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many researchers and is leading to new ways to
repair and regenerate cardiac disorders. Therapy by
transplantation of bone marrow stem cells or tissue-
derived stem cells into damaged cardiac tissue after
myocardial infarction has been investigated (42) ;
however, for children with severe congenital heart
anomalies or lethal heart diseases like dilated car-
diomyopathy, invasive therapies such as surgical
operation or heart transplantation are still required.
Further understanding of the regulatory factors dur-
ing cardiac development is needed to enable less-
invasive therapy for these patients.

In summary, our results suggest that MSTN, and
its negative regulator, FLRG, could be involved in
cardiac muscle development and valvulogenesis in
cooperation with activin and FS.
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A Wnt3a variant participates in chick apical ectodermal ridge
formation: Distinct biological activities of Wnt3a splice
variants in chick limb development

Tomohiro Narita,* Shin-ichiro Nishimatsu, Naoyuki Wada and Tsutomu Nohno*
Department of Molecular Biology, Kawasaki Medical School, 577 Matsushima, Kurashiki, Okayama 701-0192, Japan

Wnt/B-catenin signaling is involved in the formation of the apical ectodermal ridge (AER) during vertebrate
limb development. Although Wnt3a is a potent ligand for chick AER formation, whether chick Wnt3a can
induce Fgf8 expression in chick embryos is unciear and the Wnt ligand involved in chick AER formation
remains unknown. Here, we examined whether another Wnt3a isoform is expressed in the AER, and whether
Wnt3 contributes to AER formation in chick as well as mouse embryos. We found that chick Wnt3 was not
expressed in the presumptive limb ectoderm at the early stages of AER formation. Using 5-rapid amplification
of cDNA ends, we isolated another chick Wnt3a transcript. This novel variant, Wnt3a variant 2, induced Fgf8
in the limb ectoderm and activated the B-catenin pathway in vivo and in vitro. These data showed that Wnt3a
variant 2 is an active form of chick Wnt3a that regulates chick AER formation.

Key words: alternative splicing, apical ectodermal ridge formation, chick, Wnt3, Wnt3a.

Introduction .

Wnt/B-catenin signaling is involved in formation of the
apical ectodermal ridge (AER) during vertebrate limb
development. The Wnt ligand thought to trigger S
catenin signaling during chick limb development is
Wnt3a, based on the following findings. Wnt3a
expression is initially detected in the presumptive
forelimb ectoderm at stage 15 and persists in the
AER (Kengaku etal. 1997). Wnt3a is induced by
Fgf10, a mesenchymal inducer for fimb formation
(Kawakami et al. 2001). Wnt3a overexpression induces
the ectopic expression of Fgf8 that is secreted from
the AER and which acts as an AER factor (Kengaku
et al. 1998). However, the latter studies used Wnt3a
derived from mice. Whether or not chick Wnt3a can
induce ectopic Fgf8 expression during chick Wnt3a
overexpression in the presumptive limb ectoderm is
unclear. A key difference between chick and mouse
Wnt3a is the absence and apparent presence,
respectively, of a signal peptide used for secretion.

*Authors to whom all correspondence should be addressed.

Email: tnarita@med kawasaki-m.ac.jp;

nohno@bcc.kawasaki-m.ac.jp

Received 28 February 2007; revised 4 April 2007; accepted
8 April 2007.

© 2007 The Authors

Journal compitation © 2007 Japanese Society of
Developmental Biologists

A chimeric cWnt3a possessing the N-terminal signal
peptide of mouse Wnt3a enhances the activation of
B-catenin signaling (Galli et al. 2004). Thus, ancther
Wnt isoform appears necessary to stimulate the AER
inducer in chick embryos.

We found that Wnt70a is expressed in the surface
ectoderm of presumptive limb fields before Fgf8
expression is initiated and enhanced in the AER of
the chick limb bud (Narita et al. 2005). The expression
profiles of Wnt10a and Wnt3a are similar and Wnt10a
overexpression induces ectopic Fgf8 expression.
However, Wnt10a is not induced by Fgf10 protein,
suggesting that Wnt10a is probably not an AER inducer.

Wnt3 instead of Wnt3a is expressed in the devel-
oping limb buds of mouse embryos. Consistent with
this expression, a conditional mutation of Wnt3 dis-
rupts AER formation and leads to limb defects
(Barrow et al. 2003), whereas a loss of Wnit3a does not
interfere with AER formation (Takada et al. 1994). Further-
more, the spontaneous mutation of Wni3 in humans
causes tetra-amelia (Niemann etal 2004). These
data indicate that Wnt3 is an essential Wnt ligand
for AER formation in both mouse and human embryos.

The present study examines Wnt3a and Wnt3 to
define the Wnt ligand that acts during chick AER
formation. We isolated chick Wnt3 and tested whether
cWnt3 contributes to AER formation in chick embryos.
We then identified another transcript of chick Wnt3a and
examined whether this transcript affects AER formation.
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Materials and methods
Isolation of chick Wnt3 cds and Wnt3a variant

We carried out 5-rapid amplification of cDNA ends
(RACE) according to the provided instruction manual
(Invitrogen, Carlsbad, CA, USA) to isolate the 5
sequence of the chick Wnt3 gene and another
transcript of the chick Wnt3a gene. Total RNA was
prepared from chicken embryos at stage 10. The
sequences of chick Wnt3 and Wnt3a variant 2 (var.
2) were deposited to GenBank with the accession
numbers EF068233 and EF068232, respectively.

RT-PCR analysis

Total RNA was isolated from different stages of whole
chicken embryos, Wnt3a expression sites or at the
following embryonic stages: primitive streak, whole
embryos at stages 4-5; dorsal neural tube, neural
tube at the forelimb level at stage 21; proximal otic
vesicle, both side of otic vesicles at stage 21; AER
and limb bud, fore- and hindlimb buds at stage 21;
feather bud and dorsal dermis at stage 34 (E8). We
synthesized cDNA using SuperScript Il (Invitrogen)
and random primers. The polymerase chain reaction
(PCR) primers were:

Wnt3, upstream,

5-AAGCCACACGGGAGTCTGCGTTT-3,

Wnt3, downstream,

5-CAGCTCACATAGCAGCACCAGTGGA-3;

Wnt3a var. 1, upstream,

5-TAGATCTGGTGGATGAAGTC-3,;

Wnt3a (BU205863), upstream,

5-TTCTGGTGAGCGGGATGCAC-3;

Wnt3a var. 2, upstream,

5-GACAACTTTTCATCAATGGCCTC-3,

Wnt3a variants downstream (common),

5-GACCACCCAGCAGGTCTTCAC-3;

Wnt3a common variants upstream,

5-GGCTGTGACACTCGTCACAAGG-3 and

downstream, 5-TGCCCGCTTTATTTGCACG-3'.

Nucleic acids were denatured at 96°C for 2 min,
then amplified by 10 cycles of 94°C for 30 s, 68°C
for 30 s (A-0.5°C), 72°C for 2.5 min and 25 cycles of
94°C for 30 s, 63°C for 30 s, 72°C for 2.5 min followed
by a final extension at 72°C for 5 min. The PCR products
were separated in 2% agarose gels and stained with
ethidium bromide.

