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Wnt-5a is a representative ligand that activates a β-catenin-indep-
endent pathway in Wnt signalling. In the present paper, the roles of
the post-translational modifications in the actions of Wnt-5a were
investigated. We found that Wnt-5a is modified with palmitate
at Cys104 and glycans at Asn114, Asn120, Asn311 and Asn325. The
palmitoylation was not essential for the secretion of Wnt-5a, but
was necessary for its ability to suppress Wnt-3a-dependent T-
cell factor transcriptional activity and to stimulate cell migration.
Wnt-5a activated focal adhesion kinase and this activation
also required palmitoylation. Wild-type Wnt-5a induced the
internalization of Fz (Frizzled) 5, but a Wnt-5a mutant that lacks
the palmitoylation site did not. Furthermore, the binding of Wnt-

5a to the extracellular domain of Fz5 required palmitoylation of
Wnt-5a. These results indicate that palmitoylation of Wnt-5a is
important for the triggering of signalling at the cell surface level
and, therefore, that the lipid-unmodified form of Wnt-5a cannot
activate intracellular signal cascades. In contrast, glycosylation
was necessary for the secretion of Wnt-5a, but not essential for
the actions of Wnt-5a. Thus the post-translational palmitoylation
and glycosylation of Wnt-5a are important for the actions and
secretion of Wnt-5a.

Key words: Frizzled 5 (Fz5), glycosylation, palmitoylation, post-
translational modification, Wnt-5a.

INTRODUCTION

Wnt proteins are a large family of cysteine-rich secreted molecules
that play essential roles in embryonic induction, cell polarity gen-
eration and cell fate specification in various species [1]. At least
three major Wnt intracellular signalling pathways have been iden-
tified. The canonical β-catenin pathway has been studied most
extensively. In this pathway, when Wnt acts on its cell-
surface receptor consisting of Fz (Frizzled) and LRP5/6 (lipo-
protein receptor-related protein 5/6), β-catenin escapes from
degradation in the Axin complex [2–4]. The accumulated β-cate-
nin is translocated to the nucleus, where it activates the
transcription factor Tcf (T-cell factor)/Lef (lymphoid enhancer
factor) [5]. The β-catenin pathway is involved in cell fate
determination in development and in mammalian tumorigenesis
[1,6]. A second Wnt pathway is the Ca2+ pathway, which activ-
ates calcium/calmodulin-dependent protein kinase II and PKC
(protein kinase C) [7]. This pathway has been shown to control
the dorso–ventral axis patterning in vertebrates. A third pathway
is the planar cell polarity pathway in Drosophila, which activates
small G-proteins, including Rac and Rho, JNK (c-Jun N-terminal
kinase) and Rho-associated kinase [8]. This pathway controls hair
polarity by regulating the subcellular location of the prehair, which
is composed largely of actin filament bundles. In vertebrates, a
counterpart pathway exists in the convergent extension movement
of tissues during gastrulation and neurulation.

Wnt-5a is one of the Wnt proteins that activate a β-catenin-
independent pathway. A knockout mouse study showed that Wnt-
5a is essential for proper development [9]. Wnt-5a null mice exhi-

bit prenatal lethality and fail to extend multiple structures that
grow out from the primary body axis. The activity of Wnt-5a has
been analysed by the use of overexpression of Wnt-5a,
Wnt-5a CM (conditioned medium) and purified Wnt-5a pro-
tein. Wnt-5a inhibits the β-catenin pathway by inducing the
downregulation of β-catenin through Siah2 [10] or by suppressing
the transcriptional activity of Tcf/Lef [11,12]. However, Wnt-5a
is able to activate the β-catenin pathway depending on the ex-
pression of combinations of distinct receptors [12]. In addition,
it has been demonstrated that Wnt-5a inhibits the migration and
invasiveness of thyroid tumour and colorectal cancer cell-lines
[13,14], whereas, in contrast, it increases the cell motility and
invasiveness of melanoma cells and breast cancer cells associated
with macrophages [15,16]. Thus, Wnt-5a has been suggested to
regulate cell migration, but how it regulates this process is not
fully understood.

At least 19 Wnt members have been identified in mammals to
date. Molecules that are secreted from cells are commonly post-
translationally modified. Four asparagine-linked glycosylation
sites of Wnt-1 have been identified and a Wnt-1 mutant that
lacked the four glycosylation sites was still active in the C57MG
transformation assay, although its activity was decreased [17]. It
has been demonstrated that Wnt-3a is modified with palmitate
and that this modification is necessary for the ability of Wnt-3a
to induce the accumulation of β-catenin [18]. Thus, although the
post-translational modifications of Wnt-1 and Wnt-3a have been
shown to be important for their actions, those of other Wnt family
members have not been systematically analysed. In the present
paper, we analysed the roles of the different post-translational
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modifications of Wnt-5a on its actions. We have identified amino
acids that are modified with palmitate and asparagine-linked
glycans, and show that palmitoylation and glycosylation are
important for the actions and secretion of Wnt-5a. In addition,
we demonstrate that Wnt-5a induces the internalization of Fz5
and that it promotes cell migration by stimulating focal adhesion
turnover.

