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Dyrk1A Overexpression Inhibits Proliferation and Induces
Premature Neuronal Differentiation of Neural Progenitor

Cells
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Dyrk1A is a member of the mammalian Dyrk [dual-specificity tyrosine-(Y)-phosphorylation regulated kinase] family of protein kinases
that is expressed at high levels in the brain, but its role in the development and function of this organ is not well understood. The human
DYRKIA gene is located on trisomic chromosome 21 in Down syndrome (DS) patients, leading to its overexpression. Dyrk1A is also
overexpressed in animal models of DS and in gene-specific transgenic mice that consistently exhibit cognitive impairment. To elucidate
the cellular and molecular mechanisms that are affected by increased levels of Dyrk1A in the developing brain, we overexpressed this
kinase in the embryonic mouse neocortex using the in utero electroporation technique. We found that Dyrk1A overexpression inhibits
neural cell proliferation and promotes premature neuronal differentiation in the developing cerebral cortex without affecting cell fate and
layer positioning. These effects are dependent on the Dyrk1A kinase activity and are mediated by the nuclear export and degradation of
cyclin D1. This study identifies specific Dyrk1A-induced mechanisms that disrupt the normal process of corticogenesis and possibly

contribute to cognitive impairment observed in DS patients and animal models.

Introduction

Down syndrome (DS) is caused by the triplication of genes on
chromosome 21 and is characterized by several physical and cog-
nitive abnormalities (Nadel, 2003). Mental retardation is a prom-
inent phenotype observed in virtually all DS patients. However,
despite of genomic advances that led to the complete cataloging
of the genes on chromosome 21, the specific genes that alter brain
development and cause mental retardation in DS have not yet
been identified. The dual-specificity tyrosine (Y)-phosphorylation
regulated kinase 1A (DYRKIA) gene is located within the DS
critical region (Song et al., 1996), and it is overexpressed in the
DS brain (Guimera et al., 1999). Several studies using trans-
genic mice have demonstrated that DyrklA overexpression
leads to cognitive impairment (Smith and Rubin, 1997; Altafaj
et al., 2001; Branchi et al., 2004; Ahn et al., 2006). However,
the molecular and cellular bases of this behavioral phenotype
are not understood.
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Members of the Dyrk family of protein kinases play a role in
proliferation and differentiation in a variety of cell types. Dyrk
kinases, which include several vertebrate, invertebrate, and lower
eukaryotic orthologs, are characterized by highly conserved
Dyrk-homology (DH) and kinase domains. Dyrk1A is the best-
characterized mammalian member of this family. In addition to
the DH and kinase domains, DyrklA also contains a bipartite
nuclear localization signal (NLS) and a PEST domain regulating
protein stability. A unique C-terminal region characterized by a
stretch of histidine residues and a serine/threonine-rich sequence
distinguishes Dyrk1A from its closest homologs, the Drosophila
Minibrain (mnb) and the mammalian Dyrk1B kinases (Kentrup
etal., 1996; Becker and Joost, 1999; Himpel et al., 2000). mnb and
DyrklB have both been shown to affect proliferation and/or
differentiation of progenitor cells. In Drosophila, the loss-of-
function mnb mutation primarily affects postembryonic neuro-
genesis, resulting in abnormal neuroblast proliferation. This
defect leads to the generation of an insufficient number of neu-
rons in the larval brain and correlates with an impairment in
odor-discrimination learning (Tejedor et al., 1995). In mammals,
Dyrk1B controls cell cycle progression, differentiation, and the
survival of myoblasts through the regulation of the cell cycle pro-
teins p27 and cyclin D1 (Mercer and Friedman, 2006).

DyrklA is the only member of its family that is abundantly
expressed in the brain (Song et al., 1996; Rahmani et al., 1998;
Hiammerle et al., 2008). Genetic disruptions in the human
DYRKIA lead to microcephaly, seizures, and developmental de-
lay (Moller et al., 2008). In the mouse, homozygous loss of
DyrklIA causes early embryonic lethality, whereas heterozygous
mutant mice appear be growth retarded (Fotaki et al., 2004).
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ventricle; CP, cortical plate.

Expression studies in the chick CNS (Himmerle et al., 2002) and
in the mouse forebrain (Himmerle et al., 2008) suggested a role in
the regulation of the transition from proliferation to differentiation.
Based on these observations, we postulated that altered Dyrk1A ex-
pression in neural cells might adversely affect the normal process of
neurogenesis. Here we demonstrate that Dyrk1A overexpression in-
hibits proliferation and induces premature neuronal differentiation
of neural progenitor cells in the developing mouse cerebral cortex
through a cyclin D1-mediated mechanism.

Materials and Methods

Expression vectors. An expression plasmid encoding DyrklA—green
fluorescent protein (GFP) fusion protein under the cytomegalovirus
(CMV) promoter was constructed by subcloning the full-length mouse
DyrklA ¢DNA in-frame into the phosphorylated enhanced GFP (pEG-
FP)-N1 vector (Clontech). To generate the kinase mutant
pDyrk1AX'88REGFP, the codon corresponding to lysine residue 188
was converted to arginine by site-directed mutagenesis. This mutation
abolishes kinase activity by preventing ATP binding to the catalytic do-
main (Becker etal., 1998). To generate a construct that lacks the kinase
domain (pDyrk1A 21¢>**EGFP), we digested pDyrkl A—-EGFP with HindIII
and Sacll restriction enzymes to linearize the plasmid and remove amino

