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ARTICLE INFO ABSTRACT

Keywords: The intricate interplay between biochemical and physical cues dictates pluripotent stem cell (PSC) differentiation
Electrospun nanofibers to form various tissues. While biochemical modulation has been extensively studied, the role of biophysical
Micr'ofabrication . o microenvironments in early lineage commitment remains elusive. Here, we introduce a novel 3D cell culture
Ezzg’a‘;:s;toize; cell differentiation system combining electrospun nanofibers with microfabricated polydimethylsiloxane (PDMS) patterns. This

system enables the controlled formation of semispherical human induced pluripotent stem cell (hiPSC) colonies,
facilitating the investigation of local mechanical stem cell niches on mechano-responsive signaling and lineage
specification. Our system unveiled spatially organized RhoA activity coupled with actin-myosin cable formation,
suggesting mechano-dependent hiPSC behaviors. Nodal network analysis of RNA-seq data revealed RhoA
downstream regulation of YAP signaling, DNA histone modifications, and patterned germ layer specification.
Notably, altering colony morphology through controlled PDMS microwell shaping effectively modulated the
spatial distribution of mechano-sensitive mediators and subsequent differentiation. This study provides a cell
culture platform to decipher the role of biophysical cues in early embryogenesis, offering valuable insights for
material design in tissue engineering and regenerative medicine applications.

1. Introduction

Stem cells not only possess significant therapeutic potential for tissue
engineering and cell therapy applications but also provide an opportu-
nity to develop disease and/or patient-specific in vitro models as drug
testbeds or for pathological studies. Embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs), collectively known as pluripotent
stem cells (PSCs), have been extensively investigated due to their un-
limited self-renewal and potent differentiation capability towards phe-
notypes in all three germ layer lineages [1,2]. To develop tissue
replacements or in vitro models for various developmental, patholog-
ical, and pharmaceutical studies, carefully formulated biochemical
factors, typically gained from developmental biology studies, have been
well explored to guide the differentiation of stem cells towards specific
tissues/cells with unique functionality [3-6].

Beyond biochemical cues, the intricate interplay of mechanical
forces, also known as mechanotransductive signals, significantly shapes
stem cell fate and behavior during development, influencing
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morphological organization and differentiation [7,8]. Recognizing this,
researchers have harnessed diverse materials, systems, and techniques
to design in vitro models replicating unique physical microenvironments
and their impact on pluripotent stem cell (PSC) behavior. For instance,
studies have employed cell adhesive ligand patterns or molding ap-
proaches to induce the formation of 2D PSC colonies exhibiting defined
morphologies and differentiation patterns [9-12]. Such patterned dif-
ferentiation likely arises from the interplay of physical
microenvironment-mediated cell-matrix interactions and cell-cell
communication [9,11]. While these 2D iPSC in vitro models have un-
veiled intriguing insights into patterned PSC differentiation, their
inherent limitation lies in the two-dimensionality, failing to capture the
intricate 3D cell-cell interactions occurring in vivo. Notably, variations
in 3D cell-cell interactions have been shown to elicit diverse cellular
responses, potentially leading to ambiguous or even contradictory re-
sults in PSC differentiation studies [13]. Therefore, to more faithfully
mimic human in vivo development and achieve consistent PSC differ-
entiation patterns, there is a crucial need for novel in vitro models
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capable of inducing the formation of well-defined 3D PSC colonies.

In this regard, we engineered a robust and tunable stem cell culture
platform, composed of electrospun polycaprolactone (PCL) nanofibers
and microfabricated polydimethylsiloxane (PDMS) microwells (nano-
fiber-microwell cell culture system), to provide the physical/mechanical
support for iPSCs to develop 3D hemispherical colonies, where indi-
vidual cells within the colony experience heterogeneous mechanical
forces in a residing location-dependent manner. By optimizing the sizes
of microwells on PCL nanofibrous substrates, which were tuned to
enable the 3D stem cell colony formation in our previous study [3,14], a
spatially patterned germ layer differentiation was developed within the
colonies. In addition, we found that the differentiation of the cells in
these colonies is significantly affected by the mechanotransduction
pathway, including the mechano-sensing regulator, rho-associated
protein kinase (RhoA/ROCK), and the downstream effector,
yes-associated protein (YAP). A close interaction between the
mechano-sensing and DNA histone modification was revealed, poten-
tially demonstrating the important role of epigenetic regulation in
mediating physical environment-induced spatially patterned differenti-
ation. Such spatially organized physical environment within the 3D iPSC
colony and its effect on subsequent germ layer differentiation was
further confirmed by altering the form of the 3D colonies through the
shape alteration of the microwells. Overall, the nanofiber-microwell cell
culture system provides a robust platform for developing an in vitro 3D
iPSC differentiation model to gain insight into mechanotransduction
signaling and its effect on cellular behaviors.

2. Materials and methods
2.1. Synthesis of PCL nanofibrous substrate

Electrospun PCL nanofibrous substrates were synthesized as previ-
ously described [14]. Briefly, a precursor solution of 8.5 wt% PCL (M.W.
80 k, Sigma Aldrich) dissolved in 5:1 trifluoroethanol (Sigma
Aldrich)-water was electrospun using a custom electrospinning setup
[14]. The electrospinning parameters for the substrate synthesis have
been optimized to achieve approximately 500 nm average fiber diam-
eter with a reduced Young’s modulus of 19 kPa [14].

