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Background:Wnts activate transcriptional responses via stabilization and nuclear translocation of �-catenin.
Results: FAF1 associates with SCF-�-TrCP E3 ligase complex and promotes cytosolic �-catenin polyubiquitination and
degradation.
Conclusion: FAF1 is a scaffold protein that promotes �-TrCP-mediated �-catenin degradation.
Significance: FAF1 may have tumor suppressive activity by antagonizing Wnt/�-catenin signaling.

FAS-associated factor 1 (FAF1) antagonizesWnt signaling by
stimulating �-catenin degradation. However, the molecular
mechanism underlying this effect is unknown.Here, we demon-
strate that the E3 ubiquitin ligase �-transducin repeat-contain-
ing protein (�-TrCP) is required for FAF1 to suppress Wnt
signaling and that FAF1 specifically associates with the SCF
(Skp1-Cul1-F-box protein)-�-TrCP complex. Depletion of
�-TrCP reduced FAF1-mediated �-catenin polyubiquitination
and impaired FAF1 in antagonizing Wnt/�-catenin signaling.
FAF1 was shown to act as a scaffold for �-catenin and �-TrCP
and thereby to potentiate�-TrCP-mediated�-catenin ubiquiti-
nation and degradation. Data mining revealed that FAF1
expression is statistically down-regulated in human breast car-
cinoma compared with normal breast tissue. Consistent with
this, FAF1 expression is higher in epithelial-like MCF7 than
mesenchymal-like MDA-MB-231 human breast cancer cells.
Depletionof FAF1 inMCF7cells resulted in increased�-catenin
accumulation and signaling. Importantly, FAF1 knockdown
promoted a decrease in epithelial E-cadherin and an increase in
mesenchymal vimentin expression, indicative for an epithelial
to mesenchymal transition. Moreover, ectopic FAF1 expression
reduces breast cancer cell migration in vitro and invasion/me-
tastasis in vivo. Thus, our studies strengthen a tumor-suppres-
sive function for FAF1.

Wnt proteins control many biological processes, including
embryonic development and tumorigenesis (1–4). One of the
critical components of the canonical Wnt signaling pathway is

�-catenin, the levels of which are tightly controlled via protein
degradation. In the absence of Wnt ligands, the majority of
�-catenin is associated with E-cadherin on the plasma mem-
brane, whereas the levels of intracellular �-catenin are kept low
in a phosphorylation-dependent manner by components of the
proteasomal degradation pathway. Casein kinase 1 (CK1) and
GSK3� sequentially catalyze �-catenin phosphorylation at res-
idues Ser-45, Thr-41, Ser-37, and Ser-33, thereby acting in a
destruction complex with adenomatous polyposis coli and
Axin. Phosphorylated �-catenin is subsequently recognized by
the F-box protein �-transducin repeat-containing protein
(�-TrCP),4 a component of the ubiquitin ligase complex that
triggers ubiquitin-dependent degradation of �-catenin by the
proteasome (5, 6). Wnt ligands induce the disruption of the
cytosolic �-catenin degradation complex (7, 8) and thereby
enable �-catenin to enhance lymphoid enhancer-binding fac-
tor 1 (LEF)/T cell factor-mediated transcription in the nucleus
(9, 10).
Wnt/�-catenin signaling among others regulates epithelial

to mesenchymal transition (EMT) and hyperactiveWnt signal-
ing can trigger EMT-like programs (2, 11–17). Aberrant activa-
tion of the �-catenin-T cell factor cascade was shown to acti-
vate EMT in human breast cancer cells by induction of Axin2,
which regulates GSK3�, the dominant kinase controlling the
stability and activity of Snail, a potent EMT inducer in normal
and neoplastic cells (18).
As a member of the Fas death-inducing signaling complex,

