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LIM-domain-binding proteins (CLIM/NLI/Ldb) are nuclear cofactors for LIM homeo-
domain transcription factors (LIM-HDs) and LIM-only proteins (LMOs). The LIM-
interaction domain (LID) of Ldb is located in the carboxy-terminal region and encoded
by the last exon (exon 10) of Ldb genes. It is known that the mammalian CLIM1/Ldb2
genehasasplice isoform,namedCLIM1b, lackingtheLID.However, little isknownabout
thenatureofCLIM1bor theevolutionaryconservationof this typeofalternativesplicing
in amphibians and teleost fish. Here, we demonstrate that splice isoforms lacking
the LID are also present in the Ldb1 genes of mammals, chick, and Xenopus, as well as
in fish paralog Ldb4. All these splicing variations occur in intron 9 and exon 10. We
observed that Ldb4b (splice isoform lacking LID) is localized in the nucleus when
expressed in mammalian culture cells, and binds to Ldb4a (splice isoform containing
LID) but not directly to LIM proteins. However, Ldb4b binds to LMO4 via Ldb4a when
coexpressed in culture cells.We also found thatmouseLdb1b lacks the ability to activate
protein 4.2 promoter, which is stimulated by LMO2 and Ldb1. These findings suggest
that splice isoforms of Ldb lacking LID are potential regulators of Ldb function

Key words: alternative splicing, gene expression, gene structure, LIM-interaction
domain, transcriptional regulation.

Abbreviations: kb, kilobase(s) or kilobase pair(s); nt, nucleotides; PAGE, polyacrylamide gel electrophoresis;
PCR, polymerase chain reaction; LIM domain, Lin11, Isl-1, and Mec-3 domain; LIM-HD, LIM homeodomain
transcription factors; LMO, LIM-only proteins; CLIM, LIM domain–interacting coactivator; NLI, nuclear LIM
interactor; Ldb, LIM domain–binding protein; LID, LIM-interaction domain; NLS, nuclear localization signal;
DD, dimerization domain; Ssbp, single strand DNA binding protein; RLIM, RING-finger LIM domain–binding
protein; RIPA, radioimmuno-precipitation assay; ECL, enhanced chemiluminescence.

LIM domains are double zinc-finger motifs, which have
been shown to mediate protein–protein interactions that
play critical roles in vertebrate development and cellular
differentiation (1–4). In LIM homeodomain transcription
factors (LIM-HDs) and LIM-only factors (LMOs), the LIM
domains are required to mediate efficient interactions with
other transcription factors and therefore play a key role
in the regulation of transcriptional activity. The biological
consequences of loss of function or misexpression of LIM-
HD transcription factors are severe, demonstrating the
importance of these genes in development (5, 6). Members
of the LIM-HD family, such as Isl1 and Lhx3, act in com-
bination to specify neuronal cell populations. LIM-HD pro-
teins are essential not only for the motoneuron subclass
identities but also for nonneuronal cell fates (7–10). The
requirement of LIM-HD proteins in the development of the
pituitary has been demonstrated by the observation that a

point mutation in the human Lhx3 gene is associated with
a combined pituitary hormone disorder (11–13).

LMO protein differs from LIM-HD transcription factors,
which have a DNA interaction domain besides a LIM
domain, in being composed almost entirely of two tandem
LIM domains. Four LMOs have thus far been identified.
The first two members, LMO1 and LMO2, are oncoproteins
found at sites of chromosomal translocation in acute T-cell
leukemia (14). Overexpression of two LIM-only factors
(LMOs) causes acute lymphocytic leukemia (15). In addi-
tion, mice that possess the null mutant gene for the
LIM-only protein LMO2 die on embryonic day 10.5 due
to a lack of erythropoiesis, suggesting that this gene is
essential for normal blood cell formation (6). Another mem-
ber, LMO4, is highly expressed in proliferating epithelial
cells and frequently overexpressed in breast carcinomas.
Off-function LMO4 in mice leads to the inhibition of duct-
ular development in virgin mice and alveolar development
in pregnant mice (16, 17).

There is abundant evidence that the LIM domains of the
LIM homeodomain and LMO proteins interact strongly
with cofactors to establish many functional regulatory
complexes. The best-characterized high-affinity-binding
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partner for the LIM factors is the coactivator LIM-domain-
binding protein Ldb/CLIM/NLI (18–22), which is
important for either gene activation events (20, 23, 24)
or inhibition of gene expression (25). Ldbs have been
found in organisms as diverse as Caenorhabditis elegans
and human. There are two distinct Ldb gene family
members in mammals, one in C. elegans and Drosophila
melanogaster, and four in zebrafish (26). The zebrafish
Ldb1 and Ldb4 genes exhibit a close evolutionary relation-
ship with the mammalian Ldb1 gene, and the zebrafish
Ldb2 and Ldb3 genes exhibit one with the mammalian
Ldb2 gene (27). The ubiquitous expression of Ldb1 during
development and its interaction with numerous trans-
criptional regulators indicate a critical function of the
gene in a variety of developmental pathways (18–21, 25,
27–30). Elimination of Ldb1’s function in mice leads to
severe anteroposterior patterning defects, and a lack of
heart and foregut formation due to functional impediment
of multiple organizer genes such as Otx2, Lim1 (Lhx2),
Dkk1, Hesx1, and Hnf3b during gastrulation (31).

Ldb has two major functional domains: a dimerization
domain (DD) located in the N-terminal region and a
LIM-interaction domain (LID) confined to the C-terminal
region (26). The protein–protein interactions with Ldb are
not restricted to proteins containing LIM domains, since
Ldb can also bind to Ssbp (or Ssdp, single-strand DNA-
binding protein), which does not have an LIM domain
(32–34). Thus Ldb proteins act as adapter molecules facil-
itating the assembly of large transcriptional regulatory
complexes through at least two different binding domains,
and each interacting domain of Ldb has been shown to be
important for the activity of the transcriptional complexes.
For functional analyses of Ldb in vivo and in vitro, many
deletion constructs of Ldb have been analytically gener-
ated and analyzed. One construct containing the nuclear
localization signal (NLS) and LID of CLIM1/Ldb2 (amino
acid residues 225 to 341) was designed and used as domi-
nant negative CLIM (DN-CLIM). The overexpression of
DN-CLIM during early developmental stages of zebrafish
embryos results in impairment of eye and midbrain-
hindbrain boundary development, and disturbances in
the formation of the anterior midline (35). On the other
hand, the mammalian CLIM1/Ldb2 gene has a splice
isoform called CLIM1b. CLIM1b consists of DD and NLS
but lacks a C-terminal LID due to a frameshift caused by
the insertion of exon 9b (20, 36). This domain structure
suggests a potential role of CLIM1b in the regulation of
CLIM1/Ldb2 function, as with other analytically generated
deletion mutants. Although this type of splice isoform is
very well conserved in mammalian species, little is known
about the nature of CLIM1b, and the presence of similar
splice isoforms lacking LID in other Ldb genes has not been
reported.

