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SUMMARY
We show that a human pluripotent stem cell (hPSC) population cultured on a low-adhesion substrate developed two hPSC subtypes with

different colony morphologies: flat and domed. Notably, the dome-like cells showed higher active proliferation capacity and increased

several pluripotent genes’ expression compared with the flat monolayer cells. We further demonstrated that cell-matrix adhesion medi-

ates the interaction between cell morphology and expression of KLF4 and KLF5 through a serum response factor (SRF)-based regulatory

double loop.Our results provide amechanistic view on the coupling among adhesion, stem cellmorphology, and pluripotency, shedding

light on the critical role of cell-matrix adhesion in the induction and maintenance of hPSC.
INTRODUCTION

Somatic cells can be reprogrammed to induced pluripotent

stem cells (iPSCs) by ectopic expression of four transcrip-

tion factors (Oct4, Sox2, Klf4, and c-Myc [OSKM]) (Takaha-

shi and Yamanaka, 2006). During the reprogramming pro-

cess of iPSCs, the endogenous expression of OCT4, SOX2,

and KLF4 increased sharply in the early phase and dropped

moderately in the late phase, while the cell-matrix adhe-

sion (represented by the focal adhesion (FA) proteins which

link cells with their surrounding matrix) demonstrated

exactly the opposite variation trend: downregulated in

the early phase and upregulated in the late phase (Hansson

et al., 2012). In the pluripotent state, iPSCs showed low ad-

hesive strength to surroundingmatrix comparedwith their

parental somatic cells (Singh et al., 2013) and their lineage

differentiated cells (Narve et al., 2017; Singh et al., 2013),

indicating that pluripotency is associated with altered

cell-matrix adhesion and motility. On the other hand, in

contrast with cell-matrix adhesion, the cell-cell adhesion-

related protein epithelial-cadherin (E-cadherin) was upre-

gulated during the reprogramming process (Hansson

et al., 2012). It has been reported that elimination of E-cad-

herin prevents somatic cells from reprogramming to plu-
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ripotency (Li et al., 2009) and that enhancement of E-cad-

herin can elevate the reprogramming efficiency of iPSCs

(Chen et al., 2010) and can even replace the need for

Oct4 (themost critical factor in OSKM) during iPSC reprog-

ramming (Redmer et al., 2011; Sakurai et al., 2014). In addi-

tion, compact colonies and E-cadherin-mediated cell-cell

adhesion are required for iPSC survival and stemness (Oh-

gushi et al., 2010). Furthermore, substantial remodeling of

cell adhesive microenvironment is a prerequisite for re-

programming. For example, high cell-matrix adhesion rep-

resents a barrier toward iPSC reprogramming (Qin et al.,

2014), while cell-cell adhesion promotes iPSC reprogram-

ming (Caiazzo et al., 2016; Downing et al., 2013). Collec-

tively, the above studies suggested that low cell-matrix

adhesion and strong cell-cell adhesion are hallmarks of

high pluripotency, and that both features are intimately

coupled to the reprogramming process.

To further investigate how cell adhesion properties affect

the hPSC culture and pluripotency, in this work, we em-

ployed a nanofibrous substrate (Liu et al., 2014) and plat-

form for single-cell isolation and culture. We revealed

that there exist two distinct subtypes of cells in the conven-

tional PSC population, which differ in their morphology,

gene expression pattern, cell-matrix and cell-cell adhesion,
or(s).
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Figure 1. Two Subtypes of Clones Exist in an hPSC Population
(A) Schematic representation of single-cell dissociation and culture strategy. In the following figures, green represents MCoG cells and
blue represents DCoG cells.
(B) Single hPSCs grew into multicellular clones during the culture course from day 1 to 12. These clones demonstrated two types of
morphologies: flat monolayer cells (top panel) and domed-multilayer cells (bottom panel). To prevent single-cell apoptosis, ROCK in-
hibitor (10 mM) was added on the first 5 days and removed from day 6. White arrows indicate the individual cells.
(C) Cross-section images of colonies of two types of cells were observed by optical coherence tomography (OCT)microscopy system in real time.
(D) The colony height of MCoG and DCoG cells on culture days 1, 2, 3, and 4 (ROCK inhibitor was removed from day 2) (mean ± SD, n = 10
independent biological replicates, ***p < 0.001). Colonies height were measured by OCT microscopy system.
(E) The bright-field images of two types of clones after 27 passages on GNF substrate, showing maintained morphologies, respectively.
See also Figures S1 and S2.
pluripotent level, and sensitivity to the adhesion. On the

mechanistic level, we demonstrated that a serum response

factor (SRF)-based regulation loop is the key to understand

the observed interplay among the substrate adhesion,

pluripotent stem cell morphology, and pluripotency.
RESULTS

Two Morphologically Different Type Cells Co-exist in

hPSC Populations

An increasing evidence suggests that stem cell cultures do

not comprise a homogeneous cellular population (Drukker
et al., 2012; Enver et al., 2009; Masaki et al., 2008). By using

the single-cell isolation and analysis method, the heteroge-

neity of hPSCs has been scrutinized (Narsinh et al., 2011;

Yan et al., 2013). However, single stem cell culture has

not been reported previously. Here, we developed a culture

platform to gain single hPSC-derived clones (Figure 1A).

This platform comprised two layers: the upper layer is a

polydimethylsiloxane (PDMS) multi-well membrane,

which is used to separate the single cells, and the lower

layer is a low-adhesion gelatin nanofibrous (GNF), which

was developed for long-term culture of hPSCs without

enzymatic dissociation (Liu et al., 2014). Based on this sin-

gle-cell culture platform, several single-cell-derived clones
Stem Cell Reports j Vol. 11 j 142–156 j July 10, 2018 143



have been successfully isolated. Interestingly, we found

that these clones could be morphologically classified into

two types (Figures 1B and S1A). The existence of these

two subtypes was also confirmed in different hPSC lines

(hiPSC lines, 253G1 and IMR; hESC lines, H1 and H9) (Fig-

ure S1B). Importantly, short tandem repeat analysis has

obviated the possibility of the cross-contamination be-

tween cell lines (Figure S2).

When grown on the low-adhesion GNF substrate, the

majority of single-cell-derived clones showed a flat

monolayer colony morphology, designated as a mono-

layer colony on GNF (MCoG), and the other subtype

showed a compact dome-like colony morphology, desig-

nated as dome-like colonies on GNF (DCoG). Then we

concretely investigated the morphologic differences be-

tween MCoG and DCoG cells. Using coherence tomogra-

phy microscopy, we confirmed that the colony heights of

the two types of cells are significantly different (Figures

1C and 1D). The three-dimensional scanning result indi-

cated that the DCoG-type cells demonstrated a multi-

layer structure without cavity (Video S1), in comparison

with the monolayer structure of the MCoG-type cells

(Video S2). Moreover, real-time observation of MCoG

and DCoG cells revealed that the two types of cells

demonstrated different morphologies after attachment,

which later became more and more distinct during pro-

liferation (Video S3). In addition, the morphology of

these single-cell-derived clones could be stably main-

tained on the GNF substrate for more than 27 passages

(Figure 1E). We also performed another isolation of sin-

gle cells from these two subtypes of cells, and the result-

ing clones maintained their respective morphologies,

which may indicate that these clones have been homog-

enized after single-cell culture. In summary, using a

single-cell isolation and culture platform, we revealed

two types of cells co-existing in the hPSC populations.

The two types of cells demonstrated different morphol-

ogies, and each could be steadily maintained during

proliferation.

Two Types of Cells Are Both Pluripotent but Possess

Different Differentiation Potential

We next evaluated the pluripotency of these single-cell-

derived clones. After more than 20 passages, the cells

were positive for alkaline phosphatase and hPSC-specific

markers (OCT4, NANOG, and surface markers SSEA4 and

TRA-1-60), with minimal levels of lineage commitment

markers (PAX6, Brachyury, AFP, and SSEA1) (Figures 2A–

2D), indicating that both subtypes of cells could be main-

tained in undifferentiated states after a long-term culture.

