ1) is increased 
by 1.22-fold ± 0.06 (p ≤ 0.01, n = 24 sections from 4 embryos) com-
pared to  GFP+ cells in control embryos. Analysis was performed 
by calculation of the relative index corresponding to the ratio of 
the number of double positive cells  GFP+ /specific  marker+ to total 
 GFP+ cells. Scale bars: 100 µm. TO-PRO-3: nuclei staining. Data are 
mean ± SEM, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; ns, non-significant 
(two-tailed Unequal variance t test). Spinal cord sections correspond 
to the brachial level
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An additional ventral phenotype was associated 
with the number of V2a interneurons (INs) expressing 
the transcription factor Chx10. On the Dyrk1B/GFP 
electroporated side, the percentage of  Chx10+ interneurons 
was reduced by 39.33% ± 3.85 (***p ≤ 0.001, n = 20 sections 
from 4 embryos) compared to the non-electroporated 
side, while no significant differences were observed in 
GFP embryos (Fig. 3I, J). Our data suggest that Dyrk1B 
overexpression promotes apoptosis in the MN domain 
and decreases the numbers of pMNs, MNs, and V2a 
interneurons.

Dyrk1B overexpression affects the ventral 
patterning of embryonic chick spinal cord

Next we addressed if Dyrk1B affects SC dorsoventral pat-
terning by examining the expression of the paired-box 
transcription factor Pax3, which is expressed in dorsal pro-
genitors, along with the expression of the homeodomain 
transcription factor Nkx6.1, which marks ventral progeni-
tors and belongs to Class II transcription factors induced 
by Shh [71, 72]. We found that the percentage of  Pax3+ 
cells was not affected in the Dyrk1B/GFP-electroporated 
side of E4 embryos when compared to the contralateral side 
(Fig. 4A, B). At the same time, the percentage of Nkx6.1+ 
cells was reduced by 12.18% ± 2.10 (***p ≤ 0.001, n = 20 
sections from 4 embryos), (Fig. 4C, D), while no signifi-
cant differences were observed bilaterally in control GFP 
embryos. To further verify that dorsal patterning is not 
affected by DyrK1B, we estimated the percentage of dI3 
 Islet1+post-mitotic neurons (indicated by an asterisk in 
Fig. 3A) derived from pd3 progenitors dorsally, and found 
that they were not different when compared to the contralat-
eral side (Fig. S5). Taken together, our data indicate that 
Dyrk1B overexpression does not affect dorsal patterning 
while it influences ventral SC patterning.

AZ191 increases the proliferation of ventral 
progenitors resulting in increased number of motor 
neurons

To confirm Dyrk1B function in SC development, we per-
formed loss-of-function experiments by applying phar-
macological inhibition of the endogenous Dyrk1B kinase 
activity using AZ191, a potent small molecule inhibitor 
that selectively inhibits Dyrk1B [73, 74]. Chick embryos 
were injected with AZ191 at E2 and 48 h later the effect 
of pharmacological inhibition of endogenous Dyrk1B was 
analyzed by comparing AZ191-treated to control DMSO-
treated embryos (vehicle). First, we investigated the effect 
of AZ191 on cellular proliferation by assessing the total 
number of  BrdU+ cells following a 2-h BrdU pulse. The 
percentage of  BrdU+ cells in AZ191-treated embryos was 

increased by 57.51% ± 3.05 (***p ≤ 0.001, n = 22 sections 
from 4 embryos), compared to DMSO-treated embryos 
(Fig. 5A, B). In accordance, the percentage of  PH3+ cells 
was also increased by 48.32 ± 10.69 (**p ≤ 0.01, n = 12 sec-
tions from 4 embryos) (Fig. 6A, B). Notably, no differences 
were observed in  BrdU+ (data not shown) and  PH3+ cells 
(Fig. 6A, B), between DMSO-treated and wild-type (wt) 
chick embryos. Next, we investigated the effect of AZ191 
on ventral progenitors p2, pMN and p3. In AZ191-treated 
embryos the percentages of p2 (Nkx6.1+/Olig2−), pMN 
(Nkx6.1+/Olig2+) and p3 (Nkx6.1+/Olig2−) progenitors 
were increased by 32.57% ± 9.86% (**p ≤ 0.01, n = 23 sec-
tions from 4 embryos), 31.90% ± 4.89 (***p ≤ 0.001, n = 23 
sections from 4 embryos) and by 61.25 ± 23.75 (*p ≤ 0.05, 
n = 23 sections from 4 embryos) respectively, compared to 
DMSO-treated embryos (Fig. S6). Furthermore, we inves-
tigated the effect of AZ191 on the MN domain. In AZ191-
treated embryos the percentage of Islet1/2+ MNs over total 
nuclei was increased by 33.12% ± 6.86 (***p ≤ 0.001, n = 14 
sections from 4 embryos) (Fig. 7A, B) and the percentage of 
 Hb9+ early and late MNs was increased by 41.26% ± 4.07 
(***p ≤ 0.001, n = 17 sections from 4 embryos) (Fig. 5C, 
D), when compared to DMSO-treated embryos. In all cases 
DMSO-treated embryos showed no differences when com-
pared with wt embryos. Our data suggest that inhibition 
of endogenous Dyrk1B increases the proliferation of neu-
ronal progenitors, which in the ventral spinal cord results 
in increased numbers of p2, pMN, p3 progenitors and MNs 
 (Hb9+ and Islet1/2+ cells).

Dyrk1B overexpression reverses the phenotype 
of AZ191 in the embryonic chick spinal cord

To confirm the specificity of AZ191 inhibitor for Dyrk1B 
kinase activity, we performed mechanistic phenotype rescue 
experiments. To this end, E2 chick embryos were subjected 
to unilateral in ovo Dyrk1B/GFP electroporation followed 
2 h later by AZ191 injection, and were compared to embryos 
treated with DMSO-vehicle or AZ191 only. Notably, the 
increase in  PH3+ cells observed in the presence of AZ191, 
was rescued by concurrent electroporation of Dyrk1B/GFP 
(Fig. 6). In particular, no significant differences in  PH3+ 
cells were observed between wild-type or vehicle-treated 
embryos, while in AZ191-treated embryos the percentage 
of  PH3+ cells was increased by 48.32 ± 10.69 (**p ≤ 0.01, 
n = 12 sections from 4 embryos), as previously discussed. 
This effect was restored by Dyrk1B/GFP electroporation 
(Fig. 6B). Similarly, the AZ191-mediated increase in the per-
centage of Islet1/2+ MNs by 33.12% ± 6.86 (***p ≤ 0.001, 
n = 14 sections from 4 embryos), was also restored upon 
Dyrk1B/GFP electroporation (Fig. 7B). Notably, no signifi-
cant differences were observed in the percentage of Islet1/2+ 
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post-mitotic MNs between wild-type or vehicle-treated 
embryos.

Dyrk1B kinase is a suppressor of Sonic Hedgehog 
signaling in the embryonic chick spinal cord

Shh produced initially by the notochord (NC) and later 
by medial (MFP) and lateral floor plate (LFP), forms a 
gradient [3, 6–10] that patterns the ventral neural tube into 
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distinct progenitor domains, by controlling the expression 
of specific homeodomain and basic helix-loop-helix 
(bHLH) transcriptions factors [2, 3, 5, 6, 71, 72].

A close regulatory link between Dyrk1B kinase and 
Shh/Gli signaling has been previously demonstrated in 
cancer [44, 50–53]. Thus, we speculated the involvement 
of Dyrk1B in Shh/Gli signaling given that Dyrk1B over-
expression has a pronounced effect in ventral SC. To test 
our hypothesis, we performed real-time qRT-PCR anal-
ysis to estimate Shh, Gli2 and Gli3 mRNA levels upon 
forced expression of Dyrk1B and observed a significant 
downregulation of Shh mRNA expression levels by 2.86-
fold ± 0.99 (*p ≤ 0.05, n = 3 independent experiments), 
of Gli2 mRNA levels by 5.28-fold ± 0.31 (*** p ≤ 0.001, 
n = 3 independent experiments) and of Gli3 mRNA levels 
by 4.76-fold ± 0.61 (*p ≤ 0.05, n = 3 independent experi-
ments), as compared to GFP embryos (Fig. 8A). Further-
more, we performed ISH for detecting Shh mRNA expres-
sion in wild-type and Dyrk1B/GFP embryos. In agreement 
with the real-time qRT-PCR results, the expression of 
Shh mRNA in the FP was reduced at the Dyrk1B/GFP-
electroporated side when compared with the contralateral 
side and with wild-type SC (Fig. 8B). On the other hand, 
in AZ191-treated embryos, Shh, Gli2 and Gli3 mRNA 
levels were increased by 1.52-fold ± 0.06 (*p ≤ 0.05, n = 3 
independent experiments), by 3.54-fold ± 0.47 (*p ≤ 0.05, 
n = 3 independent experiments) and by 4.85-fold ± 0.25 
(**p ≤ 0.01, n = 3 independent experiments) respec-
tively, when compared to wild-type (Fig. 8C), as esti-
mated by qRT-PCR. The increase in Shh mRNA levels 

was furthermore confirmed by ISH (Fig. 8D). This data 
suggests interception of Dyrk1B and Shh/Gli signaling 
pathways.

Administration of SAG rescues the ventral 
phenotype of Dyrk1B overexpression

To further investigate the interference of Dyrk1B in Shh/
Gli signaling, we proceeded to activate the Shh pathway at 
the level of Smoothened, which induces downstream Gli 
transcriptional effectors (Fig. 8F). For this purpose, 1 µg 
of Smoothened agonist (SAG) was administered at E2 
embryos, and its effect was examined on Shh signaling at E4. 
We observed a transcriptional positive feedback loop in Shh, 
Gli2 and Gli3 mRNA expression, induced by Smoothened 
activation with SAG, which resulted in increased Shh, Gli2 
and Gli3 mRNA levels by 3.54-fold ± 0.11 (**p ≤ 0.01, n = 3 
independent experiments), by 2.92-fold ± 0.41 (*p ≤ 0.05, 
n = 3 independent experiments) and by 6.30-fold ± 0.12 
(***p ≤ 0.001, n = 3 independent experiments), respec-
tively, as determined by qRT-PCR (Fig. 8C). Moreover, by 
performing ISH, we confirmed the increased Shh mRNA 
expression in the FP of SAG-treated embryos (Fig. 8E). As 
before with mRNA levels, we also observed a similar trend 
by Western blot, showing that Dyrk1B overexpression or 
loss of function, as well as SAG treatment, affect the ratio 
of activator to repressor Gli3 (Gli3A/Gli3R) protein forms 
and the expression of the early responding proximal targets 
of Shh signaling, FoxA2 and Nkx2.2, while in phenotype 
rescue experiments these proteins seem to be restored to 
control levels (Fig.S7). Next we tested whether activation 
of SMO by SAG could rescue the phenotype in Dyrk1B/
GFP embryos. For this purpose, 1 µg SAG was administered 
at E2 chick embryos 2 h after unilateral in ovo electropora-
tion with Dyrk1B/GFP or GFP expression plasmids. Then, 
we analyzed at E4 the effect of SAG administration either 
alone or together with Dyrk1B/GFP electroporation. GFP 
and wild-type embryos served as additional controls. Since 
Shh is a master regulator of ventral SC patterning, we exam-
ined the number of p3, pMN and p2 progenitors character-
izing distinct ventral domains (Fig. 9A). We distinguished 
their boundaries using double immunostaining for Nkx6.1 
and Olig2 transcription factors. Nkx6.1 is expressed by p3, 
pMN and p2 domains, while Olig2 expression marks only 
the pMN domain (Fig. 9Ai–vi). In all cases examined, we 
attested that SAG reversed the phenotype induced by forced 
Dyrk1B expression.

