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Chibby1 knockdown promotes mesenchymal-to-epithelial transition-like changes
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ABSTRACT
Chibby1 (Cby1) was originally isolated as a binding partner for b-catenin, a dual function protein in cell-cell
adhesion and in canonical Wnt signaling. The canonical Wnt/b-catenin pathway is dysregulated in various
diseases including cancer, most notably of the gastrointestinal origin. To investigate the role of Cby1 in
colorectal tumorigenesis, we generated stable Cby1-knockdown (KD) SW480 colon cancer cells.
Unexpectedly, we found that Cby1 KD induces mesenchymal-to-epithelial transition (MET)-like changes in
SW480 as well as in HEK293 cells. Cby1-KD cells displayed a cuboidal epithelial morphology with tight cell-
cell contacts. In Cby1-KD cells, the plasma membrane localization of E-cadherin and b-catenin was
dramatically increased with formation of cortical actin rings, while the levels of the mesenchymal marker
vimentin were decreased. Consistent with these changes, in wound healing assays, Cby1-KD cells
exhibited epithelial cell-like properties as they migrated collectively as epithelial sheets. Furthermore, the
anchorage-independent growth of Cby1-KD cells was reduced as determined by soft agar assays. These
findings suggest that chronic Cby1 KD in colon cancer cells may counteract tumor progression by
promoting the MET process.
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Introduction

The epithelial-to-mesenchymal transition (EMT) is a complex
biological process in which non-motile epithelial cells acquire
a mesenchymal phenotype with migratory and invasive prop-
erties.1-4 EMT plays critical roles in multiple biological and
pathological processes including embryogenesis, organ devel-
opment, wound healing, and fibrosis. Importantly, it plays a
key role in promoting cancer cell invasion and metastasis.
During EMT, epithelial cells lose cell-cell adhesion structures
and apical-basal polarity and rearrange their actin cytoskele-
tons. Tight and adherens junction proteins such as E-cadherin
and b-catenin are downregulated, whereas mesenchymal cell-
specific markers including vimentin are upregulated. Conse-
quently, epithelial cells lose their characteristics such as
cell-cell adhesion and apical-basal polarity and obtain mesen-
chymal properties including cell motility and invasiveness.
This allows them to invade surrounding normal tissues and
metastasize. EMT is a highly dynamic and reversible process,
and mesenchymal cells undergo mesenchymal-to-epithelial
transition (MET). Although relatively little is known about
MET, it has been shown to play important roles in develop-
ment and cancer progression in which it facilitates the forma-
tion of secondary tumors in distant organs.1,4

In cell-cell adhesion junctions, E-cadherin interacts with
b-catenin, which in turn binds to a-catenin, linking to the actin
cytoskeleton.5,6 b-Catenin also plays a pivotal role as a

transcriptional co-activator in the canonical Wnt signaling
pathway.7-9 In the absence of canonical Wnt signaling, b-cate-
nin is phosphorylated by casein kinase 1 (CK1) and glycogen
synthase kinase 3 (GSK3) in the so-called “destruction com-
plex,” containing the tumor suppressors Axin and adenoma-
tous polyposis coli (APC). This results in degradation of
b-catenin via the ubiquitin-proteasome pathway. Upon canoni-
cal Wnt signaling, the destruction complex becomes inacti-
vated. Consequently, b-catenin accumulates in the cytoplasm
and translocates into the nucleus where it binds to the T-cell
factor/lymphoid enhancer factor (Tcf/Lef) family of transcrip-
tion factors to stimulate downstream target genes.7-9 Constitu-
tive activation of Wnt/b-catenin signaling has been linked to a
variety of human malignancies including melanoma, breast,
colon, and hepatocellular carcinomas.7-10 Notably, more than
70% of colon cancers exhibit increased Wnt/b-catenin activity.
The direct target genes of b-catenin include oncogenes such as
c-myc and cyclin D1.7,10 The b-catenin-Tcf/Lef complex
directly regulates gene expression associated with EMT, partic-
ularly snail, which encodes a transcriptional repressor for E-
cadherin, thereby driving EMT.11,12

