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Abstract

The 240-bp a exon of the tight junction (TJ) protein ZO-1 pre-mRNA is alternatively spliced. Expression of both ZO-1a+/ZO-1a�
isoforms results in hermetic TJs, and these become leaky when ZO-1a� expression prevails. The a exon inclusion/skipping mechanism was

studied by in vivo RT-PCR splicing assays in neural and epithelial cells, utilizing a canine minigene construct containing the a exon, and the

flanking introns and exons. Inclusion of the a exon always occurs in wild-type MDCK cells and it is detectable in transfected HeLa cells.

However, the a exon is skipped in transfected neural cells. Accordingly, both 5Vand 3Vsplice sites surrounding the a exon appear to be

suboptimal and no cis-acting splicing control elements were found in this exon. Deletion analysis revealed an 83-bp splicing enhancer in the

downstream exon and a 35-bp splicing silencer at the beginning of the upstream exon. In epithelial cells all constructs rendered a exon

inclusion. We conclude that, in neural cells, skipping of the a exon depends on two antagonistic exonic elements located in the flanking

constitutive exons.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction

A major mechanism for generation of protein diversity in

eukaryotes is the alternative splicing of RNA polymerase II

transcripts. This mechanism joins different combinations of

5Vand 3Vsplice sites of a given pre-mRNA in developmen-

tally and cell-specific controlled events [1,2]. Although up

to 59% of all genes on a single chromosome are alterna-

tively spliced [3,4], the cues that regulate this process are

not fully understood. Recent evidences support the require-

ment of pre-mRNA sequence elements which may act

positively or negatively on splice site recognition and

pairing. These may influence competing splicing pathways

or are required for cell-specific splicing patterns [5–7].

These elements are intronic (e.g. Refs. [8–12]) or exonic

(often in the alternatively spliced exon) (e.g. Refs. [13–17]).

In spite of the large amounts of exonic elements described

thus far, no consensus sequence can be deduced from them.
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However, they function as binding sites for splicing factors

such as SR proteins.

Key participants in splice site recognition and selection

regulation are the members of the SR (Ser/Arg-rich) family

of proteins. These proteins play a role in constitutive and

alternative splicing, by binding to exonic splicing

enhancers (ESEs) and enhancing or repressing spliceosome

assembly at adjacent splice sites. The differential expres-

sion of SR proteins and hnRNPs during development and

between tissues supports the notion that such expression

patterns can affect the alternative splicing of various

mRNAs in vivo [18–23]. Also, SR proteins are distributed

throughout the nucleoplasm and are rapidly redistributed in

the nucleus [24] and some of them can shuttle between the

nucleus and the cytoplasm [25]. For these reasons, com-

plex alternative splicing regulatory mechanisms should be

invoked.

Coordination between the multiple factors and elements

is required to carry out a single splicing event (e.g. Refs.

[11,13,16,26–33]), and a combination of controlled inter-

actions between the participants involved is not rare

[33,34].
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The pre-mRNA of the tight junction (TJ) protein ZO-1 has

several alternatively spliced exons and potentially could give

rise to as many as 30 different ZO-1 isoforms [35]. In most

epithelia and endothelia, ZO-1a+ and ZO-1a� isoforms are

present. These isoforms differ in the presence of the 80-

amino-acid-long a domain, which results from the alternative

splicing of the 240-nt a exon [36]. While endothelia make

leaky TJs, epithelia can make both hermetic and leaky TJs

[36–40], ensuring vectorial transport across epithelia and

preventing paracellular back diffusion [41]. There is a strong

correlation of ZO-1a+/ZO-1a� expression ratios to TJ

phenotypes. Hermetic TJs with ZO-1a+/ZO-1a� ratios

z 4 are found in cell cultures and ex vivo tissues composed

of epithelial and endothelial cells, whereas leaky TJs with

ZO-1a+/ZO-1a� ratios V 0.9 are found in most endothe-

lial cell lines and tissues [37,38]. Furthermore, antisense

oligonucleotides targeted to the ZO-1a domain perturb

efficient TJ formation and barrier functions in endothelial

and epithelial cells [38], suggesting a direct involvement of

the a domain in the modulation of TJ functions.

The cDNAs for ZO-1 from human [42], mouse [43] and

dog [35] have been cloned and characterized. This enabled

us to clone human and canine genomic fragments coding for

the a exon, partial sequences of the adjacent constitutive

exons and the intervening sequences between them. With

these tools we focused on understanding the a exon

alternative splicing mechanism. Here we identified and

discerned the roles of two exonic cis-acting elements

involved in the control of the a exon inclusion/skipping in

vivo, using neural and epithelial cell hosts. These elements

were localized in the flanking constitutive exons and do not

resemble previously reported cis-acting elements.
2. Materials and methods

2.1. Cell cultures

MDCK cells (derived from dog kidney epithelia) were

cultured in DMEM as described [44]. HeLa, C6 and SH-

SY5Ycells were grown in DMEM supplemented with 10%

neonate serum, and with 10% fetal calf serum, 2 mM

pyruvate and nonessential amino acids (according to direc-

tions of the American Type Culture Collection), respectively.

2.2. Oligonucleotides

The following primers (all 5V!3V) were used for ge-

nomic PCR amplification, for RT-PCR, in vivo splicing

assays, site directed mutagenesis, and PCR generated run-

off transcription DNA substrates. Their correspondent posi-

tions in the canine ZO-1 minigene (accession no.

AF169195), in the pcDNA3 vector, and in the DUP4-1

plasmid are indicated. B: GAGGCTGGTAGGGCTGT-

TTGTCATCG; reverse complement (RC) of nt 1740–

1765. B3: TCATAGCGTGGTCTGCTGTCATAGGAC;
RC of nt 1872–1898. C2: GACTCCCCTGGATTTAAAA-

CAGC; nt 204–226. C3: ATGAAGACACAGATACA-

G AAGGCGGG ; n t 1 – 2 6 . 4 4 � : G T T GA -

TGATGCTGGGTTTG; RC of nt 612 – 631. 159+:

AAGAACACCAAGCACTGAGG; nt 727–746. 729� :

GCTGCCTCAGTGCTTGGTGTTCTT; RC of nt 727–

750. 2196� : GCTTGAGGACTCGTATCTGT; RC of nt

1634 – 1653 (with a mismatch) . 31+: ATATTT-

TACCCCCTTCACAGAAAGCAGAAGC; nt 549–578.

