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Abstract
The effect of the extracellular matrix substrates on the formation of epithelial cell sheets was studied using MDCK cells in 
which the α-catenin gene was disrupted. Although the mutant cells did not form an epithelial cell sheet in conventional cell 
culture, the cells formed an epithelial cell sheet when they were cultured on or in a collagen gel; the same results were not 
observed when cells were cultured on collagen-coated cover glasses or culture dishes. Moreover, the cells cultured on the 
cell culture inserts coated with fibronectin, Matrigel, or vitronectin formed epithelial cell sheets, whereas the cells cultured 
on cover glasses coated with these proteins did not form the structure, implying that the physical and chemical features of 
the substrates exert a profound effect on the formation of epithelial cell sheets. MDCK cells lacking the expression of E- 
and K-cadherins displayed similar properties. When the mutant MDCK cells were cultured in the presence of blebbistatin, 
they formed epithelial cell sheets, suggesting that myosin II was involved in the formation of these sheets. These cell sheets 
showed intimate cell–cell adhesion, and electron microscopy confirmed the formation of cell junctions. We propose that 
specific ECM substrates organize the formation of basic epithelial cell sheets, whereas classical cadherins stabilize cell–cell 
contacts and promote the formation of structures.
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Introduction

The epithelium is the fundamental tissues for multicellular 
organisms. The basic structure is a simple cell sheet formed 
on the basement membrane that has apicobasal polarity. The 

epithelium then forms various structures with other tissues 
and plays different roles. Hence, the construction of the epi-
thelium and its function require various proteins, such as 
junctional proteins, polarity proteins, and signaling proteins. 
Among them, cell–cell adhesion proteins are essential for the 
formation and maintenance of the basic structure, since the 
structures are generated and maintained by firmly connect-
ing epithelial cells side by side (Halbleib and Nelson 2006).

It is widely accepted that classical cadherins play a central 
role in the intercellular adhesion of multicellular organisms. 
They are involved in the formation of epithelial cell arrange-
ment, cell junctions, and apicobasal polarity. In fact, it was 
reported that the establishment of adherens junctions, tight 
junctions, desmosomes, and apicobasal polarity required clas-
sical cadherins (Angst et al. 2001; Halbleib and Nelson 2006; 
Harris and Tepass 2010; Thomason et al. 2010; Oda and 
Takeichi 2011), and knocking out E-cadherin gene in mice 
resulted in no embryos (Larue et al. 1994) and no embryonic 
epithelium (Ohsugi et al. 1997). Because of their importance, 
classical cadherins have been extensively characterized, and a 
basic concept of the cell adhesion system has been established 
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(Priest et al. 2017). The extracellular domains of classical cad-
herins interact with other cadherins on opposing cells, whereas 
the cytoplasmic domains tightly associate with β-catenin, 
which binds to actin filaments via α-catenin, and the resulting 
complex plays a central role in classical cadherin functions. 
However, Yamada et al. (2005) argued that α-catenin did not 
play a linker role in strong cell adhesion activity. It was also 
reported that the adhesion complex associated with various 
other proteins that perform other cellular roles, such as p120-
catenin, afadin, and PLEKHA7 (Reynolds et al. 1994; Mandai 
et al. 1997; Meng et al. 2008).

Although classical cadherins are generally thought to be 
indispensable for the formation of epithelial cell sheets, as 
described above, several reports suggested the possibility that 
classical cadherins might be dispensable for the construction 
and/or maintenance of epithelia. Costa et al. (1998) reported 
that nonfunctional mutants of the C. elegans classical cad-
herin system still formed epithelial tissues, although they 
were abnormal. Troxell et al. (2001) showed that MDCK 
(Madin-Darby canine kidney) cells expressing very low 
amounts of E-cadherin and K-cadherin could form epithelial 
cell sheets. Li et al. (2005), on the other hand, reported that 
cardiac-specific deletion of N-cadherin expression did not 
destroy the cardiac tissue. These results may sound odd, but 
the epithelial structure may be formed and maintained with-
out classical cadherins under certain conditions even though 
classical cadherins play a major role in epithelium formation 
under normal conditions.

The cell-extracellular matrix (ECM) adhesion is also 
thought to be essential for the formation of various tissues, 
including epithelia. The ECM includes a variety of proteins 
that are localized in the extracellular space and function in 
a variety of processes, such as cell survival, cell growth, 
cell movement, and cell differentiation (Frantz et al. 2010). 
Recently, the construction of 3D tissue structures in vitro has 
extensively been investigated (Gjorevski et al. 2016; Simian  
and Bissell 2016; Holloway et al. 2019) and the results 
provided experimental evidence that ECM proteins played 
an important role in the formation of 3D tissue structures 
including epithelia (Hynes, 2009; Daley and Yamada 2013; 
Dzamba and DeSimone 2018). A key function of the ECM 
appears to provide a scaffold for the construction of tis-
sue structures. In the epithelium, the basement membrane, 
which is a special ECM structure, is formed and supports the 
formation and maintenance of epithelia (Yurchenco, 2011; 
Jayadev and Sherwood 2017). Of the many activities of the 
ECM, one essential activity in tissue formation involves cell-
ECM adhesion activity, which is mainly mediated by inte-
grins (Ali et al. 1977; Humphries et al. 2006; Maartens and 
Brown 2015; Manninen 2015; Takayama et al. 2016). Thus, 
it is conceivable that the cross-talk or collaboration between 
cell–cell and cell-ECM adhesion activities is vital for the 
construction of epithelial tissues. In fact, recent studies have 

demonstrated several mechanisms of cross-talk via the actin 
cytoskeleton and common signaling molecules (Halbleib 
and Nelson 2006; Weber et al. 2011; Mui et al. 2016).

In this study, we investigated the effect of the ECM sub-
strates on the formation of epithelial cell sheets using mutant 
MDCK cells with a defective classical cadherin system. The 
results indicated that the mutant cells formed an epithelial 
cell sheet on the specific ECM substrate and suggested that 
the activity of the substrate was dependent on the physical 
and chemical properties. We will describe the results and 
discuss the importance of ECM substrates for epithelium 
formation.

Materials and methods

Reagents

Antibodies against α-catenin (# 610,194), β-catenin 
(# 610,153), plakoglobin (# 610,253), p120-catenin (# 
610,133), E-cadherin (# 610,181), and afadin (# 610,732) 
were acquired from BD Transduction Laboratories (Lex-
ington, KY). Antibodies against α-catenin (# C-2081), 
β-catenin (# C-19220), ZO-1 (# 61–7300), occludin (# 
71–1500), claudin-1 (# 51–9000), and afadin (# A-0349) 
were obtained from Sigma-Aldrich Co (St. Louis, MO). 
Antibody against desmoplakin (# 61,003) was obtained 
from Progen (Heidelberg, Germany). Alexa Fluor-labeled 
secondary antibodies (# A-11036 and # A-11029) and phal-
loidin (# A-12380) were obtained from Molecular Probe 
(Eugene, OR) and alkaline phosphatase-labeled secondary 
antibodies (# S3721 and # S2731) were purchased from Pro-
mega (Madison, WI). Growth factor–reduced Matrigel was 
acquired from Corning Incorporated (Corning, NY). Colla-
gen type I was obtained from Nitta Gelatin (Tokyo, Japan). 
Fibronectin, poly-L-lysine, vitronectin, Lipofectamine LTX, 
puromycin, trypsin, and soybean trypsin inhibitor were 
obtained from Sigma-Aldrich Co. Fetal calf serum was 
obtained from HyClone Laboratories (San Angelo, TX). 
Blebbistatin was obtained from Toronto Biochemical Co. 
(Toronto, Canada). The pX330 vector was obtained from 
Addgene (Boston, MA). Oligonucleotides were purchased 
from Integrated DNA Technologies (Coralville, IA).

