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Introduction

The balance between progenitor maintenance and production 
of differentiated neurons is crucial for normal brain development. 
This balance is achieved through the precise coordination of sev-
eral sequential steps that include the proliferation of progenitor 
cells, the transition to neurogenic progenitors, the cell cycle exit of 
neuronal precursors, and their differentiation into neurons. Precise 
control of the cell cycle is essential for keeping this balance, what 
highlights the importance of cell cycle-regulatory proteins in neu-
rodevelopment.1-3 For instance, a selective lengthening of G

1
 phase 

appears to be pivotal for the switch to neurogenesis.4 In particular, 
the antiproliferative CDK inhibitor p27Kip1 (CDKN1B) promotes 
cell cycle exit, whereas positive regulators of proliferation such as 
Cyclin D1 (CCND1) have the opposite effect.5-8

Phosphorylation is a key mechanism in the regulation of 
p27Kip1 and Cyclin D1 by controlling protein turnover during G

1
 

phase.9,10 p27Kip1 is primarily modulated by phosphorylation at 
Ser10, which is increased during G

1
-G

0
 phase of the cell cycle 

and enhances p27Kip1 stability.9 Several kinases have been pro-
posed to target this residue, including KIS (kinase interacting 
with stathmin), AKT, ERK2, CDK5, HIPK2 (homeodomain-
interacting protein kinase 2), and DYRK1B.9,11-15 Proteasomal 
degradation of Cyclin D1 during G

1
 phase is induced by phos-

phorylation at Thr286 via GSK3β10, but recently DYRK1A and 
DYRK1B were also shown to phosphorylate this residue in non-
neural cells.16 The phosphorylation of p27Kip1 and Cyclin D1 has 
mainly been investigated in cancer cell cycle progression, and the 
respective regulative kinases in neuronal progenitor cells remain 
uncharacterized.
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A fundamental question in neurobiology is how the balance between proliferation and differentiation of neuronal 
precursors is maintained to ensure that the proper number of brain neurons is generated. Substantial evidence impli-
cates DYRK1A (dual specificity tyrosine-phosphorylation-regulated kinase 1A) as a candidate gene responsible for altered 
neuronal development and brain abnormalities in Down syndrome. Recent findings support the hypothesis that DYRK1A 
is involved in cell cycle control. Nonetheless, how DYRK1A contributes to neuronal cell cycle regulation and thereby 
affects neurogenesis remains poorly understood. In the present study we have investigated the mechanisms by which 
DYRK1A affects cell cycle regulation and neuronal differentiation in a human cell model, mouse neurons, and mouse 
brain. Dependent on its kinase activity and correlated with the dosage of overexpression, DYRK1A blocked prolifera-
tion of SH-SY5Y neuroblastoma cells within 24 h and arrested the cells in G1 phase. Sustained overexpression of DYRK1A 
induced G0 cell cycle exit and neuronal differentiation. Furthermore, we provide evidence that DYRK1A modulated pro-
tein stability of cell cycle-regulatory proteins. DYRK1A reduced cellular Cyclin D1 levels by phosphorylation on thr286, 
which is known to induce proteasomal degradation. In addition, DYRK1A phosphorylated p27Kip1 on Ser10, resulting in 
protein stabilization. Inhibition of DYRK1A kinase activity reduced p27Kip1 Ser10 phosphorylation in cultured hippocampal 
neurons and in embryonic mouse brain. In aggregate, these results suggest a novel mechanism by which overexpres-
sion of DYRK1A may promote premature neuronal differentiation and contribute to altered brain development in Down 
syndrome.
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The gene encoding protein kinase DYRK1A is located on 
human chromosome 21 and is thus 1.5-fold overexpressed in 
Down syndrome.17,18 Evidence from transgenic mouse models as 
well as studies in chicken and Drosophila (where the DYRK1A 
orthologs are termed Minibrain) have revealed that both over-
expression and reduced expression of DYRK1A result in neuro-
developmental alterations due to deregulation of neurogenesis 
during brain development.19 A strong dosage effect of the human 
DYRK1A gene was further substantiated by the identification 
of patients with heterozygous loss-of-function mutations of the 
DYRK1A gene, who develop a severe syndrome of intellectual 
disability and microcephaly.20,21 Importantly, impaired balance 
between proliferation and cell cycle exit in neural progenitors 
is known to be a major cause of microcephaly.22 These find-
ings support the hypothesis that the cellular level of DYRK1A 
is a critical parameter in neurogenesis, and that DYRK1A over-
expression may contribute to the altered brain development in 
Down syndrome.23-26

Kinases of the DYRK family have been identified in various 
organisms as cell cycle regulators.27 In vivo and in vitro experi-
ments indicated that DYRK1A overexpression promotes prema-
ture differentiation of neuronal progenitors as well as of PC12 
cells.28-30 Moreover, we have previously reported that DYRK1A 
coordinates cell cycle exit and differentiation of neuronal precur-
sors.31 Nonetheless, the mechanistic network by which DYRK1A 
contributes to the regulation of cell cycle withdrawal and differ-
entiation of neuronal precursors is still poorly understood.

Here we have studied the molecular mechanisms by which 
DYRK1A regulates G

1
-phase transition, cell cycle exit, and sub-

sequent neuronal differentiation. Using SH-SY5Y cells, a differ-
entiable human neuronal cell model, we found that DYRK1A 
overexpression arrests cells in G

1 
phase, followed by inducing 

G
0
 cell cycle exit and neuronal differentiation. Furthermore, we 

provide evidence that DYRK1A stabilizes p27Kip1 by phosphory-
lation at Ser10 and promotes degradation of Cyclin D1 by phos-
phorylation at Thr286.

Results

DYRK1A reduces proliferation of SH-SY5Y cells dependent 
on its kinase activity and level of overexpression

To investigate the effects of DYRK1A overexpression on neu-
ronal cells, we generated SH-SY5Y cells with a stable and tet-ON-
inducible overexpression of either GFP-tagged DYRK1A or the 
kinase-deficient point mutant DYRK1A-K188R (DYRK1A-KR). 
Adequate induction of overexpression was verified by qRT-PCR 
(Fig. S1A) and western blot analysis (see Fig. 6). The effect of 
DYRK1A on cell proliferation was monitored by continuous real-
time impedance measurements. Gradual induction of DYRK1A 
overexpression resulted in a dose-dependent suppression of cell 
proliferation after a lag time of 24 h (Fig. 1A). Overexpression of 
DYRK1A-KR did not significantly alter cell growth (Fig. 1B), 
indicating that the observed effect depended on DYRK1A 
kinase activity and was not caused by doxycycline treatment. 
Consistently, treatment with the DYRK1A inhibitor harmine 

attenuated the effect of DYRK1A overexpression (Fig. 1C), 
although the cells did not recover to proliferation rates of 
untreated control cells within the observation time.

To ensure that the observed effects of DYRK1A overexpres-
sion reflected proliferation arrest rather than cell death, cell pro-
liferation was additionally followed with a continuous live cell 
imaging system. Cell confluence was determined by automated 
image evaluation at 24 h and 96 h after induction of DYRK1A 
overexpression. Consistent with the impedance measurements, 
confluence of SH-SY5Y cells overexpressing DYRK1A did not 
change within this time, whereas the confluence of control cells 
nearly doubled (Fig. 1D; Fig. S2). As expected, overexpression of 
DYRK1A-KR had no effect on confluence. Moreover, we took 
advantage of GFP fluorescence to monitor the number of GFP-
DYRK1A-expressing cells over time. Automated analysis of the 
GFP-positive cell count showed that the number of wild-type 
DYRK1A-overexpressing cells increased by only 13% from 24 h 
to 96 h, while the number of DYRK1A-KR more than doubled 
within the same time (Fig. 1E). Furthermore, analysis of PARP 
(poly ADP ribose polymerase) activation excluded the possibility 
that the induction of apoptosis contributed to the negative effect 
of DYRK1A on cell growth. Taken together, these data show that 
DYRK1A over-activity leads to a dose-dependent reduction of 
SH-SY5Y cell proliferation rather than a loss of cells by induced 
cell death.