EXPERIMENTAL

Materials and chemicals

TOP-fos-Luc and FOP-fos-Luc were provided by Dr H. Clevers
(University Medical Centre, Utrecht, The Netherlands). pUC-EF-
1α-β-cateninSA was provided by Dr A. Nagafuchi (Kumamoto
University, Kumamoto, Japan). pEGFP-paxillin was provided by
Dr H. Sabe (Osaka Bioscience Institute, Osaka, Japan), and pRK5-
IgG was provided by Dr J. C. Hsieh (State University of New
York, Stony Brook, NY, U.S.A.). Anti-(Wnt-5a) antibody was
generated in rabbits by immunization with the synthetic peptide
corresponding to residues 165–181 of mouse Wnt-5a. Wnt-3a
protein was purified and anti-(Wnt-3a) antibody was prepared
as described previously [19]. Standard recombinant DNA techni-
ques were used to construct pPGK-neo-Wnt-5aC104A (Wnt-5a CA),
pPGK-neo-Wnt-5aN325Q, pPGK-neo-Wnt-5aN114Q/N325Q, pPGK-
neo-Wnt-5aN114Q/N311Q/N325Q, pPGK-neo-Wnt-5aN114Q/N120Q/N325Q,
pPGK-neo-Wnt-5aN114Q/N120Q/N311Q/N325Q (Wnt-5a NQ) and pRK5-
hFz5 (human Fz5)-CRD (cysteine-rich domain; amino acids 1–
172)-IgG, which encodes the CRD of Fz5 fused to an immuno-
globulin-γ Fc-tag. L cells (a variant of C3H mouse fibroblasts
that do not adhere to one another and do not express cadherins)
stably expressing WT (wild-type) Wnt-5a, Wnt-5a CA or Wnt-5a
NQ were generated by selection with G418. HEK-293 (human
embryonic kidney 293) or NIH3T3 cells stably expressing TOP-
fos-Luc and HEK-293 cells stably expressing pUC-EF-1α-β-
cateninSA were generated by selection with Blasticidin S. HeLaS3
cells stably expressing GFP (green fluorescent protein)–paxillin
were generated by selection with puromycin [20]. The siRNA
(small interfering RNA) for Wnt-5a was synthesized as described
previously [21]. PNGase F (peptide N-glycosidase F), anti-FAK
(focal adhesion kinase) and anti-(phospho-Tyr397-FAK) antibodies
were purchased from Takara, BD Biosciences and BIO SOURCE
respectively. Other materials were obtained from commercial
sources.

Purification of Wnt-5a protein

Wnt-5a CM (1 litre) was adjusted to 1% (v/v) Triton X-100 and
applied to a Blue Sepharose HP column (2.6 × 20 cm; Amersham
Biosciences) equilibrated with binding buffer [20 mM Tris/HCl,
pH 7.5 and 1% (w/v) CHAPS] containing 150 mM KCl. After
the column was washed with 250 ml of binding buffer, elution
was performed in a stepwise manner by adding 250 ml of binding
buffer containing 1.5 M KCl at a flow rate of 5 ml/min. Fractions
of 12.5 ml were collected. An aliquot (20 µl) of each fraction
was subjected to Western blotting and probed with anti-(Wnt-5a)
antibody, and the results (not shown) revealed that a single peak
of reactive protein is eluted in fractions 5–8. These fractions
contained an active substance that induced the phosphorylation
of Dvl in NIH3T3 cells (as determined by Western blotting;
results not shown). The active fractions of the Blue Sepharose
column chromatography (50 ml; 3.45 mg of protein) were pooled
and concentrated to 5 ml using a 30 kDa molecular mass cut-off
membrane (Pall Corporation). The concentrate (5 ml; 3.16 mg
of protein) was applied to a HiLoadTM SuperdexTM 200 column

(2.6 × 60 cm; Amersham Biosciences) equilibrated with PBS and
1% (w/v) CHAPS. Elution was performed by the same buffer
at a flow rate of 2.5 ml/min and 2.5 ml fractions were collected.
When an aliquot (20 µl) of each fraction was subjected to Western
blotting and probed with anti-(Wnt-5a) antibody, a single broad
peak was observed in fractions 72–80 (results not shown). These
fractions contained an active substance that phosphorylated Dvl
in NIH3T3 cells (as determined by Western blotting; results
not shown). The active fractions of the HiLoadTM SuperdexTM

200 column chromatography (22.5 ml; 0.096 mg of protein) were
applied to a HiTrap Heparin column (0.75 × 2.5 cm; Amersham
Biosciences) equilibrated with PBS and 1 % (w/v) CHAPS. After
the column was washed with 10 ml of the same buffer, elution was
performed by a 10 ml linear gradient of NaCl (0–1 M) in PBS and
1% (w/v) CHAPS at a flow rate of 0.5 ml/min. Western blotting
of an aliquot (20 µl) of each fraction with anti-(Wnt-5a) antibody
revealed that a single broad peak is eluted in fractions 9–16 (results
not shown). Wnt-5a in fractions 10–14 was nearly homogeneous,
as judged by SDS/PAGE (results not shown). These fractions
contained an active substance that phosphorylated Dvl in NIH3T3
cells (as determined by Western blotting; results not shown). The
active fractions (2.5 ml; 37.5 µg of protein) were collected and
used for experiments. Wnt-5a CA was also purified from Wnt-5a
CA CM using the same procedures.

