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B-Catenin, a key regulator of cellular proliferation, is often mutated in various types of human
cancer. To investigate cellular responses related to the B-catenin signaling pathway, we applied a
differential display method using mouse cells transfected with an activated form of mutant B-cate-
nin. This analysis and subsequent northern-blot hybridization confirmed that expression of a
murine gene encoding NBL4 (novel band 4.1-like protein 4) was up-regulated by activation of B-
catenin. To examine a possible role of NBL4 in cancer, we isolated the human homologue of the
murine NBL4 gene by matching mNBL4 against the human EST (expressed sequence tag) database
followed by 5 rapid amplification of cDNA ends (5'RACE). The cDNA of hNBL4 encoded a pro-
tein of 598 amino acids that shared 87% identity in amino acid sequence with murine NBL4 and
71% with zebrafish NBL4. A 2.2-kb hNBL4 transcript was expressed in all human tissues exam-
ined with high levels of expression in brain, liver, thymus and peripheral blood leukocytes and low
levels of expression in heart, kidney, testis and colon. We determined its chromosomal |ocalization
at 5922 by fluorescence in situ hybridization. Expression of hNBL4 was significantly reduced when
B-catenin was depleted in SW480 cells, a human cancer cell line that constitutionally accumulates
B-catenin. The results support the view that NBL4 is an important component of the B-catenin/Tcf

pathway and is probably related to determination of cell polarity or proliferation.
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Recent progress in cancer research has disclosed that
B-catenin, which functions in cell-to-cell adhesion and in
the wnt-signaling pathway, is a mgor player in carcinogen-
esis of various tissues, including colon, liver, ovary, and
skin.1=® B-Catenin is normally degraded in the cell through
formation of complexes with GSK-3(3 (glycogen syn-
thase kinase-3f3), Axin, and APC (adenomatous poliposis
coli).>” However, when mutation of APC or of B-catenin
itself occurs, B-catenin accumulates in the cell and forms a
complex with Tcf/Lef.®#9 That complex translocates into
the nucleus and transactivates downstream genes.>®® So
far, only c-myc and cyclin D1 have been identified as
targets of this complex, but the molecular mechanism of
the B-catenin-Tcf/Lef signaling pathway is still not well
understood.1%-12

The wnt/wingless signal is essential for patterning of
embryonic segments during development in Drosophila.®
This signaling pathway also plays a crucia role in axis
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formation of Xenopus embryos.*® In Drosophila, the wing-
less signal recruits zeste-white-3, the homologue of GSK-
3B, and down-regulates armadillo protein, considered to be
a homologue of [3-catenin, by phosphorylating its N-termi-
nal region.? Therefore, a failure to recognize cell polarity
may be an important factor in tumorigenesis, as it may
confer morphological changes that trigger uncontrolled
migration of tumor cells.>9

Members of the band 4.1 protein superfamily are
thought to play important roles in regulating interaction
between the cytoskeleton and the plasma membrane. 2419
This superfamily consists of band 4.1 protein, ezrin,
radixin, moesin, merlin, talin, PTPH1 (protein tyrosine
phosphatase Helal), PTPMEG (protein tyrosine phos-
phatase, megakaryocyte), and NBL1-NBL7.1%-2 All of
these proteins contain a conserved domain in the N-termi-
nal half that is responsible for binding glycophorin C.
Since the N-termina ends of these proteins appear to be
involved in the specific binding of integral membrane pro-
teins, all members are probably located just beneath the
membranes.’¥
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Here we report isolation, chromosomal assignment, and
characterization of human NBL4, a molecule involved in
the B-catenin/Tcf pathway.