2.2. Microfabrication of PDMS mold

Standard photolithography-based microfabrication method was used
to produce patterned silicon wafers, involving a series of oxidation,
photolithography, and etching steps. Briefly, a 3 pm thick silicon dioxide
(SiO2) layer was coated on as-received silicon (Si) wafers, via plasma-
enhanced chemical vapor deposition using a Plasmatherm 790
(Plasma-Therm). A positive photoresist (PR) was spin-coated and
exposed to the UV light through a patterned mask having the required
dimensions of the microwells. The PR was developed yielding the
micropatterning of the wells on top of the SiO, layer. The SiO, layer,
which was not protected by the PR layer, was then etched using the
Surface Technology Systems Reactive Ion Etcher. The PR was used as an
etching buffer layer so that we could etch past the 3 pm SiOs layer that is
immediately exposed to the ion etching and into the Si without
compromising the micropillars, which act as the master mold. The
patterned Si wafer was then washed in acetone, isopropanol, and DI
water to remove and clean the remaining PR. The resulting Si/SiOy
wafer was then placed in diluted hydrofluoric acid to remove the SiOy
from the micropillars, revealing the master mold having various di-
ameters of micropillars for further processing.

To fabricate the PDMS-based microwells, a photoresist (SU-8) was
spin-coated on the Si master mold at low spin speeds to avoid comet
tailing around the micropillars of the master mold. The SU-8 was soft-
baked at 65 °C for 10 min on a hotplate. Once cooled, PDMS (Sylgard
184 Silicone) was spin-coated at 800 rpm to promote even distribution.
The PDMS on the master mold was then cured at 65 °C for 4 h. Once
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cured, the PDMS was lifted off by placing the assembly in a bath of
acetone with gentle agitation. The PDMS reverse mold was detached
from the master mold and cut into appropriate sizes. In order to make
the stretched PDMS molds with an ellipsoidal microwell shape, the
curing time was reduced to 2 h allowing for the formation of half-cured
PDMS films. These films were then mechanically stretched at 60 °C for
12 h to transform circular wells into elliptical hollows with an aspect
ratio of 2.5:1 using a tensile force generator. This aspect ratio was
achieved by using a stretching ratio of 3:1 to compensate for the spring
back of the viscoelastic PDMS mold. PolyHEMA was applied to the
surface of both circular and stretched PDMS molds to increase the hy-
drophobicity of the PDMS surface, preventing direct cell attachment
outside of the microwells. The coated PDMS molds were stored at 4 °C
before being assembled with electrospun nanofibrous PCL substrates,
which were subjected to air plasma treatment prior to assembly. The
PDMS molds were heated at 55 °C, then heat pressed onto the PCL
substrates to glue them together. The assembled nanofiber microwells
(8 mm in diameter) were placed in a 24-well culture plate and X-ray
irradiated for sterilization.

2.3. Cell culture

A well-characterized human iPSC line and a human embryonic stem
cell line (H9-ESC, WAe009-A) were used in this study [14]. Cells were
maintained on Geltrex®-coated (Life Technologies) tissue culture plates
in mTeSR1 growth media (StemCell Technologies) and seeded onto the
nanofiber-microwell substrates at a cell density of approximately 120,
000 cells per cm?. A ROCK inhibitor, Y-27632 (10 uM, Sigma Aldrich),
was supplemented into the media to improve initial cell attachment and
survival. The following day, Y-27632 was removed from the media
unless otherwise noted.

To examine the simultaneous multi-lineage differentiation behavior
of iPSCs within individual 3D colonies, iPSCs were pre-cultured for 5
days and then treated with BMP4 (40 ng mL’l) for 36 h. Differentiated
3D iPSC colonies were fixed using 4 % paraformaldehyde.

To examine if RhoA/ROCK or YAP regulates spatially patterned germ
layer differentiation of 3D iPSC colonies, iPSCs were pre-cultured for 5
days and subsequently treated with BMP4 (40 ng mL"™) for 36 h. ROCK
activator (calpeptin, 30 pM, Sigma) or YAP activator (PY60, 16 pM,
Sigma) was added into the cell culture media for 38 h (2 h during the
preculture duration+36 h of differentiation duration). Cells were then
fixed using 4 % paraformaldehyde.

To examine the relationship between YAP and DNA histone modifi-
cations, iPSCs were pre-cultured for 5 days and subsequently treated
with YAP inhibitor (verteporfin, 5 pM, Tocris) for 2 h at the end of the 5-
day pre-culture period. Cells were then fixed using 4 %
paraformaldehyde.

For the analysis of colony-morphology-dependent cellular behaviors,
iPSC colonies with an elliptical-dome shape were formed using an
elongated microwell as described above. Subsequently, colonies were
either fixed using 4 % paraformaldehyde or treated with BMP4 for 36 h
before the fixation.

