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Wingless (Wg)/Wnt has been proposed to exert various

functions as a morphogen depending on the levels of its

signalling. Therefore, not just the concentration of Wg/

Wnt, but also the responsiveness of Wg/Wnt-target cells to

the ligand, must have a crucial function in controlling

cellular outputs. Here, we show that a balance of ubiqui-

tylation and deubiquitylation of the Wg/Wnt receptor

Frizzled determines the cellular responsiveness to Wg/

Wnt both in mammalian cells and in Drosophila, and that

the cell surface level of Frizzled is regulated by deubiqui-

tylating enzyme UBPY/ubiquitin-specific protease 8

(USP8). Although ubiquitylated Frizzled underwent lyso-

somal trafficking and degradation, UBPY/USP8-dependent

deubiquitylation led to recycling of Frizzled to the plasma

membrane, thereby elevating its surface level.

Importantly, a gain and loss of UBPY/USP8 function led

to up- and down-regulation, respectively, of canonical

Wg/Wnt signalling. These results unveil a novel mechan-

ism that regulates the cellular responsiveness to Wg/Wnt

by controlling the cell surface level of Frizzled.
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Introduction

Wingless (Wg)/Wnt proteins are secreted lipoglycoprotein

ligands that control various aspects of development, includ-

ing cell proliferation, migration, fate specification, and polar-

ity formation (Veeman et al, 2003; Logan and Nusse, 2004;

Klein and Mlodzik, 2005; Clevers, 2006). Wg/Wnt signals are

transmitted through three major pathways in target cells: the

canonical, planar cell polarity, and Ca2þ pathways (Schulte

and Bryja, 2007). As a morphogen, Wg/Wnt regulates tissue

patterning depending on the strength of the canonical path-

way signalling generated in target cells. Morphogens are

secreted by restricted groups of cells and transported through

tissues to form a graded distribution (Kornberg and Guha,

2007). In the Drosophila wing disc, Wg is expressed in the

dorso-ventral border and diffuses gradually in the wing

pouch. In regions proximal to the border, sensory organ

precursor (SOP) cells are induced by strong Wg signals to

differentiate into mechanosensory and chemosensory bristles

at the adult wing margin (Couso et al, 1994). On the other

hand, the threshold of Wg signals required for the expression

of Distal-less (Dll) and vestigial (vg) [QE] is lower. Thus, their

expression expands to regions more distal to the border, and

induces proliferation of the distal cells (Zecca et al, 1996;

Neumann and Cohen, 1997).

Forced expression of DFrizzled-2 (DFz2), the high-affinity

Wg receptor in Drosophila, in the wing disc results in excess

Wg signalling and misregulated extracellular Wg distribution,

and induces ectopic sensory bristles in regions distal to the

border (Cadigan et al, 1998), suggesting that Wg signalling is

controlled by the cell surface Fz level of target cells.

Therefore, regulation of the Fz level is crucial for proper

response to Wg. Endocytosis is one of the central mechan-

isms that control the amount of plasma membrane proteins.

Fz endocytosis and subsequent lysosomal trafficking have

been reported in Drosophila and mammalian cells (Chen

et al, 2003; Piddini et al, 2005; Blitzer and Nusse, 2006;

Rives et al, 2006; Seto and Bellen, 2006; Yamamoto et al,

2006). However, it is unclear whether Fz endocytosis affects

Wg signalling negatively or positively (Kikuchi and

Yamamoto, 2007; Gagliardi et al, 2008). In addition, although

the involvement of various proteins including b-arrestin 2,

Dishevelled-2 (Dvl-2), protein kinase C, Arrow (Arr)/LRP 5

and 6, and AP2 in clathrin- and caveolin-mediated Fz

endocytosis has been shown (Chen et al, 2003; Yamamoto

et al, 2006; Yu et al, 2007), regulatory mechanisms under-

lying lysosomal trafficking of endocytosed Fz are not clear.

Accordingly, regulation of the cell surface Fz level by endo-

cytosis and lysosomal degradation is largely unknown.

Mechanisms of lysosomal trafficking of receptor tyrosine

kinases (RTKs) have been extensively studied (Gruenberg

and Stenmark, 2004; Saksena et al, 2007). On ligand binding,

activated RTKs undergo rapid endocytosis and are trans-

ported to the early endosome. RTKs are subsequently incor-

porated into lumenal vesicles that invaginate from the

endosomal limiting membrane. Finally, fusion of such late

endosomes, referred to as multivesicular bodies (MVBs),

with the lysosome delivers RTKs into the lysosomal lumen.
Received: 9 October 2009; accepted: 6 April 2010; published online:

21 May 2010

*Corresponding authors. M Komada, Department of Biological Sciences,

Tokyo Institute of Technology, 4259-B16 Nagatsuta, Midori-ku,

Yokohama 226-8501, Japan. Tel.: þ 81 45 924 5703;

Fax: þ 81 45 924 5771; E-mail: makomada@bio.titech.ac.jp or S Goto,

Department of Physiology, Keio University School of Medicine, 35

Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan.

Tel.: þ 81 3 3353 1211; Fax: þ 81 3 3357 5445; E-mail: sgoto@a7.keio.jp
5Present address: Department of Physiology, Keio University School of

Medicine, 35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582, Japan

The EMBO Journal (2010) 29, 2114–2125 | & 2010 European Molecular Biology Organization |All Rights Reserved 0261-4189/10

www.embojournal.org

The EMBO Journal VOL 29 | NO 13 | 2010 &2010 European Molecular Biology Organization

 

EMBO
 

THE

EMBO
JOURNAL

THE

EMBO
JOURNAL

2114

http://dx.doi.org/10.1038/emboj.2010.100
http://dx.doi.org/10.1038/emboj.2010.100
mailto:makomada@bio.titech.ac.jp
mailto:sgoto@a7.keio.jp
http://www.embojournal.org
http://www.embojournal.org


In this trafficking process, ubiquitylation of RTKs serves as a

sorting signal that targets the receptors from the early endo-

some to the lysosome through the MVB. On the endosomal

membrane, ubiquitylated RTKs are sorted by four protein

complexes termed as endosomal sorting complex required for

transport (ESCRT)-0, I, II, and III, which recognize the

ubiquitin (Ub) moieties of RTKs and direct the cargo proteins

into the invaginating MVB vesicle (Gruenberg and Stenmark,

2004; Saksena et al, 2007).

UBPY/Ub-specific protease 8 (USP8), a deubiquitylating

enzyme of the USP family, participates in the endosomal

sorting of ubiquitylated RTKs through interaction with

ESCRT-0 and ESCRT-III (Mizuno et al, 2005; Row et al,

2007). UBPY deubiquitylates ligand-activated epidermal

growth factor receptor (EGFR) on the endosome and regu-

lates its lysosomal traffic, although it is under debate whether

deubiquitylation promotes or suppresses EGFR degradation

(Mizuno et al, 2005; Row et al, 2006; Niendorf et al, 2007;

Komada, 2008). In this study, we show that Fz undergoes

ubiquitylation-dependent trafficking to the lysosome and that

UBPY facilitates Wg/Wnt signalling by suppressing the

trafficking/degradation of Fz and increasing its cell surface

level through its recycling, providing a novel mechanism that

regulates the cellular responsiveness to Wg/Wnt.

