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SUMMARY
There has been increasing success with the generation of pancreatic cells from human induced pluripotent stem cells (hiPSCs); however,

themolecularmechanisms of the differentiation remain elusive. The purpose of this studywas to reveal novelmolecularmechanisms for

differentiation to PDX1+NKX6.1+ pancreatic endoderm cells, which are pancreatic committed progenitor cells. PDX1+ posterior foregut

cells differentiated from hiPSCs failed to differentiate into pancreatic endoderm cells at low cell density, but Rho-associated kinase

(ROCK) or non-musclemyosin II (NM II) inhibitors rescued the differentiation potential. Consistently, the expression of phosphorylated

myosin light chain 2 and NM IIA was downregulated in aggregation culture. Notably, the soluble factors we tested were substantially

effective only with ROCK-NM II inhibition. The PDX1+NKX6.1+ cells induced with NM II inhibitors were successfully engrafted and

maturated in vivo. Taken together, these results suggest that NM IIs play inhibitory roles for the differentiation of hiPSCs to pancreatic

endoderm cells.
INTRODUCTION

Pancreatic cells generated from pluripotent stem cells,

such as human embryonic stem cells (hESCs) and induced

pluripotent stem cells (hiPSCs), are considered a promising

cell source for regenerative therapies. Recent advances in

regenerative medicine research have demonstrated that

guided differentiation can recapitulate normal develop-

mental stages and enables the generation of pancreatic

cells, including mature type pancreatic beta cells in vitro

(Pagliuca et al., 2014; Rezania et al., 2014). Among these

stages, the cell type in pancreatic bud formation is crucial,

since these cells are the earliest stage of pancreatic endo-

derm cells and considered committed to differentiate into

only pancreatic lineages (Kelly et al., 2011; Rezania et al.,

2013). Several reports have shown the efficient induc-

tion of PDX1+NKX6.1+ pancreatic endoderm cells, which

correspond to cells at the stages from pancreatic bud

to branched epithelia, from hESCs/iPSCs (Nostro et al.,

2015; Pagliuca et al., 2014; Rezania et al., 2014; Russ

et al., 2015; Toyoda et al., 2015). However, the molec-

ular mechanisms regulating this differentiation remain

elusive, which potentially causes unstable manipulation

of the cells and contamination of other cell types, thus

hampering basic research and clinical application.

The cellular morphology and physical microenvi-

ronment dramatically change during differentiation. In

pancreas development, the first step of organogenesis is

the formation of the pancreatic bud (Villasenor et al.,

2010). A pre-pancreatic region at gut tube endoderm com-

poses a single layer of epithelial cells that express PDX1.

With the progress in pancreatic specification, the epithe-
Stem Cell
This is an open access arti
lium rapidly thickens to form an aggregation of cells

called the pancreatic bud, which concomitantly express

the pancreas-specificmarkersNKX6.1 and PTF1A. This pro-

cess is closely linked to changes in cell shape from cuboidal

to columnar and squamous (Villasenor et al., 2010) and

changes in themicroenvironment, such as cell-to-cell inter-

actions, matrix stiffness, and cell polarity. It is possible that

thesephysical changes lead tomodifications in intracellular

signaling, resulting in modulation of the propensity for

differentiation into pancreatic lineages (Cortijo et al.,

2012; Kesavan et al., 2009). Supporting this idea, we previ-

ously showed that high cell density or aggregation pro-

motes the differentiation of PDX1+ posterior foregut cells

to the earliest stageof PDX1+NKX6.1+ pancreatic endoderm

cells in hESC/iPSC differentiation cultures (Toyoda et al.,

2015). In either high-cell-density or aggregation culture,

cells are condensed, suggesting adifferentphysical environ-

ment from that in low-cell-density cultures. In many cell

types, it is suggested that manipulation of the cellular

morphology or physical microenvironment affects the

cell state and differentiation propensity via cytoskeletal

changes (Connelly et al., 2010; Maharam et al., 2015; Sun

et al., 2014). More specifically, genetic and chemical modi-

fications of cytoskeleton regulators disrupt progenitor cell

proliferation, organ size, and composition of the differenti-

ated cells in the developing pancreas (Kesavan et al., 2009;

Petzold et al., 2013; Shih et al., 2016). Thus, proper cytoskel-

etal regulation is required fornormal pancreatic organogen-

esis; however, the roles of the cytoskeleton in the formation

of pancreatic endoderm remain unclear.