2.4. RNA sequencing

To assess the differences in the epigenetic regulations between 2D
iPSC colonies and 3D iPSC colonies, total RNA from the iPSCs grown in
either 2D or 3D form was isolated using the RNeasy Micro Kit (Qiagen)
according to the manufacturer’s instructions. cDNA libraries were then
prepared using the KAPA RNA Hyperprep Kit with RiboErase (HMR).
The established libraries were subjected to sequencing on Illumina
HiSeq 2500 (50 bp, single-ended). For sequence alignment and gene
counts, RNA-seq reads were trimmed to remove sequencing adapters
using Trimmomatic and polyA tails using FASTP [15,16]. The processed
reads were mapped back to the human genome using STAR software
[17]. The normalization of gene expression fold change was conducted
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using RSeQC software. Among the whole gene set with the normalized
expression values, epigenetic-related genes consisting of m6A-related
genes, histone modification-related genes, RNA binding proteins, tran-
scription factors, and DNA methylases were collected based on previous
literature and databases [18]. A hierarchical clustering was performed
to reveal the differences in epigenetic-related gene expression between
the Control and the 3D colony cells using Cluster and Treeview software.
GSEA software, which used a list of whole epigenetic-related gene sets
with the normalized fold change value, was further used to conduct GO
analysis and subsequent epigenetic-related biological process enrich-
ment evaluation [19,20]. The number of permutations for p-value
calculation was set to 1000 and the top 5 enriched epigenetic-related
biological processes, with the criteria of a p value < 0.05, were
selected and plotted using the Origin software. A heatmap was plotted
indicating the methylation- and acetylation-related gene expressions. In
addition, the overall gene sets enriched in the GSEA were organized into
a graphical network produced using “Enrichment Map” plugins in
Cytoscape; each node in the network map represents an enriched gene
set of a specific biological process. Three different clusters (annotated
automatically by the AutoAnnotate plugin) were chosen to reveal po-
tential interactions among them. The RNA sequencing data are available
at Gene Expression Omnibus (GSE234529).

2.5. Immunofluorescence imaging

The fixed samples were stained following a standard immunofluo-
rescence staining protocol with modifications to improve the antibody
diffusion throughout the entire colony. The fixed colonies were per-
meabilized in concentration-optimized chemical detergent (Triton X-
100) with mechanical shaking, followed by background suppression
using 1 % bovine serum albumin [21]. The following antibodies with
experimentally determined optimal concentrations were utilized for
immunostaining: mouse anti-NANOG (Abcam), goat anti-BRACHYURY
(R&D Systems), mouse anti-PAX6 (Developmental Studies Hybridoma
Bank (DSHB)), mouse anti-active RhoA (NewEast Bioscience), mouse
anti-a-tubulin (DSHB), mouse anti-Non Muscle Myosin Light Chain
(DSHB), rabbit anti-SOX2 (Cell Signaling), rabbit anti-SOX17 (Pro-
teintech), rabbit anti-SOX1 (Proteintech), rabbit anti-H3K4me3
(Abcam), rabbit anti-H3K27ac (Abcam), rabbit anti-H3K27me3
(Abcam), rabbit anti-H3K9me3 (Abcam), rabbit anti-YAP-488 (Cell
Signaling). Except for the YAP antibody, which was pre-conjugated with
Alexa Fluor 488, the corresponding secondary antibodies were used
appropriately: Alexa Fluor 488 donkey anti-mouse IgG (H + L), Alexa
Fluor 488 goat anti-rabbit IgG (H + L), Alexa Fluor 594 goat anti-mouse
IgG (H + L), or Alexa Fluor 488 donkey anti-goat IgG (H + L) (Invi-
trogen). The samples were then counter-stained, if necessary, using
phalloidin (Abcam) and DAPI (Sigma) to visualize actin and nuclei. The
tissue clearing process (50 % formamide with 20 % polyethylene glycol)
was employed after the staining for improved visualization under the
volume confocal scanning and imaging (Zeiss 800) [22].

2.6. Confocal image quantification

Confocal images were quantified to further investigate the spatial
distribution of various markers within iPSC colonies. Briefly, the radius
of the sphere, which overlaps the contour of the semi-spherical iPSC
colony, determined from DAPI staining, was first calculated based on the
Pythagorean theorem (Fig. S1A). For each confocal section, positively
stained cells with a marker of interest were located and the distance
from each cell to the center of the section was calculated (Fig. S1B). The
distance to the sphere center was then calculated (Fig. S1C). All the
results from multiple sections were collected for each marker and his-
tograms were generated (Fig. S1D). The ratio of positively stained cells
with a marker of interest to the DAPI-stained cells was finally calculated
with respect to the normalized distance to the center of the sphere.
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2.7. Statistical analysis

All experiments were conducted with a minimum of triplicate bio-
logical samples and data are represented as mean + standard deviation
(SD). Comparison of groups for statistical significance was determined
using SPSS 115 software with either one-way ANOVA with Tukey’s HSD
post-hoc or one sample student T-test. Statistical significance was re-
ported when a ‘p’ value was less than 0.05. Pearson’s correlation coef-
ficient (r) was determined to reveal the bivariate correlation between
two factors. r > 0.5 indicates a strong positive correlation, 0 < r < 0.5
indicates a moderate or weak positive correlation, and r < 0 indicates a
negative correlation [23,24].

