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Tau protein, which binds to and stabilizes microtubules, is
critical for neuronal survival and function. In the human brain,
tau pre-mRNA splicing is regulated to maintain a delicate bal-
ance of exon 10-containing and exon 10-skipping isoforms.
Splicing mutations affecting tau exon 10 alternative splicing
lead to tauopathies, a group of neurodegenerative disorders
including dementia. Molecular mechanisms regulating tau
alternative splicing remain to be elucidated. In this study, we
have developed an expression cloning strategy to identify splic-
ing factors that stimulate tau exon 10 inclusion. Using this
expression cloning approach, we have identified a previously
unknown tau exon 10 splicing regulator, RBM4 (RNA binding
motif protein 4). In cells transfected with a tauminigene, RBM4
overexpression leads to an increased inclusion of exon 10,
whereas RBM4 down-regulation decreases exon 10 inclusion.
The activity of RBM4 in stimulating tau exon 10 inclusion is
abolished by mutations in its RNA-binding domain. A putative
intronic splicing enhancer located in intron 10 of the tau gene is
required for the splicing stimulatory activity of RBM4. Immu-
nohistological analyses reveal that RBM4 is expressed in the
human brain regions affected in tauopathy, including the hip-
pocampus and frontal cortex. Our study demonstrates that
RBM4 is involved in tau exon 10 alternative splicing. Our work
also suggests that down-regulating tau exon 10 splicing activa-
tors, such as RBM4, may be of therapeutic potential in tauopa-
thies involving excessive tau exon 10 inclusion.

Microtubule-associated protein tau regulates the organiza-
tion and stability of microtubules (MTs)2 in the neurons. In
humans, the Tau protein is encoded by a single gene on chro-
mosome 17. The tau gene is expressed at a high level in neurons
and at lower levels in glia and certain nonneuronal cells.

Involved inmaintaining cellmorphology, axonal extension, and
vesicle transport, Tau is critical for the formation and function
of neurons (1–3) (for recent reviews, see Refs. 4–9). The
expression of the tau gene is under complex regulation at mul-
tiple steps, including both post-transcriptional and post-trans-
lational levels. In the human brain, six tau isoforms are
expressed as a result of alternative splicing of exons 2, 3, and 10
(10–12). Alternative splicing of exon 10 (Ex10), which encodes
for one of the four MT-binding domains, gives rise to tau iso-
forms containing either four MT-binding repeats (Tau4R,
Ex10�) or three MT- binding repeats (Tau3R, Ex10-). In the
adult human brain, the regulated splicing of exon10 results in a
ratio of Tau4R to Tau3R of approximately 1.
Genetic studies have revealed a number of mutations in

the human tau gene in patients with tauopathy.More than 30
different mutations have been associated with frontotempo-
ral dementia with parkinsonism linked to chromosome-17
(FTDP-17) (13–15). This is an autosomal dominant disorder
with clinically heterogeneous manifestations that include
behavioral, cognitive, and motor abnormalities. FTDP-17
mutations can be classified into two groups, missense muta-
tions that affect Tau protein activity and splicing mutations
that alter the ratio of distinct tau splicing isoforms (for
recent reviews, see Refs. 4–9). Almost all splicing mutations
characterized so far affect the regulation of tau exon 10 splic-
ing. In vitro experiments suggest that Tau4R and Tau3R pro-
teins bind and stabilize MTs in different manners (16–18).
This delicate balance between exon 10� to exon 10� tau
isoforms is crucial for neuronal function in learning and
memory. However, the underlying mechanism remains to be
elucidated (13, 19, 20) (reviewed in Ref. 5).
A large number of genes in the human genome utilize alter-

native splicing to generate functionally distinct gene products.
Understanding how these alternative splicing events are regu-
lated is an important issue in functional genomics. In the past 2
decades, a number of alternative splicing regulators have been
identified. Many of these trans-acting factors were initially
identified using biochemical approaches (reviewed in Refs.
21–23). In this study, we have developed an expression cloning
approach using a tau exon 10 splicing green fluorescent protein
(GFP) reporter, Tau4R-GFP, in which GFP expression was
dependent on the tau exon 10 inclusion. Using this system to
screen a human brain cDNA library, we have identified a pre-
viously unknown tau exon 10 splicing activator, RBM4, a pro-
tein recently shown to play a role in alternative splicing of
�-tropomyosin (24). Our experiments show that overexpres-

* This work was supported by National Institutes of Health Grants AG17518,
EY014576, and GM070967 (to J. Y. W.), the Society for Progressive Supranu-
clear Palsy, Muscular Dystrophy Association (to J. Y. W.), and by a scholar
award from the Leukemia Society of America (to J. Y. W.). The costs of pub-
lication of this article were defrayed in part by the payment of page
charges. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1 To whom correspondence should be addressed: Northwestern University
Feinberg School of Medicine, Center for Genetic Medicine, 303 E. Superior
St., Lurie 6-117, Chicago, IL 60611. Tel.: 312-503-0684; Fax: 312-503-5603;
E-mail: jane-wu@northwestern.edu.