FAS-associated factor 1 (FAF1)was first identified to potentiate
apoptosis in L cells and T cells (19–22). Faf1 gene-targeted
mice show embryonic lethality at the two-cell stage (23). In
cellular signaling, FAF1 is linked to the regulation of NF-�B
activity as well as to valosin containing protein-mediated ubiq-
uitination and proteasomal degradation (24–27). Decreased
FAF1 expression was found to be correlated with a high per-
centage of human gastric carcinomas (28), and genomic loss or
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deletion of FAF1 has been reported in uterine cervix carcino-
mas and mantle cell lymphoma (29, 30). Therefore, FAF1 has
been postulated to act as a tumor suppressor. We previously
identified FAF1 as a potent negative regulator of canonicalWnt
signaling and a strong repressor of Wnt/�-catenin-induced
osteoblast differentiation and bone formation (31). However,
the underlying mechanism by which FAF1 promotes �-catenin
degradation is unclear.
In this study, we screened components of the �-catenin

destruction complex for their ability to interact with FAF1.
FAF1 was shown to form a ternary complex with �-catenin and
�-TrCP and thereby to promote �-TrCP-mediated �-catenin
ubiquitination and degradation. Moreover, we found FAF1 to
inhibit epithelial to mesenchymal transition and invasion/me-
tastasis in breast cancer cells, enforcing the notion of its action
as tumor suppressor.

EXPERIMENTAL PROCEDURES

Reagents and Plasmids—FAF1 (#4932), �-TrCP (#4394),
CUL1 (#4995), and vimentin (#3932) antibodies were pur-
chased from Cell Signaling Technology. �-Catenin antibody
(#610153), E-cadherin (#610181) was purchased from BD Bio-
sciences; Actin (ab8227) was purchased from Abcam. SKIP1
(sc-12073),Myc (sc-40), andHA (sc-805)were fromSantaCruz
Biotechnology. Human FAF1 shRNA (1#, TRCN000000424;
2#, TRCN000000424) and human �-TrCP shRNA
(TRCN0000006541�TRCN0000315200) MISSION® shRNA
Lentiviral Transduction Particles were purchased from Sigma
Mission Library, Inc. FAF1, TopFlash-luciferase, FopFlash-
luciferase, LEF-luciferase, Wnt, �-catenin, LEF-1, and His6-
ubiquitin constructs were described previously (31–38).
Cell Culture—HEK293, HeLa, MCF7, and MDA-MB-231

cells were cultured inDulbecco’smodified Eagle’smedium sup-
plementedwith 10% fetal bovine serum (Hyclone), nonessential
amino acids, L-glutamine, and penicillin/streptomycin in a 5%
CO2-containing atmosphere at 37 °C.
Luciferase Reporter Assay—Cells were transfected and lysed

as described (36, 39–41), and luciferase activities were meas-
ured by a luminometer (Berthold Technologies). Reporter
activity was normalized to �-gal activity, resulting from a co-
transfected internal control plasmid. Experiments were per-
formed in triplicate.
Transfection, Immunoprecipitation, and Immunoblotting—

Cells were transiently transfected using calcium phosphate or
Lipofectamine (Invitrogen). 40 h after transfection, cells were
lysed with 1 ml of lysis buffer (20 mM Tris-HCl, pH 7.4, 2 mM

EDTA, 25 mM NaF, 1% Triton X-100) plus protease inhibitors
(Sigma) for 30min at 4 °C. After centrifugation at 12� 103 g for
15min, the lysates were immunoprecipitatedwith specific anti-
body and protein A-Sepharose (Zymed Laboratories Inc.) for
3 h at 4 °C.Thereafter, the precipitantswerewashed three times
withwashing buffer (50mMTris-HCl, pH 8.0, 150mMNaCl, 1%
Nonidet P-40, 0.5% sodium deoxycholate, and 0.1% SDS), and
the immune complexes were eluted with sample buffer con-
taining 1% SDS for 5 min at 95 °C and analyzed by SDS-PAGE.
Immunoblottingwas performedwith specific antibody and sec-
ondary anti-mouse or anti-rabbit antibodies that were conju-

gated to horseradish peroxidase (Amersham Biosciences). Pro-
teins were visualized by chemiluminescence.
Immunofluorescence—As previously described (32, 42, 43),

