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Abstract In the Wnt/Wingless pathway, accumulation of [-
catenin/Armadillo protein is a key regulatory step. Vertebrate
Axin is a negative regulator of Wnt signaling, promoting
glycogen synthase kinase-3B-mediated phosphorylation of [-
catenin and thereby destabilizing B-catenin. Using Drosophila
cell culture systems, we demonstrated that a Drosophila homolog
of Axin (Daxin) inhibits Wingless-induced Armadillo accumula-
tion and Drosophila T-cell factor-dependent transcription
induced by Wingless, Dishevelled, and Armadillo. The carboxy-
terminal portion of Daxin is not essential for the inhibitory
activity, but a mutant only consisting of this portion behaves as a
dominant-negative protein. Moreover, interactions between
Daxin and Zeste-white 3, Armadillo, Dishevelled, protein
phosphatase 2A and Daxin itself were shown, providing direct
evidence that Daxin is a scaffold protein in the Wingless
pathway.
© 2000 Federation of European Biochemical Societies.
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1. Introduction

The Wnt family of secretory protein plays pivotal roles in a
number of basic developmental processes. Components of the
Wnt/Wingless (Wg) signaling pathway are structurally and
functionally conserved in vertebrates and invertebrates [1-3].
The stabilization of B-catenin/Armadillo (Arm) is a key regu-
latory step in this pathway [3-5] and its stability is regulated
by glycogen synthase kinase-3B (GSK-3B)/Zeste-white3 (Zw3)-
mediated phosphorylation, which targets f-catenin/Arm to the
ubiquitin/proteasome pathway [6]. Wnt/Wg inhibits GSK-3f/
Zw3 function through the Dishevelled (Dsh) family proteins,
thereby upregulating B-catenin/Arm levels [7,8]. Accumulated
B-catenin/Arm then forms a complex with the T-cell factor
(TCF)/Drosophila TCF (D-TCF) family of transcription fac-
tors, and this complex translocates into the nucleus and reg-
ulates expression of Wnt/Wg target genes [9]. Axin and its
homolog Conductin/Axil regulate Wnt signaling negatively
[10-28]. Axin stimulates GSK-3B-mediated phosphorylation
of B-catenin by binding and bridging these proteins and
thus destabilizing B-catenin [11-15,19,27,28]. Moreover, Axin
acts as a scaffold protein which binds other components of the
Wnt signaling pathway, such as the adenomatous polyposis
coli gene product (APC), [12,17,19], mouse Dsh, Dvls [22-24],
protein phosphatase 2A catalytic subunit (PP2Ac), [25] and
Axin itself [23,25,26,28]. The APC-Axin complex downregu-
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lates B-catenin [15,18], but its mechanism of action remains
elusive [19,29]. Recently, genetic studies have revealed that an
Axin homolog in Drosophila, Daxin, interferes with Wg and
DWnt-2 signaling [30,31]. These in vivo studies include anal-
yses of the ventral cuticle pattern in mutant embryo [30], and
mosaic analyses of Daxin in wing, leg, and eyes [30,31], and
indicate that loss of function or overexpression of Daxin and
wg produce opposite phenotypes.

Here we describe the biochemical characterization of the
Daxin protein using a Drosophila cell culture system. We dem-
onstrated that Daxin inhibits Wg-induced Arm accumulation
and D-TCF-dependent transcription induced by Wg, Dsh,
and Arm. Using a series of Daxin mutants, we mapped do-
mains essential for this negative regulation. In addition, inter-
action of Daxin with Zw3 (both wild-type and kinase-dead
forms), Arm, Dsh, PP2Ac and Daxin itself was shown by
pull-down assays with glutathione S-transferase (GST)-Daxin
fusion proteins and co-immunoprecipitation experiments.
These results are direct evidence that Axin family proteins
mediate a set of conserved biochemical processes which sup-
press Wnt/Wg signaling.

