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Tau is a microtubule-associated protein whose transcript
undergoes regulated splicing in the mammalian nervous
system. Exon 10 of the gene is an alternatively spliced
cassette that is adult-specific and encodes a microtu-
bule-binding domain. Mutations increasing the inclusion
of exon 10 result in the production of tau protein which
predominantly contains four microtubule-binding repeats
and were shown to cause frontotemporal dementia and
parkinsonism linked to chromosome 17 (FTDP-17). Here
we show that exon 10 usage is regulated by CDC2-like
kinases CLK1, 2, 3, and 4 that phosphorylate serine–argi-
nine-rich proteins, which in turn regulate pre-mRNA splic-
ing. Cotransfection experiments suggest that CLKs
achieve this effect by releasing specific proteins from
nuclear storage sites. Our results show that changing
pre-mRNA-processing pathways through phosphoryla-
tion could be a new therapeutic concept for tauopathies.

INTRODUCTION

Tau is a microtubule-associated protein expressed in
the nervous system, where it plays a role in the poly-
merization and stabilization of microtubules (Dela-
courte and Buee, 1997). The human tau gene consists of
16 exons from which six tau protein isoforms are gen-
erated in the adult human brain by alternative splicing

1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 149 9131 8522484. E-mail: stefan@stamms-lab.net.
2 Present address: Institute of Biochemistry, University of Erlangen-
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(Andreadis et al., 1992; Goedert et al., 1989a). The inter-
ction of tau with microtubules occurs at the C-termi-
us of the tau protein, where it contains imperfect
epeats that act as microtubule-binding domains
Himmler et al., 1989). One of these repeats is encoded
y exon 10 that is alternatively spliced in humans,
iving rise to tau with three (3R, exon 102) or four (4R,
xon 101) microtubule-binding domains. Alternative
plicing of exon 10 is under developmental control in
oth rodents and humans, with exon 10 inclusion being
dult specific. However, in adult human and primate
rains, exon 10 remains regulated, whereas in rodents,

t is used constitutively (Goedert et al., 1989b; Grover et
l., 1999; Kosik et al., 1989). Although knock-out exper-

iments have revealed that tau gene loss can be compen-
sated for during brain formation (Harada et al., 1994;
Ikegami et al., 2000; Takei et al., 2000), tau protein is
extensively studied because it is involved in the pathol-
ogy of a number of neurodegenerative diseases (Garcia
and Cleveland, 2001; Spillantini and Goedert, 1998).
Recently, mutations in the tau gene have been associ-
ated with frontotemporal dementia and parkinsonism
linked to chromosome 17 (FTDP-17)3 (Hutton et al.,
1998; Poorkaj et al., 1998; Spillantini et al., 1998, 2000a).
These mutations were missense, deletion, silent, or in-

3 Abbreviations used: FTDP-17, frontotemporal dementia and par-
insonism linked to chromosome 17; DARPP-32, dopamine and cyclic

MP-regulated phosphoprotein, relative molecular mass 32,000; SR
rotein, serine–arginine-rich protein.
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81Regulation of Tau Exon 10 by Phosphorylation
tronic. Most missense mutations act at the protein level
and reduce the ability of tau to interact with microtu-
bules (Hasegawa et al., 1998). Intronic mutations and
the exonic mutations N279K, L284L, N296N, S305N,
and S305S affect pre-mRNA processing and lead to an
increase of exon 10 usage by changing either the 59
splice site composition or exonic elements in exon 10
(Clark et al., 1998; D’Souza et al., 1999; Hasegawa et al.,
1999; Hutton et al., 1998; Spillantini et al., 1998, 2000b;
Stanford et al., 2000; Varani et al., 1999). As a result, the
approximately equal ratio of 4R and 3R isoforms is
shifted in favor of 4R tau. This change in isoform ratio
ultimately leads to the filamentous tau pathology com-
posed of 4R tau. Overexpression of a human 4R isoform
in mice leads to a hind-limb clasping phenotype and
abnormal tau and neurofilament axonal swellings in the
spinal cord (Duff et al., 2000). In healthy individuals, the
normal balance between 3R and 4R tau is achieved by
regulated alternative splicing, an important mechanism
for creating different protein isoforms from a single
gene, which is used in about 60% of all human genes
(Mironov et al., 1999; Stamm et al., 2000; International
human genome sequencing consortium, 2001). It has
been estimated that up to 15% of genetic defects caused
by point mutations in humans manifest themselves as
pre-mRNA splicing defects through changes in splice
site sequences (Krawczak et al., 1992; Nakai and Saka-
moto, 1994). Splice site choices are regulated by degen-
erate sequence elements in the RNA, such as the branch
point and the 59 and 39 splice sites, as well as by en-
hancer or silencer elements (Elliot, 2000; Green, 1991;
Krämer, 1996; Moore, 2000). The high fidelity of splice
site selection is the result of cooperative binding of
transacting factors to these sequences (Hertel et al.,
1997). The loose consensus sequences, found in exonic
elements that can work as either enhancers or silencers,
are probably necessary to allow the proper protein cod-
ing (Elliot, 2000). Their importance is underlined by
several diseases caused by mutations in exonic enhanc-
ers (Cooper and Mattox, 1997; Daoud et al., 2000; Philips
and Cooper, 2000; Stoss et al., 2000).

