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Two genes on chromosome 21, namely dual specificity tyro-
sine phosphorylation-regulated kinase 1A (Dyrk1A) and regula-
tor of calcineurin 1 (RCAN1), have been implicated in some of
the phenotypic characteristics ofDown syndrome, including the
early onset of Alzheimer disease. Although a link between
Dyrk1A and RCAN1 and the nuclear factor of activated T cells
(NFAT) pathway has been reported, it remains unclear whether
Dyrk1A directly interacts with RCAN1. In the present study,
Dyrk1A is shown to directly interact with and phosphorylate
RCAN1 at Ser112 and Thr192 residues. Dyrk1A-mediated phos-
phorylation of RCAN1 at Ser112 primes the protein for the
GSK3�-mediated phosphorylation of Ser108. Phosphorylation
of RCAN1 at Thr192 by Dyrk1A enhances the ability of RCAN1
to inhibit the phosphatase activity of calcineurin (Caln), leading
to reduced NFAT transcriptional activity and enhanced Tau
phosphorylation. These effects are mediated by the enhanced
binding of RCAN1 to Caln and its extended half-life caused by
Dyrk1A-mediated phosphorylation. Furthermore, an increased
expression of phospho-Thr192-RCAN1 was observed in the
brains of transgenic mice overexpressing the Dyrk1A protein.
These results suggest a direct link between Dyrk1A and RCAN1
in the Caln-NFAT signaling and Tau hyperphosphorylation
pathways, supporting the notion that the synergistic interaction
between the chromosome 21 genes RCAN1 andDyrk1A is asso-
ciatedwith a variety of pathological features associatedwithDS.

Down syndrome (DS3; also known as Trisomy 21) is a very
common genetic disorder caused by the presence of an extra
copy of human chromosome 21. The genes that encode dual
specificity tyrosine phosphorylation-regulated kinase 1A

(Dyrk1A) and regulator of calcineurin 1 (RCAN1) are both
located on chromosome21 andmight be responsible for certain
clinical features of DS, such as mental retardation and early
onset Alzheimer disease (AD). Dyrk1A is a dual specificity pro-
tein kinase that is activated by autophosphorylation on a tyro-
sine residue in the activation loop, and it phosphorylates serine
or threonine residues in substrate proteins (1). Dyrk1A is amul-
tifunctional protein kinase with various substrates, such as
transcription factors, splicing factors, and synapse-associated
proteins (2, 3). Dyrk1A contains a nuclear localization sequence
at its N terminus and locates both to the cytosol and nucleus,
phosphorylating nuclear and cytoplasmic substrate proteins.
Dyrk1A also functions as a priming kinase forGSK3� phospho-
rylation of proteins such as Tau and NFAT (4, 5). The protein
encoded by Dyrk1A is considered a candidate protein poten-
tially responsible for DS mental retardation (6–9) and early
onset of AD-like symptoms (3, 10–14) in DS patients. Trans-
genic mice overexpressing Dyrk1A (Dyrk1A TG mice) show
severe hippocampus-dependent learning and memory defects
(15–17). We recently reported that overexpression of Dyrk1A
in DS brains may contribute to early onset of AD through
hyperphosphorylation of Tau and enhancement of A� produc-
tion, potentially due to the phosphorylation of APP and prese-
nilin 1 (10, 11, 14). Dyrk1A also plays a critical role in neurode-
velopment, including neuronal differentiation and synaptic
plasticity (18).
RCAN1, formerly known asDown syndrome critical region 1

(DSCR1), acts as an endogenous regulator of calcineurin (Caln),
a ubiquitous and multifunctional calcium-activated serine/
threonine protein phosphatase. Its overexpression either in
animal models or in cells results in the inhibition of signaling
pathways that are controlled by the nuclear factor of activatedT
cells (NFAT) transcription factor (19). RCAN1 is widely
expressed in the brain (20), both during development and in
adults. RCAN1�/� mice show impairments in spatial learning
and memory (21), and knockdown or overexpression of the
Drosophila melanogaster RCAN1 homolog leads to severe
learning defects (22). RCAN1 has therefore been proposed as a
candidate protein responsible for mental retardation in DS.
RCAN1 has also been implicated in oxidative stress and exocy-
tosis (23, 24).
Increased expression of certain genes on chromosome 21,

alone or in cooperation, is thought to be responsible for the DS
phenotype, including mental retardation, congenital heart
defects, gastrointestinal malformations, immune and endo-
crine system defects, and early onset of dementia of the
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Alzheimer type. Increased expression of RCAN1 and Dyrk1A
in individuals with DS destabilizes the NFAT genetic circuit
(25). Increased Dyrk1A or RCAN1 expression has been
reported in both human DS and AD brains (12, 26–29). The
present study investigated the possible direct link between
Dyrk1A and RCAN1 and examined the effect of Dyrk1A-medi-
ated phosphorylation on RCAN1 activity in relation to the
pathological traits of DS.

EXPERIMENTAL PROCEDURES

Proteins and Antibodies—Mouse wild-type and Y321F
kinase-inactive mutant Dyrk1A proteins with endogenous
13-histidine repeats were purified with Ni2�-NTA resin as
described previously (10). Full-length human RCAN1-1S
(RCAN1) and human Caln A cDNAs were cloned into pET29b
and pET28b, respectively. The full-length human RCAN1 and
an RCAN1 C-terminal (RCAN1Ct) cDNA corresponding to
exon 7 were cloned into pGEX4T-3. The recombinant proteins
were expressed in Escherichia coli BL21(DE3) strain RIL (Strat-
agene) and purified using Ni2�-NTA or glutathione-Sepharose
4B resin.
Anti-�-tubulin and HA antibodies were from Sigma. The

anti-Caln antibody was from R&D Systems. The anti-Dyrk1A
antibody was custom-made as described previously (16). The
anti-RCAN1 antibodies were either from Abnova or custom-
made using synthetic peptides, RPEYTPIHLS. A phosphospe-
cific RCAN1antibody to a synthetic phosphopeptide (188RPEY-
pTPIHLS197) was generated and affinity-purified first with a
cognate nonphosphopeptide (RPEYTPIHLS) affinity column
and then with a phosphopeptide column (Peptron, Inc., Dae-
jeon, South Korea).
Plasmids, siRNAs, and Cell Transfection—The full-length

wild-type and Y321F kinase-inactive Dyrk1A mutant cDNAs
were cloned into pcDNA3.1 as described previously (10). The
full-length human wild-type RCAN1-1S (RCAN1) and Caln A
cDNAswere cloned into pcDNA3.1 (Invitrogen). Phosphoryla-
tion-defective mutants of RCAN1 cDNA were generated by
DpnI-mediated site-directedmutagenesis (Stratagene), and the
clones were verified by sequencing. For the siRNA experiment,
the Dyrk1A-specific siRNA (5�-AUGGAGCUAUGGA-
CGUUAA) with the TT overhang was designed and synthe-
sized by Samchully Pharm Co. Ltd. (Seoul, South Korea). For
siRNA delivery, Dyrk1A-specific duplex siRNA (100 pmol for a
6-well plate) was transfected into PC12 cells (7.5 � 105 cells/
well) using Lipofectamine 2000 (Invitrogen). Dyrk1A siRNA
(5�-GUACAUCGUCAAGCUCAGGU) was used as an ineffec-
tive siRNA control. After 48–72 h of siRNA treatment, cell
lysates were prepared for immunoblot analyses. HEK293T cells
were transfected with the indicated plasmids using the calcium
phosphate precipitation method. One day later, the cells were
lysed in RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1%
Nonidet P-40, 0.1% SDS, 0.5% deoxycholic acid) containing 1
mM PMSF, a phosphatase inhibitor mixture, and a protease
inhibitor mixture (Calbiochem) and subjected to Western blot
analysis.
Dyrk1A in Vitro Kinase Assay—For analysis by autoradiogra-