In particular, the percentage of p2 progenitors over total 
nuclei was decreased by 25.88% ± 6.87 (*p ≤ 0.05, n = 15 
sections from 4 embryos) in Dyrk1B/GFP embryos and, 
conversely, was increased by 148.24% ± 43.93 (**p ≤ 0.01, 
n = 15 sections from 4 embryos) in SAG only-treated 
embryos, compared to wild-type embryos (Fig. 9B). In 

Fig. 3  Dyrk1B overexpression promotes apoptosis in the motor 
neuron domain and decreases the number of pMNs, motor neu-
rons and V2a interneurons. A, B The ratio of  Casp3+/Islet1/2+ cells 
over total nuclei in the MN domain (arrowheads) is increased by 
102.74% ± 17.02 (p ≤ 0.001, n = 12 sections from 4 embryos) in the 
Dyrk1B/GFP electroporated side of the SC when compared with 
the contralateral non-electroporated side. The asterisk points to dor-
sal dI3 Islet1/2+ post-mitotic neurons derived from pd3 progenitors 
that show no differences upon Dyrk1B overexpression. C, D Dyrk1B 
overexpression results in decreased  Olig2+ MN progenitors (arrow-
head) by 25.12% ± 3.11 (p ≤ 0.001, n = 17 sections from 4 embryos), 
compared to the contralateral non-electroporated SC side in Dyrk1B/
GFP embryos. E, F Similarly, Dyrk1B overexpression results in 
decreased number of  HB9+ MNs (arrowhead) by 20.33% ± 1.67 
(p ≤ 0.001, n = 17 sections from 4 embryos), and in (G, H), decreased 
number of Islet1/2+ MNs (arrowhead) by 16.25% ± 3.60 (p ≤ 0.01, 
n = 15 sections from 4 embryos), as well as in (I, J), decreased num-
ber of  Chx10+ V2a interneurons (INs) (arrowhead) by 39.33% ± 3.85 
(p ≤ 0.001, n = 20 sections from 4 embryos). No differences between 
the two sides were observed in control GFP-electroporated embryos 
in all cases. Cell numbers are normalized to total cell nuclei. Scale 
bars: 100  µm. TO-PRO-3: nuclei staining. Data are mean ± SEM, 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; ns, non-significant (two-tailed 
Unequal variance t test). Spinal cord sections correspond to the bra-
chial level

◂
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phenotype rescue experiments, in which Dyrk1B/GFP 
electroporation was followed by SAG, SAG was sufficient 
to restore the p2 population to wt levels (Fig. 9B). Notably, 
in control GFP embryos the p2 progenitor population was 
as in wt, while in GFP embryos that were treated with 
SAG, the percentage of p2 progenitors was increased 
by 151.76% ± 40.89 (**p ≤ 0.01, n = 15 sections from 4 
embryos), similarly to wt (Fig. 9B).

Likewise, the percentage of p3 progenitors that was 
decreased by 41.39% ± 7.50 (***p ≤ 0.001, n = 15 sections 
from 4 embryos) in Dyrk1B/GFP embryos, was restored 
at wt levels after administration of SAG (Fig. 9D). At the 
same time, in SAG only-treated embryos p3 progenitors 
were increased dramatically by 253.89% ± 84.17 
(**p ≤ 0.01, n = 15 sections from 4 embryos) (Fig. 9D). 
Additionally, in control GFP embryos, the p3 population 
was similar to wild-type, while in GFP embryos that were 

treated with SAG, the percentage of p3 progenitors was 
increased by 232.78 ± 73.33 (**p ≤ 0.01, n = 15 sections 
from 4 embryos) (Fig. 9D).

Finally, the percentage of pMN progenitors that 
was decreased by 30.47% ± 6.07 (***p ≤ 0.001, n = 15 
sections from 4 embryos) in Dyrk1B/GFP embryos, was 
increased by SAG treatment even further than wt levels, 
by 73.79% ± 26.17 relatively to wt (*p ≤ 0.05, n = 15 
sections from 4 embryos). In addition, the percentage 
of pMN progenitors was increased by 100.93% ± 13.46 
(***p ≤ 0.001, n = 15 sections from 4 embryos) relatively 
to wt in SAG only-treated embryos (Fig. 9C). Notably, in 
control GFP embryos the pMN population was similar to 
wild-type, while in GFP embryos treated with SAG, the 
normalized number of pMN progenitors was increased 
to similar levels as with SAG alone, by 102.20% ± 13.50 
(***p ≤ 0.001, n = 15 sections from 4 embryos) (Fig. 9C). 

Fig. 4  Dyrk1B overexpression affects the ventral patterning of 
embryonic chick spinal cord. A, B Dyrk1B overexpression does not 
affect dorsal patterning of spinal cord, as  Pax3+ cells dorsally are not 
affected in the electroporated side of Dyrk1B/GFP embryos (p > 0.05, 
n = 20 sections from 4 embryos) when their number compared to the 
contralateral side. C, D In contrast, Dyrk1B overexpression reduces 
the number of Nkx6.1+ cells ventrally (arrowhead) by 12.18% ± 2.10 

(p ≤ 0.001, n = 20 sections from 4 embryos) as compared to the 
non-electroporated contralateral SC side, while no differences are 
observed between the two sides in control GFP embryos. Cell num-
bers are normalized to total cell nuclei. Scale bars: 100  µm. TO-
PRO-3: nuclei staining. Data are mean ± SEM, *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001; ns, non-significant (two-tailed Unequal variance t test). 
Spinal cord sections correspond to the brachial level
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Thus, our data demonstrate that activation of the Shh 
pathway restores the phenotype of Dyrk1B overexpression.

Dyrk1B affects the size of LMCm via Sonic hedgehog 
signaling

Spinal MNs are organized into four motor columns extend-
ing along the rostrocaudal axis of SC, the median (MMC), 
lateral (LMC), hypaxial (HMC), and preganglionic motor 
columns (PGC). LMC MNs subdivide at the brachial and 
lumbar levels of SC into medial LMC (LMCm) and lateral 
LMC (LMCl) columns that innervate the muscle limbs 
ventrally and dorsally, respectively [70, 75–80] (Fig. 10A). 
Having demonstrated that Dyrk1B overexpression pro-
motes the reduction of  Olig2+ pMNs as well as of  Hb9+ and 
Islet1/2+ MNs, we asked whether the forced expression of 
Dyrk1B has an effect on the columnar organization of MNs 
at a later developmental stage when motor columns have 
been formed. To this end, we performed immunostainings 
at E6 SC cryosections corresponding to the brachial level, 
for transcription factors characterizing each motor column. 
Surprisingly, we observed that the loss of MNs at E4, was 
selectively reflected in LMCm  (Foxp1+/Islet1+) MNs, which 
were reduced by 32.05% ± 7.48% (*p ≤ 0.05, n = 23 sections 
from 4 embryos), (Fig. 10Bvi, xii, Fig. 10C). In contrast, 

LMCl  (Foxp1+/Hb9+) MNs (Fig. 10Biv, x, C) and MMC 
 (Lim3+/Hb9+) MNs (Fig. 10Bii, viii,C) were not affected 
by Dyrk1B overexpression (Fig. 10C). All cell numbers are 
normalized to total cell nuclei.

Conversely, AZ191 administration resulted in the 
opposite phenotype with increased percentage of LMCm 
MNs by 113.49% ± 15.49 (***p ≤ 0.001, n = 19 sections 
from 4 embryos) (Fig. 10D, E), compared to wild-type 
embryos. Interestingly, activation of the Shh pathway using 
SAG, phenocopied the effect of AZ191 and increased 
the percentage of LMCm MNs by 101.43% ± 22.04 
(***p ≤ 0.001, n = 19 sections from 4 embryos) (Fig. 10F, 
G). Neither AZ191 (Fig. S8A, S8B) nor SAG (Fig.S8C, 
S8D) had any effect on LMCl and MMC MNs. Together, our 
data suggest that Dyrk1B is critical for the control of ventral 
progenitors by regulating Shh, Gli2 and Gli3 transcriptional 
levels thereby affecting the generation of MNs, and appears 
also vital for LMCm MN subtype specification, presumably 
via the same pathway.

Indeed, Shh is expressed by MNs at brachial and lum-
bar levels when motor columnar identities are established 
and is required for proper LMC formation [81]. Therefore, 
we investigated Dyrk1B and Shh mRNA expression by ISH 
in transverse cryosections from the brachial level of E6 
chick and E14.5 mouse SC. This showed that Shh mRNA is 

Fig. 5  AZ191 increases the 
number of cycling progenitors 
resulting in increased motor 
neurons. A, B Inhibition of 
endogenous Dyrk1B kinase 
activity by administration of 
AZ191 inhibitor in the E2 
spinal cord, results in increased 
number of  BrdU+ cycling 
progenitors by 57.51% ± 3.05 
(p ≤ 0.001, n = 22 sections 
from 4 embryos) as well as 
in C, D increased number of 
 HB9+ post-mitotic MNs by 
41.26% ± 4.07 (p ≤ 0.001, n = 17 
sections from 4 embryos), 
when compared to control 
embryos treated with vehicle 
(DMSO) only. Cell numbers 
are normalized to total cell 
nuclei. Scale bars: 100 µm. TO-
PRO-3: nuclei staining. Data 
are mean ± SEM, *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001; ns, 
non-significant (two-tailed 
Unequal variance t test). Spinal 
cord sections correspond to the 
brachial level
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co-expressed with Dyrk1B in FP and LMCm MNs (Fig. 11). 
Thus, the selective effect of Dyrk1B in LMCm motor col-
umn, could be explained by its repressive action on endog-
enous Shh expression in LMCm MNs.