2. Materials and methods

2.1. Expression constructs

The Flag epitope was added to the amino-terminus of the full-
length Daxin proteins as follows: the entire coding sequence of Daxin
was amplified by polymerase chain reaction (PCR) using a pBluescript
IISK plasmid containing the Al form of Daxin cDNA ([31], gift from
R. Nusse and K. Willert, Stanford University) as template, and a
sense primer (5'-AGTAAGCTTAGTGGCCATCCATCGGGA-3')
containing a HindIII site and an antisense primer (5'-AAAATCGA-
TATATTAATCGGATGGCTT-3’) containing the termination codon
of Daxin and a Clal site. The Daxin PCR products were double-
digested with HindIIl and Clal and subcloned into the HindlIII-
Clal-cleaved pFlagCMV2 (Eastman Kodak). The resulting plasmid
was named pFlagCMV2-Daxin. Then a series of deletion mutants
(see Fig. 1) were generated as follows: for mutant #2, pFlagCMV2-
Daxin was double-digested with Eco52I and EcoRYV, blunted with T4
polymerase and recircularized by ligation with T4 ligase; likewise, for
mutant #3, #5, and #6, pFlagCMV2-Daxin was double-digested with
Nrul and EcoRV, HindIll and Nrul, and HindIll and Eco52I, respec-
tively, blunted, and recircularized; for mutant #4, pFlagCMV2-Daxin
was digested with BstPI, partially filled in with T4 polymerase in the
presence of GTP and TTP, blunted with mung bean nuclease, digested
again with HindIIl, blunted with T4 polymerase and recircularized;
for mutants #7 and #8, mutants #5 and #4, respectively, were double-
digested with Eco521 and EcoRV, blunted and recircularized. To gen-
erate expression plasmids in Drosophila cell lines, the sequences encod-
ing Flag-tagged Daxin were amplified by PCR by using the
pFlagCMV2-based Daxin constructs as templates and a sense primer,
named 5’ Flag (5'-GACGCAAATGGGCGGTAGGCGTGTACGG-
TG-3', a sequence that starts 82 bp upstream of the initiator methio-
nine codon for the Flag epitope in pFlagCMV2), and an antisense
primer, named 3’ Flag (5'-GACAAGGCTGGTGGGCACTGGAG-
TGGCAAC-3', which is present 46 bp downstream of the polylinker
site of pFlagCMV2). In addition, the sequence encoding Flag-tagged
Daxin lacking the DIX domain (mutant #1 in Fig. 1) was amplified

0014-5793/00/$20.00 © 2000 Federation of European Biochemical Societies. All rights reserved.

PII: S0014-5793(00)01601-X



190

using the 5" Flag primer, an antisense primer (5'-TCCTATGGCT-
GAGTACCGGGTATTTTTA-3’, corresponding to amino acids
675-682 and a termination codon), and the pFlagCMV2-Daxin plas-
mid. These PCR products were blunted and cloned into the EcoRV
site of pMK33 [32]. The resulting plasmid expressing Flag-tagged full-
length Daxin was named pMKFlag-Daxin. A plasmid expressing C-
terminally Myc-tagged full-length Daxin under the control of heat
shock promoter ([31], pMKHS-Daxin-mycD5’) was obtained from
R. Nusse. The fidelity of the PCR reactions with Pfu Turbo DNA
polymerase (Stratagene) was confirmed by DNA sequencing.
pMKDsh-Myc, pMKZw3-HA (which expresses wild or kinase-dead
type of Zw3), pMK-Wg, pMKArm-Myc (expressing Myc-tagged full-
length Arm), and pMK-del-Arm-Myc (expressing Myc-tagged Arm
with an amino-terminal deletion) have been described [33-35].

2.2. Cell cultures and transfections

The Drosophila S2R+ cells responding to Wg and SW480 cells were
cultured as described in [13,35], respectively. Expression plasmids were
introduced into S2R+ cells using calcium phosphate-mediated trans-
fection as described [33]. The pMKFlag-Daxin, pMKDsh-Myc,
pMKZw3HA, and pMK33 transfectants used in this study were mix-
tures of stable S2R+ cell clones selected with hygromycin (200 uM).
The transfectants generated with pMK33-based vectors were induced
to overexpress the transfected genes by adding 0.5 mM CuSOy as
described [33].