phy, purified RCAN1 wild-type (WT) or mutant protein (100
ng) was incubated with recombinant full-length Dyrk1A pro-

tein (1 �g) for 1 h at 37 °C in kinase buffer (20 mM MOPS, pH
7.0, 10 mM MgCl2, 1 mM DTT, and 20 �M sodium orthovana-
date) containing 25�M cold ATP and 5�Ci of [�-32P]ATP. The
reaction mixtures were separated on SDS-polyacrylamide gels,
and radioactive bands were detected with the Typhoon 9200
imaging system (Amersham Biosciences). The ability of
Dyrk1A to prime RCAN1 WT or mutant proteins for GSK3�
phosphorylation was examined by prephosphorylating GST
fusion proteins bound to glutathione-Sepharose beadswith 720
ng of Dyrk1A in the presence and absence of 1 mM non-radio-
active ATP overnight at 30°C. After the non-radioactive prim-
ing step, the bead-bound GST fusion proteins were washed
extensively to remove recombinant kinase and ATP. Phospho-
rylated GST fusion proteins were then incubated with 20 ng of
GSK3� (Millipore) in a 25-�l final volume of the kinase buffer
in the presence of 25 �M ATP and 10 �Ci of [�-32P]ATP for 40
min at 37 °C and analyzed as described above.
Preparation of Lysates from Cell Cultures and Brains and

Western Blot Analysis—HEK293T cells were harvested 24 h
after transient transfection with the indicated plasmids. Cells
were lysed in RIPA buffer with 1 mM PMSF and a protease
inhibitor mixture. Transgenic mice overexpressing the human
Dyrk1A gene, which was carried on a bacterial artificial chro-
mosome, were generated and maintained as described previ-
ously (16). Experiments were performed in accordance with
guidelines set forth by the Inje University Council directive for
the proper care and use of laboratory animals. Mice were sac-
rificed by cervical dislocation. Brains were dissected, snap-fro-
zen in liquid nitrogen, and Dounce-homogenized in RIPA
buffer containing 1 mM PMSF, a protease inhibitor mixture,
and 0.5 mM sodium orthovanadate. Protein concentration was
determined using the BCA method (Sigma). Typically, 25–50
�g of the brain lysates was used for Western blotting. Densito-
metric quantification was carried out using ImageJ 1.42 soft-
ware (National Institutes of Health, Bethesda, MD).
Co-immunoprecipitation and GST Pull-down Assay—For

co-immunoprecipitation, brain lysates (2–6 mg) from the
Dyrk1A TGmice or HEK293T cell lysates (500 �g) transfected
with the indicated plasmids were incubated with control IgG
(R&D Systems), anti-RCAN1, or anti-Dyrk1A antibodies over-
night at 4 °C in RIPA buffer with protease inhibitors and 1 mM

PMSF. The next day, after 1 h of incubation with protein A
beads (Pierce), the bead mixture was gently washed with 1%
Triton X-100 in RIPA buffer, and the bound proteins were sub-
jected to immunoblot analysis with the indicated antibodies.
For the GST pull-down assay, purified GST-RCAN1WTor the
phosphorylation-defective mutants were incubated with
recombinant Dyrk1A protein (1 �g) or HEK293T cell lysates
(500 �g) transfected with the plasmid encoding Caln for 1 h at
4 °C in binding buffer (50 mM Tris, pH 8.0, 100 mM NaCl, 10%
glycerol, 2 mM �-mercaptoethanol, 0.01% Nonidet P-40, 0.5
mMEDTA, 1mMPMSF). The beads were thenwashedwith 300
mMNaCl-containing binding buffer three times, and the bound
proteins were subjected to immunoblot analysis with the indi-
cated antibodies.
Immunocytochemistry—PC12 cells were plated onto poly-

ethyleneimine-coated coverslips, treated with nerve growth
factor (NGF) for 6 days, and then fixedwith 4% formaldehyde in
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phosphate-buffered saline (PBS). For primary embryonic rat
cortical cultures, embryonic day 17 pregnant Sprague-Dawley
rats were purchased from Orient Bio Inc. (Seongnam-si, South
Korea). The cortices of the embryos were dissected and cul-
tured as described previously (30, 31). Primary cortical cultures
were plated onto poly-D-lysine-coated glass coverslips and
grown in neurobasal growth medium for 5 days before fixing
with 4% formaldehyde in PBS. The fixed cells were subse-
quently permeabilized with 0.1% Triton X-100 and blocked
with 5% bovine serum albumin (BSA) and then incubated for
2 h at room temperature with primary antibodies (rabbit anti-
Dyrk1Aantibody (1:50),mouse anti-RCAN1antibody (1:50), or
rabbit phosphospecific RCAN1 antibody (1:2,000)). The cells
were then incubated with secondary antibodies (Texas Red-
conjugated goat anti-rabbit or Alexa Fluor 488-conjugated goat
anti-mouse antibodies at a 1:500 dilution) for 1 h at room tem-
perature, washed with PBS, and examined using a fluorescence
microscope (Olympus BX61) or a confocal laser scan micro-
scope (LSM 510 META, Carl Zeiss).
Measurement of Caln Phosphatase Activity—The activity of

Caln was determined using p-nitrophenyl phosphate as
described previously (32). Phosphatase assays using 60 mM

p-nitrophenyl phosphate (Sigma) were performed using 10 �g
of purified recombinant Caln with andwithout purified recom-
binant RCAN1 WT or the phosphorylation-defective mutants
(0.8 or 1.6 �g) and 200 nM calmodulin (CaM; Calbiochem) in
assay buffer (100 mM Tris, pH 7.5, 100 mM NaCl, 0.5 mM DTT,
100 �g/ml BSA, 1 mM MnCl2, 0.4 mM CaCl2). In each assay,
blank tubes containing buffer only were prepared to determine
background levels of hydrolyzed p-nitrophenyl phosphate.
Control tubes contained buffer and Caln/CaM. After 5 min of
incubation at 30 °C, the reactions were initiated by the addition
of 60 mM p-nitrophenyl phosphate. The tubes were incubated
for an additional 60–90min at 30 °C, and the liberation of p-ni-
trophenol wasmeasured at 405 nmusing a TECAN Infinite 200
plate reader.
NFAT-LuciferaseAssay—For luciferaseexperiments,HEK293T

cells grown in 24-well plates were transfected with 0.5 ng of
pCMV-RL reporter (Renilla luciferase, internal standard), 200
ng of pGL3-Basic reporter (NFAT-luciferase, AP-1 promoter),
and 50 ng of expression plasmids encoding empty vector,
RCAN1 WT, or the phosphorylation-defective mutants. The
total amount of plasmid was kept constant for all groups. After
transfection, cellswere treatedwith ionomycin (2.5�M) for 48 h
and analyzed for reporter gene activity using the Dual-Lucifer-
ase reporter assay (Promega) as recommended by themanufac-
turer. NFAT luciferase values were normalized to Renilla lucif-
erase values.