Overexpression

Wild and retrovirus-free fertilized chicken eggs were
infected (Line M, Nisseiken, Kobuchizawa, Japan)
with retroviruses bearing the Wnt genes prepared as

© 2007 The Authors

described by Narita et al. (2005). To overexpress the
genes in limb ectoderm during AER formation, the
retrovirus was injected into presumptive limb fields
on the right side of stage 10-11 embryos. Two days
later, the embryos were fixed in 4% paraformalde-
hyde (PFA) and examined by in situ hybridization.
We injected the retrovirus into forelimb mesenchyme
on the right side at stages 16-18 to achieve overex-
pression in limb mesenchymal cells. The embryos
were fixed in formalin 7-8 days later and stained with
Alcian green. To overexpress the genes in the dorsal
ectoderm during feather formation, the retrovirus was
injected into the dorsal dermis of the trunk region on
the right side of stage 17 embryos. The embryos
were fixed in 4% PFA 5 days later and Shh expres-
sion was analyzed using in situ hybridization.

Whole-mount in situ hybridization

A plasmid containing the entire coding region of chick
Wnt3 was digested with Notl and transcribed with SP6
RNA polymerase to prepare antisense probes. Antisense
RNA probes for chicken Fgf8 (Ohuchi et al. 1997), Wnt3a
(common probe) (Kawakami et al. 2000) and Shh (Iseki
et al. 1996; Wada et al. 1999) were synthesized as
described. Embryos were fixed in 4% PFA in PBS at
4°C overnight and dehydrated in ethanol or methanol.
Whole mount in situ hybridization proceeded as
described (Kawakami et al. 1996). Embryos were stained
with either BM purple or 4-nitroblue tetrazolium chioride
(NBT)/5-bromo-4-chloro-3-indolyl-phosphate (BCIP).

Detection of cytosolic B-catenin accumulation

Cytosolic B-catenin accumulation was assayed as
described (Shimizu etal. 1997; Narita etal. 2005).
Chicken embryonic fibroblasts (CEFs) were transfected
with the replication-competent avian sarcoma (RCAS)
virus constructs and then samples containing 50 pg
of total protein were resolved by electrophoresis on
sodium dodecyl sulfate (SDS)-polyacrylamide (7.5%)
gels. The primary antibody against f-catenin (BD Trans-
duction Laboratory, San Diego, CA, USA) was diluted
1:2000. The protein was detected using the ECL
Plus System (Amersham Pharmacia Biotech, Uppsala,
Sweden) with a 1:10 dilution of the reagent mixture.

TOP/FOP reporter assay

Chicken embryonic fibroblasts were seeded into
24-well dishes at a density of 5.6 x 10* cells/well and
cultured for 20 h. The cells were then cotransfected
with 400 ng of RCAS construct (RCAS-Wnt3a var. 1,
-Wnt3a var. 2, -mouse Wnit3a, -empty), 20 ng of reporter

Journal compilation © 2007 Japanese Society of Developmental Biologists
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plasmid (TOPFLASH, FOPFLASH) and 10 ng of inter-
nal control pRL-TK for 24 h. Luciferase activity was
measured and normalized for transfection efficiency
using the dual luciferase assay system {Promega,
Madison, W1, USA). Each graph shows the average
of four independent experiments.

Detection of HA-tagged Wnt3a proteins in medium

Wnt constructs containing a C-terminal hermagglutinin
(HA) epitope tag were generated by PCR amplifica-
tion and by cDNA fragment exchange. These genes
were subcloned into the RCAS retrovirus vector and
transfected into CEFs. Confluent cells were cultured
in fresh Dulbecco’s modified eagle’s medium (DMEM)
containing 5% fetal bovine serum (FBS) and 1%
chicken serum for 4 days and then the medium was
collected. Lysates were simultaneously prepared from
the cells to confirm the translation of HA-tagged Wnt
constructs. Conditioned medium (20 uL) and total
cell lysate protein (50 ng) were resolved by electro-
phoresis on SDS-polyacrylamide (5-20%) gels and
then examined by Western blotting using the primary
anti-HA antibody (Roche, Mannheim, Germany) at a
-dilution of 1:2000. The protein was detected with a
1:10 dilution of the reagent mixture provided in the
ECL Plus System (Amersham Pharmacia Biotech).

Cellular distribution of HA-tagged Wnt3a proteins

Chick embryonic fibroblasts were infected with RCAS
HA-tagged Wnt viruses for 3 days, seeded onto
glass cover slips for 12 h and fixed in PBS containing
4% PFA at 4°C for 30 min. The primary anti-HA anti-
body (Roche) and secondary antibody (fluorescein
isothiocyanate [FITC] conjugate rat-IgG; Sigma) were
diluted at 1:2000 and 1:1000, respectively. The endo-
plasmic reticulum (ER) was stained with Concana-
valin A-Alexa Fiuor 594 conjugate (Molecular Probes,
Eugene, OR, USA) as an ER marker (Parkkinen et al.
1997). Cells were observed using a confocal laser-
scanning microscope (Olympus, Tokyo, Japan).

Results
Expression of Wnt3 during chick AER formation

To examine whether Wnt3 contributes to chick AER
formation, we cloned the entire coding sequence of
chick Wnt3 using 5” RACE. A predicted chick Wnt3
proprotein consisting of 355 amino acids, possessed
a signal peptide for secretion and was 96% and 84%
identical to mouse Wnt3 and Wnt3a, respectively
(Fig. 1A; accession number: EF068233). We showed

using reverse transcription (RT)-PCR that Wnit3 is
expressed in the neural tube, and fore- and hindlimb
buds at embryonic stage 21, and in the dorsal skin
at stage 34 (Fig. 1B). Whole-mount in situ hybridiza-
tion revealed Wnt3 expression in the brain, neural
tube and ectoderm of the branchial arch (Fig. 1C-F),
but not in the ectoderm of the fore- and hindlimbs
of the limb bud during the early stages of AER for-
mation (Fig. 1C). However, Wnt3 was initially expressed
in the ectoderm of the hindlimb at stage 21
(Fig. 1E,F). These results suggested that Wnt3 does
not contribute to chick AER formation.

Isolation of chick Wnt3a variants

Two chick Wnt3a transcripts have been recorded in
GenBank under accession numbers AB024080 and
BU20586 (Kawakami et al. 2000 and Boardman et al.
2002, respectively). Both isoforms have essentially
identical C-terminal regions and differ in the N-terminal
sequence (Fig. 1G, Red arrows). Unlike mouse Wnt3a,
neither of the isoforms has N-terminal hydrophobic
signal peptides.