2 The abbreviations used are: MT, microtubule; Ex10, exon 10; FTDP-17, fron-
totemporal dementia with parkinsonism linked to chromosome-17; RT,
reverse transcription; GFP, green fluorescent protein; RNAi, RNA interfer-
ence; HA, hemagglutinin; RRM, RNA recognition motif.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 281, NO. 34, pp. 24479 –24488, August 25, 2006
© 2006 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

AUGUST 25, 2006 • VOLUME 281 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 24479



sion of RBM4 stimulates tau exon 10 inclusion, and RNA inter-
ference (RNAi)-mediated knock-down of RBM4 expression in
transfected cells reduces tau exon inclusion. Immunohisto-
chemical staining indicates that RBM4 is expressed in the brain
regions involved in tauopathy. Our results support a role of
RBM4 in regulating tau exon 10 splicing.

EXPERIMENTAL PROCEDURES

Expression Cloning Using the Tau Reporter Gene—We pre-
pared a human adult brain cDNA library using the adult brain
mRNA purchased from Clontech. The quality of this cDNA
library was tested using reverse transcription-PCR and small
scale screening before the library was subdivided into 400
cDNA pools. It was estimated that each pool contained �5000
clones. Each of these 400 primary poolswas amplified for 6–8 h
at 37 °C after being carefully plated on 20 � 20-cm bacterial

plates. cDNAs were prepared from
each pool using an optimized
medium scale plasmid preparation
method combining polyethylene
glycol precipitation with the endo-
toxin-free DNA preparation kit
(Qiagen) to ensure the high quality
of DNA preparations for transfec-
tion. The typical transfection effi-
ciency is �50–60%, as assessed by
GFP expression in the control cells
transfected with a GFP plasmid. For
the first round of transfection, 40
combined pools (combined from 10
primary pools in a grid fashion to
allow easy identification of indiv-
idual positive primary pools) of
cDNAswere transfected in cells sta-
bly expressing theTauGFP reporter
gene. Using this grid design, 400
cDNA pools were screened in 40
primary transfections in 15-cm tis-
sue culture dishes and further
screened in subsequent rounds of
transfections.
Because HEK293 cells had a high

efficiency of transfection and a low
background GFP expression, we
chose this cell line for preparing a
stable cell line expressing the Tau
reporter gene. Stable HEK293 cells
expressing Tau4R-GFP reporter
were selected with G418 and used
for expression of cDNA clones fol-
lowing transfection with pooled
cDNAs from the adult brain cDNA
library. During the first two rounds
of transfection, it appeared more
efficient to visually examine individ-
ual transfected culture plates under
an inverted fluorescent microscope
than using a cell sorter. The primary

positive pools that gave significant activation ofGFP expression
were identified, and cDNAs in these pools were further divided.
For each primary positive pool, 20 subpools were prepared and
individually transfected into stable cells expressing the Tau4R-
GFP reporter gene in 10-cm dishes. The positive subpools were
again identified using inverted fluorescentmicroscopy and sub-
divided for another round of transfection until individual single
cDNA clones were isolated. After seven rounds of retransfec-
tion, we were able to isolate single cDNA clones that have sig-
nificant effects on tau exon 10 splicing.
Plasmids and Antibodies—Mammalian expression plasmids

for HA-tagged wild type or mutant RBM4 (25) and for raver
were described previously (26). The plasmid expressing RNAi
for RBM4 was described (24). Monoclonal anti-HA antibody
was purchased fromCovance. Affinity-purified polyclonal anti-
RBM4 was prepared as described previously (25).

FIGURE 1. A, a schematic diagram of the Tau4R-GFP reporter constructs. The tau splicing reporter gene is
designed in such a way that GFP is only expressed when the exon 10 is included (for a detailed description of
the reporter gene construction, see “Experimental Procedures”). B, a diagrammatic representation of the cDNA
library screening protocol based on GFP expression following progressive division and subdivision of cDNA
pools and transfection of cDNA pools into the stable cell line expressing Tau4R-GFP reporter.
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Transfections and RT-PCR—HEK293 cells were maintained
in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum. Transfection was carried out using a pre-
viously described calcium phosphate precipitation procedure
with 1–3 �g of DNA (27). Cells were harvested 48 h after trans-
fection, and theRNAwas extracted using theRNAeasy kit (Qia-
gen). In RNAi experiments, Lipofectamine 2000 (Invitrogen)
was used according to themanufacturer’s instructions. Splicing
products of the expressed tau minigenes were detected using
RT-PCR as previously described (27). RT-PCR was also per-
formed to detect the endogenous Bcl-xL and �-actin genes
using the corresponding specific primers. The products were
analyzed by electrophoresis using 6% polyacrylamide gels.
RNA-Protein Interactions—The RNA probes were prepared

by in vitro transcription in the presence of [32P]UTP using T7
RNA polymerase from linearized DNA templates as described
(28). The RNA probes were gel-purified and used for the UV-
cross-linking assay. The recombinant RBM4 protein was
expressed as a His6-tagged protein and purified from Esche-
richia coli as described by Lai et al. (25). For UV cross-linking,
�20 fmol of RNA probe was incubated at 30 °C with 1 �g of
purified RBM4 or 30�l of cell lysate in a 40-�l reactionmixture
under in vitro splicing conditions (28). The samples were irra-
diated on ice under 254-nm light for 10 min. The probes were
digested in equal volumes of RNase A (5 mg/ml) (Sigma) at
30 °C for 20 min. For immunoprecipitation, following the
RNase treatment, samples were incubated with HA.11 anti-HA
monoclonal antibody (Covance) at 4 °C for 2 h. Protein A/G-
agarose beads were then added with further incubation and
gentle rocking. Following washing, the RNA-bound proteins
immunoprecipitated were eluted and resolved on SDS-PAGE
followed by autoradiography.
Immunohistochemical Staining—Human brain samples