Discussion

In this study we revealed a novel role for Mirk/Dyrk1B 
kinase in SC development, by applying in ovo gain-and-
loss-of-function and phenotype rescue experiments in 
the chick embryo. We found that Dyrk1B is expressed 
by NC, FP, proliferating progenitors in VZ and by post-
mitotic neurons, including MNs. We showed that ectopic 
overexpression of Dyrk1B promotes cell cycle exit 
and neuronal differentiation. These observations are in 
accordance with Dyrk1B main known function, as a negative 

cell cycle regulator [16, 20, 44, 45] during myogenesis 
[21–23], spermatogenesis [24], in mouse neuroblastoma 
cells [42] and cancer [29–31, 38]. Dyrk1B acts on the 
cell cycle by phosphorylating cyclin D1 [40, 42–45] and 
 p27Kip1 [39], leading to their degradation and stability, 
respectively, and by activating together with Dyrk1A, the 
DREAM complex, which is essential for maintaining the 
quiescent state [82–84]. Our data in this study are also 
in accordance with our previous findings, concerning 
Dyrk1B function in neural cells [42–44]. Specifically, we 
have demonstrated that Dyrk1B overexpression in mouse 
neuroblastoma cells promotes cell cycle exit and neuronal 
differentiation by phosphorylating cyclin D1, followed 
by its cytoplasmic relocation and subsequent degradation 
by the 26S proteasome. This negative effect on cell cycle 
progression is reversed by Dyrk1B interacting partner, the 
scaffolding protein RanBPM [42].

Fig. 6  Dyrk1B electroporation reverses the phenotype of AZ191 
inhibitor in cellular proliferation. A In mechanistic phenotype rescue 
experiments, AZ191 inhibitor was administered at E2 chick embryos 
2  h after unilateral in ovo Dyrk1B/GFP electroporation, and the 
number of  PH3+ mitotic progenitors located in the ventricular zone 
(VZ) was measured and compared to  PH3+ progenitors in wild-type. 
Similarly, vehicle-only or AZ191-only treated embryos were ana-
lyzed and compared to wild-type. B Quantification shows that the 
increase in the number of  PH3+ cells by 48.32% ± 10.69 (p ≤ 0.01, 

n = 12 sections from 4 embryos) observed in the presence of AZ191 
(Aiii), is reversed to wild-type levels (Ai) by concurrent electropora-
tion of Dyrk1B/GFP plasmid (Aiv). Notably,  PH3+ cells in DMSO-
treated embryos (vehicle) (Aii) display non-significant differences 
as compared to wild-type (Ai). Cell numbers are normalized to total 
cell nuclei. Scale bars: 100  µm. Data are mean ± SEM, *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001; ns, non-significant (two-tailed Unequal 
variance t-test). Spinal cord sections correspond to the brachial level
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Of interest, our present study reveals novel findings 
indicating that Dyrk1B overexpression in embryonic chick 
SC promotes apoptosis specifically in the MN domain. 
Increased apoptosis in the MN domain combined with 
premature cell cycle exit, resulted in decreased number 
of p2, pMN and p3 ventral progenitors and consequently 
reduced post-mitotic INs and MNs, respectively. Conversely, 
inhibition of endogenous Dyrk1B activity, by AZ191 
selective inhibitor, resulted in increased proliferation 
and increased p2, pMN, and p3 progenitors as well as 
increased  Hb9+ and Islet1/2+ MNs and at a later stage 
increased LMCm MNs. Although previous studies in 
myogenesis [22] and cancer [29, 30, 32, 33] have reported 
an anti-apoptotic role for Dyrk1B, here we observed that 
Dyrk1B overexpression increases the naturally occurring 
apoptosis during SC development in the MN domain, 
suggesting that Dyrk1B function in cell survival is tissue-
and/or context-dependent. In addition, Dyrk1B-induced 
apoptosis in the MN domain, as well as its powerful ventral 

phenotype, indicated that it may be related to compromised 
Shh signaling, as Shh is crucial for cell survival of 
ventral progenitors and MNs [7–11]. Moreover, we have 
demonstrated that Dyrk1B overexpression decreases the 
number of Nkx6.1+ cells ventrally, while it does not affect 
the number of  Pax3+ progenitor cells, or the number of dI3 
 Islet1+ neurons dorsally. This robust ventral phenotype 
of Dyrk1B further supports its interference with Shh/Gli 
signaling.

Indeed, here we provide evidence that Dyrk1B overex-
pression inhibits Shh signaling, by decreasing Shh, Gli2 
and Gli3 mRNA levels. Consistently, we also showed that 
the pharmacological inhibition of endogenous Dyrk1B, by 
AZ191 resulted in increased transcription of the Shh, Gli2 
and Gli3 genes. Shh signaling is mediated by overlapping 
but distinct functions of Gli transcription factors. Gli2 and 
Gli3 are proteolytically processed in the absence of Shh, 
acting as transcriptional repressors, while Gli1 is not, act-
ing only as transcriptional activator [85–87]. In the ventral 

Fig. 7  Dyrk1B overexpression reverses the phenotype of AZ191 
in motor neurons. A In mechanistic phenotype rescue experiments, 
AZ191 inhibitor was administered at E2 chick embryos 2  h after 
unilateral in ovo Dyrk1B/GFP electroporation, and the number 
of Islet1/2+ MNs was measured and compared to Islet1/2+ MNs in 
wild-type. B The increased number of Islet1/2+ MNs by 33.12 ± 6.86 
(p ≤ 0.001, n = 14 sections from 4 embryos), observed in the presence 

of AZ191 (Aiii), was completely rescued by Dyrk1B electroporation 
(Aiv). Notably, Islet1/2+ MNs in DMSO-treated embryos (vehicle) 
(Aii) display non-significant differences as compared to wild-type 
(Ai). Cell numbers are normalized to total cell nuclei. Scale bars: 
100  µm. Data are mean ± SEM, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; 
ns, non-significant (two-tailed Unequal variance t-test). Spinal cord 
sections correspond to the brachial level
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Fig. 8  Dyrk1B acts as transcriptional suppressor of Shh, Gli2 and 
Gli3 in the embryonic chick spinal cord. A Dyrk1B overexpression 
(GOF) at E2 reduced at E4 Shh, Gli2 and Gli3 mRNA expression 
levels by 2.86-fold ± 0.99 (p ≤ 0.05, n = 3 independent experiments), 
by 5.28-fold ± 0.31 (p ≤ 0.001, n = 3 independent experiments), and 
by 4.76-fold ± 0.61 (p ≤ 0.05, n = 3 independent experiments) respec-
tively, relatively to control GFP embryos, as determined by qRT-
PCR analysis B In agreement, in situ hybridization (ISH) shows that 
Shh mRNA expression is decreased at the floor plate (FP) of the 
electroporated side in Dyrk1B/GFP embryos compared to the non-
electroporated side, as well as to wild-type embryos. C Conversely, 
inhibition of endogenous Dyrk1B kinase activity by AZ191 (LOF) 
results in increased Shh, Gli2 and Gli3 mRNA expression levels 
by 1.52-fold ± 0.06 (p ≤ 0.05, n = 3 independent experiments), by 
3.54-fold ± 0.47 (p ≤ 0.05, n = 3 independent experiments) and 4.85-
fold ± 0.25 (p ≤ 0.01, n = 3 independent experiments) respectively, 

relatively to wild-type, as determined by qRT-PCR analysis. Simi-
larly, activation of Shh pathway at the level of Smoothened (SMO), 
by the agonist SAG increased Shh, Gli2 and Gli3 mRNA expression 
levels in SAG-treated embryos by 3.54-fold ± 0.11 (p ≤ 0.01, n = 3 
independent experiments), by 2.92-fold ± 0.41 (p ≤ 0.05, n = 3 inde-
pendent experiments) and 6.30-fold ± 0.12 (p ≤ 0.001, n = 3 independ-
ent experiments) respectively, compared to wild-type, as revealed by 
qRT-PCR analysis. D, E In agreement, Shh mRNA expression levels 
were increased at the FP in AZ191 and SAG-treated embryos com-
pared to wild-type, as revealed by ISH. Scale bars: 100 µm. Data are 
mean ± SEM, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; ns, non-significant 
(two-tailed Unequal variance t-test). Spinal cord sections correspond 
to the brachial level. F Schematic representation of canonical Shh 
signaling pathway. SMO is activated upon SHH binding to PTCH or 
directly by SAG, resulting in transcriptional activation of GLI target 
genes
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neural tube Gli2 is the principal activator of Shh pathway 
[88–90] and in cooperation with Gli3 regulates ventral pat-
terning and proliferation [91–93]. Our data are in agreement 
with other studies that have implicated Dyrk1B in canonical 
and non-canonical Shh pathway in many cancers [50–53]. 

Particularly, Dyrk1B was found to inhibit canonical Shh and 
to activate the non-canonical Shh signaling through mTOR/
AKT pathway [52]. Moreover, Lauth and colleagues have 
reported that overexpression of Dyrk1B in NIH3T3 cells 
blocks SMO-initiated signaling upstream of Suppressor of 

Fig. 9  SAG rescues the ventral phenotype of Dyrk1B overexpression. 
A Effect of SAG administration alone or after concurrent electropo-
ration with either Dyrk1B/GFP or GFP expression plasmids, on the 
number of p2, pMN and p3 ventral progenitors at E4. Upper panel: 
GPF immunofluorescence shows the extent of electroporation in 
each case. Lower panel: p2, pMN and p3 domains are distinguished 
by double immunofluorescence for Nkx6.1 and Olig2 transcription 
factors, as indicated. Nkx6.1 is expressed by p2, pMN and p3, while 
Olig2 marks exclusively the pMN domain. B Dyrk1B overexpres-
sion (GOF) results in reduced p2 progenitors (Nkx6.1+/Olig2− upper 
cell population) by 25.88% ± 6.87 (p ≤ 0.05, n = 15 sections from 4 
embryos) (Aiii), while SAG administration results in increased p2 
progenitors by 148.24% ± 43.93 (p ≤ 0.01, n = 15 sections from 4 
embryos) (Aiv), both compared to wild-type (Ai). SAG administra-
tion (Avi) in Dyrk1B/GFP embryos restored completely p2 progeni-
tors at normal levels. Notably, in GFP embryos the p2 population 
(Aii) was similar to wild-type (Ai), while in GFP embryos that were 
subsequently treated with SAG (Av) p2 progenitors were increased 
by 151.76% ± 40.89 (p ≤ 0.01, n = 15 sections from 4 embryos). C 
Dyrk1B overexpression (GOF) resulted in reduced pMN progenitors 
 (Olig2+ cell population) by 30.47% ± 6.07 (p ≤ 0.001 n = 15 sections 
from 4 embryos) (Aiii), and SAG administration resulted in increased 
pMN progenitors by 100.93% ± 13.46 (p ≤ 0.001, n = 15 sections from 

4 embryos) (Aiv), both compared to wild-type (Ai). SAG adminis-
tration in Dyrk1B/GFP embryos (Avi) resulted in increased pMN 
progenitors by 73.79% ± 26.17 (p ≤ 0.05, n = 15 sections from 4 
embryos) compared to wild-type (Ai). Notably, in GFP embryos the 
pMN population (Aii) was similar to wild-type (Ai), while in GFP 
embryos that were subsequently treated SAG (Av) pMN progenitors 
were increased by 102.20% ± 13.50 (p ≤ 0.001, n = 15 sections from 
4 embryos). D Dyrk1B overexpression (GOF) resulted in reduced p3 
progenitors (Nkx6.1+/Olig2− lower cell population) by 41.39% ± 7.50 
(p ≤ 0.001, n = 15 sections from 4 embryos) (Aiii), SAG admin-
istration resulted in increased p3 progenitors by 253.89% ± 84.17 
(p ≤ 0.01, n = 15 sections from 4 embryos) (Aiv), both compared to 
wild-type (Ai). SAG administration (Avi) in Dyrk1B/GFP embryos 
resulted in non-significant differences in the p3 population compared 
to wild-type (Ai). Notably, in GFP embryos the p3 population (Aii) 
was similar to wild-type (Ai), while in GFP embryos that were sub-
sequently treated with SAG (Avi), p3 progenitors were increased by 
232.78% ± 73.33 (p ≤ 0.01, n = 15 sections from 4 embryos). Cell 
numbers are normalized to total cell nuclei. Scale bars: 100 µm. Data 
are mean ± SEM, *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001; ns, non-signif-
icant (two-tailed Unequal variance t test). Spinal cord sections cor-
respond to the brachial level
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fused homolog SUFU [50]. In addition, overexpression of 
Dyrk1B in Panc1 cells enhances the protein stability of GLI1 
by preventing its proteasomal degradation [52], while phar-
macological inhibition of Dyrk1B results in up-regulation 
of Shh signaling [52].