To obtain a third isoform possessing the signal
peptide, we carried out 5 RACE and isolated a frag-
ment with considerable identity to the amino-terminal
region of mouse Wnt3a. The predicted protein of the
new isoform comprised 352 amino acid residues
including an 18-residue signal peptide at the N-
terminus, and was 88.1% identical to mouse Wnt3a
protein (Fig. 1G). We compared the expression profiles
of the three Wnt3a variants by RT-PCR using specific
primers (Fig. 1H). The new isoform was expressed in
the primitive streak, dorsal neural tube, proximal otic
vesicle, the AER and the epithelium of feather buds.
Whnt3a (AB024080) was similarly expressed, except for
the feather buds, whereas Wnt3a (BU205863) was faintly
expressed in all tissues. When we searched the chick
genome database, we found that the 5 sequence
of Wnt3a (BU205863) corresponded to the intron
sequence of Wnt3a (AB024080) and the new isoform
(data not shown). Thus, Wnt3a (BU205863) appears to
be a pre-mRBNA product of other Wnt3a isoforms. We
confirmed the spatial expression of Wnt3a. Wnt3a was
expressed in the primitive streak edge, dorsal neural
tube, proximal otic vesicle, the AER and epithelium
of feather buds, as described (Hollyday et al. 1995;
Stevens et al. 2003; Chang et al. 2004; Fig. 11-K).

Novel Wnt3a isoform is active in chick embryos

We carried out functional assays of Wnt3a (AB024080)
and the new isoform. To unambiguously discriminate
these chick Wnt3a transcripts, we designated Wnt3a

© 2007 The Authors
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Fig.1. Wnt3 and Wnt3a in chick
embryos. (A) Chick Wnt3 amino
acid sequence. Blue arrowhead
shows prospective cleavage
site of signal peptide (Green
underling). (B} Wnt3 expression
by reverse transcription-polymerase
chain reaction (RT-PCR). (C-E)
Wnt3 expression during apical
ectodermal ridge (AER) formation
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of chick embryos at stages 15
(C), 19 (D) and 21 (E, F). Wnt3
was expressed in the anterior
proximal ectoderm of stage 21
embryos, but not in developing
AERs (E, Arrowhead). (F) High
magnification view of E. (G)
Comparison of chick Wnt3a
variants and mouse Wnt3a at
N-terminal region. Novel Wnt3a
isoform is closely related to
mouse Wnt3a. Conserved amino
acids are shown as closed
boxes. Green underline and blue
arrowhead show signal peptide
and its predicted cleavage site,
respectively. (H) Expression of

chick Wnt3a variants determined
by RT-PCR. (I-K) Whole-mount
in situ hybridization using a probe
containing chicken Wnt3a common
sequence. Wnt3a expression at
stages 5 (1), 17 (J) and 22 (K).
Wnt3a is expressed in primitive
streak edge (l), dorsal side of
neural tube, proximal part of
otic vesicle and AER (K. red

(AB024080) as Wnt3a variant 1 (Wnt3a var. 1) and
the new Wnt3a isoform (EF068232) as Wnt3a variant
2 (Wnt3a var. 2) (Table 1).

We overexpressed Wnt3a variants in the limb ecto-
derm to determine whether Wnt3a var. 2 contributes
to AER formation. Wnt3a var. 2 overexpression induced
the ectopic expression of Fgf8 lateral to that of
endogenous Fgf8 (Fig. 2B; 5/11 embryos). Wnt3a
var. 1 and control overexpression did not lead to
ectopic Fgf8 expression (Fig. 2A,C). These results
showed that Wnt3a var. 2, but not var. 1, is involved
in chick AER formation.

© 2007 The Authors

arrowheads).

The forced activation of Wnt/B-catenin signaling
affects gene expression and morphogenesis in limbs
and feather buds (Hartmann & Tabin 2000; Chang
et al. 2004). To test whether Wnt3a var. 2 is involved
in these tissues, we overexpressed Wnt3a variants
in the limb mesoderm and then in the dorsal ecto-
derm during feather bud formation. The overexpres-
sion of Wnt3a var. 2 in the limb mesoderm led to
limb truncation compared with the control (Fig. 2E,F),
whereas that of Wnt3a var. 1 did not affect limb
extension (Fig. 20). The overexpression Wnt3a var. 2
in the dorsal ectoderm resuited in fusion or expansion

Journal compitation © 2007 Japanese Society of Developmental Biologists



Active Wnt3a in chick timb development 497

ER

Fig.2. Wnt3a variant 2 is an
active form. (A-C) Presumptive
limb ectoderm was infected with
virus at the embryonic stage 10-
12 and Fgf8 expression was
analyzed at stages 23-24. Top,
anterior; left, dorsal. (A) Wnt3a
var. 1 overexpression does not
affect Fgf8 expression. (B) Wnt3a
var. 2 overexpression leads to
ectopic Fgf8 expression lateral to
apical ectodermal ridge (AER)
endogenously expressing Fgf8
(5/11). Light blue indicates cells
infected  replication-competent
avian sarcoma (RCAS) virus.
(C) Fgf8 expression in forelimb
bud of control embryo at stage
23. (D-F) Limb mesenchyme
injected with virus at embryonic
stage 16 and analyzed around
stage 36 (E10). Forelimb is
stained with Alcian green to
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var.1
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visualize bone structures. Top, ) : ’L h )

. A ,._.m._,l
anterior; left, proximal. (D) Wnt3a
var. 1 overexpression results in normal limb development. (

Feather bud

SURPNESUE |

) Wnt3a var. 2 overexpression results in abnormal bone structure and

truncated limbs (4/4). (F) Control embryo at stage 36 (E10). G 1) Shh expression in the dorsal epithelium. Top, anterior. Dorsal view.
High magnitication views of G-I are on the right side. (G-!) Dorsal skin was injected with virus at the embryonic stage 17 and analyzed
at stages 34-35 (E8-9). (G) Wnt3a var. 1 overexpression results in normal Shh expression. (H) Wnt3a var. 2 overexpression leads 1o
extension and fusion of Shh expression domain. (1) Uninjected wild embryo at stage 34 (E8).

Table 1. Alternative transcripts of chick Wnt3a

Name Accession no. Signal peptide
Wnt3a variant 1 AB024080 -

- BU205863 -
Wnt3a variant 2 EF068232

Wnt3a variant 2 has been independently isolated with a
cWnt3a variant by Fokina and Frolova (2006; GenBank
accession number DQ022307).

of Shh expression in the feather buds (Fig. 2H) where-
as that of Wnt3a var. 1 and the control did not affect
Shh expression (Fig. 2G,1). These data demonstrated
that Wnt3a var. 2 is active in developing chick
embryos. '

Whnit3a var. 2 can activate §-catenin signaling

We tested whether Wnit3a var. 2 can activate -catenin
signaling in vitro using the TOP/FOP reporter assay
(Korinek et al. 1997). Wnt and reporter constructs were
cotransfected into chicken embryonic fibrobiasts (CEF)
and luciferase activity was measured 24 h later.
Wnt3a var. 2 and mouse Wnt3a, a positive control,
significantly increased reporter activity, whereas Wnt3a

var. 1 did not (Fig. 3A). We examined by Western
blotting whether Wnt3a var. 2 accumulates cytosolic
B-catenin. The Wnt3a var. 1, var. 2 or mouse Wnt3a
construct was overexpressed in CEFs, and then we
analyzed B-catenin protein in the cell membrane and
cytosol fractions. Again, the overexpression of Wnt3a
var. 2, as well as mouse Wnt3a, resulted in cytosolic
B-catenin accumulation, whereas that of Wnt3a var.
1 did not (Fig. 3B).

