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ABSTRACT Based on observations of in vivo morphogenesis, differentiation is expected to be regulated
by mechanical cues. However, the detail mechanisms remain largely unknown. A previous study using
human pluripotent stem cells (hPSCs) demonstrated that neural plate border (NPB) specification was
enhanced by mechanical force. However, it is unknown whether mechanical force is also involved in the
specification of the preplacodal ectoderm (PPE), which is derived from the NPB. Here, we verified the
validity of the PPE induction method in stretch chambers, and conducted the stretching stimuli experi-
ments. When repetitive stretching stimuli were applied from Day 2 to 10 or Day 2 to 7, expression of the
PPE marker SIX1 was increased. However, this increase was not observed when the stimuli were applied
from Day 5 to 10, suggesting there is a critical period of sensitivity to mechanical forces. Inmunofluores-
cent staining revealed lower active B-catenin signals in the cell sheet in the stretched samples compared
to those in the controls, suggesting a negative correlation between stretching stimuli and Wnt signaling.
Our finding suggests that mechanical force is important in PPE differentiation.
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Introduction

Morphogens, such as bone morphogenetic protein (BMP),
Wnt, and fibroblast growth factor (FGF), are important for tissue
patterning (Rogers and Schier, 2011). Based on the BMP gradient,
the ectoderm differentiates into the neural plate (NP), non-neural
ectoderm (NNE), and neural plate border (NPB) between the NP and
NNE: low level for NP, high level for NNE, and intermediate level for
NPB (Rogers et al., 2009; Stern, 2005). NPB gives rise to the neural
crest (NC) and preplacodal ectoderm (PPE), which requires at least
three signaling pathways: high levels of FGF and Wnt, and low level
of BMP for NC; and intermediate levels of FGF and BMP, and low
level of Wnt for PPE formation (Griffin and Saint-Jeannet, 2024;
Groves and LaBonne, 2014; Nat, 2016; Simoes-Costa and Bronner,
2015; Singh and Groves, 2016; Tsukano et al., 2022).

Mechanical cues also contribute to the patterning (Alvarez and
Smutny,2022; Davidson,2017). Forinstance, during pre-implantation

developmentin mice, high contractility of blastomeres specifies the
fate of the trophectoderm, whereas low contractility specifies the
inner cell mass (Maitre et al., 2016). In Xenopus embryos, mechani-
cal force affects mesenchymal-to-epithelial transition during heart
progenitor development (Jackson et al., 2017), and specification
of the neural crest (NC) (Alasaadi et al., 2024; Kaneshima et al.,
2024). In the early neurulation process of amniotes, the closure of
the NP is expected to generate tension in the adjacent NPB region
(Supplementary Fig. 1). Indeed, studies using Xenopus embryos
showed that young’'s modulus, which reflects the surface tension,
ranging from neural plate to lateral ectoderm during neurulation,
decreases laterally (Kaneshima et al., 2024). However, the involve-
mentof mechanical cuesinhuman embryonic developmentremains
largely unknown, partly because research using human embryos
is restricted due to ethical issues. Alternatively, human pluripotent
stem cells (hPSCs) are useful for analyzing human embryogenesis
in vitro (Avila-Gonzélez et al., 2023; Liu et al., 2020).
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A recent study using hPSCs demonstrated that the stretching
force during NP differentiation enhanced NPB differentiation (Xue
etal.,2018). NPB s a precursor of PPE, therefore, we hypothesized
that mechanical force is also involved in PPE specification. In this
study, we investigated the effect of stretching stimuli with two
parameters: stretch rate and timing of the stimuli. Using silicone
chambers made of polydimethylsiloxane (PDMS) during the dif-
ferentiation, we examined whether PPE differentiationisinfluenced
by mechanical force.