from autopsy material were fixed in formalin and paraffin-em-
bedded. 6-�m-thick sections from the frontal and hippocampal
regions were used for immunohistochemical staining. The
SantaCruzBiotechnology, Inc. (SantaCruz, CA) staining kit for
rabbit polyclonal antibody was used to perform immuno-
staining with the affinity-purified rabbit anti-RBM4 antibody.
Antigen retrieval was carried out in the presence of 1 mM
EDTA, pH 9.0. Primary antibody was used at a 1:1000 dilution.
Immunostaining was carried out following the instruction
manual, color development was performed with 3,3�-diamino-
benzidine (DAB) and counterstaining was with hematoxylene.

RESULTS

Establishing a GFP Reporter-based Strategy for Cloning
Trans-acting Splicing Regulators That Stimulate Exon 10
Inclusion—In our previous studies, a human tau minigene has
been established that recapitulates tau exon 10 alternative
splicing in the human brain (28, 29). In this minigene system,
alternative inclusion or exclusion of the exon 10 leads to the
formation of Tau4R and Tau3R, respectively. To develop a sys-
tem for identifying splicing activators that enhance tau exon 10
inclusion, we prepared a tau exon 10-splicing GFP reporter
(Tau4R-GFP) by fusing the tau minigene with a cDNA frag-
ment encoding GFP (Fig. 1). This Tau4R-GFP reporter gene
was constructed by adding a translation start codon upstream

of exon 9 so that the tau minigene construct produced a fusion
protein containing tau peptide fragment fused toGFP (Fig. 1A).
One base pairwas inserted by site-directedmutagenesis in exon
10. This Tau4R-GFP reporter contained the GFP gene in frame
with the 94-bp exon 10 so that the GFP gene was expressed as a
functional protein product only when exon 10 was included
(Fig. 2). The Tau4R-GFP reporter gene enabled us to use GFP
expression as an indicator for exon 10 inclusion. When the
Tau4R-GFP reporter gene was transfected into HeLa or
HEK293 cells, the tau minigene underwent splicing in a similar
pattern as the wild type tau gene, producing both Tau3R and
Tau4R splicing isoforms. No aberrant splicing, such as activa-
tion of cryptic splice sites, was detected (data not shown). The
Tau4R-GFP reporter showed a low background of GFP expres-
sion inHEK293 cells, facilitating the expression cloning screen-
ing as described below.
Identifying Trans-acting Factors Enhancing Tau Exon 10

Inclusion—We have been interested in identifying protein fac-
tors important for regulating tau exon 10 alternative splicing.
By examining their biochemical function and molecular mech-
anisms, we wish to understand how these splicing regulators
control the balance of different tau splicing isoforms. To search
for splicing factors that stimulate tau exon 10 splicing, wemade
use of the Tau4R-GFP reporter gene cassette (Fig. 1A). We
developed a progressive subdivision and screening protocol
(Fig. 1B) to screen a human brain cDNA library (for details, see
“Experimental Procedures”). Following seven rounds of resub-
division and retransfection, seven individual cDNA clones that
influence tau exon 10 splicing were isolated. Five cDNA clones
are still under characterization. Sequencing analyses of the
remaining cDNAs and data bank searches showed that two
cDNA clones encode an RNA-binding protein known as RNA-
binding motif protein 4, RBM4 (25). RBM4 protein will be the
focus of this report.
Confirming the Activity of RBM4 in Regulating Tau Exon 10

Splicing—To validate the screen and rule out potential indirect
effects on theGFP reporter, we examined the effect of RBM4on

FIGURE 2. The expression of Tau-GFP reporter during the cDNA library
screening. The stable HEK293 cell line expressing the Tau4R-GFP reporter
gene was used for screening cDNA library. A progressive subdividing-retrans-
fecting method was used to identify cDNAs encoding potential regulators of
tau alternative splicing, as described under “Experimental Procedures.” GFP
fluorescence was monitored by fluorescent microscopy following the trans-
fection of pools of cDNAs prepared from the cDNA library. A1–A3, phase-
contrast images; B1–B3, corresponding fluorescent microscopic images.
These experiments show progressive enrichment of GFP-expressing cells fol-
lowing the primary round (B1), the third round (B2), and the sixth round (B3) of
subdivision and retransfection of the positive cDNA pools.
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tau exon 10 splicing using the original tau exon 9-10-11 splicing
substrate (29). Another RNA recognition motif (RRM)-con-
taining splicing factor, Raver (40), was also tested. The taumini-
gene was co-transfected with either control vector or RBM4 or
Raver expression plasmid (Fig. 3). Following transfection, tau
exon 10 alternative splicing pattern was examined by RT-PCR
using tau minigene-specific primers (Fig. 3A). RBM4 expres-
sion was measured both at the RNA level (by specific RT-PCR
with actin as the internal control, Fig. 3, B andC) and at protein
level (by Western blotting; Fig. 3D). Overexpression of RBM4
led to an increased inclusion of exon 10 (Fig. 3A, lane 2),
whereas transfection of Raver (Fig. 3A, lane 3) or control vector
transfection (Fig. 3A, lane 1) did not affect exon 10 splicing (Fig.
3A, compare lane 2 with lane 1 or lane 3). These results con-
firmed that RBM4 stimulates tau exon 10 inclusion, supporting
that the effect of RBM4 detected in expression cloning is due to
its activity in stimulating tau exon 10 splicing rather than other
effects on GFP expression.
The RNARecognitionMotif in RBM4 Is Essential for the Stim-

