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Abstract: Protocadherin-24 (PCDH24) is linked to the suppression of tumor growth and the inhibition of cell prolifera-
tion in the colon cancer cell line HCT116. We previously observed that β-catenin is localized to the plasma membrane 
when PCDH24 is expressed in these cells, but the molecular mechanisms by which PCDH24 induces the membrane local-
ization of β-catenin remain largely unknown. To clarify these mechanisms, we identified molecules that interact with ec-
topically expressed PCDH24 in HCT116 cells using a HaloTag® pull-down assay. We found that galectin-1 and galectin-3 
physically interact with PCDH24 and are retained at the plasma membrane in association with PCDH24 expression. A lu-
ciferase-based pull-down assay using HaloTag-fused galectins revealed that an intracellular region of PCDH24 (amino ac-
ids 1186–1280) is essential for this interaction. Furthermore, the over-expression of galectin-1 or -3, or the depletion of 
endogenous galectins by small interfering RNA modulates β-catenin translocation. We also revealed that the retention of 
galectin-1 and -3 at the plasma membrane results in the inactivation of PI3K activity. From these findings, we propose a 
model in which the galectin-anchoring activity of PCDH24 leads to the suppression of β-catenin signaling by the local-
ization of β-catenin at the plasma membrane in PCDH24-expressing HCT116 colon cancer cells. 
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INTRODUCTION 

 Protocadherin-24 (PCDH24, also known as CDHR2 and 
protocadherin LKC) was originally identified as a novel 
member of the human non-classical cadherin family. 
PCDH24 expression is markedly reduced in cancers derived 
from liver and colon tissues, while the over-expression of 
PCDH24 protein restores the contact inhibition of cell prolif-
eration in the colon cancer cell line HCT116, and suppresses 
the growth of these cells in a nude mouse model [1, 2]. We 
previously demonstrated that stably expressed PCDH24 pro-
teins accumulate at cell-to-cell adhesion sites and regulate 
the localization of β-catenin to the cell membrane in the 
HCT116 cell line. These previous results suggested that 
PCDH24 is important for the contact inhibition of epithelial 
cells, and that the absence of PCDH24 induces tumor 
growth; more specifically, PCDH24 acts as a tumor suppres-
sor protein, at least in the HCT116 cell line [1, 2]. Although 
we proposed a novel model for the suppression of β-catenin 
signaling by PCDH24, the molecular mechanism by which  
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PCDH24 induces the membrane localization of β-catenin 
has not yet been elucidated. 

 Galectin-1 and galectin-3 are members of the galectin 
family of carbohydrate-binding proteins that have a binding 
affinity to β-galactoside. The galectins have multiple bio-
logical functions, including effects on RNA processing, tran-
scription regulation, cell growth, cellular adhesion, immune 
response, apoptosis, and metastasis [3-8]. The galectins are 
widely expressed in humans, but the expression level varies 
according to the origin of the tissues—specifically, the ex-
pression and subcellular localization of galectins in normal 
tissues differs from those in tumor cells [5, 9, 10]. Recent 
studies have suggested that galectin-3 activates Wnt signal-
ing in a wide variety of cancer cells. Mutations in the genes 
involved in the Wnt signaling pathway are frequently ob-
served in human cancers [11-13]. Activation of the Wnt sig-
naling pathway leads to accumulation of nuclear β-catenin, 
resulting in activation of the transcription of specific target 
genes, including c-Myc and cyclin D1. Conversely, suppres-
sion of the Wnt signal results in degradation of β-catenin as 
a result of its phosphorylation by CK1 and glycogen syn-
thase kinase-3β (GSK-3β) and subsequent ubiquitination 
[12-14]. Recent studies reported that galectin-3 is an impor-
tant component in the Wnt signaling, since it binds directly 
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to the β-catenin and TCF4 complex and induces transcrip-
tion of the Wnt signaling target genes [15, 16]. These find-
ings indicated that there is a strong relationship between 
galectins and β-catenin. Moreover, Elad-Sfadia et al. found 
that galectin-3, when bound to activated K-Ras promotes 
strong activation of Raf-1 and phosphoinositide 3-kinase 
(PI3K), and Song et al. reported that galectin-3 augments 
Wnt signaling by regulating GSK-3β phosphorylation 
through the PI3K/AKT pathway and β-catenin nuclear ac-
cumulation in colon cancer cells [17, 18].  

 In this report, we identified galectin-1 and galectin-3 as 
PCDH24-interacting molecules by a pull-down experiment 
using HaloTag® technology, and also showed that the galec-
tin-anchoring activity of PCDH24 leads to inactivation of 
PI3K, resulting in suppression of the β-catenin signaling by 
localization of β-catenin at the plasma membrane. These 
results provide new insight into the tumor suppressor func-
tions of PCDH24 in the colon cancer cell line HCT116. 