In utero electroporation of Dyrk1A—EGFP constructs in the mouse neocortex. 4, Diagram of the plasmids used for IUE.
All constructs contained the CAG hybrid promoter, an NLS, and the EGFP reporter fused in-frame to Dyrk1A coding sequences.
Expression constructs encode wild-type Dyrk1A (pCAG—Dyrk1AEGFP), a kinase domain deletion (pCAG-Dyrk1A 2"6578EGFP), and
akinase mutation (pCAG-Dyrk1A X'83REGFP). A construct encoding nuclear EGFP alone (pCAG—nEGFP) with an NLS was used as a
control. H, Histidine repeat; S/T, serine/threonine-rich regions. B, Subcellular localization of Dyrk1A proteins in transfected neural
cells. Confocalimages of individual neural cells in the embryonic neocortex expressing Dyrk 1A proteins or control nEGFP (green). All
proteins accumulated in the nucleus as indicated by colocalization with DAPI (blue), but Dyrk1A proteins exhibited a speckle-like
distribution pattern. , Expression pattern of transfected cells 24 h after IUE. Coronal sections of the lateral neocortex were obtained
andimaged by direct EGFP fluorescence (green) and DAPI counterstain (blue) using confocal microscopy. Cells expressing nEGFP as
well as Dyrk1A '8 and Dyrk1A 2755478 appeared to be widely distributed in the VZ, SVZ, and IZ. Dyrk1A * cells were primarily
excluded from the VZ. D, Expression of transfected cells 48 h after IUE. Representative images of the neocortex were obtained as
above, showing that Dyrk1A ™ cells were preferentially excluded from the VZ. Scale bars: B, 5 um; C, D, 500 wm. LV, Lateral
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acids containing the kinase domain and the C
terminus of Dyrk1A. Subsequently, we ampli-
fied a C-terminus fragment of Dyrk1A by PCR
using forward and reverse primers in which
HindIII and Sacll were added. The resulting
816 bp fragment was reintroduced into the lin-
earized pDyrkl1 A—EGFP plasmid by ligation at
the HindIIl and Sacll sites to generate the
pDyrk1A 2165478 EGEP. The pCyclin D1-hem-
agglutinin (HA) plasmid was a gift from Sarah
J. Freemantle (Dartmouth Medical School,
Hanover, NH). pmCherry encoding a red flu-
orescent protein was a gift from Richard Be-
hringer (M. D. Anderson Cancer Center,
Houston, TX). All expression plasmids used
for in utero electroporation (IUE) were con-
structed by subcloning the wild-type, kinase mu-
tant, and kinase deleted DyrkIA, cyclin D1-HA,
and mCherry cDNAs into a vector containing the
CMV-actin—B-globin (CAG) promoter (a gift
from Dennis O’Leary, The Salk Institute for Bio-
logical Studies, La Jolla, CA).

In utero electroporation and 5-bromo-2-
deoxyuridine labeling. In utero electroporation
experiments were performed using ICR mice
(Taconic Farms) housed in fully accredited As-
sociation for Assessment and Accreditation of
Laboratory Animal Care facilities at Rutgers,
the State University of New Jersey in accor-
dance with an approved animal protocol. Ex-

DAPI pression plasmids under the control of the

CAG promoter were used as described previ-
ously (Saito and Nakatsuji, 2001). Briefly, ~3
wul of a plasmid mix (3 ug) containing Fast
Green dye (Sigma) was injected and electropo-
rated into the lateral ventricle of embryonic
day 14.5 (E14.5) embryos using the ElectroS-
quarePorator ECM 830 (BTX) set at five 50 ms
pulses of 40 V with 950 ms intervals. For co-
transfection, plasmids were used at the 1:1 ra-
tio. Unless otherwise stated, embryos were
killed 24 h after electroporation, and the brain
tissue was dissected and fixed overnight in 4%
paraformaldehyde (PFA) at 4°C and then
placed in 30% sucrose/1X PBS mix for cryo-
protection. Brains were frozen in OCT (Tissue-
Tek) and sectioned coronally at 20 uwm. For
5-bromo-2-deoxyuridine (BrdU) (Sigma) labeling, electroporated preg-
nant dams were treated with 100 ug/g BrdU by intraperitoneal injection
20 h after IUE. All experiments were conducted at least in triplicates.
Autofluorescence and immunofluorescence of brain tissue sections. Brain
sections were counterstained with 4',6'-diamidino-2-phenylindole
(DAPT) and directly imaged by confocal microscopy to visualize EGFP
autofluorescence. For immunofluorescence, sections were permeabil-
ized in 0.01% Triton X-100 in PBS, blocked with 10% normal goat se-
rum/0.01% Triton X-100/1X PBS for 1 h at room temperature, and
incubated overnight at 4°C in primary antibodies diluted in blocking
solution. Primary antibodies were as follows: rabbit anti-EGFP (1:1000
dilution; Abcam); rabbit anti-Tbrl (1:1000 dilution; Millipore Bio-
science Research Reagents); rabbit anti-Tbr2 (1:1000 dilution; Abcam);
rabbit anti-phospho-Histone H3 (1:250 dilution; Millipore Bioscience
Research Reagents); rabbit anti-Cux1 (1:100 dilution; Santa Cruz Bio-
technology); mouse anti-neuronal-specific nuclear protein (NeuN) (1:
500 dilution; Millipore Bioscience Research Reagents); mouse anti-Tujl
(1:500 dilution; Covance); and mouse anti-HA (1:1000 dilution; Co-
vance). Sections were then washed and incubated in AlexaFluor 488-,
AlexaFluor 594-, or AlexaFluor 647-conjugated secondary antibodies (1:
1000 dilution; Invitrogen) for 1 h at room temperature. Finally, sections
were mounted with Vectashield Mounting Medium with DAPI (Vector
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Laboratories). For BrdU labeling, sections
were incubated in 2N hydrochloric acid for
30 min at 37°C, followed by neutralization
with 100 mMm sodium borate, pH 8.5, for 10
min at room temperature. Immunofluores-
cence staining proceeded as above, using pri-
mary rat anti-BrdU antibody (1:100 dilution;
Abcam). For terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick
end labeling (TUNEL) assay, we used the In
Situ Cell Death Detection kit (Roche) accord- B
ing to the protocol of the manufacturer.

Imaging and quantification of fluorescent 25 ok

cells. Confocal z-stack images were acquired ) rﬂ:—|
using a Carl Zeiss LSM 510 Meta confocal mi- & 20 I

croscope. For quantification of EGFP-positive % 15

(EGFP ™) cell distribution in cortical regions, é

sections were stained for TuJ1 and a line was &'_ 10

drawn between the strongly labeled intermedi- o

ate zone (IZ) and the poorly labeled subven- 0\2 3

tricular (SVZ)/ventricular (VZ). This latter o

region was further divided in two: the top part

was designated SVZ, and the bottom part was  Figure 2.

designated VZ. The percentage of EGFP * cells
in each region was then calculated from multi-
ple sections and triplicate IUE experiments.
For quantification of double-labeled cells, the
NIH Image] software was used to measure cells
from confocal z-stack images. All experiments
were conducted in triplicates and quantified in
a blind manner.

Neuro2a cell culture and transfection. Neuro2a cells were grown and
maintained in DMEM (low glucose; Invitrogen) with 10% fetal bovine
serum (Invitrogen) at 37°C in 5% CO,. Transfection of expression con-
structs (1:1 ratio) was conducted using Fugene 6 (Roche) according to
the protocol of the manufacturer. For cell counts, transfected Neuro2a
cells were trypsinized to obtain single-cell suspensions. A hemocytome-
ter was used to count the number of EGFP* and EGFP-negative
(EGFP ™) cells from each well under an inverted fluorescence micro-
scope. All experiments were conducted in triplicates and quantified in a
blind manner.