ulation of Tau Exon 10 Inclusion—RBM4 is a protein contain-
ing anRNA recognitionmotif.We examinedwhether the inter-
action of RBM4 with RNA was required for its activity in
stimulating tau exon 10 splicing. We made use of an RBM4
mutant containing mutations in the conserved aromatic resi-

dues of the RRMdomain of RBM4, RBM4-mRRM.Thismutant
is deficient in RNA binding (25). Mammalian expression plas-
mids encoding wild type or mutant (RBM4-mRRM) proteins

FIGURE 3. Overexpression of RBM4 protein increases the inclusion of tau
exon 10 in transfected cells. The corresponding cDNA plasmids expressing
either the vector control (lane 1), RBM4 (lane 2), or Raver (lane 3) were co-
transfected with Tau minigene tauEx9-10-11 into HEK293 cells. A, tau exon 10
alternative splicing was detected using RT-PCR. B, the expression level of
RBM4 transcript in the corresponding groups using RT-PCR with RBM4 spe-
cific primers. C, the levels of actin transcript in the corresponding groups,
showing comparable amounts of RNA used in each reaction. D, RBM4 protein
levels in the corresponding groups as detected by Western blotting using the
anti-RBM4 antibody.

FIGURE 4. The RNA recognition domain of RBM4 is essential for its activa-
tion of tau exon 10 inclusion. The tau minigene was co-transfected with
either the vector control (lane 1) or cDNA expression plasmid encoding the
wild-type RBM4 (lane 2) or the mutant RBM4 (RBM4mRRM; lane 3). A, the tau
exon 10 splicing pattern as detected by RT-PCR. B, the level of RBM4 tran-
scripts as detected by RT-PCR for each group. C, the actin transcript levels as
detected by RT-PCR for internal controls. D, the level of RBM4 protein in each
group as detected by Western blotting using a specific anti-RBM4 antibody. E,
quantification of tau exon 10 splicing data derived from six independent
experiments. The graph shows the average ratio Ex10�/Ex10� transcripts �
S.E. (***, p � 0.001).
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containing a hemagglutinin (HA) tag were co-transfected into
HEK293 cells together with the tau minigene. Tau exon 10
alternative splicing was then measured using RT-PCR.
Although the wild-type and mutant RBM4 proteins were
expressed at a similar level (Fig. 4, B and D), the stimulation of
tau exon 10 splicing was observed only in cells transfected with
the wild-type and not mutant RBM4 (Fig. 4A). The quantifica-
tion of tau splicing isoforms in these co-transfection-coupled
RT-PCR experiments indicated that the ratio of exon 10-in-
cluding to exon 10-skipping tau isoforms (Ex10�/Ex10�) was
significantly increased in cells transfected with the wild-type
RBM4 as compared with those of the vector control or cells
expressing the RRM mutant RBM4 (p � 0.001). On the other
hand, overexpression of the RRM mutant RBM4 protein did
not affect tau exon 10 splicing, similar to the vector control (Fig.
4E). These experiments demonstrate that the RNA recognition
domain of RBM4 is required for its stimulation of exon 10 inclu-
sion, suggesting that RBM4 may regulate tau exon 10 splicing
by interacting with tau pre-mRNA.
RBM4 Interacts with an Intronic Element in Tau Pre-mRNA—

The observation that the RNA recognition motif of RBM4 is
necessary for its splicing stimulatory activity in tau exon 10
splicing prompted us to test whether RBM4 interacts with tau
pre-mRNA. A UV-cross-linking-coupled immunoprecipita-
tion assay was performed using 32P-labeled tau pre-mRNA and
protein extracts prepared from HEK293 cells transfected with
HA-tagged RBM4 (HA-RBM4) or the vector control. Following
UV cross-linking, immunoprecipitation was carried out using a
monoclonal anti-HA antibody, and immunoprecipitation
products were analyzed by SDS-PAGE followed by autoradiog-
raphy. A 40-kDa band was detected in the reactions containing
HA-RBM4 (Fig. 5A, lane 2) but not in the vector control (Fig.
5A, lane 1), indicating that RBM4 interacts with tau
pre-mRNA. To map the site of RBM4 interaction, different
regions of tau pre-mRNAwere tested. UV-cross-linking exper-
iments using RNA fragments corresponding to different
regions of tau pre-mRNA suggest that RBM4 interacts with an
intronic region downstream of exon 10 in the tau pre-mRNA
(Fig. 5, B and C). In the presence of control RNA, no cross-
linking signal was detectedwith RBM4 (Fig. 5B, lane 1). Specific
UV-cross-linking signal was detected when HA-RBM4 protein
extract was incubated with tau pre-mRNA transcript contain-
ing the exon 10 with the 5� end of intron 10, and the removal of
exon 11 together with the 3� end of intron 10 did not affect
RBM4 binding (Fig. 5B, lane 2). The removal of exon 10 did not
affect the UV cross-linking, suggesting that the intronic
sequence immediately downstream of the 5� splice site of exon
10 contained an RBM4 binding site (Fig. 5C). The UV-cross-
linking signal was detected when a 260-nucleotide intronic
fragment located 100 nucleotides downstream of the 5� splice
site of exon 10 was incubated with the wild-type HA-RBM4
protein extract but not the vector control (Fig. 5C, lane 1 and 2,