Two major classes of proteins have been shown to
interact with exonic sequence elements: the hnRNPs
(Weighardt et al., 1996) and the SR proteins (Fu, 1995;
Tacke and Manley, 1999). These proteins can interact
with spliceosomal components (Wu and Maniatis,
1993) and mark or hide splice sites located nearby. As
a result, their relative concentrations can dictate
splice site usage, both in vivo and in vitro (Cáceres et
al., 1994; Mayeda and Krainer, 1992; Screaton et al.,

1995; Wang and Manley, 1995). The expression levels
of various SR proteins (Ayane et al., 1991; Mayeda
and Krainer, 1992; Screaton et al., 1995; Zahler et al.,
1993) and hnRNPs (Kamma et al., 1995) are variable
among tissues and could therefore account for differ-
ences in splice site selection. Several examples of
antagonistic splicing factors have been described
(Cáceres et al., 1994; Gallego et al., 1997; Jumaa and
Nielsen, 1997; Mayeda et al., 1993; Polydorides et al.,
2000), where one factor promotes inclusion of an exon
and the other factor promotes its skipping. In the
nucleus, factors involved in pre-mRNA processing
are concentrated in speckles— dynamic structures
(Misteli et al., 1997) that are sensitive to phosphory-
ation (Nayler et al., 1998b). A number of kinases,
hosphorylating RS domains, have been described,
mong them a U1 70K-associated kinase (Woppmann
t al., 1993), SRPK1 (Gui et al., 1993), and SRPK2

(Wang et al., 1998). In addition, four kinases termed
CLK (cdc2-like kinases) have been shown to phos-
phorylate SR proteins and to regulate their sub-
nuclear localization (Colwill et al., 1996a,b; Nayler et
al., 1997, 1998b). Phosphorylation of SR proteins leads
to their release from speckles and probably increases
their concentration in the nucleoplasm. As alternative
splice site selection is regulated by the relative con-
centrations of transacting factors, CLK kinases can
indirectly govern splice site selection.

Here we show that CLK kinases cause exon 10
skipping of tau, even when regulatory elements of
this exon are changed by mutation. These data sug-
gest that a change in phosphorylation of splicing
factors could be of therapeutic usage in FTDP-17 and
that a misregulation of these factors could be a cause
for tauopathies.

RESULTS

mCLK1–4 Promote Skipping of Tau Exon 10

In order to analyze transacting factor regulation of
exon 10 splicing, we constructed the minigene SV9/
10L/11 consisting of exon 10 and its flanking exon and
intron regions (Fig. 1A) (Gao et al., 2000). The mutations
N279K, L284L, S305N, M16, and C16 involved in
FTDP-17 were introduced into this wild-type back-
ground (Fig. 1B).

Previously, we showed that the SR proteins SF2/ASF,
SRp55, and SRp75, splicing regulatory proteins contain-
ing an arginine–serine-rich domain (Manley and Tacke,
1996), promote skipping of exon 10 (Gao et al., 2000).

This shows that alternative splicing patterns of exon 10
can be modified in vivo. We reasoned that a phospho-
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82 Hartmann et al.
rylation-mediated release of SR proteins could have a
similar effect and therefore tested the murine kinases
CLK1, 2, 3, and 4 in similar transfection experiments in
HEK293 cells. Without addition of CLKs, exon 10 was
skipped in about 30% of the minigene-derived RNA
(Fig. 2A). This percentage increases in the presence of
CLK1 and CLK4 to about 45% (P 5 0.056 and P 5
0.062, respectively) and is highest with CLK2 (P ,
0.0001) followed by CLK3 (P , 0.01), where between
0 and 70% of exon 10 is skipped (Fig. 2C). As this effect
ould have been the result of different expression levels,
e analyzed protein lysates from the same transfection

xperiments and found similar protein amounts for all
our kinases (Fig. 2B), indicating comparable expression
f CLK1–4. Without addition of CLKs, exon 10 was
kipped in about 30% of the minigene-derived RNA.
his percentage increases in the presence of CLK1 and
LK4 to about 45% and is highest with CLK2 and
LK3, where it is between 60 and 70% (Fig. 2C). It

hould be noted that overexpression of CLKs does not
hange the splicing patterns of other minigenes (data
ot shown), e.g., GABAAg2 alternative 24-nt exon
Ashiya and Grabowski, 1997), clathrin light-chain B
xon EN (Stamm et al., 1992, 1999), insulin receptor
xon 11 (Kosaki and Webster, 1993), and SWAP exon
A (Sarkissian et al., 1996). Only with the SRp20 exon 4
as a similar effect on exon skipping found (Stoss et al.,

