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Two groups of tau, 3R- and 4R-tau, are generated by alterna-
tive splicing of tau exon 10. Normal adult human brain
expresses equal levels of them. Disruption of the physiological
balance is a common feature of several tauopathies. Very early in
their life, individuals with Down syndrome (DS) develop Alzhei-
mer-type tau pathology, the molecular basis for which is not
fully understood. Here, we demonstrate that Dyrk1A, a kinase
encoded by a gene in the DS critical region, phosphorylates
alternative splicing factor (ASF) at Ser-227, Ser-234, and Ser-
238, driving it into nuclear speckles and preventing it from facil-
itating tau exon 10 inclusion. The increased dosage of Dyrk1A
in DS brain due to trisomy of chromosome 21 correlates to an
increase in 3R-tau level, which on abnormal hyperphosphoryla-
tion and aggregation of tau results in neurofibrillary degenera-
tion. Imbalance of 3R- and 4R-tau in DS brain by Dyrk1A-in-
duced dysregulation of alternative splicing factor-mediated
alternative splicing of tau exon 10 represents a novel mechanism
of neurofibrillary degeneration and may help explain early onset
tauopathy in individuals with DS.

The microtubule-associated protein tau plays an important
role in the polymerization and stabilization of neuronal micro-
tubules. Tau is thus crucial to both the maintenance of the
neuronal cytoskeleton and the maintenance of the axonal
transport. Abnormal hyperphosphorylation and accumulation
of this protein into neurofibrillary tangles (NFTs)? in neurons,
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first discovered in Alzheimer disease (AD) brain (1, 2), is now
known to be a characteristic of several related neurodegenera-
tive disorders called tauopathies (3). Several different etio-
pathogenic mechanisms lead to development of NFTs (4).

Adult human brain expresses six isoforms of tau from a single
gene by alternative splicing of its pre-mRNA (5, 6). Inclusion or
exclusion of exon 10 (E10), which codes for the second micro-
tubule-binding repeat, divides tau isoforms into two main
groups, three (3R)- or four (4R)-microtubule-binding repeat
tau. They show key differences in their interactions with tau
kinases as well as their biological function in the polymerization
and stabilization of neuronal microtubules. In the adult human
brain, 3R-tau and 4R-tau are expressed at similar levels (5, 7).
Several specific mutations in the tau gene associated with fron-
totemporal dementias with Parkinsonism linked to chromo-
some 17 (FTDP-17) cause dysregulation of tau E10 splicing,
leading to a selective increase in either 3R-tau or 4R-tau. It has
therefore been suggested that equal levels of 3R-tau and 4R-tau
may be critical for maintaining optimal neuronal physiology
(8).

Down syndrome (DS), caused by partial or complete trisomy
of chromosome 21, is the most common chromosomal disorder
and one of the leading causes of mental retardation in humans.
Individuals with DS develop Alzheimer-type neurofibrillary
degeneration as early as the fourth decade of life (9). The pres-
ence of Alzheimer-type amyloid pathology in DS is attributed
to an extra copy of APP gene. However, the molecular basis of
neurofibrillary pathology remains elusive.

Alternative splicing of tau E10 is tightly regulated by complex
interactions of splicing factors with cis-elements located mainly
at E10 and intron 10. Serine/arginine-rich (SR) proteins are a
superfamily of conserved splicing factors in metazoans and play
very important roles in alternative splicing (10). One such pro-
tein, splicing factor 2, also called alternative splicing factor
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(ASF), plays essential and regulatory roles in alternative splicing
of E10 by binding to a polypurine enhancer of exonic splicing
enhancer located at tau E10 (11, 12). The function and subcel-
lular localization of ASF is tightly regulated by phosphorylation
(13-16).

Dyrkl1A (dual-specificity tyrosine phosphorylation-regulated
kinase 1A) lies at the Down syndrome critical region of chro-
mosome 21 and contributes to several phenotypes of DS in
transgenic mice (17, 18). Multiple biological functions of
DyrklA are suggested by its interaction with a myriad of cellu-
lar proteins including transcription and splicing factors (19). It
is distributed throughout the nucleoplasm with a predominant
accumulation in nuclear speckles (20, 21), the storage site of
inactivated SR proteins, including ASF. Because of its overex-
pression in DS brain and its predominant localization in
nuclear speckles, we hypothesized that Dyrkl1A could affect
phosphorylation of ASF, and in doing so, disturb ASF-regulated
alternative splicing of tau E10, leading to the apparent dysregu-
lation of the balance of 3R-tau and 4R-tau.

In the present study, we provide direct evidence that Dyrk1A
can phosphorylate ASF at Ser-227, Ser-234, and Ser-238, driv-
ing it into nuclear speckles. By preventing its association with
nascent transcripts, phosphorylation of ASF by Dyrk1A causes
exclusion of tau E10, leading to an increase in 3R-tau level and
an imbalance of 3R-tau and 4R-tau in DS brain. Dysregulation
of alternative splicing of tau E10 represents a novel mechanism
of neurofibrillary degeneration in DS and offers a unique ther-
apeutic target.

EXPERIMENTAL PROCEDURES

Human Brain Tissue—Tissue from the temporal cortices of
six DS and six control brains (see Table 1) for biochemical stud-
ies was obtained from the Brain Bank for Developmental Dis-
abilities and Aging of the New York State Institute for Basic
Research in Developmental Disabilities. Diagnosis of all human
cases was genetically and histopathologically confirmed, and
the brain tissue samples were stored at —70 °C until used.

