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Abstract
We demonstrated previously that the expression of the disaccharide, GalNAcβ1 → 4GlcNAc (LacdiNAc), on N-glycans of 
cell surface glycoproteins in MDA-MB-231 human breast cancer cells suppresses their malignant properties such as tumor 
formation in nude mice. Here, we report changes in the morphological appearance and adhesive properties of two kinds of 
clonal cells of MDA-MB-231 cells overexpressing β4-N-acetyl-galactosaminyltransferase 4. The clonal cells exhibited a cob-
ble stone-like shape as compared to a spindle-like shape of the mock-transfected cells and the original MDA-MB-231 cells. 
This was associated with an increased expression of cell surface E-cadherin, a marker of epithelial cells, and a decreased 
expression of N-cadherin, vimentin, α-smooth muscle actin and ZEB1, markers of mesenchymal cells. In addition, the 
clonal cells showed a lower migratory activity compared to the mock-transfected cells by wound-healing assay. These results 
suggest that mesenchymal–epithelial transition may be occurring in these clonal cells. Furthermore, increased adhesion to 
extracellular matrix proteins such as fibronectin, collagen type I, collagen type IV, and laminin was observed. The clonal 
cells spread and enlarged, whereas the mock-transfected cells demonstrated poor spreading on laminin-coated plates in the 
absence of fetal calf serum, indicating that expression of LacdiNAc on cell surface glycoproteins results in changes in cell 
adhesive and spreading properties particularly to laminin.

Keywords LacdiNAc · Human breast cancer cells · Mesenchymal–epithelial transition · Extracellular matrices · 
Adhesiveness and spreading

Introduction

Breast cancer is the most common cancer among women, 
with the number of patients increasing worldwide (Bray 
et al. 2018). Breast cancer can be classified into five subtypes 
based on gene expression profiles (van ’t Veer et al. 2002). 
Targeted therapies for individual patient groups have raised 
survival rates; however, patients with certain subtypes, such 
as a triple-negative-type breast cancer, which lacks estro-
gen and progesterone receptors, as well as epidermal growth 

factor receptor 2, have the least effective therapies to date 
(Gupta et al. 2019; Hwang et al. 2019). Therefore, treatments 
for this type of breast cancer are urgently needed.

Epithelial–mesenchymal transition (EMT), a process in 
which cells lose epithelial cell characteristics and acquire 
those commonly expressed by mesenchymal cells, is 
closely associated with cancer progression. For instance, 
during EMT, epithelial cells lose their polarity, cell-to-
cell and cell-to-substratum interactions, and, on the other 
hand, acquire migratory and invasive activities similar to 
mesenchymal cells (Thiery and Sleeman 2006; Lamouille 
et al. 2014). Likewise, a cellular morphological change 
caused by the reorganization of the actin cytoskeleton is a 
hallmark of EMT. This transition causes decreased expres-
sion of epithelial marker molecules such as E-cadherin, 
while the expression levels of mesenchymal cell markers 
including N-cadherin, α-smooth muscle actin (α-SMA) 
and vimentin increase (Thiery and Sleeman 2006). The 
expression of these EMT-marker proteins is regulated 
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by several transcription factors such as Snail, Twist and 
ZEB1 (Lamouille et al. 2014). The EMT process itself 
is reversible, and referred to as “mesenchymal–epithelial 
transition” (MET). A number of studies have shown the 
occurrences of both EMT and MET in breast cancer cells 
(Blick et al. 2008; Sarrió et al. 2008; Wu et al. 2016), and 
treatments with some chemical reagents such as Luteolin 
(Lin et al. 2017) and Glypican-3 (Castillo et al. 2016) can 
suppress the progression of triple-negative type breast can-
cer, by inducing MET in the cells. Importantly, it should 
be noted that down-regulation of α2,6-sialyltransferase-I 
results in MET in the triple-negative-type breast cancer 
cell line MDA-MB-231 (Lu et al. 2014). Thus, expression 
of a certain glycosyltransferase and its glycan products is 
closely associated with EMT or MET in cancer cells (Xu 
et al. 2012; Li et al. 2016; Xu et al. 2017).

