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Abstract Robo2, a member of the robo gene family,
functions as a repulsive axon guidance receptor as well as a
regulator of cell migration and tissue morphogenesis in
different taxa. In this study, a novel isoform of the zebrafish
robo2 (robo2 tv2), which included an otherwise alterna-
tively spliced exon (CAE), has been characterized.
Robo2 tv2 is expressed differentially in most non-neuronal
tissues of adult zebrafish whereas robo2 tvI expression to
a great extent is restricted to the brain and eye. In zebrafish,
robo2 tv2 exhibits a very-low-level basal expression
starting from 1 day post fertilization until the mid-larval
stages, at which time its expression increases dramatically
and could be detected throughout adulthood. Our findings
demonstrate that the amino acid sequence coded by CAE of
the robo2 gene is highly conserved between zebrafish and
mammals, and also contains conserved motifs shared with
robol and robo4 but not with robo3. Furthermore, we
provide an account of differential transcription of the CAE
homolog in various tissues of the adult rat. These results
suggest that the alternatively spliced robo?2 isoforms may
exhibit tissue specificity.
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Introduction

Robo family genes, which belong to the immunoglobulin
superfamily of receptors, play evolutionarily conserved
roles in invertebrates and vertebrates with respect to axon
guidance and cell migration (Seeger et al. 1993; Yuan et al.
1999; Marillat et al. 2002; Bagri et al. 2002; Long et al.
2004; Sundaresan et al. 2004). Within this family, the
vertebrate robol, 2, and 3 are known to guide neuronal cell
migration (Wong et al. 2002; Sundaresan et al. 2004) while
robo4 is specifically involved in angiogenesis during
embryonic development (Park et al. 2003).

A common characteristic of immunoglobulin superfam-
ily receptors is the frequent alternative splicing events they
undergo (Brummendorf and Lemmon 2001). For example,
alternative splicing of 7obo/ in the mouse has been shown
to generate two different isoforms, robol and duttl, which
show differential expression patterns. The duttl isoform is
widely expressed in development and is also present in
adult tissues whereas the robol isoform is expressed
strictly in embryonic brain, eye, and kidney tissues (Clark
et al. 2002). In addition, rigl (robo3) has different
isoforms, which are structurally and functionally distinct
(Jen et al. 2004; Camurri et al. 2005). However, no
experimentally confirmed alternative splicing event has yet
been reported in the literature for robo2 or robo4.

The zebrafish, a well-established model organism in the
developmental genetics field, provides a multitude of
opportunities to analyze the extent of alternative splicing
events in a stage- and tissue-specific manner (Kimmel et al.
1995; Shen et al. 2002). Zebrafish express all four robo
paralogs starting from embryogenesis (Lee et al. 2001;
Challa et al. 2001; Bedell et al. 2005). Among these, the
zebrafish robo3 gene has been recently shown to produce
two distinct variants that function in motor axon pathfind-
ing and dorsoventral cell fate specification, respectively
(Challa et al. 2005). Potential alternative splicing events in
other zebrafish robo members remain unexplored.

In zebrafish, robo2/astray is responsible for the proper
retinal axon guidance, anterior—posterior pathfinding,
midline crossing, and fascicular retinal projection (Fricke
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et al. 2001). The predicted amino acid sequence based on
the full-length 70bo2 cDNA sequence (NM_131633; Lee et
al. 2001) indicates that the robo2 protein has an extracel-
lular domain comprising five immunoglobulin domains
and three fibronectin type III domains, a single transmem-
brane domain, and a cytoplasmic domain containing
several conserved motifs. The neuronal expression of
robo2 mRNA in zebrafish is present at 12 h post-
fertilization (hpf) and continues through 72 hpf while the
expression of other robo paralogs, robol and robo3, are
diminished by that time (Lee et al. 2001). In addition to
neuronal expression, zebrafish robo family mRNAs are
present in non-neuronal tissues including pectoral fin buds
during the first 3 days of development (Lee et al. 2001).
However, the larval, juvenile, and adult expression pattern
or function of r0bo2 in non-neuronal cells of zebrafish is
not well known. On the other hand, several studies have
reported the expression pattern and functional contribution
of robo2 in non-neuronal tissues in chicken, rodents, and
humans (Piper et al. 2000; Nagase et al. 2000; Vargesson et
al. 2001; Anselmo et al. 2003; Greenberg et al. 2004;
Grieshammer et al. 2004). A comprehensive study focus-
ing on the human homolog of 70bo2 (KIAA1568) expres-
sion has indicated that robo?2 is expressed in various fetal
and adult tissues but is excluded from adult pancreas, heart,
liver, and skeletal muscle (Nagase et al. 2000). These
findings suggest that robo2 expression may be temporally
and spatially compartmentalized.

