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Abstract. Multicellular tumor spheroids (MTSs) of malig-
nant cells can display cell‑cell and cell‑matrix interactions, 
different from monolayer cultures. The objective of the 
present study was to examine difference in intercellular and 
cell‑matrix interaction between monolayered cultures and 
spheroid cultures. Expression levels of cell adhesion mole-
cules (CAMs) and epithelial‑mesenchymal transition (EMT) 
signaling molecules in monolayered cells and MTS cells were 
compared. The motility of single cells dispersed from each 
culture was evaluated using a live‑cell imaging device. The 
effect of an E‑cadherin neutralizing antibody, DECMA, was 
also compared between the two cultures. Among various 
CAMs, only E‑cadherin was increased in MTSs. The motility 
of single cells dispersed from MTSs was higher than that 
from monolayered cells. Compared with monolayered cells, 
the molecular weight (MW) of β1 integrin was decreased 
during MTS formation, particularly during the early stage. 
This notable reduction was maintained when DECMA was 
used to treat MTSs. Additionally, the expression levels of the 
EMT signaling molecules Snail and ILK increased more in 
MTSs than in monolayered cells. The blocking of E‑cadherin 
elicited increased expression levels of EMT molecules and 
cellular motility only in MTSs. In conclusion, the alteration 
of E‑cadherin expression and presence of low‑MW β1 integrin 

in MTS may enhance cell motility via the upregulation of 
EMT signaling molecules that may be intensified by blocking 
E‑cadherin.

Introduction

Multicellular tumor spheroids (MTSs) have been estab-
lished as an in vitro model for the systematic study of tumor 
responses to therapy (1,2). They are generally considered to be 
improved models when compared with two‑dimensional cell 
cultures for predicting in vivo responses to drug treatment (3). 
The MTS system has been widely used as a model to study 
microenvironmental effects on basic biological mechanisms 
in cancer research, such as proliferation, differentiation, cell 
death, invasion and metastasis (4,5).

As the three‑dimensional organization of cancer cells in 
spheroids is different from the cellular organization of cancer 
cells in monolayer cultures, a previous study has suggested that 
the expression of cellular adhesion molecules (CAMs) known 
to be responsible for cell‑cell and cell‑matrix interactions is 
altered in MTSs compared with that in monolayer cultures (6). 
Given that alteration of CAM expression is associated with 
invasion and metastasis (7), biological behaviors of cells in 
MTSs may be different from those of cells grown in monolayer 
cultures, particularly cellular migration and invasion.

In the early phase of tumor progression, epithelial‑
mesenchymal transition (EMT) is induced by loss of 
E‑cadherin, a cell‑cell adhesion molecule and epithelial 
marker, with disaggregation of cancer cells from one 
another (8). However, previous studies have revealed that loss 
of E‑cadherin itself is not enough to induce EMT or mediate 
EMT signaling functions that may induce cancer cells to 
complete later steps of tumor progression more rapidly (9‑12). 
In addition, E‑cadherin‑mediated cell‑cell adhesion is 
regulated by downstream signaling of integrin‑extracellular 
matrix (ECM) adhesion (13). This crosstalk between these two 
adhesions can modulate cellular motility (14). Thus, regula-
tion of EMT by E‑cadherin loss might be associated with the 
aberrated production of integrin‑mediated adhesion, which 
is closely related to the EMT signaling molecules Snail or 
integrin‑linked kinase (ILK) (15‑17).

In the current study, it was hypothesized that altered 
expression of adhesion molecules in MTSs might affect the 
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motility of spheroid‑derived cells. To test this hypothesis, the 
expression patterns of CAMs, E‑cadherin and β1 integrin, and 
EMT signaling markers were investigated in anaplastic thyroid 
carcinoma (ATC) cells grown as monolayer cells or MTSs, 
and in E‑cadherin blocked cells. In addition, cell motility was 
monitored using real‑time phase‑contrast imaging.