We previously showed that the disaccharide, 
GalNAcβ1 → 4GlcNAc (LacdiNAc) on the non-reduc-
ing termini of N-glycans of cell surface glycoproteins 
significantly decreases according to the progression 
stages of human breast cancers (Kitamura et al. 2003), 
suggesting that this disaccharide could be an important 
diagnostic marker for breast cancers. Furthermore, over-
expression of LacdiNAc by transfection of the β4-N-
acetylgalactosaminyltransferase 4 (β4GalNAcT4) cDNA 
in MDA-MB-231 breast cancer cells drastically suppressed 
malignant properties, such as colony formation, in vitro 
invasion and in vivo tumor formation (Hirano et al. 2015). 
Since LacdiNAc is abundantly expressed in the non-malig-
nant regions of breast cancer specimens (Kitamura et al. 
2003), this may suggest that its presence on N-glycans is 
important for the maintenance of normal mammary epithe-
lial cells. The LacdiNAcylation occurs on both N-linked 
and O-linked glycoproteins in many human cancer tissues 
and cell lines, and the expression levels of this unique 
disaccharide appear to be regulated in a tissue-depend-
ent manner (Hirano et al. 2014). For instance, increased 
expression of LacdiNAc is observed in prostate cancer 
(Fukushima et al. 2010), colon cancer (Huang et al. 2007), 
and ovarian cancer (Machado et al. 2011; Anugraham et al. 
2017). In contrast, decreased expression was observed in 
neuroblastoma (Hsu et al. 2011), breast cancer (Kitamura 
et al. 2003), and gastric cancer (Adamczyk et al. 2018). 
Thus, the degree of the presence, or absence of LacdiNAc 
at cell surfaces may be useful as a biomarker for different 
kinds of cancer. However, the biological role this disaccha-
ride may play in the process of tumor malignancy remains 
to be elucidated.

Here, we investigate the effects on the cellular properties 
of LacdiNAc expressed on MDA-MB-231 cells by trans-
fection with the β4GalNAcT4 cDNA. We observed that 
overexpression of LacdiNAc results in MET-like changes 
in MDA-MB-231breast cancer cells.

Materials and methods

Cell culture

MDA-MB-231 human breast cancer cells were obtained 
from American Type Culture Collection (Manassas, VA), 
and clone 1 and clone 2 cells were obtained by transfec-
tion of the β4GalNAcT4 cDNA in MDA-MB-231 cells 
as described previously (Hirano et al. 2015). The stocked 
clonal cells were used occasionally after confirming the 
expression levels of β4GalNAcT4 gene and LacdiNAc on 
cell surface glycoproteins in the present study. Cells were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% fetal calf serum (FCS) at 37 °C in a water-
saturated 5%  CO2 atmosphere. For transforming growth 
factorβ1 (TGFβ1)-treatment, cells were cultured in DMEM 
containing 10% FCS and 10 ng/ml human recombinant 
TGFβ1 (PeproTech Inc., Rocky Hill, NJ) for 3 days.

Western blot analysis

Proteins were extracted in a radio-immuno-precipitation 
assay (RIPA) buffer (pH 7.4) containing a complete pro-
tease inhibitor cocktail and PhosSTOP (Roche Diagnos-
tics, Mannheim, Germany). Western blot analysis was 
performed as described previously (Hirano et al. 2003). 
Briefly, extracted proteins were subjected to SDS-poly-
acrylamide gel electrophoresis (SDS-PAGE) (10%), and 
transferred to polyvinylidene difluoride (PVDF) mem-
brane. The blot was incubated in Tris-buffered saline 
(TBS) (pH 7.4) containing 1% skin milk and 0.05% Tween-
20 with one of the following antibodies at indicated dilu-
tion: anti-E-cadherin (3195S; 1:500, Cell Signaling Tech-
nology), anti-N-cadherin (13116T; 1:500, Cell Signaling 
Technology), anti-vimentin (5741T; 1:500, Cell Signal-
ing Technology), anti-α-SMA (CSB-PA004667; 1:500, 
CUSABIO, Houston, TX), anti-ZEB1 (3396T; 1:500, 
Cell Signaling Technology), anti-FAK (3285S; 1:500, 
Cell Signaling Technology), anti-pFAK (Tyr397)(8556S; 
1:500, Cell Signaling Technology), anti-Akt (9272S; 
1:1000, Cell Signaling Technology), anti-pAkt (Ser473) 
(9271S; 1:200, Cell Signaling Technology), anti-Smad2 
(5339S; 1:500, Cell Signaling Technology), anti-pSmad2 
(Ser465/467)(3108S; 1:100, Cell Signaling Technology), 
anti-mTOR (2983S; 1:500, Cell Signaling Technology), 
anti-pmTOR (Ser2448) (5536S; 1:500, Cell Signaling 
Technology) or anti-GAPDH (016-25523; 1:1000, Wako 
Pure Chemical Industry, Osaka, Japan). After washing, the 
blot was incubated with a horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG antibody (7074P2; 10,000, 
Cell Signaling Technology). The immunoreacted bands 
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were visualized with a SuperSignal West Femto (Thermo 
Fisher Scientific. Waltham, MA) using ChemiDoc XRS 
Plus (BioRad laboratories Inc., Hercules, CA). The images 
were analyzed using Image Lab software (version 4.0) 
(BioRad laboratories Inc.) and expressed as relative values 
by taking that of the mock-transfected cells as 1.0.