DYRK1A induces a G
1/0

-phase cell cycle arrest of SH-SY5Y 
cells

Next we analyzed SH-SY5Y cells by flow cytometry to define 
the effects of DYRK1A on cell cycle progression (Fig. 2). After 
24 h of DYRK1A overexpression, the number of cells in S or 
G

2
/M phase was significantly reduced (12% compared with 

30% in untreated cells), and more cells were found to be in 
G

1/0
 phase (88% vs. 70%) (Fig. 2B). This effect was sustained 

after 72 h of DYRK1A overexpression (Fig. 2C). Overexpression 
of DYRK1A-KR resulted in a small and transient increase of cells 
in G

1/0
 after 24 h that did not persist after 72 h. For compari-

son, cells were treated with retinoic acid (RA) to induce cell cycle 
arrest and neuronal differentiation of SH-SY5Y cells.32 RA only 
induced a small, non-significant increase of G

1/0
 cells after 72 h, 

possibly because its action has a slower onset or does not affect 
all cells.33 In summary, these results indicate that overexpression 
of DYRK1A arrests SH-SY5Y cells in G

1/0
 phase of the cell cycle.

Long-term overexpression of DYRK1A causes cell cycle exit 
of SH-SY5Y cells

Prolonged retention of neuronal precursors in G
1
 phase is 

known to increase the probability of cell cycle exit and differ-
entiation.34 Cells that have exited the cell cycle can be detected 
by their reduced RNA content.35,36 To test the hypothesis that 
DYRK1A overexpression induces cell cycle exit of SH-SY5Y cells, 
we overexpressed DYRK1A for 5 d and performed 2-dimensional 
FACS analyses of cellular RNA and DNA contents (Fig. 3). As 
positive control for differentiation and cell cycle exit, SH-SY5Y 
cells were treated for 5 d with RA or for 3 d with RA followed 
by 2 d BDNF to achieve full differentiation.33 Overexpression of 
DYRK1A, but not DYRK1A-KR, resulted in a large increase of 
cells staining low for pyronin Y (Fig. 3A and B), which identifies 
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them as quiescent cell populations with low RNA content that 
have exited the cell cycle.35 The percentage of cells in G

0
 phase 

was significantly increased after DYRK1A overexpression (45% 
compared with 16% of control cells, Fig. 3C). Differentiation 
with either RA alone or RA and BDNF altered the rate of cells in 
G

0
 phase to 45% or 75%, respectively. Two-dimensional stain-

ing also revealed a subpopulation of SH-SY5Y cells in S and G
2
 

phase with reduced RNA content. These populations have also 
been observed in other cell types, indicating a quiescent state 
(S

Q
- and G

2Q
) besides G

0.
35 Here, these cells may represent the 

intermediate and substrate type (I- and S-type) of SH-SY5Y cells 
that exit cell cycle but do not develop the characteristics of the 

neuroblastic cell type (N-type).37 These results show that long-
term overexpression of DYRK1A not only prevents S-phase entry 
of SH-SY5Y neuroblastoma cells, but also results in subsequent 
cell cycle exit into G

0
 phase.

Overexpression of DYRK1A induces neuronal differentia-
tion of SH-SY5Y cells

Because G
0
 cell cycle exit of neuronal cells is linked to dif-

ferentiation, we next questioned if DYRK1A overexpression 
induces neuronal differentiation of SH-SY5Y cells. To this end, 
we visualized the differentiation-related morphological changes 
of SH-SY5Y cells by staining the F-actin cytoskeleton with fluo-
rescently labeled phalloidin and manually quantified the average 

Figure  1. DYRK1A overexpression induces proliferation arrest of SH-SY5Y cells but not apoptosis. (A–C) the curves show representative real-time 
impedance measurements of proliferating SH-SY5Y cells after induced overexpression of wild-type DYRK1A (A; GFp-D1A) or the kinase deficient mutant 
DYRK1A-K188R (B; GFp-D1A KR). panel (C) shows the proliferation of SH-SY5Y cells treated with harmine 24 h after induction of GFp-DYRK1A overexpres-
sion. DYRK1A overexpression was induced 24 h after plating with doxycycline as indicated (arrow). Column diagrams illustrate the quantitative evalu-
ation (means + SD) of 3 independent experiments (AUC, area under the curve from 24–168 h, normalized to the untreated control cells). In panel (C), 
the AUCs were normalized to the untreated control cells (A). (D and E) Analysis of SH-SY5Y cell proliferation by continuous live cell imaging using the 
IncuCyte™ kinetic imaging system. Relative confluence of cells expressing wild-type DYRK1A or kinase-deficient DYRK1A-K188R and the number of GFp-
positive cells were automatically evaluated using the IncuCyte™ software at 24 h and 96 h of doxycycline treatment. Untreated cells served as control. 
Confluence (D) and cell counts (E) after 96 h were standardized to the 24-h values (means + SD, n = 4 independent experiments). (F) Analysis of apoptosis 
in SH-SY5Y cells that were treated with doxycycline and harmine under the same conditions as in (A and C). total protein was extracted after 72 h of 
treatment and analyzed for pARp activation by western blotting. Cells treated with staurosporine for 24 h served as positive control (F and G). Cleaved 
and activated pARp is indicated by an asterisk. GApDH served as loading control. Statistical significance was tested with one-sample t test if comparing 
columns to normalized control (A–C) or one-way ANoVA and Bonferroni post-test if comparing multiple not-normalized columns (C). Kruskal–Wallis test 
+ Dunn multiple comparison post-test (D) and Student t test (E) were used. *P ≤ 0.05; **P ≤ 0.01; n.s, not significant.
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neurite length (Fig. 4A). As a ref-
erence, 5 d of treatment with RA/
BDNF induced the expected phe-
notype of SH-SY5Y cells with pro-
liferation arrest accompanied by 
formation of an extensive neurite 
network.33,38 In contrast, undif-
ferentiated cells showed only few 
and shorter neurite-like extensions 
and a higher cell density. DYRK1A 
overexpression not only stopped 
cell proliferation, but also induced 
changes in the cytoskeletal orga-
nization of SH-SY5Y cells and an 
increased neurite length (Fig. 4A). 
Moreover, DYRK1A induced 
differentiation, as reflected by 
increased neurite formation, 
occurred earlier than neuritogene-
sis triggered by RA treatment (data 
not shown). In spite of comparable 
neurite lengths, the DYRK1A-
overexpressing cells did not seem to 
attain a complete BDNF-induced 
morphology. Cells overexpressing 
DYRK1A-KR continued to prolif-
erate and showed no evident mor-
phological changes. To confirm 
the differentiation-inducing effect 
of DYRK1A by an observer-inde-
pendent method, we employed live 
cell imaging with the automated 
NeuroTrack™ evaluation of total 
neurite length per cell. This analy-
sis revealed that 96 h of DYRK1A 
overexpression in SH-SY5Y cells 
significantly increased the total 
neurite length per cell in com-
parison to cells overexpressing 
DYRK1A-KR (Fig. 4B).

