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1 | INTRODUCTION

Abstract

The development of epithelial lumens in ducts is essential to the functioning of
various organs and in organogenesis. Ductal elongation requires the collective mi-
gration of cell cohorts in three-dimensional (3D) confined spaces, while maintaining
their epithelial integrity. Epithelial lumens generally adopt circular morphologies,
however abnormalities in complex physiological environments can lead to the nar-
rowing of glandular spaces that adopt elongated and slit-like morphologies. Here, we
describe a simple method to form epithelial tissues in microchannels of various
widths (100-300 um) with a constant height of 25 pum that mimic elongated geo-
metries of glandular spaces. The significance of this biomimetic platform has been
evidenced by studying the migration of epithelial cell sheets inside these narrow slits
of varying dimensions. We show that the growth of epithelial tissues in 3D-confined
slits leads to a gradient of cell density along the slit axis and that the migration cell
velocity depends on the extent of the spatial confinement. Our findings indicate that
nuclear orientation is higher for leader cells and depends on the slit width, whereas
YAP protein was predominantly localized in the nucleus of leader cells. This method
will pave the way to studies aiming at understanding how 3D-confined spaces, which
are reminiscent of in vivo pathological conditions, can affect the growth and the

homeostasis of epithelial tissues.
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(Xi, Sonam, Beng Saw, Ladoux, & Teck Lim, 2017). However, abnormal-
ities in complex physiological environments can lead to the narrowing of

Epithelial lumens are found in many organs of the human body and
generally adopt circular or ellipsoidal morphologies (Hoijman, Rubbini,
Colombelli, & Alsina, 2015). These curved epithelial monolayers enclose
a central cavity, also named “lumen,” which is central to the functioning
of many organs and essential in organogenesis (Lubarsky & Krasnow,
2003; Martin-Belmonte et al., 2008; Mohammed, Versaevel, et al., 2019).
The tubulogenesis of epithelia is based on the collective migration of
epithelial cell cohorts, such as observed in ductal elongation (Huebner &
Ewald, 2014; Williams & Daniel, 1983) and is modulated by external

physical cues such as confinement and out-of-space curvature

glandular spaces that adopt elongated and slit-like morphologies, which
are, for instance, reminiscent of the usual duct hyperplasia of the breast
(Bishop et al., 2013) and cervical glandular neoplasia (Loureiro &
Oliva, 2014). Most of the previous studies on collective cell migration
have employed two-dimensional (2D) flat culture substrates (Tlili
et al, 2018; Trepat et al, 2009) that lead to the formation of planar
epithelia with morphologies fundamentally distant from lumens
morphologies. Recent studies used protein microstripes for studying
the collective migration of epithelial cells with chemical boundary
restrictions (Mohammed, Charras, et al, 2019; Poujade et al., 2007;
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Vedula et al., 2012). Other studies have investigated the role of the out-
of-plane curvature by studying the collective motion of epithelial cells on
the outer surface of cylindrical fibers (Yevick, Duclos, Bonnet, &
Silberzan, 2015) and in the inner surface of microtubes (Xi et al., 2017).
However only few prior studies have investigated the growth of
epithelial cell sheets in rectangular microchannels with aspect ratios
reminiscent to the geometries of slit-like spaces, as observed in duct
hyperplasia of the breast (Bishop et al., 2013). To address this issue,
we studied the coordinated migration of Martin-Darby canin kidney
(MDCK) epithelial cells into slit-like confined spaces. We show that
MDCK cells form lumens in 1:4, 1:8, and 1:12 slit aspect ratios with a
constant height of 25 um. The coordinated migration of MDCK cells
on the inner surface of these slit-like microchannels leads to a gra-
dient of cell density along the slit axis, whereas the migration cell
velocity depends on the extent of the spatial confinement. Our
findings indicate that nuclear orientation is higher for leader cells and
depends on the slit width, whereas Yes-associated protein (YAP)
protein was predominantly localized in the nucleus of leader cells.
Altogether, our findings provide novel insights into the growth of
epithelial cell sheets under narrow confinement, which is reminiscent

of in vivo pathological scenarios.