MATERIALS AND METHODOLOGY 

Establishment of a Stable HCT116 Cell Line Expressing 
PCDH24-HaloTag 

 The open reading frame (ORF) sequence of PCDH24 
was cloned from the pCEP-PCDH24 plasmid [1] by PCR 
and ligated with the pT-REx-DEST30 vector (Life Tech-
nologies, Carlsbad, CA). Then, we amplified the fragment 
containing the PCDH24 ORF and CMV-TetO2 promoter 
sequence by PCR and ligated the fragment into the pFC14A 
vector (Promega, Madison, WI); the complete fragment that 
included the CMV-TetO2 promoter, PCDH24 full-length 
ORF and HaloTag sequence was amplified by PCR. Finally, 
the complete fragment was ligated into the pJTI™ Fast 
DEST vector (Life Technologies). The nucleotide sequences 
were confirmed by sequencing. To establish cell lines that 
express the tetracyclin repressor (TetR) protein and 
PCDH24-HaloTag protein, the pcDNA6/TR plasmid was 
initially transfected into HCT116 cells by the liposome-
mediated gene transfer method. The cells were switched, 48 
h later, to a selective medium containing 50 µg/mL blasti-
cidin. After 12 days of culture in the selective medium, inde-
pendent blasticidin-resistant clones were isolated and ex-
panded. The pJTI™ Fast DEST PCDH24-HaloTag plasmid 
was transfected into TetR-expressing HCT116 cells. Then, 
48 h later, the cells were cultured in a selective medium con-
taining 100 µg/mL hygromycin B. After 12 days of culture 
in the selective medium, independent hygromycin-resistant 
clones were isolated.  

Cell Culture 

 The human colon cancer cell line HCT116 and cells of 
the derivate lines HCT116-PCDH24-EGFP and HCT116-
PCDH24-HaloTag were cultured in Dulbecco's Modified 
Eagle's Medium supplemented with 10% Tet System Ap-
proved Fetal Bovine Serum (Takara Bio Inc., Shiga, Japan) 
and 100 U/mL penicillin and streptomycin (Life Technolo-
gies) in a CO2 (5%) incubator at 37°C. PCDH24-HaloTag 
cells were treated with 5 µg/mL blasticidin (InvivoGen, San 
Diego, CA) and 50 µg/mL hygromycin B (Life Technolo-
gies) to maintain the expression of TetR and the inducible 

PCDH24 ORF clone, respectively. HCT116-PCDH24-EGFP 
cells were maintained with 50 µg/mL G418 (Life Technolo-
gies). To induce the expression of PCDH24-HaloTag, 
HCT116-PCDH24-HaloTag cells were treated with 1 µg/mL 
of doxycycline (DOX) (MP Biomedicals, LLC, Solon, OH).  

Proliferation Assay  

 HCT116, PCDH24-HaloTag, and PCDH24-EGFP cells 
were cultured in their respective cell culture conditions and 
1.0 × 106 cells were seeded on 35-mm dishes (Thermo Fisher 
Scientific, Waltham, MA). The cells were harvested by tryp-
sinization and the number of cells was counted using a he-
mocytometer every 2 days for 12 days. For the wound-
healing assay, cell movement was monitored for 24 hours 
using a time-lapse application of Biozero BZ-8000 
(KEYENCE, Osaka, Japan). 

Fluorescent Immunostaining and Microscopic Observa-
tion 

 To observe endogenous proteins, fluorescent immu-
nostaining was applied. The cells were cultured in a 5% CO2 
incubator at 37°C. Cultured cells were fixed in 3.7% formal-
dehyde/phosphate buffer saline (PBS), permeabilized by 
0.1% Triton X-100/PBS, blocked by 1% casein/PBS block-
ing solution, and incubated with diluted primary antibodies 
in 1% casein/PBS. The cells were then incubated with the 
secondary antibodies, and mounted with Vectashield® 
Mounting Medium (Vector Laboratories Inc., Burlingame, 
CA). Anti-β-catenin monoclonal (BD Biosciences), anti-
galectin-1 monoclonal (M01) (Abnova), anti-β-catenin (H-
102) polyclonal (sc-7199) and anti-galectin-3 (H-160) poly-
clonal (sc-20157) (Santa Cruz Biotechnology, Santa Cruz, 
CA) were used as primary antibodies. Alexa Fluor® 546-
conjugated goat anti-mouse, Alexa Fluor® 555-conjugated 
goat anti-rabbit Alexa Fluor® 633-conjugated goat anti-
rabbit, and Alexa Fluor® 633-conjugated goat anti-mouse 
(Molecular Probes, Eugene, OR) were used as secondary 
antibodies. Axiovert S100 (Carl Zeiss, Jena, Germany) and 
Biozero BZ-8000 microscopes were used for phase-contrast 
and fluorescence images. Confocal microscopic analysis 
using an LSM510 microscope (Carl Zeiss) was performed 
according to a previous report [1]. To visualize the PCDH24-
HaloTag protein, HaloTag was labeled with HaloTag®

 TMR 
ligand, R110Direct™ ligand or coumarin ligand according to 
the manufacturer’s instructions (Promega; “No-Wash” pro-
tocol).  

