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Down syndrome (DS) is associated with many neural defects,
including reduced brain size and impaired neuronal prolifera-
tion, highly contributing to the mental retardation. Those typi-
cal characteristics of DS are closely associated with a specific
gene group “Down syndrome critical region” (DSCR) on human
chromosome 21. Here we investigated the molecular mecha-
nisms underlying impaired neuronal proliferation in DS and,
more specifically, a regulatory role for dual-specificity tyrosine-
(Y) phosphorylation-regulated kinase 1A (DyrklA), a DSCR
gene product, in embryonic neuronal cell proliferation. We
found that Dyrk1A phosphorylates p53 at Ser-15 in vitro and in
immortalized rat embryonic hippocampal progenitor H19-7
cells. In addition, DyrklA-induced p53 phosphorylation at
Ser-15 led to a robust induction of p53 target genes (e.g. p21</"%)
and impaired G,/G,-S phase transition, resulting in attenuated
proliferation of H19-7 cells and human embryonic stem cell-
derived neural precursor cells. Moreover, the point mutation of
p53-Ser-15 to alanine rescued the inhibitory effect of Dyrk1A on
neuronal proliferation. Accordingly, brains from embryonic
DYRK1A transgenic mice exhibited elevated levels of Dyrk1A,
Ser-15 (mouse Ser-18)-phosphorylated p53, and p21<™** as well
as impaired neuronal proliferation. These findings suggest that
up-regulation of Dyrk1A contributes to altered neuronal prolif-
eration in DS through specific phosphorylation of p53 at Ser-15

and subsequent p21°'"! induction.
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Down syndrome (DS)? is the most common genetic disorder
and is caused by the presence of all or part of an extra human
chromosome 21 (1). The patients have many abnormalities
such as mental retardation, deficits in learning and memory,
and early onset Alzheimer disease (AD) (2, 3). The brains of DS
patients exhibit an arrest of neurogenesis in many CNS regions,
including the hippocampus at all ages, even the fetal stage
(4-6). Cell proliferation has been shown to be impaired in
human fetal DS brains and Ts65Dn mouse brains (7, 8). Ts65Dn
mouse possesses an extra copy of a part of chromosome 16,
which corresponds to human chromosome 21, and also shows
learning and memory impairments and altered neuronal prolif-
eration in the hippocampus (8 —-10). However, the molecular
mechanisms underlying impaired neuronal proliferation in DS
are unknown.

The typical characteristics of DS are thought to be closely
associated with a gene group mapped to a specific region of
human chromosome 21q22 “Down syndrome critical region”
(DSCR) (3). Dual-specificity tyrosine-(Y) phosphorylation-reg-
ulated kinase 1A (DyrkIA), one of the DSCR genes, encodes a
proline-directed serine/threonine kinase, which phosphory-
lates several transcription factors, including NFAT, CREB, and
FKHR (11, 12). DYRKIA transgenic (Tg) mice, which express
human DYRK1A present on a bacterial artificial chromosome,
exhibit significant impairment in hippocampal-dependent
memory tasks and altered synaptic plasticity, features that are
similar to those seen in DS patients (13). Several other studies
also suggest that Dyrk1A appears to contribute to AD-like neu-
ropathological features in DS by modulating the formation of
intracellular Tau inclusions and the production of B-amyloid
(14-16).

Dyrk1A likely contributes not only to AD-like neuropa-
thology, but also to impaired neurogenesis. Mice bearing the
152F7 fragment of the yeast artificial chromosome containing
DYRKIA gene show learning and memory deficits as well as
reduced neuronal density in the cerebral cortex (17). During

2The abbreviations used are: DS, Down syndrome; AD, Alzheimer disease;
CDK, cyclin-dependent kinase; DSCR, Down syndrome critical region;
Dyrk1A, dual-specificity tyrosine-(Y) phosphorylation-regulated kinase 1A;
Gadd45, growth arrest and DNA damage-inducible gene 45; p21<*'/
Cdkn1A, CDK inhibitor 1A; E, embryonic day; Tg, transgenic; PTEN, phos-
phatase and tensin homolog; NFAT, nuclear factor of activated T cells;
NRSF/REST, neuron-restrictive silencer factor/RE1 silencing transcription
factor.
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embryonic development, DyrkIA mRNA is co-expressed with
mRNA of an anti-proliferative gene Tis21 in chick (18). More-
over, DyrkIA expression precedes the onset of neurogenesis
and occurs in the presence of very few S phase cells in mouse
(19). Although a few sparse clues exist, the correlation between
DyrklA and neuronal proliferation and the underlying molec-
ular mechanism remain elusive.

The present study was conducted to investigate the mecha-
nism by which DyrklA impairs neuronal proliferation. Using
immortalized rat embryonic hippocampal progenitor H19-7
cells, human embryonic stem cells-derived neural precursor
cells, and DYRKIA Tg mice, we provide evidence that Dyrk1A
attenuates neuronal proliferation by direct phosphorylation of
p53, an effect that may underlie reduced brain size and neuro-
nal number as well as impaired neuronal proliferation in DS.

EXPERIMENTAL PROCEDURES

Immunoprecipitation and Immunoblot Analysis—Cells were
harvested by trypsinization, pelleted, lysed with 1% Nonidet
P40 lysis buffer (50 mm Tris, pH 7.5, 137 mm NaCl, 1% Nonidet
P40, 1 mm EDTA, 1 mm EGTA, 10% glycerol, 0.2 mm phenyl-
methylsulfonyl fluoride, 1 wg/ml aprotinin, 1 ug/ml leupeptin,
1 mMm sodium orthovanadate, and 10 mm sodium fluoride), and
briefly sonicated. Lysates were clarified by centrifugation at
13,000 X gfor 15 min at 4 °C. For immunoprecipitation, 1 ug of
suitable antibody was incubated with 1 mg of cell lysates over-
nightat4 °C. The mixture was then incubated with 30 ul ofa 1:1
Protein A-Sepharose bead suspension for 2 h. Beads were pel-
leted by centrifugation at 13,000 X g for 30 s and washed three
times with 1% Nonidet P40 lysis buffer. In some cases, Exacta-
cruz B and E (Santa Cruz Biotechnology) were used to eliminate
IgG signals. Immunocomplexes were dissociated by boiling in
SDS-PAGE sample buffer, separated on SDS-PAGE gels, and
transferred to nitrocellulose membranes. Membranes were
blocked in TBST buffer (25 mm Tris, pH 7.5, 137 mMm NaCl, 2.7
mm KCl, and 0.1% Tween 20) plus 5% nonfat dry milk for 1 h at
room temperature. They were then probed overnight at 4 °C
with TBST buffer containing 3% nonfat dry milk and primary
antibodies. Membranes were washed three times in TBST
buffer and incubated for 2 h at room temperature with TBST
buffer containing 3% nonfat dry milk and horseradish peroxi-
dase-conjugated anti-mouse IgG or anti-rabbit IgG antibodies.
The membranes were washed three times with TBST buffer,
and signals were visualized with an enhanced chemilumines-
cence reagent.