Prompted by the observation that Ldb4 in fish also has a
splice isoform lacking LID similar to mammalian CLIM1/
Ldb2 and in order to provide evidence for the functional
activity of Ldb lacking LID, we isolated and characterized
this type of splice isoform in many species ranging from
fish to man. Our results demonstrate that (1) in Amniota
(mammals and chicken), alternative splicing that gener-
ates CLIM1b/Ldb2b is well conserved, and Ldb1 genes also
have splice isoforms lacking LID (Ldb1b); (2) teleost fish
have a well-conserved splice isoform of Ldb4 lacking LID

(Ldb4b); and (3) in Xenopus, the Ldb1 gene produces a
splice isoform lacking LID (XLdb1b). As expected from
its domain structure, Ldb4b is localized in the nucleus
when expressed in mammalian culture cells, lacks the abil-
ity to bind LIM proteins, binds to Ldb4a, and indirectly
binds to LMO4 via Ldb4a. We also found that Ldb1b lacked
the ability to activate a promoter known to be activated by
Ldb1b. Our results suggest that splice isoforms of Ldb
lacking LID are potential regulators of Ldb function.

EXPERIMENTAL PROCEDURES

RNA Isolation—ICR mice and Xenopus laevis were
obtained from local dealers. The zebrafish were a gift
from Kazuyuki Hoshijima (Tokyo Institute of Technology,
Japan). The animal protocols and procedures were
approved by the Institutional Animal Care and Use Com-
mittee of Tokyo Institute of Technology. Total RNA was
isolated from various tissues of adult animals and Xenopus
embryos at various stages using Isogen reagent (Nippon
Gene, Toyama, Japan). Chick embryo total RNA was a gift
from Mikiko Tanaka (Tokyo Institute of Technology,
Japan). Human fetal brain total RNA was purchased
from Clontec (Palo Alto, CA, USA).

Cloning of cDNAs Encoding Novel Members of the Ldb
Family—Full-length cDNAs for zebrafish Ldb4b (zLdb4b),
mouse Ldb1b (mLdb1b), human Ldb1b (hLdb1b), chicken
Ldb1b (cLdb1b), chicken Ldb2b (cLdb2b), X. laevis Ldb1b
(XLdb1b), X. laevis Ldb2a (XLdb2a), and X. laevis Ldb2b
(XLdb2b) were isolated by RT-PCR using KOD plus DNA
polymerase (Toyobo, Osaka, Japan). The cDNA clones for
zLdb4b were obtained from the gills of zebrafish using
primers 50-AGGCGCAATGCTGGATAGAGATG-30 and
50-ACGTAGTGGTTCTCAACTCCG-30. The cDNA clones
for mLdb1b were obtained from the hearts of mice using
primers 50-CACCATGCTGGATCGGGATGT-30 and 50-
TGACCCCTGTCTGAGCCTGAG-30. The cDNA clones for
hLdb1b were obtained from human fetal brain total RNA
using primers 50-GATGCTGGATAGGGATGTGG-30 and
50-CTCACTAGCAGGCGTAGAAG-30. The cDNA clones
for cLdb1b and cLdb2b were obtained from fetal chicken
total RNA using primers 50-ATTCCACCCGGGCACCA-
TG-30 and 50-AAAGGGGAGACGGTCCCGAAA-30 for
cLdb1b, and 50-AGGCAAGATGTCCAGCGCA-30 and 50-
ATCCACATCCTCTGAGGAGGACT-30 for cLdb2b. The
cDNA clones for XLdb1b and XLdb2b were obtained
from the brains of X. laevis using primers 50-AGGCAC-
CATGCTGGATCGA-30 and 50-ATCCATCCTGAAAGGGA-
AGAGTTCC-30 for XLdb1b, and 50-TGGGAGCAGGCAA-
GAAGATG-30 and 50-ATCTTATTGGGAAGCTTGTTGGG-
30 for XLdb2b. The cDNA clones for XLdb2a were obtained
from the hearts of X. laevis using primers 50-TGGGAGCAG-
GCAAGAAGATG-30 and 50-ATCTTATTGGGAAGCTTGT-
TGGG-30. The PCR products were subcloned into the
EcoRV site of pBluescript II or pcDNA3 (Stratagene, La
Jolla, CA, USA), and sequenced with an automatic DNA
sequencer (LICOR 4000; LI-COR, Lincoln, NE, USA).

Plasmid Construction—cDNAs containing the entire
coding regions for rat Lhx3a, mouse LMO4, and zebrafish
Ldb2 were obtained by PCR using first strand
cDNAs from rat pituitary, mouse brain, and zebrafish
brain as templates, respectively, using KOD plus DNA
polymerase (Toyobo). The sequences of the primers were
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as follows: 50-GACTACCATGCTGTTAGAAGCG-30 and
50-TGAGTTAGAGCCAAGGGAACTG-30 for rat Lhx3a;
50-GCAGACCATGGTGAATCCG-30 and 50-GCATTACTCT-
GACCTCTCAGC-30 for mouse LMO4; and 50-AATCAA-
CATGTCCAACCCTCCG-30 and 50-GAGGCATTGTGTTT-
GTCTCCTAC-30 for zebrafish Ldb2. cDNAs containing
the entire coding regions for zebrafish Ldb4a, zebrafish
Ldb4b, and mouse Ldb1b were obtained by PCR as
described above. PCR-generated full-length cDNAs were
subcloned into the pcDNA3 expression vector (Invitrogen,
Carlsbad, CA, USA) at the EcoRV site and p3·FLAG-CMV-
10 (N-terminal 3·FLAG-tagged protein expression vector;
Sigma, St. Louis, MO, USA) at the EcoRV site in the right
directions. The inserts of 3·FLAG-tagged expression vec-
tors were excised again with EcoRI and BamHI, blunt
ended, and ligated with the blunt-ended EcoRI sites of
the pCMV-Myc and pCMV-HA vectors (N-terminal myc
or HA-tagged protein expression vectors, Clontech) in
the right directions. All the vectors were purified using a
PureYield plasmid midiprep system (Promega, Madison,
WI, USA) according to the manufacturer’s instructions.
To generate prokaryote expression vectors, the full length
cDNAs for zebrafish Ldb2, Ldb4a, and Ldb4b were sub-
cloned into the SmaI site of pGEX-4T-1 (N-terminal glu-
tathione S-transferase tagged protein expression vector;
GE Healthcare Bioscience, Piscataway, NJ, USA) in the
right directions. All the obtained constructs were verified
by DNA sequencing.