2.3. Wg treatment of S2R+ cells expressing Daxin proteins

S2R+ cells transfected with pMK33 or pMK33-based Daxin ex-
pression plasmids, either exposed or not to CuSO4 for 24 h, were
grown until fully confluent in T24 flasks. For Wg treatment, co-culti-
vation with S2-HS-wg cells (S2 cells expressing Wg under the control
of heat shock promoter) was performed [36]. A total of 2 ml of S2-
HS-wg or control S2 cell suspension in Schneider medium containing
10% fetal calf serum (2 X 10° cells/ml) was added to the S2R+ trans-
fectants for 3 h (for cells induced with CuSO, for 24 h, co-culture was
performed with CuSOy). Then the S2-HS-wg or S2 cells overlaid on
the S2R+ culture were removed by three cycles of washing with 5 ml
of phosphate-buffered saline (PBS). Next, cell lysates were prepared
from the S2R+ cells remaining in the flask and subjected to SDS—
PAGE.

2.4. Luciferase assay

Subconfluent cultures of S2R+ cells in T25 flasks were transfected
with 1 pg of one of the luciferase reporters TOPFLASH or FOP-
FLASH [37], 1 ug of pAclacZ, a plasmid expressing B-galactosidase
under the control of the Drosophila actin 5C promoter, and 4 ug of
either the pMK33, pMK-Wg, pMKDsh-Myc, pMKArm-Myc or
pMK-del-Arm-Myc plasmid, in combination with 4 pg of the
pMK33 or pMKFlag-Daxin plasmid, so that the total amount of
plasmids transfected per flask was 10 pg. Twenty-four hours after
transfection, cells were washed with PBS and cultured for a further
24 h in the presence of 0.5 mM CuSOQy, then luciferase and B-galac-
tosidase activities in the cell lysates were determined using kits from
Promega. Relative light units were measured with a luminometer. -
Galactosidase activities were used to normalize transfection efficiency.
The assays were performed three times as duplicate transfections.

2.5. Immunoblot analyses, and antibodies

The cell lysates whose protein concentration was normalized were
subjected to Western blot analysis as described [33]. The rabbit anti-
body against Drosophila PP2Ac was obtained from Dr. Uemura [38].
The mouse monoclonal anti-Arm antibody N2-7A1, the rat polyclonal
anti-Dsh region I antibody, the rat monoclonal anti-Drosophila o-
catenin antibody DCAT-1, and the mouse monoclonal antibodies
against PB-catenin, GSK-3B, HA epitope (12CA5), Flag epitope
(M2), human c-Myc epitope (9E10) were used as described [33-35].
In addition, peroxidase-conjugated secondary antibodies against
mouse IgG, rat IgG, and rabbit IgG were used as described [33-35].
The blots were visualized with the Enhanced Chemiluminescence Re-
agent (Amersham Pharmacia Biotech).

2.6. Immunoprecipitations, and pull-down assay with GST—-Daxin
fusion proteins
The cell lysates for immunoprecipitation and pull-down assay were
prepared with lysis buffer containing protease inhibitors and phospha-
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tase inhibitors as described [33]. 10 pg of anti-Flag antibody (M2) was
added to the cell lysate and the mixture was incubated for 4 h at 4°C,
then 30 pl of goat anti-mouse IgG (H+L)-Sepharose 4B (Zymed) was
added and the mixture incubated for a further 1 h at 4°C. The im-
mune complexes were washed four times with lysis buffer, resus-
pended in SDS-PAGE sample buffer and resolved by SDS-PAGE,
and immunoblotted. Three pGEX-Daxin plasmids were constructed
as follows: the 1.3 kb BstPI-Xhol fragment and the 0.3 kb Nrul-Xhol
fragment of the Daxin cDNA encoding amino acids 152-567 and 462—
567 of the Daxin protein, respectively, were cloned into the BamHI
site and the Sal/l site, respectively, of pGEX5X-3 by blunt end liga-
tion. The 0.3 kb EcoRI-Nrul fragment encoding amino acids 358-461,
whose Nrul site was filled in with T4 polymerase, was cloned into the
EcoRI and Smal sites of pGEX5X-3. The GST-Daxin fusion proteins
were expressed in Escherichia coli XL1Blue and purified with gluta-
thione-Sepharose CL4B beads as described by the manufacturer
(Amersham Pharmacia). 500 ul of cell lysate from S2R+ cells stably
transfected with pMK-Zw3HA or pMK33 or SW480 cells was incu-
bated with 30 pl of glutathione-Sepharose CL4B beads carrying GST
or the GST-Daxin fusion proteins for 1 h at 4°C. The beads were
washed three times with lysis buffer, and resuspended in SDS-PAGE
sample buffer. Bound proteins were subjected to Western blotting.

