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The Frizzled-type cysteine-rich domain (CRD) is a
inding motif for soluble-type glycoprotein WNTs,
hich play key roles in embryogenesis and carcino-
enesis. Here, we have cloned and characterized a
ovel gene MFRP, encoding a type II transmembrane
rotein with CRD. In addition to CRD, two tandem-
epeats containing the Cubilin domain ; the MFRP
omain were present in the extracellular region of
FRP. Although MFRP was homologous to Corin,
ZDs, and SFRPs in CRD, amino-acid identities be-

ween CRD in MFRP and CRDs in these molecules
ere less than 40%. The MFRP gene on 11q23 consisted
f at least 13 exons. The 4.0-kb MFRP was not detected
y Northern blot analysis in normal tissues other than
dult and fetal brain. The MFRP mRNA was undetect-
ble in seven gastric cancer cell lines, seven brain
umor cell lines, and other eight tumor cell lines. Re-
ional distribution of the MFRP mRNA in human
rain was further investigated, and MFRP was found
o be expressed strongly in medulla oblongata, and
eakly in hippocampus and corpus callosum. Thus,
FRP with CRD might play key roles in medulla ob-

ongata as a regulator of the WNT signaling pathway.
2001 Academic Press

Key Words: WNT; cysteine-rich domain; medulla ob-
ongata; 11q23.

The extracellular Frizzled-type cysteine-rich domain
CRD) is a binding motif for glycoprotein WNTs. At
east 19 WNT genes exist in the human genome (Ka-
oh, unpublished data), and WNTs play key roles in cell
ate determination and malignant transformation (1,

The nucleotide sequence data of MFRP will appear in the DDBJ/
MBL/GenBank Databases under the Accession No. AB055505.
Abbreviations used: CRD, Frizzled-type cysteine-rich domain;
UB, Cubilin domain; MFD, MFRP domain; EST, expressed se-
uence tag.
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NT receptors to the following intracellular signaling
athways: the c-Jun N-terminal kinase (JNK) pathway
3), the Ca21-releasing pathway (4), or the ß-catenin –
CF pathway (5). WNT receptors are seven-
ransmembrane receptors with CDR encoded by mem-
ers of the FZD gene family (6–11).
In search of a novel gene homologous to CRD of

ZD3, human genome sequence AP001557 was found
o contain exons encoding a novel CRD. Here, overlap-
ing cDNAs derived from the novel gene was isolated,
nd the novel gene was found to encode a type II
ransmembrane protein with CRD. Thus, the novel
ene was designated MFRP (Membrane-type Frizzled-
elated protein). CRD of MFRP was homologous to
hose of FZDs (6–11), Corin (12), and SFRPs (13–15);
owever, amino-acid identities in CRD between MFRP
nd other CRD molecules were less than 40%. The
.0-kb MFRP mRNA was not detected in various nor-
al tissues other than adult and fetal brain by North-

rn blot analyses. Within adult brain, MFRP was
trongly expressed in medulla oblongata. In addition to
DNA structure and expression profile, gene structure
nd chromosomal localization of MFRP will also be
escribed in this manuscript.

ATERIALS AND METHODS

Identification of human genome fragment encoding a novel CRD
rotein by using the Tblastn program. Human genome sequence
orresponding to a novel gene encoding a CRD protein was searched
or with the BLAST search program (http://www.ncbi.nlm.nih.gov)
s described previously (16). Amino-acid sequence of CRD in the
NT receptor FZD3 (11) was used as a query sequence for the

blastn program, in which the query amino-acid sequence was com-
ared with the human genome draft sequence translated in six
rames, namely three frames in the sense direction and in the anti-
ense direction.

Exon prediction in the genome draft sequence around the CRD
xons by using the Tblastx program. Candidate exons around the
ovel CRD gene fragment might encode a protein motif homologous
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o known proteins. Based on this hypothesis, the nucleotide se-
uences of the 59- or 39-flanking regions of the novel CRD gene
ragment were used a query sequence for the Tblastx program, in
hich the query nucleotide sequence translated in six frames were

ompared with the protein sequence data base.