Results

Induction protocol to neuroectodermal cells including PPE from
humaninduced pluripotent stem cells (hiPSCs) on stretch chamber

Wefirstly checked whether PPE differentiation was validin PDMS
chambers before applying stretching stimuli. We combined the
two PPE induction protocols used for hiPSCs in plastic chambers
(Dincer et al., 2013; Nihei et al., 2013) (Fig. 1A). Unfortunately, the
cells peeled off when stretched (data not shown). To resolve this
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bars represent the standard deviations. n =
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p <0.05 % p<0.07;*** p<0.0007; paired
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ingeachmarker. White dotted circlesindicate
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sectional diagrams of (E) and (F) along the
Z-axis. Thecell sheetwas shown by ahorizon-
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PAX6* (green) cells were detected on the
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seemed to be in the hemispherical colony,
they were actually in the cell sheet (See F).
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gene expression for NPB, NC, PPE, and NP by gRT-PCR. The expression level was normalized to GAPDH levels. The levels of PAX3, TFAP2A for the neural
plate border had risen significantly after Day 2 and peaked around Day 6. Nerve growth factor receptor (NGFR) marker of the neural crest (NC) rapidly rose
after Day 4, peaked around Day 6 then decreased. SIXT and EYAT for PPE increased after Day 6. n = 3;* p < 0.05; **, p < 0.01; *** p < 0.007; paired t-test.



problem and enhance PPE differentiation, basic fibroblast growth
factor (bFGF) was added to KnockOut™ Serum Replacement (KSR)
medium (Tchieu et al., 2017). In addition, the chambers were
hydrophilized using UV irradiation to improve the efficiency of
the Matrigel coating (Efimenko et al., 2002; Gokaltun et al., 2017;
Zhou et al., 2012).

As aresult of the induction with this protocol, we observed that
the colonies appeared as hemispheres on Day 10 (Fig. 1C). Hemi-
spherical colonies were seen as dark domes with clearboundaries,
and other regions were observed as cell sheets. The diameter of
the hemispherical colonies were 100-300 pm. Quantitative RT-
PCR (gRT-PCR) revealed that SIX7 and EYAT PPE markers were
significantlyincreased,and 0CT4 and NANOG pluripotency markers
were decreased on Day 10, compared to those in undifferentiated
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cells (Fig. 1D). Other markers related to neuroectodermal differ-
entiation, nerve growth factor receptor (NGFR) for NC; PAX3 and
TFAP2A for NPB; and PAX6 for NP, also significantly increased on
Day 10. To analyze the spatial pattern of marker gene expression
in hemispherical colonies and cell sheets, immunofluorescence
staining was performed. We characterized hemispherical colonies
by two conditions, globe-like shape and cell layer thicker than 25
pm in the cross-sectional view in Z-stack images (Fig. E, F’), and
the others were defined as the cell sheet. The colony character-
ized by immunofluorescence staining was similar to the dark
domes in the bright-field images. In the hemispherical colonies,
SIX1 was abundantly detected (Fig. 1E, Supplementary Fig. 2A).
Although TFAP2A also seemed to be expressed in hemispherical
colonies, cross-sectional views showed that most of their signals
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were observed in the cell sheet region (Fig. 1E, E’), while signals in
hemispherical colonies were low (Supplementary Fig. 2A). PAX6
was expressed in the cell sheets (Fig. 1F, F, Supplementary Fig.
2B). These data suggest that cells in cell sheets tend to differenti-
ate into NPB- and NP-like cells, whereas those in hemispherical
colonies differentiate into PPE-like cells.

To examine PPE differentiation in detail, we performed a time-
course analysis of the expression level of each marker at 2-day
intervals using qRT-PCR. The NPB (PAX3 and TFAP2A) and NC
(NGFR) markers significantly increased after Day
2 and 4, respectively. These expressions peaked
at approximately Day 6 and decreased thereafter
(Fig. 1G). The PAX6 NP marker gradually increased
afterDay2.Incontrast,SIX7and EYAT PPEmarkers
were graduallyincreased afterDay 6. Theseresults
suggestthat,in our differentiation, NPB cells were
induced after Day 2, followed by differentiation to

A

PPE cells after Day 6. The order of expression was B oo
similar to that in vivo expression in vertebrates L0
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of Z0-1, a protein of tight junctions (Supplementary Fig. 4 B-C).
The farthest points from the centerline showed significantly lower
value of average r,,,, a ratio of the semi major axises, compared
to that in the centerline (Supplementary Fig. 4C). Therefore, when
obtained theimmunofluorescenceimages, the points were chosen
around the centerline.