RESULTS

Dyrk1A Interacts with RCAN1—To determine whether
RCAN1 interacts with Dyrk1A, co-immunoprecipitation
assays were carried out in HEK293T cells transfected with
expression vectors encoding RCAN1 and Dyrk1A. RCAN1 co-
immunoprecipitated with Dyrk1A, indicating that Dyrk1A
interacts with RCAN1 (Fig. 1A). Furthermore, reverse co-im-
munoprecipitation experiments with the anti-RCAN1 anti-
body also revealed an interaction betweenDyrk1A andRCAN1,

as shown in Fig. 1A. To further determine whether endogenous
RCAN1 and Dyrk1A interact inmammalian neurons, the brain
lysates of Dyrk1A TGmice were immunoprecipitated with the
anti-Dyrk1A or RCAN1 antibodies. RCAN1 associates with
Dyrk1A in brain lysates (Fig. 1B). The direct interaction
betweenpurifiedDyrk1Aprotein andGST-RCAN1was further
examined using a GST pull-down assay, which showed that
GST-RCAN1 but not GST alone was able to bind directly to
Dyrk1A as shown in Fig. 1C.
Dyrk1A Phosphorylates RCAN1 on Ser112 and Thr192

Residues—To determine whether Dyrk1A can phosphorylate
RCAN1 in vitro, purified RCAN1 was incubated with recombi-
nant Dyrk1AWTor inactive Dyrk1A Y321Fmutant in a kinase
assay buffer containing [�-32P]ATP. A band that migrated to a
position corresponding to the molecular size of RCAN1 was
detected by autoradiography only when both Dyrk1AWT and
RCAN1were present in the reactionmixture (Fig. 2A), indicat-
ing that RCAN1 was phosphorylated by active Dyrk1A. In vitro
kinase assays in the presence of [�-32P]ATP were also per-
formed with the RCAN1-Dyrk1A immunocomplexes from
HEK293T cells expressing RCAN1 and Dyrk1A. As shown in
supplemental Fig. S1, phosphorylation of RCAN1 was detected
in the RCAN1-Dyrk1A immunocomplex but not in control
immunocomplex kinase assays. These data support the conclu-
sion that Dyrk1A phosphorylates RCAN1.
An examination of the amino acid sequence of RCAN1

revealed the presence of five potential Dyrk1Aphosphorylation
sites at Ser108, Ser112, Thr124, Thr153, and Thr192, each of which
is followed by a proline residue conserved in human, rat, and
mouse sequences. To identify the specific RCAN1 residues
phosphorylated by Dyrk1A, each potential RCAN1 phospho-
rylation site was replaced with alanine, resulting in S108A,
S112A, T124A, T153A, T192A, and the double mutant S112A/
T192A. Purified RCAN1wild type andmutants were incubated

FIGURE 1. RCAN1 interacts with Dyrk1A. A, co-immunoprecipitation (IP)
assay. HEK293T cell lysates transfected with plasmids encoding RCAN1 and
Dyrk1A were immunoprecipitated with control IgG, anti-Dyrk1A (left), or anti-
RCAN1 antibodies (right) and subjected to immunoblot analysis with the indi-
cated antibodies. B, co-immunoprecipitation. Brain lysates (2– 6 mg) from
Dyrk1A TG mice were immunoprecipitated with control IgG or an anti-Dyrk1A
antibody (left) or an anti-RCAN1 antibody (right) and subjected to immuno-
blot analysis with the indicated antibodies. C, GST pull-down assay to deter-
mine the direct interaction between Dyrk1A and RCAN1. Purified GST or a
GST-RCAN1 fusion protein immobilized on beads was incubated with recom-
binant Dyrk1A protein and subjected to immunoblot analyses for Dyrk1A and
GST.
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with recombinant Dyrk1A in a kinase assay buffer containing
[�-32P]ATP. This analysis revealed that mutation of serine 112
and threonine 192 to alanine strongly reduced the phosphoryl-
ation level of RCAN1. The S112A/T192A double mutation
reduced the phosphorylation even further, whereas mutations
at positions 108, 124, or 153 had little effect on Dyrk1A-depen-
dent phosphorylation (Fig. 2B). As shown in Fig. 2C, the
amounts of RCAN1 WT and mutants used in the kinase assay
were similar. These results suggest that Dyrk1A selectively
phosphorylates RCAN1 at Ser112 and Thr192 residues.
Phosphorylation of RCAN1 by Dyrk1A at Ser112 Primes the

Protein for GSK3�-mediated Phosphorylation—Previous work
showed that mitogen-activated protein kinase (MAPK) phos-
phorylates RCAN1 at serine 112 to prime it for subsequent
phosphorylation at serine 108 by GSK3� (33). Dyrk1A occa-
sionally plays a role as a GSK3�-priming kinase by phosphoryl-
ating the serine or threonine residue in target substrates located
4 amino acids downstream from the C terminus of another
GSK3�-phosphorylated serine or threonine (4). Therefore, we
anticipated that phosphorylation of Ser112 by Dyrk1A would
prime for the phosphorylation of Ser108 by GSK3�. To investi-
gate whether Dyrk1A could prime GSK3�-mediated phospho-
rylation of RCAN1, wild-type GST-RCAN1 protein bound to
glutathione-Sepharose beads was prephosphorylated in the
presence or absence of recombinant Dyrk1A. After the non-
radioactive priming step, the bead-bound GST fusion proteins
were washed extensively to remove recombinant Dyrk1A.
Phosphorylated GST fusion proteins were then incubated with

and without GSK3� in a kinase assay buffer containing
[�-32P]ATP. Fig. 3A shows that RCAN1 prephosphorylated by
Dyrk1A was strongly phosphorylated by GSK3�, although
GSK3� and residual Dyrk1A alone slightly phosphorylated
RCAN1.
We performed GSK3� mutation analysis to determine if

Dyrk1A primes for phosphorylation at Ser108 of RCAN1. GST-
RCAN1 proteins, either wild-type or mutant forms (S108A,
S112A, or T192A), bound to glutathione-Sepharose beads were
first phosphorylated using recombinant Dyrk1A in the pres-
ence or absence of non-radioactive ATP. Phosphorylated GST
fusion proteins were then incubated with GSK3� in a kinase
assay buffer containing [�-32P]ATP. As shown in Fig. 3B,
Dyrk1A can prime wild-type RCAN1 for subsequent phospho-
rylation by GSK3� only in the presence of ATP. RCAN1 phos-
phorylation by GSK3� did not occur with proteins carrying
mutations at S108A and S112A, which are the sites of GSK3�

and Dyrk1A phosphorylation, respectively. In the priming
experiment with the T192A mutant, the Dyrk1A-prephospho-
rylated RCAN1 was as strongly phosphorylated by GSK3� as
was the wild-type RCAN1, excluding the possibility of non-
canonical GSK3 priming (the priming kinase phosphorylates a
residue required for GSK3� phosphorylation not at the�4-po-
sition), which has been shown for mammalian Dyrk1A kinase
on NFAT (5) and for the Dyrk1A orthologue MBK-2 in
Caenorhabditis elegans (34). These results suggest that
Dyrk1A-mediated phosphorylation of Ser112 primes RCAN1

