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Assembly of pluripotent stem cells to initiate self-organized tissue formation on engineered scaffolds is
an important process in stem cell engineering. Pluripotent stem cells are known to exist in diverse
pluripotency states, with heterogeneous subpopulations exhibiting differential gene expression levels,
but how such diverse pluripotency states orchestrate tissue formation is still an unrevealed question. In
this study, using microstructured adhesion-limiting substrates, we aimed to clarify the contribution to
self-organized layer formation by mouse embryonic stem cells in different pluripotency states: ground
and naive state. We found that while ground state cells as well as sorted REX1-high expression cells
formed discontinuous cell layers with limited lateral spread, naive state cells could successfully self-
organize to form a continuous layer by progressive mesh closure within 3 days. Using sequential
immunofluorescence microscopy to examine the mesh closure process, we found that KRT8+ cells were
particularly localized around unfilled holes, occasionally bridging the holes in a manner suggestive of
their role in the closure process. These results highlight that compared with ground state cells, naive
state cells possess a higher capability to contribute to self-organized layer formation by mesh closure.
Thus, this study provides insights with implications for the application of stem cells in scaffold-based

tissue engineering.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Pluripotent stem cells are attractive cell sources for self-
organized tissue formation due to their unique differentiation ca-
pacity, as well as their ability to mimic embryogenic processes [1].
For instance, these cells hold the promise for achieving engineered
tissues such as stem cell sheets for application in regenerative
medicine [2]. Microengineered scaffolds are increasingly becoming
important in stem cell engineering because they enable the mod-
ulation of the adhesion microenvironment which in turn enhance
cell-cell interaction to initiate robust tissue formation [3,4]. Thus,
engineered substrates can be harnessed to tune the self-
organization progress of pluripotent stem cells to induce tissue
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formation by controlling the assembly of cells. Although self-
organization property has been the subject of numerous studies,
how stem cell pluripotency state influences this process remains
largely unclear. Clarifying the contribution of stem cells in different
pluripotency states to self-organized layer formation would enable
better control of the tissue formation process using engineered
scaffolds, with important implications for application of stem cells
in tissue engineering.

It is generally known that mouse embryonic stem cells (mESCs)
exhibit two major pluripotency states: naive and ground states. The
naive state mESCs are maintained by supplementing the culture
medium with leukemia inhibitory factor (LIF) [5], and are known to
be a heterogeneous population exhibiting a wide variation in gene
expression [6,7]. On the other hand, the ground state mESCs are a
more homogeneous population obtained by chemical induction
using dual inhibition (2i) with mitogen-activated extracellular
signal-regulated kinase (MEK) and glycogen synthase kinase 3
(GSK3) [8]. The differential gene expression patterns between
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ground and naive state mESCs have been made clearer by recent
advances in single-cell analysis [9—12]. For instance, the ground
state mESCs uniformly express REX1 but the naive state mESCs
exhibit a mosaic-in-colony expression [6,7,13]. In addition, the
heterogeneous gene expression pattern in pluripotent stem cell
subpopulations has been suggested as an important driver of sub-
sequent cell fate decision and symmetry breaking [14]. However,
how mESCs in the different pluripotency states (ground and naive
state) contribute to the layer formation remains largely unexplored.

In the present study, using adhesion-limiting mesh substrates,
we aimed to clarify the contribution of mESCs in ground and naive
states to self-organized layer formation. The mesh substrates have
been previously demonstrated to drive self-organization into cell
layers without biochemical inductions [15]. For comparison, we
evaluated both ground and naive state mESCs, based on REX1, OCT3/
4 and KRT8 (cytokeratin 8) expressions. OCT3/4 is one of the major
transcription factors which is known to be essential for pluripotency
maintenance [5]. KRT8 has been identified as a marker of a sub-
population of naive state mESCs nearly exiting pluripotency [7,10].
Based on the morphology of the self-organized cell layers, we show
that ground and naive state mESCs exhibit differential potential in
their contribution to self-organized layer formation by progressive
mesh closure on the adhesion-limiting mesh substrates.

