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Abstract Alternative splicing of tau exon 10 generates tau with
three or four microtubule-binding repeats (3R-tau or 4R-tau).
The ratio of 3R-tau to 4R-tau is approximately 1:1 in the adult
normal human brain. Disturbances in the ratio result in neuro-
degenerative tauopathies. Splicing factor SC35 acts on a SC35-
like element located at the 5′ end of tau exon 10 and promotes
tau exon 10 inclusion. Here, we report that protein kinase (PKA)
was able to interact and phosphorylate SC35. Activation or
overexpression of PKA catalytic subunits promoted SC35-
mediated tau exon 10 inclusion. Four PKA catalytic subunits,
α1, α2, β1, and β2, all enhanced SC35-promoted tau exon 10
inclusion. SC35 has four putative PKA phosphorylation sites,
Ser121, Ser128, Ser130, and Ser171. Pseudophosphorylation
(SC354E) and blockage (SC354A) of phosphorylation of SC35 at
these four sites increased and decreased, respectively, SC35’s
ability to promote tau exon 10 inclusion. Moreover, PKA cata-
lytic subunits no longer further enhanced tau exon 10 inclusion
when these four were mutated to either alanine or glutamate.
These results suggest that PKA interacts with and phosphory-
lates SC35 and enhances SC35-promoted tau exon 10 inclusion.

In Alzheimer’s brain, down-regulation of the PKA pathway
could lead to dysregulation of tau exon 10, contributing to tau
pathogenesis.
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Introduction

Tau is a neuronal microtubule-associated protein. Its major
biological function is to promote microtubule assembly and
stabilize microtubules. Hyperphosphorylated tau aggregates
to form neurofibrillary tangles in affected neurons, a hallmark
pathology of Alzheimer’s disease (AD) and related neurode-
generative disorders called tauopathies [1–5]. There are six tau
isoforms expressed in the central nervous system by alterna-
tive splicing of its exons 2, 3, and 10 from a single gene
located on chromosome 17q21 in humans [6–11]. Tau exon
10 encodes the second microtubule-binding repeat [12]. Its
alternative splicing generates tau isoforms with either three or
four microtubule-binding repeats (3R-tau or 4R-tau) [12].
Alternative splicing of tau exon 10 undergoes developmental
regulation. The fetal human brain only expresses 3R-tau, but
the normal adult human brain expresses 3R-tau and 4R-tau
approximately equally [12, 13]. Disruptions of the 3R-tau/4R-
tau balance have been seen in several types of tauopathies,
such as frontotemporal dementia with parkinsonism linked to
chromosome 17, Pick’s disease, and supranuclear palsy
[14–16], indicating that the balance between 3R-tau and 4R-
tau must remain within a narrow range to ensure normal brain
function. However, the mechanisms by which the imbalance
causes or contributes to the development of tau pathology
remain largely unknown.

Serine/arginine-rich (SR) proteins are one family of the
splicing factors involved in alternative splicing. Among them,
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SC35 promotes tau exon 10 inclusion by acting on a SC35-
like binding element of exonic splicing enhancer located at
the 5′ end of tau exon 10 [17]. SC35 contains a single RNA
recognition motif (RRM) and a carboxyl-terminal domain rich
in arginine and serine residues (RS domain) [18, 19]. The
function of SC35 is highly regulated by phosphorylation [17,
20–23]. Overexpression of Dyrk1A (dual-specificity tyrosine-
phosphorylated and regulated kinase 1A) suppresses SC35-
promoted tau exon 10 inclusion [17].

