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Cyclic Stretch Promotes Cellular Reprogramming Process
through Cytoskeletal-Nuclear Mechano-Coupling and
Epigenetic Modification

Sung-Min Park, Jung-Hwan Lee,* Kwang Sung Ahn, Hye Won Shim, Ji-Young Yoon,
Jeongeun Hyun, Jun Hee Lee, Sunyoung Jang, Kyung Hyun Yoo, Yoon-Kwan Jang,
Tae-Jin Kim, Hyun Kyu Kim, Man Ryul Lee, Jun-Hyeog Jang, Hosup Shim,*
and Hae-Won Kim*

Advancing the technologies for cellular reprogramming with high efficiency has significant impact on regenerative
therapy, disease modeling, and drug discovery. Biophysical cues can tune the cell fate, yet the precise role of exter-
nal physical forces during reprogramming remains elusive. Here the authors show that temporal cyclic-stretching of
fibroblasts significantly enhances the efficiency of induced pluripotent stem cell (iPSC) production. Generated iPSCs
are proven to express pluripotency markers and exhibit in vivo functionality. Bulk RNA-sequencing reveales that cyclic-
stretching enhances biological characteristics required for pluripotency acquisition, including increased cell division and
mesenchymal-epithelial transition. Of note, cyclic-stretching activates key mechanosensitive molecules (integrins, perin-
uclear actins, nesprin-2, and YAP), across the cytoskeletal-to-nuclear space. Furthermore, stretch-mediated cytoskeletal-
nuclear mechano-coupling leads to altered epigenetic modifications, mainly downregulation in H3K9 methylation, and
its global gene occupancy change, as revealed by genome-wide ChIP-sequencing and pharmacological inhibition tests.
Single cell RNA-sequencing further identifies subcluster of mechano-responsive iPSCs and key epigenetic modifier in
stretched cells. Collectively, cyclic-stretching activates iPSC reprogramming through mechanotransduction process and
epigenetic changes accompanied by altered occupancy of mechanosensitive genes. This study highlights the strong link
between external physical forces with subsequent mechanotransduction process and the epigenetic changes with ex-
pression of related genes in cellular reprogramming, holding substantial implications in the field of cell biology, tissue
engineering, and regenerative medicine.
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1. Introduction

Cells sense the physical properties of their microenvironment
and translate them into biochemical signals to regulate their
functions and behaviors.[1] This process, called mechanotrans-
duction, is critical in a wide range of pathophysiological con-
ditions, including development, wound healing, and cancer
progression.[2] The mechanotransduction machinery encom-
passes the key components present in the cell membrane, within
the cytosol, and even in the nucleus. These elements, includ-
ing integrins, focal adhesion molecules, actomyosin, the linker
of nucleoskeleton and cytoskeleton (LINC) complex, and nuclear
lamina, form an interconnected network that facilitates cellu-
lar communication with the extracellular space, governing gene
expressions.[2d,3] Recent studies have elucidated the mechanisms
of cellular mechanosensing through receptors as well as the in-
tracellular mechanosignaling processes mediated by various ki-
nases and transcription factors that are key involved in a variety
of cell-fate altering events, such as cell division, lineage specifica-
tion, metastatic dissemination, and apoptotic death.[3,4]

One of the most striking examples of cell-fate conversion is
cellular reprogramming, where cells can be transformed from
one stable identity to another.[5] Induced pluripotent stem cells
(iPSCs) were first generated through cellular reprogramming
by the forced expression of a few transcription factors, such as
Oct4 (O), Sox2 (S), Klf4 (K) and c-Myc (M), collectively referred
to as OSKM.[6] Additionally, direct reprogramming process, the
conversion of one somatic cell type into another without going
through iPSC, has been reported in several cell types.[6,7] These
reprogrammed cells have immense potential for regenerative
medicine and drug discovery for treating intractable diseases as
they can be derived from the patient’s own somatic cells. How-
ever, the generation of these cells with high efficiency remains a
significant challenge in clinical translation.

Over the past decade, considerable efforts have been made
to optimize the biochemical factors that regulate the transcrip-
tional process of cellular reprogramming, including genes, pro-
teins, and small molecules, to enhance efficiency.[7b,8] In addi-
tion to these biochemical factors, the importance of biophysi-
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cal factors, such as matrix cues and external forces, in modulat-
ing and improving the efficiency of cellular reprogramming, has
also been recognized. For example, matrix-enabled physical cues,
such as parallel microgrooves and aligned polymer nanofibers,
have been shown to improve the reprogramming efficiency of
iPSCs derived from fibroblasts.[9] Furthermore, the stiffness of
substrates has been demonstrated to modulate iPSC reprogram-
ming, with lower stiffness resulting in increased efficiency.[10]

Lateral confinement of cells via micropatterned substrates can
also drive iPSC-like reprogramming, even in the absence of ex-
ogenous reprogramming factors.[11] Of note, such effects of ma-
trix cues (i.e., topography, stiffness, confinement) on cellular re-
programming have been found to be mediated by epigenetic
changes, including histone modifications. External forces, such
as electromagnetic field and mechanical stretching, have also
been shown to enhance the efficiency of cellular reprogram-
ming, possibly through the activation of mechanotransduction
signaling pathways.[12] Mechanotransduction events along the
cytoskeletal-to-nuclear axis, and the resultant epigenetic modifi-
cations, may be coordinated to contribute to the increased repro-
gramming efficiency, although further systematic and in-depth
investigations are required to fully understand these processes.

With these observations in mind, here we aim to enhance the
reprogramming efficiency by means of introducing biophysical
cues to cells, and to investigate the mechanotransduction mecha-
nisms underlying the events. To achieve this, we employed a sim-
ple drug-inducible OKSM transgenic system in secondary mouse
embryonic fibroblasts (2nd MEF),[13] and applied a cyclic stretch
as a physical stimulus. Our results show that temporarily-applied
cyclic stretch can enhance iPSC reprogramming efficiency up to
≈4-fold, along with accelerated biological processes required for
iPSC generation. We identified the activation of mechanosen-
sitive molecules along the cytoskeletal-to-nuclear axis, such as
integrins, perinuclear actin, nesprin, and yes-associated protein
(YAP). Furthermore, we found significantly altered epigenetic
marks in stretched cells, primarily downregulation of H3K9
methylation and global gene occupancy change, suggesting the
implication of epigenetic changes in cell-fate conversion regu-
lated by physical cues. These findings may facilitate the devel-
opment of novel technological approaches for enhancing cellu-
lar reprogramming efficiency through biophysical modulation,
as well as deepen our understanding of the mechanotransduc-
tion mechanisms involved in cellular reprogramming.

2. Results and Discussion

2.1. Cyclic Stretch Temporarily Applied During Reprogramming
Process Enhances Efficiency of iPSC Generation

We utilized a previously established cell line called “2nd MEF”
for cellular reprogramming experiments. This cell line is a drug-
inducible transgenic system that has been engineered to express
Yamanaka factors (OSKM) and can be reprogrammed to iPSCs
through non-viral drug (doxycycline) treatment.[13] This system
minimizes the genetic heterogeneity of cells by avoiding varia-
tions in cellular transfection ratios across experimental groups,
allowing us to maximize the effects of external experimental
cues (here cyclic stretch), and ensure scalability for mechanism
analyses.[21]
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Figure 1. Cyclic stretch during reprogramming process enhances iPSC generation. a) Illustration showing the experimental scheme of the cyclic-stretch-
induced cellular reprogramming. Fibroblasts (mouse embryonic fibroblasts (MEF) were used; so-called secondary MEF, a doxycycline (DOX)-inducible
transgenic (OKSM) system), plated on a culture well for 1 day, were reprogrammed in conjunction with a cyclic stretch using a Flexell system for up to
9 days upon DOX exposure, which was followed by a maturation for 3 days without DOX. Cyclic stretch (named “ST”, with a cycle of 6-sec/4-sec stretch
on/off) was applied for 1 to 9 h per day, and the timing of stretch was either initial 3 days (“I”), middle 3 days (“M”), last 3 days (“L”), or all 9 days
(“A”). b) Representative images of ALP(+) iPSC colonies and the quantification of colony number, showing ≈4-fold increase in ST group (1 h day−1