3. Results

3.1. Nanofiber-microwell cell culture system is optimized to induce the
formation of 3D iPSC colonies

We have previously shown that the use of a soft electrospun substrate
enabled the observation of mechano-responsive 3D colony formation
[14]. In order to maintain the structure of such 3D iPSC colonies during
the differentiation process, we designed a cell culture system by
combining the electrospun PCL nanofibrous substrate with a PDMS
mold, having microwells with various diameters, to physically restrict
the size and morphology of iPSC colonies. The fabrication of the
microwell cell culture system involves the standard process of
photolithography-based microfabrication, deep etching, PDMS casting,
and PCL substrate-PDMS mold assembling (Fig. 1A). The patterned sil-
icon wafer (Fig. 1B), which was fabricated by deep etching, was used as
a negative to form a PDMS mold (150 pm thickness) having patterned
microwells (Fig. 1C). Electrospun nanofibrous PCL substrate was then
attached to the PDMS mold with its fibrous morphology exposed only in
those patterned wells (Fig. 1D and E). The hydrophobic treatment of the
PDMS mold with polyHEMA inhibits the adhesion of iPSCs on the PDMS
surfaces, enabling iPSCs to grow and form 3D colonies only on the
exposed PCL nanofibers within the microwells (Fig. 1F). To determine
the optimal microwell size, iPSCs were cultured in the cell culture sys-
tem having various microwell diameters (Fig. 1G-I). The most uniform
and consistent morphology of iPSC colonies was observed in microwells
having 200 pm diameter, as compared to the cells that were cultured in
150 pm or 250 pm sized microwells. Therefore, the 200 pm microwell
diameter was used in the subsequent experiments.

3.2. 3D iPSC colonies in the nanofiber-microwell cell culture system
exhibit a spatially patterned cytoskeletal organization and subsequent
germ layer differentiation

Since RhoA and cytoskeletal structure actively respond to the change
in the surrounding microenvironment [25-27], their heterogeneous
expression within the 3D iPSC colonies induced by the
nanofiber-microwell cell culture system was examined. Interestingly,
RhoA activation was confined to the outermost layers of the 3D colony
(Fig. 2A, Fig. S2A), potentially indicating the spatial heterogeneity in the
mechanical environment within a 3D colony. As the RhoA/ROCK
signaling often affects the downstream cytoskeleton organization [28,
29], the expression patterns of a-tubulin, actin, and non-muscle myosin
light chain (MLC) were analyzed. Similar to the active RhoA expression
pattern, a-tubulin was highly localized at the outermost layers of the
colony (Fig. 2B, Fig. S2B), likely indicating the generation of greater
tension at the outermost layer in the spherical colony. This coinciding
radial expression pattern between active RhoA and a-tubulin suggests
the regulation of cytoskeletal components by the RhoA/ROCK signaling.
The expression of MLC exhibited a more uniform distribution
throughout the entire 3D iPSC colony as compared to the expression of
a-tubulin (Fig. 2C, Fig. S2C). The colocalization between MLC and actin
especially at the outermost layers of the colony (Fig. 2C, magnified
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Fig. 1. Nanofiber-microwell cell culture system is optimized to induce the formation of 3D iPSC colonies. (A) A schematic shows the fabrication process of the
nanofiber-microwell cell culture system. (B-F) Representative images of a (B) patterned silicon wafer, (C) PDMS microwell mold, (D) PCL electrospun substrate-
PDMS mold assembly, (E) nanofibrous PCL in the bottom of a microwell, and (F) cell colony growth within microwells. Red arrows indicate the cell colonies.
(G-I) Representative fluorescent DAPI images showing the distribution of iPSC cell colonies in the nanofiber-microwell cell culture systems with different sizes of

microwells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

bottom), however, suggests actin-myosin interactions, likely induced by
the RhoA/ROCK-mediated MLC phosphorylation [30-32]. This inter-
action often results in the formation of actomyosin cable, stabilizing the
colony structure and affecting differentiation [33,34]. It should be noted
that a uniform expression of active RhoA was observed in 2D monolayer
iPSC colonies, as compared to the spatially patterned expression of RhoA
within 3D iPSC colonies (Fig. S2D).

To investigate if this spatially patterned mechanical microenviron-
ment would affect the differentiation of iPSCs, 3D iPSC colonies were
subjected to BMP4 stimulation for 36 h to induce simultaneous multi-
lineage differentiation [12,35]. Hereinafter, the cells pre-cultured in
the microwell cell culture system for 5 days to form 3D colonies are
noted as the pre-differentiation condition (Prediff) while those subse-
quently subjected to BMP4 treatment after the pre-culture are noted as
the differentiation condition (Diff). Under the Diff condition, a unique
pattern of spatially organized differentiation was observed where T and
SOX2 expression was radially arranged from the edge to the center of the
3D iPSC colony (Fig. 2D, Fig. S3A). The expression of endodermal
SOX17 colocalized with T expression (Pearson’s correlation coefficient
of 0.922), suggesting the very early stage of mesendodermal differen-
tiation [36] (Fig. 2E, Fig. S3B). This spatially organized differentiation
pattern in 3D iPSC colonies is clearly notable in the location tracking
analysis, where SOX2" cells were positioned in the inner parts of the
colony while Tt and SOX17" cells were localized at the outermost layers
(Fig. 2F and G). Since SOX2 is also a pluripotency marker, the absence of
NANOG expression and the presence of SOX1 expression were used to
confirm the early stage of ectodermal differentiation in the inner parts of
the differentiated 3D iPSC colonies (Figs. S3C-F, Fig. S4). The universal

applicability of the nanofiber-microwell system to form a 3D stem cell
colony and its patterned differentiation was confirmed by an embryonic
stem cell line, H9 ESCs (Fig. S5). It should be noted that such a spatially
organized multi-lineage differentiation pattern was only observed in the
3D colonies while PSCs cultured in 2D regular tissue culture plates
differentiated only toward the mesendodermal lineage under the BMP4
stimulation (Fig. S6A).

