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Dyrk14, a mammalian homolog of the Drosophila minibrain gene, encodes a dual-specificity kinase, involved
in neuronal development and in adult brain physiology. In humans, a third copy of DYRKI1A is present in Down
syndrome (trisomy 21) and has been implicated in the etiology of mental retardation. To further understand
this pathology, we searched for DyrklA-interacting proteins and identified Arip4 (androgen receptor-inter-
acting protein 4), a SNF2-like steroid hormone receptor cofactor. Mouse hippocampal and cerebellar neurons
coexpress DyrklA and Arip4. In HEK293 cells and hippocampal neurons, both proteins are colocalized in a
speckle-like nuclear subcompartment. The functional interaction of Dyrk1A with Arip4 was analyzed in a series
of transactivation assays. Either Dyrk1A or Arip4 alone displays an activating effect on androgen receptor- and
glucocorticoid receptor-mediated transactivation, and DyrklA and Arip4 together act synergistically. These
effects are independent of the kinase activity of Dyrk1A. Inhibition of endogenous Dyrk1A and Arip4 expression
by RNA interference showed that both proteins are necessary for the efficient activation of androgen receptor-
and glucocorticoid receptor-dependent transcription. As DyrklA is an activator of steroid hormone-regulated
transcription, the overexpression of DYRKIA in persons with Down syndrome may cause rather broad changes

in the homeostasis of steroid hormone-controlled cellular events.

Down syndrome (DS) is the most common genetic cause of
mental retardation in humans (reviewed in reference 14). Be-
sides a number of overt physical features and defects that
affect, e.g., the heart and the immune system, mental retarda-
tion is the condition of overriding clinical importance in DS,
being present in virtually all cases. A number of abnormalities
of the central nervous system are associated with DS; these
include (i) smaller brains with disproportionately smaller cer-
ebellum and brain stem, (ii) reduced neuron numbers and
densities in distinct brain regions, such as the hippocampus,
cerebellum, and granular layers of the cerebral cortex, and (iii)
abnormalities in neuron morphology, especially with regard to
dendritic spines (reviewed in references 14 and 51).

The molecular and cellular mechanisms underlying these
changes are not understood yet. In most cases, DS is caused by
complete trisomy 21. In rare cases, however, only a part of
chromosome 21 is present in three copies. Studies on individ-
uals with partial trisomy 21 have suggested that a region on
chromosome 21, referred to as the DS critical region, is the
cause of mental retardation (12, 56, 57). Consequently, genes
located in this region and having possible important functions
in the emergence of mental retardation have gained much
attention during recent years.

The human homolog of the Drosophila minibrain gene,
DYRKIA (dual-specificity tyrosine phosphorylation-regulated
kinase or dual-specificity YAKI-related kinase), was found to
be located on chromosome 21 in the DS critical region (24, 62,
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66), and the mouse homolog was located in the corresponding
region on chromosome 16 (65). The Drosophila minibrain gene
was originally identified in a screen for phenotypes affecting
brain morphology (32). minibrain mutant flies are character-
ized by a markedly reduced brain volume caused by impaired
postlarval neurogenesis due to decreased levels of the nuclear
protein kinase MNB. They also exhibit some behavioral ab-
normalities, for example, reduced performance in odor dis-
crimination learning (69).

Subsequently, the expression of DyrkIA was shown to be
increased 1.5-fold in the brains of DS fetuses (46) and 2.1-fold
in the brains of Ts65Dn mice, which serve as an animal model
for DS and which are trisomic for a region of chromosome 16
(23).

DyrklA codes for a kinase (Fig. 1A) which is able to auto-
phosphorylate on tyrosine and which phosphorylates substrates
on serine/threonine residues (reviewed in reference 4). Several
potential substrates of Dyrk1A have been identified (reviewed
in reference 18); these include Tau, eIF2Be (72), dynamin (8),
CREB (75), STAT3 (49), FKHR (73), Glil (45) and, very
recently, cyclin L2 (10). The physiological relevance of all of
these interactions remains to be clarified. Dyrk1A contains a
nuclear localization signal (NLS), and transfected DyrklA-
green fluorescent protein (GFP) fusions have been detected in
the nuclei of various cell lines after transfection (1, 5). How-
ever, for the endogenous DyrklA protein, nuclear and cyto-
plasmic localizations in the brain and in primary cerebellar
neurons have been described (26, 48). DyrklA is expressed in
several brain regions in humans and in mice both during em-
bryonic development and in adulthood (23, 48, 58). In the
adult mouse brain, DyrkI1A expression in the hippocampal for-
mation, the olfactory bulb, the cerebral and cerebellar cortices,
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FIG. 1. Schematic representation of DyrklA and Arip4 proteins.
(A) DyrklA. The kinase domain, the NLS, the PEST region, and
histidine and serine/threonine repeats are indicated. (B) Arip4. The
domain encoded by the yeast clone from the yeast two-hybrid screen,
the putative Dyrk1A substrate consensus site, the NLSs, and LXXLL
motifs typical of interacting proteins of steroid hormone receptors are
indicated.

and motor nuclei of the brain stem as well as in other regions
has been described. This widespread but not ubiquitous ex-
pression pattern suggests diverse functions of Dyrk1A during
development and in adult brain physiology.

The notion that Dyrk1A plays a role in the developing brain
and in the adult brain depending on the Dyrk1A gene dosage is
supported by studies of genetically modified mice. Whereas
homozygous Dyrk1A knockout mice die in utero, the deletion
of one allele of DyrkIA causes the malformation of several
brain regions (16). The size of the brain is reduced in a region-
specific manner, and neuronal densities are altered in some
regions. Evidence for a role of DyrklA in cognitive processes
came from the study of transgenic mice containing a yeast
artificial chromosome carrying a copy of a 180-kb genomic
region surrounding the human DYRKIA gene on chromosome
21. These mice exhibited, in analogy to DS, deficits in explicit
learning and memory (63, 64, 70).

To elucidate the function of DyrklA in the adult mamma-
lian brain, we searched for signaling mechanisms involving
Dyrk1A. To find Dyrk1A-interacting proteins, we performed a
yeast two-hybrid screen with the kinase domain of Dyrk1A as
bait. We found that Dyrk1A interacts with the SNF2-like chro-
matin remodeling ATPase Arip4 (androgen receptor [AR]-
interacting protein 4), which was originally described as a co-
factor in AR-mediated transcription (61). In addition to the
physical interaction of Dyrk1A with Arip4 in yeast and mam-
malian cells, we show the coexpression of the respective genes
in the mouse brain and the colocalization of Dyrk1A and Arip4
proteins in hippocampal neurons. Finally, a functional inter-
action of these proteins is evidenced, as Dyrk1A and Arip4 are
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able to synergistically activate AR- and glucocorticoid receptor
(GR)-mediated transcriptional activation.

MATERIALS AND METHODS

Materials. Plasmids pSVL-HA-Dyrk1AWYT and pSVL-HA-Dyrk1 AK!#8R (37)
were kindly provided by W. Becker (Rheinisch-Westfélische Technische Hoch-
schule Aachen, Germany); pSHAG-1 (54) was provided by G. Hannon (Cold
Spring Harbor Laboratory, Cold Spring Harbor, N.Y.); and pSTC-AR,
pSTC-GR (42), and pMTV-Luc were provided by S. Rusconi (University of
Fribourg, Fribourg, Switzerland). pDaRed2-C1 was purchased from Clontech
(Palo Alto, Calif.).

Plasmid construction. The cDNA of mouse Dyrk1A (GenBank accession no.
U58497) was cloned by reverse transcription (RT)-PCR. Nucleotides 1 to 1465
were cloned into vector pCRII (Invitrogen, Karlsruhe, Germany), and nucleo-
tides 1360 to 2442 were cloned into pBluescript II KS (Stratagene, Amsterdam,
The Netherlands). The construct obtained from the latter cloning, clone pBS-
Dyrk1AM1360-2442 " wag also used as a template for in vitro transcription to
generate probes for in situ hybridization. The cDNA fragments of both clones
were fused, and the product was subcloned into the EcoRI/Xbal sites of pBlue-
script IT KS after reamplification by PCR with primers JS.56 (5'-ATTCCGGA
ATTCCCCCATCAGGATGATATGAGA-3'; the EcoRI site is shown in italic
type, and the DyrklA sequence is underlined) and JS.59 (5'-CTAGCTAGTCT
AGAGCGGTTCAGTGTGTTAATCTC-3'; the Xbal site is shown in italic type,
and the DyrkIA sequence is underlined) to generate clone pBS-Dyrk1A.

