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Abstract

Tau is a microtubule-associated protein whose transcript undergoes complex regulated splicing in the mammalian nervous system. The
N-terminal domain of the protein interacts with the axonal membrane, and is modulated by differential inclusion of exons 2 and 3. These
two tau exons are aternatively spliced cassettes, in which exon 3 never appears independently of exon 2. Previous work with tau
minigene constructs indicated that exon 3 is intrinsically suboptimal and its primary regulator is a weak branch point. In this study, we
confirm the role of the weak branch point in the regulation of exon 3 but also show that the exon is additionally regulated by a
combination of exonic enhancers and silencers. Furthermore, we demonstrate that known splicing regulators affect the ratio of exon 3
isoforms, Lastly, we tentatively pinpoint the site of action of several splicing factors which regulate tau exon 3. [ 2002 Elsevier

Science BV. All rights reserved.
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1. Introduction

Alternative splicing is a versatile and widespread mech-
anism for generating multiple mRNAs from a single
transcript [47,49,75,105]. Splicing choices are spatially and
temporally regulated and the ensuing mRNAs produce
functionally diverse proteins, contributing significantly to
proteomic complexity [68].

Splicing is effected by the spliceosome, a large and
dynamic complex of small nuclear riboproteins (snRNPs)
[10,90,98,103]. A major question in splicing, and an
obvious point of regulation, is how the spliceosome
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recognizes authentic splicing sites [10]. This is a critical
decision, because mammalian splice site sequences are
loosely defined and thus redundant in the genome [112],
though the exon definition model has provided a partial
mechanism for splice site authentication [7].

Numerous in-depth studies of cis determinants of alter-
native splicing have shown that splice site selection occurs
via intrinsic hierarchies defined by complementarity of
splice sites, branch points and their associated poly-
pyrimidine (polyY) tracts to their cognate snRNPs
[47,75,78]. In an increasing number of systems, exon
inclusion is achieved by utilization of exonic enhancers
[10,12,114]. Their mutation can result in human disease by
causing aberrant splicing [24,114]. However, regulation is
sometimes conferred by exonic silencers or distal intronic
elements [2,27,29,30,38,57,64,109,110].

On the trans side of regulation, mammalian splicing
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regulators mostly belong to two superfamilies, the serine/
arginine-rich (SR) proteins and heterogeneous ribonuclear
proteins (hnRNPs), neither of which is exclusively in-
volved in alternative splicing [18,67,78,116,118]. The
former are a'so components of the spliceosome, whereas
the latter are aso involved in preemRNA transport, RNA
stability and trandational regulation. Severa mammalian
splicing factors are enhanced in or restricted to neurons—
Noval, KH-type splicing regulatory protein (KSRP), sup-
pressor of white apricot (SWAP) and human transformer
(htra2p1) [14,60,81,82,96,111]. Nevertheless, it appears
that the exquisite calibration of mammalian alternative
splicing is primarily achieved by SR and hnRNP proteins
which, despite their ubiquitous distribution, show distinct
tissue and developmental ratios [28,51,62,123].

Tau is a microtubule-associated protein (MAP) enriched
in axons of mature and growing neurons [9,65]. Tau is aso
found in the cell nucleus [119], in the distal ends of
growing neurons [11,35] in oligodendrocytes [46,76] and
in muscle [120]. Hyperphosphorylated, microtubule-disso-
ciated tau protein is the major component of neurofibrillary
tangles, a hallmark of severa neurodegenerative diseases

[107].
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Tau is encoded by a single copy gene [54,83]. It
produces three transcripts of 2, 6 and 9 kilobases (kb)
which are differentially expressed in the nervous system,
depending upon stage of neuronal maturation and neuron
type [25,36,41-43,55,85,119]. The 6 kb codes for the
axonal tau; the 2 kb tau mRNA is localized to the nucleus
[119] whereas the 9 kb tau transcript is restricted to the
retina and peripheral nervous system [25,41,85]. These
three transcripts undergo complex aternative splicing: six
of the 16 tau exons are regulated cassettes [3,4,25,41—
43,54,55,66,69,92].

The N-terminus of the tau protein interacts with the
plasma membrane [13]. The C-terminus of the tau protein
contains four imperfect repeats (encoded by exons 9 to 12)
which act as microtubule binding domains [55,70]. Altered
splicing regulation of tau exon 10 can cause inherited
frontotemporal dementia with parkinsonism, amost cer-
tainly by disturbing the normal tau isoform ratio
[22,53,58,108].