999). We conclude that CLKs can stimulate skipping of

FIG. 1. Exon 10 sequence and mutations. (A) Schematic representatio
9 and 11. Exons 9 and 11 are fused with insulin exons 2 and 3, respe
Thick lines around exon 10 indicate the flanking intronic regions (47
an arrow. (B) Sequence of the human tau pre-mRNA encoding exo
indicated. C16 is a double compensatory mutant.
n of the expression construct SV9/10L/11. Exon 10 is flanked by tau exons
ctively. Primers located in these insulin exons are used for amplification.
1 nt downstream, 408 nt upstream). The SV40 promotor is indicated with
au exon 10 in vivo, with CLK2 having the strongest
ffect.

E
e

FIG. 2. Influence of CLK kinases on exon 10. (A) One microgram of
the tau 9–10–11 minigene was cotransfected with 0.5 mg of the mouse

LK kinases indicated (mCLK1–4). Control is transfection with
EGFP-C2. The splice products have sizes of 336 and 429 nt, respec-

ively. – and –– are control reactions without cDNA template and
everse transcription, respectively. (B) Western blot demonstrating
qual expression of the mCLK1–4 protein. Fifty microliters of protein
ysate transfected with his-tagged CLKs 1–4 was analyzed using

i-HPRT (Qiagen). (C) Statistical evaluation of at least four indepen-
ent experiments. The percentage exclusion of exon 10 is indicated.

rror bars indicate standard deviations of at least four independent
xperiments.
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83Regulation of Tau Exon 10 by Phosphorylation
mCLK1–4 Promote Exon 10 Skipping in a
Heterologous Context

We previously demonstrated that both flanking ex-
ons 9 and 11 are involved in fine-tuning regulation of
exon 10 (Gao et al., 2000). We therefore asked whether
CLKs could still promote exon 10 skipping in a heter-
ologous background. To test this, we employed a con-
struct where exon 10 is flanked by tat exons (Hasegawa
et al., 1999). As shown in Fig. 3A, CLK2 promotes exon
10 skipping in this context as well (F 5 19.84, df 5 2,
P 5 0.002). However, CLK2 increases exon 10 skipping
from 25 to 45% (P 5 0.03) (Fig. 3B), which is a small
effect when compared to the tau construct containing
the natural flanking exons (Fig. 2C). In addition, higher
amounts of CLK2 (mg) must be transfected to achieve
his effect (Figs. 3A and 3B). Similar results were ob-
erved with the other CLKs (1, 3, and 4) and constructs
anked by constitutive insulin exons (Gao et al., 2000)

data not shown). We conclude that CLKs induce skip-
ing of exon 10 regardless of genomic context. How-
ver, the natural flanking sequences promote the ability

FIG. 3. Influence of mCLK2 on exon 10 in heterologous background.
(A) Two micrograms of the pSPL3wt minigene containing exon 10
flanked by tat exons was cotransfected with increasing amounts of
mCLK2 expression constructs into HEK293 cells. Lane 1, no CLK2
was added; lane 2, cotransfection of 1 mg CLK2; lane 3, cotransfection
of 2 mg CLK2. (B) Statistical evaluation of at least three independent
xperiments. The percentage exclusion of exon 10 is indicated. Error
ars indicate standard deviations of at least four independent exper-

ments.
f CLKs to cause exon 10 skipping, which is in agree-
ent with our earlier findings (Gao et al., 2000).
CLK2 Can Revert the Alternative Splicing
attern of Most FTDP-17 Mutations Which
nhance Exon 10 Usage

Next, we wished to determine whether CLK2 can
evert the missplicing observed in mutations of tau
xon 10 associated with FTDP-17. Since the effect of
LK2 is stronger when exon 10 is flanked by the
atural tau exons 9 and 11, several of the FTDP-17
utations were created in the SV9/10L/11 minigene

ackground (Gao et al., 2000). All of these mutations
hanged exonic or intronic sequence elements in-
olved in splicing. They were N279K, which creates a
urine-rich enhancer; L284L, a silent mutation that
estroys a tat-like silencer; S305N, a mutation that

mproves U1 snRNA binding and possibly destabi-
izes the hairpin found at the 59 splice site of exon 10;
nd finally the intronic mutation M16 and its com-
ensatory mutation C16, which destroy and respec-

ively restore this hairpin (Fig. 1B). With the excep-
ion of S305N, expressing these constructs in the
resence of CLK2 promoted exon 10 skipping that
as similar to the effect seen with the wild-type tau
inigene SV9/10L/11. In contrast, the catalytically