Quantitative real‑time PCR analysis

Total RNA preparations were obtained using an RNeasy 
Mini Kit (QIAGEN K. K., Tokyo). cDNA was synthesized 
using an iScript Reverse Transcription Supermix reagent 
(BioRad Laboratories Inc.). Real-time PCR was performed 
by mixing the indicated amounts of a Kapa SYBR FAST 
reagent (KAPA Biosystems, Woburn, MA), sets of primers 
described below, and the obtained cDNA. PCR conditions 
were as follows: 95 °C for 10 s, followed by 35 cycles of 
95 °C for 5 s, and 60 °C for 20 s. Primers used for real-time 
PCR were Snail (forward 5′-TGA CCT GTC TGC AAA TGC 
TC-3′; reverse 5′-CAG ACC CTG GTT GCT TCA A-3′), Slug 
(forward 5′-GGG GAG AAG CCT TTT TCT TC-3′; 5′-reverse 
TCC TCA TGT TTG TGC AGG AG-3′), ZEB1 (forward 
5′-TGC ACT GAG TGT GGA AAA AGC-3′; reverse 5′-TTG 
CAG TTT GGG CAT TCA TA-3′), and GAPDH (forward 
5′-CTG ACT TCA ACA GCG ACA CC-3′; reverse 5′-CTG TAG 
CCA AAT TCG TTG TCAT-3′).

Flow cytometric analysis

For flow cytometric analysis, cells were detached from 
dishes with PBS containing 0.05 mM EDTA, then washed 
with PBS containing 5 mM EDTA and 5 mg/ml bovine 
serum albumin (BSA). The cells were then incubated with 
a monoclonal anti-E-cadherin antibody (60335-1; 1:100; 
Proteintech, Chicago, IL) on ice for 2 h and, after wash-
ing, incubated with Alexa 488-conjugated mouse IgG (Life 
Technologies, Waltham, MA) on ice for 1 h. For negative 
control, cells were incubated only with the secondary anti-
bodies. Finally, the expression of E-cadherin was analyzed 
using a Cell Lab Quanta SC system (Beckman Coulter Inc., 
Brea, CA).

Immunocytochemical analysis

Immunocytochemical analysis was performed as described 
previously (Hirano et al. 2003). Briefly, glass coverslips 
placed in a four-well dish were coated with either laminin 
(mouse EHS tumor, Wako Pure Chemical Industry) or 
fibronectin (human plasma, Wako Pure Chemical Industry) 
solution (10 μg/ml) at 4 °C overnight, and washed with FCS-
free media before use. Then 2 × 105 cells grown on the cov-
erslips were fixed in 3% formaldehyde solution at 37 °C for 
10 min, followed by permeabilization with PBS containing 