Asaresult, SIXT and TFAP2A expression significantly increased
on Day 10 when a stretchrate of 50% was applied (Fig. 2B). The fold
changes were 1.886 + 1.059 (SIX7) and 1.520 + 0.635 (TFAP2A).
No significant changes were observed in the expression of other
genes. Inbright-fieldimages, the number of hemispherical colonies
inthe cell sheetappearedtoincreaseinthe stretched samples (Fig.
2C, top). To examine the differences in the spatial expression of
markers between hemispherical colonies and the cell sheet, we
performed immunohistochemistry for SIX1 and TFAP2A (Fig. 2C,
bottom). SIX1 protein was detected in hemispherical colonies
as well as in cell sheets (Fig. 2C, Supplementary Fig. 5A). There
were also a few cells expressing SIX1 in the cell sheets of the
control samples, but to alesser extent than in that of the stretched
samples. TFAP2A expression was also increased by stretching
stimuliand frequently co-expressed with SIX1 (Supplementary Fig.
5A). These results suggest that both PPE and NPB differentiation
were enhanced by the 50% stretching stimuli.

In a stretch rate of 30%, only SIXT expression significantly in-
creased, and the fold changewas 1.673+0.561 (Fig. 2B). However,
there were no significant changes in the NPB markers. To exam-
ine whether the NPB marker expression
changed at the peak of expression (Fig.
1G), we performed gRT-PCR analysis on
Day 6 (Fig. 2D). As aresult, no significant
differences were observed in the expres-
sion of PAX3, TFAP2A, NGFR, or PAX6. In
addition, the expression of SIXT and EYA1
was almostundetectable (Supplementary
Fig. 5C), similar to the results of the time-
course analysis (Fig. 1G). Although there
were no significantchangesin NPB genes *
on Day 6 and 10, by comparing the results
for 0, 30, and 50% stimuli (Fig. 2B), the

A

30% stretching stimuli
0% stretched (Ctrl.) + Y
30% stretching stimuli + Y
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levels of PAX3 and TFAP2A tended toincrease with the stretchrate.

The cell sheets were frequently torn or peeled off from the
chamber when 50% stretching stimuli were applied, therefore,
we adopted a rate of 30% stretching in subsequent experiments.

No significant increase in SIX7 expression by the stimuli was
observed when the stretching was initiated from Day 5

Next, we investigated whether responsiveness to stretching
stimuli changes during differentiation. Day 5 was around the peak
of NPB marker expression (Fig. 1G) which is affected by tension
(Xue et al., 2018), therefore, we observed the effect of stimuli ap-
plication from Day 5 (Fig. 3A). Stretching from Day 2 was used as
a positive control in each experiment. Although SIX7 expression
level significantly increased when the stimuli were applied from
Day 2 (Fig. 3B), this increase was not clearly observed from Day 5
(Fig. 3B). There were no significant changes in other genes (EYA1
for PPE, NGFR for NC, PAX3 and TFAP2A for NPB, and PAX6 for
NP) in the stimuli from Day 5 as well as from Day 2. To determine
whether there is a specific period to promotes SIXT expression
during Day 2 to 10, we conducted additional experiments with the
condition in which the stretching stimuli was applied from Day 2
to 7, which is the same period as Day 5to 10 (Fig. 3A). The results
demonstrated a significantincrease in SIX7 expression compared
to the control as well as the condition from Day 2 to 10 (Fig. 3C).
These results suggest that stretching stimuli in the early stage
were sufficient to enhance PPE differentiation.

Fig. 4. Inhibition of ROCK under 30% stretching

fromDay 2. (A) Schematic diagram ofinhibition
of ROCK and stretching stimuliduring PPE induc-
tion. The conditions of the differentiation media
and additives werethe same as Fig. TA. Colored 0
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Fold changes to Ctrl
for SIX1/ GAPDH at Day 10

O str. Octr.+Y O Str.+Y

—
—
—
Day 2 456 8 10
Yy ¥ VyyV ¥ *»
1,6 1,4
o 14 P=010 = | ° 12
> .>
\ SR = IS
o8 q—x_r=——f__1 9= - 2
x | 2z X 2% o8
58 08 z °% @
53 - 536 06 -
3z SE
% 04 £g 0
P 802
0 0