Since both RhoA activity and mesodermal differentiation were
observed at the outermost layers of the 3D iPSC colony, we examined
whether this heterogeneity of differentiation behavior was regulated by
the RhoA/ROCK signaling. ROCK activator, calpeptin, was simulta-
neously applied to the 3D iPSC colonies that were being subjected to the
BMP4-induced differentiation. As shown in the confocal images
(Fig. 2H, I, Figs. S6B and C), the application of the ROCK activator
induced a more uniform distribution of T* cells in the inner parts of 3D
iPSC colonies while those cells were localized only at the outermost
layers in the absence of the ROCK activator. The increase in the number
of cells differentiated to the mesendodermal lineage throughout the
entire colony with ROCK activation indicates that ROCK activity during
the formation of the 3D colony predisposes the cells to differentiate
toward mesendodermal lineage under BMP4 stimulation (Fig. 2J). In
fact, when iPSCs express active RhoA throughout the entire colony
under 2D culture conditions (Fig. S2D), all cells differentiate only to-
wards the mesendodermal lineage (Fig. S6A).
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Fig. 2. 3D iPSC colonies in the microwell cell culture system exhibit a spatially patterned cytoskeletal organization and subsequent germ layer differ-
entiation. (A) Representative confocal images of active RhoA expression at different z-sections showing localized RhoA activity in the outermost layers of the 3D
iPSC colonies under the Prediff condition. (B, C) Representative confocal images of iPSC colonies showing the expression of (B) microtubule subunit a-tubulin or (C)
non-muscle myosin light chain (MLC) and actin. Three representative cross-sectional images at the bottom (near the cell colony-substrate interface), middle, and top
of the iPSC colonies are shown. (D, E) Confocal images of mesendodermal marker T and SOX17, ectodermal marker SOX2, expression within the 3D iPSC colonies
under the Diff condition. Three representative cross-sectional images at the bottom (near the cell colony-substrate interface), middle, and top of the iPSC colonies are
shown. (F) Quantification of lineage marker expression showing the 3D radial distribution of mesendodermal and ectodermal differentiation. Pearson’s correlation
coefficient (r) between the localization of T and SOX2 or T and SOX17 is noted. (G) Schematic of 3D radial distribution of cell lineages within the 3D hemispherical
cell colony under the Diff condition. (H, I) Confocal images of T expression within 3D iPSC colonies without or with ROCK activator under the Diff condition. Three
representative cross-sectional images at the bottom (near the cell colony-substrate interface), middle, and top of the iPSC colonies are shown. (J) Quantification of the
expression data showing the 3D radial distribution of T* cells within the 3D iPSC colony without or with the application of ROCK activator. All scale bars = 50 pm.

3.3. YAP mediates mechanical microenvironment-induced spatially
patterned germ layer differentiation

Epigenetic regulations have been shown to play key roles in
mammalian development and lineage specification [37,38]. To explore
the broad implication of epigenetic regulations during the formation of
3D iPSC colonies for the subsequent patterned differentiation, RNA
sequencing was performed. A set of genes associated with epigenetics
[18] was screened for comparison between the cells in the 3D iPSC
colonies (Prediff) and those control cells grown as a monolayer in

regular tissue culture plates (CTRL). The differential expression of the
epigenetic-related genes showed that 981 genes had greater expression
in Prediff while 1416 genes exhibited downregulation (Fig. 3A). The
Gene Ontology (GO) enrichment analysis showed that the topmost
enriched biological process among the epigenetics-related processes was
demethylation (Fig. 3B). Similarly, protein demethylation and histone
demethylation were positioned within the top 5 most enriched biolog-
ical processes, while the formation of the primary germ layer and
mesoderm development were also highly enriched along with the
demethylation processes (Fig. 3B). Based on this observation, detailed
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Fig. 3. YAP mediates mechanical microenvironment-induced spatially patterned germ layer differentiation. (A) A hierarchically clustered heatmap showing
the expression patterns of all epigenetic-related genes. Red and blue represent the upregulation and downregulation of genes under the Prediff condition, as
compared to the control (CTRL) group where iPSCs were cultured in tissue culture plates as 2D monolayers. (B) A GO enrichment analysis of biological processes
between the CTRL and the Prediff conditions. The circle size indicates the natural logarithm of the gene counts of each biological process. The circle color indicates
the significance of the normalized enrichment score of each biological process. (C) Gene expression heatmap of GO enrichment analysis showing the difference in
epigenetic regulation of the Prediff condition, as compared to the CTRL group. (D) Node network analysis of signaling pathways involving mechano-transduction
Hippo-YAP and Rho signaling, histone modification, and germ layer differentiation. The number of genes in each GO is displayed as node size. Blue nodes indi-
cate downregulated biological processes while red nodes indicate upregulated biological processes under the Prediff condition. Nodes were manually laid out to form
a clearer picture while clusters of nodes were labeled using the AutoAnnotate plugin within the Cytoscape software. (E, F, H, I) Confocal images showing the
expression of histone modification markers (E) H3K4me3, (F) H3K27ac, (H) H3K27me3, and (I) H3K9me3 within 3D iPSC colonies under the Prediff condition. (G, J)
Corresponding quantification of histone modification expression, showing the radial distribution of each histone modification marker within the cell colonies. (K, L)
Representative confocal images showing the expression of (K) YAP and H3K4me3, or (L) H3K27ac in 3D iPSC colonies under the Prediff condition. (M, N) Distri-
bution quantification of (M) YAP and H3K4me3-positive cells, or (N) YAP, H3K27ac-positive cells within the 3D iPSC colonies under the Prediff condition (n = 3).
Pearson’s correlation coefficient (r) between YAP and H3K4me3 or YAP and H3K27ac is noted. (O, P) Representative confocal images showing the expression of (O)
YAP and H3K4me3, or (P) H3K27ac in 3D iPSC colonies under Prediff condition with the application of YAP inhibitor. (Q, R) Distribution quantification of (Q) YAP
and H3K4me3-positive cells, or (R) YAP, H3K27ac-positive cells within the 3D iPSC colonies under the Prediff condition with the application of YAP inhibitor (n = 3).
Pearson’s correlation coefficient (r) between YAP and H3K4me3 or YAP and H3K27ac is noted. All scale bars = 50 pm. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