We questioned whether Wnt3a var. 2 protein is
secreted into the extracellular space and if so, whether
it interacts with receptors on target cells. We intro-
duced a hemagglutinin (HA) epitope tag at the C-
terminus to detect Wnt3a proteins. HA-tagged Wnt3a
var. 1 and var. 2 were transfected into CEFs and culture
media were collected 4 days later. Tagged Wnt3a
var. 2 protein was secreted into culture medium where-
as HA-tagged Wnt3a var. 1 protein was undetectable
(Fig. 3C). We also examined the intraceliular distribu-
tion of Wnt proteins in cells that expressed a construct .
tagged with HA. Some HA-tagged Wnt3a var. 2
positive vesicles were localized inside the ER (Fig. 3D,
lower right, white arrowheads), suggesting that Wnt3a
var. 2 protein is present in the secretion pathway. In
contrast, HA-tagged Wnt3a var. 1 protein was uniformly
distributed within the cytosol (Fig. 3D, upper panels).

© 2007 The Authors

Journal compilation © 2007 Japanese Society of Developmental Biologists



Cell Lysate
(kDa)

i

33 -

Ctrl var.1var.2 m3a

O Relative luciferase activity (TOP/FOP) >

var.ivar.2 m3a Ctrl var.1 var.2 m3a

"z : 8.815 - Membrane
4 - * (kDa) ctrl
8- )L it
3 62 - ST AEIT
pactin_ - - - -

Medium
Ctri var.ivar2 Ctrl var.1var2
=

T. Narita et al.

Fig.3. Wnt3a variant 2 (var. 2)
activates  B-catenin  signaling
pathway. (A) TOP/FOP-FLASH
reporter assay. Wnt3a var. 2
increased luciferase activity like
mouse Wnt3a (m3a), whereas
Wnt3a var. 1 (var. 1) did not affect
luciferase activity. Each bar
graph shows an average of four
independent experiments. Ctrl,
control chicken embryonic
fibroblasts (CEFs) transfected
with replication-competent avian
sarcoma (RCAS) virus empty
construct; var. 1, Wnt3a variant 1;
var. 2, Wnt3a variant 2; m3a,
mouse Wnt3a. (B) Western blots
of B-catenin in cytosolic and
membrane fractions of CEFs
expressing Wnt proteins. f-actin
indicates loading control. Left,
molecular weight marker protein.
Ctrl, control CEFs alone. (C)
Western blots of Wnt proteins in
conditioned media from CEFs
expressing hemagglutinin (HA)-
tagged Wnt proteins. HA-tagged
Wnt3a var. 2 is secreted in
conditioned medium, whereas
HA-tagged Wnt3a var. 1 protein
is virtually undetectable. Left,
molecular weight marker protein.
Ctrl, control CEFs alone. (D)
Distribution of HA-tagged Wnt3a
var. 1 and var. 2 proteins in CEF.
Wnt3a var. 1 (upper panels).

Cytosol

el
Apieamr 17 -

s wRL

Wnt3a var. 2 (lower panels). HA-tagged Wnt3a (left panels, green). Endoplasmic reticulum (ER) stained with Concanavalin A as ER
marker (middle panels, magenta). Wnt3a-HA is merged with ER staining (right panels). Some Wni3a var. 2-HA positive vesicles are
localized in ER (lower right, white arrowheads), suggesting that Wnt3a var. 2-HA is present in the secretion pathway. Wnt3a var. 2 is
also visible as bright spots outside the ER (lower right, green). These vesicles may be aggresomes in which misfolded and
aggregated proteins under forced expression are stored (Garcia-Mata, R et al. 2002).

Collectively, these results show that Wnt3a var. 2 is
secreted and induces f-catenin accumulation in
celis where it regulates the transcription of target
genes mediated by Lef/Tcf transcriptional factors.
In contrast, Wnt3a var. 1 that lacks a signal peptide
for secretion is retained within cells and does not
contribute to developmental processes through the
activation of B-catenin signaling.

Discussion

We isolated another chick Wnt3a transcript named
Wnt3a var. 2 that was generated by an alternative
first exon and which possessed a signal peptide for
secretion (Fig. 1G). During chick development, Wni3a
var. 2is expressed in the primitive streak, dorsal neural
tube, proximal otic vesicle, the AER and the feather

© 2007 The Authors

bud in which Wnt3a is expressed (Hollyday et al. 1995;
Stevens etal. 2003; Chang et al. 2004; Fig. 1H-K).
We found that Wnt3a var. 2 overexpression affected
morphogenetic events in chick embryos (Fig. 2B,E,H)
and that Wnt3a var. 2 activated B-catenin signaling
in vitro (Fig. 3A,B). Thus, Wnt3a var. 2 is an active
isoform of chick Wnt3a.

Alternatively spliced variants of Wnt3a

The chick genome project has revealed that the chick
Wnt3a gene comprises five exons that span over
87 kb on the second chromosome. Transcriptional
variants of the Wnt3a gene are generated by an alter-
native first exon (Fig. 4A). Exon 1a that generates
Wnt3a var. 1 is located about 1 kb upstream of exon
1b that generates Wnt3a var. 2. Whereas Wnt3a var.
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Fig. 4. Genomic organization of
Wnt3 and Wnt3a. (A) Structure of
chick Wnt3a gene. Chick Wnt3a
gene has five exons (closed
boxes), the sizes of which are
emphasized. (B) Location of
Wnt3a and Wnt3 genes in chick,
mouse and human genome.
Upstream and  downstream
regions of Wnt3a and Wnt3 locus
are conserved among chick,
mouse and human genomes.
Wnt3a and Wnt9a genes are
located in a head-to-head
manner in chick chromosome 2,
mouse chromosome 11B1.3 and
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line). Red rhombus indicates a
putative limb-specific regulatory
element that might be located
distantly in both genes, like that of
Sonic  hedgehog, which s
located about 800 kb from the
coding sequence (lanakiev et al.
2001; Sagai et al. 2004, 2005).

1 is unique to the chick, Wnt3a var. 2 is conserved
among vertebrates. The alternative splicing of the first
exon is the same for human Wnt16 (Fear et al. 2000).
The unique isoform in humans also lacks a signal peptide.

We compared chick, Xenopus tropicalis and
Zebrafish genomic sequences to determine how the
additional exon 1a of chick Wnt3a is generated.
Genomic sequences within 1.5 kb upstream of exon
1b were conserved, whereas sequences further than
1.5 kb upstream from exon 1b, including the region
around exon 1a, were not conserved among these
animals. A foreign DNA fragment including exon 1a
might be inserted into the genomic sequence
upstream of exon 1b. The Wnt genes (int-1 and int-4)
were originally identified as a proto-oncogene that
the mouse mammary tumor virus (MMTV) integrates
into the promoter region (Nusse 1988; Roelink ef al.
1990). A movable DNA fragment might be inserted
into the promoter region of the Wnt gene family at a
high probability.