Next, we analyzed the effect of 
DYRK1A on mRNA and protein 
abundance of the neuronal mark-
ers Tau (MAPT) and MAP2, 
which are upregulated after long-
term RA treatment.32,38 Transcript 
levels of both markers were sig-
nificantly upregulated after 24 h 
of DYRK1A overexpression 
(Fig. 5A), whereas DYRK1A-KR 
overexpression had no effect. After 
72 h of DYRK1A overexpression, 
no differences in MAPT or MAP2 
transcript levels were observed 
(data not shown). Conversely, Tau 
or MAP2c protein levels showed 

Figure  2. DYRK1A overexpression induces G1/0 cell cycle arrest of SH-SY5Y cells. (A) Flow cytometry. 
Representative plots of SH-SY5Y cells after DNA staining with propidium iodide (pI). overexpression of 
DYRK1A (upper panel) or DYRK1A-K188R (lower panel) was induced with 2 μg/ml doxycycline (Dox). For 
comparison, cell differentiation was induced with 10 μM retinoic acid (RA). Column diagrams show the cell 
cycle phase distribution 24 h (B) or 72 h (C) after induction of DYRK1A overexpression or RA-induced differ-
entiation. the left panels show the quantitative evaluation of representative experiments. the right panels 
summarize the results of 3 independent experiments (means + SD). *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ana-
lyzed by one-way ANoVA + Bonferroni post-test comparing DYRK1A or DYRK1A-K188R data to the respective 
untreated controls.
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no detectable changes after 24 h (data not shown) but were 
significantly increased after 72 h of DYRK1A overexpression 
(Fig. 5B and C). These results suggest that expression of the neu-
ronal proteins is transiently induced by DYRK1A overexpression 
and returns to steady-state levels in differentiated cells, although 
DYRK1A remains overexpressed. Unexpectedly, treatment with 
RA did not detectably alter MAP2 or Tau levels within 72 h. To 
ensure the efficacy of RA treatment in this experiment, we con-
firmed that the expression of the neurotrophin receptor NTRK2 
(TrkB) was strongly upregulated in RA-treated SH-SY5Y cells 
(Fig. S1B).39 Interestingly, overexpression of DYRK1A but not 
DYRK1A-KR also induced a weak increase of TrkB mRNA level. 
Notably, endogenous DYRK1A mRNA levels were not changed 
during RA-induced differentiation (Fig. S1A). Taken together, 
our results provide evidence that overexpression of DYRK1A 
triggers G

0
 cell cycle exit and differentiation of SH-SY5Y cells.

DYRK1A alters phosphorylation and protein levels of 
Cyclin D1 and p27Kip1 dependent on its kinase activity and level 
of overexpression

Next we investigated if DYRK1A overexpression affected 
proteins that are known to regulate G

1/0
-phase transition. 

Western blot analysis of total protein extracts from SH-SY5Y 
cells overexpressing DYRK1A revealed changes in phosphory-
lation and protein levels of the cell cycle regulators Cyclin D1 
and p27Kip1 (Fig. 6A–C). Overexpression of DYRK1A resulted 
in significantly decreased levels of Cyclin D1 after 24 and 72 
h, concomitant with an increased phosphorylation of Thr286 
(Fig. 6A and B). Furthermore, DYRK1A overexpression strongly 
enhanced phosphorylation of p27Kip1 at Ser10 and increased total 
protein levels of p27Kip1 by about 80% (Fig. 6A and C). The 
effects of DYRK1A on the phosphorylation and protein abun-
dance of Cyclin D1 and p27Kip1 were already apparent after 24 

Figure 3. DYRK1A overexpression induces cell cycle exit of SH-SY5Y cells. For 2-dimensional analyses of cellular DNA and RNA and contents, SH-SY5Y 
cells were stained with Hoechst 33342 and pyronin Y (pY). DNA and RNA contents were analyzed by flow cytometry after 5 d of treatment with doxycy-
cline (Dox), 10 μM RA only, or treatment with 10 μM RA followed by 50 ng/ml BDNF. Representative plots of one experiment (A), quantification of cells 
in G1/0- and G2-phase in this experiment (B) and the evaluation of average cell counts in G0-phase of 3 independent experiments (C). the cell population 
with 4n DNA content and low RNA staining is referred to as sub-G2. Means + SD; *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; analyzed by 1-way ANoVA + Bonferroni 
post-test comparing DYRK1A or DYRK1A-K188R data to the respective untreated controls.
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h, although statistical significance of all effects was only reached 
after 72 h of DYRK1A overexpression. In contrast, kinase-defi-
cient DYRK1A-KR did not alter p27Kip1 and Cyclin D1 phos-
phorylation or protein levels. Consistent with published results,32 
treatment with RA seemed to increase p27Kip1 protein levels, 

although the effect on Ser10 phosphorylation was weaker than 
that of DYRK1A.

Because the neurodevelopmental function of DYRK1A is 
considered to be particularly sensitive to its expression levels, we 
investigated the effects on Cyclin D1 and p27Kip1 after a gradual 

Figure 4. DYRK1A overexpression induces neurite outgrowth of SH-SY5Y cells. (A) Fluorescence microscopic analysis of actin labeling. Cells were plated 
on coverslips and DYRK1A (upper panels) or DYRK1A-K188R overexpression (lower panels) was induced with 2 μg/ml doxycycline (Dox) (b). As positive 
control, cells were differentiated with 10 μM RA solely (c) or with 10 μM RA followed by 50 ng/ml BDNF (d). Control cells were left untreated (a). After 5 
d cells were fixed and F-actin labeled with phalloidin-Alexa®-546 to visualize cellular processes. Nuclei were stained with DApI. Scale bar = 20 μm. (a’–d’) 
show magnified cutouts of the respective images (a–d). Quantification of the average neurite lengths is illustrated in the column diagrams. Means + 
SeM; ***P ≤ 0.001; analyzed by 1-way ANoVA + Bonferroni post-test comparing DYRK1A or DYRK1A-K188R data to untreated controls. the number of 
measured neurites is indicated in each column. to exclude effects on neuritogenesis resulting from different cell densities, proliferation differences 
were compensated by plating adjusted cell numbers as described in the “Material and Methods” section. (B) Analysis of neuritogenesis using automated 
live cell microscopy. overexpression of DYRK1A or DYRK1A-KR was induced with 2 μg/ml doxycycline (+dox). total neurite length was quantified after 
96 h using an IncuCyte™ kinetic imaging system with the integrated automated Neurotrack™ image acquisition. panels (a and b) show representative 
bright field images taken after 96 h with an overlay of the Neurotrack analysis (red) and the automatically assessed count of GFp positive nuclei (yellow) 
as shown in (a’ and b’). Scale bar = 300 μm. the column diagram illustrates evaluation of total neurite length standardized to the total count of GFp-
positive nuclei. Data are shown as means + SeM of 4 independent experiments and was analyzed using Student t test. ***, P ≤ 0.001.
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overexpression of DYRK1A for 24 and 72 h (Fig. 6D–F). The 
findings confirm that in SH-SY5Y cells the effects on Cyclin D1 
and p27Kip1 protein stability are well correlated with DYRK1A 
expression levels and expression time, and strictly depend on 
the catalytic activity of the kinase (Fig. 6E and F). It should 
be noted that wild-type DYRK1A was overexpressed at higher 
levels than DYRK1A-KR, although identical expression con-
structs were used. This effect was also observed in previous stud-
ies involving transient or stable overexpression of DYRK1A and 
DYRK1A-KR.40,41 Nevertheless, our results of gradual overex-
pression allow the comparison of DYRK1A and DYRK1A-KR 
at similar expression levels and support the conclusion that the 
effect of DYRK1A depends on its catalytic activity.

We also asked whether DYRK1A affects CDKN1B (cyclin-
dependent kinase inhibitor 1B, encoding p27Kip1) mRNA levels in 
SH-SY5Y cells. Analysis by quantitative real-time PCR revealed 
no significant effect of DYRK1A overexpression on p27Kip1 
mRNA levels, whereas RA upregulated p27Kip1 mRNA (Fig. 7). 
Thus, DYRK1A modulates p27Kip1 abundance in SH-SY5Y cells 
primarily by posttranslational mechanisms.