GO-enriched biological processes including broader aspects of protein histone modification levels within the 3D iPSC colonies [39,40].

histone modifications were plotted as a heatmap, showing a clear trend
that histone demethylation and deacetylation processes were upregu-
lated under the Prediff condition while the histone methylation and
acetylation processes were downregulated (Fig. 3C). Furthermore, a
pathway analysis tool (Cytoscape) was utilized to generate a
transcriptome-based gene regulatory network (Fig. 3D), where the
associated biological processes were labeled (Fig. S7). A clearly
observed interconnection among mechanotransduction signaling
(including Hippo-YAP and Rho), histone modifications, and iPSC germ
layer differentiation, suggests the involvement of histone modifications
in the mechano-modulated germ layer specification within the 3D iPSC
colonies.

To visualize the epigenetic states of the cells, we utilized immuno-
staining which enables the capture of heterogeneously changing overall

Confocal imaging showed that the histone modification markers of
transcriptional activators including trimethylation of histone H3 at
lysine 4 (H3K4me3), acetylation of histone H3 at lysine 27 (H3K27ac)
remained active only at the outermost layers of the colonies after
forming 3D colonies (Fig. 3E-G, Figs. S8A and B) as compared to the
uniform expression of those epigenetic markers in the cells cultured in
regular tissue culture plates to form 2D colonies (Figs. S8C and D). In
contrast, gene repressors including trimethylation of histone 3 at lysine
27 (H3K27me3) and trimethylation of histone 3 at lysine 9 (H3K9me3),
were more uniformly distributed within Prediff 3D iPSC colonies
(Fig. 3H-J, Figs. S8E and F). These results suggest that the activators of
histone modification (H3K4me3 and H3K27ac) are potentially
mechano-responsive and regulated by the spatially varied mechanical
cues within the 3D iPSC colonies since these histone modification
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markers and mechano-sensitive RhoA share a similar expression pattern
(Fig. 2A and 3E, F). Therefore, considering the RNA sequencing results
(Fig. 3B and C), we showed that the upregulation of demethylation and
deacetylation (or the loss of H3K4me3 and H3K27ac expression as
compared to the control) occurs in the inner parts of the 3D colony while
the peripheral areas maintain the histone modification (Fig. 3E and F).

To confirm the mechano-sensitivity of the histone modification of
gene activators, we next examined the relationship between histone
modification and YAP, which has been shown to play a crucial role in
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cellular mechanotransduction [41] and was found to be important for
the epigenetic regulation of iPSC differentiation according to the nodal
network analysis (Fig. 3D, Fig. S7). While the expression patterns of YAP
and H3K4me3/H3K27ac were uniformly expressed in 2D monolayer
iPSCs cultured on regular tissue culture plates (Figs. S8C and D), they
were localized in a confined region only at the outermost layers within
3D iPSC colonies (Fig. 3K-N, Figs. S9A and B). The application of a YAP
inhibitor, verteporfin, induced the loss of YAP and H3K4me3/H3K27ac
expression almost throughout the entire colonies, indicating that YAP
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Fig. 4. Spatially organized differentiation pattern is regulated by the 3D form of iPSC colonies via control over the shape of the nanofiber microwells. (A)
A schematic showing the fabrication process of the nanofiber-microwell cell culture system with elongated microwells. (B) SEM images showing the elliptical
morphology of PDMS microwells attached to PCL nanofibers to physically control the morphology of 3D iPSC colonies. (C-F) Localized expression of various
mechano-sensitive, histone modification, or differentiation markers including (C) active RhoA and actin, (D) YAP and H3K4me3, (E) YAP and H3K27ac, and (F) T and
SOX2. Mechano-sensitive markers (active RhoA and YAP) and histone modification markers (H3K4me3 and H3K27ac) were examined after 5 days of preculture
while differentiation markers (T and SOX2) were observed in the iPSC colonies which were subjected to subsequent BMP4 stimulation for 36 h. (G-I) The corre-
sponding quantification shows the localized expression of various markers at the vertices within the elliptical cell colonies (n = 3). Pearson’s correlation coefficient

(r) between YAP and H3K4me3, YAP and H3K27ac, or T and SOX2 is noted.
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signaling regulates the activators of histone modification (Fig. 30-R,
Figs. SOC and D). In contrast, there was little or no change in the
expression pattern of gene repressors after the YAP inhibitor application,
as compared to that under the Prediff condition (Fig. 3H, I,
Figs. SI0A-C). Collectively, these results demonstrate that the spatially
organized heterogeneity of histone modification of gene activators is
mediated by YAP signaling, aligned with other studies where
YAP-regulated activity of H3K4me3 or H3K27ac, and YAP-independent
activity of H3K27me3 or H3K9me3 have been observed [42-44].
Furthermore, a YAP activator, PY60, was used to examine if there is any
regulatory correlation between patterned YAP expression under the
Prediff condition and patterned germ layer expression under the Diff
condition. It was observed that mesendodermal marker T was expressed
substantially more inside the colony, similar to that observed under the
application of the ROCK activator (Fig. 2I), demonstrating the regula-
tory role of YAP in germ layer differentiation (Figs. SI1A and B).