Cell culture

MDCK cells and DLD-1 cells were purchased from ATCC 
(Manassas, VA). Cells were mainly cultured on conven-
tional plastic dishes in DMEM-F12 (1:1) medium contain-
ing 10% fetal calf serum (HyClone) at 37 °C in a 5%  CO2 
atmosphere. For immunostaining, approximately  105 cells/
cm2 were plated on the substrate and cultured for 3 days 
on cover glasses or Millicell-CM cell culture inserts with a 
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0.4-μm pore size (Merck-Millipore, Burlington, MS) coated 
with different substances. Thin and thick coatings of col-
lagen or Matrigel were generated according to the manu-
facturer’s instructions. Briefly, for the thick gel coating, an 
approximately 1-cm2 area of the cover glass or cell culture 
insert was coated with 100 μl of a neutralized collagen solu-
tion (~ 2.5 mg/ml) or thawed Matrigel solution (~ 10 mg/
ml) and then incubated for 10–20 min at room temperature 
to promote gel formation. The resulting gels were directly 
used for cell culture. For the thin coating, a diluted colla-
gen solution (~ 0.3 μg/ml) or Matrigel solution (~ 1 mg/ml) 
was added to the cover glass and incubated for 30 min at 
room temperature. The cover glass was subsequently washed 
with phosphate-buffered saline and used for cell culture. 
Another thin coating protocol was also used in some cases: 
an approximately 1-cm2 area of the cover glass was coated 
with approximately 5 μl of the neutralized collagen solution 
described above or thawed Matrigel solution, incubated for 
10 min at room temperature, and used for cell culture. Poly-
L-lysine, fibronectin, and vitronectin (1 mg/ml) were directly 
applied to cover glasses and cell culture inserts and incu-
bated for 10–20 min at room temperature. Then, they were 
washed with phosphate-buffered saline and used for cell cul-
ture experiments. Commercially available collagen-coated 
culture dishes (Sumitomo Bakelite Co, Tokyo, Japan) were 
also used. In some experiments, cells were incubated with 
TPA (12-O-tetradecanoylphorbol-13-acetate, 200 nM) for 

4 h using the method described by van Hengel et al. (1997) 
or cultured with blebbistatin (50 μM) overnight. Cysts were 
formed by culturing cells (approximately  104 cells/ml of gel) 
for 7–10 days in a collagen gel or Matrigel (Bao et al. 1995; 
Rahikkala et al. 2001) that was prepared as described above. 
The cell sizes of polygonal cells and elongated cells in 2D 
culture were determined by measuring the cell diameter and 
the major axis, respectively. The cell diameter is defined as 
(the long diameter + the short diameter)/2 in this study. The 
sizes of cells in cysts were determined by measuring the 
length of the basal surface and the cell height at nucleus and 
the lateral membrane sites.

CRISPR/Cas9 protocol and rescue methods

Disruption of different genes was carried out using a 
CRISPR/Cas9 method following the procedure described 
by Cong et al. (2013) with some modifications (Fujiwara 
et al. 2015). The vector used in this study was pX330. Tar-
get sites for the genes were selected in the regions near 
the translation initiation sites of target genes using Cas-
OFFinder from Kim’s laboratory (Bae et al. 2014), and the 
guide sequences used are shown in Table 1. The constructed 
vectors and the pCAG-Flag-IRES-puro vector were cotrans-
fected using Lipofectamine LTX. After selection of candi-
date clones by treatment with puromycin, the disruption 
of the target genes in the isolated clones was confirmed by 

Table 1  Guide sequences for target genes and the correspond-
ing genomic sequences of knockout cells. The guide sequences for 
CRISPR/Cas9 experiments and the corresponding genomic sequences 

of respective knockout clones are shown. The nucleotides in lower 
case letters indicate insertions and dashes denote deletions

Δα/MDCK ΔE/MDCK

α-Catenin E-cadherin
Guide sequence: GGG CCG TCA AAT AAG AAG AG Guide sequence: CAG AAG ACA GAA GAG AGA CT
Clone sequence: GGG CCG TCA AAT AAGAAaGAC Clone sequence: CAG AAG ACA GAA GAGAGaACT 
ΔEΔK/MDCK
E-cadherin K-cadherin
Guide sequence: CAG AAG ACA GAA GAG AGA CT Guide sequence: GTT CGA AAA GGA GCT GGA TG
Clone sequence: CAG AAG ACA GAA GAG - - ACT Clone sequence: GTT CGA AAA GGA GCTGTtATG 
Δα/DLD-1 Δα/HaCaT
α-Catenin α-Catenin
Guide sequence: GTT TCT CAA GGA GGA GCT TG Guide sequence: GTT TCT CAA GGA GGA GCT TG
Clone sequence: GTT TCT CAA GGA GGAGCcTTG Clone sequence: GTT TCT CAA GGA GGAG - TTG 
ΔPG/MDCK
Plakoglobin
Guide sequence: GCT GCT TGC CAT CTT CAA GT
Clone sequence: GCT GCT TGC CAT CTTCAaAGT 
ΔβΔPG/MDCK
β-Catenin Plakoglobin
Guide sequence: CAG TGG TAA AGG CAA TCC CG Guide sequence: GCT GCT TGC CAT CTT CAA GT
Clone sequence: CAG TGG TAA AGG CAATCcaCCG Clone sequence: GCT GCT TGC CAT CTTCAaAGT 
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sequencing the target regions, and the expression of target 
proteins in the obtained clones was examined by Western 
blot analysis.

Human cDNAs for E-cadherin were isolated in our labora-
tory and human α-catenin cDNA was obtained from Dr. M. 
Ozawa. The cDNAs were subcloned into a pEF1 expression vec-
tor (Fujiwara et al. 2015). The resultant vectors were introduced 
by using Lipofectamine LTX into the cells with E-cadherin or 
α-catenin knocked out and the transfectants expressing the pro-
teins were screened by Western blot analysis.

Immunofluorescence staining

The cells grown on cover glasses, cell culture inserts, or 
plastic culture dishes were fixed with cold methanol or 2% 
paraformaldehyde for 5–10 min. For actin staining with 
phalloidin, samples fixed with 2% paraformaldehyde were 
used. After washing with Tris-buffered saline (TBS), the 
resultant cells were incubated with TBS containing 1% 
bovine serum albumin for 30 min. Then, the cells were 
incubated with a primary antibody for 2 h at room tem-
perature. After washing with TBS again, the cells were 
incubated with an Alexa Fluor-labeled secondary antibody 
for 90 min. Finally, the resultant samples were washed with 
TBS and embedded in FluorSave (Calbiochem, La Jolla, 
CA). The stained samples were examined using a Zeiss 
Axioskop 2 or a Zeiss LSM 700 microscope (Carl Zeiss 
Microscopy, Jena).

Cell adhesion assay

Two methods were used to assay cell adhesion. Conven-
tional cell aggregation assays were conducted as described 
by Nagafuchi and Takeichi (1988). Aggregation proceeded 
for 40 min and the extent of cell aggregation was repre-
sented by the index (N0 − Nt)/N0, where N0 is the total 

particle number at the initiation of incubation and Nt is the 
particle number at the end of incubation (Nagafuchi and 
Takeichi 1988). The assay was performed 4 times, and the 
mean value and the standard deviation (SD) were calculated. 
Cell dispersion assays were performed using the method 
described by Nagafuchi et al. (1994) with some modifica-
tions. Briefly, after washing, the cells were treated with 0.1% 
trypsin-0.5 mM EDTA for 2–10 min at 37 °C. Next, the cells 
were fixed with cold MeOH for 10 min without dispersion 
by pipetting, and then photographed.

Other methods

Electron microscopy was performed as described previously 
(Obata and Usukura 1992). Western blot analyses were per-
formed using alkaline phosphatase-labeled secondary antibod-
ies (Hirano et al. 1999). Genomic DNA was prepared with a 
Qiagen DNeasy blood and tissue kit (Hilden, Germany). DNA 
sequencing was performed using a BigDye Terminator v3.1 
Cycle Sequencing kit (Thermo-Fischer Scientific, Waltham, 
MA). Student’s t-test was used for the statistical analysis of 
quantified data with Microsoft Excel.

Results

MDCK mutant cells in which the α‑catenin gene 
had been disrupted formed an epithelial cell sheet 
on collagen gels

Since α-catenin is presumed to play a pivotal role in classi-
cal cadherin function (Ozawa et al. 1989; Breen et al. 1993; 
Watabe-Uchida et  al.  1998; Yonemura et  al.  2010), the 
α-catenin gene was deleted in MDCK cells using the 
CRISPR/Cas9 approach (Table  1). The expression of 
α-catenin in the resulting cells (Δα/MDCK cells) was not 
detected using Western blot analysis (Fig. 1a) or immunoflu-
orescence microscopy (Fig. 1b). The epithelial properties of 
Δα/MDCK cells were examined to evaluate the role of clas-
sical cadherin in epithelium formation. When parental wild 
type MDCK cells (wt/MDCK cells) were cultured on plain 
cover glasses (wt/MDCK (glass) cells), the cells showed 
typical properties of the epithelium: the cells formed a sheet 
consisting of polygonal cells (Fig. 1c‴), and the average cell  
size was approximately 12.1 μm in diameter (Table S1). The  
cells exhibited the characteristic epithelial localization of  
α-catenin,  E-cadherin, ZO-1, desmoplakin, Par3, and 
p120-catenin at cell–cell contact sites (Fig. 1b’, d‴–h‴). 
Afadin and β-catenin also exhibited epithelial localization 
(Fig. S1l, c′). Confocal microscopy images showing the side 
view of immunostaining of wt/MDCK (CG, glass) cells 
revealed that ZO-1, Par3, and afadin were localized at the 
apical side of the lateral membrane (Fig. S1d‴, h‴).