HeLa cells grown on coverslips were washed twice with PBS,
fixed with 4% paraformaldehyde in PBS for 15 min, permeabi-
lized with 0.1% Triton X-100 for 10 min, and blocked with 3%
BSA in PBS for 60 min. The cells were then incubated with
primary antibodies diluted in TBST (20 mmol/liter Tris-HCl,
pH 7.6, 137 mmol/liter NaCl, 0.1% Tween 20) for 3 h and
washed twice with PBS and incubated with fluorescein isothio-
cyanate (FITC)-conjugated anti-mouse or antirabbit antibodies
for an additional 40 min. The nuclei were counterstained with
4,6-diamidino-2-phenylindole (Sigma). Samples were exam-
ined under an Olympus Fluoview 500 microscope.
Nickel Pulldown—Cells were lysed in 6 M guanidine-HCl, 0.1

M Na2HPO4/NaH2PO4, 10 mM imidazole, followed by nickel
bead purification and immunoblot analysis.
Lentiviral Transduction and Generation of Stable Cell Lines—

Lentiviruses were produced by transfecting pLKO-1 (for the
shRNA-knockdown) or pLV-bc-CMV (for cDNA expression)
plasmids together with helper plasmids pCMV-VSVG,
pMDLg-RRE (gag/pol), and pRSV-REV into HEK293T cells.
Cell supernatants were harvested 48 h after transfection and
were either used to infect cells or stored at �80 °C. To obtain
stable cell lines, cells were infected at low confluence (20%) for
24 h with lentiviral supernatants diluted 1:1 with normal cul-
turemedium in the presence of 5 ng/ml Polybrene (Sigma). 48 h
after infection, cells were placed under 5 �g/ml puromycin
selection for 1 week and then passaged before use. His-ubiqui-
tin-expressing HEK293T cells were obtained by transfection
with His-ubiquitin construct followed by selection in 1 �g/ml
neomycin.
Preparation of Cytosolic and Nuclear Fractions—Cytosolic

and membrane fractions were prepared using the Proteo-
Extract kit (Calbiochem) according to the manufacturer’s
standard procedures.
Embryo Preparation and Tumor Cell Implantation—Decho-

rionized 2-day postfertilization Casper zebrafish transgenic
lines Tg(fli1:GFP) were anesthesized with 0.003% tricaine
(Sigma) and positioned on a 10-cm Petri dish coated with 3%
agarose.mCherry-labeledMDA-MB-231 cells were trypsinized
into single cell suspensions, resuspended inDMEM, kept on ice
before injection. The cell suspension was loaded into borosili-
cate glass capillary needles (1-mm outer diameter � 0.78-mm
inner diameter; Harvard Apparatus), and the injections were
performed using a Pneumatic Pico pump and a manipulator
(WPI) within cell trypsinization. Approximately 400 cells were
injected at the duct of Cuvier site in the yolk sac. The zebrafish
embryos were subsequentlymaintained at 33 °C for 6 days after
implantation. The number of embryos which displayed tumor
cell invasion and micrometastasis in the posterior tail fin area
were counted using fluorescent microscopy.
Microscopy and Analysis—Live zebrafish analysis and image

acquisition were performed using a Leica MZ16FA stereo
microscope. Fixed embryos were imaged in PBST with a Leica
SP5 STED confocal microscope. Confocal stacks were pro-
cessed for maximum intensity projections with Leica software
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or Adobe Photoshop CS4 software. Overlays were adjusted for
brightness and contrast using Adobe Photoshop CS4.
Statistical Analysis—Statistical analyses were performed

with a two-tailed unpaired t test. p � 0.05 was considered sta-
tistically significant.

