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Abstract
Adult human brain expresses six isoforms of tau protein as a result of alternative splicing.
Alternative splicing of exon 10 (E10) leads to tau isoforms containing either three (3R) or four
(4R) microtubule-binding repeats. Imbalance in the 3R-tau/4R-tau ratio causes neurofibrillary
degeneration and dementia. Here, we demonstrated that the dual-specificity tyrosine
phosphorylation–regulated kinase 1A (Dyrk1A) interacted with the splicing factor 9G8 and
phosphorylated it at several serine residues. Dyrk1A itself promoted tau E10 inclusion, whereas
9G8 inhibited E10 inclusion, and these actions were variable depending on the cell types. Co-
expression of Dyrk1A and 9G8 led to their translocation from the nucleus to the cytoplasm and
suppressed their ability to regulate tau exon 10 splicing. This action is probably due to their
interaction-induced translocation from the nucleus, where the regulation of tau E10 splicing
occurs, to the cytoplasm. These findings provide novel insights into the molecular mechanism of
the regulation of tau E10 splicing and further our understanding of the neurodegeneration caused
by dysregulation of tau E10 splicing.

Keywords
Tau; alternative splicing; 9G8; Dyrk1A; neurodegeneration

1. Background
Tau is a major neuronal microtubule-associated protein and plays an important role in the
assembly and stabilization of microtubules. It is enriched in the axons of mature and
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growing neurons. Abnormal hyperphosphorylation and accumulation of this protein into
neurofibrillary tangles (NFTs) in neurons, first discovered in Alzheimer disease (AD) brain
(Grundke-Iqbal et al., 1986a; Grundke-Iqbal et al., 1986b), is now known to be a
characteristic change of several related neurodegenerative disorders that are collectively
called tauopathies (Ballatore et al., 2007).

Adult human brain expresses six isoforms of tau generated by alternative splicing of its pre-
mRNA from a single gene, which contains 16 exons (Andreadis et al., 1992; Goedert et al.,
1989). Exclusion or inclusion of tau exon 10 (E10), which encodes the second microtubule-
binding repeat, gives rise to tau isoforms with three (3R) or four (4R) microtubule-binding
repeats, respectively. In normal adult human brain, approximately equal levels of 3R-tau and
4R-tau are expressed (Goedert et al., 1989; Kosik et al., 1989). Several specific mutations in
the tau gene associated with frontotemporal dementia with Parkinsonism linked to
chromosome 17 (FTDP-17) lead to dysregulation of tau E10 splicing and result in a
selective increase in either 3R-tau or 4R-tau, suggesting that a disruption of the normal ratio
of 3R-tau/4R-tau can cause neurodegeneration and dementia (Goedert and Jakes, 2005; Liu
and Gong, 2008; Wolfe, 2009). An altered 3R-tau/4R-tau ratio in the brain is also seen in
several other neurodegenerative disorders, such as Pick’s disease, progressive supranuclear
palsy, and corticobasal degeneration (Liu and Gong, 2008).

Alternative splicing is controlled by exonic and intronic enhancers and silencers, which in
turn are regulated by protein regulators called splicing factors. There are two superfamilies
of splicing factors, the SR/SR-like and hnRNP proteins, in mammalian cells (Dreyfuss et al.,
2002; Graveley, 2000). Some of the splicing factors are dominant in or restricted to neurons.
The SR proteins have a modular structure consisting of one or two copies of an N-terminal
RNA-recognition motif (RRM) followed by a C-terminal Arg-Ser–rich (RS) domain, in
which the serine residues are targets of phosphorylation by multiple protein kinases.

The function of SR proteins is tightly regulated by phosphorylation. To date, several
kinases, including SR-protein kinases 1 and 2 (SRPK1 and SRPK2), the cell cycle-
dependent dual specificity kinase (Clk/Sty), Akt/protein kinase B and DNA topoisomerase I
(Topo I), have been reported to phosphorylate and regulate SR proteins (Blaustein et al.,
2005; Colwill et al., 1996a; 1996b; Gui et al., 1994; Rossi et al., 1996; Wang et al., 1998).
We recently found that Dyrk1A (dual-specificity tyrosine phosphorylation-regulated kinase
1A) phosphorylates splicing factor ASF and inhibits its ability to promote tau E10 inclusion
(Shi et al., 2008).

One of the SR proteins, 9G8, is believed to be involved in both constitutive splicing and
alternative splicing of many pre-mRNAs. In addition, it helps mRNA export to the
cytoplasm and enhances the expression of unspliced mRNA (Swartz et al., 2007). A recent
study has demonstrated that 9G8 may directly interact with the proximal downstream intron
of E10, a clustering region of FTDP mutations, and inhibit tau E10 inclusion (Gao et al.,
2007). Like the localization and functions of other SR proteins, the localization and
functions of 9G8 are tightly regulated by phosphorylation.