Cyclic AMP (cAMP)-dependent protein kinase (PKA) is a
Ser/Thr protein kinase that is involved in many biological
events. It is usually an inactive holoenzyme consisting of
two catalytic (C) subunits bound to a regulatory (R) subunit
dimer. There are three isoforms, α, β, and γ, of the PKA
catalytic subunit [24]. PKA-Cα and PKA-Cβ are expressed
ubiquitously, but PKA-Cγ is only expressed in the testis [25].
Both PKA-Cα and PKA-Cβ have two splicing variants,
named PKA-Cα1, PKA-Cα2, PKA-Cβ1, and PKA-Cβ2
[24]. Upon binding of cAMP, the holoenzyme dissociates
into a regulatory dimer and two active catalytic subunits; part of
the latter translocates into the nucleus. PKA catalyzes tau phos-
phorylation in vitro and in vivo [26, 27]. Prephosphorylation of
tau with PKA dramatically increases its subsequent phosphory-
lation by glycogen synthase kinase-3β (GSK-3β) at most of the
AD-relevant phosphorylation sites in vitro [26]. PKA also phos-
phorylates Ser9 of GSK-3β, an inhibitory form of GSK-3β.
Activation of PKA in vivo leads to tau hyperphosphorylation
at both PKA and non-PKA phosphorylation sites [28]. In addi-
tion, we recently found that PKA phosphorylates the splicing
factor ASF/SF2 and enhances its function in the promotion
of tau exon 10 inclusion in a manner specific to its variant
catalytic subunits [19]. However, the regulation of PKA on
SC35was not studied. In the present study, we report that PKA
is able to interact with and phosphorylate SC35. Activation or
overexpression of PKA promotes SC35-mediated tau splicing.

Materials and Methods

Plasmids, Antibodies, and Other Reagents

The cDNAs of human PKA-Cα1, PKA-Cα2, PKA-Cβ1, and
PKA-Cβ2 were generated by reverse transcription PCR from
RNA isolated from normal human neuronal progenitor cells
and confirmed by DNA sequence analysis. All of the PKA
isoforms tagged with HA at N-terminus were cloned into pCI-
Neo vector via SalI and NotI sites. pCEP4/SC35 tagged with
HA at N-terminus was a gift from Dr. Tarn of the Institute of
Biomedical Sciences, Academia Sinica, Taiwan. pGEX-2T/
SC35FL, pGEX-2T/SC3588–221, pGEX-2T/SC35108–221,
pGEX-2T/SC351–191, and pGEX-2T/SC351–117 were
constructed by PCR amplification from pCEP4/SC35-HA and
subcloning into pGEX-2T to generate glutathione S-transferase

(GST) fusion proteins of full-length SC35 and its deletion mu-
tants. Tau mini-gene pCI/SI9–SI10 containing SI9/SI10, com-
prising tau exons 9, 10, and 11 and part of introns 9 and 10, was a
gift from Dr. Zhou of the University of Massachusetts, Boston.
PKA catalytic subunit and monoclonal anti-HA were bought
from Sigma (St. Louis, MO, USA). Polyclonal anti-PKA-Cα
and anti-PKA-Cβ were from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Peroxidase-conjugated goat anti-mouse and
anti-rabbit IgG were obtained from Jackson ImmunoResearch
Laboratories (West Grove, PA, USA); tetramethyl rhodamine
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 Thermo Fisher Scientific
(Rockford, IL, USA), and [γ-32P]ATP was from MP
Biomedicals (Irvine, CA, USA).

Cell Culture and Transfection

HEK-293FT cells and HeLa cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with
10 % fetal bovine serum (Invitrogen, Carlsbad, CA, USA) at
37 °C. All transfections were performed in triplicate with
FuGENE HD (Roche Diagnostics, Indianapolis, IN, USA)
according to the manufacturer’s instructions.

In Vitro Phosphorylation of SC35 by PKA

GST-SC35, GST-SC35 mutants, or GST (0.2 mg/ml) was
incubated with various concentrations of PKA catalytic subunit
in a reaction buffer consisting of 50 mM HEPES (pH 6.8),
10 mM β-mercaptoethanol, 10 mM MgCl2, 1.0 mM EGTA,
and 0.2 mM [γ-32P]ATP (500 cpm/pmol). After incubation at
30 °C for 30 min, the reaction was stopped by boiling with an
equal volume of 2× Laemmli sample buffer. The reaction
products were separated by sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE). Incorporation of 32P
was detected by exposure of the dried gel to a phosphor
imaging system.

GST Pull-Down Assay

GST, GST-SC35, and GST-SC35 deletion mutants were
affinity-purified with glutathione-Sepharose but were not elut-
ed from the beads. The beads coupled with GST, GST-SC35,
and GST-SC35 deletion mutants were incubated with crude
extract from rat brain homogenate in a buffer (50 mM Tris–
HCl (pH 7.4), 150 mM NaCl, 50 mM NaF, 1 mM Na3VO4,
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
2 h of incubation at 4 °C, the beads were washed with washing
buffer (50 mM Tris–HCl (pH 7.4), 150 mM NaCl, and 1 mM

616 Mol Neurobiol (2014) 49:615–624



DTT) six times and the bound proteins were eluted by boiling
in Laemmli sample buffer for analysis by Western blots.

