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Introduction: High-efficacy single-cell cloning of human-induced pluripotent cells (IPSCs) remains a major challenge. The
development of a culture method that supports single-cell passaging while maintaining reproducibility, homogeneity, scalability, and
cell expansion to clinically relevant numbers is necessary for clinical application.
Methods: To address this issue, we combined the use of the rho-associated protein kinase (ROCK) inhibitor Y-27632 and hypoxic
conditions in culture to produce a novel, efficient single-cell culture method for human IPSCs and embryonic stem cells.
Results: Through immunocytochemistry, alkaline phosphatase assays, and flow cytometry, we demonstrated that our method enabled
high single-cell proliferation while maintaining self-renewal and pluripotency abilities.
Discussion:We showed the beneficial effect of the interaction between hypoxia and ROCK inhibition in regulating cell proliferation,
pluripotency, and single-cell survival of pluripotent cells.
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Introduction
The ability of human-induced pluripotent stem cells (IPSCs) to differentiate and develop into various types of tissues has
garnered considerable attention.1,2 Although the culture methods for human embryonic stem cells (ESCs) and IPSCs
have advanced, several challenges still prevent the clinical application of these methods. The challenges include the lack
of standardization of maintenance and differentiation protocols in the context of serum- and xeno-free conditions,
inadequacy of analysis in monitoring cellular stress and signaling, poor growth conditions, spontaneous differentiation,
apoptosis during cell processing, and heterogeneous cell populations.3

To reduce heterogeneity and improve the efficiency of human IPSC differentiation, their high pluripotency states must
be maintained. Although this may be accomplished by culturing human ESCs on mouse or human feeder cell layers,3

serum- and animal-derived materials cannot be used in clinical applications. Thus, a feeder- and serum-free culture
system is needed for the maintenance, expansion, and differentiation of human IPSCs in the clinical setting. Extracellular
matrices, such as undefined Matrigel and Geltrex, and animal-free extracellular proteins, such as recombinant vitronectin
and Laminin-511, have been used to culture human IPSCs,4 but these options are limited in terms of homogeneity and
reproducibility.5 The use of more defined serum- and feeder-free media such as mTeSR™1 and HAIF, is a feasible option
for high-quality maintenance of human ESCs and IPSCs.6,7

The production of more phenotypically defined and karyotypically stable cell populations requires their maintenance
as single cells to sustain their pluripotent state and high differentiation potential, which enables the use of 3D cultures and
high-throughput techniques.7,8 However, single-cell cultures of human pluripotent stem cells (PSCs) could undergo
apoptosis.9,10 To prevent this, inhibition of Rho-associated protein kinase (ROCK), a serine-threonine kinase that
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phosphorylates and activates the myosin II pathway, has been utilized to enable single-cell survival via inhibition of the
E-cadherin-dependent apoptotic pathway.8,11–16

Hypoxia maintains the pluripotent state of stem cells, enhances their proliferation, and reprograms somatic cells into
pluripotent cells.17,18 This is because oxygen is an efficient signaling molecule that acts on the fundamental character-
istics of different stem cell types.19 Low oxygen tension (2%) culture conditions allow robust recovery of human ESC
clones20 and reduction of chromosomal abnormalities. Additionally, growing stem cells in 5–7% oxygen results in an
increase in blastocyst development rate and cell number.21

Single-cell passaging promotes homogeneity, offers easy accessibility to single molecules, and increases the effi-
ciency of cellular responses; additionally, it has been found to be a critical differentiation factor for cardiomyocyte and
lung epithelial lineages.22–24 Several studies have demonstrated the individual benefits of ROCK inhibitors and hypoxic
conditions on cell adhesion, proliferation, survival, self-renewal, and differentiation.25–28 Thus, to create an optimal
environment that enables single-cell survival, growth, and pluripotency maintenance, for the first time, we combined the
use of an ROCK inhibitor and hypoxic conditions for self-renewal maintenance.

Methods
Cell Culture
The embryonic stem cell line H9 and the induced pluripotent stem cell line IMR90-1 (obtained by Viral transfection
(Lentivirus: Oct4, Sox2, Nanog, Lin28)) were used in this study. Both cell lines were obtained from WiCell Research
Institute Inc. (Madison, WI, USA). Both cell lines were cultured in Matrigel-coated six-well plates with 2 mL of
complete mTeSR™1 medium per well and incubated for the experimental period at 37°C under 5% CO2 in a humidified
incubator (Nuaire 5500E) and either using 5% (hypoxic condition) or 21% O2 (normoxic).