Materials and methods

Cell culture conditions. The ATC cell line, FRO, was gener-
ously gifted by Dr Young Suk Jo (Yonsei University, Seoul, 
Korea) and showed a negative mycoplasma result when tested 
using a Mycoplasma Detection kit (Lonza Group, Ltd.). For 
monolayer culture, cells were grown in RPMI‑1640 medium 
(Welgene, Inc.) supplemented with L‑glutamine, 100 U/ml 
penicillin‑100 µg/ml streptomycin and 10% heat‑inactivated 
fetal bovine serum (Young In Frontier Co., Ltd.). When cells 
reached 80‑90% confluency, they were trypsinized and subcul-
tured to maintain the cell line. For experiments, 1x105 cells 
were cultured in six‑well plates and harvested on the desig-
nated day: Monolayer day (MLD) 2‑5.

For spheroid cultures, 1x104 cells/well in 200 µl RPMI‑1640 
medium were plated onto an ultra‑low‑attachment‑surface 
96‑well round‑bottom plate (Corning Inc.) and centrifuged at 
440 x g for 3 min at room temperature (RT). These spheroids 
were incubated at 37˚C with 5% CO2 for up to 6 days: Spheroid 
day (SPD) 1‑6. After plating, 100 µl medium was replaced 
with 100 µl fresh medium every other day. Spheroids were 
examined every day with a Motic AE31 inverted microscope. 
They were harvested on SPD 2, 4 and 6.

In order to block E‑cadherin, treatment with an E‑cadherin 
neutralizing antibody (DECMA, sc‑59778, mouse monoclonal 
anti‑human; 5 µg/ml; Santa Cruz Biotechnology, Inc.) was 
conducted for 24 h at 37˚C in monolayer and spheroid cultures, 
respectively.

Western blotting. For western blot analysis, monolayer cells 
or spheroids were extracted with 5X Laemmli sample buffer 
and 5% β‑mercaptoethanol by boiling for 10  min. After 
determining the protein concentration using bicinchoninic 
acid assay, the same amount (20 µg/well) of the extracts were 
separated on 8 or 10% SDS‑polyacrylamide gels (as specified 
for each antibody below) and transferred to nitrocellulose 
membranes. Non‑specific binding sites on the membranes were 
blocked with skimmed milk for 90 min at RT. Membranes 
were then blotted with primary antibody against E‑cadherin 
(rabbit polyclonal anti‑human; sc‑7870, 1:1,000, 8%; Santa 
Cruz Biotechnology, Inc.), zonula accludens‑1 (ZO‑1; rabbit 
polyclonal anti‑human; cat. no. 61‑7300, 1:1,000, 8%; Invitrogen; 
Thermo Fisher Scientific, Inc.), occludin (rabbit polyclonal 
anti‑human; cat. no.  71‑1500, 1:1,000, 10%; Invitrogen; 
Thermo Fisher Scientific, Inc.), β1 integrin (rabbit polyclonal 
anti‑human; 4706S, 1:1,000, 8%; Cell Signaling Technology, 
Inc.), ILK (rabbit polyclonal anti‑human; PA5‑27484; 1:1,000, 
10%, Invitrogen; Thermo Fisher Scientific, Inc.), Snail (rabbit 
polyclonal anti‑human; 3879S, 1:1,000, 10%; Cell Signaling 
Technology, Inc.), paxillin (mouse monoclonal anti‑human; 
sc‑365059, 1:1,000, 10%; Santa Cruz Biotechnology, Inc.) or 
focal adhesion kinase (FAK; rabbit polyclonal anti‑human; 
3285S, 1:1,000, 8%; Cell Signaling Technology, Inc.) at 4˚C 

overnight followed by incubation with secondary antibody 
(peroxidase conjugated goat anti‑mouse, 115‑036‑003, 1:5,000; 
peroxidase conjugated goat anti‑rabbit, 711‑036‑152, 1:5,000; 
Jackson ImmunoResearch Laboratories Inc.) for 6 h at 4˚C. 
Blots were visualized using a chemiluminescence kit (Santa 
Cruz Biotechnology, Inc.). Chemiluminescence was captured 
with a ChemiDoc system (Bio‑Rad Laboratories, Inc.). Mouse 
monoclonal antibody to glyceraldehyde 3‑phosphate dehydro-
genase (GAPDH; mouse monoclonal anti‑human; sc‑47724, 
1:2,000, 10%; Santa Cruz Biotechnology, Inc.) was used to 
detect GAPDH, which served as a loading control. The density 
of each band was analyzed using ImageJ software (version 
1.51i; National Institutes of Health).