In the current study, we tested the hypothesis that mole-

cules related to the cytoskeleton regulate the differentiation
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Figure 1. ROCK Signaling Inhibitors Promote PDX1+NKX6.1+ Cell Induction from PDX1+ Posterior Foregut Cells
(A) A schematic diagram of the procedure used to differentiate pancreatic endoderm cells from hiPSCs.
(B and C) Quantification of the proportion of NKX6.1+ cells by an image analyzer. Note that water, DMSO, and BTS treatment did not induce
NKX6.1+ cells at any concentration in (C).
(D) PDX1+NKX6.1+ cells were localized in sparse areas (arrows) in Y-27632-treated cells in monolayer culture.
Data are presented as the mean ± SD from three independent experiments in (B) and (C). **p < 0.01 versus water. Scale bar, 100 mm. See
also Figures S1 and S2.
of hESC/iPSC-derived PDX1+ posterior foregut cells

to PDX1+NKX6.1+ pancreatic endoderm cells. We found

that the expression of non-muscle myosin IIs (NM IIs) is

downregulated in aggregation cultures and that chemical

inhibition of Rho-associated kinases (ROCKs) and NM IIs

promotes differentiation to pancreatic endoderm cells,

mimicking the effect of aggregation cultures.
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RESULTS

ROCK-NM II Inhibitors Facilitate the Differentiation

of Posterior Foregut to Pancreatic Endoderm Cells

PDX1+ posterior foregut cells re-seeded at low cell densities

(1.6 3 105 cells/cm2) were treated with three soluble fac-

tors: KGF, NOGGIN, and EGF (Figure 1A). As expected,



this cell density was too low to induce NKX6.1+ cells even

after 4 days of treatment (water- or DMSO-treated group in

Figure 1B) (Toyoda et al., 2015). To investigate whether

modulation of the cytoskeleton promotes differentiation

to pancreatic endoderm cells, we treated the PDX1+ cells

with inhibitors of actin and myosin II filaments and

ROCK and with microtubule inhibitors/stabilizers in

addition to the aforementioned three factors for 3 days.

We found one myosin II inhibitor (Blebbistatin) and

four ROCK inhibitors (Y-27632, Fasudil, GSK269962, and

H-1152) increased the proportion of NKX6.1+ cells, while

a muscle-type myosin II inhibitor, BTS, and a low dose of

Y-27632, which induced actin disassembly, failed to induce

NKX6.1+ cells (Figures 1B, S1, S2A, and S2B). These results

suggest that the signaling of ROCKs and downstream NM

IIs regulates differentiation into NKX6.1+ cells, although

we cannot exclude the possibility that the inhibitors used

in this study may target molecules other than ROCK-NM

II (Figure S2A). GSK269962, which has the highest affinity

for ROCK (half-maximal inhibitory concentration [IC50]

for ROCK1 of GSK269962, Y-27632, and Fasudil: 1.6, 150,

and 300 nM, respectively), had the most potent inducing

activity (Figure 1C) (Doe et al., 2007; Jacobs et al., 2006),

supporting the involvement of ROCK-NM II signaling.

Cells treated with ROCK-NM II inhibitors tended to be

small, but not all small cells were NKX6.1+ and large

NKX6.1+ cells were also observed (Figures 1D and S1 and

data not shown). Notably, NKX6.1+ cells were observed in

a relatively sparse area as well as a high-density area (Fig-

ure 1D), suggesting that cell aggregation is not necessary

for NKX6.1+ cell induction with treatment of ROCK-NM

II inhibitors.