3. Results and discussion

3.1. Effect of overexpression of full-length or mutant forms of
Daxin on Arm levels in S2R+ cells

In vivo studies [31,32] have shown that Daxin is a negative
regulator of Wg signaling. To characterize the functional do-
mains in Daxin, we generated a series of Flag-tagged Daxin
mutants (Fig. 1). We first examined the effect of overexpres-
sion of full-length or a series of mutant Daxin on Arm levels
in S2R+ cells. As shown in Fig. 2, induction of full-length, #1,
#2, and #3 Daxin led to slight decreases of Arm protein levels
in S2R+ cells. In contrast, overexpression of #4 (lacking the
N-terminal portion including the RGS domain) and #5 (con-
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Fig. 1. Schematic representation of Flag-tagged Daxin, its deletion
mutants and GST-Daxin fusion proteins. The diagram at the top
indicates Daxin structure. The most highly conserved domains be-
tween mouse Axin and Daxin, the RGS and DIX domains, are indi-
cated by an open and a horizontally hatched box, respectively. The
Arm and putative Zw3 binding domains are presented as a filled
and a vertically hatched box, respectively. Numbers under the dia-
grams indicate amino acid positions of the Daxin protein. The Flag
epitopes are labeled and indicated by thick filled boxes. GST pro-
teins are presented as ovals. A summary of the Wg blocking activity
of the Daxin transgenes is shown on the right of the diagrams. The
Wg blocking activity of the Daxin transgenes is referred to effect of
overexpression of each transgene on Wg-induced Arm accumulation.
N.D., not determined. ‘Dominant negative’ in bold letters indicates
that this Daxin mutant is markedly dominant-negative.
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Fig. 2. Effect of overexpression of full-length or mutant forms of Daxin on Arm levels in S2R+ cells. The stable S2R+ transfectants expressing
full-length or mutant forms of Daxin were induced (+) or not (—) with CuSO,4 for 24 h. S2R+ cells transfected with pMK33 were used as neg-
ative control. Cell lysates were subjected to Western blot analysis with anti-Arm (top panel), anti-Flag (middle panel), or anti-Da-catenin (bot-
tom panel) antibodies. The Daxin proteins are indicated by arrowheads and the positions of molecular weight markers are indicated on the
sides of the panels. Blots with anti-Da-catenin were used as loading controls.

sisting of the region from the Arm binding domain to the
carboxy-terminus, which includes binding domains for Dsh
and PP2Ac and for oligomerization, see below) slightly and
markedly elevated Arm levels, respectively, suggesting that
these two proteins are dominant-negative mutants of Daxin.
Mutants #6 and #7, which correspond to the N- and the C-
terminal half, respectively, of #5, as well as #8, had little
effect on Arm levels. The result for mutant #4 suggests that
the RGS domain of Daxin, which can interact with D-APC
protein [30], participates in downregulation of Arm. This ob-
servation is consistent with the report that mouse Axin mu-
tants lacking the RGS [10,14,19] or a N-terminal portion in-
cluding the RGS domain (which is similar to our mutant #4
[19]) have dominant-negative functions in Xenopus. However,
Daxin with a deletion of the RGS domain behaves the same
as wild-type Daxin, blocking Wg signaling in vivo [31]. The
additional N-terminal 51 amino acid deletion only present in
our #4 mutant could explain this apparent discrepancy.