Cell lines and poly(A)1 RNA. Poly (A)1 RNAs of human fetal
rain, lung, liver, and kidney (Clontech Laboratories) were pur-
hased. Poly(A)1 RNAs were extracted from human brain tumor cell
ines, DBTRG-05MG, T98G, U-373MG, SW1088, SW1783, A-172,
nd HS683, and from gastric cancer cell lines OKAJIMA, TMK1,
KN7, MKN28, MKN45, MKN74, and KATO-III with the Fast-
rack RNA extraction kit (Invitrogen) as described previously (16)

cDNA-PCR and nucleotide sequence analyses. Forty nanograms
f poly(A)1 RNA was used as a template of one-step cDNA-PCR with
he One-Step RT-PCR kit (Qiagen) as described previously (16).
fter reverse-transcription reaction at 50°C for 30 min with a mix-

ure of Omniscript and Sensiscript reverse transcriptase, HotStar-
aq DNA polymerase was activated by heating at 95°C for 15 min.
hen, the MFRP cDNA was amplified by 33 cycles of PCR (94°C for
.5 min, 60°C for 0.5 min, 72°C for 2 min), and the ß-actin cDNA was
mplified by 24 cycles of PCR, followed by final extension at 72°C for
0 min. cDNA-PCR products were purified with QIAEX II gel extrac-
ion kit, and ligated into the TA cloning vector pCR2.1 (Invitrogen)
or the subsequent nucleotide sequence analyses with ABI310 Se-
uencer (PE Applied Biosystems). Nucleotide sequences of oligonu-
leotide primers are listed in Table 1.

Northern blot analyses. MTN Northern blot filters (Clontech Lab-
ratories) containing two mg of poly(A)1 RNA for each lane were
ybridized with a [a-32P] dCTP-labeled MFRS probe at 68°C for 1 h

n QuikHyb solution (Stratagene). Filters were washed in 2 3 SSC
uffer with 0.1% SDS at room temperature for 15 min twice, and in
.1 3 SSC buffer with 0.1% SDS at 60°C for 30 min. Then, filters
ere exposed to the Imaging plate (Fuji) for the image analysis in the
torm system (Molecular Dynamics) as described previously (17).
he MFRS probe corresponds to the nucleotide position 1007–1876 of
he MFRP cDNA.

ESULTS

solation of MK01 ; MK03 cDNAs

A novel CRD gene on the human genome draft se-
uence was searched for with the Tblastn program by
sing CRD of FZD3 (codon 28–127) (12) as a query
equence. The human genome sequence AP001557 was
ound to contain a novel gene fragment encoding a
RD protein. CRD of the novel gene showed 36%
mino-acid identity with that of FZD3. Then, putative

Oligonucleo

Primer Orientation N

PM-07 Sense ACTCCAG
PM-08 Anti-sense TCAGGGC
PM-21 Sense CAGCCCA
PM-22 Anti-sense ATGACAT
PM-31 Sense ACGGCAG
PM-32 Anti-sense CACAAGC
PM-34 Anti-sense TGGGAAA
BACT01 Sense GACTACC
BACT02 Anti-sense GCGGATG
117
xons homologous to the known protein motifs in the
enome draft sequence around the CRD exons were
earched for with the Tblastx program. Although no
utative exon was identified in the 39-flanking region,
wo genome fragments in the 59-flanking region of the
RD exons were found to be able to encode polypeptide
omologous to the Cubilin domain (CUB) present in
he intrinsic factor-vitamin B12 receptor, Cubilin (18,
9). These results suggested that the putative novel
ene might encode a polypeptide with two CUBs and
ne CRD.
In the 59-flanking region of the putative first CUB

xon, several sense primers were designed based on
he genome sequence just up-stream of the nucleotide
equence resembling the Kozak’s consensus sequence
or initiation of translation. In the 39-flanking region of
he CRD exons, several anti-sense primers were de-
igned every hundred bases. cDNA-PCR with many
ombinations of sense and anti-sense primers were
erformed, and the 1770-bp MK01 cDNA was isolated
y cDNA-PCR with PM-07 and PM-08 primers from
oly(A)1 RNA of human fetal brain, but not from those
f human fetal lung, liver, and kidney (data not
hown). Nucleotide sequence analyses revealed that
he MK01 cDNA contained a 1740-bp ORF (Fig. 1A).