stretch for 9 days) than non-stretched control (ctrl) group (n = 5). c) Representative images of ALP(+) iPSC colonies and the quantification of colony
number and size at different stretch conditions (timing of stretch), showing the highest when stretched all 9 days (n = 5). d) Representative images
of iPSC colonies immunocytochemical-stained for iPSC markers (Nanog and Oct4). iPSC colonies in stretch condition (iPSC-ST) co-expressed both
markers. e) Confirmation of iPSCs by various experimental approaches; Oct4 and Sox2 were expressed in re-established iPSC from 1st surrogate mice
(the re-establishment of iPSCs is illustrated in supplementary data, Figure S2, Supporting Information). Re-established iPSCs were again injected into
blastocysts and transferred to 2nd surrogates to produce chimeric offspring. Coat-color chimeras (#2 and #3) contained rtTA gene from iPSC-ST based
on PCR, indicating successful transmission of iPSC-ST into chimeras of next generation. WT is wild type without iPSC-ST injection and (+) is positive
control for rtTA. Non-parametric repeated measurement analysis (Friedman test) with Dunn’s multiple comparison as post hoc for (B) and (C). P values
(or those considered significant) are noted in the graphs.

We seeded 2nd MEF on collagen (type I) coated elastic sub-
strates and subjected them to a cyclic stretch using a Flexell sys-
tem (Figure S1, Supporting Information). The cyclic stretch was
designed to have a frequency of 0.1 Hz with a 6 s stretch (10%
strain) followed by a 4 s rest (0% strain) in a square wave patten,
and the daily duration of the cyclic stretch was varied between
1 and 9 h per day, for a maximum of 9 days, according to the
schedule outlined in Figure 1a. We fixed the stretch conditions
at 0.1 Hz with a 40% relaxation time (4 s rest after 6 s strain) to
minimize cell apoptosis while eliciting biological effects. These
conditions were determined based on existing literatures and our
pilot experiments.[14]

We first measured the efficiency of iPSC generation by count-
ing the number of alkaline phosphatase (ALP)(+) colonies. When
cells were stretched for a temporal period of 1 h per day for 9 days,
the number of ALP(+) colonies increased by ≈4-fold, however, a
longer stretch of 4 h per day for 9 days did not show the same
effect (Figure 1b). We further varied the duration schedule of the
stretch and found that stretching overall 9 days was the most

effective in terms of the number and size of ALP(+) colonies
(Figure 1c).

The iPSCs obtained under the optimized stretch condition
(“iPSC-ST”) were confirmed by the co-expression of Oct4 and en-
dogenous Nanog (with GFP), known as a major early and late
marker for iPSCs, respectively (Figure 1d). The iPSCs were fur-
ther confirmed to have in vivo functional pluripotency by means
of blastocyst injection and subsequent production of chimeric
mice. We dissociated iPSC-ST to single cells, injected them into
blastocysts, and implanted in a uterus of surrogate mice (Figure
S2a, Supporting Information). We then sacrificed the 13.5-days-
grown embryos and reconducted reprogramming procedures us-
ing the fibroblasts derived from chimeric embryos. We confirmed
a successful involvement of exogenous iPSC-ST in embryo dur-
ing development by the presence of rtTA (reverse tetracycline-
controlled transactivator), a component of a drug-inducible trans-
genic system originated from iPSC-ST, in the collected embryos
by PCR (4 out of 6 embryos, Figure S3, Supporting Information).
Next, we re-established iPSCs from fibroblasts originated from
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Figure 2. Cyclic stretch allows cells to feature enhanced biological activity for pluripotency acquisition, including increased cell division and
mesenchymal-epithelial transition (MET). a) RNA sequencing at day 2, revealing an overall transcriptome difference between groups, with 49 down-
regulated and 260 upregulated differentially expressed genes (DEGs) over 1.5-fold change. b) Gene Ontology (GO) database analysis by DAVID with a
total of 309 DEGs, showing the upregulated genes were mainly associated with cell cycle, cell division, mitotic nuclear division, etc. of top 10 biological
processes, which highly correlated with the cell division, an essential biological activity for iPSC generation. c) Investigation of the genes related to
cell division in GO, revealing that most of them were upregulated (over 1.5-fold) by cyclic stretch. d) EdU staining of cells, confirming a higher DNA
synthesis (cell division) by cyclic stretch, with an ≈7-fold increase. e) Analysis of the genes related with MET in GO, showing that most of them were also
upregulated (over 1.5-fold) by cyclic stretch. f) Expression of epithelial markers (E-cadherin and 𝛽-catenin) recorded during the reprogramming process
over 12 days, showing significantly higher levels in stretched cells. g) Immunostaining of cells for E-cadherin (red) and 𝛽-catenin (green), and DAPI-co-
staining for nuclei at day 6, revealing a higher population of E-cadherin(+) and 𝛽-catenin(+) cells in stretched condition. h) Immunofluorescence-based
quantification of cells positive for E-cadherin, 𝛽-catenin, and both of them. Arrowed areas indicate colonies with an area exceeding 200 μm2, and the E-
cadherin/𝛽-catenin double-positive cells were analyzed and presented in terms of both absolute numbers and fractions. Non-parametric Mann–Whitney
U test for (f) and (h). P values are noted in the graphs.

the embryos with iPSC-ST, and then confirmed the successful
re-establishment of iPSC colonies by pluripotency markers (ex-
pression of ALP, Nanog-GFP, Oct4 and Sox2, and embryoid bod-
ies) (Figure S4, Supporting Information). Last, we injected the re-
established iPSCs into blastocysts to produce chimeric offspring
by maintaining the injected embryos to full term (Figure S2b,
Supporting Information). Chimeras with coat-color mosaicism
(black coat color originated from iPSCs) were born (2 out of 3)
with the presence of rtTA based on PCR, indicating successful
contribution of iPSC-ST to the next generation (Figure 1e). These
results suggest that iPSC-ST have in vivo functional pluripotency
and can be used for further research.[15]

2.2. Cyclic Stretched Cells Feature Enhanced Biological
Characteristics Required for iPSC Generation

To further investigate the biological changes induced by cyclic
stretch, we performed transcriptomic analyses of cells with and
without stretch at day 2 using bulk RNA sequencing. We observed

overall transcriptome differences between groups, including 260
upregulated and 49 downregulated differentially expressed genes
(DEGs) over 1.5-fold change (Figure 2a). Gene Ontology (GO)
analysis was performed on a total of 309 DEGs, which revealed
that most of the top 10 biological processes, such as cell cycle,
mitotic nuclear division, and mitotic cytokinesis, were highly re-
lated to cell division, an essential biological activity during iPSC
reprogramming,[16] as shown in Figure 2b (also in Figure S5,
Supporting Information).

Top 30 GO terms in molecular function (i.e., DNA, pro-
tein, and microtubule binding) and cellular component (i.e.,
nucleus and chromosome) also supported the enhanced cell
division activity by cyclic stretch. Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis identified cell cycle and oocyte
meiosis as the top two enriched up-KEGG pathways, further
reinforcing the aforementioned cellular activity. DEGs of cell di-
vision GO (GO:00 51301) showed all upregulations in stretched
cells (Figure 2c), which was supported by ≈7-fold increase (22.4%
from ST versus 3.3% from control) in DNA synthesis by EdU
staining (Figure 2d). These results suggest that cyclic stretch
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enhances cell division and may contribute to the enhanced effi-
ciency of iPSC reprogramming. The activation of cell division by
mechanical stretch has been reported elsewhere with different
experimental settings,[14d,17] and here we suggest that a similar
mechano-stimulating role of the cyclic stretch may be involved
in pluripotency acquisition in fibroblasts. The possibility of
spontaneous differentiation into 3 germ layers in the initial
reprogramming stage under the stretching condition was ruled
out, as the RNA-seq based DEGs related with 3 germ layers were
not pronounced (Figure S6, Supporting Information), which
was in parallel with the previous finding.[18]

Next, we analyzed the mesenchymal-to-epithelial transition
(MET) which is a key process in transformation of fibroblasts
into pluripotent cells. The upregulation of DEGs in the MET
GO (GO:00 60231) analysis (Figure 2e) suggests that the cyclic
stretch promotes the transition of fibroblasts to epithelial-like
cells. The qRT-PCR analysis of epithelial markers 𝛽-catenin and
E-cadherin[19] over 12 days further confirmed the upregulation
of these markers in the stretched group (Figure 2f), indicating a
higher degree of MET. Immunostaining of cells for both markers
at day 6 also showed significantly higher expressions in terms of
numbers and fractions in the stretched condition (Figure 2g,h;
Figure S7, Supporting Information). These findings suggest that
the activation of MET by mechanical stretch may be essentially
involved in pluripotency acquisition in fibroblasts.