Results

Drosophila UBPY is required for sensory bristle

formation in the Drosophila wing

To find a new regulator of Wg signalling at the level of protein

localization, transport, or degradation, we screened B400

genes implicated in membrane trafficking in the genome-

wide Drosophila RNA interference (RNAi) library (http://

www. shigen.nig.ac.jp/fly/nigfly/about/aboutRnai.jsp). We

induced double-strand RNAs (dsRNAs) corresponding to

500 nucleotides in the open reading frames of such genes in

the wing pouch by crossing with the scalloped (sd)-Gal4

driver, and examined the formation of sensory bristles at

the wing margin. This screen led to the identification of nine

genes, knockdown of which resulted in various defects in

bristle formation (data not shown). Among them, depletion

of an orthologue of the mammalian deubiquitylating enzyme

UBPY/USP8 (Figure 1A) (Naviglio et al, 1998; Kato et al,

2000) caused loss of sensory bristles (Figure 1B and C).

Drosophila UBPY (dUBPY, CG5798) exhibits an overall

amino-acid sequence identity of 28% to human UBPY, and

harbours the Cys- and His-box motifs that form the catalytic

core, as well as most of the hallmark features of mammalian

UBPY (Figure 1A) (Komada, 2008). Real-time PCR analysis

showed that the dsRNA for dUBPY, when induced in whole

fly bodies by actin-Gal4, suppresses the expression of dUBPY

mRNA to B30% of that in controls, verifying the effective-

ness of this in vivo RNAi system (data not shown).

The possibility that the observed wing defect was due to an

off-target effect of the dsRNA was excluded by the following

experiments. First, knockdown by a second set of dsRNA

(Figure 1A) also caused the loss of sensory bristles

(Figure 1D). Second, we generated dUBPY knockout mutant

flies (Supplementary Figure S1). As the knockout caused

embryonic lethality, partially rescued knockout strains were

developed. These adults exhibited the same loss of sensory

bristles as seen in the knockdown flies (Figure 1E).
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Figure 1 dUBPY regulates Wg signalling in the wing disc.
(A) Domain structures of human hUBPY and Drosophila dUBPY.
Positions of the Cys- and His-boxes, MIT domain, rhodanese homol-
ogy (RH) domain, and SH3-binding motifs (SBMs), as well as the
dsRNA-target sites used in this study, are indicated. (B–E) Top panels
show wings from (B) control (sd-Gal; UAS-GFP RNAi), (C) RNAi-1 (sd-
Gal; UAS-lacZ/UAS-dUBPY RNAi-1), (D) RNAi-2 (sd-Gal4; UAS-lacZ/
UAS-dUBPY RNAi-2), and (E) partially rescued knockout (UAS-dUBPY;
UBPY K.O.) flies. Bottom panels show high-magnification images of
the wing margins indicated by arrowheads in top panels. (F–I)
Activity staining of b-gal derived from neuralized-lacZ (A101) (F, G)
and wg-lacZ (H, I) in control (F, H) and dUBPY RNAi (G, I) wing
discs. Arrows indicate the positions of the dorso-ventral border (F, G).
(J–K00) Anti-Sens (J) and anti-Arm (K) staining of dUBPY knockout
clones, which are negative for b-gal (J0, K0, �/�), in the wing disc. J00

and K00 are merged images. Bars, 100mm (F–I); 10mm (J00, K00).
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Accordingly, we concluded that this phenotype results from

the dysfunction of dUBPY.

dUBPY facilitates canonical Wg signalling in Drosophila

To elucidate the cause of the loss of sensory bristles on

dUBPY knockdown, we examined the specification of SOP

cells, which can be marked by neuralized-lacZ (A101)

(Campuzano and Modolell, 1992), along the dorso-ventral

border in the wing disc (Figure 1F, arrow). In the dUBPY

knockdown wing disc, expression of neuralized-lacZ was

barely detectable in this region (Figure 1G, arrow). As SOP

cells are specified by sequential activation of the Notch and

Wg signalling pathways (Couso et al, 1994; de Celis and Bray,

1997), expression of the Notch-target genes Cut, vgBE-lacZ,

and wg-lacZ (Kim et al, 1996) was examined. These genes

were normally expressed in the knockdown disc (Figure 1H

and I; Supplementary Figure S2A–D), suggesting that Notch

signalling is not compromised by knockdown of dUBPY. In

contrast, the number of cells expressing the Wg-target protein

Senseless (Sens; Nolo et al, 2000) and the amount of

Armadillo (Arm)/b-catenin protein, which accumulates

intracellularly in response to Wg signal, were obviously

reduced in the dUBPY knockout clones in the wing disc

(Figure 1J–K00). These results suggested that canonical Wg

signalling is impaired in the absence of dUBPY and thus that

dUBPY is a positive regulator of Wg signalling in Drosophila.

As the level of wg expression was not affected in the dUBPY

knockdown wing disc (Figure 1H and I), and as the amount

and distribution of extracellularly secreted Wg were indis-

tinguishable between the control and dUBPY knockdown

discs (Supplementary Figure S2E and F), dUBPY was

suggested to participate in Wg signalling in Wg-target cells.

UBPY facilitates canonical Wnt signalling in mammalian

cells

To biochemically address how UBPY regulates Wg/Wnt

signalling, we used mammalian cells in culture. First, we

examined whether UBPY is required for the Wnt canonical

pathway in mammals. The activity of the TCF/LEF transcription

factors that induces Wnt-target gene expression (MacDonald

et al, 2009) was tested using the TOP-FLASH luciferase reporter

gene assay in HEK293Tcells. The level of Wnt-target expression

induced by Wnt3a was slightly up-regulated by overexpression

of wild-type UBPY (UBPYWT) (Figure 2A). However, UBPYC748A,
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Figure 2 UBPY facilitates canonical Wnt signalling in mammalian cells. (A) HEK293Tcells were transfected with control FOP-FLASH or TOP-
FLASH luciferase together with the indicated FLAG-UBPY constructs, and treated with Wnt3a overnight. Relative luciferase activity in the cell
lysates is shown as mean±s.d. (n¼ 4, *Po0.02, t-test). (B) NIH3T3 cells were transfected with the indicated FLAG-UBPY constructs, treated
with Wnt3a for 1.5 h, and the lysates were immunoblotted with indicated antibodies. Positions of phosphorylated (P-Dvl-2) and non-
phosphorylated Dvl-2 are indicated (top). The ratios of P-Dvl-2 to Dvl-2, which are normalized to that in mock-transfected cells stimulated with
Wnt3a, are indicated below the top panel. (C) HEK293T cells were transfected with the indicated FLAG-UBPY constructs, treated with Wnt3a
overnight, and their lysates were separated into cytoplasmic and membrane fractions. Each fraction was immunoblotted with indicated
antibodies. FLAG-UBPY was solely recovered in the membrane fraction as described earlier (Mizuno et al, 2005). (D) HeLa cells were
transfected with or without UBPY siRNAs and treated with Wnt3a for 5 h in the presence of cycloheximide. Cell lysates were immunoblotted
with indicated antibodies. Relative intensity of the b-catenin bands is indicated (C, D).
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a catalytically inactive mutant that acts in a dominant-negative