nactive variant CLK2KR (Nayler et al., 1997) had no
effect, indicating that skipping of exon 10 is mediated
by phosphorylation. As expected, CLK2 had the
strongest effect on the L284L mutation, where an
exonic silencer sequence was destroyed, and restored
exon 10 skipping to levels similar to those of the wt
construct (P 5 0.848). The only mutation that did not
change its splicing pattern in response to CLK2 was
S305N (F 5 0.02, df 5 2, P 5 0.980) bearing an im-
proved 59 splice site of exon 10 (Figs. 4A and 4B).
Even transfection of 4 mg CLK2 did not induce exon
10 skipping (data not shown). The mutation is located
at position 22 of the 59 splice site of exon 10, where
a guanine is only rarely found (Stamm et al., 1994,
2000) and thus improves the 59 splice site, so that
exon 10 is now constitutively used and no longer
subject to regulation. Similar effects of splice site
improvement were seen in other neuronal exons (Kuo
et al., 1991; Stamm et al., 1999). We conclude that the
phosphorylation induced by CLK2 can compensate
for defects in regulatory elements of tau exon 10, as
long as the exon can still be alternatively regulated.
Furthermore, the change in splicing is most likely the
result of the phosphorylation activity and not due to

a sequestration of proteins by CLKs, as the CLK2KR
mutants have no effect.
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Exon 10 Is Regulated by SRPK1

Another kinase that phosphorylates SR proteins in
vitro and regulates spliceosome assembly and intranu-
clear distribution of splicing factors is SRPK1 (Gui et al.,
1994; Papoutsopoulou et al., 1999). To determine
whether SRPK1-mediated phosphorylation of splicing
factors has an effect similar to that of CLK2, we tested
SRPK1 in cotransfection experiments with the SV9/
10L/11 minigene. As can be seen in Fig. 5, SRPK1
stimulates exon 10 skipping (F 5 17.51, df 5 2, P 5
0.03). However, the effect is not as strong as that ob-
served with CLK2 (P 5 0.026) (Fig. 7).

Regulation of Tau Exon 10 by CDK5

CLK2 is a nuclear kinase. Its subnuclear localization
and activity are regulated by phosphorylation of serine
141, which is conserved among all CLK family members
(Nayler et al., 1998b). It is likely that this serine residue is
the target of upstream kinases that remain to be deter-
mined. Recently, it was suggested that CDK5 (or NCLK),

FIG. 4. Influence of mCLK2 on exon 10 mutants. (A) One microgr
cotransfected with 0.5 mg of the mCLK2 expression construct into HEK
0.25 mg of mCLK2KR was used. CLK2KR is catalytically inactive due t
B) Statistical evaluation of at least three independent experiments. B

mCLK2, gray bars show exon 10 exclusion in the absence of mCLK2,
inactive form mCLK2KR. Error bars indicate standard deviations.
the major cyclin-dependent kinase in the brain, is consti-
tutively active in neurons affected with Alzheimer’s dis-

a
i

ease. It is activated by p35, which was shown to be cleaved
to the constitutively active form of p25 in Alzheimer’s
disease. CDK5 controls other proteins, such as DARPP-32,
which was shown to regulate a serine/threonine kinase
and a serine/threonine phosphatase (Bibb et al., 1999;
Patrick et al., 1999). In addition, CDK5 is found in hyper-
phosphorylated neurofilaments in Parkinson’s disease
(Nakamura et al., 1997). Since CDK5 has multiple cellular
substrates (Bibb et al., 1999; Mandelkow, 1999) and is
tructurally related to CLK2, we asked whether it can
nfluence exon 10 splicing. We analyzed the effect of
DK5 together with its activators p35 and p25 on the
V9/10L/11 minigene. As shown in Fig. 6, transfection
f CDK5 alone (F 5 0.124, df 5 2, P 5 0.886) or
ogether with p35 (F 5 0.937, df 5 2, P 5 0.442) had
o significant effect on exon 10 usage. However, in the
resence of the constitutive activator p25, CDK5/p25
romotes exon 10 skipping (F 5 5.184, df 5 2, P 5
.049). This effect is weaker than the one observed with
LK2, although about 10 times more DNA was trans-

ected. We conclude that CDK5 can barely alter the

f the SV9/10L/11 minigene (wt) with the appropriate mutants was
ells. The sequences of the mutations are shown in Fig. 1. As a control,
sine to arginine exchange at its ATP-binding site (Nayler et al., 1997).

bars indicate percentage exon 10 exclusion in the presence of 0.5 mg
hite bars show exon 10 exclusion in the presence of the catalytically
am o
293 c
o a ly
lack
lternative splicing patterns of tau exon 10 in vivo even
f it is activated by p25.
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DISCUSSION

Missplicing of tau exon 10 is associated with about
half of the known cases of FDTP-17 (Spillantini et al.,
2000b) and with the pathology of various other neuro-
degenerative diseases (Spillantini and Goedert, 1998).
Several mutations associated with FTDP-17 that pro-
mote exon 10 inclusion have been described. Since exon
10 encodes an additional microtubule-binding site, the
enhanced expression of these isoforms could result in
tau molecules that are more prone to aggregation and
formation of filamentous lesions (Hasegawa et al., 1999).
Here we show that the splicing of tau can be influenced
toward exon 10 exclusion in cell culture systems by
overexpressing the serine/threonine kinases CLK1–4.
Importantly, the RNA-processing pathways of muta-
tions in exonic elements can be altered toward exon 10
skipping. In contrast, the S305N mutation that im-
proves the 59 splice site of exon 10 and possibly desta-
bilizes the stem–loop structure behaves like a constitu-
tive exon and can no longer be regulated.