The roles of Wnt3a var. 1 during chick development
remain unclear. Wnt3a var. 1 did not interfere with
B-catenin signaling by Wnt3a var. 2 and Wnt3a var.
1 overexpression did not affect limb and feather bud
formation (Fig. 2A,D,G). In addition, when both Wnt3a
var. 1and var. 2 mRNAs were coinjected into one-
cell-stage amphibian embryos, Wnt3a var. 1 did not

Chr.27

, .

Rprml T A2
—1 11 1]

Mouse —&)
Human—g@»

Chr.11
. . ARL17PY
L1 Ll Chr.17

100 kb

affect xNr3 expression through B-catenin signaling by
Wnt3a var. 2 (data not shown). Although Wnt3a
var. 1 might play many biological roles, Wnt3a var. 1
might affect Wnt3a var. 2 transcription. The expression
profiles of Wnt3a var. 1 and Wnt3a var. 2 were almost
identical (Fig. 1H), suggesting that these variants share
promoters for transcription into mMRNAs. When Wnt3a
var. 1 mRNA is transcribed, the relative levels of the
var. 2 mRNA might be decreased and var. 2 production
should be down-regulated. Further analyses using
gene manipulation such as the Cre-LoxP system are
required to reveal the function of Wnt3a var. 1.

Wnt3a and Wnt3 in AER formation

Whnt/B-catenin signaling is necessary for AER forma-
tion during vertebrate limb development. Wnt3 is the
Wnt ligand involved in mouse AER formation. Wnt3
is widely expressed in the limb ectoderm and the
‘conditional knockout of Wnt3 leads to disrupted Fgf8
expression in the AER (Barrow et al. 2003). We found
that Wnt3 was not expressed in limb ectoderm at the
early stages of AER formation, suggesting that Wnt3
does not contribute to this process in the chick
(Fig. 1A-F). In contrast, Wnt3a is expressed in the
prospective limb ectoderm before Fgf8 expression
and persists in the AER (Kengaku et al. 1997; Fig. 1H,J,K).

© 2007 The Authors
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We found that Wnt3a (var. 2) overexpression induced
ectopic Fgf8 expression in the developing chick limb
(Fig. 2B). Thus, Wnt3a is involved in chick AER formation.

Wnit3 and Wnt3a in chick and mouse embryos

When compared with the expression of Wnt3a and
Wnt3 in chick and mouse embryos, that of Wnt3a
and Wnt3 in the limb ectoderm differed between
these embryos. Wnt3a was expressed in the primitive
streak, central nervous system and otic vesicle of
both chick and mouse embryos, but in the limb ectoderm
and feather bud of only chick embryos (Parr et al.
1993; Takada etal 1994; Hollyday etal. 1995;
Kengaku et al. 1997, 1998; Stevens et al. 2003; Chang
et al. 2004). Wnit3 was similarly expressed in the central
nervous system, branchial arch and dorsal ectoderm
of both chick and mouse embryos, but in the limb
ectoderm during AER formation in only mouse embryos
(Roelink & Nusse 1991; Salinas & Nusse 1992; Buifone
et al. 1993; Parr et al. 1993; Liu et al. 1999; Barrow et al.
2003; Robertson et al. 2004). We considered how the
differences between chick and mouse Wnt ligands
with respect to AER formation arise. Wnt3a and Wnt3
are expressed in chick and mouse limb ectoderm,
respectively, indicating that a limb-specific cis-regulatory
element is located upstream of the chick Wnt3a and
mouse Wnt3 genes (Fig. 4B, Rhombus). Wnt3a and
Wnt3 gene organization is conserved among verte-
brates, demonstrating that Wnt3a and Wnt3 are close
paralogs that arise from duplication of a progenitor
Wnt3a/3 gene (Sidow 1992; Fig. 4B). The progenitor
Wnt3a/3 gene might have had a limb-specific element
before duplication into Wnt3a and Wnt3 that was lost
during the evolution of chicks and mice, respectively.
Alternatively, chick Wnt3a and mouse Wnt3 might
have independently acquired a limb-specific cis-
regulatory element. Snail and Slug expression profiles are
interchangeable between the chick and the mouse.
Snail in the mouse and Slug in the chick is expressed
in precursors of the mesoderm and the neural crest,
and also in migratory populations (Sefton et al. 1998;
Nieto 2002). Nieto (2002) proposed that the expres-
sion of Snail and Slug interchanges under conditions of
the differential loss of a tissue-specific cis-regulatory
element and the differential availability of an upstream
regulator. Chick Wnt3a and mouse Wnit3 in AER forma-
tion also provide important clues to the mechanism
of interchanges in expression profiles.
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Abstract

Background: Oral leukoplakia is a precancerous change developed in the oral mucosa, and the
mechanism that oral leukoplakia becomes malignant through atypical epithelium is not known. Here
we compared the f3-catenin expression detected by immunohistochemical staining in the normal
oral epithelium and in the oral leukoplakia with or without dysplasia.

Results: The normal oral epithelium showed B-catenin expression only in the cell membrane, but
not in the nuclei. In the oral leukoplakia without dysplasia, 7 out of |7 samples (41%) showed (3-
catenin expression in the cell membrane, and 5 samples (29%) showed expression in the nuclei. In
the oral leukoplakia with dysplasia, nuclear expression of B-catenin was shown in |l out of 12
samples (92%). Incidence of nuclear B-catenin expression was significantly different between
dysplasia and normal oral epithelium (P < 0.01), and also between oral leukoplakia with dysplasia
and those without dysplasia (P < 0.01). Wnt3 expression was detected in the epithelial cell
membrane or cytoplasm in oral leukoplakia where nuclear expression of B-catenin was evident, but
not in epithelial cells without nuclear expression of -catenin.

Conclusion: The components of canonical Wnt pathway, such as Wnt3, B-catenin, and cyclin D1,
were detected, implying that this pathway is potentially involved in the progression of dysplasia in
oral leukoplakia.

sia histopathology in leukoplakia becomes precancerous.