3.4. Spatially organized differentiation pattern is regulated by the 3D
form of iPSC colonies via control over the shape of the microwells

The presented results have collectively shown a spatial regulation of
iPSC differentiation, mediated through the mechano-sensitive and his-
tone modification signaling pathways, where cells experience greater
stresses at the outermost layers of the 3D colonies as compared to the
cells that were located in the inner parts. To further confirm whether this
patterned, heterogeneous differentiation was indeed controlled by the
mechanical microenvironment, we modified our cell culture system
utilizing a PDMS mold having an anisotropic microwell shape to control
the morphology of iPSC colonies (Fig. 4A and B). Due to physical re-
striction, iPSCs grown in this modified microwell culture system formed
elliptical-shaped colonies. In comparison to the hemispherical iPSC
colonies where active RhoA and YAP were expressed at the entire
outermost layers (Fig. 2A and 3K), these two mechano-mediators were
only expressed at both vertices of the elliptical colonies (Fig. 4C, D, G,
H). Following such an expression pattern of mechano-mediators within
the elliptical colonies, histone modification markers, H3K4me3 and
H3K27ac, were also localized at the two vertices (Fig. 4D, E, H).
Furthermore, the location-dependent heterogeneous differentiation
matched the expression pattern of these mechano-mediators and histone
modification markers, where mesendodermal marker T was localized at
the elliptical vertices (Fig. 4F-I). The ectodermal marker, SOX2, on the
other hand, was expressed in the areas where active RhoA and YAP
expressions were absent in the inner region and long edge of the ellip-
tical colonies. Note that there were no significant volume differences
between the hemispherical and elliptical iPSC colonies, indicating that
the difference in differentiation pattern between hemispherical and
elliptical colonies is not due to different cell densities (Figs. SI2A and B).
In addition, NANOG was uniformly expressed throughout the entire
colonies for both the hemispherical and elliptical shapes (Figs. S13A and
B), demonstrating that little or no effect of colony shape on maintaining
the stemness of the iPSC colonies before being subjected to
differentiation.

4. Discussion

In this study, a cell culture system, composed of an electrospun PCL
nanofibrous substrate and PDMS microwells, was engineered to control
the formation of 3D iPSC colonies. With the restrained cell culture space
(within the microwells), 3D iPSC colony morphologies were controlled
to be hemispherical with the spatially patterned mechanical microen-
vironment. Microwell culture plates are commercially available for
small-sized 3D cell colony culture. These microplates, however, are
typically used for suspension culture or the formation of the embryonic
body. Our microwell culture system, on the other hand, provides a
platform to form 3D hemispherical colonies with the bottom colony
surface attached to the substrate, providing a stable substrate to
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immobilize the cells, resulting in a more controlled cellular environ-
ment. In addition, commercially available microwell plates only provide
limited sizes and shapes while our microwell system enables the tuning
of both parameters depending on specific applications. In the 3D iPSC
colonies induced by the nanofiber-microwell culture system, heteroge-
neous differentiation (inner parts: ectodermal differentiation, outermost
layer: mesendodermal differentiation) was observed when the cells were
exposed to BMP4, which is frequently used for the induction of multi-
lineage differentiation of iPSCs [12,35]. Although a radial pattern can
also be developed from 2D iPSC monolayers [10,12,45], their mechan-
ical environments are significantly different; greater cell-substrate
traction forces on the edges lead to the activation of
mechano-signaling in the 2D models while cell-cell interaction mediates
the patterned differentiation of the 3D hemispherical colonies. Within
the 3D hemispherical colonies, a similar pattern was observed in the
expression of mechano-sensitive mediators and cytoskeleton; the data
showed that the activity of RhoA is highly localized to the area of high
tension, i.e., the outermost layers of the 3D hemispherical colony,
resulting in the development of actomyosin cables. This heterogeneous
mechanical microenvironment was further confirmed by the cytoskel-
eton component expression within the 3D iPSC colonies, where highly
organized cytoskeleton structure, including the localized o-tubulin
expression as well as the strong actin-myosin interactions, were
observed at the outermost layers of the 3D iPSC colonies. These results
collectively demonstrate that cells localized at the higher tension area
(outermost layer) within the 3D colony differentiated towards mesen-
dodermal lineage while cells at the lower tension area (inner layer)
differentiated towards ectodermal lineage. This mechanical
environment-specific differentiation pattern was consistent with a pre-
vious study demonstrating tension-dependent mesoderm differentiation
[46].