In accordance, in phenotype rescue in ovo experiments, 
we demonstrated that activation of the Shh pathway with 
the use of SMO agonist, SAG, reverses the Dyrk1B effect 
on ventral phenotypes, by restoring the number of p2, 
pMN and p3 progenitors. Our data are in agreement with 
the function of Shh during SC development. Shh initially 
secreted from NC and later from FP, acts as a long-range 
graded morphogen that controls the ventral patterning of 
SC [6–11], as well as cell cycle progression and survival 
of ventral progenitors [7–11]. Ectopic expression or activa-
tion of Shh pathway results in hyper-proliferation of ventral 

progenitors [10, 11] and conversely inhibition of Shh signal-
ing, results in decreased proliferation and survival of ven-
tral progenitors [10, 94–96]. Thus, the effect of Dyrk1B on 
cellular proliferation and survival of ventral progenitors 
p2, pMN and p3 could be also explained by its interference 
with Shh signaling. In good agreement, our data showed 
that both SAG and AZ191 are able to activate the Shh path-
way, as indicated by enhanced expression of Shh, Gli2 and 
Gli3, and by increased expression of the early responding 
proximal Shh targets, FoxA2 and Nkx2.2 [9, 97]. Moreover, 
these treatments result in hyper-proliferation of p2, pMN 
and p3 progenitors and in increased number of MNs and 
of later-formed LMCm MNs. Interestingly, the extensive 
loss of MNs observed at E4 chick Dyrk1B-electroporated 
SC, which is selectively reflected at E6 in reduced number 
of LMCm MNs, could be explained by the fact that Shh is 

Fig. 10  Dyrk1B affects the number of LMCm motor neurons at E6 
chick spinal cord. A Anatomical map of motor columns and their 
peripheral targets at the brachial level of E6 chick spinal cord. B, C 
Dyrk1B overexpression (GOF) at E2 reduced specifically at E6 the 
number of LMCm MNs  (Foxp1+/Islet1+) (Axi, xii), 32.05% ± 7.48 
(p ≤ 0.05, n = 23 sections from 4 embryos), while had no effect 
on LMCl  (HB9+/Foxp1+) (Aix, x) and MMC  (Lim3+) (Avii, viii) 
MNs. Comparisons were made between the electroporated vs the 
non-electroporated side in each case. In control GFP embryos no 
significant differences were observed in LMCm, LMCl and MMC 
MNs (Ai–vi) between the two sides of SC. D, E AZ191 administra-
tion at E2 (LOF), results in the opposite phenotype at E6, increasing 

specifically the number of LMCm MNs  (Foxp1+/Islet1+) (Di–ii) by 
113.49% ± 15.49 (p ≤ 0.001, n = 19 sections from 4 embryos) com-
pared to wild-type. F, G Similarly, SAG administration at E2, results 
at E6 in increased number of LMCm MNs (Fi–ii) by 101.43% ± 22.04 
(p ≤ 0.001, n = 19 sections from 4 embryos) compared to wild-type. 
Notably, AZ191 and SAG administration had no effect on MMC 
and LMCl MNs (see Fig. S8). Cell numbers are normalized to total 
cell nuclei. Scale bars: 100  µm. Data are mean ± SEM, *p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001; ns, non-significant (two-tailed Unequal 
variance t test). Spinal cord sections correspond to the brachial level
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exclusively co-expressed with Dyrk1B, by LMCm MNs at 
the brachial level of E6 chick SC. Shh exclusive expression 
by LMCm MNs was reported in a previous study by Nam 
and colleagues, where Shh was found crucial for LMCm 
specification [81]. Therefore, our findings are in agreement 
with these observations [81].

Our data suggest that Dyrk1B may act as transcriptional 
repressor of Shh, Gli2 and Gli3 in the embryonic chick SC. 
Since Dyrk1B is localized in the cell nucleus, it is likely to 
act on the transcriptional machinery that controls Shh, Gli2 
and Gli3 gene expression. Previously, Dyrk1B was found to 
interact with class II histone deacetylases in skeletal muscle 
[23]. Notably, it has also been reported that Dyrk1B may 
directly interact with chromatin modifiers with critical roles 
in transcriptional regulation, including CBP (CREBBP), 

Fig. 11  Sonic Hedgehog and Dyrk1B are co-expressed by LMCm 
motor neurons and floor plate in the embryonic spinal cord. A, B At 
E6 chick spinal cord Dyrk1B mRNA is expressed in the whole MN 
domain including LMCm MNs (depicted by white dots), while Shh 
mRNA expression is restricted in LMCm MNs (depicted by white 
dots), as revealed by in situ hybridization (ISH) on transverse spinal 
cord brachial sections. Intense signal was also observed for Dyrk1B 
and Shh mRNA in the floor plate. ISH for Dyrk1B and Shh mRNAs 

was performed using a chick Dyrk1B and a mouse Shh riboprobe, 
respectively. C At E14.5 mouse spinal cord (corresponds to E6 in 
chick), Dyrk1B is expressed by LMCm MNs  (Foxp1+/Islet1+), as 
revealed by immunohistochemistry (IHC). D At E14.5 mouse spinal 
cord Shh and Dyrk1B are co-expressed by cells of the floor plate and 
LMCm region (indicated by arrowheads in the magnification). Scale 
bars: 100 µm. Spinal cord sections correspond to the brachial level

Fig. 12  Schematic representation of Dyrk1B effect on Shh, Gli2 and 
Gli3 transcription. Dyrk1B kinase acts as a potent transcriptional 
suppressor of Shh, Gli2 and Gli3 gene transcription via an as yet 
unknown mechanism. Since Dyrk1B is a nuclear kinase, it is likely to 
act directly or indirectly on the transcriptional machinery of Shh, Gli2 
and Gli3 by interacting with transcription or/and chromatin remode-
ling factors, resulting in transcriptional alterations in gene expression 
of Shh, Gli2 and Gli3
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p300, p400, KAT8, MSL3, and HDAC5 [98, 99]. A plausi-
ble scenario would be that Dyrk1B physically or functionally 
interacts with transcription factors, such as FoxA2 and pos-
sibly Arx for Shh, or chromatin remodeling factors, result-
ing in transcriptional alterations in gene expression of Shh, 
Gli2 and Gli3 (Fig. 12). Given that Shh initially secreted 
from the notochord induces the expression of FoxA2 in the 
floor plate which in turn induces Shh expression and that of 
its target gene Nkx2.2 [9, 97], Dyrk1B may interfere at this 
step of signal transduction. Thus, we envisage a molecular 
mechanism via which Dyrk1B is recruited over the regula-
tory DNA sequences of Shh, Gli2 and Gli3 genes, where it 
modifies the activity of the chromatin-associated complexes 
to suppress their expression. However, based on our observa-
tions, we cannot exclude the possibility of an indirect regula-
tion of these genes by Dyrk1B. Further, we cannot exclude 
that Dyrk1B has additional non-cell autonomous functions. 
Alternatively, the effect of Dyrk1B on Gli3 expression may 
also be mediated through Wnt/β-catenin pathway, as Wnt 
signaling was found to control Gli3 expression and conse-
quently the cell fate of ventral progenitors [100, 101]. There-
fore, the precise mechanism of Dyrk1B function on Shh, 
Gli2 and Gli3 gene transcription should be further investi-
gated in the future.

In conclusion, we demonstrated that Dyrk1B is a major 
regulator controlling the balance between cell cycle 
progression and differentiation during SC development. 
Moreover, we revealed a novel role for Dyrk1B kinase 
in the control of the number of ventral progenitor and 
neuronal subtypes, as well as in the columnar organization 
of spinal motor neurons via the Sonic hedgehog/Gli 
pathway.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 023- 05097-9.

Acknowledgements We thank Dr. Evangelia Xingi, Light Microscopy 
Unit of HPI, for her helpful technical support in Confocal Imaging and 
the Animal House Facility Unit of HPI.

Author contributions Conceptualization: MG; Formal analysis: NK; 
Funding acquisition: MG; Investigation: NK, KD, AN; Methodology: 
NK, PKP, MG; Project administration: MG; Resources: RM; MG; 
Supervision: MG; Validation: NK, MG; Visualization: NK, RM, MG; 
Writing—original draft preparation: NK, MG; Writing—review and 
editing: PKP, LZ, RM, MG.

Funding Open access funding provided by HEAL-Link Greece. This 
work was supported by KRHPIS II (MIS 5002486), implemented under 
the «Action Strategic Development on the Research and Technological 
Sector» and Nostos Foundation.

Data availability All relevant data of this study are available within the 
article and its Supplementary Information files or from corresponding 
author on request.