In addition, we also investigated whether the two subtypes

could differentiate into all germ lineages both in vitro and

in vivo. MCoG and DCoG cells formed embryonic bodies
144 Stem Cell Reports j Vol. 11 j 142–156 j July 10, 2018
and teratomas, which could differentiate into cells of all

three germ layers (Figures 2E and 2F). Furthermore, these

clones still maintained a normal karyotype for over 27 pas-

sages (Figure 2G). We also found that, during spontaneous

differentiation, the MCoG cells showed a tendency to

differentiate more toward the ectoderm and mesoderm,

and DCoG cells showed a tendency to differentiate more

toward the endoderm (Figure S3). It has been reported

that the differentiation efficiencies varies among different

stem cell lines (Osafune et al., 2008; The International

Stem Cell Initiative, 2007). Our finding indicated that the

differentiation difference may also exist among stem cells

within the same cell line. In summary, the above results

indicate that both subtypes derived from a single hPSC

could maintain their proper pluripotent status after long-

term culture.

Two Types of Cells Showed Differences in Cell

Adhesion and Proliferation

Besides pluripotency and differentiation potential, we also

investigated the inherent difference of these two types

of cells. The RNA sequencing (RNA-seq) result showed

different (p % 0.05) gene expression patterns (Figures 3A,

S4A, and S4B and see Table S1), and functional annotation

analysis with gene ontology (GO) clearly revealed that the

downregulated genes (fold change > 2) in DCoG cells were

mostly related to adhesion (Figure 3B), and indicated low

cell adhesion of DCoG cells compared with McoG cells,

which was also confirmed with a cell adhesion test (Figures

S4C and S4D). Also, the expression pattern of standard

iPSCs (without single-cell isolation) showed similarity

with MCoG-type cells, and the pattern of DCoG-type cells

is concealed in standard PSCs (Figures 3A and 3C). This is

due to the fact that the majority of standard iPSCs are the

MCoG type (in our experiments, >90% of the isolated sin-

gle cells are MCoG type). On the other hand, the appear-

ance of the two types of cells suggests that there may be

substantial differences in the density of cell-cell contacts.

The higher E-cadherin expression indicated a strong cell-

cell interaction in DCoG cells compared with MCoG cells

(Figures 3D and 3E). The increased E-cadherin further stabi-

lizes the cortical cytoskeleton and maintains the domed

colony morphology (Spencer et al., 2007). Moreover, the

average doubling time of DCoG cells was 22 ± 0.7 hr, which

was shorter than that of MCoG cells at 26.5 ± 1.5 hr (Fig-

ure 3F). Flow cytometric-mediated cell-cycle analysis

showed a larger percentage (71.55%) of DCoG cells in the

M/G2 and S phases compared with MCoG cells (58.43%)

(Figure 3G). These results implied a higher active prolifera-

tion capacity of disseminated tumor cells than metastatic

tumor cells. Also, we also observed a similar difference in

teratoma formation: in immunodeficient mice, the DCoG

cells generated teratomas of a larger volume in a shorter
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time than MCoG cells (the weight of MCoG-derived tera-

tomas reached 1.96 ± 0.18 g after 57 ± 3 days, and the

weight of DCoG-derived teratomas reached 2.48 ± 0.26 g

after 43 ± 2 days). Taken together, the above findings indi-

cated that the rare DCoG-type cells hold lower cell-matrix

adhesion, higher cell-cell adhesion, and more active prolif-

eration capacity in comparison with MCoG-type cells.

Cell-Matrix Adhesion Affects Cell Morphology and

Pluripotency

Cell-matrix adhesion (the link between cells and their sur-

rounding matrix) has been reported to determine the

morphology of cell colonies (dome-like or monolayer)

(Chowdhury et al., 2010a, 2010b). Here, we found that

the morphologic difference is lost on high-adhesion Matri-

gel (MG) substrate (Figure 4A). Plating DCoG cells on MG

resulted in a morphological change from domed to a flat

monolayer. Interestingly, these cells formed domed col-

onies again when re-plated onto the GNF substrate. In

contrast, the colony morphology of MCoG cells remained

unchanged when plated on either the GNF or MG sub-

strate. The result supports the notion that DCoG-type cells

are sensitive to varying adhesion of substrates, but that

MCoG-type cells are not, indicating some intrinsic differ-

ences between the two cell subtypes, whichwere concealed

on the high-adhesion substrates. Thus, here we renamed

DCoG-type cells as adhesion-sensitive-type (AST) cells,

and MCoG-type cells as adhesion-insensitive-type (AIT)

cells. We next observed the cell-matrix adhesion effect on

AIT and AST cells at the single-cell level (Figures 4B and

S5A). AST cells grown on the GNF substrate, without

spreading, formed very few and short cell protrusions,

and were hemispherical. By contrast, AIT cells were flat

and spread, and formed long cell protrusions on both the

GNF and MG substrates. However, AST cells were similar

to AIT cells when plated on the MG substrate, where they

spread well and formed long cell protrusions. Thus, the

two types of cells have different cell-matrix adhesion prop-

erties onMG andGNF substrates (Chowdhury et al., 2010a,

2010b).
Figure 2. The Two Types of Cells Are Both Pluripotent
(A) The images indicated that both MCoG and DCoG cells formed colo
(B) NANOG and OCT4 were expressed both in MCoG and DCoG cells aft
(C) RT-PCR analysis of expression of pluripotency genes (OCT4 and
mesoderm; and AFP, endoderm) in MCoG and DCoG cells.
(D) Flow cytometric analysis of pluripotency markers in MCoG and DCoG
cell surface markers (TRA-1-60, SSEA-4) and low levels of differentiat
(E) Embryoid bodies formed by MCoG and DCoG cells differentiated int
and endoderm (SOX17 and AFP).
(F) Teratomas formed by MCoG and DCoG cells in severe combined imm
three embryonic germ layers.
(G) Normal karyotype exhibited in both MCoG and DCoG cells.
See also Figure S3.
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So far, the cell-matrix organization and function of adhe-

sion sites remain poorly defined in hPSCs. Recently some

novel methodology has been proposed to investigate the

traction between cells and matrix; here we quantified

cell-matrix adhesion using a shock wave-based method

(Yoshikawa et al., 2011) (Figure S5B). Among all four condi-

tions tested (AST and AIT cells on GNF and MG substrates,

respectively), the AST cells on the GNF substrate showed

the lowest cell-matrix adhesion (Figure 4C), and it should

be noted that only AST cells on GNF substrate formed

domed colonies. Previous studies have indicated that the

expression of reprogramming factors, in iPSCs, is strongly

associated with altered cell-matrix adhesion (Hansson

et al., 2012; Narve et al., 2017; Singh et al., 2013). There-

fore, we next examined the hPSC-specific genes in these

four conditions and found that the AST cells cultured on

GNF showed higher expression levels of NANOG and

KLF4/KLF5 compared with other conditions (Figure 4D).

Furthermore, it has been reported that tight colony

morphology is required for complete pluripotency (Narve

et al., 2017; Ohgushi et al., 2010), and during the iPSC re-

programming process the expression level of pluripotent

genes and cell adhesion genes showed completely opposite

trends (Hansson et al., 2012; Singh et al., 2013). Therefore,

congruent with our findings, it enables us to generate a

view that there is some relevance among cell-matrix adhe-

sion, cell morphology, and the expression of pluripotent

genes, and the specific mechanisms contributing to these

relationships have not been elucidated in detail.

An SRF-Based Feedback Double Loop Regulating Cell

Adhesion, Morphology, and Pluripotency

To investigate the mechanism underlying these effects,

we focused on SRF, which has been well studied in other

cell types such as epithelial cells, mouse embryonic fibro-

blasts, and mouse embryonic stem cells (ESCs). SRF is a

transcription factor that regulates cell cytoskeleton struc-

ture, cell adhesion, motility, and fate decisions (Connelly

et al., 2010; Medjkane et al., 2009; Schratt et al., 2002),

and activated only when interacting with its co-factor
nies and expressed AP.
er 26 passages.
NANOG) and differentiation genes (PAX6, ectoderm; BRACHYURY,

cells. The 50,000 cells analyzed express high levels of hPSC-specific
ion-specific cell surface markers (SSEA-1).
o the three germ layers: ectoderm (b-tubulin), mesoderm (a-SMA),

unodeficiency mice, containing tissues that are representative of all
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Figure 3. The Differences between the Two Types of Cells
(A) Heatmap showing the expression levels (log10 transformed FPKM value) of standard PSC population (Control) compared with MCoG and
DCoG cells.
(B) Gene ontology (GO) categories significantly enriched for genes downregulated in DCoG cells compared with MCoG cells. The genes with
fold change > 2 and p < 0.05 were analyzed, and the genes of the top 1 enriched term are listed in the left column.
(C) Heatmap showing the hierarchically clustered correlation matrix resulting from comparing the expression values for each samples
(MCoG and DCoG cells, and standard PSC population). Data are correlated using Pearson correlation.
(D) Immunofluorescence images of MCoG and DCoG cells cultured on GNF substrates on day 3. E-Cadherin is expressed and surrounds the
cell body.
(E) Relative expression of E-cadherin in MCoG and DCoG cells cultured on GNF substrates on day 3 (mean ± SD, n = 3 independent ex-
periments, *p < 0.05).
(F) Doubling time of MCoG and DCoG cells from 10 passages (n = 10 passages, ***p < 0.001).
(G) Increased S and M/G2 phases population in DCoG cells. The cell cycles of MCoG and DCoG cells are analyzed by flow cytometric analysis
(50,000 cells were analyzed) after propidium iodide staining. To avoid the interference of ROCK inhibitor on cell adhesion, data in this
figure were obtained more than 48 hr after withdrawal of the ROCK inhibitor from cell cultures.
See also Figure S4 and Table S1.
megakaryocytic acute leukemia (MAL, also known as