FIGURE 2. Dyrk1A phosphorylates RCAN1 at Ser108 and Thr192 residues. A, Coomassie staining of SDS-polyacrylamide gels containing purified recombinant
Dyrk1A WT and Y321F and RCAN1 proteins (left). WT, wild type; YF, Y321F kinase-inactive mutant Dyrk1A. Right, autoradiograph of SDS-polyacrylamide gels
containing the products of in vitro kinase assays performed using an RCAN1 substrate and Dyrk1A (WT and YF). Phsopho-RCAN1 and phospho-Dyrk1A
(autophosphorylated forms) are indicated in the autoradiograph by arrows. B, autoradiograph of SDS-polyacrylamide gels containing the products of the in
vitro kinase assays performed using RCAN1 substrates (WT and mutants) and Dyrk1A. Phsopho-RCAN1 bands are shown. C, Coomassie staining of SDS-
polyacrylamide gels containing purified recombinant wild-type and mutant RCAN1 proteins.
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for subsequent phosphorylation by GSK3� at Ser108 in vitro,
supporting a role for Dyrk1A as a priming kinase for GSK3�.
Phosphorylation at Thr192 byDyrk1AEnhances theActivity of

RCAN1 as a Caln Inhibitor—The effect of Dyrk1A-mediated
phosphorylation of RCAN1 on the activity of RCAN1 as an
inhibitor of Caln was examined. Prior to performing the Caln
activity assay, purifiedGST-RCAN1 bound to glutathione-Sep-
harose beads was incubated with and without Dyrk1A in the
presence and absence of 10mMnon-radioactiveATP for 90min
at 30°C, and the bead-bound GST-RCAN1 was washed exten-
sively to remove recombinant kinase andATP. As shown in Fig.
4A, RCAN1 phosphorylated by Dyrk1A inhibited Caln activity
by 59%, whereas nonphosphorylated RCAN1without ATP and
without Dyrk1A inhibited Caln activity by 52 and 53%, respec-
tively. In five independent experiments, the phosphorylation of
RCAN1 enhanced its ability to inhibit Caln phosphatase activ-
ity by 27 � 6% relative to that of nonphosphorylated RCAN1
without ATP (p � 0.05) and by 14 � 3% relative to that of
nonphosphorylated RCAN1 without Dyrk1A (p � 0.05) (Fig.
4A, right), suggesting that Dyrk1A-mediated phosphorylation
of RCAN1 enhances its ability to inhibit Caln.
The effect of Ser112 and Thr192 phosphorylation on RCAN1

inhibition of Caln was assessed using RCAN1 WT and the
S112A and T192A mutants. We first performed RCAN1 dos-
age-dependent Caln assays and found that RCAN1 inhibits
Caln activity in a dose-dependent manner (supplemental Fig.
S2A). We used 0.8 or 1.6 �g of RCAN1 WT and the phospho-
rylation-defectivemutants in Fig. 4Bwith similar results at both
concentrations. Both RCAN1 WT and RCAN1(S112A) inhib-
ited Caln activity by 55%, whereas RCAN1(T192A) inhibited
Caln activity by 51% (Fig. 4B). In six independent experiments,
the RCAN1(S112A) and RCAN1(T192A) mutants exhibited
reduced inhibition of Caln phosphatase activity (3 � 1% (p �
0.05) and 9 � 1% (p � 0.001), respectively) relative to that of
RCAN1WT (Fig. 4B, right). These results suggest that RCAN1
inhibition of Caln activity is mostly regulated by Dyrk1A-me-

diated phosphorylation of RCAN1 at Thr192, although there
could be a small contribution by phosphorylation at Ser112.
A previous report showed that RCAN1 inhibitedNFAT tran-

scriptional activity in a dose-dependent manner in HEK293T
cells, and Dyrk1A showed a synergistic effect with RCAN1 in
blocking NFAT-dependent transcription in cortical neurons
(25). The effect of RCAN1 WT and the S112A and T192A
mutants on NFAT transcriptional activity was therefore inves-
tigated.We first determined the dosage dependence of RCAN1
in NFAT assays and found that RCAN1 inhibits NFAT tran-
scriptional activity in a dose-dependent manner (supplemental
Fig. S2B). InHEK293T cells, RCAN1WT inhibitedNFAT tran-
scriptional activity by 61%, whereas the RCAN1(S112A) and
RCAN1(T192A) mutants inhibited NFAT-dependent tran-
scription by 60 and 53%, respectively (Fig. 4C, left). The expres-
sion of RCAN1 WT and mutants was similar (Fig. 4C). In 11
independent experiments, the RCAN1(T192A)mutant showed
a 10 � 2% reduction in the ability to inhibit NFAT-dependent
transcription in comparison with RCAN1WT (p� 0.001) (Fig.
4C, right). These results suggest that Dyrk1A-mediated phos-
phorylation of RCAN1 at Thr192 regulates the transcriptional
activity of NFAT, possibly through the inhibition of Caln
activity.
The finding that the overexpression of RCAN1 caused the

hyperphosphorylation of Tau (35), and our previous observa-
tion that Dyrk1A phosphorylated Tau at Thr212 and Ser404 res-
idues prompted us to examine the effect of RCAN1 andCaln on
Tau phosphorylation. Western blot analysis was performed
with lysates of HEK293T cells that had been transiently trans-
fected with a Tau expression plasmid, either in the presence or
absence of a plasmid encoding RCAN1 or Caln A. Phosphoryl-
ation of Thr212 and Ser404 residues was detected with phospho-
Thr212-Tau (p-Tau212)-specific and phospho-Ser404-Tau
(p-Tau404)-specific antibodies, respectively. Although the
amounts of Tau were similar, the amounts of p-Tau212 and
p-Tau404 were increased in cells expressing RCAN1 but
decreased in cells expressing Caln (Fig. 4D), suggesting that
these Tau residues are dephosphorylated by Caln. To further
examine whether the expression of p-Tau212 and p-Tau404 is
sensitive to Caln, HEK293T cells expressing Tau and Caln were
treated with a Caln inhibitor, FK506 (1 �M). As shown in sup-
plemental Fig. S3, the amounts of p-Tau212 and p-Tau404were
decreased in cells expressing Caln but recovered in cells treated
with FK506, supporting the conclusion that p-Tau212 and
p-Tau404 are dephosphorylated by Caln.
Examination of the effect of RCAN1WT and the S112A and

T192A mutants on Tau phosphorylation revealed that the
RCAN1(T192A)mutant reduced the phosphorylation of Tau at
Thr212 and Ser404 residues compared with RCAN1 WT (Fig.
4E). The effect of RCAN1(S112A) on these Tau residues was
nearly the same as that of RCAN1 WT (Fig. 4E). In six inde-
pendent experiments, the RCAN1(T192A) mutant inhibited
Tau phosphorylation at Thr212 and Ser404 by 55� 5% and 36�
8%, respectively, relative to RCAN1 WT (p � 0.01) (Fig. 4F).
These results suggest that the increased phosphorylation of
Tau mediated by the inhibition of its dephosphorylation by
Caln is regulated by Dyrk1A-mediated phosphorylation of
RCAN1 at Thr192.