Chibby1 (Cby1) was originally isolated as a b-catenin
binding partner in a Ras recruitment screen in yeast.13 It is
a 15-kDa coiled-coil protein that is conserved throughout
evolution. We previously reported that Cby1 represses
canonical Wnt/b-catenin signaling via 2 distinct molecular
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mechanisms.14,15 Cby1 competes with Tcf/Lef factors for
binding to b-catenin. In the nucleus, Cby1 associates with
14–3–3 adaptor proteins to export b-catenin out of the
nucleus. 14–3–3 proteins specifically recognize serine 20
within the 14–3–3 binding motif of Cby1. A recent struc-
tural analysis of 14–3–3z and Cby1 supports the essential
role of Cby1 phosphorylation at serine 20 in 14–3–3 bind-
ing.16 We showed that Cby1 contains functional nuclear
localization signal (NLS) and nuclear export signal (NES)
motifs and constitutively shuttles between the nucleus and
cytoplasm.17 Direct interactions of 14–3–3 proteins with
Cby1 facilitate Cby1 binding to CRM1 export receptor,
while suppressing Cby1 binding to the nuclear import
receptor importin-1a. This results in re-distribution of
Cby1 and b-catenin into the cytoplasm, leading to repres-
sion of b-catenin target genes. Cby1 also plays a crucial
role during ciliogenesis, likely independent of b-catenin sig-
naling.18-22

Using human colon adenocarcinoma SW480 cells in which
APC is mutated, we reported that stable expression of wild-
type Cby1, but not a 14–3–3-binding-defective mutant
(Cby1S20A), results in cytoplasmic translocation of b-catenin,
concomitant with a reduction in b-catenin signaling and cell
growth.23 These results suggest a role for Cby1 as a tumor sup-
pressor in colon cancer. Consistent with this notion, Cby1 is
expressed at low levels in colon cancer cell lines mainly due to
promoter methylation.24 However, no major decrease in Cby1
expression levels was detected in colon cancer samples.24,25 It
has been reported that Cby1 expression is significantly downre-
gulated in chronic myeloid leukemia26 and pediatric
ependymomas.27

To gain insights into the function of Cby1 in colorectal
tumorigenesis, we created Cby1-knockdown (KD) SW480
clones stably expressing Cby1 small-hairpin (sh) RNAs.

Unexpectedly, we found that Cby1 KD induces MET-like
changes in SW480 as well as in HEK293 cells, accompanied
by increased plasma membrane localization of E-cadherin
and b-catenin, formation of cortical actin rings, and
decreased levels of vimentin. Consistent with these results,
in wound healing assays, Cby1-KD cells migrated as coher-
ent epithelial sheets. Additionally, the anchorage-indepen-
dent growth of Cby1-KD cells was reduced in soft agar
assays. These findings suggest that chronic Cby1 KD may
interfere with tumor progression by inducing MET and
underscore the complexity of b-catenin regulation by Cby1.

Results

Cby1 KD alters the morphology of SW480 and HEK293 cells

To investigate the biological functions of Cby1 during colorectal
tumorigenesis, we generated stable cell clones expressing Cby1
shRNA in SW480 human colon adenocarcinoma cells. SW480
cells harbor a truncated APC protein, leading to accumulation
of b-catenin in the nucleus and constitutive b-catenin signal-
ing.28,29 These cells express Cby1 protein in its wild-type form at
low levels.24,30 We transfected these cells with an expression
plasmid for Cby1 shRNA or control scrambled shRNA and
established 3 independent clones for each Cby1 and scrambled
shRNA after selection with puromycin. Western blotting
revealed that Cby1 protein was substantially depleted by Cby1
shRNA with a 45% reduction on average (Fig. 1B). Similar to
wild-type SW480 cells, control scrambled shRNA-expressing
cells showed a normal elongated or spindle-shaped morphology
(Fig. 1A). Cby1-KD SW480 cells appeared to grow as densely
packed clones with tight cell-cell contacts, reminiscent of an epi-
thelial phenotype. Similar results were obtained using a pool of
stable Cby1 shRNA-expressing SW480 cells (Figure S1).