Plasmids, Proteins, and Antibodies—Recombinant rat
DyrklA and mammalian expression vector pcDNA3 contain-
ing either rat DyrkIA or kinase-dead Dyrk1lA 45 Were pre-
pared as described previously (22). pCEP4-ASF-HA, pCEP4-
9G8-HA, pCEP4-SC35-HA, and pCEP4-SRp55-HA were gifts
from Dr. Tarn of the Institute of Biomedical Sciences, Aca-
demia Sinica, Taiwan. pCI-SI9/LI10 containing a tau minigene,
SI9/L110, comprising tau exons 9, 10, and 11, part of intron 9,
and the full length of intron 10 has been described (23). Mono-
clonal antibody 8D9 was raised against a histidine-tagged pro-
tein containing the first 160 residues of rat Dyrk1A (24). The
monoclonal anti-HA, anti-a-tubulin, and anti-B-actin were
bought from Sigma. Monoclonal anti-3R-tau and anti-4R-tau
were from Upstate Biotechnology (Lake Placid, NY). Mono-
clonal anti-tau (tau-5) was from Chemicon International, Inc.
(Pittsburgh, PA). Monoclonal anti-human tau (43D) and poly-
clonal anti-tau (R134d) were described previously (25). Perox-
idase-conjugated anti-mouse and anti-rabbit IgG were
obtained from Jackson ImmunoResearch Laboratories (West
Grove, PA); monoclonal anti-SR protein (1H4) and anti-ASF
antibodies, tetramethyl rhodamine isothiocyanate (TRITC)-
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conjugated goat anti-rabbit IgG, and fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG were from Santa Cruz
Biotechnology (Santa Cruz, CA). The ECL kit was from Amer-
sham Biosciences, and [y-**P]ATP and [**P]orthophosphate
were from MP Biomedicals (Irvine, CA).

Plasmid Construction and DNA Mutagenesis—pGEX-2T-
ASF was constructed by PCR amplification from pCEP4-ASF
and subcloning into pGEX-2T to express GST-ASF fusion pro-
tein. Mutation of Ser-227 to Ala of ASF was achieved by using
the QuikChange II site-directed mutagenesis kit (Stratagene, La
Jolla, CA) with primers (forward, 5'-caggagtcgcagttacgccccaa-
ggagaagcagag-3’, and reverse, 5'-ctctgcttctecttggggegtaactgeg-
actcctg-3’). The mutation of Ser-234 or Ser-238 to Ala was gen-
erated by using PCR from vector pGEX-2T-ASF with the same
forward primer as described above and different reverse prim-
ers (5'-cggaattcttatgtacgagagcgagatctgctatgacggggagaatagegt-
ggtgctcetetge-3' for Ser-234 to Ala and 5'-cggaattcttatgtacgag-
agcgagatctgctatgacggggageatage-3’ for Ser-238 to Ala). The
mutations at Ser-227, Ser-234, and Ser-238 to three Ala
(ASFg;,) were produced by using PCR to pGEX-2T-ASFg,,4
with reverse primer (5'-cggaattcttatgtacgagagcgagatctgctatga-
cggggagcatagegtggtgctectetge-3'). All the PCR products were
digested and inserted into pGEX-2T. The mutations were con-
firmed by DNA sequencing analysis. For mammalian vectors,
ASF mutants were constructed by digestion of those ASF
mutants in pGEX-2T vector and inserting them into pCEP4 to
generate pCEP4-ASF,;, By using a similar strategy, we also
mutated these three Ser residues, 227, 234, and 238, to aspartic
acid to generate plasmid pCEP4-ASFg, .

Cell Culture and Transfection—COS-7, HEK-293T,
SH-SY5Y, and HeLa cells were maintained in Dulbecco’s mod-
ified Eagle’s medium supplemented with 10% fetal bovine
serum (Invitrogen) at 37 °C. Normal human neuronal progeni-
tor cells (Lonza, Walkersville, MD) were maintained in Neuro-
basal supplemented with 2% B27 (Invitrogen), 20 ng/ml fibro-
blast growth factor 2 (FGF-2), 20 ng/ml epidermal growth
factor, and 10 ng/ml leukemia inhibitory factor and differenti-
ated with 10 uM retinoid acid in the maintenance medium for 6
days. All transfections were performed in triplicate with Lipo-
fectamine 2000 (Invitrogen) in 12-well plates. The cells were
transfected with 2.4 ug of plasmid DNA and 5 ul of Lipo-
fectamine 2000 in 1 ml Opti-MEM (Invitrogen) for 5 h at 37 °C
(5% CO,), after which 1 ml Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum was added.
For co-expression experiments, 2.4 ug of total plasmid was
used containing 0.8 ug of E10 splicing vector, 0.8 ug of ASF
vectors, and 0.8 ug of Dyrk1A vector or their control vectors.

In Vitro Phosphorylation of ASF by DyrklA—For in vitro ASF
phosphorylation by Dyrk1A, GST-ASF or GST (0.2 mg/ml) was
incubated with various concentrations of Dyrk1A in a reaction
buffer consisting of 50 mm Tris-HCI (pH 7.4), 10 mm B-mer-
captoethanol, 0.1 mMm EGTA, 10 mm MgCl,, and 0.2 mm
[y->?P]ATP (500 cpm/pmol). After incubation at 30 °C for 30
min, the reaction was stopped by adding an equal volume of 2X
Laemmli sample buffer and boiling. The reaction products were
separated by SDS-PAGE. Incorporation of **P was detected by
exposure of the dried gel to phosphorimaging system (BAS-
1500, Fujifilm).
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GST Pull Down—GST or GST-ASF was purified by affinity
purification with glutathione-Sepharose as described above but
without elution from the beads. These beads coupled GST or
GST-ASF were incubated with crude extract from rat brain
homogenate in buffer (50 mm Tris-HCI, pH 7.4, 8.5% sucrose,
50 mm NaF, 1 mm Naz;VO,, 0.1% Triton X-100, 2 mm EDTA, 1
mM phenylmethylsulfonyl fluoride, 10 ug/ml aprotinin, 10
pg/ml leupeptin, and 10 wg/ml pepstatin). After a 4-h incuba-
tion at 4 °C, the beads were washed with washing buffer (50 mm
Tris-HCI, pH 7.4, 150 mm NaCl, and 1 mm dithiothreitol) six
times, the bound proteins were eluted by boiling in Laemmli
sample buffer, and the samples were subjected to Western blot
analysis.

Co-immunoprecipitation—HEK-293T cells were co-trans-
fected with pCEP4-ASF-HA and pcDNA3-Dyrkl1A for 48 h as
described above. The cells were washed twice with phosphate-
buffered saline (PBS) and lysed by sonication in lysate buffer (50
mM Tris-HCl, pH 7.4, 150 mm NaCl, 50 mm NaF, 1 mMm Na;VO,,
2 mMm EDTA, 1 mM phenylmethylsulfonyl fluoride, 2 ug/ml
aprotinin, 2 ug/ml leupeptin, and 2 pug/ml pepstatin). Insoluble
materials were removed by centrifugation; the supernatants
were preabsorbed with protein G-conjugated agarose beads
and incubated with anti-HA or anti-DyrklA antibody 8D9
overnight at 4 °C, and then protein G beads were added. After a
4-h incubation at 4 °C, the beads were washed with lysate buffer
twice and with Tris-buffered saline twice, and bound proteins
were eluted by boiling in Laemmli sample buffer. The samples
were subjected to Western blot analysis with the indicated pri-
mary antibodies.