Our primary aim was to test the presence of alternatively
spliced forms of robo2 and, if any such forms exist, to
characterize their developmental and tissue-specific ex-
pression pattern. We also investigated whether these
splicing events were conserved between fish and mammals
using the rat as a model system. Our findings indicated the
presence of a highly conserved alternative exon (herein
named CAE) located in the cytoplasmic portion of the
robo2 mRNA. Reverse transcriptase-polymerase chain
reaction (RT-PCR) results showed that CAE was more
likely to be spliced out in neuronal than in non-neuronal
tissues of both organisms. Furthermore, CAE was highly
conserved across the paralogs robol, robo2, and robo4 but
was not incorporated into the robo3 gene structure. These
findings implicated CAE in the production of multiple
robo2 proteins which may perform different functions in
neuronal and non-neuronal tissues.

Materials and methods
Fish husbandry

Zebrafish (Danio rerio), purchased from pet-shops or
provided by the University of Oregon at Eugene, OR, USA
(AB strain), were kept and raised using standard methods.
The fish were maintained on a cycle of a 14-h day and a 10-h
night at 28.5°C. Before they were killed, the animals
were anesthetized with an overdose of tricaine solution

(0.12%). Adult fish were dissected using sterile equipment
to obtain different tissues. The embryos were collected in
the morning following the setup and maintained in plates
filled with system water. Embryos, larvae, and juvenile fish
were staged according to hours post-fertilization (hpf), days
post-fertilization (dpf), and relevant morphological criteria
(Kimmel et al. 1995).

Animals

Nine-week-old, 200 to 250-g male or female Sprague—
Dawley rats were used. They were housed under controlled
environmental condition (22°C) in the animal holding
facility of Bilkent University, Turkey on a 12-h light and
12-h dark cycle. All of the animals received care according
to the criteria outlined in the “Guide for Care and Use of
Laboratory Animals” prepared by the National Academy of
Science and this study protocol complied with Bilkent
University’s guidelines on humane care and use of
laboratory animals.

Comparison of zebrafish robo2 sequences in NCBI
and Ensembl databases

A complete robo2 genomic sequence is not currently
available. However, the Ensembl database contains a
predicted transcript (Ensdart00000014877; http://www.
ensembl.org; WTSI Zv5; Scaffold791) which partially
corresponds to zebrafish robo2 (NM_131633). Several
NCBI zebrafish ESTs, which are aligned primarily to the 5
and 3' ends of the robo2 cDNA sequence (NM_131633),
could also be detected (CK686381.1, AL920855.1,
CN173823.1, CN318984.1, and AlI437295.1). The exon/
intron structure of Ensdart00000014877 in the genomic
assembly was analyzed in further detail by comparing it
with the corresponding Genscan prediction. The most 3’
end of Genscan00000032249 (corresponding to the zebra-
fish chromosome 15: 40,471,855 to 40,472,040 bp; www.
ensembl.org, v37) exhibited a potential alternative exon
which was further pursued in the present study (Sla in
“Appendix”).

Rat robo2 sequences in NCBI and Ensembl databases

A full length rat robo2 mRNA sequence was computation-
ally predicted by NCBI (XM _213677). In the Ensembl
database, several computationally predicted isoforms have
been reported (S1b in “Appendix”); these differed in their
length and their usage of alternative exons including the rat
homolog of CAE (Ensrnot00000044621, Ensrnot0000
0043725, Ensmot00000042437, Ensrnot00000050397,
Ensrnot00000047577, Ensrnot00000046648, Q9QZI3
RAT; Chromosome 11).
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Orthologous CAE in genomic assembly databases