Glutathione S-Transferase (GST) Pull-Down Assays—
COS-7 cells were cultured in DMEM (Dulbecco’s modified
Eagle’s medium) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin and 100 mg/ml strep-
tomycin under 5% CO2/95% air at 37�C. Cells were plated
at 1 · 105 cells per 35-mm dish, and 1 mg of plasmid DNA for
p3·FLAG-rLhx3a or p3·FLAG-mLMO4 was transfected
using Transfectin reagent (BioRad, Hercules, CA, USA)
on the next day. Approximately 36 h after the transfection,
cells were washed twice with ice-cold phosphate-buffered
saline (PBS) and then lysed in 300 ml of Triton X-100 lysis
buffer (20 mM Tris, pH 7.5, 300 mM NaCl, 1% Triton
X-100, 200 mg/ml ethidium bromide, 1 mg/ml leupeptin,
1 mg/ml pepstatin, 1 mg/ml aprotinin, and 1 mM phenyl-
methylsulfonyl fluoride) (25). After sonication and centri-
fugation, 80 ml of the cleared soluble extract was incubated
with a 13-ml bed volume of glutathione-Sepharose 4B (GE
Healthcare Bioscience) coupled to 100 pmol of GST alone or
GST fusions of zLdb2, zLdb4a, or zLdb4b in 720 ml of the
Triton X-100 lysis buffer at 4�C for 16 h. The protein-bound
Sepharose beads were washed three times in the Triton
X-100 lysis buffer and two times in the Triton X-100 lysis
buffer minus ethidium bromide. The bound proteins were
eluted from the beads with 80 ml of 10 mM reduced glu-
tathione in 50 mM Tris, pH 8.0. Ten microliter aliquots of
the eluates were fractionated by 10% SDS-PAGE followed
by Western blot analyses using anti–FLAG M2 monoclonal
antibodies (Sigma). Bound antibodies were detected using
peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA, USA)
and enhanced chemiluminescence (ECL, GE Healthcare
Bioscience).

Immunoprecipitation Assay—COS-7 cells were plated at
1 · 105 cells per 35-mm dish, and 2 mg of the plasmid DNA
mixture was transfected using Transfectin reagent

(BioRad) on the next day. Approximately 36 h after the
transfection, cells were washed twice with ice-cold PBS
and then lysed in 300 ml of the Triton X-100 lysis buffer
or RIPA buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 1 mM EDTA, and
0.1% SDS) containing 1 mM PMSF, 10 mg/ml leupeptin,
and 10 mg/ml pepstatin A. After sonication and centrifuga-
tion, 250 ml of the cleared soluble extract was incubated
with a 13-ml bed volume of anti–FLAG M2 agarose (Sigma)
at 4�C for 2 h. The protein-bound agarose beads were
washed three times in the Triton X-100 lysis buffer or
RIPA buffer plus 200 mg/ml ethidiumbromide, and two
times in the Triton X-100 lysis buffer or RIPA buffer.
The bound proteins were eluted from the beads with
50 ml of Laemmli sample buffer. Samples were reduced
by the addition of 5% (v/v) 2-mercaptoethanol, and
then fractionated by 10% SDS-PAGE followed by Western
blot analyses using anti-HA rat monoclonal antibodies
(clone 3F10; Roche Molecular Biochemicals, Mannheim,
Germany), and anti-myc goat polyclonal antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).
Bound antibodies were detected using peroxidase-
conjugated secondary antibodies and ECL.

Fluorescence Microscopy—Transient transfection of
COS-7 cells with plasmid DNA was performed with Trans-
fectin reagent (Bio-Rad) according to the manufacturer’s
protocol. Cells on coverslips were fixed with 2% para-
formaldehyde in PBS for 10 min, permeabilized with
0.1% Triton X-100 in PBS for 10 min, and blocked with
5% FBS in PBS for 1 h at room temperature. They
were then incubated with primary antibodies (diluted to
1.2 mg/ml each) followed by appropriate secondary antibo-
dies conjugated with Alexa 488 or 546 (1:2,000; Molecular
Probes, Eugene, OR) for 30 min. Signals were captured
with a fluorescence microscope (Carl Zeiss, Oberkochen,
Germany). The images were obtained with a high-
resolution digital charge-coupled device (CCD) camera
(AxioCam HRm, Carl Zeiss) and processed with AxioVision
4.1 software (Carl Zeiss).

RT-PCR—Total RNA (5 mg) was reverse-transcribed
using Oligo dT primer and 200 U of SuperScript II reverse-
transcriptase (Invitrogen) in a total volume of 20 ml at 42�C
for 50 min. 0.125 ml of first-strand cDNA was used as a
template for the PCR reaction with specific primers for
either zebrafish Ldb4, Xenopus Ldb1, or Xenopus Ldb2.
The sequences of the primers were as follows: 50-CAGTT-
TTGCGCTCTCCAGCCAG-30 and 50-GGCTGGTGTACTA-
AAATGACGCC-30 for zebrafish Ldb4; 50-TGTCATCCTA-
GAGCCCATGCAG-30 and 50-GAAGCCTGTGAAGTTGGG-
TT-30 for Xenopus Ldb1; and 50-TACCCCGCAGCATTT-
TAGCCA-30 and 50-AAGCTTGTTGGGTCGGGTTGTC-30

for Xenopus Ldb2.
Each reaction mixture consisted of 0.125 ml of cDNA,

0.2 mM each primer, 2.5 ml of 10· Ex Taq Buffer,
0.25 mM dNTP, 0.125 U of Ex Taq Hot Start version
(Takara Bio, Otsu, Japan), and nuclease-free water in a
final volume of 25 ml. The conditions were as follows: for
zebrafish Ldb4 and Xenopus Ldb1, 27 or 32 cycles of dena-
turation (94�C, 15 s), annealing (59�C, 30 s), and extension
(72�C, 1 min); for Xenopus Ldb2, 30 or 35 cycles of dena-
turation (94�C, 15 s), annealing (55�C, 30 s), and extension
(72�C, 1 min). After PCR amplification, 5 ml of each reaction
mixture was run on a 1.2–2% agarose gel in Tris-HCl/acetic
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acid/EDTA (TAE) buffer. The gel was stained with 0.5 mg/ml
of ethidium bromide, and the fluorescence image was
analyzed with a Fluor Imager (FLA2000; Fuji Film,
Tokyo, Japan).

Northern Blot Analysis—Full length cDNA for mouse
Ldb1b was used as a probe recognizing both mRNA for
Ldb1a and Ldb1b. A 666-bp cDNA fragment corresponding
to intron 9 of the Ldb1 gene was isolated by PCR and used
as a probe recognizing mRNA for Ldb1b only. The
sequences of the primers were as follows: 50-TCTGGG-
CTGCCCCACCACTCA-30 and 50-AGGTCCCCAAACATA-
ATCGG-30 for human Ldb1b; and 50-ACTGCTCACCCC-
TGACCCCTGTCTGA-30 and 50-AGGTCCCCAAACATAAT-
CGG-30 for mouse Ldb1b.