RESULTS

Effect of FAF1 on WT and Mutant �-Catenin-induced
Transcription—Wepreviously identified FAF1 as a novel inhib-
itory factor ofWnt signaling by promoting �-catenin polyubiq-
uitination and degradation (31). To investigate the underlying
mechanism, we first examined the effects of FAF1 on
�-catenin-dependent transcriptional reporters when activated
by either wild-type or constitutively active �-catenin mutants
(�-catenin SA or�-cateninŒN). Thesemutants are resistant to
degradation by the adenomatous polyposis coli-Axin-GSK3�
destruction complex (5). Consistent with our previous observa-
tions (31), ectopic expression of human FAF1 in 293T cells dose
dependently inhibited the activation of the Wnt/�-catenin-
transcriptional reporter constructs TopFlash-luciferase (44)
and LEF-luciferase (45) when activated by wild-type �-catenin.
However, FAF1 failed to inhibit the transcriptional activation
initiated by constitutively active �-catenin SA or �-catenin ŒN
(Fig. 1, A and B). We next tested the effect of FAF1 knockdown
on wild type or mutant �-catenin-induced transcriptional
responses. As previously reported (31), shRNA-mediated FAF1
depletion potentiatedWnt reporter activity stimulated bywild-
type �-catenin. However, FAF1 knockdown showed no effect
on �-catenin SA-induced transcriptional responses. Because

constitutively active �-catenin is resistant to the (phosphoryla-
tion-dependent) degradation and FAF1 knockdown did not
interfere with �-catenin phosphorylation (31), these results
suggested that FAF1 acts upstream of phosphorylation-depen-
dent polyubiquitination of �-catenin.

�-TRCP Associates with FAF1 and Is Required for FAF1 in
Suppressing Wnt Signaling—We next analyzed the ability of
FAF1 to interact with canonicalWnt pathway components act-
ing upstream of �-catenin phosphorylation. For this, tagged
Wnt components were expressed in HEK293T cells, and FAF1
co-immunoprecipitation assays were performed. Immunoblot-
ting showed that the endogenous FAF1 efficiently associated
with the F-box containing�-catenin E3 ligase�-TrCP1, but not
with Wnt co-receptors (LRP6, Frizzeld5 (FZD5)), the scaffolds
Dishevelled1/2/3, or the �-catenin destruction complex
(Axin1/2, GSK3�) (Fig. 2A). To functionally examine the role of
�-TrCP in FAF1-mediated modulation of Wnt signaling, we
tested the effect of�-TrCP on FAF1-mediated repression of the
�-catenin-induced transcriptional response. Whereas ectopic
expression of �-TrCP was found to facilitate FAF1 in antago-
nizing �-catenin signaling, shRNA-mediated depletion of
endogenous �-TrCP abolished the inhibitory effect of FAF1
(Fig. 2, B and C). In summary, these results indicate that
�-TrCP binds FAF1 and is required for FAF1-induced repres-
sion of Wnt/�-catenin signaling.
FAF1 Interacts with Skp1-Cul1-F-box Protein (SCF)-�-TRCP

Complex—Because �-TrCP is an essential component of the
SCF-�-TrCP ubiquitin ligase complex, we testedwhether FAF1

FIGURE 1. A and B, luciferase activity analysis of Wnt reporter in HEK293T cells transfected with TopFlash (A) and LEF-Luc reporters (B) along with plasmids
indicated. 36 h after transfection, cells were harvested for luciferase activity analysis. C and D, luciferase activity analysis of Wnt reporter in HEK293T cells
transfected with TopFlash reporter (C) and LEF-Luc reporters (D) along with control shRNA or shRNA against FAF1 (shFAF1). 36 h after transfection, cells were
harvested for luciferase activity analysis. Each experiment was performed in triplicate, and the data represent mean � S.D. (error bars) of three independent
experiments after normalizing to �-gal activity.
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interacts with the complex. Indeed, ectopically expressed
FLAG-tagged FAF1 could be co-precipitated with endogenous
�-TrCP, CUL1, and SKP1 in HEK293T cells (Fig. 3A). Con-
versely, endogenous FAF1 was found to co-precipitate with
ectopically expressed FLAG-�-TrCP1/2, FLAG-CUL1, and
Myc-SKP1 in HeLa cells (Fig. 3, B and C). Importantly, in non-
transfected HEK293T cells, endogenous FAF1 co-immunopre-
cipitated with endogenous �-TrCP (Fig. 3D), suggesting that
the twoproteins interact at physiological conditions. To further
consolidate this interaction, we investigated the subcellular
localization of FAF1 and SCF complex components in HeLa
cells. When co-expressed, FAF1 partially co-localized with
SKIP, �-TrCP, and CUL1 (Fig. 3E). These data further support
that FAF1 binds to the SCF-�-TrCP complex.
FAF1 Can Form a Trimeric Complex with �-TRCP and