O str. OcCtrl+Y OStr.+Y O str. OCtrl+Y O Str.+Y

and 0% stretching) were performed at the same 18

time in each experiment. (B) qRT-PCR analysis o 16

of each marker at Day 10. The box indicates the 8 14
the interquartile range spanning from the 25" g 5 1.2

percentile to the 75" percentile. The line inside §§ 1 m=itemr -
the box shows the average, whereas X shows §3 08

the median. Only significant notations between < § 0.6 -
stretched and control samples are expressed. 23 04

The level of SIXT in stretched samples was s 0.2

significantly increased. There were no signifi-
cantdifferences between stretched and control
samplesinthe other markers underevery stimuli
condition. n = 3; *, p < 0.05; paired t-test.

0

O str. OCtrl+Y OStr.+Y

1,4 5
o 8 45
T2 x 2
- e 2E '
s 1 -d-—T- 8¢S 35
X 23 23
b ==t ¢ 08 X 25 °
23 . 2% 25
| £= 06 = e &8 5 X 3o
e o§ oa
kel e} -
s% 04 s 15
< y <
5 0,2 < 05 .
0 0 -

O str. OCtrl.+Y O Str+Y O str. OCtrl+Y O Str.+Y



66 S. Kim et al.

The enhancement of SIX7 expression by stretching stimuli was
disrupted by inhibition of cytoskeletal signaling

Physical deformation of cells through mechanical forces directly
affectsthe cytoskeleton, leadingtothe reorganization of actin stress
fibers (Neidlinger-Wilke et al., 2001; Okura et al., 2023; Sato et al.,
2005). This process is regulated by the RhoA/ROCK pathway, and
Y-27632iswidely used foraROCK inhibitor. To investigate whether
the stretch-induced increase in SIX7 expression is associated
with actin stress fiber reorganization, Y-27632 addition during the
stretching stimuliwas conducted (Fig. 4A). The results showed that
the promotion of SIX7 expression by stretch stimuli was disrupted
in the presence of Y-27632, and the difference in SIX7 expression
between stretched and non-stretched conditions was no longer
observed (Fig. 4B). Further analysis of other marker genes, NGFR
for NC, PAX3 and TFAP3A for NPB, PAX6 for NP, revealed no sig-
nificant changes under any condition, regardless of the presence
or absence of stretch stimulation or Y-27632 treatment.

Theseresults suggest thatthe enhancement of SIX7 expression
by stretch stimuli is mediated through the RhoA/ROCK pathway
and the reorganization of actin stress fibers.
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SIX1 expression promoted by stretching stimuli is correlated to
downregulation of B-catenin signaling

The Wnt signaling pathway is crucial for PPE differentiation
(Griffin and Saint-Jeannet, 2024; Groves and LaBonne, 2014). In
addition, B-catenin, a downstream of Wnt pathway, functions as a
mechanotransducer (Muncie et al., 2020; Przybyla et al., 2016). To
examine whether the level of Wnt signaling was changed by the
stretching stimuli, we performed immunofluorescence staining
against active B-catenin (ABC), which recognizes an active form
of B-catenin.

Consistent with the gPCR analysis on the 30% stretching (Fig.
2B), the stronger signals of SIX1 were observed in stretched sample
than control. On the other hand, the ABC signal appeared lower in
the stretched samples than that in the controls, both in cell sheets
and hemispherical colonies (Fig. 5A). We carried out quantitative
analysisto confirmthis observation. Only the signalinthe cell sheets
not including hemispherical colonies was quantified, because the
ABC intensity in hemispherical colonies varied depending on the
size of the colonies. The intensities were measured as mean gray
values (Fig. 5B). Consistent with the above observations, the aver-
age ABC signals of the stretched samples were significantly
weaker than those of the control samples, suggesting that
Wnt signaling was downregulated (Fig. 5B). These results
suggest a negative correlation between stretching stimuli
and Wnt signaling, which should be downregulated for PPE
differentiation.