Pull-down assay Followed by Mass Spectrometry Analy-
sis 

 We performed a pull-down assay using HaloLinkTM resin 
(Promega). Whole cell lysate including HaloTag-fusion pro-
teins from 4.0 × 107 cells was extracted with 8 mL lysis 
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton 
X-100 and 0.1% sodium deoxycholate). The cell extracts 
were mixed with 250 L of HaloLinkTM resin (pre-
equilibrated, 25% slurry) overnight at 4°C. After washing the 
resin five times with PBS, the endogenous proteins bound to 
the HaloTag-fusion proteins were recovered in 100 µL of 
sodium dodecyl sulfate (SDS) elution buffer (50 mM Tris-
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HCl, pH 7.5, 1% SDS). The eluates were concentrated using 
a Microcon centrifugal filter device YM-10 (Millipore Corp., 
Billerica, MA). The concentrated samples were resolved by 
5–20% SDS-polyacrylamide gel electrophoresis (PAGE) and 
then subjected to imidazole-zinc reverse staining. Several 
bands were digested with 10 µg/mL trypsin (Promega). After 
dilution with 1% trifluoroacetic acid, the resulting peptide 
mixture was subjected to liquid chromatography (LC)-mass 
spectrometry (MS)/MS analysis as previously described [19]. 
The resulting MS/MS data were analyzed using the Mascot 
search engine (Matrix Science, London, UK).  

Luciferase-based Pull-down Assay 

 We seeded 2.0 × 106 HCT116 cells on a tissue culture 
plastic plate (diameter, 100 mm) at 24 h before transfection. 
Expression clones for luciferase-fused full-length PCDH24 
and the C-terminal deletion mutants were co-transfected with 
the HaloTag or HaloTag-fused galectin expression clones 
using FuGENE HD (Roche Diagnostics, Mannheim, Ger-
many). At 48 h after the transfection, the cells were lysed 
with CelLyticTM M (Sigma, St. Louis, MO) and an aliquot of 
the lysate was used for a pull-down assay using HaloLinkTM 
resin. The lysate was incubated with HaloLinkTM resin for 30 
min at room temperature. Luciferase-fusion proteins bound 
to the HaloTag-fusion proteins were recovered by washing 
five times with 0.1% Tween-20/PBS and used in the lucifer-
ase assay. As an input control, an aliquot of the whole cell 
lysate was also used in the assay. The luciferase assay was 
performed using a Dual-Glo™ Luciferase Assay System 
(Promega) and a GloMAX™ 96 Microplate Luminometer 
(Promega) according to the manufacturer’s instructions.  

Western Blotting 

 Western blotting was performed as described previously 
[20]. Rabbit anti-PC-LKC (PCDH24) (209-318) polyclonal 
(Abnova, Taipei, Taiwan), anti-alpha-tubulin (DM1A; Cal-
biochem, Darmstadt, Germany), anti-β-catenin monoclonal, 
anti-galectin-1 monoclonal (M01) (Abnova), anti-galectin-3 
(H-160) polyclonal (sc-20157), anti-Akt (40D4) (Cell Sig-
naling Technology, Danvers, MA) and anti-phospho Akt 
(Ser473) (D9E) (Cell Signaling Technology) were used for 
the primary antibodies. After incubation with the primary 
antibody, membranes were incubated with the appropriate 
horseradish peroxidase-conjugated secondary antibodies and 
visualized using a chemiluminescence (ECL plus) detection 
system (GE Healthcare, Buckinghamshire, UK) with a Lu-
minescent Image Analyzer LAS-3000 or LAS-4000 (Fuji-
film, Tokyo, Japan). Whole cell lysate was extracted using 
CelLyticTM M unless otherwise indicated. For enrichment of 
integral membrane proteins from cultured mammalian cells, 
a Mem-PER® Eukaryotic Membrane Protein Extraction Re-
agent Kit (Thermo Fisher Scientific) was used. 