Immunofluorescence of Neuro2a cells. Neuro2a cells were fixed 48 h
after transfection using ice-cold 4% PFA at room temperature for 20 min.
Cells were then washed with 1X PBS, permeabilized in 0.01% Triton
X-100/1X PBS, blocked with 10% normal serum/0.1% Triton X-100/1 X
PBS for 20 min at room temperature, and incubated in mouse anti-HA
(1:1000 dilution; Covance) diluted in blocking buffer for 1 h at room
temperature. After primary antibody incubation, cells were washed and
incubated in AlexaFluor 594-conjugated goat anti-mouse I1gG (1:1000
dilution; Invitrogen) for 30 min at room temperature. Cells were then
washed with 1X PBS and mounted on cover-glass slides using Vectash-
ield Mounting Medium with DAPI (Vector Laboratories). Cells were
imaged using a Carl Zeiss LSM 510 Meta confocal microscope. The num-
ber of double-labeled and single-labeled cells was quantified from cap-
tured images using NIH Image] software. All experiments were
conducted in triplicates and quantified in a blind manner.

Western blot analysis. Neuro2a cells were lysed in radioimmunoprecipi-
tation assay buffer and cleared by centrifugation at 14,000 rpm for 10 min
at 4°C. Soluble extracts (30 ul) were loaded onto 4-12% Tris—glycine
SDS-PAGE gels (Invitrogen), separated at 120 V for 2 h, and transferred
to 0.22 wm nitrocellulose membrane at 200 mA for 2 h. The membranes
were blocked with 3% milk/1X TBS-T (Tris-buffered saline with
0.1% Tween 20) for 1 h at room temperature, followed by incubation
with primary antibodies diluted in 0.3% milk/1X TBS-T overnight at
4°C, and incubation with secondary antibodies (1:1000 dilution; goat
anti-mouse IgG; Invitrogen) for 1 h at room temperature. Membranes
were washed three to four times in 1X TBS-T for 1 h, incubated with ECL-
Plus Western Blotting Detection System (GE Healthcare) for 5 min, and
exposed to autoradiographic film (Denville). The following antibod-
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Neural cells expressing Dyrk1A—EGFP preferentially exit the ventricular zone. 4, Embryos were electroporated with
the indicated constructs and analyzed 24 h after IUE. Coronal sections of the lateral neocortex were imaged by direct EGFP
fluorescence (green) and Tuj1immunofluorescence (red) using confocal microscopy. LV, Lateral ventricle. Scale bar, 50 um. B, The
percentage of EGFP fluorescent cells in the VZ, SVZ, and IZ was quantified using confocal z-stack images collected as in A. The
percentage of cells expressing wild-type Dyrk1A was significantly reduced in the VZ and in the SVZ, and it was increased in the 1Z
compared with control nEGFP or mutant Dyrk1A¥"®8%_ Error bars indicate SEM. *p = 0.05; **p = 0.01; ***p < 0.001.

ies were used: mouse monoclonal anti-cyclin DI, 1:500 dilution
(Santa Cruz Biotechnology); mouse anti-actin, 1:1000 dilution (Mil-
lipore Bioscience Research Reagents); and rabbit anti-EGFP, 1:1000
dilution (Abcam).

Statistical analysis. We used the Student’s ¢ test for all statistical analysis.

Results

Expression of Dyrk1 A—-EGFP plasmids in the embryonic
mouse neocortex by in utero electroporation

DyrklA is normally expressed in neurogenic regions of the em-
bryonic and postnatal mouse brain (Song et al., 1996; Himmerle
etal.,, 2008). These regions include the VZ and SVZ of the mouse
embryonic neocortex. To examine the effect of Dyrk1A overex-
pression on neurogenesis in vivo, we used the IUE technique to
target neural progenitor cells that line the lateral ventricle of the
neocortex (Saito and Nakatsuji, 2001). For these experiments, we
generated EGFP fusion constructs expressing wild-type Dyrk1A,
the catalytically inactive Dyrk1A®'"®¥® point mutant (Kentrup et
al., 1996; Becker et al., 1998) or a mutant protein that lacks the
kinase domain (Dyrk1AP'*~*"®) under the under the control of
the CAG hybrid promoter (Fig. 1A). As a control, we used a
plasmid encoding a nuclear-targeted EGFP (pCAG-nEGEFP).
When these plasmids were electroporated into the mouse brain at
E14.5, all proteins were readily detectable by autofluorescence as
early as 24 h after transfection (Fig. 1C), and their expression
persisted for several days (see Fig. 5). Confocal analysis of trans-
fected neural cells revealed that all proteins were localized to the
nucleus and that wild-type as well as mutant DyrklA proteins
exhibited a typical speckle-like subnuclear localization described
previously in clonal cell lines (Fig. 1B) (Alvarez et al., 2003).
These data indicate that the subnuclear localization of Dyrk1A in
neural progenitor cells is independent on its kinase activity.

In the E14.5 embryonic cortex, most progenitor cells in the
VZ, namely radial glial (RG) cells, divide asymmetrically to gen-
erate either another progenitor cell and a postmitotic neuron or
another neuronal progenitor and an intermediate progenitor
(IP) cell, which will then divide again symmetrically to generate
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The absence of Dyrk1A—EGFP cells in the VZ is not attributable to cell death or asymmetric protein localization. A, Dyrk1A overexpression in neural progenitor cells does not induce cell

death. nEGFP or Dyrk1A—EGFP constructs were electroporated at E14.5, and TUNEL assay was conducted on E15.5 sections. Virtually no TUNEL staining (red) was observed in nEGFP * and Dyrk1A *
(green) cells. DNase-treated sections were used as a positive control. As a negative control, sections were not treated with terminal deoxyribonucleotide transferase enzyme. Control sections are
shown with DAPI counterstaining (blue). Scale bar, 100 .m. B, Coexpression of mCherry and Dyrk1A—EGFP or control nEGFP. Coronal sections of the medial neocortex were imaged to visualize EGFP
and mCherry. The distribution of the mCherry signal was similar to that of EGFP for all electroporated constructs. Scale bar, 50 pm.