MALDI–TOF-MS (matrix-assisted laser-desorption
ionization–time-of-flight MS) analyses

Purified Wnt-5a was reduced and alkylated, and then digested
with trypsin. A portion (14 µg) of the digest was lyophilized and
dissolved in 50 µl of 0.1% TFA (trifluoroacetic acid) solution,
desalted using ZipTip µC18, and subjected to MALDI–TOF-MS
analysis. All MALDI–TOF mass spectra were obtained in the
reflector positive mode using α-cyano-4-hydroxycinnamic acid
[saturated solution in 50 % (v/v) acetonitrile with 0.1 % TFA] as
the matrix. Analytes were prepared by mixing 0.5 µl of peptide
sample with 0.5 µl of matrix solution on a MALDI plate and
allowed to air dry at room temperature in a safety cabinet before
being inserted into the spectrometer. External calibration was
conducted using adrenocorticoid hormone (1–7) and bradykinin.
Peptides were identified by using the Mascot search program
(Matrix Science) to perform theoretical trypsin digests and
searching for potential unmodified tryptic peptides (with up to
one missed cleavage) or suspected modified species. Methionine
residues were considered to be either normal methionine or the
oxidized form (Met-ox), and cysteine residues were considered
to be normal cysteine or palmitoylated cysteine to produce Cys-
S-palmitate.

Statistical analyses

All of the luciferase assays and migration assays were performed
repeatedly in at least three separate experiments. Results are
presented as means +− S.D. Statistical analyses were performed
using Microsoft Excel. An unpaired t test with P < 0.05 was used
to determine statistical significance.

Deglycosylation of Wnt-5a in vitro

To generate deglycosylated Wnt-5a, 75 or 300 ng of purified
Wnt-5a protein was incubated with 0.125 to 0.5 milli-units of
PNGase F for 2 h at 37 ◦C in 25 µl of reaction mixture [0.1 M
Tris/HCl, pH 8.6, and 1% (w/v) CHAPS]. The samples were
then subjected to Silver staining or used for examining the ability
of Wnt-5a to inhibit the Wnt-3a-dependent Tcf-4 activity and to
stimulate cell migration.
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Preparation of lysates, ECM (extracellular matrix) and CM from
Wnt-5a-producing cells

HEK-293T cells [HEK-293 cells expressing the large T-antigen
of SV40 (simian virus 40)] expressing Wnt-5a WT or Wnt-5a
NQ (60-mm-diameter dishes) were lysed in 250 µl of Nonidet
P40 buffer [50 mM Tris/HCl, pH 8.0, 130 mM NaCl and 1%
(v/v) Nonidet P40] containing the following protease inhibitors:
1 µg/ml leupeptin, 1 µg/ml aprotinin and 1 mM PMSF. The
samples were used as the lysate fraction. ECM remaining on
the dishes was extracted at 100 ◦C for 5 min in 375 µl of Laemmli
sample buffer after washing with PBS and Nonidet P40 buffer
three times. These samples were used as the ECM fraction. To
concentrate Wnt-5a in CM, one third of the CM (1 ml) was
incubated with Blue Sepharose 4 Fast Flow beads (Amersham
Biosciences) for 2 h at 4 ◦C and the beads were precipitated by
centrifugation at 20000 g for 15 s at 4 ◦C. The precipitates were
used as the CM fraction.

Receptor binding assay

Fz5-CRD–IgG and control IgG were produced in HEK-293T cells
via transient transfection [22]. The secreted proteins were harves-
ted after 48 h. For binding assays, Fz5-CRD–IgG and control IgG
were purified using Protein A–Sepharose. The indicated amounts
of Wnt-5a WT and Wnt-5a CA were incubated with Fz5-CRD–
IgG or control IgG (10 nM) for 1 h on ice. Protein A–Sepharose
was collected by centrifugation at 20000 g for 15 s at 4 ◦C and
the precipitates were resolved by SDS/PAGE and probed with
anti-(Wnt-5a) antibody.

Receptor internalization assay

The receptor internalization assay was performed as previously
described [23]. HEK-293 cells expressing Fz5–GFP were
stimulated with Wnt-5a WT or Wnt-5a CA CM for 1 h at
4 ◦C. After unbound Wnt-5a was removed by washing with ice-
cold PBS three times, internalization was initiated by adding
warm Dulbecco’s modified Eagle’s medium and the dishes were
transferred to a heated chamber (37 ◦C) in a 5% CO2/95%
air atmosphere. The cells were viewed directly with a confocal
microscope (LSM510, Zeiss) to detect Fz5–GFP. To quantify the
internalization of Fz5–GFP, the appearance of the intracellular
localization of Fz5 was classified into three types with regard
to the distribution of this protein and the number of puncta in
the cytosol. The first type showed clear localization to the cell
surface, with a few puncta in the cytosol. The second type showed
localization to both the cell surface and puncta in the cytosol. The
third type showed the little or no cell surface distribution with
more than 20 puncta in the cytosol. More than 100 cells were
evaluated in each experiment.

Others

The immunocytochemical analyses of the cultured cells were
performed as described previously [20,24]. The Triton X-114
phase separation assay was done as described previously [18].
Tcf-4 transcriptional activity and cellular proliferation were mea-
sured as described [24,25]. Assays for cell adhesion, migration,
Matrigel invasion and live imaging of focal adhesions were
performed as described previously [20].