Reverse transcription‑quantitative polymerase chain 
reaction. Monolayer cells or spheroids were resuspended with 
QIAzol lysis reagent (Qiagen, Inc.) to extract total RNAs by 
serial treatments with chloroform (Sigma‑Aldrich; Merck 
KGaA), isopropanol (Duksan Pure Chemicals Co., Ltd.) and 
75% ethanol in diethyl pyrocarbonate water. mRNAs were 
then transcribed into cDNAs using a cDNA Synthesis Master 
mix (amfiRivert cDNA synthesis Platinum Master mix; 
GenDEPOT) with the following temperature protocol: 5 min 
at 25˚C, 50 min at 42˚C and 15 min at 70˚C).

The prepared cDNA was amplified and quantified with a 
real time thermal cycler system (TP800/TP860; Takara Bio, 
Inc.) using SYBR Green Master mix (Qiagen, Inc.) with the 
following primers: E‑cadherin, forward: 5'‑TGC​TCT​TGC​
TGT​TTC​TTC​GG‑3' and reverse: 5'‑TGC​CCC​ATT​CGT​TCA​
AGT​AG‑3'; β1 integrin, forward: 5'‑TTC​GAT​GCC​ATC​ATG​
CAA​GTT​G‑3' and reverse: 5'‑CCA​TCT​CCA​GCA​AAG​TGA​
AAC​C‑3'; and GAPDH, forward: 5'‑GAG​TCA​ACG​GAT​
TTG​GTC​GT‑3' and reverse: 5'‑TTG​ATT​TTG​GAG​GGA​
TCT​CG‑3'. The thermal cycling conditions were 15 sec at 
95˚C and 45 sec at 60˚C. Data were analyzed using the 2‑ΔΔCq 
method (18).

Immunocytochemistry. Spheroids were harvested from 
96‑well plates on days SPD1, 3 and 6, and then fixed with 
4% paraformaldehyde overnight at RT. Fixed spheroids were 
then treated with ethanol and isopropanol and embedded in 
paraffin blocks for tissue sectioning. After deparaffinization 
and rehydration in descending grades of ethyl alcohol, 5‑µm 
sections were quenched with 0.3% hydrogen peroxide in 
methanol for 30 min at RT. Non‑specific sites were blocked 
with 3% normal goat serum (Vector Laboratories, Inc.) for 
30 min at RT. Slides were incubated with primary antibody 
to E‑cadherin (sc‑7870, 1:50; Santa Cruz Biotechnology) 
overnight at 4˚C. The next day, slides were treated with 
goat biotinylated anti‑rabbit IgG (H+L) secondary anti-
body (PK4001, 1:200; Vector Laboratories Inc.) for 1 h at 
RT. Antigen‑antibody complexes were detected using an 
avidin‑biotin complex detection system (Vectastain ABC 
kit; Vector Laboratories, Inc.). Slides were stained with DAB 
substrate kit (Vector Laboratories, Inc.), rinsed in water, 
briefly counterstained with hematoxylin at RT for 10 sec, 
and washed in water. After mounting, slides were examined 
under an Olympus BX51 light microscope (magnification, 
x100). Pictures were captured and controlled using Olympus 
DP72 and DP2‑BSW software (version 2.2).
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Live cell time‑lapse imaging and data processing. To capture 
live cell time‑lapse images to assess cell motility, single cells 
dispersed from FRO spheroids on SPD2 and from monolayers 
of FRO cells on MLD3 were used. Monolayer cells treated 
with DECMA (5 µg/ml) were also monitored. A culture dish 
containing these cells was placed in a temperature (37˚)‑ and 
CO2 (5%)‑regulated live‑cell chamber mounted onto the stage 
of an inverted microscope (IX71; Olympus) with an objective 
lens (x20; numerical aperture 0.40). Time‑lapse live cell images 
of single cells were captured at 1‑min intervals for 2 days using 
a cooled CCD camera (ProgRes® MFcool; Jenoptic) with a 
spatial resolution of ~0.5 mm/pixel. To trace the trajectory of 
a crawling single cell, acquired images were analyzed using 
ImageJ software (version 1.51i). The centroid of the cell body 
was calculated for each frame. The sequence of centroid posi-
tions (x, y) was converted into speed and displacement. Data 
from 10 cells are expressed as mean ± SD.