The structure and function of the tau N-terminus is
modulated by cassette exons 2 and 3 (Fig. 1A). These
exons are adult-specific and remain regulated in the central
nervous system [43,55,66,120], but become constitutive in
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Fig. 1. The behavior of tau exon 3 minigenes reflects their endogenous expression. (A) The expression profile of human tau exon 3 in nonneuronal COS,
teratocarcinoma NT2, and neuroblastoma SKN cells. The positions of the expected species produced by RT-PCR are shown. Primer pair: HT1S/HT4PCN;
hybridization probe: HTINL. (B) Schematic representation of expression constructs containing tau exon 3. P represents the SV40 early promoter, T the
insulin terminator. The small intron between insulin exons 1 and 2 is not shown for the sake of clarity. The numbers on each side of tau exon 3 show how
many kbp of flanking introns are present. Major splicing pathways are shown by solid, minor by dashed lines. (C) RT-PCR analysis of exon 3 expression
constructs in COS (C), NT2 (N), and SKN (S) cells. The identities of the spliced species are indicated. Primer pair: INS1/INS3.
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the peripheral nervous system [25,41]. In a previous study
[3] we showed that exon 3 is incorporated inefficiently,
unless either the region around its putative branch point is
modified or exon 2 is present in a pre-spliced configuration
(that is, if the branch point of exon 2 is no longer present).
In this report we expand and refine our knowledge of the
splicing regulation of exon 3.

2. Materials and methods
2.1. Plasmid construction and mutagenesis

The human tau genomic fragments originated from
cosmid or A clones [4]. The parental vector used for
cloning was pSVIRB [3,5,120]. Constructs SVA2/3 and
SVf2/3 were previousy generated [3] and used in the
present study as ‘background’ controls (Fig. 1B). SVA2/3
contains tau exon 3 and its flanking introns [1.1 kilobase
pairs (kbp) upstream and 1.4 kbp downstream]. SVf2/3
contains the 3" two thirds of tau exon 2 fused to insulin
exon 2, the entire 2.6 kbp intron between tau exons 2 and
3, tau exon 3 and 1.4 kbp of its downstream intron. The
additional intron lengths shown in Fig. 1B come from the
insulin gene. Additionaly, the following minigene con-
structs were generated by directed mutagenesis (the prim-
ers used for mutageneses are listed in Table 1).

Constructs SVA2/3TM, SVA2/3TMg, and SVA2/

3TMgs (Fig. 2A) contain various combinations of branch
points and 3' splice sites. SVA2/3TM is SVA2/3 in which
the region just before tau exon 3 bears a substitution of
300 nucleotides from the expanded intron between exons 2
and 3 of rat a-tropomyosin («-TM) [102]. The substitution
sequence contains a strong branch point with a very long
associated polyY tract and the 3" splice site of «-TM exon
3; the expansion comes from an insert which completely
relieves the steric hindrance between the branch point and
the 3’ splice site and results in constitutive inclusion of the
a-TM exon [102]. SVA2/3TMg; is a variant of SVA2/
3TM in which the 3" gplice site has been altered so that it
isidentical to that of tau exon 3. SVA2/3TM g is a variant
of SVA2/3 in which the 3" splice site has been mutated so
that it is identical to that of «-TM exon 3.

Constructs E3-1 to -7 arise from SV2/3; the alterations
to wild-type exon 3 are shown in Fig. 3A. To generate the
mutant constructs, whole-plasmid mutagenesis was per-
formed on SVA2/3, SVA2/3TM or SVf2/3 using the
QuikChange Site Directed Mutagenesis kit (Stratagene)
according to the manufacturer’s instructions, except that
the polymerase chain reaction (PCR) products were di-
gested with Dpnl overnight. The mutations were verified
either by sequencing (for the constructsin Fig. 2) or by the
appearance of a restriction site embedded in the oligo-
nucleotides used in the procedure (for the constructs in
Fig. 3).

Construct intermediates generated by PCR and selected

Table 1

Primers

Primer name or use Length Orientation Location Sequence

Mouse tau cloning and sequencing
MT3S 30 Sense Beginning of mouse tau exon 3 ACGTGACTGCGCCCCTAGTGGATGAGAGAG
MT3N 30 Antisense End of mouse tau exon 3 CTGTAATTCCTTCTGGGATCTCCGTGTGGG

Human tau wild type and mutant constructs

E3-1S* 30 Sense
E3-25* 30 Sense
E3-3S* 30 Sense
E3-4S* 30 Sense
E3-55* 30 Sense
E3-6S* 30 Sense
E3-7S* 30 Sense
™, * 32 Sense
TM ¥ 32 Sense
HTI3N 22 Sense
HT3PCN 20 Antisense