Fig. 1  Formation of an epithelial cell sheet by Δα/MDCK cells on a 
collagen gel. Western blot analysis of α-catenin levels in Δα/MDCK 
cells and in wt/MDCK cells (a). β-Actin, an internal standard. Immu-
nofluorescence staining for α-catenin in Δα/MDCK (glass) cells 
(b) and wt/MDCK (glass) cells (b′). Differential interference con-
trast microscopy (DIC) images (c–c‴) and fluorescence microscopy 
images (d–h’’’) of Δα/MDCK (glass) cells, Δα/MDCK (CN, glass) 
cells, Δα/MDCK (CG, glass) cells, and wt/MDCK (glass) cells. Δα/
MDCK (glass) cells and Δα/MDCK (CN, glass) cells did not exhibit 
an epithelial morphology (c and c′) or the epithelial localization of 
E-cadherin (d and d′), ZO-1 (e and e′), desmoplakin (f and f′), Par3 
(g and g′), or p120-catenin (h and h′). In contrast, Δα/MDCK (CG, 
glass) cells formed a sheet (c″) and exhibited epithelial localization 
of E-cadherin (d″), ZO-1 (e″), desmoplakin (f″), Par3 (g″), and 
p120-catenin (h″). Ring-like clusters of ZO-1 and Par3 were occa-
sionally observed in Δα/MDCK (glass) cells (insets of panels e and 
g). wt/MDCK (glass) cells formed typical epithelial cell sheets (c‴) 
and exhibited typical epithelial localization of these proteins (d‴–
h‴). Scale bars, 10 μm

◂
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In contrast, Δα/MDCK cells cultured on plain cover 
glasses (Δα/MDCK (glass) cells) showed a fibroblastic cell 
morphology (Fig. 1c) and the average length of the long axis 
was approximately 29.1 μm (Table S1). The cells showed 
poor cell–cell contact (Fig. 1, Δα/MDCK (glass)), indicat-
ing that the cells had defects in cell–cell adhesion. In fact, 
low levels of E-cadherin and p120-catenin were localized 
at the intercellular contact sites, the dot-like clusters of des-
moplakin revealed a scattered localization on the cell sur-
face, and ZO-1 and Par3 showed sporadic and discontinuous 
localization at cell–cell contact sites (Fig. 1d–h). Moreover, 
the proteins occasionally formed ring-like clusters (Fig. 1, 
insets of panels e and g) that had been reported in α-catenin-
deficient DLD-1 cells (Watabe-Uchida et al. 1998). Based 
on these results, ZO-1 and Par3 had the ability to cluster 
and were partially localized at cell–cell contact sites in the 
absence of the fully functional classical cadherin. The res-
toration of α-catenin expression in Δα/MDCK cells rescued 
the defects in the formation of the epithelium and in the epi-
thelial localization of junctional proteins in cells cultured on 
cover glasses (Fig. S2, + α//Δα/MDCK (glass)), indicating 
that these defects in epithelial cell sheet formation were not 
due to the off-target effects of CRISPR/Cas9 knockout. In 
this study, epithelial cell sheets are defined as the cell sheets 
in which cells are connected through specific cell junctions 
or junctional proteins are localized at the sites and show 
apicobasal polarity.

Although Δα/MDCK cells did not form a cell sheet 
under the conventional cell culture conditions described 
above, the cells occasionally spread and apparently formed 
good cell–cell contacts when they were confluent (data not 
shown). Moreover, Troxell et al. (2001) reported that MDCK 
cells expressing very low amounts of E- and K-cadherins 
could form cysts, which are 3D epithelial sheet structures,  
in a collagen gel. Based on these results, we postulated 
that collagen and/or other ECM proteins facilitate the epi-
thelial cell arrangement and the epithelial localization of  

junctional proteins and eventually might generate an epi-
thelial cell sheet. Therefore, we first cultured Δα/MDCK 
cells on conventional thin collagen-coated cover glasses 
(Δα/MDCK (CN, glass) cells) or culture dishes. The cells 
attached, spread out well, and apparently formed a sheet 
structure resembling an epithelium (Fig. 1c′). As predicted, 
this structure is not a genuine epithelium: E-cadherin, 
ZO-1, desmoplakin, Par3, and p120-catenin only showed 
weak and/or partial localization (Fig. 1d′–h′), similar to the 
cells cultured on plain cover glasses (Fig. 1d–g). In con-
trast, when Δα/MDCK cells were cultured on the thick col-
lagen gel coated on cover glasses (Δα/MDCK (CG, glass) 
cells) at a high cell density but not at a low cell density as 
described in “Materials and methods,” the cells formed a 
sheet composed of polygonal cells (Fig. 1c″) and the aver-
age cell diameter was about 11.7 μm (Table S1). E-cadherin, 
ZO-1, Par3, and p120-catenin showed a continuous localiza-
tion at the intercellular contact sites and dot-like clusters of 
desmoplakin accumulated at the sites (Fig. 1d″–h’’). Afadin 
and β-catenin also showed epithelial localization (Fig. S1b, 
b′). Confocal microscopy images showing the side view of 
immunostaining of Δα/MDCK (CG, glass) cells revealed 
that afadin, ZO-1, and Par3 were localized at the apical side 
of the lateral membrane (Fig. S1a‴, e‴). Thus, Δα/MDCK 
(CG, glass) cells form an epithelial cell sheet.

Δα/MDCK cells cultured on the culture inserts 
coated with fibronectin, collagen, or Matrigel 
also formed epithelial cell sheets

As described above, Δα/MDCK cells formed an epithelial 
cell sheet on a thick collagen gel but not on a thin collagen-
coated substrate. Hence, we hypothesized that the thick col-
lagen gel mimicked the in vivo conditions and promoted the 
formation of an epithelial cell sheet. In an attempt to test this 
possibility, we grew Δα/MDCK cells on cell culture inserts 
coated with various ECM components to mimic the in vivo 
conditions of epithelia, since the culture insert might pro-
vide a basement membrane-like porous substratum through 
which the cells could interact with various compounds in 
the medium in a manner that is similar to epithelia in vivo 
(Byers et al. 1986). Millicell-CM cell culture inserts were 
used for the experiments. The membrane is composed of 
hydrophilic polytetrafluoroethylene and requires coating 
with adhesive materials for cell culture experiments, since 
the uncoated membrane does not support the adhesion and 
spreading of most adhesive cells.

When wt/MDCK cells were cultured on cell culture inserts 
coated with a thin layer of collagen, fibronectin, Matrigel, or 
vitronectin (wt/MDCK (CN, insert) cells, wt/MDCK (FN, 
insert) cells, wt/MDCK (MG, insert) cells, wt/MDCK (VN, 
insert) cells), the cells showed normal epithelial staining of 
E-cadherin (Figs. 2f′–f‴ and S3b’’’’) and other junctional 

Fig. 2  Formation of epithelial cell sheets by Δα/MDCK cells grown 
on cell culture inserts coated with fibronectin or Matrigel. DIC 
images (a–a’’’’) and fluorescence microscopy images (b–e’’’’) of Δα/ 
MDCK (MG, glass) cells, Δα/MDCK (MG, insert) cells, Δα/MDCK 
(FN, glass) cells, Δα/MDCK (FN, insert) cells, and Δα/MDCK (Poly 
K, insert) cells. Δα/MDCK (MG, glass) cells, Δα/MDCK (FN, glass) 
cells, and Δα/MDCK (Poly K, insert) cells did not exhibit typical 
epithelial morphology (a, a″, and a’’’’) or localization of E-cadherin  
(b, b″, and b’’’’), ZO-1 (c, c″, and c’’’’), desmoplakin (d, d″, and 
d’’’’), and Par3 (e, e″, and e’’’’). In contrast, Δα/MDCK (MG, insert)  
cells and Δα/MDCK (FN, insert) cells formed cell sheets (a′ and a‴) 
and exhibited the epithelial localization of E-cadherin (b′ and b‴), 
ZO-1 (c′ and c‴), desmoplakin (d′ and d‴), and Par3 (e′ and e‴). 
Δα/MDCK (MG, insert) cells frequently exhibited defects in the cell 
sheets and the localization of these proteins (asterisks). DIC images 
(f) and E-cadherin staining in wt/MDCK (MG, insert) cells (f’), wt/
MDCK (FN, insert) cells (f″), wt/MDCK (VN, insert) cells (f‴), and 
wt/MDCK (poly K, insert) cells (f’’’’). Scale bars, 10 μm

◂



 Cell and Tissue Research

1 3



Cell and Tissue Research 

1 3

proteins (data not shown), as did the cells cultured on plain 
cover glasses (Fig. 1d‴). Similarly, Δα/MDCK cells cul-
tured on cell culture inserts coated with a thin collagen layer 
(Δα/MDCK (CN, insert) cells) formed epithelial cell sheets 
similar to the sheets formed on thick collagen gel on cover 
glasses, as predicted (Fig. S3a′–e′). The average cell size was 
approximately 11.2 μm (Table S1). One possible weakness 
of the experiments is that we used type I collagen which epi-
thelial cells do not normally contact. Then, we asked whether 
Matrigel supported the formation of epithelial cell sheets, 
since Matrigel is mainly composed of basement membrane 
components, including type IV collagen (Orkin et al. 1977); 
furthermore, Matrigel has been used for various cell culture 
experiments (Kleinman and Martin 2005). Δα/MDCK cells 
cultured on cover glass coated with a thin layer of Matrigel 
(Δα/MDCK (MG, glass) cells) showed attachment and 
spreading on the substrate but did not show epithelial locali-
zation of junctional proteins (Fig. 2a–e), which differed the 
cells cultured on the thick collagen gel. However, the cells 
cultured on the cell culture inserts coated with a thin layer of 
Matrigel (Δα/MDCK (MG, insert) cells) formed a sheet of 
polygonal cells (Fig. 2a′). Moreover, E-cadherin was broadly 
localized at the intercellular contact sites, and dotted clusters 
of desmoplakin aligned at the contact sites (Fig. 2b′, d′). On 
the other hand, ZO-1 and Par3 showed continuous fine locali-
zation at the cell–cell contact sites (Fig. 2c′, e′).