0.05% saponin and 10% bovine serum albumin (BSA). Actin 
was detected by staining with ActinGreen 488 ReadyProbes 
reagent (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. Cell nuclei were detected by stain-
ing with 4′-6-diamidino-2-phenylindole (DAPI). For double 
immunofluorescence, monoclonal anti-E-cadherin (60335-
1; 1:200, Proteintech, Chicago, IL) and polyclonal anti-β-
catenin (8084T; 1:200, Cell Signaling Technology) antibod-
ies were used, followed by Alexa 488-conjugated (Fab)2 
goat anti-mouse IgG and Alexa 546-conjugated (Fab)2 goat 
anti-rabbit IgG. For negative control, cells were incubated 
with non-specific mouse IgG and rabbit IgG (Wako Pure 
Chemical Industry) at the same concentrations as primary 
antibodies followed by the secondary antibodies as above. 
For the detection of LacdiNAc on cell surface glycoproteins, 
non-permeabilized fixed cells were incubated with fluores-
cein isothiocyanate (FITC)-conjugated Wisteria floribunda 
agglutinin (WFA) (F-3101-2; 1:1000, EY Laboratories Inc., 
San Mateo, CA). Immunofluorescence was observed with 
a FluoView Fv-10i microscope using a 60× objective lens 
(N.A. = 1.35) (Olympus, Tokyo, Japan).

Wound healing assay

Cells were cultured in a 24-well dish in medium containing 
10% FCS until they reached confluence. Monolayer cells 
were scratched with a plastic tip, and the migration distances 
of the cells were measured at multiple times with phase-
contrast microscopy (Olympus IX70).

Determination of cell adhesive properties 
to extracellular matrices

Adhesive properties of the cells to different kinds of ECM 
were determined using a CytoSelect 48-well cell adhesion 
assay kit (Cell Biolabs, Inc. San Diego, CA) according to the 
manufacturer’s instructions. Either 1 × 105 cells or 2 × 105 
cells were grown on ECM-coated dishes in FCS-free media, 
and attached cells were detected by staining with crystal 
violet solution. The stainings were quantified by measuring 
absorbance at  OD595 nm following solubilization.

Results

Enhanced expression of LacdiNAc on cell surface 
glycoproteins results in morphological changes 
of clone 1 and clone 2 cell lines

In a previous study, we showed that LacdiNAc is expressed 
on several cell surface glycoproteins of clone 1 and clone 2 
cells isolated from MDA-MB-231 cells after transfection 
with β4GalNAcT4 cDNA. Moreover, we also found that 
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malignant properties, such as colony formation in soft agar, 
in vitro invasion, and in vivo tumor formation in nude mice 
were markedly suppressed (Hirano et al. 2015). The cul-
tured clonal cells appear to be enlarged and interact with 
each other to show a cobble-stone-like shape (Fig. 1b, c) 
compared to the mock-transfected cells, which appear as 
a spindle-like shape without cellular interaction (Fig. 1a). 
To further confirm this observation, the organization of 
cytoskeletal actin filaments was studied by immunocyto-
chemistry. Actin-stress fibers, which are a hallmark of mes-
enchymal-like cells, were detected in the mock-transfected 
cells (arrows in Fig. 1d), whereas a cortical actin meshwork 
was detected in the transfected clonal cells (arrowheads 
in Fig. 1e, f). When both the mock-transfected cells and 
transfected cells were incubated with fluorescence-labeled 
WFA, which interacts with LacdiNAc (Nakata et al. 1993), 
in a buffer without saponin, no significant fluorescence was 
detected in the mock-transfected cells (Fig. 1g), while sig-
nificant fluorescence was associated with cell surfaces of the 
transfected cells (Fig. 1h, i), in agreement with our previous 
results (Hirano et al. 2015). The fluorescence was dimin-
ished upon incubation of the transfected cells in the presence 
of 10 mM N-acetylgalactosamine as a haptenic sugar (data 
not shown). These results suggest that enhanced expression 
of LacdiNAc on cell surface glycoproteins may be associated 

with a morphological alteration from mesenchymal-like to 
epithelial-like in these transfected cells.

To further investigate the MET transformation in the 
transfected cells, expression levels of marker proteins of 
MET and EMT were analyzed by Western blot with the 
band intensities determined by densitometric analysis. The 
expression level of E-cadherin, a marker of epithelial cells, 
increased by 2.5- and 3.0-fold in clone 1- and clone 2-trans-
fected cells, respectively, compared to the mock-transfected 
cells (Fig. 2a, b). The expression levels of N-cadherin, 
vimentin, α-SMA and ZEB1, markers of mesenchymal cells, 
were 0.25- and 0.28-, 0.49- and 0.56-, 0.79- and 0.60-, and 
0.57- and 0.62-fold expressed in clone 1- and clone 2-trans-
fected cells, respectively, compared to the mock-transfected 
cells (Fig. 2a, b).