RT-PCR of endogenous and transfected human tau

INS1 30 Sense
INS3 30 Antisense
HT1S 24 Sense
HT4PCN 23 Antisense

Hybridization of endogenous human tau

HTINL 24 Antisense

Within human tau exon 3
Within human tau exon 3
Within human tau exon 3
Within human tau exon 3
Within human tau exon 3
Within human tau exon 3
Within human tau exon 3
Upstream intron of exon 3
Upstream intron of exon 3
Upstream intron of exon 3
Downstream intron of exon 3

End of insulin exon 1
Within insulin exon 3
Near 5’ of human tau exon 1
Near 3’ of human tau exon 4

Near 3' of human tau exon 1

GGTTTCTAGATGTGACGTCACCCTTAGTGG
GTGACAGCACCCATGGTGGATGAGGGAGCT
GAGGGAGCTCCCGGCGCGCAGGCTGCCGCG
GGCTGCCGCGGATCCCCACACGGAGATCCC
CAGCCCCACACGGGGGCCCCAGAAGGAACC
CCACACGGAGATCCCGGGAGGAACCACAGG
ATCCCAGAAGGAACCCCGGGTGAGGGTAAG
CTGCCAACTCCCATCTAGATGTGACAGCACCC
GGATCTCGGTGGTTACCAGGTGTGACAGCACC
CCTACTTCAGGCTGCTTTCTGG
GAATCCACCCATGTTCCTGC

CAGCTACAGTCGGAAACCATCAGCAAGCAG
CACCTCCAGTGCCAAGGTCTGAAGGTCACC
GAACCAGGATGGCTGAGCCCCGCC
GGGTCACGTGACCAGCAGCTTCG

CCCTCTTGGTCTTGGTGCATGGTG

*Mutations in these are shown or diagrammed in Figs. 2 and 3. For site directed mutagenesis, we used pairs of these primers and their reverse complements
(not shown). The nucleotides shown in bold type within TM;, and TM  correspond to the 3’ splice site of tau exon 3 and a-TM, respectively.
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Fig. 2. The primary splicing defect of exon 3 is aweak branch point. (A) Schematic representation of expression constructs which contain branch point and
3’ splice site dterations. The thick line indicates the extent and identity of a-tropomyosin (a-TM) substitutions. Other conventions for the constructs are as
in Fig. 1B. (B) RT-PCR analysis of exon 3 branch point mutation constructs in COS cells. The identities of the spliced species are indicated. Primer pair:
INS1/INS3. (C) Sequence comparison of the region upstream of tau exon 3 between human (H) and mouse (M). Exonic sequences are in uppercase,
intronic in lowercase. The two putative branch points of the human exon 3 [3] are underlined. BP-d=Distal, BP-p=proximal.

reverse transcription (RT)-PCR products were cloned by
either of two methods:. (1) denatured for 2 min at 90°C in
‘forward heat’ buffer [93], phosphorylated in the presence
of kinase forward buffer and T4 polynucleotide kinase
(New England Biolabs), run on a low melt agarose gel,
extracted from the agarose by treatment with p-agarase
(New England Biolabs) and ligated into pKS(+)
(Stratagene) or pCRII (InVitrogen); or (2) run unphos-
phorylated on a regular agarose gel, extracted by the
GeneClean method (kit Il or I11, Bio 101) and ligated into
pCRII Topo-TA (InVitrogen).

Plasmid DNA was prepared from 5 ml of saturated
cultures using Qiagen Tip-20s, then sequenced either in an
automatic fluorescent ABI Prism sequencer or by the
modified dideoxy method [8,95] with Sequenase 2.0 (US
Biochemicals) and [*°S]a-dATP (Amersham). After manu-
a sequencing, the sequences were resolved on 83 M
urea/ 6% polyacrylamide gels and analyzed with the GCG
software [33].

Vectors bearing splicing factor cDNAS expressed them
from the following promoters. CMV for hnRNPAL,
htra2B1, Noval, U2snRNP auxiliary factor (U2AF); SR

proteins 20, ASF/SF2, 30c, SC35, 40, 55, 75
[15,38,82,97,122]; adenovirus major late for poly-
pyrimidine tract binding (PTB) protein [86]; SV40 early
for SWAP [71]. Previous Westerns as well as in vivo
co-transfections (described in the references just listed)
have shown that these constructs express functiona pro-
teins.

2.2, Cloning of the mouse tau gene

Two primers were prepared which corresponded to the
beginning and end of mouse tau exon 3 (MT3S and
MT3N, shown in Table 1). These were used to obtain three
P1 phages containing mouse tau genomic inserts from
Genome Systems by PCR. The P1 plasmids were trans-
duced into the Cre" strain NS3516; P1 plasmid DNA was
prepared according to the P1 manual of Genome Systems
and sequenced using the mouse primers listed in Table 1.