MATERIALS AND METHODS

RNA extraction and RT-PCR We previously established
a mouse fibroblast cell line, LMT, by introducing into
murine L cells a B-catenin transgene which had been acti-
vated by deletion of exon 3.2 Total RNAS were extracted
from this cell line with TRIZOL reagent (Life Technolo-
gies, Inc., Tokyo) according to the manufacturer’s proto-
col. After treatment with DNase | (Boehringer Mannheim,
Tokyo), a 0.2-ug aiquot of poly(A) RNA was purified
using OligoTex (TaKaRa, Tokyo) and reversely tran-
scribed to single-stranded cDNAs using oligo(dT),5 primer
with Superscript Il reverse transcriptase (Life Technolo-
gies, Inc.). Each single-stranded cDNA was diluted for
subsequent PCR amplification by monitoring glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) as a quantita-
tive control. The primers utilized for amplification were
GAPDHF  (5-ACAACAGCCTCAAGATCATCAG-3),
GAPDHR (5'-GGTCCACCACTGACACGTTG-3'), NBL-
4F (5'-CTCTAATGGGTCAGATTCCT-3), NBL4R (5-
ATGAGGGATTTGCTTCTTTGG-3). Each PCR was car-
ried out in a 20 yl volume of 1x PCR buffer for 4 min at
94°C for initial denaturing, followed by 25 (for GAPDH)
or 28 (for NBL4) cycles of 94°C for 30 s, 58°C for 30 s
and 72°C for 30 s, in the Gene Amp PCR system 9600
(Perkin-Elmer Applied Biosystems, Foster City, CA).
Fluorescent differential display The fluorescent differ-
ential display procedure was performed as described else-
where.?® PCR products were resuspended in formamide
sequencing dye, and run on a sequencing gel containing
4% acrylamide (19:1) with 7 M urea for 3 h at 1800 V.
Analysis of the gel images was performed using an
FMBIO Il Multi-View fluoroimage analyzer (TaKaRa).
Bands that showed differential expression between L cells
and LMT cells were excised from the gels, and each DNA
was extracted by boiling the gel fragment in TrissEDTA
buffer. Each sample was reamplified for 30 cycles with the
same primer sets that were utilized for the first amplifica-
tion. The re-amplified products were extracted from the
gel, cloned into pBluescript 11 SK(—) vector (Stratagene,
La Jolla, CA) and sequenced using T3, T7 primers and an
ABI PRISM Dye Terminator Cycle Sequencing FS Ready
Kit (Perkin-Elmer Applied Biosystems) according to the
protocol provided by the supplier. Among several differ-
ently expressed bands, one up-regulated fragment in LMT
cells contained a sequence homologous to the murine
NBL4 gene.

Isolation and DNA sequencing of the human NBL4
cDNA By searching the database of human expressed
sequence tags (hEST) using the BLAST program, we
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found several hESTs that showed homology to murine
NBL4. However, since none of the hESTs contained the 5'
part of the coding sequence of hNBL4, we performed 5
rapid amplification of cDNA ends (5RACE) using the
Marathon cDNA amplification kit (Clontech, Palo Alto,
CA) according to the manufacturer’s instructions. The
cDNA template was synthesized from human testis
mRNA. For the amplification of 5" part of hNBL4 cDNA,
a specific reverse primer (5-TCATCCAGGAGCAAA-
ACTTCGCAG-3) and AP1 primer supplied in the kit were
utilized. The nucleotide sequences of the PCR products
were determined directly using the reverse primer with an
ABI PRISM 377 DNA sequencer (Perkin-EImer Applied
Biosystems) according to the manufacturer’s instructions.
Northern-blot analysis Human multiple-tissue blots
(Clontech) were hybridized with a partial cDNA fragment
of hNBL4, labeled by the random oligonucleotide priming
method. Pre-hybridization, hybridization and washing were
performed according to the supplier’'s recommendations.
The blots were autoradiographed with intensifying screens
at —80°C for 24 h.

Down-regulation of NBL4 expression by depletion of 3-
catenin  Since expression of the region containing 20
amino acid repeats of wild-type APC was reported
to deplete B-catenin,?”? adenovirus containing this region
(Ad-APC) was constructed. A 2.5-kb Hindlll fragment of
APC cDNA was inserted into the HindllI site of the pAd-
Bgl Il vector® and recombinant adenoviruses were con-
structed as described previously.?® Viruses were propa-
gated in the human embryonic kidney 293 cell line and
purified by two rounds of CsCl density centrifugation.
Viral titers were measured in a limiting dilution bioassay
using the 293 cells. Cell monolayers were infected with
the viral solutions and incubated at 37°C for 1 h with brief
agitation every 15 min. Culture medium was added, and
the infected cells were returned to the 37°C incubator
for 48 h.