Blocking of E‑cadherin and spheroid spreading assay. 
As mentioned above, DECMA (5 µg/ml) was used to block 
E‑cadherin for 24 h in spheroid culture. To determine the effect 
of DECMA on the motility of MTSs, spheroids at day 2 were 
transferred to an adhesive plate and the spreading ability was 
monitored for 2 days. The area of the spheroid was measured 
using ImageJ software (version 1.51i).

Statistical analysis. All statistical analyses were carried out 
using SPSS for Windows (version 16.0.0; SPSS, Inc.). Data in 
graphs are expressed as the mean ± SD of at least three inde-
pendent determinations. Differences between two samples 
were determined using Mann‑Whitney U‑test. Differences 
with P<0.05 were considered significant.

Results

Morphological examination and expression of CAMs during 
spheroid formation by ATC cells. To understand the effect of 
the confluency of monolayer cells on the formation of spher-
oids, MTSs were formed from monolayer cells with different 
confluency. The MTSs were packed tightly at SPD2 and 
sustained up to SPD6. When an MTS was formed using MLD3 
cells, which had been cultured for 3 days after seeding single 
cells to culture plates, it maintained a relatively uniform and 
round morphology. However, MTSs formed from monolayer 
cells with higher confluency (MLD4 and MLD5) exhibited a 
rough surface in the early stage of MTS formation, and the 
outer cells were loosened easily (Fig. 1).

Expression levels of CAMs in monolayer cells increased 
when cells were grown to confluency (Fig. 2A; MLD2‑5). The 
expression of E‑cadherin was observed to increase in the early 
spheroid‑forming period (Fig. 2A and B; SPD2 and SPD4) 
but decrease during late spheroid formation (Fig. 2A and B; 
SPD6) regardless of monolayer cell confluency, indicating 
that a certain amount of E‑cadherin was required to form a 
spheroid. Notably, the distribution of E‑cadherin was dynamic 
as the spheroid formed. It was distributed more centrally in the 
early period but was distributed throughout the spheroid in the 
late period (Fig. 2C). However, the expression levels of ZO‑1 
and occludin decreased sharply when spheroid formation 
began (Fig. 2A).

Motility of dispersed cells from ATC spheroids is higher than 
that of dispersed cells from cell monolayers. To evaluate 
changes in cellular motility after MTS formation, cells 
dispersed from monolayer cells and spheroids on SPD2 were 
cultured as single cells and monitored by time‑lapse image 
capture for 2 days. Microscopic morphology analysis showed 
that dispersed cells from MTSs were longer and thinner than 
those from monolayer cells (Fig. 3A; Videos S1‑S4). The speed 
and displacement of the dispersed cells from MTSs increased 
significantly during the first day (D1) compared to those of 
monolayer cells. However, on the second day (D2), the speed 
and displacement of the dispersed cells from MTSs were 
not markedly different from those on D1; nor was there any 
difference between dispersed cells from MTSs and monolayer 
single cells on D2 (Fig. 3B and C).

Expression of EMT molecules in MTS formation is different 
from that in monolayer cells. When the expression of EMT 
molecules was evaluated during spheroid formation, the 
transcriptional expression of E‑cadherin increased while the 
protein level of E‑cadherin markedly decreased at SPD0 but 
then increased to a value comparable with that in the monolayer 
at SPD2. Regarding the expression of β1 integrin, a complicated 
aspect was observed during spheroid formation. Although the 
expression of β1 integrin increased when spheroid formation 
began, its molecular weight (MW) critically decreased. As 
spheroid formation proceeded, the expression of β1 integrin 
decreased and the reduction in the MW of β1 integrin was 
sustained. Interestingly, the expression levels of ILK and Snail 
increased with spheroid formation, which was not associated 
with the expression level of β1 integrin but did appear to be 
associated with the MW of β1 integrin (Fig. 3D and E). By 
contrast, in monolayer FRO cell culture, the expression levels 
of the CAMs E‑cadherin and β1 integrin increased, whereas 
those of the EMT molecules ILK and Snail decreased with 
increasing confluency (Fig. 3F).