manner (Mizuno et al, 2005), suppressed expression to the

same level as seen in unstimulated cells (Figure 2A). In contrast,

overexpression of UBPYS680A, a constitutively active mutant that

does not undergo 14-3-3-mediated catalytic inhibition (Mizuno

et al, 2007), caused a significant increase in Wnt3a-induced

target expression (Figure 2A).

To examine whether UBPY regulates the Wnt canonical

pathway at the level of Fz receptors, phosphorylation of

Dvl-2, which is induced by its direct interaction with acti-

vated Fz (MacDonald et al, 2009), was examined. Although

the level of Wnt3a-induced Dvl-2 phosphorylation was simi-

lar between mock- and UBPYWT-transfected NIH3T3 cells, it

was lower in UBPYC748A-expressing cells (Figure 2B).

Conversely, when UBPYS680Awas expressed, Dvl-2 phosphor-

ylation was even detected in unstimulated cells, and its level

after Wnt3a stimulation was much higher than in control

cells (Figure 2B). As the canonical pathway signalling relies

on stabilization of b-catenin acting downstream of Dvl

(MacDonald et al, 2009), regulation of the cytoplasmic

b-catenin level by UBPY was also examined. HEK293T cells

transfected with UBPYWT, UBPYC748A, or UBPYS680A were

stimulated with Wnt3a, and their cytoplasmic fractions

were immunoblotted with anti-b-catenin antibody.

Compared with cells expressing UBPYWT, the level of cyto-

plasmic b-catenin was decreased in UBPYC748A-expressing

cells and increased in UBPYS680A-expressing cells

(Figure 2C). Similarly, RNAi-mediated knockdown of endo-

genous UBPY in HeLa cells also resulted in a reduced level of

b-catenin accumulation on Wnt3a stimulation (Figure 2D).

Collectively, these results suggested that the UBPY-mediated

regulation of canonical Wg/Wnt signalling is conserved in

mammalian cells, and that Fz is a target of UBPY.

Fz undergoes ubiquitylation and deubiquitylation

in mammalian cells

Mammalian UBPY deubiquitylates ligand-activated RTKs on

the endosome (Mizuno et al, 2005; Row et al, 2006).

However, it remains unknown whether Fz undergoes ubiqui-

tylation. To examine this question, Frizzled-4 (Fz4;

Figure 3A), a widely expressed member of the mammalian

Fz family, was tagged with the FLAG epitope and expressed in

HeLa cells. The cells were treated with or without Wnt3a for

15min and lysed using a hot lysis method to disrupt Fz4

interaction with other ubiquitylated proteins. FLAG-Fz4 was

immunoprecipitated from the lysates with anti-FLAG anti-

body and immunoblotted with anti-Ub antibody. Fz4 was

detected as high-molecular-weight band shifts, suggesting

that Fz4 undergoes ubiquitylation (Figure 3B). When FLAG-

tagged Ub was co-transfected with HA-tagged Fz4, ubiquity-

lated Fz4 was detected by anti-FLAG immunoblotting of anti-

HA immunoprecipitate (Figure 3C, left, top). To elucidate

whether Fz is conjugated with poly-Ub or mono-Ub, we used

several Ub mutants. As Lys48 and Lys63 are the major sites

used for poly-Ub chain formation (Haglund and Dikic, 2005),

we co-expressed UbK48R and UbK63R, in which Lys48 and

Lys63, respectively, are replaced to Arg, with HA-Fz4. Fz4

was similarly ubiquitylated in cells expressing these mutants

(Figure 3C, left, top). We further examined additional Ub

mutants: UbK0, UbR48K, and UbR63K. UbK0 harbours Lys-to-Arg

replacement at all seven Lys residues. UbR48K and UbR63K are

mutants in which all Lys residues except for Lys48 and Lys63,

respectively, are replaced with Arg. The pattern of Fz4

ubiquitylation was similar among cells expressing these Ub

mutants (Figure 3C, right) and wild-type Ub (Figure 3C, left).

These results suggested that none of the Lys residues in Ub

(including Lys48 and Lys63) are required for Fz4 ubiquityla-

tion. We thus suggest that Fz4 is monoubiquitylated at

multiple sites.

The level of Fz4 ubiquitylation was drastically elevated

when dominant-negative UBPYC748A was co-expressed

(Figure 3B) or UBPY was depleted using RNAi (Figure 3D).

We also constructed a Fz4K0 mutant in which all 12 of the Lys

residues facing the cytoplasm (Figure 3A) were replaced by

Arg, and expressed it in HeLa cells. Cell surface FLAG-Fz4K0

was labelled with biotin and sequentially precipitated with

streptavidin and anti-FLAG antibody. Immunoblotting of

precipitated FLAG-Fz4K0 with anti-Ub antibody showed that

this mutant is no longer ubiquitylated on the cell surface even

when UBPYC748A is expressed (Figure 3E). In addition, inter-

action between Fz4 and UBPY was observed by co-immuno-

precipitation of HA-tagged UBPY proteins with FLAG-Fz4

from cell lysates (Figure 3F). Finally, we examined whether

UBPY deubiquitylates Fz4 in vitro. FLAG-tagged UBPY pro-

teins were immunopurified from transfected cells using anti-

FLAG antibody (Figure 3G, left) and incubated with ubiqui-

tylated HA-Fz4, which was also immunoprecipitated from

transfected cells. As expected, wild-type UBPY, but not cata-

lytically inactive UBPYC748A, deubiquitylated Fz4 (Figure 3G,

right). In addition, constitutively active UBPYS680A exhibited

higher activity than wild-type UBPY (Figure 3G, right).

Collectively, these data showed that Fz4 is a substrate for

UBPY. However, ubiquitylation (Figure 3B and D) and UBPY

binding (Figure 3F) of Fz4 were not enhanced by Wnt3a,

suggesting that unlike RTKs, the level of Fz ubiquitylation is

not regulated by ligand stimulation.

UBPY regulates degradation and cell surface

level of Fz in mammalian cells

On the basis of the finding that Fz4 undergoes ubiquitylation,

we next investigated the degradation of Fz4. We first com-

pared the rate of Fz4 degradation in unstimulated and Wnt-

stimulated cells. HeLa cells were transfected with FLAG-Fz4,

and cell surface proteins were pulse labelled with biotin and

chased in the presence or absence of Wnt3a.