The exact molecular mechanism of CLK action re-
mains to be determined. The action of CLKs on splice
site selection is selective, since only tau exon 10 and
SRp20 exon 4 (Stoss et al., 1999), but not four other
minigenes tested, were affected. Since CLKs do not bind
RNA, the effect is most likely indirect. For example,

FIG. 5. Influence of SRPK1 on exon 10. (A) One microgram of the
SV9/10L/11 minigene was transfected with increasing amounts of an
SRPK1 expression vector. – and –– are control reactions without
cDNA template and reverse transcription, respectively. (B) Statistical
evaluation of three independent experiments. Numbers indicate mi-
crograms of mCLK2 transfected.
splicing factors could be released from the speckles,
where they are stored. It has been demonstrated that

p

CLKs regulate the intranuclear localization of SR pro-
teins (Duncan et al., 1998; Nayler et al., 1998b) and that
phosphorylation of the RS domain is necessary for tar-
geting SR proteins to sites of transcription (Misteli,
2000; Misteli et al., 1998). To test this hypothesis, we
compared the effect of several proteins that are phos-
phorylated by CLKs in vitro with the CLK effect on exon
10 regulation. All these factors induced exon 10 skip-
ping, although more DNA needed to be transfected to
achieve a change in regulation similar to that of the
CLKs. Furthermore, quantification demonstrated that
mCLK2 was the kinase with the strongest effect on exon
10 regulation (Fig. 7). This indicates that kinases with
similar biochemical properties have different specifici-
ties in vivo, by mechanisms that remain to be explored.
Since none of the SR proteins tested has a similar strong
effect (Fig. 7), we suspect that several different SR pro-
teins regulate tau exon 10 in vivo. One explanation
could be that CLK2 releases a specific subset of splicing
regulatory proteins from speckles in a composition or

FIG. 6. Influence of CDK5 on exon 10. (A) One microgram of the
SV9/10L/11 minigene was transfected with increasing amounts of
CDK5 expression construct into HEK293 cells. (B) One microgram of
the SV9/10L/11 minigene was transfected with increasing amounts
of CDK5 expression construct in the presence of 1 mg p35 expression
onstruct. (C) One microgram of the SV9/10L/11 minigene was trans-
ected with increasing amounts of CDK5 expression construct in the

resence of 1 mg p25 expression construct. (D) Statistical evaluation of

three independent experiments.
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86 Hartmann et al.
phosphorylation state (Prasad et al., 1999) that is opti-
mal for exclusion of tau exon 10. Another possibility is
that CLKs change the ratios of splicing factor isoforms,
which have different effects on splice site selection. For
example, SRp20 produces isoforms that either include
or exclude an RS domain (Jumaa et al., 1997; Jumaa and
Nielsen, 1997) and CLK2 promotes formation of the RS
domain-containing form (Stoss et al., 1999). Since most
splicing factors are subject to regulation by alternative
splicing (Nayler et al., 1998a), CLKs might regulate
other RS domain-containing proteins as well. Finally,
CLKs themselves are regulated by alternative splicing,
but their regulatory transacting factors remain to be
determined (Duncan et al., 1998). Thus, our data show
how a complicated network of regulatory proteins can
be altered by phosphorylation, resulting in specific
changes in pre-mRNA-processing pathways.

We found the effect of CLKs more pronounced when
tau exon 10 was in its natural rather than in a heterol-
ogous context. This is in agreement with our earlier
findings (Gao et al., 2000) and strongly suggests that
splicing of exon 10 is regulated by more elements than
have been assumed so far (D’Souza et al., 1999). A

ependence of alternative exon regulation on flanking
xons was also observed in other systems, such as tro-
omyosin exons 6 and 7 (Guo and Helfman, 1993), tau
xon 6 (Wei and Andreadis, 1998), fibronectin (Muro et

FIG. 7. Comparison of cotransfection experiments. The bars show
the percentage inclusion of cotransfection experiments employing the
SV9/10L/11 minigene and SR proteins SRp55 and SRp75 (Gao et al.,
2000; Manley and Tacke, 1996); scaffold attachment factor B (Nayler et
al., 1998c); and mCLK2, SRPK1, and CDK5 (Figs. 2, 5, 6). The bars
represent 0, 0.5, and 1 mg of transfected splicing factors.
l., 1999), and myosin light chain (Gallego and Nadal,
990). Our results caution that the exclusive analysis of
xon 10 variants in exon trap vectors might give erro-
eous results.
Selective deposition of only some tau isoforms is

bserved in a number of sporadic neurodegenerative
iseases, such as progressive supranuclear palsy, corti-
obasal degeneration, and Pick’s disease (Spillantini
nd Goedert, 1998). These diseases are frequently asso-
iated with missplicing of exon 10 (Chambers et al.,
999). It is possible that the change in isoform expres-
ion is caused by differences in the concentration of
ransacting factors that regulate pre-mRNA processing.
hese variations are the likely cause for the tissue-
pecific action of mutated alleles (Nissim-Rafinia et al.,
000) and probably account for pleiotrophic pheno-
ypes of some mutations in a population (Rave-Harel et
l., 1997). We therefore speculate that changes in the
oncentration of proteins involved in pre-mRNA pro-
essing may contribute to tauopathies by affecting al-
ernative splicing.