FIGURE 3. Phosphorylation of RCAN1 at Ser112 by Dyrk1A primes for
Ser108 phosphorylation by GSK3�. A, wild-type GST-RCAN1 protein bound
to glutathione-Sepharose beads was phosphorylated in the presence
(Dyrk1A) or absence (�) of Dyrk1A, washed, and subjected to phosphoryla-
tion in the presence (�) or absence (�) of GSK3� and [�-32P]ATP. B, GST-
RCAN1 proteins, either wild-type or mutant forms (S108A, S112A, or T192A),
bound to glutathione-Sepharose beads were phosphorylated by Dyrk1A in
the presence (�) or absence (�) of non-radioactive ATP, washed, and sub-
jected to phosphorylation by GSK3� and [�-32P]ATP.
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Dyrk1A-mediated Phosphorylation of RCAN1 Increases
Binding of RCAN to Caln—Because the C-terminal region of
RCAN1 is reported to bind to Caln (29, 36, 37), we tested
whether the effect of Dyrk1A-mediated phosphorylation of
RCAN1 on its ability to inhibit Caln activity is linked to its
ability to bind Caln. Purified GST-RCAN1 bound to glutathi-
one-Sepharose beads was incubated with Dyrk1A in the pres-
ence and absence of 10 mM non-radioactive ATP for 1 h at
37 °C, and the bead-boundGST fusion proteins were washed to
remove recombinant kinase and ATP prior to performing the
binding assay. As shown in Fig. 5A, RCAN1 phosphorylated by
Dyrk1A showed enhanced binding toCaln comparedwith non-
phosphorylated RCAN1. In six independent experiments, the
binding of phosphorylated RCAN1 to Caln was enhanced by
16� 6% relative to nonphosphorylated RCAN1 (p� 0.05) (Fig.
5A). To examine the role of Ser112 and Thr192 phosphorylation
in the binding of RCAN1 to Caln, the interaction between Caln
and either GST-RCAN1WT or the phosphorylation-defective
mutant was compared using a GST pull-down assay. As shown
in Fig. 5B, the GST-RCAN1, but not GST, was able to bind to
Caln overexpressed in HEK293T cell lysates, and the

RCAN1(T192A) mutant showed inhibited Caln binding com-
pared with that of RCAN1 WT. There was little difference
between RCAN1 WT and RCAN1(S112A) in their effect on
Caln binding. In 16 independent experiments, the binding of
the RCAN1 T192A mutant to Caln was reduced by 13 � 4%
relative to the RCAN1 WT (p � 0.01) (Fig. 5B). These results
suggest that Dyrk1A-mediated phosphorylation enhances the
ability of RCAN1 to inhibit Caln, potentially through increased
binding to Caln.
We then determined whether a similar effect of Dyrk1A-

mediated phosphorylation is observed with the 57 C-terminal
amino acids of RCAN1 (RCAN1Ct) composed of exon 7. As
shown in supplemental Fig. S4, RCAN1Ct phosphorylated by
Dyrk1A showed enhanced binding to Caln in comparison with
nonphosphorylated RCAN1. In 4–9 independent experiments,
the binding of phosphorylated RCAN1 to Caln was enhanced
by 19 � 4% relative to nonphosphorylated RCAN1 without
Dyrk1A (p � 0.05) and by 12 � 5% relative to nonphosphory-
lated RCAN1 without ATP (p � 0.05) (supplemental Fig. S4, A
and B). When the interaction between Caln and either GST-
RCAN1Ct WT or the T192A mutant was compared using a

FIGURE 4. Phosphorylation of RCAN1 at Thr192 by Dyrk1A enhances its ability to inhibit Caln. A, purified GST-RCAN1 bound to glutathione-Sepharose
beads was incubated with and without Dyrk1A in the presence and absence of non-radioactive ATP, washed, and assessed for its activity as an inhibitor of Caln
as described under “Experimental Procedures.” The control (�RCAN1, �Dyrk1A, �ATP) contained the assay buffer and Caln/CaM. The results shown in the left
panel are representative experiments performed in triplicate, and Caln activity is plotted as the percentage of that of the control. In the right panel, the
inhibition of Caln activity by phospho-RCAN1 or a control of RCAN1 without Dyrk1A is plotted as the percentage of that of nonphospho-RCAN1 (�ATP). Data
are presented as the mean � S.E. (error bars) of six independent experiments, each performed in triplicate. B, Caln activity assays using purified recombinant
Caln with and without purified recombinant His-tagged RCAN1 WT or S112A or T192A mutant. The results shown in the left panel are of representative
experiments performed in triplicate, and Caln activity is plotted as the percentage of that of the control. In the right panel, inhibition of Caln activity by
RCAN1(S112A and T192A) is plotted as the percentage of that of RCAN1 WT. Data are presented as the mean � S.E. of six independent experiments. C, the left
panel shows representative experiments performed in triplicate. Luciferase activity is plotted as the percentage of that of the control. In the right panel,
inhibition of luciferase activity by RCAN1 mutants is plotted as the percentage of that of RCAN1 WT. Data are presented as the mean � S.E. of seven (S112A) or
11 (T192A) independent experiments. Immunoblotting with an anti-Myc antibody of extracts from HEK293T cells transfected with indicated plasmid is shown
inside the graph in the left panel. D and E, representative immunoblots of HEK293T cells co-transfected with a plasmid encoding Tau and the indicated plasmid
or a control pcDNA3.1 and analyzed with p-Tau212, p-Tau404, Tau, RCAN1, Caln, and �-tubulin antibodies. F, densitometric analysis of the immunoblots
normalized with respect to the Tau and RCAN1 signals. The amount of p-Tau212 and p-Tau404 from HEK293T cells transfected with RCAN1(S112A) and
RCAN1(T192A) is plotted as the percentage of that of RCAN1 WT. Data are shown as means � S.E. of six independent experiments. #, p � 0.07; *, p � 0.05; **,
p � 0.01; ***, p � 0.001 versus the control or RCAN1 WT if not indicated otherwise (Student’s t test).
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GST pull-down assay, the RCAN1Ct(T192A) mutant showed
inhibited Caln binding compared with that of RCAN1Ct WT.
In five independent experiments, the binding of the RCAN1
T192A mutant to Caln was reduced by 32 � 9% relative to the
RCAN1Ct WT (p � 0.05) (supplemental Fig. S4C). These
results support the hypothesis that Dyrk1A-mediated phos-
phorylation at Thr192 enhances the ability of RCAN1 to bind to
Caln, resulting in the inhibition of Caln activity.
Dyrk1A-mediated Phosphorylation of RCAN1 Leads to an