3.2. Negative regulation of Wg signaling by Daxin
To demonstrate that Wg signaling is negatively regulated by
Daxin, we examined effects of overexpression of several Daxin

proteins on Wg-induced accumulation of Arm in vitro (Fig.
3). Compared with the pMK33 transfectant used as control,
Wg-induced elevation of Arm was blocked by expression of
full-length Daxin, and mutants #2 and #3, but not mutants
#6, #7, and #8 (data for #7 and #8 not shown). These find-
ings suggest that the N-terminal portion of Daxin (N-terminus
to amino acid 461) can block Wg signaling, and that the
region from the N-terminus to the RGS domain is essential
for this blocking activity. These results correspond well to the
observations on Axin mutants in Xenopus embryos [19], show-
ing that the RGS and GSK-3B binding site are required,
whereas the carboxy-terminal sequences, including the
PP2Ac binding site and DIX domain, are not essential for
inhibition of dorsal axis formation and for B-catenin down-
regulation.

3.3. Interaction of Daxin with components of WglWnt
signaling pathway
We next examined physical interactions between Daxin and
certain components of the Wg and Wnt pathway using two
methods: pull-down assays with GST-Daxin fusion proteins
and co-immunoprecipitation with anti-Flag antibody. GST
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Fig. 3. Negative regulation of Wg signaling by Daxin. The S2R+ cells expressing full-length or mutant forms of Daxin were induced (+) or not
(—) with CuSOy for 24 h. These cultures were overlaid with a suspension of either S2 (—) or S2-HS-wg (+) cells for 3 h. Total cell lysates were
prepared from the co-cultivated S2R+ cells and subjected to Western blot analysis with anti-Arm (top panel), anti-Da-catenin (middle panel),
or anti-Flag (bottom panel) antibodies. The Flag-tagged Daxin proteins induced are indicated by arrowheads.
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fusion proteins expressing three distinct regions of Daxin were
generated (see Fig. 1). The experiments with lysates from
S2R+ cells, S2R+ cells expressing HA-tagged Zw3, and
SW480 cells revealed that endogenous Arm or [-catenin,
and Zw3 or GSK-3B, bind to amino acids 462-567 (Fig.
4A, panel a) and 358-461 (Fig. 4A, panel b), respectively, of
the Daxin protein. None of these GST-Daxin fusion proteins
could pull down Dsh or PP2Ac from lysate from S2R+ cells
(data not shown). These results are consistent with the report

A) B) Ip with a-Flag a-Myc
i GST-Daxin Flag-Daxin
5 5 % Transfectant vector Full  #5 M #1  Full
[a] s 53 3 3 PMK33 (2-7I0X462-TION153-TION2-682) (2-739)
4 68 g8
200~ a-Dsh - - &3
o-Am -
R " g|a-Am - s = -
B - F
slarrac = 2 B B.P
[b]  S2R+lysate GST-Daxin =
E%EEEZ aFlg & 3 B
N = - b = ! y
T— - -
66= 2
= | RS
b I
a-HA - ¢ . =
46— - 46— .4
- Zw3 (KD)
a-HA
- - —
4] C) Tetl  Ipwith
tysate aFalg
[ § i £ 4
S8 33 i i
E 38 ¥ 87
s .14
Fie
a-P-catenin . - - %EE g. E E
“- 0 aMyc [ s <
66— a-Flag - - -