The human, rat, chimpanzee, dog, and chicken homologs
of the zebrafish robo2 protein sequences were extracted
from public databases (GenBank, http://www.ncbi.nlm.nih.
gov; Ensembl, http://www.ensembl.org). Orthologs of
CAE mapped, in general, to Genscan predicted putative
exonic sites near the 3’ end of robo2 [human: Chr. 3:
77,764,315:77,764,497  bp, (Genscan00000045332);
chimpanzee: Chr. 3: 79,987,335:79,987,517 bp, (Genscan000
00073054); dog: Chr. 31: 12416150: 12416332 bp,
(Genscan00000000765)] for all species examined, except
chicken and rat. For chicken, Ensembl provided
Ensgalt00000025020, which included the 3’ end of robo2.
Although this transcript did not contain CAE, its
corresponding  Genscan sequence [Chr. 1: 90,811,644:
90,811,826 bp, (Genscan00000007903)] incorporated a
sequence highly orthologous to zebrafish CAE. In rats,
robo2 CAE was already annotated as transcribed based on
computational prediction algorithms, although this was not
shown experimentally (S1b in “Appendix”). There has
been no EST evidence for CAE for any of the aforemen-
tioned organisms including the rat.
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Primer design

To detect whether the conserved alternative exon (CAE)
was expressed in a developmental and/or tissue-specific
manner in zebrafish, primers have been designed against
various exons in Ensdart00000014877, NM_ 131633,
and the genomic region corresponding to CAE (Chr.
15: 40,471,855:40,472,040; Sla in “Appendix”; Table 1;
Fig. 3). In addition, rat-specific primers were designed
to amplify the rat homolog of zebrafish CAE and the
flanking sequences in the neighboring exons (Slb in
“Appendix”; Table 1; Fig. 6). Degenerate primers
targeting the conserved regions of the CAE and the
flanking sequences (MAMF-MAMRO primer pair) also
were used particularly for sequencing purposes (Table 1).

Total RNA extraction

Dissected fish and rat tissues and embryos were kept in the
RNAlater solution (Qiagen, USA, Cat # 7020) or in liquid
nitrogen before performing RNA isolations. All material
and solutions were treated with diethyl pyrocarbonate to
prevent RNase contamination. RNA extraction was
performed from zebrafish embryos of various dpfs in an
ascending order from embryonic to juvenile stages. RNA

Table 1 Robo2, mipep, and cyclophilin primer sequences and conditions used for RT-PCR for zebrafish and rat cDNAs amplification and

sequencing

Name Sequence (5'-3")