Co-immunoprecipitation

HEK-293FT cells were transfected with pCEP4/SC35-HA for
40 h as described above and treated with 10 μM forskolin for
8 h, and then the cells were washed twicewith PBS and lysed by
sonication in lysate buffer (50 mM Tris–HCl (pH 7.4), 150 mM
NaCl, 50mMNaF, 1mMNa3VO4, 2mMEDTA, 1mMPMSF,
2 μg/ml aprotinin, 2 μg/ml leupeptin, and 2 μg/ml pepstatin).
The cell lysate was centrifuged at 16,000×g for 10 min and
incubated with anti-HA overnight at 4 °C, and then protein G
beads were added. After 4 h of 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 analyses
with the indicated primary antibodies.

Co-localization Study

HeLa cells were plated in 24-well plates onto cover slips 1 day
before transfection at 50–60 % confluence and then
transfected with pCEP4/SC35-HA as described above. After
40 h of transfection, the cells were treated with 10 μM
forskolin for 30 min to activate PKA, and then the cells were
washed with PBS and fixed with 4 % paraformaldehyde in
PBS for 30min at room temperature. After washing with PBS,
the cells were blocked with 10 % goat serum in 0.2 % Triton
X-100 and PBS for 2 h at 37 °C and incubated with rabbit anti-
PKA-Cα/β (1:50) and mouse anti-HA (1:200) overnight at
4 °C. The cells were then washed and incubated with TRITC-
conjugated goat anti-rabbit IgG and FITC-conjugated goat
anti-mouse IgG (1:200), and the cells were washed extensive-
ly with PBS and incubated with 5 mg/ml Hoechst 33342 for
5 min at room temperature. The cells were washed with PBS,
mounted with Fluoromount-G, and visualized with a Leica
TCSSP2 laser scanning confocal microscope.

Knockdown of SC35 or PKA Catalytic Subunits by Small
Interfering RNA

For knockdown of SC35 or PKA, HEK-293FT cells were
transfected with various amounts of small interfering RNA
(siRNA) using Lipofectamine 2000. siRNA is a pool of three
target-specific 20–25-nucleotide siRNAs used to knock
down target gene expression (Santa Cruz Biotechnology,
Santa Cruz, CA, USA). Both strands of siRNAs had 3′-
dTdT tails. The same amount of scramble siRNA was used
as a control.

Quantitation of Tau Exon 10 Splicing by Reverse
Transcription PCR

Total cellular RNAwas isolated from cultured cells by using
the RNeasy Mini Kit (Qiagen, GmbH, Germany). One micro-
gram of total RNAwas used for first-strand cDNA synthesis
with oligo-(dT)15_18 by using the Omniscript Reverse
Transcription kit (Qiagen, Valencia, CA, USA). PCR was
performed by using PrimeSTARTM HS DNA Polymerase
(Takara Bio Inc., Otsu, Shiga, Japan) with forward primer
5′-GGTGTCCACTCCCAGTTCAA-3′ and reverse primer
5′-CCCTGGTTTATGATGGATGTTGCCTAATGAG-3′ to
measure alternative splicing products of tau exon 10. The PCR
conditions were 94 °C for 5 min, 98 °C for 10 s, and 55 °C for
10 s for 30 cycles and then 72 °C for 7 min for extension. The
PCR products were resolved on 1.5 % agarose gels and quanti-
tated using the Molecular Imager system (Bio-Rad, Hercules,
CA, USA).

DNA Site-Directed Mutagenesis

Two mutants, pCEP4/SC354A and pCEP4/SC354E, with
Ser121/128/130/171 mutated to either alanine (A) or gluta-
mate (E) were produced by site-directed mutagenesis using
the KOD-Plus-Mutagenesis kit (TOYOBO, Dalian, China)
and confirmed by sequencing.

Statistical Analysis

Data were presented as mean ± S.D. and analyzed by the
unpaired two-tailed Student’s t test for two-population com-
parison or one-way ANOVAwith Dunnett’s post hoc test for
multiple comparisons.