Discussion

In this study, we established a modified differentiation
method to optimize PPE differentiation. Time-course analysis
of marker gene expression indicated that PPE genes (SIX7 and
EYAT) and PAX6 expression was gradually increased through-
out differentiation, whereas the expression of NC (NGFR) and
NPB (PAX3 and TFAP2A) genes peaked on Day 6 (Fig. 1G).
One of the reasons for this is that the NC cell was not rigidly
fixed or flexibly changeable on Day 6. Indeed, border located
undecided progenitors (BLUPs) are found in chick embryos
(Thiery et al., 2023). Therefore, even if the cells expressed
NGFR on Day 6, they might just be BLUPs, and their fate could
shift to PPE or other cell types.

We demonstrated that SIX7 and TFAP2A expression were
enhanced by stretching stimuli during differentiation. By 50%
stretching, the expression of SIX7T and TFAP2A wereincreased,
whereas 30% stretch caused only an increase in SIX7 expres-
sion, suggesting that the sensitivity of gene expression to
stretching stimuli differs between SIX7 and TFAP2A. One pos-
sibility is that stretching stimuli lead presumptive NC cells to
differentiate into PPE cells, but this may be unlikely because
NGFR expression, which reflects NC differentiation, did not

Fig. 5. Stretched samples showed lower levels of active B-catenin (ABC) in
the cell sheet. (A) Immunofluorescent staining against SIX1 (red) and active
B-catenin (green). Stretching stimuli were applied from Day 2. Red arrowheads
indicate the direction of stretching. Hemispherical colonies are indicated with
white dotted circle. Scale bar, 200 um. (B) Quantification of the average ABC
intensity between 30% stretched and control samples. The intensities in control
samples were significantly higher than those in stretched samples. n = 3; * p <
0.05; two-sample t-test.

decrease (Fig. 2). Currently, we consider that stretching stimuli
mainly increase SIX7 expression and that NPB differentiation
is secondarily promoted by these stimuli. Thus, it is expected
that PPE differentiation is promoted, although the expression
of EYAT is not enhanced by stretching stimuli despite being a
PPE marker (Moody and LaMantia, 2015; Singh and Groves,
2016). It is known that their transcriptional regulators are
not the same: DIx/Msx/GATA for SixT and DIx/Msx/FoxI1 for



Eya1 (Ishihara et al., 2008; Sato et al., 2010; Schlosser, 2014). As
some elements of GATA are activated by mechanical cues (Frye
et al., 2018; Ghantous et al., 2015), the enhancement of SIX7, but
not EYAT, by stretching stimuli may be caused by its regulation via
GATA. Therefore, the stretching stimuli may affect only a limited
set of genes, rather than the entire gene network related to PPE
differentiation.

Considering the stretching stimuli from Day 2 to 7 and from Day
2tothe end, suggesting that the stimuli for 5 days was sufficient to
enhance PPE differentiation (Fig. 3C). However, the stimuli from Day
5totheend for 5days,did notenhance SIX7 expression, suggesting
a critical period for the enhancement may exist from Day 2 to 5.

In our study, B-catenin activity had a negative correlation with
stretching stimuli. Theseresults were unexpected because previous
studies have reported that Wnt signaling is activated by mechani-
cal forces in the bone, mesenchymal stem cells, vasculature, and
epithelial cells (Arnsdorf et al., 2009; Li et al., 2014; Rubin et al.,
2006; Samuel etal., 2011). Nevertheless, our results may imply the
existence of the upstream and unknown pathway activated by the
mechanical force, substantially downregulating even mechanically
activated Wnt signaling, which resulted in lower B-catenin signals.

Our results provide motivation to clarify the mechanobiological
mechanisms of PPE differentiation and improvement method of
PPE differentiation efficiency in applications for the medical field.
Althoughthere are protocols for PPE induction (Bricker et al., 2022;
Ealyetal.,2016; Matsuokaetal.,2017), their differentiation efficien-
cies remain limited (Dincer et al., 2013; Ealy et al., 2016; Leung et
al., 2013; Matsuoka et al., 2017; Tchieu et al., 2017). Combining
with stretching stimuli in these protocols may help to increase
differentiation efficiency, as well as to reduce the additives to
minimize unexpected side effects of transplantation.