2. Materials and methods
2.1. Cell culture

In this study, we used mESC line OLV2-1 (Riken Cell Bank)
expressing knocked-in OCT3/4-linker-Venus vector, and OCRG9
(Riken Cell Bank) expressing a knocked-in REX1-EGFP-IB and OCT3/
4-linker-ECFP vectors [6]. Both mESCs were maintained with G-
MEM (Wako) with 10% fetal bovine serum (FBS; Sigma-Aldrich),
1 mM sodium pyruvate (Wako), 1% MEM non-essential amino
acids (Wako), 0.1 mM 2-mercaptoethanol (Wako) and 1000 units/
mL leukemia inhibitory factor (LIF; Wako). For 2i + LIF culture, 3 uM
CHIR99021 (Wako) and 1 uM PD0325901 (Wako) were added to the
culture medium. The cells were cultured at 37 °C and 5% CO; on cell
culture dishes coated with 0.1% gelatin from porcine skin (gel
strength 300, type A; Sigma-Aldrich). For passage, the cells were
dissociated by TrypLE Express (Thermo Fisher Scientific) and
seeded at 70 x 10° cells/cm? for 2-day interval passage or
2.6 x 10° cells/cm? for 3-day interval passage.

2.2. Cell culture on microstructured mesh substrates

Microstructured mesh substrates were fabricated by photoli-
thography using SU-8 2 (MicroChem), an epoxy-based negative
photoresist, as reported previously [15—17]. The fabricated mesh
substrate was mounted on a 0.5 mm-thick silicon rubber spacer
and placed on a culture dish. mESCs on the microstructured mesh
substrates were cultured with the pluripotency maintenance me-
dium with antibiotic antimycotic solution (Sigma-Aldrich). To
promote cell attachment, the substrates were coated with a matrix
protein (laminin) by incubating them for 1 h at 37 °C with 10 pg/mL
solution of laminin-511 E8 fragment (iMatrix-511 silk; Nippi)
diluted in phosphate buffered saline (PBS). For cell seeding, cell
density was adjusted to 1.0-5.0 x 10° cells/mL, and 100 pL of the
cell suspension was gently added drop-by-drop onto the mesh
substrates. Cells were then incubated for 6 h at 37 °C and 5% CO, to
allow for cell attachment on the mesh lines. The cell-loaded mesh
substrates were transferred to a new culture dish in order to discard
fallen cells. Finally, fresh culture medium was added and culture
continued undisturbed. Day 0 was defined as the start of cell cul-
ture on mesh sheets.
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2.3. Cell staining and immunofluorescence microscopy

Cells were fixed with 4% paraformaldehyde in PBS and then
permeabilized with 0.1% polyethylene glycol mono-p-
isooctylphenyl ether (Nacalai Tesque) in PBS. After blocking with
3% bovine serum albumin (Sigma-Aldrich) in PBS, staining reagents
diluted in 1% bovine serum albumin in PBS were applied. For
immunofluorescence staining, anti-cytokeratin 8 antibody (1:200;
ab53280; Abcam) was used as a primary antibody, and F(ab')2-goat
anti-rabbit IgG (H + L) cross-adsorbed Alexa Fluor 546 (1:500; A-
11071; Thermo Fisher Scientific) or goat anti-rabbit IgG H&L Alexa
Fluor 568 (1:500; ab175471; Abcam) was used as a secondary
antibody. For staining cell nucleus, 4’,6-diamidino-2-phenylindole
(DAPI; 1:500; D1306; Thermo Fisher Scientific) or 7-amino-acti-
nomycin D (7-AAD; 1:50; ab228563; Abcam) was used. For staining
the F-actin cytoskeleton, Alexa Flour 647 phalloidin (1:100;
A22287; Thermo Fisher Scientific) was used. Immunofluorescence
microscopy was performed with FLUOVIEW FV3000 confocal laser
scanning microscope (Olympus).

2.4. Image processing and quantitative analyses

Acquired immunofluorescence images were processed, recon-
structed and analyzed using Fiji [18]. For quantitative analyses of
self-organized layer, first we obtained binarized images of acquired
16-bit stacked confocal images and then calculated the threshold
values for each channel. To binarize all the slices with the single
threshold value, the threshold was computed by the Otsu's method
in “Auto Threshold” plugin of Fiji, based on a histogram of all the
slices. Next, the voxels where the layer exist were determined by
the both binarized images of nuclei (DAPI or 7-AAD) and F-actin
(phalloidin), and then layer thickness d(x,y) was calculated by
integrating the number of voxels in each XY position along Z axis.
Mesh coverage were determined as the percentage of the nonzero
values of d(x,y) over all d(x,y), and mean layer thickness was
determined as the average of nonzero values of d(x,y).