Most of these regulatory proteins are released from
heir intranuclear storage sites by phosphorylation,

hich would coincide with the different phosphoryla-
ion status seen in most of these diseases (Mandelkow
nd Mandelkow, 1998). With a better understanding of
he molecular mechanisms regulating alternative splic-
ng it is becoming clearer that defects in pre-mRNA
plicing have been underestimated as a factor in human
isease (Daoud et al., 2000; Philips and Cooper, 2000;
toss et al., 2000). A number of studies show that mis-
plicing events causing disease can be changed in cell
ulture systems (Friedman et al., 1999; Hofmann et al.,
000; Karras et al., 2000; Schmajuk et al., 1999; Wilton et
l., 1999), suggesting that changing splice site selection,
.g., through low-molecular-weight substances affect-
ng phosphorylation, could be a new therapeutic prin-
iple.

EXPERIMENTAL METHODS

Cloning and Mutagenesis

Standard cloning techniques were used. Human tau
genomic fragments were cloned into pSVIRB. SV9/
10L/11 (tau minigene) contains the 39 161 nucleotides of
tau exon 9 and 1.5 kb of its downstream intron fused to
insulin exon 2, tau exon 10, and the proximal portions
of its flanking introns (471 bp upstream and 408 bp
downstream) and the 59 68 nucleotides of tau exon 11
and 324 nucleotides of its upstream intron fused to

insulin exon 3 (Gao et al., 2000). Mutations (C16 double
mutant, combining M5 and M16, N279K, M16 intronic,
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87Regulation of Tau Exon 10 by Phosphorylation
L284L, S305N) were introduced using the QuickChange
site-directed mutagenesis kit (Stratagene) according to
the manufacturer’s instructions, except that the DpnI
digestion was overnight.

The pSPL3 wt construct contains tau exon 10 includ-
ing 10 nucleotides at the 39 intron boundary and 85
nucleotides at the 59 boundary flanked by tat exons
Hasegawa et al., 1999). CLK1–4 constructs (Nayler et
l., 1997, 1998b) were described earlier. Eukaryotic ex-
ression of other splicing regulator cDNAs (SRp55,
Rp75, ASF/SF2, SAF-B, SRPK1) was under control of
he CMV promoter.

n Vivo Splicing Assays

In vivo splicing was performed essentially as de-
cribed (Stoss et al., 1999). Briefly, 1 mg of the reporter

gene was transfected together with increasing amounts
(0, 0.5, 1 mg) of transacting factor constructs in HEK293
cells using the calcium phosphate method. Empty vec-
tor (pEGFP-C2, Clontech) was added to ensure that
equal amounts of DNA were transfected. Transfection
was performed at 37°C in 3% CO2 overnight. RNA was
isolated 17–24 h after transfection using an RNeasy
mini kit (Qiagen), following the manufacturer’s instruc-
tions. RNA was eluted in 40 ml RNase-free H2O. For
reverse transcription, 2 ml of isolated RNA was mixed
with 5 pmol antisense minigene-specific primer in 2 ml
53 RT buffer, 1 ml 100 mM DTT, 1 ml 10 mM dNTP, 3
ml H2O, 0.25 ml RNase inhibitor, and 0.25 ml H2 reverse
transcriptase. The tubes were incubated for 45 min in a
42°C water bath.

Two microliters of the RT reaction was mixed with
2.5 pmol of sense and antisense primer each, 103 PCR

uffer, 200 mM dNTP, 2 mM MgCl2, and 0.1 ml of Taq
olymerase.
For the tau SV9/10L/11 minigene, reverse transcrip-

ion followed by PCR using the primers sense INS1 (cag
ta cag tcg gaa acc atc agc aag cag) and antisense INS3
cac ctc cag tgc caa ggt ctg aag gtc acc) was performed.
CR conditions were initial denaturation for 2 min at
4°C; 30 cycles: 30 s denaturation at 94°C, annealing at
5°C for 1 min, extension at 72°C for 1 min, after 30
ycles a final extension at 72°C for 20 min, and cooling
o 4°C in a Biometra trio block thermocycler (Gao et al.,
000).
For the PSL3-wt minigene the following primers
ere used: pSL3 forward, cgagctc gct tgt tca ctc atc ctt

tt; and pSL3 reverse, cga gct cgc agt gtc cgc aag tgt a.