FIGURE 5. RBM4 interacts with an intronic element downstream of the 5�
splice site of exon 10 in tau pre-mRNA. UV-cross-linking experiments were
performed using either protein extracts prepared from cells transfected with
HA-RBM4 expression plasmid (A–C ) or purified recombinant RBM4 protein
(D–F). Tau pre-mRNA or its fragments, as depicted, were radiolabeled and
used in the cross-linking assay. Following UV cross-linking and RNase treat-
ment, the reactions were analyzed using autoradiography following SDS-
PAGE. A and B, different tau pre-mRNA transcripts (lane 2) or control RNA
transcripts (lane 1) were incubated with cell lysates containing HA-RBM4. Fol-
lowing UV cross-linking and RNase digestion, RBM4 was immunoprecipitated
using a monoclonal anti-HA antibody. Immunoprecipitates were analyzed on
SDS-PAGE followed by autoradiography. C, radiolabeled RNA fragment con-
taining the putative RBM4 binding site was incubated with protein extracts
containing HA-tagged wild-type RBM4 (lane 1), vector control (lane 2), or HA-
tagged RBM4-mRRM mutant (lane 3). D, recombinant RBM4 protein was incu-
bated with the radiolabeled control RNA (lane 1) or the tau intronic RNA frag-
ment containing the putative RBM4-binding element (lane 2) under splicing
conditions followed by UV cross-linking. E, the UV-cross-linking experiment
was performed with recombinant RBM4 protein and 32P-labeled RNA tran-
script containing the tau intronic RBM4-binding element under splicing con-
ditions in the absence of competitor RNA (lane 1) or in the presence of a
100-fold molar excess of unlabeled tau RNA containing the RBM4-binding
element (lane 2) or in the presence of a 100-fold molar excess of unlabeled
control RNA

(lane 3). F, the UV-cross-linking experiment was carried out using recombi-
nant RBM4 protein with radiolabeled control transcript (lane 1) or with a RNA
transcript containing either the wild-type (lane 2) or mutant (lane 3) RBM4-
binding element under the splicing conditions. Autoradiographs of gels fol-
lowing SDS-PAGE of the UV-cross-linking reaction products are shown in all
panels.
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respectively). Therefore, the RNA transcript containing the
260-nucleotide intronic sequence alone was sufficient to inter-
act with RBM4 (Fig. 5C). This interaction was significantly
reduced when the RRM mutant RBM4 was used (Fig. 5C, lane
3). These results suggest that RBM4 interacts with tau
pre-mRNA either directly or indirectly through association
with other protein(s) present in the cell extracts.
To investigate whether RBM4 directly interacts with tau

pre-mRNA, we tested purified recombinant RBM4 protein
using the UV-cross-linking assay. The purified RBM4 protein
interacted with the tau pre-mRNA transcript but not the non-
specific control RNA (Fig. 5D, lane 2 and 1, respectively), indi-
cating that RBM4 interacts with tau pre-mRNA directly rather
than indirectly via other protein(s). To test the specificity of the
interaction betweenRBM4 and the tau intronic region, theUV-
cross-linking assay was carried out in the presence of excess
amount of unlabeled RNA, either the tau pre-mRNA or non-
specific control RNA as competitors. The RBM4 binding signal
was significantly reduced in the presence of the unlabeled tau
RNA containing the 260-nucleotide intronic region (Fig. 5E,
lane 2), as compared with the reaction in the absence of com-
petitive RNA (Fig. 5E, lane 1) or with that in the presence of
unlabeled nonspecific control RNA (Fig. 5E, lane 3). These
experiments demonstrate that RBM4 specifically interacts with
tau pre-mRNA in the intronic region downstream of the regu-
lated exon 10.
Mutation of the Intronic RBM4 Binding Site Reduces the