two neurons in the SVZ (Miyata et al., 2004; Noctor et al., 2004).
RG cells remain in the VZ, whereas IP cells leave the VZ to pop-
ulate the SVZ, and postmitotic neurons migrate through the 1Z
toward the developing cortical plate. As expected, control EGFP-
transfected cells were present in the VZ, SVZ, and lower 1Z 24 h
after electroporation. At 48 h, these cells localized mostly to the IZ
and began to invade the cortical plate (Fig. 1C,D). At both time
points, however, some EGFP ™ cells remained detectable in the
VZ and SVZ, likely corresponding to cells that had maintained a
progenitor identity and reentered the cell cycle. Cells that ex-
pressed wild-type Dyrk1A appeared preferentially localized to the
SVZand1Zat24 h (Fig. 1C) and mostly to theIZat 48 h (Fig. 1 D).
Unlike control cells, there were essentially no detectable
Dyrk1A ™ cells in the VZ at both time points (Fig. 1C,D), suggest-
ing that these cells did not maintain the progenitor identity. Mu-
tant Dyrk1A'88"* and Dyrk1A#'°>*78% cells appear to behave
similarly to control nEGFP (Fig. 1C), suggesting that the ob-
served shift in cellular localization depends on the kinase activity
of DyrklA. Similar results were obtained when plasmids were
electroporated in the lateral (Fig. 1 C,D) or medial (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material)
neocortex.

Dyrk1A-overexpressing cells are excluded from the
proliferative zone of the neocortex

To further examine the localization of cells transfected in utero in
a quantitative manner, we sectioned brains 24 h after electropo-
ration and conducted immunofluorescence staining using the
marker antibody Tujl, which strongly labels the processes of
early postmitotic neurons in the IZ. We designated the heavily
Tujl-labeled region as IZ, whereas the unstained region near the
lateral ventricles was designated as the SVZ (top half) or the VZ
(bottom half) (Fig. 2A). The distribution of nEGFP *, Dyrk1A—
EGFP™" and Dyrkl1AX'®8"EGFP* cells within each region was
then quantified from triplicate experiments (Fig. 2 B). Confirm-
ing our initial observations, we found that a significantly smaller
percentage of DyrklIA—EGFP * cells (4.7 = 0.34%, n = 534) was
present in the VZ compared with nEGFP * (19 * 1.6%, n = 559)
or DyrkIAX'®8REGFP * (17.5 = 3.1%, nn = 530) cells. In the SVZ,
a significantly lower percentage of Dyrk1A—EGFP " cells (25 *
1.0%) was also observed compared with nEGFP ™ (35 = 2.1%) or
Dyrk1AX'®"EGFP " (31 = 1.8%) cells. Conversely, a signifi-
cantly higher percentage of DyrklA™ cells (70 = 1.3%) was
found in the I1Z compared with nEGFP™ (45 * 0.65%) or
Dyrk1AX'®REGFP * (51 * 2.6%) cells. The shift of Dyrkl1A—
EGFP * cells from the proliferative to the nonproliferative re-
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gions of the neocortex suggests that they
may have exited the cell cycle and under-
gone differentiation. Because this shift
was not observed in kinase-deficient
Dyrk1AX'88REGFP * cells, our results also
indicate that overexpression of DyrklA
alters the localization of transfected neu-
ral cells in a manner that is dependent on
its kinase activity.

The absence of Dyrk1A-EGFP * cells
from the proliferative regions of the
neocortex is not attributable to cell
death or asymmetric protein
distribution

To investigate the possibility that the ob-
served loss in Dyrk1A—EGFP * cells in the
VZ and SVZ may result from cell death,
we conducted a fluorescent TUNEL assay
to identify apoptotic cells in embryonic
brains electroporated with either pCAG—
Dyrk1AEGFP or pCAG-nEGFP. As con-
trols, we used a DNase-treated E15.5 brain
section as a positive control and excluded
the terminal deoxynucleotidyl transferase
enzyme in another brain section as a neg-
ative control. As expected, there were vir-
tually no apoptotic cells at this stage of
corticogenesis in either nEGFP- or Dyrk1A-
electroporated brains (Fig. 3A).

Previous studies by Himmerle et al.
(2002, 2008) indicated that DyrklA mRNA
is asymmetrically distributed in proliferat-
ing chick or mouse neuroblasts at early
stages of corticogenesis. This raised the pos-
sibility that the Dyrk1 A—~EGFP protein may
only label one of the two daughter cells re-
sulting from each division event, corre-
sponding to the postmitotic neuron, which
would then preferentially leave the prolifer-
ative regions of the neocortex. To visualize
all daughter cells resulting from cell division
events, we coelectroporated E14.5 embryos
with pDyrk1 A-EGFP and a plasmid encod-
ing the red fluorescent protein mCherry.
The localization and expression of EGFP *
and mCherry " cells were analyzed 24 h after
TUE. The data reveal that the distribution of
mCherry primarily overlapped and was
similar to that of EGFP or Dyrkl1 A—-EGFP
(Fig. 3B). The finding that essentially no
mCherry signal was present in the VZ of
pDyrk1A-EGFP cotransfected embryos
strongly suggest that the entire cell prog-
eny resulting from division events of
DyrklA-overexpressing progenitor cells
shifted toward nonproliferative regions of
the neocortex.

Overexpression of Dyrk1A inhibits
proliferation of neural progenitor cells
The preferential localization of Dyrk1A *
cells along the SVZ/IZ boundary sug-
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Figure 4.  Dyrk1A overexpression inhibits cell cycle progression and induces premature neuronal differentiation in a
kinase-dependent manner. E14.5 mouse embryos were electroporated in utero with the indicated plasmids. Representa-
tive confocal images were obtained from the lateral neocortex 24 h after IUE. Sections were imaged by EGFP autofluores-
cence (green) to visualize the transfected proteins, immunofluorescence for the indicated antibodies (red), and DAPI
staining (blue). Higher magnifications of the boxed areas are shown above each overlay image to illustrate representative
patterns of colocalization. 4, BrdU was injected in the pregnant dam 4 h before killing the embryos to identify proliferating
cells. B, Quantification of the BrdU colabeling data. The percentage of cells expressing wild-type Dyrk1A that were positive
for BrdU was significantly reduced compared with cells expressing control nEGFP or mutant Dyrk1A X88%. ¢, Coexpression
of the intermediate progenitor marker Thr2. D, Quantification of Thr2 coexpression data. The percentage of Dyrk1A ™ cells
that coexpressed Thr2 was significantly higher compared with nEGFP ™ and mutant Dyrk1A X'88R* cells. E, BrdU labeling
of Thr2 * cells. F, Coexpression of the early postmitotic neuronal marker Thr1. G, Quantification of the Thr1 coexpression
data. The percentage of cells expressing wild-type Dyrk1A that was positive for Thr1 was significantly increased compared
with cells expressing control nEGFP ™ and mutant Dyrk1A X8R Scale bars, 50 wm. Bar graphs show SEM. *p = 0.05;
**p < 0.01.
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Figure5.  Dyrk1A-overexpressing cells migrated and differentiated normally in the postnatal neocortex. Postnatal day 6 brains