The bait plasmid used in the yeast two-hybrid screen, pGBKT7-Dyrk1A!52-48¢,
was cloned by PCR amplification of the part of the DyrkiA cDNA encoding the
kinase domain and insertion of a sequence coding for a linker of three glycine
residues 5’ to the kinase domain-encoding region. The PCR amplification was
done with primers JS.40 (5'-GGCCCGGAATTCGGTGGTGGTGAAAAGTGG
ATGGATCGGTATGAAATCGACT-3'; an EcoRI site is shown in italic type,
the linker sequence is shown in bold type, and the DyrklA sequence is under-
lined) and JS.41 (5'-TTCAAGAAAACAGCTGATGAAGGTTGAGGATCCG
CGCGC-3'; a stop codon is shown in bold type, a BamHI site is shown in italic
type, and the DyrklA sequence is underlined). The PCR product was inserted
into the EcoRI/BamHI sites of bait vector pPGBKT?7 (Clontech) in frame with the
GAL4 DNA-binding domain encoded by the vector.

The entire coding region of the Dyrkl4 cDNA was also amplified by using
clone pBS-Dyrk1A as a template, and a sequence coding for a linker of three
glycine residues was inserted 5’ to the coding region. Amplification was done
with primers JS.60 (5'-GGATATCCATATGAAGATCTTCGGTGGTGGTATGC
ATACAGGAGGAGAGACT-3'; an Ndel site is shown in italic type, a BgllI site
is shown in bold italic type, the linker sequence in shown in bold nonitalic type,
and the DyrklA sequence is underlined) and JS.61 (5'-CCGGAATTCCCGCTC
GAGTCACGAGCTAGCTACAGGACT-3"; an EcoRI site is shown in italic
type, and the DyrkIA sequence is underlined). The PCR product, encoding
(Gly);-Dyrk1A, was inserted into the Ndel/EcoRlI sites of bait vector pPGBKT7
in frame with the GAL4 DNA-binding domain encoded by the vector to generate
pGBKT7-Dyrk1A, which was used to test for the interaction of Arip4 with the
entire DyrklA protein. From this construct, the cDNA was cut out at the
BglII/EcoRI sites of the primers and transferred to pEGFP-C2 (Clontech) to
generate pEGFP-Dyrk1A, which encodes a fusion of enhanced GFP (EGFP)
with Dyrk1A, linked by a hinge of three glycine residues. pECFP-Dyrk1A and
pEYFP-DyrklA, based on pECFP-C1 (Clontech) and pEYFP-C1 (Clontech),
respectively, were generated in the same way. pPCMV-FLAG-Dyrk1A, coding for
FLAG-tagged DyrklA, used in coimmunoprecipitation experiments, was gener-
ated as follows. The Dyrk1A cDNA was cut out from pGBKT7-Dyrk1A at the
Bglll/Xhol sites, the BgllII site was blunted, and the fragment was inserted into
EcoRV/Xhol-cut pPCMV-Tag2A (Stratagene).

To generate pBS-Arip4"3420-4763 (containing nucleotides 3420 to 4763 of the
mouse Arip4 cDNA; GenBank accession no. AJ132389), which was used as a
template for in vitro transcription to generate probes for in situ hybridization, we
subcloned into the XhoI/EcoRYV sites of pBluescript IT KS the Arip4 cDNA
fragment that was present in the prey clone from the yeast two-hybrid screen and
that was cut out from pACT2 (Clontech) with Sfil (blunted) and Xhol.

The entire cDNA of Arip4 was cloned as follows. The 5’ region of Arip4
(nucleotides 185 to 2717) was amplified from mouse brain RNA by RT-PCR with
primers JS.106 (5'-GGAGCCATGTCAGACGAAT-3') and JS.100 (5'-CCTTG
TGGAGAGAAGGAACA-3'), cloned into pCRII-Topo, and then subcloned
into pEGFP-C2 to generate pEGFP-Arip4>. We purchased human IMAGE
clone 3138844 (GenBank accession no. BC001474; Deutsches Ressourcenzen-
trum fiir Genomforschong, Berlin, Germany), containing part of KIAA0809 (52)
(GenBank accession no. NM015106), the human Arip4 ortholog. A fragment of
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this clone corresponding to the 3’ region of Arip4 (nucleotides 2519 to 4623 of
the mouse Arip4 cDNA) was transferred to pEGFP-Arip4°” by using the BstBI
site at position 2598 of the mouse Arip4 cDNA to clone the full-length coding
region of Arip4 fused to EGFP (pEGFP-Arip4). From this construct, the Arip4
c¢DNA was cut out with EcoRI and HindIII and with Xhol and Apal and
subcloned into pCMV-Tag2B (Stratagene) to generate pCMV-FLAG-Arip4 or
into pECFP-C1 and pEYFP-C1 to generate pECFP-Arip4 and pEYFP-Arip4,
respectively.

To generate the deletion mutant of Arip4, Arip 19 two fragments of
the Arip4 cDNA were amplified by PCR with primers JS.161 (5'-GCCCCGGC
ATGTCCCATTGGGA-3") and JS.167 (5'-GGCGGCATTGGTGGCCAGCCC
CTCAGGGTCGG-3'), with primers JS.166 (5'-GAGGGGCTGGCCACCAAT
GCCGCCCTGCCTG-3") and JS.165 (5'-CTTTCGCTTGTGGCCCCTTAA-
3"), and with pPCMV-FLAG-Arip4 as a template. These fragments were fused by
PCR with primers JS.162 (5'-GCTCTGCCTCCAGCACAAAT-3') and JS.165.
The product of this reaction corresponded to nucleotides 3321 to 3958 of the
Arip4 ¢cDNA but lacked nucleotides 3683 to 3778 (coding for residues 1165 to
1196) and was inserted into pCMV-FLAG-Arip4 at the BstEII/AfIII sites, yield-
ing pPCMV-FLAG-Arip4A1165-1196,

Short hairpin RNA (shRNA) expression constructs for RNA interference
(RNAI) were cloned by inserting oligonucleotides into pSHAG-1. To design
shRNAs to knock down DyrklA and Arip4, regions of the cDNAs that are
identical in mice (DyrklA; GenBank accession no. U58497), rats (DyrklA;
NMO012791), and humans (Dyrk1A; AF108830) and that are identical in mice
(Arip4; AJ132389) and humans (Arip4 [KIAA0809]; NM015106), respectively,
were chosen. The oligonucleotides were designed by using the program RNAi
OligoRetriever (G. Hannon, Cold Spring Harbor Laboratory; http://katahdin
.cshl.org:9331/RNAi/html/rnai.html). The shRNA sequences were as follows
(sense strand): 5'-GATCAAAAAACAGATATCCTTCAGTCACGTAATA
TGCAGAACAAGCTTCTCCTGCACATTACATGACTGAAGGACATC
G-3' (JS.138) and 5'-GATCAAAAAAATGTTAGATGTCCAGCTATGCCAA
TCCCTCGCAAGCTTCCAAGAGACTGGCATAGCTGGACATCCAAC
G-3' (JS.140), targeting DyrklA; 5'-GATCAAAAAACTAGCCATAACAG
TATACCCAACATACTACCCAAGCTTCGGCAGTATGTCGGGTATAC
CGTTATGGCCG-3' (JS.154), 5'-GATCAAAAAAAGGGGCGCTACCATCT
AACCAGAAGTAGCCGCAAGCTTCCAGCTACTTCCGGCTAGATGGTA
GCACCCG-3' (JS.156), and 5'-GATCAAAAAAGGACCCGCCGGCACCAG
AGGATCAGTAGTCACAAGCTTCTGACTACTGACCCTCTGGTGCCAG
CAGGCG-3' (JS.158), targeting Arip4; and 5'-GATCAAAAAACTGCAAGG
CGACTAAGTCGGATAACGCCAAGCAAGCTTCCCTGGCGTTACCCAA
CTTAATCGCCTTGCG-3" (JS.174), 5'-GATCAAAAAATTAACACCAGAC
CAACTAGTAATAGTAGCAACAAGCTTCTCGCTACCATTACCAGTTG
GTCTGGTGTCG-3' (JS.176), and 5'-GATCAAAAAACAGACCGTTCACAC
AGAACTAGCAATCGTCCCAAGCTTCGAACGATCGCCAGTTCTGTAT
GAACGGTCG-3' (JS.178), targeting lacZ. In all transactivation assays with
RNAI, pools of equal amounts of the two (Dyrk1A) or three (Arip4 and lacZ)
constructs targeting the respective mRNA were used.

All sequences amplified by PCR were completely sequenced, and constructs
generated by subcloning were verified by sequencing of the regions adjacent to
the cloning sites.