Co-localization Study—HeLa cells were plated in 12-well
plates onto coverslips 1 day prior to transfection at 50—60%
confluence. HA-tagged ASF constructs were singly transfected
or co-transfected with Dyrkl1A or DyrklA, g5z constructs as
described above. Two days after transfection, the cells were
washed with PBS and fixed with 4% paraformaldehyde in PBS
for 30 min at room temperature. After washing with PBS, the
cells were blocked with 10% goat serum in 0.2% Triton X-100/
PBS for 2 hat 37 °C and incubated with rabbit anti-HA antibody
(1:200) and mouse anti-Dyrk1A (8D9, 1:10,000) overnight at
4. °C. After washing and incubation with secondary antibodies
(TRITC-conjugated goat anti-rabbit IgG and FITC-conjugated
goat anti-mouse IgG, 1:200), the cells were washed extensively
with PBS and incubated with 5 ug/ml Hoechst 33342 for 15 min
at room temperature. The cells were washed with PBS,
mounted with Fluoromount-G, and revealed with a Leica TCS-
SP2 laser-scanning confocal microscope.

RNA Interference—For inhibition of ASF and DyrklA
expression, HEK-293T cells cultured in 12-well plates were
transfected with various amounts of short interfering RNA
(siRNA) using Lipofectamine 2000. After a 48-h transfection,
cells were lysed, and protein and RNA were extracted as described
above. siRNA target sequences to ASF were 5'-GTAGAACCCA-
TGTTGTATA-3', 5'-GTTCCAATGTATTGGTGTA-3', and
5'-GGAGCTGGATCATTGGATT-3" (Santa Cruz Biotechnol-
ogy). DyrklA SMARTpool target sequences to DyrklA were
5'-TAAGGATGCTTGATTATGA-3', 5'-GCTAATACCTTG-
GACTTTG-3', 5'-GAAAACAGCTGATGAAGGT-3', and 5'-
AAACTCGAATTCAACCTTA-3 (Dharmacon, Lafayette, CO).
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Both strands of siRNAs had two uridines at 3'. The same amount
of scramble siRNA was used for controls.

Quantitation of Tau E10 Splicing by Reverse Transcription-
PCR (RT-PCR)—Total cellular RNA was isolated from cultured
cells by using an RNeasy mini kit (Qiagen GmbH). One micro-
gram of total RNA was used for first-strand cDNA synthesis
with oligo(dT),5_;5 by using an Omniscript reverse transcrip-
tion kit (Qiagen GmbH). PCR was performed by using Prime-
STAR™ HS DNA Polymerase (Takara Bio Inc., Otsu, Shiga,
Japan) with primers (forward 5'-GGTGTCCACTCCCAGTT-
CAA-3’" and reverse 5'-CCCTGGTTTATGATGGATGTTG-
CCTAATGAG-3’) to measure alternative splicing of tau E10
under conditions: at 98 °C for 3 min, at 98 °C for 10 s, and at
68 °C for 40 s for 30 cycles and then at 68 °C for 10 min for
extension. The PCR products were resolved on 1.5% agarose
gels and quantitated using the Molecular Imager system
(Bio-Rad).

Immunohistochemical Staining—The serial sections from
the temporal inferior gyrus of six cases of DS and six control
cases (see Table 1) were examined. For comparison, brain sec-
tions from the same region of three AD cases with a moderately
severe stage of the disease (global deterioration scale, stage 6)
and three cases with a severe stage of the disease (global dete-
rioration scale, stage 7) were examined by immunohistochem-
ical staining. One brain hemisphere was fixed in 10% buffered
formalin, dehydrated in ethanol, and infiltrated and embedded
in polyethylene glycol. The tissue blocks were cut serially into
50-um-thick sections. Monoclonal antibody RD3 (diluted
1:500) was used for detection of 3R-tau, and RD4 (diluted 1:200)
was used to detect 4R-tau. The endogenous peroxidase in the
sections was blocked with 0.2% hydrogen peroxide in methanol.
The sections were then treated with 10% fetal bovine serum in
PBS for 30 min to block nonspecific binding. The antibodies
were diluted in 10% fetal bovine serum in PBS and were incu-
bated with sections overnight at 4 °C. The sections were washed
and treated for 30 min with biotinylated sheep anti-mouse IgG
antibody diluted 1:200. The sections were treated with an extra-
vidin peroxidase conjugate (1:200) for 1 h, and the product of
reaction was visualized with diaminobenzidine (0.5 mg/ml with
1.5% hydrogen peroxide in PBS). After immunostaining, the
sections were lightly counterstained with hematoxylin.

Sarkosyl-insoluble Tau Preparation—Homogenates of con-
trol and DS brains prepared in 10 volumes of buffer (50 mm
Tris-HCI, 8.5% sucrose, 50 mm NaF, 10 mm 3-mercaptoeth-
anol, 2 mm EDTA, 1 mM phenylmethylsulfonyl fluoride, 50
nM okadaic acid, and 10 wg/ml aprotinin, leupeptin, and pep-
statin) were centrifuged at 16,000 X g for 10 min. The super-
natant was adjusted to 1% N-lauroylsarcosine and 1% 3-mer-
captoethanol and incubated for 1 h at room temperature.
After the incubation, supernatant was spun at 100,000 X g
for 1 h at 25 °C. The resulting pellet was dissolved in Lae-
mmli sample buffer and subjected to Western blot analysis.