Here, we show that Dyrk1A interacted with and phosphorylated 9G8 in vitro and in live
cells. The phosphorylation regulated 9G8’s activity to regulate tau E10 splicing. Dyrk1A
also regulated tau E10 splicing in a mechanism that is independent of 9G8 in HEK293 cells.
Over-expression of both Dyrk1A and 9G8 led to their translocation from the nucleus to the
cytoplasm and thus diminished their effects on tau E10 splicing.
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2. Materials and methods
2.1. Plasmids, proteins and antibodies

Recombinant rat Dyrk1A and mammalian expression vector pcDNA3 containing either rat
Dyrk1A or kinase-dead Dyrk1AK188R were kindly provided by Dr. Y-W Hwang of the New
York State Institute for Basic Research in Developmental Disabilities and prepared as
described previously (Chen-Hwang et al., 2002). pCEP4/9G8 tagged with HA
(hemagglutinin tag) at C-terminal was a gift from Dr. Tarn of the Institute of Biomedical
Sciences, Academia Sinica, Taiwan. pCI-SI9/LI10 or pCI-SI9/SI10, containing a tau
minigene SI9/LI10 or SI9/SI10, comprising tau exons 9, 10 and 11 and part of intron 9 and
the full length of intron 10 or part of intron 10 was described previously (Yu et al., 2004).
Monoclonal antibody 8D9 was raised against a histidine-tagged protein containing the first
160 amino acid residues of rat Dyrk1A (Wegiel et al., 2004). The monoclonal anti-HA, anti-
α-tubulin, and anti-β-actin antibodies were bought from Sigma (St. Louis, MO, USA).
Peroxidase-conjugated anti-mouse and anti-rabbit IgG were obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA); anti-9G8 antibodies,
tetramethylrhodamine isothiocyanate (TRITC)–conjugated goat anti-rabbit IgG, and
Fluorescein isothiocyanate (FITC)–conjugated goat anti-mouse IgG were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). The ECL Kit was from Amersham Pharmacia
(Amersham Bioscience, Piscataway, NJ, USA), and [γ-32P]ATP was from MP Biomedicals
(Irvine, CA, USA).

2.2. Cell culture and transfection
COS-7, N2a, HEK-293 and HEK-293T cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, USA) at 37 °C. All transfections were performed in triplicates with
Lipofactamine 2000 (Invitrogen, Carlsbad, CA, USA) or FuGENE HD (Roche Diagnotics,
Indianapolis, In, USA) for N2a cells in 12-well plates. The cells were transfected according
to the manufacturer’s protocols. For co-expression experiments, 2.4 μg of total plasmid was
used, containing 0.8 μg E10 splicing vector, 0.8 μg 9G8 vectors and 0.8 μg Dyrk1A vector
or their control vectors. For N2a cells, after transfection, the cells were differentiated with
20 mM retinoic acid in DMEM supplemented with 2% fetal bovine serum. All transfection
experiments were repeated at least three times.

2.3. Knockdown of 9G8 with RNA interference
For inhibition of 9G8 expression, N2a cells cultured in 12-well plates were transfected with
short interfering RNA (siRNA) (Santa Cruz, CA, USA) using FuGENE HD. After
transfection, the cells were differentiated for 3 days and lysed. The protein and RNA were
extracted as described above. The same amount of scramble siRNA was used for controls.

2.4. GST Pull-down
pGEX-4T/9G8 was constructed by PCR amplification from pCEP4/9G8 and subcloned into
pGEX-4T to express GST-9G8 fusion protein. GST or GST-9G8 was purified by affinity
purification with glutathione-Sepharose, but without elution from the beads. These beads
coupled GST or GST-9G8 was incubated with crude extract from rat brain homogenate in
buffer (50 mM Tris-HCl, pH 7.4, 8.5% sucrose, 50 mM NaF, 1 mM Na3VO4, 50 nM
okadaic acid [OA], 0.1% Triton X-100, 2 mM EDTA, 1 mM PMSF, 10 μg/ml aprotinin, 10
μg/ml leupeptin and 10 μg/ml pepstatin). After 4 h incubation at 4 °C, the beads were
washed with washing buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1% Triton-X 100,
1 mM PMSF, 2 μg/ml aprotinin, 2 μg/ml leupeptin, 2 μg/ml pepstatin, 1 mM DTT) 6 times,
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the bound proteins were eluted by boiling in Laemmli sample buffer and the samples were
subjected to Western blot analysis.

2.5. In vitro phosphorylation of 9G8 by Dyrk1A
For in vitro 9G8 phosphorylation by Dyrk1A, GST-9G8 or GST (0.2 mg/ml) was incubated
with various concentrations of Dyrk1A in a reaction buffer consisting of 50 mM Tris-HCl
(pH 7.4), 10 mM β-mercaptoethanol, 0.1 mM EGTA, 10 mM MgCl2 and 0.2 mM
[γ-32P]ATP (500 cpm/pmol). After incubation at 30 °C for 30 min, the reaction was stopped
by adding equal volume of 2 × Laemmli sample buffer and boiling. The reaction products
were separated by SDS-PAGE. Incorporation of 32P was detected by exposure of the dried
gel to phosphor-image system.