DYRK1A directly phosphorylates p27Kip1 at Ser10 and 
Cyclin D1 at Thr286

To address the question whether DYRK1A directly phosphor-
ylated p27Kip1, we performed a kinase assay with recombinant 
p27Kip1 and immunoprecipitated DYRK1A overexpressed in HeLa 
cells. DYRK1B was used as positive control (Fig. 8A).15 To exclude 
the possibility that p27Kip1 was phosphorylated by other co-precip-
itated cellular kinases, a kinase assay was performed with bacteri-
ally expressed GST-DYRK1A (Fig. 8B). The in vitro assays prove 
that DYRK1A can phosphorylate Ser10 directly and not by acti-
vating another downstream kinase. To confirm that DYRK1A is 
able to phosphorylate p27Kip1 in a cellular environment, we used 
HeLa cells transiently transfected with p27Kip1. Overexpression 
of DYRK1A increased Ser10 phosphorylation similar to HIPK2, 
which is known to phosphorylate p27Kip1 at Ser10.14 Inhibition of 
endogenous DYRK1A with a harmine-related DYRK1A inhibi-
tor (AnnH31, unpublished results) reduced basal Ser10 phosphor-
ylation compared with the untreated control (Fig. 8C).

Since GSK3β is known to phosphorylate Cyclin D1 at 
Thr286,10 we determined if the DYRK1A-mediated phosphory-
lation of Cyclin D1 was dependent on GSK3β. SH-SY5Y cells 
overexpressing DYRK1A were treated with either the GSK3β 
inhibitor CHIR99021 or the DYRK1A inhibitor leucettine 
L41.42 Inhibition of DYRK1A but not GSK3β reduced Cyclin 
D1 phosphorylation and increased its protein level (Fig. 8D) 
Thus, DYRK1A phosphorylates Cyclin D1 independently of 
GSK3β in SH-SY5Y cells.

To reveal possible protein–protein interactions, we immu-
noprecipitated GFP-DYRK1A or GFP-DYRK1A-KR from 
SH-SY5Y cells. Neither p27Kip1 nor Cyclin D1 were co-immu-
noprecipitated with DYRK1A, although binding of the known 
DYRK1A interaction partner WDR6843 was well detectable 
(Fig. S3). Taken together, these results indicate that endogenous 
or overexpressed DYRK1A phosphorylates p27Kip1 at Ser10, as 
well as Cyclin D1 at Thr286, without forming stable complexes 
with these substrates.

DYRK1A phosphorylates p27Kip1 at Ser10 in primary neu-
rons and in vivo

We next asked if p27Kip1 is also phosphorylated by endogenous 
DYRK1A in primary mouse neurons. To address this question, 
we treated cultured differentiating hippocampal neurons with the 
DYRK1A inhibitors harmine and EGCG and observed a strong 
reduction of pSer10 p27Kip1 immunostaining predominantly in 
the nucleus (Fig. 9). As we have previously reported,44 inhibition 
of DYRK1A also suppressed neuritogenesis.

Because DYRK1A has been implicated in different pro-
cesses of brain development,19 we assessed whether DYRK1A 

Figure  5. DYRK1A overexpression upregulates neuronal markers in 
SH-SY5Y cells. (A)  SH-SY5Y cells overexpressing DYRK1A or DYRK1A-
K188R were treated with 2 μg/ml dox or 10 μM RA for 24 h before total 
RNA was extracted and analyzed by qRt-pCR. tau and MAp2 mRNA lev-
els were quantified relative to GApDH mRNA. (B) Representative western 
blot of total protein extracts from SH-SY5Y cells 72 h after induction of 
DYRK1A overexpression or RA treatment. Migration of mass standards is 
indicated in kDa (left). (C) Densitometric evaluation of tau and MAp2c 
immunoreactivity relative to GApDH. n = 3, means + SD; *P ≤ 0.05; ana-
lyzed by one-way ANoVA + Bonferroni post-test to compare columns to 
none normalized controls (A) or one-sample t test to compare columns 
to normalized control (C).
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phosphorylates p27Kip1 in vivo. We used mouse whole-embryo 
cultures (E12), where all relevant neurodevelopmental stages 
are coexisting and DYRK1A is highly expressed in the tel-
encephalon.45 As shown in Figure 10, most of pSer10 p27Kip1 
immunostaining in E12 embryonic mouse brain was overlap-
ping with that of β-III-tubulin (TUJ1), a well-known marker 
of early differentiating neurons.46 At the same time, the ven-
tricular zone, the area where neuronal progenitors and new-
born precursors localize, was mostly devoid of pSer10 p27Kip1 
immunostaining. This strongly suggests that pSer10 p27Kip1 
is mainly present in differentiating neurons. In order to assess 
whether DYRK1A contributes to p27Kip1 Ser10 phosphorylation 
in differentiating brain neurons, we cultured E12 embryos for 
6 h in the presence of EGCG, harmine, and leucettine L41, 3 
different and chemically unrelated DYRK1A inhibitors.47 This 
time period is substantially shorter than the duration of a cell 
cycle, which at this stage has been estimated to last for 20–24 
h.4,48 Harmine, EGCG, and leucettine L41 have been profiled 
against large panels of protein kinases47 and do not inhibit 
the other kinases that are known to phosphorylate p27Kip1 at 
Ser10 (KIS, AKT, CDK5, HIPK2)11-14,49 except for DYRK1B, 
which is a regulator of p27Kip1 in cancer cells.15,50 All 3 DYRK1A 
inhibitors substantially decreased pSer10 p27Kip1 immunostain-
ing in the mouse telencephalon (Fig. 10). This reduction was 
not an indirect consequence of the inhibitors affecting cell 
cycle, since we did not observe substantial alterations of p27Kip1 
total protein levels, as well as no increase of proliferation or cell 
death as determined by EdU labeling and detection of activated 
caspase 3 (Fig. S4). These data strongly indicate that DYRK1A 
accounts for a large part of pSer10 p27Kip1 in differentiating 
mouse brain neurons.

Figure  6A and B (for panels D–F, see page 9). DYRK1A overexpres-
sion increases phosphorylation of p27Kip1 and Cyclin D1 in SH-SY5Y cells 
and alters their protein levels. (A) Western blot analysis of total protein 
extracts from SH-SY5Y cells. Cells were treated with 2 μg/ml doxycycline 
to induce overexpression of DYRK1A or DYRK1A-K188R or with 10 μM 
RA. Control cells were left untreated (-). Whole-cell lysates were pre-
pared 24 h or 72 h after induction of DYRK1A overexpression or differen-
tiation and analyzed by immunoblotting with the indicated antibodies. 
Migration of mass standards is indicated in kDa (left). Densitometric 
evaluation of 3 independent experiments (means  +  SD) is shown in 
panels (B; Cyclin D1) and (C;  p27Kip1). (D)  overexpression of DYRK1A or 
DYRK1A-K188R was gradually induced using increasing concentrations 
of doxycyclin as indicated. Cells were lysed 24 h (left panel) or 72 h (right 
panel) after induction of DYRK1A overexpression, and whole-cell lysates 
were subjected to western blot analysis. Densitometric evaluation of 3 
independent experiments (means + SeM) is summarized in panels (E) 
(24 h) and (F) (72 h). Ser10 and thr286 phosphorylation were normal-
ized to p27Kip or Cyclin D1 total protein and p27Kip or Cyclin D1 levels are 
shown relative to the loading control (GApDH). one-sample t test was 
used to compare columns to normalized controls (B and C). one-way 
ANoVA + Bonferroni post-test was used to analyze effects of increasing 
dox concentrations. Significances are indicated for comparison of GFp-
D1A with GFp-D1A-KR (F and G). p27Kip1/GApDH data (F) was tested using 
Kruskal–Wallis test and Dunn multiple comparison post-test; *P ≤ 0.05.; 
**P ≤ 0.01***P ≤ 0.001.
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Figure 6. For figure legend, see page 8.

Discussion

There is a growing body of evidence that overexpression of 
DYRK1A in Down syndrome affects brain development and 
neuronal differentiation.19,29,51-56 DYRK1A was recently identi-
fied as a negative regulator of G

1
–S transition, but the underly-

ing mechanisms in neurons remain largely unknown.40,41,54 We 
therefore addressed the question how DYRK1A overexpression 
influences neuronal cell cycle progression and differentiation.