�-Catenin—FAF1 was previously demonstrated to bind to
�-catenin, the substrate of �-TrCP, upon inhibition of the pro-
teosome (31). Therefore, we asked whether FAF1-�-catenin

interaction requires FAF1-�-TrCP association. As both FAF1
and �-TrCP trigger �-catenin degradation, we performed also
these interaction studies in the presence of the proteasome
inhibitor MG132. As shown in Fig. 4A, in �-TrCP-depleted
cells FLAG-FAF1 could bind �-catenin as efficiently as in con-
trol cells. Moreover, dUBX, a UBX domain deletion mutant of
FAF1, was found not to interact with �-TrCP (Fig. 4B), but did
still associate with �-catenin (Fig. 4B). These data indicate that
the FAF1-�-catenin interaction is independent of FAF1-�-
TrCP association.
Because �-TrCP is an E3 ligase that targets �-catenin for

degradation (46, 47), we hypothesized that FAF1 might act as a
scaffold and facilitate �-TrCP-mediated �-catenin degradation
by forming a FAF1-�-TrCP-�-catenin ternary complex. To test
this possibility, we performed a two-step co-immunoprecipita-
tion assay in HEK293T cells transfected with FLAG-�-TrCP,
Myc-FAF1, and HA-�-catenin. In the first step, anti-FLAG
antibodywas used to pull down FLAG-�-TrCP, and FLAGpep-

FIGURE 2. FAF1 inhibiting canonical Wnt signaling requires �-TrCP. A, HEK293T cells were transfected with expression constructs for Wnt signaling
components GSK3�, FZD5, LRP6, �-TrCP, Dvl1/2/3, Axin1, and Axin2 as indicated. 48 h after transfection, cells were harvested for immunoprecipitated (IP) with
anti-HA or anti-FLAG followed by immunoblot (IB) analysis. B and C, HEK293T cells were transfected with TopFlash-Luc along with �-catenin, FAF1, and �-TrCP
(B) or sh�-TrCP (C) plasmids as indicated. 36 h after transfection, cells were harvested for luciferase activity analysis. sh�-TrCP, shRNA-mediated �-TrCP
knockdown. Each experiment was performed in triplicate, and the data represent mean � S.D. (error bars) of three independent experiments after normalizing
to �-gal activity.
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tide was used to elute the complex from the beads. Subse-
quently, the eluate was immunoprecipitated with anti-Myc or
control IgG, followed by Western blotting to detect HA-�-
catenin. As shown in Fig. 4C, HA-�-catenin was present in the
final Myc-FAF1 immunoprecipitation but not in the IgG con-
trol sample. This result indicates that �-TrCP, FAF1, and
�-catenin are part of a common ternary complex.

�-TrCP Is Required for FAF1-induced �-Catenin Ubiqui-
tination—Next we tested whether FAF1 requires �-TrCP to
induce �-catenin polyubiquitination. HEK293T cells were
transfected with His-ubiquitin, FAF1 wild type, or FAF1-dUBX
(which could not associatewith�-TrCP) in the absence or pres-

ence of Wnt3a. Nickel pulldown of His-ubiquitin-labeled pro-
tein showed that, although ectopic expression of full-length
FAF1 highly induced �-catenin polyubiquitination in the
absence of Wnt3a treatment, FAF1 dUBX deletion had little
effect (Fig. 5A). Consistently, FAF1 failed to induce �-catenin
polyubiquitination in �-TrCP-depleted cells (Fig. 5B). Taken
together, these results demonstrate that the E3 ligase�-TrCP is
required for FAF1-induced �-catenin ubiquitination.
FAF1 Facilitates Recognition of �-Catenin by �-TRCP—To

further verify the scaffolding function of FAF1 for �-catenin
and �-TrCP, we expressed ectopic FLAG-tagged �-TrCP and
checked its association with endogenous �-catenin in the