MRTF-A or MKL1), which is sensitive to variations of

global-actin (G-actin) levels. In the nucleus, G-actin binds

to MAL, preventing it from binding to SRF and activating

G-actin-dependent nuclear export to reduce the amount

of MAL in the nucleus (Vartiainen et al., 2007), resulting
in the suppression of SRF transcription. G-actin exists as a

monomeric form of the filamentous actin (F-actin) cyto-

skeleton, both of which can be interconverted. It has

been reported that levels of F-actin may increase with the

increase of adhesion and spreading of cells (Ihalainen

et al., 2015; O’Connor and Gomez, 2013). On the other
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Figure 4. Substrate Regulates Cell Shape and Gene Expression
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(B) Immunofluorescence images of single AIT and AST cells on the MG and GNF substrates, respectively. White arrows indicate cells
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(C) Fraction of detached cells plotted as a function of hydrodynamic pressure P. Data points were fitted with the cumulative distribution
function of normal distribution, and the critical pressure P* was determined as the required pressure at which 50% of cells were detached
(mean ± SE, nR 500 cells). Four conditions are investigated: AIT cells on MG (orange), AST cells on MG (red), AIT cells on GNF (green), and
AST cells on GNF (blue).
(D) Relative expression of hPSC-specific genes in AIT and AST cells on MG and GNF substrates (mean ± SD, nR 3 independent experiments,
*p < 0.05, **p < 0.01). To avoid the interference of ROCK inhibitor on cell adhesion, data in this figure were obtained more than 48 hr after
withdrawal of the ROCK inhibitor from cell cultures.
See also Figure S5.
hand, depolymerization of F-actin can promote the reprog-

ramming process, and thus enhances iPSC generation

(Caiazzo et al., 2016; Sakurai et al., 2014).

When cells were grown on the low-adhesion GNF sub-

strate, the distinct F-actin stress fibers spread extensively

in the cell protrusions and body of AIT cells. In contrast,
148 Stem Cell Reports j Vol. 11 j 142–156 j July 10, 2018
F-actin was arranged in a cortical cell shell of AST cells (Fig-

ure 5A). Quantification of phalloidin and DNase I with

fluorescence analysis indicated a significantly lower level

of F-actin and higher level of G-actin in AST cells (Fig-

ure 5B). The increased level of G-actin resulted in greater

export of MAL from the nucleus to the cytoplasm in AST
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cells (Figures 5C, 5D, S6A, and S6B). In comparison, MAL

was concentrated in the nucleus of AIT cells. In addition,

on the high-adhesion MG substrate there were no differ-

ences in the actin cytoskeleton and MAL distribution be-

tween AST and AIT cells (Figures S6C–S6F). Due to the

decrease of binding with MAL in AST cells, the transcrip-

tion of the SRF-related target genes was downregulated,

including those encoding FA proteins and microRNA143/

145 (miR143/145) (Cordes et al., 2009; Schratt et al.,

2002; Xin et al., 2009). Next, an FA PCR array (84 genes

included) was employed to investigate the expression level

of FA proteins in two type cells. As the result shows, zyxin,

vinculin, and talin (SRF target genes) (Schratt et al., 2002)

were downregulated in AST cells (Figure 5E). The downre-

gulation of these FA genes in AST cells was also confirmed

at the protein level (Figure 5F). The different expression

level of FA proteins would further affect the ratio of G/F-

actin and consequently impact cell-matrix adhesion,

spreading, and morphology (O’Connor and Gomez,

2013; Schratt et al., 2002).

On the other hand, the expression levels of SRF-targeted

miR143/145 were correspondingly decreased in AST cells

(Figure 5G). The microRNAs (miRNAs) could partially

bind to complementary target sites in mRNA 30 UTRs,

which results in degradation of the target mRNAs, or trans-

lational repression of the encoded proteins (Bartel et al.,

2004). Previous studies have reported that miR143/145

could bind with the mRNA of KLF4/5 and suppress their

expression (Cordes et al., 2009; Davis-Dusenbery et al.,

2011; Xin et al., 2009; Yamaguchi et al., 2011). To verify

the function of miR143/145 in hPSCs, we transfected the
Figure 5. A Regulatory Circuitry in AST and AIT Cells
(A) Immunofluorescence images of F-actin and G-actin in AIT and AS
basal surface.
(B) Quantification of F-actin and G-actin levels 2 hr after seeding. To
(anti-G-actin) was normalized to the fluorescence of AIT cells (mean ±
(C) MAL localization in AIT and AST at the colony and single-cell leve
membrane and MAL distributed in the whole cell bodies.
(D) The intensity correlation quotients (ICQ) indicating the colocaliza
independent biological replicates, *p < 0.05).
(E) Relative expression of focal adhesion genes with 2-fold or larger ch
involved in cellular adhesion (mean ± SD, n = 3 independent experim
(F) Western blot of SRF targeted focal adhesion proteins: zyxin, vincu
(G) Relative expression of miRNA143 and miRNA145 in AIT and AST c
(H) The relative expression of KLF4 and KLF5 in AIT and AST cells under
miR143 and 145 (mean ± SD, n = 3 independent biological replicates
(I) Phase contrast images of AIT and AST cells at 72 hr after miR143/14
observed (red arrows), and the AST cells formed heterogeneous colon
(J) Western blot analysis of KLF4, KLF5, and NANOG expression in AI
(K) SRF-based double-loop-coupling cell morphology, adhesion prope
ference of ROCK inhibitor on cell adhesion, data in this figure were ob
cell cultures.
See also Figure S6.
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miRNA-mimic of miR143 and miR145 into the AIT and

AST cells. As the result shows, 48 hr after the transfection

the expression levels of KLF4/5 were dramatically

decreased in two types of cells (Figure 5H). Seventy-two

hours after the transfection, the AST cells could not main-

tain their homogeneous domed morphology and formed

heterogeneous colonies with mixed flat and domed mor-

phologies. Both AIT and AST cell start to differentiate

even if under self-renewal culture conditions (Figure 5I),

consistent with the previous report (Xu et al., 2009).

Together with the previous findings, the above data indi-

cated that the miR143/145 could inhibit the expression

of KLF4/5 (Cordes et al., 2009; Xin et al., 2009; Xu et al.,

2009), which can also repress SRF activity by forming a pos-

itive feedback loop (Cordes et al., 2009; Xin et al., 2009).

Moreover, KLF4/5 have been shown to regulate numerous

biological processes, including upregulation of NANOG

(Chan et al., 2009; Jiang et al., 2008; Xu et al., 2009) and

E-cadherin (Li et al., 2010; Lim and Thiery, 2012). There-

fore, downregulated miR143/145 led to the high expres-

sion of KLF4/5 andNANOG at both gene and protein levels

(Figures 4D and 5J).