Yeast two-hybrid screen. The yeast two-hybrid screen was carried out by using
MATCHMAKER GALA4 two-hybrid system 3 (Clontech) and three independent
reporter genes for the selection of interacting clones (ADE2, HIS3, and MELI
[encoding a-galactosidase]). All procedures were performed according to the
manufacturer’s protocols. In brief, AH109 cells (Clontech) (35) were trans-
formed with pGBKT7-Dyrk1A!52-45¢ and selected for growth on medium lacking
tryptophan. The transformed yeast was mated with yeast strain Y187 (29), pre-
transformed with an expression vector containing a cDNA library fused to the
GALA4 activation domain. We used a pretransformed MATCHMAKER library
from mouse brains pooled from 200 9- to 12-week-old BALB/c males; the
average insert size was 2 kb (according to the manufacturer [Clontech]).

Positively interacting clones were selected and retested for expression of the
reporter genes on synthetic defined medium lacking adenine, histidine, leucine,
and tryptophan but supplemented with X-a-Gal (20 mg/ml; Clontech), a sub-
strate for a-galactosidase which is converted into a blue product in colonies
expressing the reporter genes. To eliminate clones with more than one library
plasmid, clones were restreaked on plates lacking leucine and tryptophan to
allow the loss of additional library plasmids but supplemented with X-a-Gal to
identify colonies still containing positively interacting clones. To confirm the
specificity of the interacting proteins, AH109 yeast cells were cotransformed (21)
with one of the prey plasmids and either pGBKT7 or pGBKT?7-lamin C (Clon-
tech). In parallel, clones were tested for interactions with pGBKT7-Dyrk1A,
coding for the complete DyrklA protein fused to the GAL4 DNA-binding

4A1165—

INTERACTION OF DyrklA AND Arip4 5823

domain. Approximately 3.5 X 10° individual library plasmids were screened
based on the number of diploid colonies after the mating. Library plasmids from
all six positively interacting clones were rescued from the yeast cells and se-
quenced.

Animals and tissue preparation. Animals were housed in a temperature- and
humidity-controlled room with a 12-h light-dark cycle and with access to food
and water ad libitum. The experimental protocols were approved by the Ethical
Committee on Animal Care and Use of the Government of Bavaria, Munich,
Germany. Adult mice (3 to 5 months old; C57BL/6N) were killed by cervical
dislocation. Brains were removed, snap-frozen on dry ice, and stored at —80°C
prior to sectioning. Brains were mounted on Tissue Tek (Polysciences, War-
rington, Pa.), and 16-pm-thick coronal sections in consecutive series were cut
from the forebrain by using a cryostat Microtome HM560 (Microm, Walldorf,
Germany). Sections were mounted on frozen SuperFrost/Plus slides (Fisher
Scientific, Schwerte, Germany), dried on a 42°C warming plate, and stored at
—20°C until used.

Synthesis of probes and in situ hybridization. Radioactive 3*S-labeled ribo-
probes for in situ hybridization were synthesized by in vitro transcription as
previously described (47) with plasmids pBS-Dyrk1An!360-2442 and pBS-
Arip4nt3420-4763 5 templates. Restriction enzymes (New England Biolabs, Bev-
erly, Mass.) used for linearization and RNA polymerases used for each probe
were as follows: Dyrk1A sense, EcoRV and T7; Dyrk1A antisense, Xbal and T3;
Arip4 sense, Xhol and T7; and Arip4 antisense, Xbal and T3. When these probes
were used for in situ hybridization experiments, sense controls did not give any
detectable signals (data not shown). It should be noted that pBS-Dyrk1 Ant!1360-2442
exhibits no significant sequence similarity to the Dyrk1A relatives Dyrk1B and Dyrk2,
-3, and 4. The Arip4 probe derived from pBS-Arip4"3#20=4763 shows no match
longer than 19 nucleotides to any other mouse mRNA.

Cell culture and transfection. HEK293 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Karlsruhe, Germany) with 10%
heat-inactivated fetal calf serum (FCS) (Gibco), 2 mM glutamine (Gibco) and, to
prevent bacterial and fungal contamination, 1% antibiotic-antimycotic mixture
(penicillin-streptomycin-amphotericin) (Gibco) at 37°C in a humidified 5% CO,
incubator.

HEK293 cells for confocal laser scanning microscopy were transfected by using
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. In
brief, 200,000 cells were used to seed poly-D-lysine-coated glass coverslips in the
wells of a 24-well plate. After 2 days, the medium was changed to DMEM with
10% heat-inactivated FCS and 2 mM glutamine, and 1 g of the expression
vectors was transfected by using 1 pl of Lipofectamine 2000 per well. One day
later, cells were fixed with 4% paraformaldehyde in phosphate-buffered saline
(PBS; 10 mM sodium phosphate, 2.7 mM potassium chloride, 120 mM sodium
chloride [pH 7.4]) and mounted on glass slides. For coimmunoprecipitation
experiments, 3.8 X 10° HEK293 cells were transfected after cultivation for 12 h
at 37°C in 5% CO, in a 10-cm culture dish with 20 pg of DNA by the calcium
phosphate method (7).

Primary hippocampal neurons were prepared from Sprague-Dawley rat em-
bryos at embryonic day 16 (Charles River, Sulzfeld, Germany) as reported
previously (60). A total of 2 X 10° cells in minimal essential medium (Gibco)
supplemented with 10% heat-inactivated horse serum were used to seed poly-
D-lysine-coated coverslips. Two days after preparation, after the medium was
renewed or changed to Neurobasal (Gibco) supplemented with B27 (6), neurons
were transfected by using Effectene (QIAGEN, Hilden, Germany). Transfection
was performed according to the protocol recommended by the manufacturer for
primary hippocampal neurons. A total of 0.5 pg of plasmid DNA was transfected
per well with 1.6 pl of Enhancer (QIAGEN) and 2 pl of Effectene. At 12 h
posttransfection, the medium was changed. After approximately 24 h, the neu-
rons were fixed, stained with 5 pg of 4',6’-diamidino-2-phenylindole (DAPT)/ml,
mounted on glass slides, and analyzed by fluorescence microscopy.

Organotypic hippocampal slice cultures. Hippocampal slice cultures from
C57BL/6N mice were prepared by using the static interface culture method of
Stoppini et al. (68) as described previously (40). Cultures were maintained on
porous (0.4-pm-pore-size) transparent membrane inserts (30 mm in diameter;
Millipore, Bedford, Mass.) in six-well culture plates with five or six slices on each
insert for 2 to 3 weeks. Plates were kept in a humidified CO, incubator (5% CO,,
95% atmospheric air) at 35.5°C. The medium (nutrient medium, composed of
25% heat-inactivated horse serum, 25% Hanks’ balanced salt solution, and 50%
Opti-MEM [all from Gibco] and supplemented with 25 mM p-glucose and 1 mM
glutamine [both from Sigma, Munich, Germany]) was changed every 2 or 3 days.
Neither antibiotics-antimycotics nor antimitotics were used. Transient transfec-
tion was performed by using Lipofectamine 2000 (Invitrogen) as follows. Ten
microliters of Lipofectamine 2000 and of plasmid DNA (8 pg in total) were each
diluted in 350 pl of Opti-MEM and, after incubation for 5 min, mixed with each
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other. After incubation for 20 min, the DNA-Lipofectamine 2000 complexes in
Opti-MEM were pipetted onto the membrane harboring the slices. After 4 h, the
solution covering the slices was removed; on the next day, the medium was
changed. At 48 h posttransfection, cells were rinsed in PBS, fixed with 4%
paraformaldehyde in PBS for 10 min, rinsed in PBS, stained with DAPI (1 pg/ml
in PBS), washed again in PBS, and mounted in ProLong Antifade mounting
medium (Molecular Probes, Leiden, The Netherlands).

Neuron selection. Small numbers of principal neurons were transfected in each
hippocampal slice culture, making it easy to distinguish the processes of individ-
ual neurons. Anatomical criteria were used to identify dentate gyrus granule
cells, CA3 or CA1 pyramidal neurons, or interneurons as described by Danzer et
al. (9). For CA1 pyramidal cells, (i) the soma was located in the CA1 pyramidal
cell layer; (ii) apical and basal dendritic fields typical of a pyramidal cell were
present; and (iii) the soma was smaller than that in CA3 pyramidal cells, and
collateral dendrites branching from the proximal apical dendrite were present.
Furthermore, neurons had to show no degenerative changes (e.g., dendritic bleb
formation or nuclear fragmentation).

Imaging and analysis. Light- and dark-field images of in situ hybridizations
were acquired with a DMRB microscope (Leica, Solms, Germany).

Primary hippocampal neurons and neurons in slice cultures selected for anal-
ysis were analyzed by using an Axioplan 2 imaging system (Carl Zeiss, Gottingen,
Germany) equipped with appropriate filters for the excitation and detection of
enhanced cyan fluorescent protein (ECFP), EGFP, enhanced yellow fluorescent
protein (EYFP), DAPI, and DsRed2.