2.3. Cyclic Stretch Couples the Mechanosensitive Machineries
along The Cytoskeletal-To-Nuclear Axis

Next, we investigated the role for mechanotransduction in en-
hancing the iPSC reprogramming efficiency. We hypothesized
the mechanical stretch of the substrate could directly affect the
adherent fibroblasts through mechanotransduction processes
along the mechanosensitive machineries lying in the focal
adhesion-cytoskeleton-nucleus axis. In fact, upon stretch, fibrob-
lasts tended to align perpendicular to the stretch direction, im-
plying that cells could mechanosense the physical force and then
conform their shape by altering cytoskeletal organization. Of
note, we found that cells could align significantly only when the
stretch duration was long enough (4 and 12 h day−1), but not
in a short duration (1 h day−1) (Figure S8, Supporting Informa-
tion). This is intriguing because the enhanced iPSC generation
was noticed only in the short duration condition of 1 h day−1

(as shown in Figure 1). We suggest that a narrow stretch win-
dow that is effective in driving iPSC generation through cellular
mechanosensing might exist, i.e., the stretch level that can in-
duce cellular mechanosensing temporally (and mildly) while not
altering the distribution of stress fibers that are involved in cell
alignment.

We then examined the DEGs in mechanotransduction-related
GO terms to identify if the temporal stretch (1 h day−1) could in-
duce cellular mechanosensing. Approximately 80% genes were
upregulated (over 1.3-fold change) in stretched cells in GO terms,
such as actin cytoskeleton organization, myosin light chain ki-
nase activity, GTPase activity, Rho protein signal transduction,
Rho-dependent protein serine/threonine kinase activity, actin-
mediated cell contraction, and regulation of actin polymeriza-
tion or depolymerization (Figure 3a). We also observed the ex-

pression of vinculin, a major focal adhesion complex molecule
that links ECM and F-actin to transmit forces generated by sub-
strate stretching. Stretched cells expressed higher vinculin inten-
sity, mainly at the peripheral region (red circled) within 20 μm
of the long-axis edges (Figure 3b). Furthermore, we found that
the expression of pMLC, which positively relates to actomyosin
contractility to transmit mechanical forces,[20] was significantly
higher in stretched cells (Figure 3c). In addition, we observed
that there was no significant difference in stress fibers between
the stretched and control groups. However, there was a notable
difference in the expression of perinuclear actin (actin cap) for-
mation, a phenotypic F-actin feature of cellular mechanosens-
ing adjacent to nucleus (Figure 3d).[21] Almost all cells in the
stretched group (≈100%) displayed actin cap formation com-
pared to only ≈80% in the control group. This suggests that re-
programming fibroblasts are able to mechanosense the temporal
stretch cue and transmit the signal along the focal adhesion-to-
actin axis through mechanosensitive machineries (i.e., vinculin,
NMMHC-IIA, actin cap), and then possibly into the nucleus.[37]

We further investigated the role of the activated mechanosensi-
tive machineries by pharmacological inhibition using EDTA (for
focal adhesion complex inhibition by extracellular calcium chelat-
ing and integrin clusters catastrophe) and blebbistatin (Bleb) (for
non-muscle myosin II inhibition). The experimental schedule for
these inhibitors is shown in Figure S9 (Supporting Information),
and the doses used were nontoxic to cells’s total RNA transcrip-
tion (Figure S10, Supporting Information). The expression of
𝛽-tubulin molecule, which comprises another cytoskeletal com-
ponent microtubule, was not significantly altered by the stretch
(Figure S11, Supporting Information). This suggests that there
was a more dominant change in F-actins, mainly actins near the
nucleus (vs microtubules), responding to temporal cyclic stretch
during cellular reprogramming.

Next, we analyzed the mechanosensitive molecules that link
cytoskeletal actins to the nucleus. We designed a FRET-based
nesprin-2 tension sensor system to investigate the interaction
between Nesprin-2 and F-actin, which physically links F-actin
to the nuclear envelope (schemed in Figure S12, Supporting
Information).[22] The FRET signal was significantly reduced in
stretched cells, indicating that tight interaction and high tension
had developed in the Nesprin-2/F-actin complex due to cyclic
stretch (Figure 3e). The treatment of inhibitors (EDTA and Bleb)
compromized this interaction. We also examined the mechan-
otransducer YAP, a transcription factor that translocates to the
nucleus in response to mechanical stress.[14a,23] Enhanced frac-
tion of YAP-nuclear-located cells (up to ≈50%) was observed in
stretched condition (Figure 3f), which suggests a nuclear-cytosol
coupling through a mechanosensitive transcription factor.[24] The
expression of YAP target genes (AREG, CTGF, and CYR61) was
also upregulated in stretched cells (1.3–2.5 fold changes), as de-
duced from the RNA sequencing. Treatment with inhibitors, in-
cluding EDTA, Bleb, and YAP deactivator, verteporfin (VP), re-
trieved the YAP-nuclear-located cells almost down to a basal
level (≈20%). Interestingly, the expression of lamin A/C, a key
mechanosensor in the nucleus, was not significantly altered by
the stretch (Figure S13, Supporting Information). Lamin A/C is
known to develop in response to mechanical stress, including
stretched force,[25] and is considered a key nuclear mechanosen-
sor by adjusting nuclear tension and transmitting signals
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Figure 3. Cytoskeletal-to-nuclear mechanosensitive machineries involved in mechanotransduction for enhanced iPSC reprogramming. a) RNA sequenc-
ing at day 2 revealed upregulation of mechanotransduction related genes (actin cytoskeleton organisation GO:00 30036, myosin light chain kinase activ-
ity GO:0 004687, GTPase activity GO:0 003924, Rho protein signal transduction GO:0 007266, Rho-dependent protein serine/threonine kinase activity
GO:00 72518, actin-mediated cell contraction GO:00 70252, regulation of actin polymerization or depolymerization GO:0 008064) in stretched condition
(over 1.3-fold change). b) Expression of vinculin, one of the major F-actin associated focal adhesion complexes to transmit the external force generated
by substrate stretch, at the peripheral region of long-axis edges (within 20 μm, marked as red circles), was higher in stretched conditions, which became
abrogated by the treatment of mechanotransduction inhibitors (integrin deactivator EDTA or actomyosin contractility inhibitor blebbistatin, Bleb). c)
Expression of phosphorylated myosin light chain (pMLC) that controls actomyosin contractility, was upregulated in stretched cells, which became abro-
gated by the intervention with inhibitors. d) Expression of non-muscle-myosin-heavy chain IIA (NMMHC-IIA), one of the actin-binding motor proteins,
was enhanced in stretched condition, which decreased by the inhibitors (mainly Bleb). e) The mechanical tension surrounding the nuclear membrane
was measured using a fluorescence resonance energy transfer (FRET)-based tension biosensor employed in Nesprin-2G, a key component of the LINC
complex. Stretched cells revealed a decreased FRET score compared with control, indicating that stretch led to higher nuclear tension. f) YAP nuclear-
translocation, considered as a marker of mechanotransducer, increased in stretched cells up to ≈50%, which became abrogated with inhibitors (EDTA,
blebbistatin, or VP) treatment. g) ALP(+) colonies stimulated by a cyclic stretch was diminished by inhibitors (EDTA or blebbistatin). Non-parametric
Kruskal-Wallis test and Dunn’s multiple comparison test as post hoc for (b–e); one way ANOVA and Tukey post hoc test for (f,g). h) RNA sequenc-
ing analysis revealed the intervention of mechanotransduction pathway by Bleb downregulated most of MET-related genes (mesenchymal to epithelial
transition GO:00 60231, epithelial cell maturation GO:0 002070, epithelial cell development GO:0 002064) (over 1.3-fold change).
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physically to chromatin,[20] therefore, the expression of lamin
A/C is the cellular action for nuclear resistance to deforma-
tions by stretch.[26] However, it should be borne in mind that
the nuclear resistance to large deformations (by high stretch)
is dominated by the lamin A/C expression, whereas under
stretch for small deformations (<30% of the original length of
the nucleus), the nuclear resistance is dominated by chromatin
organization.[27] The unaltered lamin A/C expression, together
with the minimal cytoskeletal reorientation (as shown in Figure
S8, Supporting Information), implies that the cyclic stretch used
in the study is very mild but clearly mechanosensed and trans-
mitted to the nucleus through some key mechanosensitive ma-
chineries, including integrins, NMMHC-IIA, actin cap, nesprin-
2, and YAP.