Declarations 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical approval This is an observational study. The Ethics Committee 
of the Hellenic Pasteur Institute has confirmed that no ethical approval 
is required.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Edlund T, Jessell TM (1999) Progression from extrinsic to 
intrinsic signaling in cell fate specification: a view from the 
nervous system. Cell 96:211–224. https:// doi. org/ 10. 1016/ 
S0092- 8674(00) 80561-9. (PMID: 9988216)

 2. Jessell TM (2000) Neuronal specification in the spinal 
cord: inductive signals and transcriptional codes. Nat Rev 
Genet 1:20–29. https:// doi. org/ 10. 1038/ 35049 541. (PMID: 
11262869)

 3. Briscoe J, Ericson J (2001) Specification of neuronal fates in 
the ventral neural tube. Curr Opin Neurobiol 11:43–49. https:// 
doi. org/ 10. 1016/ S0959- 4388(00) 00172-0. (PMID: 11179871)

 4. Liu A, Niswander LA (2005) Bone morphogenetic protein 
signalling and vertebrate nervous system development. Nat 
Rev Neurosci 6:945–954. https:// doi. org/ 10. 1038/ NRN18 05. 
(PMID: 16340955)

 5. Briscoe J, Novitch BG (2008) Regulatory pathways linking 
progenitor patterning, cell fates and neurogenesis in the ventral 
neural tube. Phil Trans R Soc B. https:// doi. org/ 10. 1098/ rstb. 
2006. 2012. (PMID: 17282991)

 6. Dessaud E, McMahon AP, Briscoe J (2008) Pattern formation 
in the vertebrate neural tube: a sonic hedgehog morphogen-reg-
ulated transcriptional network. Development 135:2489–2503. 
https:// doi. org/ 10. 1242/ DEV. 009324. (PMID: 18621990)

 7. Yu K, McGlynn S, Matise MP (2013) Floor plate-derived sonic 
hedgehog regulates glial and ependymal cell fates in the devel-
oping spinal cord. Development 140:1594–1604. https:// doi. 
org/ 10. 1242/ DEV. 090845. (PMID: 23482494)

 8. Al Oustah A, Danesin C, Khouri-Farah N, Farreny MA, Esca-
las N, Cochard P, Glise B, Soula C (2014) Dynamics of sonic 
hedgehog signaling in the ventral spinal cord are controlled by 
intrinsic changes in source cells requiring sulfatase 1. Devel-
opment 141:1392–1403. https:// doi. org/ 10. 1242/ DEV. 101717. 
(PMID: 24595292)

 9. Danesin C, Soula C (2017) Moving the Shh source over time: 
what impact on neural cell diversification in the developing 
spinal cord? J Dev Biol. https:// doi. org/ 10. 3390/ JDB50 20004. 
(PMID: 29615562)

 10. Cayuso J, Ulloa F, Cox B, Briscoe J, Marti E (2006) The Sonic 
hedgehog pathway independently controls the patterning, 

https://doi.org/10.1007/s00018-023-05097-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0092-8674(00)80561-9
https://doi.org/10.1016/S0092-8674(00)80561-9
https://doi.org/10.1038/35049541
https://doi.org/10.1016/S0959-4388(00)00172-0
https://doi.org/10.1016/S0959-4388(00)00172-0
https://doi.org/10.1038/NRN1805
https://doi.org/10.1098/rstb.2006.2012
https://doi.org/10.1098/rstb.2006.2012
https://doi.org/10.1242/DEV.009324
https://doi.org/10.1242/DEV.090845
https://doi.org/10.1242/DEV.090845
https://doi.org/10.1242/DEV.101717
https://doi.org/10.3390/JDB5020004


Mirk/Dyrk1B controls ventral spinal cord development via Shh pathway  Page 21 of 24    70 

proliferation and survival of neuroepithelial cells by regulat-
ing Gli activity. Development 133:517–528. https:// doi. org/ 10. 
1242/ DEV. 02228. (PMID: 16410413)

 11. Ribes V, Balaskas N, Sasai N, Cruz C, Dessaud E, Cayuso J, 
Tozer S, Yang LL, Novitch B, Marti E, Briscoe J (2010) Dis-
tinct Sonic Hedgehog signaling dynamics specify floor plate 
and ventral neuronal progenitors in the vertebrate neural tube. 
Genes Dev 24:1186. https:// doi. org/ 10. 1101/ GAD. 559910. 
(PMID: 20516201)

 12. Hanks SK, Hunter T (1995) The eukaryotic protein kinase 
superfamily: kinase (catalytic) domain structure and classifi-
cation1. FASEB J 9:576–596. https:// doi. org/ 10. 1096/ FASEBJ. 
9.8. 77683 49. (PMID: 7768349)

 13. Becker W, Joost HG (1999) Structural and functional character-
istics of Dyrk, a novel subfamily of protein kinases with dual 
specificity. Prog Nucleic Acid Res Mol Biol 62:1–17. https:// 
doi. org/ 10. 1016/ s0079- 6603(08) 60503-6. (PMID: 9932450)

 14. Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S 
(2002) The protein kinase complement of the human genome. 
Science 298:1912–1934. https:// doi. org/ 10. 1126/ scien ce. 10757 
62. (PMID: 12471243)

 15. Aranda S, Laguna A, de la Luna S (2011) DYRK family of 
protein kinases: evolutionary relationships, biochemical prop-
erties, and functional roles. FASEB J 25:449–462. https:// doi. 
org/ 10. 1096/ fj. 10- 165837. (PMID: 21048044)

 16. Becker W (2012) Emerging role of DYRK family protein kinases 
as regulators of protein stability in cell cycle control. Cell Cycle 
11:3389–3394. https:// doi. org/ 10. 4161/ cc. 21404. (PMID: 
22918246)

 17. Soppa U, Becker W (2015) DYRK protein kinases. Curr Biol 
25:R488–R489. https:// doi. org/ 10. 1016/j. cub. 2015. 02. 067. 
(PMID: 26079075)

 18. Leder S, Weber Y, Altafaj X, Estivill X, Joost HG, Becker W 
(1999) Cloning and characterization of DYRK1B, a novel mem-
ber of the DYRK family of protein kinases. Biochem Biophys 
Res Commun 254:474–479. https:// doi. org/ 10. 1006/ bbrc. 1998. 
9967. (PMID: 9918863)

 19. Leder S, Czajkowska H, Maenz B, De Graaf K, Barthel A, Joost 
HG, Becker W (2003) Alternative splicing variants of dual 
specificity tyrosine phosphorylated and regulated kinase 1B 
exhibit distinct patterns of expression and functional properties. 
Biochem J 372:881–888. https:// doi. org/ 10. 1042/ BJ200 30182. 
(PMID: 12633499)

 20. Mercer SE, Friedman E (2006) Mirk/Dyrk1B: a multifunctional 
dual-specificity kinase involved in growth arrest, differentiation, 
and cell survival. Cell Biochem Biophys 45:303–315. https:// doi. 
org/ 10. 1385/ CBB: 45:3: 303. (PMID: 16845176)

 21. Deng X, Ewton DZ, Pawlikowski B, Maimone M, Friedman E 
(2003) Mirk/dyrk1B is a rho-induced kinase active in skeletal 
muscle differentiation. J Biol Chem 278:41347–41354. https:// 
doi. org/ 10. 1074/ jbc. M3067 80200. (PMID: 12902328)

 22. Mercer SE, Ewton DZ, Deng X, Lim S, Mazur TR, Friedman E 
(2005) Mirk/Dyrk1B mediates survival during the differentiation 
of C2C12 myoblasts. J Biol Chem 280:25788–25801. https:// doi. 
org/ 10. 1074/ jbc. M4135 94200. (PMID: 15851482)

 23. Deng X, Ewton DZ, Mercer SE, Friedman E (2005) Mirk/
dyrk1B decreases the nuclear accumulation of class II histone 
deacetylases during skeletal muscle differentiation. J Biol Chem 
280:4894–4905. https:// doi. org/ 10. 1074/ jbc. M4118 94200. 
(PMID: 15546868)

 24. Masuda T, Itoh K, Higashitsuji H, Higashitsuji H, Nakazawa 
N, Sakurai T, Liu Y, Tokuchi H, Fujita T, Zhao Y, Nishiyama 
H, Tanaka T, Fukumoto M, Ikawa M, Okabe M, Fujita J (2012) 
Cold-inducible RNA-binding protein (Cirp) interacts with 
Dyrk1b/Mirk and promotes proliferation of immature male germ 

cells in mice. Proc Natl Acad Sci USA 109:10885–10890. https:// 
doi. org/ 10. 1073/ pnas. 11215 24109. (PMID: 22711815)

 25. Keramati AR, Fathzadeh M, Go GW, Singh R, Choi M, Fara-
marzi S, Mane S, Kasaei M, Sarajzadeh-Fard K, Hwa J, Kidd 
KK, Babaee Bigi MA, Malekzadeh R, Hosseinian A, Babaei 
M, Lifton RP, Mani A (2014) A form of the metabolic syn-
drome associated with mutations in DYRK1B. N Engl J Med 
370:1909–1919. https:// doi. org/ 10. 1056/ NEJMo a1301 824. 
(PMID: 24827035)

 26. Hickmott J (2015) DYRK1B variant linked to autosomal domi-
nant metabolic syndrome. Clin Genet 87:30–31. https:// doi. org/ 
10. 1111/ cge. 12477. (PMID: 25092113)

 27. Abu Jhaisha S, Widowati EW, Kii I, Sonamoto R, Knapp S, 
Papadopoulos C, Becker W (2017) DYRK1B mutations associ-
ated with metabolic syndrome impair the chaperone-dependent 
maturation of the kinase domain. Sci Rep 7:6420. https:// doi. org/ 
10. 1038/ s41598- 017- 06874-w. (PMID: 28743892)

 28. Armanmehr A, Jafari Khamirani H, Zoghi S, Dianatpour M 
(2022) Analysis of DYRK1B, PPARG, and CEBPB expression 
patterns in adipose-derived stem cells from patients carrying 
DYRK1B R102C and healthy individuals during adipogenesis. 
Metab Syndr Relat Disord 20:576–583. https:// doi. org/ 10. 1089/ 
MET. 2021. 0140. (PMID: 36318489)

 29. Lee K, Deng X, Friedman E (2000) Mirk protein kinase is a 
mitogen-activated protein kinase substrate that mediates sur-
vival of colon cancer cells. Cancer Res 60:3631–3637 (PMID: 
10910078)

 30. Jin K, Park S, Ewton DZ, Friedman E (2007) The survival kinase 
Mirk/Dyrk1B is a downstream effector of oncogenic K-ras in 
pancreatic cancer. Cancer Res 67:7247–7255. https:// doi. org/ 10. 
1158/ 0008- 5472. CAN- 06- 4099. (PMID: 17671193)

 31. Friedman E (2007) Mirk/Dyrk1B in cancer. J Cell Biochem 
102:274–279. https:// doi. org/ 10. 1002/ jcb. 21451. (PMID: 
17583556)

 32. Hu J, Nakhla H, Friedman E (2011) Transient arrest in a qui-
escent state allows ovarian cancer cells to survive suboptimal 
growth conditions and is mediated by both Mirk/dyrk1b and 
p130/RB2. Int J Cancer 129:307–318. https:// doi. org/ 10. 1002/ 
ijc. 25692. (PMID: 20857490)

 33. Gao J, Yang X, Yin P, Hu W, Liao H, Miao Z, Pan C, Li N 
(2012) The involvement of FoxO in cell survival and chemosen-
sitivity mediated by Mirk/Dyrk1B in ovarian cancer. Int J Oncol 
40:1203–1209. https:// doi. org/ 10. 3892/ ijo. 2011. 1293. (PMID: 
22159921)

 34. Davis SJ, Sheppard KE, Pearson RB, Campbell IG, Gorringe KL, 
Simpson KJ (2013) Functional analysis of genes in regions com-
monly amplified in high-grade serous and endometrioid ovarian 
cancer. Clin Cancer Res 19:1411–1421. https:// doi. org/ 10. 1158/ 
1078- 0432. CCR- 12- 3433. (PMID: 23362323)