Cell Proliferation Analysis—H19-7/Dyrk1A and H19-7/pTK
cells (2.0 X 10* cells) were seeded onto poly-L-lysine-coated
dishes and cultured for the indicated times. The number of
viable cells was then estimated using the Cell Counting kit-8
(Dojindo Molecular Technology), according to the manufac-
turer’s protocol. Cellular proliferation was also analyzed using
the in situ cell proliferation kit FLUOS (Roche Applied Sci-
ence), according to the manufacturer’s protocol. Samples were
visualized using an LSM 510 META confocal microscope (Carl
Zeiss) or an Olympus BX61 microscope with a DP70 camera
(12.5 megapixels, Olympus).

Flow Cytometry—H19-7 cells were trypsinized and washed
three times with ice-cold PBS. To count the number of cells at
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each phase, cells were fixed with 70% ethanol/PBS overnight at
4°C and then analyzed as described previously (14). If neces-
sary, cells were treated with 2 mm thymidine for 24 h to syn-
chronize cells in G;/G,-S phase transition. After release by
washing twice with PBS and adding fresh media, cells were cul-
tured for the indicated times, and analyzed.

In Vitro Kinase Assay—H1299 cells were transfected with
plasmid encoding Xpress-tagged wild-type or K188R DyrklA
for 24 h. Cells were then lysed in 1% Nonidet P40 lysis buffer,
and lysates were immunoprecipitated with an anti-Xpress anti-
body overnight at 4 °C. The lysate-antibody mixture was then
incubated with 30 ul of a 1:1 Protein A-Sepharose bead suspen-
sion for 2 h at 4 °C with gentle inverting. Beads were centrifuged
at 13,000 X gfor 30 s at4 °C, washed twice with 1% Nonidet P40
lysis buffer, and washed twice with 1X Dyrk1A buffer (20 mm
HEPES, pH 7.4, 20 mm MgCl,, 5 mm MnCl,, and 1 mm dithio-
threitol). DyrklA immunocomplexes (or bacterial recombi-
nant Dyrk1A proteins for supplemental Fig. S1A) were mixed
with 1 ug of recombinant p53 proteins (substrate) and then
mixed with 1X DyrklA buffer containing 0.2 mm sodium
orthovanadate and 10 uM ATP. The in vitro kinase reaction was
initiated by the addition of 10 uCi of [y->**p]ATP. The reaction
was allowed to proceed for 15 min at 30 °C and was terminated
by the addition of SDS-PAGE sample buffer. The protein sam-
ples were resolved by SDS-PAGE, and incorporated y->2P radi-
oisotope was detected by autoradiography.

Luciferase Reporter Assay—H19-7 cells (5.0 X 10* cells) were
seeded onto poly-L-lysine-coated dishes. The following day,
H19-7 cells were co-transfected with firefly luciferase reporter
plasmids containing a synthetic p53 responsive element, the
p21<* promoter, or the Mdm2 promoter. Co-transfection of
pRL plasmids, which constitutively express Renilla luciferase,
was used to normalize transfection efficiency. A subset of cells
was co-transfected with plasmid encoding Xpress-tagged wild-
type or K188R DyrklA. Twenty-four hours after transfection,
cells were lysed and analyzed using the Dual-luciferase reporter
assay system (Promega, Madison, WI).

Preparation of DYRKIA Tg Mouse Brain and Human DS
Frontal Cortex Samples—All mice experiments were per-
formed in accordance with the guidelines set forth by Inje Uni-
versity Council Directive for the proper care and use of labora-
tory animals. DYRK1A Tg mice expressing the human DYRKIA
gene on a bacterial artificial chromosome were generated and
maintained as previously described (13). The expression of
DYRKIA in each Tg mouse was confirmed with PCR. Mice
were sacrificed by cervical dislocation. Whole or specific
regions of mouse brains were isolated with a scalpel blade. For
immunoblot analyses, brain samples were disrupted in 1% Non-
idet P-40 lysis buffer using a Dounce homogenizer with a tight
fitting pestle (25 strokes). Lipid layers were then removed with
a pipette, and homogenates were clarified by centrifugation at
13,000 X g for 15 min at 4 °C.

To analyze neuronal proliferation of embryonic DYRKIA Tg
mice, BrdU administration and immunohistochemical analysis
of BrdU-labeled tissues were performed as described elsewhere
(7) with minor modifications. In brief, pregnant mice at E13.5
were intraperitoneally injected once with BrdU (100 ug per
gram of body weight) and sacrificed 24 h after injection. The
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E14.5 embryos were fixed on 4% paraformaldehyde/PBS and
cryoprotected in 30% sucrose for 2 days at 4 °C. After freezing in
OCT compound (Sakura Finetek), coronal sections (10 wm) of
frozen embryos were mounted on ProbeOn Plus slides (Fisher
Scientific), and immunostained using primary anti-BrdU (1:100
dilution, BD Biosciences) and secondary Alexa Fluor 488-con-
jugated anti-mouse IgG antibodies (1:100 dilution, Invitrogen).

Primary cortical neural stem cell precursors from DYRKIA
Tg and littermate control mice were prepared, as described
elsewhere (20), with some modifications. In brief, mouse neural
precursors were isolated from E12.5 embryo cortices carefully
and incubated in 0.05% trypsin with 10 pg/ml DNase I in
Hanks’ balanced salt solution for 5 min at 37 °C. After stopping
trypsinization by adding five times volume of DMEM/F-12 (1:1)
media, the tissue digests were dissociated using several rounds
of trituration. The cells were washed once with Hanks’ balanced
salt solution and plated on poly-L-lysine and laminin-coated
coverslips in DMEM/F-12 media with 20 ng/ml EGF and 20
ng/ml basic FGF.

Postmortem brain lysates from human DS patients (z = 3; 23
weeks gestational age, 339 and 427 days old; postmortem inter-
val: 18.67 = 12.10 h) and age-matched controls (z = 3;22 weeks
gestational age, 332 and 587 days old; postmortem interval:
11.33 £ 2.31 h) were prepared as described elsewhere (21). 25
png of lysates were analyzed by immunoblot. Densitometric
quantification was performed using Multi Gauge v3.1 software
(Fujifilm).

Data Deposition—The sequences reported herein have
been deposited in the GenBank™ data base (accession num-
bers NP_036923 (rat Dyrk1A), NP_112251 (rat p53), and
NP_000537 (human p53)).

Statistical Analysis—Group means were compared using a
Student’s ¢ test. Values of p less than 0.05 were accepted as
significant. All data are expressed as mean = S.D. unless other-
wise indicated.