FIGURE 3. FAF1 interacts with SCF complex. A, HEK293T cells were transfected with control or FLAG-FAF1 plasmids as indicated. 48 h after transfection, cells
were harvested for immunoprecipitation (IP) with FLAG M2 beads followed by �-TrCP, CUL1, SKP1, and anti-FLAG immunoblot (IB) analysis. B, HEK293T cells
were transfected with FLAG-tagged �-TrCP1, �-TrCP2, or CUL1 as indicated. 48 h after transfection, cells were harvested for immunoprecipitation with FLAG M2
beads followed with anti-FAF1 and anti-FLAG IB analysis. C, HEK293T transfected with or without Myc-SKP1 were harvested for immunoprecipitation with Myc
antibody followed by FAF1 immunoblot analysis. D, HEK293T cells were harvested for immunoprecipitation with anti-�-TrCP antibody followed with anti-FAF1
IB analysis. E, HeLa cells were transfected with Myc or FLAG-tagged FAF1 and SKP1, �-TrCP as indicated. 36 after transfection, cells were harvested for
immunofluorescence analysis.
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absence or presence of FAF1 knockdown. In the absence of
MG132, we detected a weak association between �-TrCP and
�-catenin, and this interaction was increased upon short term

MG132 treatment. This is not unexpected as �-TrCP stimu-
lates �-catenin for degradation. Upon depletion of endogenous
FAF1, �-TRCP-associated �-catenin was partially decreased
(Fig. 6A). To further validate this result, we expressed FAF1
wild type or FAF1-dUBX together with �-TRCP and tested
their potential to affect �-TrCP interaction with �-catenin. As
shown in Fig. 6B, wild-type FAF1 but not FAF1-dUBX could
increase the association between �-TRCP and endogenous
�-catenin. Together, these results demonstrate that FAF1
enhances �-catenin degradation by �-TrCP by increasing
�-catenin recognition.
FAF1 Down-regulation May Correlate with Wnt/�-Catenin

Activation during EMT of Breast Cancer Cells—Activation of
Wnt/�-catenin signaling triggers many biological events,
including epithelial to mesenchymal transition (EMT) (18, 49).
Data mining from the oncomine data base (50) indicated that
FAF1 expression is significantly down-regulated in human
breast carcinoma comparedwith normal tissue (Fig. 7A).More-
over, we found FAF1 expression to be higher in epithelial-like
MCF7 than in mesenchymal-like MDA-MB-231 human breast
cancer cells (Fig. 7B). In these cells FAF1 expression inversely
correlated with the levels of cytoplasmic �-catenin, and posi-
tively and negatively correlated with the epithelial marker
E-cadherin and the mesenchymal marker vimentin (51),
respectively (Fig. 7B). This suggested that FAF1 might play a
negative role inWnt-induced EMT. To verify this, we depleted
endogenous FAF1 in control (MCF7-Mock) andWnt3a-trans-
fectedMCF7 (MCF7-Wnt) cells and examined activation of the
�-catenin-Axin2 signaling cascade. As shown in Fig. 7,C andD,
FAF1 depletion led to cytosolic �-catenin accumulation,
�-catenin-induced Axin2 expression, as well as increased
expression of vimentin. These results suggest that loss of FAF1
expression in breast cancer cells may lead to Wnt/�-catenin-
induced EMT.
Ectopic FAF1 Expression Reduces Breast Cancer Cell Migra-