Activity of RBM4 in Stimulating Tau Exon 10 Inclusion—The
UV-cross-linking experiments described above show that
RBM4 interacts with tau pre-mRNA in the intronic region
downstream of the 5� splice site of exon 10. Sequence analysis
indicates that a pyrimidine-rich element (UCCUUCUUG) is
located 100 nucleotides downstream of the 5� splice site in this
intronic region. This element shares sequence similarity to the
RBM4 binding site identified in �-tropomyosin pre-mRNA
(24). To examine the potential role of this putative RBM4 bind-
ing site, we performed site-specificmutagenesis and prepared a
mutant tauminigene by changing the pyrimidine nucleotides in
the UCCUUCUUG element to purine nucleotides. Themutant
tau pre-mRNA (tau-mRBMBS) was then tested for its interac-
tion with the purified RBM4 protein. As compared with the
wild-type tau pre-mRNA, the mutant tau transcript showed
significantly reduced binding to RBM4 protein (Fig. 5F, com-
pare lane 3 with lane 2).
To test the functional significance of this intronic RBM4

binding site in tau exon 10 splicing, we compared tau exon 10
splicing of the wild type and the mutant tau pre-mRNA in the
cells co-transfected with the RBM4 expression plasmid. RBM4
overexpression was confirmed both at the RNA and at the pro-
tein levels (Fig. 6, B and D, with actin level as the internal con-
trol shown in Fig. 6C). The mutant tau pre-mRNA showed a
significantly reduced response to RBM4 compared with the
wild-type tau splicing substrate (Fig. 6A, compare lanes 1 and
2). Although the splicing stimulatory activity of RBM4 was not
completely eliminated, the effect of the mutation in the RBM4
binding site on RBM4-mediated exon 10 inclusion was consis-
tently observed. Fig. 6E shows the quantification of ratios of
exon 10�/exon 10� tau transcripts from six independent

FIGURE 6. Mutation in the RBM4 putative binding site in tau pre-mRNA
affects the exon 10 splicing stimulatory activity of RBM4. The expression
plasmid for RBM4 (lanes 1 and 2) or the vector control (lane 3) was co-trans-
fected into HEK293 cells with either the wild-type tau minigene (lane 1) or the
mutant tau minigene (tauEx9-10-11mRBM4BS) in which the putative RBM4-
binding site had been mutated (lanes 2 and 3). A, tau exon 10 alternative
splicing was assayed using RT-PCR. B, the level of RBM4 transcript was
detected by RT-PCR with RBM4-specific primers. C shows levels of actin used
as loading controls in RT-PCR; D, the level of RBM4 protein was detected by
Western blotting using a specific RBM4 antibody. E, quantification of results
derived from six independent experiments. The graph shows the average
ratio Ex10�/Ex10� transcripts � S.E. (***, p � 0.001).
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experiments. When the intronic UCCUUCUUG was mutated,
the stimulatory activity of exon 10 inclusion by RBM4 overex-
pression was reduced, changing the ratio of exon 10�/exon

10� from�6with the wild-type tau splicing substrate to 2with
the mutant tau pre-mRNA (Fig. 6E). The residual stimulatory
activity by RBM4 on the mutant tau pre-mRNA is consistent
with the observation that RBM4 binding was not completely
abolished in the mutant tau pre-mRNA (Fig. 5E, lane 3).
Knockdown of RBM4 by RNAi Decreases Tau Exon 10 Inclu-

sion, Suggesting a Role of Endogenous RBM4 in Stimulating
Exon 10 Inclusion—To test the potential role of the endogenous
RBM4 in regulating exon 10 splicing, we used RNAi. RBM4-
specific RNAi or control RNAi was co-transfected using Lipo-
fectamine along with the tau minigene into HEK293 cells. For
reasons not clear yet, cells transfected under these conditions
showed an increase in Tau4R even inmock or control transfec-
tions (data not shown; see Fig. 7B, lane 1). The effect of the
RNAi was evaluated at both RNA and protein levels. RT-PCR
with RBM4-specific primers and Western blotting with anti-
RBM4 antibody showed that the RBM4-specific RNAi transfec-
tion led to a �70–80% reduction in RBM4 expression level
(RNA in Fig. 7C and protein in Fig. 7E, respectively; compare
lanes 1 and 2).We examined tau exon 10 splicing bymeasuring
the ratio of exon 10 splicing isoforms (Ex10�/Ex10�) follow-
ing the quantitative RT-PCR as described before. RBM4 down-
regulation by RNAi led to a decrease in the inclusion of exon 10
(Fig. 7A, compare lane 1 and 2). The results from six independ-
ent experiments were quantified. RNAi knockdown of RBM4
led to an �7-fold decrease in exon 10 inclusion as compared
with the control RNAi (Fig. 7F). This effect was specific because
alternative splicing of other genes examined was not affected,
including Bcl-x (Fig. 7B). This observation suggests relative
specificity of RBM4 in regulation of tau exon 10 alternative
splicing. These results indicate that the endogenous RBM4pro-
tein plays a role in activating tau exon 10 inclusion.
RBM4 Expression in the Human Neurons in the Frontal Cor-

tex and Hippocampus—To begin to explore the potential
involvement of RBM4 in tauopathy, we examined RBM4
expression in the human brain, particularly in the regions
affected in tauopathy patients. Immunohistochemical staining
of postmortem adult human brain samples was carried out
using an affinity-purified anti-RBM4 antibody. As shown in Fig.
8, the frontal cortex (A and B) and hippocampal (C and D)
sections showed strong signals, whereas such staining signal
was not detectable in the negative controls either in the absence
of the anti-RBM4 antibody (E) or in the presence of the anti-
body preparation after absorption with RBM4 protein (not
shown). RBM4 immunostaining signals were detectable in both
neurons and glial cells, including layers II neurons in the frontal
cortex (marked by arrows in Fig. 8,A andB) andCA1 pyramidal
neurons in the hippocampus (as indicated by arrowheads in Fig.
8, C and D). The signal was stronger in the nucleus than in the
cytoplasm. Together with the activity of RBM4 in stimulating
tau exon 10 inclusion, RBM4 expression in neurons suggests a
possible role of RBM4 as a regulator of tau exon 10 alternative
splicing in the human brain.