PI3K Activity Assay 

 The PI3K activity assay was performed using a PI3K 
Assay Kit (BPS Bioscience, San Diego, CA) according to the 
manufacturer’s instruction. Whole cell lysate extracted using 
CelLyticTM M was used. Fluorescent signals were measured 

at 540 nm excitation and 580 nm emission using a Spectra-
Max M2 (Molecular Devices, LLC, Sunnyvale, CA). Cel-
LyticTM M buffer was used as a mock sample.  

siRNA Experiment 

 HCT116 cells were seeded at 24 h before small interfer-
ing RNA (siRNA) transfection. Synthetic galectin-1 or -3 
siRNA (Japan Bio Services Co., LTD., Saitama, JAPAN) 
was transfected using the Lipofectamine™ 2000 transfection 
reagent (Life Technologies) according to the manufacturer’s 
instructions. Anti-β-catenin, anti-galectin-1 and anti-
galectin-3 antibodies were used for fluorescent immunostain-
ing analysis at 48 h post-transfection. The suppression levels 
of the galectins by the respective siRNAs were analyzed 
using Western blot analysis with anti-galectin-1 and anti-
galectin-3 antibodies. The amount of β-catenin localized to 
the cell membrane was also analyzed with anti-β-catenin 
monoclonal antibody.  

RESULTS 

Characterization of HCT116 Cells Expressing PCDH24-
HaloTag 

 We previously showed that the constitutive expression of 
C-terminal EGFP-fused PCDH24 decreases the saturation 
density of monolayer cell cultures and suppresses the piling 
up of HCT116 colon cancer cells [1]. To identify the mole-
cules related to this alteration of cell behavior, we estab-
lished an HCT116 colon cancer cell line with DOX-
inducible C-terminal HaloTag-fused PCDH24 (PCDH24-
HaloTag). This stable transformant allowed us not only to 
monitor the translocation of target proteins in the absence or 
presence of PCDH24 in a cell line but also to efficiently pull-
down PCDH24-interacting proteins using HaloTag® technol-
ogy. First, we obtained a stable transformant of HCT116 that 
expresses the TetR protein, a transcriptional repressor for the 
tetracycline repressor/operator system. Then, we obtained 
TetR-expressing HCT116 stable transformants containing 
CMV/TetO2-driven PCDH24-HaloTag-expression plasmids 
(Fig. 1a). In fact, high levels of PCDH24-HaloTag expres-
sion were observed when the cells were exposed to DOX at a 
final concentration of 1 g/mL for 48 h. The result of West-
ern blot analysis showed that HCT116 and PCDH24-
HaloTag cells cultured without DOX did not express 
PCDH24, but only PCDH24-HaloTag cells maintained with 
DOX expressed PCDH24 (Fig. 1b). PCDH24-HaloTag was 
specifically visualized in the cell lysate on an SDS-PAGE 
gel by HaloTag® TMR ligand-labeling using a fluoroimager 
at high resolution as well as by HaloTag® R110Direct lig-
and-labeling in living cells with a fluorescent microscope 
(Fig. 1b and 1c, respectively). The saturation density of 
HCT116 cells expressing PCDH24-HaloTag fusion proteins 
was reduced compared with that of the HCT116 cells with-
out DOX in their culture medium, even though no significant 
differences in the growth rates were observed during the 
exponential phase (Fig. 1d). To elucidate whether the change 
in cellar phenotype leads to altered cell motility as observed 
in HCT116 cells expressing PCDH24-EGFP, we performed 
a migration assay following wound injury. As expected, we 
observed that PCDH24-HaloTag-expressing cells also mi-
grated at a faster rate and closed the wound in a shorter time 
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Fig. (1). PCDH24 induces morphological changes and affects cell saturation density in HCT116 cells 

(a) Schematic representation of the PCDH24-HaloTag expression clone. The expression of PCDH24-HaloTag is regulated by the CMV-
TetO2 promoter, which is induced by DOX through the tetracycline repressor-operator system. A red asterisks indicates a transmembrane 
region of the PCDH24. (b) Inducible expression of PCDH24-HaloTag in the HCT116 PCDH24-HaloTag stable cell line. Lysates from 
HCT116 PCDH24-HaloTag cells with or without DOX (1 µg/mL; hereafter DOX induction is under identical conditions) were separated on 
SDS-PAGE and the expression patterns of PCDH24 were analyzed by Western blot using an anti-PCDH24 polyclonal antibody. As a con-
trol, α-tubulin was detected with an anti-α-tubulin antibody. PCDH24-HaloTag in the cell lysate was labeled with TMR HaloTag® ligand 
and detected by a FluoroImager FLA-3000 (Fujifilm). (c) Typical images of the subcellular localization of PCDH24-HaloTag. HCT116 
PCDH24-HaloTag cells were cultured with or without DOX. The cells were observed by phase contrast and fluorescent staining with the 
HaloTag® R110Direct™ ligand using an Axiovert S100 microscopy system. The scale bar indicates 100 µm. (d) Saturation density of 
HCT116 and HCT116-PCDH24 stable cell lines. 1.0 × 106 HCT116 cells, HCT116-PCDH24-EGFP cells, or HCT116-PCDH24-HaloTag 
cells with or without DOX were cultured in 35 mm dishes. Triplicate dishes were counted at the indicated time point of the growth curves, 
and each number represents the average value. (e) Effect of PCDH24 on cell motility. Photographs were taken 0, 8, 16 and 24 h following 
wound injury using a Biozero microscopy time-lapse system. 

than the DOX-untreated cells (Fig. 1e). These data indicated 
that the behavior of PCDH24-HaloTag-expressing HCT116 
cells is similar to that of HCT116 cells expressing EGFP-
fused PCDH24. 