CR conditions were identical to those for SV9/10L/11
mplification.
uantification of the Results

PCR products were resolved on a 2% agarose gel and
tained with ethidium bromide. Bands were quantified
irectly from the gel with the Herolab EASY system
sing Image master VDS and analysis software. The
ercentage exclusion is the percentage of spliced RNA

hat contains the exon (IOD of the peak of exclusion
and/IOD of the peak of inclusion band 1 IOD of the
eak of exclusion band) 3 100. Mean values (6 stan-

dard deviation) were calculated from three indepen-
dent experiments each. Statistical analysis was per-
formed by ANOVA followed by the Scheffé F test for
comparison between samples. P , 0.05 was regarded
s significant.
Western blot analysis was performed as described

Hartmann et al., 1999).
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Hartmann, A. M., Olbrich, M., and Stamm, S. (2000). Control of
pre-mRNA processing by extracellular signals: From molecular
mechanisms to clinical applications. Gene Ther. Mol. Biol. 5: 141–150.

Delacourte, A., and Buee, L. (1997). Normal and pathological Tau
proteins as factors for microtubule assembly. Int. Rev. Cytol. 171:
167–224.

Duff, K., Knight, H., Refolo, L. M., Sanders, S., Yu, X., Picciano, M.,
Malester, B., Hutton, M., Adamson, J., Goedert, M., Burki, K., and
Davies, P. (2000). Characterization of pathologies in transgenic mice
over-expressing human genomic and cDNA tau transgenes. Neuro-
biol. Dis. 7: 87–98.
uncan, P. I., Stojdl, D. F., Marius, R. M., Scheit, K. H., and Bel, J. C.
(1998). The Clk2 and Clk3 dual-specificity protein kinases regulate
the intranuclear distribution of SR proteins and influence pre-
mRNA splicing. Exp. Cell Res. 241: 300–308.

lliot, D. J. (2000). Splicing and the single cell. Histol. Histopathol. 15:
239–249.

riedman, K. J., Kole, J., Cohn, J. A., Knowles, M. R., Silverman, L. M.,
and Kole, R. (1999). Correction of aberrant splicing of the cystic
fibrosis transmembrane conductance regulator (CFTR) gene by an-
tisense oligonucleotides. J. Biol. Chem. 274: 36193–36199.

u, X.-D. (1995). The superfamily of arginine/serine-rich splicing
factors. RNA 1: 663–680.
allego, M. E., Gattoni, R., Stevenin, J., Marie, J., and Expert-Bezan-
con, A. (1997). The SR splicing factors ASF/SF2 and SC35 have
antagonistic effects on intronic enhancer-dependent splicing of the
beta-tropomyosin alternative exon 6A. EMBO J. 16: 1772–1784.
allego, M. E., and Nadal, G. B. (1990). Myosin light-chain 1/3 gene
alternative splicing: cis regulation is based upon a hierarchical
compatibility between splice sites. Mol. Cell. Biol. 10: 2133–2144.
ao, Q. S., Memmott, J., Lafyatis, R., Stamm, S., Screaton, G., and
Andreadis, A. (2000). Complex regulation of tau exon 10, whose
missplicing causes frontotemporal dementia. J. Neurochem. 74: 490–
500.
arcia, M. L., and Cleveland, D. W. (2001). Going new places using an
old MAP: Tau, microtubules and human neurodegenerative dis-
ease. Curr. Opin. Cell Biol. 13: 41–48.
oedert, M., Spillantini, M. G., Jakes, R., Rutherford, D., and
Crowther, R. A. (1989a). Multiple isoforms of human microtubule-
associated protein tau: Sequences and localisation in neurofibrillary
tangles of alzheimer’s disease. Neuron 3: 519–526.