2.3 Cell culture, transfections and RNA preparation

Monkey kidney (COS) and human teratocarcinoma cells
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Fig. 3. Exon 3 contains severa exonic enhancers and silencers, as discovered by directed mutagenesis. (A) Outline of mutations within exon 3. Exonic
sequences are in uppercase, intronic in lowercase. The changes are shown above the wild-type sequence, with the altered nucleotides in bold. Shown below
each mutated sequence is its action, if any: ESE=exonic enhancer, ESS=exonic silencer. Shown above each mutated sequence is the tentatively assigned
splicing factor, if any. (B) Splicing behavior of mutated constructs of exon 3 in COS cells, as seen by RT-PCR anaysis. Only the mutants which affect
exon 3 behavior are shown. The gray bar across the graph shows the level of the wild type. The identities of the spliced species are indicated. Primer pair:
INS1/INS3. % Exon inclusion was calculated by scanning the bands from three independent transfections and measuring their areas using the OneDscan

analysis program.

(NT2) and SK-N-SH human neuroblastoma cells (SKN)
were maintained as previously described [3,38]. Plasmid
DNA was prepared by cesium chloride banding [93] and
introduced into cells by the lipofection method (LT1,
Panvera). Total RNA was isolated by the TRIzol method
(Life Technologies).

24. Reverse transcription and PCR reactions

For PCR analysis of RNA, 5 pg of totadl RNA was
treated with RNAase-free DNAase | (Promega). The
DNAase | was subsequently heat-inactivated and cDNA
generated using RNAase H™ Superscript (Life Tech-
nologies), in 20 pl for 1 h at 42°C. A 3-pl volume of this
reaction mix was then added to two Ready-to-Go PCR
beads (Pharmacia) in a total volume of 50 ul. The PCR

conditions were: for the endogenous gene, denaturation
94°C/1 min, annealing 58 °C/1 min, extension 72°C/1
min, 25 cycles; for the constructs, denaturation 94 °C/1
min, annealing 65°C/1 min, extension 72°C/1 min, 25
cycles (for COS) or 30 cycles (for NT2 or SKN). In the
case of transfected cells, the primers (INS1 and INS3,
Table 1) were chosen to only amplify products arising
from the constructs.

The RT-PCR experiments were done with RNAs from
three independent transfections, to ensure reproducibility.
The isoform ratio was calculated by scanning the bands
from three independent transfections using the One-Dscan
program and the IP Lab anaysis software from
Scanalytics. For the expression constructs, the predicted
sizes of the 37 /3" RT-PCR products are: 290/380 for
SVA2/3 and 210/290 for SVf2/3.
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2.5. Blotting and hybridization

RT-PCR products from endogenous RNAS were run on
2% agarose/1X TAE. The gel was denatured in 1.5 M
NaCl/0.5 M NaOH for 30 min, renatured in 1.5 M NaCl/
0.5M Tris (pH 7.2) for 30 min, capillary-blotted with 10X
SSC on 0.20 wm Nytran (Schleicher & Schuell) and
UV-crosslinked (Stratalinker).

The membrane was prehybridized for at least 3 h at
42 °C in a mixture of 50% deionized formamide, 5X SSC,
5X Denhardt’s solution, 1% sodium dodecyl sulfate
(SDS), 100 pg/ml heat-denatured herring sperm DNA. To
visualize all RT-PCR products, we used a probe from tau
exon 1 (HTINL, shown in Table 1) labeled with T4
polynucleotide kinase (New England Biolabs) and [**P]y-
ATP (Amersham). The membrane was hybridized to the
probe overnight at 42°C, washed (15 min a room
temperature in 2X SSC/0.1% SDS, 15 min at 52°C in
0.1XSSC/0.1% SDS, 15 min at 65°C in 0.1XSSC/0.1%
SDS) and exposed.

3. Results

3.1. The behavior of the constructs mirrors the
endogenous pattern

Fig. 1A shows the status of tau exon 3 in two very
commonly employed human cell lines, NT2 teratocar-
cinoma and SKN neuroblastoma. Exon 3 is not visible in
either cell line; this is not surprising, since the isoform
containing this exon is decidedly minor even in the fully
differentiated adult central nervous system [120] and
becomes predominant only in the adult peripheral nervous
system [25,41,85].