Identification of Proteins Interacting with PCDH24 

 To identify endogenous molecules that interact with 
PCDH24, we performed a pull-down assay using HaloTag® 
technology. PCDH24-HaloTag-expressing HCT116 cells 
(DOX+), PCDH24-HaloTag-non-expressing HCT116 cells 
(DOX-), and HCT116 cells transiently expressing HaloTag 
as a control were used for the assay and the protein co-
precipitates were separated by SDS-PAGE. Some discrete 
bands were commonly observed in all lanes, suggesting these 

bands were probably the result of non-specific interaction. 
Several specific bands were observed in the DOX+ sample 
lane on the gel images and subjected to LC-MS/MS analysis 
(Fig. 2a). As shown in Supplementary Table 1, some pro-
teins were specifically enriched in the PCDH24 precipitate. 
Two major bands at ~220 kDa were derived from PCDH24, 
and the smaller band might be a degradation product of 
PCDH24. As major precipitates, we detected galectin-1 and -
3 (Fig. 2a, No. 27 and No. 25, respectively), which are well 

o

 

kn wn as β-galactose-binding lectin proteins. 

 Western blot analysis revealed that there was no signifi-
cant difference in the protein levels of galectin-1 or -3 be-
tween the parental cells and PCDH24-expressing cells 
(Fig. 2b). On the other hand, HaloTag® pull-down assay fol-
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lowed by Western blot analysis using anti-galectin antibodies 
showed that galectin-1 and -3 were specifically enriched in 
the DOX+ lane, suggesting a physiological interaction be-
tween PCDH24 and galectin-1 and -3 (Fig. 2b). We previ-
ously demonstrated that PCDH24 regulates the localization 
of β-catenin in the plasma membrane and we could not rule 
out the possibility that PCDH24 directly interacts with β-
catenin; however, we did not detect an interaction between 
PCDH24 and β-catenin using the HaloTag® pull-down sys-
tem (Fig. 2b). To delineate the interaction domains of 
PCDH24 with galectins, luciferase-fused PCDH24 and two 
intracellular domain deletion mutants were constructed. Af-
ter co-transfection of HaloTag-fused galectins and lucifer-
ase-fused PCDH24 derivatives into HCT116 cells, lucifer-
ase-based pull-down assays were performed (Fig. 2c). Al-
though luciferase activity was observed in the whole cell 

lysates of PCDH24-luc2 derivatives, activity for the co-
purified proteins was only detected for PCDH24-luc2 and 
PCDH24d1280-luc2 (amino acids 1281–1310 aa), while 
interactions between PCDH24 and galectines were not ob-
served when most of the intracellular domain of PCDH24 
was deleted (PCDH24d1280-luc2, amino acids 1187–1310 
aa), indicating that a part of PCDH24 (i.e., amino acids 
1186–1280) is essential for the interactions. 

-localizes with Galectin-1 and -3 in the Cell PCDH24 Co
Membrane 

 From the results of the pull-down assay followed by 
Western blot analysis or by luciferase assay, we hypothe-
sized that galectin-1 and -3 are anchored to the intracellular 
domain of PCDH24, resulting in the modulation of their ac-

 

Fig. (2). Pull-down analysis for PCDH24-interacting proteins 

(a) SDS-PAGE of pull-down samples by HaloLink™ Resin from HCT116-PCDH24-HaloTag cells cultured with or without DOX and 
HCT116 cells ectopically expressing HaloTag. The samples were concentrated, then resolved by 5–20% SDS-PAGE and subjected to imida-
zole-zinc reverse staining. The excised bands subjected to LC-MS/MS analysis are highlighted by black arrowheads. The numerals of the 
proteins analyzed in this study are indicated with asterisks (i.e., #11 and #12: PCDH24; #25: galectin-3; #27: galectin-1). The proteins identi-
fied by the pull-down assay and MS analysis are shown in Supplemental Table 1. (b) Western blot analysis of the pull-down samples. West-
ern blot experiments were performed for whole cell lysate (WCL) and pull-down assay samples using anti-galectin-1, anti-galectin-3 and 
anti-β-catenin antibodies. (c) Delineation of the galectin-interaction domain in the intracellular region of PCDH24. Schematic representa-
tion of the luciferase-based pull-down assay is shown. Expression clones for luciferase-fused full-length PCDH24 (PCDH24-luc2, amino 
acids 1–1310 residues) and the C-terminal deletion mutants (PCDH24d1280-luc2, amino acids 1–1280; PCDH24d1186-luc2, amino acids 1–
1186) were co-transfected with HaloTag, HaloTag-fused galectin-1 or HaloTag-fused galectine-3 expression clones into HCT116 cells. The 
amounts of luciferase-fusion proteins in whole cell lysates (WCL) and the pull-down samples were measured as the luciferase activity with 
the Dual-Glo™ substrate using a GloMAX™ luminometer (upper panel). Results of the experiments are indicated as an arbitrary unit of the 
luciferase activities. Transfection of the HaloTag-containing clone without the PCDH24 clones (none) was performed as a negative control 
(lower panel). 
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tivity. To test this hypothesis, we determined the subcellular 
localization of galectin-1 and -3 in a fluorescent immu-
nostaining assay. We observed that both galectin-1 and -3 
are localized to the cytoplasm and nucleus in PCDH24-
HaloTag (DOX-) cells (Fig. 3a). In contrast, both are local-
ized to the cell membrane in PCDH24-HaloTag (DOX+) 
cells. These data support the hypothesis that galectin-1 and -
3 interact with the PCDH24 protein at the cell membrane. 