Figure 1. Cby1 KD alters morphology of SW480 and HEK293 cells. A., C. SW480 (A) or HEK293 (C) cell clones stably expressing control scrambled shRNA or Cby1 shRNA
were seeded at the equal density (100 cells/well in 6-well plates), and 7 d later, phase-contrast micrographs were taken. B., D. (Left) Cell lysates were subjected to western
blotting with Cby1 and GAPDH (loading control) antibodies to examine the efficiency of Cby1 KD. (Right) The band intensity of Cby1 was quantified and normalized to
that of GAPDH. The results are expressed as mean § SEM from at least 3 independent experiments. The control scrambled shRNA is set as 100. � P < 0.05.
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To examine whether the effects of Cby1 KD is a cell type-
dependent phenomenon, we next depleted Cby1 in human
embryonic kidney (HEK) 293 cells, which express relatively
high levels of endogenous Cby1. Stable expression of Cby1
shRNA in HEK293 cells reduced Cby1 protein levels by 56%
(Fig. 1D). The abnormal growth pattern of the Cby1-KD cells
was immediately recognizable compared with the control
scrambled shRNA cells (Fig. 1C). When seeded at low density,
like wild-type HEK293 cells, control scrambled shRNA cells
grew as mostly single cells in an elongated spindle-shaped pat-
tern and spread across the entire surface of plates. In marked
contrast, Cby1 shRNA cells showed a cuboidal morphology
and grew as distinct clones with apparent cell-cell contacts,
resembling epithelial cells. The morphological change of
HEK293 cells was even more dramatic than that of SW480
cells. In monolayer cultures, no significant differences in
growth rate were noted between control and Cby1-KD cells. All
3 independent clones displayed a similar morphology. Similar
morphological changes were observed using a second Cby1
shRNA (data not shown).

Cby1 KD cells exhibit elevated levels of b-catenin and
E-cadherin at the plasma membrane

The establishment of intercellular contacts in epithelial cells is
primarily mediated by E-cadherin.31,32 The cytoplasmic
domain of E-cadherin binds b-catenin at adherens junctions,
which in turn interacts with a-catenin to link the complex to
the actin cytoskeleton. Since Cby1 was initially isolated as a
b-catenin-binding protein,13 we analyzed the expression of
b-catenin and E-cadherin in Cby1-KD cells. Strikingly, immu-
nofluorescence (IF) staining revealed a significant increase in
b-catenin levels at adherens junctions in Cby1-KD cells in com-
parison with control scrambled shRNA cells (Fig. 2A). E-cad-
herin levels were even more dramatically elevated at cell-cell
contacts in Cby1-KD cells (Fig. 2B). This dramatic increase in
E-cadherin levels was evident throughout the height of cells as
revealed by confocal microscopy along the z-axis (Figure S2).

Consistent with our IF staining data, western blotting dem-
onstrated a 5-fold increase in E-cadherin protein levels in
Cby1-KD HEK293 cells (Fig. 2C). To examine if E-cadherin
expression is upregulated at the mRNA level, we performed
real-time RT-qPCR. E-cadherin mRNA expression was moder-
ately increased by 2.4-fold in Cby1-KD HEK293 cells compared
with scrambled shRNA cells (Fig. 2D). Similar trends of
increased E-cadherin protein and mRNA levels were observed
in SW480 cells (data not shown). These data suggest that Cby1
KD results in accumulation of b-catenin and E-cadherin at
adherens junctions, leading to an epithelial-like morphology in
SW480 and HEK293 cells.