Extended Half-life—In a previous study, Lee et al. (38) reported
that the NF-�B-inducing kinase-mediated phosphorylation of
the RCAN1 C-terminal region, spanning amino acids 90–197,
increased the half-life of RCAN1. We examined whether
Dyrk1A-mediated phosphorylation affects the protein stability
of RCAN1. HEK293T cells were transfected with a plasmid
encoding Myc-tagged RCAN1 alone or together with either
WT Dyrk1A or the kinase-inactive mutant K188R or trans-
fected with a plasmid encoding theMyc-tagged RCAN1(S112A
or T192A) mutant alone or together with Dyrk1A as indicated
in the legend to Fig. 5C and supplemental Fig. S5. The trans-
fected cells were incubated with cycloheximide, a protein syn-
thesis inhibitor, for the indicated time, and the expression level
of RCAN1 was measured by Western blot analysis using an
anti-Myc antibody (Fig. 5C). Compared with the half-life of
RCAN1 in cells expressing RCAN1 alone or together with
Dyrk1A K188R, the half-life of RCAN1 expressed with Dyrk1A
WT was significantly increased (Fig. 5, C and D).
The half-life of RCAN1(T192A) was slightly shortened com-

pared with that of RCAN1 WT and was not affected by co-ex-

pression with Dyrk1A (Fig. 5, C and D, and supplemental Fig.
S5A). The half-life of the S112A mutant of RCAN1 was similar
to or a little shorter than that of RCAN1WT (supplemental Fig.
S5B). The half-life of the S112A mutant was extended by
Dyrk1A co-expression (supplemental Fig. S5C). These results
suggest that Dyrk1A-mediated phosphorylation at Thr192
extends the half-life of RCAN1, potentially contributing to the
enhanced ability of RCAN1 to inhibit Caln.
Phospho-Thr192-RCAN1 (pT192-RCAN1) Is Increased in

Dyrk1ATGMice—To further explore the link betweenDyrk1A
and RCAN1 through the phosphorylation of RCAN1 at Thr192
in vivo, the brains of transgenic mice overexpressing the
human Dyrk1A protein (Dyrk1A TG mice) were analyzed.
A rabbit polyclonal antibody to the phosphopeptide
RPEYT192(PO4)PIHLS was generated and affinity-purified. To
determine the specificity of the phosphospecific RCAN1
(pT192-RCAN1) antibody, Western blot analysis was per-
formed with lysates of HEK293T cells that had been transiently
transfected with RCAN1 WT or RCAN1(T192A) expression
plasmids either alone or in the presence of plasmids encoding
Dyrk1A. The phosphospecific antibody was able to detect the
phospho-RCAN1 band only in the presence of both RCAN1
WT and Dyrk1A (Fig. 6A). The specificity of the pT192-
RCAN1 antibody was further demonstrated by peptide compe-
tition experiments showing that the antibody signal inWestern
blots of mouse brain lysates was blocked by preincubation with
the RCAN1-phosphopeptide but not with the RCAN1-non-
phosphopeptide (Fig. 6B). When mouse brain lysates were
treated with �-protein phosphatase and Western blotting was

FIGURE 5. Dyrk1A-mediated phosphorylation of RCAN1 increases binding of RCAN to Caln and leads to extended half-life. A, purified GST or GST-RCAN1
bound to glutathione-Sepharose beads were incubated with Dyrk1A in the presence (�ATP) and absence (�ATP) of non-radioactive ATP, washed, and then
incubated with HEK293T cell lysates transfected with a plasmid encoding Caln and subjected to immunoblot analyses of Caln and GST. The result shown in the
left panel is a representative immunoblot. In the right panel, the densitometric analysis of the immunoblots was normalized to the GST-RCAN1 signals. Data are
presented as the mean � S.E. (error bars) of six independent experiments. *, p � 0.05 versus the nonphospho-RCAN1 (�ATP) (Student’s t test). B, purified GST
or GST-RCAN1 (or mutants) bound to glutathione-Sepharose beads were incubated with HEK293T cell lysates transfected with a plasmid encoding Caln and
then subjected to immunoblotting for Caln and GST. The results shown in the left panel are representative immunoblots. In the right panel, the densitometric
analysis of the immunoblots was normalized to the GST-RCAN1 signals. Data are presented as the mean � S.E. of 10 (S112A) or 16 (T192A) independent
experiments. **, p � 0.01 versus RCAN1 WT (Student’s t test). C, HEK293T cells were transfected with the plasmid(s) indicated to the left of the blot. After 24 h,
the cells were treated with 90 �M cycloheximide for the indicated times (0, 3, 6, and 12 h) and subjected to SDS-PAGE. Representative immunoblots of cell
lysates with anti-Myc antibodies are shown. D, densitometric analysis of RCAN1 (normalized by �-tubulin) immunoblots. Each signal was plotted as the
percentage of 0 h signal, and data are presented as means � S.E. of four independent experiments. *, p � 0.05; **, p � 0.01 versus the other three groups; #, p �
0.05 versus two groups (RCAN1 and Dyrk1A K188R � RCAN1) each by Student’s t test.
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performed with the pT192-RCAN1 antibody, the antibody sig-
nal disappeared, confirming that the phosphospecific RCAN1
antibody recognizes the phosphorylated forms of RCAN1 (Fig.
6C).
To determine whether Dyrk1A phosphorylates RCAN1 at

Thr192 in cells, PC12 cells were transfected with Dyrk1A-spe-
cific siRNA. An ineffective Dyrk1A siRNA was used as a nega-
tive control. After 48–72 h of siRNA treatment, Dyrk1A siRNA
reduced the endogenous Dyrk1A expression (Fig. 6D). Corre-
spondingly, the level of phospho-Thr192-RCAN1 was also
reduced, whereas the expression of RCAN1 was similar for the
siRNA-transfected cells. This result suggests that Dyrk1A is the
kinase responsible for phosphorylating RCAN1 at Thr192.

To determine whether the expression of phospho-RCAN1 is
increased in Dyrk1A TGmice, immunoblot analyses were per-
formed with brain lysates prepared from the hippocampus of
Dyrk1A TG mice and the control littermates (Fig. 6E). When
compared with the control littermates, Dyrk1A TGmice show
a 1.5–2-fold increase in Dyrk1A activity and expression in the
hippocampus (10). The level of phospho-RCAN1 (normalized
by �-tubulin) in the Dyrk1A TG mice was increased by 34 �
13% (p � 0.05) in the hippocampus relative to that of the con-
trols. After normalization to the levels of total RCAN1, the
amount of phospho-RCAN1 in the Dyrk1A TG mice was
increased by 41 � 13% (p � 0.05) in the hippocampus, com-
pared with that of the controls; in contrast, the amount of
RCAN1 itself did not differ significantly between Dyrk1A TG
and control littermate mice (Fig. 6F). These results demon-
strate that the levels of phospho-RCAN1 are enhanced when
Dyrk1A levels are increased, suggesting that overexpression of
Dyrk1A may be functionally linked to RCAN1 activity in vivo
through phosphorylation.