3 1 � : RC o f p r im e r 3 1 + . 5 2+ : GCAAGG -

TAAGTGTGCTGCAGTGTTGC; nt 803–829. 52� : RC

of primer 52+. 3Vint1+: CACTTCACAAAAAGCA-

GAAGC CTCATC; nt 559–585. 3Vint1� : RC of primer

3Vint1+. 3Vint2+: GTGAATTTTTTACACAAGTGTATA-

GAAAA G; nt 1445–1474. 3Vint2� : RC of primer

3Vint2+. 50E1: ATCTAGTTCTTGATCAGTGTAGG; RC

of nt 38–50. T7: AACTAGAGAACCCACTGCTTACTG;

nt 827–850 of the pcDNA3 vector. SP6: ACGGGG-

GAGGGGCAAACAAC; RC of nt 1068–1087 of the

pcDNA3 vector. XD: GGTCTAGAGTGAACCGTCACA-

GATCAGC; nt 534–553 of the plasmid DUP4-1. CD:

CCATCGATAGGCAGAATCCAGATGC; RC of nt 1215–

1232 of the plasmid DUP4-1.

2.3. DNA isolation, sequencing and computer analyses

Phenol extraction of MDCK cells and cloning procedures

in plasmid DNA and restriction analyses were carried out as

described [45]. DNA sequencing was performed using the

dideoxy chain termination method with the Sequenasek
enzyme as described by the manufacturer. ClustalW align-

ment and ESE search were performed on-line at http://

www.workbench.sdsc.edu, and at http://www.exon.cshl.

org/ESE (Cartegni, L., Zhu, Z., Zhang, M., and Krainer,

A. 2000), respectively.

2.4. PCR amplification of the a domain genomic

environment

Genomic DNA (0.1 Ag) from MDCK cells was used as

template in a PCR reaction with primers C3/B3. These were

targeted, respectively, to the coding sequences of the acidic

and the proline-rich domains of the canine ZO-1 [35]. The

PCR was carried out in the presence of 1.75 mM MgCl2,

and 2.5 U of Elongasek Enzyme Mix (Gibco-BRL).

Samples were denatured at 95 jC for 5 min, followed by

35 cycles of 1.5 min denaturing step at 95 jC, 3-min

annealing step at 55 jC, and 6-min extension step at 65

jC. A single genomic 1898-bp product was amplified,

which was analyzed by restriction mapping. Nested PCR

of this fragment was carried out with primers C2/B.

2.5. Constructs

Plasmid pNoTA5: The 1898-bp band amplified by PCR

was cloned into the pNoTA/T7 vector (5V!3V) following the
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Fig. 1. In vivo splicing of the ZO-1 caAS minigene transcripts. (A)

Schematic representation of the pcaAS minigene construct, drawn to scale.

White boxes represent the acidic domain (AD), and proline-rich domain

(PD) exons. The gray box indicates the a domain exon (a exon). The thin

lines represent the a, and PD introns. T7 and SP6 arrows, respective phage

transcription start sites. The thick arrow indicates the CMV transcription

start site. As a reference, the coding domains of the canine ZO-1 cDNA

appear underneath. Doted boxes, PDZ domains; crosshatched box, SH3

domain; and hatched box, Guanylate kinase, GUK, domain. (B) MDCK

(M), HeLa (H), SH-SY5Y (S) and C6 (C) cells were transfected with the

pcaAS plasmid. RT-PCR reactions were carried out 48 h post-transfection.

Using the set of primers C3/B3, the amplified products (lanes 1–5, 8, and

10) corresponded to the a+ (+; 913 bp) and/or the a� (� ; 673 bp)

transcripts. Mock-transfected HeLa cells rendered no products (lane 4). In

nested PCR experiments, using primers C2/B, this cell line yielded a+ (576

bp) and a� (336 bp) transcripts. The neural cell lines lacked the specific

a+ expected product (280 bp), when monitored with the C3/44� primers

(lanes 7, and 9). As a positive control, the mRNA of untransfected MDCK

cells was used (lane 2). Lane 1 (m), 100-bp ladder (Gibco-BRL).
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instructions of the manufacturer. From the positive candi-

dates, clone pNoTA5 was selected for subcloning proce-

dures and sequencing. The pNoTA5 insert along with part of

the flanking polylinker sequences were used for expression

purposes. Plasmid pcaAS: pNoTA5 was digested with

BamHI, and the 1898-bp wild-type minigene insert was

subcloned in the BamHI site of pcDNA3 expression vector

(Invitrogen). Plasmids pM3ssI1, pM5ssI2, pD3Vint1, and

pD3Vint2: These plasmids were generated utilizing the

QuikChangek Site-Directed Mutagenesis kit (Stratagene)

as recommended by the manufacturer. The primers used

were 31+/31� , 52+/52� , 3Vint1+/3Vint1� , and 3Vint2+/
3Vint2� , respectively. In all cases the template was the