Human multiple tissue Northern blots with total RNA
from different tissues were purchased from Clontech. Total
RNA (20 mg) from mouse tissue or cultured cells was dena-
tured, separated by formaldehyde-agarose gel electrophor-
esis, transferred to nylon membranes, and then baked for
2 h at 80�C. The membranes were prehybridized for 2 h at
65�C in PerfectHyb hybridization solution (Toyobo), and
then hybridized separately with each 32P-labeled probe
in the same buffer at 68�C for 16 h. The blots were sub-
sequently washed under increasingly more stringent con-
ditions (final wash: 1· SSC and 0.1% SDS for 5 h at 60�C;
1· SSC is 150 mM NaCl and 15 mM sodium acetate, pH
7.0). Membranes were exposed to imaging plates (Fuji
Film, Tokyo, Japan) in a cassette overnight. The results
were analyzed using a Fuji BAS2000 Bio-image analyzer
(Fuji Film).

Western Blot Analysis—Tissues were homogenized in
5 volumes of RIPA buffer containing 1 mM PMSF,
10 mg/ml leupeptin, and 10 mg/ml pepstatin A at 4�C,
and centrifuged at 10,000 · g for 15 min at 4�C. Five micro-
liter aliquots of the supernatants were separated by
SDS-PAGE on 10% polyacrylamide gel and subjected to
Western blotting using an antibody for Ldb1 (goat poly-
clonal, Santa Cruz Biotechnology). Bound antibodies
were detected using peroxidase-conjugated secondary anti-
bodies and ECL.

Luciferase Analysis—COS-7L cells (Invitrogen) were
transfected with Lipofectamine 2000 (Invitrogen) as
described previously (24). In brief, 1.5 mg of the pGL2-
P4.2p1700-Luc reporter was cotransfected with the
indicated combinations of pcDNA3.1-TAL1 (50 ng),
pcDNA3.1-E47 (1.5 ng), pcDNA3.1-GATA-1 (12.5 ng),
pEFIRES-LMO2 (40 ng), pEFIRES-Ldb1 and pEFIRES-
Ldb1b (40 ng), and Renilla luciferase vector (5 ng) into
COS-7L cells grown in 12-well plates (Becton Dickinson,
Bedford, MA, USA). All extracts were prepared 48 h after
transfection, and luciferase activities were measured with
a Dual-Luciferase Reporter Assay System (Promega), the
reporter activities being normalized as to Renilla luciferase
activity. Each transfection was performed in triplicate
and repeated three times.

RESULTS

Conservation of Alternative Splicing of Ldb2b/CLIM1b
in Amniota (Human, Mouse, Chicken)—The presence of a
splice isoform of CLIM1/Ldb2 lacking LID was initially
demonstrated by Bach et al. as CLIM1b (20). Alternative
use of exon 9b of the Ldb2 gene controls the addition or loss

of LID (Fig. 1A). Database analyses demonstrated that the
sequence of exon 9b of the Ldb2 gene is very well conserved
among mammals and chicken: comparison of exon 9b of
the mouse Ldb2 gene with those of human, dog, cow, opos-
sum, and chicken revealed 99, 99, 89, 92, and 93% identity
in the nucleotide sequence, respectively. When exon 9b is
inserted, 34–amino acid residues are added at the carboxy
terminus instead of LID (Fig. 1, C and D). The sequence of
the 34–amino acid residues of mouse CLIM1b/Ldb2b and
those of human, dog, cow, opossum, and chicken exhibit
100, 100, 82, 85, and 85% identity in the amino-acid
sequence, respectively. There is no sequence homologous
to exon 9b of Ldb2 in the genomes or EST databases of
teleost fish (Takifugu, Tetraodon, medaka, and zebrafish)
and Xenopus.

Cloning, Gene Structure, and Tissue Distribution of
Zebrafish Ldb4b—During analyses of the cDNA library of
eel gill, we isolated cDNA clones that, as the first clue,
were highly homologous to Ldb1 and Ldb4 (GenBank
accession no. AB250381). These clones had 17–amino
acid residues (DLVGTKTCTVPELEDRS) at the carboxy
terminus instead of LID. The nucleotide sequence of the
homologous region exhibited 82 to 85% identity with those
of mammalian Ldb1 (GenBank accession nos. NM_003893
and NM_010697), Xenopus Ldb1 (U74360), zebrafish Ldb1
(NM_131313), and zebrafish Ldb4 (NM_131316). Query of
the BLAST program (NCBI) with the sequence encoding
the 17–amino acid residues demonstrated the presence of
EST clones that encode the 17–amino acid residues of zeb-
rafish (GenBank accession nos. BI888940, CR931383, and
CB364005) and three-spined stickleback (Gasterosteus
aculeatus, DT991110). We could not find a sequence
homologous to the 17–amino acid residues within EST
and genome databases of mammals, chicken, and Xenopus.
Comparison of the EST and zebrafish genome databases
demonstrated that they are splice isoforms of Ldb4. Thus
we concluded that teleost fish have a well-conserved splice
isoform of Ldb4 lacking LID, and named it Ldb4b.

The entire coding region of cDNA for Ldb4b was cloned
from zebrafish gill (GenBank accession no. AB250382), and
the deduced amino acid sequence was compared with that
of zebrafish Ldb4 (termed Ldb4a), as shown in Fig. 2, A to
C. The nucleotide sequence encoding amino acid residues
1 to 300 of Ldb4b is 100% identical to that of Ldb4a, indi-
cating that Ldb4a and Ldb4b are alternatively spliced pro-
ducts of a single gene. The exon-intron organization of the
zebrafish Ldb4 gene is shown in Fig. 2D. LID of Ldb4a was
encoded by exon 10a. The coding region of the 17–amino
acid tail of Ldb4b was found within the 30-noncoding region
of exon 10a, and termed exon 10b. Thus Ldb4a and Ldb4b
are generated through alternative use of 30 splice sites of
intron 9.

The expression of zebrafish Ldb4b in vivo was demon-
strated by the mRNA and protein levels. Semiquantitative
RT-PCR analyses have demonstrated that mRNA for
Ldb4b is expressed in various types of zebrafish tissues
as well as Ldb4a (Fig. 2E). The presence of Ldb4b protein
in vivo was confirmed by Western analyses using a nuclear
extract of zebrafish brain (Fig. 2F).

The Ldb4 gene of spotted green pufferfish (Tetraodon
nigroviridis) was estimated from the genome database
and compared with that of zebrafish by Harr plot analysis.
Significant homology was observed around exon 10b as
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well as the other protein-coding exons (Fig. 3A). Exon 10b
of the Ldb4 gene was also found in the genome databases
of Takifugu rubripes and medaka (Oryzias latipes), cDNA
clones of rainbow trout (Oncorhynchus mykiss), three-
spined stickleback (Gasterosteus aculeatus), and eel (Angu-
illa japonica) (Fig. 3B).