Phosphorylation of ASF in Cultured Cells—COS7 cells
were transfected with pCEP4-ASF-HA and cultured in Dul-
becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. After a 45-h transfection, the medium
was replaced with [*?P]orthophosphate (10 mCi) in Dulbec-
co’s modified Eagle’s medium (—phosphate) supplemented
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FIGURE 1. Overexpression of ASF promotes tau exon 10 inclusion.
a, overexpression of SR proteins affected tau E10 splicing. the pCI-SI9/LI10
mini-tau-gene was co-transfected with the same amount of pCEP4-SR
proteins into HEK239-T cells. Total RNA was subjected to RT-PCR for meas-
urement of tau exon 10 splicing after a 48-h transfection. b, expression of
ASF promoted tau exon 10 inclusion. pCI-SI19/L110 was co-transfected with
pCEP4-ASF into various cell lines indicated under each panel. Tau exon 10
splicing was measured by RT-PCR after a 48-h transfection. ¢, knock-down
of ASF by siRNA inhibited tau exon 10 inclusion. pCI-SI9/LI10 was co-trans-
fected with ASF siRNA or scramble siRNA into HEK-293T cells. The expres-
sion of ASF was measured by Western blot (upper panel), and the tau exon
10 splicing was measured by RT-PCR after a 48-h transfection (lower
panel). Con, control.

with 10% fetal bovine serum plus 10 uwm Tg003 and/or 50 um
EGCG. After a 3-h incubation, the cells were harvested in
lysate buffer (50 mm Tris-HCI, pH 7.4, 150 mm NaCl, 50 NaF,
1 mm Na;VO,, 50 mm okadaic acid, 0.1% Triton X-100, 0.1%
Nonidet P-40, 0.25% sodium deoxychalate, 2 mm EDTA, 1
mM phenylmethylsulfonyl fluoride, and 10 wg/ml aprotinin,
leupeptin, and pepstatin). Insoluble materials were removed
by centrifugation, and the supernatant was used for immu-
noprecipitation as described above. Immunoprecipitated
ASF-HA by anti-HA was analyzed by immunoblotting and
autoradiography.

Mass Spectrometry—GST-ASF fusion protein was phos-
phorylated by Dyrk1A as described above. To maximize the
yield of the phosphorylated protein, the reaction was carried
out for 1 h with high amounts of the kinase (1:6 molar ratio of
GST-ASF and GST-Dyrk1A). The phosphorylated products
were separated in SDS-PAGE and stained by Coomassie
Blue. The gel piece was in-gel tryptic-digested. Proteolytic
peptides were extracted from the gel followed by TiO2-based
immobilized metal affinity chelate enrichment for the phos-
phopeptide. The resulting fraction was concentrated and
reconstituted in 10 ul of 5% formic acid for liquid chroma-
tography-tandem mass spectrometry analysis separately.

Statistical Analysis—Where appropriate, the data are pre-
sented as the means = S.D. Data points were compared by the
unpaired two-tailed Student’s ¢ test, and the calculated p values
are indicated in Figs. 4—6. For the analysis of the correlation
between DyrklA level and 3R-tau or 4R-tau levels in human
brain homogenates, the Pearson product-moment correlation
coefficient r was calculated.
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FIGURE 2. Dyrk1A phosphorylates ASF in vitro at Ser-227, Ser-234, and
Ser-238. a, schematic of ASF domain structures and the serine residues (227,
234, and 238) in three conserved motifs (gray box) of Dyrk1A phosphorylation
sites that were identified in this study. b, autoradiography of ASF phospho-
rylation by Dyrk1A in vitro. Recombinant GST-ASF was incubated with various
concentrations of Dyrk1A indicated above each lane for 30 min at 30 °C and
separated by SDS-PAGE and visualized with Coomassie Blue staining (middle
panel). The last lane is Dyrk1A alone, without GST-ASF. After drying the gel,
the 32P incorporated into ASF was measured by using a phosphorimaging
device (BAS-1500, Fuji) (upper panel). The level of 32P was normalized by the
protein level detected by Coomassie Blue staining was plotted to Dyrk1A
concentration (lower panel). ¢, inhibition of Dyrk1A by EGCG decreased the
phosphorylation of ASF in cultured cells. COS7 cells were transfected with
pCEP4-ASF-HA for 45 h and then treated with 10 um Tg003 and 50 um EGCG to
inhibit Clk and Dyrk1A, respectively. At the same time, [**P]orthophosphate
was added to label the phosphoproteins. After a 3-h treatment and phospho-
labeling, the cells were harvested, and the cell lysates were subjected to
immunoprecipitation with anti-HA. The immunoprecipitated ASF-HA was
analyzed by autoradiography and Western blot with anti-HA. The 3P incor-
porated into ASF-HA was normalized by ASF-HA level detected with anti-HA.
Con, control; Pi, phosphate group. d, mutation of Ser to Ala at Ser-227, Ser-
234, and/or Ser-238 inhibited ASF phosphorylation by Dyrk1A. Mutants of
GST-ASF at the Ser residue indicated above each lane were phosphorylated
by Dyrk1A (10 pg/ml) in vitro for 30 min. 3P incorporation into GST-ASFs was
measured by using phosphorimaging analysis after the phosphorylation
products were separated by SDS-PAGE. The 3P incorporated was normalized
by protein level detected with Coomassie Blue staining. WT, wild type.

RESULTS

ASF Promotes Tau E10 Inclusion—3R-tau and 4R-tau are
generated by alternative splicing of tau E10, an event known to
be regulated by a host of SR family splicing factors, including
ASF, 9G8, SC35, and SRp55 (11, 12, 26-28). To compare the
E10 splicing efficiency of these SR proteins, we co-transfected
mini-tau gene pCI-19/L110, consisting of tau exons 9-11, part
of intron 9 (S19), and the full length of intron 10 (L/10) (23),
together with each of the four known E10 splicing factors, into
HEK-293T cells and detected E10 splicing by RT-PCR. We
found that of the four SR proteins, ASF promoted E10 inclusion
most effectively (Fig. 1a). This effect was not cell type-specific,
as overexpression of ASF in cells including HEK-293T, COS7,
HeLa, and SH-SY5Y, also up-regulated 4R-tau production (Fig.
1b).