Materials and Methods

Cell culture

The 201B7 hiPSC line established from dermal fibroblasts was
used. The hiPSCs were cultured and maintained on a 12-well plate
coated with Matrigel® (Corning) using mTeSR™ Plus (Stemcell
Technologies) medium without mouse embryonicfibroblast feeder
cells,at 37 °Cin 5% CO,,. Cells were passaged at a dilution of 1:60
to 1:100 until they reached approximately 80% confluency. The
cells were dissociated using 0.02% ethylenediaminetetraacetate
(EDTA) in PBS. Just after the passage, cells were cultured with
10 uM Rho-associated kinase (ROCK) inhibitor Y-27632 (AdooQ
Bioscience) inmTeSR™ Plus medium, and Y-27632 was withdrawn
after 24-48 h. The medium was changed once every two days.

Media for differentiation

KSR medium consisted of DMEM/F12 (Gibco) supplemented
with 20% KnockOut™ Serum Replacement (Gibco), 0.1 mM 2-mer-
captoethanol (Sigma-Aldrich), 0.8xNon-essential Amino Acids
for Minimum Essential Medium Eagle (MP Biomedicals), 0.8%
penicillin-streptomycin (Sigma-Aldrich),and 10 ng/mLbFGF (Wako).
The N2 medium consisted of DMEM/F12 supplemented with 1%
N2 Supplement (Gibco), 1 mM L-glutamine (Sigma-Aldrich), and
0.5% penicillin-streptomycin (Nihei et al., 2013). The differences
of media composition between in this study and in Dincer et al.,
2013 is summarized in Table 1.
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Hydrophilic treatment of stretch chamber

All the stretch chambers were sterilized by autoclave before
use. To improve cell attachment, stretch chambers (SC-0040,
Strex) were hydrophilized with UV-C (254 nm, TUV 15W/G15T8,
Philips) for 30 minimmediately before being coated with Matrigel.

PPE induction

When hiPSCsreached approximately 80% confluency, cells were
dissociated using Accutase® (Gibco) and plated at a density of 1.2
x 10° cell/cm? on hydrophilic-treated and Matrigel-coated stretch
chambers in mTeSR™ Plus medium including 10 pM Y-27632.
After 24 h, Y-27632 was removed, and the medium was changed
at least twice.

When 95% confluencyisreached, setas Day 0, PPE differentiation
was initiated using KSR medium with 10 pM SB431542 (Wako) and
100 ng/mL Noggin (PeproTech). Noggin was withdrawn on Day 2.
From Day 4, the ratio of KSR:N2 media was changed 3:1, 1:1, 1:3
every two days while maintaining 10 pM SB431542 as shown in
Fig. TA. The medium was changed daily during the differentiation.

For the inhibition of cytoskeletal signaling, 10 uM Y-27632 was
added to the media.

Construction of automatic stretcher

Anautomatic stretcher was constructed using commercial metal
components (Supplementary Fig. 3). The screw of Manual Cell
Stretching System (ST-0040, Strex) was connected to a stepping
motor (28BYJ-48) with a universal joint (UJ6-5, Asa Electronics
Industry). The motor was connected to a driver board (ULN2003A)
and controlled using an Arduino Mega 2560. We added a real time
clock module (DS3231, 2 ppm), display panel (TM1637), and
keypad module (8 Push Buttons) for the timer to the system. The
code (sketch) was built using the Arduino IDE (see Supplementary
Information).

TABLE 1

THE DIFFERENCE OF KSR AND N2 MEDIA USED
BETWEEN OUR STUDY AND DINCER ET AL., (2013)

Final concentration in DMEM/F12 Our study Dincer et al., 2013
KSR medium

Knockout serum replacement 20%v/v 15%v/v
2-mercaptoethanol 0.11 mM 0.055 mM

100x Non-essential Amino Acids 0.8x 1%

L-Glutamine 2mM

80 U/mL Penicillin
80 pg/mL Streptomycin

100 U/mL Penicillin
100 pg/mL Streptomycin

Penicillin-Streptomycin

in our study
final concentration in DMEM/F-12 Nihei et al., 2013
N2 medium

100x RES 1%

in Dincer et al., 2013

N2 supplement
L-Glutamine 1T mM
50 U/mL Penicillin

50 pg/mL Streptomycin

Penicillin-Streptomycin

2-mercaptoethanol 0.055 mM
sodium bicarbonate 20g/L
D-(+)-Glucose 1.56 g/L

progesterone 6.4 pg/L
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TABLE 2