Background
It is said that it may become malignant transformation in

Oral leukoplakia is known as a precancerous change of

squamous cell carcinoma developed in oral mucosa [1-3].
Leukoplakia is a term expressing clinical disease state, and
it occurs in every intra-oral locus and shows various obser-
vations. Because a clinician is difficult to be settled with
precancerous lesion in these, we require histopathology
examination. Leukoplakia diagnosed as epithelial dyspla-

progression of the severity in epithelial dysplasia [4].
Although much works have been done on the leukopla-
kia, the mechanism that oral mucosa epithelium consti-
tuting leukoplakia becomes malignant through atypical
epithelium is not known.
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There are many reports on B-catenin accumulation into a
nucleus of a cancer cell in the epithelial malignant tumor,
including colorectal cancer [5-8], and transcription activa-
tion of a target gene by B-catenin/TCF is known to partic-
ipate in malignant transformation [9,10]. Transcription
activation by B-catenin is triggered by binding of Wnt fam-
ily to the cell membrane receptors, called Frizzled and
LRP5/6, which transduces Wnt signal inside the cell
through inactivation of GSK-3. APC and Axin constitute a
complex to phosphorylate B-catenin with GSK-3. In the
presence of Wnt, the receptor complex transduces nega-
tive signals to APC/Axin/GSK-3 complex through Dishev-
elled, and thus GSK-3 becomes unable to phosphorylate
cellular B-catenin. Accumulated B-catenin in cytoplasm is
now translocated into a nucleus, forms a transcriptional
activation complex with TCF/LEF1 [10-13], and activates
various target genes such as c-myc and cydin D1 [14-17].
In the absence of Wnt, B-catenin in cytoplasm is immedi-
ately phosphorylated by GSK-3/Axin/APC complex and
receives ubiquitination, eventually leading to degradation
in proteasome, and thus disappeared in cytoplasm imme-
diately [9,10].

Because Wnt family is known to participate in epithelial
cell proliferation, we examined in this study immunohis-
tochemical localization of B-catenin, with attention to
transcription activation of a target gene by B-catenin, and
to evaluate nuclear accumulation B-catenin in relevance
with atypical epithelium in a surface layer of oral leuko-
plakia. Nuclear localization of B-catenin is correlated with
cyclin D1 expression in oral leukoplakia, and also Wnt3
expression in neighboring cells, known as a typical mem-
ber of the Wnt family that activates B-catenin-mediated
signaling [18,19], suggesting the involvement of Wnt/f-
catenin signaling in the progression of dysplasia.

Results

Immunohistochemical localization of -catenin

The expression patterns of B-catenin in oral mucosa are
summarized in Table 1. In the normal oral epithelium,
nuclear localization of B-catenin was not detected in all 6
samples examined; 5 out of 6 samples showed expression
signals only in the cell membrane, and one sample
showed cytoplasmic expression in addition to signals in

Table 1: Expression patterns of B-catenin in oral mucosa
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the cell membrane. In the oral leukoplakia without dys-
plasia, 7 out of 17 samples (41%) showed expression sig-
nals in the cell membrane, and 5 samples (29%) showed
expression signals in the nuclei. Oral leukoplakia with
dysplasia did not show expression signals in the cell mem-
brane, and nuclear expression was shown in 11 out of 12
samples (92%).

Localization of p-catenin in the epithelial cell membranes
was observed in normal oral epithelium and oral leuko-
plakia, whereas expression in OSCC was low or totally
absent in the cell membrane (Fig. 1). The expression of B-
catenin in normal oral epithelium was observed on the
cell membrane, but not within the nuclei of basal and
spinous layer (Fig. 1b, 1c). In oral leukoplakia without
dysplasia, the expression of B-catenin was observed on the
cell membrane or both cell membrane and cytoplasm in
24% of basal and spinous layer cells (Fig. 1e, 1f). In oral
leukoplakia with mild dysplasia, the expression of p-cat-
enin was observed in the nuclei at about 30% (Fig. 1h, 1i).
Oral leukoplakia with dysplasia that was especially char-
acterized by an increased nuclear-cytoplasmic ratio, an
increased number of mitotic figures, including abnormal
mitoses, nuclear hyperchromatism showed nuclear
expression pattern (Fig. 1k, 11), and the expression of B-
catenin in nuclei was shown in more than 80% of epithe-
lial cells. The mean percentage of nuclear staining with -
catenin in oral leukoplakia is presented in Table 2. The
nuclear expression of B-catenin in epithelial dysplasia
increased depending on the grade of dysplasia, and there
were significantly different between [-catenin staining
without dysplasia and that with mild dysplasia (P < 0.01),
and also between B-catenin staining with mild dysplasia
and that with severe dysplasia (P < 0.05). The tumor
parenchymal cells of OSCC (Fig. 1m-o0) also showed
nuclear expression pattern in 10 out of 15 specimens
(67%). Incidence of nuclear localization of B-catenin was
significantly different between dysplasia and normal oral
epithelium (P < 0.01), and also between oral leukoplakia
with dysplasia and those without dysplasia (P < 0.01).

Tissue Total number Cytoplasm Nudeus Membrane
Normal oral epithelium 6 ! 0 S
Oral leukoplakia

Without dysplasia 17 5 S 7

With dysplasia 12 1 1= 0
Oral squamous cell carcinoma 15 5 10 0
*P < 0.01 between normal oral epithelium and oral leukoplakia without dysplasia by Fisher's exact test.
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Figure 1

Immunohistochemical localization of B-catenin in normal oral epithelium (a-c), oral leukoplakia without dysplasia (d-f), oral leu-
koplakia with mild dysplasia (g-i), oral leukoplakia with severe dysplasia (j-1), and oral squamous cell carcinoma (m-o). (a, d, g, j)
Hematoxylin and eosin staining. (b, ¢, &, f, h, i, k, |, m-0) B-Catenin staining. (b, c) Signals were detected in the cell membrane of
the basal and spinous layer, but not in the cytoplasm and nuclei. (e, f) Signals were detected in the cell membranes and cyto-
plasm. (h, i) Signals were detected in the cell membranes and nuclei. (j) The area for dysplasia is characterized by an increased
nuclear-cytoplasmic ratio, an increased number of mitotic figures, including abnormal mitoses, nuclear hyperchromatism. (k, |)
Signals were detected in the cell membranes and nuclei. (m-o) Signals were detected in the nucleus of the epithelial dysplastic
cells (n) and carcinoma cells (o) in OSCC, but cell membranous expression was weak or absent. Scale bars: (a, b, d, e, g, h, j, k,

m) 200 pm; (c, f, i, I, n, 0) 50 um.

Relationship between localization of -catenin and Wnt3
expression

We examined the expression pattern of Wnt3 in oral leu-
koplakia. Wnt3 was not expressed in the normal oral epi-
thelium (data not shown). Figure 2 shows comparison of
immunohistochemical staining for B-catenin, Wnt3, cyc-
lin D1, and c-myc in oral leukoplakia without dysplasia
(a-d) and those with dysplasia {e-1). Wnt3 was expressed
on the epithelial cell membrane or cytoplasm where
nuclear expression of B-catenin is evident, in contrast to
those without nuclear expression of $-catenin (Fig. 2b, 2f,
2j). In the samples with nuclear expression of #-catenin,

Table 2: Mean percentage of nuclear B-catenin staining in oral
leukoplakia with and without dysplasia

Pathological diagnosis ~ Total number

Positive ratio (mean vzlue)

No dysplasia 17 6.7
Mild dysplasia 9 26.9*
Severe dysplasia 3 59.7+¢

*P < 0.01 between no dysplasia samples and mild dysplasia samples by
Student's t-test.

P < (.05 between mild dysplasia samples and severe dysplasia
samples by Swudent’s t-test.

Wnt3 expression was shown in 13 out of 16 samples
(81%), and there is significant positive correlation
between the nuclear expression of B-catenin and Wnt3
staining (P < 0.01) (Table 3).