NCBIIF CTCGGCAGCCTGCAGATCAA

NCBI2F AAGACTTCCGCGATGTGATG

E21F CCTTAGTGTCTGACATCGAG

E22R GGACGAGGTCTATGAGGAA

AER ATCATCTTCTGAAGCCGAGC

RATF CCCCTCAGAGCACTAGACCA

RATRI TCCATCCAGCCTAAAACCAG

RATRO TCCCTCCGATGAGGTAACAC

MAMF GAGCACT(G/A)GACCAGAC(T/A)CC

MAMRO T(G/T)GGTCCATCCG(C/T)CCTC

MIPEPF ACATCCTCAGAGAATTGCAG

MIPEPR GGTGCTGGATCTCGATGTT

CYCF GGGAAGGTGAAAGAAGGCAT

CYCR GAGAGCAGAGATTACAGGGT

Primer pair Denaturation Cycle number Denaturation Annealing Extension  Extension
NCBI1F-E22R 93°C, 2 min 40 93°C, 10 s 56°C, 30 s 72°C, 3 min 72°C, 10 min
NCBIIF-AER 93°C, 2 min 40 93°C, 10 s 55°C, 30 s 72°C, 4 min 72°C, 10 min
NCBI2F-E22R 93°C, 2 min 40 93°C, 10 s 56°C, 30 s 72°C, 3 min 72°C, 10 min
NCBI2F-AER 93°C, 2 min 40 93°C, 10 s 55°C, 30 s 72°C, 4 min 72°C, 10 min
E21F-E22R 95°C, 5 min 30 95°C, 30 s 58°C,30s 72°C,30s 72°C, 10 min
E21F-AER 95°C, 5 min 30 95°C, 30 s 58°C,30s 72°C,30s 72°C, 10 min
RATF-RATRI 95°C, 5 min 30 94°C, 30 s 55°C,30s 72°C,30s 72°C, 10 min
RATRF-RATRO  95°C, 5 min 30 94°C, 30 s 58°C,30s 72°C,30s 72°C, 10 min
MAMF-MAMRO  95°C, 5 min 35 95°C, 30 s 55°C,30s 72°C,30s 72°C, 10 min
MIPEPF-MIPEPR 95°C, 5 min 30/35 95°C, 30 s 58°C,30s 72°C,30s 72°C, 10 min
CYCF-CYCR 95°C, 5 min 25 95°C, 30 s 58°C,30s 72°C,30s 72°C, 10 min
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was extracted based on the instructions of the manufacturer
(Qiagen Rneasy Mini Kit, USA, Cat# 74124) from five
embryos, one to five larvae, or one juvenile fish per dpf,
and from multiple adult tissues of two or more zebrafish
(i.e., eye, brain, liver, muscle, heart, caudal fin, pectoral fin,
dorsal fin, spleen, gills, digestive tract, and ovaries). Total
RNA from different rat tissues (brain, liver, kidney, lung,
spleen, heart, skeletal muscle, testes, and ovary) was
isolated by using TriPure Isolation Reagent (Roche Diag-
nostics, USA, Cat # 11667157001) according to the
instructions of the manufacturer.

RT-PCR analysis and sequencing of robo2 products

Equal amounts of total RNA from zebrafish embryo,
larvae, juveniles, and various tissues of adult fish and rat
were converted into the first strand cDNA according to the
manufacturer’s protocols (Fermentas, Canada). PCR reac-
tions were performed using the appropriate primer pairs for
each c¢cDNA sample (Techne, ftGENE2D, Cambridge,
England). Each reaction contained a total of 25-pl reaction
volume that included 1 pg cDNA, 10 pmol reverse and
forward primers, 0.5 ml ANTP (0.2 mM, each), 1.5 mM
MgCl,, 2.5 ul 10x PCR buffer, and 1 unit Tag DNA
polymerase (Fermentas, Canada). PCR conditions for each
primer pair are indicated in Table 1. Size-matched
amplicons with or without CAE from zebrafish and rat
(for primer pairs, see Table 1) were sequenced (lontek
Sequencing Facility, Istanbul, Turkey; ABI PRISM 310
Genetic Analyzer, Applied Biosystems, USA) upon gel

HIQSNNQPPQPPVPPLGYVSGALISDLETDVQBDD&D DEEEALEIPRPLRALNQOTPGSS
HIQSNNQPPQPPVPPLGYISGALISDLETDVPDDDADGDEEEALEIPRPLRALIZQTPGSS

extraction and purification (QIAquick Gel Extraction Kit,
Cat # 28704).

Results and discussion

Identification and conservation of the putative
alternative exon

Transcript and genomic information from the Ensembl
database (Ensdart00000014877 and ENSDARG00000014
891 in Chr.15: 40,369,682-40,475,421; WTSI Zv5) were
used to identify possible alternatively spliced exons not
present in the current robo2 cDNA sequence but predicted
by Genscan (see “Materials and methods” for details). We
previously had observed that primers targeted to a region
spanning 3,955-4,126 bp (E21F-E22R; Table 1) of robo2
mRNA sequence (NM_131633) resulted in amplification
of two different products in zebrafish, suggestive of an
alternative splicing event in r0bo2. A 186-bp sequence,
herein called CAE that corresponds to a region in
chromosome 15 (from 40,471,855 to 40,472,040 bp and
in between 21st and 22nd exons of Ensdart00000014877),
has accordingly been identified. Distant homology
searches for the presence of a CAE homolog in the
human, chimpanzee, dog, rat, and chicken genomic
sequences suggested that CAE was likely to be expressed,
although previously no ESTs with CAE had been reported
(see “Materials and methods” for details). Unlike in
vertebrates, no homologous sequence to CAE could be
identified for invertebrates.