Note—The detailed information and protocols for DNA
constructs, transfection and lentiviral transduction, purifi-
cation of recombinant proteins, and others are provided as
supplemental data.

RESULTS

DyrklA Interacts and Co-localizes with p53—We previously
observed that ~2-fold overexpression of Dyrk1A leads to AD-
like neuropathological features, increased susceptibility to
serum deprivation-induced apoptosis (14), and growth sup-
pression in H19-7 cells.® To gain insight into the mechanisms
by which Dyrkl1A affects cell proliferation of H19-7 cells, we
performed microarray analysis with DNA chips containing
oligonucleotide probes from 20,000 rat genes (Agilent Tech-
nologies). Genes were screened with respect to expression pro-
files, gene ontology classes, and transcription factor target
genes. A group of pro-apoptotic genes and p53 target genes
were significantly up-regulated in DyrklA-overexpressing
H19-7 cells (H19-7/Dyrk1A) compared with parental control
cells.® These included genes encoding cyclin-dependent kinase
(CDK) inhibitor 1A (p21<***/Cdkn1A), proliferating cell

3 ). Park and K. C. Chung, unpublished observation.
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nuclear antigen (PCNA), growth arrest and DNA damage-in-
ducible gene 45 (Gadd45), Fas, and Mdm2. Based on the
numerous reports that p53 plays a pivotal role in controlling
cell proliferation by transactivating a variety of downstream
target genes, we further investigated whether and how Dyrk1A
and p53 may affect each other.

Because the modulation of p53 activity primarily occurs
through phosphorylation of serine and threonine residues
within the N-terminal transactivation domain (22) and Dyrk1A
is a proline-directed serine/threonine kinase (23), we firstly
determined whether Dyrk1A interacts with p53. HEK293 cells
were co-transfected with plasmids encoding Xpress-tagged rat
DyrklA and V5-tagged rat p53, and total cell lysates were
immunoprecipitated with an anti-V5 antibody. Immunoblot
analysis of V5 immunoprecipitates with anti-Xpress antibody
revealed an interaction between ectopically expressed Dyrk1A
and p53 (Fig. 14). Endogenous Dyrk1A also bound to endoge-
nous p53 in H19-7 cells, as seen by immunoblot analysis of
anti-p53 immunoprecipitates with anti-Dyrk1A antibody (Fig.
1B).

To determine whether DyrklA co-localizes with p53, we
transfected H19-7 cells with Dyrk1A-V5 or mock transfected
these cells (control). Immunostaining with anti-V5 and anti-
p53 antibodies revealed that labels for endogenous p53 and
ectopically expressed DyrklA overlapped within the cell nu-
cleus (Fig. 1C). To determine whether the Dyrk1A-p53 interac-
tions observed in cultured cells could be extended to whole
tissues, we performed co-immunoprecipitation analyses of
whole brain lysates from embryonic day (E) 18.5 Sprague-Daw-
ley rats. As shown in Fig. 1D, immunoblot analysis of anti-p53
immunoprecipitates using anti-Dyrkl1A antibody clearly
showed that DyrklA and p53 interact in the embryonic rat
brain. This interaction was also observed in reciprocal co-im-
munoprecipitation experiments (Fig. 1E), confirming that
Dyrk1A-p53 interactions are not an artifact arising from DNA
transfection in cultured cell lines. In addition, immunohisto-
chemical analysis of the hippocampus from E14.5 mice revealed
that Dyrk1A co-localizes with p53 mainly in the perinuclear
regions as well as less frequently in the cytoplasmic and nuclear
regions in embryonic hippocampal cells (Fig. 1F).

Dyrkl1A Specifically Phosphorylates p53 at Ser-15—To ad-
dress whether DyrklA directly phosphorylates p53, we per-
formed in vitro kinase assays using p53-null human lung carci-
noma H1299 cells expressing Xpress-tagged wild-type or a
kinase-inactive mutant (K188R) DyrklA. Anti-Xpress immu-
noprecipitates were incubated with recombinant His,-tagged
human wild-type p53 and [y->?p]ATP. Autoradiographic anal-
ysis of the reaction products clearly showed that DyrklA
directly phosphorylates p53 in vitro (Fig. 2A). This finding was
further supported by in vitro kinase assay using bacterial
recombinant DyrklA proteins (supplemental Fig. S1A4). The
ability of p53 to serve as a substrate of Dyrk1A in human breast
carcinoma MCF-7 cells and which type of amino acids are
phosphorylated by Dyrk1A were also investigated. Cells were
co-transfected with Xpress-Dyrkl1A and FLAG-p53, and anti-
FLAG immunoprecipitates were probed with anti-phospho-
serine and anti-phospho-threonine antibodies. As shown in
Fig. 2B, transient Dyrk1A overexpression increased p53 phos-
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FIGURE 1. Dyrk1A interacts and co-localizes with p53. A, co-immunopre-
cipitation/immunoblot analysis of interaction between Xpress-tagged
Dyrk1A and V5-tagged p53 in HEK293 cells. Proper expression of the tran-
siently expressed proteins was verified by immunoblot analysis with anti-
Xpress or anti-V5 antibodies. The asterisk indicates immunoglobulin heavy
chains. B, co-immunoprecipitation/immunoblot analysis of interaction
between endogenous Dyrk1A and p53 in H19-7 cells. Immunoprecipitation
was performed with rabbit polyclonal anti-p53 antibody or normal rabbit
immunoglobulin G (as a negative control). C, representative confocal images
of immunostaining for V5-tagged Dyrk1A (green) and p53 (red) in H19-7 cells.
Nuclei were counterstained with DAPI (blue). Scale bar = 10 um. D and E,
reciprocal co-immunoprecipitation/immunoblot analyses of Dyrk1A-p53
interactions in E18.5 rat whole brain lysates. F, representative confocal
images of immunohistochemistry for Dyrk1A (red) and p53 (green) in the hip-
pocampus from E14.5 mice. Nuclei were counterstained with DAPI (blue).
Scale bar = 10 um. Arrowheads indicate the co-localization of Dyrk1A and p53
in the nuclear, perinuclear, and cytoplasmic regions.

phorylation at serine residues. However, no significant phos-
phorylation was observed at threonine residues (Fig. 2B) or at
tyrosine residues (data not shown).

To identify the one or more p53 domains that serve as bind-
ing and phosphorylation sites of Dyrk1A, we analyzed in vitro
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interactions between DyrklA and His,-tagged p53 deletion
mutants. Lysates from DyrklA-V5-expressing H1299 cells
were incubated with bacterially expressed p53 deletion mutants
(supplementary Fig. S1B). Immunoblot analysis of anti-V5
immunoprecipitates using anti-p53 antibody showed that wild-
type DyrklA interacts with a region of p53 encompassing
amino acids 94—167 (supplemental Fig. S1C), which contains
part of the DNA-binding domain. To identify the one or more
regions of p53 that are phosphorylated by DyrklA, we per-
formed an in vitro kinase assay by mixing anti-Dyrk1A immu-
nocomplexes with various recombinant p53 truncation
mutants containing the Dyrk1A-binding domain. As shown in
supplemental Fig. S1D, Dyrk1A phosphorylated the N-terminal
region of human p53 spanning amino acids 1-93.