To establish the requirement of ASF in E10 inclusion in vivo,
we next knocked down endogenous ASF by transfecting HEK-
293T cells with ASF-specific siRNA (Fig. 1c). Decreased ASF
expression by siRNA significantly decreased 4R-tau production
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FIGURE 3. ASF interacts with Dyrk1A. g, Dyrk1A was pulled down from rat
brain extract by GST-ASF. GST-ASF or GST coupled onto glutathione-Sepha-
rose was incubated with rat brain extract. After washing, bound proteins were
subjected to Western blots by using anti-GST, anti-SR protein, and anti-
Dyrk1A. Only GST-ASF, but not GST, pulled down Dyrk1A. All these lanes are
from the same blot from which unrelated lanes between the second and third
lanes were removed. b, ASF and Dyrk1A could be co-immunoprecipitated by
each other’s antibodies. ASF tagged with HA and Dyrk1A were co-expressed
in HEK-293T cells for 48 h. The cell extract was incubated with anti-HA or
anti-Dyrk1A, and then protein G beads were added into the mixture. The
bound proteins were subjected to Western blots by using antibodies indi-
cated at the right of each blot. Dyrk1A and HA-ASF were co-immunoprecipi-
tated by each other’s antibodies, respectively. No Ab, no antibody; IP, immu-
noprecipitation. ¢, co-localization of ASF with Dyrk1A in nucleus. HA-ASF and
Dyrk1A were co-transfected into HeLa cells. After a 48-h transfection, the cells
were fixed and immunostained by anti-HA or anti-Dyrk1A and followed by
TRITC-anti-rabbit IgG or FITC-anti-mouse IgG. Hoechst was used for nucleu
staining.

(Fig. 1¢), further supporting an essential role of ASF in tau E10
inclusion.

Dyrk1A Phosphorylates ASF at Ser-227, Ser-234, and Ser-238—
The biological activity of ASF is regulated by its phosphoryla-
tion (13-15). To study whether Dyrk1A phosphorylated ASF,
we phosphorylated GST-ASF in vitro by DyrklA. We found
that GST-ASF (Fig. 2b), but not GST (Fig. 2d), was phosphoryl-
ated by DyrklA in an enzyme concentration-dependent man-
ner (Fig. 2b). To study the phosphorylation of ASF by Dyrk1A in
vivo, we overexpressed HA-ASF in COS7 cells and labeled the
cells with [**P]orthophosphate. ASF is phosphorylated heavily
in vivo. To better learn the effect of inhibition of DyrklA on
ASF phosphorylation, we lowered down the phosphorylation of
ASF by Tg003, a Clk/Sty inhibitor, and then added Dyrkl1A
inhibitor EGCG. We found that Clk/Sty inhibitor significantly
decreased *?P incorporation into ASF and increased ASF
mobility shift (Fig. 2c). When compared with Tg003 treatment,
EGCG further inhibited the *2P incorporation. However,
EGCG did not further change the mobility shift (Fig. 2c). These
results indicate that ASF is phosphorylated by Dyrk1A at dif-
ferent sites from that phosphorylated by Clk/Sty in cultured
cells.

To map the putative phosphorylation sites on ASF, we in
vitro phosphorylated GST-ASF using a high concentration of
DyrklA (130 ug/ml, an enzyme/substrate molar ratio of ~1/6)
for 60 min followed by SDS-PAGE separation of the phospho-
products. A slower mobility of phospho-GST-ASF was evident
by Coomassie Blue staining (data not shown), indicating that
ASF was phosphorylated by Dyrkl1A. Phospho-GST-ASF was
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then subjected to mass spectrometry after in-gel trypsin diges-
tion. Surprisingly, no phosphorylated peptides were detected
(data not shown). Peptide recovery data from mass spec-
trometry showed the absence of C-terminal 40 amino acid
residues, including part of RS1 and all RS2 (Fig. 24 and sup-
plemental Fig. 1). This finding suggested that the phospho-
rylation sites were probably located within this region.

DyrklA is a proline-arginine-directed Ser/Thr protein
kinase and prefers an RX(X)(S/T)P motif. ASF contains three
such motifs, all of them within 22 amino acid residues of the
C-terminal RS2 domain (Fig. 2a). To determine whether
Dyrkl1A-mediated phosphorylation of ASF occurred within the
consensus regions, we mutated three Ser residues within the
motifs to Ala, either individually or in combination followed by
in vitro phosphorylation by Dyrk1A. We found that any given
single mutation decreased ASF phosphorylation, which was
further compounded by double or triple mutations (Fig. 24,
lowest panel). This finding suggested that Dyrk1A phosphoryl-
ated ASF mainly at Ser-227, Ser-234, and Ser-238 in vitro.

ASF Interacts with Dyrk1A—The in vitro phosphorylation of
ASF by Dyrk1A led us to investigate whether the two proteins
interact with each other in vitro and in vivo. Employing GST-
pulldown assay and immunoprecipitation studies, we found
that only GST-ASF, but not GST, could pull down Dyrk1A from
rat brain extract (Fig. 3a4), and DyrklA and ASF could be co-
immunoprecipitated by antibodies to each protein (Fig. 3b).
These results confirmed the interaction between ASF and
DyrklA in vitro.

To study their interaction in vivo, we co-expressed
HA-tagged ASF (HA-ASF) and Dyrk1A in HeLa cells and estab-
lished their subcellular localization by using confocal micros-
copy. Both ASF and Dyrk1A were co-localized in the nucleus
and enriched in speckles (Fig. 3¢), giving further evidence to
their possible interaction in cultured cells.

DyrklA Inhibits Tau E10 Inclusion Induced by ASF—To
study whether Dyrk1A affects the biological activity of ASF, we
determined ASF-mediated tau E10 splicing by overexpressing
both Dyrk1A and ASF in COS 7 cells. Splicing products of 3R-
and 4R-tau were quantitated by RT-PCR. We found that
DyrklA significantly inhibited ASF-mediated tau E10 inclu-
sion, and co-expression of ASF with kinase-dead DyrklA
(Dyrk1Agsr) had no effect on tau E10 splicing (Fig. 4a).
Furthermore, knockdown of endogenous DyrklA with
siRNA (Fig. 4b, inset) increased 4R-tau (Fig. 4b), confirming
that ASF-mediated tau E10 splicing is regulated by Dyrk1A.

Differentiated human neuronal progenitor cells with reti-
noid acid express both 3R-tau and 4R-tau. In these cells, inhi-
bition of Dyrk1A with either harmine or EGCG elevated 4R-tau
expression (Fig. 4c, upper panel) and resulted in the increase in
the ratio of 4R-tau to 3R-tau (Fig. 4c, lower panel), indicating
that Dyrk1A regulates endogenous tau exon 10 splicing.

