
Abstract. EFNA1, EFNA2, EFNA3, EFNA4, EFNA5,
EFNB1, EFNB2 and EFNB3 are EFN family ligands for EPH
family receptors. EFN/EPH signaling pathway networks with
the WNT signaling pathway during embryogenesis, tissue
regeneration, and carcinogenesis. Comparative genomics
analyses on EFNB1, EFNB2 and EFNB3 were performed by
using bioinformatics and human intelligence (humint). EFNB1
mRNA was expressed in human embryonic stem (ES) cells,
neural tissues, diffuse type gastric cancer, pancreatic cancer,
colon cancer, brain tumors and esophageal cancer, EFNB2
mRNA in human ES cells, neural tissues and colon cancer,
EFNB3 mRNA in human ES cells, neural tissues, brain tumors,
pancreatic cancer and colon cancer. Because triple TCF/LEF-
binding sites were identified within the 5'-promoter region
of human EFNB3 gene, comparative genomics analyses on
EFNB3 orthologs were further performed. Chimpanzee
EFNB3 gene, consisting of five exons, was identified within
AC164921.3 genome sequence. AY421228.1 was not a correct
coding sequence for chimpanzee EFNB3. Chimpanzee EFNB3
gene was found to encode a 340-amino-acid protein showing
99.4% and 96.6% total-amino-acid identity with human
EFNB3 and mouse Efnb3, respectively. Three TCF/LEF-
binding sites within human EFNB3 promoter were conserved
in chimpanzee EFNB3 promoter, and the second TCF/LEF-
binding site in rodent Efnb3 promoters. CpG hypermethylation
of EFNB3 promoter with 63.2% GC content as well as deletion
of EFNB3 gene closely linked to TP53 tumor suppressor gene
at human chromosome 17p13.1 should be investigated to
elucidate the mechanism of infrequent EFNB3 upregulation in
human colorectal cancer. EFNB3, identified as potential
transcriptional target of WNT/ß-catenin signaling pathway, is
a pharmacogenomics target in the fields of regenerative
medicine and oncology.

Introduction

EFNA1, EFNA2, EFNA3, EFNA4, EFNA5, EFNB1, EFNB2
and EFNB3 are EPHRIN (EFN) family ligands for EPH
family receptors (1-15). EFNA1, EFNA2, EFNA3, EFNA4
and EFNA5 are GPI-anchored cell-surface proteins with
EPH-binding domain, while EFNB1, EFNB2 and EFNB3 are
transmembrane proteins with extracellular EPH-binding
domain and cytoplasmic PDZ-binding motif. EPH family
members share common domain architecture, consisting of
extracellular EFN-binding domain, cysteine-rich domain, two
fibronectin type III repeats as well as cytoplasmic tyrosine
kinase domain and C-terminal SAM motif. EPHA1, EPHA2,
EPHA3, EPHA4, EPHA5, EPHA6, EPHA8 and EPHA10 are
classified into EPHA subfamily, while EPHB1, EPHB2,
EPHB3, EPHB4 and EPHB6 are classified into EPHB
subfamily. EFN/EPH signaling pathway is implicated in a
variety of processes, including axon guidance, angiogenesis,
and gastrointestinal morphogenesis.

Canonical WNT signaling activation leads to transcriptional
activation of DKK1, DKK4, FGF18, FGF20, etc. depending on
the transcriptional complex consisting of TCF/LEF, ß-catenin,
BCL9/BCL9L and PYGO1/PYGO2 (16-32). WNT/ß-catenin
signaling pathway is implicated in the cell fate determination.

Mouse Efnb1 is expressed in intestinal differentiated
cells, while Ephb2 and Ephb3 in intestinal proliferating cells
depending on the WNT/ß-catenin signaling pathway (33,34).
EFN/EPH and WNT signaling pathways network together
during embryogenesis, tissue regeneration and carcinogenesis;
however, direct transcriptional regulation of EFN family
members by the WNT/ß-catenin signaling pathway remains
unclear. Comparative genomics analyses on EFNB1, EFNB2
and EFNB3 were performed, and EFNB3 was identified as
potential target gene of the WNT/ß-catenin signaling pathway.

Materials and methods

WNT target gene screening. Genome sequences corresponding
to human EFNB1, EFNB2 and EFNB3 genes were searched
for with BLAST programs (http://www.ncbi.nlm.nih.gov) as
described previously (35-39). TCF/LEF-binding sites within
the 5'-flanking promoter region of the above genes were
searched for based on bioinformatics and manual inspection as
described previously (28-32).
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Identification of the chimpanzee EFNB3 orthologs.
Chimpanzee genome sequences homologous to human
EFNB3 were searched for with BLAST programs as
described previously (40-43). Exon-intron boundaries were
determined based on the consensus sequence of exon-intron
junctions (‘gt ... ag’ rule of intronic sequence) and codon
usage within the coding region as described previously (44-
47). Coding sequence of chimpanzee EFNB3 was determined
by assembling exonic regions.