Consistent with the endogenous behavior, constructs
which contain exon 3 reflect the cellular environment in
their inclusion ratios of the two exons. The inclusion ratio
of exon 3 intrinsically varies depending on the identity of
its upstream exon: presence of exon 2 boosts the inclusion
of exon 3 [3]. However, within a single construct there is
more exclusion of exon 3 in NT2 than in SKN (Fig. 1C).

So athough the cis determinants of exon 3 are largely
local, its splicing regulation clearly depends on cell-spe-
cific trans factors—differing in NT2 and SKN, which
derive from the centra and peripheral nervous system,
respectively.

3.2 SQubgtitution of a strong branch point renders exon
3 constitutive

From previous work we surmised that the primary
splicing defect of exon 3 was a weak branch point/3’
splice site region [3]. To dissect this further, we asked how
exon 3 behaves if it acquires a strong heterologous branch
point and/or 3" splice site.

Substitution of the strong a-tropomyosin region («-TM;
[102]) results in constitutive inclusion of exon 3 (Fig. 2B,
construct SVA2/3TM). To pinpoint the element respon-
sible for this shift, we generated two ‘mix-and-match’
mutants: SVA2/3TM;, contains the o-TM branch point
but the 3’ splice site of tau exon 3; SVA2/3TM 4 contains
the inverse combination. Construct SVA2/3TM g, shows
congtitutive inclusion of exon 3 whereas construct SVA2/
3TMgg shows complete exclusion (Fig. 2B, lanes labeled
with the name of the corresponding construct). This
definitively pinpoints the branch point as the major deter-
minant of exclusion for tau exon 3. However, asis the case
with other regulated exons, our subsequent results show
that additional cis elements modulate the behavior of tau
exon 3.

3.3, Mutagenesis uncovers the presence of enhancers
and silencers within tau exon 3

To locate possible cis regulatory elements within exon
3, we scanned the exons for possible regulatory motifs, and
atered severa of these by directed mutagenesis. We zeroed
in on purine-rich (‘GAR’) or A/C rich (‘ACE’) sequences
which act as splicing enhancers [26] or on CTAG/TTAG/
CAAG/CAGG matifs, which behave as splicing silencers
in several systems [2,17,27,29,30,38,100,109,110]. The
sequences we changed are shown in Fig. 3A.

To locate regulatory sequences in exon 3, we used
construct SVf2/3. SVf2/3 can be utilized to find either
enhancers or silencers, since it shows considerable inclu-
sion of exon 3. Of the seven mutants that we generated,
three (E3-3, E3-4 and E3-6) are neutral, two (E3-5 and
E3-7) pinpoint exonic enhancers and two (E3-1 and E3-2)
exonic silencers (Fig. 3B; E3-3, E3-4 and E3-6 are not
shown, since they do not alter splicing of exon 3).

The strongest effects are E3-2, which effectively re-
verses the wild type 37/3" ratio (Fig. 3B, second lane
from the left) and E3-7, which totally excludes exon 3
(Fig. 3B, second lane from the right). Both results are
expected: E3-2 aters a TTAG sequence, which is known
to act as a silencer in tat and tau exon 10 [2,27,38,110];
E3-7 decreases the complementarity of the 5’ splice site of
exon 3 to the U1 snRNP (from CAGgtgagg to CGGgtgagg;
the perfect complement is CAGgtaagt).

The pattern of these mutants indicates strongly that
splicing regulation depends not just on specific nucleotide
sequences but on local context as well. This is not
surprising, since binding sites for splicing regulators are
redundant [48,73,118].

34. Several splicing regulators modulate inclusion of
exon 3

Both the constitutive inclusion of tau exon 3 in adult
peripheral nervous system [85] and its weak default
inclusion in non-neuronal and neuroblastoma cells ([3],
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the absence of factors. The identities of the spliced species are indicated. Primer pair: INS1/INS3. Co-transfections in COS cells of exon 3 constructs (A)
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this work) point to regulation by at least one activator. To
narrow down possible candidates, we did co-transfection
experiments with exon 3 constructs and splicing regulators.

We examined the effect of splicing regulators on both
SVA2/3 and SVf2/3 in COS cells (Fig. 4A and B,
respectively). SC35 and SRp40 show little effect; SRp20,
ASF, SRp30c, SWAP, htra2B1 and Noval act as inhibitors;
SRp55 and SRp75 as activators. Finaly, U2AF, PTB,
hnRNPA1, KSRP and SLM2 show construct-specific ef-
fects: U2AF and PTB act as activators in SVA2/3 but as
inhibitors in SVf2/3; hnRNPA1 inhibits exon 3 inclusion
only in SVf2/3 while KSRP inhibits exon 3 inclusion only
in SVA2/3; and SLM2 promotes exon 3 inclusion strongly
in SVA2/3 but very weakly in SVf2/3.