We then examined the effects of adhesion proteins other 
than collagen and Matrigel on the formation of epithelial 
cell sheets. When Δα/MDCK cells were grown on culture 
inserts coated with fibronectin (Δα/MDCK (FN, insert) 
cells), the cells spread and constructed a cell sheet composed 
of polygonal cells (Fig. 2a‴). E-cadherin and desmoplakin 
showed epithelial localization at intercellular contact sites, 
and ZO-1 and Par3 displayed a continuous localization at 

the contact sites (Fig. 2b‴–e‴). In contrast, Δα/MDCK 
cells cultured on the cover glass coated with fibronectin 
(Δα/MDCK (FN, glass) cells) attached to and spread on 
the substrate (Fig. 2a″). However, the cells only exhibited 
faint localization of E-cadherin and partial localization of 
ZO-1, desmoplakin, and Par3 at the intercellular contact 
sites (Fig. 2b″–e″). When Δα/MDCK cells were grown on 
culture inserts coated with vitronectin (Δα/MDCK (VN, 
insert) cells), the cells showed weak epithelial sheet for-
mation (Fig. S3a″–e″). However, the same results were not 
observed when the cells were cultured on vitronectin-coated 
cover glass (Δα/MDCK (VN, glass) cells) (Fig. S3a–e). On 
the other hand, Δα/MDCK cells cultured on the cell cul-
ture inserts coated with poly-L-lysine (Δα/MDCK (poly 
K, insert) cells) weakly attached to and spread on the sub-
strate, but they did not form an epithelial sheet structure 
(Fig. 2a’’’’–e’’’’).

MDCK cells lacking the E‑cadherin and K‑cadherin 
genes also formed epithelial cell sheets on specific 
substrates

The E- and K-cadherin genes of MDCK cells were deleted 
using the CRISPR/Cas9 methodology (ΔEΔK/MDCK 
cells) to directly examine the roles of these proteins 
expressed in MDCK cells in the formation of epithelial cell 
sheets (Table 1; Fig. 3). Cells in which only the E-cadherin 
gene was knocked out were cultured on plain cover glasses 
(ΔE/MDCK (glass) cells) and generated a typical epithe-
lial cell sheet (Fig. 3c’’’’). In contrast, the double knock-
out ΔEΔK/MDCK cells cultured on plain cover glasses 
(ΔEΔK/MDCK (glass) cells) displayed a fibroblastic or 
round morphology (Fig. 3c), and the average length of 
the fibroblastic cells was approximately 27 μm. The cells 
showed faint β-catenin staining in the cytoplasm but did 
not show significant staining of β-catenin at the intercel-
lular contact sites (Fig. 3d). In contrast, wt/MDCK cells 
revealed clear β-catenin staining at cell–cell contact sites 
(Fig. S1c′). Based on these results, the double knockout 
cells did not express large amounts of any other classical 
cadherins, since classical cadherins are known to complex 
firmly with β-catenin. ΔEΔK/MDCK (glass) cells did not 
show epithelial localization of ZO-1, desmoplakin, Par 3, 
or afadin (Figs. 3e–g and S1e). These defects were rescued 
by restoring the expression of E-cadherin in ΔEΔK/MDCK 
cells (Fig. S2, + E//ΔEΔK/MDCK (glass)).

When ΔEΔK/MDCK cells were cultured on a thick colla-
gen gel coated on cover glasses (ΔEΔK/MDCK (CG, glass) 
cells), a cell sheet composed of polygonal cells formed 
(Fig. 3c′). The average cell size was approximately 11.3 μm 
in diameter (Table S1). ZO-1, desmoplakin, Par3, and afadin 
were localized at intercellular contact sites, although desmo-
plakin showed weak localization at these sites (Fig. 3e′–g′ 

Fig. 3  Formation of an epithelial cell sheet by ΔEΔK/MDCK cells 
cultured on a collagen gel. Western blot analysis of E-cadherin, 
K-cadherins, and β-actin levels in ΔEΔK/MDCK cells, ΔE/MDCK 
cells, and wt/MDCK cells (a). Immunofluorescence staining for 
E-cadherin in ΔEΔK/MDCK (glass) cells, ΔE/MDCK (glass) cells, 
and wt/MDCK (glass) cells (b–b″). DIC images (c–c’’’’) and fluo-
rescence microscopy images (d–g’’’’) of ΔEΔK/MDCK (glass) 
cells, ΔEΔK/MDCK (CG, glass) cells, ΔEΔK/MDCK (CN, insert) 
cells, ΔEΔK/MDCK (FN, insert) cells, and ΔE/MDCK (glass) cells. 
ΔEΔK/MDCK (glass) cells displayed a round morphology (c) and 
partial localization of ZO-1 (e), desmoplakin (f), and Par3 (g), but no 
localization of β-catenin (d). However, ΔEΔK/MDCK (CG, glass) 
cells, ΔEΔK/MDCK (CN, insert) cells, and ΔEΔK/MDCK (FN, 
insert) cells formed cell sheets (c′–c‴) and exhibited typical epithelial 
localization of ZO-1 (e′–e‴), desmoplakin (f’–f‴), and Par3 (g’–g‴); 
however, they did not show significant staining for β-catenin (d′–d‴). 
Asterisks indicate defects in the cell sheets. In contrast, ΔE/MDCK 
(glass) cells formed typical epithelial cell sheets (c’’’’) and showed 
the epithelial localization of β-catenin (d’’’’), ZO-1 (e’’’’), desmo-
plakin (f’’’’), and Par3 (g’’’’), but no localization of E-cadherin (b′). 
Scale bars, 10 μm
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and S1f). However, ΔEΔK/MDCK (CG, glass) cells did not 
show localization of E-cadherin (Fig. S1b‴) or p120-catenin 
(data not shown). Confocal microscopy images showing the 
side view of immunostaining of ΔEΔK/MDCK (CG, glass) 
cells revealed that ZO-1, Par3, and afadin were localized 
at the apical side of the lateral membrane (Fig. S1b‴, f‴). 
The ΔEΔK/MDCK cells grown on the culture insert coated 
with collagen or fibronectin (ΔEΔK/MDCK (CN, insert) 
cells and ΔEΔK/MDCK (FN, insert) cells) showed similar 
properties to ΔEΔK/MDCK (CG, glass) cells (Fig. 3c″–g″, 
c‴–g‴). However, the quality of the epithelial cell sheets 
and the localization of junctional proteins were not as good 
as in Δα/MDCK cells, and some areas revealed defects in the 
structure (Fig. 3, asterisks). ΔEΔK/MDCK cells cultured on 
the cell culture inserts coated with a thin Matrigel (ΔEΔK/
MDCK (MG, insert) cells) partially formed an epithelial 
sheet, whereas the cells cultured on the cell culture insert 
coated with a thick layer of Matrigel only formed cell aggre-
gates (data not shown).

Δα/MDCK cells and ΔEΔK/MDCK cells formed cysts 
in a collagen gel

Although Δα/MDCK cells and ΔEΔK/MDCK cells formed 
epithelial cell sheets on specific substrates, the resulting 
structures exhibited some defects as described above. These 
cells were cultured in a collagen gel to further examine the 
ability of the mutant cells to form epithelial cell sheets under 
other conditions, since MDCK cells are known to form cysts 
in a collagen gel (Hall et al. 1982).

When wt/MDCK cells were cultured in a collagen gel 
(wt/MDCK (in CG) cells), the cells formed typical cysts 
composed of simple cuboidal epithelium with smooth 

surface as reported (Fig. 4a‴). The average cell height and 
the basal surface length of the epithelial cells were approxi-
mately 10.1 μm and 10.2 μm, respectively (Table S1). The 
cells showed epithelial localization of E-cadherin, ZO-1, 
desmoplakin, Par3, afadin, and actin (Fig. 4b‴–g‴). When 
Δα/MDCK cells were cultured in a collagen gel (Δα/MDCK 
(in CG) cells), the cells formed aggregates that developed 
cyst-like structures (Fig. 4a). The surface region was com-
posed of a cell sheet of cuboidal cells and the central cavity 
was generally filled with spheroidal cells. The average cell 
height and basal surface length were 9.5 μm and 10.3 μm, 
respectively (Table S1). The overall structure was often 
deformed and became ellipsoidal, which was also frequently 
observed in cysts composed of wt/MDCK cells in the col-
lagen gel. E-cadherin and desmoplakin were localized at the 
lateral membrane of the surface cells. ZO-1, Par3, and afadin 
were localized at the subapical region, and actin revealed 
strong localization in the apical region (Fig. 4b–g). Thus, 
Δα/MDCK cells formed cyst structures. We then examined 
50 cell aggregates of the cells and counted the number of 
cell aggregates that formed the cyst structures. Most of the 
cell aggregates developed into the cyst structure, but approx-
imately 12% of the small aggregates that grew slowly or 
stopped growing apparently did not develop the structure. 
However, close examination of the aggregates revealed that 
almost all the aggregates constructed epithelial sheet struc-
tures in a limited small area and imperfect cavities.