RESULTS

Palmitoylation of Wnt-5a protein

To examine the post-translational modifications of Wnt-5a, we
purified Wnt-5a to homogeneity by three successive types of

Figure 1 Palmitoylation of Wnt-5a protein

(A) Left-hand panel: Coomassie Brilliant Blue staining of an SDS/PAGE 10 % (v/v) gel containing
fractions from all steps of the purification. Right-hand panel: the purified Wnt-3a and Wnt-5a
proteins were stained with Coomassie Brilliant Blue (CBB) or subjected to Western blotting and
probed with anti-(Wnt-3a) or anti-(Wnt-5a) antibodies. (B) Purified Wnt-5a protein and CM
containing Wnt-5a WT or Wnt-5a CA were subjected to the Triton X-114 phase-separation assay.
An aliquot of each fraction was subjected to Western blotting and probed with anti-(Wnt-5a)
antibody. Aq, aqueous phase; De, detergent phase. (C) Sequence alignment of Wnt proteins.
The region of residues 98–119 of mouse Wnt-5a is aligned to mouse Wnt-1, Wnt-3a, Wnt-4,
Wnt-5b, Wnt-7b, Wnt-11 and Drosophila Wg. The arrowhead shows the conserved cysteine.

column chromatography (Figure 1A). Approx. 37.5 µg of Wnt-5a
protein was purified from 1 litre of Wnt-5a CM (Table 1). Purified
Wnt-5a was recognized with its specific antibody (Figure 1A). In
the Triton X-114 phase-separation method, all of the purified Wnt-
5a was recovered in the detergent-enriched phase (Figure 1B),
which is characteristic of hydrophobic proteins. To analyse the
hydrophobic properties of Wnt-5a, we subjected trypsin-induced
proteolytic peptide fragments of Wnt-5a to LC tandem MS, which
identifies the molecular masses of the ionized peptides. We found
a peak corresponding to the palmitoylated peptide fragment at
m/z 1211.97 (Cal. 1211.642 Da), which was consistent with the
peptide (ECQYOFR: 972.421 Da) containing cysteine (Cys104)
modified with palmitate (239.221 Da). To examine whether this
cysteine residue was in fact modified, we mutated Cys104 to alanine
in Wnt-5a (Wnt-5a CA) and expressed the Wnt-5a mutant in
L cells. Wnt-5a CA was secreted as efficiently as Wnt-5a WT,
suggesting that this cysteine residue is not essential for secretion.
While most of the Wnt-5a WT in the CM partitioned in the
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Table 1 Purification of Wnt-5a

The concentration of Wnt-5a protein in the CM was determined by comparing its signal intensity
on a Wnt-5a immunoblot to that of serial dilutions of a known amount of purified Wnt-5a protein.

Protein Wnt-5a
concentration Total protein concentration Wnt-5a

Volume (ml) (mg/ml) (mg) (µg/ml) (µg)

Wnt-5a CM 1000 3.89 3890 0.11 110
Blue Sepharose 50 0.069 3.45 1.64 82
Gel filtration 22.5 4.26* 0.096 2.0 45
Heparin Sepharose 2.5 15.0* 0.0375 15.0 37.5

*Concentration in µg/ml.

detergent phase in the Triton X-114 phase-separation assay,
Wnt-5a CA in the CM was recovered in the aqueous phase (Fig-
ure 1B). These results indicate that palmitoylation of Wnt-5a at
Cys104 is essential for the hydrophobicity of the protein.

Cys77 in mouse Wnt-3a and Cys51 in Drosophila Wnt-8 have
been shown to be modified with palmitate [18]. Cys104 in mouse
Wnt-5a corresponded to these cysteine residues, in the sense
that palmitoylated cysteine residues are the most N-terminally
conserved cysteine residues of the Wnt proteins (Figure 1C).
Other Wnt family proteins also contain this conserved cysteine
residue, suggesting that other Wnt proteins may be palmitoylated
at the same sites.

Wnt-5a has been reported to have at least two cellular functions.
One is the ability to regulate the β-catenin pathway and the other
is the ability to regulate cell migration. Next we tested the role of
palmitoylation of Wnt-5a in these functions.

Requirement for palmitoylation of Wnt-5a for its ability to inhibit
Tcf-4 activity

Purified Wnt-5a affected neither Wnt-3a-dependent stabilization
of β-catenin nor Wnt-3a-induced nuclear accumulation of β-
catenin in HEK-293 and NIH3T3 cells (Figures 2A and 2B).
However, purified Wnt-5a inhibited the Wnt-3a-dependent tran-
scriptional activity of Tcf-4 in these cells in a dose-dependent
manner (Figure 2C). Furthermore, the β-catenin-induced Tcf-4
activity was also inhibited by purified Wnt-5a (Figure 2D). These
findings are basically consistent with recently reported observ-
ations made using purified Wnt-5a [12]. To analyse the roles
of palmitoylation of Wnt-5a we purified Wnt-5a CA, which
lacks palmitoylation, and examined whether this purified Wnt-5a
mutant inhibits Tcf-4 activity. Purified Wnt-5a CA did not inhibit
the Wnt-3a- or β-catenin-dependent activation of Tcf-4 (Fig-
ures 2C and 2D).

Purified Wnt-3a stimulated the cellular proliferation of NIH3T3
cells in the presence of 2 % (v/v) serum, although Wnt-3a alone
was not able to affect cell growth (Figure 2E). Purified Wnt-5a
WT did not affect the 2% (v/v) serum-dependent cell growth,
but it suppressed Wnt-3a-induced cellular proliferation. In addi-
tion, purified Wnt-5a CA did not suppress Wnt-3a-dependent
cell proliferation. These results indicate that Wnt-5a suppresses
the transcriptional activity of Tcf-4 and cell growth by acting
downstream of β-catenin and that palmitoylation of Wnt-5a is
necessary for the inhibitory activity against the β-catenin pathway.