Results

PKA Phosphorylates SC35 In Vitro

We previously reported that SC35 promotes tau exon 10
inclusion [17]. Thus, we determined whether PKA phosphor-
ylates and regulates the activity of SC35 in affecting the
alternative splicing of tau exon 10. We incubated GST-SC35
with 32P-ATP and various concentrations of PKA catalytic
subunit in vitro for 30 min at 30 °C. The reaction mixtures
were then separated by SDS-PAGE, and the radioactivity
signal of the gels was captured by autoradiography. We ob-
served that GST-SC35 was phosphorylated by PKA in an
enzyme concentration-dependent manner (Fig. 1a and b).
We previously showed that GST itself is not phosphorylated
by PKA under similar conditions [29].
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Activation of PKA Enhances SC35-Promoted Tau Exon 10
Inclusion

Under non-stimulated conditions, PKA is present as an inactive
heterotetramer consisting of two catalytic subunits and two reg-
ulatory subunits. Upon activation by cAMP, catalytic subunits of
PKA are dissociated from regulatory subunits and are able to
catalyze phosphorylation of the substrate proteins. To determine
whether PKA modulates SC35 function in tau exon 10 splicing,
we co-transfected the mini-tau gene pCI/SI9–SI10 (consisting of
tau exons 9, 10, and 11, and partial introns 9 and 10) together
with pCEP4/SC35 as a ratio of 1:5 into HEK-293FT cells for
40 h, and then treated the cells with 10μM forskolin for 8 h
to activate PKA [29]. The total RNA was extracted and
splicing products of tau exon 10 were measured by RT-PCR.
As reported previously [30], we observed that SC35 enhanced
mini-tau mRNA expression and SC35 and forskolin both
promoted tau exon 10 inclusion (Fig. 1c). Co-treatment of
forskolin and SC35 promoted tau exon 10 inclusion

synergistically (Fig. 1c). In addition, as reported previously,
knockdown of SC35 by siRNA of SC35, siSC35, eliminated
the effect of forskolin on tau exon 10 inclusion (Fig. 1d).
These results suggest that PKA activation by forskolin en-
hances SC35-promoted tau exon 10 inclusion.

PKA Catalytic Subunits Interact with SC35

Interaction between PKA and SC35 is required in order for the
former to catalyze the phosphorylation of the latter in a living
system. Thus, we first examined whether the PKA catalytic
subunit interacts with SC35 physically. We incubated GST-
SC35-coupled beads with rat brain extract for 2 h at 4 °C.
After extensive washing, the proteins pulled down with the
beads were analyzed by Western blots. We found that PKA
catalytic subunits were pulled down by GST-SC35, but not
GST (Fig. 2a), suggesting that PKA catalytic subunits can
interact with SC35.

The mammalians brain expresses both PKA-Cα and PKA-
Cβ, but not PKA-Cγ. To determine isoform-specific interaction
of PKA-C with SC35, we overexpressed SC35 tagged with HA
at N-terminus in HEK-293FT cells and treated the cells with
forskolin to activate PKA. The SC35 was immunoprecipitated
with anti-HA, and co-immunoprecipitated proteins were ana-
lyzed with anti-PKA-Cα and PKA-Cβ. We found that both
PKA-Cα and PKA-Cβ were co-immunoprecipitated by SC35
(Fig. 2b), supporting that both PKA catalytic subunits interact
with SC35.

To determine the interaction between PKA catalytic sub-
units and SC35 in intact cells, we overexpressed HA-SC35 in
HeLa cells and then activated PKA with forskolin treatment.
The cells were double-immunostained with anti-HA and anti-
PKA-Cα or PKA-Cβ. Confocal microscopic analysis re-
vealed that SC35 was localized extensively in the nucleus
(Fig. 2c), whereas PKA-Cα and PKA-Cβ were mainly locat-
ed in the cytoplasm under basal conditions (Fig. 2c and d).
Treatment of the cells with forskolin caused partial transloca-
tion of PKA-Cα and PKA-Cβ and co-localization with SC35
in the nucleus (Fig. 2c and d), suggesting that the activation of
PKA leads to translocation of PKA-Cα and PKA-Cβ into the
nucleus where they can interact with SC35.