The fragment of human p53 spanning amino acids 1-93 con-
tains eight serine residues: serines 6, 9, 15, 20, 33, 37, 46, and 90.
To narrow down which amino acid(s) are targeted by Dyrk1A,
human osteosarcoma U20S cells were transduced with lentivi-
ral particles containing wild-type Dyrk1A. Immunoblot analy-
ses of total cell lysates were then performed with six separate
phospho-specific antibodies against serines 6, 9, 15, 20, 37, and
46. Among these residues, Ser-15 was markedly phosphory-
lated by Dyrk1A (Fig. 2C).

The selective and remarkable increase in p53 phosphoryla-
tion at Ser-15 was also observed in MCEF-7 cells (Fig. 2D). Con-
sistent with this finding, in vitro kinase assays revealed that
substitution of Ser-15 with alanine (S15A) blocked p53 phos-
phorylation by Dyrkl1A (i.e. anti-Dyrkl1A immunoprecipitates)
by >50%, indicating that DyrklA mainly phosphorylates
Ser-15 of p53 (Fig. 2E). In contrast to Ser-15, Ser-33 and Ser-90
did not appear to be major targets of Dyrk1A, because substi-
tution of these residues with alanine did not significantly affect
p53 phosphorylation by Dyrk1A (Fig. 2F). Finally, the level of
p53-Ser-15 was also increased by >30% in rat cortical neurons
expressing wild-type DyrklA, but not its kinase-defective
mutant (Fig. 2G), confirming the actual occurrence of Dyrk1A-
mediated p53 phosphorylation in neurons. These results sug-
gest that Dyrk1A specifically phosphorylates p53 at Ser-15.

Dyrk1A-induced Phosphorylation of p53 Increases Its Tran-
scriptional Activity and the Expression of Downstream Target
Genes in H19-7 Cells—The phosphorylation of p53 enhances its
transcriptional activity, leading to the induction of target genes
such as p21“**!, PCNA, Gadd45, Fas, and Mdm?2 (22). Specifi-
cally, phosphorylation of Ser-15 induces the transcriptional
activity of p53, whereas phosphorylation within the C-terminal
domain regulates the oligomerization and nuclear transloca-
tion of p53 (22). Thus, we investigated the effect of Dyrkl1A
overexpression on the transcriptional activity of p53 and the
expression of p53 target genes in H19-7 cells. Firstly, both
immunoblot analysis and in vitro kinase assay confirmed that
DyrklA-induced p53 phosphorylation occurs at Ser-15 in
H19-7 cells (Fig. 3A and supplemental Fig. S2A). Analysis of a
luciferase reporter driven by a synthetic p53-responsive ele-
ment showed that the overexpression of Xpress-tagged wild-
type DyrklA, but not its kinase-dead mutant (K188R),
increased p53 activity by ~2.1-fold (p < 0.01, Fig. 3B). The
induction of p53 target genes was also analyzed using luciferase
reporters. Dyrk1A overexpression augmented the activity of a
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FIGURE 2. Dyrk1A directly phosphorylates human p53 at Ser-15. A, in vitro kinase assay of Dyrk1A-mediated
phosphorylation of human p53. H1299 cells were transfected with plasmids encoding Xpress-tagged WT or
kinase-inactive (K188R) Dyrk1A. Anti-Xpress immunoprecipitates were incubated with recombinant Hisg-
tagged human p53 and [y->2p]ATP. The reaction products were separated by SDS-PAGE, and autoradiograms
were obtained. Asterisks indicate immunoglobulin heavy chains and nonspecific protein bands. B, Dyrk1A
phosphorylates human p53 at serine residues. MCF-7 cells were transfected with plasmids encoding FLAG-
tagged human p53 and Xpress-tagged WT or K188R Dyrk1A. Anti-FLAG immunoprecipitates were then probed
with anti-phospho-serine, anti-phospho-threonine, anti-p53, and anti-FLAG antibodies. The asterisk indicates
immunoglobulin heavy chains. C,immunoblot analysis of serine-phosphorylated p53 in U20S cells transiently
expressing Dyrk1A for varying times (0-72 h). Inmunoblots were performed with six separate anti-phospho-
p53 antibodies against serines 6, 9, 15, 20, 37, and 46. Levels of p53 and Dyrk1A protein were analyzed by
re-probing membranes with anti-p53 and anti-Dyrk1A antibodies. D,immunoblot analysis of Ser-15-phosphor-
ylated p53 in MCF-7 cells expressing Xpress-tagged WT or K188R Dyrk1A. E, in vitro kinase assays showing
phosphorylation of human p53 at Ser-15 by Dyrk1A. Assays were performed with anti-Xpress immunoprecipi-
tates (Xpress-tagged WT or K188R Dyrk1A) and recombinant Hisg-tagged WT or S15A mutant p53. Asterisks
indicate immunoglobulin heavy chains and nonspecific protein bands. F, substitution of p53-S33A and p53-
S90A does not affect Dyrk1A-mediated phosphorylation of p53. U20S cells were transfected with V5-tagged
human p53-WT alone or together with Xpress-tagged WT Dyrk1A. Where specified, Xpress-tagged WT Dyrk1A
were co-transfected with p53-S33A or p53-S90A. Anti-V5 immunoprecipitates were then probed with anti-
phospho-serine and anti-V5 antibodies. Proper expression of Dyrk1A was verified using immunoblot analysis
with anti-Xpress antibody. The asterisk indicates immunoglobulin heavy chains. G, immunoblot analysis of
Ser-15-phosphorylated p53 in primarily cultured rat cortical neurons expressing Xpress-tagged WT or K188R
Dyrk1A.