oedert, M., Spillantini, M. G., Potier, M. C., Ulrich, J., and Crowther,
R. A. (1989b). Cloning and sequencing of the cDNA encoding an
isoform of microtuble-associated protein tau containing four tan-
dem repeats: Differential expression of tau protein mRNAs in hu-
man brain. EMBO J. 8: 393–399.
reen, M. J. (1991). Biochemical mechanism of constitutive and reg-
ulated pre-mRNA splicing. Annu. Rev. Cell Biol. 7: 559–599.
rover, A., Houlden, H., Baker, M., Adamson, J., Lewis, J., Prihar, G.,
Pickering-Brown, S., Duff, K., and Hutton, M. (1999). 59 splice site
mutations in tau associated with the inherited dementia FTDP-17
affect a stem–loop structure that regulates alternative splicing of
exon 10. J. Biol. Chem. 274: 15134–15143.
ui, J.-F., Lane, W. S., and Fu, X.-D. (1993). A serine kinase regulates
intracellular localization of splicing factors in the cell cycle. Nature
369: 678–682.
ui, J. F., Tronchere, H., Chandler, S. D., and Fu, X. D. (1994).
Purification and characterization of a kinase specific for the serine-
and arginine-rich pre-mRNA splicing factors. Proc. Natl. Acad. Sci.
USA 8: 10824–10828.
uo, W., and Helfman, D. M. (1993). cis-elements involved in alter-
native splicing in the rat beta-tropomyosin gene: The 39-splice site
of the skeletal muscle exon 7 is the major site of blockage in
nonmuscle cells. Nucleic Acids Res. 21: 4762–4768.
arada, A., Oguchi, K., Okabe, S., Kuno, J., Terada, S., Ohshima, T.,
Sato-Yoshitake, R., Takei, Y., Noda, T., and Hirokawa, N. (1994).
Altered microtubule organization in small-calibre axons of mice
lacking tau protein. Nature 369: 488–491.
artmann, A. M., Nayler, O., Schwaiger, F. W., Obermeier, A., and
Stamm, S. (1999). The interaction and colocalisation of SAM68 with
the splicing associated factor YT521-B in nuclear dots is regulated
by the Src family kinase p59fyn. Mol. Biol. Cell: 10: 3909–3926.
asegawa, M., Smith, M. J., and Goedert, M. (1998). Tau proteins with
FTDP-17 mutations have a reduced ability to promote microtubule
assembly. FEBS Lett. 437: 207–210.
asegawa, M., Smith, M. J., Iijima, M., Tabira, T., and Goedert, M.
(1999). FTDP-17 mutations N279K and S305N in tau produce in-
creased splicing of exon 10. FEBS Lett. 443: 93–96.
ertel, K. J., Lynch, K. W., and Maniatis, T. (1997). Common themes
in the function of transcription and splicing enhancers. Curr. Opin.
Cell Biol. 9: 350–357.
immler, A., Drechsel, D., Kirschner, M. W., and Martin, D. W. J.
(1989). Tau consists of a set of proteins with repeated C-terminal
microtuble binding domains and variable N-terminal domains.
Mol. Cell. Biol. 9: 1381–1388.
ofmann, Y., Lorson, C. L., Stamm, S., Androphy, E. J., and Wirth, B.
(2000). Htra2-beta1 stimulates an exonic splicing enhancer an can
restore full-length SMN expression to survival of motor neuron 2
(SMN2). Proc. Natl. Acad. Sci. USA 97: 9618–9623.
utton, M., Lendon, C. L., Rizzu, P., Baker, M., Froelich, S., Houlden,
H., Pickering-Brown, S., Chakraverty, S., Isaacs, A., Grover, A.,
Hackett, J., Adamson, J., Lincoln, S., Dickson, D., Davies, P., Pe-
tersen, R. C., Stevens, M., de Graaff, E., Wauters, E., van Baren, J.,
Hillebrand, M., Joosse, M., Kwon, J. M., Nowotny, P., Heutink, P.,
et al. (1998). Association of missense and 59-splice-site mutations in
tau with the inherited dementia FTDP-17. Nature 393: 702–705.

kegami, S., Harada, A., and Hirokawa, N. (2000). Muscle weakness,
hyperactivity, and impairment in fear conditioning in tau-deficient
mice. Neurosci. Lett. 279: 129–132.

nternational Human Genome Sequencing Consortium (2001). Initial
sequencing and analysis of the human genome. Nature 409: 860–
921.

umaa, H., Guenet, J.-L., and Nielsen, P. J. (1997). Regulated expres-

sion and RNA processing of transcripts from the SRp20 splicing
factor gene during the cell cycle. Mol. Cell. Biol. 17: 3116–3124.



K

K

K

K

K

M
M

M

M

M

M

M

M

M

M

M

N

N

N

N

N

N

N

P

P

P

P

P

P

R

S

S

S

S

S

89Regulation of Tau Exon 10 by Phosphorylation
Jumaa, H., and Nielsen, P. J. (1997). The splicing factor SRp20 modi-
fies splicing of its own mRNA and ASF/SF2 antagonizes this
regulation. EMBO J. 16: 5077–5085.

Kamma, H., Portman, D. S., and Dreyfuss, G. (1995). Cell type specific
expression of hnRNP proteins. Exp. Cell Res. 221: 187–196.

Karras, J. G., McKay, R. A., Dean, N. M., and Monia, B. P. (2000).
Deletion of individual exons and induction of soluble murine in-
terleukin-5 receptor-alpha chain expression through antisense oli-
gonucleotide-mediated redirection of pre-mRNA splicing. Mol.
Pharmacol. 58: 380–387.

osaki, A., and Webster, N. G. G. (1993). Effect of dexamethasone on
the alternative splicing of the insulin receptor mRNA and insulin
action in HepG2 hepatoma cells. J. Biol. Chem. 268: 21990–21996.

osik, K. S., Orecchio, L. D., Bakalis, S., and Neve, R. L. (1989).
Developmentally regulated expression of specific tau sequences.
Neuron 2: 1389–1397.
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