were obtained from pups electroporated at E14.5 with plasmids encoding Dyrk1A—EGFP or nEGFP. A-E, Coronal sections from the
lateral neocortex were subjected to immunofluorescence staining against the upper layer marker Cux1 (4, B), the deep layer
marker Tbr1 (C, D), or the mature neuronal marker NeuN (E). Confocal z-stack images show that Dyrk1A " and nEGFP * cells
(green) were positioned in the upper cortical layers, expressed Cux1 but not Thr1, and also expressed the mature neuronal marker

NeuN. Scale bars: 4, ¢, 100 wm; B, D, E, 25 jum.

gested that these cells stopped proliferating and entered the dif-
ferentiated state. To verify that this was indeed the case, we
labeled embryos with BrdU 20 h after electroporation. BrdU la-
bels cells that are in S phase and thus identifies cells that are
actively proliferating at this stage. Four hours after BrdU injec-
tion in the pregnant dam, embryos were dissected and subjected
to immunofluorescence staining with BrdU antibodies. We ob-
served that Dyrk1 A—EGFP " cells were rarely double labeled with
BrdU antibodies, whereas approximately half of the Dyrk1A ©'#%%
EGFP * and control nEGFP * cells exhibited BrdU colabeling
(Fig. 4A). Quantification of the data confirmed these observa-
tions, revealing that a significantly lower percentage of Dyrk1A™
cells (12.5 = 3.6%, n = 243) was labeled with BrdU compared with
nEGFP * (43 + 2.4%, n = 210) or Dyrk1AX'®"" (52 + 796, n =
214) cells (Fig. 4B). We also conducted immunofluorescence
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staining using phospho-Histone H3 anti-
bodies to label cells in the M phase of the
cell cycle. We observed that a subset of
nEGFP* and Dyrk1A®'®*" mostly lo-
cated in close apposition to the ventricular
surface, coexpressed phospho-Histone
H3 (supplemental Fig. 2, available at
www.jneurosci.org as supplemental ma-
terial). However, we found that Dyrk1A
cells almost never coexpressed this
marker. Together with the BrdU labeling
data, these results demonstrate that over-
expression of Dyrk1A in vivo inhibits cell
cycle progression in a kinase-dependent
manner.

Dyrk1A overexpression in progenitor
cells induces premature

neuronal differentiation

Previous studies have suggested that
Dyrk1A may act as a switch from prolifer-
ative to neurogenic divisions in the devel-
oping nervous system (Hammerle et al.,
2002, 2008). Our finding that Dyrk1A™
cells preferentially localize to the SVZ and
[Z regions of the neocortex supports this
hypothesis, because these regions are
primarily populated by either IP cells or
postmitotic neurons. To directly exam-
ine the effect of DyrklA overexpression
on the genesis of IP cells, we conducted
immunofluorescence staining against the
IP cell marker Tbr2 using sections of elec-
troporated brains 24 h after transfection
(Englund et al., 2005). Confocal imag-
ing and quantification of Tbr2 coex-
pression revealed that a significantly
higher percentage of DyrklA™ cells co-
expressed Tbr2 (68.6 * 3.8%, n = 209)
compared with Dyrk1AX'®%* (50.2 =
2.9%, n = 209) or nEGFP " (51.5 * 4%,
n = 168) cells (Fig. 4C,D). The high rate of
Tbr2 coexpression suggest that most of
the progeny of DyrklA-overexpressing
radial progenitor cells preferentially ac-
quired an intermediate progenitor iden-
tity. Because IP cells normally proliferate
in the SVZ, we also determined whether
Dyrk1A overexpression in this population affected their ability to
incorporate BrdU. Sections from embryos electroporated with
Dyrk1A-EGFP or control nEGFP were thus immunolabeled with
BrdU as well as Tbr2 antibodies (Fig. 4E). The data indicate that
a significantly smaller percentage of transfected IP cells overex-
pressing Dyrk1A (EGFP " and Tbr2 ¥) also incorporated BrdU
(10.1 = 1.4%, n = 282 cells) compared with nEGFP controls
(44.6 = 2.7%, n = 194 cells) ( p = 0.01). These findings indicate
that the overexpression of Dyrk1A in Tbr2 * IP cells also inhib-
ited their proliferation.

To determine whether Dyrk1A overexpression affected the
generation of neuroblasts, we conducted similar experiments us-
ing the antibody marker Tbrl, which is expressed immediately
after cells become postmitotic in the upper SVZ and 1Z (Englund
et al., 2005). Quantification of the Tbrl coexpression data re-
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vealed a significant increase in the per-
centage of Dyrkl1A ™ cells (30.9 = 2.6%;
n = 196) that expressed Tbr1 (Fig. 4 F,G)
compared with nEGFP ™ (11.1 * 3.5%,
n = 197) or DyrklIA®'3R* (16.6 = 1%,
n = 200) cells. To determine whether
Dyrk1A overexpression induced prema-
ture glial differentiation, we also conducted
immunofluorescence staining using the
astrocyte-specific marker glial fibrillary
acidic protein (GFAP). Consistent with pre-
vious reports (Fox et al., 2004), we found
that GFAP was absent in the embryonic
neocortex at this age (E15.5) and was also
not expressed in EGFP * or Dyrk1A ™ cells
(data not shown). These experiments dem-
onstrate that DyrklA overexpression in
neural progenitor cells promotes premature
neuronal differentiation.