DDDADGDEEEALEIPRPLRALBOTPGSS

S CEDRNFSSHRSSVGSSSDESIFHSGSFAQALVAAADKAG

CRE ]

FRLDGTSLTRTGKRFTSSQRPRPTSPFSTDENTS--‘RLSQEQRPRPTKKHKGGRMDQQF
YRLDGTSLTRTGKRFTSSQREHPTSPFSTDSNTE--‘h*NQSQRPRPTKRHKQGRHDPQP

Human FRNH I QSNNQPPQPPVPPLGYVSGALISDLETDVE
Chimpanzee 1
Dog 1 F
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L
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Chimpanzee [ EMDNLDSSVTGSMVNGWGSAS
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Rat [V EMDNLDSSVTGSMVNGWGSAS
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Human 119
Chimpanzee 119
Dog 119
Rat 118
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Zebrafish 121 3
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Chicken
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Fig. 1 Multiple alignment of the robo2 protein sequences for the
human, rat, chimpanzee, dog, chicken, and zebrafish was performed
using ClustalW 1.8 in BCM Search Launcher (http:/www.
searchlauncher.bcm.tmc.edu/) and then visualized using BOX-
SHADE 3.1 (http://www.ch.embnet.org/software/BOX_form.html).
The conserved alternative exon has been manually translated and
incorporated into the protein sequence when not included in the
original NCBI database sequences. The accession numbers and

location of the amino acid used at the first position of the alignment
are given for each species in parentheses: human robo2
(NP_002933; 1,186), rat robo2 (XP_213677; 1,313), chimpanzee
robo2 (XP_516591; 1,121), dog robo2 (XP 544815; 1,186),
chicken robo2 (ENSGALP00000024974; 1,073), and zebrafish
robo2 (NP_571708; 1,242). The location of CAE and those of the
exons 21 and 22 are depicted using shaded boxes
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Fig. 2 a Multiple alignment of the protein sequences of robo
proteins from different species. Human: robol (NP 002932,
residues 1369-1426), robo4 (NP_061928, residues 872-929); rat:
robol (NP_071524; 1,369-1,426), robo2 (XP_213677; 1,382—
1,441), robo4 (NP_852040; 890-947); dog: robol (XP_544814.2;
1,420-1,477), robo4 (XP_546424.2, 912-969); zebrafish: robol
(NP_571556; 1,388-1,434), robo4 (AAQ10890; 1,014—1,064); and
chicken: robol (XP_416673; 1,690—1,747). The first position shown

Multiple alignment of robo2 orthologous sequences
indicated that the protein sequence of zebrafish CAE was
highly similar to that of human (80%), chimpanzee (80%),
rat (80%), dog (78%), and chicken (80%) CAE (Fig. 1),
whereas the residues from 5’ and 3’ neighboring exons
were not as highly conserved (5’ exon: 62% to human, 62%
to chimpanzee, 62% to rat, 63% to dog, and 68% to
chicken; 3’ exon: 43% to human, 43% to chimpanzee, 33%
to rat, 43% to dog, and 41% to chicken). CAE is predicted
to yield an in-frame insertion without stop codons (Fig. 1).
It corresponds to a region between the second and the third
cytoplasmic domains (between the 1,311th and 1,312th
residues of NM_131633) of the zebrafish robo2 protein
sequence.

The high sequence homology and preserved reading
frame between the orthologous sequences of CAE suggest
that this sequence is functionally important and conserved.
It also is possible that CAE could be incorporated in
multiple robo2 isoforms other than the ones specified in
this study. Robo2 as a guidance molecule might be crucial
for the regulation of cell—cell and cell-extracellular matrix
interactions in adult life.

CAE also was conserved between paralogs robol and
robo4, among different vertebrate taxa (Fig. 2a). Robol,
robo2, and robo4 proteins all possessed a highly conserved
motif (Fig. 2b) exhibiting greater sequence similarity
within the members of a particular paralog (e.g., a paralog-
specific ~ submotif: SMVNGWGSAS for robo2,
SMINGWGSAS for robol, and SLABGWGSAS for
robo4). On the other hand, the conserved motif shown in
Fig. 2b was not present in robo3 in any of the organisms.

One evolutionarily plausible hypothesis to explain the
differential incorporation of CAE into the functional
protein structure of robo family members could involve
the exclusion of CAE in robo3 and tissue-specific inclusion
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in the alignment corresponds to the initial residue given in the
parentheses above. Robo2 CAE sequences are as previously
described in Fig. 1. The last row of the multiple alignment refers
to a consensus sequence. No protein sequence with high similarity to
the consensus motif could be identified for chicken robo4 in the
genome; thus, the chicken robo4 sequence is not aligned. b CAE
motif highly conserved among robo paralogs

of CAE in robo2. On the other hand, robol and robo4 could
contain CAE either constitutively or alternatively, although
no EST without CAE has been reported yet. It is possible
that the incorporation of the CAE into robol and robo4
protein structure might be crucial for their function,
whereas its exclusion could be dispensible or only
condition-specifically advantageous, thus leading to func-
tional divergence in other robo paralogs. The alternative
usage of CAE in robo paralogs accordingly warrants future
functional studies.