Immunoprecipitation with anti-FLAG antibody followed by

blotting with peroxidase-conjugated streptavidin detected cell

surface FLAG-Fz4 mainly as a ladder of B55-, 63-, and 70-

kDa bands (Figure 4A, top, arrow, closed arrowhead, and

open arrowhead). These bands probably represent Fz4 pro-

teins conjugated with zero, one, and two Ub molecules,

respectively, because the 63- and 70-kDa forms were not

detected when non-ubiquitylatable Fz4K0 was expressed

(Figure 4G, top). The 63-kDa band was faint in Figure 3

because of a lower amount of anti-Ub antibody bound to

mono- than to multiply ubiquitylated proteins. The intensi-

ties of these bands were summed, and the ratio of the

intensity at 3 and 6 h of chase to that at 0 h was determined

(Figure 4A, bottom). This comparison showed that the de-

gradation rate of biotinylated FLAG-Fz4 is similar in unsti-

mulated and Wnt-stimulated cells, suggesting that ligand

stimulation does not accelerate Fz degradation. This was

consistent with the results showing that Wnt did not enhance

Fz ubiquitylation (Figure 3B and D). To determine how Fz is
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degraded, we examined the effects of a lysosome inhibitor,

bafilomycin A1, and a proteasome inhibitor, MG132.

Degradation of biotinylated cell surface FLAG-Fz4 was de-

layed by treating cells with bafilomycin A1, but not with

MG132, suggesting that Fz4 is degraded in the lysosome

(Supplementary Figure S3).

When dominant-negative UBPYC748A was overexpressed,

non-ubiquitylated Fz4 was lost (Figure 4B, top, arrow), but

degradation of ubiquitylated Fz4 was delayed (Figure 4B, top,

closed, and open arrowheads) during the chase period. This

delayed degradation of ubiquitylated Fz will be discussed

below (see Discussion). More importantly, Fz4 degradation

was also inhibited when constitutively active UBPYS680A was

expressed (Figure 4B). In this case, however, non-ubiquity-

lated Fz4 accumulated (Figure 4B, top, arrow), suggesting

that deubiquitylated Fz escapes from degradation. After en-

docytosis, non-ubiquitylated plasma membrane proteins are

recycled back to the cell surface (Gruenberg and Stenmark,

2004). To test whether deubiquitylated Fz4 is returned to the

cell surface in UBPYS680A-expressing cells, we examined the

cell surface level of Fz4 in two experiments. First, we

performed surface immunostaining of living HEK293T cells
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transfected with N-terminally (extracellularly) FLAG-tagged

Fz4 together with HA-tagged UBPY proteins. Cells were

incubated with anti-FLAG antibody at 41C to block endocy-

tosis, and cell surface Fz4 levels were quantified by measur-

ing the anti-FLAG fluorescence intensity of UBPY-transfected

and -untransfected cells in the same microscopic fields,

typical examples of which are shown in Figure 4C–C00 and

D–D00. In UBPYS680A-expressing cells, the level of surface anti-

FLAG staining was increased to B190% of that in untrans-

fected cells, suggesting that Fz4 accumulates on the cell

surface when deubiquitylated by UBPY (Figure 4C–C00 and E).

In UBPYC748A-expressing cells, in contrast, the surface Fz4 level

was decreased to B70% of that in the control (Figure 4D–D00

and F), suggesting that the ubiquitylated Fz4 in these cells

(Figure 4B, closed and open arrowheads) accumulated intracel-

lularly. Second, we transfected HEK293T cells with FLAG-Fz4

together with UBPYC748A or UBPYS680A, and labelled their sur-

face with biotin. Cell surface FLAG-Fz4 was immunoprecipi-

tated with anti-FLAG antibody and detected with streptavidin

after electrophoresis. Consistent with the results of surface

staining (Figure 4C–F), quantification of the bands correspond-

ing to Fz4 showed that its surface level was increased to

B160% and decreased to B70% of that in the control by

overexpressing UBPYS680A and UBPYC748A, respectively

(Supplementary Figure S4). As these experiments were per-

formed in the absence of Wnt stimulation, they suggested that

the steady-state level of Fz is regulated by UBPY.

Consistent with the notion that ubiquitylation drives

Fz degradation, the steady-state surface level of non-ubiqui-

tylatable FLAG-Fz4K0 was markedly higher than that of

wild-type Fz4 (Figure 4G, 0 h), and its degradation was

strongly suppressed (Figure 4G, 6 h). However, Wnt3a-de-

pendent TOP-FLASH activity was not significantly elevated in

FLAG-Fz4K0-transfected HEK293T cells compared with cells

expressing wild-type Fz4 (Figure 4H), which, we reasoned,

may be due to the absence of cytoplasmic Lys499 (Figure 3A),

a critical residue for Wnt signalling (Umbhauer et al, 2000),

in Fz4K0. We, therefore, constructed a Fz4R499K mutant in

which all cytoplasmic Lys residues except for Lys499 are

replaced to Arg, and confirmed that Fz4R499K still does not
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in mammalian cells. (A) HeLa cells were transfected with FLAG-
Fz4, labelled with biotin on the cell surface, and treated with or
without Wnt3a for 3 or 6 h. FLAG-Fz4 was immunoprecipitated and
blotted with streptavidin and anti-FLAG antibody. Arrows, closed
arrowheads, and open arrowheads indicate Fz proteins conjugated
with zero, one, and two Ub molecules, respectively. (B) HeLa cells
were transfected with FLAG-Fz4 with HA-tagged UBPYC748A or
UBPYS680A, labelled with biotin, and chased for 6 h. FLAG-Fz4
was immunoprecipitated and blotted with streptavidin and anti-
FLAG antibody. Total lysates were immunoblotted with anti-HA
antibody. (C–D00) HEK293T cells were transfected with Fz4, which
was FLAG-tagged extracellularly, together with HA-tagged
UBPYS680A (C–C00) or UBPYC748A (D–D00). Living cells were stained
with anti-FLAG antibody (C, D). After fixation, cells were further
stained with anti-HA antibody and TO-PRO-3 (C0, D0). Arrows
indicate cells expressing UBPYS680A or UBPYC748A. Arrowheads
indicate cells expressing no ectopic UBPY. C00 and D00 are merged
images. Bars, 10mm. (E, F) Anti-FLAG fluorescence intensity of
FLAG-Fz4-expressing cells in the experiments in C–C00 and D–D00

was quantified and shown as mean±s.d. (n [field of view]¼ 10–25,
*Po0.01, t-test). (G) HeLa cells were transfected with FLAG-tagged
Fz4 or Fz4K0, labelled with biotin, and chased for 6 h. FLAG-Fz4
proteins were immunoprecipitated and blotted with streptavidin
and anti-FLAG antibody. The intensity of the biotinylated Fz4 bands
was quantified, and the ratio of the intensity after 3 or 6 h of chase
to that at 0 h is shown as mean±s.d. (n¼ 5, *Po0.01, t-test) (A, B,
bottom; G, right). (H) HEK293T cells were transfected with FOP-
FLASH or TOP-FLASH luciferase together with the indicated Fz4 or
UBPY constructs, and treated with Wnt3a overnight. Relative
luciferase activity in the cell lysates is shown as mean±s.d.
(n¼ 3, *Po0.02, t-test). (I) HEK293T cells were transfected with
TOP-FLASH luciferase together with the indicated Fz4 and UBPY
constructs and treated with Wnt3a overnight. Relative luciferase
activity in UBPYC748A- and UBPYS680A-expressing cells to that in
UBPYWT-expressing cells is shown (mean±s.d.; n¼ 3, *Po0.02,
t-test).