2.6. Phosphorylation of 9G8 by Dyrk1A in cultured cells
HEK293T cells were transfected with pCEP4-9G8-HA and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum. After a 45-h transfection, the
medium was replaced with [32P]orthophosphate (10 mCi) in Dulbecco’s modified Eagle’s
medium (-phosphate) supplemented with 10% fetal bovine serum plus 20 μM of either
Tg003 or harmine, or both. After a 3-h incubation, the cells were harvested in lysate buffer
(50mM Tris-HCl, pH 7.4, 150 mM NaCl, 50 NaF, 1 mM Na3VO4, 50 nM 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 μg/ml each of aprotinin, leupeptin and pepstatin).
Insoluble materials were removed by centrifugation, and the supernatant was used for
immunoprecipitation by using anti-HA, as described below. Immunoprecipitated ASF-HA
was resolved in SDS-PAGE and analyzed by immunoblots and autoradiography.

2.7. Co-immunoprecipitation
COS7 cells were co-transfected with pCEP4-9G8-HA and pcDNA3-Dyrk1A for 48 h as
described above. The cells were washed twice with PBS, and lysed by sonication in lysate
buffer (50 mM Tris-HCl, pH7.4, 8.5% sucrose, 50 mM NaF, 0.1% Triton X-100, 0.1%
NP-40, 0.25% sodium deoxychalate, 2 mM EDTA, 1 mM PMSF, 50 nM OA and 10 μg/ml
of aprotinin, leupeptin and pepstatin). Insoluble materials were removed by centrifugation;
the supernatants were pre-absorbed with protein-G–conjugated agarose beads and incubated
with anti-HA or anti-Dyrk1A antibody 8D9 overnight at 4 °C, and then protein G beads
were added. After 4 h incubation at 4 °C, the beads were washed with lysate buffer twice
and with TBS twice, and bound proteins were eluted by boiling in Laemmli sample buffer.
The samples were subjected to Western blot analysis with the indicated primary antibodies.

2.8. Co-localization study
COS7 cells were plated in 12-well plates onto coverslips one day prior to transfection at 50–
60 % confluence. HA-tagged 9G8 constructs were singly transfected or co-transfected with
Dyrk1A or Dyrk1Ak188R 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 being washed with PBS, the cells were blocked with 10% goat
serum in 0.2% Triton X-100-PBS for 2 h at 37 °C, and incubated with rabbit anti-HA
antibody (1:200) and mouse anti-Dyrk1A (8D9, 1:10000) 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 in PBS
and incubated with 5 μg/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.
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2.9. Quantitation of tau E10 splicing by reverse transcription-PCR (RT-PCR)
Total cellular RNA was isolated from cultured cells by using the RNeasy Mini Kit (Qiagen,
GmbH, Germany). One microgram of total RNA was used for first-strand cDNA synthesis
with Oligo-(dT)15–18 by using Omniscript Reverse Transcription Kit (Qiagen, GmbH,
Germany). PCR was performed by using the PrimeSTAR™ HS DNA Polymerase (Takara
Bio Inc., Otsu, Shiga, Japan) with primers (forward 5′-GGTGTCCACTCCCAGTTCAA-3′
and reverse 5′-CCCTGGTTTATGATGGATGTTGCCTAATGAG-3′) to measure
alternative splicing of tau E10 under conditions: 98 °C for 3 min, 98 °C for 10 sec and at 68
°C for 40 sec for 30 cycles and then 68 °C 10 min for extension. The PCR products were
resolved on 1.5% agarose gels and quantitated using the Molecular Imager system (Bio-Rad,
Hercules, CA, USA). All PCRs were carried out in triplicates.

2.10. Mass spectrometry
GST-9G8 fusion protein was phosphorylated by Dyrk1A as described above. In order to
maximize the yield of the phosphorylated protein, the reaction was carried out for 1 h with
high amounts of the kinase (6:1 molar ratio of GST-9G8 and GST-Dyrk1A). The
phosphorylated products were separated in SDS-PAGE and stained by Coomassie blue. The
GST-9G8–containing gel piece was in-gel tryptic–digested. Proteolytic peptides were
extracted from the gel, followed by TiO2 IMAC enrichment for the phosphopeptides. The
resulting fraction was concentrated and reconstituted in 10 μl of 5% formic acid for LC-MS/
MS analysis.

2.11. Statistical analysis
When appropriate, the data are presented as the means ± S.D. Data points were compared by
the unpaired two-tailed Student’s t test, and the calculated p-values are indicated in the
figures.

3. Results
3.1. 9G8 suppresses tau exon 10 inclusion

To confirm 9G8’s regulating role in tau E10 splicing in our experimental system, we co-
transfected mini-tau gene pCI-SI9/SI10, consisting of tau exons 9–11, part of intron 9 (SI9)
and intron 10 (SI10) (Fig. 1a) (Yu et al., 2004), together with various amounts of
pCEP4-9G8 into COS7 cells and detected the inclusion and exclusion of E10 by reverse-
transcription (RT)-PCR. We found that 9G8 inhibits E10 inclusion dose-dependently (Fig.
1b). This effect was not cell-type–specific, as over-expression of 9G8 in other types of cells,
including HEK293T, HeLa and SH-SY5Y, also down-regulated E10 inclusion (data not
shown).