Overall, these results suggest that there is an SRF-based

feedback double loop regulating cell morphology and the

expression levels of KLF4 and KLF5, which work in either

SRF-activated or -repressed modes (Figure 5K). When

cultured on the high-adhesion substrate, both AIT and

AST cells stayed in the SRF-activated status, whereas on

the low-adhesion substrate, the AST cells shifted from

SRF- activated to -repressed status, but AIT cells remained

in SRF-activated status.
T cells on the GNF substrate. Confocal microscopy images show the

tal integrated fluorescence of phalloidin (anti-F-actin) and DNaseI
SD, n = 3 independent biological replicates, *p < 0.05, **p < 0.01).
ls. White arrows indicate dividing cells with a disassembled nuclear

tion of MAL and the nucleus in AIT and AST cells (mean ± SD, n = 3

anges in AIT and AST cells. These genes were selected from 84 genes
ents, *p < 0.05, **p < 0.01).
lin, and talin in AIT and AST cells.
ells (mean ± SD, n = 3 independent experiments, *p < 0.05).
self-renewal conditions at 48 hr after transfection of miRNA-mimic-
, *p < 0.05, **p < 0.01).
5-mimic transfection. The cells undergoing differentiation could be
ies with both flat and domed morphology. Scale bars, 250 mm.
T and AST cells on GNF substrates.
rty, and the expression of KLF4/5 and NANOG. To avoid the inter-
tained more than 48 hr after withdrawal of the ROCK inhibitor from



Figure 6. Positive Feedback Loop Makes a Bi-stable Switch
(A) The core regulatory network of the SRF-mediated double loop, comprising KLF4/5, MAL-SRF complex, focal adhesion proteins, and
G-actin.
(B) Bifurcation diagram of the KLF4/5 expression level as a function of the cell-matrix adhesion, for a MAL expression level approximately
corresponding to that of the AST cells. Solid black lines represent stable cell states, with the SRF-repressed state in the upper branch and
the SRF-activated state in the lower branch. For cell-matrix adhesion between the two limiting points LP1 and LP2, the cell can be in either
of the two stable states. With changes of cell-matrix adhesion, the cell can switch between the two states reversibly. The region of negative
substrate adhesion (gray bar) is unreachable. Blue line indicates the transition of AST cells.
(C) AIT and AST cell adhesion curves on Matrigel-coated substrates with gradient of coating concentrations (0.1–40 mg/cm2) (mean ± SD,
n = 4 independent biological replicates, *p < 0.05, **p < 0.01).
(D) Relative expression of KLF4, KLF5, and NANOG in AIT and AST cells on Matrigel-coated substrates with three different coating con-
centrations (0.1, 1, and 10 mg/cm2) (mean ± SD, n = 3 independent experiments, *p < 0.05, NS, not significant).
(E) Bifurcation diagrams of KLF4/5 expression level as a function of cell-matrix adhesion. The three diagrams correspond to the three
values of MAL expression level indicated on the right. For a MAL expression level approximately that of an AIT cell (1.59 unit), the cell
cannot switch to the upper branch by just changing the cell-matrix adhesion. With reduced total MAL expression, the upper branch can
become reachable. Below a critical value (0.72 unit) of MAL expression, there is no bi-stability and the properties of the cell change
smoothly. Green line indicates the irreversible transition of AIT cells. Violet line indicates the reversible transition of the small interfering
RNA (siRNA)-treated AIT cells.

(legend continued on next page)
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The SRF-Based FeedbackDouble LoopMade a Bi-stable

Switch

To better understand this phenomenon, a mathematical

model was constructed to elucidate the behavior of the

SRF-based regulatory double loop. The model focused on

the core elements of the regulatory network consisting of

four variables (nodes) (Figure 6A; see Supplemental Infor-

mation for a detailed discussion). The cell’s steady-state

behavior (represented here by the expression level of

KLF4/5) as a function of substrate adhesion is shown in

the bifurcation analysis result (Figure 6B). In the case of

low substrate adhesion, the cell is in the SRF-repressed state

(upper branch), with high KLF4/5 expression and a dome-

like morphology, whereas for high cell-matrix adhesion,

the cell is in the SRF-activated state (lower branch) with

low KLF4/5 expression and a flat monolayer morphology.

Interestingly, by changing the adhesion of substrate ma-

trix, one could, in principle, move the cell from one state

to another. Suppose that one cell initially starts in the up-

per branch with high expression of KLF4/5. When the sub-

strate adhesion property increases, the KLF4/5 expression

level decreases and finally drops to the lower branch after

it crosses the limit point (LP1). Namely, the cell transitions

from an SRF-repressed state to an SRF-activated state.

Conversely, for cells in the SRF-activated state, when the

substrate adhesion property level decreases below another

limit point (LP2), the KLF4/5 expression changes back to

a high level corresponding to the SRF-repressed state.

To verify the mathematical model, we prepared different

adhesion property substrates by varying coating concentra-

tion of hydrogels (Matrigel, fibronectin, vitronectin, and

laminin) as previous studies described (Miyazaki et al.,

2012). On substrates coated with the recommended con-

centration of hydrogels, the two types of cells showed

similar cell-matrix adhesion (Figures 6C and S7A). How-

ever, the cell-matrix adhesion of AST cells dropped more

rapidly than AIT cells with decreasing coating concentra-

tion. Interestingly, while AST cells cultured on sparsely

MG-coated substrates (0.1 mg/cm2) demonstrated domed

morphology and upregulation of KLF4/5 and NANOG

expression (Figures 6D and S7B), on densely MG-coated

substrates (1 and 10 mg/cm2) they showed monolayer

morphology and an expression level ofKLF4/5 andNANOG
(F) The relative change of the position of the two limiting points LP1 a
decreased by 15%.
(G) Western blot result indicated the interference efficiency of MAL p
(H) siRNAs were transfected with lipofection. Suspended AIT cells wer
These cells formed a dome-like morphology after MAL siRNA transfect
(I) Relative expression of KLF4, KLF5, and NANOG in AIT cells on low-a
n = 3 independent biological replicates, *p < 0.05, **p < 0.01). To av
figure were obtained more than 48 hr after withdrawal of the ROCK in
See also Figure S7.
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genes similar to AIT cells, indicating a transition suggested

in Figure 6B (from the upper to the lower branch). In

contrast, as for AIT cells we observed no obvious changes

in the morphology and the expression pattern with vary-

ing MG coating concentration, indicating that the transi-

tion from the lower to the upper branch of Figure 6B is

not possible for AIT cells. These results suggest that

the AST cells can switch between the SRF-activated

and -repressed states with varying substrate adhesion prop-

erty, while AIT cells were kept in the SRF-activated state. In

other words, the transition from the SRF-repressed state to

the activated state is irreversible for AIT cells. This irrevers-

ibility for AITcells would happen if the limit point LP2 is in

the region that is unreachable by only changing substrate

adhesion (Figure 6E, green arrows). To investigate which

factors can influence the positions of LP2 and LP1, we car-

ried out a parameter sensitivity analysis for the mathemat-

ical model, which showed that, among all the parameters

in the model, the total amount of MAL (MALtotal) is the

most sensitive, and the effect on LP2 is much bigger than

that on LP1 (Figure 6F). Increasing MALtotal shifts LP1

and LP2 to the left, whereas decreasing it shifts LP1 and

LP2 to the right (Figure S7C). Based on RNA-seq data, we

plotted the cell’s steady-state behavior given by the mathe-

maticalmodel forMALtotal values corresponding to AITand

AST cells (Figures 6B and 6F, blue arrows for AST cells and

green arrows for AIT cells). Indeed, while AST cells can

switch between the two states, for AIT cells the limit point

LP2 is unreachable. This is consistent with the observed

irreversibility of AIT cells, which indicated the AIT cells

are always in an SRF-activated state regardless of the sub-

strate adhesion. That is, AIT cells are not sensitive to the

cell-matrix adhesion, while AST cells are sensitive to the

cell-matrix adhesion, as their morphology and expression

of pluripotent genes are changeable on substrates with

varying matrix adhesion.

To further test the mathematical model, we noted that if

theMALprotein in AITcells is reduced then it is possible for

the cells to move to the SRF-repressed state with high

KLF4/5 expression (Figure 6F, violet arrows). We next per-

formed small interfering RNA-mediated MAL knockdown

on AIT cells. Indeed, we observed that in this case AIT cells

showed domed morphology and upregulated KLF4/5 and
nd LP2, when each of the 20 parameters in the model is increased or

rotein in AIT and AST cells.
e treated with siRNA for 2 hr, and then seeded on the GNF substrate.
ion. Samples with only addition of liposome were used as a control.
dhesion GNF substrate with or without siRNA treatment (mean ± SD,
oid the interference of ROCK inhibitor on cell adhesion, data in this
hibitor from cell cultures.
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Figure 7. Barrier between AIT and AST Cells
NANOG expression on low-adhesion substrate (Figures 6G–

6I), indicating a possible shift to the SRF-repressed state.

Taken together, there seems to be some different cell-

intrinsic characteristics in the two subtypes, which are

possibly acquired during hPSC generation, and make the

different bifurcation behavior for the two subtypes. More

efforts are needed to understand how these differences

occurred and were maintained.