ASF shuttles between the cytoplasm and the nucleus, as well as
within the nucleus, a process dependent on its state of phospho-
rylation. To determine whether DyrklA-induced phosphoryla-
tion of ASF also affected its subcellular localization, we overex-
pressed ASF alone or in combination with either DyrklA or
kinase-dead Dyrk1A 44 in HeLa cells. Employing laser confocal
microscopy, ASF was found to be localized primarily in the nuclear
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FIGURE 4. Dyrk1A inhibits the role of ASF in tau exon 10 inclusion. g, overexpression of Dyrk1A inhibited the role
of ASF in tau exon 10 inclusion. Mini-tau gene pCI-SI9/LI10 was co-transfected with ASF or Dyrk1A into COS7 cells for
48 h, and the total RNA was extracted and subjected for measurement of tau exon 10 splicing by using RT-PCR. Con,
control. b, knock down of Dyrk1A by its siRNA elevated exon 10 inclusion induced by ASF. Mini-tau gene was
co-transfected into HEK-293T cells with ASF and siRNA of Dyrk1A or its scrambled form, and then tau exon 10
splicing was analyzed by RT-PCR after a 48-h transfection. Expression of endogenous Dyrk1A was decreased by
siRNA of Dyrk1A dose-dependently (inset panel). Transfection of Dyrk1A siRNA significantly increased the 4R-tau
expression when compared with the scrambled form. ¢, inhibition of Dyrk1A increased 4R-tau expression in differ-
entiated human neuronal progenitor cells. Human neuronal progenitor cells were differentiated with retinoid acid
for 6 days and then treated with 12.5 um EGCG or 10 um Harmine for 24 h to inhibit Dyrk1A. The cell lysates were
objected to Western blots with anti-3R-tau and anti-4R-tau antibodies. The ratio of 4R-tau and 3R-tau was calculated.
The data are presented as mean = S.D. d, Dyrk1A drove ASF into speckles. HA-ASF and/or Dyrk1A or Dyrk1Ay;ggr
were co-transfected into Hela cells. After a 48-h transfection, the cells were fixed and immunostained by anti-HA
and anti-Dyrk1A and followed by TRITC-anti-rabbit IgG or FITC-anti-mouse IgG, respectively. Hoechst was used for
nucleus staining. **, p < 0.01 versus control group, *, p < 0.05 versus ASF group.
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periphery of ASF-only transfected cells (Fig. 4d). When co-ex-
pressed with DyrklA, ASF translocated into nuclear speckles
and co-localized with Dyrk1lA (Figs. 3¢ and 4d), whereas co-

OCTOBER 17, 2008 +VOLUME 283+-NUMBER 42

Dyrk1A Phosphorylates ASF

expression with Dyrkl1A4.r had
no effect on ASF localization (Fig.
4d). Together, these results suggest
that DyrklA drives ASF from the
nuclear periphery into speckles,
preventing the association of ASF
with nascent transcripts and result-
ing in an increase in 3R-tau
production.

ASF promoted tau exon 10 splic-
ing in all tested cell lines (Fig. 1b).
However, the promoting effect of
ASF on tau exon 10 splicing was not
to the same extent in different
experiments by using the same cell
line (Figs. 1, @ and c and 4, a and b),
suggesting that basal activities of
endogenous splicing factors or
their regulators are different in
cells with different conditions,
which was further confirmed by
the study that HEK-293T cells
with different passage showed dif-
ferent tau splicing level (supple-
mental Fig. 2).

ASF  Pseudophosphorylated at
Ser-227, Ser-234, and Ser-238
Mainly Localizes in Speckles and
Does Not Promote Tau EIO0
Inclusion—To evaluate the central
role of Ser-227, Ser-234, and
Ser-238 in conferring biological
activity to ASF, we mutated these
sites to either alanine (ASFg;,) or
aspartic acid (ASFg;5,) and studied
the localization and biological activ-
ity of ASF in transiently transfected
HeLa cells. We observed that
ASFg,, was mainly localized in the
nuclear periphery (Fig. 54), and
when co-overexpressed with Dyrk1A,
it failed to translocate to the nuclear
speckles (Fig. 5b). In contrast,
ASFg;p, in which serine residues at
the three sites were mutated to
aspartate to mimic phosphory-
lation (pseudophosphorylation),
was enriched in speckles (Fig. 54), a
situation reminiscent of the sub-
nuclear localization of ASF upon
phosphorylation by Dyrkl1A (Figs.
3c and 4d). We further studied
whether phosphorylation-resistant
ASFg,, promoted tau E10 inclusion
in transfected cells. As expected,

ASFS3A promoted tau E10 inclusion, whereas pseudophospho-
rylated ASFg,, did not change the tau E10 splicing pattern in
tau transcripts (Fig. 5¢). Together, these results strongly suggest
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FIGURE 5. Mutations of ASF affect its subcellular location and role in tau
exon 10 inclusion. g, subcellular location of ASF mutants. HA-tagged ASFq5,
or ASF¢5p, was overexpressed in Hela cells, and then the cells were fixed and
immunostained with anti-HA and FITC-labeled secondary antibody. Hoechst
was used for nucleus staining. b, Dyrk1A could not drive ASF;, into speckles.
HA-tagged ASFg;, (red) was co-expressed with Dyrk1A (green) in Hela cells
and immunostained as described above. ¢, effects of ASF mutations on tau
exon 10 splicing. The mini-tau gene was co-transfected with ASF¢;, or ASF¢5p
into COS7 cells, and tau exon 10 splicing was analyzed by RT-PCR after a 48-h
transfection. *, p < 0.05 versus control (Con) group.

that phosphorylation of ASF at Ser-227, Ser-234, and Ser-238
changes its localization from the nuclear periphery, a location
of active splicing, to speckles, and in so doing, inhibits ASF-
mediated tau E10 inclusion, thereby altering the production of
3R-tau and 4R-tau.