DYRK1A promotes neuronal differentiation by inducing 
G

1
-phase arrest and G

0
 cell cycle exit

We employed the human SH-SY5Y neuroblastoma cell line as 
a model system to investigate the effect of controlled DYRK1A 
overexpression on cell cycle progression and neuronal differentia-
tion. After differentiation with RA and BDNF, SH-SY5Y cells 
exit the cell cycle and achieve neuronal characteristics. Therefore 
they are well established as a cell model for neurobiological 
questions.32,33,38,57

Here we show that DYRK1A suppressed proliferation of 
SH-SY5Y cells in a dose- and kinase activity-dependent manner. 

This finding supports the validity of our cell model, since DYRK1A 
overexpression has previously been reported to attenuate the pro-
liferation of neural progenitors in the developing mouse cerebral 
cortex and neural precursor cells derived from human embryonic 
stem cells.29,54 The majority of SH-SY5Y cells ceased proliferation 
and arrested in G

1
 phase after 24 h of DYRK1A overexpression, 

whereas RA arrests the cell cycle of SH-SY5Y cells in a delayed 
manner after at least 2–3 d.32 Therefore, our results indicate a 
direct effect of DYRK1A on the current G

1
-phase once expression 

levels and activity reach a certain threshold. Enhanced DYRK1A 
activity was required to maintain cell cycle arrest, since pharma-
cological inhibition of DYRK1A after 24 h partially restored cell 
proliferation. Consistent with previous reports that DYRK1A 
acts as a negative regulator of apoptosis and a positive regulator of 
cell survival, DYRK1A overexpression did not result in enhanced 
cell death of SH-SY5Y cells.58,59

Long-term overexpression of DYRK1A increased a popula-
tion of SH-SY5Y cells with reduced cellular DNA and RNA 
contents, which characterize cells that have entered a perma-
nently non-proliferative G

0
 state (quiescence/differentiation).36 
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Accordingly, the largest fraction of quiescent cells was observed 
after induction of full differentiation with RA and BDNF.33 
DYRK1A overexpressing SH-SY5Y cells not only exited cell 
cycle into G

0
 but also developed morphological and molecular 

hallmarks of neuronal differentiation, including enhanced neu-
rite outgrowth and expression of the neuronal markers Tau and 
MAP2. Compared with RA,39 DYRK1A overexpression resulted 
in a much weaker increase of TrkB mRNA (Fig. S1B). Taking 
also into account the faster effect on G

1
 arrest, we conclude that 

DYRK1A overexpression and RA treatment promote SH-SY5Y 
differentiation in different ways. DYRK1A primarily induces 
cell cycle arrest of SH-SY5Y by phosphorylation of cell cycle pro-
teins, which then favors neuronal differentiation, whereas RA 
induces changes of differentiation-related genes (such as TrkB) 
in the first place before cells exit the cell cycle.60,61 Nonetheless, 
elevated DYRK1A activity eventually induced the expression of 
neuronal markers.

We and others have previously shown that DYRK1A overex-
pression enhances neurite outgrowth in rat PC12 cells and that 
DYRK1A inhibition interferes with neurite formation of mouse 
hippocampal neurons.28,30,44 Consistent with our previous find-
ings in the developing vertebrate central nervous system,31 our 
present results provide evidence that DYRK1A regulates G

1
–S 

transition of neuronal cells and that an elevated activity of 
DYRK1A promotes proliferation arrest, cell cycle exit, and pre-
mature differentiation.

DYRK1A phosphorylates p27Kip1 at Ser10 and Cyclin D1 at 
Thr286

Cell cycle exit and differentiation of neural precursors are 
regulated by p27Kip1 and Cyclin D/CDK complexes.1,3,62 Here we 
show that DYRK1A increased p27Kip1 protein levels in SH-SY5Y 
cells by phosphorylation at Ser10, a phosphorylation site known 
to induce p27Kip1 stabilization.9,63 Interestingly, phosphorylation 
of p27Kip1 on Ser10 in neural stem cells has been shown to be 
correlated with cell cycle exit and progression to neuronal differ-
entiation and neurite outgrowth.49 In addition, phosphorylation 
of Ser10 by an unidentified protein kinase has previously been 
reported to account for the increased half-life and accumulation 

of p27Kip1 during RA-induced differentiation of neuroblastoma 
cells.64 In SH-SY5Y cells, phosphorylation and stabilization of 
p27Kip1 were well correlated with the time course and level of 
DYRK1A overexpression, and DYRK1A was capable of directly 
phosphorylating Ser10 in recombinant p27Kip1. In contrast to 
our previous observations in neuronal precursors of develop-
ing chicken spinal chord and mouse telencephalon,31 p27Kip1 
mRNA levels were not significantly changed by DYRK1A over-
expression in SH-SY5Y cells. Here we show that inhibition of 
DYRK1A activity with different inhibitors reduced p27Kip1 Ser10 
phosphorylation in differentiating hippocampal neurons and 
developing mouse telencephalon. Overexpression of p27Kip1 has 
been shown to lengthen G

1
 phase of neural progenitor cells in 

the mouse embryo.65 However, we detected p27Kip1 Ser10 phos-
phorylation primarily in early differentiating neurons but not in 
the ventricular zone of mouse telencephalon, where neural pro-
genitors and newborn neuronal precursors are located. Thus, our 
results identify DYRK1A as the predominant kinase that phos-
phorylates and stabilizes p27Kip1 during neuronal differentiation. 
Consistently, beyond its function as an inhibitor of CDK activity 
in the nucleus, p27Kip1 is also thought to be a cytosolic media-
tor of neuronal differentiation, microtubule polymerization, and 
migration.7,34,66 Here we propose that DYRK1A overexpression 
promotes neuronal differentiation by increasing p27Kip1 levels 
through phosphorylation at Ser10.

Additionally, we provide evidence that DYRK1A reduces 
Cyclin D1 protein levels in SH-SY5Y cells by phosphorylation on 
Thr286. Phosphorylation of Cyclin D1 on Thr286 induces the 
ubiquitinylation by the Skp1-Cul1-F box (SCF) ubiquitin ligase 
and subsequent proteasomal degradation.67 Although GSK3β 
was initially reported to phosphorylate Cyclin D1 on Thr286,68 
DYRK1B was later proposed to promote Cyclin D1 degradation 
by phosphorylation at Thr288.69 Two recent reports have now 
made clear that either DYRK1A or DYRK1B can promote Cyclin 
D1 degradation via direct phosphorylation of Thr286 but do not 
target Thr288.16,41 Consistent with our results for the effect of 
DYRK1A in SH-SY5Y cells, Ashford et al.16 have found in the 
pancreatic carcinoma cell line PANC-1 that the DYRK1B-driven 
phosphorylation at Thr286 and turnover of Cyclin D1 were not 
reduced by GSK3β inhibition. Thus, DYRK1A and DYRK1B 
regulate Cyclin D1 stability independent of GSK3β activity at 
least in some cell types.

DYRK1A overexpression has been shown to induce nuclear 
export of ectopically expressed Cyclin D1 in neuronal cells,29 
which is considered an S phase-specific regulatory mecha-
nism.68,70 Here we demonstrate that DYRK1A induces degrada-
tion of Cyclin D1 in SH-SY5Y cells concurrent with enhanced 
phosphorylation on Thr286. This effect occurred within 24 
h after induction of DYRK1A overexpression and thus could 
account for G

1
-phase arrest and subsequent neuronal differentia-

tion of SH-SY5Y cells. In fact, a previous study has shown that 
silencing of Cyclin D1 expression sufficed to induce cell cycle exit 
and subsequent differentiation of neuroblastoma cells.68

In contrast to Chen et al.,41 who showed a stable interaction 
of overexpressed Cyclin D1 with DYRK1A in cotransfected 
HEK293T cells, we did not detect endogenous Cyclin D1 or 

Figure 7. DYRK1A overexpression has no effect on p27Kip1 mRNA level in 
SH-SY5Y cells. SH-SY5Y cells were treated with doxycycline or RA for 24 
h (A) or 72 h (B) before p27Kip1 mRNA levels were analyzed by qRt-pCR. 
p27Kip1 mRNA levels are shown as relative quantification to GApDH mRNA 
levels. n = 3, means + SD; **P ≤ 0.01; ***P ≤ 0.001, analyzed by 1-way 
ANoVA  +  Bonferroni post-test to compare DYRK1A or DYRK1A-K188R 
data with the respective untreated controls.
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p27Kip1 in co-immunoprecipitates of GFP-DYRK1A in SH-SY5Y 
cells (Fig. S3). It remains to be determined whether this discrep-
ancy reflects different experimental conditions or differences in 
protein interactions between the HEK293 cell line and neuronal 
cells.