Dyrk1A-expressing cells undergo
normal migration and differentiation
in the postnatal neocortex

The majority of neurons generated be-
tween E14.5 and E15.5 migrate to the de-
veloping neocortex and form the upper
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cortical layers II/III. The observed prema-
ture differentiation of DyrklA™ cells
prompted us to determine whether these
cells can migrate normally into the corti-
cal plate and express birth date-appro-
priate cell markers. Therefore, we
examined the localization of Dyrkl1A™
and nEGFP ™ cells at postnatal day 6, a
time when cortical layer formation is
mostly completed. We conducted immu-
nofluorescence staining against cortical
layer markers Cux1 and Tbrl. Cuxl is ex-
pressed by neurons that populate layers
II-1V of the neocortex (Nieto et al., 2004),
whereas Tbr1 is expressed at high levels by neurons located in the
deep cortical layer VI in the caudal neocortex (Hevner et al.,
2003). Our experiments indicate that the great majority of
DyrklA ™" and nEGFP " cells localized similarly within Cuxl *
upper cortical layers and were excluded from the Tbrl ™ deep
layer (Fig. 5A, C). Higher-magnification confocal images further
reveal that Dyrkl1A ™ as well as nEGFP * cells appropriately ex-
press high levels of Cux1 (Fig. 5B) but only very low levels of Tbr1
(Fig. 5D). Furthermore, we found that Dyrk1A ™ cells expressed
the neuronal marker NeuN, suggesting that they are able to dif-
ferentiate into mature neurons (Fig. 5E). These findings dem-
onstrate that Dyrk1A overexpression does not alter the normal
program of neuronal specification and differentiation in the
developing neocortex.

Figure 6.

Expression of Dyrk1A in Neuro2a cells inhibits proliferation

To investigate the mechanisms involved in the inhibition of
proliferation induced by Dyrk1A overexpression, we used the
mouse neural cell line Neuro2a. For these studies, we used
Dyrk1A-EGFP fusion constructs (pDyrklAEGFP) under the
control of the CMV promoter. As a control, we used a plasmid
encoding EGFP alone (pEGFP). These cells did not express de-
tectable levels of endogenous Dyrk1A protein as determined by

Dyrk1A expression in Neuro2a cells causes proliferation arrest and cyclin D1 nuclear export. A, Neuro2a cells express-
ing Dyrk1A failed to proliferate. Cells were transfected with pDyrk1A—EGFP or pEGFP, and the number of fluorescent cells was
determined in triplicate samples using a hemocytometer. Untransfected (EGFP ~) cells from the same cultures were also counted.
Line graphs show the SEM. B, Dyrk1A expression induces cyclin D1 degradation. Neuro2a cells were transfected with pDyrk1A—
EGFP or pEGFP plasmids and lysed at 0, 6, 12, and 20 h after transfection. Western blot analysis was conducted using antibodies
against cyclin D1, EGFP, and actin as a loading control. , Neuro2a cells cotransfected with plasmids encoding HA-tagged cyclin D1
and EGFP (top row) or Dyrk1A—EGFP (bottom row) were subjected to immunofluorescence staining using anti-HA antibodies.
Confocal z-stack images were obtained to analyze the subcellular localization of HA-labeled cyclin D1 (red) in EGFP ™ cells (green).
Cyclin D1 was predominantly nuclear in cells transfected with pEGFP but appeared to be mostly cytoplasmic in cells transfected
with pDyrk1A—EGFP. Scale bar, 25 wm. D, Dyrk1A and cyclin D1 colocalized in nuclear aggregates in transfected Neuro2a cells.
High-resolution confocal images of a single 1 .um optical section showing the colocalization of Dyrk1A—EGFP and cyclin D1-HA in
many nuclear aggregates near the nuclear membrane. Scale bar, 10 em.

Western blot and immunofluorescence assays (data not shown).
To examine cell proliferation, we transfected Neuro2a cells with
pDyrk1AEGFP or pEGFP and monitored the growth of trans-
fected, fluorescent cells over a 4 d period using a hemocytometer.
Results from triplicate experiments indicated that control
EGFP* and untransfected (EGFP ™) cells grew rapidly during
this time, whereas Dyrk1 A—-EGFP * cells failed to do so (Fig. 6 A).
These experiments suggest that, similar to neural progenitor cells
in vivo, the expression of DyrklA inhibits the proliferation of
Neuro2a cells in vitro.

Dyrk1A expression in Neuro2a cells causes nuclear export
and degradation of cyclin D1

To understand the mechanisms involved in the observed cell
cycle arrest, we examined the effect of Dyrk1A on the known cell
cycle regulating protein cyclin D1. This cyclin is required for
cell proliferation by allowing entry into the cell cycle. Its activa-
tion and complex formation with Cdk4 in the G, phase of the cell
cycle is necessary for cells to enter the S phase. To investigate
whether Dyrk1A affects cyclin D1 protein levels, we transfected
Neuro2a cells with either pDyrk1A—EGFP or pEGFP and moni-
tored protein levels by Western blot analysis over the course of
20 h. The data indicate that cyclin D1 levels decreased concur-
rently with the increased expression of Dyrk1A, whereas they did
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Figure 7.
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Dyrk1A overexpression in neural cells in vivo promotes cyclin D1 nuclear export. E14.5 mouse embryos were coelectroporated with pCAG— cyclin D1-HA and pCAG—nEGFP, pCAG—

Dyrk1AEGFP, or pCAG-Dyrk1A ¥18REGFP. After 24 h, coronal sections of the lateral neocortex were obtained, and confocal z-stack images were acquired to visualize EGFP expression (green) and
cyclin D1-HA localization (red). Sections were counterstained with the nuclear marker DAPI (blue). A, Cyclin D1 appeared to be mostly nuclear in nEGFP ™ or Dyrk1A '8 cells, Cells expressing
Dyrk1A exhibited either mostly cytoplasmic cyclin D1 or nuclear aggregates containing the cyclin. Scale bar, 10 m. B, High-resolution confocal images of a single 1 .m optical section showing the

colocalization of Dyrk1A—EGFP and cyclin D1 in nuclear aggregates. Scale bar, 5 pum.

not decrease in pEGFP-transfected cells over the same time pe-
riod (Fig. 6 B). These experiments suggest that Dyrk1A expres-
sion leads to cyclin D1 degradation.

Because cyclin D1 degradation is typically attributable to pro-
teasome activity in the cytoplasm, we investigated whether the
expression of Dyrk1A resulted in the nuclear export of cyclin D1.
For these experiments, we cotransfected Neuro2a cells with
pDyrk1A—EGFP or pEGFP together with a plasmid encoding cy-
clin D1 tagged with the HA epitope (pCyclin D1-HA). Then, we
conducted double-immunofluorescence analysis using anti-HA
antibodies to determine the cellular localization of cyclin D1 in
transfected cells. In EGFP-expressing cells, cyclin D1 appeared to
be predominantly or exclusively nuclear, whereas it appeared to
be mostly localized in the cytoplasm of cells that expressed
Dyrk1A-EGFP (Fig. 6C). Quantification of the cyclin D1 local-
ization data from triplicate experiments confirmed our observa-
tions and demonstrated that the percentage of cells that expressed
cyclin D1 exclusively in the nucleus was significantly reduced in
the presence of DyrklA (7.3%, n = 133) compared with EGFP

(51.8%,n =133) ( p <0.01). Furthermore, single-plane confocal
analysis of Dyrk1A—-EGFP-transfected cells expressing significant
levels of nuclear cyclin D1 revealed that these proteins colocalized
in aggregates present mostly around the nuclear membrane (Fig.
6D). Together, these data suggest that Dyrk1A directly or indi-
rectly interacts with cyclin D1 in protein aggregates and promotes
its export and degradation in the cytoplasm.