Discussion

In this study, using a single-cell isolation and culture plat-

form we have successfully isolated and proliferated a single

hPSC. We found two distinct subtypes of cells co-existing

in the conventional hPSC population. Both types can be

stably maintained without any application of small-mole-

cule inhibitors and/or genemodification, and their proper-

ties inherited during proliferation. Our findings confirmed

the inherent heterogeneity of the conventional hPSC pop-

ulation. It has been reported that the differentiation effi-

ciencies vary among different stem cell lines (Osafune

et al., 2008; The International Stem Cell Initiative, 2007).

Here we revealed different differentiation potential be-

tween subtypes within the same cell line. Therefore, the

suitably selected single-cell-derived clones of the two sub-

types introduced herein may provide more appropriate

candidates for lineage differentiation compared with the

conventional hPSC population.

We found that the majority of the standard hPSC

population are the AIT cells. Thus, when cultured on the

conventional materials, the rare AST cells have always

been overlooked and overwhelmed. In this study, using a

low-adhesion substrate this adhesion-sensitive subpopula-
tionwas revealed.We further found that ASTcells showed a

reversible transition between the SRF-repressed and active

modes when cultured on substrates with varying cell-ma-

trix adhesion, while the other type AIT cells remained in

the SRF-active mode. It is well known that overcoming

the barrier in mesenchymal-epithelial transition (MET)

process is necessary for reprograming fibroblasts into iPSCs

(Li et al., 2010; Nieto et al., 2016; Spencer et al., 2007;

Zhang et al., 2014). During the MET process, the cells

demonstrated certain variations, such as actin depolymer-

ization, decrease of cell-matrix adhesion, increase of cell-

cell adhesion, and pluripotency (Lamouille et al., 2014; Li

et al., 2010; Nieto et al., 2016; Sakurai et al., 2014; Singh

et al., 2013). Interestingly, in our study, similar variations

occurred for AST cells when shifting from SRF-active

mode to SRF-repressedmode. Taking these together, we hy-

pothesize that the AIT cells need to overcome a sizable bar-

rier when transitioning from the SRF-active mode to the

repressed mode, while this transition is much easier for

the AST cells (Figure 7). This barrier may be the result of

different inducing levels during PSC generation. However,

the underlying mechanism for this barrier is so far unclear,

and more work is needed to understand how the two types

of cells originate.

A mathematical model was constructed and experimen-

tally tested. It helped to provide a mechanistic view on

the relationship among substrate adhesion, pluripotent

stem cell morphology, and pluripotency. In particular, it

explained the observed reversibility versus irreversibility

of the morphological transition in AST and AIT cells, and

correctly predicted the key parameter (MALtotal) that con-

trols this behavior. Note that MAL concentration has

different values in AIT and AST cells, respectively, suggest-

ing that it itself is controlled by some other factors outside

the current model. While the current model only explains

the different behavior betweenAITandASTcells in terms of

their differentMAL concentrations, it does not provide any

clue why in the first place the two types of cells have

distinct MAL expression levels. In future work, the model

can be extended to include more players, especially those

in the late stage of the reprogramming process, to elucidate

how the two types of cells originate.

Furthermore, previous studies have reported that mouse

naive ESCs can be maintained on a substrate with low cell-

matrix adhesion, even without the application of leukemia

inhibitory factor (Chowdhury et al., 2010a), that the

adherent mouse ESCs are softer and much more sensitive

to a local stress than their differentiated counterparts,

and that the microenvironment may play a critical role in

shaping embryogenesis during development (Chowdhury

et al., 2010b). In light of our findings, it could be that the

PSCs with higher pluripotency are more sensitive to the

microenvironment.
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In summary, our work gave insights on the important

issue of the coupling between adhesion, stem cell

morphology, and pluripotency, which are expected to facil-

itate further understanding of the PSC population and the

interaction with their microenvironment. It may also

contribute to creating a culture system for pluripotent

stem cell maintenance and differentiation.
EXPERIMENTAL PROCEDURES

Single-Cell Culture Device Fabrication
The lower layer, the GNF substrate, was generated by electrospin-

ning (voltage, 11 kV; flow rate, 0.2 mL/hr) on culture cover glass

slides. Gelatin (11 wt%, type B, from porcine skin; Sigma-Aldrich,

USA) solutions were prepared by dissolving gelatin in a mixture of

acetic acid, ethyl acetate, and distilled water (acetic acid:ethyl ace-

tate, 3:2) for 16 hr prior to electrospinning. After electrospinning,

the GNFs were crosslinked in 0.2 M N-ethyl-N’-(dimethylamino-

propyl) carbodiimide and 0.2MN-hydroxysuccinimide in ethanol

for 4 hr. Before use, the GNFs were rinsed with 70% ethanol three

times and dried. The upper layer, the multi-well membrane, was

produced by spin-coating PDMS (Sylgard 184 from Dow Corning

Toray, Japan) at a ratio of 1:10 on a silicon wafer containing an

array of 100-mm-tall pillars. The mold was obtained by standard

photolithography with SU8-100 (Microchem, Japan). After curing

at 70�C for 10 min, the PDMS membranes were peeled from the

mold. After rinsing with ethanol and drying, the micro-well was

placed on the GNF samples.

Single hPSC Isolation and Culture
Cells were collected from the GNF substrate and then counted and

diluted to establish cultures with a concentration of 1 3 103, 2 3

103, and 3 3 103 cells/mL, respectively. Cell suspensions (200 mL)

were seeded on the single-cell culture platform. After 2 hr, 2 mL

of conditioned medium was added and changed every 1–2 days.

After formation of the single-cell-derived clones, they were dissoci-

ated by an enzyme-free solution and re-seeded on a new GNF sub-

strate for proliferation.

Pluripotent Stem Cell Culture
The human iPSC lines 253G1 and IMR, and the human ESC lines

H1 andH9,were used for this study. hESCswere used following the

Kyoto University guidelines. Cells were seeded at 43 104 cells/cm2

in mTeSR-1 cell culture medium (STEMCELL Technologies, USA)

supplemented with 10 mM of the ROCK inhibitor Y27632 (Wako,

Japan) on GNF (eletrospinning time: 8 min) or MG-coated sub-

strates (BD Biosciences, USA). Since day 2, the medium was

changed to medium without Y27632. Then the culture medium

was changed daily. Cells were dissociated to single cells and

passaged every 3–4 days. Non-enzymatic cell dissociation ethyle-

nediaminetetraacetic acid-based solution (Thermo Fisher Scienti-

fic, USA) was used to harvest cells cultured on the GNF substrate,

and TrypLE Express (Gibco, USA) was used for dissociating cells

cultured on the MG-coated substrate. For obtaining a close com-

parison, two types of cells were cultured in the same Petri dish

with exactly the same culture condition. The images of different
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areas were captured by continuous scanning with a 20-min inter-

val for 48 hr under a microscope (IX81, Olympus, Japan) at 37�C
and 5% CO2. The separate images were combined and converted

to video with a customized program (MATLAB, MathWorks, USA).
Immunofluorescence Staining and Quantification
Cells were fixed in 4% paraformaldehyde buffer for 15 min, and

permeabilized with 0.5% Triton X-100/PBS for 5 min at room tem-

perature. Samples were blocked with blocking buffer (5%, v/v,

normal goat serum; 5%, v/v, normal donkey serum; 3%, v/v,

BSA; and 0.1%, v/v, Tween 20 in PBS) for 1 hr and incubated

with the following primary antibodies diluted in blocking buffer

at room temperature for 2 hr or at 4�C overnight: anti-human

OCT4 (2 mg/mL, sc-5279, SantaCruz Biotechnology, USA), anti-hu-

man NANOG (9.4 mg/mL, 4903S, Cell Signaling Technology, UK),

anti-human b-tubulin III (6 mg/mL, 5568, Cell Signaling

Technology), anti-human a-SMA (2 mg/mL, ab5694, Abcam, UK),

anti-human SOX17 (20 mg/mL, MAB1924, R&D Systems, USA),

anti-E-cadherin (1/300 dilution, 3195S, Cell Signaling Technol-

ogy), and anti-MKL1 (3 mg/mL, HPA030782, Sigma-Aldrich).