Confocal images of HEK293 cells were taken by using an LSM 510 confocal
microscope (Carl Zeiss, Jena, Germany) with a C-Apochromat 63X/1.2 water
immersion objective and appropriate filters for the detection of ECFP and
EYFP. ECFP was excited with the 458-nm line of an argon laser, and EYFP was
excited with the 514-nm line. Zeiss AIM software (version 3.0) was used to
acquire the images. The images obtained (see Fig. 4) were processed by using
Adobe Photoshop to compensate for differences in brightness and contrast in the
different colors.

Series of light optical sections of nuclei from hippocampal slice cultures were
recorded by using a TCS SP confocal laser scanning microscope equipped with
a Plan Apo 100%/1.4 oil objective (Leica Lasertechnik, Heidelberg, Germany).
Using the appropriate lines of an argon laser for the visualization of ECFP (457
nm), EYFP (514 nm), and DsRed2 (514 nm) and emission ranges of 460 to 500
nm (ECFP), 520 to 540 nm (EYFP), and 605 to 650 nm (DsRed2), stacks of
equidistant (0.24-pum) 8-bit gray-scale images with a size of 512 X 512 pixels (40
X 40 pm) were obtained. Spreading of excited ECFP and EYFP into neighbor-
ing channels was minimized by recording the channels at each z position sequen-
tially before moving to the next z position. In the analysis of ECFP-transfected
cells with EYFP settings and vice versa, spreading was proven to be absent. To
improve the signal-to-noise ratio, each image line was scanned eight times, and
the values were averaged. Displayed confocal images were processed first in
ImageJ (http://rsb.info.nih.gov/ij/) by using the Gaussian blur filter (radius, 2
pixels) and then in Adobe Photoshop to compensate for differences in brightness
and contrast in the different colors.

Immunoprecipitation. For coimmunoprecipitation experiments, HEK293 cells
(3.8 X 10° cells) in a 10-cm culture dish were transfected 12 h after seeding with
10 pg of pPCMV-FLAG-DyrklA or pCMV-FLAG-Arip4 and with 10 pg of
pEGFP-Arip4 or pEGFP-DyrklA, respectively. One day after transfection, the
cells were lysed for 30 min on ice in 200 wl of a lysis buffer containing 50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10% glycerol,
complete mini-EDTA-free protease inhibitor cocktail (Roche; one tablet per 7
ml of buffer), 1% phosphatase inhibitor cocktail II (Sigma), and 100 U of
Benzonase (Sigma)/ml. The lysates were cleared by centrifugation at 4°C for 20
min at 16,000 X g. Twenty-microliter quantities of the supernatants were stored
at —20°C, and the rest of the supernatants were subjected to precipitation with
40 pl of anti-FLAG M2 affinity matrix (Sigma) overnight at 4°C. The matrix was
subsequently washed three times with 1 ml of 50 mM Tris-HCI-150 mM NaCl
(pH 7.4). Bound proteins were eluted by boiling for 5 min in sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis loading buffer and, in parallel
with 2.5% of the cleared lysates, were resolved by SDS-7.5% polyacrylamide gel
electrophoresis. Proteins were blotted electrophoretically to Immobilon-P (Mil-
lipore). Blots were blocked in TBST (20 mM Tris-HCI, 138 mM NaCl, 0.1%
Tween 20 [pH 7.6]) containing 5% fat-free milk powder for 1 h at room tem-
perature. Blots were incubated overnight at 4°C with a monoclonal anti-GFP
antibody (Roche) diluted 1:1,000 in TBST containing 5% fat-free milk powder.
After being washed, the blots were incubated with a secondary antibody conju-
gated to horseradish peroxidase (1:2,000 in TBST containing 5% fat-free milk
powder) (DAKO, Hamburg, Germany) and were developed by using the en-
hanced chemoluminescence method (ECL+; Amersham, Little Chalfont,
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United Kingdom). After being stripped (in 2% SDS-100 mM B-mercaptoetha-
nol-50 mM Tris-HCI [pH 6.8] for 30 min at 70°C), the blots were incubated with
a mouse monoclonal anti-FLAG antibody (1:4,000; M2; Sigma).

Transactivation assays. A total of 120,000 CV-1 cells were cultured in DMEM
(supplemented with 5% charcoal-stripped heat-inactivated FCS, 2 mM glu-
tamine, and 1% antibiotic-antimycotic mixture) for approximately 16 h. The
medium was changed to one without the antibiotic-antimycotic mixture, and the
cells were transfected with the mouse mammary tumor virus (MMTV)-luciferase
reporter gene plasmid pMTV-Luc and the appropriate plasmids for the expres-
sion of Dyrk1A, Arip4, and either AR or GR by using 1 pl of Lipofectamine
2000. For some experiments (see Fig. 6A), 480 ng of pMTV-Luc, 18 ng of
pSTC-AR, 100 ng of pSVL-HA-Dyrk1AWT, and 40 ng of pCMV-FLAG-
AripdWT or pCMV-FLAG-Arip4A!195-119 were transfected per well. In all wells,
the total amount of cytomegalovirus (CMV) promoter-containing vectors was
140 ng; when necessary, this amount was adjusted with pCMV-Tag2. For other
experiments (see Fig. 6B), 500 ng of pMTV-Luc, 15 ng of pSTC-AR, 50 ng of
pCMV-FLAG-Arip4, and 100 ng of pSVL-HA-DyrklAWT or pSVL-HA-
Dyrk1 AKI8R were transfected per well. The total amount of CMV promoter-
containing vectors was adjusted to 150 ng per well with pCMV-Tag2. Experi-
ments with GR (see Fig. 8) were performed with the same amounts as those used
for the experiments just described (see Fig. 6B), but instead of pSTC-AR,
pSTC-GR was used. In all experiments, the total amount of DNA per well was
adjusted to 1 pg with pBluescript II KS. For RNAi experiments, 50 ng of
pSVL-HA-Dyrk1A (see Fig. 7A), pPCMV-FLAG-Arip4 (see Fig. 7B), or pPCMV-
Tag2 (see Fig. 7C) was cotransfected with 15 ng of pSTC-AR, 500 ng of pMTV-
Luc, and 410 ng of the appropriate pPSHAG-1-based RNAIi construct. At 20 h
posttransfection, the medium was changed to one containing 500 nM R1881 (an
AR agonist) (for AR experiments), 10 nM dexamethasone (for GR experi-
ments), or vehicle (0.1% ethanol). On the following day, the cells were washed
once with PBS, lysed in 120 pl of a lysis buffer containing 100 mM potassium
phosphate and 0.5 mM dithiothreitol per well, incubated for 15 min at 4°C,
transferred to —80°C for 30 min, and thawed at 4°C. The lysates were cleared by
centrifugation for 5 min at 16,000 X g, 50-pl quantities of the supernatants were
used for the determination of luciferase activity with 50 ul of luciferase assay
reagent (Promega), and protein concentrations in three 10-pl samples from each
supernatant were determined by using a bicinchoninic acid (BCA) protein assay
kit (Pierce). Luciferase activity was normalized to protein concentration.

All transfections were done at least in triplicate, and the results are reported
as the mean and standard error of the mean (SEM) for at least three experi-
ments; thus, N is at least 9 for all transactivation assay data.

Statistical analysis of significant differences between two groups was per-
formed by using the Student ¢ test, and two-tailed P values were calculated. P
values of <0.05 were considered statistically significant.

RESULTS

Identification of Arip4 as a DyrklA-interacting protein. The
kinase domain of DyrklA (residues 152 to 486) was used as
bait in a yeast two-hybrid system to identify Dyrk1A-interact-
ing proteins. Screening was performed with a pretransformed
cDNA library generated from adult mouse brain in order to
identify proteins which interact with DyrklA in the central
nervous system. One of the six clones isolated encoded the C
terminus (residues 1078 to 1466) of Arip4 (Fig. 1B), a recently
identified cofactor of AR with ATP-dependent chromatin re-
modeling activity (61). This part of Arip4 contains a putative
NLS, an LXXLL motif found in numerous proteins that inter-
act with steroid hormone receptors (31), and a Dyrk1A sub-
strate consensus sequence around serine 1168 (RPVSP) that
perfectly matches recently described Dyrk1A phosphorylation
sites (33).