2 | MATERIALS AND METHODS
2.1 | Cell culture

Epithelial cells from the Madin-Darby canine kidney cell line (MDCK
11, Sigma no. 85011435) were cultured in Dubelcco's modified Eagle's
medium supplemented with 10% fetal bovine serum (AE Scientific)
and 1% antibiotic (Penicillin, Streptomycin; AE Scientific). Cells were
incubated at 37°C with 5% of CO, and in an environment saturated
in humidity. MDCK cells were cultured into the microchannels in

static culturing conditions (i.e. in absence of flow) for 4-8 days.

2.2 | Slit-like microchannels

Microchannels of 100-, 200-, and 300-um wide, with a constant
height of 25 um, were built in polydimethylsiloxane (PDMS, Sylgard
184 Silicone Elastomer Kit; Dow Corning) using a three step process
(Versaevel, Grevesse, Riaz, Lantoine, & Gabriele, 2014). The first step
consisted to spin-coat fluorodishes (Cellvis) of 30 mm in diameter
with PDMS (10:1 ratio of PDMS to curing agent) at 5,000 rpm
(Versaevel, Riaz, Grevesse, & Gabriele, 2013). The corresponding
PDMS layer of ~25 um in thickness was then cured for 4 hr at 60°C
(Coppée, Gabriele, Jonas, Jestin, & Damman, 2011). A silicon master
was fabricated by deep reactive-ion etching from a chromium pho-
tomask (Toppan Photomask, Inc.) and its surface was passivated with
(tridecafluoro-1,1,2,2-tetrahydrooctyl-1-

trichlorosilane, Gelest) for 30 min. In a second step, PDMS micro-

vapors of fluorosilane

channels of 100-, 200-, and 300-um wide were obtained by molding
the silanized silicon master with PDMS, which was then cured for

4 hr at 60°C. After reticulation, the PDMS microchannels were gently
peeled of the silicon wafer and a sharpened blunt needle was used to
punch holes at the inlet and outlet. PDMS microchannels were wa-
shed in an ultrasonic bath (Bandelin Sonorex Digitec) for 15 min with
a detergent solution (Decon 90; Decon Laboratories Limited), then
with demineralized water and finally with a 70% ethanol solution. In
the third step, PDMS microchannels and PDMS-coated fluorodishes
(World Precision Instruments Inc.) were irradiated under plasma for
2 min to create silanol groups on both surfaces. Both activated ele-
ments were then assembled together and cured 3 hr at 60°C. Before
cell seeding, slit-like channels were first sterilized in ethanol, then
rinsed with sterile phosphate-buffered saline (PBS) and finally irra-
diated for 30 min under a germicidal ultraviolet (UV) lamp. Sterile
microchannels were afterwards functionalized for 1hr at room
temperature with a sterile stock solution composed of type-I collagen
solution at 10 mg/ml (rat tail type-I collage; Corning) and poly-L-lysine
at 0.1% (Sigma-Aldrich) and finally rinsed twice with sterile PBS.

2.3 | Sample fixation and immunostaining

MDCK cells were grown inside PDMS microchannels, then fixed and
permeabilized in situ by injecting a solution composed of 4% paraf-
ormaldehyde (electron microscopy sciences) with 0.1% Triton X-100
(Sigma) in PBS (x1; Capricorn Scientific) for 10 min at room tempera-
ture. Microchannels were rinsed with PBS and incubated for 45 min
with a blocking solution containing 1% bovine serum albumin (GE
Healthcare) in PBS. The actin cytoskeleton was labeled in green using
Alexa 488 phalloidin (1:200; Molecular Probes), DNA was stained in
blue with 4’,6-diaminido-2-phenylindole di-hydrochloride (DAPI; 1:200;
Thermo Fisher Scientific; D1306) and YAP was labeled with an anti-YAP
produced in mice (MO1, clone 2F12, 1:100; Abnova) and a secondary

anti-mouse-tetramethylrhodamine antibody emitting in the red.