Then, the sample was incubated with the following appropriate

secondary antibodies diluted in blocking buffer at room tempera-

ture for 1 hr: Alexa Fluor 594 anti-rabbit or mouse immunoglob-

ulin G (IgG) (0.35 mg/mL, 711-586-152 and 715-586-150, Jackson

ImmnoResearch, USA) or Alexa Fluor 488 anti-mouse or

rabbit IgG (0.35 mg/mL, 715-545-150 and 711-545-152, Jackson

ImmnoResearch). Finally, samples were counterstained with

300 nM DAPI (40-6-diamidino-2-phenylindole) (Wako) at room

temperature for 20 min. After each step, samples were washed

with D-PBS three times. For the quantification of G-actin and

F-actin, phalloidin (1.5 mg/mL, P1951, Sigma-Aldrich) and DNaseI

(3 mg/mL, D12371, Invitrogen, USA) double-stained z stack images

for each sample (>120 cells) were taken by confocal microscopy,

and the integrated density of cell areas were analyzed using ImageJ

software (NIH, Bethesda, MD, USA).
qRT-PCR and RNA-Seq Analysis
Total RNA was isolated using the QIAshredder (QIAGEN, USA) or

RNeasy Mini Kit (QIAGEN) following the manufacturer’s instruc-

tions. Genomic DNA was degraded by RNase-Free DNase Set

(QIAGEN). RNA concentrations were measured on a NanoDrop

1000 spectrometer (Thermo Fisher Scientific). cDNA of total RNA

was synthesized with a first-strand synthesis kit (TaKaRa, Japan),

and the cDNA of miRNA was synthesized with an miRNA cDNA

Synthesis Kit, with poly(A) polymerase tailing (Applied Biological

Materials, Canada), and amplified with SYBR Green PCR Master

Mix (Thermo Fisher Scientific) on an Applied Biosystems 7300

Real-Time PCR system (Thermo Fisher Scientific). The glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) expression level was

used as an internal normalization control. Human FA PCR Array

(PAHS-145Z, QIAGEN) in a 96-well format was used in real-time

PCR analysis. The has-miR143 primer, has-miR145 primer, and

universal 30 miRNA reverse primer (MPH01164 and MPH01166,

Applied Biological Materials) were used in real-time PCR analyses

of miRNAs. The other primers used in this work are included in

Table S2. RNA-seq libraries were prepared using 2 mg of total RNA

according to the manufacturer’s instructions (TruSeq RNA Sample



Preparation Kit v.2, Illumina, USA). Samples were multiplexed and

sequenced (HiSeq 2000, Illumina). A total of 23,615 genes has been

detected. A total of 2,964 significantly different genes (p <0.05)

were selected to generate the heatmaps using the open-source R

software packages. A total of 429 genes (p <0.05, fold change > 2)

were selected for the GO analysis and 257 genes were found en-

riched. The GO analysis was carried out using DAVID 6.7 online

analysis (https://david-d.ncifcrf.gov/home.jsp).
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Figure S1 (Related to Figure 1). (A) SEM images showing the morphological 

difference between two types of cells. (B) The single cell-derived clones can be 

morphologically classified into two subtypes: Monolayer and Dome-like cells, in 

hiPSC (253G1 and IMR) or hESC (H1 and H9) lines.  

 

 



 

Figure S2 (Related to Figure 1). Short tandem repeat analysis showed no cross-

contamination between the cell lines. Allele frequency profiles showing that the 6 

single cell-derived clones (n=3 for each type) have the same profiles at all 16 loci 

(D3S1358, TH01, D21S11, D18S51, Penta E, D5S818, D13S317, D7S820, D16S539, 

CSF1PO, Penta D, AMEL, vWA, D8S1179, TPOX, and FGA). 

 

 

  



 

 

 

Figure S3 (Related to Figure 2). (A) Schematic timing illustration of EBs formation, 

differentiation, and characterization. (B) Expression levels of three germ layers 

specific markers showed dramatic difference between MCoG and DCoG cells formed 

EBs in a time course.  

 

 

  



 

Figure S4 (Related to Figure 3). (A) Heatmap showing different genes expression of 

MCoG and DCoG cells on GNF. (All RefSeq genes expressed in at least one of the 

samples with FPKM ≥ 0.1 were used for the analysis). (B) Volcano plots of 

differentially expressed genes. Plots show the fold change of average gene expression 

levels between MCoG and DCoG cells. Vertical dashed lines show 2-fold enrichment 

of mean expression levels between iPSCs and ESCs. Horizontal dashed lines show 

significant result of differential gene expression analysis (P value = 0.05). (C) 

Schematic diagram of the attachment rate test. The number of adherent cells was 

determined at 10 min, 20 min, and 40 min after cell seeding. The cell adhesion ratio 

was calculated as follows: Cell adhesion ratio (%) = (number of adhered cells/number 

of seeded cells) × 100%. Statistical analysis was performed using t-tests. Results from 

three independent experiments are shown. (D) MCoG cells showed a higher 

attachment rate than DCoG cells (mean ± SD, n = 3 independent biological replicates, 

*P < 0.05).  

 



  

Figure S5 (Related to Figure 4). (A) SEM images of single AIT and AST cells on 

different substrates. AST cells do not spread on GNF substrates. Arrows indicate cells 

engaged in spreading. (B) Schematic illustration of the experimental setup. A 

picosecond pulse laser (λ = 1064 nm, τL= 120 ps) is coupled to an inverted microscope, 

equipped with a cell incubation chamber and a motorized XY stage. A pressure wave 

induced by the laser pulse is exerted on cells. (C) Relationship between pressure P 

and laser energy E, yielding 𝑃 ∝ 𝐸0.038  from an empirical fit to the data. (D) 

Relationship between pressure P and the distance d between laser focus and the 

pressure sensor, yielding 𝑃 ∝ 𝑑−1.15. This is reasonable for a spherical pressure wave 

propagating from a point source. 

 

  



 

Figure S6 (Related to Figure 5). (A) MAL localization in single AIT and AST cells. 

(B) ICA is represented by scatter plots of the paired intensities of the two channels 

(Channel 1: MAL, Channel 2: DAPI). (C) Immuno-fluorescence images of F-actin 

and G-actin in AIT and AST cells on the high adhesion MG substrate. (D) 

Quantification of F-actin and G-actin levels 2h after seeding. Total integrated 

fluorescence of phalloidin and DNaseI was normalized to the fluorescence of AIT 

cells (mean ± SD, n = 3 independent biological replicates). (E) MAL localization in 

single AIT and AST cells on high adhesion MG substrates. (F) The 

intensity correlation quotients (ICQ) indicate the colocalization between MAL and the 

nucleus in AIT and AST cells (mean ± SD, n = 3 independent biological replicates). 

  



  

 

 

Figure S7 (Related to Figure 6). (A) AIT and AST cell adhesion curves on various 

hydrogel (FN: fibronectin, VN: vitronectin and LN: laminin) coated substrates with 

gradient of coating concentrations (0.01 to 8 μg/cm2) (mean ± SD, n=4 4 independent 

biological replicates). (B) Phase contrast image of AIT and AST cells on matrigel 

(MG) coated substrates with three different coating concentrations (0.1, 1 and 10 

μg/cm2) (MG recommended coating concentration: >10 μg/cm2). Bar=150μm. (C) 

Limit point evolution with respect to the total change of MAL. Based on the 

parameter sensitivity analysis, MALtotal was identified as a crucial parameter of the 

model. As the level of MALtotal decreased from the default value, both limit points 

experienced a right shift and finally converged to a single point (when MALtotal = 

0.746), after which there was no more bifurcation in the system. 

 



SUPPLEMENTAL EXPERIMENTAL PROCEDURES 

 

Cell population doubling time 

The cell population doubling time was calculated using the doubling time online 

calculator (http://www.doubling-time.com/compute.php?lang=en). 