2.5. Fluorescence-activated cell sorting

For cell sorting to obtain REX1-high population from naive state
mESCs, dissociated cells from culture dishes were suspended in the
culture medium and analyzed using BD FACSMelody cell sorter (BD
Biosciences). Manual gating based on forward and side scatter
signals was performed to obtain a cell population. First, EGFP
positive gate was determined using unlabeled mESCs. Then, REX1-
high population was sorted according to REX1-EGFP-high gate
which was determined manually. Visualization of the sorted cell
population was performed using Flow]Jo single cell analysis soft-
ware (BD Biosciences).

3. Results

3.1. Ground and naive state mouse ES cells demonstrated
contrasting layer-forming potential on adhesion-limiting mesh
substrates

mESCs under pluripotency maintenance culture are known to
exist in different pluripotency states with different expression
signatures (Fig. 1A). To determine the layer-forming potential of
mESCs at different pluripotency states, we utilized adhesion-
limiting mesh substrates [15,16] to assess and compare self-
organized layer formation by mESCs converted to ground state
versus naive state mESCs. Conversion from naive state to ground
state was achieved by culturing naive state mESCs (the default
mESC state) on typical culture dishes under 2i + LIF condition for
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Fig. 1. Experimental setup to induce self-organized layer formation by mESCs in different pluripotency states on microstructured mesh substrates. (A) Schematic illustration of
ground and naive states, and marker gene expressions used in this study. (B) Microscopic images of the ground and naive state mESCs. (C) REX1 expression of ground and naive state
mESCs cultured on typical culture dishes. (D) Schematic illustration of mesh substrate setup in a suspended position for cell seeding, and the self-organization processes leading to

layer formation.

one week, with two passages in between. As confirmed using
immunofluorescence microscopy, we succeeded in generating
ground state mESCs exhibited global expression of REX1, but
KRT8+- cells were not observed (Fig. 1B, left and 1C). In contrast, the
naive state mESCs on dish consisted of two subpopulations: one
existing in compact colonies with high OCT3/4 expression (OCT3/
4+ cells), and another as scattered single cells with visibly high
KRT8 expression (KRT8+ cells) (Fig. 1B, right). Strikingly, KRT8+
cells exhibited expanded shape and were widely scattered around
OCT3/4+ clusters, consistent with previous studies [7,19]. Based on
these observations as well as past studies [10,13], we confirmed the
different expression patterns of REX1 and KRT8 in the ground and
naive state mESCs. In the subsequent experiments, we cultured
mESCs and induced them to form continuous cell layers on ~2 pm-
thick microstructured mesh substrates (pitch: 70 pm, line width:
5 um), which were set suspended in the culture medium as shown
in Fig. 1D.

We sought to investigate how mESCs in different pluripotency
states due to their culture condition would contribute to cell layer
formation by mesh closure on the mesh substrate. Ground and
naive state mESCs seeded separately on the mesh substrates for 3
days under 2i + LIF or LIF condition exhibited different mesh filling
capability and layer morphologies. Under 2i + LIF condition, ground
state cells formed pancake-shaped punctate clusters which pre-
dominantly comprised of OCT3/4+ cells but not KRT8+ cells
(Fig. 2A, left). But under LIF condition, the ground state cells
exhibited slightly increased layer formation potential, and could be
seen forming patches of layers covering a slightly larger area of the
partially filled mesh substrate than observed under 2i + LIF con-
dition, although many unfilled holes could still be seen at Day 3
(Fig. 2A, right). In contrast, under both 2i + LIF and LIF condition,
the naive state cells could fill the mesh openings sufficiently well,
resulting in the formation of a continuous layer by Day 3 (Fig. 2B).
To compare the spatial localization OCT3/4+ cells versus KRT8-+
cells, we performed confocal microscopy to examine the vertical
cross-section of the self-organized cell layer. Intriguingly, we found
that KRT8+ cells occupied the upper and lower surfaces of the
formed cell layer, sandwiching OCT3/4+ cells in the layer interior
(Fig. 2B, vertical cross-sections). Next, for quantitative comparison,
we quantified the mesh coverage and mean thickness under each
culture condition based on fluorescence images captured by la-
beling DAPI and phalloidin (Fig. 2C). We found that ground state
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cells under 2i + LIF condition formed thick layers with limited
lateral spread (low coverage and greater mean thickness, 51.4 + 2.1
um), as opposed to naive state cells which formed a continuous cell
layer cover over the mesh substrates regardless of the maintenance
condition (2i + LIF or LIF), as shown in Fig. 2C. These results suggest
that self-organized cell layer formation on the mesh substrates by
mesh closure was determined by the pluripotency state before
mesh seeding but not the media condition.