driven by the synthetic p53-respon-
sive element, indicating that the
augmented luciferase activity in
H19-7/Dyrkl1A cells results from
DyrklA-induced p53 activation
(Fig. 3E). The protein levels of p53
target gene products were also
higher in HI19-7/DyrklA cells
than H19-7/pTK cells. Especially,
p21<'*! level was more remarkably
increased than the other p53 target
gene products such as PCNA and
Fas, whereas Bax and phosphatase
and tensin homolog (PTEN) did not
show any increase (Fig. 3G). These
results suggest that up-regulation of
DyrklA in H19-7 cells leads to the
induction of p53 target genes, espe-
cially p21“"**, which is closely asso-
ciated with cell cycle regulation.
Up-regulation of Dyrk1A Attenu-
ates Proliferation of H19-7 Cells via
Impairing G,/G,S Phase Transi-
tion—Based on the finding that
p21<"*! inhibits CDKs and regulates
G,/G,-S phase transition (24), the
ability of Dyrk1A to induce p21<™**
implicates that it may also influence
G,/G,-S phase transition in H19-7
cells. To test this possibility, we
firstly analyzed cell growth of H19-
7/Dyrk1A cells comparing to H19-
7/pTK cells. As shown in Fig. 44,
the number of viable H19-7/
DyrklA cells was ~70% (24 h) and
67% (48 h) of that in H19-7/pTK
cells (p < 0.001). To examine
whether it may result from an
increased cell death, the percentage
of apoptotic cells was compared in

luciferase reporter driven by the p21<"** promoter by ~1.7-fold
(p < 0.001, Fig. 3C). The validity of the p21“** promoter re-
porter assay was confirmed by p53-dependent induction in
H19-7 cells (p < 0.001, supplemental Fig. S2B). Transient
Dyrk1A overexpression also induced luciferase reporter activ-
ity driven by the Mdm2 promoter by ~1.6-fold (p < 0.01, sup-
plemental Fig. S2C). In addition, immunoblot analysis of cell
lysates revealed a remarkable increase of p21<"** protein levels
under this condition (Fig. 3D).

We also investigated the expression of p53 target genes in
H19-7/DyrklA cells. Consistent with previous findings, the
luciferase reporter activity driven by the synthetic p53-respon-
sive element (3.3-fold, p < 0.001, Fig. 3E), p21<"** promoter
(3.5-fold, p < 0.001, Fig. 3F), or Mdm2 promoter (3.0-fold, p <
0.001, supplemental Fig. S2D) was higher in H19-7/DyrklA
cells than in parental control cells (H19-7/pTK). Moreover,
knockdown of endogenous p53 with p53-specific small inter-
fering RNA (siRNA) markedly reduced luciferase activity
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H19-7/Dyrk1A and H19-7/pTK cells. The terminal dUTP nick
end labeling (TUNEL) assay revealed that both cells exhibit no
significant difference (p > 0.9) in apoptosis (Fig. 4B), which was
consistent with the previous report (14). To further analyze the
pattern of cell cycle, we performed thymidine synchronization
and release, and subsequently FACS analysis using propidium
iodide. As shown in Fig. 4, C and D, H19-7/DyrklA cells
showed slower G;/G,-S phase transition (H19-7/DyrklA
G,/G, phase: 48.38% versus H19-7/pTK: 22.01% at 3 h; p <
0.001) than parental control cells as well as more G,/G, accu-
mulation at 0 h (synchronized for 24 h) (H19-7/Dyrkl1A G, /G,
phase: 52.68% versus H19-7/pTK: 35.04%; p < 0.001). This
result was further supported by the finding that, after 6 h of
culture, 5-bromo-2-deoxyuridine (BrdU) labeling was lower in
H19-7/Dyrk1A cells (16.33 = 0.47%) than in H19-7/pTK cells
(41.16 = 0.53%; p < 0.001) (Fig. 4, E and F). Moreover, this
negative effect of DyrklA on H19-7 cell proliferation was
dependent on its kinase activity (supplemental Fig. S3, A-C).
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FIGURE 3. Dyrk1A induces the expression of p53 target genes in H19-7 cells. A,immunoblot analysis of p53
and p53-phosphoSer-15 in H19-7 cells expressing Xpress-tagged WT or K188R Dyrk1A. B and C, luciferase
activity of reporter plasmids containing a synthetic p53 responsive element (B) or the p2
H19-7 cells expressing Xpress-tagged WT or K188R Dyrk1A (n = 3; **, p < 0.01 and ***, p < 0.001). Immuno-
blotting was used to verify proper expression of transiently expressed Dyrk1A proteins (anti-Xpress antibody).
D, immunoblot analysis of p21“""* in H19-7 cells expressing Xpress-tagged WT or K188R Dyrk1A. Hsp90 served
as a loading control. E and F, luciferase activity of reporter plasmids containing a synthetic p53 responsive
element (E) or the p21<""" promoter (F) in H19-7/Dyrk1A cells (n = 3;***, p < 0.001). Knockdown of endogenous
p53 was verified with anti-p53 antibody. G, immunoblot analysis of p53 target gene products in H19-7/Dyrk1A

cells. Hsp90 served as a loading control.

These data suggest that an approximate 2-fold up-regulation of
DyrklA attenuates H19-7 cell proliferation by impairing
G,/G,-S phase transition.

Dyrk1A Overexpression Impairs G ,/G ,-S Phase Transition in
a p53-Ser-15 Phosphorylation-dependent Manner—We next
examined whether the increase of p53 activity contributes to
the attenuation of cell proliferation in H19-7/Dyrk1A cells. As
shown in Fig. 54, the addition of siRNA targeting to endoge-
nous p53, but not of scrambled siRNA, resulted in the increase
of cell growth in H19-7/Dyrk1A cells (p < 0.01 at24 hand p <
0.05 at 48 h). This result indicates that the attenuation of cell
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0.0001) (Fig. 5, D and E). In addi-
tion, transduction of the p53-S15A
mutant alone considerably reduced
BrdU labeling, suggesting that the
S15A mutation is not sufficient to
inactivate the anti-growth effect of
human p53 on H19-7 cells. Taken
together, these results suggest that
up-regulation of DyrklA impairs G;/G,-S phase transition in
H19-7 cells through p53 phosphorylation at Ser-15.

DyrkIA Overexpression Reduces Proliferation of Human
Embryonic Stem Cell-derived Neural Precursor Cells through
P53 Phosphorylation at Ser-15—W'e have shown that Dyrk1A
phosphorylates p53 at Ser-15, leading to the induction of p53
target genes and delaying proliferation of H19-7 cells. To vali-
date the physiological relevance of our findings, we investigated
whether Dyrk1A also has an anti-growth role in human neural
precursor cells. Human neural precursor cells derived from
embryonic stem cells (hES-NP) were prepared (25), transduced

1¢%P" promoter (C) in
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FIGURE 4. Dyrk1A overexpression delays cell proliferation and induces G,/G, phase accumulation in
H19-7 cells. A, proliferation of H19-7/Dyrk1A cells and H19-7/pTK cells, as measured using a tetrazolium-
based assay. Data are expressed in arbitrary units (n = 12; **, p < 0.001). B, cell death of H19-7/Dyrk1A and
H19-7/pTK cells under the same condition, as measured using TUNEL assay. Data are expressed as the
percentage of TUNEL-positive cells (846 cells were counted for H19-7/pTK, 1130 cells for H19-7/Dyrk1A)
(p > 0.9). C and D, cell cycle phase analysis of H19-7/Dyrk1A and H19-7/pTK cells after release from
thymidine synchronization. Representative histogram images at each time point after release from thy-
midine synchronization (2 mm for 24 h) are shown (C). Data are expressed as the percentage of cell
population in each phase (D) (n = 3; p < 0.001 for each comparison of G,/G, phase population at 0-9 h).
E and F, BrdU labeling in H19-7/Dyrk1A and H19-7/pTK cells. Cells were labeled with BrdU for 6 h. Scale
bar = 50 um. Data are expressed as the percentage of BrdU-positive cells (141 cells were counted for
H19-7/pTK, 159 cells for H19-7/Dyrk1A) (**, p < 0.001).