SW480 cells exhibit elevated levels of endogenous b-catenin
signaling due to truncated APC. To examine the effects of
Cby1 KD on b-catenin signaling activity, we performed b-cate-
nin-dependent luciferase reporter (TopFlash) assays.14,30 As
shown in Fig. 2E, there was a mild but statistically significant
reduction in TopFlash activity in Cby1-KD SW480 cells. This
suggests that chronic depletion of Cby1 sequesters b-catenin at
the plasma membrane, resulting in diminished b-catenin sig-
naling in SW480 cells.

Cby1 KD induces mesenchymal-to-epithelial transition-like
changes

Given the significantly elevated levels of E-cadherin in Cby1-
KD cells, we next examined whether epithelial and mesenchy-
mal markers are altered. Assembly of E-cadherin-mediated
adherens junctions is thought to initialize the establishment of
cell-cell contacts, triggering the subsequent formation of other
cell-cell junctions.31,32 We therefore investigated if tight junc-
tions are also affected in Cby1-KD cells by IF staining for ZO-1,
a widely used tight junction marker. As shown in Fig. 3A, ZO-1
staining at cell-cell junctions was significantly increased and
more discrete in Cby1-KD SW480 and HEK293 cells. In agree-
ment with this, ZO-1 protein levels were elevated by 6-fold in
HEK293 cells (Fig. 3B).

In addition to changes in cell-cell junctions, the epitheli-
alization is associated with changes in actin cytoskeletal
arrangements from stress fibers toward a cortical actin
ring.33,34 Consistent with this notion, Cby1-KD SW480 and
HEK293 cells showed formation of cortical actin rings
(Fig. 4A). We next examined the expression level of vimen-
tin, a marker for mesenchymal cells. Western blotting dem-
onstrated that vimentin was reduced by 50% compared with
control scrambled shRNA-expressing HEK293 cells
(Fig. 4B). These results support the notion that Cby1 KD

leads to MET-like changes.

Cby1 KD influences the migration patterns of SW480 cells
in wound healing assays

The MET-like changes in Cby1-KD cells prompted us to inves-
tigate the effects of Cby1-KD on cell migration. To this end,
Cby1-KD and control scrambled shRNA SW480 cells were
seeded at equal density (15£105 cells/well in 6-well plates) and
grown to confluence. A wound was introduced with a plastic
pipette tip. The ability of cells to migrate into the wound area
was evaluated at 24, 48, and 72 h. No clear differences in the
time course of wound closure were detected between Cby1-KD

and control scrambled shRNA cells (Fig. 5A). Wound healing
assays were also performed in serum-free culture conditions to
detect possible differences in cell migration. While overall cell
migration was slower in serum-free media, no obvious differ-
ence was noticeable between Cby1-KD and control SW480 cells
(data not shown).

During migration, as revealed by phalloidin staining,
control SW480 cells displayed a typical elongated spindle-
shaped morphology with lamellipodia at the leading edge
(Fig. 5B). Intriguingly, however, most of Cby1-KD cells
appeared cuboidal and migrated into the wound area as a
sheet rather than single cells. Cby1-KD SW480 cells main-
tained their epithelial actin cytoskeletal rings even 72 h after
application of the wound. Quantification of cells at the
wound edge revealed a dramatic reduction in the numbers
of spindle-shaped cells as well as single cells upon Cby1 KD

(Fig. 5C). These observations are consistent with the idea
that Cby1 KD results in an epithelial phenotype and suggest
that the tighter cell-cell adhesion of Cby1-KD cells interferes
with single cell, but not sheet, movement into the wound
area.
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Cby1 KD inhibits anchorage-independent growth

We next performed soft agar colony formation assays to
assess the effects of Cby1 KD on anchorage-independent
growth. As predicted from their epithelial characteristics,
Cby1-KD SW480 cells showed a 48% reduction in colony for-
mation in comparison with control shRNA cells (Fig. 6A).