ΔEΔK/MDCK cells cultured in a collagen gel (ΔEΔK/
MDCK (in CG) cells) also formed cyst-like structures 
(Fig. 4a′). The surface region was constructed with a cell 
sheet of tall cells and the average cell height and the basal 
surface length of the cells were approximately 10.2 μm 
and 10.1 μm, respectively (Table S1). The cells displayed 
the epithelial localization of ZO-1 and Par3 in the sub-
apical regions (Fig. 4c′, e′). As expected, E-cadherin did 
not show appreciable localization (Fig. 4b′). Afadin also 
showed subapical localization in ΔEΔK/MDCK (in CG) 
cells, but the localization was irregular and was not as clear 
as in wt/MDCK (in CG) cells (Fig. 4f′). Desmoplakin and 
actin exhibited lateral localization and apical localization, 
respectively (Fig. 4d′, g′). These properties were similar 
to the parental wt/MDCK cells, with the exception of the 
localization of E-cadherin (Fig. 4b′), indicating that ΔEΔK/
MDCK cells formed deformed cysts in a collagen gel. Next, 
we examined 50 aggregates of ΔEΔK/MDCK (in CG) cells. 
Most of the aggregates developed into the cyst structure sim-
ilar to Δα/MDCK cells, but more than half of the aggregates 
only partially developed the structure in limited regions of 
the aggregates.

Notably, Δα/MDCK cells formed cell aggregates in 
Matrigel (Δα/MDCK (in MG) cells) but did not con-
struct cysts or cyst-like structures (Fig. 4a″), although wt/

Fig. 4  Formation of cysts by Δα/MDCK cells and ΔEΔK/MDCK 
cells in a collagen gel. DIC images (a–a‴) and confocal microscopy 
images (b–g‴) of Δα/MDCK (in CG) cells, ΔEΔK/MDCK (in CG) 
cells, wt/MDCK (in CG) cells, and Δα/MDCK (in MG) cells. Δα/
MDCK (in CG) cells and ΔEΔK/MDCK (in CG) cells formed cyst-
like structures (a and a′) and displayed the typical epithelial localiza-
tion of E-cadherin (b), ZO-1 (c and c′), desmoplakin (d and d′), and 
Par3 (e and e′), and afadin (f and f′); the localization of E-cadherin 
was not observed in ΔEΔK/MDCK (in CG) cells (b′). The wt/MDCK 
(in CG) cells formed typical cysts (a‴) and displayed the epithelial 
localization of these proteins (b‴–f‴). Strong apical staining for actin 
was observed in the cysts of the wt/MDCK (in CG) cells (g‴), and 
irregular apical staining for actin was seen in the cyst-like structures 
of the Δα/MDCK (in CG) cells (g) and ΔEΔK/MDCK (in CG) cells 
(g′). In contrast, Δα/MDCK (in MG) cells did not form a cyst-like 
structure (a″) or exhibit the typical epithelial localization of these 
proteins (b″–f″). The apical staining for actin in Δα/MDCK (in MG) 
cells was unclear (g″). However, small cell aggregates formed cyst-
like structures (inset of panel a″) and showed the epithelial locali-
zation of the junctional proteins (insets of panels b″–f″). Scale bar, 
20 μm
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MDCK cells were reported to develop cysts in Matrigel 
(Bao and Hughes 1995; Rahikkala et al. 2001). However, 
a careful examination revealed that the small aggre-
gates formed in Matrigel generated cyst-like structures 
(Fig. 4, Δα/MDCK (in MG) insets). The structures mostly 

consisted of an epithelial cell layer, and E-cadherin, des-
moplakin, ZO-1, Par3, and afadin showed epithelial local-
ization, suggesting that Δα/MDCK cells formed cyst-like 
structures in Matrigel, but the maintenance of the struc-
tures was not supported.
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Electron microscopy revealed that mutant MDCK 
cells cultured on specific substrates formed 
epithelial intercellular junctions

Based on the results described above, mutant MDCK cells 
formed epithelial cell sheets on specific substrates. Fine 
structures were examined using electron microscopy to 
further confirm this observation (Fig. 5). wt/MDCK (CN, 
insert) and wt/MDCK (in CG) cells (Fig. 5a″, b″) formed 
typical epithelial cell sheets composed of cuboidal or 
columnar cells. The average cell heights of wt/MDCK 
(CN, insert) and wt/MDCK (in CG) cells were approxi-
mately 7.9 μm and 9.0 μm, and the average lengths of 
basal surface were approximately 7.7 and 8.9 μm, respec-
tively (Table S1). The apical surfaces were relatively flat, 
and the adjacent cells were tightly connected by junctional 
complexes (Fig. 5a″, a’’’’’, b″, b’’’’’). Tight junctions and 
desmosomes were easily observed, but typical adherens 
junctions were difficult to discern in wt/MDCK cells.  
However, cell junctions that morphologically resembled 
adherens junctions were observed between tight junctions 
and desmosomes (Figs. 5a’’’’’, b’’’’’ and S1c’’’’, d’’’’). To  
clarify whether these cell junctions were linked to actin 
filaments, we closely examined 20 cell junctions in wt/
MDCK (CN, insert) cells and found that 5 of the junctions 
showed the linkage. Similarly, when we examined 15 cell 
junctions in wt/MDCK (in CG) cells, 5 of them showed the 
linkage to actin filaments. Hence, we called them adherens 
junctions. In this study, adherens junctions are defined as 
junctions showing the following properties: the character-
istic morphology described in textbooks, the location of 
the structures between tight junctions and desmosomes, 
and the attachment of actin fibers to the structures at least 
in some junctions.

Δα/MDCK (CN, insert) cells formed cell sheets com-
posed of spherical cells (Fig. 5a). The apical surfaces of 
the cells exhibited round shapes. The average cell heights 
at the nucleus and the lateral membrane sites were approxi-
mately 9.5 μm and 5.7 μm, respectively (Table S1). The 
basal surfaces were slightly rough and the average length of 
the basal surface was approximately 9.8 μm. The opposite 
lateral membranes were connected by apparently normal 
tight junctions and desmosomes in the subapical region; 
however, the intercellular space was mostly open (Fig. 5a). 
Cell junctions similar to adherens junctions were observed in 
Δα/MDCK (CN, insert) cells (Fig. 5a‴). To test whether the 
cell junctions were linked to actin filaments, we examined 23 
these junctions in the cells. However, none of them showed 
the linkage, which likely reflects the lack of functional cad-
herin expression. We defined these structures as adherens 
junction-like structures in this study.

Δα/MDCK (in CG) cells formed a cyst-like structure in 
which the surface region was constructed of an epithelial cell 
sheet of tall cells (Fig. 5b). The apical surfaces of the cells 
were mostly straight. The lateral surfaces were apparently 
normal, and the opposing lateral surfaces were linked by 
intercellular junctions comparable to those of Δα/MDCK 
(CN, insert) cells in the subapical region (Fig. 5b‴). To 
test whether the cell junctions similar to adherens junc-
tions were linked to actin filaments, we examined 23 cell 
junctions in Δα/MDCK (in CG) cells. However, none of 
the junctions showed the linkage. The result indicated that 
the cells formed adherens junction-like structures but not 
adherens junction in the cells. The average cell height was 
approximately 9.7 μm, and the length of basal surface was 
approximately 8.3 μm (Table S1).

ΔEΔK/MDCK (CN, insert) cells or ΔEΔK/MDCK 
(in CG) cells also formed aberrant epithelial cell sheets 
(Fig. 5a′, b′) analogous to those formed by Δα/MDCK 
cells (Fig. 5a, b). The average heights of ΔEΔK/MDCK 
(CN, insert) cells at the nucleus and lateral membrane sites 
were approximately 10.0 μm and 5.1 μm, respectively, and 
the length of basal surface was approximately 10.3 μm 
(Table S1). The average height of ΔEΔK/MDCK (in CG) 
cells was about 9.4 μm, and the length of basal surface  
was approximately 8.6 μm (Table S1). Notably, ΔEΔK/
MDCK cells formed relatively normal tight junctions and  
desmosomes (Fig. 5a’’’’, b’’’’). To examine whether ΔEΔK/ 
MDCK (CN, insert) cells and ΔEΔK/MDCK (in CG) cells 
formed adherens junctions, we analyzed 25 cell junctions 
in each type of cells. We observed only one imperfect adhe-
rens junction-like structure in each type of them. These 
results are generally consistent with the results of DIC and 
immunofluorescence staining of the cells (Figs. 1, 2, 3, and 
4) and revealed that Δα/MDCK (in CG) cells and ΔEΔK/
MDCK (in CG) cells showed morphology that was similar 
to wt/MDCK (in CG) cells.