The expression of E-cadherin at the cell surface was 
investigated by immunocytochemistry since E-cadherin 
plays an important role in cell-to-cell contact of epithelial 
cells (Wells et al. 2008). Although E-cadherin was detected 
mainly in the cytoplasm of all cells (Fig. 3a–c), β-catenin, 
which interacts with E-cadherin at the inner surfaces of 
plasma membranes (Wells et al. 2008), was detected in clone 
1- and clone 2-transfected cells (Fig. 3e, f), indicating that 
some E-cadherin may be expressed at the cell surfaces of the 
two transfected clonal cell lines. Since limited expression of 

Fig. 1  Morphological appear-
ances of the mock-transfected 
and clone-transfected cells. 
Cells were observed by 
phase-contrast microscopy 
(a–c), and the insets show 
magnified views (scale bar in 
c indicates 100 μm). F-actin 
was detected by staining with 
fluorescence-labeled phalloidin 
(d–f). Arrows and arrowheads 
indicate actin-stress fibers and 
cortex actins, respectively (d–f). 
The LacdiNAc on cell surface 
glycoproteins was detected with 
FITC-labeled WFA (g–i). Cell 
nuclei were detected by staining 
with DAPI in all pictures. Scale 
bars in f and i indicate 20 μm
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Fig. 2  Characteristic features of 
the mock-transfected cells and 
clone-transfected cells. a Immu-
noblot analysis of E-cadherin, 
N-cadherin, vimentin, α-SMA, 
ZEB1 and GAPDH in the mock-
transfected cells and clone 
1- and clone 2-transfected cells 
was performed as described in 
the text. b Average intensity 
of each band obtained in (a) is 
shown as mean ± SD of three 
independent experiments

Fig. 3  Expression of E-cadherin in the mock-transfected cells and 
clone-transfected cells. a Immunocytochemical analysis of E-cad-
herin in green (a–c) and β-catenin in red (d–f) in the mock-trans-
fected cells and clone 1- and clone 2-transfected cells, respectively. 
Cell nuclei were detected by staining with DAPI (blue in all images). 

Arrowheads indicate distribution of E-cadherin and β-catenin on cell 
surfaces of clone 1- and 2-transfected cells (h and i). A scale bar in 
i indicates 10  μm. j Flow cytometric analysis of E-cadherin in the 
mock-transfected cells and clone 1- and clone 2-transfected cells
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E-cadherin at the cell surface made immunocytochemical 
detection difficult, a flow cytometric analysis which provides 
more sensitive and quantitative aspects of molecules at cell 
surfaces was employed. The results demonstrated a signifi-
cantly increased expression of E-cadherin at cell surfaces 
in clone 1- and clone 2-transfected cells compared to the 
mock-transfected cells (Fig. 3j).

Since cells exhibiting mesenchymal cell-like properties 
show a high migratory activity (Thiery and Sleeman 2006; 
Lamouille et al. 2014), a wound-healing assay was used 
to compare the mock-transfected cells and the two kinds 
of clone-transfected cells (Fig. 4a), where the lengths of 
gaps between cells were determined (Fig. 4b). The results 
showed that after 12-h incubation, the gap length is reduced 
to 25% of the initial length in the mock-transfected cells, 
while they are only reduced to 64% and 58% of their initial 
lengths in clone 1- and clone 2-transfected cells (Fig. 4b), 
respectively. Thus, clone 1- and clone 2-transfected cells 
displayed reduced migratory activities compared to the 
mock-transfected cells. Taken together, these results suggest 
that the enhanced expression of LacdiNAc on cell surface 

glycoproteins may influence the MET process in clone 1- 
and clone 2-transfected cells.

TGFβ1 treatment induces EMT in mock‑transfected 
cells and clone‑transfected cells

Since TGFβ1 is known to induce EMT in various types of 
cells, including MDA-MB-231 breast cancer cells (Derynck 
and Zhang 2003; Lu et al. 2014), it was considered that 
TGFβ1 treatment may enhance EMT in the mock-transfected 
cells and induce EMT in clone 1- and clone 2-transfected 
cells. When the cells were treated with TGFβ1, the growth 
of the mock-transfected cells and two kinds of transfected 
clonal cells was inhibited by approximately 40% and 20%, 
respectively, as compared to non-treated cells (Fig. 5a). A 
morphological change to a more spindle-like shape was 
observed in the mock-transfected cells upon treatment 
with TGFβ1, while clone 1- and clone 2-transfected cells 
remained mostly in a cobble stone-like shape, with a small 
number of cells losing cell-to-cell contact and displaying a 
spindle-like appearance (Fig. 5a).