pcaAS plasmid. Plasmid paDUP: The 400-bp Bst1107–

PstI fragment of pcaAS was blunted and subcloned in the

blunt-repaired ApaI and BglII sites of the DUP4-1 plasmid

(a generous gift of D. Black and E.F. Modafferi). Plasmid

p5VBP: The 638-bp BamHI–HincII fragment of pcaAS was

subcloned into the BamHI, and EcoRV sites of the pcDNA3

vector. Plasmid p3VBP: The 1250-bp HincII–BamHI frag-

ment of pcaAS was subcloned into the Klenow-blunted

HindIII site, and BamHI site of the pcDNA3 vector. Plasmid

paU: The 196-bp HaeII fragment of the AX174 phage was

inserted in the EcoRV site of pBlueScript KS. The 229-bp

HindIII–BamHI fragment of this plasmid was linear-ligated

to the 584-bp Xba–HindIII fragment of the pNoTAh plas-

mid (the human counterpart of plasmid pNoTA5) so as to

rescue the configuration AD exon–a intron—the initial 8-

bp of the a exon, thus reconstructing the initial 13-bp of the

a exon. The resulting 813-bp Xba–BamHI fragment was

subcloned in the same sites of pBlueScript KS. This plasmid

was cut open with BamHI to insert the 659-bp BamHI–

BstYI fragment from pNoTAh, which contained the last 12

bp of the a exon and part of the PR intron. The KpnI–XbaI

fragment of this clone (comprising AD exon–a intron–A
substituted a exon, which has the 5V splice site of the PR

intron intact) was ligated in the same sites of the pNoTAh.

Finally, the whole substituted human minigene, flanked by

XbaI sites, was subcloned into the same site of the pcDNA3

vector. Plasmid pCKpn: The 808-bp KpnI fragment of

pcaAS was subcloned in the same site of the pcDNA3

vector. Plasmid pD80: The 1818-bp HpaII–EcoRV frag-

ment of pNoTA5 was subcloned in the EcoRV site of the

pcDNA3 vector. Plasmid pD35: The 603-bp BclI–HincII

fragment was replaced in the HindIII and HincII sites of

pcaAS. Plasmid p80S: The 1818-bp HpaII–XbaI fragment

was subcloned in the SmaI site of pBlueScript KS + vector.

The insert of this intermediary was rescued with EcoRVand

XbaI, and subcloned behind a 73-bp fragment comprising

exons 6 and 8 of the cDNA of the h subunit of the L-type

calcium channel (in the Klenow-repaired HindIII site, and

the XbaI site, respectively). The 5V end of the canine

minigene of the later plasmid was rescued with KpnI

(harboring the substitution of the initial 80 bp), which was

used to replace the KpnI 808-bp fragment of the wild-type

minigene in the plasmid pcaAS. Plasmid pD30SI: The PCR
product generated with primers C3/50E1 was cloned in the

HindIII site of the pD80 plasmid, in reverse orientation.

Plasmid pDX: The 280-bp XhoI fragment was deleted from

plasmid pcaAS. Plasmid pD105: The 105-bp PpuMI–

EcoRV fragment was deleted of pcaAS. Plasmid pDH:
The 1527-bp HhaI fragment of pcaAS was repaired and

subcloned into the EcoRV site of the pcDNA3 vector.

Plasmid pDPDE: To eliminate the 87 bp between the BstEII

and XhoI sites of the PD exon, the 300-bp XhoI fragment of

the pcaAS construct was repaired and inserted in the BstEII
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and XhoI repaired sites of the pcaAS plasmid. Plasmid

pXglo: The Klenow-blunted PCR product of DUP4-1, using

primers XD/CD, was inserted in the Mung Bean blunted

PpuMI site of pcaAS. Plasmid pXD100: The 100-bp Hin-

dIII–AvaII fragment was deleted from pDX. Plasmids

pD35DX and pD80DX: The 280-bp XhoI fragment was

deleted from plasmids pD35 and pD80, respectively.

2.6. Transfection and RT-PCR analyses

RT-PCR analyses for in vivo splicing reactions of the

ZO-1 minigene constructs were carried out as follows. All

expression constructs were transfected into epithelial (HeLa

and MDCK), and neural (SH-SY5Y and C6) cells using the

LipofectAmine Plusk Reagent (Gibco-BRL) according to

the instructions of the manufacturer. Transfection efficien-

cies were greater than 90% as monitored with a Lac-Z

reporter plasmid. Total RNA was purified from the cultures

as described [46], 48 h post-transfection, and contaminant

DNA was eliminated with RNAse-free DNAse I as de-

scribed [47]. Splicing products of the constructs were

revealed using the SuperScriptk One-Step RT-PCR System

(Gibco-BRL), suitable PCR conditions and the appropriate

set of primers (as indicated in each figure), according to the

manufacturer. In most reactions, one of the primers was
Fig. 2. Intronic and exonic cis-acting elements of the caAS minigene. (A) Comp

poly-pyrimidine tracts of the ZO-1 minigene with consensus. Nucleotides not corre

SR proteins (SF2/ASF, SC35, SRp40, SRp55 and 9G8) found within the ESS an

appears underlined. The search was done with the ESE finder program (v1.1). In
targeted to the vector, to monitor the transcripts of the

transfected clones. For this reason, some PCR products

are larger than the length of the a exon, and vary among

different constructs because most of the deletions are

internal with respect to the target sites of the primers. In

all cases, minus RT reactions were analyzed (e.g. Fig. 5).

Since large amounts of unspliced precursors were obtained,

the relative amounts of PCR products were estimated by

comparison with h-globin pre-mRNA amplified in parallel

(e.g. Figs. 5 and 6). Typical results from SH-SY5Y and

HeLa cell cultures are shown. The identity of the PCR

products was verified by restriction analysis or sequence

analyses, or both. Our RT-PCR results were also performed

with total RNA purified with phenol-free RNA purification

procedures (Micro-to-Midi Total RNA Purification System;

Invitrogen). We found no differences between both methods

(e.g. Figs. 6 and 8). RT analyses for BPS identification were

carried out with 30 Ag of total RNA from transfected cells or

with the whole in vitro splicing reactions. Primers used were

2196� for the PD intron, and 44� for the a intron. Primers

(0.5 Ag) were labeled with 50 ACi [32P]-dATP (NEN Life

Science) and 25 U of T4 Polynucleotide Kinase (Boeh-

ringer) as recommended by the supplier, for 0.5 h at 37 jC.
RT reactions contained 3� 105 dpm of labeled primers, 10

mM DTT, 0.5 mM each dNTP (Sigma), 0.25 U RNAsin, 3
arison of the 5Vsplice sites, the 3Vsplice sites, Branch Point Sequences and

sponding to consensus are underlined. (B) Putative binding sites of different

d ESE elements of the ZO-1 minigene. The negative regulator of the ESS

some cases, two (**) or three (***) overlapping sites were found.