Requirement for palmitoylation of Wnt-5a for its ability
to stimulate cell migration

To examine the cell migration activity of Wnt-5a, transwell
assays were performed using a modified Boyden chamber. When
purified Wnt-5a WT was added to the lower chamber, migration

of NIH3T3 cells to the lower side of the upper chamber was
stimulated in a dose-dependent manner, whereas purified Wnt-5a
CA did not stimulate cell migration (Figure 3A). We also trans-
fected the plasmid of Wnt-5a WT or Wnt-5a CA in L cells and
tested the adhesion, migration and invasion abilities of these cells.
Overexpression of Wnt-5a WT in L cells stimulated adhesion,
migration and invasion, but overexpression of Wnt-5a CA did
not affect them (Figures 3B–3D). Taken together, these findings
indicate that palmitoylation of Wnt-5a is necessary for its ability
to stimulate cell migration.

Molecular mechanism of stimulation of cell migration by Wnt-5a

Several possible mechanisms by which Wnt-5a may inhibit the
β-catenin pathway have been proposed [10,11]. However, how
Wnt-5a regulates cell migration is not well understood. Focal
adhesion complexes provide the main sites of cell adhesion to the
ECM to control cell migration and activation of FAK is necessary
for cell migration [26]. FAK is activated via autophosphorylation
at Tyr397, which is initiated by the engagement of integrin with its
ligand [27]. Adhesion-dependent FAK activation was enhanced
by overexpression of Wnt-5a WT, but not by that of Wnt-5a CA
(Figure 4A).

The migration of HeLaS3 cells in scratch-wound cultures was
suppressed by knockdown of Wnt-5a (Figure 4B). Paxillin is
an important focal adhesion-associated adaptor molecule and
a substrate for the Src–FAK complex [26]. Phosphorylation of
paxillin is critical for focal adhesion dynamics. To examine
the effects of Wnt-5a on the dynamics of focal adhesions,
we expressed GFP–paxillin in HeLaS3 cells and analysed the
turnover of dynamics by live fluorescence imaging. At the cell
front in control cells, paxillin-containing adhesions disassembled
as new adhesions were formed near the leading edge (Figure 4C)
[28]. The rate constants of the assembly and disassembly of GFP–
paxillin from adhesion sites were decreased in Wnt-5a knockdown
cells (Figure 4D). The initial stages of cell adhesion and focal
adhesion formation involve the lamellipodium. The percentage
of lamellipodium-containing cells among those at the leading
edge of the migrating cells was reduced significantly in Wnt-5a-
knockdown cells, whereas the percentage showing stress fibres
was increased slightly (Figure 4E). These results suggest that
Wnt-5a regulates the turnover of adhesion complexes, thereby
stimulating cell migration.

Requirement for palmitoylation of Wnt-5a for its binding to receptor

Among the ten Fz receptors, Fz5 has been suggested to be a
candidate receptor for Wnt-5a [15]. To test whether Wnt-5a
directly binds to Fz5, we performed a binding assay using the CRD
of Fz5 tagged with an immunoglobulin-γ Fc epitope (Fz5-CRD–
IgG). Purified Wnt-5a WT bound to Fz5-CRD–IgG in a dose-
dependent manner with a Kd of approx. 5 nM, whereas purified
Wnt-5a CA did not (Figure 5A). Purified Wnt-5a WT did not
interact with the IgG-Fc epitope alone (results not shown).

To examine whether Wnt-5a induces the internalization of Fz5,
we expressed Fz5–GFP in HEK-293 cells. In the absence of
Wnt-5a, Fz5–GFP was present predominantly at the cell surface
(Figure 5B). When HEK-293 cells were stimulated with Wnt-5a,
Fz5–GFP was internalized and the receptor was observed in the
intracellular vesicles at 15–60 min (Figure 5B). Before stimul-
ation with Wnt-5a, Fz5–GFP was present at the cell surface in
80% of the cells. When the cells were stimulated with Wnt-5a,
the percentage of cells exhibiting cell surface localization of
Fz5–GFP decreased and the percentage in which Fz5–GFP was
observed as cytoplasmic vesicles increased in a time-dependent
manner. However, Wnt-5a CA did not induce the internalization of
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Figure 2 Palmitoylation of Wnt-5a is required for its ability to suppress the β-catenin pathway

(A) After HEK-293 cells were stimulated with 40 ng/ml Wnt-3a or/and 150 ng/ml Wnt-5a for 1 h, the lysates were subjected to Western blotting and probed with the indicated antibodies. The blotting
of GSK-3β was used as a loading control. (B) After NIH3T3 cells were stimulated with 40 ng/ml Wnt-3a or/and 150 ng/ml Wnt-5a for 1 h, the cells were stained with anti-(β-catenin) antibody. Scale
bar, 10 µm. (C) HEK-293 (left-hand panel) and NIH3T3 (right-hand panel) cells stably expressing TOP-fos-Luc were incubated with 40 ng/ml Wnt-3a with or without the indicated amounts of Wnt-5a
WT or Wnt-5a CA for 8 h. The luciferase activity was measured and expressed as the fold increase compared with the level observed in the cells without treatment. *, P < 0.05. (D) After HEK-293
cells (293) or HEK-293 cells stably expressing β-cateninSA (293/SA-β-catenin) were transfected with pEF-BOS-hTcf-4E (0.1 µg) and TOP-fos-Luc (0.5 µg), they were incubated with the indicated
amounts of Wnt-5a WT or Wnt-5a CA for 8 h. The luciferase activity was measured and expressed as the fold increase compared with the level observed in control HEK-293 cells. *, P < 0.05.
(E) NIH3T3 cells were incubated with serum-free (without FBS) or 2 % (v/v) serum-containing (with 2 % FBS) medium in the absence or presence of 100 ng/ml Wnt-3a and/or 300 ng/ml Wnt-5a,
and then the cells were trypsinized and counted at each time point.