 35. Hu J, Deng H, Friedman EA (2013) Ovarian cancer cells, not 
normal cells, are damaged by Mirk/Dyrk1B kinase inhibition. 
Int J Cancer 132:2258–2269. https:// doi. org/ 10. 1002/ ijc. 27917. 
(PMID: 23114871)

 36. Friedman E (2013) Mirk/dyrk1B kinase in ovarian cancer. Int J 
Mol Sci 14:5560–5575. https:// doi. org/ 10. 3390/ ijms1 40355 60. 
(PMID: 23528858)

 37. Chen Y, Wang S, He Z, Sun F, Huang Y, Ni Q, Wang H, Wang 
Y, Cheng C (2017) Dyrk1B overexpression is associated with 
breast cancer growth and a poor prognosis. Hum Pathol 66:48–
58. https:// doi. org/ 10. 1016/j. humpa th. 2017. 02. 033. (PMID: 
28554575)

 38. Becker W (2018) A wake-up call to quiescent cancer cells—
potential use of DYRK1B inhibitors in cancer therapy. FEBS 
J 285:1203–1211. https:// doi. org/ 10. 1111/ febs. 14347. (PMID: 
29193696)

https://doi.org/10.1242/DEV.02228
https://doi.org/10.1242/DEV.02228
https://doi.org/10.1101/GAD.559910
https://doi.org/10.1096/FASEBJ.9.8.7768349
https://doi.org/10.1096/FASEBJ.9.8.7768349
https://doi.org/10.1016/s0079-6603(08)60503-6
https://doi.org/10.1016/s0079-6603(08)60503-6
https://doi.org/10.1126/science.1075762
https://doi.org/10.1126/science.1075762
https://doi.org/10.1096/fj.10-165837
https://doi.org/10.1096/fj.10-165837
https://doi.org/10.4161/cc.21404
https://doi.org/10.1016/j.cub.2015.02.067
https://doi.org/10.1006/bbrc.1998.9967
https://doi.org/10.1006/bbrc.1998.9967
https://doi.org/10.1042/BJ20030182
https://doi.org/10.1385/CBB:45:3:303
https://doi.org/10.1385/CBB:45:3:303
https://doi.org/10.1074/jbc.M306780200
https://doi.org/10.1074/jbc.M306780200
https://doi.org/10.1074/jbc.M413594200
https://doi.org/10.1074/jbc.M413594200
https://doi.org/10.1074/jbc.M411894200
https://doi.org/10.1073/pnas.1121524109
https://doi.org/10.1073/pnas.1121524109
https://doi.org/10.1056/NEJMoa1301824
https://doi.org/10.1111/cge.12477
https://doi.org/10.1111/cge.12477
https://doi.org/10.1038/s41598-017-06874-w
https://doi.org/10.1038/s41598-017-06874-w
https://doi.org/10.1089/MET.2021.0140
https://doi.org/10.1089/MET.2021.0140
https://doi.org/10.1158/0008-5472.CAN-06-4099
https://doi.org/10.1158/0008-5472.CAN-06-4099
https://doi.org/10.1002/jcb.21451
https://doi.org/10.1002/ijc.25692
https://doi.org/10.1002/ijc.25692
https://doi.org/10.3892/ijo.2011.1293
https://doi.org/10.1158/1078-0432.CCR-12-3433
https://doi.org/10.1158/1078-0432.CCR-12-3433
https://doi.org/10.1002/ijc.27917
https://doi.org/10.3390/ijms14035560
https://doi.org/10.1016/j.humpath.2017.02.033
https://doi.org/10.1111/febs.14347


 N. Kokkorakis et al.   70  Page 22 of 24

 39. Deng X, Mercer SE, Shah S, Ewton DZ, Friedman E (2004) The 
cyclin-dependent kinase inhibitor p27Kip1 is stabilized in G0 by 
Mirk/dyrk1B Kinase. J Biol Chem 279:22498–22504. https:// doi. 
org/ 10. 1074/ jbc. M4004 79200. (PMID: 15010468)

 40. Zou Y, Ewton DZ, Deng X, Mercer SE, Friedman E (2004) 
Mirk/dyrk1B kinase destabilizes cyclin D1 by phosphorylation 
at threonine 288. J Biol Chem 279:27790–27798. https:// doi. org/ 
10. 1074/ jbc. M4030 42200. (PMID: 15075324)

 41. Gao J, Zhao Y, Lv Y, Chen Y, Wei B, Tian J, Yang Z, Kong F, 
Pang J, Liu J, Shi H (2013) Mirk/Dyrk1B mediates G0/G1 to S 
phase cell cycle progression and cell survival involving MAPK/
ERK signaling in human cancer cells. Cancer Cell Int 13:2. 
https:// doi. org/ 10. 1186/ 1475- 2867- 13-2. (PMID: 23311607)

 42. Tsioras K, Papastefanaki F, Politis PK, Matsas R, Gaitanou M 
(2013) Functional interactions between BM88/Cend1, Ran-bind-
ing protein M and Dyrk1B kinase affect cyclin D1 levels and cell 
cycle progression/exit in mouse. PLoS One 8:e82172. https:// doi. 
org/ 10. 1371/ journ al. pone. 00821 72. (PMID: 24312406)

 43. Gaitanou M, Segklia K, Matsas R (2019) CEND1, a story with 
many tales: From regulation of cell cycle progression/exit of 
neural stem cells to brain structure and function. Stem Cells Int. 
https:// doi. org/ 10. 1155/ 2019/ 20547 83. (PMID: 31191667)

 44. Kokkorakis N, Gaitanou M (2020) Minibrain-related kinase/dual-
specificity tyrosine-regulated kinase 1B implication in stem/can-
cer stem cells biology. World J Stem Cells 12:1553. https:// doi. 
org/ 10. 4252/ WJSC. V12. I12. 1553. (PMID: 33505600)

 45. Zhou N, Yuan S, Wang R, Zhang W, Chen JJ (2015) Role of 
dual specificity tyrosine-phosphorylation-regulated kinase 1B 
(Dyrk1B) in S-phase entry of HPV E7 expressing cells from qui-
escence. Oncotarget 6:30745–30761. https:// doi. org/ 10. 18632/ 
oncot arget. 5222. (PMID: 26307683)

 46. Pérez-Sánchez G, Jiménez A, Quezada-Ramírez MA, Estudillo 
E, Ayala-Sarmiento AE, Mendoza-Hernández G, Hernández-
Soto J, Hernández-Hernández FC, Cázares-Raga FE, Segovia J 
(2018) Annexin A1, Annexin A2, and Dyrk 1B are upregulated 
during GAS1-induced cell cycle arrest. J Cell Physiol 233:4166–
4182. https:// doi. org/ 10. 1002/ JCP. 26226. (PMID: 29030970)

 47. Mercer SE, Ewton DZ, Shah S, Naqvi A, Friedman E (2006) 
Mirk/Dyrk1b mediates cell survival in rhabdomyosarcomas. 
Cancer Res 66:5143–5150. https:// doi. org/ 10. 1158/ 0008- 5472. 
CAN- 05- 1539. (PMID: 16707437)

 48. Deng X, Ewton DZ, Li S, Naqvi A, Mercer SE, Landas S, Fried-
man E (2006) The kinase Mirk/Dyrk1B mediates cell survival in 
pancreatic ductal adenocarcinoma. Cancer Res 66:4149–4158. 
https:// doi. org/ 10. 1158/ 0008- 5472. CAN- 05- 3089. (PMID: 
16618736)

 49. Hu J, Friedman E (2010) Depleting Mirk kinase increases cispl-
atin toxicity in ovarian cancer cells. Genes Cancer 1:803–811. 
https:// doi. org/ 10. 1177/ 19476 01910 377644. (PMID: 21113238)

 50. Lauth M, Bergström Å, Shimokawa T, Tostar U, Jin Q, Fendrich 
V, Guerra C, Barbacid M, Toftgård R (2010) DYRK1B-depend-
ent autocrine-to-paracrine shift of Hedgehog signaling by mutant 
RAS. Nat Struct Mol Biol 17:718–725. https:// doi. org/ 10. 1038/ 
nsmb. 1833. (PMID: 20512148)

 51. Gruber W, Hutzinger M, Elmer DP, Parigger T, Sternberg C, 
Cegielkowski L, Zaja M, Leban J, Michel S, Hamm S, Vitt D, 
Aberger F (2016) DYRK1B as therapeutic target in Hedgehog/
GLI-dependent cancer cells with Smoothened inhibitor resist-
ance. Oncotarget 7:7134–7148. https:// doi. org/ 10. 18632/ oncot 
arget. 6910. (PMID: 26784250)

 52. Singh R, Dhanyamraju PK, Lauth M (2017) DYRK1B blocks 
canonical and promotes non-canonical Hedgehog signaling 
through activation of the mTOR/AKT pathway. Oncotarget 
8:833–845. https:// doi. org/ 10. 18632/ oncot arget. 13662. (PMID: 
27903983)

 53. Singh R, Holz PS, Roth K, Hupfer A, Meissner W, Müller R, 
Buchholz M, Gress TM, Elsässer HP, Jacob R, Lauth M (2019) 
DYRK1B regulates Hedgehog-induced microtubule acetylation. 
Cell Mol Life Sci 76:193–207. https:// doi. org/ 10. 1007/ s00018- 
018- 2942-5. (PMID: 30317528)

 54. Deng X, Hu J, Ewton DZ, Friedman E (2014) Mirk/dyrk1B 
kinase is upregulated following inhibition of mTOR. Carcino-
genesis 35:1968–1976. https:// doi. org/ 10. 1093/ carcin/ bgu058. 
(PMID: 24590896)

 55. Ashford AL, Dunkley TPJ, Cockerill M, Rowlinson RA, Baak 
LM, Gallo R, Balmanno K, Goodwin LM, Ward RA, Lochhead 
PA, Guichard S, Hudson K, Cook SJ (2016) Identification of 
DYRK1B as a substrate of ERK1/2 and characterisation of the 
kinase activity of DYRK1B mutants from cancer and metabolic 
syndrome. Cell Mol Life Sci 73:883–900. https:// doi. org/ 10. 
1007/ s00018- 015- 2032-x. (PMID: 26346493)

 56. Tejedor F, Zhu XR, Kaltenbach E, Ackermann A, Baumann A, 
Canal I, Heisenberg M, Fischbach KF, Pongs O (1995) mini-
brain: a new protein kinase family involved in postembryonic 
neurogenesis in Drosophila. Neuron 14:287–301. https:// doi. org/ 
10. 1016/ 0896- 6273(95) 90286-4. (PMID: 7857639)

 57. Hämmerle B, Elizalde C, Galceran J, Becker W, Tejedor FJ 
(2003) The MNB/DYRK1A protein kinase: neurobiological 
functions and Down syndrome implications. J Neural Transm 
Suppl. https:// doi. org/ 10. 1007/ 978-3- 7091- 6721-2_ 11. (PMID: 
15068245)