Fig. 3. Identification of functional branchpoint sequences (BPSs). Primer

extension analysis was carried out to detect the functional BPSs involved in

the splicing of the a exon. (A) One strong sequence is the functional BPS

for PD intron. MDCK cells were transfected with the plasmid pD3VSSINT-
2. Forty-eight hours later, RNA was obtained and primer extension was

carried out. Transfected cells yielded two stop signals (at nt 212, and nt

213) and a read-through product (lane 1). Negative controls were non-

transfected cells and yeast tRNA (lanes 2 and 3, respectively). Sequencing

reaction was carried out with the same primer (2196� ) to identify the

functional BPS. (B) Run-off transcripts from the T7 promoter of plasmid

pD3VSSINT-1 were incubated in HeLa nuclear extracts prior to primer

extension analysis. Two stop signals and a read-through product were

detected (at nt 193, and nt 169; lane 1) for the a intron. No signals were

detected in the yeast tRNA negative control (lane 2). Sequencing reaction

was carried out with the same primer (44� ). Stop signals (arrowheads) and

unspliced precursors are shown to the right. The sequences of the BPSs

appear to the left.

Fig. 4. The a exon is flanked by weak 3Vand 5Vsplice sites. The 3Vsplice
site (p3VSSI1, solid arrow) and the 5Vsplice site (p5VSSI2, open arrow)

flanking a exon were mutated to consensus (top and bottom), and the effect

was analyzed using in vivo RT-PCR splicing assays in SH-SY5Y cells (mid

section). Lane m, 100-bp DNA ladder. Arrowheads, unspliced precursors

(bands of 1734 and 1654 bp, respectively). +, a+ transcripts (749-bp band).

� , a� transcripts (429-bp band). The wild-type (wt) and mutated (mut;

underlined) splice sites are shown. PCR primers were: T7/2196� for

p5VSSI2; C3/2196� for p3VSSI1.
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mM sodium phosphate, 40 Ag/ml Actinomycin D and 20 U

SuperscriptIIk (Gibco) enzyme, in the enzyme buffer, and

were incubated for 2.5 h at 42 jC. Annealing was carried

out at Tm � 5 jC for 0.5 h. Total RNA from mock trans-

fected cells and 10 Ag of yeast tRNA were used as controls.

Reactions were stopped with 1 Al of 0.5 M EDTA and 0.5

Ag each RNAses A and T1. After phenol extraction and

ethanol precipitation, extended products were electrophor-

esed on the side of sequence reactions carried out with the

same primers. In vitro splicing reactions were set with 5 ng

of synthetic transcripts and 50 Ag of HeLa nuclear extracts

(Gibco-BRL) in the RNA Splicing System (Promega) as

recommended by the manufacturer. Reactions were incu-
bated for 2 h at 30 jC. Products were phenol-extracted and

ethanol-precipitated prior to use in the RT reactions.

2.7. Synthetic transcripts

For the a intron BPS identification, 1 Ag of KpnI-digested
plasmid pD3Vint1 was used as template. Run-off transcripts

were synthesized with the Riboprobe System T7 (Promega),

as recommended by the manufacturer, in the presence of a

fourfold molar excess of the m7G(5V)ppp(5V)G CAP analog.
3. Results

3.1. The a exon is skipped in non-epithelial cell lines

Fig. 1A depicts the pcaAS minigene construct used in

this work. In agreement with the canine ZO-I cDNA [35], it

contains part of the acidic domain (AD exon, 236 bp), the a

domain (a exon, 240 bp), part of the proline-rich domain

(PD exon, 437 bp), and two intervening sequences (Gen-

Bank accession no. AF169195). The a intron and the PD

intron were 332 and 653 bp, respectively. In Fig. 2A, the 5V
and 3Vsplice sites of both introns were compared with cano-

nical splice sites. The 5Vss of the a intron and the 3Vss of the
PD intron were canonical. The latter with a poly-pyrimi-

dine tract (U6 stretch) 6 nt upstream from the 3Vss. The
remaining splice sites were not canonical. Assuming that the

AD and PD exons are constitutively recognized—probably
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because they have good exon recognition elements and/or

good interactions between 5Vss and 3Vss binding factors and

polyadenylation factors—it is possible that the a exon

inclusion might be subject to negative regulation in non-

epithelial cells. This assumption agrees with the early ZO-

1a� expression (8-cell stage) and late ZO-1a+ expression

(32-cell stage) during mouse development [48]. Also, this

suggests that for the a exon inclusion, auxiliary factors

might be required in addition to the basal splicing machin-

ery. Such factors could be involved in the recognition of the

a exon–intron boundaries. To explore these possibilities,

we focused on the identification of cis-acting elements

involved in the alternative splicing of the a exon in the

pcaAS minigene.

In vivo splicing reactions in different cell lines were

carried out. Non-transfected MDCK cells rendered a 5:1

ratio of a+/a� products (Fig. 1B, lane 2). This ratio was

somewhat modified when the pcaAS construct was trans-

fected to this cell line (Fig. 1B, lane 3). Possibly, the

overexpressed minigene competed for the splicing machin-

ery. In transfected epithelial HeLa cells, the main product

was a� (Fig. 1B, lane 5), and nested PCR of the same

reaction mix revealed that the a+ product was present also,

although to a lesser extent (Fig. 1B, lane 6). No ZO-1

transcripts were detected in mock-transfected HeLa cells

(Fig. 1B, lane 4), because of the low ZO-1 expression in this

cell line. The pcaAS construct was tested also in SH-SY5Y

and C6 (neural) cells, because they do not express ZO-1 and
Fig. 5. The a exon does not contain elements involved in its alternative splicing. To

plasmid [10]. The a exon was replaced with non-related sequences in the paA co

p3VBP constructs. Bottom: In neural (SY-SY5Y) and epithelial (MDCK) cells, the D

of 804 bp), whereas the paDUP construct (lanes 3, 4, 7, and 8) rendered a� trans

MDCK cells (band of 568 bp). The remaining constructs were tested in neural cells