The pharmacological inhibition of the stretch-sensing (sub-
strate adhesion) and signal-transmission (actomyosin contrac-
tility) machinery (respectively by EDTA and Bleb) significantly
downregulated the stretch-activated cellular reprogramming pro-
cess, as deduced by the reduced number of ALP(+) colonies
(Figure 3g). Also, the inhibition of YAP signaling (by VP treat-
ment) was shown to downregulate the stretch-activated cellular
reprogramming (down to a level of ≈20% of stretched group, be-
ing almost close to unstretched control, as shown in Figure S14,
Supporting Information), which is comparable to the effect of
other mechano-machinery inhibitors. RNA-seq analysis further
revealed profound downregulations of overall and MET-related
transcriptome profiles by the inhibition with Bleb (Figure 3h).
Principal component analysis (PCA) of the 54 DEGs among
three groups by RNA-seq showed that Bleb-treated group is rela-
tively close to control (w/o stretch), indicating a partial recovery
(≈68%) of transcriptional distance (Figure S15, Supporting Infor-
mation). Further analysis of the DEGs between stretch/control
and stretch(+Bleb)/stretch revealed 149 genes contra-regulated
and top 10 biological processes by GO analysis, which were iden-
tified to relate with transcriptional process and cellular contrac-
tion (Figure S16, Supporting Information). In particular, analysis
of the transcriptome change (over 1.3-fold) related with F-actin or-
ganization showed that the widespread upregulation by the cyclic
stretch was reversed by the Bleb treatment (Figure S17, Support-
ing Information).

2.4. Stretch-Mediated Mechano-Coupling Drives Chromatin
Modification, Mainly H3K9me3 Down-Regulation, and Its Global
Gene Occupancy Change

Epigenetic modification is a key biological event in iPSC repro-
gramming process and the physical forces transmitted through
actin cap can modulate such modification.[11,28] One of the early
changes in iPSC reprogramming is the transition of the chro-
matin state to a globally-open, transcriptionally-accessible eu-
chromatin state.[29] In this study, we examined the effect of cyclic
stretch on chromatin changes using nucleus DNA staining with
DAPI (Figure 4a). Results showed that cyclic stretch induced
changes in the nucleus, including the decrease in DAPI inten-
sity, number of nucleus foci (over 1 μm2), and area of nucleus
foci at the periphery, all of which characterize heterochromatin
structure (Figure 4b–d). These changes were independent of nu-
cleus area and elongation factor (Figure S18, Supporting Infor-

mation) and were abolished by the treatment with inhibitors
(EDTA and Bleb), demonstrating the mechano-coupling of cy-
toskeletal mechanosensitive machineries and nuclear compo-
nent chromatin.

We also tracked the time-dependent expression of H3K9me3
(Figure 4e) because it is a known marker of globular heterochro-
matin and is considered a critical epigenetic barrier against iPSC
reprogramming.[30] Therefore, mitigating H3K9me3 was proven
to be necessary in the early stages of reprograming.[31] Daily mon-
itoring of H3K9me3 expression for 4 days (starting right after
the 1 h temporal stretch) during the relatively early reprogram-
ming stage showed significant down-regulation for up to 3 days
compared to the unstretched control, with the greatest down-
regulation observed on day 2 (Figure 4e; Figure S19, Supporting
Information). By day 4, the H3K9me3 expression in the stretched
group became comparable to that in the unstretched control due
to the substantial decrease that occurs during this culture time
point, which is attributed to the fact that iPSC reprogramming
progresses with a simultaneous reduction in H3K9me3.[32] Of
note, the down-regulation was only effective when the stretch
was temporally applied, specifically for 1 h per day (Figure 4f;
Figure S20, Supporting Information). This phenomenon was
found to parallel with the change in cell alignment and ALP
colony formation (aforementioned in Figure 1b; Figure S8, Sup-
porting Information). The downregulation was then abolished
when the cells were treated with mechanotransduction inhibitors
(Figure 4g,h), indicating that the external stretch was directly reg-
ulating the epigenetic change in reprogramming cells. This epi-
genetic regulation of the external stretch has also been reported
in the lineage specification of stem cells, where the stretch-dose-
dependent H3K9 methylation varied in a biphasic manner.[41]

The H3K9 methylation, among other histone modifications, is a
key epigenetic barrier against iPSC reprogramming,[33] thus the
significant decrease in H3K9me3 induced by the stretch could
enable chromatin opening for cellular reprogramming. We also
observed a close correlation between H3K9me3 expression and
DAPI intensity (with correlation factor 𝛾 = 0.751) (Figure 4i).

2.5. Chromatin Immunoprecipitation Sequencing Reveals
Stretch-Mediated H3K9me3 Epigenetic Marks Implicated in
Enhanced Reprogramming

We next sought to identify how the H3K9me3-related epigenetic
changes in the early stage of stretch-induced iPSC reprogram-
ming can affect the gene expression levels. For this, we per-
formed genome-wide chromatin immunoprecipitation sequenc-
ing (ChIP-seq) analysis using an H3K9me3 antibody. DNA was
pulled down using the antibody and sequenced by Illumina se-
quencing (NextSeq 500). The BWA algorithm was used to map
the genome, and peak calling was performed by SICER 1.1.[34] We
used pooled input as a control, which showed no peaks in merged
regions, but high non-specific peaks in promotor and gene body
regions compared to the H3K9me3-pulled-down groups, con-
firming the success of the ChIP-seq analysis using H3K9me3
(Figure S21, Supporting Information). We detected fewer regions
of H3K9me3-enriched DNA globally in stretched cells than in
non-stretched cells (Figure 5a). We also identified 590 differ-
entially bound regions (DBRs) of H3K9me3 that showed over
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Figure 4. Stretch-mediated mechanotransduction to nucleus decondenses chromatin, mainly downregulating H3K9me3. a) Representative 3D z-stack
images, visualized with maximum intensity projection (with rainbow color coded intensity), and the semi-quantification of b) DAPI intensity, c) number
of nuclear foci (with area over 1 μm2), and d) outer nuclear foci area anchoring nuclear lamina, as markers of heterochromatin structure. Treatment
of inhibitors (EDTA and Bleb) abolished the changes in stretch-induced heterochromatin structure. e) Effect of cyclic stretch (1 h day−1) on H3K9me3
expression, as analyzed daily for up to 4 days. H3K9me3 expression was significantly downregulated by stretch for up to initial 3 days, particularly at day 2.
f) Effect of stretch duration (1, 4, and 12 h day−1) on the H3K9me3 expression. Only a temporal stretch for 1 h day−1 downregulated the expression. g,h)
Effect of treatment of inhibitors on the H3K9me3 expression at day 2, abolishing the stretch-induced downregulation of H3K9me3. i) A linear correlation
was noted between H3K9me3 and DAPI intensity (Pearson’s correlation value 𝛾 = 0.751), revealing H3K9me3 is closely related with chromatin opening
by stretch-mediated cellular reprogramming process. One-way ANOVA and Tukey post hoc test for (b,c,d,f,h), and T-test for (e).