A previous study suggests that 9G8 may inhibit tau E10 inclusion by binding to the proximal
downstream intron of E10, a clustering region for mutations seen in FDDP-17 (Gao et al.,
2007) and that a “c” at +14 is required for the effect. Thus, we overexpressed 9G8 with wild
type (WT) mini-tau gene, pCI-SI9/LI10, or M14-mini-tau gene (pCI-SI9/LI10-M14) (in the
latter of which “c” at +14 was mutated to “t”) into COS7 cells, and then measured the
alternative splicing of E10 by RT-PCR. We found that, consistent with the previous study
(Gao et al., 2007), E10 inclusion in the M14-mini-tau–transfected cells was dramatically
increased (~5-fold) as compared to the WT-mini-tau–transfected cells and that 9G8 co-
expression did not inhibit the E10 inclusion significantly in the M14-mini-tau–transfected
cells as it did in the WT-mini-tau–transfected cells (Fig. 2a). Surprisingly, in contrast to
COS7 cells, 9G8 over-expression suppressed dramatically the E10 inclusion caused by the
mutation at +14 of the intron 10 in HEK293 cells (Fig. 2b), suggesting that the “c” at this
position is not required for the regulation of tau E10 splicing by 9G8 in HEK293 cells.
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3.2. Dyrk1A phosphorylates 9G8 in vitro and in cultured cells
The biological activity of 9G8 is tightly regulated by its phosphorylation. To study whether
Dyrk1A phosphorylates 9G8, we incubated GST-9G8 with Dyrk1A in vitro and found that
GST-9G8, but not GST, was phosphorylated in an enzyme concentration–dependent manner
(Fig. 3a, b).

To map the phosphorylation sites of 9G8 by Dyrk1A, we phosphorylated GST-9G8 with
high-concentration Dyrk1A (130 μg/ml, an enzyme/substrate molar ratio of ~1:6) for 60
min. The non-phosphorylated and the phosphorylated GST-9G8 were resolved by SDS-
PAGE, followed by in-gel trypsin digestion and LC-MS/MS. We identified six phospho-
peptides from the phosphorylated GST-9G8 digest, which were all located at the C-terminal
half of 9G8 molecule (Fig. 3c, d). Because no threonine residue was present in these six
phosphor-peptides, our results indicate that Dyrk1A phosphorylates 9G8 at at least six serine
residues of the C-terminal half of the molecule in vitro.

To study if Dyrk1A also phosphorylates 9G8 in live cells, we over-expressed pCEP4-9G8 in
HEK293T cells and then labeled the cells with [32P]orthophosphate for 48 h.
Autoradiograph of the affinity-purified 9G8 showed strong radioactive signals of double
bands, suggesting phosphorylation of 9G8 to different extents in the cells (Fig. 4). When we
treated the transfected HEK293T cells with Tg003, an inhibitor of Clk/Sty that is a known
9G8 kinase (Colwill et al., 1996b), we observed a ~50% reduction of the radioactive signals,
as expected. Approximately 40% of inhibition was also achieved when the cells were treated
with harmine, a specific Dyrk1A inhibitor (Bain et al., 2007). A combination of both
inhibitors induced further inhibition of 9G8 phosphorylation (Fig. 4b). These results
indicated that 9G8 was phosphorylated by Dyrk1A in live cells.

3.3. 9G8 interacts with Dyrk1A
We investigated whether 9G8 and Dyrk1A interact with each other. By employing a GST-
pulldown assay, we found that GST-9G8 pulled down Dyrk1A from rat brain extract (Fig.
5a). As a negative control, GST itself did not pull down any Dyrk1A. These results suggest
an interaction between 9G8 and Dyrk1A. We also performed co-immunoprecipitation
studies of the cell lysates of the COS7 cells that over-expressed both HA-tagged 9G8 and
Dyrk1A. We found that Dyrk1A was co-immunoprecipitated by antibody to HA (Fig. 5b).
These results confirm the interaction between 9G8 and Dyrk1A in vitro.

To study their interaction in live cells, we co-expressed HA-tagged 9G8 and Dyrk1A in
COS7 cells and examined their subcellular localization by using confocal microscopy. We
found that 9G8 and Dyrk1A were co-localized in the cytoplasm and nucleus (Fig. 5c). These
results provide evidence of their interaction in live cells.

3.4. Interaction between Dyrk1A and 9G8 suppresses their ability to regulate tau exon 10
splicing

To study the effects of interactions between Dyrk1A and 9G8 on their roles in the regulation
of tau E10 splicing, we overexpressed Dyrk1A and 9G8 individually and in combination in
the COS7 cells transfected with pCI-SI9/SI10. Splicing products of E10 inclusion and
exclusion were then quantitated by RT-PCR. We found that over-expression of 9G8 alone
inhibited tau E10 inclusion dramatically, but over-expression of Dyrk1A alone did not have
any effect on tau E10 splicing (Fig. 6a). Co-over-expression of Dyrk1A with 9G8 prevented
slightly, but significantly, 9G8’s inhibition of tau E10 inclusion. To investigate whether the
observed effect on E10 inclusion resulted from 9G8 phosphorylation by Dyrk1A, we co-
transfected cells with 9G8 and the kinase-dead Dyrk1A (Dyrk1AK188R). We found that co-
transfection with Dyrk1AK188R did not affect tau E10 splicing significantly, as compared to
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transfection with 9G8 alone. These results suggest that Dyrk1A-induced phosphorylation of
9G8 suppresses slightly its role in inhibiting tau E10 inclusion.