3.2. REX1-high population sorted from naive state cells formed
discontinuous cell layers

According to previous research [13], naive state mESCs with
high expression of REX1 were reported to exhibit ground state-like
features, but with differences in gene expression compared with
2i + LIF-derived ground state mESCs. We therefore sought to
determine if REX1-high population sorted from naive state mESCs
would form discontinuous cell layers similar to ground state
mESCs. To examine this, we conducted a comparative experiment
by sorting REX1-high expressing cell population (Fig. 3A) and
examined their layer formation potential on the adhesion-limiting
substrates by mesh closure. To specifically obtain ground state-like
REX1-high population, sorting was performed by gating for the
approximately top 30% of the total naive state mESCs which
exhibited high expression of REX1-EGFP (Fig. 3B, histogram).

When seeded on the mesh substrate under LIF condition, the
REX1-high population also formed discontinuous layers with many
holes still visible at Day 3 (Fig. 3B), similar to ground state cells.
Moreover, whereas OCT3/4 and REX1 were globally expressed on
the mesh substrates, KRT8 expression was not observed (Fig. 3B).
Quantitative analysis further confirmed incomplete mesh coverage
for REX1-high population, although this population did not show
significant difference in the mean layer thickness (31.8 + 7.9 um)
compared with the naive state cells (Fig. 3C). Collectively, these
results showed that REX1-high population was not as efficient as
naive state cells in filling the mesh openings to form a continuous
cell layer by mesh closure. These results further illustrated that
even within naive state mESCs, which is a heterogeneous popula-
tion [6,10,13], the subset with ground state-like property (desig-
nated by REX1-high) show limited layer formation potential,
implying that a shift away from ground state is necessary for self-
organized layer formation on the mesh substrates.
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Fig. 2. Layer formation assays for the ground and naive state cells on mesh substrates. (A) Discontinuous layer formation by the ground state cells on mesh substrates under 2i + LIF
and LIF conditions at Day 3. (B) Self-organized layer formation of the naive state cells on mesh substrates under 2i + LIF and LIF conditions at Day 3. Enlarged views of the yellow
boxed region and vertical cross-sections at position of the yellow broken line were shown in bottom panels. (C) Quantitative image analyses for the mesh coverage and mean
thickness of each condition. The analyses for coverage and mean thickness were performed using 4 biological samples (4 images each) for each condition. Scale bars: 100 um. Error

bars: mean + SD.

3.3. Naive state cells at the sites of mesh closure exhibited
pronounced KRT8 meshwork

To observe the process of mesh closure more closely, we focused
on KRT8+ cells which were observed to be widely scattered around
OCT3/4+ clusters under dish culture (Fig. 1B, right). We performed
immunofluorescence microscopy at 6 h, Day 1 and Day 2 to monitor
the self-organized layer formation by naive state mESCs on a mesh
substrate under LIF condition (Fig. 4A). At 6 h after seeding, the
naive state cells had successfully adhered on the mesh lines and
could be seen starting to fill the mesh openings. At this early stage,
a monolayer of cells could be seen self-forming in some parts of the
substrate. Also, gaps (holes) were still clearly visible, as confirmed
by DAPI and phalloidin staining (Figs. 4A, 6 h). Strikingly, KRT8+
cells were visibly elongated along the mesh lines, and they could be
seen surrounding the mesh openings (Figs. 4A, 6 h). By Day 1, the
cell layer had increased to a few-cells thick, with KRT8+ cells sur-
rounding patches of OCT3/4+ cells enclaved in the relatively
thicker regions of the cell layer (Fig. 4A, Day 1). By Day 2, all the
mesh openings had been covered to yield a completely formed cell
layer over the initially open meshwork (Fig. 4A, Day 2). Quantitative
analyses of the self-organized cell layer formed on the mesh sub-
strate showed that mesh coverage was nearly 100% complete by
Day 2, while layer thickness continued to increase to a peak at Day 3
(Fig. 4B). Also, as shown in the enlarged view of Fig. 4C, KRT8+ cells
surrounding the closing holes displayed a meshwork of keratin,
which appeared to be well-developed than the corresponding F-
actin network. Since KRT8+ cells can be regarded as a
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subpopulation of naive state mESCs nearly exiting pluripotency
[10], the results implicated them in the initiation of cell layer for-
mation on the adhesion-limiting mesh substrates. This was further
supported by the observation that most cells around a closing hole
exhibited OCT3/4 depletion, which implies loss of pluripotency, as
reported in our previous study [20]. Collectively, we postulate that
among the naive state cells, KRT8+ cells could be the main driver of
self-organized layer formation by mesh closure, judging from their
elongated morphology and pronounced keratin meshwork.