1.5-fold change in comparisons of “ST” and “Ctrl” as well as
of “ST(+Bleb)” and “Ctrl” (Figure 5b). Bleb treatment retrieved
the stretch-induced H3K9me3 occupancy regions, making them
more similar to the unstretched control cells, as shown by the
clustering map and PCA analysis (Figure S22, Supporting In-
formation). We next performed GO analysis using the DAVID
database for the 249 genes among the 590 DBRs, which yielded
the top 10 enriched terms for biological processes, molecular
functions, and cellular components (Figure 5c; Figure S23, Sup-
porting Information). Many of the top 10 terms in the biological
process, molecular function, and cell component categories were

related with cell signaling (phosphorylation, signal transducer
activity, kinase activity), cell division (nucleotide binding, mem-
branes), and epigenetic changes (gene silencing, demethylase ac-
tivity). Our findings indicate that the epigenetically (H3K9me3-
involved) differently regulated genes by physical stretch are as-
sociated with essential biological traits of reprogramming cells,
including cell signaling, cell division, and epigenetic change.
Moreover, the combined analysis of bulk RNA-seq and ChIP-seq
data revealed 29 upregulated genes with reduced H3K9me3 occu-
pancy (Figure S24, Supporting Information). These genes were
found to be associated with GO terms related to proliferation,
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Figure 5. ChIP-seq analyses of H3K9me3, revealing stretch-mediated differentially bound regions and specific genes. a) Stretched condition (ves ctrl)
showed decreased binding regions (DBRs) for widespread genes in H3K9me3. b) Heat map analysis of 590 DBRs in H3K9me3 with a fold change over
1.5, between groups (ctrl, ST, and ST(+Bleb)). Blebbistatin treatment reversed the change in DBRs, displaying close clustering map between ctrl and
ST(+Bleb). c) Venn diagram of DBRs, showing 6 up-, 27 down-, and 557 contra-regulated, and the top 10 biological processes identified from GO term
analysis of the 290 genes from 590 DBRs. d) Stretch-induced H3K9me3-meidated epigenetic change was investigated at the single-gene level, revealing
some representative genes related to epithelial lineage, euchromatin/heterochromatin structure, and mechanotransduction.

pluripotency, and mechanotransduction. The results support that
the enhanced reprogramming process induced by cyclic stretch
is dependent on H3K9me3.

We further explored the stretch-induced H3K9me3-related
epigenetic changes (> 1.5-fold) at a single-gene level, by an-
alyzing the ChIP-seq reads and peaks using UCSC genome
browser. Specifically, we focused on genes related to epithelial
lineage, euchromatin/heterochromatin structure, and mechan-
otransduction (Figure 5d). We also provided representative
ChIP-seq reads and peaks via UCSC genome browser (Figure
S25, Supporting Information). We observed a stretch-induced
decrease in H3K9me3 occupancy at the promoters or bodies of
genes associated with epithelial lineage (Gab1 and Shroom3),
indicating acceleration of the MET process. Meanwhile, the
H3K9me3 occupancy for euchromatin genes (Atrx, Chd5, Sox6,

and Rasl11a) increased, along with a decrease in heterochro-
matin genes (Ehmt1, Scmh1, and Ash1l), indicating epigenetic
changes toward open and accessible chromatin due to the
stretch.[35] Among these genes, Atrx is well known to be involved
in transcriptional regulation and chromatin remodeling to pro-
mote euchromatin status via H3K9me3 downregulation, which
supports the H3K9me3 downregulation by stretch.[36] Ehmt1
and Ash1l are widely recognized histone methyltransferase,
while Scmh1 is a polycomb protein predicted to have chromatin
binding acitivity and negative regulation of transcription.[37]

Furthermore, the stretch decreased the H3K9me3 occupancy
for mechanotransduction genes (Utrn, Baiap2l2, Rapgef4,
Ipo11, and Obscn), where Baiap2l2 allows F actin organization,
Utrn plays a role in anchoring the cytoskeleton to the plasma
membrane, Obscn regulates Rho protein signal transduction,
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Ipo11 functions in nuclear protein import as a nuclear transport
receptor, and Rapgef4 is a small GTPase, possibly mediating
physical signal transduction. These results support the notion
that the alteration in genes activated by cyclic stretch is closely
related to H3K9me3 epigenetic modification. Furthermore, the
inhibition with Bleb reversed the stretch-induced H3K9me3
gene-occupancy-profile back to the unstretched control level.

Overall, the findings suggest that mechanical cues such as
cyclic stretch can induce epigenetic changes that may play a
crucial role in regulating gene expressions in reprogramming
cells. The results of the ChIP-seq analysis reveal that the stretch-
induced H3K9me3-related epigenetic change is linked to alter-
ations in the expression of genes involved in MET, chromatin
opening, and mechanotransduction. This suggests that mechan-
ical cues are capable of regulating the expression of key genes
involved in cell reprogramming, and that the mechanotransduc-
tion process may be an important regulator of these events. More-
over, the findings suggest that actomyosin contractility may play
a role in the physical alteration of chromatin structure induced by
cyclic stretch. This observation is supported by the fact that treat-
ment with Bleb, which disrupts actomyosin contractility, reversed
the stretch-induced effects on gene occupancy in H3K9me3. Ad-
ditionally, the possible involvement of other biochemical signal-
ing pathways, such as the YAP pathway,[24] in the regulation of
gene expression by mechanical cues cannot be ruled out. Overall,
these findings provide new insights into the role of mechanical
cues in cellular reprogramming and may have important impli-
cations for the development of new strategies for reprogrammed
cell-based therapies.

2.6. Single Cell RNA Sequencing Identifies Mechano-Activated
iPSC Cluster in Stretched Cells

We next conducted single-cell RNA sequencing (scRNA-seq) on
day 2 using the Chromium single-cell RNA-seq (10x Genomics)
technology. We isolated and analyzed over 6000 single cells af-
ter strict quality control and normalization analysis.[38] Employ-
ing unsupervised clustering analysis and the Uniform Manifold
Approximation and Projection (UMAP) method with K-means
based clustering,[39] we identified three segregated cell clusters
in the unstretched control versus four clusters in the stretched
condition (Figure 6a), while preserving global distances.

To determine the cell identities in each cluster, we used pre-
viously established cell-type or cell-status markers. First, we as-
signed cell-clusters based on the expression levels of MET (highly
expressing Foxp1 and Ctnnb1 (𝛽-catenin)) and early pluripo-
tency markers (highly expressing MET markers + Klf4 and Myc)
(Figure 6b; Figure S26, Supporting Information). The fractions
in the control group were 12% for MET and 7% for early iPSC,
whereas in the stretched group, they were 12% and 58%, re-
spectively. The ≈8 times higher fraction of early iPSCs in the
stretched condition indicates enhanced iPSC reprogramming ef-
ficiency due to the stretch. Specifically, we identified two distinct
sub-clusters in early iPSC of the stretched cells based on GO
analysis by DAVID, using 50 differentially up-regulated genes in
each sub-cluster (versus others) (Figures S27 and 28, Support-
ing Information), namely “mechano-responsive (iPSC(Me))” and
“cell-dividing (iPSC)”. Further, functional markers confirmed the

presence of mechano-responsive (highly expressing Acta2 (key
actin protein involved in cellular contractility), Myl9 (myosin light
chain protein regulating actomyosin contractility), and Actg2 (an-
other key actin protein involved in cellular contractility) and
cell-dividing (highly expressing Cenpe, Tpx2, and Anln) iPSC
(Figures S29 and 30, Supporting Information). Cell-division re-
lated genes (Cenpe, Tpx2, Anln) were relatively higher in early
iPSC, whereas mechano-sensitive genes (Acta2, Myl9, and Actg2)
were relatively upregulated in iPSC(Me).