To identify the regions of SC35 that are responsible for its
interaction with PKA catalytic subunits, we used a series of
deletion mutants of SC35 (Fig. 3a) fused with GST to perform
GST pull-down assays of PKA catalytic subunits from rat brain
extracts. We found that all SC35 mutants were able to pull
down PKA-Cα, 51-kDa PKA-Cβ, and 43-kDa PKA-Cβ from
rat brain extracts, but the nuclear retention signal (NRS) -
deleted mutants had weaker ability to pull down PKA
(Fig. 3b). These findings suggest that SC35 has more than
one PKA-C-interacting regions, but C-terminal NRS is the
major region that interacts probably with PKA-C.

Fig. 1 PKA phosphorylates SC35 and enhances its ability to promote tau
exon 10 inclusion. a PKA phosphorylated SC35 in vitro. GST-SC35
(0.2 mg/ml) was incubated with various concentrations of PKA-C at
30 °C for 30 min, and the reaction products were separated by SDS-
PAGE and visualized with Coomassie blue staining (lower panel). The
32P incorporated into SC35 in the dried gel was measured by using a
phosphor imaging system (BAS-1500, Fuji) (upper panel). b Incorpora-
tion of 32P into GST-SC35 was plotted against PKA concentration. c , d
Activation of PKA enhanced SC35-promoted tau exon 10 inclusion.
HEK-293FT cells were transfected with pCEP4/SC35-HA (c) or siRNA
of SC35 to knock down SC35 (d) for 40 h and then treated with 10 μM
forskolin (Fors) for 8 h. Total RNAwas extracted and subjected to RT-
PCR tomeasure tau exon 10 splicing. The ratio of inclusion and exclusion
of tau exon 10 was calculated after densitometric quantification of the
PCR products. Results are presented as mean ± S.D. *Fors vs. Con;
#SC35 or siSC35 vs. to Mock or Scramble; *, #p <0.05; **, ##p<0.01
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PKA-Cα and PKA-Cβ Both Enhance SC35-Mediated Tau
Exon 10 Inclusion

Both PKA-Cα and PKA-Cβ have two splicing variants
(PKA-Cα1, PKA-Cα2, PKA-Cβ1, and PKA-Cβ2) with very
high homology especially at their C-terminal portion (Fig. 4a).
The human brain expresses these four forms of PKA-C by
alternative splicing of pre-mRNAs of PKA-Cα and PKA-Cβ
(Fig. 4b). To investigate the isoform-specific role of PKA
catalytic subunits on SC35-mediated tau exon 10 splicing, we
co-expressed PKA-Cα1, PKA-Cα2, PKA-Cβ1, and PKA-
Cβ2 with pCEP4/SC35-HA in pCI/SI9–SI10-transfected
HEK-293FT cells, and then measured exon 10 splicing

products by RT-PCR 48 h after transfection. We observed that
all four PKA-C variants promoted tau exon 10 inclusion sig-
nificantly (Fig. 4c and d). Co-expression of SC35 with either
PKA-Cα (Fig. 4c) or PKA-Cβ (Fig. 4d) further increased
the SC35-promoted tau exon 10 inclusion, indicating that
PKA-C enhances SC35-mediated tau exon 10 inclusion.

To confirm the role of PKA-C on SC35-promoted tau exon
10 inclusion, we used siRNA to knock down PKA-Cα or
PKA-Cβ specifically (Fig. 5a) and then treated SC35- and
pCI/SI9–SI10-transfected HEK-293FT cells with forskolin.
We found that SC35-promoted tau exon 10 inclusion was
diminished by knockdown of either PKA-Cα or PKA-Cβ
significantly (Fig. 5b). These results support that all PKA-
Cα and PKA-Cβ isoforms can enhance SC35 function in
promoting tau exon 10 inclusion.

PKA Enhances SC35-Mediated Tau Exon 10 Inclusion
Through Phosphorylation at Its RS Domain

PKA is a non-proline-directed serine/threonine protein kinase
and phosphorylates the consensus motif R/KR/KX(X)(T/S)
[31]. There are four putative PKA phosphorylation sites at the