4. Discussion

In this study, we aimed to clarify the contribution of mESCs at
different pluripotency states to self-organized layer formation. For
this purpose, we examined the layer-forming potential of ground
and naive state mESCs cultured on adhesion-limiting mesh sub-
strates within 3 days. The culture duration was determined based on
the findings of our previous study which showed that mESCs could
form a continuous layer on the mesh substrates within 3 days [15].
Our results demonstrate that mESCs with ground state-like char-
acteristics, including ground state mESCs and REX1-high population
sorted from naive state mESCs, formed discontinuous cell layers
with limited lateral spread within the same culture duration. In
contrast, naive state cells comprising KRT8+ cells succeeded in
forming a continuous cell layer by progressive mesh closure.

The fact that the naive state cells comprising KRT8+ cells were
more efficient in layer formation on the mesh substrates suggests
that KRT8+ cells could be the main driver of self-organized layer
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population from a naive state mESCs. (B) Microscopic images showing discontinuous cell layers formed by REX1-high population at Day 3 under LIF condition. Enlarged views
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mean + SD.
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Error bars: mean + SD.

formation by mesh closure, judging from their elongated closing holes. Indeed, it has been shown that intermediate fila-
morphology and pronounced keratin meshwork displayed around ments, which include keratin, provide mechanical support for

101



Y. Ando, K.O. Okeyo and T. Adachi

active cellular dynamics [21]. Moreover, previous research revealed
that KRT8 is an important trigger of inner-outer segmentation and
mechanical stabilization during mouse blastocyst morphogenesis
[22,23]. Considered in the context of these reports, our results
suggest the contribution of KRT8+ cells in self-organized layer
formation on adhesion-limiting mesh substrates. Although we
could not directly reveal the contribution of KRT8+ cells due to
difficulties in sorting for KRT8 knocked-in mESCs, the localization
of keratin intermediate filaments during mesh closure could give
insight into the mechanism for self-organized layer formation by
mESCs in vitro.

Conventionally, ground state mESCs are more desirable for dif-
ferentiation induction to obtain specific lineages due to their ho-
mogeneity compared with naive state mESCs [24]. On the other
hand, our study demonstrated that naive state mESCs comprising
KRT8+ cells are more capable of self-organized layer formation
compared with relatively more homogeneous mESC populations:
ground state mESCs and REX1-high population sorted from naive
state mESCs. Indeed, within the 3-day culture period, the ground
state cells formed punctate layers under 2i + LIF condition, indi-
cating their lack of ability to spread laterally by cell-cell adhesion,
which is a prerequisite for layer formation on the adhesion-limiting
mesh substrates. However, long-term observation would be
necessary to confirm how the observed morphology of cell layers
by ground state cells under 2i + LIF condition would change, since
with extended culture, pluripotency state is bound to change as
cells interact with mesh culture environment. Also, it would be
important to clarify how the differences in cellular dynamics and
gene expression in the heterogeneous naive state mESCs would
contribute to the observed self-organization process. These aspects
remain to be investigated fully.

Overall, this study highlights that, compared with ground state
mESCs, naive state mESCs, particularly KRT8+ cells, possess a
higher capability to contribute to self-organized layer formation by
mesh closure on microengineered scaffolds. The finding that plu-
ripotency state determines the ability of mESCs to form self-
organized cell layers on the mesh substrates illustrates an essen-
tial aspect that should be considered in scaffold-based tissue en-
gineering with pluripotent stem cells.
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