with lentiviral particles containing
wild-type Dyrk1A and/or p53-S15A
mutant, and then labeled with BrdU
for 6 h. BrdU incorporation was
analyzed separately for low density
(Fig. 6, A and C) and high density
cell population regions (Fig. 6, B and
D). DyrklA overexpression dimin-
ished the number of BrdU-positive
hES-NP cells to ~17 and 19% of the
number of BrdU-positive control
cells in low and high density regions,
respectively (p < 0.0001 for both)
(Fig. 6, C and D). Expression of the
p53-S15A mutant partially blocked
the DyrklA-induced decrease in
BrdU labeling (p < 0.001), resulting
in a number of BrdU-positive cells
that was ~49 and 88% of the num-
ber of BrdU control cells in low and
high density regions, respectively
(Fig. 6, C and D). As in H19-7 cells,
expression of the p53-S15A mutant
alone significantly suppressed BrdU
labeling. Finally, overexpression of
wild-type DyrklA increased levels
of Ser-15-phosphorylated p53 and
p21°™! (p < 0.05), whereas the
kinase-inactive Dyrk1A-K188R mu-
tant had no effect (Fig. 6, E-G).
These results indicate that overex-
pression of Dyrk1A in hES-NP cells
leads to p53 phosphorylation at Ser-
15, subsequent transcriptional acti-
vation, and reduced cell growth.
DYRKIA Tg Mouse Brains Ex-
hibit Impaired Neuronal Prolifera-
tion as Well as Elevated Levels of
Phosphorylated p53 and p21<"**—
Next, we investigated whether
Dyrk1A also has an anti-growth role
in brains of embryonic DYRKIA Tg
mice, which exhibit an approximate
1.5-fold increase in total DyrklA
(Fig. 7, A and B). This level of
DyrklA is similar to the levels
observed in DS patients (26). These
mice have significant impairments
in hippocampal-dependent mem-
ory tasks, altered synaptic plasticity,
and AD-like neuropathological fea-
tures, including Tau hyperphos-
phorylation and B-amyloid produc-
tion (13, 15, 16). To examine whether
and how DyrklA overexpression
affects cell proliferation, we con-
ducted BrdU pulse labeling assay in
the neocortex and primary cultured
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FIGURE 5. Overexpression of Dyrk1A attenuates proliferation of H19-7 cells through p53 phosphorylation at Ser-15. A, effect of p53-specific or scramble
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(***, p < 0.0001).

neural precursor cells from DyrkIA Tg mice. Immunohisto-
chemical analysis of E14.5 DyrkIA Tg mice embryos revealed
that less neocortical cells were BrdU-labeled in DYRKIA Tg
mice (30.84 * 7.45%, p < 0.05) than in littermate controls
(47.27 = 1.56%), indicating impaired proliferation in embry-
onic neocortical neuronal cells of DYRKIA Tg brains (Fig. 7,
C and D). Primary cortical neural stem cell precursors from
E12.5 DYRKIA Tgembryos were also less BrdU-labeled than
those from littermate controls (p < 0.01) (Fig. 7, E and F).
Alteration in cell proliferation was accompanied by an
increase in mouse p53 phosphorylation at Ser-18, which cor-
responds to Ser-15 in human p53 (p < 0.05) (Fig. 7, G and H).
Furthermore, p21<'™"! level was specifically and remarkably
increased while the other p53 target gene products were not
(p <0.01) (Fig. 7, I and ). Taken together, these data suggest
that the 1.5-fold up-regulation of DyrklA enhances p53
phosphorylation and p21<'™! levels, in turn impairing neu-
ronal proliferation. Furthermore, these findings implicate
that Dyrk1A plays a role in the embryonic stages of mouse
brain development.
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Human Embryonic and Infant DS Patients Show Elevated
Levels of Ser-15-phosphorylated p53 and p21<** in the Frontal
Cortex—Finally, we analyzed the extent of p53 phosphorylation
at Ser-15 and p21<*** protein levels in frontal cortex prepared
from embryonic and infant human DS patients. Autopsy brains
were obtained from three DS individuals at the embryonic and
infant stages (23 weeks gestational age, 339 and 427 days old)
and three age-matched normal individuals (22 weeks gesta-
tional age, 332 and 587 days old). Immunoblot analysis of tissue
lysates demonstrated that DS frontal cortices had ~1.8-fold
greater DYRK1A expression than the age-matched controls
(p < 0.05) (supplemental Fig. S4). This is consistent with a
previous study showing that DS patient brains exhibit an
approximate 1.5-fold increase (1.3- to 1.8-fold) in DYRKIA
protein levels (26). In addition, levels of Ser-15-phosphorylated
p53 (p < 0.01) and p21<"* (p < 0.05) were significantly greater
in DS frontal cortices than in controls (Fig. 7, K—M). These results
suggest that the accumulation of Dyrk1A in DS patients increases
Ser-15-phosphoylation of p53, leading to up-regulation of p21<'**
levels during late embryonic and early infant stages.
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DISCUSSION

The present study demonstrated that one of the DSCR gene
products, DyrklA, directly phosphorylates p53 at Ser-15 in
vitro and in mammalian neuronal cells. In addition, Dyrk1A
up-regulation by ~1.5- to 2-fold, an extent of up-regulation
similar to that seen in DS patients, leads to the induction of p53
target genes such as p21<"**, Moreover, these events attenuated
proliferation of rat and human neural progenitor cells through
impairing G,/G,-S phase transition. This stimulatory effect of
Dyrk1A on p53 and p21<'"! activity and its functional role dur-
ing neuronal proliferation were further supported by evidence
obtained from brains of embryonic DYRKIA Tg mice and
human DS frontal cortices.

The transcription factor, p53, is known to be phosphorylated
at several serine and threonine residues in the N-terminal
transactivation domain in response to various stimuli (22). The
events elicited by p53 phosphorylation depend on the kinase
phosphorylating each individual site. For example, casein
kinases 16 and € phosphorylate Ser-6 and Ser-9 of p53, and
Ser-20 is phosphorylated by checkpoint kinases 1 and 2 (27—
29). Regarding Ser-15, a number of kinases such as ATM, ATR,
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DNA-PK, p38, and hSMG-1 are
known to phosphorylate Ser-15 of
p53, which subsequently stimulates
p53 transactivation activity (30—
35). Among Dyrk family members,
homeodomain-interacting protein
kinase 2 has been reported to phos-
phorylate p53 at Ser-46 and regulate
p53 activity (36, 37). In addition,
Dyrk2 was recently reported to
phosphorylate p53 at Ser-46 in
response to genotoxic stress (38). In
contrast to those two Kkinases,
DyrklA directly phosphorylates
p53 at Ser-15, but not at Ser-46 (Fig.
2C). Moreover, our data reveal that
DyrklA-mediated phosphorylation

+ - : of p53 at Ser-15 activates transcrip-
tion to suppress growth of embry-
onic neuroprogenitor cells.