We also exarnined other members of Wnt family, includ-
ing Wntl, Wnt5a, and Wnt7a, for immunohistochemical
staining. No signal was detectable with antibodies against
Wntl and Wnt7a in normal and leukoplakia epithelia,
whereas Wnt5a signal was ubiquitously detectable in nor-
mal oral epithelium, leukoplakia, and in OSCC (data not
shown). Thus, these Wnt members are unlikely to be
involved in nuclear localization of B-catenin because of
the absence of correlation.

Relationship with cyclin D1 and c-myc expression

Cyclin D1 was intensely expressed in the oral leukoplakia
where nuclear expression of B-catenin is evident, in con-
trast to those without nuclear expression of B-catenin (Fig.
2). Cyclin D1 overexpression was more evident in the oral
leukoplakia with dysplasia than that without dysplasia
(Fig. 2¢, 2g, 2k), and percentage of the cell number with
positive nuclear staining is significantly different in these
specimens {Fig. 3). On the other hand, the c-myc expres-
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Figure 2

Comparison of immunohistochemical staining for B-catenin, Wnt3, cyclin D1, and c-myc in oral leukoplakia. (a-d) Serial sec-
tions of oral leukoplakia without dysplasia. (a) Nuclear expression of B-catenin was not observed. (b) Wnt3 expression was
not observed. (c) Cyclin DI shows weak expression. (d) Nuclear expression of c-myc is observed in the basal layer cells. (e-h)
Serial sections of oral leukoplakia with dysplasia. (e, i) B-Catenin is expressed in the nuclei. (f, j) Wnt3 expression is observed
on the epithelial cell membrane and in the cytoplasm. (g, k) Cyclin D1 is expressed in several epithelial cells. (h, I} c-Myc shows
similar expression pattern as oral leukoplakia without dysplasia. Scale bars: (a-h) 100 um; (i-I) 50 um.
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Table 3: Relationship between nuclear expression of -catenin
and Wnt3 expression in oral leukoplakia

B-Catenin Total number Wna3

- +
Nuclear expression negative 13 10 3(23.1%)
Nuclear expression positive 16 3 13(81.3%)*

*P < 0.01 between nuclear expression negative and positive samples
by Mann-Whitney U-test.

sion in nuclei was not significantly different between
these two specimens (Fig. 2d, 2h, 21), suggesting inde-
pendent activation of c-myc.

Discussion

B-Catenin has been identified to be a constituent of cell
adhesion apparatus bound to cadherin family [20], and
plays an important role for cellular movement and adhe-
sion, as well as a signaling factor involved in canonical
Wnt pathway [9]. Nuclear localization of B-catenin is
known to associate with malignant transformation of
colorectal cancer and other tumor [5-8]. Because cytoplas-
mic accumulation and subsequent nuclear translocation
of B-catenin is known to be resulted from activation of
canonical Wnt signaling pathways [10], subcellular local-
ization of B-catenin is a useful marker to detect cellular
conditions to proliferate actively. We compared here
immunohistochemical localization of B-catenin in the

(%)

607 P<0.01
1 | E—
50
[ -
2
& 40+
o
o} -
=%
< 304
20
10 I
4.5£5.6 26.9+21.5 16.8+14.2 26.1£22.1
(n=13) (=16 (1=13) (n=16)
Cyclin D1 c-Myc
[ Nuclear expression (— )
Nuclear expression (+)
Figure 3

Relationship between subcellular localization of B-catenin and
expression patterns of cyclin DI and c-myc in oral leukopla-
kia. Shown by means with standard deviations.
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normal oral epithelia, oral leukoplakia, and OSCC, aimed
at elucidating relationship between proliferative activity
and subcellular localization of the products.

In contrast to membranous and cytoplasmic expression,
nuclear expression of B-catenin is implicated in tumor
progression, but the significance of B-catenin localization
in the oral epithelial dysplasia and OSCC has not yet been
examined in details. The nuclear expression of B-catenin
increased during progression of the severity in oral leuko-
plakia. Furthermore, because localization of 8-catenin in
normal oral epithelium and dysplasia showed significant
difference, suggesting nuclear expression of B-catenin as
aberrant condition. In addition, nuclear expression of p-
catenin was also observed in 10 out of 15 samples of
OSCC, and membranous B-catenin expression was low or
totally absent in 7 out of 15 samples of OSCC (data not
shown). In various malignant tumors, reduced membra-
nous P-catenin expression was associated with the emer-
gence of invasion or metastasis [21-24]. Our results
suggest that B-catenin function in cell-cell adhesion and
translocation in the nucleus are related to proliferation
and invasion of OSCC.

c-Myc and cyclin D1 have been identified as target genes
of the Wnt/B-catenin pathway [14-17]. Tetsu and McCor-
mick [25] reported that expression of cyclin D1 is strongly
dependent on B-catenin/TCF and has a direct effect on cell
proliferation in colon carcinoma cells. Furthermore,
Kovesi and Szende [26] reported that expression of cyclin
D1 increased during progression of the severity in oral
leukoplakia. Our results showed elevated cyclin D1
expression in the epithelial dysplasia. In oral epithelium,
cyclin D1 may participate in malignant transformation. c-
Myc expression was elevated in dysplasia with nuclear
expression of B-catenin than that without nuclear expres-
sion, although the difference in c-myc expression is not
evident.

Our studies show the aberrant Wnt signaling pathway in
the oral epithelial dysplasia. Wnt3, a typical member of
the Wnt family that activates B-catenin mediated signaling
[18,19], was not expressed in the normal oral epithelium.
In contrast, Wnt3 expression was observed in the exam-
ples showing nuclear expression of B-catenin. Both the
nuclear expression of B-catenin and Wnt3 expression were
observed in oral leukoplakia with dysplasia, and therefore
the aberrant Wnt signaling pathway may promote malig-
nant transformation by triggering cyclin D1 expression
and consequently uncontrolled progression into the cell

cycle.

These lines of evidence suggest that nuclear accumulation
of B-catenin plays an important role during malignant
transition of oral leukoplakia through dysplasia. In addi-
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tion to pathological examination of hematoxylin and
eosin-stained sections for oral leukoplakia, immuno-
chemical staining for B-catenin is useful for diagnosis of
epithelial dysplasia and precancerous changes. Evaluation
of other constituents for Wnt signaling, including GSK-3,
CDK, Frizzled, and LRP5/6, helps us for determination
and prognosis of precancerous change of dysplasia.

Conclusion

As for the transcriptional activation of a target gene by -
catenin, elevated expression was detected in a squamous
cell carcinoma and epithelial dysplasia of oral leukopla-
kia. Thus, Wnt/B-catenin pathway is considered to be
involved in the progression of dysplasia in oral leukopla-
kia, as shown by nuclear expression of B-catenin and other
components, including Wnt3 and cyclin D1.