To examine further the specificity of this interaction, cotrans-
formation experiments with yeast cells were performed. The prey
vector encoding GAL4 activation domain-Arip4'?757'4¢ wag
transformed together with a vector encoding GAL4 DNA-bind-
ing domain-Dyrk1A. Reporter gene activation indicated an in-
teraction of C-terminal Arip4 with the entire Dyrk1A protein. To
exclude nonspecific interactions, the GAL4 activation domain—
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FIG. 2. Interaction of DyrklA with Arip4 in HEK293 cells. The
indicated proteins were expressed in HEK293 cells. Whole-cell lysates
were subjected to immunoprecipitation (IP) with anti-FLAG beads.
Immunoprecipitated proteins (left panels) were analyzed by immuno-
blotting (Western blotting [WB]) with an anti-EGFP antibody for the
detection of EGFP-Arip4 and EGFP (upper and lower panels). The
membrane then was reprobed with an anti-FLAG antibody for the
detection of FLAG-Dyrk1A (middle panel). Note that FLAG-Dyrk1A
interacts with EGFP-Arip4 (upper panel, second lane; the lower band
is a degradation product of the fusion protein) but not with EGFP
alone (lower panel, first lane). Cell lysates were also immunoblotted to
detect the expressed proteins (right panels; Input): EGFP-Arip4 (up-
per panel), FLAG-DyrklA (middle panel; arrowheads indicate the
fusion protein), and EGFP (lower panel). Protein markers are indi-
cated on the right.

Arip41978-146 construct was cotransformed with a GAL4 DNA-
binding domain-lamin C or a GAL4 DNA-binding domain con-
struct. No activation of reporter genes was detected in these
controls. Subsequently, a cDNA encoding the entire Arip4 pro-
tein was cloned (see Materials and Methods).

Dyrk1A
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Interaction of DyrklA with Arip4 in mammalian cells. To
check for the interaction of Dyrk1A with Arip4 in mammalian
cells, HEK293 cells were transiently transfected with expres-
sion vectors encoding FLAG-tagged DyrklA and EGFP-
tagged Arip4 or EGFP-tagged DyrklA and FLAG-tagged
Arip4. Proteins from cell lysates were immunoprecipitated
with anti-FLAG antibodies, and the binding of DyrklA to
Arip4 was detected by Western blotting with anti-EGFP anti-
bodies. Both combinations of transfections (FLAG-Dyrkl1A
with EGFP-Arip4 [Fig. 2] and EGFP-DyrklA with FLAG-
Arip4 [data not shown]) revealed an interaction of DyrklA
with Arip4. As a negative control, EGFP alone did not bind to
FLAG-DyrklA (Fig. 2), and no EGFP-Dyrk1A was present in
immunoprecipitates obtained from extracts of FLAG-trans-
fected HEK293 cells (data not shown). These results indicate
that Dyrk1A specifically interacts with Arip4 in mammalian
cells.

Coexpression of DyrklA and Arip4 in the mouse brain.
DyrklA is known to be widely expressed in the adult mouse
brain (48). The pattern of expression of Arip4 has not yet been
analyzed at the cellular level; the only data available show that
Arip4 mRNA is present in whole-brain lysates from mice (61).
A prerequisite for a physiologically relevant interaction of
Dyrk1A with Arip4 is its coexistence within the same cell. Due
to the low levels of expression of both Dyrk1A and Arip4, it
was not possible to perform double in situ hybridization exper-
iments. Therefore, single in situ hybridization experiments
were performed with radiolabeled probes for DyrkiA and
Arip4 and with consecutive cryosections from various regions
of the adult mouse brain. Special emphasis was placed on
regions that are affected in persons with DS, such as the hip-
pocampus and the cerebellum. Both DyrklA and Arip4 were

Arip4

FIG. 3. Coexpression of DyrklA and Arip4 in selected brain regions of the adult mouse. In situ hybridization experiments were performed with
33S-labeled riboprobes and consecutive coronal sections to detect mRNAs of Dyrk1A and Arip4, respectively. Corresponding images of the same
specimen were taken with bright-field (A, C, E, and G) and dark-field (B, D, F, and H) illumination. (A to D) Both genes are expressed in
pyramidal cells of the CA1, CA2, and CA3 regions of the hippocampus, in interneurons of the hippocampal formation (arrows), and in granule
cells of the dentate gyrus (DG). (E to H) In the cerebellum, both Dyrk1A4 and Arip4 are expressed in a large cell population of the granular layer
(GL), in the molecular layer (ML), and in Purkinje cells (PCL; arrows). Scale bars: A to D, 500 wm (bar shown only in panel A); E to H, 50 wm
(bar shown only in panel E).
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FIG. 4. Intracellular localization of Dyrk1A and Arip4 in primary hippocampal neurons and in HEK293 cells. (A to F) Primary rat hippocampal
neurons were transfected with EGFP-Dyrk1A (A to C) and EGFP-Arip4 (D to F). (A and D) Fusion proteins were detected by conventional
fluorescence microscopy. (B and E) To visualize entire cells, corresponding images were taken with phase-contrast settings in combination with
fluorescence. (C and F) Nuclei were counterstained with DAPI. Note that both EGFP-Dyrk1A and EGFP-Arip4 were localized in a speckle-like
nuclear subcompartment. (G to L) Fusions of ECFP and EYFP with Dyrk1A and Arip4 were coexpressed in HEK293 cells and were analyzed by
confocal laser scanning microscopy. ECFP signals (green; G and J) and EYFP signals (red; H and K) were merged (I and L) to visualize
colocalization (yellow). Scale bars: A to F, 5 um (bar shown only in panel A); G to L, 10 wm (bar shown only in panel G).

found to be widely expressed in these regions (Fig. 3). Specif-
ically, Dyrk1A and Arip4 were expressed in all principal neu-
rons of the hippocampus and the dentate gyrus (Fig. 3A to D).
Thus, the two transcripts were definitely coexpressed in these
cell types. In addition, both genes were expressed in many
interneurons in the hippocampal formation, although the exact
subtype of the interneurons remains to be determined. In the
cerebellum, Dyrk1A and Arip4 mRNAs were detected in all
layers—granular, molecular, and Purkinje cell layers. Due to
their large perikaryon, distinctly identifiable Purkinje cells
were visualized in two consecutive sections, which were hybrid-
ized with probes for Dyrk1A and Arip4. In this way, it was possible
to detect both mRNAs in identical cells (Fig. 3E to H). Taken

together, the results of this in situ hybridization analysis showed
the coexpression of Dyrk1A4 and Arip4 in principal neurons of the
hippocampus and in cerebellar Purkinje cells.

Subcellular localization of Dyrk1A and Arip4. Next, we de-
termined the subcellular localization of the Dyrk1A and Arip4
proteins by transfection of expression constructs coding for
fusions of EGFP with Dyrkl1A and with Arip4, respectively,
into primary hippocampal neurons. Transfection was per-
formed after 2 days of culturing, and cells were analyzed by
fluorescence microscopy on the following day to monitor the
localization of the proteins (Fig. 4A to F). Both EGFP-Dyrk1A
and EGFP-Arip4 were exclusively nuclear and concentrated in
a speckle-like nuclear subcompartment in cells with neuronal
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FIG. 5. Colocalization of Dyrkl1A and Arip4 in hippocampal pyramidal neurons. Conventional fluorescence microscopy (A, B, and G) and
confocal laser scanning microscopy (C to F) images show the same pyramidal neuron in an organotypic hippocampal explant transfected with
plasmids encoding ECFP-Dyrk1A, EYFP-Arip4, and DsRed2 and stained with DAPI. Corresponding images of the same region were obtained
to visualize ECFP-Dyrk1A (green) and EYFP-Arip4 (red), the cell body of transfected neurons (labeled with DsRed2; red), and the nuclei of all
cells (DAPI; blue). Merged images of ECFP-Dyrk1A and EYFP-Arip4 were generated to show the colocalization of Dyrk1A and Arip4 (yellow;
F). To visualize the nucleus and the distribution of the chromatin, the DAPI image (G) was superimposed on the confocal ECFP-Dyrk and
EYFP-Arip4 image (F) to generate the image in panel C. Asterisks in panels F and G indicate corresponding locations. Open arrowheads
(ECFP-Dyrk1A) and filled arrowheads (EYFP-Arip4) indicate speckles containing only Dyrk1A and only Arip4, respectively. Scale bars: A and

B, 25 pm; C, 5 wm; D to G, 5 wm (bar shown only in panel D).

morphology. In addition, they were also present in the nucle-
oplasm, although to a much lesser degree.

To address the question of whether Dyrk1A and Arip4 are
localized in the same nuclear subcompartment, expression con-
structs coding for fusion proteins with the color variants of
EGFP, i.e., ECFP and EYFP, were generated. These proteins
were expressed in HEK293 cells. The localization of the fusion
proteins was studied by confocal laser scanning microscopy.
Again, both Dyrk1A and Arip4 were found to be localized in a
speckle-like nuclear subcompartment and, to a lesser degree,
diffusely throughout the nucleus, excluding the nucleolus (Fig.
4G, H, J, and K). Overlays of the images showed that Dyrk1A
and Arip4 were colocalized throughout the nucleoplasm and,
to a large extent, in a speckle-like nuclear subcompartment
(Fig. 41 and L). However, the colocalization in the speckles was
not complete, as some spots were found to be stained for either
but not both of the proteins. Similar results were obtained after
transfection of the color variants into hippocampal cell line
HT22 (data not shown).