2.4 | Microscopy imaging

Epithelial tissues were observed in epifluorescence and confocal mode
with a Nikon Eclipse Ti-E motorized inverted microscope (Nikon C1
scanhead; Nikon, Japan) equipped with x 10, x 20, and x 40 lenses (Riaz,
Versaevel, Mohammed, Glinel, & Gabriele, 2016). Epifluorescence ima-
ges were recorded with a Roper QuantEM:512SC EMCCD camera
(Photometrics, Tucson, AZ) using NIS Elements. Advanced Research 4.0
software (Nikon; Photometrics). Confocal images were acquired with
NIS Elements Advanced Research 4.0 software (Nikon) by using small
Z-depth increments between focal sections (0.15 um).

2.5 | Image analysis

Fiji software and home-made MATLAB codes have been used to
analyze epifluorescent and confocal images (Versaevel, Grevesse, &
Gabriele, 2012). The MATLAB code allows the automatic detection of
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nuclei stained with Hoechst or DAPI to provide morphological in-
formation such as the projected area, the orientation, the nuclear
aspect ratio and the cell density in each image. The nuclear aspect
ratio was obtained from the ratio between the long and the short
axis, leading to values ranging from O (elongated nucleus) to 1 (cir-
cular nucleus). The cell area (A) and the perimeter (P) were de-
termined by delimiting the contour of the cell with Imagel
(Collins, 2007). Both pieces of information were used to estimate the
cell shape index (po), such as: po=P/VA. To determine the nuclear/
cytoplasmic YAP ratio, Z stacks were acquired for each channel on
immunostained cells. The middle confocal slice was chosen from the
images of the nucleus detected in the DAPI channel. On the corre-
sponding slice in the YAP channel, the average fluorescence intensity
in the nucleus and just outside the nucleus (cytoplasm) were mea-
sured to determine the cytoplasmic/nuclear YAP ratio.

2.6 | Migrating cell velocity

The migrating front velocity was determined from DIC images taken
from Day 1 to Day 8. We measured the position of the growing front
in the microchannel for the three microchannel widths (100, 200, and

300 um). In addition, we used CellTracker software to track the x,y
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position of the nucleus of each individual cell overtime, to determine
the velocity of leader and follower cells. The nuclei of living MDCK
tissues were stained with Hoechst 33342 (Thermo Fisher H3570) at

a concentration of 200 ng/ml to follow their x,y position over time.

2.7 | Statistical analysis

Differences in means between groups were evaluated by two-tailed
Student's t tests performed in Prism 7 (GraphPad). For multiple
comparisons, the differences were determined by using an analysis of
variance followed by Tukey's post-hoc test with *p <.05; **p<.01;
Kok

p <.001; n.s., not significant. Unless otherwise stated, all data are
presented as mean * standard deviation (SD).

3 | RESULTS

3.1 | Formation of epithelial cell sheets inside
slit-like microchannels

Based on the literature, we estimated the width of slit-like glandular

spaces (Figure 1a,b) found in the cervical carcinoma (Yao, 2009), the
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FIGURE 1 Typical examples of slit-like lumens in sections of (a) liver (Janevska et al., 2011) and (b) cervical (Maniar & Wei, 2017) tissues.
(c) Width of slit-like capillaries in cervical carcinoma (n = 15), pancreas duct (n = 5), and sarcoma liver (n = 11). Mean % SD. (d) The cross-sectional
views of 4',6-diamidino-2-phenylindole (DAPI)-stained nuclei in Martin-Darby canin kidney (MDCK) tissues grown in 1:4 (100-um wide),

1:8 (200-um wide) and 1:12 (300-um wide) rectangular channels demonstrate that epithelial tissues line the interior surface of the slit-like
microchannels and form hollow lumens, as observed in vivo [Color figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