Identification of Mammalian and Chicken Ldb1b—The
finding of Ldb4b in teleost fish raised the question of
whether the mammalian Ldb1 gene has a splice isoform
lacking LID. A BLAST search of the mammalian EST and
genome databases failed to reveal any sequence homolo-
gous to exon 10b of the teleost Ldb4 gene. However, we
found many EST clones in which intron 9 is retained. The
accession numbers of these EST sequences are CN350347,
BQ230528, and CN350347 for human; BQ963561,
CA315452, and BF119088 for mouse; and DN932179,
CK474935, and CK227174 for rat. All these sequences
retain only intron 9, i.e., they lack other intron sequences

such as intron 8, eliminating the possibility of contamina-
tion by genomic or hnRNA sequences.

On RT-PCR analyses, we isolated the entire coding
regions of splice isoforms of Ldb1 retaining intron 9,
from human (accession no. AB250384), mouse
(AB250383), and chicken (AB250385). These cDNAs only
retained intron 9, i.e., they lacked all the other intron
sequences, and are named Ldb1b. Ldb1bs have 17 to
24-amino-acid residues at the carboxy termini instead of
LID (Fig. 6, A–D).

Northern analyses of mouse Ldb1 by Agulnick and
colleagues (18) demonstrated the presence of two major
transcripts in various types of tissues. Thus we hypothe-
sized that the upper band is Ldb1b and the lower one
Ldb1a. To confirm this, we performed Northern analyses
using two types of probes: one is a fragment of intron 9 that
binds only to mRNA for Ldb1b, and the other is the coding
region of Ldb1 that recognizes both Ldb1a and 1b. The

Fig. 1. CLIM1b/Ldb2b in mammals and
chicken.The presence of a spliced isoform of
Ldb2 lacking LID was demonstrated by Bach
et al. (20). (A and B) Amino acid sequences of
human Ldb2a (accession no. AF064492) and
Ldb2b (accession no. AF064493). We con-
firmed that chicken also has Ldb2b (acces-
sion no. AB250386, data not shown). LID is
boxed. The alternative sequences are
shaded. Amino acids are numbered on the
right. Another alternative splice site adding
six nucleotides corresponding to the addition
of two amino acids at the end of exon 9 is
double underlined. (C) Schematic diagram
showing the domain organization of Ldb2a
and Ldb2b. The dimerization domain (DD),
nuclear localization sequence (NLS),
LIM-interaction domain (LID), and 34-
amino-acid C-terminal sequence of Ldb2b
are shown. The accession number of mouse
CLIM1b/Ldb2b is NM_010698. The asterisks
indicate the sequences that are only esti-
mated from the genome databases and the
presence of Ldb2b has not been experimen-
tally determined. (D) Diagrammatic repre-
sentation of alternative splicing of the
human Ldb2 gene. Ldb2a and Ldb2b are
generated by skipping exon 9b. The acces-
sion numbers of the mRNA sequences of
the isoforms are shown. Exons are indicated
by boxes and are numbered. The introns and
flanking regions are indicated by bold lines.
The coding regions of alternative and com-
mon exons are indicated by dark and light
gray boxes, respectively. The open boxes
indicate UTRs. The arrow indicates the
translational initiation site.
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Fig. 2. Zebrafish Ldb4b. (A and B) Amino acid sequences of
zebrafish Ldb4a (zLdb4a, accession no. NM131316) and Ldb4b
(zLdb4b, accession no. AB250382). LID is boxed. The alternative
sequences are shaded. Amino acids are numbered on the right. The
asterisks indicate the putative translational initiation site in exon 1.
Another alternative splice site adding six nucleotides corresponding
to the addition of two amino acids at the end of exon 9 is double
underlined. (C) Schematic diagram showing the domain organiza-
tion of Ldb4a and Ldb4b. The dimerization domain (DD), nuclear
localization sequence (NLS), LIM-interaction domain (LID), and 17-
amino-acid C-terminal sequence of Ldb4b are shown. (D) Diagram-
matic representation of alternative splicing of the zebrafish Ldb4
gene. Ldb4a and Ldb4b are generated through alternative use of the
30 splicing site of intron 9. The accession numbers of the mRNA
sequences of the isoforms are shown. Exons are indicated by
boxes and numbered. The introns and flanking regions are indicated
by bold lines. The coding regions of the alternative and common

exons are indicated by gray and black boxes, respectively. The open
boxes indicate UTRs. The arrows indicate two different transla-
tional initiation sites, and the asterisk indicates the initiation
site in exon 1 that is shown in A and B. (E) Expression of Ldb4a
and Ldb4b in various tissues of adult zebrafish. Expression of Ldb4a
and Ldb4b was analyzed by semi-quantitative RT-PCR. The PCR
products were electrophoresed in a 2% agarose gel and visualized
with ethidium bromide. A cDNA fragment corresponding to Ldb4b
(0.86 kb) was detected for all tissues examined as well as that
corresponding to Ldb4a (1.47 kb). (F) Detection of endogenous
Ldb4b protein by Western blot analysis. Extracts of zebrafish
brain, COS-7 cells transfected with pcDNA3-zLdb4b, and mock
transfected COS-7 cells were electrophoresed, transferred to a
nitrocellulose membrane, and stained with an antibody that
recognizes the N-terminal of Ldb1. Bands for Ldb1/4 (arrow
head) and Ldb4b (arrow) were detected at 43 and 37 kDa,
respectively. Molecular size markers are shown on the left.
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probe for intron 9 hybridized only with the upper band
(Fig. 4E), demonstrating that Ldb1b as well as Ldb1a is
transcribed in various tissues. The presence of Ldb1b pro-
tein was confirmed by Western analyses using nuclear
extracts of HeLa and COS-7 cells (Fig. 4F).

Cloning, Gene Structure, and Tissue Distribution of
Xenopus Ldb1b—We also found the presence of splice
isoforms of Xenopus Ldb1 (XLdb1) lacking LID in the
GenBank database and called them XLdb1b. The access-
ion numbers of the EST sequences are CO383533
and CO386467 for X. laevis Ldb1b, and DR901174,
DN006626, DN006626, and CF375129 for Xenopus tropi-
calis Ldb1b. The entire coding region of XLdb1b (accession
no. AB250387) was isolated and the exon-intron organiza-
tion of the XLdb1 gene was determined by comparison
with a sequence in the genome database of X. tropicalis

(Fig. 5, A–D). XLdb1a and XLdb1b are generated through
alternative use of the 30 splice site of intron 9. XLdb1b lacks
LID due to the insertion of a short sequence that causes a
frameshift. The amino acid sequence in place of LID is
ASASP in both X. laevis and X. tropicalis (Fig. 5C).