To study the subcellular localization of Dyrk1A and Arip4 in
a context where the basic morphological and functional prop-
erties of the hippocampal neuronal network are preserved, we
expressed ECFP-DyrklA and EYFP-Arip4 together with
DsRed?2 in organotypic hippocampal slice cultures and ana-
lyzed their localization by confocal laser scanning microscopy
(Fig. 5). This strategy was chosen because no appropriate an-
tibodies against Dyrk1A and Arip4 were available to detect the
proteins by double-immunofluorescence methods. In these
hippocampal slice cultures, transfected cells were visualized by
DsRed2 fluorescence (Fig. 5B), and neurons were identified
based on morphological criteria (9). Both in interneurons and
in pyramidal neurons, Dyrk1A and Arip4 were found to be
localized primarily in the nucleus and, to a much lesser extent,
also in the cytoplasm of the perikaryon and in neurites. For
most of the neurons analyzed, Dyrkl1A and Arip4 were not
dispersed throughout the entire nucleus but were concentrated
in a speckle-like nuclear subcompartment (Fig. 5C to F). When
examined by conventional fluorescence microscopy, ECFP-
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FIG. 6. The synergistic enhancement of AR-dependent transactivation by Dyrk1A and Arip4 expression is independent of the kinase activity
of Dyrk1A. (A) Dyrk1A with Arip4™" or Arip4*!1%>7119 was expressed in CV-1 cells together with the MMTV-luciferase reporter gene. Cells were
stimulated with the synthetic AR agonist R1881. Note that Arip4*!''%-'16 which lacks the Dyrk1A substrate consensus sequence, was also able
to enhance the effect of Dyrkl1A. WT, wild type. (B) Arip4 with DyrkIAW" or Dyrk1 A®'3® was expressed in CV-1 cells together with the
MMTV-luciferase reporter gene. Cells were stimulated with the synthetic AR agonist R1881. Note that kinase-deficient mutant Dyrk1 AX88R was
able to stimulate AR-mediated activation not different from that stimulated by Dyrk1AWYT. Luciferase activities were normalized to protein
content, and ratios were expressed relative to those obtained with AR in the presence of R1881 (value set at 1; second bar from left in panels A
and B). Means and SEMs for three independent experiments are shown. For comparisons indicated by brackets, one asterisk indicates a P value

of <0.05 and three asterisks indicate a P value of <0.0001.

Dyrk1A- or EYFP-Arip4-positive regions in the nucleus ap-
peared as one or several large aggregate(s), but when confocal
analysis was used, these domains were resolved and were
shown to consist of a large number of small speckles (Fig. 5C
to F). By comparison of the ECFP-Dyrk1A- or EYFP-Arip4-
positive regions with the distribution of chromatin, as visual-
ized by DNA staining with DAPI and conventional fluores-
cence microscopy, we found evidence in several neurons that
Dyrk1A- and Arip4-containing speckles occurred in nuclear
regions where chromatin was less densely packed (Fig. SF and
G). In some neurons, where chromocenters were visible,
Dyrk1A and Arip4 seemed to be excluded from these regions
of densely packed chromatin (data not shown). In a few neu-
rons, small aggregates containing Dyrk1A and/or Arip4 were
also detected in the cytoplasm (Fig. SA and data not shown).

DyrklA and Arip4 regulate AR signaling. Arip4 is known to
interact physically and functionally with AR and was described
as a coactivator of androgen-induced transcription (61). There-
fore, we addressed the question of whether the interaction of
Dyrk1A with Arip4 could lead to a modulation of androgen-
induced transcription by performing luciferase reporter gene
assays after transient transfections.

First, we cotransfected CV-1 cells with an MMTV-luciferase
reporter gene which is regulated by androgen and an expres-

sion vector for AR. In addition, Dyrk1A, Arip4, both, or nei-
ther was expressed. As shown in Fig. 6A, the activation of AR
with the synthetic androgen R1881 led to a robust induction of
the reporter gene (7.1-fold). This level of luciferase activity
induced by hormone-activated AR without cofactors was set at
1. The expression of Dyrk1A led to a 4.3-fold (SEM, +0.35 [P
< 0.0001]) further increase in reporter gene activity, whereas
transfection with a plasmid encoding wild-type Arip4 caused
an increase of 1.2-fold (*£0.06 [P < 0.05]). The expression of
Dyrk1A and Arip4 together strongly augmented the inducing
effect on the reporter gene and led to an increase of 18-fold
(£2.7 [P < 0.0001]) over that obtained with activated AR (Fig.
6A). This enhancement was much stronger than the sum of the
effects of DyrklA and Arip4 transfected alone. Therefore,
these findings indicate a functional interaction of Dyrk1A and
Arip4 which has a synergistic effect on AR-mediated transcrip-
tion.

Because DyrklA is a protein kinase and Arip4 contains a
Dyrk1A substrate consensus sequence, it is reasonable to as-
sume that Dyrk1A regulates the activity of Arip4 by phosphor-
ylation. To test this hypothesis, we used a mutant of Arip4
(Arip4»!193-119%) which lacks the Dyrk1A substrate sequence
and investigated the effect of the mutation on the activity of
Arip4 in a transactivation assay with AR (Fig. 6A). Surpris-
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FIG. 7. Effect of Dyrk1A and Arip4 knockdown by RNAi on AR-dependent transactivation. (A) Endogenous Arip4 is necessary for the full
effect of Dyrk1A on AR-mediated transcription. Dyrk1A was ectopically expressed, and Arip4 expression was either unaltered (—) or inhibited
by RNAI. RNAI targeting of Arip4 strongly reduced the effect of Dyrk1A. Values are expressed relative to that obtained by expression of Dyrk1A
without knockdown of Arip4 (with pPSHAG-1 as a control; value set at 1; left bar). (B) Endogenous Dyrk1A is necessary for the full effect of Arip4
on AR-mediated transcription. Arip4 was ectopically expressed, and Dyrk1A expression was either unaltered (—) or inhibited by RNAi. RNAi
targeting of Dyrk1A strongly reduced the effect of Arip4. Values are expressed relative to that obtained by expression of Arip4 without knockdown
of DyrklA (with pSHAG-1 as a control; value set at 1; left bar). (C) Endogenous DyrklA and Arip4 both contribute to AR-mediated
transactivation. Knockdown of either Dyrk1A (third bar from left) or both Dyrk1A and Arip4 (fourth bar from left) significantly reduced the effect
of the synthetic AR agonist R1881 on transcription, compared to the effect seen in controls expressing shRNA specific for the mRNA encoded
by the lacZ gene (first bar from left). Values are expressed relative to those for the control (AR and lacZ RNAI in the presence of R1881; values
set at 1; first bar from left). Luciferase activities were normalized to protein contents of the lysates. Means and SEMs for three independent

experiments are shown. For comparisons indicated by brackets, three asterisks indicate a P value of <0.0001.

ingly, the mutation had no significant effect on the activity of
Arip4 transfected alone (wild-type Arip4, 1.22-fold activation
[+0.06]; Arip4”!''6>=1196 1.27-fold activation [=0.11] [P =
0.69]) or on the synergistic effect on AR of the cotransfection
of Arip4 with Dyrk1A (DyrklA plus wild-type Arip4, 18-fold
activation [*2.7]; Dyrk1A plus Arip4*!*¢5-119¢ 16-fold activa-
tion [=2.0] [P = 0.56]). These results led us to conclude that
the activation of Arip4 by DyrklA is not mediated by the
phosphorylation of serine 1168. To further substantiate
whether the phosphorylation of Arip4 by DyrklA plays an
essential role in an activation mechanism, we cotransfected
Arip4 together with a kinase-deficient mutant of DyrklA
(Dyrk1 AX'®3R) (Fig. 6B). In these experiments, Dyrk1 AX'#5R
was also able to activate AR-mediated transcription synergis-
tically with Arip4, and the effect was not significantly different
from that obtained with wild-type Dyrk1A (Arip4 plus wild-
type DyrklA, 29.2-fold activation [*=3.2]; Arip4 plus
Dyrk1 AR 22 2-fold activation [+2.9] [P = 0.12]). Appar-
ently, the effect of DyrklA on Arip4 and androgen-induced
transactivation is not mediated by the phosphorylation of
serine 1168 or phosphorylation at other sites.