Fig. 5  Electron microscopy images of Δα/MDCK cells and ΔEΔK/
MDCK cells cultured on culture inserts coated with collagen and in a 
collagen gel. Electron microscopy images of Δα/MDCK (CN, insert) 
cells, ΔEΔK/MDCK (CN, insert) cells, wt/MDCK (CN, insert) 
cells, Δα/MDCK (in CG) cells, ΔEΔK/MDCK (in CG) cells, and 
wt/MDCK (in CG) cells. Δα/MDCK (CN, insert) cells and ΔEΔK/
MDCK (CN, insert) cells showed a round apical cell surface (a and 
a′). These cells formed apparently normal tight junctions (TJs) and 
desmosomes (DSs) (a‴ and a’’’’). An adherens junction-like structure 
(AJL) was formed, but the attachment of actin filaments to the struc-
ture was unclear (a‴). wt/MDCK (CN, insert) cells showed a flat api-
cal cell surface (a″) and formed a typical junctional complex (a’’’’’). 
Δα/MDCK (in CG) cells and ΔEΔK/MDCK (in CG) cells formed a 
cyst-like structure in which the surface region was formed from a tall 
epithelium (b and b′). The cells formed TJs and DSs but not adherens  
junctions (b‴ and b’’’’). wt/MDCK (in CG) cells formed typical cysts  
in which the surface region was formed from an epithelium (b″). The 
cells formed a junctional complex (b’’’’’). The indicated areas (white 
rectangles) of panels a–a’’ and b–b’’ are enlarged in panels a‴–a’’’’’ 
and b‴–b’’’’’, respectively. Scale bars 1.5 μm (a–a″ and b–b″) and 
200 nm (a‴–a’’’’’ and b‴–b’’’’’)
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DLD‑1 mutant cells lacking the α‑catenin gene 
formed epithelial cell sheets on specific substrates, 
similar to Δα/MDCK cells

α-Catenin-deficient colon adenocarcinoma DLD-1 cells 
(Δα/DLD-1 cells) were generated using the CRISPR/Cas9 
protocol to examine whether other epithelial cells lacking 
α-catenin expression have the ability to form epithelial cell 
sheets under specific conditions (Table 1; Fig. 6). The Δα/
DLD-1 cells cultured on plain cover glasses (Δα/DLD-1 
(glass) cells) exhibited elongated cell shapes (Fig. 6c). 
The average length of long axis was approximately 25 μm. 
E-cadherin, desmoplakin, ZO-1, and Par3 revealed weak 
and/or sporadic localization at cell–cell contact sites 
(Fig. 6d–g). Noticeably, ZO-1, desmoplakin, and Par3 fre-
quently formed ring-like clusters in Δα/DLD-1 (glass) cells 
(Fig. 6e–g, arrowheads). However, when the cells were cul-
tured on a thick layer of collagen gel on cover glass (Δα/
DLD-1 (CG, glass) cells), they apparently formed a cell 
sheet (Fig. 6c’) consisting of polygonal cells (~ 10.6 μm 
in diameter). E-cadherin, ZO-1, and Par3 were localized 
at cell–cell contact sites, whereas desmoplakin was only 
partially localized at cell–cell contact sites (Fig. 6d′–g′). 
Confocal microscopy showed that ZO-1 and Par3 were 
localized at the apical side of the lateral membrane (data 
not shown). The cells grown on the culture inserts coated 
with collagen or fibronectin (Δα/DLD-1 (CN, insert) and 
Δα/DLD-1 (FN, insert) cells) also formed epithelial cell 
sheets (Fig. 6c″–g″, c‴–g‴). However, the quality of the 
cell sheets was not as good as Δα/MDCK cells (Fig. 1). 
In contrast, wild-type DLD-1 cells cultured on plain cover 
glasses (wt/DLD-1 (glass) cells) formed a typical epithelial 
cell sheet (Fig. 6c’’’’–g’’’’).

A spontaneously generated DLD-1 clone that lacked the 
expression of α-catenin was reported (Rahikkala et al. 2001). 
We independently isolated similar clones from parental 
DLD-1 cells. The cells showed properties resembling Δα/
DLD-1 cells (data not shown).

Blebbistatin facilitated the formation of epithelial 
cell sheets from Δα/MDCK, ΔEΔK/MDCK, and Δα/
DLD‑1 cells

We then asked whether treatment with one or more inhibi-
tors or activators of several signaling pathways or dynamic 
cytoskeletal processes might promote epithelial cell sheet 
formation by Δα/MDCK cells, as observed in the collagen 
gel. Blebbistatin, an inhibitor of non-muscle myosin II, 
facilitated the formation of epithelial cell sheets. When 
Δα/MDCK cells were cultured on plain cover glasses in the 
presence of blebbistatin (Δα/MDCK (blebbistatin, glass) 
cells), the cells exhibited a flattened morphology (Fig. 7a), 
and the average cell size was approximately 20.5 μm in 
diameter (Table S1). The cells appeared to form a sheet and 
displayed the epithelial localization of E-cadherin, ZO-1, 
desmoplakin, Par3, and afadin at intercellular contact sites 
(Fig. 7b–f). Moreover, confocal microscopy showed that 
ZO-1, Par3, and afadin were localized at the upper region 
of the lateral membrane (Fig. S1c‴, g‴). ΔEΔK/MDCK 
cells and Δα/DLD-1 cells treated with blebbistatin (ΔEΔK/
MDCK (blebbistatin, glass) and Δα/DLD-1 (blebbistatin, 
glass) cells) also exhibited similar properties (Fig. 7a′–f′, 
a″–f″). Blebbistatin did not improve the localization of 
α-catenin at the cell–cell contact sites of ΔEΔK/MDCK 
cells that expressed α-catenin. The control results obtained 
for Δα/MDCK (glass) cells, ΔEΔK/MDCK (glass) cells, 
and Δα/DLD-1 (glass) cells are shown in Figs. 1, 3, and 6, 
respectively. The epithelial properties of wt/MDCK cells 
were apparently not dramatically affected by the blebbi-
statin treatment (data not shown). When Δα/MDCK cells 
were grown on plain culture inserts in the presence of 
blebbistatin (Δα/MDCK (blebbistatin, insert) cells), the 
cells spread out and formed a sheet. Moreover, E-cadherin, 
ZO-1, desmoplakin, and Par3 showed epithelial localiza-
tion at intercellular contact sites (Fig. S3a‴–e‴).

According to van Hengel et al. (1997), TPA, a protein 
kinase C activator, transiently increases the localization 
of desmosomal proteins at intercellular contact sites and 
increases the intercellular adhesion of α-catenin-deficient 
HCT-8 cells and DLD-1 cells. However, when Δα/MDCK 
cells were treated with TPA (Δα/MDCK (TPA, glass) 
cells), the resulting cells only showed weak effect on 
the cell shape and the localization of junctional proteins 
(Fig. 7a‴–f‴). In contrast, the localization of junctional 
proteins in Δα/DLD1 cells was clearly affected by the  
TPA treatment (Fig. 7a’’’’–f’’’’), consistent with the report  
by van Hengel et al. (1997). These results again indicate 
that mutant MDCK and DLD-1 cells lacking the expres-
sion of α-catenin retain the potential ability to form 
epithelial cell sheets, a process that might involve non-
muscle myosin II.

Fig. 6  Formation of epithelial cell sheet by Δα/DLD-1 cells cultured 
on a collagen gel. Western blot analysis of α-catenin and β-actin 
levels in Δα/DLD-1 cells and in wt/DLD-1 cells (a). Immunofluo-
rescence staining for α-catenin in Δα/DLD-1 (CG, glass) cells (b) 
and wt/DLD-1 (glass) cells (b′). DIC images (c–c’’’’) and fluores-
cence microscopy images (d–g’’’’) of Δα/DLD-1 (glass) cells, Δα/
DLD-1 (CG, glass) cells, Δα/DLD-1 (CN, insert) cells, Δα/DLD-1 
(FN, insert) cells, and wt/DLD-1 (glass) cells. Δα/DLD-1 (glass) 
cells showed round or elongated cell shapes (c) and weak or irregu-
lar localization of E-cadherin (d), ZO-1 (e), desmoplakin (f), or Par3 
(g). In addition, Δα/DLD-1 (glass) cells partially showed the circu-
lar localization of ZO-1, desmoplakin, and Par3 (arrowheads in pan-
els e–g). In contrast, Δα/DLD-1 (CG, glass) cells, Δα/DLD-1 (CN,  
insert), Δα/DLD-1 (FN, insert), and wt/DLD-1 (glass) cells formed 
cell sheets (c’–c’’’’) and exhibited epithelial localization of E-cadherin  
(d′–d’’’’), ZO-1 (e′–e’’’’), desmoplakin (f′–f’’’’), and Par3 (g′–g’’’’).  
Scale bars, 10 μm
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Δα/MDCK cells and ΔEΔK/MDCK cells cultured 
on a collagen gel or in the presence of blebbistatin 
showed strong cell adhesion activity