Then, sense primer PM-21 was designed based on
he genome sequence upstream of the PM-07 primer,
nd anti-sense primer PM-22 was designed based on
he nucleotide sequence of MK01 cDNA to determine
he structure of the 59-UTR. The MK02 cDNA was
solated by one-step cDNA-PCR with PM-21 and
M-22 primers from poly(A)1 RNA of human fetal
rain, but not from those of human fetal lung, liver,
nd kidney (Fig. 1A). Three in-flame stop codons and
he Kozak’s consensus-like sequence followed by the
nitiator methionine were identified in the MK02
DNA.
Next, sense primer PM-31 was designed based on the

ucleotide sequence of MK01 cDNA, and anti-sense
M-34 was designed based on the genome sequence
ownstream of the PM-08 primer. The MK03 cDNA,
solated by cDNA-PCR with PM-31 and PM-34 prim-

e Primers

eotide sequence Nucleotide positions

AGCCATGCAGAG 118–138 of MFRP
GGCACAAGCTTC 1887–1867 of MFRP
AACTGGTCTAGC 1–21 of MFRP
GAGAAGTCCTTCATGG 170–146 of MFRP
ATGAGACCAATTG 1007–1028 of MFRP
CCAGGTCAGCTG 1876–1856 of MFRP
ACTCGTGGTGTCG 2519–2498 of MFRP
ATGAAGATCCT 631–651 of b-actin
CACGTCACACT 943–924 of b-actin
tid

ucl

AA
TG
AG
CT
TG
TT
TA
TC
TC
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FIG. 1. Structure of the MFRP cDNA and deduced amino-acid sequence of MFRP. (A) Schematic presentation of MFRP cDNAs. ORF and
TRs are depicted as an open box and solid bars, respectively. Overlapping MFRP cDNAs (MK01, MK02, and MK03) are also indicated by

olid bars. (B) Deduced amino-acid sequence of MFRP. Amino acids are numbered on the right. Transmembrane domain (bold overline),
ubilin domains (CUB1 and CUB2) (overline), MFRP domains (MFD1 and MFD2) (double overline), and Cysteine-rich domain (CRD) (open
ox) are indicated. (C) Kyte-Doolittle hydrophobicity analysis on MFRP polypeptide. A transmembrane domain is indicated by a bold bar.
FRP is a type II transmembrane protein with CRD.
118
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FIG. 2. Domain structure of MFRP. (A) Schematic presentation of MFRP polypeptide. (B) Alignment of CUB1 and CUB2 in MFRP. (C)
lignment of MFD1 and MFD2 in MFRP. (D) Alignment of CRD in MFRP with CRDs in Corin and FZDs. Amino-acid identity in CRD are
hown on the right. Conserved amino-acid residues are shown below alignments.
FIG. 3. Structure of the MFRP gene. (A) Schematic presentation of the MFRP gene. Exons corresponding to ORF are indicated by closed boxes,
nd exons corresponding to UTRs by open boxes. The MFRP gene consists of at least 13 exons. (B) Exon–intron boundaries of the MFRP gene. Exon
equences are shown large caps, while intron sequences by small caps. Size and encoding domain of each exon are also shown.
119
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9-UTR (Fig. 1A).
By combining nucleotide sequences of the MK01,
K02, and MK03 cDNAs isolated in this study, the

ovel cDNA were found to consist of the 147-bp
9-UTR, the 1740-bp ORF, and the 632-bp 39-UTR
Fig. 1A).