ALAIMO ET AL

pancreas intralobular duct (Carpino et al., 2016) and the sarcoma
livers (Janevska et al., 2011). As shown in Figure 1c, we found mean
slit widths of 96.7+84.7, 155+74, and 247.3+114um for the
cervical carcinoma, the pancreas intralobular duct and the sarcoma
livers, respectively. We developed therefore rectangular micro-
channels of various widths (100, 200, and 300 um) with a constant
height of 25 um. These different aspect ratios (1:4, 1:8, and 1:12)
allow to mimic the dimensions of slit-like glandular spaces en-
countered in different organs (Figure 1d). Microchannels were made
in a polydimethylsiloxane (PDMS) elastomer of 3MPa in Young's
modulus, which is optically transparent, gas permeable and bio-
compatible. To allow the formation of specific cell-substrate adhe-
sions, the inner surface of the PDMS microchannels (Figure S1) was
incubated over 1 hour with a solution of collagen type-1 (250 pug/ml)
and poly-L-lysine (35 pg/ml). Madin-Darby canine kidney cells
(MDCK 1) were gently seeded at the inlet of the microchannel and
then grown inside the microchannels in static culturing conditions
(i.e. in absence of flow) for 2-8 days in culture medium at 37°C and
5% of CO,. As shown in Figure 1d, the cross-sectional views of DAPI-
stained nuclei in MDCK tissues grown in 1:4 (100-um wide), 1:8
(200-um wide) and 1:12 (300-um wide) rectangular channels de-
monstrate that epithelial tissues line the interior surface of the slit-
like microchannels (Supporting Information Movie 1) and form hol-

low lumens (Supporting Information Movie 2). Morphologies and

dimensions of the epithelial lumen formed in the microchannels are
reminiscent of intercalated ducts that form part of the intralobular
duct (Janevska et al., 2011) in both the pancreas and in salivary
glands (de Paula et al., 2017; Gittes, 2009; Reichert & Rustgi, 2011).

3.2 | Cell density varies along the microchannels

As shown in Figure 2a, we defined three successive zones of interest
of 300-um long each. The location of the rear zone was fixed and
close to the inlet where cells were injected at the beginning of the
experiment. The front zone of 300-um long started from the growing
extremity of the epithelial tissue towards the rear of the tissue. Due
to the growth of the tissue, the spatial location of the front zone was
ever more distant with time from the rear. The intermediate (or
interm) zone of 300-um long was located at the center between the
rear and front zones (Figure S2). After 4 days in culture in static
culturing conditions (i.e. in absence of flow), epithelial tissues were
immunostained with DAPI (DNA) and AlexaFluor 488 phalloidin
(actin filaments). The three zones were imaged by confocal micro-
scopy to determine the main morphological parameters of epithelial
tissues grown into 100, 200, and 300 um slit-like microchannels
(Figure 2a). As shown in Figure 2b, we observed an abrupt decrease

of the cell density from the rear to the front of the slit-like
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FIGURE 2 (a) Typical example of the three successive zones: rear, intermediate, and front of an epithelial tissue grown in a 200-pm-wide slit-
like microchannel. Each zone is 300-um long. Nuclei are stained in blue with 4',6-diamidino-2-phenylindole (DAPI) and actin filaments are
stained in green with AlexaFluor 488. (b) Cell density, (c) cell area, and (d) cell perimeter for rear, interm, and front zones in 100-, 200-, and
300-um-wide slit-like channels. Mean £ SD for 11-13 replicates with 50 < n < 245 by replicate. *p < .05, **p < .01, **p <.001, ***p < .0001 and
n.s. not significant [Color figure can be viewed at wileyonlinelibrary.com]
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microchannels, regardless of their aspect ratios. We found that both
cell area (Figure 2c) and perimeter (Figure 2d) increased from the
rear to the front of the microchannels, whereas larger cells were
found at the front of the 300-um-wide microchannel. The evolution
of the cell perimeter indicated that follower cells at the rear are
characterized by less cell-cell interactions than leaders cells located
at the growing front. Taken together, these findings indicate that
epithelial cell sheets grown in confined slit-like microchannels were
characterized by a gradient of cell density along the channel axis,
defining large leader cells at the front and compacted followers at the
rear, which was observed recently to modulate the migration speed
of epithelial tissues (Mohammed, Charras, et al., 2019).