3250 - - Although the involvement of
< 200 Dyrk family members (e.g. Dyrkl1A,
g 150 Dyrk2, and homeodomain-interact-
< 100 ing protein kinase 2) in apoptotic
%,_ 50 cell death has been well docu-
d 5 mented (14, 37, 38), their associa-
plentie- o L ieer  tion with cell proliferation has not

Dyrk1A ) . )
y been intensively studied. Never-

theless, a few reports suggest that
Dyrk family is closely involved in
cell cycle regulation. For example,
DyrklB becomes maximally active
in the G, phase of fibroblasts and
stabilizes CDK inhibitor p27*'** by
phosphorylating at Ser-10 (39).
DyrklB also phosphorylates cyclin
D1 at Thr-288 and eventually causes
G,/G, arrest through the destabilization of cyclin D1 (40).
Although Dyrk1A and Dyrk1B similarly altered G,/G,-S phase
transition, their downstream signals appear to transmit
through quite different pathways. DyrklA overexpression
caused a specific increase of p21<"** in E14.5 mouse brains (Fig.
7I), but not other CDK inhibitors, including p27*'"* and
p15™¥45 (data not shown). Similar to our finding, Yabut et al.
also reported very recently that transiently overexpressed
Dyrk1A by in utero electroporation inhibits neural cell prolif-
eration in embryonic mouse neocortex (41). Although more
studies should be performed, the current finding indicates that
Dyrkl1A overexpression leads to impaired neuronal prolifera-
tion through the signaling pathway containing p53 and p21<™*
during late embryonic brain development.

The attenuation of H19-7 cell proliferation caused by stable
Dyrk1A overexpression was shown to be largely dependent on
the phosphorylation and consequent activation of p53. Corre-
spondingly, specific knockdown of p53 restored the inhibition
of cell proliferation induced by Dyrk1A to the control level (Fig.
5, B and C). Expression of p53-S15A mutant also recovered the
reduced BrdU labeling by DyrklA, verifying a link between
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FIGURE 7. Impaired neuronal proliferation, elevated p53 phosphorylation, and p21<"" levels in embryonic DYRK1A Tg mice. A and B, immunoblot
analysis of Dyrk1A expression in whole brain lysates from E14.5 DYRK1A Tg mice and littermate controls. Band intensity of Dyrk1A was quantified and
normalized to the intensity of Hsp90. Data are expressed in arbitrary units (n = 5 for Tg, n = 4 for C; ***,p < 0.001). Cand D, BrdU labeling assay in the neocortex
of E14.5 DYRK1ATg mice (n = 4) and littermate controls (n = 2). E13.5-timed pregnant mice were intraperitoneally injected with BrdU for 24 h, and the embryos
were surgically removed. Scale bar = 20 um. Data are expressed as the percentage of BrdU-positive cells (green) against DAPI-stained total cells (blue) (*, p <
0.05). VZ/SVZ, ventricular/subventricular zone; IZ, intermediate zone. E and F, analysis of BrdU labeling in primarily cultured cortical neural stem cell precursors
from E12.5 DYRK1A Tg embryos (n = 5) and in littermate controls (n = 4). Cells were labeled with BrdU for 12 h. Scale bar = 50 um. Data are expressed as the
percentage of BrdU-positive cells and are reported as the mean = S.E. (**, p < 0.01). G and H, immunoblot analysis of Ser-18-phosphorylated p53 and p53 in
whole brain lysates from E14.5 DYRKTA Tg mice and littermate controls. Band intensity of Ser-18-phosphorylated p53 was quantified and normalized to the
intensity of p53 (n = 3 for each). Data are shown as the mean = S.E. (¥, p < 0.05)./and J,immunoblot analysis of p53 target gene products in whole brain lysates
from E14.5 DYRK1A Tg mice and littermate controls. Band intensity of p21“'*! was quantified and normalized to the intensity of Hsp90 (n = 3 for each). Data are
shown as the mean = S.E. (**, p < 0.01). K-M, immunoblot analysis of p53-phosphoSer-15 (L), and p21c"’1 (M) in the frontal cortices prepared from DS patient

brains and age-matched controls. Band intensity was quantified and normalized to the intensity of p53 (L) or HSP90 (M) (¥, p < 0.05 and **, p < 0.01).

DyrklA-mediated p53-Ser-15 phosphorylation and the atten-
uated proliferation (Figs. 58, 5C, and 6, A-D). Of course, it is
debatable how to interpret the finding that cell proliferation
was much greater in cells co-transfected with Dyrk1A and p53-
S15A than in cells with p53-S15A alone. In addition, one should
be very cautious to interpret the effect of p53-S15A on Dyrk1A-
induced suppression of cell proliferation, because Dyrk1A-in-
volving downstream signaling pathways and consequent cell
phenotypes could be altered depending on the Dyrk1A levels.
Moreover, we cannot rule out the possibility that one or more
other factors may interact with p53-S15A and have an addi-
tional effect on cell growth. Nevertheless, the finding that p53-
S15A expression considerably rescued the negative effect of
DyrklA on neuronal proliferation obviously indicates that
DyrklA-induced attenuation of embryonic neuronal prolifera-
tion occurs through p53-Ser-15 phosphorylation.

The interaction between DyrklA and p53 was observed in
both rat embryonic neuronal cells (Fig. 1B) and E18.5 rat whole
brain (Fig. 1, D and E) and in 7-week-old rat whole brain (sup-
plemental Figs. S5A and S5B). Dyrk1A phosphorylation of p53
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was also observed in whole brains of E14.5 mouse embryos (Fig.
7, G and H) as well as in whole brains of infant (postnatal 3 day)
and in the hippocampus, frontal cortex, and cerebellum of adult
(2-month-old) mouse brains (supplemental Figs. S5C and S5D).
These results suggest that the interaction between Dyrk1A and
p53 and subsequent p53 phosphorylation seem to occur in both
proliferating and post-mitotic neurons. Given the identifica-
tion of their interaction and p53 phosphorylation at postnatal
and adult stages, they may have additional function(s) in neural
systems other than embryonic neuronal proliferation, which
should be further investigated. However, because DyrklA is
known to be strongly expressed at embryonic stages and at birth
and its expression gradually decreases thereafter until lower
expression levels stabilize at around 3 weeks (42), we currently
focused on the biological significance of their interaction and
phosphorylation in embryonic development.