NKX6.1+ Cells Induced with ROCK-NM II Inhibitors

Show Developmental Potential Consistent with

Pancreatic Endoderm Cells

Next, we validated the developmental potential of

NKX6.1+ cells induced with ROCK-NM II inhibitors. The

mRNA expression of PTF1A, a pancreatic endoderm cell

marker, was associated with an increase in the proportion

of NKX6.1+ cells in ROCK-NM II inhibitor-treated cells,

whereas the expression of a ductal multipotent progenitor

marker, SOX9, was increased in all groups with time (Fig-

ures 2A and 2B). Flow cytometric analysis demonstrated

that all NKX6.1+ cells induced by ROCK-NM II inhibitors

co-expressed PDX1 (Figures 2C and 2D). The positive ef-

fects of ROCK-NM II inhibition on differentiation into

NKX6.1+ cells were reproduced in hESC line KhES-3 and

hiPSC line Ff-I01 (Figure S2C). Moreover, the cells treated

with Y-27632 or Blebbistatin at stage 4 were able to

form PDX1+ tubular structures that possess INSULIN+

and GLUCAGON+ endocrine cells, which is reminiscent

of human embryonic pancreatic epithelia, 30 days after
implantation into the renal subcapsule of immunodefi-

cient mice (Figures 2E and S3A). Plasma human C-peptide

levels, which indicate human insulin secretion, gradually

increased over time and eventually responded to changes

in blood glucose levels in mice implanted with Blebbista-

tin-treated cells (Figures 2F, 2G, and S3B–S3D). These results

suggest that the NKX6.1+ cells induced with ROCK-NM II

inhibitors are pancreatic endoderm cells that have the

developmental potential to differentiate into pancreatic

epithelia and mature into b cells in vivo.

NM II Signaling Molecules Are Downregulated in

Aggregation Culture

ROCK-NM II inhibition facilitates differentiation into

pancreatic endoderm cells without high-cell-density or

aggregation cultures. To examine whether ROCK-NM II

signaling is inhibited in high-cell-density or aggregation

cultures, we analyzed the mRNA expression of genes

encoding ROCK1 and ROCK2 (ROCK1 and ROCK2) and

NM IIA, NM IIB, and NM IIC (MYH9, MYH10, and

MYH14) in monolayer-cultured cells at different cell den-

sities (8–48 3 104 cells/cm2) and in cellular aggregates on

stage 4 day 0. We found a tendency for the mRNA expres-

sion of MYH9 and MYH14 to decrease as the cell density

increased (Figure 3A). Notably, the mRNA expression of

MYH9 and MYH14 was lowest in the cellular aggregates.

Interestingly, the mRNA expression of all five genes was

significantly lower in the cellular aggregates than in low-

cell-density monolayer cultures at stage 4 (Figure 3B).

Consistent with these findings, the protein levels of NM

IIA and NM IIC, as evaluated by western blotting, were

lowest in the cellular aggregates (Figures 3C and S4A),

and the levels of phosphorylated myosin light chain 2

(pMLC2), which indicates ROCK activity (Amano et al.,

1996), and NM IIA, as evaluated by immunostaining,

were weaker in high-cell-density and aggregation cultures

than in low-cell-density cultures (Figure 3D). The differ-

ence in the results of NM IIA expression with high-cell-

density cultures between western blotting and immuno-

staining is possibly due to the different sensitivity and

targets of each method. Western blotting evenly detects

all cellular NM IIA molecules, whereas immunostaining

emphasizes accumulated NM IIA molecules such as poly-

meric fibers compared with monomers. Taken together,

these results suggest that signaling related to ROCK-NM II

is suppressed multiple ways by aggregation cultures.

Differentiation Mechanisms by which ROCK-NM II

Inhibitors Induce Pancreatic Endoderm Cells Mimic

Aggregation Effects

We previously found that the signals induced by cell aggre-

gation cultures for pancreatic endoderm cell induction

are different from those induced by soluble factors (KGF,
Stem Cell Reports j Vol. 9 j 419–428 j August 8, 2017 421
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Figure 2. NKX6.1+ Cells Induced with ROCK-NM II Inhibitors Show Developmental Potential Consistent with Pancreatic Endoderm
Cells
(A) Time course for NKX6.1+ cell induction by ROCK-NM II inhibitors was analyzed by an image analyzer. Note that water, DMSO, and BTS
treatment did not induce NKX6.1+ cells at any concentration.
(B) The mRNA expression of a pancreatic endoderm marker, PTF1A, and a ductal progenitor marker, SOX9.
(C and D) The proportion of PDX1+NKX6.1+ cells was analyzed by flow cytometry. Representative dot plots (C) and quantification of the
induction efficiency (D).
(E) PDX1+NKX6.1+ cells induced with Blebbistatin developed into branched pancreatic epithelia in vivo. A representative cryosection image
of grafts 30 days after implantation from three independent experiments was stained for the indicated markers. The right panel shows a
magnified image of the boxed area in the left panel.
(F and G) Plasma human C-peptide levels in host mice at various time points after implantation (F) and before and after glucose injection
on days 120–151 after implantation (G).
Data are presented as the mean ± SD from three independent experiments in (A, B, and D) and as the mean ± SE of three mice from two
independent cohorts of implantation experiments in (F) and (G). *p < 0.05. **p < 0.01 versus water. Scale bars, 100 mm. See also Figures S2
and S3.
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Figure 3. ROCK-NM II Signaling Is Downregulated in Aggregation Cultures
(A and B) PDX1+ posterior foregut cells were re-seeded either for monolayer cultures (2D) or to form cellular aggregates (3 3 104 cells/
aggregate, AG). The next day, the cells were exposed to stage 4 treatment without ROCK-NM II inhibitors. The mRNA expression of genes