Fig. 2 SC35 interacts with PKA catalytic subunits. a PKA catalytic
subunits (PKA-C) were pulled down by SC35. GST-SC35 or GST
coupled onto glutathione-Sepharose was incubated with rat brain extract,
and the bound proteins were analyzed by Western blots developed with
anti-GST, anti-PKA-Cα, or anti-PKA-Cβ. b PKA catalytic subunits, α
and β, were co-immunoprecipitated by SC35. SC35 tagged with HAwas
expressed in HEK-293FT cells for 40 h and treated with forskolin for 8 h.
The cell extracts were then immunoprecipitated with anti-HA, and the
immunoprecipitated complexes (IP) were subjected to Western blots
developed with antibodies indicated at the right of each blots. c , d
PKA catalytic subunits α (c) and β (d) of PKAwere translocated to the
nucleus and co-localized with SC35 after forskolin treatment. HeLa cells
were transfected with SC35-HA and treated with forskolin (Fors) for
30 min, followed by triple immunofluorescence staining

Fig. 3 Regional interaction of SC35 with PKA catalytic subunits. a
Schematic of various SC35 deletion mutants employed for interaction
with PKA-C. b PKA-C interacted with various domains of SC35. GST-
SC35, its deletion mutants, or GST coupled onto glutathione-Sepharose
was incubated with rat brain extract, and the bound proteins were ana-
lyzed by Western blots developed with anti-GST, anti-PKA-Cα, or anti-
PKA-Cβ
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RS domain of SC35, including Ser121, Ser128, Ser130, and
Ser171 (Fig. 6a). To learn whether these four putative PKA sites
are indeed phosphorylated by PKA and mediate its enhance-
ment of SC35-promoted tau exon10 inclusion, wemutated these
four serines (Ser, S) into alanines (Ala, A), SC354A, to prevent
phosphorylation or into glutamates (Glu, E), SC354E, to
mimic constitutive phosphorylation, and then determined their
effects on tau exon 10 splicing in pCI/SI9–SI10-transfected
HEK-293FT cells. We found that overexpression of SC35WT

(wild type of SC35), SC354A, and SC354E all increased tau
exon 10 inclusion (Fig. 6b). However, SC354A was weaker
than SC35WTand SC354E was much stronger than SC35WT

in promoting tau exon 10 inclusion (Fig. 6b). These results
suggest that these four putative sites of SC35 are involved in
the regulation of SC35 on tau exon 10 splicing and that
phosphorylation of SC35 at these four sites promotes tau exon
10 inclusion.

To study the effect of PKA on SC354A-mediated tau exon 10
splicing, we co-transfected SC35WTor SC354Awith PKA-Cα1,

PKA-Cα2, PKA-Cβ1, and PKA-Cβ2 individually in the pCI/
SI9–SI10-transfected HEK-293FT cells and then measured the
tau exon 10 splicing products by RT-PCR. We found that all
PKA-C isoforms promoted SC35WT-mediated tau exon 10
inclusion (Fig. 6c), but none of the PKA-Cs enhanced the
function of SC354A in promoting tau exon 10 inclusion
(Fig. 6c), suggesting the enhancement of SC35-mediated tau
exon 10 inclusion by PKA through phosphorylation at these
four sites, Ser121, Ser128, Ser130, and Ser171, and that these
four sites are the main sites to mediate the regulation of SC35
by PKA.

To investigate whether PKA phosphorylates SC35 at addi-
tional sites than these four serines, we co-expressed SC354E
with PKA-Cs in pCI/SI9–SI10-transfectedHEK-293FTcells and
then detected the splicing products of exon 10. We found that
similar to SC354A, PKA-Cs did not further increase SC354E-
mediated tau exon 10 inclusion (Fig. 6c). Actually, PKA-Cα2
was found to inhibit SC354D-promoted tau exon 10 splicing
slightly (Fig. 6c). These results suggest that PKA promotes tau

Fig. 4 PKA catalytic subunits
enhance SC35-promoted tau exon
10 inclusion. a Alignment of
amino acid sequences of PKA
catalytic subunits at protein level.
b The human brain expresses
PKA catalytic subunits of α and
β. PKA catalytic subunits in brain
homogenates of mouse, rat, and
human were determined by
Western blots developed with
anti-PKA-Cα and anti-PKA-Cβ.
c , d All isoforms of PKA
catalytic subunits enhanced
SC35-promoted tau exon 10
inclusion. HEK-293FT cells were
co-transfected with SC35 and
PKA-Cα (c) or PKA-Cβ (d) for
48 h. The splicing products of tau
exon 10 were determined by RT-
PCR, followed by agarose gel
electrophoresis. The ratio of
inclusion and exclusion of tau
exon 10 was calculated after
densitometric quantification.
Results are presented as mean ±
S.D. ##vs. Con; *vs. SC35; & vs.
PKA-C. *, #, &p <0.05; **, ##,
&&p <0.01
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exon 10 inclusion through phosphorylation of SC35 at Ser121,
Ser128, Ser130, and/or Ser171.