Typically, the size of individual Cby1-KD colonies was
smaller. Consistent with the more dramatic phenotype of
Cby1-KD HEK293 cells, they exhibited a marked decrease in
colony formation by 97% (Fig. 6B). Taken together, these
results suggest that Cby1 KD inhibits anchorage-independent
growth by promoting MET-like changes in SW480 and
HEK293 cells.

Figure 2. Cby1 KD leads to profound plasma membrane localization of b-catenin and E-cadherin. A.-B. Localization of b-catenin (A) or E-cadherin (B) in control or Cby1-KD
SW480 or HEK293 cells as indicated. Nuclei were visualized with DAPI. Scale bars, 20 mm. C. (Left) Cell lysates from control or Cby1-KD HEK293 cells were subjected to
western blotting with E-cadherin and GAPDH antibodies. (Right) The band intensity of E-cadherin was quantified and normalized to that of GAPDH. The results are
expressed as mean § SEM from at least 3 independent experiments. The control scrambled shRNA is set as 1. � P < 0.05. D. E-cadherin mRNA levels were measured in
control or Cby1-KD HEK293 cells using RT-qPCR and normalized against GAPDH mRNA levels. The data are mean § SEM from triplicate measurements, and the control
scrambled shRNA is set as 1. � P < 0.05. E. TopFlash assays. Control or Cby1-KD SW480 cells were transfected with TopFlash or mutant FopFlash luciferase reporter. Lucifer-
ase activities were measured 48 h post-transfection, and normalized to Renilla luciferase used as an internal control. The normalized FopFlash baseline values were sub-
tracted from the normalized TopFlash values. All transfections were carried out in triplicates, and the results are expressed as mean § SEM from at least 3 independent
experiments. The control scrambled shRNA is set as 100. �� P < 0.001.
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Discussion

In this report, we demonstrated that Cby1 KD in SW480 and
HEK293 cells results in MET-like changes such as increased
levels of b-catenin and E-cadherin (Fig. 2) and ZO-1 (Fig. 3) at
the plasma membrane, and formation of cortical actin rings
and reduced vimentin levels (Fig. 4). Both SW480 and HEK293
Cby1-KD cells maintained coherent epithelial properties during
wound closure in wound healing assays (Fig. 5). Moreover,
Cby1-KD cells were unable to efficiently form colonies in an
anchorage-independent manner (Fig. 6). Thus, our findings
suggest that Cby1 KD induces epithelial features.

How does Cby1 affect cell-cell contacts and cell
morphology? Cby1 is known to physically interact with
b-catenin.13,14 We did not detect a physical interaction of
Cby1 with E-cadherin, nor a competition of Cby1 with E-
cadherin for b-catenin binding (Figure S3). Therefore, it is
possible that the morphological changes induced by Cby1
KD are exerted, at least in part, through its ability to inter-
act with b-catenin. One plausible scenario would be that
Cby1, likely together with 14–3–3 proteins, retains a pool
of b-catenin in the cytoplasm. In the absence of Cby1,
b-catenin is targeted to the plasma membrane or translo-
cates into the nucleus, depending on the cellular context. In
agreement with this, the most common mode of 14–3–3

functions is to sequester their interacting partners into the
cytoplasm.35,36

Cby1 localizes to the base of cilia and plays a crucial role in
ciliogenesis.18-22 More recently, we demonstrated that, during
differentiation of airway ciliated cells, Cby1 localizes to nascent
centrioles and interacts with Rabin8, a guanine nucleotide
exchange factor (GEF) for the small GTPase Rab8 to promote
Rab8 recruitment for efficient assembly of membranous struc-
tures, called ciliary vesicles, at the distal end of centrioles.18

Intriguingly, Rab8 has been shown to regulate cell shape, and
expression of dominant-negative Rab8 mutants or depletion of
Rab8 by small interfering (si) RNAs promotes an epithelial
cell-like morphology including tight cell-cell contacts and actin
stress fiber formation.37 Therefore, it is possible that Cby1 KD

suppresses Rab8 activity, leading to MET-like changes, inde-
pendent of or in parallel to its association with b-catenin.
Clearly, further study will be required to understand the mech-
anistic details of how loss of Cby1 leads to epithelial
phenotypes.