We further sought to identify epigenetic modifiers involved
in regulating H3K9 methylation, based on the single cell RNA-
seq analysis. Specifically, we analyzed the transcriptomes of hi-
stone demethylases, which are known to play a key role in epi-
genetic reprogramming and H3K9me3 modification. Among
them, Jmjd1c (JmjC-domain-containing protein 1c) is a well-
known H3K9 methylation eraser in iPSC reprogramming.[40]

Our analysis showed that Jmjd1c was highly expressed in MET
and cell-dividing MET-iPSC clusters under stretch conditions,
with a high absolute value (Figure 6c). Although Jmjd1c was also
upregulated in the MET-iPSC cluster under control conditions,
the absolute value was relatively low. The fraction of cells express-
ing Jmjd1c was approximately four times higher in stretched
cells (≈12.3%) compared to control cells (≈3.4%). The pharma-
cological inhibition of Jmjd1c using JIB04 during the stretch-
involved reprogramming process reversed the H3K9me3 level up
to the level seen in the unstretched control group (Figure 6d).
When the Jmjd1c transcription level (high versus low) depen-
dent expression of the genes differentially occupied by H3k9me3
(in Figure 5d) was analyzed in single cell, it revealed few genes
(Atrx, Utrn, and Rapgef4) were positively regulated by Jmjd1c
particularly in the control group, partially supporting the sub-
stantial role of Jmjd1c in altering genes (Figure S31, Support-
ing Information). Thus, it is tempting to speculate that Jmjd1c
is a key H3K9 methylation modifier (downregulator) in stretch-
involved reprogramming cells. The iPSC generation, which was
enhanced by stretch, was further inhibited by JIB04 treatment,
based on the result of ALP(+) colony number (Figure 6e), demon-
strating that Jmjd1c is one of the key epigenetic regulators for
down-regulating H3K9 methylation and stimulating iPSC gen-
eration. The reduction in ALP(+) colony number by Jmjd1c in-
hibition was 20–40%, which, however, appears less pronounced
when compared to the inhibitory effects (up to ≈80%) of other
mechano-machineries, including YAP and actomyosin contractil-
ity (as shown in Figure 3g; Figure S32, Supporting Information).
It is postulated that targeting single epigenetic regulator may not
be sufficient to fully counteract the mechano-activated effects in
the reprogramming process. Based on these findings, the inves-
tigations of the interaction between mechanosensitive molecules
(such as YAP) and epigenetic regulators and their combined roles
in the reprogramming process remain an intriguing avenue of
further research.

With regard to other possible epigenetic modifiers, we ana-
lyzed Suv39h1, as it is considered an important H3K9-specific
methyltransferase and its inhibition has been shown to enhance
the iPSC reprogramming efficiency.[41] Bulk RNA-seq analysis
of methyltransferases revealed a few DEGs, but SUV39H1 it-
self did not show significant change, and in the single-cell RNA-
seq analysis of high-SUV39H1-expressing cells, the cell fractions
were not high for both groups, with only a minor increase in
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Figure 6. Single cell RNA sequencing to identify stretch-activated cell clusters during reprogramming. a) Single-cell RNA sequencing of unstretched
control (ctrl) and stretch (ST) group at day 2 identified three segregated cell clusters in ctrl (FB 81%, MET 12%, and iPSC 7%) whereas four clusters in
ST (FB 30%, MET 12%, iPSC 29%, and iPSC(Me) 29%) with preservation of global distances. The cell-clusters assigned as MET highly express Foxp1 and
Ctnnb1 (𝛽-catenin), and those as early iPSC highly express MET markers and Klf4 and Myc. Specifically, the stretched cells were identified to have two
distinct sub-clusters in early iPSC based on GO analysis by DAVID (using 50 differentially up-regulated genes in each sub-cluster versus others), namely
“mechano-responsive (iPSC(Me))” and “cell-dividing (iPSC)”. 19 224 (ctrl) and 6558 (ST) single cells were analyzed[38] using unsupervised clustering
analysis and Uniform Manifold Approximation and Projection (UMAP) method with K-means based clustering.[39] b) Expression of representative genes
related with MET (Foxp1), early iPSC (Klf4, Myc), cell division (Tpx2), and mechano-responsive (Myl9). c) Single cell analysis of Jmjd1c (JmjC-domain-
containing protein 1c), a well-known H3K9 methylation eraser in iPSC reprogramming, was noted to be expressed highly in MET and cell-dividing
MET-iPSCs clusters, with the difference as high as ≈4-fold (≈12.3% in ST vs ≈3.4% in ctrl). d) Jmjd1c inhibitor (JIB04, 1 nM) treatment counteracted
the effect of stretch in down-regulating H3K9me3. e) ALP positive colony numbers decreased by the Jmjd1c inhibition with JIB04 treatment from six
independent experiments. Data was shown after normalization for each stretching group independently. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <

0.0001 adjusted by Benjamini-Hochberg correction for multiple tests in loupe browser (ver. 5.0.1) for (b). One-way ANOVA and Tukey post hoc test for
(d, ****, P<0.0001). Non-prapmetric Wilcoxon matched-pairs signed rank test was performed for (e).

the stretched group (≈2% in control and ≈6% in ST) (Figure
S33, Supporting Information). Taken these results, we consider
that SUV39H1 may not be a key player involved in the stretch-
enhanced reprogramming process, or its role may be counter-
acted by the actions of other histone modifiers upon external
force.[42] To gain a deeper understanding of the interactive roles
of histone modifiers in this context, further in-depth investiga-
tions would be of great interest.

3. Conclusions

Reprogramming cells with high efficiency has significant impli-
cations for regenerative therapy, disease modeling, and drug dis-
covery. In this study, we demonstrated that the temporal appli-
cation of cyclic stretch to fibroblasts during the reprogramming
process substantially enhanced the efficiency of iPSC produc-
tion. This enhancement was achieved through the activation of
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Figure 7. Schematic showing the mechano-biological events during cyclic-stretch-mediated iPSC reprogramming process. Temporally applying cyclic
stretch to fibroblasts enhances the OKSM-induced iPSC reprogramming efficiency through the activation of mechanosensitive molecules (integrins, focal
adhesions, actin cap, nesprin, and YAP) along the cytoskeletal-nuclear axis, and the increased chromatin accessibility with downregulated H3K9me3.

mechanosensitive molecules across the cytoskeletal-to-nucleus
axis, including integrins, actin cap, nesprin, and YAP, as illus-
trated in Figure 7. The stretched cells exhibited epigenetic modifi-
cations, primarily downregulation in H3K9me3, as well as global
and specific changes in gene occupancy, which are implicated
in the enhanced iPSC generation. Pharmacological inhibition
of the mechanosensitive molecules abolished the stretching ef-
fect on the epigenetic changes and reprogramming efficiency.
Through single-cell RNA sequencing, we identified Jmjd1c as a
key epigenetic modifier of stretch-induced reprogramming cells,
leading to the downregulation of H3K9me3 and thus the en-
hanced generation of iPSCs. Collectively, these findings high-
light the strong link between the external physical forces with re-
lated mechanotransduction process and the resulting epigenetic
changes with expression of related genes in cellular reprogram-
ming. This study may provide insight into the biophysical roles
underlying cellular reprogramming and optimization of mechan-
ical cues for cell-engineering applications in tissue regeneration
and disease modeling.

4. Experimental Section
iPSC Generation and Mechanical Strain: Second MEF cells contain-

ing doxycycline reactive factors (Oct4, Sox2, Klf-4, and C-myc) were cul-
tured in high glucose DMEM (Welgene, Kyungbook, Republic of Korea)
medium containing 10% fetal bovine serum (FBS, 35-015-CV, Corning In-
corporated, Corning, NY, USA), 0.1 mM nonessential amino acids (MEM-
NEAA; 11 140 050, Gibco Waltham, MA, US), 1% penicillin& streptomycin