E21 e E22
a robo2 tvi -} I
E21 ___ CAEE22
robo2_tv2 i}y B
& & & e \eé\ A.
¢ o8& X 0TV

< robo2_tv2
«— obo2_tv1

c |iiiiIIIlIIIIIIIIIIIIIIIiiiIIIII‘_ m“mp

Fig. 3 Genomic representation and differential expression of robo2
alternative isoforms in zebrafish adult tissues. a Genomic repre-
sentation of robo2 isoforms with or without the CAE. b RT-PCR
results with primers E21F-E22R (Table 1) on various tissues of
zebrafish adults are shown. The expected size of the amplicon is
172 bp when the alternative exon, CAE, is spliced out while
amplicon size increases to 358 bp when CAE is included. The fop
band of the 100 bp DNA Ladder Plus corresponds to 600 bp. ¢ The
RT-PCR of the same tissues also was performed for amplification of
mipep as a house-keeping gene (expected size, 318 bp) using
MIPEP F-R primers
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- roboZ_t2
- robol_tyl

- robod_t2

-— robod_h1

Fig. 4 The expression of robo2 tvl and robo2 tv2 isoforms on
zebrafish brain and liver tissues. a Amplification with forward
primer NCBI1F (NM_131633; 1,593-1,613) and the reverse primer
E22R. Expected sizes of robo2_tvl and robo2 tv2 are 2,534 and
2,720 bp in brain and liver, respectively. The first lane corresponds
to DNA Ladder Plus. b Amplification with NCBI2F (NM_131633;
2,692-2,712) and the reverse primer E22R. Expected sizes of
robo2 tvl and robo2 tv2 are 1,435 and 1,621 bp in brain and liver,
respectively. The first lane corresponds to DNA Ladder Plus.
¢ Amplification with the forward primer E21F (NM_131633; 3,955—
3,974) and the reverse primer E22R (NM_131633; 4,108-4,126).
Expected sizes of robo2 tvl and robo2 tv2 are 172 and 358 bp in
brain and liver, respectively. The first lane corresponds to DNA
Ladder Plus; maximum size shown is 500 bp. d, h RT-PCR of the

Expression pattern of robo2 isoforms in adult
zebrafish and embryonic/larval development

The expression of the transcripts of potential robo?2
isoforms encompassing CAE was investigated in a series
of zebrafish adult tissues including the eye, heart, spleen,

B m‘?bé r&bé %Qbé ﬁﬁb& Q2

—robol vl

- e

Fig. 5 The expression of robo?2 isoforms during zebrafish devel-
opment. a RT-PCR results with the primer pair E21F-E22R
(expected amplicon sizes 172 and 358, with and without CAE,
respectively) performed on cDNAs from various stages: 1, 7, 15, 23,
30, and 53 dpf. The first lane corresponds to 100-bp DNA Ladder
Plus (maximum size shown, 600 bp). b Amplification of RT-PCR
results performed on the same set of cDNAs using the primer pair
E21F-AER, AER reverse primer specifically targeting a region
within CAE. A 100-bp DNA Ladder Plus (maximum size shown,
500 bp) was used. ¢ RT-PCR of the same tissues was also performed
with MIPEP F-R primers. The first lane corresponds to 100-bp DNA
Ladder Plus (maximum size shown, 500 bp)

g :
Y
> w2
2Kh

2k

1.5kh
oba2_tl

1 2kh)

obal_tl

—mipep

same tissues performed using MIPEP F-R primers (Table 1). The
first lane corresponds to 100 bp DNA Ladder; maximum size shown
is 500 bp. e Amplification with forward primer NCBIIF
(NM_131633; 1,593-1,613) and the reverse primer AER
(Table 1). Expected sizes of robo2 tv2 is 2,547 bp in liver. The
first lane corresponds to DNA Ladder Plus. f Amplification with
forward primer NCBI2F (NM_131633; 2,692-2,712) and the
reverse primer AER. Expected size of robo2 tv2 is 1,448 bp in
liver. The first lane corresponds to DNA Ladder Plus. g Amplifi-
cation with the forward primer E21F (NM_131633; 3,955-3,974)
and the reverse primer AER. Expected size of robo2 tv2 is 185 in
liver. The first lane corresponds to DNA Ladder Plus; maximum
size shown is 500 bp