The mRNA splicing is regulated differently in different cell types. Thus, we further
investigated the effects of co-expression of 9G8 and Dyrk1A on tau E10 splicing in SI9/
LI10- or SI9/LI10-M14-transfected HEK293 cells. We found that 9G8 suppressed tau E10
inclusion in HEK293 cells, as it did in COS7 cells (Fig. 6b). However, unlike in COS7 cells,
overexpression of active Dyrk1A, but not dead Dyrk1AK188R, promoted tau E10 inclusion.
When 9G8 and Dyrk1A were co-transfected, tau E10 splicing was similar to that in HEK293
cells transfected with 9G8 alone, suggesting that Dyrk1A, either active or inactive, does not
significantly affect 9G8’s inhibition of E10 inclusion in HEK293 cells. However, the active
Dyrk1A-induced increase in E10 inclusion was blocked by co-transfection with 9G8. Taken
together, these results suggest that in HEK293 cells, Dyrk1A also regulates tau E10 splicing
in a mechanism dependent on its kinase activity, but not on 9G8, and that the interaction of
9G8 with Dyrk1A blocks this action of Dyrk1A.

Because tau is mainly expressed in the neuron and because altered tau E10 splicing leads to
neurodegeneration, we investigated the role of 9G8 and Dyrk1A in alternative tau E10
splicing in neurons. This was achieved by studying endogenous tau E10 splicing 3 days after
up- and down-regulation of 9G8 and Dyrk1A in differentiated N2a cells. We found that the
differentiated N2a cells expressed much more 4R-tau mRNA than 3R-tau mRNA (the ratio
of E10 inclusion over E10 exclusion was 6.2) (Fig. 6c). Inhibition of Dyrk1A by harmine
promoted tau E10 inclusion. In contrast, over-expression of Dyrk1A suppressed E10
inclusion. Knockdown of 9G8 expression also enhanced tau E10 inclusion slightly, but
transfection of 9G8 gene did not affect the alternative splicing. Down-regulation of 9G8 and
Dyrk1A increased E10 inclusion synergistically. However, over-expression of both Dyrk1A
and 9G8 also increased E10 inclusion. These results suggest that Dyrk1A activity suppresses
tau E10 inclusion in neuronal cells. However, these results could not explain the role of 9G8
and the interactions between 9G8 and Dyrk1A in regulation of tau E10 splicing because of
the apparent inconsistent results.

To further understand the results above, we determined the levels of 9G8 and Dyrk1A and
found that siRNA of 9G8 knocked down the 9G8 expression successfully, but transfection
with 9G8 vector failed to induce an increase in the 9G8 level (Fig. 6c). These results could
explain why transfection with 9G8 vector did not affect tau E10 splicing. Interestingly, we
observed that co-transfection of 9G8 and Dyrk1A resulted in a higher level of expression, as
compared to transfection with 9G8 or Dyrk1A alone (Fig. 6c). These data suggest that
Dyrk1A and 9G8 overexpression promoted each other’s expression, but inhibited their role
in suppression of E10 inclusion, resulting in an increase of 4R-tau expression (see below for
explanation).

3.5. Interaction between Dyrk1A and 9G8 drives them from the nucleus into the
cytoplasmic compartment

To investigate the possible mechanism by which Dyrk1A and 9G8 suppress their biological
activity in regulation of tau E10 splicing, we determined the subcellular localization of 9G8
and Dyrk1A. We over-expressed 9G8, Dyrk1A or kinase-dead Dyrk1AK188R alone or in
combination in COS7 cells. By employing laser confocal microscopy, 9G8 and Dyrk1A
were found to be localized exclusively in the cell nucleus when they were transfected
separately (Fig. 7a). However, when 9G8 and Dyrk1A were co-expressed, both were
translocated into the cytoplasm, and these two proteins were localized more in the cytoplasm
than in the nucleus (Fig. 7a). To our surprise, co-expression of 9G8 with the inactive
Dyrk1AK188R also led to their translocation into the cytoplasm. We also determined the in
situ phosphorylation of tau, a cytoplasmic substrate of Dyrk1A, and found more tau
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phosphorylation after co-transfection with Dyrk1A and 9G8 than after transfection with
Dyrk1A alone (Fig. 7b). These results are consistent to the 9G8-induced export of Dyrk1A.
Taken together, our results suggest that Dyrk1A interacts with 9G8, drives them from the
nucleus into the cytoplasm, and prevents them from regulating tau E10 splicing. This role of
Dyrk1A appears to be partially independent on its kinase activity.