(15 140 122, Gibco, Waltham, Massachusetts, USA) and 2 mM Glutamax
(35050-061, Gibco) for growth. For generating iPSCs, 2nd MEF (5 × 104

cells) were seeded on the collagen 1 coated elastomer (6-well UniFlex®
Culture Plates, Flexcell International, Hillsborough, NC, USA) for 24 h and
iPSC induction media was freshly added iPSC induction media contained
Knockout DMEM (Welgene, Gyeongsan-si, Gyeongsangbuk-do, Republic
of Korea) with 10% Knockout serum replacement (Gibco), 5% ES-qualified
FBS (TC Biologicals, Long Beach, CA USA), 0.1 mM NEAA (Gibco), 2 mM
Glutamax (Gibco), 0.055 mM 𝛽-mercaptoethanol (Gibco), and 2 μg ml−1

of doxycycline (Sigma Aldrich, St. Louis, MO, USA). Cyclic uniaxial-tension
strain (square type 4s tension + 6s rest) was applied with 10% intensity,
0.1 Hz for 1, 4, or 12 h day−1 for the scheduled period by vacuum-mediated
tension machine (FX-5000, Flexcell International). The strain was con-
tinuously monitored using the software provided. Doxycycline-containing
medium was replaced every 48 h until day 10. Further three days cultures
were ongoing for up to 13 days without doxycycline for maturation. When
inhibitors such as EDTA (1.25 mM, Sigma), blebbistatin (Bleb, 25 μM,
Tocris, Bristol, UK), verteporfin (VP, 1 μM, Tocris), Y-27632 (30 μM, Tocris),
Latrunculin A (Lat A, 500 nM, Tocris), Jib04 (100 nM, Tocris) were treated,
each inhibitor was incubated for pre-treatment (1 h) and stretching (1 h)
period for the initial 3 times (3 days) and refreshed to iPSC induction me-
dia. iPSC colonies were stained with alkaline phosphate solution (ALP so-
lution, Sigma Fast BCIP/NBT, Darmstadt, Germany) for visualizing colony
with iPSC like cells. The number of ALP positive colonies over 100 μm di-
ameter was manually counted and normalized to the average number of
control groups in each experiment set to display relative colony formation.

Immunocytochemistry Analysis and Quantification: At the determined
time, cells were washed with phosphate buffer saline (PBS, BPB-9121-
004LR, T&I, Seoul, Republic of Korea) or HBSS (LB 003-02, Welgene, with
Ca2+ and Mg2+ for maintaining focal adhesion complex) and fixed with
4% paraformaldehyde solution (T&I) for 10 min at room temperature.
Permeabilization was conducted with 0.2% triton X-100 (T8787, Sigma
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Aldrich) for 5 min, and washed 3 times with PBS, and then immersed with
1% BSA (SM-HEP-250, Solmate) for 30 min for blocking procedures. All
primary antibodies listed in Table S1 (Supporting Information) were di-
luted in 1% BSA solution and incubated overnight at 4 °C. After 3 times
washing, FITC or TRITC conjugated 2nd antibodies (711-095-152, 715-095-
150, 711-025-152, 715-025-150, Jackson ImmunoResearch, West grove,
PA, USA) were incubated for 1 h. Cell images were captured using a fluo-
rescent microscope (Olympus, IX71, Olympus, Tokyo, Japan) or a confocal
microscope (63x, Zeiss, LSM 700, Oberkochen, Germany). Cell nuclear
was stained with 4′,6-Diamidine-2′-phenylindole dihydrochloride (DAPI,
1:100000, D1306, Invitrogen). In the case of Z-stack by a confocal micro-
scope, 1 μm slice was used with the same pinhole size. Images were taken
under a confocal laser microscope (Zeiss LSM 700, Germany) using the
same setting format (intensity, gain, pinhole size) for equal quantification
in the same batch, and then quantified mean intensity, shape, area, and
other parameters with Image J (NIH, 1.52a). A number of cells for analysis
was depicted in a dot. Batch variation was normalized by control cell in-
tensity. For making a correlation graph using mean intensity between two
proteins visualized by immunocytochemistry analysis, an equal number
(n = 20) was randomly plotted from all groups, including the inhibitor-
treated one. Cell population quantification from the stained image was
performed with the highly magnified image at 20x (40x with 0.5x digital
zoom) with a Z-stack image. All image semi-quantification was performed
after excluding dividing cells or cells with abnormal nucleus morphology.
To investigate global RNA transcription level, EU (5-Ethynyl Uridine) was
stained and imaged according to the manufacturer’s protocols.

qPCR and Bulk RNA-Sequencing: Total RNA was isolated using Ri-
bospin (GeneAll, Seoul, Korea) at a determined time point. RNA qual-
ity was assessed by Agilent 2100 bioanalyser (Agilent Technologies, Am-
stelveen, The Netherlands), and RNA quantification was performed using
ND-2000 Spectrophotometer (Thermo Inc., DE, USA). A total 2 μg RNA
was reverse-transcribed to cDNA using a pre-mixture (AccuPower RT Pre-
Mix, Bioneer, Korea) and oligo-dT (Venlo, Netherlands, Qiagen) by a 2720
Thermal Cycler (Applied Biosystems) for qPCR. The quantitative mRNA
expression level (n = 3) was measured with SYBR Green (Applied Biosys-
tems) according to the manufacturer’s instructions by real-time PCR ma-
chine (StepOnePlus, Applied Biosystems). Primers used for amplification
were as follows: B-catenin F, 5′-CTG ACC TGT AAA TCG TCC TTA G-3′ and
R, 5′-ATT CCC ACC CTA CCA AGT-3′, E-cadherin F, 5′-GCT GCT CCT ACT
GTT TCT AC-3′, and R, 5′-TCT TCT CCA CCT CCT TCT T-3′. After checking
qPCR efficiency, the mRNA expression levels of each group were calculated
as the relative fold change with respect to control after being normalized
to GAPDH, based on the 2-(delta) (delta) Ct value by StepOne software
v2.3. The mean ± SD was shown after independent triplicate experiments.
Ct value was extracted from the linear range of amplification.

For bulk RNA sequencing, a total RNA of 2 μg was obtained from cells
with or without Bleb (25 μM) at day 2 after stretching. For each group,
the cells were collected from three different batches, which were used for
single RNA sequencing analysis. Libraries were prepared using the NEB-
Next Ultra II Directional RNA-Seq Kit (NEW ENGLAND BioLabs, Inc., UK).
The mRNA isolation was performed using the Poly(A) RNA Selection Kit
(LEXOGEN, Inc., Austria). Following manufacture’s instruction, the iso-
lated mRNAs were used for the cDNA synthesis and shearing. Indexing
was performed using the Illumina indexes 1–12. The enrichment step was
carried out using of PCR. Subsequently, libraries were checked using the
Agilent 2100 bioanalyser (DNA High Sensitivity Kit) to evaluate the mean
fragment size. Quantification was performed using the library quantifica-
tion kit using a StepOne Real-Time PCR System (Life Technologies, Inc.,
USA). High-throughput sequencing was performed as paired-end 100 se-
quencing using NovaSeq 6000 (Illumina, Inc., USA). For RNA-sequencing
data analysis, raw sequencing data quality control was performed using
FastQC (Simon, 2010). Adapter and low-quality reads (<Q20) were re-
moved using FASTX Trimmer (Hannon Lab, 2014) and BBMap (Bushnell,
2014). Then the trimmed reads were mapped to the reference genome
using TopHat (Cole Trapnell et al., 2009). Gene expression levels were
estimated using FPKM (Fragments Per kb per Million reads) values by
Cufflinks (Roberts et al., 2011). The FPKM values were normalized us-
ing the Quantile normalization method using EdgeR within R (R Devel-

opment Core Team, 2016). Data mining and graphic visualization were
performed using ExDEGA (Ebiogen Inc., Seoul, Korea), ExDEGA graphic-
plus (v 2.0, Ebiogen Inc.) and DAVID (DAVID Bioinformatics Resources
6.8, NIAID/NIH)[43] For getting GO, “https://www.ebi.ac.uk/QuickGO/”
was used (European Molecular Biology Laboratory and European Bioinfor-
matics Institute, Cambridgeshire, CB10 1SD, UK). The fold change used
for each analysis was mentioned in the figure legend.