Dyrk1A overexpression leads to the nuclear export of cyclin
D1 in vivo

To determine whether Dyrk1A overexpression also affects cyclin
D1 localization in vivo, we cotransfected Dyrk1 A—~EGFP or EGFP
with cyclin D1-HA expression plasmids in the E14.5 mouse cor-
tex by in utero electroporation. Brain sections were analyzed 24 h
later by confocal microscopy using HA antibodies to determine
the localization of cyclin D1 in EGFP * cells. These experiments
revealed that cyclin D1 was expressed predominantly in the nu-
cleus of control nEGFP * cells, although it could also be detected
in the cytoplasm surrounding the nucleus in some cells that ex-
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pressed high levels of the cyclin (Fig. 7A).
In Dyrk1A ™ cells, the expression of cyclin
D1 appeared to be predominantly cyto-
plasmic in most cells and could also be de-
tected in cytoplasmic regions far removed
from the nucleus (Fig. 7A). In many
Dyrk1A ™ cells, cyclin D1 aggregates were
present in the nucleus, in which they co-
localized with Dyrk1A-EGFP (Fig. 7B), a
finding similar to our in vitro observa-
tions. In kinase-deficient Dyrk1AX'#¥%*
cells, cyclin D1 was observed predomi-
nantly in the nucleus and did not form
aggregates, similarly to control nEGFP *
cells (Fig. 7A). These findings suggest
that Dyrk1A affects the subcellular local-
ization cyclin D1 in vivo in a kinase-
dependent manner.

Cyclin D1 rescues the proliferation
inhibition induced by Dyrk1A
overexpression in vivo

The data described above raised the possi-
bility that Dyrk1A induces cell cycle arrest
by depleting the nuclei of transfected cells
of cyclin D1. To test this hypothesis, we set
out to determine whether cyclin D1 over-
expression could rescue the DyrklA-
induced phenotype in vivo. Plasmids
encoding Dyrk1A—-EGFP or EGFP alone
were coelectroporated with cyclin D1-HA
in the E14.5 brain, and the localization of
EGFP " cells in the neocortex was deter-
mined 24 h after in utero electroporation
using TuJ1 immunofluorescence to de-
lineate the IZ. Confocal images of elec-
troporated cortices reveal that, in the
presence of exogenous cyclin D1-HA,
many DyrklA™ cells could be detected
in the proliferative VZ and SVZ regions,
similarly to control nEGFP * cells (Fig.
8A). This pattern is dramatically differ-
ent from that of Dyrk1A ™ cells in the
absence of cotransfected cyclin DI,
which shows an accumulation of trans-
fected cells at the SVZ/IZ boundary
(Figs. 1-4). When cyclin D1 was coex-
pressed, the distribution of DyrklA™
cells in each cortical zone (VZ, 30.9 =
1.2%; SVZ, 37.5 = 2.2%; 1Z, 31.6 =
2.2%; n = 348 cells) did not significantly
differ from that of nEGFP " cells (VZ,
29.1 £ 0.8%; SVZ, 31.7 £ 5.9%; 1Z,
43.5 * 4.0%; n = 346 cells) (Fig. 8 B). To
further examine cell proliferation in
double-transfected embryos, we con-
ducted BrdU labeling. The data reveal
that the percentage of BrdU-labeled
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Figure8.  Cydlin D1 rescued the proliferation defect induced by Dyrk1A overexpression in vivo. E14.5 embryos were coelectroporated
with pCAG— cyclin D1-HA and pCAG—nEGFP or pCAG—Dyrk TAEGFP and pulsed by BrdU injection. At 24 h after IUE, coronal sections of the
lateral neocortex were subjected toimmunofluorescence staining against Tuj1 () or BrdU (C). 4, Representative confocal images showing
the localization of transfected cells (green) and Tuj1immunofluorescence (red). B, Quantification of the data obtained as in A. The local-
ization of cells expressing Dyrk1A in different zones of the neocortex was comparable with that of control nEGFP-expressing cells. C, BrdU
labeling of embryos coelectroporated in utero with cyclin D1 and nEGFP or Dyrk1A plasmids. Higher magnifications of the boxed areas are
shown above each overlay image to llustrate representative patterns of colocalization. The percentage of cells expressing Dyrk1A that was
positive for BrdU did not differ significantly when compared with control nEGFP ™ cells. Scale bars: A, 50 um; €, 100 gum. Bar graphs
show SEM.

Dyrk1A * cells (58.5 = 2.7%, n = 152 cells) was not signifi-  Discussion

cantly different from that of nEGFP * cells (47.6 = 4.4%, n =  DYRKIA is widely regarded as a candidate gene for mental retar-
177 cells) (Fig. 8C). Thus, these results demonstrate that in-  dation in DS (Park et al., 2009), but the cellular function of the
creased levels of cyclin D1 suppress the proliferation defects  encoded protein in mammalian brain development is poorly un-

caused by Dyrk1A overexpression in vivo.

derstood. Previous studies demonstrated that DyrklA overex-
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pression in transgenic mice consistently results in cognitive
dysfunction (Smith and Rubin, 1997; Altafaj et al., 2001; Branchi et
al,, 2004; Ahn et al,, 2006), but the mechanisms underlying the eti-
ology of behavioral defects remained elusive. Dyrk1A is also overex-
pressed, although to low levels, in DS patients as well as in animal
models of DS, such as Ts65Dn mice (Guimera et al., 1999). In this
study, we sought to fill a gap in our understanding of the Dyrk1A
role in abnormal brain development by investigating the cellular
events affected by DyrklA overexpression in the developing
mouse brain. Our approach has been to overexpress this protein
at high levels in the embryonic neocortex in vivo to reveal defec-
tive cellular and molecular mechanisms that alter the develop-
ment of this structure and thereby may contribute to cognitive
dysfunction. Our results demonstrate that increased levels of
Dyrk1A in the developing neocortex alter the timing of neural cell
proliferation and differentiation. Specifically, Dyrk1A overex-
pression inhibited cell cycle progression and resulted in prema-
ture neuronal differentiation. This activity correlated with a shift
in the distribution of transfected cells from the proliferative zones
of the neocortex toward nonproliferative zones. The observed
phenotype in vivo was completely dependent on the kinase activ-
ity of Dyrk1A, suggesting that yet unidentified protein substrates
mediate these events.