f Galectin-1 and -3 on the Localization of β-

l membrane increased despite 
the reduction of the galectins.  

Effects o
catenin  

 A previous study indicated that the expression of 
PCDH24 induces the localization of β-catenin at the cell 
membrane. We examined whether or not the localization of 
galectin-1 and galectin-3 is associated with the localization 
of β-catenin by fluorescent immunostaining. If the galectins 
physiologically interact with β-catenin, the over-expression 
of galectins would affect the localization of β-catenin, re-
sulting in the disruption of the cell-membrane localization of 
β-catenin. We transfected N-terminal HaloTag-fused galec-
tin-1 and -3 expression clones into HCT116 cells expressing 
PCDH24-HaloTag. The over-expression of the galectins 
disrupted the membrane-localization of β-catenin even 
though PCDH24 was ectopically expressed (Fig. 3b). To 
clarify whether membrane-localization of the galectins with 
PCDH24 directly localizes β-catenin to the cell membrane, 
the effects of galectin-1 and -3 on the localization of β-
catenin were analyzed in the presence of siRNA for galectin-

1 and -3. Fluorescent immunostaining and Western blot 
analyses revealed that the amount of endogenous galectin-1 
and -3 proteins in cells was specifically reduced in the pres-
ence of their respective siRNA (Fig. 3c and 3d, respec-
tively). Interestingly, β-catenin accumulated at cell-to-cell 
adhesion sites in association with the reduction of the 
galectins. An increase in the amount of β-catenin at the cell 
membrane was shown by Western blot analysis of the mem-
brane fraction of the cells in the presence and absence of 
siRNA for galectins. These results indicate that the amount 
of galectin-1 and -3 in the cytoplasm affects the nuclear lo-
calization of β-catenin and the presence of both galectins is 
necessary for the enhancement of β-catenin localization to 
the cell membrane. Moreover, β-catenin seems not to di-
rectly bind to the galectins at the cell membrane, because the 
amount of β-catenin at the cel

Downstream Signaling of Galectin-1 and -3 

 One of the critical questions that arose is how galectin-1 
and -3 affect the subcellular localization of β-catenin. Sev-
eral reports have demonstrated that they regulate PI3K activ-
ity. We thought that inhibition of PI3K activity could lead to 
the localization of β-catenin at the cell membrane, because 
a recent study demonstrated that increasing PI3K activity 
disrupts the cell membrane localization of β-catenin [21]. 
We hypothesized that PI3K activity is inhibited by the trans-
location of galectin-1 and -3 to the cell membrane. To verify 

  

Fig. (3). Effects of galectin-1 and -3 expression on the subcellular localization of β-catenin 

(a) Subcellular localization of endogenous galectin-1 and -3 in HCT116 PCDH24-HaloTag cells. HCT116 PCDH24-HaloTag cells were 
cultured with or without DOX for 36 h before formalin fixation. For immunofluorescent analysis, galectins were labeled using specific anti-
bodies against galectin-1 or -3 (red). PCDH24-HaloTag was labeled with the HaloTag® TMR ligand (green). The scale bar represents 20 µm. 
(b) Translocation of β-catenin to the nucleus in PCDH24-HaloTag-expressing HCT116 cells (DOX+) caused by the over-expression of the 
galectins. Immunofluorescent analysis of β-catenin in the cells in the presence or absence of ectopically-expressed HaloTag-fused galectins 
was performed using an antibody against β-catenin (blue). PCDH24-HaloTag was fluorescently-labeled using HaloTag®

 R110Direct™ 
ligand prior to the transfection of HaloTag-fused galectins expression clones. HaloTag-fused galectins were fluorescently-double stained 
using HaloTag®