The expression levels of the transcription factors, Slug, 
Snail and ZEB1, that induce EMT, were determined by 
quantitative real-time PCR. As shown in Fig. 2, the expres-
sion level of ZEB1 protein in the clone-transfected cells 
decreased compared to the mock-transfected cells, and the 
transcript level of ZEB1 as well as Slug and Snail in clone 
1- and clone 2-transfected cells also decreased compared to 
the mock-transfected cells (Fig. 5b). When cells were treated 
with TGFβ1, transcript levels of both Slug and Snail were 
increased approximately 1.3-fold in the mock-transfected 
cells and clone-transfected cells compared to the non-treated 
cells. In contrast, the transcript level of ZEB1 in the mock-
transfected cells and clone-transfected cells was not changed 
significantly by TGFβ1 treatment (Fig. 5b). In addition, the 
expression level of E-cadherin in both the mock-transfected 
cells and clone-transfected cells decreased when treated with 
TGFβ1 (data not shown). These results indicate that TGFβ1 
treatment can induce EMT-associated changes in both the 
clone-transfected cells and the mock-transfected cells.

A number of studies have demonstrated that TGFβ1 
induces EMT through either the Smad signaling pathway 
or the non-Smad signaling pathway (Derynck and Zhang 
2003; Colak and Dijke 2017). To investigate the signaling 
pathways that regulate EMT in response to TGFβ1 in these 
cells, the phosphorylation of downstream target molecules of 
the TGFβ-signaling cascades was examined by immunoblot 
analysis. A slight increase in the phosphorylation level of 
Smad2 was observed in all cells upon TGFβ1 treatment com-
pared to the non-treated cells (Fig. 5c). This indicates that 
the Smad-signaling pathway can contribute to some extent 
to the induction of EMT in these cells. Since the non-Smad 
pathway activated by TGFβ1 treatment includes several 

Fig. 4  Migratory activities of the mock-transfected cells and clone 1- 
and clone 2-transfected cells. a Wound healing assay was performed 
as described in the text, and gap lengths between cells at indicated 
times are shown by dotted lines in the images. b The quantified 
results obtained in (a) are shown as mean ± SD of each three-inde-
pendent experiments by taking the value of an initial gap length as 
1.0
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signaling pathways in which PI3K, P38 and/or ERK-MAP 
kinases are involved (Colak and Dijke 2017), the phospho-
rylation of Akt was determined. The results showed that 
upon treatment with TGFβ1 levels of Akt are not changed 
significantly in the mock-transfected cells and transfected 

cells (Fig. 5c). Furthermore, the phosphorylation levels of 
mTOR and FAK were also not changed by TGFβ1-treatment 
in the mock-transfected cells and transfected cells (Fig. 5c). 
These results indicate that TGFβ1 can enhance EMT in the 
mock-transfected cells and induce EMT in clone-transfected 
cells through the Smad pathway and through non-Smad 
pathways other than those mediated by Akt and FAK.

LacdiNAcylation of cell surface glycoproteins 
promotes adhesion and spreading 
of clone‑transfected cells on extracellular matrices

Since EMT has been reported to affect cell-to-substratum 
interaction (Lamouille et al. 2014), adhesive properties of 
the mock-transfected cells and clone-transfected cells toward 
several ECM proteins coated on plates (available commer-
cially as an assay kit) were examined in the absence of FCS 
by staining the attached cells with crystal violet (Fig. 6a) 
followed by quantification of staining (Fig. 6b). The results 
showed that only a few cells attach to BSA-coated plates in 
both the mock-transfected cell and clone-transfected cells, 
while more clone 1- and clone 2-transfected cells adhere to 

Fig. 5  Effects of TGFβ1-treatment on the mock-transfected cells and 
clone-transfected cells. a Cells were grown in the presence or absence 
of 10  ng/ml TGFβ1 for 3  days, and the appearance of cells was 
observed by phase-contrast microscopy. Scale bar indicates 100 μm. 
b Gene expression levels of transcription factors were determined 
by quantitative real-time PCR. The expression levels were normal-
ized against those of GAPDH. The results are shown as mean ± SD of 
each of three independent experiments. c Phosphorylation of Smad2, 
Akt, FAK and mTOR was examined by immunoblot analysis. The 
experiments were conducted in triplicate using GAPDH as a control, 
and representative data are shown