995 bp). The unspliced precursors of the constructs p5VBP, and p3VBP were 715

construct p3VBP was 273 bp. PCR primers were: XD/CD for DUP4-1 and paDUP;

indicate unspliced precursors; + and � indicate the a+ and a� transcripts. RT+

reactions. The transcripts of the h globin input controls are shown.
may lack epithelial-enriched trans-acting factors. In these

cell lines a� products were detected only (Fig. 1B, lanes

8 and 10, respectively), and no a+ products were obtained

in nested PCR experiments (Fig. 1B, lanes 7 and 9,

respectively). These results reflect the actual expression of

the ZO-1 alternative splicing in epithelial cells (and what

was expected from cell lines devoid of ZO-1), and sug-

gested a possible enrichment of the splicing auxiliary factors

in epithelial cells.

Two putative BPSs in the a intron and one in the PD

intron were identified (Fig. 2A) when compared to others

previously reported [49–51]. To search for the functional

BPSs, inactive 3Vsplice sites pcaSA derivatives of both

introns were generated. The PD intron BPS was identified

by transfection of the pD3Vint2 construct into HeLa cells,

followed by primer extension analysis. As expected, the

extended product ended in an A residue (nt 1441 of

caAS), 20 bp upstream from the 3Vss (Fig. 3A) in a

nearly canonical BPS, UGUACUGAACCGU. An addi-

tional contiguous A also rendered a stop signal, probably

due to a bypass effect of the primer extension analysis.

For the a intron BPSs, the pD3Vint1 construct was also

tested in vivo but we were not able to detect any signal

from these assays (not shown). Therefore, synthetic tran-

scripts of the pD3Vint1 derivative were incubated in HeLa

nuclear extracts prior to primer extension analysis. These

reactions showed that two A residues (nt 442 and nt 466

of caAS), at 127 and 103 nt from the 3Vss, might be
p: In the construct paDUP, the a exon replaced the mini-exon of the DUP 4-1

nstruct. The paAS construct was split in two, giving rise to the p5VBP and

UP4-1 construct (lanes 1, 2, 5, and 6) rendered unspliced precursors (bands

cripts (bands of 328 bp). This latter construct also rendered a+ transcripts in

only. The paA construct (lane 9) yielded a-replaced A transcripts (band of

and 926 bp, respectively (lanes 10 and 11). The a+ product obtained from

T7/SP6 for paA; T7/44� for p5VBP; 159+/2196� for p3VBP. Arrowheads
and RT� indicate the presence or absence of reverse transcriptase in the



Table 1

Putative cis-acting elements found in the canine aAS

Sequence System Reference Position

in aASa

UGCAUG EIIIB Fibronectin [8] 968

c-src [10]

UCBBCRAUCAAC Dsx [75] 178

603

CAGGUAAGAC CT/CGRP [9] 234

BGGG h-Tropomyosin [76] 71

512

675

910

1017

1346

1539

1836

AGUGCUGUGU Myosin heavy chain [77] 635

AGUGCUGUGU (Drosophila) 1102

1525

CAACGACGA Drosophila RSF1 [78] 178

AAACGCGCG 603

TGC(n)YYYY Actinin [55] 816

GAAR-type Caldesmon [14] 1699

1720

1819

1855

Troponin-T [15] 1486

tat-rev exon HIV [16] 308

c-src [33] 1486

B =A or U; R= purine; Y= pyrimidine.
a Sequence hits found in aAS were not always identical.
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utilized as BPSs in vitro (Fig. 3B). These BPSs are far

from canonical, UUAAAUAAGGAUG and UUUUGUUA

UUCAG, respectively. The A466 residue is utilized 5–10-

fold less efficiently than the A442 residue. Surprisingly,

no clear poly-Y tract is around these residues. A stretch of

eight uridines was located 5 bp upstream the A442 and a

poly-Y-rich sequence of 25 nt (including the A466 resi-

due) is located 10 bp downstream the A442. Although any

of the putative poly-Y tracts might be functional for both

BPSs detected, it must be noted that none of them

resemble typical poly-Y tracts.

The weak splice sites flanking the a exon were analyzed

in a similar way as those of the fibronectin exon EIIIB [26].

The 3Vss of the a intron and the 5Vss of the PD intron were

replaced with stronger splice sites, then we monitored the a

exon inclusion in SH-SY5Y cells. Albeit most of the

products observed were unspliced precursors, the PD intron

5Vss mutant (Fig. 4, lane 2) was efficiently recognized as a

strong splice site by the cell’s splicing machinery. In

contrast, the a intron 3Vss mutant (actually a strengthened

poly-Y tract mutant) was not recognized as such (Fig. 4,

lane 3), probably because the branch point sequences of this

intron were located farther upstream.

Whether the a exon contained cis-elements that pro-

moted its alternative splicing in a non-epithelial back-

ground was also explored in SH-SY5Y cells. The a

exon, along with 54 bp of the adjacent a intron and 10

bp of the adjacent PD intron, was inserted in a foreign

minigene construct, h-globin (DUP4-1). Like the 7-nt

mini-exon of the troponin I gene that behaves in different

cell lines [52], the DUP4-1 construct rendered unspliced

precursors (Fig. 5, lane 1), because in order to include this

miniexon at least 177 bp of intronic enhancer sequences is

required [10]. The aDUP construct rendered a� products

in neural cells (Fig. 5, lane 3), and both a+ and a�
products in MDCK cells (Fig. 5, lane 7). This suggested