DISCUSSION

Pre-mRNA splicing is the most upstream event in the post-
transcriptional RNAprocessing. It is estimated that over 65% of
human genes undergo alternative splicing to form functionally

FIGURE 7. RNAi-mediated knockdown of RBM4 decreases tau exon 10
inclusion. RNAi specific for human RBM4 (lane 2) or control RNAi (lane 1) was
co-transfected with Tau minigene TauEx9-10-11 (wild type) into HEK293 cells
as described under “Experimental Procedures.” RNA preparations or protein
lysates were made 48 h post-transfection and analyzed by RT-PCR or Western
blotting. A, tau exon 10 alternative splicing isoforms as detected by RT-PCR. B,
the alternative splicing pattern of Bcl-x detected by RT-PCR using Bcl-x-spe-
cific primers. C, the level of RBM4 RNA detected by RT-PCR. D, the level of actin
transcript as detected by RT-PCR as the internal control. E, the levels of RBM4
protein expression detected by Western blotting using specific anti-RBM4
antibody. F, the quantification of tau Ex10 splicing isoforms as shown in A. The
results are derived from six independent experiments. The graph shows the
average ratio Ex10�/Ex10� transcripts � S.E. (***, p � 0.001).
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distinct gene products (30). Alternative splicing is an extremely
powerfulmechanism for generating proteomic diversity. Accu-
mulating evidence supports an important role of aberrant splic-
ing in the pathogenesis of human diseases. Cis-acting splicing
mutations that affect either splice sites or splicing regulatory
elements lead to the formation of defective or toxic gene prod-
ucts. Such splicingmutations can cause human diseases by four
types of mechanisms: exon skipping, intron retention, cryptic
splice site activation, or imbalance of different splicing isoforms
(for recent reviews, see Refs. 21–23). The importance of main-
taining the delicate balance of different splicing isoforms has
only begun to be appreciated. A number of model systems
have been established to investigate the cis-regulatory ele-
ments and trans-acting factors controlling alternative splic-
ing events. However, relatively little is known about mecha-
nisms regulating alternative splicing of genes associated with
human pathogenesis.
Most splicing regulators have been identified using biochem-

ical approaches. So far, there has been no report on using an
expression cloning approach to systematically screen for alter-
native splicing regulators. Our study demonstrates that such an
expression cloning approach based on alternative splicing-de-
pendent GFP reporter can be successfully used to identify alter-
native splicing regulator(s). Further improvement of this
expression cloning strategy may lead to development of high
throughput systems for identifying genes important for splicing
regulation. For example, a luciferase reporter constructed from
our Tau-GFP reporter is being used to develop a high through-
put system for tau exon 10 splicing regulation.3
RBM4was initially identified in a yeast two-hybrid screen for

proteins interacting with transportin-SR2 (25). Mammalian

RBM4 contains, at its amino termi-
nus, two RRMs and a CCHC-type
zinc finger. At the C-terminal
region of RBM4 are three alanine-
rich stretches. RBM4 has been
shown to promote the inclusion of
skeletal muscle exon of �-tropomy-
osin by binding to a CU-rich
intronic element. Domain dissec-
tion experiments show that the
RNA recognition motif of RBM4 is
required for splice site modulation,
whereas the CAD domain was
required for trafficking to the
nucleus (24, 25). In �-tropomyosin
alternative splicing, RBM4 com-
petes with PTB for common or
overlapping intronic elements and
activates the inclusion of skeletal
muscle-specific exon (24).
In our study, RBM4 was identified

by its functional activity in stimulat-
ing exon 10 inclusion during the
expression cloning using the tau
exon 10-alternative splicing-depend-

ent GFP reporter. Both overexpression (Figs. 3 and 4) and RNAi-
mediateddown-regulation (Fig. 7) in transfectedcellsusing the tau
minigene support a role of RBM4 in enhancing tau exon 10 inclu-
sion. The RNA-binding domain of RBM4 is required for its stim-
ulatory activity on tau exon 10 inclusion, because mutating the
conserved aromatic amino acid residues in the RNA recognition
motif eliminated such splicing enhancement (Fig. 4). This is con-
sistent with the previous observation that the same RRMmutant
was inactive in stimulating alternative splicing in vitro (25).