Comparative proteomics analysis. Phylogenetic analyses on
mammalian EFNB family members were performed by using
the CLUSTALW program.

Comparative genomics analyses. Promoter region of mam-
malian EFNB3 orthologs were aligned by using the Genetyx
program and manual curation. TCF/LEF-binding sites within
the promoter region were determined as mentioned above.

In silico expression analysis. Expressed sequence tags (ESTs)
derived from human FENB1, EFNB2, and EFNB3 genes were
searched for by using the BLAST programs. The sources of
FENB1, EFNB2, and EFNB3 ESTs were listed up for in silico
expression analysis.

Results

Screening of TCF/LEF-binding site within promoter region of
EFNB family genes. Human EFNB1 RefSeq (NM_004429.3),
EFNB2 RefSeq (NM_004093.2) and EFNB3 RefSeq
(NM_001406.3) were used as query sequences for the BLAST
programs to identify genome clones corresponding to EFNB
family genes. The 5'-flanking promoter region of human
EFNB1, EFNB2 and EFNB3 genes were identified within
AL136092.8, AL138689.22 and AC087388.9 genome
sequences, respectively (Fig. 1A). TCF/LEF-binding sites
within the 5'-promoter region of human EFNB1, EFNB2
and EFNB3 genes were then searched for based on manual
inspection. Triple TCF/LEF-binding sites were identified
within human EFNB3 promoter (Fig. 1A).

Identification of the chimpanzee EFNB3 gene. BLAST
programs using human EFNB3 RefSeq revealed that
chimpanzee EFNB3 gene was located within AC164921.3
genome sequence. Exon-intron boundaries of chimpanzee
EFNB3 gene were determined based on the consensus
sequence of exon-intron junctions. Chimpanzee EFNB3 gene
was found consisting of five exons (Fig. 1B).

Because the chimpanzee AY421228.1 predicted sequence
accompanied by sequence gaps within exons 2, 4 and 5 was
not the correct chimpanzee EFNB3 sequence, complete coding
sequence (CDS) of chimpanzee EFNB3 was determined in
this study by assembling nucleotide sequences of five exons
(Fig. 2).

Genetyx program revealed that nucleotide position 398-
1420 was the coding region of chimpanzee EFNB3 complete
CDS (Fig. 2). Chimpanzee EFNB3 gene was found to encode
a 340-amino-acid protein showing 99.4% and 96.6% total-
amino-acid identity with human EFNB3 and mouse Efnb3,
respectively.

Comparative proteomics analysis on mammalian EFNB3
family members. Phylogenetic analysis revealed that EFNB1
orthologs and EFNB2 orthologs were more related to each
other than to EFNB3 orthologs (Fig. 1C). Extracellular EPH-
binding domain as well as the C-terminal cytoplasmic region
with five tyrosine residues and PZD-binding motif were well
conserved among EFNB family members (Fig. 2B).

Expression of human EFNB1, EFNB2 and EFNB3 mRNAs.
In silico expression analyses were performed to investigate
the expression profile of EFNB family members. EFNB1
mRNA was expressed in human embryonic stem (ES) cells,
diffuse type gastric cancer, pancreatic cancer, colon cancer,
brain tumors and esophageal cancer. EFNB2 mRNA was
expressed in human ES cells, neural tissues and colon cancer.
EFNB3 mRNA was expressed in human ES cells, neural
tissues, brain tumors, pancreatic cancer and colon cancer.

Comparative genomics analyses on EFNB3 promoters. Human
EFNB3 promoter and chimpanzee EFNB3 promoter were
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Figure 1. (A), EFNB gene family. Three TCF/LEF-binding sites exist within the EFNB3 promoter. (B), Exon-intron structure of the chimpanzee EFNB3 gene.
Nucleotide sequences around exon-intron boundaries are shown by upper-case letters (exon) and by lower-case letters (intron). (C), Phylogenetic analyses on
the EFNB family.
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Figure 2. (A), Nucleotide and amino-acid sequences of chimpanzee EFNB3. Nucleotides and amino-acid residues are numbered on the right. (B), Alignment
of EFNB family members. Pt, chimpanzee; Hs, human; Mm, mouse. Transmembrane domain is boxed. Amino-acid residues are numbered on the right.
Conserved amino-acid residues are shown by asterisks.