With regard to the functional role, transcription factor p53
induces a lot of downstream target genes, which are mostly
associated with the regulation of cell cycle and cell death (22).
Among the tested target gene products, the levels of p21<'™*,
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PCNA, and Fas were up-regulated in H19-7/Dyrk1A cells com-
pared with parental control cells (Fig. 3G). Although Fas medi-
ates extrinsic apoptotic signaling pathway, p21<""* and PCNA
are closely involved in cell cycle regulation. Especially, the
increase of p21<'** levels was more remarkable than that of
PCNA and Fas, suggesting that there is a preferential activation
of p53- and p21<™'-mediated downstream pathways (Fig. 3G).
Also, this hypothesis was further supported by additional
immunoblot data, which showed that caspase-3 as a notable
marker of apoptotic cell death was not activated under the con-
dition of cell proliferation (at the zero time point in supplemen-
tal Fig. S6), even though Fas levels were increased. Moreover,
the protein levels of even PCNA and Fas were not changed in
E14.5 DYRKIA Tg brains compared with littermate controls
(Fig. 7). In contrast, the p21<""* level was consistently higher in
DYRKIA Tg brains, suggesting that the subsequent activation
of p53 and p21“™* comprises a downstream signaling pathway
of Dyrk1A in hippocampal H19-7 cells and in embryonic mouse
brains.

The differential expression pattern of p53 target genes
between H19-7 cells (Fig. 3G) and E14.5 mouse brains (Fig. 71)
and the preferential activation of p21<"** among these may
result from the complexities of transcriptional regulatory
modes. Like many other genes, the promoters of p53 targets
also consist of various regulatory elements and multiple tran-
scription factor-binding sites, respectively. For example,
p21<""! promoter is regulated by AP2, BRCA1, STAT family,
and C/EBP family as well as p53 (43— 48). Differential transcrip-
tion factors and/or their combinatorial effects would tightly
regulate the temporal and spatial modes of a specific gene
expression. Thus, differential expression of p53 target genes in
H19-7 cells and E14.5 mouse brains could be generated, be-
cause these two neural systems may have quite different cellular
contexts, including different intracellular signaling cascades
and various effectors. Moreover, they showed different levels of
Dyrk1A expression (~1.5-fold in DYRKIA Tg and ~2.0-fold in
H19-7/DyrklA cells). Nevertheless, the specific induction of
p21<'"! by Dyrk1A-mediated p53 phosphorylation was con-
sistently observed in three distinct systems such as H19-7
cells, hES-NP cells, and E14.5 mouse brains. As an in vivo
model, DYRK1A Tg mice are more suitable to validate the
biological significance of actual DyrklA overexpression
rather than cultured neuronal cells. Furthermore, embry-
onic DYRK1A Tg mouse brains closely reflect the condition
of DS patient brains, which exhibit ~1.5-fold increase of
Dyrk1A protein levels (26).

Although we hypothesized that DyrklA-mediated phos-
phorylation of p53 preferentially induces cell cycle-regulatory
genes such as p21““, Dyrk1A is also possibly linked to apopto-
tic cell death. Previously, we reported that Dyrk1A overexpres-
sion makes H19-7 cells vulnerable to serum deprivation (14),
which was confirmed by an immunoblot data that H19-7/
Dyrk1A cells showed a rapid activation of caspase-3 under the
condition of serum deprivation, but not in cell proliferation
(supplemental Fig. S6). In this context, the sensitization of
H19-7 cells to apoptosis might be possibly involved in Dyrk1A-
induced p53 activation and the subsequent up-regulation of Fas
(Fig. 3G). Interestingly, the increases of p53 and Fas protein
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were observed in the frontal cortex, temporal cortex, and
cerebellum of DS patients (49). Meanwhile, Dyrk1A negatively
regulates intrinsic apoptotic pathway by phosphorylating
caspase-9 at Thr-125 during retina development (50). In this
system, Dyrk1A had no effect on the proliferation of retina pro-
genitor cells (50), implying that we should further investigate
the diverse putative roles of DyrklA and its possible link to
many different systems.

Regarding DS, the overexpression of Dyrk1A alone would not
explain all the symptoms seen in DS patients. Furthermore,
Dyrk1A-mediated phosphorylation of p53 would not be the
only one cause of impaired neuronal proliferation in DS,
because Dyrk1A has a lot of substrates involved in various cel-
lular processes (42). For example, nuclear factor of activated
T cells (NFAT) inhibition by Dyrk1A phosphorylation could
contribute to the altered proliferation (51, 52). In addition,
DyrklA dosage imbalance reduces neuron-restrictive si-
lencer factor (NRSF/REST) levels and deregulates chromo-
somal clusters of genes located near NRSF/REST-binding
sites, suggesting that Dyrk1A overexpression may perturb over-
all gene expression (53, 54). DyrklA is also known to phos-
phorylate proteins associated with mRNA splicing (Cyclin L2,
SF2, and SF3) and translation (eIF2Be) (42). Interestingly,
Yabut et al. recently reported that transiently overexpressed
Dyrk1A by in utero electroporation inhibits neural cell prolif-
eration in embryonic mouse neocortex, in which the nuclear
export and degradation of cyclin D1 could act as a key cell cycle
modulator (41). This study also supports our finding in several
aspects. First, our finding also demonstrated that Dyrk1A over-
expression inhibits neuronal proliferation during embryonic
development. Second, as shown in supplemental Fig. S7A, H19-
7/Dyrk1A cells also showed a reduction in cyclin D1 protein
levels compared with parental control cells. Nonetheless, the
goal of our study was to determine the role of the p53-p21<'**
activation pathway as a possible cell cycle modulator, because
p21<"! up-regulation was constantly observed in H19-7 cells
and DYRKIA Tg brains (Figs. 3G and 7I), while there was no
change of cyclin D1 levels in E14.5 mouse brains (supplemental
Figs. S7B and S7C). This discrepancy might result from the
difference of sample preparation and experimental protocols,
because the outcome of stable overexpression by human
DYRKIA gene on a bacterial artificial chromosome in Tg mice
could be different from that of the transient overexpression of
GFP-fused Dyrk1A by in utero electroporation.

Furthermore, we observed the elevation of Ser-15-phosphor-
ylated p53 and p21<™" levels in the frontal cortex of autopsy
brains obtained from three human DS patients at the embry-
onic and infant stages (Fig. 7, K-M). These data suggest a role
for Dyrk1A in DS pathogenesis, because we demonstrated that
up-regulation of DyrklA in DS brains may impair neuronal
proliferation through p53 phosphorylation and p21<*** induc-
tion. These findings help us to expand the current understand-
ing of cell cycle alteration and impaired neuronal proliferation
seen in DS patients.
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