3R-tau Is Increased and Is Correlated to Dyrk1A Overexpres-
sion in DS—In DS brain, as expected due to three copies of the
Dyrkl1A gene, the protein level of DyrklA is increased by 50%
(Fig. 6a). To study whether the increased dosage of Dyrk1A in
DS brain affects the proportion of 3R- and 4R-tau, we subjected
brain homogenates from temporal cortices of six DS and six
age- and postmortem interval-matched control cases (Table 1)
to Western and immuno-dot blots (data not shown) using anti-
bodies against 3R-tau (RD3), 4R-tau (RD4), or total tau (R134d,
or a mixture of 43D and tau 5). We found that the level of tau
protein was elevated in DS brains to ~3-fold of control cases
(Fig. 6b). This increase was due to a selective increase in 3R-tau
(Fig. 6¢). The level of 3R-tau (normalized to total-tau) was
4-fold increases, whereas that of 4R-tau (normalized to total-
tau) was decreased by ~25% in DS when compared with control
brains (Fig. 6, ¢ and d). Dephosphorylation of tau by alkaline-
phosphatase did not affect the labeling by these antibodies (data
not shown), confirming that the antibodies were phosphoryla-
tion-independent. These results suggest that the proportion of
3R-tau is markedly increased and that the balance of 3R-tau and
4R-tau is disturbed in DS when compared with control brain.

To determine whether increased 3R-tau was associated with
neurofibrillary pathology, we compared 3R- and 4R-tau-spe-
cificimmunostaining in temporal cortices from DS and control
cases employing RD3 and RD4 antibodies (Fig. 6¢). In control
brain, RD3- or RD4-positive NFTs in the temporal cortex were
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rare (data not shown). However, NFTs in DS cases showed a
predominant anti-3R-tau immunoreactivity (Fig. 6e, left panel).
In comparable AD cases, the 3R-tau-positive NFT's were 2—3
times less than in similar area from subjects with DS (Fig. 6e,
right panel). To learn whether the 3R-tau is predominant in
sarkosyl-insoluble tau, we prepared a sarcosyl-insoluble frac-
tion from control and DS brain extracts. In normal human
brain, sarcosyl-insoluble tau was not detectable (data not
shown). In DS brain, 3R-tau in the sarcosyl-insoluble fraction
showed 3.1-fold enrichment when compared with 4R-tau (Fig.
6f), indicating that 3R-tau is predominant in sarcosyl-insoluble
tau. These results suggest that neurofibrillary degeneration in
the DS brain is primarily associated with 3R-tau.

To study whether overexpression of Dyrk1A correlated with
an imbalance of 3R- and 4R-tau, we plotted Dyrk1A levels with
3R-tau or 4R-tau levels in brain homogenate of individual case.
We found a strong correlation between 3R-tau and Dyrk1A
levels and an inverse correlation between 4R-tau and Dyrk1A
levels (Fig. 6g), indicating that the overexpression of Dyrk1A in
DS brain may contribute to an increase in 3R-tau/4R-tau ratio.

DISCUSSION

The amyloid pathology in DS brain is believed to be due to an
extra copy of the APP gene. However, the presence of NFTs in
trisomy 21 and the etiology of the neurofibrillary degeneration
seen in DS remain elusive. A close look at the neurofibrillary
degeneration of DS reveals a pattern of tau pathology reminis-
cent of several tauopathies constituting frontotemporal
dementia. These tauopathies are caused by dysregulation of
alternative splicing of tau E10, causing a shift in the ratio of
3R/4R tau. In the present study, we propose a novel pathogenic
mechanism of tau pathology that clearly explains how the
imbalance in 3R-tau and 4R-tau develops, which might cause
neurofibrillary degeneration, along with brain amyloidosis,
leading to early onset Alzheimer-type dementia in individuals
with DS. We propose DyrklA, a kinase located in the Down
syndrome critical region, as a key regulator of tau alternative
splicing. By being overexpressed in the DS brain, Dyrk1A alters
the nuclear distribution of splicing factor ASF by phosphoryl-
ating at Ser-227, Ser-234, and Ser-238, making it unavailable to
the tau transcript, and causing a selective increase in 3R-tau
level. The abnormal 3R/4R tau ratio resulting from defective alter-
native splicing of tau E10 is primarily responsible for the Alzhei-
mer-type neurofibrillary degeneration seen in DS (Fig. 7).

Tau E10 splicing is regulated by several SR or SR-like pro-
teins, including ASF, SC35, 9G8, Tra2f, and SRp55 (11, 12,
26 -28). We found ASF to be the most effective tau E10 splicing
factor when compared with other SR proteins. ASF is known to
bind to a polypurine enhancer on tau E10 and has been reported
to play essential and regulatory roles in tau E10 inclusion (12).
Its activity and subcellular localization are tightly regulated by
its degree of phosphorylation. To date, four kinases, including
SR protein kinase (SRPK) 1, SRPK2, Clk/Sty, and DNA topoi-
somerase-I, have been reported to phosphorylate ASF (14,
29-31). Phosphorylation by SRPK1 drives ASF from cytosol
into the nucleus, and phosphorylation by Clk/Sty causes release
of ASF from speckles, the storage compartments of inactive SR
proteins (16, 32). Thus, both SRPK1 and Clk/Sty phosphorylate
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Dyrk1A Phosphorylates ASF

ASF and recruit it into nascent tran-
scripts, resulting in enhancement of
its role in regulation of alternative
splicing. Our data identify Dyrk1A
as a novel ASF kinase. We have
found that DyrklA phosphorylates
ASF mainly at three sites (Ser-227,
Ser-234, and Ser-238) within the
consensus motif (RX(X)(T/S)P) of
DyrklA, none of which are known
to be phosphorylated by the other
four ASF kinases. In addition to
ASF, DyrklA also phosphorylates
other splicing factors and regu-
lates their activity (20, 21). How-
ever, whether phosphorylation of
these factors plays any role in the
alternative splicing of tau is not
known yet. In the present study,
we further show that upon phos-
phorylation by DyrklA, ASF is
recruited from the nuclear periph-
ery to the speckles, an event that
corresponds to a dramatic de-
crease in tau E10 inclusion. How-
ever, the level of ASF remains
unchanged in the DS brain (see
supplemental Fig. 3). Therefore,
we believe that it is the phospho-
rylation of ASF at Ser-227,
Ser-234, and Ser-238 by DyrklA
that causes dysregulation of tau
E10 alternative splicing, leading to
an imbalance in 3R-tau and
4R-tau, ultimately laying founda-
tions for the development of neu-
rofibrillary degeneration in DS.
Although hyperphosphorylation
of tau plays a fundamental role in
the development of Alzheimer-type
neurofibrillary degeneration, imbal-
ance in the cellular levels of 3R- and