Frizzled ubiquitylation in Wnt signalling
A Mukai et al

&2010 European Molecular Biology Organization The EMBO Journal VOL 29 | NO 13 | 2010 2119



undergo ubiquitylation (data not shown). As expected,

Fz4R499K markedly enhanced Wnt signalling: its overexpres-

sion increased TOP-FLASH Beight-fold compared with wild-

type Fz4, comparable with the level observed when consti-

tutively active UBPYS680A was expressed (Figure 4H). By

using Fz4R499K, we further examined the significance of

UBPY-mediated deubiquitylation of Fz in Wnt signalling. If

UBPY regulates Fz by changing the ubiquitylation level, Wnt

signalling through non-ubiquitylatable Fz4R499K should no

longer be affected by altered UBPY activity. To test this

hypothesis, we co-expressed Fz4R499K with UBPYC748A or

UBPYS680A and measured the TOP-FLASH activity. The results

clearly showed that the effects of UBPYC748A and UBPYS680A

on Wnt signalling are much weaker when Fz4R499K was

expressed than when wild-type Fz was expressed

(Figure 4I). Collectively, these results suggested that Fz

undergoes ubiquitylation-dependent degradation, which is

negatively regulated by UBPY to increase its cell surface

level and cellular responsiveness to Wnt.

dUBPY regulates cell surface level of Fz in Drosophila

To investigate whether UBPY regulates the cell surface level

of Fz in vivo, we examined the effect of dUBPY overexpres-

sion or knockout in the Drosophila wing disc. As there is no

immunohistology-grade antibody available for Fz proteins,

a transgenic Drosophila strain bearing FLAG-tagged DFz2

(Piddini et al, 2005) was used. When induced by heat

shock, DFz2-FLAG was expressed on the cell surface at

similar levels in the control and in discs overexpressing

dUBPY (Figure 5A, B, E–E00, and F–F00). After a 3-h chase at

251C, DFz2-FLAG was mostly degraded (Figure 5C) and

barely detected on the cell surface (Figure 5G) in the control

disc, although a small portion still remained intracellularly

(see Figure 7A–A00). However, at the same time point, dUBPY

overexpression by sd-Gal4 increased the amount of DFz2-

FLAG in the wing pouch (Figure 5D). Quantification of the

fluorescence intensity showed a nearly five-fold elevation in

the DFz2 level on dUBPY overexpression. Co-staining with

the F-actin marker phalloidin showed that the accumulated

DFz2-FLAG mainly localized to the plasma membrane

(Figure 5H–H00, I, and I0, arrows). The elevated surface

DFz2 expression leads to higher cell responsiveness to Wg,

as shown by the result showing that the expression area of a

Wg target, Dll, is expanded more distally from the Wg-

expressing dorso-ventral border in the dUBPY-overexpressing

wing disc (Figure 5J and K). This expansion was also clearly

shown by using decapentaplegic (dpp)-Gal4, which induced

additional expression of dUBPYonly near the anterior–poster-

ior border (Figure 5L–M00). The level of Arm protein was also

elevated in regions in which dUBPY was ectopically

expressed (Figure 5N–O00). In contrast, expression of dpp-

lacZ and Spalt (Sal), the targets for Hedgehog and Dpp,

respectively, was not affected by dUBPY overexpression

(Figure 5P–S).

We next examined the cell surface level of DFz2 in dUBPY

knockout clones in the wing disc, which enabled a side-by-

side comparison of normal and dUBPY-deficient cells in a

single disc. After a 2-h chase after heat shock induction of

DFz2-FLAG, a lower level of plasma membrane staining with

anti-FLAG antibody was observed in the dUBPY knockout

disc cells than in wild-type cells (Figure 6A–A00 and H),

further confirming that UBPY elevates the surface level
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ling in the wing disc. (A–H00) Staining of control (A, C, E–E00, G–G00)
and dUBPY-overexpressing (B, D, F–F00, H–H00) DFz2-FLAG wing
discs at the end of heat shock induction of DFz2-FLAG (A, B, E–E00,
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exhibited the same phenotype. (I, I0) High-magnification images
of (H) and (H00). Arrows indicate the plasma membrane (H–H00, I,
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of Fz. To test whether the regulation by UBPY is selective for

Fz, we examined the surface levels of other plasma mem-

brane proteins including the Wg co-receptor Arr, the

Hedgehog co-receptor Smoothened (Smo), and Notch, as

well as Flamingo (Fmi), b-integrin, and DE-cadherin in the

dUBPY knockout disc. Anti-Arr, anti-Smo, and anti-Notch

staining patterns in the wild-type disc were consistent with

the established expression patterns of these receptors (Figure

6B, D, and F). Immunostaining of the discs harbouring

dUBPY knockout clones showed that unlike DFz2, the surface

levels of these receptors are indistinguishable between the

control and dUBPY knockout cells (Figure 6C–C00, E–E00,

G–G00, and H). Z sections of the wing discs also provided

similar staining patterns for Arr, Smo, and Notch between the

control and knockout cells (Supplementary Figure S5).

Similarly, the surface levels of Fmi, b-integrin, and DE-

cadherin were also unaffected by knockout of dUBPY in the

wing disc (Supplementary Figure S6). We further examined

the surface levels of Notch and Arr in the dUBPY-overexpres-

sing wing disc and found that their levels were also unaf-

fected by dUBPY overexpression (Supplementary Figure S7).

These results suggested that aberrant dUBPYexpression does

not affect surface receptor levels non-selectively.

To confirm that the reduced surface level of DFz2 is

responsible for the phenotype of the dUBPY knockdown

wing, we overexpressed DFz2-FLAG in the dUBPY knock-

down wing disc. When DFz2 was co-expressed, the wing

defect caused by dUBPY RNAi was largely rescued (Figure

6I–M). We, therefore, suggest that Fz is a bona fide target of

dUBPY in the Drosophila wing disc.

dUBPY regulates endocytic Fz trafficking in Drosophila

We finally addressed a mechanistic basis for the UBPY-

regulated surface level of Fz in vivo by examining intracel-

lular DFz2 trafficking in the dUBPY overexpressing and

knockdown wing discs. As shown above, heat shock-induced

DFz2-FLAG was mostly degraded in the control disc after a

3-h chase at 251C (Figure 5C and G). When focused intracel-

lularly, however, DFz2-FLAG was detected on cytoplasmic

puncta that were positive for a late endosome marker Rab7

(Jordens et al, 2005) (Figure 7A–A00, closed arrowheads).