RCAN1 Partially Colocalizes with Dyrk1A—To determine
whether endogenous Dyrk1A and RCAN1 co-localize in the
cell, double immunocytochemistrywas performedonNGF-dif-
ferentiated PC12 cells and primary rat neuronal cells. Dyrk1A
and RCAN1 proteins are primarily found in the cytoplasm,
although Dyrk1A and RCAN1 staining are also present in the
nucleus (Fig. 7, A and B). In the merged image, Dyrk1A was
partially co-localized with RCAN1 in the cytosol, in the
nucleus, and near the end of the neuron-like processes in NGF-
treated PC12 cells (Fig. 7A) or synaptic boutons in the primary
neuronal cells (Fig. 7B), suggesting that Dyrk1A potentially
phosphorylates RCAN1 in these areas.
We then examined the expression of endogenous phospho-

RCAN1. The specificity of the pT192-RCAN1 antibody was
demonstrated by peptide competition experiments showing
that the antibody signal of NGF-differentiated PC12 cells was
completely blocked by preincubation with the RCAN1-phos-
phopeptide, but notwith the RCAN1-nonphosphopeptide (Fig.
7C). Notably, the phospho-RCAN1 antibody labeled the neu-
ritic terminals and nuclei ofNGF-differentiated PC12 cells (Fig.
7, C and D) and synaptic boutons in the primary neuronal cells
(Fig. 7E), consistent with a merged image of Dyrk1A and
RCAN1 staining (Fig. 7, A and B). This finding was further
supported by the co-localization of RCAN1andpT192-RCAN1
(supplemental Fig. S6).

DISCUSSION

In the present study, we demonstrate for the first time that
Dyrk1A interacts with and phosphorylates RCAN1 at Ser112
and Thr192 residues (Figs. 1 and 2). The phosphorylation of
RCAN1 at Ser112 by Dyrk1A primes the protein for GSK3�-
mediated phosphorylation at Ser108 (Fig. 3). Phosphorylation of

FIGURE 6. Phospho-Thr192-RCAN1 is increased in Dyrk1A TG mice. A, HEK293T cells transfected with the indicated plasmid(s) or control vector (�) were
analyzed by immunoblots with pT192-RCAN1, Dyrk1A, or RCAN1 antibodies. B, peptide competition assay for the pT192-RCAN1 antibody. Mouse brain lysates
were analyzed by immunoblot with the pT192-RCAN1 antibody preincubated in the absence (N) or the presence of RCAN1-nonphosphopeptide (NP) or
RCAN1-phosphopeptide (P). C, mouse brain lysates were treated with (�) or without (�) �-protein phosphatases and subsequently analyzed by immunoblot
with the pT192-RCAN1 or RCAN1 antibodies. D, PC12 cells were transfected with control (Con) or Dyrk1A (siRNA) siRNAs. The levels of Dyrk1A, phospho-RCAN1,
RCAN1, and �-tubulin were examined by immunoblot analyses. E, representative immunoblots of hippocampal lysates of 3-week-old (left) or 4-week-old (right)
Dyrk1A TG mice and control littermates. The RCAN1–1 isoform is shown. F, densitometric analysis of pT192-RCAN1 signals in the immunoblots was either
normalized by �-tubulin (P-RCAN1) or RCAN1 (P-RCAN1/RCAN1) signals. The RCAN1 level was normalized by �-tubulin (RCAN1). Phospho-RCAN1 amounts of
Dyrk1A TG mice are plotted as the percentage of those of wild-type control littermates. Data are represented as means � S.E. (error bars). *, p � 0.05 versus
littermate controls by Student’s t test.
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RCAN1 at Thr192 by Dyrk1A increases its activity as an inhibi-
tor of Caln, resulting in reduced NFAT transcriptional activity
and enhanced Tau phosphorylation (Fig. 4). These results can
be attributed to the enhanced binding of RCAN1 to Caln and
slower degradation of phospho-RCAN1 (Fig. 5). Furthermore,
the levels of phospho-RCAN1 were enhanced in the brains of
Dyrk1A TG mice, providing in vivo evidence of the phospho-
rylation of RCAN1 by Dyrk1A (Fig. 6). These results suggest a

direct regulatory association between Dyrk1A and RCAN1 in
the Caln-NFAT signaling and Tau hyperphosphorylation
pathways.
Mammalian RCAN1 contains five conserved sites for

Dyrk1A-mediated phosphorylation at Ser108, Ser112, Thr124,
Thr153, and Thr192, all of which precede a proline residue.
Ser108 and Ser112 are located within the highly conserved
FLISPPXSPP sequence motif. The results of the present study

FIGURE 7. Dyrk1A partially colocalizes with RCAN1. NGF-differentiated PC12 cells (A) or rat primary cortical neuronal cells (B) were processed for double
immunofluorescence. Rabbit anti-Dyrk1A antibody and mouse anti-RCAN1 antibody was used to detect endogenous Dyrk1A, RCAN1, and Dyrk1A � RCAN1
(merged). The phase image of the field is on the left. C, peptide competition for phospho-RCAN1 antibody by the immunocytochemistry. NGF-differentiated
PC12 cells were processed for immunofluorescence with phospho-RCAN1 antibody preincubated in the absence (N) or the presence of RCAN1-nonphospho-
peptide (NP) or RCAN1-phosphopeptide (P). The cells were then incubated with Texas Red goat anti-rabbit antibodies. The bottom panels show merged phase
and fluorescence images. D, after the phospho-RCAN1 antibody treatment, NGF-differentiated PC12 cells were incubated with Texas Red goat anti-rabbit
antibodies. For nuclear staining, Hoechst 33342 stain (Hoechst) was added to the cells. E, rat primary cortical neuronal cells were processed for immunofluo-
rescence with phospho-RCAN1 antibody. The regions within the rectangular areas are enlarged.
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showed that Dyrk1A phosphorylates RCAN1 at Ser112 and
Thr192 residues. An immunofluorescence study showed that a
phospho-Thr192 RCAN1 antibody labeled the synaptic boutons
in primary neuronal cells as well as neuritic terminals and the
nuclei of NGF-differentiated PC12 cells and primary neuronal
cells (Fig. 7), suggesting that Dyrk1A participates in the phos-
phorylation of RCAN1 in these regions. Recent reports showed
that 12% of brain Dyrk1A is localized to the nucleus, 78% is
associated with an insoluble cytoskeletal fraction, and 10% is
associated with a soluble cytoplasmic fraction (39, 40). RCAN1
is present in both the cytosol and the nucleus, and the last 33
C-terminal residues of RCAN1 are reported to be necessary for
its nuclear localization (41). The predominant nuclear localiza-
tion of phospho-Thr192 RCAN1 detected in this study is con-
sistent with these reports and suggests that phosphorylation at
Thr192 is potentially important for the nuclear localization of
RCAN1 (Fig. 7, C–E).