3.3 | Ageing leads to the fluidization of the front

Considering the evolution of both the cell area and the cell perimeter,
we determined the cell shape index (po), as introduced by Bi, Lopez,
Schwarz, and Manning (2015) to describe the jamming state of epi-
thelial tissues (Trepat et al., 2009). As shown in Figure 3a, the shape
index was defined by the ratio between the cell perimeter and the
square root of the cell area and describes the jamming transition
(bo = 3.81) of epithelial tissues from a “solid” to a “fluid” state. Indeed,
previous studies have shown that epithelial tissues can undergo
a critical transition from solid to fluid at po=3.81 (Angelini
et al.,, 2011; Farhadifar, Roper, Aigouy, Eaton, & Jilicher, 2007; Kim &
Hilgenfeldt, 2015; Szab6 et al., 2006; Vicsek & Zafeiris, 2012).
Epithelial tissues behave as a rigid solid when pg < 3.81 and there are
finite energetic barriers for a cell to move or rearrange, whereas
tissues behave as a fluid with a vanishing shear modulus for pg > 3.81.
We then considered the evolution of the cell shape index (po) for the
rear and the front of epithelial tissues at Day 4 in 100-, 200-, and
300-um-wide microchannels. As shown in Figure 3b, there was no
statistical difference of the cell shape index between the rear and
front zones for the whole range of microchannel widths, except for
the rear part of the 200-um-wide microchannel. Indeed, both zones
exhibited pO values above the solid to fluid transition (pg=3.81),
suggesting that the rear and front zones at Day 4 behaved as a fluid,
regardless of the channel size. Interestingly, even if we observed
large variations of cell densities between rear and front zones, these
did not affect the jamming state of the tissues, suggesting that cell
density is not a key determinant of jamming within epithelium tissues.
To gain further insight into this mechanism, we quantified the cell
shape index of mature tissues at Day 6 and Day 8. Surprisingly, our
findings showed that the more the front of the tissue was aged, the
more the cell shape index pg increased (Figure 3c), whereas the rear
part of matured epithelial tissues exhibited a constant value of
po from Day 4 to Day 8, regardless of the slit width (Figure 3d). Our
findings suggest that the maturation of epithelial tissues in
3D-confined microchannels leads to a fluidization of their growing
front, which may be explained by a maturation of cell-cell contacts at
the leading front (Garcia et al., 2015).
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We next investigated whether a fluidization of the advancing
front in matured tissues affects the migration velocity. To answer
this question, we performed time-lapse experiments at days 1
(young tissues) and 6 (aged tissues) on epithelial cell sheets growing
in microchannels of 100, 200 and 300 um to determine the mi-
grating cell velocity of the front edge (Figure 4a,b). We observed a
significant increase of the front velocity at Day 1 as a function of
the microchannel width. Indeed, our results showed a mean mi-
gration velocity of 0.14 +0.04 ym/min for 100-pm-wide micro-
channels and 0.27 £0.03 um/min for 300-um-wide microchannels
(Figure 4c). The wider the slit-like microchannel, the larger is the
migrating cell velocity for young tissues. Interestingly, the migrating
cell velocity of aged tissues (Day 6) followed a similar behavior but
exhibited velocities three times slower than young tissues. Taken
together, these results suggest that the widening of slit-like mi-
crochannels allows to increase the migrating cell velocity of epi-
thelial tissues, whereas ageing leads to a higher fluidization of the

front edge and slower migrating cell velocities.