Single Cell RNA-Sequencing: To determine transcriptome change
in single cell level, single-cell RNA sequencing was performed with
trypsinized live cells (2 × 105–3 × 105) at day 2 right after stretching.
For the blebbistatin group, cells were pretreated for 2 h day−1 (1 h be-
fore stretching and another 1 h during stretching) for 2 days before collec-
tion. For each group, the cells were collected from three different batches,
which were used for single RNA sequencing analysis. Unsupervised clus-
tering analysis with the UMAP using 10x Loupe Browser (10X Genomics,
Pleasanton, CA, USA) was initially conducted for clustering, cell-type and
other data mining and graphic visualization and ExDEGA and ExSCEA
(Ebiogen Inc., Korea) and DAVID (v2022q2) analysis was performed for
detail comparison.[43,44] In brief, library construction was performed using
the 10X Chromium Single Cell 3′ Reagent Kits v3.1 (10X Genomics), and
samples were sequenced by Illumina NovaSeq 6000 platform (Illumina,
San Diego, CA, USA) according to the manufacturer protocols.[45] The 10x
Genomics standard seq protocol was followed by trimming the barcode
and unique molecular identifier (UMI) end to 26 bp, and the mRNA end to
98 bp. Preliminary sequencing results were converted to FASTQ files with
10x Cell Ranger (10X Genomics, CA) and the FASTQ files were aligned to
the mouse reference genome (mm10). The WinSeurat v2.1 (Ebiogen Inc.,
Korea) based on Seurat version 3 for QC, analysis, and trajectory of single-
cell RNA-seq data were also used. Each condition was controlled over 80%
of cell viability per each experiment by live cell counting analysis using try-
pan blue staining before short DNA barcode “tags” to each cell.

Image Acquisition of the FRET Nesprin-2G-Tension Sensor: pcDNA
Nesprin-TS with TFP, elastin linker, and Venus were designed following the
same sequence as Addgene plasmid no. 68 127 (a gift from Daniel Con-
way), and sequence was verified by Sanger sequencing (Bioneer, South
Korea). Plasmid amplification was performed according to an established
protocol.[46] Briefly, bacteria were streaked onto an LB plate with the ap-
propriate antibiotic. DNA plasmids were amplified and isolated using LB
medium containing cultured bacteria with Plasmid Midi-Prep (Qiagen,
12 145). Cells were cultured on a 6-well tissue culture plate using the
growth medium. When the confluence was accomplished up to 70%, cells
were transfected with the Nesprin-TS using Xfect Transfection Reagent
(Takara, Kusatsu, Shiga, Japan) as per the manufacturer’s instructions. 2–
3 days later, cells were reseeded on flexcell plate and cultured overnight.
After stretching with or without an inhibitor, cells were fixed during stretch-
ing and images were captured using Nikon (A1R) microscope with an
x60 objective. The images were captured with lasers to excite 458 nm and
emission from mTFP (494 nm) and yellow (527 nm) was obtained simul-
taneously. Cells that expressed the Nesprin-TS at a high enough level to
be readily visualized were selected for imaging; however, cells whose ex-
pression levels were too high or too low were avoided4. In addition, cells
expressing the sensor in a discernible nuclear ring were imaged after ex-
cluding the cells expressing from the entire nucleus. Cells on cover glass
treated with or without blebbistatin (25 μM) were used as controls to con-
firm the sensor working ability of FRET. FRET analysis was performed using
the FRET analyzer plug-in installed in Fiji image J (2.3.0/1.53q) by modified
methodology.[47]

Chromatin Immunoprecipitation: Cells were prepared according to
the manufacturer’s protocol using ChIP-IT High Sensitivity® Kit (Active
motif, Carlsbad, CA, USA) for ChIP-seq analysis. Two groups following
the stretch (with or without Bleb treatment) were used. For each group,
the cells were collected from three different batches, which were used
for single ChIP sequencing analysis. The collected cells were submersed
in a growth medium containing 1% formaldehyde and incubated at
room temperature for 15 min. Fixation was stopped by the addition of
0.125 M glycine. The cells were then treated with a Tissue Tearor (BioSpec
Products, Bartlesville, OK, USA) and finally spun down and washed two
times in PBS. Chromatin was isolated by the addition of lysis buffer
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provided, followed by disruption with a Dounce homogeniser. Lysates
were sonicated and the DNA sheared to an average length of 300–500 bp.
Genomic DNA (Input) was prepared by treating aliquots of chromatin
with RNase, proteinase K and heat for de-crosslinking, followed by
ethanol precipitation. Pellets were resuspended and the resulting DNA
was quantified on a NanoDrop spectrophotometer. Extrapolation to the
original chromatin volume allowed quantitation of the total chromatin
yield. An aliquot of chromatin 15 μg was precleared with protein A agarose
beads (Invitrogen). Genomic DNA regions of interest were isolated using
10 μL of H3K9me3 antibody (39 161, Active Motif). Complexes were
washed, eluted from the beads with SDS buffer, and subjected to RNase
and proteinase K treatment. Crosslinks were reversed by incubation
overnight at 65 °C, and ChIP DNA was purified by phenol-chloroform
extraction and ethanol precipitation. Illumina sequencing libraries were
prepared from the ChIP and Input DNAs by the standard consecutive
enzymatic steps of end-polishing, dA-addition, and adaptor ligation.
After a final PCR amplification step, the resulting DNA libraries were
quantified and sequenced on Illumina’s NextSeq 500 (75 nt reads, single
end). Reads were aligned to the mouse genome (mm10) using the BWA
algorithm (default settings). Duplicate reads were removed and only
uniquely mapped reads (mapping quality > = 25) were used for further
analysis. Alignments were extended in silico at their 3′-ends to a length of
200 bp, the average genomic fragment length in the size-selected library,
and assigned to 32-nt bins along the genome. The resulting histograms
(genomic “signal maps”) were stored in bigWig files. Peak locations were
determined using the MACS algorithm (v2.1.0) with a cutoff of p-value =
1e-7. Peaks that were on the ENCODE blacklist of known false ChIP-Seq
peaks were removed. Signal maps and peak locations were used as
input data to Active Motifs proprietary analysis program, which creates
Excel tables containing detailed information on sample comparison,
peak metrics, peak locations and gene annotations. USCS broswer
(GRCm38/mm10) was used to visualize ChIP-seq reads and peaks.[48]

iPSC Isolation and Chimera Formation: Approximately 1 week after
adding doxycycline, iPSC colonies were isolated and expanded in the ab-
sence of dox. The Nanog-GFP+iPSCs were picked and injected into ICR
blastocysts. Blastocysts were placed in a drop of M16 under mineral oil.
A microinjection pipette with an internal diameter of 15–20 mm was used
for iPSC injection using a micromanipulator. About Fifteen iPSCs were
injected into the blastocoel, and the injected blastocysts were placed in
KSOM (Specialty Media) and incubated at 37 °C until they were trans-
ferred to recipient females. Fifteen blastocysts that had been injected were
transferred to the uterine horns of pseudopregnant females at 2.5 days
post coitum, using a non-surgical embryo transfer (NSET) device (Parat-
ech, 60 010). The Animal Care and Use Committee at Dankook University,
Republic of Korea approved all animal experiments (Approval no: DKU-20-
039).

Detection of a Drug-Inducible Transgenic System by PCR: The drug-
inducible transgenic system was confirmed by the amplification of the
rtTA gene from genomic DNA samples of establishment MEF (2nd

MEF), blastocyst-injected embryos(13.5 fetuses), and tail biopsies from
chimera. Genomic DNA was prepared using the DNeasy Tissue Kit (Qi-
agen) according to the manufacturer’s protocol. For all samples, PCR
was performed using Maxime™ PCR PreMix, i-Taq (iNtRON Biotechnol-
ogy) with forward 5′-TCAATGGAGTCGGTATCGAAGG-3′ and reverse 5′-
CTTGCTGACACAGGAACGCGAG-3′primers that give rise to a 321 bp frag-
ment. Thirty cycles of PCR amplification were performed as follows: denat-
uration at 95 °C for 20 s, annealing at 66 °C for 15 s, and extension at 72 °C
for 30 s.

Statistics: Data were shown as the mean ± standard deviation, unless
otherwise indicated. GraphPad Prism 8 or Origin 8.5 was used for all sta-
tistical analyses and figure creation. Significance was claimed at *P<0.05,
**P<0.01, ***P<0.001, and ****P<0.0001. For parametric analysis, stu-
dent t-test and one or two-way ANOVA with Tukey’s tests were utilized
respectively for two or more than three groups comparisons. For non-
parametric analysis, Mann–Whitney U test and Kruskal-Walis test with
Dunn’s multiple comparison tests as post hoc were used respectively for
comparing two or more than three groups. For non-parametric repeated

measurement analysis, the Friedman test with Dunn’s multiple compar-
isons was chosen.
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