Cby1 was originally isolated as a b-catenin binding protein.
We demonstrated that, in the nucleus, Cby1 represses b-cate-
nin-mediated transcriptional activation downstream of canoni-
cal Wnt signaling. Acute Cby1 KD using morpholino
oligonucleotides in HEK293T cells stimulated TopFlash activ-
ity.13 It was therefore surprising to find that stable Cby1-KD

Figure 3. Cby1 KD results in a dramatic increase in ZO-1 protein levels at the plasma membrane. A. IF staining for the epithelial marker ZO-1 in control or Cby1-KD SW480
or HEK293 cells as indicated. Nuclei were visualized with DAPI. Scale bar, 20 mm. B. (Left) Cell lysates from control or Cby1-KD HEK293 cells were subjected to western blot-
ting with ZO-1 and b-actin (loading control) antibodies. (Right) The band intensity of ZO-1 was quantified and normalized to that of b-actin. The results are expressed as
mean § SEM from triplicate samples in a single representative experiment. The control scrambled shRNA is set as 1. � P < 0.05.
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SW480 cells exhibited diminished TopFlash activity (Fig. 2E).
One possibility is that the acute KD and chronic KD of Cby1
elicit differential effects on Wnt signaling, which suggests a
complex nature of b-catenin regulation by Cby1. Suppression

of b-catenin signaling in SW480 cells by Cby1 KD is most likely
attributable to the robust recruitment of E-cadherin and b-cate-
nin to the plasma membrane (Fig. 2). In support of this notion,
it was reported that E-cadherin expression alone is sufficient to
recruit b-catenin to the plasma membrane and reduce nuclear
b-catenin signaling in SW480 cells.38 We speculate that, in can-
cer cells, elevated expression of Cby1 inhibits their growth as a
Wnt/b-catenin antagonist, whereas reduction or loss of Cby1
suppresses metastasis.

In summary, our study revealed that Cby1 KD induces MET-
like changes in both SW480 and HEK293 cells with elevated
levels of E-cadherin and b-catenin at the plasma membrane.
Loss of E-cadherin function through genetic or epigenetic alter-
ations is considered to be a major driver for tumor progres-
sion.39,40 Conversely, overexpression of E-cadherin in cancer
cells impedes their growth and metastasis.38,39 Therefore, it is
conceivable that silencing of Cby1 levels may serve as a poten-
tial tool for cancer therapy.

Materials and methods

Cell culture, transfection, and plasmids

HEK293, SW480, and HEK293T cells were obtained from the
American Tissue Culture Collection (ATCC) and maintained
in DMEM with 10% FBS (Denville Scientific) with 100 U/ml
penicillin-streptomycin (Life Technologies) at 37�C with 5%
CO2. To generate stable Cby1-knockdown lines, cells were
transfected with a SureSilencing pGeneClip shRNA plasmid
with a puromycin resistance gene for a scrambled shRNA (neg-
ative control) or a Cby1 shRNA (GGCTGAAAGTGGA-
CATCTTAT) (SABiosciences). For transfection, Expressfect
(Denville Scientific) was used according to the manufacturer’s
instructions. Transfected cells were selected with 2.5 mg/ml
puromycin (Gemini Bioproducts). Puromycin-resistant single
or pooled colonies were isolated, tested for Cby1-knockdown
by western blotting, and maintained with 1.25 mg/ml puromy-
cin. At least 3 independent stable cell lines for the control or
Cby1 shRNA were characterized to ensure consistent and
reproducible results.