Fig. 4. Physical interaction of Daxin with components of Wg and
Wnt signaling pathway. A: Pull-down assays to demonstrate the in-
teraction of Daxin with Arm, wild-type and the kinase-dead form
of Zw-3, B-catenin, and GSK-3B. GST and three types of GST—
Daxin fusion proteins whose Daxin portions are indicated above the
panels were immobilized to glutathione-Sepharose. These beads were
incubated with lysates from S2R+ cells (a), S2R+ cells expressing
HA-tagged wild-type (upper panel) or kinase-dead form (lower pan-
el) of Zw-3 (b), or SW480 cells (c), and total cell lysates and the
proteins bound to each bead were subjected to Western analysis
with anti-Arm (a), anti-HA (b), anti-B-catenin (c, upper panel) or
anti-GSK-3B (c, lower panel) antibodies. The protein bands of inter-
est are indicated by arrows on the right, and the positions of molec-
ular weight markers shown on the left side of each panel. B: Co-im-
munoprecipitation showing association of Daxin with Dsh, Arm,
and PP2Ac. Total cell lysates prepared from S2R+ cells stably ex-
pressing Flag-tagged Daxin proteins or negative control cells (trans-
fected with pMK33), were subjected to immunoprecipitation with
anti-Flag or anti-Myc antibodies as described in Section 2. An ar-
row indicates the position of PP2Ac and the arrowheads in the bot-
tom panels indicate the position of the Daxin proteins. C: Daxin
oligomerization. S2R+ cells expressing Flag-tagged and Myc-tagged
Daxin proteins were established by cotransfection of pMKFlag-Dax-
in and pMKHS-Daxin-mycD5’. S2R+ cells transfected with pMK33
or pMKHS-Daxin-mycD5" were used as negative controls. The
three cell lines were induced with CuSO4 for 24 h, followed by a
heat shock for 30 min at 37°C. Total cell lysates were subjected to
immunoprecipitation with anti-Flag antibody. The total lysates and
immune complexes were Western blotted with mouse monoclonal
anti-Myc (upper panels) or mouse monoclonal anti-Flag (lower pan-
el) antibodies. Myc-tagged Daxin and Flag-tagged Daxin are shown
by the open and solid arrows, respectively.
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by Willert et al. [31] demonstrating that Zw3 and Arm co-
immunoprecipitate with Daxin but they differ from the report
by Hamada et al. [30] showing that Arm but not Zw3 inter-
acts with Daxin. Our results with a heterologous system also
indicate that the Arm/B-catenin and Zw3/GSK-3B binding
motifs of Axin family proteins are stretches of amino acids
conserved between mouse and fly Axin proteins (amino acids
446-458 in the putative Zw3 binding site, and amino acids
494-510 in Arm binding sites of Daxin). In addition, binding
of both wild-type and kinase-dead (a lysine residue in the
ATP binding region was changed to arginine) forms of Zw3
to Daxin (and to mouse Axin, S. Yanagawa, an unpublished
result) was demonstrated (Fig. 4A, panel b). This demonstra-
tion of binding of the kinase-dead form of Zw3 (and probably
GSK-3B) to Axin proteins provides an attractive model to
explain why a kinase-dead form of Zw3/GSK-3B is domi-
nant-negative and thus functions as a very potent inducer of
Arm/B-catenin [4,5,33]: the kinase-dead form of Zw3/GSK-3f3
complexes with Daxin/Axin and Arm/B-catenin but cannot
phosphorylate Arm/B-catenin, thereby inducing formation of
a non-functional Daxin/Axin complex which no longer facil-
itates Arm/B-catenin degradation. Also, kinase-dead Zw3/
GSK-3B8 will not phosphorylate Daxin/Axin [9]. Since
phosphorylated Axin binds B-catenin better than unphos-
phorylated Axin [27], B-catenin will no longer be recruited
to the Axin/GSK-3B complex, thus preventing -catenin phos-
phorylation plus targeting to the proteasome. In contrast to
our result, however, Ikeda et al. have reported that wild-type
but not the kinase-dead form of GSK-3B binds to rat Axin
[11].

Next, we demonstrated with co-immunoprecipitation ex-
periments that Arm and PP2Ac interact with the C-terminal
portion (amino acids 462-682) of Daxin (Fig. 4B). Dsh co-
immunoprecipitated with full-length Daxin, mutants #4 and
#5 but not with mutant #1 (Fig. 4B). In addition, the DIX
domain alone is not sufficient for association of Dsh (data not
shown). These results indicated that the C-terminal portion
(amino acid 462 to the C-terminus including the DIX domain)
of Daxin is required for Dsh binding. Finally, oligomerization
of Daxin was examined. Fig. 4C shows that Myc-tagged Dax-
in co-immunoprecipitated with Flag-tagged Daxin, when cell
lysates from S2R+ transfectants expressing both Flag-tagged
and Myc-tagged Daxin were subjected to immunoprecipita-
tion with anti-Flag antibody.