that, in an epithelial context, the a exon or the flanking

intronic sequences (ca. 100 bp upstream and 15 bp

downstream of the a exon) might contain exon inclusion

control elements. Therefore, most of the a exon sequences

were substituted with non-related phage sequences, keep-

ing 13 and 12 nt of the flanking wild-type 3Vand 5Vsplice
sites. The aA substituted exon was included by the neural

cells’ splicing machinery (Fig. 5, lane 9), suggesting that

some intronic sequences might be playing a role in the a

exon inclusion process. Taken together, our results reflect

the difference in strength of the 3Vsplice sites of both

introns, the apparent preferential distal 3Vsplice site selec-

tion in neural cells, and the possible need of epithelial-

enriched factors for a exon inclusion. They also suggest

that the a exon lacks cis-acting elements that control its

alternative splicing, and that recognition of the adjacent

3Vss and 5Vss (and other intronic sequences) by trans-

factors suffices to carry out the inclusion process. There-

fore, we first searched for splicing enhancer/silencer ele-

ments outside of the a exon.
3.2. Two exonic elements in the flanking constitutive exons

are involved in a exon inclusion/skipping

The caAS minigene was analyzed with the ESE finder

program to search for repeated hexamer-like patterns or

elements relevant for a exon alternative splicing. Fig. 2B

and Table 1 show all putative motifs found within the caAS

minigene, including binding sites for SR proteins. Many of

these motifs were not exact matches with the reported

sequences and none of them have been directly tested to

be involved in this process. To disclose any possible

functionally active cis element, deletion derivatives of the

pcaAS construct and in vivo splicing assays were carried

out.

From the p5VBP construct (AD exon–a intron–68 bp of

the a exon), only unspliced precursors were obtained (Fig.

5, lane 10), suggesting either that the AD exon might

contain an exonic splicing silencer (ESS), or a more

complex a intron splicing control. The p3VBP derivative

(172 bp of the a exon–PD intron–PD exon) rendered a

exon–PDE spliced products (Fig. 5, lane 11), suggesting

that PD exon might contain an ESE. These findings support

the notion that, although not fully evident, the first intron

might contain negative elements affecting this splicing

mechanism.

Deletions at the 5V end of pcaAS defined the putative

ESS in the AD exon. The neural cells transfected with the
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construct pCKpn (AD exon–a intron–a exon) rendered

unspliced products only (Fig. 6, lane 2). Upon deletion of

the initial 80 bp of the AD exon, we observed a+ and a�
transcripts also (Fig. 6, lane 4), whereas deletion of the first

35 bp resulted in a+ and unspliced transcripts (Fig. 6, lane

3). To test this ESS element, corresponding substitution and

inversion constructs were made. In construct p80S the ESS

was replaced with different exons, resulting in the rescue of

a�, unspliced and minute amounts of a+ products (Fig. 6,

lane 6); sequence analysis revealed that such a+ products

were originated from an upstream cryptic splice site. In the

pD30SI clone, the initial 45 bp of the ESS was cloned in

reverse orientation. This resulted in the inclusion of the a

exon as well (Fig. 6, lane 5). Altogether, this suggested that

the ESS is a bipartite regulator of the a exon. The initial 35

nt acts proximally as a negative regulator, and the remaining

45 nt acts as a distal positive regulator. This configuration,

although localized in the flanking AD exon, resembled the

one present in the EDA exon [27].

The minimal sequence of the putative ESE was localized

in the middle of the PD exon. Deletion of the distal 280 bp
Fig. 6. Two exonic elements antagonistically regulate the a exon skipping. To lim

localized in the PD exon, several pcaAS deletion derivatives were made (top) and

Unspliced precursors were obtained with constructs pCKpn (lane2, band of 715

addition to unspliced precursors (band of 1598 bp), a+ (band of 613 bp) and a�
(lanes 3 and 4) yielded unspliced precursors (bands of 1735 and 926 bp) and a+ tra

a� transcripts and the unspliced precursor. To test the ESS element, constructs pD

the ESS was inverted, which rendered unspliced precursors and a+ products. In

construct yielded unspliced precursors, and a+ and a� transcripts. The ESE el

pDPDE, lane 10) and by inserting the whole DUP4-1 minigene in front of the ES

a� transcripts, whereas the pXglo construct rendered transcripts in which one, tw

1240 and 1117 bp). The pcaAS control (lane 1) rendered a� transcripts (753-bp b

for pD35, pD105, pDH, and pDPDE; C2/2196� for pD80 and p80S; T7/729�
unspliced precursors; + and � indicate the a+ and a� transcripts. The transcrip
of pcaAS (pDX) resulted in unspliced precursors only (Fig.

6, lane 7). In contrast, deletion of the terminal 105 bp

(construct pD105) resulted in a exon skipping (Fig. 6, lane

8). Deletion of the initial 177 bp and the last 194 bp of

pcaAS (construct pDH) allowed the rescue of a� and a+

transcripts (Fig. 6, lane 9). Elimination of PD exon sequen-

ces other than the ESE in construct pDPDE did not render

different products compared to the wild-type construct (Fig.

6, lane 10). Therefore, the putative ESE resides in the XhoI–

HhaI 83-bp fragment of the PD exon. Insertion of the whole

h-globin minigene in front of the ESE resulted in transcripts

where a exon was always spliced to the interrupted PD

exon. Some of these transcripts have not eliminated all the

h-globin introns (Fig. 6, lane 11). Apparently, this ESE is

facilitating distal 5Vss recognition and it may function

proximally, although inefficiently, in the absence of the

putative ESS (as was observed with the pDH construct).