Fig. 6  Adhesive activities of the mock-transfected cells and clone-
transfected cells toward ECMs. a Cells attached to BSA-, laminin-, 
collagen type-IV-, collagen type I- and fibronectin-coated plates were 
detected by staining with crystal violet. b Adhesive activities of cells 
to each ECM obtained in (a) were quantified as described in the text, 
and are presented each as mean ± SD of three independent experi-
ments
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fibronectin-, collagen type I-, collagen type IV-, or laminin-
coated plates than the mock-transfected cells (Fig. 6a, b). 
In particular, clone 1- and 2-transfected cells showed much 
stronger adhesion to laminin-coated plates than the mock-
transfected cells, with mean values of attached cells detected 
by staining of transfected cells (each 2 × 105 cells) were 1.99 
and 2.92, respectively, while that of the mock-transfected 
cells was 0.48 (Fig. 6b).

Immunocytochemistry revealed that all cells exhibited 
a round shape on BSA-coated plates (Fig. 7a–c). Clone 
1- and clone 2-transfected cells adhered and spread on 
laminin-coated plates with well-organized cortical actin fila-
ments (Fig. 7e, f). In contrast, only a few mock-transfected 
cells adhered to laminin-coated plates without spreading 
(Fig. 7d). Both the mock-transfected cells and clone-trans-
fected cells adhered to fibronectin-coated plates strongly 
even in the absence of FCS (Fig. 7g–i). These results indi-
cate that the two kinds of clone-transfected cells acquire 
stronger adhesive and spreading activities, particularly to 
laminin, compared to the mock-transfected cells.

Discussion

The breast cancer cell line MDA-MB-231 is of the triple-
negative type and highly metastatic, exhibiting a mesen-
chymal cell phenotype (Blick et al. 2008; Wu et al. 2016). 

Several studies have shown that certain chemicals and pro-
teins can induce EMT or MET in MDA-MB-231 cells. For 
instance, anti-tumor drugs such as Sarasinoside A1 (Austin 
et al. 2013) and Luteolin (Lin et al. 2017) can induce MET in 
MDA-MB-231 cells, and it is assumed that these molecules 
suppress malignant properties of this type of breast cancer. 
In contrast, the enhanced expression of β1-integrin induces 
EMT in MDA-MB-231 cells (Hou et al. 2016). Interestingly, 
the increased expression of α2,6-sialyltransferase-I has been 
shown to enhance EMT in MDA-MB-231 cells (Lu et al. 
2014). In a similar context as above, here we showed that 
the enhanced expression of the β4GalNAcT4 induces the 
increased expression of LacdiNAc in MDA-MB-231 cells, 
resulting in MET-like morphological and biochemical 
changes in the cells. These results extended our previous 
observations showing that increased expression of Lacdi-
NAc on cell surface glycoproteins suppresses malignant 
phenotypes of MDA-MB-231cells (Hirano et al. 2015).

The mechanism accounting for the induction of MET 
in clone 1- and 2-transfected cells upon overexpression of 
LacdiNAc is not understood. It has been well documented 
that alterations of glycan structures of cell surface gly-
coproteins affect malignant properties of tumors (Varki 
1993). In particular, changes of N-glycan structures on 
cell adhesion molecules such as integrins affect cell-to-
cell and cell-to-substratum interactions, thus resulting in 
changes in cell adhesive and migratory properties (Asada 
et al. 1997; Gu and Taniguchi 2008; Gu et al. 2012). Inte-
grin molecules are heterodimeric transmembrane recep-
tors composed of α- and β-subunits, and bind selectively 
to extracellular matrices such as laminin and fibronectin 
(Miranti and Brugge 2002). They possess several potential 
N-glycosylation sites, and the β-propeller domain of the 
α5-subunit has been shown to be essential not only for the 
formation of heterodimers with a β1-subunit but also for 
biological functions including cell adhesion, spreading, 
and migration (Isaji et al. 2006). Furthermore, overexpres-
sion of β4-N-acetylglucosaminyltransferase 3 has been 
shown to suppress the invasive activity of Hela S3 cells 
and to inhibit α5β1-integrin-mediated cell spreading of 
GE11 cells (Isaji et al. 2004, 2006; Gu et al. 2012). In the 
present study, we also showed that enhanced expression of 
LacdiNAc on cell surface glycoproteins in MDA-MB-231 
cells results in differences in adhesive properties of cells 
to laminin and fibronectin compared to the control cells. 
Since α5β1-integrin and α6β1-integrin bind to fibronectin 
and laminin, respectively (Alam et al. 2007), a difference 
in the glycosylation between α5- and α6-subunits, if any, 
might affect their adhesive properties to individual ECM 
molecules in two kinds of clone-transfected cells. Our pre-
liminary studies show that the LacdiNAcylation occurs 
predominantly on β1-integrin in these clone-transfected 
cells (unpublished data), and we also assumed that altered 