Western blotting analysis of B-catenin Western blotting
analysis using mouse anti--catenin (Transduction Labora-
tories Inc., Lexington, KY) and goat anti-actin polyclonal
antibodies (Santa Cruz Biotechnology Inc., Santa Cruz,
CA) were performed as described el sewhere.®?
Fluorescence in situ hybridization (FISH) To determine
the chromosomal localization of the hNBL4 gene, we
obtained a cosmid clone by screening a human genomic
cosmid library and performed a FISH experiment using
the cosmid clone as a probe, in a manner described previ-
ously.3)

RESULTS

We previously established a mouse fibroblast cell line,
LMT, transfected with an activated form of mutant -cate-
nin2 LMT cells showed a multilayer growth pattern and



displayed growth advantage in low serum culture media
compared with their parent cells, L cells.® In the LMT
cells, we were able to produce an activated form of p-cate-
nin by withdrawal of doxycycline. Using these cell lines,
we aimed to isolate genes regulated by B-catenin. By
means of the fluorescent differential-display method
and subsequent northern hybridization experiments, we
detected a murine gene whose expression was increased in
LMT célls as B-catenin accumulated (Fig. 1). A homology
search using this partial cDNA sequence reveaed that the
fragment was identical to a partial 3' sequence of mNBL4
(mouse novel band 4.1-like protein 4).

Subsequent computer analysis of the DNA database
using the BLAST program (National Center for Biotech-
nology Information, Bethesda, MD) identified five human
ESTs (AA406206, AA970609, AA350575, T19528, and
T89355) that were highly homologous to murine NBL4.
Since all of these cDNA sequences matched only 3' partial
sequences of murine NBL4 and the expected size of the
hNBL4 transcript was longer than those ESTs, we carried
out 5’RACE to determine the entire coding sequence.
Assembly of the sequences of 5'RACE product of the
cDNA and the EST sequences yielded the entire coding
sequence of the human NBL4 gene. The cDNA consisted
of 2125 nucleotides, including an open reading frame of
1794 nucleotides that encoded a 598 amino acid peptide
(DNA seguences are available from GenBank, accession
number AB030240).

A comparison of the deduced amino acid sequences of
hNBL4 and mNBL4 indicated a high similarity of

96%
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the overall structures (Fig. 2). Alignment of amino acid
sequences indicated 87% and 71% identity of the human
sequence to NBL4s of mouse and zebrafish, respectively
(Fig. 3). Moreover, we observed 25—-30% identities in
amino acids between the hNBL4 product and other mem-
bers of the band 4.1 protein family including ezrin,
moesin, radixin, merlin and talin.

Northern-blot analysis using the hNBL4 cDNA clone as
a probe detected two transcripts of 2.2 kb and 3.0 kb (Fig.
4). The 2.2-kb transcript corresponding to hNBL4 was
expressed in all tissues examined; at high levels in brain,
liver, thymus and peripheral blood leukocyte, at moderate

L cell LMT cells
Dox0.2 Dox(-)
(A) mNBL4 - -
B-actin e
(B) p-catenin mm—————"

Fig. 1. Northern-blot analysis of mMRNAs extracted from
murine LMT and parental L cells, using a PCR product of
mNBL4 as a probe (A), and western analysis of 3-catenin protein
in the same cdlls (B).
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Fig. 2. Structural comparison of hNBL4 and mNBL4 proteins. Positions of the band 4.1-family domain are shown as gray boxes. Each

box is drawn to scale to indicate the size of each domain.
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Fig. 3. Alignment of the predicted amino acid sequences of
hNBL4, mNBL4 and zebrafish NBL4 (GenBank accession num-
bers: AB030240, U13673, and D30788, respectively). Shading
indicates conserved residues.