The cultures were examined using microscopy, and the culture media were replaced with fresh media daily for 4–5
d depending on colony size. The colonies were then dissociated with 1 U/mL dispase (a protease suitable for cell
dissociation) in DMEM/F-12 medium (Stem Cell Technology, Canada) and transferred onto newly coated culture plates
with fresh medium.

Imaging
Phase-contrast and fluorescence microscopy images were acquired with one of the following two microscopes: (1)
an IX70 inverted microscope (Olympus) equipped with a color Cool Pix 950 digital camera (Nikon) and a black
and white, high-resolution charge-coupled device (CCD)-camera (Soft Imaging Systems); the results were
analyzed using analySISB and analySISD software; and (2) a BX60 upright microscope (Olympus) equipped
with an Axiocam digital camera (ImageJ); the results were analyzed using KS-300 software. For fluorescence
imaging, the excitation wavelengths used were 490 nm for fluorescein isothiocyanate (FITC) and green fluorescent
protein (GFP), 570 nm for tetramethylrhodamine isothiocyanate (TRITC) and Texas Red, and 360 nm for the
nuclear counterstain 4’-6-diamidino-2-phenylindole (DAPI).

Single Cell Suspension
The mTeSR™1 culture medium was added with 10 µM Y-27632 at 2 h before the use of accutase (containing proteolytic
and collagenolytic enzymes) to dissociate the cells into single-cell suspensions. The cells in the suspensions were then
recovered by centrifugation, washed with phosphate-buffered saline (PBS), gently homogenized with a pipette, and
passed through a 40-micron cell strainer. The dissociated cells were then seeded onto Matrigel-coated, flat-bottomed 96-
well plates at low densities of 50000 cells/0.32 cm2 well.8

Immunocytochemistry
Immunocytochemistry was performed with the cell cultures in a slide chamber according to a previously reported
protocol Supplementary Table S1. 29
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MTS Assay
The cells were assayed at 12, 48, 72, and 96 h and compared against a standard curve (Supplementary Figure S1). MTS
substrate diluted in cell culture medium was added to the cell cultures at 0.2–0.5 mg/mL and incubated for 1–4 h. The
quantity of formazan was measured by recording the changes in the absorbance at 490 nm using a plate
spectrophotometer.

Flow Cytometry
Flow cytometry was used to quantify the cells expressing pluripotency markers of human ESCs and IPSCs. This was
performed using the Human Embryonic Stem Cell Kit (BD) according to the manufacturer’s instructions. The analysis
was conducted using a BD LSR Fortessa (4 lasers) cytometer featuring blue (488 nm), yellow/green (561 nm), violet
(405 nm), and red (640 nm) lasers.

For the calibration procedure, Calibrite™3 beads (Becton Dickinson, UK), which are suitable for PE, PerCP, and
APC calibration, were used before the analysis. Unstained cells and cells stained with isotypes were used as controls to
ensure that no background fluorescence/nonspecific binding was accounted for in these analyses.

Data were further processed using FlowJo software (version 10.5.3).
Further details of reagents, resources, sources, and identifiers are summarized in the Key Resource Table attached

separately.

Results
Human IPSCs in naive undifferentiated states were successfully obtained as colonies with a feeder-free protocol using
mTeSR™1 medium and Matrigel™ matrix substrate. By adding 10 µM Y-27632 (an inhibitor of the ROCK signaling
pathway RI) to the culture medium 2 h before passaging the cells and daily for 4 days after passaging, single cells were
produced and prevented from undergoing dissociation-induced apoptosis (Supplementary Figure S2).

To study the effect of oxygen tension and ROCK inhibitor, the cells were separated into four different plates to
generate four groups—single cells growing in the presence of 20% oxygen and ROCK inhibitor (RI), single cells
maintained without ROCK in the same oxygen conditions, single cells maintained in 5% oxygen with RI, and cells
grown under low oxygen conditions without RI (Figure 1).