3.4 | YAP protein was predominantly localized in
the nucleus of leader cells

The next question we addressed was whether variations of the
spatial confinement imposed by the geometry of slit-like micro-
channels could affect mechanotransduction pathways (Mohammed,
Versaevel, et al, 2019). Recent studies have suggested that
Yes-associated protein (YAP), a central transcriptional regulator im-
plicated in controlling organ body and size, promotes both cell mi-
gration and barrier function of epithelial tissues maintenance by
increasing the turnover of cadherin (Neto et al.,, 2018). In addition,
accumulating evidence suggests that the activation of YAP proteins
can be regulated by physical constraints of the cell microenvironment
(Dupont et al., 2011; Furukawa, Yamashita, Sakurai, & Ohno, 2017;
Mohammed, Versaevel, et al., 2019). However it is not known whe-
ther YAP expression and activity can be modulated during the
growth of epithelial tissues in confined spaces.

As shown in Figure 5a, the alignment of the long nuclear axis
with the microchannel axis increased from the rear to the front. We
found that larger the microchannel, the higher the nuclear orienta-
tion (Figure 5a). In addition, we found that the nuclear aspect ratio
increased slightly from the rear to the front (Figure 5b), suggesting
that the nuclei of leader cells were more rounded than those of
followers. Interestingly, our findings indicate that the cellular area
scaled linearly with the nuclear area (Figure 5c). This observation
demonstrates that the nuclei adapted their morphology to the var-
iations of cellular areas, regardless of their position in the tissue. As
shown for 200-ym-wide microchannels in Figure 5d, we then mea-
sured the ratio of fluorescence intensity between cytoplasmic and
nuclear YAP. We observed a decrease of the cytoplasmic to nuclear
YAP ratio from the rear to the front, regardless the microchannel

width (Figure 5e-g). Our findings indicated that YAP was significantly
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FIGURE 3 (a) Schematic representation of the jamming transition (pg = 3.81) in epithelial tissues from a solid-like to a fluid-like behavior.

(b) Evolution of the cell shape index (po) at Day 4 for rear and front zones in 100 um (blue), 200 pm (red), and 300 um (green) slit-like
microchannels. Evolution of the cell shape index (po) of the (c) rear and (d) front zones in 100 um (blue), 200 um (red) and 300 um (green) slit-like
microchannels at Days 4, 6 and 8. The red dot corresponds to po = 3.81. Mean + SD with 11 < n < 31 for each condition. *p < .05, **p < .01,
***p <.001 and n.s. not significant [Color figure can be viewed at wileyonlinelibrary.com]

accumulated in the nucleus of leader cells and therefore activated.
Our results are in agreement with recent reports indicating that YAP
localized almost exclusively to the nucleus in MDCK tissues with a
low cell density, whereas YAP was distributed to both cytoplasm and
nucleus at high cell density. (Bruyére et al., 2019). To confirm that the
variations of YAP localization observed in the different zones of
confined epithelial tissues were related to changes in cell density, we
performed additional measurements of YAP localization on flat un-
confined MDCK tissues with high (1.2x 10 cells/cm?) and low
(4 x 10° cells/cm?) cell densities (Figure S3).

4 | DISCUSSION

The collective migration of epithelial cells in a confined micro-
environment is required to form various epithelial luminal archi-
tectures, which are essential to the functioning of the organs and for
organogenesis. To this aim, epithelial cells need to migrate collec-
tively in complex microenvironments, while maintaining the epithelial
integrity. However, conventional assays using flat culture substrates
fail to replicate confined microenvironments encountered by epi-

thelial cells. To address this issue, we describe here a simple method
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to form epithelial tissues in microchannels of various widths
(100-300 um) with a constant height of 25 pm, that mimic elongated
geometries of glandular spaces. We validated this platform by
studying the coordinated migration of Madin-Darby Canin Kidney
(MDCK) epithelial cells into slit-like microchannels of 100-, 200-, and
300-um wide with a constant height of 25 pm.