In conjunction with this patterned differentiation, we investigated
how chromatin histone modification is regulated in 3D iPSC colonies as
compared to 2D iPSC monolayers. The GO enrichment analysis indicated
that histone demethylation and deacetylation were upregulated in 3D
iPSC colonies, likely in the cells in the inner parts of the colonies based
on the imaging data. More interestingly, we revealed that the histone
modification of gene activators (H3K4me3 and H3K27ac) under the
Prediff condition showed a similar pattern to the differentiation markers
T and SOX17 under the Diff condition, also localized to the outermost
layers of the 3D colony, where weak or no expression of H3K4me3,
H3K27ac under the Prediff condition were observed in the inner parts of
the 3D iPSC colonies. Moreover, the effect of a mechano-mediator YAP
on histone modification and subsequent germ layer differentiation was
examined since a correlation between Hippo-YAP signaling and histone
modifications was observed from the network analysis of the biological
processes. The spatially localized YAP expression under the Prediff
condition as well as the deactivation of the histone modification of gene
activators after the YAP inhibition suggest a strong regulatory effect of
YAP on the histone modification. These results are consistent with the
previous studies showing active roles of YAP in gene regulation with
various mechanisms. Examples include the YAP/TAZ complex and its
coactivator BRD4 exhibit binding sites exclusively towards activators
[47]. More specifically, studies have identified a subunit of gene acti-
vator H3K4 methyltransferase complex called Ncoa6, as an active
binding site of YAP, resulting in the activation of H3K4 activator [42].
Moreover, evidence revealed that YAP recruits its coactivator, p300,
which binds and acetylated sites of H3K27ac, resulting in the activation
of the H3K27 activators [42]. On the other hand, corroborating with our
results, several studies have shown that there is little or no effect of YAP
on gene repressors such as H3K27me3 and H3K9me3 [43,44]. Inter-
estingly, YAP nuclear localization was observed under the Prediff con-
dition while YAP cytoplasmic translocation occurred under the Diff
condition (Fig. S14), suggesting diverse roles of YAP in maintaining
pluripotency as well as inducing differentiation [48].

Previous studies have shown that RhoA/ROCK acts upstream of YAP
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in the mechano-transduction signaling [49,50]. Therefore, this work
highlights the use of the engineered nanofiber-microwell cell culture
system in regulating iPSC germ layer differentiation in 3D, through the
control of mechanical microenvironment and subsequent
mechano-sensing mediators as well as histone modifications. Note that a
similar histone modification pattern has also been observed by other
researchers where the increase in the overall levels of histone modifi-
cation H3K4me3 and H3K27ac was accompanied by mesendodermal
differentiation [51,52]. However, despite a link between histone
modification and germ layer differentiation was observed, the investi-
gation of histone modification in response to cellular mechano-
transduction behavior in our study is limited to overall histone
modification levels while how such localized changes in histone modi-
fication directly affect specific gene expression, thus differentiation re-
mains unknown. Therefore, follow-up studies are to be conducted to
explore the effects of mechanotransduction on a broader aspect of
epigenetic regulation on specific gene expression/repression in a
spatially resolved manner.

Nevertheless, elliptical iPSC colonies were engineered to further
confirm the RhoA/ROCK-YAP-histone modification signaling axis for
the potential regulation of iPSC differentiation. Unlike mesendodermal
differentiation localized at the entire circumference of the outermost
layer in the hemispherical iPSC colonies, elliptical colonies showed
mesendodermal differentiation only at the two vertices of the ellipse.
Such differences in the differentiation pattern were likely attributed to
different cellular mechanical environments between hemispherical and
elliptical colonies. As shown by others [46,53-55], cells located at the
outer edge of a circular colony experience a relatively similar high
traction stress while cells located at the two vertices of the elliptical
colony experience greater stress as compared to the cell in the long
edges. Such a cellular stress distribution, which coincides with the
spatial activation of the mechano-mediators examined in this study,
further supports our hypothesis that control over colony morphology
regulates mechano-transduction signaling pathways, modulating the
downstream histone modification and subsequent germ layer differen-
tiation. This emphasizes the potential of the nanofiber-microwell cell
culture system for developing in vitro 3D stem cell models, enabling the
studies of heterogenous mechanical microenvironment-modulated germ
layer differentiation, and gaining insights into mechano-transduction
mechanisms of 3D iPSC colonies.

Different from 3D gastruloids, the microwell system developed in
this study enables a controllable hemispherical shape and consistent
colony size while typical 3D gastruloids exhibit various shapes and sizes
[56,57]. Such consistency within the nanofiber-microwell system in
terms of colony size and differentiation behavior enables us to gain
robust insight into the role of signaling pathways in the organization of
early germ layer fate. This study did not intend to replicate the gastru-
lation process during embryonic development, which even the most
recent gastruloid model cannot precisely depict [58,59]. Collectively,
the results emphasize the potential of the nanofiber-microwell cell cul-
ture system for developing in vitro 3D stem cell models, studying the
heterogenous mechanical microenvironment-affected germ layer dif-
ferentiation, and investigating the mechanisms of the spatially patterned
cellular behavior.

5. Conclusion

This study presents a novel stem cell culture system engineered to
precisely control spatial differentiation patterns in iPSC colonies
through manipulation of their 3D morphology and, consequently, their
mechanical microenvironment. We demonstrate that RhoA activity ex-
hibits localized spatial organization within the colony, driving down-
stream YAP activation, chromatin remodeling, and lineage specification.
Notably, we effectively modulated the mechanical microenvironment by
controlling the shape of stem cell colonies, leading to a spatial change of
mechano-mediator activation from the entire outermost layers of the
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hemispherical colonies to only the vertices of the elliptical colonies.
Correspondingly, specific histone modifications as well as subsequent
mesendodermal differentiation followed a similar spatial pattern, sug-
gesting the RhoA/ROCK-YAP-histone modification signaling axis for the
potential regulation of iPSC differentiation.
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