Figure 3. Alignment of 5'-promoter region of mammalian EFNB3 orthologs. Hs, human; Pt, chimpanzee; Mm, mouse; Rn, rat. Region corresponding to exon 1
of human EFNB3 gene is boxed. Three TCF/LEF-binding sites conserved in primate EFNB3 promoters are shown by double over-lines. The second TCF/
LEF-binding site of primate EFNB3 promoters is conserved in rodent Efnb3 promoters. The first and the third TCF/LEF-binding sites of primate EFNB3
promoters are not conserved in rodent Efnb3 promoters due to nucleotide changes shown by a sharp.
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located within AC087388.9 and AC164921.3 genome
sequences, respectively, as mentioned above. BLAST programs
revealed that mouse and rat Efnb3 promoters were located
within AL731687.13 and AC134317.3 genome sequences,
respectively. Promoter alignment revealed that 5'-promoter
region of human, chimpanzee, mouse and rat EFNB3 orthologs
were well conserved (Fig. 3).

GC content of human EFNB3 promoter was 63.2%, that
of chimpanzee EFNB3 promoter was 63.1%, that of mouse
Efnb3 promoter was 55.5%, and that of rat Efnb3 promoter
was 56.3%. GC contents of primate EFNB3 promoters were
higher than the rodent Efnb3 promoters.

Triple TCF/LEF-binding sites within human EFNB3
promoters were located about 1100, 1000, and 400 bp up-
stream of the transcription start site (Fig. 3). Three TCF/LEF-
binding sites within human EFNB3 promoter were conserved
in the chimpanzee EFNB3 promoter. The second TCF/LEF-
binding site within human EFNB3 promoter was conserved
in rodents Efnb3 promoters.

Discussion

TCF/LEF-binding sites within EFNB1, EFNB2, EFNB3
promoters were searched for to identify the WNT/ß-catenin
target gene among the EFNB family in this study. The 5'-
flanking promoter region of human EFNB1, EFNB2 and EFNB3
genes were identified within AL136092.8, AL138689.22 and
AC087388.9 genome sequences, respectively. Because triple
TCF/LEF-binding sites were identified within the 5'-promoter
region of human EFNB3 gene (Fig. 1A), comparative genomics
analyses on EFNB3 orthologs were further performed.

Chimpanzee EFNB3 gene, consisting of five exons, was
identified within the AC164921.3 genome sequence (Fig.
1B). AY421228.1 was not the correct coding sequence for
chimpanzee EFNB3, and complete CDS of chimpanzee
EFNB3 was determined in this study (Fig. 2). Chimpanzee
EFNB3 gene was found to encode a 340-amino-acid protein
showing 99.4% and 96.6% total-amino-acid identity with
human EFNB3 and mouse Efnb3, respectively.

Three TCF/LEF-binding sites within human EFNB3
promoter were conserved in chimpanzee EFNB3 promoter,
while the only second TCF/LEF-binding site within human
EFNB3 promoter was conserved in rodent Efnb3 promoters
(Fig. 3). GC contents of primate EFNB3 promoters were higher
than the rodent Efnb3 promoters. Although mammalian
EFNB3 promoters were relatively well conserved, TCF/LEF-
binding sites were triplicated in primate EFNB3 promoters
compared with the rodent Efnb3 promoters due to nucleotide
changes during mammalian evolution.

Expression of human EFNB1, EFNB2 and EFNB3 mRNAs
was investigated by using the in silico expression analyses.
EFNB1, EFNB2 and EFNB3 mRNAs were expressed in human
ES cells and neural tissues. In addition, EFNB1 mRNA was ex-
pressed in a variety of tumors, such as gastric cancer, pancreatic
cancer, colon cancer, brain tumors and esophageal cancer.

Mouse Efnb3, interacting with Epha4 on the axons, is
implicated in axon repulsion during embryogenesis as well
as inhibition of neurite outgrowth after traumatic spinal cord
injury (48-50). Repression of EFNB3 transcription could
contribute to the acceleration of neurite outgrowth after
traumatic spinal cord injury.

EFNB3 expression in colorectal cancer was relatively
infrequent, although WNT/ß-catenin signaling pathway is
frequently activated in colorectal cancer. GC content of EFNB3
promoter was 63.2%, and EFNB3 gene is closely linked to
TP53 tumor suppressor gene at human chromosome 17p13.1.
CpG hypermethylation of EFNB3 promoter as well as deletion
of EFNB3 gene might explain the relatively infrequent
expression of EFNB3 mRNA in colorectal cancer. Epigenetic
changes and genetic alterations of EFNB3 gene in colorectal
cancer should be investigated in the future.

EFNB3 was identified as potential transcriptional target
of WNT/ß-catenin signaling pathway in this study. EFNB3 is
a pharmacogenomics target in the fields of regenerative
medicine and oncology.
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