Co-transfections of SVA2/3 in NT2 cells showed results
qualitatively similar to those in COS (data not shown),
consistent with the fact that in NT2 cells both the
endogenous and transfected tau exhibit almost exclusively
the 3~ pattern (Fig. 1A and C). Finally, in contrast with
other studies [87], overexpression of PTB did not cause
missplicing of exon 3.

3.5. Combination of mutant constructs and regulators
pinpoint possible binding sites for the factors within
exon 3

After we determined cis elements and trans factors that
influence the splicing of tau exon 3, we did a preliminary
scan for correlations between enhancers/activators and
silencers/inhibitors. If a factor which influences the splic-
ing of the wild type ceases to do so for a mutant, the
mutated region defines a possible binding site for the
factor.

We paired mutants E3-1 and E3-2, which define silence-
rs, with exon 3 splicing inhibitors, concentrating on those

which are tissue specific (htra281, Noval, SWAP). The
behavior of E3-1 remains unchanged in co-transfections
with htra2p1 (Fig. 5A), whereas the same happens to E3-2
in the presence of SWAP (Fig. 5B). Thus, these two
mutants are possible binding sites for the respective two
factors.

We aso paired mutants E3-5 and E3-7, which define
enhancers, with SRp55, SRp75 and Sam68-like mam-
malian protein (SLM2) which activate exon 3 splicing.
E3-5 shows no change in the presence of the factors (Fig.
5C), suggesting that it does not define a binding site for
any of these factors. On the other hand, SLM2 only partly
reverses the effect of E3-7 (Fig. 5D), so E3-7 may directly
or indirectly bind SLM2.

4. Discussion

4.1. The suboptimal exon 3 branch point region and its
regulators

Branch points can sometimes be located by comparison
to the consensus [90] or by comparing aligned sequences
across species. Neither strategy works for tau exon 3. The
upstream intron of exon 3 contains two potential branch-
points (Fig. 2C, top strand; [3]). BP-d, which adheres to
the consensus and is followed by a long polyY tract, is far
upstream. Conversely, BP-p, located within the usua
interval for branch points, is a poor match for the
consensus and lacks an associated polyY stretch.

Moreover, comparison of the human and mouse introns
upstream of exon 3 shows that these two putative branch
points for the human exon 3 [3] are not conserved in the
mouse (Fig. 2C). Yet tau exon 3 is identically regulated in
human and mouse; hence, they must have the same branch
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Fig. 5. Interaction of cis-acting elements of exon 3 with selected trans regulators of the same exons. The RT-PCR products come from 1:1 co-transfections
of wild type and mutated splicing constructs with the factors indicated. Mutations which define enhancers were paired with activators, whereas mutations
which define silencers were paired with inhibitors. Shown below each panel is the tentatively assigned splicing factor, if any. % Exon inclusion was
calculated as in Fig. 3B. The gray bar across each graph shows the level of the wild type. The identities of the spliced species are indicated. Primer pair:
INS1/INS3. Co-transfections of three inhibitors of exon 3 with mutants (A) E3-1 and (B) E3-2. Co-transfections of three activators of exon 3 with mutants

(C) E3-5 and (D) E3-7.

point. So tau exon 3 may be that rare but documented
phenomenon, an exon which does not use A as its lariat
point [1,52].

Splicing regulation by weak or oddly situated branch
points is a well-documented mechanism, especially for
neuron- or muscle-specific genes [45,72,84,102—
104,106,121]. In such cases regulation often proceeds by
competition between PTB and U2AF, which recognize the
polyY tract and branch point, respectively.

PTB is involved in the regulation of several neuronal-

specific splicing events: the N1 exon of c-src, the EN exon
of clathrin light chain B, exon 5 of the NMDA receptor
NR1 subunit and the 24-nt exon of the GABA, y2 subunit
[6,19,124]. U2AF has been implicated in neuronal-specific
splicing of APP [115]. In the list of aternatively spliced
systems examined so far, which includes tau exon 6 [121],
PTB amost invariably favors exon skipping while U2AF
favors exon utilization [116,117].