4. Discussion
Recent studies have demonstrated an important role of proper regulation of tau E10
alternative splicing, which leads to approximately equal levels of 3R-tau and 4R-tau in the
adult human brain (for reviews, see (Andreadis, 2005; D’Souza and Schellenberg, 2005;
Goedert and Jakes, 2005)), in neuronal survival and function. The discovery of several
mutations in intron 10 of the TAU gene, which alter the alternative splicing of tau E10 but
do not change the primary sequence of tau protein, in familial FTDP-17 indicates that
alterations of 3R-tau/4R-tau ratio alone can cause neurodegeneration and dementia
(D’Souza et al., 1999; Gao et al., 2000; Grover et al., 1999; Hutton et al., 1998; Stanford et
al., 2003). Dysregulation of E10 splicing may also contribute to the pathogenesis of several
other tauopathies, such as Pick disease, progressive supranuclear palsy, corticobasal
degeneration, and Down syndrome, because altered 3R-tau/4R-tau ratio is observed in the
brains of individuals with these disorders (for review, see (Liu and Gong, 2008). Altered tau
E10 splicing also causes neurodegeneration in experimental animals. For example,
overexpression of human 3R-tau, but not 4R-tau, in mice (where 4R-tau is the major tau
isoform in adult mouse brain) produces age-dependent tauopathy (Gotz et al., 1995; Ishihara
et al., 1999). Thus, investigation of the regulation of tau E10 splicing and of the mechanisms
leading to dysregulation of tau E10 splicing, which remains largely elusive, is highly
important.

The alternative splicing of tau E10 is regulated by several regulatory sequences (cis-
elements) within exon 10 and intron 10 of TAU gene, as well as several trans-acting splicing
factors (for review, see (Liu and Gong, 2008)). We recently demonstrated that ASF is the
major splicing factor for regulating tau E10 splicing, and its activity to promote E10
inclusion is inhibited by its phosphorylation with Dyrk1A (Shi et al., 2008). How 9G8
regulates tau E10 alternative splicing was less known, and the role of Dyrk1A in 9G8-
mediated E10 splicing has not been reported. In the present study, we found that, in contrast
to ASF, 9G8 suppressed tau E10 inclusion in several types of cells and that 9G8’s role in
regulation of tau E10 splicing was modulated by Dryk1A.

A recent study reported that 9G8 may interact with the proximal downstream intron of tau
E10 directly, resulting in inhibition of tau E10 inclusion (Gao et al., 2007). The cytosine (C)
at the position +14 downstream of E10 is thought to be critical for interaction between 9G8
and the tau pre-mRNA, and the FTDP-17 mutation at this position (C to T) abolishes 9G8
action in COS7 cells (Gao et al., 2007). Such a dependency of 9G8’s action on tau E10
splicing was also observed in COS7 cells in the present study. However, in HEK293 cells,
we found that 9G8 suppressed tau E10 inclusion in a manner independent of the presence of
cytosine at the +14 position of intron 10, because 9G8 overexpression also suppressed tau
E10 inclusion of the M14-mini-tau. These results suggest that the mechanisms by which
9G8 regulates tau E10 splicing and/or the binding sites of 9G8 to TAU gene are different in
different cell types. Our results also suggest that there are different or additional binding
sites of tau gene for 9G8 in HEK293 cells, which remain to be identified.

Similar to splicing of other exons, cis elements within exon 10 or around its nearby 5′ and
3′ splicing sites in the tau gene play crucial roles in the regulation of its splicing (Gao et al.
2000). It was suggested by using a tau mini-gene construct that distal sequences beyond 300
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base pairs upstream or downstream of exon 10 may have little effects on the splicing of exon
10 or that the effects are counteracted among these elements (Gao et al. 2000). In the present
study, we used two mini-tau genes, pCI/SI9-SI10 (Gao et al., 2000, Yu et al., 2004) and pCI/
SI9-LI10 (Yu et al 2004) and found that SI9/LI10 produced mRNAs that excluded exon 10
more than LI9/SI10 (Figs. 6a, 6b), which is consistent with the previous studies. However,
over-expression of 9G8 suppressed exon 10 inclusion in both mini-genes (Figs. 6a, 6b), and
down-regulation of 9G8 promoted the 4R-tau expression in endogenous TAU gene. Many
splicing factors are known to be regulated by phosphorylation, especially at the SR domains
(for review, see (Liu and Gong, 2008)). However, neither the phosphorylation sites nor the
kinases for 9G8 phosphorylation have been elucidated. Here, we found, for the first time,
that 9G8 is phosphorylated by Dyrk1A at at least six serine residues at the SR domain in the
C-terminal half of the molecule. Phosphorylation of 9G8 by Dyrk1A was also seen in
cultured cells. Dyrk1A is a Ser/Thr protein kinase that phosphorylates substrate proteins
preferably at the R-X-(X)-S/T-P motif. Within the six phosphorylated peptides derived from
9G8 after phosphorylation by Dyrk1A, there are three serine residues (Ser217, Ser223 and
Ser232) that match with the R-X-(X)-S/T-P motif, as determined by mass spectrometry (Fig.
3). Thus, these three serine residues are most likely phosphorylated by Dyrk1A. In addition,
Dyrk1A also phosphorylates 9G8 at sites other than the R-X-(X)-S/T-P motif.