educed Amino Acid Sequence of MFRP

The novel gene was predicted to encode a polypeptide
f 579 amino-acid residues (Fig. 1B). A hydrophobic
egion (codon 70–100) was identified by using the
yte-Doolittle hydrophobicity analysis. This result in-
icated that the polypeptide encoded by the novel gene
as a type II transmembrane protein (Fig. 1C). Based
n the designation of SFRP (Secreted-type Frizzled-
elated protein), the novel gene, encoding a
ransmembrane-type polypeptide with a CRD, was
esignated MFRP (Membrane-type Frizzled-related
rotein).
The N-terminal cytoplasmic region (codon 1–69) of
FRP was much shorter than its extracellular region

codon 101–579) with seven N-glycosylation sites. Two
andem-repeats of CUB ; the MFRP domain (MFD),
nd the C-terminal CRD were present in the extracel-
ular region of MFRP (Fig. 2A).

CUB1 (codon 144–192) and CUB2 (codon 301–349)
howed 45% amino-acid identity (Fig. 2B), and MFD1
codon 216–294) and MFD2 (codon 377–454) showed
5% amino-acid identity (Fig. 2C). CRD of MFRP
codon 466–564) was homologous to CRDs of Corin,
ZDs, and SFRPs. Corin is a type II transmembrane
rotein with 2 CRDs, FZDs are seven-transmembrane
eceptors with a CRD, and SFPRs are soluble-type
olypeptide with a CRD. Amino-acid identities be-
ween CRD of MFRP and CRDs of these molecules
ere less than 40% (Fig. 2D).

enome Structure and Chromosomal Localization
of the MFRP Gene

The Blastn program was used to compare the nucle-
tide sequence of the MFRP cDNA with the human
enome draft sequence. The 2519-bp MFRP cDNA was
plit into 13 exons in the human genome sequence
P001557 on human chromosome 11q23 region (Fig.
A). These results indicate that the MFRP gene, con-
isting of at least 13 exons, are located on the human
hromosome 11q23 region.

Consensus sequences of splice donor and acceptor
ites (20) were found in the exon-intron boundaries of
he MFRP gene (Fig. 3B). CUB1 was encoded by a
ingle exon, while CUB2 was split by an intron. MFD1,
FD2, and CRD were also encoded by two exons

Fig. 3B).
120
xpression Profile of MFRP

The MFRS probe (nucleotide position 1007–1876 of
he MFRP cDNA) was constructed by PCR with PM-31

FIG. 4. Northern blot analyses on MFRP. (A) Adult human tis-
ues. (B) Fetal human tissues. (C) Human cancer cell lines. (D)
uman brain parts. Multiple Tissue Northern filters (Clontech Lab-

ratories) containing 2 mg of poly(A)1 RNAs for each lane were
ybridized with the MFRS probe, corresponding to the nucleotide
osition 1007–1876 of the MFRP cDNA. In normal human tissues,
he 4.0-kb MFRP mRNA was detected faintly in adult and fetal
rain. MFRP was not detected in human cancer cell lines HL-60,
eLa S3, K-562, MOLT-4, Raji, SW480, A539, and G361. Within
dult brain, MFRP was expressed highly in medulla oblongata, and
eakly in hippocampus and corpus callosum.
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nd PM-32 primers. As the MFRS probe was not sig-
ificantly homologous to any genes or any expressed
equence tags (ESTs) in the DDBJ/EMBL/GenBank
ata Bases, the MFRS probe was expected to be a
FRP specific probe. In fact, Northern blot analyses

evealed that the MFRS probe hybridized to a single
and of 4.0-kb in size (Fig. 4). MFRP was not detected
n various normal tissues, except faint expression in
dult brain (Fig. 1A) and fetal brain (Fig. 1B).
The MFRP mRNA was not detected by Northern blot

nalysis in human cancer cell lines HL-60, HeLa S3,
-562, MOLT-4, Raji, SW480, A539, and G361 by North-
rn blot analysis (Fig. 4C). The MFRP mRNA was de-
ected by one-step cDNA-PCR with PM-31 and PM-32
rimers in fetal brain, but not in seven gastric cancer cell
ines and seven brain tumor cell lines (Fig. 5).