TABLE 1
Down syndrome and normal control brains used in this study
Group Case number  Gender  Age at death PMI“
years h
DS 69 M 65 4.5
1139 F 58 5
1162 F 55 5
1238 M 55 6
1283 F 59 6
1342 M 61 3
Mean *= DS 58.8 = 3.8 49+ 1.1
Control 241 F 67 2.5
244 M 86 1.5
248 F 61 7
252 F 68 3
255 F 67 4
256 M 59 6
Mean * DS 68.0 £ 9.5 40+21

“ PMI, postmortem interval.
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4R-tau is emerging as an important
concept in this pathology. Several
lines of evidence, from transgenic mouse models to human
tauopathies, emphasize the importance of a critical 3R/4R tau
ratio in the cell, which, if disturbed for a given species, may lead
to the characteristic neurofibrillary pathology. For example,
overexpression of human 3R-tau, but not 4R-tau (33) in mice
(where 4R-tau is the only isoform expressed in adult life), pro-
duces age-dependent tauopathy (34), whereas in adult Ts65Dn
mouse, a transgenic mouse model of DS, there is no evidence of
neurofibrillary pathology (35), although tau phosphorylation is
increased at several sites (36). Because E10 becomes a constitu-
tively expressed exon in the adult mouse, overexpression of six
human tau isoforms in the transgenic mouse 8¢ model does not
produce neurofibrillary degeneration; 3R/4R balance in the Tg
8c mouse is maintained by endogenous 4R-tau (37). However,
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FIGURE 7. The model for the inhibitory role of Dyrk1A in tau exon 10
inclusion via phosphorylation of ASF. ASF binds to polypurine enhancer
cis-element of exonic splicing enhancer (ESE) at tau E10 and promotes E10
inclusion. Overexpression of Dyrk1A phosphorylates ASF at Ser-227, Ser-234,
and Ser-238, which drives it into speckles from nascent transcripts and leads
to E10 exclusion and increase of 3R-tau production. Increased 3R-tau disrupts
the balance of 3R-/4R-tau required for normal function of adult human brain
and aggregates in affected neurons, which initiates and/or accelerates the
formation of NFTs and develops tauopathy in DS brain. ESS, exonic splicing
silencer.

when the same 8c mouse is crossed with a tau knock-out
mouse, the resultant htau mouse now has more 3R-tau than
4R-tau and thus displays abundant neurofibrillary pathology
(38). We see a similar pattern of a disturbed 3R/4R balance in
several human tauopathies. Close to 50% of all mutations in the
tau gene causing human FTDP-17 affect tau exon E10 splicing
and alter 3R/4R tau ratio (10). Most of these mutations (N279K,
L2841, AN296, N296N, N296H, P301S, S305N, S303S, E10 + 3,
E10 +11,E10 + 12,E10 + 13,E10 + 14,and E10 + 16) increase
tau exon E10 inclusion and raise the normal 4R/3R ratio from 1
to 2-3(39). Other tau gene mutations such as AK280, E10 + 19,
and E10 + 29 decrease E10 inclusion and reduce the 4R/3R
ratio (40—42). In addition to FTDP-17, dysregulation of E10
splicing may also contribute to other human tauopathies, such
as Pick disease (with a predominant increase in 3R-tau), pro-
gressive supranuclear palsy (4R-tau up-regulation), and corti-
cobasal degeneration (4R-tau up-regulation) (43).

4R- and 3R-taus have inherent differences in regulating
microtubule dynamics, and the pathology triggered by a 3R/4R
tau imbalance may be differentially affected by the particular
tau isoform. For example, 3R-tau is known to bind to microtu-
bules with lesser efficiency than the 4R-tau (44-46). We
observed an ~4-fold increase in 3R-tau in the DS brain and
believe that the resultant free 3R-tau becomes a readily avail-
able substrate for hyperphosphorylation by tau kinases. In the
case of human tauopathies with a low 3R/4R ratio, 3R-tau prob-
ably becomes free due to the high affinity binding of 4R-tau to
microtubules. Free tau has been shown to be a favorable sub-
strate for abnormal hyperphosphorylation than its microtu-
bule-bound counterpart (47). In DS brain, the situation is fur-
ther compounded by the fact that Dyrk1A not only causes a
3R/4R imbalance, but being a tau kinase, also leads to hyper-
phosphorylation of tau at many sites including Thr-212. Phos-
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phorylation of tau by Dyrk1A can prime tau for further abnor-
mal hyperphosphorylation by glycogen synthase kinase-383
(36). The high levels of AB in DS brain due to an extra dose of
the APP gene may also significantly accelerate tau pathology by
activating tau kinases including glycogen synthase kinase-3f3
(GSK-3pB) (48). It has been shown that infusion of AB in
tauP301L transgenic mice causes neurofibrillary degeneration,
and the double transgenic mice generated by crossing Tg2567
(swAPP) animals with tauP301L animals have significantly
increased neurofibrillary pathology (49, 50). Thus, a multifac-
eted effect of an extra copy of DyrkIA and APP gene in DS may
help explain the occurrence of neurofibrillary degeneration
~20 years earlier than in AD. Apart from AD-like pathology,
50% of DS patients have one or more forms of congenital car-
diac anomalies. Interestingly, a recent report suggested the fun-
damental role of ASF in programming excitation-contraction
coupling in the cardiac muscle (51). Moreover, ASF was
recently identified as an onco-protein in a study examining a
number of solid organ tumors, which may provide insight into
the 20-fold increase in the incidence of leukemia in DS patients
when compared with the general population (52). Thus,
Dyrk1A-induced changes in ASF activity may elucidate the molec-
ular biology underlying some of the tell tale features of DS.

In summary, the present study provides novel insights into
the etiology of neurofibrillary pathology and presents intrigu-
ing data about the molecular basis of the 3R/4R imbalance seen
in the DS brain. We show that Dyrk1A level is increased in DS
brain due to an extra copy of the DyrkIA gene located in the
Down syndrome critical region. We further show that Dyrk1A
phosphorylates the splicing factor ASF at three sites, causing a
shift in its nuclear localization and making it unavailable for tau
E10 splicing. This results in severe up-regulation of 3R-tau
mRNA and is directly responsible for 3R/4R tau imbalance in
the DS brain. Dyrkl1A may further accelerate neurofibrillary
degeneration by contributing to tau hyperphosphorylation.
Regulation of ASF-mediated tau E10 alternative splicing by
DyrklA opens new avenues for research and development of
therapeutics for tauopathies.
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