digestive tract, gills, and dorsal fin together with that of a
housekeeping gene mipep (mitochondrial intermediate
peptidase) (Fig. 3). Our findings demonstrated that CAE
was either skipped or included depending on the tissue
type; this produced two alternative forms herein called
robo2 tvl and robo2 tv2, respectively (Fig. 3b). In many
of the non-neuronal tissues, robo2 tv2 was expressed at
detectable levels while robo2 tvi was predominantly
expressed in the eye. Furthermore, the expression of
these isoforms was either very low or absent in zebrafish
heart (Fig. 3b).

As robo2 tvl and robo2 tv2 seem to be differentially
expressed in neuronal and non-neuronal tissues of zebra-
fish, brain and liver were used as representative tissues for
subsequent experiments. The differential expression pat-
tern of robo2 tvl and robo2 tv2 in liver and brain was
confirmed in RT-PCR reactions performed with three
different 5’ forward primers, two of which targeted the
extracellular portion of robo2 protein and one targeted the
exon 21 preceding the CAE (Table 1; Fig. 4). Our findings
indicated that CAE was highly expressed in liver while its
expression was absent or negligible in brain (Fig. 4e—g),
whereas robo2 tvl was predominant in brain (Fig. 4a—c).
Sequencing of both the r0bo2 tvI- and the robo2 tv2-
specific PCR products obtained from zebrafish brain and
liver tissue cDNAs confirmed the alternative pre-mRNA
splicing of CAE in zebrafish (DQ481484, DQ481485). The
presence of alternative splicing events concerning exons
other than CAE has not been tested in this study; thus, it
cannot be excluded. In general, robo2 tv2 expression was



predominantly present in multiple non-neuronal tissues
whereas zebrafish robo2 tvI isoform could be character-
ized as neurally enriched although not necessarily neurally
restricted.

Considering that the relative amount of robo2 tvI and
robo2 tv2 expression varied among adult tissues, the
possibility of differential expression during embryogenesis
and at larval-juvenile stages was also assessed (Fig. 5). Our
results indicated that robo2 tv2 expression exhibited a
dramatic increase starting from the mid-larval stages while
it was hardly detectable during embryogenesis or early
larval stages (Fig. 5a,b). Robo2 tvl expression, present at
higher levels during embryonic and early larval stages, also
displayed an induction later in development (Fig. 5a).

The two isoforms, robo2 tvl and robo2 tv2, identified
in the present study differ in their use of CAE, which is
located in the intracellular part of the protein. The
extracellular Ig domains allow the binding of slit leucine-
rich regions, whereas the intracellular portion of robo2
relays the signal (Chen et al. 2001; Battye et al. 2001;
Nguyen Ba-Charvet et al. 2001; Liu et al. 2004). It is
interesting that while the extracellular domain of robo2 is
evolutionarily conserved, the intracellular domain has been
shown to be divergent (Lee et al. 2001). The high-level
expression of the robo2 tv2 and the scanty expression of
the robo2 tvI in non-neuronal tissues suggest the possible
compartmentalization of the cell migratory and axon
guidance roles in the developing animal. Further studies
are needed to assess whether robo2 isoforms that contain
CAE could have a role beyond regulating the cytoskeleton;
they perhaps act as transcriptional factors (Couch et al.
2004) regulating the extent and timing of the molecular
events leading to tissue morphogenesis.