The expression of XLdb1b in vivo was demonstrated
by semiquantitative RT-PCR analyses. XLdb1b was exp-
ressed in various tissues of adult X. laevis, but the expres-
sion levels were lower than those of Ldb1a (Fig. 5E).
XLdb1b was also expressed at all stages of embryo devel-
opment of X. laevis (Fig. 5F).

Xenopus Ldb2b Does Not Lack LID—RT-PCR analyses
of RNA from various Xenopus tissues demonstrated that
the Xenopus Ldb2 gene also generates two splice isoforms
of its transcripts. The entire coding regions of XLdb2a
(AB250389) and XLdb2b (AB250388) were isolated, and

Fig. 3. Evolutionally conserved exon 10b of teleost fish. (A)
Harr plot analyses of the zebrafish Ldb4 gene in comparison with
the Tetraodon Ldb4 gene. The homologous regions corresponding to
exons are numbered. A diagram of the exon-intron organization of
each gene is shown along the axes. The coding regions of the alter-
native and common exons are indicated by gray and black boxes,
respectively. The open boxes indicate UTRs. (B) Alignment of

exon 10b. The sequences of the Ldb4 genes from zebrafish
(Zv5_scaffold640.1), Takifugu (scaffold M000028), Tetraodon
(SCAF8962), and medaka (scaffold51), and the cDNA sequences
of rainbow trout (accession no. BX309107), three-spined stickleback
(DT991110), and eel (AB250381) are aligned. The capital letters
indicate coding sequences. The arrow indicates the splice site of
exon 10b.
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Fig. 4. Amniota (mammals and chicken) Ldb1b. (A and B)
Amino acid sequences of human Ldb1a (accession no. NM_00389)
and Ldb1b (accession no. AB250384). LID is boxed. The alternative
sequences are shaded. Amino acids are numbered on the right. The
asterisks indicate the putative translational initiation site in exon 1.
Another alternative splice site adding six nucleotides corresponding
to the addition of two amino acids at the end of exon 9 is double
underlined. (C) Schematic diagram showing the domain organiza-
tion of Ldb1a and Ldb1b. The dimerization domain (DD), nuclear
localization sequence (NLS), LIM-interaction domain (LID), and
sequence of Ldb1b at the C-terminus of various species are shown.
The asterisks indicate the sequences that are only estimated from the
genome databases and the presence of Ldb1b has not been experimen-
tally determined. cDNAs for Ldb1b from human (accession no.
AB250384), mouse (AB250383), and chicken (AB250385) were isolated
by RT-PCR. (D) Diagrammatic representation of alternative splicing of
the human Ldb1 gene. Ldb1a and Ldb1b are generated through
alternative retention of intron 9. The accession numbers of the
mRNA sequences of the isoforms are shown. Exons are indicated
by boxes and numbered. The introns and flanking regions are indi-
cated by bold lines. The coding regions of alternative and common

exons are indicated by gray and black boxes, respectively. The open
boxes indicate UTRs. The arrows indicate two different translational
initiation sites, and the asterisk indicates the initiation site in exon 1
that is shown in A and B. (E) Expression of Ldb1a and Ldb1b in various
tissues of adult human and mouse. Expression of Ldb4a and Ldb4b
was analyzed by Northern analyses. The nylon membranes were
hybridized with a full length cDNA for Ldb1 (upper) or a 666-bp frag-
ment corresponding to intron 9 of the Ldb1 gene (lower). The arrows
indicate bands for Ldb1b that retains intron 9, and the arrowheads
indicate bands for Ldb1a that splices intron 9. (F) Detection of
endogenous Ldb1b protein by Western blot analysis. Extracts of
HeLa cells, COS-7 cells transfected with pcDNA3-mLdb1b, and
mock transfected COS-7 cells were electrophoresed, transferred
to a nitrocellulose membrane, and stained with an antibody that
recognizes the N-terminal of Ldb1. Bands for Ldb1a (arrow head)
Ldb1b (arrow) were detected at 43 and 35 kDa, respectively. Note
that the total amount of protein loaded in the middle lane was 1/10
compared with in the other lanes, because the signal for overex-
pressed Ldb1b was much stronger than that of endogenous Ldb1.
Thus the signal for endogenous Ldb1 in the second lane is weaker
than the others. Molecular size markers are shown on the left.
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Fig. 5. Xenopus Ldb1b (XLdb1b).
(A and B) Amino acid sequences of
Xenopus Ldb1a (XLdb1a, accession
no. U74360) and Ldb1b (XLdb1b,
accession no. AB250387). LID is
boxed. The alternative sequences
are shaded. Amino acids are num-
bered on the right. The asterisks
indicate the putative translational
initiation site in exon 1. Another
alternative splice site adding six
nucleotides corresponding to the
addition of two amino acids at the
end of exon 9 is double underlined.
(C) Schematic diagram showing the
domain organization of XLdb1a and
XLdb1b. The dimerization domain
(DD), nuclear localization sequence
(NLS), LIM-interaction domain
(LID), and C-terminal sequence of
XLdb1b are shown. (D) Diagram-
matic representation of alternative
splicing of the Xenopus Ldb1 gene.
XLdb1a and XLdb1b are generated
through alternative use of the 30

splicing site of intron 9. The acces-
sion numbers of the mRNA
sequences of the isoforms are
shown. Exons are indicated by
boxes and are numbered. The
introns and flanking regions are
indicated by bold lines. The coding
regions of alternative and common
exons are indicated by gray and
black boxes, respectively. The open
boxes indicate UTRs. The arrows
indicate two different translational
initiation sites, and the asterisk
indicates the initiation site in exon
1 that is shown in A and B. (E)
Expression of XLdb1a and XLdb1b
in various tissues of adult X. laevis.
Expression of XLdb1a and XLdb1b
was analyzed by semi-quantitative
RT-PCR. The PCR products were
electrophoresed in 2% agarose gel
and visualized with ethidium bro-
mide. A cDNA fragment correspond-
ing to XLdb1b (0.60 kb) was detected
for all tissues examined as well as
that corresponding to XLdb1a
(0.49 kb). (F) Expression of
XLdb1a and XLdb1b during embryo-
genesis of X. laevis. Expression of
XLdb1a and XLdb1b were analyzed
by semi-quantitative RT-PCR as
described above.
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the exon-intron organization of the XLdb2 gene was deter-
mined by comparison with a sequence in the genome data-
base (Fig. 6, A–D). XLdb2a and XLdb2b are generated
through insertion or skipping of exon 9b. This pattern of
alternative splicing is similar to that of the Ldb2 gene in
Amniota. However, there is no significant similarity in the
sequence of intron 9b between Xenopus and Amniota.
Furthermore, the insertion of intron 9b does not cause a
frameshift, and XLdb2b still has LID.