These ESS and ESE that appear to be involved in the

alternative splicing of the caAS minigene reside outside of

the a exon and differ in character from others reported

previously, but resemble the configuration that controls the
it the minimal sequences of the ESS localized in the AD exon and the ESE

were tested by in vivo RT-PCR splicing assays in SH-SY5Y cells (bottom).

bp) and pDX (lane 7, band of 1734). With the construct pDH (lane 9), in

(band of 373 bp) transcripts were observed. The constructs pD35 and pD80

nscripts (bands of 710, and 273 bp). The pD105 derivative (lane 8) rendered

30SI and p80S were made (lanes 5 and 6). In the former, the initial part of

the clone p80S, the ESS was replaced with other exonic sequences. This

ement was further tested by deleting 82 bp in front of the ESE (construct

E (construct pXglo, lane 11). The pDPDE construct rendered unspliced and

o or all introns upstream of the ESE were eliminated (bands of 1381, 1250,

and). PCR primers were: T7/B3 for pcaAS; T7/44� for pCKpn; T7/2196�
for pD30SI; C3/SP6 for pDX; 159+/SP6 for pXglo. Arrowheads indicate

ts of the h globin input controls are shown.
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alternative splicing of the fibroblast growth factor receptor 2

alternative exon [53]. Coincidentally, several potential bind-

ing sites for SR proteins were located within the ESS and

ESE elements (Fig. 2B).

3.3. A possible mechanism of action of the ESS and ESE

The presence of partially spliced precursors suggested

that the first event in a exon inclusion could be the

elimination of the PD intron and, more importantly, that

an intact ESS element is required for appropriate a exon

inclusion/skipping. Fig. 7 shows that partially spliced pre-

cursors were obtained with constructs which lacked one

(pDH) or both (pXD100 and pD80DX) ESS and ESE

elements, or lacked the repressor component of the ESS

(pD35DX). In the products from these constructs the a

intron was not eliminated, suggesting a cross-talk between

the activator of the ESS with the ESE to carry out a exon–

PD exon fusion. Also, the repressor portion of the ESS

appears to act proximally towards the 3Vss of the a intron.
Fig. 7. Partially spliced intermediaries. The constructs pXD100 (lane 2),

pD35DX (lane 4) and pD80DX (lane 5) rendered unspliced precursors

(bands of 1675, 1779 and 1734 bp, respectively), and partially spliced

intermediaries (bands of 1122, 1126, and 1081 bp, respectively). In the pDH

control (lane 3), the unspliced precursor (1750 bp), the intermediary (1122

bp), the a+ (co-migrating with the 1122-bp band) and the a� (340 bp)

transcripts were observed. Lane 1, 100-bp ladder. Primers were: T7/2196�
for pXD100 and pDH: T7/SP6 for pD35DX and pD80DX. Arrowheads

indicate unspliced precursors; + and � indicate the a+ and a� transcripts;

* indicates the partially spliced intermediary.

Fig. 8. The functions of the ESE and ESS are bypassed in epithelial cells.

Representative clones were transfected into MDCK (epithelial) cells.

Plasmids pDX (lane 2) and pCKpn (lane 6) rendered a+ products (bands of

749 and 383 bp, respectively). These plasmids yielded unspliced precursors

when transfected into neural cells. As expected, plasmids pXD100 (lane 3),

pDH (lane 4), and p3VBP (lane 5) also rendered a+ products (bands of 417,

613, and 273 bp, respectively). For pXD100 and p3VBP, unspliced

precursors were also obtained (bands of 1070 and 826 bp, respectively).

The pcaAS positive control yielded both a+ and a� transcripts (bands of

669 and 429 bp). PCR primers used were: C3/2196� for pcaAS; C3/SP6

for pDX; 159+/SP6 for pXD100; T7/2196� for pDH; 159+/2196� for

p3VBP; and T7/44� for pCKpn. Arrowheads indicate unspliced precursors;

+ and � indicate the a+ and a� transcripts.
The effect of this repressor seems to be stronger than the

coordinated action of both activators. It is possible that the a

exon–PD exon fusion is required to overcome the function

of the repressor, probably by facilitating the recognition of

the weak 3Vss of the a intron or by shortening the distance

between both activators. Finally, these data are in agreement

with the requirement of an intact ESS element for an

adequate control of the alternative splicing of the a exon.

3.4. The a exon inclusion is predominant in epithelial cells

Since the a+ transcripts were obtained in transfected

epithelial cell lines only, it is possible that redundant

auxiliary splicing factors could recognize the various ele-

ments in nascent caAS transcripts, even when some of them

are deleted. Examples of all pcaAS derivatives that were

tested in epithelial MDCK cells are shown in Fig. 8. In

contrast to neural cells, constructs pDX and pCKpn ren-

dered a+ transcripts (lanes 2, and 6, respectively). As

expected, the positive control constructs pDX100, pDH,

and p3VBP yielded a+ products (lanes 3, 4 and 5, respec-

tively). An explanation for these results is that some splice

site-binding, ESE-binding, ESS-binding and bridging fac-
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tors, which are capable to carry out their functions in a two-

or three-exon systems, might be enriched in epithelial cell

lines. These results also showed the otherwise unobserved

capacity of all minigene derivative constructs to undergo

splicing.
4. Discussion

In this work we studied the alternative splicing of the a

exon in a minigene system of ZO-1 pre-mRNA by means of

in vivo splicing analyses in cell lines devoid of ZO-1

expression. Two antagonistic exonic elements, ESS and

ESE, appear to control the alternative splicing process.

Notably, such elements were localized in the constitutive

flanking exons rather than in the a exon itself. Skipping of

the a exon was preferred in non-epithelial cell lines with

few or no epithelial-enriched auxiliary splicing factors.

Sequence and functional data of the caSA minigene

revealed that the a exon is flanked by weak splice sites,

whereas strong splice sites flank the adjacent constitutive

exons. Although a single mutation strengthened the 5Vss of
the PD intron, a synthetic poly-Y tract did not result in better

recognition of the 3Vss of the a intron. Partially spliced

intermediaries containing the a intron were rescued as well.