Methods

Tissue samples

Formalin-fixed, paraffin-embedded samples of normal
oral mucosa (6 examples), of oral squamous cell carci-
noma (15 examples), and of oral leukoplakia (29 exam-
ples) were used. A fresh tissue of the oral cavity is also
obtained at the time of biopsy or at oral surgery during
treatment of cancerous disease after obtaining informed
consent 1o the patients, and fixed in formalin before par-
affin embedding. A histopathological diagnosis of each
sample was performed by pathological staffs in the
Department of Pathology in Kawasaki Medical School
Hospital. According to the WHO diagnostic criteria for
histological typing of cancer and pre-cancer of the oral
mucosa [1], 12 examples from oral leukoplakia were diag-
nosed as epithelial dysplasia lesion (dysplasia). Dysplasia
was diagnosed and graded as mild dysplasia (9 examples)
and severe dysplasia (3 examples).

Immunohistochemistry

Sections of 4 pum thickness in paraffin embedding tissue
were treated with microwave for 10 minutes in 10 mM cit-
rate buffer (pH 6) after de-paraffin processing, followed
by washing with PBS twice for 10 minutes. To remove
endogenous peroxidase activity, sections were treated in
3% hydrogen peroxide solution for 15 minutes, and sub-
sequently in PBS twice for five minutes. The primary anti-
bodies against p-catenin (Sigma-Aldrich), Wnt3 (Santa
Cruz Biotechnology), cyclin D1 (Zymed Laboratories),
and c-myc (Santa Cruz Biotechnology) were used at 1/
400, 1/100, 1/50, and 1/50 dilution, respectively, in PBS
by incubating at room temperature for 60 min. After
washing with PBS, the sections were treated with bioti-
nylated secondary antibody for 10 min and then with per-
oxidase-labeled streptavidin for 10 min (LSAB PLUS kit,
DAKO, Japan), and the color was developed with 3,3'-
diaminobenzidine tetrahydrochloride {ISAB PLUS Kkit,
DAKO, Japan), followed by counter staining with Mayer's

http://iwvww.molecular-cancer.com/content/6/1/62

hematoxylin. As a negative control, primary antibodies
were omitted and the sections were incubated with the
secondary antibody alone.

Evaluation of staining

For counting cells with nuclear and/or cytoplasm staining,
three microscopic fields with 200-fold magnification were
randomly chosen and the mean above 10% of the total
cell numbers was deduced to be positive.

Evaluation of staining was carried out based on whether
nuclear or cytoplasmic staining is detectable. Under
microscopic field of 200-fold magnification, tissues are
positive for B-catenin, if more than 10% of cells show
cytoplasmic or nuclear staining. Randomly selected field
in the tumor parenchymal region was used for determina-
tion of P-catenin positive cells in squamous cell carci-
noma. Because signal intensity and distribution were
different depending on the places in leukoplakia without
dysplasia and in the normal oral epithelium, three fields
were randomly selected to determine average ratio of a
positive cell. In the Wnt3 staining, the cell membranous
or cytoplasmic staining in the basal and spinous layer was
regarded as positive. For cyclin D1 and c-myc, nuclear
staining was regarded as positive. The cyclin D1 and ¢-myc
staining was evaluated by counting at 200-fold magnifica-
tion and calculating the percentage of positive cells. Statis-
tical significance was estimated using Fisher's exact test,
Mann-Whitney U-test, and Student's t-test.

Abbreviations

GSK-3 - glycogen synthase kinase-3; LEF1 - lymphoid
enhancer binding factor 1; LRP - low-density lipoprotein
receptor-related protein; OSCC - oral squamous cell car-
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tor.
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Transgenic expression of a myostatin inhibitor derived
from follistatin increases skeletal muscle mass and
ameliorates dystrophic pathology in mdx mice
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ABSTRACT Myostatin is a potent negative regulator
of skeletal muscle growth. Therefore, myostatin inhibi-
tion offers a novel therapeutic strategy for muscular
dystrophy by restoring skeletal muscle mass and sup-
pressing the progression of muscle degeneration. The
known myostatin inhibitors include myostatin propep-
tide, follistatin, follistatin-related proteins, and myosta-
tin antibodies. Although follistatin shows potent myo-
statin-inhibiting activities, it also acts as an efficient
inhibitor of activins. Because activins are involved in
multiple functions in various organs, their blockade by
follistatin would affect multiple tissues other than
skeletal muscles. In the present study, we report the
characterization of a myostatin inhibitor derived from
follistatin, which does not affect activin signaling. The
dissociation constants (K,) of follistatin to activin and
myostatin are 1.72 nM and 12.3 nM, respectively. By
contrast, the dissociation constants (K,) of a follistatin-
derived myostatin inhibitor, designated FS I, to activin
and myostatin are 64.3 pM and 46.8 nM, respectively.
Transgenic mice expressing FS I, under the control of
a skeletal muscle-specific promoter showed increased
skeletal muscle mass and strength. Hyperplasia and
hypertrophy were both observed. We crossed FS I.I
transgenic mice with mdx mice, a mode] for Duchenne
muscular dystrophy. Notably, the skeletal muscles in
the mdx/FS 11 mice showed enlargement and reduced
cell infiltration. Muscle strength is also recovered in the
mdx/¥S I-I mice. These results indicate that myostatin
blockade by FS I-I has a therapeutic potential for
muscular dystrophy.—Nakatani, M., Takehara, Y.,
Sugino, H., Matsumoto, M., Hashimoto, O., Hasegawa,
Y., Murakami, T., Uezumi, A., Takeda, S., Noji, S.,
Sunada, Y., Tsuchida, K. Transgenic expression of a
myostatin inhibitor derived from follistatin increases
skeletal muscle mass and ameliorates dystrophic pa-

thology in mdx mice. FASEB J. 22, 477-487 (2008)
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MYOSTATIN, ALSO KNOWN As GROWTH and differentiation
factor 8 (GDF8), belongs to the transforming growth
factor (TGF)-8 superfamily and regulates skeletal muscle
mass (1, 2). Mice, cattle, sheep, and humans with genetic
mutations in the myostatin gene show marked increases
in skeletal muscle mass, due to hypertrophy and/or
hyperplasia (3—6). Therefore, myostatin is a rational can-
didate for a muscle chalone, defined as a molecule that
regulates the size of a particular tissue (1). Myostatin is
predominantly expressed in skeletal muscles and to a
lesser extent in adipose tissues, and circulates in the
serum. Intriguingly, myostatin forms a complex with a
number of other proteins, such as myostatin propeptide
and follistatin-related gene product (FLRG) (7).
Interestingly, inhibition of myostatin activity is capa-
ble of increasing muscle mass and strength in the
postnatal period and even in adults. These observations
suggest that targeting of myostatin would be suitable as
a therapy for degenerating muscle diseases, such as
muscular dystrophy and cachexia, as well as for prevent-
ing muscle wasting due to aging (8-10). In fact, anti-
body-mediated myostatin blockade in mdx mice, a
model for Duchenne muscular dystrophy, was found to
ameliorate the pathophysiology and muscle weakness
(11). Myostatin propeptide-mediated amelioration of
the symptoms in mdx mice has also been reported (12).
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