 R110Direct™ ligand and coumarin ligand. The HaloTag-fused galectin expression clones used here were obtained from the 
Kazusa Collection of Flexi HaloTag Clones [26]. The cells were fixed at 24 h after the transfection of HaloTag-galectin-1 or HaloTag-
galectin-3 expression clones. The scale bar represents 200 µm. (c) Effects of siRNA against the galectins on the subcellular localization of 
β-catenin. The subcellular localization of the galectins and β-catenin in HCT116 cells was observed in the presence or absence of the ga-
lectin siRNAs. Endogenous galectins and β-catenin were labeled with specific antibodies. The scale bar represents 20 µm. (d) Reduction of 
endogenous galectins and increase in membrane-localized β-catenin by siRNA against galectins. Western blot experiments were performed 
for whole cell lysate using anti-β-catenin, anti-galectin-1 and -3 and for the membrane fraction using an anti-β-catenin antibody. 
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this hypothesis, we analyzed PI3K activity by using the PI3K 
Kinase Assay Kit with fluorescently labeled phosphatidy-
linositol as a substrate. We observed that PI3K activity was 
decreased in PCDH24-HaloTag (DOX+) cells, but not in 
PCDH24-HaloTag (DOX-) cells (Fig. 4a). These data indi-
cate that PCDH24 expression suppresses PI3K activity. Then 
we performed the PI3K activity assay in the presence of an 
excess amount of ectopically expressed galectin-1 or -3. 
PI3K activity was not suppressed regardless of PCDH24 
expression when either galectin was over-expressed, indicat-
ing that the over-expression of galectin-1 or -3 disrupts the 
suppression of PI3K kinase activity by PCDH24. To confirm 
this, we also monitored AKT/PKB activity, which is induced 
by phosphorylation, downstream of PI3K signaling modified 
by the PCDH24 and/or the galectins by Western blot analysis 
using the antibodies against Akt and phosphorylated Akt. In 
the same way as PI3K activity, we observed a certain level 
of phosphorylated Akt in PCDH24-HaloTag (DOX-) cells, 

but not in PCDH24-HaloTag (DOX+) cells and over-
expression of galectin-1 or -3 overcomes the decrease of 
phosphorylated AKT/PKB by PCDH24. Conversely, this 
phenomenon was not observed in HCT116 cells which ex-
presses no PCDH24. As a control, we showed that the phos-
phorylation of AKT/PKB was prevented by the PI3K-
specific inhibitor LY294002 in HCT116 cells (Fig. 4b). Re-
cent study indicated that β-catenin localization was regu-
lated through PI3K/AKT pathway. We also demonstrated 
that β-catenin was localized to the cell membrane in the 
presence of LY294002 in a fluorescent staining assay 
(Fig. 4c), indicatin

 
g that the PI3K activity affects localiza-

tion ofβ-catenin. 

DISCUSSION 

 Contact inhibition suppresses cell proliferation via cell-
to-cell contact and is an essential phenomenon to maintain 

 

Fig. (4). Expression of PCDH24 inhibits PI3K activity in HCT116-PCDH24-HaloTag cells and the over-expression of galectin-1 and -
3 prevents this inhibition 