Discussion

Although the mechanisms underlying the onset and progres-
sion of tau pathology have not been fully elucidated, the altered
ratio of 4R-tau to 3R-tau has been implicated in several
tauopathies. In the normal adult brain, this ratio is approxi-
mately 1:1. In some tauopathies, the ratio is shifted in favor
of either 3R-tau or 4R-tau [14–16]. Regardless of the direction
of the shift and which isoform becomes predominant,
neurodegeneration occurs [32]. Hence, further understanding
of the molecular mechanisms by which the normal ratio is
altered in some tauopathies can provide new insights into the
mechanisms of these tauopathies.

In the present study, we found that PKA activation enhanced
SC35-promoted tau exon 10 inclusion. SC35 interacted with
catalytic subunits of PKA, and deletion of the RS domain of
SC35 reduced its interaction with PKA catalytic subunits. PKA
phosphorylated SC35 efficiently in vitro. Four isoforms of PKA
catalytic subunits, PKA-Cα1, PKA-Cα2, PKA-Cβ1, and PKA-
Cβ2, all enhanced SC35-promoted tau exon 10 inclusion.
Pseudophosphorylation of the PKA putative phosphorylation

sites of SC35 (Ser121, Ser128, Ser130, and Ser171) and Ala
mutations at the same sites increased and decreased, respective-
ly, SC35’s ability to promote tau exon 10 inclusion. These four
putative phosphorylation sites are all located on the RS domain,
which plays critical roles in interacting with other splicing
factors. Enhanced SC35-mediated tau exon 10 splicing by
PKA was dependent on the availability of these four putative
Ser residues for its phosphorylation. Taken together, these
findings suggest that PKA enhances SC35-promoted tau exon
10 inclusion via phosphorylating Ser121, Ser128, Ser130,
and/or Ser171 of SC35.

SC35 is one of the SR proteins and is involved in constitutive
and alternative splicing of pre-mRNA. In the previous study, we
found that SC35 acts on the SC35-like exonic splicing enhancer
of tau exon 10 to promote tau exon 10 inclusion [17] and
enhances tau expression by increasing the stability of its
mRNA [30]. As an SR protein, SC35 is rich in Ser residues that
are potentially phosphorylated by several kinases [17, 33–35].
Phosphorylation of SC35 at different sites may have different
impact on its function. We previously reported that Dyrk1A, a
proline- and arginine-directed kinase, can phosphorylate SC35
and suppress its function in promoting tau exon 10 splicing [17].
In addition, it was reported that GSK-3β, another proline-
directed kinase, also phosphorylates SC35 and suppresses tau
exon 10 inclusion [33]. SC35 has 5 putative proline-directed
phosphorylation sites and 42 non-proline-directed sites. PKA is a
non-proline-directed protein kinase and prefers to phosphorylate
the R/KR/KX(X)T/S motif. SC35 contains four such motifs.
Mutations of Ser into Ala at these four motifs reduced SC35’s
function to promote tau exon 10 inclusion. In contrast,
pseudophosphorylation of these four residues increased SC35’s
ability to promote tau exon 10 inclusion. Either mutation of these
four Ser residues eliminated PKA’s activity to promote SC35-
mediated tau exon 10 inclusion. Thus, phosphorylation of these
putative PKA phosphorylation sites by PKA enhances SC35’s
ability to promote tau exon 10 inclusion, which is different from
proline-directed phosphorylation.

The human brain expresses high levels of PKA-Cα1 and
PKA-Cβ2 and trace levels of PKA-Cα2 and PKA-Cβ1. The
difference between these four isoforms is mainly at their N-
terminus. In the present study, we found that SC35 interacted
with both PKA-Cα and PKA-Cβ. Deletion of the N-terminal
RRM domain of SC35 did not affect its interaction with PKA-
C. However, deletion of the C-terminal RS domain signifi-
cantly reduced its interaction with PKA. Thus, the RS domain
appears to mediate the interaction of SC35 with PKA-C.
PKA-C structurally has an acidic C-terminal tail, which inter-
acts uniquely with functional motifs in the kinase core as well
as with other proteins such as the activating kinase, PDK1,
and Hsp 90 [36]. In light of the arginine-rich sequence at the
RS domain of SC35, we speculate that SC35 probably inter-
acts through its RS domain with the C-tail of PKA-Cs and it is
phosphorylated at the RS domain by the kinase.