DYRK1A in neuronal cell cycle regulation
The observation that DYRK1A regulates protein turnover of 

p27Kip1 and Cyclin D1 in neuronal cells is in accordance with 
numerous previous reports that kinases of the DYRK family 
function as regulators of protein stability in cell cycle control.27 

Figure 8. phosphorylation of p27Kip1 and Cyclin D1 by DYRK1A in vitro and in cells. (A) In vitro kinase assay. Kinase assay with GFp-DYRK1A and GFp-
DYRK1B immunoprecipitated from HeLa cells and subjected to a kinase assay with recombinant GSt-p27Kip1. the phosphorylation reaction was started 
by Atp addition (+ Atp). No Atp addition served as negative control. (B) In vitro kinase assay with bacterial GSt fusion proteins of DYRK1A or kinase-
deficient DYRK1A-K188R and p27Kip1. Aliquots of the kinase reaction were taken at the indicated time points. Control lanes (c) were loaded only with 
GSt-p27Kip1. the majority of GSt-DYRK1A is isolated from E. coli as a catalytically active C-terminally truncated product (marked by an asterisk).79 (C) 
phosphorylation of p27Kip1 by DYRK1A in HeLa cells. HeLa cells were transiently transfected with expression plasmids for p27Kip1, GFp-DYRK1A, and GFp-
HIpK2 as indicated. to analyze p27Kip1 phosphorylation by endogenous DYRK1A, cells were treated with 1 μM of the DYRK1A inhibitor AnnH31 for 5 
h before cell lysis. total protein extracts then were analyzed for p27Kip1 phosphorylation by western blotting with the indicated antibodies. Relative 
phosphorylation of Ser10 is indicated below the bottom panel. GFp-HIpK2 was not resolved on this gel due to its large size. one representative blot 
from n = 3 each. (D) DYRK1A induces Cyclin D1 thr286 phosphorylation independently of GSK3β. SH-SY5Y cells were treated with 0.5 μg/ml doxycycline 
(+dox) to induce DYRK1A overexpression. After 5 h, cells were additionally treated with the DYRK1A inhibitor leucettine L41 (1 μM) or the GSK3β inhibi-
tor CHIR99021 (3 μM) for further 24 h before total cellular protein was analyzed by western blotting with the indicated antibodies. Stabilization of β 
catenin due to reduced GSK3β-mediated phosphorylation was used to validate GSK3β inhibition. the vertical line indicates where an irrelevant lane was 
deleted from the final image. Column diagrams show the densitometric quantification of Cyclin D1 thr286 phosphorylation and total β catenin protein 
levels from 3 independent experiments.
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However, our results do not exclude the possibility that other 
downstream targets of DYRK1A contribute to its differentia-
tion-inducing effect. DYRK1A has been proposed to promote 
cell cycle exit and quiescence by phosphorylation of LIN52 on 
Ser28, which is required for the assembly of the DREAM com-
plex.40 However, Chen et al.41 have recently provided evidence 
that the stabilization of the DREAM complex may be a long-
term effect of DYRK1A in the maintenance of quiescence rather 
than a direct regulatory mechanism of G

1
 cell cycle exit. For 

example, it is conceivable that DYRK1A induced depletion of 
nuclear Cyclin D1 promotes DREAM complex formation by 
reducing CyclinD/CDK4-dependent phosphorylation of p130/
RBL2.71,72 Another substrate of DYRK1A that may contribute 
to neuronal cell cycle regulation and differentiation is p53.54,73 
Phosphorylation at Ser15 by DYRK1A enhances expression of 
p53 target genes such as the CDK inhibitor p21CIP1 and thereby 
attenuates G

1
–S phase transition.

Conclusion
In conclusion, we have shown that overexpression of DYRK1A 

arrests proliferating neuronal cells in G
1 
phase within about 24 h, 

which can be best explained by the rapid degradation of Cyclin 
D1.41 Thereafter, DYRK1A-dependent stabilization of p27Kip1, 
combined with further Cyclin D1 depletion, may promote cell 
cycle exit into G

0
 and subsequent neuronal differentiation.34,72 

Because of its well-documented overexpression in trisomy 21,17,18 
DYRK1A may affect brain development in Down syndrome by 
deregulating G

1
 phase of the proliferating neuronal precursor 

and inducing premature differentiation, which would result in a 
depletion of the neural progenitor pool in brain development and 
eventually in an inappropriate number of neurons.19,25

Materials and Methods

Generation of tetON-DYRK1A SH-SY5Y neuroblastoma 
cells

A lentiviral vector system was used to generate SH-SY5Y 
sublines for controllable overexpression of GFP-DYRK1A or 
GFP-DYRK1A-K188R. In brief, rat DYRK1A and DYRK1A-
K188R cDNA were amplified out of pEGFP-DYRK1A and 
integrated into the lentiviral FUW-tetON backbone (after 
removing the hMYC insert from Addgene plasmid 20723 with 
EcoRI) by homologous recombination in Escherichia coli,74 
resulting in FUW-tetON-GFP-DYRK1A and FUW-tetON-
GFP-DYRK1A-K188R. Co-transduction of the FUW-tetON 
vector with FUW-M2rtTA (Addgene 20342), which encodes 
the tetracycline-dependent transactivator, allows for tetracycline-
regulated expression of the transgene.75 Lentivirus production 
was performed as described.30 Co-transduction of SH-SY5Y 
cells then was titrated with different amounts of FUW-tetON-
GFP-DYRK1A/KR and FUW-M2rtTA containing lentivirus 
until achieving maximal transduction efficiency as controlled by 
doxycycline-induced GFP fluorescence. These cell populations 
were considered as stably transduced, amplified, and frozen. All 
experiments were performed with cells derived from the same 
transduction experiment.

Culture and treatment of cell lines, differentiation, and 
transfection

The following substances were used for treatment of cultured 
cells: Doxycycline (Sigma), all-trans retinoic acid (RA) (Sigma), 
brain-derived neurotrophic factor (BDNF) (Peprotech), harmine 
(Fluka), CHIR99021 (Cayman Chemical), staurosporine (Enzo 
Life Sciences). Leucettine L41 was a kind gift from Laurent 
Meijer (ManRos Therapeutics).

SH-SY5Y-tetON-GFP-DYRK1A/DYRK1A-K188R cells 
were cultured in Dulbecco modified Eagle medium (DMEM) 

Figure  9. Inhibition of DYRK1A decreases Ser10 phosphoryla-
tion of p27Kip1 in early differentiating mouse hippocampal neurons. 
Fluorescence microscopic analysis of p27Kip1 Ser10 phosphorylation in 
post-mitotic, differentiating mouse hippocampal neurons. Cells were 
cultured on coverslips in the presence of the DYRK1A inhibitors harmine 
(2 μM), eGCG (5 μM), or without inhibitor (control) for 20 h before cells 
were fixed and immunostained for pSer10 p27Kip1 (p-p27). F-actin was 
labeled with phalloidin-rhodamine. the upper panels show overlays of 
pSer10 p27Kip1 and phalloidin signals and the lower panels show pSer10 
p27Kip1 only. Scale bar = 25 μm. one representative experiment is shown 
from n = 3.