As the MFRP mRNA was faintly expressed in adult
rain, regional distribution of the MFRP mRNA in
uman brain was further investigated by Northern

FIG. 5. cDNA-PCR analyses on MFRP. (A) Gastric cancer cell lin
sed as a template of one-step cDNA-PCR with the One-Step RT-PC

ragment was amplified by 33 cycles of cDNA-PCR with PM-31 and
y 24 cycles of cDNA-PCR with BACT01 and BACT02 primers. The
ot in seven gastric cancer cell lines and in seven brain tumor cell l
121
lot analysis. The 4.0-kb MFRP mRNA was expressed
eakly in hippocampus and corpus callosum, and was
xpressed strongly in medulla oblongata (Fig. 4D).

ISCUSSION

The MFRP gene was cloned and characterized in this
tudy. MFRP was found to encode a type II transmem-
rane protein of 579 amino-acid residues, which con-
isted of the N-terminal cytoplasmic region, the trans-
embrane domain, and the extracellular region with

wo tandem-repeats of CUB ; MFD as well as the
-terminal CRD (Fig. 1).
CRD of MFRP matched to the following consensus

equence of CRD (11): C – X(7) – C – X(4) – YN – X – T
X(2) – PN – X(6 or 7) – Q – X(17) – C – X(8) – C – X(4)
P – X – C – X(9 or 10) – C – X(10) – WP – X(2 or 4) –
. CRD of MFRP was homologous to those of Corin,
ZDs, and SFRPs; however, amino-acid identity be-

. (B) Brain tumor cell lines. Forty nanograms of poly (A)1 RNA was
Kit (Qiagen) as described previously (16). The 868-bp MFRP cDNA
-32 primers, and the 312-bp ß-actin cDNA fragment was amplified
RP mRNA was detected in human fetal brain (positive control), but
s.
es
R
PM
MF
ine
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ere less than 40%. Although the role of Corin in the
NT signaling pathway remains to be elucidated,

ZDs are seven-transmembrane-type WNT receptors,
nd SFRPs are secreted-type WNT antagonists. These
esults suggest that MFRP with a CRD might be also
mplicated in the WNT signaling pathway, just like
ZDs and SFRPs.
The 4.0-kb MFRP mRNA was not detected in normal

uman tissues, except faint expression in adult and
etal brain (Figs. 4A and 4B). The MFRP cDNA was
solated from poly(A)1 RNA of fetal brain, but not from
hose of fetal lung, liver, and kidney (Fig. 5B). These
esults suggest that MFRP might be a neural tissue-
pecific mRNA.
The MFRP gene was located on human chromosome

1q23, which region is frequently rearranged or de-
eted in several types of human tumor, including acute
eukemia, neuroblastoma, melanoma, lung cancer,
reast cancer, cervical cancer, and colorectal cancer
21–27). Expression of the MFRP mRNA was not de-
ected in 22 tumor cell lines derived from various tis-
ues (Figs. 4C and 5). MFRP expression might be re-
ressed in most cell lines derived from nonneural
issues probably due to tissue specific transcriptional
echanism as mentioned above; however, loss of
FRP expression in some tumors derived from neural

issues might be in part due to deletion of the MFRP
ene or hypermethylation in the MFRP promoter.
hus, we should next search expression profile of the
FRP mRNA as well as genetic alterations of the
FRP gene in brain tumors other than glioblastomas

s well as in neuroblastomas.
Regional localization of the MFRP mRNA in hu-
an brain was further investigated by Northern blot

nalysis, and the MFRP mRNA was found to be
trongly expressed in medulla oblongata (Fig. 3D).
s MFRP encoded a transmembrane protein with
RD, it is reasonable to speculate that CRD of MFRP
ight also have the binding capacity to WNTs. There

re three possibilities for the interaction between
FRP and WNTs: (i) MFRP might function as an-

ther class of cell-surface WNT receptor; (ii) MFRP
ight function as a coreceptor for WNTs to facilitate

he association between WNTs and FZDs; (iii) MFRP
ight function as a transmembrane-type WNT-

ntagonist. In any case, MFRP would play key roles
n medulla oblongata as a regulator of the WNT
ignaling pathway.
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