Pressure wave assay 

Adhesion strength of cells on substrates were quantitatively assessed by the cell 

detachment assay with the aid of pressure wave, generated by a picosecond laser 

pulse24,46,47. A Nd:YAG laser system (λ = 1064 nm, τl= 120 ps, Leopard SS-10, 

Continuum, CA, USA) was coupled to an inverted microscope (CKX41, Olympus, 

Tokyo, Japan) equipped with a motorized XY stage (BIOS-206T, Sigma Koki, Tokyo, 

Japan) and a self-built cell incubation chamber (Supplemental Figure S5B). A single 

picosecond laser pulse was led through the inverted microscope and focused through a 

10 × objective lens (UPlanSApo, N.A. = 0.4, Olympus) into the culture medium at 

500 μm above the surface. The laser energy was adjusted with a polarizer and 

measured with a power meter (PE50-BF-DIF-C, Ophir, Saitama, Japan). The 

hydrodynamic pressure P was measured using a factory-calibrated pressure sensor 

(Müller-Platte Needle probe, Müller Instruments, Oberursel, Germany), yielding the 

relationships with the laser energy E (Figure S5C) and the distance d from laser focus 

to the probe tip (Figure S5D). Cells were seeded with the density of 5,000 / cm2 and 

incubated for 1 h prior to the experiment. The positions of individual cells adherent to 

the substrate was recorded by comparing the bright field images sampled over 7 mm 

× 5 mm before and after introducing a laser pulse. To eliminate the artifacts from 

counting non-adherent or non-specifically trapped cells, a weak pulse (E < 0.2 mJ) 

http://www.doubling-time.com/compute.php?lang=en


was introduced shortly before the measurement. Utilizing the calibration curve of P vs. 

d (Figure S5C and S5D), the fraction of detached cells gained as a function of d was 

re-plotted as a function of P. By assuming that the probability distribution function of 

detaching pressure for individual cells follows the normal distribution with the 

average P* and standard deviation PSD, the plot was fitted with the cumulative 

distribution function of normal distribution: 

𝑦(𝑃) =
1

2
(1 + erf (

𝑃−𝑃∗

√2𝑃SD
)), 

where erf(𝑥) =  
2

√𝜋
∫ 𝑒−𝑡2

𝑑𝑡
𝑥

0
 is the error function. P*, defined as the critical pressure 

at which 50 % of cells were detached, was determined for each conditions. It should 

be noted that cells located at d < 1.5 mm from the laser focus were omitted from the 

analysis to avoid the potential damage caused by the cavitation bubble24. 

Cell adhesion assay 

The cell adhesion assays protocol was described in a previous report40. A total of 

5×104 cells were seeded into each well of 96-well plates coated with matrigel (MG, 

354277, Corning) in concentration ranging from 0.1 to 40 μg/cm2, or fibronectin (FN, 

F1141, Sigma Aldrich), laminin (LN, L2020, Sigma Aldrich), vitronectin (VN, 

A14700, Life Technologies) in concentration ranging from 0.01 to 8 μg/cm2. After 1 h 

of incubation, non-adherent cells were removed by rinsing twice with DMEM/F12 

medium, and the remaining adherent cells were fixed in 4% paraformaldehyde buffer 

for 15 min and then in 100% ethanol for 5min. Cells were then stained with 0.4% 

crystal violet in methanol for 5min at room temperature. After washing three times 

with demineralized water, the remaining cells were solubilized by using of 1% SDS. 

Then, the optical density at 570 nm was measured by a multi-well plate reader. 



Scanning electron microscopy (SEM) and optical coherence tomography (OCT) 

microscopy 

Cell samples were fixed in 4% paraformaldehyde buffer for 15 min and processed by 

a sequential dehydration of 50%, 70%, 80%, 95%, and 100% ethanol, respectively. 

After drying overnight, a 5-nm-thick gold layer was deposited on the samples by 

sputtering (MSP 30T; Shinku Device, Japan). Then, images were acquired with SEM 

at 10 kV (JCM-5000; JEOL Ltd., Japan). OCT images were acquired with the Optical 

Coherence tomography microscopy system48 (OCT system, Panasonic, Japan) based 

on white-light interferometry with a Linnik interferometer. 

Flow cytometry  

Cells were collected from the substrates and washed with phosphate-buffered saline 

(PBS) three times. The cells were counted and diluted to a final concentration of 1 × 

107 cells/mL in fluorescence-activated cell sorting stain buffer (BD Biosciences, 

USA). The cells were then stained with the following antibodies: Dylight 488 anti-

human TRA-1-60 (1:100, 09-0068, Stemgent Ltd., USA), phycoerythrin-conjugated 

mouse anti-human SSEA4 IgG (1:200, 330406, Biolegend, USA), and Alexa 647-

labelled mouse anti-human SSEA1 IgG (1:20, 323002, BioLegend, USA) at room 

temperature. A specific corresponding isotype control was used as a negative control. 

After 30 min, the cells were washed with PBS containing 2% foetal calf serum. 

Finally, cell suspensions were applied to flow cytometry (FACS Canto II, BD 

Biosciences, USA).  

Embryoid body (EB) formation.  



Dissociated cells were re-suspended in AggreWell Medium (Stem Cell Technologies, 

USA) and seeded onto AggreWell 800 plates (Stem Cell Technologies, USA) at a 

density of 1.2 × 106 cells/well to form EBs. After 24 h, EBs were harvested and 

suspension-cultured in an ultra-low attachment 6-well plate (Corning, USA). After 1 

week, the suspended EBs were transferred to MG-coated dishes and cultured for 3–6 

weeks in DMEM-F12 (Sigma-Aldrich, USA) including 20% FBS, 1% NEAA, 1 mM 

L-glutamine, 0.1 mM 2-Me, and 1% penicillin-streptomycin. All three germ layer 

markers (ectoderm: -tubulin III (10µg/mL, T2200, Sigma-Aldrich); mesoderm: -

SMA (1:100, ab5694, Abcam); endoderm: SOX17 (8µg/mL, MAB1924, R&D 

systems)) were used to confirm cell differentiation using an immunocytochemistry 

method described below. 

Teratoma formation  

Animal experiments were carried out following the Kyoto University guidelines. A 

total of 5 × 106 cells suspended in 100 mL of DMEM/F12-matrigel were injected 

subcutaneously into 7-week-old female severe combined immunodeficiency (SCID) 

mice (C.B-17/Icr-scid/scidJcl, CLEA, Japan). After 4–6 weeks, teratomas were 

dissected and fixed with Bouin’s solution. Paraffin-embedded teratomas were sliced 

and stained with hematoxylin and eosin.  

Western blot analysis  

30 mg of total protein extracts from descending cultured cells were loaded on SDS-

PAGE gels for Western blotting. Western blotting was performed by a standard 

protocol. Antibodies against KLF4 (1:1000, ab215036, ABCAM), KLF5 (1:500, 

ab137676, ABCAM), NANOG (1:2000, sc-30329, Santa Cruz Biotechnology), anti-

Vinculin (1:500, Sigma-Aldrich), anti-ZYX antibody (1:10000, ab109316, ABCAM), 



anti-Tal1 antibody (1-4g/ml, ab222123, ABCAM), and GAPDH (1:1000, 3683S, 

Cell Signaling Technology) were used as described previously. 

RNA interference and microRNA-mimic transfection 

Four FlexiTube GeneSolution for MKL1 (SI04263210, SI04243295, SI04215246, and 

SI04172028, QIAGEN, USA) and a BLOCK-iTTM fluorescent control (Thermo Fisher 

Scientific, USA) were transfected using Lipofectamine® RNAiMAX (Thermo Fisher 

Scientific, USA). After 24 h, the transfection medium was removed and changed to 

fresh culture medium. The cells were analysed 1 day after transfection.  

The transfection of microRNA-mimic of miR-143 (mirVana® miRNA mimic_hsa-

miR-143-3p, Thermo Fisher Scientific, USA) and miR-145 (mirVana® miRNA 

mimic_hsa-miR-145-3p, Thermo Fisher Scientific, USA) were performed following 

the manufacturer’s protocol (Dharma FECT 1 Transfection Reagent, Dharmacon, 

USA). The working concentration of microRNA-mimic was 200 nM. The cells were 

analysed at 2-3 day after transfection. 

Karyotype analysis 

Karyotype analysis was performed on G-banded metaphase cells using Chromosome 

Science Labo Inc. (Japan). Fifty cells were investigated for each sample. 

Model construction 

The mathematical model was built based on the results of our study and previous 

studies. Quantitative modelling of real biological systems, such as exploring 

molecular regulation networks and cell-state dynamics using the tools of non-linear 

dynamics, has been a commonly applied method in systems biology studies and helps 

to better understand and predict properties in many aspects of life. 



The Hill function is widely used to model the transcriptional regulation of gene 

expression. We used the following set of ordinary differential equations (ODEs) to 

model the deterministic dynamics of the core regulatory network, including [KLF], 

[FAP], [Ga], [MAL], [GaM], and [SM], denoting the concentrations of endogenous 

KLF4/5, focal adhesion proteins, G-actin, MAL, the G-actin-MAL complex, and the 

SRF-MAL complex, respectively. 