pCS2CCby1 and b-cateninS33Y-Flag were described previ-
ously.14 The HA-E-cadherin expression construct was

Figure 4. Cby1-KD cells exhibit epithelial characteristics. A. F-actin was visualized
by phalloidin in control or Cby1-KD SW480 or HEK293 cells as indicated. Scale bar,
20 mm. B. (Left) Cell lysates from control or Cby1-KD HEK293 cells were subjected
to western blotting with the mesenchymal marker vimentin and GAPDH antibod-
ies. The band intensity of vimentin was quantified and normalized to that of
GAPDH. The results are expressed as mean § SEM from at least 3 independent
experiments. The control scrambled shRNA is set as 100. � P < 0.05.

Figure 5. Cby1 KD causes changes in cell morphology during cell migration. A. Cell migration of control or Cby1-KD SW480 cells was analyzed using wound healing assays.
SW480 cells were grown to confluence, and a scratch was applied with a plastic pipette tip. Phase-contrast images were taken at 0 and 72 h after wounding. B. SW480
cells were seeded onto coverslips, fixed at 48 h after wounding, and stained with phalloidin and DAPI. Scale bar, 20 mm. C. Quantification of cell morphology at the
wound edge. SW480 cells were fixed and stained with phalloidin and DAPI at 48 h after wounding. The numbers of cuboid- and spindle-shaped cells as well as single cells
near the wound edge were counted. The results are expressed as mean § SEM, and the numbers of control cells are set as 100. � P < 0.05; �� P < 0.001.
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generated by PCR amplification of a full-length human E-cad-
herin cDNA, followed by subcloning into pCS2CHA.

TopFlash assays

SW480 cells were seeded onto 12-well plates and, 24 h later,
cells were transfected with 25 ng of TopFlash or mutant Fop-
Flash luciferase plasmid in triplicate. Luciferase activities were
measured 48 h post-transfection using the Dual-Luciferase
Reporter Assay System (Promega) with a luminometer (Bert-
hold Technologies) with MikroWin 2000 software (Mikrotek
Laborsysteme) as described previously.14,30 A Renilla luciferase
expression plasmid (pRL-TK) (25 ng/well) was cotransfected to
normalize transfection efficiency. The normalized FopFlash
baseline values were subtracted from the corresponding nor-
malized TopFlash values.

Co-immunoprecipitation and western blot analysis

For co-immunoprecipitation assays, transfected HEK293T cells
were harvested in ice-cold lysis buffer (20 mM Tris-HCl [pH
8.0], 135 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton
X-100, and 10% glycerol) with protease inhibitor cocktail

(Sigma) and incubated for 20 min on ice with intermittent agi-
tation. Cell lysates were cleared by centrifugation at 12,000 rpm
for 30 min at 4�C. The supernatants were then incubated with
1 mg of primary antibody as indicated for 1 h at 4�C, followed
by the addition of protein A/G beads (Sigma) and rotation for
1 h. The beads were collected and washed twice with 1 ml of
ice-cold lysis buffer before SDS-PAGE. For western blotting,
cells were lysed in RIPA or lysis buffer (20 mM Tris-HCl, pH
8.0, 135 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 1% Triton
X-100, 10% glycerol) with complete protease inhibitor cocktail
(Roche) and rotated at 4�C for 15 min. Cell lysates were then
cleared by centrifugation at 12,000 rpm for 10 min at 4�C. Pro-
tein concentrations were measured using the DC protein assay
(Bio-Rad). Western blotting was performed as described previ-
ously.14,17 The primary antibodies used were as follows: rabbit
anti-Cby113; mouse anti-GAPDH (Meridian Life Sciences);
mouse anti-E-cadherin (BD Transduction Laboratories); mouse
anti-ZO-1 (BD Transduction Laboratories); mouse anti-vimen-
tin (Neomarkers); mouse anti-Flag M2 (Sigma); mouse anti-
HA (Proteintech). All HRP-conjugated secondary antibodies
were purchased from Jackson ImmunoResearch Laboratories.
Relative band intensities on western blots were quantified using
ImageJ (NIH).