tion in Vitro and Invasion/Metastasis in Vivo—Wnt/�-catenin
stimulates EMT, invasion, and metastasis of breast cancer cells
(52–54). Active Wnt/�-catenin signaling also correlates with
poor prognosis in breast cancer patients (55, 56). Importantly,
highly metastatic MDA-MB-231 cells showed reduced cytoso-
lic �-catenin level upon ectopic FAF1 expression, (Fig. 8A) as
well as mitigated migratory ability (Fig. 8B). We next examined
the effect of FAF1 in vivo using a zebrafish embryo xenograft
invasion-metastasis model (57). Control or ectopic FAF1-ex-
pressing MDA-MB-231 cells were injected into the ducts of
Cuvier 48 h postfertilization and analyzed over 6 days after
injection. 53% of embryos showed invasion and metastasis in
the case of control cells, whereas FAF1 expression significantly
reduced this amount to 37% (Fig. 8, C and D). Taken together,
these results indicate that FAF1 reduces soluble �-catenin and
inhibits breast cancer invasion and metastasis.

DISCUSSION

Although FAF1 was initially identified as a member of the
FAS death-inducing signaling complex (19), subsequent work
has revealed that FAF1 functions in diverse biological pro-
cesses. FAF1 has been shown to play an important role in nor-
mal development and neuronal cell survival, whereas FAF1

FIGURE 4. �-TrCP forms a trimeric complex with FAF1 and �-catenin.
A, HEK293T cells transfected with or without FLAG-FAF1 were infected with
or without lentivirus expressing �-TrCP shRNA as indicated. Cells were treated
with MG132 (5 �M) for 4 h and then harvested for immunoprecipitation (IP) with
FLAG M2 beads followed by immunoblot (IB) analysis. B, HEK293T cells were
transfected with Myc-tagged FAF1 full-length (fl) or truncation that lacks UBX
domain (dUBX) as indicated. Cells were treated with MG132 (5 �M) for 4 h and
then harvested for immunoprecipitation with anti-Myc antibody followed
with immunoblot analysis. C, two-step co-immunoprecipitation of the com-
plex containing �-TrCP, FAF1, and �-catenin is shown. The procedures of the
two-step co-immunoprecipitation are outlined in the box on the left, accord-
ing to Ref. 59. HEK293T cells were transfected with plasmids expressing FLAG-
�-TrCP, Myc-FAF1, and HA-�-catenin. Cells were treated with MG132 (5 �M)
for 16 h. The first immunoprecipitation was performed using anti-FLAG M2
beads. The complex was eluted with FLAG peptide followed by the second
step of co-immunoprecipitation with anti-Myc or control IgG. Protein sam-
ples from each step were analyzed by Western blotting separately with anti-
FLAG, anti-Myc, and anti-HA.

FIGURE 5. �-TrCP is required for FAF1-induced �-catenin ubiquitination.
A, HEK293T cells stably expressing His-Ub were transfected with Myc-tagged
FAF1 full-length (fl), truncation lacking UBX domain (dUBX), and Wnt3a as
indicated. Cells were treated with MG132 for 4 h and then harvested for nickel-
bead pulldown assay followed by immunoblot (IB) analysis. B, His-Ub-expressing
HEK293T cells were transfected with or without Myc-FAF1 and infected with sh�-
TrCP lentivirus as indicated. Cells were treated with MG132 for 4 h and then har-
vested for nickel-bead pulldown assay followed by immunoblot analysis.
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down-regulation may contribute to multiple aspects of tumor-
igenesis. In the field of molecular cellular signaling, FAF1 was
first demonstrated to inhibit NF-�B activation induced by
TNF-�, interleukin-1� (IL-1�), or lipopolysaccharide (LPS)
through multiple mechanisms (24, 25). Recent studies identi-
fied FAF1 as a suppressor of canonical Wnt signaling in osteo-
blast differentiation and bone formation although the detailed
mechanism remained unclear (31).
To uncover themechanismof action underlying the ability of