3.4. Effect of Daxin on D-TCF-dependent transcription

Axin has been shown to inhibit TCF-dependent transcrip-
tion induced by Wnt-1 [20,31], Wnt-3A [21] or Dvl-2 [22] in
mammalian cells. In Drosophila cells, however, it has not been
elucidated whether Wg, Dsh, and Arm indeed affect D-TCF-
dependent transcription. Therefore, we performed a reporter
assay with the standard reporter plasmids for TCF-dependent
transcription in vertebrate, TOPFLASH and FOPFLASH
[37], to analyze the effect of Daxin overexpression on D-
TCF-dependent transcription induced by Wg, Dsh or Arm
in S2R+ cells (Fig. 5). Co-transfection of pMK-Wg markedly
induced transcription from TOPFLASH but not from FOP-
FLASH in a dose-dependent manner (4 and 8§ pg of pMK-Wg
plasmid induced 8- and 13-fold increases in luciferase activity,
respectively, compared to pMK?33). In addition, expression of
Dsh, full-length Arm, and N-terminally deleted Arm induced
4-, 1.8- and 6-fold increases in luciferase activity from TOP-
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Fig. 5. Effect of Daxin on D-TCF-dependent transcription induced by Wg, Dsh, and full-length or N-terminal deleted Arm in S2R+ cells. The
combination and the amount (numbers in parentheses indicate nug of the plasmid used) of plasmids transfected are indicated. The luciferase ac-
tivities from TOPFLASH and FOPFLASH reporter plasmid are shown as filled and open bars, respectively. The right-most column shows the

result with 8 ug of pMK-Wg plasmid.

FLASH, respectively, but that from FOPFLASH was not
affected significantly. Note that the N-terminally deleted
Arm caused a much higher increase in D-TCF-dependent
transcription compared with full-length Arm, as expected. In-
terestingly, D-TCF-dependent transcription induced by Wg,
Dsh, and full-length Arm was inhibited by co-expression of
Daxin, while that induced by N-terminally deleted Arm was
not. This finding supports a current model for Daxin function
in Wg signaling: overexpression of Wg or Dsh leads to an
elevation of Arm in S2R+ cells [35]. Daxin, on the other hand,
enhances Zw3-mediated Arm phosphorylation at a specific
motif in the N-terminus and thereby facilitates degradation
of Arm. Wild-type Arm induced directly from its expression
construct or indirectly by transfection of Wg or Dsh expres-
sion plasmids was downregulated by Daxin. Therefore, the
Wg-, Dsh- and full-length Arm-induced transcription from
TOPFLASH is inhibited by Daxin. In contrast, the N-termi-
nally deleted Arm, which is no longer phosphorylated by Zw3
and thus escapes Daxin-mediated degradation, can still bind
to D-TCF through its Arm repeats and functions as a coac-
tivator for D-TCF. These findings are consistent with the re-
ports that Axin [19] and Conductin [16] downregulate wild-
type B-catenin but not mutant B-catenin lacking phosphory-
lation sites for GSK-3p.

3.5. Concluding discussion

In this paper, we analyzed structural and functional rela-
tionships of the Daxin protein in Wg signaling using a Dro-
sophila cell culture system. Although sequence homology be-
tween fly and vertebrate Axin is mainly restricted to the RGS
and DIX domains, our results substantiated functional con-
servation of Axin family proteins: we demonstrated that Dax-
in blocks Wg-induced accumulation of Arm as well as Wg-,
Dsh-, and Arm-induced D-TCF-dependent transcription in
vitro; we also showed an association of Arm, Zw3, Dsh,
and PP2Ac with the C-terminal half of Daxin and oligomeri-
zation of Daxin.
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