It appears that phosphorylation of 9G8 affects its activity of regulating tau E10 splicing only
slightly and variably in different types of cells. We observed that in COS7 cells, co-
transfection of 9G8 with wild type Dyrk1A, but not with inactive Dryk1AK188R, prevented
9G8-induced inhibition of tau E10 inclusion only very slightly, whereas no such prevention
was observed in HEK293 cells. Interestingly, we found that Dyrk1A itself, without being
co-transfected with 9G8, promoted tau E10 inclusion, and this action was dependent on the
kinase activity because no promotion of E10 inclusion was observed with the inactive
Dyrk1AK188R. When 9G8 was co-transfected with Dyrk1A, the Dyrk1A’s action in
promoting tau E10 inclusion was blocked. Further studies of the subcellular localizations
indicated that co-transfection led to interaction between these two proteins, which was
independent of the kinase activity, and to their translocation from the nucleus to the
cytoplasmic compartment, where they lost their role in regulating tau E10 splicing.

In neuronal N2a cells, we found that over-expression of Dyrk1A suppressed tau E10
inclusion, whereas inhibition of Dyrk1A led to increased E10 inclusion. This phenomenon
was different from what was seen in HEK293 and COS7 cells. These observations suggest
that the regulation of tau E10 splicing by Dyrk1A is cell type-specific and that in neurons,
Dyrk1A over-expression suppresses tau E10 inclusion. We previously found that Dyrk1A
suppresses tau E10 inclusion by inhibiting ASF-induced promotion of tau E10 inclusion (Shi
et al. 2008). It is thus possible that ASF is the major splicing factor that regulates tau E10
splicing and is regulated by Dyrk1A in the neuron.

Dyrk1A is over-expressed in the brain of individuals with Down syndrome due to trisomy
21, because its gene is localized in the Down syndrome critical region of chromosome 21
(Guimera et al., 1999). Our recent studies indicate an approximately 50% increase in both
the protein level and the kinase activity of Dyrk1A in Down syndrome brain, as compared to
control brains (Liu et al., 2008; Shi et al., 2008). We have further demonstrated that Dyrk1A
phosphorylates ASF and inhibits its activity in the promotion of tau E10 inclusion, leading
to an increase in the ratio of 3R-tau/4R-tau and neurodegeneration in Down syndrome brain
(Shi et al., 2008). The present study showed that while 9G8 suppressed tau E10 inclusion in
all of the cell types that were tested, Dyrk1A’s role in the regulation of tau E10 splicing was
cell type-specific. In the neuronal cells, Dyrk1A suppressed tau E10 inclusion. It is clear
now that Dyrk1A can regulate tau E10 splicing through multiple mechanisms by interacting
and/or phosphorylating various splicing factors. Different mechanisms might dominate in
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different cell types, leading to different net regulation of tau E10 splicing. In Down
syndrome brain, overexpression of Dyrk1A correlates to the increase in 3R-tau/4R-tau ratio
(Shi et al., 2008), suggesting that ASF, rather than 8G9, is the major splicing factor that
regulates tau E10 splicing in human brain. Consistent with this finding, we observed that
ASF had a much stronger effect than 9G8 on tau E10 splicing in culture cells (unpublished
observations).