levels in placenta, lung, skeletal muscle, pancreas, spleen,
prostate, ovary and small intestine, and at low levels in
heart, kidney, testis and colon. The 3.0-kb transcript
showed a low level of expression in liver, spleen and thy-
mus. To determine whether the 3.0-kb transcript might
correspond to the hNBL4 gene or not, we screened a total
of 1x10° clones from the thymus cDNA library with the
hNBL4 clone, but we obtained neither cDNA clones corre-
sponding to the 3.0-kb transcript nor homologous clones.
All positive clones isolated from the library contained
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Fig. 4. Northern-blot analysis of hNBL4 in various human tis-
sues. Molecular sizeisindicated in kb at the left.

the sequences corresponding to the 2.2-kb transcript of
hNBL4. Moreover, no aternatively spliced transcript was
amplified when we used primer sets for various regions of
hNBL4 cDNA in RT-PCR experiments. Although we can
not completely exclude the possibility that the 3.0-kb band
corresponded either to an alternatively spliced form or an
alternative polyadenylation, it is more likely that it repre-
sented cross-hybridization to a gene with a relatively low
homology. FISH using a cosmid clone as a probe showed
clear twin-spot signals specifically on chromosomal band
5g22. No signals could be detected on any other chromo-
somes among 100 metaphase cells examined (Fig. 5).

To confirm transactivation of NBL4 by activated -cate-
nin, we constructed a system in which B-catenin was
depleted by transfection of an adenovirus vector contain-
ing the 20-amino-acid repeat region of wild-type APC.
Transfection of this virus into a colon carcinoma cell line
(SW480) in which a large amount of [-catenin accumu-
lates in the nucleus, reduced the accumulation of (3-catenin
in the nucleus (data not shown). These changes were not
observed when we transfected adenovirus containing a
LacZ gene instead of the APC gene fragment. In the cells
transfected with the 20-amino-acid repeats of wild-type
APC, hNBL4 expression was reduced significantly, but
this was not the case in cells transfected with the control
virus (Fig. 6).

DISCUSSION

Band 4.1-like proteins are mgor components of the
undercoat of erythrocyte membranes.!® The N-terminal
halves are highly conserved among the members of this
superfamily, and this region is considered to be responsi-
ble for binding to glycophorin C.}*¥ These proteins also
contain several consensus sequences for A-kinase and
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(B)

Fig. 5. Chromosomal localization of the hNBL4 gene. (A) Metaphase chromosomes stained with propidium iodide show spot signals
on the long arm of chromosomes 522 (indicated by arrows). (B) G-band pattern of the same metaphase chromosomes, delineated
through a UV-2A filter (Nikon, Tokyo), indicates that the hNBL4 clone hybridized to chromosome 5¢22.

tyrosine kinase phosphorylation sites, suggesting that phos-
phorylation-dependent regulation is important for various
cellu-lar events>-3 |nactivation of merlin, one member
of the band 4.1 superfamily, is responsible for develop-
ment of neurofibromatosis 2 (NF2) and is also involved
in familial and sporadic schwannomas and meningio-
mas.? 2% Other studies have indicated that another
band 4.1-like protein, moesin, is likely to play an important
role in invasiveness and metastasis of estrogen receptor
(ER)-negative breast cancers.?® Hence, like other members
of the band 4.1 family, NBL4 may be involved in a signal
transduction pathway related to carcinogenesis.

Comparison of the predicted amino acid sequence of
hNBL4 with those of mouse and zebrafish NBL4s showed
87% and 71% identity, respectively. Although the overall
amino-acid identity of hNBL4 to other members of the
band 4.1 family of proteins is less than 30%, the N-termi-
nal conserved region that includes a putative glycophorin
C-binding (putative membrane-binding) motif is highly
conserved in al members of the family, including ezrin,
moesin, radixin and merlin (data not shown). Therefore
the N-terminal sequence may be crucia for interactions
with other membrane-associated proteins.