While the BPS of the PD intron was identified at an

appropriate distance of the 3Vss, the a intron non-canonical

BPSs were localized far from the 3Vss, and had undefined

poly-Y tracts. It is possible that the pyrimidine-rich tract

downstream from the main a intron BPS (A442) might

function as a bona fide poly-Y tract. The poly-U stretch

upstream of this BPS could be utilized instead, in a similar

fashion as has been reported for the 59-nucleotide intron of

the Drosophila mle gene [54]. This possibility must be taken

cautiously because there is no conservation in sequence and

intron length between the two systems. In this respect, the a

intron of the ZO-1 minigene is more similar with the a-

actinin SM intron. PTB-mediated steric repression of the

SM exon in non-SM cells and extracts has been reported

[55]. When PTB binds to TCTT motifs [56] located just 54

bp away from the NM 5Vsplice site, it competes U1 binding

[55]. Three TCTT motifs were detected just 30 nt upstream

of A442 but we have not critically tested PTB-mediated a

exon inclusion steric repression. Such repression could

occur in the caAS system in a different way as observed

for the a-actinin system. Another possibility is that PTB,

and other epithelial cell factors, might be defining the

branch point sequence to be utilized as has been suggested

before [57], selecting the same 3Vsplice site regardless of the
distance between them [1].

We propose that the strengths of the splice sites of our

minigene are: the a intron 5Vssithe PD intron 3Vss>the PD
intron 5Vss>the a intron 3Vss. This is based on three

observations: first, the sequence complementarity between

the U1 snRNA and the AD exon and the a exon [58,59];

second, the features of the BPSs and poly-pyrimidine tracts
of the a and PD introns [1,51]; and third, our functional

data, in particular, the ease in which the a exon is spliced to

the PD exon.

Apart from the flanking 3Vand 5Vsplice sites, no func-

tional elements within the a exon were found to participate

in the alternative splicing of our system. We are currently

trying to identify one or more intronic elements around the

a exon that appear to participate in the regulation of this

alternative splicing mechanism.

From the analysis of deletion derivatives we identified

two exonic splicing regulating elements, an ESS and an

ESE, both located in the flanking constitutive exons. These

findings contrast with previous reports on alternatively

spliced exons. An exonic silencer, located in the EDA exon,

regulates the EDA exon skipping of the human fibronectin

mRNA [60], and a 38-bp ESE, located in the exon II, favors

the inclusion of the exon II in the protein kinase C h-II
mRNA [61]. Nevertheless, the function of the ESS and ESE

elements here identified resembles previously reported sys-

tems which are controlled by multiple, although intronic,

elements [53]. In addition, our ESS and ESE contain several

possible binding sites for the SR proteins SF2/ASF, SC35,

SRp55, SRp40, and 9G8. SF2/ASF is involved in the

clathrin light chain B (CLB) neuron-specific EN exon

inclusion [47], and 9G8 and SF2/ASF bind specifically to

the FP element in the last exon of the bovine growth

hormone (bGH) pre-mRNA, promoting its inclusion [62].

Like the ESS and ESE described here, other exons exhibit

redundant and overlapping target sites for different SR

proteins. Multiple SF2/ASF binding sites within the FP

element are required for maximal enhancing activity in vitro

[63]. We have preliminary biochemical evidence on the

interaction of SR and hnRNP proteins with some of these

target sites in the ESS, in the ESE, and the splice sites

flanking the a exon (data not shown).

In non-epithelial cells, the preferred route of splicing was

skipping of the a exon. This could be explained by the

relative strengths of the competing 5Vsplice sites (e.g. Refs.
[26,59,64]) and the lack of regulatory elements within the a

exon. Skipping of the weak a exon is facilitated by the

repressor component of the ESS, whereas its inclusion is

mediated by the combined interaction of the activator com-

ponent of the ESS, and the ESE [34]. Competing antagoniz-

ing epithelial cell factors might be participating as well, in a

similar way as hnRNP A1 promotes skipping, and SF2/A2F

promotes inclusion of the CLB neuron-specific EN exon

[47]. This could be achieved by selection of alternative 5V
splice sites [65] or by differential binding specificities of the

factors involved [66]. We can envisage a competence,

possibly by steric hindrance, between splicing factors for

the repressor and activator portions of the ESS. Furthermore,

in the absence of both the ESS and the ESE elements,

partially spliced intermediaries were rescued, evidencing

the possible first event of splicing. When the ESE was

present alone, all possible transcripts were obtained. The

sole presence of ESS resulted in unspliced precursors.
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An interesting finding was the apparent need of the

integrity of the minigene to maintain splicing efficiency.

Except for point mutations, any deletion or substitution

modified the amount of spliced products. The most dramatic

effects were observed when the ends of the minigene were

modified. Possibly, the factors required for splicing were not

able to interact as well as with the intact transcripts, or the

overexpressed modified transcripts titrated out the necessary

factors to carry out the alternative splicing of the a exon.

Also, the amount of transcripts obtained from several

constructs differed from the wild type. Probably, the pro-

moter structure of such constructs differed from wild type,

thus modifying the rate of splicing [67], or each construct

may be recruiting slightly different splicing machinery

components, thus stimulating RNA polymerase II transcrip-

tion and processivity differently [68], in a reciprocal syner-

gistic manner [69].

Finally, the splicing machinery of epithelial cells re-

versed the behavior observed for our constructs in neural

cells where splicing factors could be in limiting amounts.

This differential behavior between cell lines parallels ZO-

1a+/a� expression during mouse blastocyst formation.

Although ZO-1 is embryonically synthesized after the

mouse genome activates at the 2-cell stage [70], TJ forma-

tion in mouse begins during compaction at the 8-cell stage

and is complete by cavitation (blastocoel formation) at the

32-cell stage [71–73]. In the trophectoderm lineage, ZO-

1a� is expressed early in development and ZO-1a+ is first

expressed before 32-cell stage [48]. In knock-out mice, for

the essential and non-redundant SRp20 splicing factor,

blastocyst formation is blocked at the 32-cell stage [74].

In conclusion, the alternative splicing of a exon requires

a multiple-step combinatorial control to maintain the deli-

cate balance between both ZO-1 isoforms expressed at one

time in epithelial cells. This process involves the weak

splice sites flanking the a exon, and two exonic antagonistic

control elements, localized in the flanking constitutive

exons, with no resemblance to previously reported splicing

enhancers/silencers.
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