The expression of XLdb2b in vivo was demonstrated by
semiquantitative RT-PCR analyses. XLdb2b was exp-
ressed in brain, lung, spleen, and kidney (Fig. 6E).
XLdb2b was also expressed in the Xenopus embryo after
stage 25 (Fig. 6F), and very weak expression of XLdb2b was
found in the stage 10/10.5 embryo. The expression level of
XLdb2b was usually higher than that of XLdb2a (Fig. 6,
E–F). Heart and liver expressed low amounts of XLdb2a,
but the ratios of Ldb2a:Ldb2b in these tissues were clearly
different from those in other tissues (Fig. 6E).

Ldb4b Lacks LIM-Binding Ability—The binding ability
of Ldb4b to LIM protein was determined by GST pull-down
analyses. GST-tagged Ldb4b and Ldb4a were purified
from Escherichia coli cells and mixed with cell extracts
of COS-7 cells overexpressing FLAG-tagged Lhx3a or
LMO4. The interactions were detected by Western ana-
lyses of the eluates using anti-FLAG antibodies. Lhx3a
and LMO4 did not bind to Ldb4b, whereas they bound
to Ldb4a and Ldb2 (Fig. 7A). This finding is consistent
with the domain structure of Ldb4b, which lacks LID.

Ldb4b Is a Nuclear Protein That Binds to the
Ldb4a-LMO4 Complex via Ldb4a—Ldb4b lacks LID but
has a dimerization domain (DD) and a nuclear localization
signal (NLS). This structure gave rise to the question of
whether Ldb4b binds to Ldb4a in the nucleus. To confirm
their interactions, myc-tagged Ldb4a and FLAG-tagged
Ldb4b were coexpressed within COS-7 cells and then the
interactions were analyzed by immunoprecipitation ana-
lyses. The results demonstrated that Ldb4b bound to
Ldb4a (Fig. 7B). The colocalization of Ldb4a and Ldb4b
in the nucleus was shown by indirect immunofluorescent
analysis (Fig. 7C).

We also determined whether Ldb4b binds to the Ldb4a-
LIM protein complex through Ldb4a. Myc-tagged Ldb4b
was coexpressed with HA-tagged Ldb4a and FLAG-tagged
LMO4 within COS-7 cells. Cell extracts were precipitated
with anti-FLAG agarose and interactions were confirmed
by Western analyses using anti-HA and myc antibodies. In
the presence of Ldb4a, Ldb4b bound to LMO4 (Fig. 7D).
However, Ldb4b did not bind to LMO4 in the absence of
Ldb4a. These results indicate that Ldb4b can bind to LIM
protein indirectly via Ldb4a.

Inhibitory Activity of Ldb1b toward Protein 4.2 (P4.2)
Promoter—To understand the function of Ldb1b, we ana-
lyzed the effect of overexpression of Ldb1b on a promoter
that is activated by Ldb1a. We chose the gene for protein
4.2 (P4.2), an important component of the red cell mem-
brane skeleton, whose transcription is stimulated by
LMO2 and Ldb1a (24). A 1.7-kb fragment of the mouse
P4.2 promoter linked to a luciferase reporter gene was
cotransfected into COS-7L cells with expression plasmids
for Tal1, E47, GATA-1, LMO2, Ldb1a, and Ldb1b. As
shown in Fig. 8, reporter activity was stimulated 24-fold
by LMO2 plus GATA-1, Tal1, and E47. When Ldb1a

was coexpressed with LMO2, GATA-1, Tal1, and E47,
the reporter activity increased 43-fold. However, exp-
ression of Ldb1b with these proteins resulted in only a
16-fold increase in reporter activity. These results
support the inhibitory activity of Ldb1b toward the P4.2
promoter. A similar inhibitory effect was observed when we
used an artificially generated dimerization-defective
mutant of Ldb1, which includes NLS and LID, but lacks
DD (24).

DISCUSSION

Alternative splicing allows each gene to produce multiple
protein isoforms and is one of the important mechanisms
for controlling gene function (37, 38). Bioinformatic ana-
lyses indicated that 35 to 65% of human genes are involved
in alternative splicing, which often results from differen-
tial exon inclusion, a choice between two splice sites, and
intron retention (39). By inserting or deleting part of a
protein, alternative splicing can modulate binding proper-
ties between proteins, intracellular localization, enzymatic
and signaling activities, and protein stability (38). Many
molecules involved in transcriptional regulation have
splice isoforms that have different properties to promoters
such as AP-2 (40), AML1 (41), Oct-2 (42), Lhx3 (43), p53
(44), HNF1 (45), ikaros (46), Pit-1 (47), and IRF-3 (48),
suggesting that alternative splicing is among the impor-
tant mechanisms regulating gene expression. In this
study, we demonstrated, by inserting or deleting LID,
that Ldb genes, whose products act as adaptor molecules
of transcriptional complexes, also generate multiple pro-
teins that show different binding properties with LIM
proteins.

Table 1 is a summary of the distribution of splice iso-
forms of Ldb lacking LID. The splice isoforms of Ldb lack-
ing LID are found in a variety of vertebrate animals. The
splicing patterns and additional C-terminal short stretches
of amino acid residues instead of LID differ among lineages
such as the Amniota (mammals and chicken), amphibians
(Xenopus), and teleost fish. In contrast, the alternative
splicing of Ldb1 and Ldb2 in Amniota and that of Ldb4
in teleost fish is very well conserved within each lineage in
both splicing patterns and the additional C-terminal
sequences instead of LID. At the coding regions for the
C-terminal tail instead of LID, not only synonymous
codons but also nonsynonymous codons are very well con-
served (Fig. 3B). Thus we believe that the nucleotide
sequences, rather than deduced amino-acid sequences,
have some role in the production of two splice isoforms,
and deletion of LID is more important than the amino
acid sequence of the additional C-terminal short tail. It
is therefore likely that the splice isoforms of Ldb lacking
LID in the various animals share similar functions even
though the splicing patterns and the additional C-terminal
sequences are different.