(legend continued on next page)
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NOGGIN, and EGF) (Toyoda et al., 2015). The combination

of cell aggregation cultures with any one of these soluble

factors upregulated NKX6.1 expression. Similar to the ef-

fects of cell aggregation, a combination of ROCK-NM II

inhibitors and one soluble factor also increased the expres-

sion of NKX6.1 (Figure 4A). These results suggest that the

signals regulated by ROCK-NM II inhibition are indepen-

dent of those induced by the three aforementioned factors.

Next, we examined whether ROCK-NM II inhibition

works through high-cell-density or aggregation effects

caused by cell proliferation. The expression of NKX6.1

was increased by Y-27632 or Blebbistatin treatment un-

der the inhibition of cell proliferation by pre-treatment

with a mitotic inactivator, mitomycin C (Figures 4B–4D

and S4B). Y-27632 or Blebbistatin treatment did not pre-

vent apoptosis, as evaluated by immunostaining against

an apoptotic marker, cleaved caspase-3 (Figures S4C and

S4D). In addition, we analyzed the relationship between

the proportion of PDX1+NKX6.1+ cells and cell density

on stage 4 day 4. Scatterplots demonstrated that the effi-

ciency of PDX1+NKX6.1+ cell induction was higher in

ROCK-NM II inhibitor-treated cells than the corresponding

controls (water- or DMSO-treated cells) at similar cell den-

sities (Figure 4E). These findings support the idea that

ROCK-NM II inhibition induces pancreatic endoderm cells

by mechanisms that mimic aggregation effects but not by

increasing the cell number, resulting in high-cell-density

or aggregation effects.
DISCUSSION

We previously reported that high-cell-density or aggrega-

tion culture is beneficial for the induction of PDX1+ poste-

rior foregut cells to PDX1+NKX6.1+ pancreatic endoderm

cells, however, the molecular mechanisms were undeter-

mined (Toyoda et al., 2015). In the present study, we found

that ROCK-NM II inhibition facilitated PDX1+NKX6.1+ cell

induction even in low-cell-density cultures. In addition,

ROCK-NM II inhibition effectively induced differentiation

when combinedwith known soluble factors (KGF, EGF, and

NOGGIN), which indicates a similar mechanism to that of

aggregation cultures. These results suggest that ROCK-NM

II inhibition is an independent factor for pancreatic endo-

derm cell induction, leading us to propose that ROCK-NM

II inhibitionmay be one of themechanisms underlying the
encoding ROCKs and NM IIs in the cells on stage 4 day 0 (A) and its tim
white circle, dotted line) (B).
(C and D) Representative images of the expression levels of ROCK and
molecules on stage 4 day 1 (D) of three independent experiments.
Data are presented as the mean ± SD from four independent experim
(50 mM). B, Blebbistatin (5 mM). Scale bar, 20 mm. See also Figure S4
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effective pancreatic endoderm cell induction seen in aggre-

gation cultures.

Two models can explain the mechanisms with which

ROCK-NM II inhibition induces pancreatic endoderm cells.