Given that the chemical constituents inside the live cell are in a dynamic state, with 

new macromolecules continuously being produced and degraded, elements in our 

model such as FAP, KLF4/5, or G-actin were set to have their respective production 

rate constants to depict their production process in vivo, denoted with ‘ai’. In addition, 

their degradation rates were considered to be proportional to their concentrations with 

the proportionality constant, denoted with ‘di’. The repressing relationships such as 

KLF’s suppressive effect on FAP, SRF-MAL complex’s suppressive effect on KLF, 

and FAP’s suppressive effect on G-actin are modelled with Hill functions. Given that 

KLF binding to the promoter region of FAP genes will induce chromatin compaction, 

thus rendering the CArG box of the genes inaccessible to the SRF-MAL complex44, 

their Hill terms were multiplied to describe this strong inhibition effect. Thus, the 

total expression levels are expressed as follows: 

𝑑[𝐹𝐴𝑃]

𝑑𝑡
= 𝑎1 + 𝐾𝐹𝐴𝑃 ∗

(
[𝑆𝑀]

𝐾1
)

𝑛1

1+(
[𝑆𝑀]

𝐾1
)

𝑛1 ∗
1

1+(
[𝐾𝐿𝐹]

𝐾2
)

𝑛2 − 𝑑1 ∗ [𝐹𝐴𝑃]           (1) 

𝑑[𝐾𝐿𝐹]

𝑑𝑡
=  𝑎2 + 𝐾𝐾𝐿𝐹 ∗

1

1+(
[𝑆𝑀]

𝐾3
)

𝑛3 − 𝑑2 ∗ [𝐾𝐿𝐹]                (2) 

To exert a physical influence on a cell, both substrate and cell adhesion are required at 

the same time. Thus, the substrate adhesion property parameter (sap), as the 



controllable parameter of the substrate, was added to an assumed minimum value of 

base adhesion for the cell and substrate, and then multiplied with the FAP 

concentration. The actual mechanism is that cell adhesion facilitates the G- and F-

actin transformation equilibrium to shift towards the monomer state27,32. Given that 

this polymerization process is dependent on the distribution of different oligomers, 

and precisely describing such a transition would be highly demanding and not 

necessary given that our major concern lies in the G-actin-related network-level 

properties, it is reasonable to simplify this process and represent this ‘effective’ 

interaction as inhibiting the production rate of G-actin through a Hill function.  

𝑑[𝐺𝑎]

𝑑𝑡
=  𝑎3 + 𝐾𝐺𝑎 ∗

1

1+(
(𝑠𝑎𝑝+𝑏𝑎𝑠𝑒)∗[𝐹𝐴𝑃]

𝐾4
)

𝑛4 − 𝑑3 ∗ [𝐺𝑎]             (3) 

The association and dissociation of the SRF-MAL complex and G-actin-MAL 

complex are in dynamic equilibrium, and obey the law of mass action; thus, their 

reaction rate is directly proportional to the concentration of reactants. The constants of 

the association rates of these two reactions are here denoted as ‘kSM’ and ‘kGaM’. They 

also have disassociation rates that are linearly dependent on the complex 

concentrations, and the corresponding disassociation rate constants are denoted as 

‘kUSM’ and ‘kUGaM’, respectively. 

𝑑[𝑆𝑀]

𝑑𝑡
= 𝑘𝑆𝑀 ∗ 𝑆𝑅𝐹 ∗ [𝑀𝐴𝐿𝑓𝑟𝑒𝑒] − 𝑘𝑈𝑆𝑀 ∗ [𝑆𝑀]               (4) 

𝑑[𝐺𝑎𝑀]

𝑑𝑡
= 𝑘𝐺𝑎𝑀 ∗ [𝐺𝑎] ∗ [𝑀𝐴𝐿𝑓𝑟𝑒𝑒] − 𝑘𝑈𝐺𝑎𝑀 ∗ [𝐺𝑎𝑀]             (5) 

The association and dissociation of the G-actin-MAL and SRF-MAL complexes are 

rather rapid compared to the processes of transcription and translation, and can reach 

equilibrium in a much shorter time compared to other processes of interest here. Thus, 



due to time-scale separation, it is reasonable to set d[SM]/dt = 0; d[GaM]/dt = 0, 

which, through solving homogeneous linear equations (4) and (5), the variable SM 

can now be expressed as a function of G-actin.  

In a live cell, the MAL molecule exists in one of the three forms: the detached state 

(denoted as MALfree), or the associated states (combined with SRF or G-actin, 

denoted as SM and GaM, respectively). These three concentrations add up to the total 

concentration of MAL (denoted as MALtotal), as shown in equation (7). 

Taking into consideration that the level of MAL proteins contained in a cell will not 

experience dramatic sudden changes, it is reasonable to model the total amount of 

MAL, which lies in dynamic equilibrium, as a constant. Setting this total amount as a 

constant parameter also allows for better control of the model in exploration of its 

dynamics, since the amount of total MAL can also be slowly changed, which is 

comparable to quasi-equilibrium processes as in thermodynamics.  

[𝑆𝑀] =
𝑘𝑈𝐺𝑎𝑀∗𝑘𝑆𝑀∗𝑆𝑅𝐹

𝑘𝑈𝐺𝑎𝑀∗𝑘𝑆𝑀∗𝑆𝑅𝐹+𝑘𝑈𝑆𝑀∗𝑘𝐺𝑎𝑀∗[𝐺𝑎]+𝑘𝑈𝑆𝑀∗𝑘𝑈𝐺𝑎𝑀
∗ 𝑀𝐴𝐿𝑡𝑜𝑡𝑎𝑙           (6) 

The total amount of MAL can be regarded as a constant; therefore, we obtain  

𝑀𝐴𝐿𝑡𝑜𝑡𝑎𝑙 = [𝑀𝐴𝐿𝑓𝑟𝑒𝑒] + [𝑆𝑀] + [𝐺𝑎𝑀]                    (7) 

The meanings of the denotations above are shown in following table. 

Description of model parameters 

Parameters Denotation 

ai (i=1,2,3) Leakage production rate of the proteins 

di (i=1,2,3) Effective degradation rate of the proteins 

ni (i=1-4) Hill coefficient 

Ki (i=1-4) Equilibrium constant for dissociation 

sap Substrate adhesion property 

base Minimum substrate adhesion 



MALtotal Total amount of MAL 

SRF Concentration of SRF, sufficient for binding reaction 

kFAP Maximum synthetic rate of FAP 

jKLF Maximum synthetic rate of KLF 

kG-actin Maximum synthetic rate of G-actin 

kSM Rate constant for binding of SRF and MAL 

kGaM Rate constant for binding of G-actin and MAL 

kUSM Rate constant for unbinding of SRF-MAL complex 

kUGaM Rate constant for unbinding of G-actin-MAL complex 

 

Due to the current absence of quantitative experimental data on the response curve of 

the gene expression level versus the transcription factor level, we simply set all of the 

Hill coefficients to be 3 to allow for sufficient nonlinearity and to achieve simplicity. 

While the above model was used to compare with experiments for our purposes, it can 

be simplified for further theoretical analysis. We further non-dimensionalized the 

equations to reduce the number of free parameters. By separating the time scales and 

scaling the protein level, a dimensionless system was derived as following: 

𝑑𝐹𝐴𝑃

𝑑𝜏
= 𝛼1 + 𝐽1 ∗

𝑠𝑚𝑛1

1 + 𝑠𝑚𝑛1
∗

1

1 + 𝐾𝐿𝐹𝑛2
− 𝐹𝐴𝑃 

𝑑𝐾𝐿𝐹

𝑑𝜏
= 𝛼2 + 𝐽2 ∗

1

1 + (𝜂 ∗ 𝑠𝑚)𝑛3
− 𝐾𝐿𝐹 

𝑑𝐺𝑎𝑐𝑡𝑖𝑛

𝑑𝜏
= 𝛼3 + 𝐽3 ∗

1

1 + [(𝑠𝑎𝑝 + 𝑏𝑎𝑠𝑒) ∗ 𝐹𝐴𝑃]𝑛4
− 𝐺𝑎𝑐𝑡𝑖𝑛 

𝑠𝑚 =
𝑝1 ∗ 𝑀𝐴𝐿𝑡𝑜𝑡𝑎𝑙

𝑘1 ∗ (𝑝1 + 𝑝2 ∗ 𝐺𝑎𝑐𝑡𝑖𝑛 + 𝑝3)
 

The derivation of the corresponding parameters is shown in the following table, and 

this dimensionless system can be used for all the bifurcation analysis with similar 

outcomes.  

Non-dimensionalized parameters 



Parameters Denotation 

α1 = a1 / d1 / K4 

α2 = a2 / d2 / K2 

α3 = a3 / d3 

J1 = kFAP / d1 / K4 

J2 = kKLF / d2 / K2 

J3 = kG-actin / d3 

p1 = kUGaM * kSM * SRF 

p2 = kUSM * kGaM 

p3 = kUSM * kUGaM 

η = K1/K3 
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