Functions of endogenous Dyrk1A and Arip4 in AR-mediated
transactivation. To address the question of whether the induc-
ing effect of Dyrk1A and Arip4 on steroid hormone-dependent
transactivation can also be mediated by endogenous Dyrkl1A
and Arip4 without ectopic expression, we used RNAI to knock

down the endogenously expressed Dyrk1A and Arip4 proteins.
Both DyrklA and Arip4 are expressed in CV-1 cells, as de-
tected by RT-PCR (data not shown). RNAi was performed by
expressing shRNAs directed against either Dyrk1A or Arip4
after transfection of pSHAG-1-based constructs. Four con-
structs targeting Dyrk1A were tested by coexpression with
EGFP-Dyrk1A in HEK293 cells. Two constructs were found to
lead to a strong reduction in the level of expression of EGFP-
Dyrk1A, whereas EGFP was not affected, as visualized by
fluorescence microscopy (data not shown). In addition, lysates
of these cells were immunoblotted, and EGFP-Dyrk1A was
detected with an anti-EGFP antibody. The amount of Dyrk1A
was reduced to undetectable or very low levels for the two most
efficient shRNA-expressing constructs (data not shown). These
two plasmids were used as a mixture to knock down Dyrk1A in
CV-1 cells before transactivation assays. For RNAi-mediated
knockdown of Arip4, three constructs were generated and
used as a mixture. Knockout of endogenous Arip4 reduced the
reporter gene-inducing effect of transfected Dyrk1A (Dyrkl1A
plus RNAi-targeting Arip4, 0.49-fold activity [+0.07]; Dyrk1A
plus pSHAG-1, 1.0-fold activity [0.09] [P < 0.001]) (Fig. 7A),
and knockdown of endogenous Dyrk1A strongly reduced the
effect of transfected Arip4 on androgen-induced transactiva-
tion (Arip4 plus RNAI targeting DyrklA, 0.38-fold activity
[+0.05]; Arip4 plus pSHAG-1, 1.0-fold activity [=0.06] [P <
0.0001]) (Fig. 7B).
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FIG. 8. DyrklA and Arip4 are able to enhance glucocorticoid-
induced transactivation. Arip4 with Dyrk1AYT or Dyrk1AK!®R was
expressed in CV-1 cells. WT, wild type. Luciferase activities were
normalized to protein contents of the lysates, and ratios were ex-
pressed relative to those achieved with GR only in the presence of
dexamethasone (Dex; value set at 1; second bar from left). Means and
SEMs for three independent experiments are shown. For comparisons
indicated by brackets, two asterisks indicate a P value of <0.01 and
three asterisks indicate a P value of <0.0001.

To monitor possible nonspecific effects of the pSHAG-1
vector and of the expression of double-stranded shRNAs, ei-
ther the pSHAG-1 empty vector or a set of three plasmids
expressing shRNAs targeting lacZ (pSHAG-1-lacZ) were in-
cluded in the transfection experiments. In cotransfections with
DyrklA or Arip4, the values obtained with pSHAG-1 and
pSHAG-1-lacZ did not differ significantly (data not shown);
thus, only one of these controls is shown for each experiment.

Without any ectopic expression by transfection of Dyrk1A or
Arip4, knockdown of endogenous DyrklA or both Dyrkl1A
and Arip4 significantly reduced androgen-mediated transacti-
vation (RNAI targeting Dyrk1A, 0.53-fold activity [*0.046];
RNAI targeting lacZ control, 1.0-fold activity [£0.036] [P <
0.0001]; and RNAI targeting Dyrk1A together with RNAI tar-
geting Arip4, 0.55-fold activity [£0.029]; control, 1.0-fold ac-
tivity [£0.036] [P < 0.0001]). However, the reduction of re-
porter gene activity after knockdown of endogenous Arip4 did
not reach significance (0.88-fold activity [0.062]; control, 1.0-
fold activity [+0.036] [P = 0.11]) (Fig. 7C).

DyrklA and Arip4 regulate GR signaling. In order to deter-
mine whether Dyrk1A and Arip4 were able to enhance tran-
scription induced by other steroid hormone receptors, we ex-
pressed Dyrk1A and Arip4 in CV-1 cells together with a GR
expression vector and with a GR-inducible luciferase reporter
gene (MMTV-luciferase). As shown in Fig. 8, the expression of
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DyrklA or Arip4 resulted in an increase in GR-mediated
transactivation to an extent similar to that observed for AR
(Arip4, 1.4-fold activation [£0.10] [P < 0.01]; Dyrk1A, 3.5-fold
activation [£0.27] [P < 0.0001]; both compared to control,
1.0-fold activity [+0.077]). When DyrklA and Arip4 were co-
expressed, they synergistically increased the effect of dexa-
methasone on the expression of the reporter gene (21.7-fold
activation [£2.5]; control, 1.0-fold activity [*0.077] [P <
0.0001]). In addition, we investigated for GR whether the
phosphorylation of Arip4 by Dyrk1A plays a role as a mecha-
nism for activating GR-mediated transcriptional effects. It was
found that the kinase-deficient mutant Dyrk1 AX!®3R exhibited
the same activity as wild-type DyrklA (Arip4 plus wild-type
Dyrk1A, 21.7-fold activation [=2.5]; Arip4 plus Dyrk1 AK!88R,
21.3-fold activation [=2.3] [P = 0.91]) (Fig. 8). Furthermore,
we performed transactivation assays with GR and dexametha-
sone in combination with RNAIi to knock down endogenous
DyrklA and/or Arip4 and obtained results similar to those
shown for AR and androgen in Fig. 7 (data not shown). In
summary, not only AR-mediated transactivation but also GR-
mediated induction of transcription is potentiated by Dyrk1A
and Arip4, and these effects are not dependent on the kinase
activity of Dyrk1A.

DISCUSSION

Arip4, a steroid hormone receptor cofactor, interacts with
Dyrk1A. In this study, we aimed to shed light on the function
of DyrklA in the mammalian brain, in particular, on the cel-
lular mechanisms by which a third copy of DyrkIA could lead
to cognitive impairments in mice and humans (27, 63, 64).
During the last few years, several transcription factors that
interact with Dyrk1A, including FKHR, CREB, and Glil, were
identified (45, 49, 73, 75). Despite these investigations, it is still
unknown which signal transduction cascades are the key play-
ers modulated by DyrklA both under physiological circum-
stances and in pathophysiological situations, such as in DS.

In the present investigation, we identified Arip4 as a protein
physically and functionally interacting with Dyrk1A. Arip4 was
originally identified as an ATPase of the Rad54/ATRX sub-
family of SNF2-like proteins, contains chromatin remodeling
activity, interacts with AR, and modulates androgen-mediated
transactivation (61). In general, SNF2-like proteins are
thought to modify the structure of chromatin in a noncovalent
manner through rearrangement of nucleosomes and are able
to render condensed chromatin accessible to sequence-specific
transcription factors (reviewed in references 3 and 44). The
clone initially isolated in the yeast two-hybrid screen codes for
the C terminus of Arip4. This region contains an NLS and an
LXXLL motif, a potential binding site for ligand-activated
nuclear receptors (31). Intriguingly, we identified in this C-
terminal region of Arip4 a DyrklA substrate sequence per-
fectly matching the Dyrk1A substrate consensus sequence (33).

By coimmunoprecipitation, we confirmed the specific inter-
action of Dyrk1A and Arip4 in mammalian cells. It was shown
by Rouleau et al. (61) that Arip4 interacts with the AR; there-
fore, it seems plausible to hypothesize that Dyrk1A, Arip4, and
AR coexist in one complex in mammalian cells.

Colocalization of Dyrk1A with Arip4 in the mouse brain. To
elucidate the physiological relevance of this interaction, we
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performed coexpression and colocalization analyses. By in situ
hybridization, we could show the coexpression of Dyrkl1A and
Arip4 in several brain regions. In our expression analysis, we
placed special emphasis on those regions, which are affected in
DS. Both for the cerebellum and for the hippocampal forma-
tion, disturbances in volume and neuronal numbers and/or
densities were found, and the alterations in these regions were
suggested to account, at least in part, for the behavioral phe-
notype in DS (reviewed in reference 51; see also reference 59).
We found that both genes are broadly expressed in the adult
mouse brain. In the cerebellum and in principal neurons of the
hippocampus and the dentate gyrus, we found a high level of
coexpression. Furthermore, we showed the colocalization of
Dyrkl1A and Arip4 in a speckle-like nuclear subcompartment
in mammalian cell lines and hippocampal neurons.

From these data, we conclude that Dyrk1A and Arip4 are
coexpressed and colocalized in neurons of the hippocampus, a
brain region that plays a critical role in learning and memory
and that is most clearly affected in the brains of persons with
DS (51).