Altered expression of CAMs and EMT molecules by blocking 
E‑cadherin in MTSs enhances cell motility. When the 
E‑cadherin neutralizing antibody DECMA was used to treat 
monolayers or MTSs derived from FRO cells, the expres-
sion levels of E‑cadherin and β1 integrin decreased in both 
culture conditions. In addition, the EMT markers paxillin and 
FAK were expressed at lower levels in DECMA‑treated cells. 
However, the expression levels of EMT signaling molecules 
ILK and Snail decreased in monolayer cells but increased 
in MTSs (Fig.  4A). To validate the different reactions to 
E‑cadherin neutralizing antibody between monolayer cells and 
MTSs, motility assays were performed. E‑cadherin‑blocked 
monolayer cells moved more slowly than non‑treated mono-
layer cells, whereas DECMA‑treated MTS cells migrated 
further than non‑treated MTS cells (Fig. 4B‑D).

Discussion

In the present study, MTS cells expressed low‑MW β1 integrin 
and upregulated EMT signaling molecules, including ILK and 
Snail, which increasing the motility of the cells. By contrast, 
highly confluent cell monolayers exhibited low expression 
levels of ILK and Snail but high expression levels of CAMs; 
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Figure 1. Morphological inspection of monolayer cells and MTSs. (A) FRO cells were cultured in plates for monolayer growth. Cells reached full confluency at 
day 3 and were overgrown from day 4. (B) MTSs grown from dispersed cells obtained by trypsinizing day 2 to day 5 monolayer cells with different confluency. 
Scale bar, 100 µm. MTS, multicellular tumor spheroid.

Figure 2. Expression of cell adhesion molecules in MTS formation. (A and B) Expression levels of the cell‑cell adhesion molecules E‑cadherin and ZO‑1, 
and occludin were examined by western blotting. (A) The spheroids were made from day 2 to day 5 monolayered cells. The expression of E‑cadherin was 
sustained until day 6 in MTSs, unlike that of the other proteins tested. (B) Quantification of the western blotting results. (C) Immunocytochemistry revealed 
that E‑cadherin was expressed at the center of the MTS on day 3, and then evenly across the entire MTS on day 6. ML, monolayer; SP, spheroid; D, day; MLD, 
monolayer day; SPD, spheroid day; MTS, multicellular tumor spheroid; ZO‑1, zonula accludens‑1. Scale bar, 100 µm.
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these changes decreased cellular motility. In monolayer and 
MTS culture conditions, when E‑cadherin was blocked with 

neutralizing antibody, the expression levels of E‑cadherin 
and β1 integrin decreased; however, those of ILK and Snail 

Figure 3. Increased motility of MTS cells with increased E‑cadherin and EMT signaling molecules. (A) Images of single cells dispersed from cell monolayers 
and MTSs and cultured for 48 h. (B) The speed and displacement of the dispersed cells were monitored (D1, 0‑24 h; D2, 24‑48 h) and compared statistically 
by analyzing 10 cells from each group. (C) The speed and displacement of dispersed MTS cells were increased more than those of dispersed monolayer cells 
after 24 h. aP<0.05 vs. dispersed cell from spheroid on the same day (Mann‑Whitney U test). (D) Transcriptional expression of E‑cadherin was increased in 
MTS cells but that of β1 integrin was variable. (E) During MTS formation, the molecular weight of β1 integrin changed and expression levels of EMT signaling 
molecules increased. (F) Protein levels of cell adhesion molecules increased in monolayered cells at day 2 to day 5 while those of EMT signaling molecules 
decreased. MTS, multicellular tumor spheroid; EMT, epithelial‑mesenchymal transition; ML, monolayer; SP, spheroid; D, day; MLD, monolayer day; 
SPD, spheroid day. Scale bar, 50 µm.
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differed according to the culture conditions: Upregulation of 
ILK and Snail and increased motility were observed in MTSs; 
downregulation of ILK and Snail and decreased motility 
were observed in monolayer cells (Fig.  5). These results 
demonstrate that when a two‑dimensional cell condition was 
changed to a three‑dimensional cell condition, in addition to 
simple structural changes, EMT signals were also upregulated 
by low‑MW β1 integrin.