Our UV-cross-linking experiments suggest that RBM4
interacts with an intronic region downstream of the 5� splice
site of exon 10. Further mutagenesis experiment indicates a
CU-rich element in this region as a RBM4 binding site that is
functionally important for the splicing-stimulatory activity
of RBM4. Mutating the pyrimidine into purine residues in
this RBM4 binding site significantly reduced the interaction
between RBM4 and tau pre-mRNA (Fig. 5). The same muta-
tion also remarkably decreased the stimulation of exon 10
inclusion by RBM4 (Fig. 6). Therefore, our study not only
identified a new intronic splicing enhancer element for tau
exon 10 splicing but also uncovered an important splicing
regulator, RBM4, that interacts with this intronic splicing
enhancer element.
Our immunocytochemical staining experiments indicate

that human RBM4 is expressed in the neurons, including the
hippocampus and the frontal cortex, regions affected in tauopa-
thy. Interestingly, a previous study reported an association of
RBM4with Down syndrome in the fetal brain using a proteom-
ics approach, suggesting that RBM4 is important for neuronal
function (31). It has also been reported that RBM4 is phospho-
rylated by cyclin A1-Cdk2 complex (32). It is conceivable that
cellular stresses could affect the activity of RBM4 and influence3 C. Donahue, K. Kosik, and J. Y. Wu, unpublished data.

FIGURE 8. RBM4 expression in human frontal cortex and hippocampus was detected by immunohisto-
chemical staining. Adult human brain sections of frontal cortex (A and B, �150 and �600 magnification,
respectively) or hippocampus (C (�300), D (�600), E (�300)) are shown. E, a negative control, staining in the
absence of the primary antibody. The frontal cortical sections and hippocampal sections were used for immu-
nohistochemical staining with the affinity-purified anti-RBM4 antibody. RBM4 shows strong signals in the
frontal cortex neurons, including layer II neurons (marked by arrows) and scattered signals in CA1 pyramidal
neurons in the hippocampus (as indicated by arrowheads) in the brain. The signal is stronger in the nucleus
than in the cytoplasm.
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its regulation of tau exon 10 splicing, possibly contributing to
the pathogenesis of a subset of tauopathy.
Tauopathy is one of most common forms of neurodegen-

eration. This is a group of genetically and phenotypically
heterogeneous diseases, including Alzheimer disease, Down
syndrome, several variants of prion diseases, progressive
supranuclear palsy, amyotrophic lateral sclerosis, Pick disease,
corticobasal degeneration, frontotemporal dementia. The for-
mation of filamentous Tau protein-containing inclusions in the
affected brain regions is the commonneuropathological feature
of these diseases. The underlying molecular defects for the
majority of these diseases remain to be elucidated.Mutations in
tau gene have been associated with only a subset of tauopathy,
namely FTDP-17. Splicing mutations in the human tau gene,
including all intronic mutations and several exonic mutations,
are associated with changes in Tau4R/3R ratio. Studies of these
splicingmutations in the tau gene in FTDP-17 patients demon-
strate the importance of controlling the balance of different
Tau isoforms by alternative splicing for normal brain function
(for recent reviews, see Refs. 6 and 9). Identification of critical
alternative splicing regulators for tau gene expression will not
only help in our understanding of regulatorymechanisms of tau
alternative splicing but also provide important information on
how to correct the tau splicing defects in cells carrying
FTDP-17 intronic mutations. For example, if certain proteins
are identified that can reverse the Tau4R/Tau3R ratio to the
normal 1:1 ratio in FTDP-17mutant cells, it will provide poten-
tially useful information for future designing of treatment strat-
egy for the FTDP-17 patients carrying tau splicing mutations.
Several cis-acting regulatory elements have been identified

to influence tau exon 10 alternative splicing, including a purine-
rich element inside exon 10, a stem-loop at the 5� splice site of
exon 10, and intronic splicing silencer and enhancer elements
inside or near exon 10 (29, 33–37) (reviewed in Refs. 7–9). Our
study indicates that an intronic pyrimidine-rich element
located 100 nucleotides downstreamof the 5� splice site of exon
10 also plays a role in tau exon 10 splicing.
It remains to be elucidated what transacting splicing factors

in the brain regulate tau exon 10 alternative splicing. A number
of known splicing regulators have been tested in a chimeric tau
minigene. In this chimeric tau system, SRp30c, SRp55, SRp75,
9G8, U2AF, PTB, and hnRNPG repress tau exon 10 inclusion,
whereas CELF3 and CELF4 activate exon 10 splicing (38, 39).
Their effects on tau pre-mRNA splicing in the context of
native tau exon 9 and exon 11 splice sites remain to be exam-
ined. We have established a tau minigene system using human
tau gene that contains the native tau gene splice sites (29).Using
the minigene and biochemical approaches, we identified
Tra2beta as an SR-rich protein that binds to the purine-rich
exonic splicing enhancer element and stimulates tau exon 10
splicing (28). A recent study showed that both Tra2beta and
ASF/SF2 interact with this exon 10 purine-rich enhancer and
play a role in exon 10 splicing (37). Here we report the role of
RBM4, a previously unknown tau splicing regulator, in stimu-
lating tau exon 10 inclusion. We further identified the intronic
pyrimidine-rich intronic splicing enhancer element down-
stream of exon 10 and showed that this intronic element is
required for the stimulatory activity of RBM4 in tau exon 10

inclusion. It will be interesting to test whether RBM4 is associ-
ated with the development of tauopathy, in particular among
patients without mutations in the tau gene.
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