 58. Hämmerle B, Carnicero A, Elizalde C, Ceron J, Martínez S, 
Tejedor FJ (2003) Expression patterns and subcellular localiza-
tion of the Down syndrome candidate protein MNB/DYRK1A 
suggest a role in late neuronal differentiation. Eur J Neurosci 
17:2277–2286. https:// doi. org/ 10. 1046/j. 1460- 9568. 2003. 
02665.x. (PMID: 12814361)

 59. Martí E, Altafaj X, Dierssen M, De La Luna S, Fotaki V, Alvarez 
M, Pérez-Riba M, Ferrer I, Estivill X (2003) Dyrk1A expression 
pattern supports specific roles of this kinase in the adult central 
nervous system. Brain Res 964:250–263. https:// doi. org/ 10. 1016/ 
S0006- 8993(02) 04069-6. (PMID: 12576186)

 60. Park J, Song WJ, Chung KC (2009) Function and regulation of 
Dyrk1A: towards understanding Down syndrome. Cell Mol Life 
Sci 66:3235–3240. https:// doi. org/ 10. 1007/ s00018- 009- 0123-2. 
(PMID: 19685005)

 61. Wegiel J, Gong CX, Hwang YW (2011) The role of DYRK1A 
in neurodegenerative diseases. FEBS J 278:236–245. https:// doi. 
org/ 10. 1111/j. 1742- 4658. 2010. 07955.x. (PMID: 21156028)

 62. Soppa U, Schumacher J, Ortiz VF, Pasqualon T, Tejedor FJ, 
Becker W (2014) The Down syndrome-related protein kinase 
DYRK1A phosphorylates p27(Kip1) and Cyclin D1 and induces 
cell cycle exit and neuronal differentiation. Cell Cycle 13:2084–
2100. https:// doi. org/ 10. 4161/ CC. 29104. (PMID: 24806449)

 63. Arbones ML, Thomazeau A, Nakano-Kobayashi A, Hagiwara M, 
Delabar JM (2019) DYRK1A and cognition: a lifelong relation-
ship. Pharmacol Ther 194:199–221. https:// doi. org/ 10. 1016/j. 
pharm thera. 2018. 09. 010. (PMID: 30268771)

 64. Politis PK, Rohrer H, Matsas R (2007) Expression pattern of 
BM88 in the developing nervous system of the chick and mouse 
embryo. Gene Expr Patterns 7:165–177. https:// doi. org/ 10. 
1016/j. modgep. 2006. 06. 007. (PMID: 16949349)

 65. Politis PK, Makri G, Thomaidou D, Geissen M, Rohrer H, Mat-
sas R (2007) BM88/CEND1 coordinates cell cycle exit and dif-
ferentiation of neuronal precursors. Proc Natl Acad Sci USA 
104:17861–17866. https:// doi. org/ 10. 1073/ pnas. 06109 73104. 
(PMID: 17971443)

 66. Kaltezioti V, Antoniou D, Stergiopoulos A, Rozani I, Rohrer 
H, Politis PK (2014) Prox1 regulates Olig2 expression to mod-
ulate binary fate decisions in spinal cord neurons. J Neurosci 

https://doi.org/10.1074/jbc.M400479200
https://doi.org/10.1074/jbc.M400479200
https://doi.org/10.1074/jbc.M403042200
https://doi.org/10.1074/jbc.M403042200
https://doi.org/10.1186/1475-2867-13-2
https://doi.org/10.1371/journal.pone.0082172
https://doi.org/10.1371/journal.pone.0082172
https://doi.org/10.1155/2019/2054783
https://doi.org/10.4252/WJSC.V12.I12.1553
https://doi.org/10.4252/WJSC.V12.I12.1553
https://doi.org/10.18632/oncotarget.5222
https://doi.org/10.18632/oncotarget.5222
https://doi.org/10.1002/JCP.26226
https://doi.org/10.1158/0008-5472.CAN-05-1539
https://doi.org/10.1158/0008-5472.CAN-05-1539
https://doi.org/10.1158/0008-5472.CAN-05-3089
https://doi.org/10.1177/1947601910377644
https://doi.org/10.1038/nsmb.1833
https://doi.org/10.1038/nsmb.1833
https://doi.org/10.18632/oncotarget.6910
https://doi.org/10.18632/oncotarget.6910
https://doi.org/10.18632/oncotarget.13662
https://doi.org/10.1007/s00018-018-2942-5
https://doi.org/10.1007/s00018-018-2942-5
https://doi.org/10.1093/carcin/bgu058
https://doi.org/10.1007/s00018-015-2032-x
https://doi.org/10.1007/s00018-015-2032-x
https://doi.org/10.1016/0896-6273(95)90286-4
https://doi.org/10.1016/0896-6273(95)90286-4
https://doi.org/10.1007/978-3-7091-6721-2_11
https://doi.org/10.1046/j.1460-9568.2003.02665.x
https://doi.org/10.1046/j.1460-9568.2003.02665.x
https://doi.org/10.1016/S0006-8993(02)04069-6
https://doi.org/10.1016/S0006-8993(02)04069-6
https://doi.org/10.1007/s00018-009-0123-2
https://doi.org/10.1111/j.1742-4658.2010.07955.x
https://doi.org/10.1111/j.1742-4658.2010.07955.x
https://doi.org/10.4161/CC.29104
https://doi.org/10.1016/j.pharmthera.2018.09.010
https://doi.org/10.1016/j.pharmthera.2018.09.010
https://doi.org/10.1016/j.modgep.2006.06.007
https://doi.org/10.1016/j.modgep.2006.06.007
https://doi.org/10.1073/pnas.0610973104


Mirk/Dyrk1B controls ventral spinal cord development via Shh pathway  Page 23 of 24    70 

34:15816–15831. https:// doi. org/ 10. 1523/ JNEUR OSCI. 1865- 14. 
2014. (PMID: 25411508)

 67. Johnson EJ, Neely DM, Dunn IC, Davey MG (2014) Direct 
functional consequences of ZRS enhancer mutation combine 
with secondary long range SHH signalling effects to cause pre-
axial polydactyly. Dev Biol 392:209. https:// doi. org/ 10. 1016/J. 
YDBIO. 2014. 05. 025. (PMID: 24907417)

 68. Oppenheim RW, Homma S, Marti E, Prevette D, Wang S, Yagi-
numa H, McMahon AP (1999) Modulation of early but not later 
stages of programmed cell death in embryonic avian spinal cord 
by sonic hedgehog. Mol Cell Neurosci 13:348–361. https:// doi. 
org/ 10. 1006/ MCNE. 1999. 0755. (PMID: 10356297)

 69. Yamamoto Y, Henderson CE (1999) Patterns of programmed 
cell death in populations of developing spinal motoneurons in 
chicken, mouse, and rat. Dev Biol 214:60–71. https:// doi. org/ 10. 
1006/ DBIO. 1999. 9413. (PMID: 10491257)

 70. Mukaigasa K, Sakuma C, Okada T, Homma S, Shimada T, Nishi-
yama K, Sato N, Yaginuma H (2017) Motor neurons with limb-
innervating character in the cervical spinal cord are sculpted by 
apoptosis based on the Hox code in chick embryo. Development 
144:4645–4657. https:// doi. org/ 10. 1242/ DEV. 158873. (PMID: 
29061638)

 71. Briscoe J, Pierani A, Jessell TM, Ericson J (2000) A homeodo-
main protein code specifies progenitor cell identity and neuronal 
fate in the ventral neural tube. Cell 101:435–445. https:// doi. org/ 
10. 1016/ S0092- 8674(00) 80853-3. (PMID: 10830170)

 72. Lu DC, Niu T, Alaynick WA (2015) Molecular and cellular 
development of spinal cord locomotor circuitry. Front Mol Neu-
rosci. https:// doi. org/ 10. 3389/ FNMOL. 2015. 00025. (PMID: 
26136656)

 73. Ashford AL, Oxley D, Kettle J, Hudson K, Guichard S, Cook SJ, 
Lochhead PA (2014) A novel DYRK1B inhibitor AZ191 demon-
strates that DYRK1B acts independently of GSK3Β to phospho-
rylate cyclin D1 at Thr286, not Thr 288. Biochem J 457:43–56. 
https:// doi. org/ 10. 1042/ BJ201 30461. (PMID: 24134204)

 74. Chen H, Shen J, Choy E, Hornicek FJ, Shan A, Duan Z (2018) 
Targeting DYRK1B suppresses the proliferation and migration 
of liposarcoma cells. Oncotarget 9:13154–13166. https:// doi. org/ 
10. 18632/ oncot arget. 22743. (PMID: 29568347)

 75. Davis-Dusenbery BN, Williams LA, Klim JR, Eggan K (2014) 
How to make spinal motor neurons. Dev 141:491–501. https:// 
doi. org/ 10. 1242/ dev. 097410. (PMID: 24449832)

 76. Stifani N (2014) Motor neurons and the generation of spinal 
motor neuron diversity. Front Cell Neurosci 8:293. https:// doi. 
org/ 10. 3389/ fncel. 2014. 00293. (PMID: 25346659)

 77. Sockanathan S, Perlmann T, Jessell TM (2003) Retinoid receptor 
signaling in postmitotic motor neurons regulates rostrocaudal 
positional identity and axonal projection pattern. Neuron 40:97–
111. https:// doi. org/ 10. 1016/ S0896- 6273(03) 00532-4. (PMID: 
14527436)

 78. Sockanathan S (2003) Towards cracking the code: LIM protein 
complexes in the spinal cord. Trends Neurosci 26:57–59. https:// 
doi. org/ 10. 1016/ S0166- 2236(02) 00029-2. (PMID: 12536126)

 79. Novitch BG, Wichterle H, Jessell TM, Sockanathan S (2003) 
A requirement for retinoic acid-mediated transcriptional activa-
tion in ventral neural patterning and motor neuron specification. 
Neuron 40:81–95. https:// doi. org/ 10. 1016/j. neuron. 2003. 08. 006. 
(PMID: 14527435)

 80. Ji SJ, Zhuang BQ, Falco C, Schneider A, Schuster-Gossler K, 
Gossler A, Sockanathan S (2006) Mesodermal and neuronal reti-
noids regulate the induction and maintenance of limb innervating 
spinal motor neurons. Dev Biol 297:249–261. https:// doi. org/ 10. 
1016/J. YDBIO. 2006. 05. 015. (PMID: 16781703)

 81. Nam H, Jeon S, An H, Yoo J, Lee HJ, Lee SK, Lee S (2019) 
Critical roles of ARHGAP36 as a signal transduction mediator 

of shh pathway in lateral motor columnar specification. Elife. 
https:// doi. org/ 10. 7554/ ELIFE. 46683. (PMID: 31305241)

 82. Litovchick L, Florens LA, Swanson SK, Washburn MP, Decaprio 
JA (2011) DYRK1A protein kinase promotes quiescence and 
senescence through DREAM complex assembly. Genes Dev 
25:801–813. https:// doi. org/ 10. 1101/ gad. 20342 11. (PMID: 
21498570)