Northern-blot analysis revealed several differences in
tissue distribution between hNBL4 and mNBL4. The 2.2-
kb transcript of hNBL4 was detected in all tissues exam-
ined, with high levels of expression in brain, liver, thymus

Y
QO & RS
S > S
< < N
(A) hNBL4 e e
B-actin

(B) PB-catenin R e

Fig. 6. (A) Northern-blot analysis of the hNBL4 gene in SW480
cells. Cells were untreated (Mock) or transfected for 72 h with
either adenovirus containing LacZ (Ad LacZ) or adenovirus con-
taining the 20 amino acid repeat region of the wild-type APC
gene (Ad APC). (B) Western-blot analysis of B-catenin in the
same cells.

and peripheral blood leukocytes, and low levels of expres-
sion in heart, kidney, testis and colon, while a 2.5-kb
MNBL4 transcript was also expressed in all murine tissues
examined, except for thymus and kidney.’® These results
suggest that hNBL4 may play tissue-specific roles.
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By RT-PCR and northern blotting, we confirmed that
expression of MNBL4 was up-regulated by activated (3-
catenin in mouse fibroblasts. Moreover, this association
was confirmed in the experiment using human colon-carci-
noma cells (SW480) that contain a large amount of B-cate-
nin. Depletion of B-catenin in those cells by adenovirus-
mediated APC transfer, with consequent reduction of the
DNA-binding activity of the [-catenin-Tcf/Lef complex,
caused a significant reduction of hNBL4 expression. The
combined results of our experiments using murine and
human cells strongly suggest that NBL4 is an important
component of the B-catenin signaling pathway.

Until now, only two genes, cyclin D1 and c-myc, were
known to be up-regulated by activation of B-catenin.’*-12
Since cyclin D1, in conjunction with retinoblastoma pro-
tein, is involved in regulating the cell cycle, its induction

REFERENCES

1) Nusse, R. and Varmus, H. E. Wnt genes. Cell, 69, 1073—
1087 (1992).

2) van den Heuvel, M., Nusse, R., Johnston, P. and Lawrence,
P. A. Distribution of the wingless gene product in Droso-
phila embryos: a protein involved in cell-cell communica
tion. Cell, 59, 739—-749 (1989).

3) Wieschaus, E. and Riggleman, R. Autonomous require-
ments for the segment polarity gene armadillo during
Drosophila embryogenesis. Cell, 49, 177184 (1987).

4) Funayama, N., Fagotto, F., McCrea, P. and Gumbiner, B.
M. Embryonic axis induction by the armadillo repeat
domain of B-catenin: evidence for intracellular signaling. J.
Cell Biol., 128, 959-968 (1995).

5) Nakamura, Y. Cleaning up on [-catenin.
499-500 (1997).

6) Rubinfeld, B., Robbins, P., EI-Gamil, M., Albert, 1., Porfiri,
E. and Polekis, P. Stabilization of B-catenin by genetic
defects in melanoma cell lines. Science, 275, 1790-1792
(1997).

7) Behrens, J, Jerchow, B. A., Wurtele, M., Grimm, J,
Asbrand, C., Wirtz, R., Kuhl, M., Wedlich, D. and
Birchmeier, W. Functional interaction of an axin homolog,
conductin, with B-catenin, APC, and GSK3 b. Science,
280, 596—599 (1998).

8) Korinek, V., Barker, N., Morin, P. J., van Wichen, D., de
Weger, R., Kinzler, K. W., Vogelstein, B. and Clevers, H.
Congtitutive transcriptional activation by a p-catenin-Tcf
complex in APC-/- colon carcinoma. Science, 275, 1784—
1787 (1997).

9) Morin, P. J, Sparks, A. B., Korinek, V., Barker, N.,
Clevers, H., Vogelstein, B. and Kinzler, K. W. Activation
of B-catenin-Tcf signaling in colon cancer by mutations in
[B-catenin or APC. Science, 275, 1787—-1790 (1997).