In one model, ROCK-NM II inhibition increases the cell

number, resulting in the high-cell-density or aggregation

condition that is favorable for differentiation. In the other

model, ROCK-NM II inhibition directly regulates differen-

tiation signals. NKX6.1 mRNA expression was induced by

Y-27632 or Blebbistatin under the inhibition of cell prolifer-

ation or without the disruption of apoptosis, suggesting

thatNKX6.1 induction is at least inpart via amechanism in-

dependent of cell density. Consistently, ROCK-NM II inhi-

bition had a higher induction efficiency of PDX1+NKX6.1+

cells than corresponding controls with the same cell den-

sities, including cell densities at lower ranges. Based on

these observations, it is likely that ROCK-NM II inhibition

directly regulates signals mimicking those induced by ag-

gregation cultures.

The priming of cell differentiation and commitment

into certain cell types are coordinated by the balance

of inducing and inhibiting signals. We found that cells

in high-cell-density or aggregation cultures, which favor

differentiation to pancreatic endoderm cells, had lower

ROCK activity than cells in low-cell-density cultures, and

the expression of NM IIA mRNA and protein was lowest

in aggregation cultures. Therefore, it is reasonable to as-

sume that NM IIA suppresses differentiation into pancre-

atic endoderm cells. We also found that low-cell-density

cultures increased ROCK-NM II mRNA expression with

time. Based on these findings, we propose that binding

to substances other than the surface of surrounding cells

may induce cytoskeletal modifications, including the upre-

gulation of ROCK-NM II, which in turn suppresses NKX6.1

expression. Three-dimensional cultures are often used to

mimic the in vivo microenvironment, and the benefits of

such cultures have been reported in other cell types (Ogawa

et al., 2013; Schyschka et al., 2013). Our findings shed light

on the molecular mechanisms that give three-dimensional

cultures advantages over two-dimensional cultures.

Although the detailed mechanisms by which NM IIA

suppresses differentiation into pancreatic endoderm cells

remain to be elucidated, we assume that NM II-associated

proteins or downstream molecules may act as transcrip-

tional regulators that repress NKX6.1 gene expression

either directly or indirectly. Some reports have described
e course in AG (black circle, solid line) and 2D (1.63 105 cells/cm2,

NM II proteins on stage 4 days 0 and 1 (C) and ROCK downstream

ents in (A) and (B). *p < 0.05, **p < 0.01 versus AG. Y, Y-27632
.
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Figure 4. ROCK-NM II Inhibitors Induce NKX6.1+ Cells via Proliferation-Independent Mechanisms
(A) mRNA expression of NKX6.1 in cells treated with various combinations of soluble factors (100 ng/mL KGF, 100 ng/mL NOGGIN, and
50 ng/mL EGF) and ROCK-NM II inhibitors (50 mM Y-27632 and 5 mM Blebbistatin) for 4 days of stage 4 monolayer culture.
(B) A schematic diagram of the procedures for (C) and (D). PDX1+ posterior foregut cells were pre-treated with mitomycin C (47 mM, 2 hr) to
inhibit proliferation before pancreatic endoderm cell induction.

(legend continued on next page)
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the detailedmolecularmechanisms bywhich alterations in

cytoskeletal structures regulate cellular differentiation.

In mouse dedifferentiated fat cells, the disruption of actin

fibers drives adipogenic differentiation through an increase

in interactions between monomeric G-actin and mega-

karyoblastic leukemia 1 protein (Nobusue et al., 2014).

In mesenchymal stem cells, information on the cell shape

and soft extracellular matrix environment is transduced by

two transcriptional factors, Yes-associated protein (YAP)

and transcriptional coactivator with PDZ-binding motif

(TAZ), which enables adipogenic differentiation (Dupont

et al., 2011). Although G-actin binding protein and the

YAP/TAZ system are attractive candidate mediators, we

found that PDX1+NKX6.1+ cell induction is specifically

regulated by the inhibition of ROCKs and NM IIs, and

not by any actin fiber or microtubule disassembling re-

agents. In addition, we could not find any association

between cell shape or size with NKX6.1+ cell induction

when cells were treated with cytoskeletal inhibitors. There-

fore, the involvement of G-actin binding protein or the

YAP/TAZ system is unlikely. A previous study reported

that Fyn kinase downregulates ROCK-NM II during oligo-

dendrocyte morphological differentiation in mice (Wang

et al., 2012). Another report demonstrated that an NM II

isoform, MYH9, interacts with nuclear protein Thy28/

Thyn1, and that this complex binds to Pax5 1A promoter

to suppress Pax5 expression in chicken B cells (Fujita et al.,

2015). Similarly, the elucidation of regulatory molecules or

binding partners forNM IImay provide new transcriptional

regulating mechanisms of pancreatic development.