 83. Sadasivam S, DeCaprio JA (2013) The DREAM complex: master 
coordinator of cell cycle-dependent gene expression. Nat Rev 
Cancer 13:585–595. https:// doi. org/ 10. 1038/ nrc35 56. (PMID: 
23842645)

 84. Wang P, Karakose E, Argmann C, Wang H, Balev M, Brody RI, 
Rivas HG, Liu X, Wood O, Liu H, Choleva L, Hasson D, Bern-
stein E, Paulo JA, Scott DK, Lambertini L, DeCaprio JA, Stewart 
AF (2022) Disrupting the DREAM complex enables proliferation 
of adult human pancreatic β cells. J Clin Invest. https:// doi. org/ 
10. 1172/ JCI15 7086. (PMID: 35700053)

 85. Lee J, Platt KA, Censullo P, Ruiz I, Altaba A (1997) Gli1 is a 
target of Sonic hedgehog that induces ventral neural tube devel-
opment. Development 124:2537–2552. https:// doi. org/ 10. 1242/ 
DEV. 124. 13. 2537. (PMID: 9216996)

 86. Altaba AR (1998) Combinatorial Gli gene function in floor 
plate and neuronal inductions by Sonic hedgehog. Development 
125:2203–2212. https:// doi. org/ 10. 1242/ DEV. 125. 12. 2203. 
(PMID: 9584120)

 87. Jacob J, Briscoe J (2003) Gli proteins and the control of spinal-
cord patterning. EMBO Rep 4:761. https:// doi. org/ 10. 1038/ SJ. 
EMBOR. EMBOR 896. (PMID: 12897799)

 88. Ding Q, Motoyama J, Gasca S, Mo R, Sasaki H, Rossant J, Hui 
CC (1998) Diminished Sonic hedgehog signaling and lack of 
floor plate differentiation in Gli2 mutant mice. Development 
125:2533–2543. https:// doi. org/ 10. 1242/ DEV. 125. 14. 2533. 
(PMID: 9636069)

 89. Matise MP, Epstein DJ, Park HL, Platt KA, Joyner AL (1998) 
Gli2 is required for induction of floor plate and adjacent cells, but 
not most ventral neurons in the mouse central nervous system. 
Development 125:2759–2770. https:// doi. org/ 10. 1242/ DEV. 125. 
15. 2759. (PMID: 9655799)

 90. Hui CC, Angers S (2011) Gli proteins in development and 
disease. Annu Rev Cell Dev Biol 27:513–537. https:// doi. org/ 
10. 1146/ ANNUR EV- CELLB IO- 092910- 154048. (PMID: 
21801010)

 91. Motoyama J, Milenkovic L, Iwama M, Shikata Y, Scott MP, Hui 
CC (2003) Differential requirement for Gli2 and Gli3 in ventral 
neural cell fate specification. Dev Biol 259:150–161. https:// doi. 
org/ 10. 1016/ S0012- 1606(03) 00159-3. (PMID: 12812795)

 92. Bai CB, Stephen D, Joyner AL (2004) All mouse ventral spinal 
cord patterning by hedgehog is Gli dependent and involves an 
activator function of Gli3. Dev Cell 6:103–115. https:// doi. org/ 
10. 1016/ S1534- 5807(03) 00394-0. (PMID: 14723851)

 93. Lei Q, Zelman AK, Kuang E, Li S, Matise MP (2004) Transduc-
tion of graded Hedgehog signaling by a combination of Gli2 and 
Gli3 activator functions in the developing spinal cord. Devel-
opment 131:3593–3604. https:// doi. org/ 10. 1242/ dev. 01230. 
(PMID: 15215207)

 94. Chiang C, Litingtung Y, Lee E, Young KE, Corden JL, Westphal 
H, Beachy PA (1996) Cyclopia and defective axial patterning in 
mice lacking Sonic hedgehog gene function. Nature 383:407–
413. https:// doi. org/ 10. 1038/ 38340 7A0. (PMID: 8837770)

 95. Litingtung Y, Chiang C (2000) Specification of ventral neuron 
types is mediated by an antagonistic interaction between Shh and 
Gli3. Nat Neurosci 3:979–985. https:// doi. org/ 10. 1038/ 79916. 
(PMID: 11017169)

 96. Wijgerde M, McMahon JA, Rule M, McMahon AP (2002) 
A direct requirement for Hedgehog signaling for normal 

https://doi.org/10.1523/JNEUROSCI.1865-14.2014
https://doi.org/10.1523/JNEUROSCI.1865-14.2014
https://doi.org/10.1016/J.YDBIO.2014.05.025
https://doi.org/10.1016/J.YDBIO.2014.05.025
https://doi.org/10.1006/MCNE.1999.0755
https://doi.org/10.1006/MCNE.1999.0755
https://doi.org/10.1006/DBIO.1999.9413
https://doi.org/10.1006/DBIO.1999.9413
https://doi.org/10.1242/DEV.158873
https://doi.org/10.1016/S0092-8674(00)80853-3
https://doi.org/10.1016/S0092-8674(00)80853-3
https://doi.org/10.3389/FNMOL.2015.00025
https://doi.org/10.1042/BJ20130461
https://doi.org/10.18632/oncotarget.22743
https://doi.org/10.18632/oncotarget.22743
https://doi.org/10.1242/dev.097410
https://doi.org/10.1242/dev.097410
https://doi.org/10.3389/fncel.2014.00293
https://doi.org/10.3389/fncel.2014.00293
https://doi.org/10.1016/S0896-6273(03)00532-4
https://doi.org/10.1016/S0166-2236(02)00029-2
https://doi.org/10.1016/S0166-2236(02)00029-2
https://doi.org/10.1016/j.neuron.2003.08.006
https://doi.org/10.1016/J.YDBIO.2006.05.015
https://doi.org/10.1016/J.YDBIO.2006.05.015
https://doi.org/10.7554/ELIFE.46683
https://doi.org/10.1101/gad.2034211
https://doi.org/10.1038/nrc3556
https://doi.org/10.1172/JCI157086
https://doi.org/10.1172/JCI157086
https://doi.org/10.1242/DEV.124.13.2537
https://doi.org/10.1242/DEV.124.13.2537
https://doi.org/10.1242/DEV.125.12.2203
https://doi.org/10.1038/SJ.EMBOR.EMBOR896
https://doi.org/10.1038/SJ.EMBOR.EMBOR896
https://doi.org/10.1242/DEV.125.14.2533
https://doi.org/10.1242/DEV.125.15.2759
https://doi.org/10.1242/DEV.125.15.2759
https://doi.org/10.1146/ANNUREV-CELLBIO-092910-154048
https://doi.org/10.1146/ANNUREV-CELLBIO-092910-154048
https://doi.org/10.1016/S0012-1606(03)00159-3
https://doi.org/10.1016/S0012-1606(03)00159-3
https://doi.org/10.1016/S1534-5807(03)00394-0
https://doi.org/10.1016/S1534-5807(03)00394-0
https://doi.org/10.1242/dev.01230
https://doi.org/10.1038/383407A0
https://doi.org/10.1038/79916


 N. Kokkorakis et al.   70  Page 24 of 24

specification of all ventral progenitor domains in the presump-
tive mammalian spinal cord. Genes Dev 16:2849. https:// doi. org/ 
10. 1101/ GAD. 10257 02. (PMID: 12435628)

 97. Cho G, Lim Y, Cho IT, Simonet JC, Golden JA (2014) Arx 
together with FoxA2, regulates Shh floor plate expression. Dev 
Biol 393:137–148. https:// doi. org/ 10. 1016/J. YDBIO. 2014. 06. 
012. (PMID: 24968361)

 98. Varjosalo M, Keskitalo S, VanDrogen A, Nurkkala H, Vichalko-
vski A, Aebersold R, Gstaiger M (2013) The protein interaction 
landscape of the human CMGC kinase group. Cell Rep 3:1306–
1320. https:// doi. org/ 10. 1016/J. CELREP. 2013. 03. 027. (PMID: 
23602568)

 99. Buljan M, Ciuffa R, van Drogen A, Vichalkovski A, Mehnert M, 
Rosenberger G, Lee S, Varjosalo M, Pernas LE, Spegg V, Snijder 
B, Aebersold R, Gstaiger M (2020) Kinase interaction network 
expands functional and disease roles of human kinases. Mol Cell 
79:504-520.e9. https:// doi. org/ 10. 1016/J. MOLCEL. 2020. 07. 001. 
(PMID: 32707033)

 100. Alvarez-Medina R, Cayuso J, Okubo T, Takada S, Martí E (2008) 
Wnt canonical pathway restricts graded Shh/Gli patterning 
activity through the regulation of Gli3 expression. Development 
135:237–247. https:// doi. org/ 10. 1242/ DEV. 012054. (PMID: 
18057099)

 101. Ulloa F, Martí E (2010) Wnt won the war: antagonistic role of 
Wnt over Shh controls dorso-ventral patterning of the vertebrate 
neural tube. Dev Dyn 239:69–76. https:// doi. org/ 10. 1002/ DVDY. 
22058. (PMID: 19681160)

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1101/GAD.1025702
https://doi.org/10.1101/GAD.1025702
https://doi.org/10.1016/J.YDBIO.2014.06.012
https://doi.org/10.1016/J.YDBIO.2014.06.012
https://doi.org/10.1016/J.CELREP.2013.03.027
https://doi.org/10.1016/J.MOLCEL.2020.07.001
https://doi.org/10.1242/DEV.012054
https://doi.org/10.1002/DVDY.22058
https://doi.org/10.1002/DVDY.22058

	MirkDyrk1B controls ventral spinal cord development via Shh pathway
	Abstract
	Introduction
	Materials and methods
	Cloning of chick Dyrk1B partial cDNA
	Plasmids
	Chicks
	Mice
	Unilateral in ovo electroporation
	Loss-of-function (LOF) and phenotype rescue in ovo experiments
	Western blot (WB)
	Tissue preparation
	Immunohistochemistry (IHC)
	In situ hybridization (ISH)
	Antibodies
	RNA isolation, cDNA synthesis and real-time qRT-PCR
	Statistical analysis

	Results
	Dyrk1B is expressed in the notochord, floor plate, proliferating progenitors in the ventricular zone and post-mitotic motor neurons in chick and mouse spinal cord
	Dyrk1B overexpression promotes cell cycle exit and neuronal differentiation
	Dyrk1B overexpression promotes apoptosis specifically in the motor neuron domain and decreases the number of motor neurons and V2a interneurons
	Dyrk1B overexpression affects the ventral patterning of embryonic chick spinal cord
	AZ191 increases the proliferation of ventral progenitors resulting in increased number of motor neurons
	Dyrk1B overexpression reverses the phenotype of AZ191 in the embryonic chick spinal cord
	Dyrk1B kinase is a suppressor of Sonic Hedgehog signaling in the embryonic chick spinal cord
	Administration of SAG rescues the ventral phenotype of Dyrk1B overexpression
	Dyrk1B affects the size of LMCm via Sonic hedgehog signaling

	Discussion
	Acknowledgements 
	References