Figure 6. Cby1 KD suppresses anchorage-independent growth. A.-B. (Left) Representative images of colonies of control and Cby1-KD SW480 cells (A) or Cby1-KD HEK293
cells (B) in soft agar assays. (Right) The quantification of colony numbers. The results are expressed as mean § SEM, and the number of control cells was set as 100. � P <
0.05.
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RT-qPCR assays

For quantitative analysis of E-cadherin mRNA levels, total
RNA was isolated using the RNeasy Mini kit (Qiagen), and
cDNA was synthesized using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems), following the manufac-
turer’s instructions. qPCR analysis was performed using the
Fast SYBR Green Master Mix (Applied Biosystem) on the Ste-
pOne Plus Real-Time PCR System (Applied Biosystems).
Primer sequences used were from the public RTPrimerDB
database (http://www.rtprimerdb.org/index.php)41: E-cadherin
ID#1018 and GAPDH ID#813. All samples were analyzed in
triplicate, and the relative gene expression was calculated
according to the comparative threshold cycle (DDCt) method.

Immunofluorescence and phase-contrast microscopy

For immunofluorescence staining, cells were seeded on glass
coverslips and cultured for 48 to 72 h. Cells were then washed
with PBS and fixed with fresh 4% paraformaldehyde in PBS for
20 min at room temperature and permeabilized with 0.5% Tri-
ton X-100 in PBS for 5 min at room temperature or fixed with
ice-cold methanol/acetone (1:1, v/v) for 5 min at room temper-
ature. Cells were blocked with 1% BSA (Sigma) and probed
with primary antibodies as indicated. The primary antibodies
used were as follows: mouse anti-b-catenin and mouse anti-E-
cadherin (BD Transduction Laboratories); mouse anti-ZO-1
(BD Transduction Laboratories). Alexa Fluor 568-conjugated
phalloidin was obtained from Molecular Probes. Fluorophore-
conjugated secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories. Nuclei were stained with DAPI
(Sigma), and coverslips were mounted onto glass slides with
Fluoromount-G (Southern Biotech). Immunostained cells were
analyzed using a Zeiss LSM 510 META confocal laser scanning
microscope with LSM Image Browser software (Carl Zeiss). All
phase-contrast images were obtained using a Leica DMIL
inverted microscope with Leica DFC300 FX camera and Appli-
cation Suite software.

Wound healing assays

Cells were grown to confluence in 6-well plates in triplicate.
The cells were washed carefully with PBS, and a wound was
applied with a plastic pipette tip. The cells were washed with
PBS, imaged (t D 0 h), and then incubated in media to evaluate
cell migration. Phase-contrast images were captured every 24 h
to document the closure of the wounded area.

Soft agar assays

SW480 cells were suspended in growth medium containing
0.3% agarose at 1£104 cells/well and layered over 0.6% agarose
in growth media in 6-well plates in triplicate. For HEK293 cells,
104 and 5£104 cells/well were used. The agar was left at room
temperature for 45 min to solidify before incubation at 37�C
with 5% CO2, and growth medium was added 4 h later. Cells
were fed 3 times weekly. Four weeks after plating, colonies were
stained with 0.005% crystal violet (Sigma) in PBS for 1 h at
room temperature, thoroughly washed, and destained with PBS

for several hours. Colonies were photographed using a Fluo-
rChem 8900 Imaging System with aEase FC software. Colonies
were counted under a dissecting microscope. For wells contain-
ing more than 1,000 colonies, 5 fields marked on graph paper
were counted, and total colony numbers were calculated.

Statistical analysis

Statistical significance was determined by the Student’s t-test,
and a value of P < 0.05 was considered statistically significant.
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