The effect of RCAN1 on Caln-NFAT signaling depends on
post-translational modification, such as phosphorylation. A
previous study identified the C-terminal 57 residues of RCAN1
that are required to bind Caln with high affinity and that inhibit
Caln activity with a potency similar to that of full-length
RCAN1 (37). The highly conserved FLISPPXSPP sequence
motif is apparently not critical for Caln binding and inhibition,
as shown by mutants of RCAN1 with amino acid substitutions
within the conserved motif (37, 42), although there is contro-
versy as shown below. Consistent with these reports, we
observed that Dyrk1A-mediated phosphorylation of RCAN1 at
Thr192 enhanced its binding to Caln (Fig. 5,A and B), and there
was little difference between RCAN1(S112A) mutant and
RCAN1WT in terms of their effect on Caln binding and activ-
ity. Different residues of RCAN1 are phosphorylated by various
kinases, including GSK3�, MAPK, BMK1, NF-�B-inducing
kinase, and TGF-�-activated kinase 1 (TAK1) (33, 38, 43, 44).
BMK1-mediated phosphorylation of RCAN1 causes dissocia-
tion of RCAN1 fromCaln (44), whereas the phosphorylation of
the C-terminal region of RCAN1 by NF-�B-inducing kinase
increases the stability of the protein (38). Phosphorylation of
RCAN1 at Ser112 by MAPK primes the protein for the subse-
quent phosphorylation by GSK3� at Ser108 (33). Phosphoryla-
tion of Ser108 by GSK3� suppresses the inhibitory activity of
RCAN1 and converts the protein into an activator of Caln (45).
Phosphorylation of RCAN1 at Ser94 and Ser136 residues by
TAK1 also switches RCAN1 from an inhibitor to a facilitator of
Caln-NFAT signaling, enhancing NFATc1 nuclear transloca-
tion (43). The exact mechanism of this facilitative property of
RCAN1 has not yet been demonstrated. Dyrk1A-mediated
phosphorylation of RCAN1 at Thr192 activates its function as a
Caln inhibitor, resulting in reduced NFAT transcriptional
activity, and slows degradation of RCAN1 (Figs. 4 and 5). In
contrast, phosphorylation of RCAN1 at Ser112 by Dyrk1A (Fig.
3) may switch its function to a Caln activator by priming for
GSK3�-mediated phosphorylation at Ser108. Although the
phosphorylation of RCAN1 by various kinases could serve as a
potential mechanism, it remains uncertain how endogenous
RCAN1 acts as inhibitor or facilitator of Caln.
Several reports have shown that the ability of RCAN to

inhibit Caln phosphatase activity requires the interaction

between RCAN protein and the Caln A subunit (29, 46, 47).
Therefore, increased ability of RCAN1 to inhibit the Caln activ-
ity (Fig. 4) may be a secondary effect of the enhanced interac-
tion between them through Dyrk1A-mediated phosphoryla-
tion at Thr192 (Fig. 5, A and B, and supplemental Fig. S4). A
Val-rich region in the C-terminal part of RCAN1 is involved in
the interaction (36, 37, 48, 49), and most C-terminal amino
acids (where Thr192 is located) are not required (48). In con-
trast, a 38-residue fragment of RCAN1–1 without the Val-rich
region (residues 215–252) was able to bind Caln when overex-
pressed in a mammalian cell line (50). Furthermore, RCAN1
inhibition of Caln activity is mediated by the C-terminal 30
residues of RCAN1-1, which acts in cis with the docking motif
(36). The differences between RCAN1 WT and the T192A
mutant in their effect on Caln binding and activity are minute
although statistically significant (Figs. 4 and 5 and supplemen-
tal Fig. S4). Perhaps this small effect was missed in a previous
study (48). The extended half-life caused by Dyrk1A-mediated
phosphorylation may also contribute to RCAN1 inhibition of
Caln activity. Phosphorylation of RCAN1 by Dyrk1A may fine
tune RCAN1 for effective control over Caln activity and can
therefore act as a regulator of Caln-dependent cellular
pathways.
In DS fetal brains, Caln activity is lower than in normal sub-

jects (22), and NFAT hyperphosphorylated species were found
to be increased (25). These findings can be explained by a coop-
erative effect of overexpressed RCAN1 and Dyrk1A, which are
located on chromosome 21, on Caln/NFAT signaling, although
DS is certainlymore than a disturbance of NFAT signaling (42).
Dyrk1A phosphorylates several residues of the microtubule-
associated protein Tau, including Thr212 and Ser404 (11). Tau is
dephosphorylated by Caln (51), which is the target of RCAN1,
as also shown in Fig. 4D and supplemental Fig. S3 of this work.
Our finding thatDyrk1A-mediated phosphorylation of RCAN1
at Thr192 enhances Tau phosphorylation, as shown in Fig. 4, E
and F, suggests that overexpression of Dyrk1A and RCAN1 in
DS may lead to an increase in Tau hyperphosphorylation, con-
tributing to the early onset of the pathological features of AD in
DS patients. The connection between RCAN1/Dyrk1A and
Caln/NFAT signaling in the pathogenesis of AD seems more
complicated. Dyrk1A mRNA expression was elevated in the
hippocampus ofADpatients (12), andDyrk1A immunoreactiv-
ity was increased in the frontal cortex, entorhinal cortex, and
hippocampus of AD patients (27). In addition, mRNA levels of
RCAN1 are also much higher in the brains of patients with AD
(28). Elevated levels of activated Caln have been reported in
people with mild cognitive impairment and AD (52, 53),
although there is controversy as to the activity of Caln in AD
patients (54). In nuclear fractions of post-mortemhippocampal
tissue, NFAT1 is selectively activated in mild cognitive impair-
ment patients, whereas NFAT3 is activated in AD patients (52,
53). Upon activation by Caln, the NFAT transcription factor
translocates from the cytosol to the nucleus and induces the
expression of specific genes, including one of the RCAN1 iso-
forms (55). Therefore, elevated RCAN1 levels in AD tissue are
partially due to an increase in Caln/NFAT signaling. It remains
to be elucidatedwhether increasedCaln/NFAT signaling inAD
patients can induce the expression of Dyrk1A. Although
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RCAN1 is an endogenous Caln inhibitor, the phosphorylation
byGSK3� andTAK1 converts RCAN1 into an activator of Caln
(43, 45). Therefore, overexpressed RCAN1 may help attenuate
or intensify Caln/NFAT signaling in AD through negative or
positive feedback loops. Alternatively, the effect of RCAN1 on
calcineurin signaling may depend on RCAN1 and Dyrk1A
expression level in DS and AD brains. When RCAN1 and
Dyrk1A are overexpressed at very high levels, as in DS brains,
RCAN1 may act as an Caln inhibitor, whereas when RCAN1
and Dyrk1A are overexpressed at low to intermediate levels, as
in AD brains, Dyrk1A may activate Caln-NFAT signaling
through RCAN1, as suggested in the regulation of Caln activity
by RCAN1 and TAK1 (43). Although we provide evidence that
the RCAN1 activity as a Caln inhibitor is increased by Dyrk1A-
mediated phosphorylation (Fig. 4) and pT192-RCAN1 level is
enhanced in Dyrk1A TG brains (Fig. 6), in vivo significance of
the RCAN1 phosphorylation in the pathogenesis of DS and AD
is not clear. Further investigationwill be necessary to determine
whether RCAN1 activity from Dyrk1A TG brains is altered
compared with that in control mouse brains and whether the
pT192-RCAN1 level is indeed increased in the brains of DS and
AD patients.
The results of the present study suggest that there is a direct

regulatory link between Dyrk1A and RCAN1 in the Caln-
NFAT signaling andTau hyperphosphorylation pathways. Syn-
ergistic interactions between the chromosome 21 genes
RCAN1 and Dyrk1Amight be responsible for a variety of path-
ological features associated withDS, including abnormal devel-
opment, immune defects, and early onset of AD.
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