10) He, T. C, Sparks, A. B., Rago, C., Hermeking, H., Zawel,
L., daCosta, L. T., Morin, P. J., Vogelstein, B. and Kinzler,
K. W. ldentification of c-MY C as a target of the APC path-

Nat. Med., 3,

602

may confer uncontrolled cellular growth.2 NBL4, a
likely membrane associated protein, may be involved in
determination of cell polarity, in adhesion, in cell motility
and/or in cell-to-cell communication. Further investigation
of NBL4 may €ucidate its function in the wnt/wingless
signal pathway.

ACKNOWLEDGMENTS

We are grateful to Keiko Okui for technical assistance. This
work was supported by a “Research for the Future” Program
Grant (96L00102) from the Japan Society for the Promotion of
Science.

(Received January 18, 2000/Revised March 24, 2000/ Accepted
March 29, 2000)

way. Science, 281, 1509-1512 (1998).

11) Shtutman, M., Zhurinsky, J., Simcha, |., Albanese, C.,
D’Amico, M., Pestell, R. and Ben-Z€'ev, A. The cyclin D1
gene is a target of the B-catenin/LEF-1 pathway. Proc.
Natl. Acad. Sci. USA, 96, 55225527 (1999).

12) Tetsu, O. and McCormick, F. [-Catenin regulates expres-
sion of cyclin D1 in colon carcinoma cells. Nature, 398,
422-426 (1999).

13) McMahon, A. P. and Moon, R. T. Ectopic expression of
the proto-oncogene int-1 in Xenopus embryos leads to
duplication of the embryonic axis. Cell, 58, 1075-1084
(1989).

14) Anderson, R. A. and Lovrien, R. E. Glycophorin is linked
by band 4.1 protein to the human erythrocyte membrane
skeleton. Nature, 307, 655—658 (1984).

15) Corress, |., Speicher, D. W. and Marchesi, V. T. Structure
of the spectrin-actin binding site of erythrocyte protein 4.1.
J. Biol. Chem.,, 261, 13362—13366 (1986).

16) Conboy, J., Kan, Y. W., Shohet, S. B. and Mohandas, N.
Molecular cloning of protein 4.1, a major structural element
of the human erythrocyte membrane skeleton. Proc. Natl.
Acad. Sci. USA, 83, 9512-9516 (1986).

17) Granger, B. L. and Lazarides, E. Appearance of new vari-
ants of membrane skeletal protein 4.1 during terminal dif-
ferentiation of avian erythroid and lenticular cells. Nature,
313, 238—241 (1985).

18) Husain, A. and Branton, D. Purification of erythrocyte
band 4.1 and other cytoskeletal components using
hydroxyapatite-Ultrogel. Anal. Biochem., 155, 206—211
(1986).

19) Takeuchi, K., Kawashima, A., Nagafuchi, A. and Tsukita,
S. Structural diversity of band 4.1 superfamily members.
J. Cell i, 107, 1921-1928 (1994).

20) Carmeci, C., Thompson, D. A., Kuang, W. W., Lightdale,
N., Furthmayr, H. and Weigel, R. J. Moesin expression is
associated with the estrogen receptor-negative breast cancer


query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1617723&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2582493&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3105892&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7876319&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9142114&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9065403&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9554852&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9065401&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9065402&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9727977&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9727977&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10318916&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10201372&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2673541&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=6694756&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3531202&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3467321&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3855501&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2940939&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7983158&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9706140&dopt=Abstract

21)

22)

23)

24)

25)

26)

27)

28)

phenotype. Surgery, 124, 211217 (1998).

Gronholm, M., Sainio, M., Zhao, F., Heiska, L., Vaheri, A.
and Carpen, O. Homotypic and heterotypic interaction of
the neurofibromatosis 2 tumor suppressor protein merlin
and the ERM protein ezrin. J. Cell Sci., 112, 895-904
(1999).

Gusella, J. F., Ramesh, V., MacCollin, M. and Jacoby, L. B.
Merlin: the neurofibromatosis 2 tumor suppressor. Bio-
chim. Biophys. Acta, 1423, 29—-36 (1999).

Lankes, W. T. and Furthmayr, H. Moesin: a member of the
protein 4.1-talin-ezrin family of proteins. Proc. Natl. Acad.
Sci. USA, 88, 8297-8301 (1991).