The efficiency of NKX6.1+ cell induction tended to be

high at high cell density, even in ROCK-NM II inhibitor-

treated cells, suggesting ROCK-NM II independent effects

on cell density. One possible explanation for these effects

is that NKX6.1+ cells may have high proliferation capacity

at high cell density. Another explanation considers high-

cell-density signals through both ROCK-NM II and other

signaling pathways.

In summary, treatment with ROCK-NM II inhibitors

or aggregation cultures that downregulate ROCK-NM II

signaling facilitates the differentiation of hiPSC-derived

PDX1+ posterior foregut cells to PDX1+NKX6.1+ pancreatic

endoderm cells. We propose that insufficient cell density

may induce NM II activation, suppressing differentiation
(C and D) Cell density (C) and mRNA expression of NKX6.1 (D) in cell
(E) PDX1+ posterior foregut cells were re-seeded at various cell densitie
4 medium with or without Y-27632 (50 mM) or Blebbistatin (5 mM).
proportion of PDX1+NKX6.1+ cells was analyzed by flow cytometry. Th
(F) A model showing the regulation of pancreatic endoderm cell differ
the maintenance of cellular morphology was not analyzed in this stu
Data are presented as the mean ± SD from three independent experime
water or DMSO. yp < 0.05, versus mitomycin C. n/a, not applicable.
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to pancreatic endoderm cells (Figure 4F). In this study,

we demonstrated that ROCK-NM II signals associated

with physical contexts regulate the differentiation of

hESCs/iPSCs into pancreatic linages. Our findings should

contribute to the development of stable cell supplies for

hESC/iPSC-derived pancreatic cells.
EXPERIMENTAL PROCEDURES

hESC/iPSC Culture and Differentiation
An hESC line KhES-3 and two hiPSC lines 585A1 and Ff-I01 were

maintained as described previously (Toyoda et al., 2015). Experi-

ments with hESCs/iPSCs were approved by the ethics committee

of the Department of Medicine and Graduate School of Medicine,

Kyoto University. Cells were directed into key stages of pancreatic

development as described previously with modifications (Fig-

ure 1A; Supplemental Experimental Procedures).

Immunostaining
Cells were fixed with 4% paraformaldehyde (PFA) for 20 min

at 4�C. The implanted grafts were fixed with 4% PFA for 1–2 days

at 4�C, then the samples were equilibrated in a 10%–30% sucrose

solution, mounted, and frozen. The frozen blocks were sectioned

at 10 mm. Immunostaining was performed as described previously

(Toyoda et al., 2015). The primary antibodies used are detailed in

Table S1. Filamentous-actin (F-actin) was stained with Acti-stain

phalloidin (Cytoskeletal, Denver, CO).

Flow Cytometry
Cells were dissociated into single cells with 0.25% trypsin–EDTA

treatment, fixed, permeabilized and blocked with a BD Cytofix/

Cytoperm Kit (Becton Dickinson, Franklin Lakes, NJ). Then, the

cells were stained with the antibodies as detailed in Table S1.

Stained undifferentiated hiPSCs and stage 4 day 0 cells were used

as negative controls for gating.

Implantation Experiments
All animal experiments were performed in accordance with

the Guidelines for Animal Experiments of Kyoto University. Male

7- to 13-week-old NOD.CB17-Prkdcscid/J mice were anesthetized

with inhalable isoflurane and received implants of hiPSC-derived

cell aggregates after stage 4 under a kidney subcapsule. After the

cells on stage 4 day 4 formed aggregates (3 3 104 cells/aggregate),

they were cultured in stage 4 mediumwith or without an ALK5 in-

hibitor for an additional 2 days before implantation. All metabolic

analyses were performed in conscious and restrained animals.
s after 4 days of pancreatic endoderm induction.
s (4–483 104 cells/cm2). The next day, cells were cultured in stage
After 4-day culture, the relationship between cell density and the
e scatterplot indicates data from three independent experiments.
entiation. Note that the involvement of the ROCK-NM II pathway in
dy.
nts in (A), (C), and (D). *p < 0.05, **p < 0.01, ***p < 0.001, versus
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