We also investigated the molecular mechanism underlying the
proliferation defects and discovered that Dyrk1A overexpression
promotes the nuclear export of cyclin D1 in vivo and in vitro.
These observations are reminiscent of the activity of Dyrk1B, the
closest homolog of Dyrk1A, which has been shown to cause cell
cycle arrest in proliferating epithelial cells (Zou et al., 2004).
Dyrkl1B appears to exert this effect by directly phosphorylating
cyclin D1 on threonine 228, which correlates with its cytoplasmic
localization and degradation (Zou et al., 2004). Biochemical
studies are currently under way to determine whether Dyrkl1A
can also directly phosphorylate cyclin D1. Because Dyrk1A has
been shown previously to function as a priming kinase for several
substrates of the guanine synthase kinase 38 (GSK38) (Woods et
al., 2001; Skurat and Dietrich, 2004), it is also possible that the
phosphorylation of cyclin D1 by Dyrk1A may facilitate additional
phosphorylation of the cyclin by GSK3 3 on the well known thre-
onine 286 residue (Diehl et al., 1998). This scenario would be
consistent with the previously established role of GSK3f3 as a
negative regulator of cyclin D1 (Alao, 2007). However, pre-
liminary experiments indicate that Dyrk1A overexpression in
Neuro2a cells failed to increase the levels of phosphor-T286—
cyclin D1 (datanot shown). Another possibility is that Dyrk1A
promotes the nuclear export of cyclin D1 without directly
affecting its phosphorylation state. This mechanism could be
similar to that used by DyrklA in regulating the subcellular
localization of the transcription factor NFAT (Arron et al,,
2006). However, it is unlikely that Dyrk1A functions as a gen-
eral nuclear export chaperone because it does not appear to
bind to Crm1, a nuclear export protein also involved in cyclin
D1 export (Benzeno et al., 2006) in immunoprecipitation as-
says (data not shown). Thus, additional studies will be neces-
sary to dissect the exact molecular mechanism of cyclin D1
regulation by Dyrk1A.

The observed shift of DyrklA-overexpressing cells toward
nonproliferative zones of the neocortex, the reduction in BrdU
incorporation, and the high rate of coexpression of the early neu-
ronal marker Tbr1 strongly suggest that Dyrk1A overexpression
prematurely drives cells into a neuronal fate. Normally, postmi-
totic neurons are produced by either the asymmetric division of
radial glia cells or the symmetric division of intermediate progen-
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itor cells. Both these types of division take place in the neocortex
of control EGFP-electroporated embryos at E14.5, as demon-
strated by the presence of BrdU™" fluorescent cells in the VZ
(radial progenitors) and BrdU *;Tbr2 ™ fluorescent cells (inter-
mediate progenitor cells) in the SVZ. However, when DyrklA
expression plasmids were electroporated, no fluorescent cells
were detected in the VZ, suggesting that cells overexpressing
Dyrkl1A can no longer reenter the cell cycle as radial progenitor
cells. Furthermore, very few fluorescent cells (~10%) could in-
corporate BrdU in the whole neocortex compared with controls
(~40-50%). Triple-labeling experiments suggest that these
BrdU ";Dyrk1A ™ cells correspond to a small subset of Tbr2 * IP
cells in the SVZ (~10%). Thus, despite the increase in the overall
population of Tbr2 ™ cells in DyrklA-electroporated cortices,
fewer IP cells can incorporate BrdU 24 h after electroporation.
Our data indicate that Dyrk1A-overexpressing cells cannot reen-
ter the cell cycle regardless of their radial or intermediate progen-
itor identity, at least within the time frame examined in these
studies. These cells may prematurely differentiate contributing to
the observed increase in the Tbr1 * population. Alternatively, the
excess of in Tbr1 ™ cells in the Dyrk1A-transfected embryos may
be generated directly from radial progenitor cells. These cells may
have undergone asymmetric division, yielding one postmitotic
neuron and one cell cycle-arrested radial progenitor cell per
event, which then both shifted to the SZV/IZ. It is also conceiv-
able that radial progenitor cells overexpressing Dyrkl1A could
have divided symmetrically to generate two postmitotic neurons
per division event. Additional developmental studies and time-
lapse imaging studies on cortical slice cultures will be required to
fully resolve this issue.

Although the progeny of Dyrk1A-transfected cells was often
reduced in number compared with control EGFP, we did not
observe obvious migration and differentiation defects in the
postnatal neocortex of electroporated embryos. Dyrk1A ¥ cells
appeared to position themselves in the appropriate cellular layer
and to express a mature neuronal marker, suggesting that the
overexpression of Dyrk1A during neurogenesis does not alter
their cell identity or their ability to integrate into the cortical
plate. However, additional studies will be necessary to deter-
mine whether Dyrk1A ™ cells exhibit defects in the rate of
migration, morphological defects in dendrite or axon elonga-
tion, or perhaps synaptic connectivity defects. These future
studies are necessary to conclusively determine whether or not
Dyrk1A-overexpressing neurons are able to develop normally
in the postnatal neocortex.

Our present findings identify for the first time a specific cel-
lular process that is altered when Dyrk1A is overexpressed in the
developing mammalian brain. The premature differentiation of
progenitor cells likely affects the size of the progenitor pool,
thereby resulting in a reduced number of neurons. Interestingly,
recent studies have reported reduced proliferation in neurogenic
forebrain regions of the DS mouse model Ts65Dn and DS human
fetuses (Chakrabarti et al., 2007; Contestabile et al., 2007; Guidi et
al., 2008). Because Dyrk1A is overexpressed in both Ts65Dn mice
and DS patients (Guimera et al., 1999), these observations sup-
port the possibility that Dyrk1A overexpression may be respon-
sible for the generation of an inadequate number of neurons in
cortical structures of the brain. Alterations in the number of neu-
rons as well as in the timing of differentiation could lead to the
formation of abnormal cortical circuits contributing to the cog-
nitive deficits observed in transgenic mice and DS patients.
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