Figure  10. Inhibition of DYRK1A decreases Ser10 phosphorylation of 
p27Kip1 in the embryonic mouse telencephalon. Confocal images of one 
hemisphere showing the telencephalon of e12 mouse embryos cultured 
for 6 h in the presence of the DYRK1A inhibitors harmine (4 μM), eGCG 
(10 μM), leucettine L41 (8 μM), or without inhibitor (control). Brain slices 
were stained for pSer10 p27Kip1 (p-p27) and β-III-tubulin (tUJ1) as indi-
cated. the dorso–ventral (D-V) and medial–lateral (M-L) orientation is 
indicated. Scale bar = 200 μm. one representative experiment is shown 
from n = 3.
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high glucose (PAA) supplemented with 10% FCS (PAA) at 37 
°C, 5% CO

2
,
 
and constant humidity. At 75% confluence, cells 

were washed twice with PBS, trypsinized, and resuspended in 
fresh medium. Cells were centrifuged for 5 min at 500 g, resus-
pended in fresh medium, and then plated onto multiwell plates 
or dishes according to the experimental requirements. DYRK1A 
overexpression was induced by treatment with 2 μg/ml doxy-
cycline or as indicated. Neuronal differentiation was induced 
with 10 μM retinoic acid (RA). For terminal differentiation, 
the RA-containing medium was removed after 3 d and replaced 
by serum-free DMEM high glucose containing 50 ng/ml brain 
derived neurotrophic factor (BDNF) for 2 more days. For long-
term differentiation with BDNF, culture dishes were coated with 
0.05 mg/ml collagen from rat tail.

HeLa cells were cultured in Quantum medium for HeLa cells 
(PAA) at 37 °C, 5% CO

2
, and constant humidity. For transfec-

tion, 100 000 cells were seeded into 6-well plates and 0.5 μg of 
pCS2-p27Kip1 (kindly provided by J Vervoorts-Weber, Institute of 
Biochemistry, RWTH Aachen University) were either transfected 
alone or together with 0.5 μg pEGFP-DYRK1A or pEGFP-
HIPK276 (kindly provided by ML Schmitz, Justus-Liebig-
University) using FuGene HD transfection reagent (Promega).

Real-time cell analysis (RTCA)
The xCELLigence RTCA system with a 96-well E-Plate 

(Roche) was used for continuous impedance-based monitoring of 
cell proliferation. Before plating cells, the baseline impedance of 
200 μl medium per well was measured. After removing 100 μl of 
medium, 7500 SH-SY5Y-tetON-GFP-DYRK1A or tetON-GFP-
DYRK1A-K188R cells/well were added in a volume of 100 μl. 
Impedance measurements were taken at intervals of 15 min for a 
total experimental time of 7 d. After cell adhesion overnight, 100 
μl medium/well were carefully replaced by 100 μl fresh medium 
containing doxycycline to reach the intended final concentra-
tions. Harmine was added 24 h after doxycycline induction. 
All handling outside the incubator was performed using a 37 
°C pre-warmed hot plate to minimize impedance measurement 
artifacts. Impedance values were averaged over triplicate wells 
and automatically converted to a dimensionless value called cell 
index (CI) by the xCELLigence software (RTCA 1.2.1, Roche), 
representing the density of cells per well. Data was exported to 
GraphPad Prism 5.0 (GaphPad software) for determination of 
the respective area under the curve.

Cell cycle analysis and flow cytometry
One-dimensional DNA content measurements were per-

formed after staining with propidium iodide (PI). In brief, 
750 000 SH-SY5Y-tetON-GFP-DYRK1A or tetON-GFP-
DYRK1A-K188R cells/well were seeded into 6-well plates for 24 
h measurements. For analysis after 72 h of cultivation, reduced 
proliferation of DYRK1A-overexpressing and differentiating 
cells was compensated by plating cells as follows: 350 000 con-
trol cells or DYRK1A-KR-overexpressing cells and 500 000 cells 
overexpressing DYRK1A or undergoing RA or RA/BDNF dif-
ferentiation. The day after plating, cells were treated with 2 μg/
ml doxycycline to induce DYRK1A overexpression or with 10 
μM RA to induce differentiation. After 24 or 72 h of cultivation, 
cells were harvested in cold PBS and fixed at −20 °C overnight at 

a final concentration of 75% EtOH. Cells then were transferred 
to FACS tubes and spun down for 5 min at 500 g, resuspended 
in 1 ml cold PBS, and rehydrated for 10 min. After additional 
centrifugation, the pellet was resuspended in 400 μl of PI stain-
ing solution (50 μg/ml PI [Sigma], 20 μg/ml RNase A in PBS) 
and stained for 30 min on ice.

Two-dimensional (multiparameter) DNA and RNA analysis36 
was performed using 300 000 plated control or DYRK1A-KR 
overexpressing cells and 500 000 plated cells overexpressing wild-
type DYRK1A or undergoing RA/BDNF-induced differentia-
tion. After fixation, cell pellets were resuspended in 400 μl DNA 
staining solution containing 2 μg/ml Hoechst 33342 (Sigma) 
and incubated for 30 min at room temperature. Afterwards 4 
μg/ml Pyronin Y (Sigma) was added to stain RNA, and tubes 
were kept on ice for 20 min. Dyes were washed out by centri-
fuging the samples at 500 g for 5 min, washing the pellet with 
1 ml cold PBS, centrifuging again, and finally resuspending in 
400 μl PBS.

Nucleic acid contents were analyzed using an LSR Fortessa 
flow cytometer (BD Bioscience), and data were evaluated with 
FlowJo 7.6.5 software (Tree Star). For one-dimensional DNA 
measurements the Dean–Jett–Fox algorithm was used to evalu-
ate cell cycle phase distribution (Constrains: G

2
 width = G

1
). 

In the case of 2-dimensional DNA and RNA measurements, 
gates were applied and cell cycle phases determined according to 
Darzynkiewicz and Shapiro.35,36

Extraction of total protein, SDS-PAGE, western blotting, 
and immunodetection

To compensate for the treatment-dependent differences in cell 
proliferation, the numbers of SH-SY5Y-tetON-GFP-DYRK1A/
DYRK1A-K188R cells seeded into 6-well plates were adjusted as 
described for FACS analysis. After 24 or 72 h, cells were carefully 
washed once and then collected in cold PBS, centrifuged for 5 
min at 500 g, and the cell pellet lysed in 75 μl of hot SDS-lysis 
buffer (20 mM Tris-HCL pH 7.4, 1% SDS in ddH

2
0). After boil-

ing (5 min at 98 °C), samples were sonicated on ice for 3 min and 
subsequently centrifuged for 5 min at 20 000 g. The supernatant 
was collected, and sample amounts were adjusted according to 
the bicinchoninic acid protein assay. Protein extraction of trans-
fected HeLa cells was performed using 150 μl SDS-lysis buffer 
and the same lysis protocol. Transfer to nitrocellulose membranes 
was performed by tank blotting for 2 h at 200 mA. Afterwards, 
membranes were blocked in 5% BSA/TBST, and incubation of 
primary antibodies followed overnight. After incubation with 
HRP-coupled secondary antibodies, chemiluminescence detec-
tion was performed with a LAS 3000 CCD imaging system 
(Fujifilm), and densitometric signal quantification followed by 
using the AIDA imager software (Raytest). For immunodetec-
tion the following antibodies were used: GAPDH (mouse, CST), 
Cyclin D1 (mouse, CST), pThr286 Cyclin D1 (rabbit, CST), 
p27Kip1 (mouse, BD Biosciences), pSer10 p27Kip1 (rabbit, Abcam), 
PARP (rabbit, CST), Beta Catenin (mouse, BD Biosciences), 
pSer10 HistoneH3 (rabbit, CST), (MAP2 (mouse, Sigma), Tau-
13 (mouse, SantaCruz), DYRK1A (mouse, Abnova), WDR68 
(rabbit, Abcam), GFP (goat, Rockland). Secondary HRP-
coupled antibodies (donkey) were from Rockland.
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RNA isolation and quantitative real-time PCR
Total RNA was isolated from 2.0 × 106 plated SH-SY5Y cells at 

the indicated time points using the NucleoSpin II kit (Macherey-
Nagel) with the QIAcube workstation (Qiagen) according to the 
manufacturer’s instructions. The sequences of PCR primers and 
the PCR conditions are given in the supplemental material.