It has been suggested that there are two models for the
evolution of alternative splicing (49). The first model is the
production of two or more weak splice sites, providing an
opportunity for splicing machinery to produce multiple iso-
forms. Alternative exons possess weaker splice sites than
constitutively spliced exons, and this model includes both
weakening of the existing splice sites and production of a
novel weak splice site. The second model represents the
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Fig. 6. Xenopus Ldb2b (XLdb2b).
(A and B) Amino acid sequences of
Xenopus Ldb2a (XLdb2a, accession
no. AB250389) and Ldb2b (XLdb2b,
accession no. AB250388). LID is
boxed. The alternative sequences are
shaded. Amino acids are numbered on
the right. Another alternative splice
site adding six nucleotides corre-
sponding to the addition of two
amino acids at the end of exon 9 is
double underlined. (C) Schematic
diagram showing the domain organi-
zation of XLdb2a and XLdb2b. The
dimerization domain (DD), nuclear
localization sequence (NLS),
LIM-interaction domain (LID), and
C-terminal sequence of XLdb2b are
shown. (D) Diagrammatic representa-
tion of alternative splicing of the X.
tropicalis Ldb2 gene. XLdb2a and
XLdb2b are generated through alter-
native use of exon 9b. Exons are indi-
cated by boxes and numbered. The
introns and flanking regions are indi-
cated by bold lines. The coding regions
of alternative and common exons are
indicated by gray and black boxes,
respectively. Open boxes indicate
UTRs. An arrow indicates the transla-
tional initiation site. (E) Expression of
XLdb2a and XLdb2b in various tis-
sues of adult X. laevis. Expression of
XLdb2a and XLdb2b was analyzed by
semi-quantitative RT-PCR. The PCR
products were electrophoresed in a 2%
agarose gel and visualized with ethi-
dium bromide. cDNA fragments corre-
sponding to XLdb2b (0.64 kb) and
XLdb2a (0.61 kb) are shown. (F)
Expression of XLdb2a and XLdb2b
during embryogenesis of X. laevis.
Expression of XLdb1a and XLdb1b
was analyzed by semi-quantitative
RT-PCR as described above.
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evolution of the effect of specific splicing regulatory factors
on selective use of constitutive splice sites. In our cases, the
mRNAs for Ldb4b and Ldb1b are expressed ubiquitously in
teleost fish and tetrapod animals, respectively, and the
ratio of Ldb4a:Ldb4b or Ldb1a:Ldb1b is almost constant
among the various adult tissues (Figs. 2E, 4E, and 5E).
Thus far we have been unable to find any tissue or cells
that show excess or reduced levels of expression of Ldb4b or
Ldb1b. Therefore it is likely that both isoforms are gener-
ated through the use of two weak splice sites rather than
through the effect of a specific splicing regulatory factor,
and that the weakening of the splice sites occurred indivi-
dually on Amniota Ldb1, amphibian Ldb1, and teleost
Ldb4 after separation of the species. In other words, it is
likely that the machinery generating the splice isoforms
lacking LID is common, whereas the weak splice site of
each gene has developed individually. On the other
hand, we found that the ratio of Xenopus Ldb2a:Ldb2b
is different among tissues (Fig. 6E). Thus it is possible
that the splicing of the XLdb2 gene is regulated by some
tissue-specific splicing regulatory factors.

It has been demonstrated that Ldb genes have another
alternative splice site, adding six nucleotides correspond-
ing to the addition of two amino acids (VP) at the end of
exon 9 (36). In the current study, we demonstrated that
this type of alternative splicing is also conserved among
Amniota Ldb1 and Ldb2 (Figs. 1 and 4), amphibian Ldb1
(Fig. 5), and teleost Ldb4 (Fig. 2). So far there has been no
report demonstrating the regulation or function of this
alternative splicing.

Although the mRNA levels for Ldb4b and Ldb1b are not
minor in teleost and mammalian tissues and culture cells,
the protein levels of Ldb4b and Ldb1b are relatively lower
than we expected (Figs. 2F and 4F). These results indicate
that the translation efficiencies or stabilities of the proteins
are different among the splice isoforms. As expected from
the domain structure, Ldb4b lacks the ability to interact
with LIM proteins such as Lhx3a and LMO4 (Fig. 7A). On
the other hand, Ldb4b possesses the ability to interact with
Ldb4a, possibly through the dimerization domain (Fig. 7B).
Luciferase analyses have demonstrated that Ldb1b does
not stimulate the P4.2 promoter, which is known to be

Fig. 7. Interaction of Ldb4b
with other molecules. (A)
Ldb4b lacks the ability to bind to
LIM protein. GST-tagged zebra-
fish Ldb4b, GST-tagged zebrafish
Ldb4a, GST-tagged zebrafish
Ldb2, and GST only were bound
to glutathione-Sepharose and
mixed with an extract of COS-7
cells overexpressing FLAG-tagged
rat Lhx3a or FLAG-tagged zebra-
fish LMO4. (B) Interaction of
Ldb4b with Ldb4a. Extracts of
COS-7 cells overexpressing FLAG-
tagged Ldb4b alone or Myc-tagged
Ldb4a were obtained. Cell extracts
were immunoprecipitated with
anti-FLAG agarose and the preci-
pitates were analyzed by Western
blot analyses using anti-myc anti-
bodies. (C) Immunocytochemistry
showing the co-localization of
Ldb4a and Ldb4b. (D) Ldb4a-
dependent interaction between
Ldb4b and LIM protein. Extracts
of COS-7 cells overexpresseing
myc-tagged zebrafish Ldb4b,
HA-tagged zebrafish Ldb4a, and
FLAG-tagged mouse LMO4 were
obtained. The cell extracts were
immunoprecipitated with anti-
FLAG agarose and the precipitates
were analyzed by Western blot
analyses using anti-myc and
anti-HA antibodies. Ldb4b inter-
acted with LMO4 only when co-
expressed with Ldb4a.
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activated by Ldb1 (24). Until now, only one molecule has
been reported to regulate the function of Ldb1: RLIM
(RING-finger LIM domain–binding protein), a RING-
finger protein that ubiquitinates Ldb1 (50–52). We believe
that Ldb1b, Ldb2b, and Ldb4b are novel regulators of Ldb’s
effects on LIM protein–dependent promoters. Our pre-
liminary data suggest that Ldb1b/4b do not regulate
Ldb1/4 through simple competition but may have some

effects on the stability of Ldb1. The mechanisms are
more complex than we expected and are likely to be elu-
cidated in further studies.
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Table 1. List of splice isoforms of Ldb lacking LID.

Animals Product name Gene Alternative splicing Accession nos.

Amniota (human, mouse, chicken) Ldb1b Ldb1 retention of intron 9 human (AB250384)

mouse (AB250383)

chicken (AB250385)

CLIM1b/Ldb2b Ldb2 insertion of exon 9b human (AF064493)

mouse (MMU89489)

chicken (AB250386)

Amphibia (Xenopus*) Ldb1b Ldb1 alternative 30 splice site of intron 9 Xenopus laevis (AB250387)

Teleostei (zebrafish, eel) Ldb4b Ldb4 alternative 30 splice site of intron 9 zebrafish (AB250382)

eel (AB250381)

*The Xenopus Ldb2 gene generates Ldb2b through the insertion of exon 9b. In Xenopus, the insertion of exon 9b does not cause a frameshift,
and XLdb2b does not lack LID.
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Fig. 8. Inhibitory activity of Ldb1b toward protein 4.2 (P4.2)
promoter. A luciferase reporter construct containing the P4.2
promoter was cotransfected into COS-7L cells with different com-
binations of expression plasmids encoding Tal1, E47, GATA-1,
LMO2, Ldb1a, and Ldb1b. Cell lysates were prepared 48 h after
transfection and assayed for luciferase activity. Plotted is the mean
induction in luciferase activity – the standard error from three
independent experiments.
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