Expression pattern of robo2 isoforms in the adult rat

Rat robo2 mRNA (XM _213677) was reported to include
the homolog of the zebrafish CAE, although some of the
Ensembl-predicted isoforms differed in their usage of it
(Ensrnot00000044621, Ensrnot00000043725, Ensrnot00
000042437, Ensrnot00000050397). To determine wheth-
er robo?2 is also differentially and alternatively expressed
in rats, RT-PCR from several rat tissues, including brain,
skeletal muscle, heart, liver, spleen, kidney, lung, testes,
and ovary was performed with rat-specific primers,
RATF and RATRO (Fig. 6; Table 1). Our results
demonstrated that, although the rat homolog of CAE
(Fig. 6a) was transcribed in most of the tissues
examined, exon skipping was observed to a greater
degree in brain and testes (Fig. 6b). On the other hand,
the CAE exclusion and inclusion events were compar-
able to each other in the ovary (Fig. 6b). In addition,
nested PCRs on these PCR products performed with the
alternative exon-specific primer pair, RATF and RATRI
(Table 1), yielded the expected product (Fig. 6¢). These
findings support the predictions reported in Ensembl in
regards to differential incorporation of the rat CAE in
robo?2 transcripts (DQ481486, DQ481487).
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In rats, the expression of the 70bo2 tvI isoform without
CAE was found predominantly in the brain similar to that
of zebrafish. Several distinguishing features between
zebrafish and rats were also obvious with regards to the
transcription of CAE. The expression of the CAE seemed
to be more ubiquitous in rats and, thus, was found in both
the neuronal and non-neuronal tissues unlike in zebrafish.
Moreover, zebrafish heart contained very little of either
isoforms, if any, whereas both were detectable in rats. The
expression levels of r0bo2 tvl in brain and testis were
relatively high compared to other tissues; this expression
profile was in accord with the findings of a recent study on
alternative splicing capacities of human tissues (Yeo et al.
2004). It has been reported that the brain and testis have the
highest levels of exon-skipping events while the ovary is
one of the tissues likely to have multiple isoforms
simultaneously.

In summary, an alternative splicing event in a highly
conserved predicted exon (CAE) in robo2 genes of
zebrafish and rat was identified and experimentally verified
(Figs. 1 and 6). CAE of zebrafish was transcribed in most
of the non-neuronal tissues while it was either absent or
expressed at a very low level in the brain, eye, and heart.
Furthermore, the isoform-specific expression of robo?2
appeared to be tightly controlled during development such
that zebrafish larvae exhibited an expressional induction of
robo2 tvl and robo2 tv2 at around the mid-larval stages.
These findings might implicate robo2 tv2 in arole in tissue
morphogenesis, during which cell growth/migration is

E19 E21
a robo2_tv1 l—/”'\l
(CAE)
E19 E20 E21

robo2 tv2 ...

e A
& & s &P S
F N XX & Fuf o >

<« robo2 tv2
<« robo2_tv1

-« robo2 tv2

«— cyclophilin

[x]

Fig. 6 Genomic representation and differential expression of robo2
alternative isoforms in rat. a Genomic representation of robo2
isoforms b RT-PCR result with primers RATF-RATRO, where
RATF targets E19 and RATRO targets E21, on various rat tissues is
shown. Expected sizes of the rat robo2 tvi and robo2 tv2 are
224 bp and 407 bp, respectively. The first lane corresponds to
100 bp DNA Ladder Plus (maximum size shown, 600 bp). ¢ Nested
PCR result performed with primers RATF-RATRI, where RATRI
targets CAE (i.e., E20) in a, using the reactions from RATF-
RATRO PCR of b (expected band size, 228 bp). A 100-bp DNA
Ladder Plus (maximum size shown, 500 bp) was used. d RT-PCR of
the same samples performed with cyclophilin F-R primers. A 100-bp
DNA Ladder Plus (maximum size shown, 500 bp) was used
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temporally and spatially regulated. There is unearthed
evidence indicating that tissue-type-dependent and, in
some cases, neuronal non-neuronal tissue-distinct expres-
sion profiles result from alternative splicing events
(Fukuda 2003; Shen et al. 2002; Jin et al. 2002; Rahman
et al. 2002; Ramming et al. 2000; Hu et al. 1999). Some
robo family members have previously been shown to
exhibit alternatively spliced isoforms leading to functional
divergence within Robo paralogs (Clark et al. 2002; Challa
et al. 2005; Camurri et al. 2005). The differential expres-
sion of robo2 isoforms in neuronal and non-neuronal
tissues could similarly become a source of variation in the
function of robo2, possibly directed by different regulatory
processes. Our findings strongly point to the existence of
multiple robo2 proteins; thus, it is critical to identify which
form is involved in a specific developmental process or
event in pathogenesis (Latil et al. 2003).
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