Δα/MDCK cells appeared to form epithelial cell sheets 
under specific conditions, but the cell–cell adhesion activ-
ity of Δα/MDCK cells cultured on plain cover glasses or 
on conventional culture dishes appeared to be much weaker 
than wt/MDCK cells (Fig. 1), as has already been reported 
for other epithelial cells lacking α-catenin expression 
(Hirano et al. 1992; Breen et al. 1993; Ochiai et al. 1994). 
Therefore, we asked whether the intercellular adhesion of 
Δα/MDCK cells was strong enough to stably establish and 
maintain epithelial cell sheets under specific conditions. 
First, a cell aggregation assay was conducted to examine 
the activity and the extent of aggregation was represented 
by the index (N0 − Nt)/N0 (Nagafuchi and Takeichi 1988). 
Δα/MDCK cells only exhibited weak cell aggregation 
activity when the cells were cultured on culture dishes or a 
thick collagen gel, or treated with TPA were used (indexes, 
0.29–0.34). In addition, the resulting aggregates did not 
show cell compaction (Fig. 8, insets of panels a, a′, and 
a‴). In contrast, the index of Δα/MDCK cells treated with 
blebbistatin was slightly higher than the aforementioned 
values (index, 0.44) and wt/MDCK cells showed a sig-
nificantly higher index than other cells (index, 0.68). The 
aggregates of wt/MDCK (dish) cells showed weak cell com-
paction, but the aggregates of blebbistatin-treated cells were 
unclear (Fig. 8, insets of panels a″ and a’’’’). ΔEΔK/MDCK 
cells showed weak cell aggregation similar to Δα/MDCK 
cells (data not shown).

Next, the cell adhesion activities were examined in situ 
with a modified cell dissociation assay, since it was very 
difficult to use the conventional cell dissociation assay for 
the experiments: wt/MDCK (glass) cells, Δα/MDCK (CG, 
glass) cells, and Δα/MDCK (blebbistatin, glass) cells firmly 

attached to the substratum so that strong trypsin treatment 
and pippeting were required for the cell dissociation assay. 
However, this procedure severely disrupted the cell–cell 
adhesion of the cells and hindered the assay.

Δα/MDCK (glass) cells quickly became round within 
2  min of trypsin–EDTA treatment, whereas wt/MDCK 
(glass) cells were highly resistant to digestion and did not  
become round within 10 min (Fig. 8c, c’’’’, d, d’’’’). Mean-
while, Δα/MDCK (CG, glass) cells were clearly more 
resistant to the trypsin treatment than Δα/MDCK (glass) 
cells (Fig. 8c′, d′), probably because the cells formed des-
mosomes, tight junctions, and adherens junction–like struc-
tures (Fig. 5). Δα/MDCK (blebbistatin, glass) cells were also 
resistant to the trypsin treatment and did not become round 
within 5 min (Fig. 8c″, d″), whereas the Δα/MDCK (TPA, 
glass) cells were not resistant (Fig. 8c‴, d‴). When ΔEΔK/
MDCK cells were subjected to the cell dissociation assay, 
the results were similar to Δα/MDCK cells (Fig. 8e–f‴).

Discussion

Classical cadherins are generally presumed to be indispensa-
ble for the formation and maintenance of epithelia (Halbleib 
and Nelson 2006). The present study supported this hypoth-
esis: Δα/MDCK cells that expressed a defective classical 
cadherin system formed elongated or fibroblast-like shapes 
in conventional cell culture and exhibited weak cell adhe-
sion (Figs. 1 and 8, Δα/MDCK (glass)), similar to reports 
of other α-catenin-deficient cells (Breen et al. 1993; Ochiai 
et al. 1994; van Hengel et al. 1997). ΔEΔK/MDCK cells that 
did not express appreciable amounts of classical cadherins 
also showed similar properties (Figs. 3 and 8, ΔEΔK/MDCK 
cells (glass)).

However, the junctional proteins and polarity proteins of 
Δα/MDCK cells partially formed clusters and were weakly 
localized at the cell–cell contact sites (Fig. 1, Δα/MDCK 
(glass)). Moreover, afadin and ZO-1 or Par3 spontaneously 
formed ring-like clusters at the cell surface (Fig. S1a″, b″) 
that were not observed in wt/MDCK cells (Fig. 1, wt/MDCK 
(glass)). Watabe-Uchida et al. (1998) reported similar clus-
ters in α-catenin-deficient DLD-1 cells and suggested the 
formation of tight junction-like structures at the contact 
sites. In the present study, we also observed similar clus-
ters in Δα/DLD-1 cells cultured on cover glass (Fig. 6, 
Δα/DLD-1 (glass)). Thus, mutant MDCK cells without a 
fully functional cadherin system have the ability to gener-
ate immature or primordial clusters and localize junctional 
proteins.

On the other hand, several studies have suggested that 
classical cadherins are not absolutely required for the for-
mation and/or maintenance of epithelial cell sheets (Costa 
et al. 1998; Troxell et al. 2001; Li et al. 2005). The present 

Fig. 7  Effects of blebbistatin and TPA on promoting the formation of 
epithelial cell sheets. DIC images (a–a’’’’) and fluorescence micros-
copy images (b–f’’’’) of Δα/MDCK (blebbistatin, glass) cells, ΔEΔK/
MDCK (blebbistatin, glass) cells, Δα/DLD-1 (blebbistatin, glass) 
cells, Δα/MDCK (TPA, glass) cells, and Δα/DLD-1 (TPA, glass) 
cells. Δα/MDCK (blebbistatin, glass) cells, ΔEΔK/MDCK (blebbi-
statin, glass) cells, and Δα/DLD-1 (blebbistatin, glass) cells formed 
epithelial cell sheets (a–a″) and exhibited the epithelial localization  
of E-cadherin (b and b″), ZO-1 (c–c″), desmoplakin (d–d″), Par3 
(e–e″), and afadin (f–f″), but α-catenin did not exhibit the epithelial  
localization in ΔEΔK/MDCK (blebbistatin, glass) cells (b′). Some 
regions of the cell sheets formed by ΔEΔK/MDCK (blebbistatin, 
glass) cells and the Δα/DLD-1 (blebbistatin, glass) cells showed 
defects (asterisks). On the other hand, Δα/DLD-1 (TPA, glass) cells 
weakly formed cell sheets (a’’’’) and showed reduced epithelial local-
ization of E-cadherin (b’’’’), ZO-1 (c’’’’), desmoplakin (d’’’’), Par3 
(e’’’’), and afadin (f’’’’). In contrast, Δα/MDCK (TPA, glass) cells did 
not show the formation of cell sheet or epithelial localization of junc-
tional proteins (a‴–f‴). Scale bar, 10 μm
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study provided evidence supporting this hypothesis: Δα/
MDCK cells grown on a collagen gel or on cell culture 
inserts coated with specific ECM proteins formed epithe-
lial cell sheets characterized by the formation of cell sheets, 
junctional structures, and apicobasal polarity (Figs. 1, 2, and 
5). The cells also formed cysts in 3D culture with a collagen 
gel (Fig. 4). One speculation is that the expression of a hom-
ologue of α-catenin named αN-catenin (Hirano et al. 1992) 
is induced in Δα/MDCK cells cultured under these condi-
tions to compensate for the loss of conventional α-catenin 
and support the formation of the structure. However, we 
were unable to detect the expression of αN-catenin in these 
cells. ΔEΔK/MDCK cells cultured on collagen gel and in a 
collagen gel also formed epithelial cell sheets, although the 
quality of the structures was lower than Δα/MDCK cells 
(Fig. 3, asterisks). Electron microscopy images of these cells 
revealed the formation of tight junctions and desmosomes 
in the subapical region, but adherens junctions were not 
observed (Fig. 5). Furthermore, the cell sheets displayed 
intimate intercellular adhesion (Fig. 8c′, d′, e′, f′). MDCK 
cells expressing defective or no classical cadherins retained 
the ability to construct cell sheets, form cell junctions, and 
display apicobasal polarity thereby forming epithelial cell 
sheets under specific conditions.

This conclusion is quite interesting, but the present study 
has one possible weakness, since the CRISPR/Cas9 method 
was used to disrupt different genes. Reber et al. (2018) 
recently reported that the knockout of genes using the 
CRISPR/Cas9 approach was not as ideal or efficient as previ-
ously presumed. A common strategy used is the introduction 

of a frameshift mutation in the target gene, which prema-
turely terminates the synthesis of the target protein. Then, a 
truncated protein may be produced from the sequence down-
stream from the mutated site, which may result in unex-
pected consequences. The knockout cells used in this study 
indeed contained frameshift mutations near the translation 
initiation sites of the target genes. However, Western blot 
analysis did not show clear bands for proteins smaller than 
intact α-catenin in the Δα/MDCK cells, suggesting that the 
formation of epithelial cell sheets was not due to the expres-
sion of truncated α-catenin. On the other hand, ΔEΔK/
MDCK cells did not show β-catenin staining at intercellular 
contact sites, indicating that the mutant cells did not express 
large amounts of truncated cadherins or other classical cad-
herins but could form epithelial cell sheets. These results 
further support the hypothesis that classical cadherins are 
dispensable for epithelial cell sheets formation.