Approximately 90% of DFz2-positive puncta were positive

for Rab7 (Figure 7G). Although DFz2-positive puncta were

similarly observed in the dUBPY overexpressing wing disc,

only B20% of them were positive for Rab7 (Figure 7B–B00,

closed versus open arrowheads; Figure 7G), suggesting that

DFz2, when deubiquitylated by ectopically expressed dUBPY,

is excluded from lysosomal trafficking through the late en-

dosome. We speculate that the DFz2-positive/Rab7-negative

puncta in dUBPY-overexpressing cells represent the early or

recycling endosomes. In contrast, dUBPY knockdown caused

enlargement of the Rab7-positive endosomes in which DFz2

highly accumulated (Figure 7C–C00). The enlarged late endo-

somes probably reflect accelerated membrane trafficking

from the early to the late endosome as indicated earlier

(Seto and Bellen, 2006) (see Discussion).

As accumulated Fz4 was highly ubiquitylated in mamma-

lian cells expressing UBPYC748A (Figures 3B and 4B), we

examined whether the Rab7 endosomes harbouring DFz2-

FLAG contain ubiquitylated proteins in the dUBPY knock-

down wing disc. Immunofluorescence showed that the aber-

rant Rab7-positive endosomes were strongly stained with a

monoclonal anti-Ub antibody FK2, which recognizes

Ub-protein conjugates, but not free mono-Ub (Fujimuro and

Yokosawa, 2005) (Figure 7E–E00). This was also observed in

the dUBPY knockout cells (Figure 7F–F00). Although Rab7
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Figure 6 dUBPY is a selective regulator for DFz2 in the wing disc.
(A–A00) Anti-FLAG staining (A) of a dUBPY knockout clone, which
is negative for b-gal (A0, �/�), in the DFz2-FLAG wing pouch after
a 2-h chase of heat shock-induced DFz2-FLAG. (B–G00) Anti-Arr (B,
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wing discs (B, D, F) and dUBPY knockout clones (C, E, G), which
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n¼ 12 for each staining, *Po0.02, t-test). (I–L) Control (I), DFz2-
overexpressing (J), dUBPY RNAi (K), and dUBPY RNAi/DFz2-
overexpressing (L) wings in adult flies. (M) Quantification of
sensory bristle formation in wings in experiments in I–L.
Percentage of wings with a different degree of sensory bristle
formation is shown (n¼ 33–62).
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localized to the limiting membrane of aberrant endosomes,

DFz2-FLAG and Ub-protein conjugates were detected in the

lumen of the organelles (Figure 7C–C00 and E–E00, insets),

suggesting that these proteins were incorporated into the

lumenal vesicles of the late endosome/MVB. Along with the

fact that expression of the Wg-target neuralized was lost by

knockdown of dUBPY (Figure 1G), DFz2-FLAG accumulated

in the lumen of the MVB would no longer evoke Wg signal-

ling. Accumulation of ubiquitylated proteins in aberrant

endosomes has been reported in UBPY knockdown mamma-

lian cells (Mizuno et al, 2006; Row et al, 2006), suggesting

that dUBPY similarly participates in the lysosomal sorting of

ubiquitylated cargo proteins in Drosophila.

To show that deubiquitylated DFz2 is potentially recycled

back to the cell surface from the endosome, we expressed

Rab11S25N, a GDP-locked Rab11 mutant that blocks recycling

of endocytosed proteins to the plasma membrane (Emery

et al, 2005; Marois et al, 2006), in the wing disc. Sd-Gal4-

induced ectopic expression of Rab11S25N caused intracellular

accumulation of DFz2-FLAG in the wing pouch (Figure 7H

and H0, compare with the control discs in Figure 5C and G).

In contrast to the endosomal co-localization of DFz2 and

ubiquitylated proteins in the dUBPY knockdown disc (Figure

7C–C00 and E–E00), the DFz2-positive compartments in

Rab11S25N-expressing cells were devoid of ubiquitylated pro-

teins (Figure 7I and I0). These results suggested that endocy-

tosed Fz, when deubiquitylated, is sorted for the recycling

pathway back to the cell surface. Collectively, we propose

that dUBPY up-regulates the cell surface Fz level in the wing

disc by suppressing its lysosomal trafficking and promoting

recycling to the plasma membrane (Figure 7J).

Discussion

It is well known that the target cell response to morphogens is

controlled at the ligand level by the formation of the morpho-

gen gradient (Kornberg and Guha, 2007). In this study, we
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together with anti-Rab7 (A0–E0). Closed and open arrowheads indicate Rab7-positive and Rab7-negative endosomes, respectively (A–C00). Insets
in C–C00 and E–E00 show high-magnification images of typical Rab7-positive endosomes. (F–F00) FK2 staining (F) of a dUBPY knockout clone in
the wing disc, which is negative for b-gal (F0, �/�). A00–F00 are merged images. (G) Control and dUBPY-overexpressing wing discs expressing
DFz2-FLAG were double-stained with anti-FLAG and anti-Rab7 antibodies as in A–A00 and B–B00. Percentage of FLAG/Rab7-double-positive
endosomes among total FLAG-positive endosomes was then determined (mean±s.d., n [field of view]¼ 5–7, *Po0.01, t-test). (H–I0) Anti-
FLAG (H, H0) and FK2 (I, I0) staining of DFz2-FLAG wing discs co-expressing Rab11S25N in the wing pouch. H0 and I0 show high-magnification
images of the wing pouch regions in H and I. Bars, 10mm. (J) A model for the regulation of the cell surface level of Fz.
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show that regulation at the receptor level also has an essen-

tial function in the cellular response to morphogens.

This study showed that Fz undergoes ubiquitylation,

which is likely to be multiple monoubiquitylation, as well

as deubiquitylation catalysed by UBPY, in mammalian cells.

We also showed that Fz degradation is delayed by lysosomal,

but not proteasomal inhibition and that degradation of non-

ubiquitylatable Fz mutant is inhibited. In addition, Fz accu-

mulated in the endocytic compartment when dUBPY was

inhibited in Drosophila. As monoubiquitylation is a tag

shown to target plasma membrane proteins such as RTKs to

the lysosome (Haglund and Dikic, 2005), we conclude that

ubiquitylation serves as a lysosomal sorting signal for Fz.