We demonstrated that epithelial cells line the interior surfaces
of the microchannels and collectively migrated within the slit-like
spaces, while maintaining tissue cohesion. We observed the for-
mation of a lumen in slit-like microchannels of 1:4 (100-um wide),
1:8 (200-um wide) and 1:12 (300-um wide) aspect ratios, as ob-
served in vivo. Our findings indicated the formation of gradient of
cell density along the channel axis, with a front edge composed of
large leader cells, and compacted followers at the rear. We found
that the front and rear zones exhibited pg values above the solid to
fluid transition (po=3.81), suggesting that both zones adopted a
fluid-like behavior, regardless the channel aspect ratio. Interest-
ingly, our findings demonstrated that variations of cell densities
between rear and front zones do not affect the jamming state of the
tissues, suggesting that cell density is not a key determinant of
jamming within epithelial tissues. Our results are in agreement with
previous results reported by Simon Garcia and coworkers on human
bronchial epithelial cells (HBEC; Garcia et al., 2015), suggesting that
the jamming transition is mainly driven by changes in cell-cell ad-
hesion and friction. Altogether, our observations point to an ageing
process of the epithelial tissue rather than a simple modification of
cell density.

By performing time-lapse experiments on young (Day 1) and
aged (Day 6) tissues, we demonstrated that the wider the slit-like

microchannel, the larger the migrating velocity for young tissues.
Interestingly, the migrating velocity of aged tissues (Day 6) exhibited
velocities three times slower than young tissues. Our observations
support therefore an ageing process leading to a higher fluidization
of the front edge and slower migrating velocities, whereas the
widening of slit-like microchannels allows to increase the migrating
velocity of epithelial tissues. Altogether, our results suggest that
ageing of epithelial tissues may induce changes in cell-cell adhesion
and friction, whereas confined microenvironments lead to lower
migration velocities.

Finally, we investigated whether slit-like geometries can lead to
the activation of YAP proteins, which are involved in mechanosensing
(Dupont et al., 2011; Park et al., 2019) and in the control of cell-cell
and cell-substrate interactions (Calvo et al., 2013; Mohammed,
Versaevel, et al,, 2019). Our findings indicate that the cytoplasmic to
nuclear YAP ratio decreases gradually from the rear to the front, as
observed for the cellular density, and that YAP is accumulated and
activated in the nucleus of leader cells. Based on the differences
reported between leaders and follower cells, it would be therefore
very interesting to dissect the role of Rho-associated kinase, that
mediates the cytoskeletal tension, and FA kinase (FAK), that reg-
ulates adhesion remodeling, to identify the differences of YAP ex-
pression in epithelia.

Although further study will be necessary to clarify how YAP
activation can be modulated in confined epithelial tissues, these data
contribute to the emerging evidence that a 3D spatial confinement
modulates the growth of epithelial tissues and validate slit-like mi-
crochannels for studying in vitro epithelial tissues in 3D-confined

microenvironments, which are reminiscent of pathological scenarios.
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FIGURE 5 (a) Orientation and (b) aspect ratio of the nuclei in the rear, interm, and front zones of epithelial tissues grown in 100 um

(blue), 200 um (red), and 300 um (green) wide slit-like microchannels. (c) The cellular area fits linearly with the nuclear area in the three
zones. (d) Typical fluorescent images of an epithelial tissues grown in a 200-um-wide microchannel and immunostained for YAPYes-
associated protein (YAP; in red). Nuclei were immunostained in blue with 4',6-diamidino-2-phenylindole (DAPI) to determine the contour
of each nucleus. Evolution of the cytoplasmic to nuclear YAP ratio in the rear, interm, and front zones of (e) 100-pym, (f) 200-pym, and
(g) 300-um-wide microchannels. Mean £ SD. 11 < n =< 31 for each condition. *p <.05, **p <.01, ****p <.0001 and n.s. not significant [Color

figure can be viewed at wileyonlinelibrary.com]
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