As described above, Δα/MDCK cells and ΔEΔK/MDCK 
cells cultured on specific substrates formed epithelial cell 
sheets, although they did not construct typical adherens  
junctions that are thought to be required for the sheet for-
mation. These cells, however, still formed another type of 
anchoring junctions, desmosomes (Figs. 1, 3, 4, and 5). There-
fore, desmosomal cadherins instead of classical cadherins  
may support the formation of the epithelial cell sheets by 
these cells by constructing desmosomes. Consistent with 
this hypothesis, van Hengel et al. (1997) reported that TPA 
increased the intercellular adhesion of α-catenin-negative 
carcinoma cells by inducing the formation of desmosomes 
and thereby acquiring a more epithelial phenotype. Based 
on these results, desmosomal cadherins instead of classical 
cadherins promote the formation of epithelial cell sheets. 
In fact, the β-catenin and plakoglobin double knockout 
cells (ΔβΔPG/MDCK cells) that did not construct normal 
desmosomes or adherens junctions did not form epithelial 
cell sheets on plain cover glass (ΔβΔPG/MDCK (glass) 
cells). However, the cells cultured on collagen gel and in 
a collagen gel (ΔβΔPG/MDCK (CG, glass) cells, ΔβΔPG/
MDCK (in CG) cells) formed aberrant epithelial cell sheets 
(Fig. S4c′–g′, c‴–g‴), indicating that desmosomes and 
adherens junctions are dispensable for the process under cer-
tain conditions. Another possible and key protein involved 
in epithelial cell sheet formation may be afadin. Afadin was 
reported to be involved in a cell–cell junction formation 
(Asakura et al. 1999). As shown in the present study, afadin 
was localized at the cell–cell contact sites of Δα/MDCK 
cells, ΔEΔK/MDCK, and ΔβΔPG/MDCK when they 
formed the cell sheets (Figs. 4, 7, and S1). The role of afadin 
in epithelial cell sheet formation should be addressed next.

An interesting feature of the substrate effects was that 
a thick layer of collagen gel on a cover glass supported 
the formation of epithelial cell sheets, whereas a thin layer 
of collagen coated on cover glasses or on culture dishes 

Fig. 8  Cell adhesion activities of Δα/MDCK cells and ΔEΔK/
MDCK cells. Cell aggregation assays of Δα/MDCK cells were con-
ducted for 40  min at 37  °C, and the results were examined using 
phase contrast microscopy (a–b’’’’). The aggregation activities were 
described as the mean index ± SD. Δα/MDCK cells cultured on cul-
ture dishes (Δα/MDCK (dish)), the collagen gel (Δα/MDCK (CG, 
glass)), or TPA-treated Δα/MDCK cells (Δα/MDCK (TPA, dish)) 
showed very weak cell aggregation activity (0.29–0.34), but the Δα/
MDCK cells treated with blebbistatin (Δα/MDCK (blebbistatin, 
dish)) and wt/MDCK cells cultured on culture dishes (wt/MDCK 
(dish)) revealed significant aggregation (0.44, 0.68). The aggregates of 
wt/MDCK (dish) cells showed weak cell compaction (inset of panel 
a’’’’), but not the other cells (insets of panels a–a‴). Cell dissocia-
tion assays using Δα/MDCK cells were conducted after treating the 
cells with trypsin–EDTA for 2–10  min in  situ and the results were 
examined using phase contrast microscopy (c–d’’’’). The reaction 
time (time) is shown in parenthesis. Δα/MDCK (glass) cells and 
Δα/MDCK (TPA, glass) cells quickly became round within 2  min 
of treatment (c and d; c‴ and d‴, respectively), whereas Δα/MDCK 
(CG, glass) cells and Δα/MDCK (blebbistatin, glass) cells were 
resistant to the treatment and did not become round within 5 min of 
treatment (c′ and d′; c″ and d″, respectively). wt/MDCK (glass) cells 
were highly resistant to the trypsin treatment and did not become 
round within 10 min (c’’’’ and d’’’’). Cell dissociation assays using 
ΔEΔK/MDCK cells were also conducted (e–f‴). Similar results were 
observed for ΔEΔK/MDCK cells and Δα/MDCK cells. Scale bar 
100 μm and 25 μm (insets) (a–b’’’’), 50 μm (c–d’’’’ and e–f‴)
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did not produce the same effects (Fig. 1), suggesting that 
some feature of the gel played a crucial role in the for-
mation of the structure. One obvious difference between 
the two substrates is their physical properties: a thick col-
lagen gel provides a soft substrate for cells, whereas the 
thin collagen-coated cover glasses or plastic dishes are a 
hard substrate for cells. The extent of ECM stiffness was 
recently shown to regulate various signaling processes and 
affect different cellular properties (Guo et al. 2006; Matte 
et al. 2019). Thus, the softness of collagen gel may play a 
key role in epithelial cell sheet formation. In fact, Enem-
chukwu et al. (2016) reported evidence for the importance 
of ECM softness in the formation of MDCK cysts, which 
are 3D structures made of epithelial cell sheets. On the 
other hand, blebbistatin also facilitated the formation of 
epithelial cell sheets from Δα/MDCK, ΔEΔK/MDCK, and 
Δα/DLD-1 cells cultured on plain cover glasses (Fig. 7). 
The results are very interesting but quite puzzling, since 
blebbistatin inhibits non-muscle myosin II that is thought to 
be involved in the cell adhesion and cell junction formation. 
The mechanism of the blebbistatin effect is unclear at pre-
sent. The blebbistatin-treated cells might be unable to sense 
or respond normally to the hard substrate, since blebbistatin 
inhibited non-muscle myosin II, which is part of the mecha-
nosensor for the substrate. Then, the cells might respond 
to the substrate in a similar manner to cells cultured on the 
soft collagen gel, resulting in the formation of epithelial 
cell sheets. Notably, blebbistatin facilitated the formation 
of the epithelial cell sheets by Δα/MDCK, ΔEΔK/MDCK, 
and Δα/DLD-1 cells but did not improve the quality of the 
structures (Fig. 7). The results may indicate that the softness 
of ECM substrates regulates myosin type II and the actin 
cytoskeleton through integrins and promotes the formation 
of epithelial cell sheets.

Softness, however, is not the only cause of epithelial cell 
sheet formation in cells cultured on the collagen gel. The 
cell culture inserts coated with fibronectin, which provided 
a flexible and porous substrate but not a soft substrate for 
cells, also supported the formation of epithelial cell sheets, 
whereas the fibronectin-coated cover glass did not support 
sheet formation (Fig. 2). Hence, another feature, possibly 
the fibrous texture and/or porosity of the substrate in addi-
tion to the softness, appears to play an important role in the 
formation of epithelial cell sheets. The cells cultured on the 
collagen gel and cell culture inserts coated with specific 
proteins attached to the fibrous substrates and accessed the 
nutrients and signaling molecules in the culture medium  
via a basolateral membrane, which may mimic the condi-
tions of epithelial cells in vivo and promote the formation of 
epithelial sheets. The effects of porous membranes on cell 
physiology have been known for years (Savage and Bonney  
1978; Byers et al. 1986; Cook et al. 1989). However, the 

coating of culture inserts with adhesion proteins is also 
essential for the formation of epithelial cell sheets (Figs. 2, 
3 and S3). Moreover, Δα/MDCK cells and ΔEΔK/MDCK 
cells cultured in the collagen gel easily formed cyst struc-
tures and the epithelial sheets exhibited better epithe-
lial properties than the cells cultured on the collagen gel 
(Fig. 5). The physical environment of cells in the collagen 
gel might increase the physical cell–cell contacts, which 
might result in the formation of epithelial properties. Con-
sistent with this notion, Δα/MDCK cells and ΔEΔK/MDCK 
cells formed epithelial cell sheets only when the cells were 
cultured on collagen gel at a high cell density. The cul-
ture conditions seemed to generate close cell–cell contact. 
Based on these results, physical and chemical features of 
specific substrates are crucial for epithelial cell sheet forma-
tion. Taken together, the present study suggests that specific 
ECM substrates primarily organize primordial epithelial 
cell sheets, including the formation of cell sheets, cell junc-
tions, and apicobasal polarity, whereas classical cadherins 
basically stabilize cell–cell contacts thereby promoting the 
formation of mature epithelial cell sheets.

The present study revealed an intriguing function of ECM 
substrates in the formation of epithelial cell sheets, but the 
molecular mechanism remains unclear. Further studies 
should clarify the mechanism under normal and pathologi-
cal conditions.

Conclusions

Specific ECM substrates supported the formation of epi-
thelial cell sheets by mutant MDCK cells that expressed 
defective classical cadherins. Moreover, the physical and 
chemical features of the substrates were crucial for their 
formation. One possible mechanism of ECM function may 
be that specific substrates regulate the myosin type II and 
actin cytoskeleton and organize basic epithelial cell sheets, 
whereas classical cadherins promote the formation of mature 
epithelial cell sheets.

Abbreviations   ECM: Extracellular matrix; MDCK: Madin-
Darby canine kidney; TBS:  Tris-buffered saline; 
TPA: 12-O-tetradecanoylphorbol-13-acetate; DIC: Differen-
tial interference contrast microscopy; SD: Standard deviation
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