In vitro kinase assays
GFP-DYRK1A and GFP-DYRK1B were immunoprecipitated 

from transiently transfected HeLa cells with the help of the GFP 
trap M reagent (ChromoTek). A fusion protein of human p27Kip1 
and glutathione S transferase (GST-p27Kip1) was produced in 
Escherichia coli from the plasmid pGEX-5x-3-p27Kip1 (kindly pro-
vided by J Vervoorts-Weber, Institute of Biochemistry, RWTH 
Aachen University) and purified by affinity adsorption to gluta-
thione Sepharose. The immobilized kinases were incubated with 
400 ng GST-p27 for 1 h at 30 °C in 30 μl kinase buffer (25 mM 
Hepes pH 7.4, 0.5 mM dithiothreitol, 5 mM MgCl

2
) in the pres-

ence or absence of 500 μM ATP, and phosphorylation of Ser10 
was detected by western blot analysis. Kinase assays with bacte-
rial GST fusion proteins of DYRK1A or DYRK1A-K188R and 
GST-p27Kip1 were performed in 100 μl kinase buffer with 100 
mM ATP at room temperature.

Culture of primary hippocampal neurons and whole-mouse 
embryos

Mice (ICR strain) were housed, bred, treated, and used in 
experiments according to the corresponding Spanish laws (par-
ticularly, 32/2007 [Nov 7] and 1201/2005 [Oct 10]). Specific 
experimental procedures were approved by the Commission 
of Ethics in Animal Experimentation of the Instituto de 
Neurociencias and the Bioethics Commission of the CSIC 
(Spanish Upper Research Council). Hippocampal neurons were 
isolated from E17.5 mouse embryos and cultured according to 
Kaech and Banker77 for 18–24 h as previously described.44 The 
DYRK1A inhibitors harmine (2 μM) and EGCG (5 μM) were 
added when changing the plating medium to neuronal medium. 
This time point is considered as t

0
, since no signs of neuronal 

differentiation are observed before. After 20 h of inhibitor treat-
ment, neurons were fixed with 4% paraformaldehyde.

Dissection and culture of mouse embryos was performed 
essentially as described by Takahashi et al.78 E12 embryos were 
cultured in the presence or absence of the DYRK1A inhibitors 
harmine (4 μM), EGCG (10 μM), leucettine L41 (8 μM) or 
without inhibitor for 6 h. EdU (5-ethynyl-2’-deoxyuridine) 
(Invitrogen/Life Technologies) was added to the culture medium 
at a final concentration of 20 μM 1 h prior to stopping the cul-
ture. The brains of the embryos were immediately dissected 
in cold PBS and fixed in 4% paraformaldehyde. After wash-
ing out the fixative, brains were embedded in 4% low gelling 
temperature agarose and sectioned in frontal orientation with a 
vibratome.

Fluorescence imaging and continuous live cell imaging
For fluorescence imaging, SH-SY5Y cells were seeded on 

collagen-coated 12-mm glass coverslips (Marienfeld) in 24-well 
plates as follows: 30 000 control or DYRK1A-KR-overexpressing 
cells and 60 000 cells overexpressing DYRK1A or undergoing RA 
or RA/BDNF differentiation. After 5 d of treatment, cells were 

fixed in 4% paraformaldehyde (Sigma) for 20 min at 4 °C. Cells 
were then permeabilized for 30 min at room temperature (5% 
BSA, 0.1% Triton X-100, in PBS) and stained with Alexa®-546-
coupled phalloidin (Invitrogen; 1:40 in 5% BSA, 0.1% Triton 
X-100, in PBS). Cells were washed twice with PBS and mounted 
on object slides using DAPI containing Vectashield (Vectorlabs). 
Fluorescence imaging was performed using an Axiovert 200 M 
inverted microscope (Zeiss) and images were edited using the 
AxioVision 4.7 software (Zeiss). Neurite lengths were measured 
using the AxioVision software, and only neurites that were clearly 
definable over their entire length were selected for evaluation.

After fixation, mouse hippocampal neurons were permea-
bilized as described for SH-SY5Y cells and incubated with a 
pSer10 p27Kip1 antibody (rabbit, Santa Cruz) overnight as rec-
ommended by the manufacturer. Fluorescence labeling then was 
performed using a secondary anti-rabbit biotin labeled antibody 
(Jackson ImmunoResearch) and Cy2-coupled Streptavidin (GE 
Healthcare). To visualize cell morphology, the actin cytoskeleton 
was stained with phalloidin-Rhodamine (1:100, Sigma). Images 
were collected by confocal microscopy.

After sectioning the telencephalon of cultured mouse embryos, 
EdU incorporation and immunostaining (rabbit anti-pSer10 
p27Kip1, Santa Cruz; mouse anti-p27Kip1, BD Biosciences; rabbit 
anti-Caspase 3, CST and mouse anti-TUJ1, Covance) of float-
ing sections was performed essentially as previously described.31 
Images were collected by confocal microscopy.

Continuous live cell imaging was performed using an 
IncuCyte™ Zoom kinetic imaging system (Essen Biosciences). 
For analysis of proliferation and differentiation, 90 000 
SH-SY5Y-tetON-GFP-DYRK1A or tet-ON-GFP-DYRK1A-
K188R cells were seeded into 24-well plates. DYRK1A or 
DYRK1A-K188R overexpression was induced the next day with 
2 μg/ml doxycycline. Subsequently, cell proliferation was fol-
lowed by automated continuous live cell imaging. The whole well 
was imaged by recording 9 phase-contrast and GFP images per 
well in intervals of 1 h at the same positions (10× objective lens) 
for 96 h in total. For analysis of proliferation, well confluence 
(%) was automatically calculated at 24 h and 96 h by using the 
Basic Analyzer segmentation mask of the IncuCyte Zoom™ soft-
ware (v2013B, Essen Biosciences). The number of GFP-positive 
cells was assessed using the Basic Analyzer segmentation mask 
(nuclear count/mm2 image area).

To analyze changes in neurite outgrowth by DYRK1A or 
DYRK1A-K188R overexpression, images recorded after 96 h 
of cultivation were analyzed using the automated NeuroTrack™ 
image acquisition module of the IncuCyte Zoom™ software. The 
NeuroTrack algorithm automatically defines cell bodies and neu-
rite extensions (as illustrated in Fig. 4B) to calculate and quan-
tify the collective neurite length per image area (mm/mm2 image 
area). The neurite length was standardized to the total count of 
GFP-positive nuclei (nuclear count/mm2) yielding the neurite 
length per cell (mm/nuclear count).

Statistics
Statistical analyses were performed with JMP 10.0.0 (SAS) 

and GraphPad Prism 5.0 (GaphPad software). All data were 
tested for homoscedasticity. Equality of variances was analyzed 
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by Bartlett test and normality of residues by Shapiro–Wilk test. 
In case of heteroscedasticity data were transformed by Box–Cox 
transformation to achieve homoscedasticity. Parametric data 
were compared either by one-sample t test (comparison to nor-
malized control values), Student t test (comparison of 2 groups) 
or one-way ANOVA followed by Bonferroni multiple compari-
son post-test (multiple comparisons of selected pairs of columns). 
If homoscedasticity was not achieved after Box–Cox transfor-
mation, non-parametric Kruskal–Wallis test followed by Dunn 
post-test (multiple comparisons of selected pairs of columns) was 
performed. The used statistical tests are also indicated in the 
respective figure legends.
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