Fig. 7  Morphological appearances of the mock-transfected cells and 
clone-transfected cells on ECM-coated plates. The mock-transfected 
cells and clone 1- and clone 2-transfected cells adhered to BSA- (a–
c), laminin- (d–f) and fibronectin-coated (g–i) plates in the absence of 
FCS are shown. F-actin was detected by staining with fluorescence-
labeled phalloidin, and cell nuclei were detected by staining with 
DAPI in all images. Scale bar in i indicates 20 μm
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glycosylation occurs to α5- and α6-subunits as well. Thus, 
further studies, including the detailed structural analysis 
of N-glycans of integrin molecules have to be addressed.

Biological roles of LacdiNAc in cancer cells have not 
been fully understood since expression levels and func-
tions of this disaccharide appear to be in a tissue-depend-
ent manner (Huang et al. 2007; Hsu et al. 2011; Che et al. 
2014; Hirano et al. 2014). Furthermore, enhanced expres-
sion of LacdiNAc on cell surface glycoprotein receptors 
causes differential effects on cells. For instance, the over-
expression of β4GalNAcT3, which also involves the syn-
thesis of LacdiNAc as well as β4GalNAcT4 (Sato et al. 
2003), in HCT116 colon cancer cells resulted in promotion 
of adhesive, migratory and invasive activities of the cells 
through LacdiNAcylated-integrin-activated signaling path-
ways (Huang et al. 2007). In contrast, enhanced expression 
of LacdiNAc on N-glycans of β1-integrin by transfection 
of the β4GalNAcT3 cDNA in SK-N-SH and SH-SY5Y 
neuroblastoma cells resulted in inhibition of the phospho-
rylation of FAK, Akt, and ERK molecules, thus causing 
the suppression of malignant properties of these cells (Hsu 
et al. 2011). As described above, the LacdiNAcylation of 
N-glycans of integrin molecules may affect the integrin-
mediated-signaling pathways by activating or phosphoryl-
ating FAK and Akt in two kinds of clone-transfected cells. 
However, no significant difference in the phosphorylation 
levels of Akt, FAK and mTOR was observed between the 
mock-transfected cells and clonal cells in the presence or 
absence of TGFβ1 (Fig. 5c). Because the LacdiNAcylation 
of glycoproteins in the clonal cells occurred not only in 
β1-integrin but also in a few other glycoproteins including 
an epidermal growth factor receptor (unpublished data), 
the present LacdiNAcylation may affect several other sign-
aling pathways whose molecular mechanisms have yet to 
be determined.

The expression of LacdiNAc on N-glycans has been 
shown to be associated with functional differentiation of 
bovine mammary epithelial cells (Sato et al. 1997; Furukawa 
et al. 2001), and progression of stages of several human can-
cers (Fukushima et al. 2010; Hsu et al. 2011; Che et al. 2014; 
Hirano et al. 2014). Furthermore, LacdiNAc on N-glycans 
has been shown to play an important role in the regulation 
of self-renewal of mouse embryonic stem cells (Sasaki 
et al. 2011). Thus, LacdiNAc on N-glycans can participate 
in many biological functions of mammalian tissues and cell 
lines. However, their detailed molecular mechanisms remain 
to be elucidated.

Taken together, the present study strongly indicates that 
the enhanced expression of LacdiNAc on cell surface glyco-
proteins results in MET-associated morphological and bio-
logical changes in clone 1- and clone 2-transfected breast 
cancer cells, and that these changes may contribute to the 
suppression of malignant properties in these cells.
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