Fz5–GFP (Figure 5B). Thus, palmitoylation of Cys104is essential
for the binding of Wnt-5a to its receptor, and therefore the lipid-
unmodified form does not induce the internalization of Fz5 and
subsequent signalling.

Glycosylation of Wnt-5a

A series of experiments using tunicamycin have shown that
Wnt-5a is modified with asparagine-linked glycans [29]. How-
ever, which amino acids are modified has not been determined.
When purified Wnt-5a was completely deglycosylated with
PNGase F, which cleaves off asparagine-linked glycans, a single
fast-migrating band of Wnt-5a was observed by SDS/PAGE

(Figure 6A). Partial deglycosylation of Wnt-5a using less PNGase
F produced at least two fast-migrating bands (Figure 6A),
indicating that Wnt-5a has multiple glycosylation sites.

There are indeed four potential consensus sequences for
glycosylation of Wnt-5a: Asn114-Cys-Ser; Asn120-Thr-Ser; Asn311-
Glu-Ser; and Asn325-Cys-Thr. The asparagine residues in these
sequences are possible candidates as the glycosylation sites. To
identify the glycosylation sites of Wnt-5a, we generated several
Wnt-5a mutants in which these asparagine residues were replaced
with glutamine and expressed these mutants in HEK-293T cells.
We have recently found that Wnt-3a is glycosylated at Asn87 and
Asn298 (H. Komekado, H. Yamamoto, T. Chiba and A. Kikuchi,
unpublished work), which correspond to Asn114 and Asn325
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Figure 3 Palmitoylation of Wnt-5a is required for its ability to stimulate
cell migration

(A) NIH3T3 cells were subjected to the transwell migration assay in the presence of purified
Wnt-5a WT or Wnt-5a CA. *, P < 0.05. (B) L cells containing empty vector or stably express-
ing Wnt-5a WT or Wnt-5a CA were subjected to the adhesion assay for the indicated time
(*P < 0.05). (C) and (D) L cells containing empty vector or stably expressing Wnt-5a WT or
Wnt-5a CA were placed in non-coated (C) or Matrigel-coated (D) transwell chambers respect-
ively. *, P < 0.05.

of Wnt-5a WT respectively. Therefore, we first generated the
Wnt-5aN114Q/N325Q mutant. Wnt-5aN114Q/N325Q migrated more slowly
than Wnt-5a treated with tunicamycin by SDS/PAGE. Although
Asn120 was additionally mutated, Wnt-5aN114Q/N120Q/N325Q showed
similar electrophoretic mobility to Wnt-5aN114Q/N325Q (Figure 6B).
When Wnt-5aN114Q/N325Q was additionally mutated at Asn311, most
of Wnt-5aN114Q/N311Q/N325Q exhibited electrophoretic mobility simi-
lar to Wnt-5aN114Q/N120Q/N311Q/N325Q (Wnt-5a NQ) (Figure 6B), but
in addition it still showed a slowly migrating band (Figure 6B,
lower panel). Wnt-5a NQ exhibited electrophoretic mobility
similar to that of Wnt-5a WT in the cells treated with tunicamycin
(Figure 6B). These results indicate that Wnt-5a is glycosylated at
Asn114, Asn120, Asn311 and Asn325.

Consistent with previous observations [30], much of the Wnt-5a
WT that was secreted was bound to components of the ECM, and
the remainder was recovered in the culture medium (Figure 6C).
However, Wnt-5a NQ was not detected in the ECM or CM even
though it was present at high levels in the cell lysates (Figure 6C),
indicating that glycosylation is necessary for the secretion of
Wnt-5a. To examine the effect of glycosylation on the activity
of Wnt-5a, purified Wnt-5a was incubated with PNGase F to
produce the deglycosylated form of Wnt-5a. Deglycosylation only
partially affected the ability of Wnt-5a to inhibit the Wnt-3a-
dependent Tcf-4 activity or to stimulate cell migration and the
reduction was not considered significant (Figures 6D and 6E).
Therefore, glycosylation is not essential for Wnt-5a activity,
unlike palmitoylation.

DISCUSSION

In the present paper, we have identified the palmitoylation
and glycosylation sites of Wnt-5a and demonstrated that post-

translational palmitoylation and glycosylation are important for
the actions and secretion of Wnt-5a.

Activities of Wnt-5a

Purified Wnt-5a inhibits Wnt-3a-dependent Tcf-4 transcriptional
activity and cellular proliferation in various cell lines. Although it
has been reported that Wnt-5a activates the β-catenin-dependent
pathway when Fz5 is expressed or Fz4 and LRP5 are co-expressed
[12,31], and that Wnt-5a induces the downregulation of β-catenin
[10], purified Wnt-5a did not affect the stability of β-catenin at
least in WT cells without ectopic expression of receptors.
Rather, Wnt-5a suppressed Wnt-3a-dependent gene expression
downstream of β-catenin, consistent with previous observations
[11,12]. Although NLK (Nemo-like kinase) has been shown to
mediate Wnt-5a-induced inhibition of Tcf-4 activity [11], purified
Wnt-5a could not activate NLK and a kinase-negative form of
NLK did not inhibit the action of Wnt-5a in our experiments
(results not shown). The molecular mechanism by which Wnt-5a
inhibits the β-catenin pathway still remains to be clarified.