In conclusion, we have demonstrated that Dyrk1A interacted with 9G8 and phosphorylated
9G8 at several serine residues at the SR domain both in vitro and in live cells, and that these
two proteins colocalized and co-transported from the nucleus to the cytoplasm. Dyrk1A
promoted tau E10 inclusion, whereas 9G8 inhibited E10 inclusion, and these actions were
variable, depending on the cell types. Co-expression of Dyrk1A and 9G8 suppresses their
ability to regulate tau E10 splicing, probably because their interaction drives their
translocation from the nucleus, where the regulation of tau E10 splicing occurs, into the
cytoplasm. These findings provide novel insight into the molecular mechanism of the
regulation of tau E10 splicing and further our understanding of neurodegeneration caused by
dysregulation of tau E10 splicing.
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Fig. 1.
Over-expression of 9G8 suppresses tau exon 10 inclusion. (a) Diagrams of mini-tau genes,
pCI-SI9/SI10, comprising tau exons 9, 10 and 11 and part of intron 9 and intron 10, and
pCI-SI9/LI10, containing a full length of intron 10. (b) Over-expression of 9G8 inhibited tau
E10 inclusion concentration dependently. COS7 cells were co-transfected with pCI-SI9/SI10
and various amounts of pCEP4/9G8 for 48 h. Total RNA was subjected to RT-PCR for
measurement of tau E10 splicing. The relative ratios of E10+/E10− were calculated and are
shown in the graph. “Con” indicates cells transfected with pCI-SI9/SI10 alone. “pCEP4”
indicates co-transfection with pCI-SI9/SI10 and the empty vector pCEP4.
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Fig. 2.
Effects of 9G8 on tau exon 10 inclusion when intron 10 at +14 was mutated. PCI-SI9/LI10
and pCI-SI9/LI10-M14 were cotransfected with pCEP4/9G8 into COS7 cells (a) and
HEK293 cells (b), and the total RNA was subjected to RT-PCR for measurement of tau E10
splicing after 48 h transfection.
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Fig. 3.
Dyrk1A phosphorylates 9G8 in vitro. (a and b) Phosphorylation of 9G8 by Dyrk1A.
GST-9G8 or GST (0.2 mg/ml) was incubated with the indicated concentrations of Dyrk1A
at 30 °C for 30 min, and the reaction products were separated by SDS-PAGE. Incorporation
of 32P into GST-9G8 or GST was detected by autoradiogram (a), and the quantifications are
shown in (b). (c) The amino acid sequence of GST-9G8. The red-colored sequences
represent those detected by LC-MS/MS. The underlined sequence indicates the 9G8
sequence, which is numbered underneath. (d) Six phospho-peptides from the Dyrk1A-
phosphorylated 9G8 samples detected by LC-MS/MS.
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Fig. 4.
Dyrk1A phosphorylates 9G8 in cultured cells. HEK293T cells were transfected with
pCEP4-9G8-HA for 45 h and then treated with 20 μM of either Tg003 or harmine (harm), or
both. At the same time, [32P]orthophosphate was added to label the phosphoproteins. After a
3-h treatment and phospholabeling, the cells were harvested, and the cell lysates were
subjected to immunoprecipitation with anti-HA. The immunoprecipitated 9G8-HA was
resolved in SDS-PAGE and analyzed by autoradiography and Western blot with anti-HA
(a). In quantitation of 9G8 phosphorylation (b), the 32P incorporated into 9G8-HA was
normalized by the 9G8-HA level detected with anti-HA. *, p<0.05 vs. control group.
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Fig. 5.
9G8 interacts with Dyrk1A. (a) Pull-down of Dyrk1A from rat brain extract by GST-9G8.
GST-9G8 or GST coupled onto glutathione-Sepharose beads was incubated with rat brain
extracts. After washing, the bound proteins were subjected to Western blots by using anti-
GST and anti-Dyrk1A, respectively. (b) Co-immunoprecipitation of Dyrk1A with 9G8. HA-
tagged 9G8 and Dyrk1A were co-expressed in COS7 cells for 48 h. The cell extract was
incubated with anti-HA, and then protein G beads were added into the mixture. The bound
proteins were subjected to Western blots by using antibodies indicated at the right of each
blot. (c) Co-localization of 9G8 with Dyrk1A. HA-9G8 and Dyrk1A were co-transfected
into COS7 cells. After 48 h transfection, the cells were fixed and immunostained by
polyclonal anti-HA and monoclonal anti-Dyrk1A, followed by TRITC-anti-rabbit IgG (red)
and FITC-anti-mouse IgG (green), respectively. Hoechst (blue) was used for nuclear
staining.
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Fig. 6.
Role of Dyrk1A and 9G8 in the regulation of tau exon 10 splicing. Mini-tau gene pCI-SI9/
SI10 (a), pCI-SI9/LI10 or pCI-SI9/LI10-M14 (b) was co-transfected with 9G8 and either
Dyrk1A or Dyrk1AK188R into COS7 cells (a) or HEK293 cells (b). The total RNA was
extracted 48 h later and subjected to measurement of tau E10 splicing by using RT-PCR. * p
< 0.05 versus control group; # p < 0.05 versus Dyrk1A or group; and & p < 0.05 versus 9G8
Dyrk1AK188R group. (c) N2a cells were transfected with Si9G8, pCI-Neo/HA-Dyrk1A-Flag
or pCEP4-9G8-HA for 48 h and cultured in the presence or absence of 20 μM harmine for
additional 24 h. The cells were then harvested for measuring tau E10 splicing by RT-PCR
and determination of the expression of 9G8 and Dyrk1A by Western blots. GAPDH blot was
included as a loading control. The numbers under the upper panel indicate the ratios of
E10+/E10−. The numbers of the anti-9G8 blot indicate the relative intensities of the 9G8
bands.
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Fig. 7.
Co-expression of Dyrk1A or Dyrk1AK188R with 9G8 drives their translocalization from the
nucleus into the cytoplasm. (a) COS7 cells were transfected, as indicated at the left of the
figure. After 48 h transfection, the cells were fixed and immunostained by monoclonal anti-
Dyrk1A and polyclonal anti-HA, followed by FITC-anti-mouse IgG (green) and TRITC-
anti-rabbit IgG (red), respectively. Hoechst (blue) was used for nucleus staining. (b)
HEK293FT cells were transfected with pCI-Neo/HA-Dyrk1A-Flag, pCEP4-9G8-HA and
pCI-Neo/tau 40 for 48 h. The cells were then collected and the cell lysates were subjected to
Western blots for measuring tau phosphorylation at T212 and S199. The blots were also
quantified, and the data after being normalized with the total tau level are shown in graph at
the right side. Data are presented as mean±SD (n=4). * P<0.05 versus mock control; #

P<0.05 versus Dyrk1A alone.
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