(a) PI3K activity was assessed using quenched fluorescence signals. Whole cell lysate was extracted and the fluorescence signal was meas-
ured. As a control, the PI3K inhibitor LY294002 was used. HCT116-PCDH24-HaloTag cells were exposed to LY294002 (100 M) for 48 h 
before the assay. HCT116-PCDH24-HaloTag cells were cultured with or without DOX. Galectin1 and galectin3 indicate cells that were tran-
siently transfected with the HaloTag-fused galectin-1 or galectin-3 expression clone, respectively. %Activity was calculated from the signal 
intensity of DOX- cells, which was divided by the signal intensity observed for each indicated condition. Triplicate wells were assayed and 
the data represent the mean ± SD. (b) AKT/PKB activity downstream of PI3K signaling modified by the PCDH24 and/or the galectins. 
HCT116-PCDH24-HaloTag and HCT116 cells were cultured with or without DOX, transiently-expressed HaloTag-fused galectin-1 and 
galectin3. Western blot analysis of AKT/PKB in the cells was performed using antibodies against total AKT or phosphorylated AKT. Halo-
Tag-fusion proteins were fluorescently-labeled using TMR HaloTag® ligand and detected by a FluoroImager FLA-3000 (Fujifilm). As a 
control, the PI3K inhibitor LY294002 was used. HCT116 cells were exposed to LY294002 (10 M and 20 M) for 24 h before the assay. (c) 
Subcellular localization of β-catenin in HCT116 cells treated with LY294002. Immunofluorescent images were obtained using an anti β-
catenin antibody. (d) Proposed model for the mechanism by which PCDH24 regulates PI3K activation via galectin-1 and galectin-3 in colon 
cancer cells. In parental HCT116 cells (left), galectin-1 and -3 activate PI3K. The activation of PI3K by galectins activates AKT/PKB and 
also leads to the nuclear localization of β-catenin. Conversely, in HCT116 cells expressing PCDH24 (right), galectin-1 and -3 are trapped 
by PCDH24 at the cell membrane, and thus PI3K and AKT/PKB are not activated by the galectins. Subsequently, β-catenin is localized to 
the cell membrane and is prevented from activating the transcription of its target genes in the nucleus. 
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normal tissue, and the disruption of this system induces tu-
morigenesis. The purpose of this study was to identify mole-
cules that interact with PCDH24 and to examine their role in 
PCDH24 signaling, because the over-expression of PCDH24 
leads to the suppression of tumor growth and the inhibition 
of cell proliferation in HCT116 colon cancer cells. We pre-
viously found that PCDH24 modulates β-catenin signaling 
by the translocation of β-catenin to the cell membrane, but a 
direct interaction between PCDH24 and β-catenin has not 
been proved. Moreover, we could not identify molecular 
candidates that act as intermediates between PCDH24 and 
β-catenin with a conventional pull-down assay using a spe-
cific antibody [2]. E-cadherin, which forms an adhesion 
complex with -catenin [22-24], does not appear to interact 
with β-catenin, because the expression of E-cadherin is 
suppressed in PCDH24-expressing HCT116 cells [2]. In this 
study, we applied a novel pull-down assay using HaloTag® 
technology [25-27] that can efficiently recover HaloTag-
fusion proteins from cell lysates [28, 29], and identified ga-
lectin-1 and -3 as PCDH24-interacting molecules. Although 
Shimura and colleagues revealed that galectin-3 binds to the 
β-catenin/TCF complex and activates Wnt signaling in hu-
man breast cancer cells [15, 16], we could find no involve-
ment of β-catenin in complex formation of PCDH24 and 
galectins in our pull-down assay. Moreover, we found that 
the over-expression of the galectins disturbs the membrane 
localization of β-catenin, while reduced levels of galectins 
augment the membrane localization of β-catenin in spite of 
the nuclear localization of most of the galectins. From these 
data, we speculate that PCDH24-anchored galectin-1 and -3 
indirectly localize β-catenin to the cell membrane at least in 
col

ment with the PI3K inhibitor, 

tions of PCDH24 in cancers aris-
ing from epithelial cells.  
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on cancer cells.  

Wnt signaling plays a key role in colon carcinogenesis, 
and Song et al. suggested that galectin-3 enhances Wnt sig-
naling by regulating GSK-3β phosphorylation through the 
PI3K/AKT pathway and the nuclear accumulation of β-
catenin [17]. Fang et al. demonstrated that AKT phosphory-
latesβ-catenin at Ser552, which leads to its transcriptional 
activity [30]. Oka et al. found that the over-expression of 
galectin-3 activates AKT in human bladder cancer cells [31], 
and Elda-Sfadia et al. also found that galectin-3 binds to K-
Ras and induces the activation of RAF1 and PI3K [18]. Tak-
ing these results into consideration, we focused on the PI3K 
pathway in this study, although galectin-1 and -3 have been 
implicated in a variety of biological pathways. However, we 
could not rule out the possibility that PCDH24-anchored 
galectin-1 and/or -3 are implicated in another pathway for 
β-catenin translocation. We also found that PI3K activity 
was decreased in PCDH24-HaloTag (DOX+) cells, in which 
galectin-1 and -3 were anchored at the cell membrane by 
PCDH24, and that the over-expression of the galectins re-
stored PI3K activity in spite of the presence of PCDH24, 
indicating that the galectins activate PI3K and their activity 
is suppressed by the galectin-anchoring activity of PCDH24. 
As a result, we propose the following model for the tumor 
suppression of HCT116 cells by PCDH24. PCDH24 anchors 
galectin-1 and -3 at the cell membrane, and the depletion of 
galectin-1 and -3 from the cytosol prevents the activation of 
PI3K kinase. The inactivated PI3K could not activate AKT, 
and this failure led to the activation of GSK-3βand the re-
duction of β-catenin accumulation in the nucleus (Fig. 4d). 

In fact, β-catenin was translocated from the nucleus to the 
cell membrane following treat
LY294002, in HCT116 cells.  

 PCDH24 is known to be specifically expressed in the 
liver, kidney and colon; conversely, PCDH24 expression is 
markedly reduced in cancers derived from these tissues, in-
dicating that PCDH24 plays important roles in these tissues 
by regulating cell growth and contact inhibition to maintain 
the normal cell conditions [1, 2]. In this report, we revealed 
that one of the mechanisms by which PCDH24 regulates the 
localization of β-catenin to the cell membrane is via the 
inhibition of galectin-1 and -3 activity in HCT116 human 
colon cancer cells. These results provide a new insight into 
the tumor suppressor func
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