FAF1 to promote�-catenin degradation, we examinedmultiple
essential components of the Wnt signaling cascade for their
ability to interact with FAF1 and thereby identified�-TrCP as a
strong FAF1-binding factor. FAF1 was also found to interact
with SKP1 and CUL1, two other components of the �-catenin
ubiquitination apparatus. �-TrCP cooperated with FAF1 in
antagonizing Wnt signaling, and loss of endogenous �-TrCP
attenuated FAF1-induced�-catenin polyubiquitination.More-

over, we could show that FAF1 forms a ternary trimeric com-
plex with �-TrCP and �-catenin. Thus, FAF1 can function as a
scaffold and thereby facilitate �-catenin recognition by
�-TrCP. As a consequence, FAF1 depletion results in accumu-
lation of cytosolic �-catenin, and potentiation of Wnt-induced
EMT in human breast cancer cells. In mesenchymal-like highly
metastatic breast cancer cells, ectopic expression of FAF1 was
found to block the accumulation of soluble �-catenin and to
antagonize tumor cell invasion and metastasis in zebrafish in
vivo. It should be noted that E-cadherin, a strong binding part-
ner of �-catenin in the membrane, can restrict the level of sol-
uble �-catenin. However, we found ectopic FAF1 not to affect
E-cadherin expression or to bind E-cadherin.5 We do not
exclude the possibility that FAF1 may regulate other signaling

5 L. Zhang, F. Zhou, Y. Li, Y. Drabsch, J. Zhang, H. van Dam, and Peter ten Dijke,
unpublished results.

FIGURE 6. FAF1 facilitates the association between �-TrCP and �-catenin. A, HEK293T cells transfected with or without FLAG-�-TrCP were infected with
lentivirus expressing FAF1 shRNA as indicated. Cells were treated with MG132 (2.5 �M) for 1.5 h as indicated and harvested for immunoprecipitation (IP) with
FLAG M2 beads followed by immunoblot (IB) analysis. B, HEK293T cells were transfected with Myc-tagged FAF1 full-length (fl) or truncation that lacks UBX
domain (dUBX) as indicated. 48 h after transfection, cells were harvested for immunoblot analysis.

FIGURE 7. FAF1 down-regulation correlates with Wnt/�-catenin activation during EMT of breast cancer cells. A, comparison between normal breast
tissues and breast carcinomas tissues showed that FAF1 expression is down-regulated in breast carcinomas compared with normal tissues. B, immunoblots
show FAF1 expression in MCF7 and MDA-MB-231 cells. Note that FAF1 expression is negatively correlated with cytosolic �-catenin levels. C, quantitative-PCR
analysis was performed of Axin2 and FAF1 expression in control vector-transfected (MCF7-Mock) or Wnt3a-transfected (MCF7-Wnt3a) cells with a combination
of FAF1 depletion mediated by lentivirus infection. D, immunoblottings of cells from C were as indicated.
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pathways involved in breast cancer progression, in addition to
the Wnt/�-catenin pathway.

Our results suggest that down-regulation of FAF1 may con-
tribute to the aberrant activation of Wnt/�-catenin signaling
during breast cancer progression. In addition to breast cancer, a
decreased expression of FAF1 may also occur in many other
types of cancer (58), including human gastric carcinomas and
uterine cervix carcinomas (28). For instance, recurrent mono-
allelic and homozygous deletion of FAF1 has been reported in
mantle cell lymphoma (30). Furthermore, single nucleotide
polymorphism testing revealed that FAF1 may be associated
with a genetic locus implicated in susceptibility to Crohn dis-
ease, an inflammatory bowel disorder that conveys an increased
risk for colorectal cancer (60). Considering thatWnt/�-catenin

signaling is a tumor promoting pathway, it would be worth-
while to figure out whether FAF1 loss of expression leads to
aberrant Wnt/�-catenin activation in the cases mentioned
above.
Finally, Faf1 gene-targeted mice are embryonic lethal and

based on the pro-apoptotic function of FAF1, it was postulated
that it might act as a tumor suppressor in cancers of varying
origins (30, 48, 58, 60). Our studies on the inhibitory role of
FAF1 in canonical Wnt signaling in breast cancer cells
strengthen this notion.
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