LIST OF PRIMARY ANTIBODIES USED
IN IMMUNOFLUORESCENCE STAINING

Protein Vendor Catalog number Dilution
SIX1 Sigma-Aldrich HPA001893 1:250
SOX9 DSHB DA1D1 1:10
PAX3 Affinity Biosciences DF6548 1:300
TFAP2A DSHB 3B5 1:16
PAX6 DSHB PAX6 1:16
Active B-catenin Millipore 05-665 1:300
Z0-1 DSHB R26.4C 1:50
TABLE 3

LIST OF PRIMERS USED IN QRT-PCR
Genes Forward (5" to 3") Reverse (5'to 3')
GAPDH GACATCAAGAAGGTGGTGAA TGTCATACCAGGAAATGAGC
0CT4 CGAAAGAGAAAGCGAACCAGT AACCACACTCGGACCACATCC
NANOG CGCAAAAAAGGAAGACAAGGTCCC GCATCCCTGGTGGTAGGAAGAGTA
SIX1 AACCGGAGGCAAAGAGACCG AGCTGGACATGAGCGGCTTG
EYA1 GGACTATCCGTCTTATCCCAGT GCTGCTGGTCATATAATGTGCTG
NGFR TGGCCTACATAGCCTTCAAGA GAGATGCCACTGTCGCTGT
PAX3 TACAGGTCTGGTTTAGCAAC GATCTGACACAGCTTGTGGA
TFAP2A AGGTCAATCTCCCTACACGAG GGAGTAAGGATCTTGCGACTGG
PAX6 GCGGAAGCTGCAAAGAAATA TTTGGCTGCTAGTCTTTCTCG

Immunohistochemistry

Cells were fixed and immunostained with a standard protocol
(Ninomiyaetal.,2015). Briefly, 4% paraformaldehyde/PBS was used
to fix cells, then permeabilized with 0.3% Triton X-100/PBS (Wako),
followed by blocking with 10 mg/mL bovine serum albumin (BSA,
Wako) in PBS-T. Primary antibodies used are listed in Table 2.

Goat anti-mouse Alexa Fluor 488 (1:600; Invitrogen), goat anti-
mouse IgG-FITC (1:400; Sigma-Aldrich),and donkey anti-rabbit Alexa
Fluor 594 (1:600; Invitrogen) were used as secondary antibodies. Nu-
cleiwere stained with TO-PRO®-3 (Invitrogen, 1:400). The specimens
were mounted using Prolong Gold Antifade Reagent (Invitrogen) or
Immunoselect Antifading Mounting Medium (Dianova GmbH). Fiji
was used to quantify the signal intensity in gray values or colors.

Analysis of the actual cell extension

hiPSCs were cultured on stretch chambers until they formed
single layer with 80% confluency, then immunostained with ZO-1
by the same protocol above. Cell membranes were traced from the
immunofluorescence images and approximated the cells by ellipse
fitting method. The actual extension was analyzed by calculating
the ratio of the semi major axis (r,,,) obtained by ry,, =ay/a, rg,, =
ag/a,, where a; a, are the semi major axes of a ellipse in stretched
and control state, respectively (Supplementary Fig. 4B).

Quantitative RT-PCR (qRT-PCR)

Total RNAs were prepared using RNeasy kit (Qiagen) and reverse
transcribed using SuperScript™ Il Reverse Transcriptase kit (Invit-
rogen). qRT-PCR was carried out using KAPA SYBR® Fast qPCR kit
(KAPABiosystems) and StepOnePlus™ system (Applied Biosystem).
All results were normalized to those obtained using GAPDH as a
housekeeping gene. All experiments were performed with at least
three biological replicates. The primer sets used for the qRT-PCR
are listed in Table 3.

Statistics

Statistical analysis was performed using one-sample t-test for
fold change and paired t-test for comparing two groups with or
without stretching, and two-sample t-test for extracted samples.
All p values < 0.05 were considered statistically significant.
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