The functions of ubiquitylation-mediated lysosomal degra-

dation, however, seemed to be different between RTKs and

Fz. Ubiquitylation and lysosomal degradation of RTKs are

induced by ligand stimulation and promote the down-regula-

tion of activated receptors (Gruenberg and Stenmark, 2004;

Saksena et al, 2007). Binding of UBPY to EGFR is also ligand

dependent (Mizuno et al, 2005). In contrast, the levels of

ubiquitylation and UBPY binding of Fz4, as well as the rate of

Fz4 degradation, were unchanged by stimulating cells with

Wnt3a. These results suggest that ubiquitylation of Fz reg-

ulates its steady-state level at the cell surface to control

cellular responsiveness to Wnt, rather than its ligand-induced

down-regulation to terminate signalling.

Ubiquitylation has essential functions in Wg/Wnt signal-

ling. In the absence of Wg/Wnt stimulation, b-catenin,

a central player in the canonical pathway, undergoes consti-

tutive polyubiquitylation and proteasomal degradation. Wg/

Wnt transduces signals to the nucleus by suppressing the

Ub-dependent degradation of b-catenin (MacDonald et al,

2009). Recently, Trabid, a deubiquitylating enzyme of the

OTU (ovarian tumour protease) family, was shown to decon-

jugate Lys63-linked poly-Ub chains from adenomatous poly-

posis coli (APC) protein and facilitate the canonical pathway,

although the function of Lys63-linked polyubiquitylation in

Wg/Wnt signalling is still unclear (Tran et al, 2008). This

study shows a third function for ubiquitylation in Wg/Wnt

signalling: to control the surface level of Fz receptors.

The present findings indicate that the cell surface level of

Fz is positively regulated by UBPY activity. In mammalian

and Drosophila cells, cell surface Fz was increased by eleva-

tion of UBPY activity and decreased by UBPY inhibition.

As ubiquitylation targets Fz for lysosomal degradation,

deubiquitylation of Fz by UBPY would inhibit its lysosomal

trafficking, causing Fz to be recycled back to the cell surface.

Recycling of Fz was confirmed by the finding that DFz2,

which was likely to be deubiquitylated, accumulated intra-

cellularly when the recycling pathway was blocked by a

dominant-negative Rab11 mutant in Drosophila. Moreover,

we showed that overexpression of dUBPY in Drosophila wing

disc cells causes a decrease in the Fz transported to the Rab7-

positive late endosome. Taken together, we conclude that a

balance of ubiquitylation and deubiquitylation determines

the amount of Fz on the cell surface by controlling how much

Fz is transported to the lysosome for degradation or recycled

back to the plasma membrane from the endosome.

Expression of dominant-negative UBPYC784A caused a

delay in Fz4 degradation in mammalian cells, which seems

contradictory to our model. However, it has already been

shown that inhibition of UBPY using RNAi or dominant-

negative UBPYC748A causes the accumulation of ubiquitylated

proteins in enlarged aberrant endosomes (Mizuno et al, 2006;

Row et al, 2006). Consistently, knockdown of dUBPY in the

Drosophila wing disc was observed to cause the accumula-

tion of DFz2 and ubiquitylated proteins in the lumen of the

morphologically aberrant late endosome. Therefore, we spec-

ulate that the delayed degradation of ubiquitylated Fz4 in

UBPYC748A-expressing cells represents its intracellular accu-

mulation, which was secondarily caused by the aberration of

the late endosome. Interestingly, overexpression of Hrs, a

component of ESCRT-0 that promotes lysosomal trafficking

of ubiquitylated cargoes, has also been reported to cause

aberrant morphology of the late endosome in the Drosophila

wing disc (Seto and Bellen, 2006). This study proposes that

accelerated endocytic trafficking by Hrs overexpression leads

to aberrant late endosomal morphology. Therefore, the simi-

lar aberration of the late endosome in UBPY-deficient

Drosophila cells probably reflects accelerated early-to-late

endosomal trafficking of ubiquitylated proteins including Fz.

Experiments using anti-Ub antibody FK2 showed that the

level of total cellular ubiquitylation is elevated in the

Drosophila wing disc by knockdown of dUBPYand decreased

by overexpression of wild-type dUBPY (Supplementary

Figure S8). In addition to showing the effectiveness of our

RNAi system in depleting dUBPY activity, these results sug-

gest that DFz2 is not the only substrate for dUBPY. In contrast

to DFz2, however, cell surface levels of other membrane

proteins examined were unaffected in the dUBPY knockout

or overexpressing disc cells, excluding the possibility that the

altered DFz2 level in these cells is due to a general defect in

endocytosis from or recycling to the plasma membrane.

Therefore, the regulation by dUBPY probably has some

selectivity to a restricted group of proteins including Fz.

Controlling the cell surface receptor level for extracellular

ligands, such as growth factors and morphogens, is a critical

regulatory process for normal development. Obviously, in-

sufficient receptor levels cannot trigger a full cellular

response to the ligands. However, excess of receptors also

leads to abnormal situations. In Drosophila, forced expres-

sion of DFz2 has been shown to cause defects in wing

patterning (Cadigan et al, 1998). This study shows, in vivo

and in vitro, that the reduction of cell surface Fz by UBPY

inhibition suppresses the cellular responsiveness to Wg/Wnt

in the canonical pathway, whereas the elevation of Fz by

UBPY gain-of-function enhances Wg/Wnt signalling.

Accordingly, we conclude that the level of Fz ubiquitylation

controls the level of canonical Wg/Wnt signals generated in

target cells. Identifying the Ub ligase for Fz, and elucidating

how the activities of UBPY and the Ub ligase are controlled,

are important to fully understand the regulatory mechanism.

Finally, dysregulation of Wnt signalling is implicated in

various human diseases (Logan and Nusse, 2004; Clevers,

2006), and up-regulation of Fz has been reported in human

cancer (Lu et al, 2004; Bengochea et al, 2008). In chronic

lymphocytic leukaemia (CLL), overexpression of mRNAs for

several Wnt ligands and Fz receptors is involved in prolonged

survival of cancer cells (Lu et al, 2004). We found that

the mRNA expression of UBPY and its functionally related

proteins is frequently elevated in CLL (Supplementary

Figure S9). In CLL cells, therefore, elevated UBPY activity

might facilitate higher levels of Wnt signalling by suppressing

Fz degradation. An imbalance between Fz ubiquitylation and
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deubiquitylation could thus lead not only to developmental

defects, but also to human cancer.

Materials and methods

dUBPY knockdown, knockout, and overexpressing flies
The cDNA for dUBPY (CG5798) was obtained from the Drosophila
Genomics Resource Center (DGRC, Bloomington, IN), cloned into
the expression vector pUAST-R57 (for dsRNAs) or pUAST-new MCS
(for wild-type cDNA), and microinjected into Drosophila oocytes by
standard procedures. The following transgenic strains were
generated: (1) two UAS-dUBPY RNAi strains expressing dsRNAs
targeting the dUBPY sequences from þ 74 to þ 573 and from
þ 1386 to þ 1885 in the open reading frame, and (2) the UAS-
dUBPY strain expressing wild-type dUBPY cDNA, under the control
of the Gal4/UAS system.