Fig. 5 Knockdown of PKA catalytic subunits reduces SC35-promoted
exon 10 inclusion. a Down-regulation of PKA catalytic subunits by
siRNA. HEK-293FT cells were transfected with siRNA of PKA-Cα or
PKA-Cβ. After 48 h of transfection, the cell lysates were subjected to
Western blots developed with the indicated antibodies. b Knockdown of
PKA-Cα or PKA-Cβ by siRNA inhibited SC35-promoted exon 10
inclusion. Mini-tau gene was co-transfected into HEK-293FT cells with
SC35 and PKA-Cα/β siRNA or control siRNA, and then tau exon 10
splicing was analyzed by RT-PCR 48 h after transfection. The ratio of
inclusion and exclusion of tau exon 10 was calculated after densitometric
quantification. Results are presented as mean ± S.D. *vs. Con; #vs. Con
siRNA. *, #p <0.05; **, ##p <0.01
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Earlier work from our group showed that PKA can also
phosphorylate ASF/SF2 (SRSF1) and promote SRSF1-
mediated tau exon 10 inclusion [19]. Unlike SC35, ASF/SF
interacts only with PKA-Cα, but not PKA-Cβ through the
RRM domain. Therefore, the role of PKA on SR protein-
mediated alternative splicing may be isoform specific.

Previously, we demonstrated that in AD brain, overactivation
of calpain I due to calcium dysregulation causes degradation of
the regulatory subunit of PKA, PKA-RII [37]. A decrease in
PKA-RII at basal conditions provides less protection to PKA-C
from degradation. The catalytic subunits of PKA are thus also
decreased in AD brain [37]. This leads us to postulate that the
down-regulation of PKA may result in a decreased ratio of 4R-
tau/3R-tau through suppressing the function of SC35 and SRSF1
in promotion of tau 10 exon inclusion. Down-regulation of the
PKA pathway is indeed associated with the increased ratio of

3R-tau/4R-tau in AD brain [19]. In AD brain, isoform transition
from four-repeat to three-repeat tau underlies dendrosomatic
and regional progression of neurofibrillary pathology [38].
Severe pathology of AD is associated with abundant 3R-
tau-positive tangles, suggesting that aggregation and depo-
sition of 3R-tau may be associated with advanced stages of
the disease [39]. Thus, the down-regulated PKA pathway
might also contribute to tau pathogenesis in AD through
dysregulation of tau exon 10 splicing.

In summary, the present study shows that PKA interacts
with and phosphorylates the splicing factor SC35 at the RS
domain and enhances SC35-mediated tau exon 10 splicing,
resulting in an increased expression of 4R-tau. Down-
regulation of the PKA pathway reported previously [37] can
therefore lead to a reduction in the ratio of 4R-tau/3R-tau and
tau pathogenesis.

Fig. 6 PKA enhances SC35-mediated tau exon 10 inclusion through
phosphorylation at the RS domain. a Schematic of four putative PKA
phosphorylation sites at the RS domain of SC35. b Pseudophosphorylation
and blockage of phosphorylation of SC35 affected SC35’s ability to
promote tau exon 10 inclusion. SC35WT, SC354A, or SC354E was
transfected into HEK-293FT cells for 48 h. The splicing products of tau
exon 10 were determined by RT-PCR. The ratio of inclusion and exclusion
of tau exon 10was calculated after densitometric quantification. Results are

presented as the mean ± S.D. *vs. Con; ##vs. SC35WT. **
, ##p<0.01. c

PKA catalytic subunits enhanced SC35WT- but not SC354A- or SC354E-
mediated tau exon 10 inclusion. SC35WT, SC354A, or SC354E was co-
transfected with PKA-Cα1, PKA-Cα2, PKA-Cβ1, or PKA-Cβ2 into
HEK-293FT cells for 48 h, respectively. The ratio of inclusion and exclu-
sion of tau exon 10 was calculated and presented as the mean ± S.D. *p<
0.05; **p<0.01
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