ATC is one of the most lethal human neoplasms. Previous 
studies have reported a median survival time ranging from 
3 to 10 months (19). Although ATC comprises <2% of all 
thyroid carcinomas, it is responsible for 14‑50% of annual 
deaths associated with thyroid cancer  (20). The majority 
of patients with ATC present with advanced disease with 
regional and systemic metastases. ATC is the most undif-
ferentiated and aggressive thyroid cancer. It is characterized 
by high metastatic spread (21). Among diverse differentia-
tion levels of thyroid carcinomas, poorly differentiated ATC 
shows significantly lower expression of E‑cadherin than 
other well‑ or moderately differentiated carcinomas (22,23). 
Thus, an undifferentiated ATC cell line, FRO, expected to 
show high cell motility due to reduced levels of E‑cadherin 
was used in the present study.

The expression of E‑cadherin increased in proportion to 
the confluency of the monolayered cells and increased further 
when MTSs were formed. In addition to the expression level 
of E‑cadherin, the cytological examination of MTSs suggested 
the importance of the differential distribution of E‑cadherin 
in MTS formation. However, the motilities of cells dispersed 
from cell monolayers and MTSs were significantly different. 

Cells from MTSs exhibited increased motility despite the 
high level of E‑cadherin. In particular, MTS cells expressed 
low‑MW β1 integrin. Generally, when glycosylation of some 
proteins is changed, the function of these proteins in cancer 
cells may be affected, thus influencing several metastatic 
processes such as EMT, migration and invasion  (24). A 
previous study has suggested that the glycosylation of integrins 
serves an important role in the metastatic process of cancer 
cells (25). In addition to glycosylation, several posttransla-
tional modifications of integrin, including phosphorylation and 
palmitoylation, have been reported to regulate integrin activity 
in cancer cells (26,27). Despite the diversity of the posttransla-
tional modifications of integrin, glycosylation is important for 
numerous biological functions of β1 integrin, including cell 
adhesion and migration (28,29). Therefore, it is hypothesized 
that the enhancement of cancer cell motility with low‑MW 
β1 integrin observed in the present study may be associated 
with the aberrant glycosylation of β1 integrin. However, this 
was not demonstrated empirically due to the complexity of 
the glycosylation mechanism and the diversity of the enzymes 
involved. Furthermore, glycosylation of integrins is regulated 
in thyroid cancer cells by several enzymes, including α1‑6 
fucosyltransferase and N‑acetylglucosaminyltransferase, that 
are less expressed in ATCs  (30). Therefore, reduced MW 
β1 integrin in FRO MTSs may represent a clinical state of 
undifferentiated carcinoma with increased metastatic ability.

Suppressive roles of E‑cadherin in cancer progression 
have been well reviewed. The loss of E‑cadherin is thought 
to enhance tumor invasiveness and increase the metastatic 
ability of many human carcinomas. In addition, as tumor 

Figure 4. Low‑MW β1 integrin and EMT signaling molecules enhance cell motility. (A) Expression levels of cell adhesion molecules and EMT molecules 
after adding DECMA (5 µg/ml) to cell monolayers and MTSs for 24 h were examined. Only MTSs exhibited reduced MW β1 integrin and DECMA‑induced 
upregulation of ILK and Snail. (B) The speed and displacement of single cells dispersed from a cell monolayer were suppressed by DECMA. (C and D) The 
spreading extent of MTSs was increased by DECMA in a spreading assay. (C) Representative images and (D) quantified results. EMT, epithelial‑mesen-
chymal transition; DECMA, E‑cadherin neutralizing antibody; MTS, multicellular tumor spheroid; ILK, integrin‑linked kinase; FAK, focal adhesion kinase, 
MLD, monolayer day; SPD, spheroid day. Scale bar, 100 µm. *P<0.05 and **P<0.01 (Mann‑Whitney U test).
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cells metastasize to distant sites, cancer cells can change their 
ability to interact with the surrounding ECM and adjacent 
tumor cells (11,31). The crosstalk between the cell‑cell adhe-
sion molecule E‑cadherin and cell‑ECM adhesion molecules 
of the integrin family contributes to the effective migration 
of tumor cells (13). In the present study, to mimic the early 
phase of metastasis, a commercial neutralizing monoclonal 
antibody, DECMA, that can recognize specific epitopes within 
the extracellular domain of E‑cadherin was applied to disag-
gregate FRO cells from one another. The neutralizing strategy 
is considered to be better than a gene‑silencing method 
because the preservation of E‑cadherin synthesis is important 
for mesenchymal‑epithelial transition, the reverse process of 
EMT, and the completion step of metastasis.