The dUBPY knockout flies were generated using ends-out
technology (Gong and Golic, 2004). The targeting vector was
designed to replace the entire dUBPY gene on the chromosome with
the white gene from the vector. Approximately 3 kb DNA fragments
corresponding to 50-upstream and 30-downstream regions of the
dUBPY gene were amplified from genomic DNA by PCR, and
inserted into the white gene-flanking polylinker sites on the pW35
vector (obtained from DGRC). Most of the flies used for gene
targeting were obtained from the Bloomington Drosophila Stock
Center (BDSC, Bloomington, IN) and targeting crosses were
performed as described (Gong and Golic, 2004). dUBPY knockout
flies were partially rescued by a slight expression of dUBPY using
UAS-dUBPY without Gal4 driver (UAS-dUBPY/dUBPY K.O.). Clone
analysis was achieved by using hs-FLP; ubi-lacZ M FRT82B/TMB6
and hs-FLP; FRT82B dUBPY K.O./TM6B flies.

Fly stocks
Other fly strains used in this study are listed in Supplementary data.

Immunofluorescence and X-Gal staining
For immunofluorescence, wing discs dissected from Drosophila
third instar larvae were fixed in 4% paraformaldehyde in PBS,
incubated in 0.15% bovine serum albumin, and 0.2% Triton X-100
in PBS, and sequentially stained with primary and secondary
antibodies listed in Supplementary data. Staining of extracellular
Wg and cell surface Notch was performed as described earlier
(Strigini and Cohen, 2000). Staining of cell surface FLAG-Fz4 in
mammalian cells was performed by incubating living cells with
mouse anti-FLAG antibody at 41C for 1 h. Cells were then fixed,
permeabilized, blocked, and incubated with biotinylated anti-
mouse IgG antibody and rabbit anti-HA antibody. Subsequently,
they were stained with Alexa488-conjugated streptavidin (Invitro-
gen, Carlsbad, CA) and Cy3-conjugated anti-rabbit IgG antibody. F-
actin and DNA were stained with rhodamine-labelled phalloidin
(Invitrogen) and TO-PRO-3 iodide (642/661) (Invitrogen), respec-
tively. Fluorescence images were captured with a laser-scanning
confocal microscope (FV500, OLYMPUS, Tokyo, Japan), and the
fluorescence intensity was quantified using Photoshop (Adobe
Systems, San Jose, CA). Fluorescence intensities in mammalian
cells were normalized to the circumference of individual cells.

For X-Gal staining, wing discs from Drosophila third instar larvae
were fixed with 1% glutaraldehyde in PBS for 10min at room
temperature, washed with 0.1% Triton X-100 in PBS, and incubated
in 0.2% X-Gal, 7.2mM Na2HPO4, 2.8mM NaH2PO4, 150mM NaCl,
1mM MgCl2, 3mM K3[Fe(CN)6], and 3mM K4[Fe(CN)6] for
15–60min at 371C.

Mammalian expression constructs
Mammalian expression vectors used in this study are listed in
Supplementary data.

Cells and DNA transfection
DNA transfection into HEK293T, HeLa, NIH3T3, and COS-7 cells
was performed using the FuGENE6 (Roche Diagnostics, Indianapo-
lis, IN) and Lipofectamine 2000 (Invitrogen) transfection reagents
for 48 h. The siRNA expression vectors were transfected twice at
48 h intervals. Where indicated, cells were treated with cyclohex-
imide (10 mg/ml, Sigma-Aldrich, St Louis, MO), bafilomycin A1

(0.2mM, Sigma-Aldrich), or MG132 (0.1mM, Merck, Whitehouse
Station, NJ). L cells stably expressing Wnt3a (L-Wnt3a) and control
cells (L-neo) were provided by Dr Shinji Takada (Kyoto University,
Kyoto, Japan) (Shibamoto et al, 1998), and Wnt3a-conditioned
medium was used at 1/5–1/2 strength for stimulation of cells.

Cell lysate preparation
Cell lysates were prepared by solubilizing cells in 100mM Tris–HCl,
pH 7.4, 100mM NaCl, 50mM NaF, 0.5% Nonidet P-40, 1mM EDTA,
and protease inhibitor cocktail (Nacalai Tesque, Kyoto, Japan) and
collecting the supernatants after centrifugation. For detection of Fz4
ubiquitylation, cells were lysed in hot SDS lysis buffer (1% SDS,
50mM NaF, and 1mM EDTA) for 1min at 1001C. After five-fold
dilution with dilution buffer (25mM Tris–HCl, pH 7.5, 1.25% Triton
X-100, 125mM NaCl, and 50mM NaF), supernatants were collected
as cell lysates. For subcellular fractionation, cells were scraped into
10mM Tris–HCl, pH 7.4, 1mM EDTA, and protease inhibitor
cocktail, and homogenized using a glass homogenizer. After
removing nuclei by brief centrifugation, homogenates were further
centrifuged at 55 000 g for 1 h, and the supernatants were collected
as cytoplasmic fractions. Biotinylation of cell surface proteins was
performed using EZ-Link Sulfo-NHS-Biotin (Thermo Scientific,
Rockford, IL).

Immunoprecipitation and immunoblotting
Immunoprecipitation and immunoblotting were performed using
standard procedures. Antibodies used are listed in Supplementary
data. To precipitate biotin-labelled FLAG-Fz4, biotinylated cell
surface proteins were first precipitated with streptavidin beads
(GE Healthcare, Piscataway, NJ) and eluted with hot SDS lysis
buffer. After a five-fold dilution with dilution buffer, the eluates
were precipitated with anti-FLAG antibody. Blots were detected
using the SuperSignal West Pico Chemiluminescent Substrate
Reagent (Thermo Scientific). Band intensity in the immunoblot
membranes was quantified using the luminescent image analyser
LAS1000 PLUS (FUJIFILM, Tokyo, Japan).

TOP-FLASH reporter assay
Cells were transfected with super 8� TOP-FLASH or 8� FOP-
FLASH firefly luciferase, together with phRL-SV40 renilla luciferase
and UBPY or Fz4 constructs. The cells were treated with control or
Wnt3a-conditioned medium overnight, and luciferase activity in the
cell lysates was measured using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI). Relative firefly luciferase units
were normalized to the renilla reading.

In vitro deubiquitylation assay
In vitro deubiquitylation assay was performed as described earlier
(Mizuno et al, 2007). Briefly, recombinant FLAG-UBPY proteins
were immunoprecipitated from transfected COS-7 cells with anti-
FLAG antibody and eluted with the FLAG peptide. Ubiquitylated
HA-Fz4 was immunoprecipitated from transfected HeLa cells in a
6-cm culture dish and incubated with immunopurified UBPY
(0.6mg) for 1 h. Reaction products were subjected to electrophoresis
and detected by immunoblotting.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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