U2AF and PTB influence the behavior of tau exon 3 but,
uniquely, the two factors behave identically (Fig. 4A, B):



M.C. Arikan et al. / Molecular Brain Research 101 (2002) 109-121 117

they increase inclusion of exon 3 if its inclusion is
negligible (SVA2/3) but decrease it if its inclusion is
considerable (SVf2/3). The other unexpected reversal is
that when they activate exon 3 splicing, PTB is the better
activator (Fig. 4A), whereas when they inhibit it, U2AF is
the better inhibitor (Fig. 4B). This unusual behavior may
arise if the construct splicing shifts stem from transient
interactions resulting from the overexpression of the
specific factor. The difference in effect on SVA2/3 versus
SVf2/3 cannot be ascribed to the presence of exon 2 in the
latter: in SVf2/3, exon 2 is prespliced to the upstream
insulin exon and therefore cannot act as a‘sink’ for branch
point factors such as U2AF or PTB.

For binding, U2AF prefers U-rich stretches interrupted
by Cs, whereas the PTB consensus site is UCUU embed-
ded within a polyY tract [6,87,101]. No U-rich tracts exist
in the intron upstream of tau exon 3; instead, it contains
severa very C-rich tracts (Fig. 2C, [3]). Thus, the true
regulator of the exon 3 branch point may well be neither
PTB nor U2AF. One candidate is the newly discovered
brain-specific PTB [79,88], whose mode of action differs
from that of PTB in subtle but significant ways.

4.2, The complex interaction of exon 3 exonic cis
elements and their putative trans regulators

For exon 3, the presence of additiona inhibitory ele-
ments beyond the weak branch point underscores the tight
control exerted on the expression of this exon. The present
work demonstrates that exon 3 is also affected by splicing
regulators. Our results show two unexpected wrinkles: (1)
some regulators which influence exon 3 splicing exhibit
construct-specific effects (besides U2AF and PTB, dis-
cussed above, these include hnRNPA1, KSRP and SLM?2);
(2) other regulators which influence exon 3 splicing show
novel behavior (KSRP and Noval, previously found to act
invariably as splicing activators, inhibit inclusion of exon
3).

4.2.1. Enhancers and activators

Most exonic splicing enhancers belong to the purine-rich
(‘GAR’) category [2,109,112,114]. More recently, A/C
rich sequences (‘ACE’) were aso defined as splicing
enhancers by SELEX and functional analysis [26]. Both
enhancer classes presumably exert their effect by binding
SR proteins [12,24].

Neither of the two enhancers found in exon 3 (mutants
E3-5, E3-7, Fig. 3) belongs to an obvious class, athough
E3-5 is within a relatively purine-rich region which
nevertheless does not adhere to the GAR pattern. E3-7
cannot be considered to define an enhancer per se, because
the effect of that mutant can be ascribed to weakening of
the 5’ splice site of exon 3.

Among the SR proteins, SRp55 and SRp75 promote
exon 3 splicing. SRp75 is the least studied SR protein but
in the case of tau it is potentially the most interesting,

because it is highly enriched in brain [123]. Also interest-
ing is the observation that SRp55 and SRp75 inhibit tau
exon 10, which isintrinsically strong [38] yet the same two
SR proteins activate tau exon 3, which isintrinsically weak
[3]. However, neither factor appears to bind to the sites
defined by mutants E3-5 and E3-7 (Fig. 5C, D).

SLM2, which activates exon 3 in its SVA2/3 configura-
tion (Fig. 4A), belongs to the Sam68 family of STAR
(=signal transduction and activation of RNA) proteins and
is highly enriched in brain, muscle and testis [34,113].
STAR proteins function as adaptors between tyrosine
kinase signal transduction cascades and RNA splicing.
SLM2 binds to purine-rich regions and generally acts as a
splicing activator [34,113]. Yet SLM2 apparently does not
bind to the purine-rich enhancer defined by E3-5 (Fig. 5C),
though it may be peripherally involved in the region of
E3-7 (Fig. 5D).

4.2.2. Slencers and inhibitors

Exonic silencers are much rarer and less well understood
than exonic enhancers. They are postulated to work by
either recruiting inhibitory factors or by blocking spliceo-
some assembly [2,21,31,100,109].

The TTAG motif within exon 3 (mutant E3-2) has been
shown to regulate splicing of both tau exon 10 and exon 3
of the HIV tat gene [27,38,110]. In tau exon 3, muta-
genesis of that motif practically reverses the behavior of
the exon (Fig. 3B). The TTAG sequence is conserved
between human and bovine tau but becomes CTAG in
rodent tau; however, CTAG also acts as a silencer in exon
2 of the HIV tat gene [99]. So this motif may function as a
silencer across species, despite the sequence variation.

Silencers of similar sequences also affect splicing of the
EDA fibronectin exon [17,109] and the SAM exon of
fibroblast growth factor 2 [29,30]. In the latter, the silencer
seems to act by recruiting hnRNPA1 [31]. Yet hnRNPA1
inhibits exon 3 only in its SVf2/3 configuration (Fig. 4B);
furthermore, hnRNPA1 does not influence splicing of tau
exon 10, which contains a TTAG motif with silencing
activity [27,38].