Wilgenbus, K. K., Milatovich, A., Francke, U. and
Furthmayr, H.  Molecular cloning, cDNA sequence, and
chromosomal assignment of the human radixin gene and
two dispersed pseudogenes. Genomics, 16, 199-206
(1993).

Nagasawa, Y., Miyoshi, Y., lwao, K., Shinomura, Y.,
Matsuzawa, Y. and Nakamura, Y. Transformation and
morphological changes of murine L cells by transfection
with a mutated form of B-catenin. Cancer Res., 59, 3539—
3542 (1999).

Yoshikawa, Y., Mukai, H., Asada, K., Hino, F. and Kato, I.
Differential display with carboxy-X-rhodamine-labeled
primers and the selection of differentially amplified cDNA
fragments without cloning. Anal. Biochem., 256, 82-91
(1998).

Munemitsu, S., Albert, 1., Souza, B., Rubinfeld, B. and
Polakis, P. Regulation of intracellular B-catenin levels by
the adenomatous polyposis coli (APC) tumor-suppressor
protein.  Proc. Natl. Acad. Sci. USA, 92, 3046-3050
(1995).

Takahashi, M., llan, Y., Chowdhury, N. R., Guida, J,
Horwitz, M. and Chowdhury, J. R. Long term correction of
bilirubin-UDP-glucuronosyltransferase deficiency in Gunn
rats by administration of a recombinant adenovirus during

29)

30)

31)

32)

33)

34)

35)

hNBL4 Is Induced by Activation of 3-Catenin

the neonatal period. J. Biol. Chem., 271, 26536—26542
(1996).

McGrory, W. J, Bautista, D. S. and Graham, F. L. A sim-
ple technique for the rescue of early region | mutations into
infectious human adenovirus type 5. Virology, 163, 614—
617 (1988).

Daigo, Y., Nishiwaki, T., Kawasoe, T., Tamari, M.,
Tsuchiya, E. and Nakamura, Y. Molecular cloning of a
candidate tumor suppressor gene, DLC1, from chromo-
some 3p21.3. Cancer Res., 59, 1966—1972 (1999).
Inazawa, J., Saito, H., Ariyama, T., Abe, T. and Nakamura,
Y. High resolution cytogenetic mapping of 342 new
cosmid markers including 43 RFLP markers on human
chromosome 17 by fluorescence in situ hybridization.
Genomics, 17, 153—-162 (1993).

Eder, P. S, Soong, C. J. and Tao, M. Phosphorylation
reduces the affinity of protein 4.1 for spectrin. Biochemis-
try, 25, 1764—-1770 (1986).

Fazioli, F., Wong, W. T., Ullrich, S. J., Sakaguchi, K.,
Appella, E. and Di Fiore, P. P. The ezrin-like family of
tyrosine kinase substrates: receptor-specific pattern of
tyrosine phosphorylation and relationship to malignant
transformation. Oncogene, 8, 1335—1345 (1993).

Gould, K. L., Bretscher, A., Esch, F. S. and Hunter, T.
cDNA cloning and sequencing of the protein-tyrosine
kinase substrate, ezrin, reveals homology to band 4.1.
EMBO J., 8, 4133-4142 (1989).

Rouleau, G. A., Merel, P, Lutchman, M., Sanson, M.,
Zucman, J., Marineau, C., Hoang-Xuan, K., Demczuk, S,
Desmaze, C., Plougastel, B., Pulst, SM., Lenoir, G,
Bijlsma, E., Fashold, R., Dumanski, J., de Jong, P., Parry,
D., Eldrige, R., Aurias, A., Délattre, O. and Thomas, G.
Alteration in a new gene encoding a putative membrane-
organizing protein causes neuro-fibromatosis type 2.
Nature, 363, 515521 (1993).

603


query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9706140&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10036239&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10214350&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1924289&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8486357&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10446956&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9466801&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7708772&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8900123&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8900123&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2965450&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10213508&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8104866&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3707908&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8479753&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2591371&dopt=Abstract
query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8379998&dopt=Abstract