Purified Wnt-3a alone did not affect cell proliferation of
NIH3T3 cells but enhanced serum-dependent cell growth. Since
Wnt-3a did not stimulate the incorporation of [3H]thymidine
in L, HEK-293 or PC12 cells (results not shown), Wnt-3a
signalling alone is not sufficient for the growth of these cell lines.
Overexpression of β-catenin, due to genetic alterations of the β-
catenin and APC (adenomatous polyposis coli) genes in cancer
cells is known to play an important role in tumorigenesis [6].
However, it has also been reported that ectopically overexpressed
β-catenin stimulates cell growth in the presence, but not in the
absence, of serum [32,33]. Therefore, the physiological level of
β-catenin increased by Wnt-3a may co-operate with other factors
in the serum to stimulate cell growth. Wnt-5a suppressed Wnt-3a-
dependent, but not serum-dependent, cellular proliferation. Since
Wnt-5a acts downstream of β-catenin, Wnt-5a would suppress
β-catenin-mediated cell growth specifically. These observations
are consistent with previous reports showing that Wnt-5a acts as
a tumour suppressor [13,14].

The addition of purified Wnt-5a and knockdown of Wnt-5a
stimulated and inhibited cell migration and invasion respectively.
Although Wnt-5a has been reported to be capable of activating
JNK [34], which regulates convergent extension movement in
Xenopus embryos, the molecular mechanism by which Wnt-5a
regulates cell migration is unclear. Cell migration is a complex cel-
lular behaviour that involves protrusion and adhesion at the
cell front, and contraction and detachment at the rear [35]. FAK
activation is best understood in the context of the engagement of
integrins at the cell surface [36]. In the present paper, we have
demonstrated that Wnt-5a is involved in the activation of FAK,
the turnover of paxillin and membrane ruffling. It has also been
shown that Wnt-5a activates PKC [7] and that JNK-dependent
phosphorylation of paxillin and PKC-dependent activation of
FAK are important for cell migration [37,38]. These findings
suggest that Wnt-5a activates PKC and JNK, thereby leading
to the activation of FAK. The pathways would mediate Wnt-5a
signalling in order to regulate cell motility through focal adhesion
turnover. Taken together, these results make it conceivable that
Wnt-5a and ECM component(s) bind to Fz and integrin and
co-operatively activate a signalling cascade to stimulate cell
migration.

Roles of palmitoylation in Wnt-5a functions

Using MALDI–TOF-MS analyses, we demonstrated that Wnt-5a
purified from the CM of L cells is palmitoylated at Cys104. Since
this amino acid is conserved among Wnt family members, this
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Figure 4 Molecular mechanism by which Wnt-5a stimulates cell migration

(A) L cells stably expressing Wnt-5a WT or Wnt-5a CA were suspended in serum-free medium and were kept in suspension or replated onto fibronectin-coated dishes. After 1 h, the cells were lysed,
subjected to Western blotting and probed with anti-(phospho-Tyr397-FAK) or anti-FAK antibodies. (B) Left-hand panel: HeLaS3 cells transfected with the control siRNA or Wnt-5a siRNA for 24 h were
wounded. Scale bar, 200 µm. Right-hand panel: distance of migration was calculated by subtracting the width of the wound at 24 h from that at 0 h. The distance of migration with control siRNA was
expressed as 100 %. The relative migration distance with Wnt-5a siRNA was expressed as a percentage of control siRNA-treated cells. *, P < 0.05. (C) Dynamics of GFP–paxillin in HeLaS3 cells
treated with Wnt-5a siRNA were visualized by time-lapse fluorescence microscopy. Scale bar, 5 µm. (D) Rate constants of assembly and disassembly of GFP–paxillin shown in (C) were calculated.
*, P < 0.05. (E) HeLaS3 cells transfected with control siRNA or Wnt-5a siRNA were stained with FITC–phalloidin for visualizing F-actin 12 h after wounding. Then the cells (n=100) at the leading
edge were counted and classified into three groups according to the appearance of F-actins: mainly stress fibres were observed; lamellipodium were visible clearly; neither stress fibres nor lamellipo-
dium were clearly observed. Percentages of the respective groups in control siRNA- and Wnt-5a siRNA-treated cells are shown in the bar graph. *, P < 0.05.

result strongly suggests that the conserved cysteine residue is
palmitoylated in Wnt proteins. Therefore, it will be important to
examine whether other Wnt proteins are also modified with palm-
itate. Palmitoylation of Cys104 was not necessary for the secretion
of Wnt-5a, but was essential for the ability of Wnt-5a to inhibit
Tcf-4 transcriptional activation and to stimulate cell migration.
This is similar to the finding that palmitoylation of Wnt-3a is
required for the Wnt-3a-dependent accumulation of β-catenin
[18].