Of the tissue-specific regulators, SWAP, Noval, KSRP
and htra2B1 inhibit splicing of exon 3 (Fig. 4). SWAP is
primarily expressed in brain and placenta [32] and is a
universal inhibitor: it suppresses splicing of at least three
other exons: tau exon 10, fibronectin 11CS and exon 4 of
CD45 [38,71,96]. Its temporal and spatial distribution and
its behavior make it a strong candidate as an native
inhibitor of exon 3 and our work tentatively assigns its site
of action to the region defined by E3-2 (Fig. 5B).

Neuronal-specific Noval activates splicing of two re-
ceptor pree-mRNAs, glycine alpha2 exon 3A and GABA,
exon y2L [60]. Thus, its inhibition of exon 3 splicing is
novel. However, exon 3 does not contain the putative
binding site for Noval, UCAY [61], nor does Noval bind
any of our exon 3 mutants. Either Noval recognizes
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additional unidentified sequences, or it does not bind
directly to exon 3.

KSRP, a protein which contains a KH domain like
Noval, has been defined as an activator of the N1 exon of
the src gene [81] and thus its inhibitory effect on tau exon
3 is novel. Htra2B1 shows variable behavior in other
systems—it activates exon 7 of SMN2 [56] but inhibits the
EN exon of clathrin [111]—and in tau it may bind to the
region defined by mutant E3-1 (Fig. 5A).

In theory, full splicing regulation of tau exon 3 could be
achieved by a single rate-limiting adult-specific activator
present in excess in the peripheral nervous system. How-
ever, the behavior of wild-type exon 3 constructs (Fig. 1C)
implies that both NT2 and SKN contain a factor which
inhibits splicing of exon 3 and is overcome in SKN by the
extra copies of the construct. Alternatively, SKN might
contain an activator of exon 3 which is absent in NT2. This
is consistent with the elevated ratio of the 3" isoform in
the peripheral nervous system (which is the provenance of
SKN). However, such an activator should act on the
endogenous tau as well, but SKN shows no 3" isoform
(Fig. 1A). Undoubtedly, our tentative assignation of bind-
ing sites will change as we delve deeper into the system,
especialy because binding sites for splicing factors are
redundant in both sequence and partners [48,73,118].

4.3 Effects of modulation of the tau projection domain
on the structure and function of the tau protein

With the recent direct linkage of tau splicing regulation
to the cause of frontotemporal dementia with Parkinsonism
[40], interest has quickened over the tau variants. Tau
exons 2 and 3 are aso of intrinsic interest in the splicing
regulation field, because they fal in the very rare ‘in-
cremental combinatorial’ category, in which the down-
stream exon of an alternatively spliced pair never appears
by itself, but all other combinations are alowed. Such a
pattern has been documented in only two other genes:
exons 7 and 8 of the amyloid precursor protein [44,94] and
neuron-specific exons N1 and N2 of src [89].

Regulation of exon 3 splicing may have repercussions
on tau specific localization and in both normal and
abnormal brain function. In the adult nervous system, the
3" isoform tau in oligodendrocytes is present in vanishing-
ly low amounts [46,91], whereas it is abundant in peripher-
a neurons [85]. In rat hippocampus, 3° mMRNAs are
expressed only in mature neurons that have established
their connections [23]. The 3" tau isoform has increased
phosphorylation of Thr39 in the domain encoded by exon
1 [50] and Alzheimer’'s brains show elevated amounts of
the 3" isoform [74]. Phosphorylation is critical in estab-
lishing neuronal polarity by forming a gradient of pro-
gressively less phosphorylated tau down the axon [77] and
equally critical in the formation of neurofibrillary tangles,
which predominantly consist of hyperphosphorylated tau
which has lost its ability to bind microtubules [107].

The function of the protein domain encoded by tau exon
3 is unknown. It is not involved in microtubule binding,
which is localized to the C-terminus of tau [55,70] nor in
microtubule spacing, which is dictated by the hinge
domain of tau [20,37,63]. The N-terminus of the tau
protein interacts with the plasma membrane [13], although
the specific interacting ligands have not yet been identified.
However, the function of the projection domain must be
specific to mammals, because it is not conserved in the tau
analogues of yeast, Drosophila or Caenorhabditis elegans
[16,39,59,80].

The present study has uncovered sequences and factors
which fine-tune the configuration of the tau projection
domain. However, definitive assignments of mode and
place of action will require further work in vivo and in
vitro.
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