DyrklA and Arip4 colocalize in nuclear speckles. To study
the subcellular localization of Dyrk1A and Arip4, fusions of
Dyrk1A and Arip4 with EGFP or its color variants ECFP and
EYFP were expressed in HEK293 cells, primary hippocampal
neurons, and organotypic hippocampal explants. Using confo-
cal laser scanning microscopy, we found that DyrklA and
Arip4 fusion proteins colocalize to a large extent in a speckle-
like nuclear subcompartment. This localization appears to re-
flect the physiological situation of endogenously expressed
Dyrk1A, as the presence of Dyrk1A in speckles is in agreement
with the results of recent studies in which immunostaining
detected endogenous DyrklA protein in primary cerebellar
(48) and hippocampal (J. H. Sitz and B. Lutz, unpublished
observations) neurons. The accumulation of Dyrk1A in speck-
les was shown to be dependent on a repeat of histidine residues
located C-terminal to the kinase domain (1) (Fig. 1A). How-
ever, the overexpression of Dyrk1A was also reported to cause
a diffuse distribution of Dyrk1A itself all over the nucleus and
speckle disassembly in some cell types (1). In the present study,
this feature, however, was not observed in the primary neurons
analyzed. In hippocampal explants, few neurons were observed
to contain Dyrk1A not present in a speckle-like pattern but
more diffusely distributed in the nucleus. In HEK293 cells, we
observed both speckle-like and more diffusely distributed lo-
calizations of Dyrk1A and Arip4. These distributions were not
mutually exclusive but coexisted in many cells. In agreement
with Alvarez et al. (1), we did not observe a correlation be-
tween expression level and subnuclear localization in any of
the cell types studied. In contrast, Funakoshi et al. (17) re-
ported that strongly overexpressed Dyrk1A is localized all over
the nucleus in HeLa cells and induces multinucleation occur-
ring after mitosis.

Dyrk1A colocalizes in speckles with the serine arginine-rich
(SR) protein SC35 splicing factor (1) and is able to interact
with and to phosphorylate several arginine/serine-rich (RS)
domain proteins, including the recently identified Dyrk1A sub-
strate cyclin L2, which binds to DyrklA via the RS domain
(10). The RS domain is a typical feature of many proteins
involved in pre-mRNA processing (22). These findings may be
interpreted as evidence for a role of DyrklA as a splicing
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cofactor, but it should be noted that speckles are known to
contain proteins that are part of the transcriptional machinery,
e.g., hyperphosphorylated RNA polymerase II (50), transcrip-
tion factors (43, 77), and the chromatin remodeling transcrip-
tional cofactor HMG-17 (34). Moreover, the current view of
the function of speckles is that they are not direct transcription
and/or splicing centers but rather are storage, assembly, or
modification compartments (reviewed in reference 41). It re-
mains to be determined whether DyrklA is able to regulate
splicing and in which nuclear subcompartment Dyrkl1A pri-
marily exerts its function(s). Dyrk1A accumulation in speckles
is sensitive to the transcriptional state, as Dyrk1A localizes to
larger speckles after inhibition of RNA polymerase IT (1). This
finding suggest that speckles may be storage compartments for
superfluous Dyrk1A and that Dyrk1A is involved in transcrip-
tion, splicing, or both.

Dyrk1A and Arip4 regulate steroid hormone-induced trans-
activation. We analyzed the functional interaction of Dyrkl1A
and Arip4 by performing reporter gene assays after the expres-
sion of Dyrk1A and/or Arip4 in CV-1 cells. We were able to
show that Dyrk1A and Arip4 activate androgen- and glucocor-
ticoid-mediated transactivation synergistically. We were able
to show not only that DyrklA and Arip4 participate in tran-
scriptional regulation after induction by steroid hormones
when they are ectopically expressed but also that endogenously
expressed Dyrk1A and Arip4 have a stimulatory effect on an-
drogen- and glucocorticoid-induced transcription. Whereas a
physical and functional interaction of Arip4 with AR and a
regulatory role for Arip4 in androgen-mediated transactivation
had been described already by Rouleau et al. (61), the effect of
Arip4 on glucocorticoid-induced transcription is shown here
for the first time.

Dyrkl1A is not a general transcriptional activator and func-
tions without kinase activity. Although Dyrk1A has been re-
ported to interact with several transcription factors in other
studies (reviewed in reference 18) and in this study, it should
be noted that Dyrk1A is not a general transcriptional activator,
as it does not enhance Elk-, c-Jun-, or LEF-1-mediated trans-
activation (45). It remains to be determined which of the sig-
naling cascades leading to gene induction is most predomi-
nantly regulated by DyrklA or even requires DyrklA under
physiological conditions in the mammalian brain.

Most of the transcription factors previously described as
Dyrk1A substrates are phosphorylated by Dyrkl1A. Remark-
ably, we found that the kinase activity of DyrklA is not nec-
essary for the enhancing effect on steroid hormone-mediated
transactivation, as neither mutation of the putative DyrklA
phosphorylation site of Arip4 nor engagement of a kinase-
negative mutant of Dyrk1A affected the synergistic activation
of steroid hormone-mediated transactivation by DyrklA and
Arip4. This finding is reminiscent of the interaction of Dyrk1A
with FKHR. It was reported that FKHR-mediated transacti-
vation of the glucose-6-phosphatase gene is stimulated by
Dyrk1A and that the synergistic effect of FKHR and Dyrk1A
on the glucose-6-phosphatase promoter is independent both of
the kinase activity of Dyrk1A and of the presence of serine 329
of FKHR (71), which is phosphorylated by Dyrk1A (73).

Involvement of DyrklA in steroid hormone-regulated pro-
cesses and in mental retardation. Our results show a regula-
tory role of DyrklA in steroid hormone-induced transcription.
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In this process, the Dyrk1A-interacting protein Arip4 is able to
potentiate the stimulatory effect of Dyrkl1A in a synergistic
manner. Notably, Dyrk1A together with Arip4 appears to be
able to influence both AR- and GR-mediated transactivation
in vivo in the mammalian brain, as both genes are coexpressed,
e.g., in the hippocampus (Fig. 3), and as AR and GR are also
present in this region (38, 67, 76). Thus, these functional in-
teractions may play important roles both under physiological
conditions in the mammalian brain and in pathophysiological
states, such as in DS.

Dyrk1A appears to be involved in cognitive processes in the
mammalian brain in a gene dosage-dependent manner. The
overexpression of Dyrk1A in yeast artificial chromosome-trans-
genic mice causes an impairment in hippocampus-dependent
spatial learning and memory (63, 64). Our work may suggest
that these impairments could be explained, at least in part, by
dysregulation of AR- and GR-mediated processes. Pubertal
androgens have been reported to regulate synaptic plasticity in
the hippocampal CA1 region and to reduce social memory (28,
30). Intriguingly, androgens modulate the behaviorally induced
expression of c-fos (39), an immediate-early gene implicated in
long-term memory (reviewed in reference 25), but whether
androgens applied in adulthood affect performance in learning
and memory tasks is still a matter of debate (reviewed in
reference 13). An important role of corticosteroid receptors, in
particular, GR, in hippocampus-dependent spatial learning
and memory has been well established (reviewed in reference
36). There is evidence for an inverted U-shaped relationship
between corticosteroid levels and the abilities to learn and to
memorize (reviewed in reference 11). This effect is primarily
mediated by transactivation through GR (53). This inverted
U-shaped mode of action is in agreement with the current view
of the gene dosage-dependent function of Dyrk1A and MNB
in memory processing. Both overexpression in mice (64) and
reduced expression in Drosophila (69) lead to impairments in
learning and memory. Based on the results of the present
work, it can be suggested that Dyrk1A functions in cognitive
processes, such as hippocampus-dependent spatial memory, at
least in part through its interaction with Arip4 and with steroid
hormone receptors, in particular, GR.

Interestingly, mutations in the human ATRX gene, the clos-
est relative of Arip4, cause the ATR-X syndrome, which is
characterized by mental retardation and other defects (19, 20).
Like Arip4, ATRX has been reported to form a complex with
the transcriptional cofactor Daxx and to display chromatin
remodeling activities (74). Another example of a human syn-
drome associated with mental retardation caused by mutations
in a chromatin remodeling protein and leading to transcrip-
tional dysregulation is the Rubinstein-Taybi syndrome, which
is caused by mutations in the CREB-binding protein gene,
encoding a transcriptional cofactor also involved in steroid
hormone pathways (2, 55).

The finding that most (>95%) of the genes dysregulated by
more than *2 standard deviations in trisomy 21 human fetal
cells do not map to chromosome 21 (15) may be explained by
secondary effects caused by the overexpression of a multifunc-
tional transcriptional coregulator(s) encoded on chromosome
21, among which Dyrk1A is a prototypical example.

Steroid hormone signaling may be altered under pathophys-
iological circumstances where Dyrk1A is overexpressed, such as
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in transgenic mice and in humans with DS, through the inter-
action of Dyrk1A with Arip4. However, it remains to be inves-
tigated whether disturbed chromatin remodeling and altered
regulation of steroid hormone-regulated gene expression con-
tribute to the phenotype of DS.
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