The interaction of Wnt proteins with their receptors on the cell
surface is the first step in transducing an extracellular signal into
intracellular responses [22]. In humans and mice, ten Fz proteins,
which are members of the family of seven-pass transmembrane
receptors, have been identified as Wnt receptors [1]. It has been
reported that Wnt-5a induces the internalization of Fz4 through
the binding of Dvl to β-arrestin-2 [39], suggesting that Fz4 is one
of the Wnt-5a receptors. Ror2, a member of the Ror family of
receptor tyrosine kinases, has also been shown to bind to Wnt-5a
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Figure 5 Palmitoylation is required for the binding to Fz5 and its
internalization

(A) Left-hand panel: the indicated amounts of Wnt-5a WT and Wnt-5a CA were incubated with
Fz5-CRD–IgG. Fz5-CRD–IgG was precipitated with Protein A–Sepharose, and the precipitates
were subjected to Western blotting and probed with anti-(Wnt-5a) antibody. The arrows indicate
non-specific bands of protein A crossreacted with anti-Wnt-5a antibody. The arrowhead indi-
cates Wnt-5a. Right-hand panel: the amounts of precipitated Wnt-5a WT (�) and Wnt-5a CA (�)
were quantified by densitometric tracing. The results are means of two independent experiments.
(B) HEK-293 cells expressing Fz5–GFP were stimulated with CM containing Wnt-5a WT or
Wnt-5a CA for the indicated periods of times and the fixed cells were directly processed for
microscopy. Upper panel, confocal images; lower panel, quantification of internalized Fz5–GFP.
Scale bar, 5 µm.

and mediate Wnt-5a-dependent inhibition of Tcf-4 [12,40]. In
the present paper, we have shown that Wnt-5a binds to Fz5
and induces the internalization of Fz5. Activation of PKC was
required for the Wnt-5a-induced internalization of Fz4 [39], but
not for the Wnt-5a-dependent internalization of Fz5 (results not
shown). These results indicate that there are multiple receptors
for Wnt-5a, which makes the diverse and complex signalling of
Wnt-5a possible. Palmitoylation was necessary for the binding
of Wnt-5a to Fz5 and, therefore, the lipid-unmodified form could
not induce the internalization of Fz5. Palmitoylation may be
important for the anchoring of Wnt-5a to the cell surface mem-
brane, because it has been reported that lipidation of Wingless
is required for its targeting to the lipid raft microdomains in
Drosophila S2 cells [41]. In addition, binding of Wnt to lipo-
protein particles has been shown to be important for long-range
gradient formation [42]. Palmitoylation may be necessary for the
binding of Wnt to lipoprotein particles.

Roles of glycosylation of Wnt-5a functions

In the present paper, we have shown that Wnt-5a is glycosylated at
Asn114, Asn120, Asn311 and Asn325. Asparagine-linked glycans play
pivotal roles in protein folding, oligomerization, quality control

Figure 6 Glycosylation of Wnt-5a protein

(A) Purified Wnt-5a (75 ng) was treated with the indicated amounts of PNGase F and the samples
were subjected to SDS/PAGE [10 % (v/v) gels] and silver staining. (B) Upper panel: the indicated
Wnt-5a mutants were expressed in HEK-293T cells and the lysates were subjected to Western
blotting and probed with anti-(Wnt-5a) antibody. As a control, the cells expressing Wnt-5a WT
were treated with tunicamycin. Lower panel: longer exposure of the same immunoblotting. The
arrows indicate non-specific bands that were detected with anti-(Wnt-5a) antibody and
the arrowhead a slowly migrating band of Wnt-5aN114Q/N311Q/N325Q. (C) Secretion of Wnt-5a.
Wnt-5a WT or Wnt-5a NQ was expressed in HEK-293T cells and the lysates and ECM were
probed by Western blotting with anti-(Wnt-5a) antibody. Wnt-5a in the CM was concentrated by
precipitation with Blue Sepharose and the precipitates were probed with anti-(Wnt-5a) antibody.
The expression levels of Wnt-5a in the lysate and ECM fractions can be compared directly
and reflect the amount of Wnt-5a produced by confluent HEK-293T cells expressing Wnt-5a
in a 60-mm-diameter dish. The expression level of Wnt-5a in the CM reflects the amount of
Wnt-5a produced by one third of confluent HEK-293T cells expressing Wnt-5a. (D) HEK-293
cells stably expressing TOP-fos-Luc were incubated with 40 ng/ml Wnt-3a and 150 ng/ml
Wnt-5a pre-treated or not pre-treated with PNGase F. The luciferase activity was measured and
expressed as the fold increase as compared with the level observed in control cells. *, P < 0.05.
(E) NIH3T3 cells were subjected to the transwell migration assay in the presence of 300 ng/ml
Wnt-5a pre-treated or not pre-treated with PNGase F. *, P < 0.05.

and transport [43]. The secretion of unglycosylated Wnt-5a was
impaired, although the mechanism by which glycosylated Wnt-5a
is transported to the cell surface from the endoplasmic reticulum is
not known. It was recently reported that Wntless/Evi is required
for the secretion of Wnt proteins in Drosophila and mammalian
cells [44,45]. Therefore, the unglycosylated form of Wnt-5a may
not be able to bind to Wntless. However, when purified Wnt-5a
was deglycosylated by PNGase F, unglycosylated Wnt-5a re-
tained the ability to inhibit the β-catenin pathway and to stimulate
cell migration. It is noteworthy that glycosylation is not usually
essential for maintaining the overall folded structure once a
glycoprotein has folded [46]. This was also the case for Wnt-5a.
Although the presence of glycans influences the properties of
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the polypeptide moiety, for example by increasing stability, the
effect is usually rather small. Consequently, glycans can, as a
rule, be removed from a folded glycoprotein without major effects
on protein conformation. Thus, both palmitoylation and glycosyl-
ation are necessary for Wnt-5a to be secreted in its active form.
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