Although the disruption of cell‑cell adhesion by blocking 
E‑cadherin induced the downregulation of β1 integrin in 
monolayer and spheroid cultures, this reduction caused differ-
ential effects on the expression of EMT signaling molecules 
and cell motility in the two culture conditions. These contra-
dictory results might be elicited by the reduced MW of β1 
integrin during MTS formation because the expression levels 
of E‑cadherin and β1 integrin in MTSs were not markedly 
different from those in monolayer cells.

As a cell adhesion receptor, integrin is linked to diverse 
metastatic functions through intracellular signaling to other 
adhesion molecules or EMT molecules (32). Generally, β1 inte-
grin is linked to ILK, which stimulates the expression of Snail, 
an EMT signaling molecule. A recent study has reported that 
aberrant glycosylation of β1 integrin decreases the cell‑surface 
transport of β1 integrin and changes the expression of ILK and 
Snail in hypoxic conditions (17). In fact, MTS has a spherical 

geometry similar to that of avascular tumor nodules in which 
proliferating cells are arranged at the periphery but non‑prolif-
erating cells are arranged in deeper regions under hypoxic 
conditions (5). Similar to these previous studies, the present 
study demonstrated that the expression level of ILK and Snail 
was enhanced by low‑MW β1 integrin, which may be regarded 
as aberrantly glycosylated β1 integrin. Additionally, DECMA 
elicited the upregulation of ILK and Snail and accelerated the 
spread of MTSs.

Although the present study demonstrates that a 
three‑dimensional culture is a more relevant model than a 
two‑dimensional culture for studying tumor aggressiveness 
and metastatic potential, detailed molecular mechanisms 
underlying the differences in the expression of CAMs and 
EMT signaling molecules between these two types of cell 
culture environments were not elucidated. Thus, further studies 
are required to identify key molecular mechanisms that regu-
late these expression patterns during spheroid formation and 
confirm the in vitro results by comparing the tumorigenesis 
and metastasis of MTS cells with monolayer cells in vivo. 
Furthermore, co‑culture of cancer cells with endothelial cells, 
fibroblasts or immune cells during spheroid formation might 
yield more complex models to advance metastasis research.

In conclusion, the expression levels of CAMs and the MW 
of β1 integrin in MTS cells differed from those in monolayer 
cells, causing enhanced motility of MTS cells. The EMT 
signaling molecules Snail and ILK were expressed at higher 
levels in MTSs compared with cell monolayers. Furthermore, 
reduced E‑cadherin binding ability increased the expression 
levels of EMT signaling molecules and the motility of cells. 
Consequently, changing monolayers to three‑dimensional 

Figure 5. Differences between the molecular mechanism by which CAMs and EMT signaling molecules affect the motility of cells in monolayer and MTSs. 
(A) Increasing confluency of monolayered cells increased the expression of CAMs and decreased cell motility through the reduction of EMT signals. The 
motility was further decreased by E‑cadherin neutralizing antibody. (B) In MTSs, low‑MW β1 integrin enhanced EMT signals and increased cell motility. 
This was intensified by E‑cadherin neutralizing antibody. CAM, cell adhesion molecule; EMT, epithelial‑mesenchymal transition; MTS, multicellular tumor 
spheroid; ILK, integrin‑linked kinase; Ab, antibody; MW, molecular weight.

https://www.spandidos-publications.com/10.3892/ijo.2020.5016


KIM et al:  ENHANCED CELLULAR MOTILITY IN MTS 1497

MTS not only leads to morphological changes, but also 
elicits marked differences in the expression of adhesion‑ and 
EMT‑associated molecules.
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