After 12 h, the cells under hypoxic conditions were able to adhere to the plate even in the absence of RI compared
with cells grown under similar conditions in the presence of oxygen at normal levels (Figure 2A and B). Approximately
40 × 103 cells out of the 50 × 103 initially seeded cells survived under the RI/HYPOXIA condition, which was higher
than that under other conditions (Figure 2C). Interestingly, the MTS assay of cells under various oxygen tension
conditions revealed that the RI/HYPOXIA group had a significantly higher number of cells in the culture at all time
points (Figure 2C–F).

At 48 h, the cell number in the RI/HYPOXIA group doubled to 100 × 103 cells, whereas the cell number in the
RI/NORMOXIA group reached less than 70 × 103 cells. Similarly, at 72 h, the proliferation rate continued to rise
exponentially in the RI/HYPOXIA group, reaching more than 200 × 103 cells. After 4 days, the cell numbers were
significantly increased in the presence of 10 µM Y-27632 and 5% O2 compared with those in the other groups.

Next, we investigated whether hypoxia with ROCK inhibitor treatment affected the self-renewal capacity of the cells.
The expression of the pluripotency markers Nanog, Oct3/4, and SSEA4 was assessed using flow cytometry. We found
that the cells under all conditions expressed >70% of the markers, without any significant differences between the groups
(Figure 3). All groups of IPSCs expressed the pluripotency surface marker SSEA-4 and the nuclear markers OCT4 and
Nanog. We observed more than 75% double-positive cells (Figure 3A–C).

Finally, to validate the robustness of these experiments on other stem cell lineages, the same conditions were applied
to the human ESC 9H cell line. The same trend was observed for all groups in this cell line. We compared the effects of
ROCK and oxygen tension levels between human ESCs and IPSCs (Figure 4A–C).

The human IPSCs grown in hypoxia with ROCK inhibitor treatment were observed using light microscopy
(Supplementary Figure S3). On day 5, the images showed a typical morphology of round pluripotent colonies,
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consisting of dense, flat, and smooth colonies with clear borders (Supplementary Figure S3A and B). Upon further
observation, the human IPSCs displayed larger nuclei in comparison with the cytoplasm and prominent nucleoli,
indicative of exponential proliferation (Supplementary Figure S3C). The spontaneous differentiation in the
colonies was characterized by the presence of a compact central core, loss of defined edges, and areas of irregular
cellular morphology, as indicated by the arrows in Supplementary Figure S3D. To further confirm the self-renewal
ability of hIPSCs grown under ROCK and hypoxic condition, AP staining was performed with the confluent
cultured human IPSCs at passage 39. All cells within the colony exhibited high AP activities, as shown in
Supplementary Figure S3E.

To confirm the pluripotency of the RI/HYPOXIA human IPSCs, immunoreactivity to pluripotency markers was
evaluated after 5 days at passage 39 (Supplementary Figure S4). The cells showed a high expression of the following
common proteins found in pluripotent cells: nuclear markers, Oct4, Sox2, and Nanog (Supplementary Figure S4A–C).
The surface markers SSEA4, TRA-1-60, and TRA-1-81 (Supplementary Figure S4D–F) were also positively expressed.

We also performed flow cytometry analysis to quantify the expression of the pluripotency-associated markers. After
passaging the cells over five times, 86% of the cells were Nanog+SSEA4+, indicating that a high percentage of cells was
simultaneously positive for both markers. This indicates that these intracellular and surface markers were co-expressed in
these cells.

The IPSC cultures with hypoxia/RI also accumulated undifferentiated cells over 5 passages (34–39), showing no
difference in the percentage of pluripotent cells co-expressing these two markers (Supplementary Figure S5). Unstained
human IPSCs and manufacturer-recommended isotypes were used as controls to set the exclusion gates that generated
these results (Supplementary Figure S6 for passage 34 and Supplementary Figure S7 for passage 39).

Discussion
The synergistic effects of the ROCK inhibitor Y-27632 and 5% oxygen conditions enhanced the viability and pluripo-
tency of single-cell suspensions of human IPSCs. The development of culture methods that allow passaging of single

Figure 1 Schematic illustration of experiment design. Single cells grown under normal physiological oxygen level (20%) with ROCK - Group 1 (ROCK/NORMOXIA) and
without ROCK - Group 2 (No ROCK/NORMOXIA), and single cells maintained under low oxygen tension (5%) with ROCK - Group 3 (ROCK/HYPOXIA) and without
ROCK - Group 4 (No ROCK/HYPOXIA).
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Figure 2 Proliferation of single human IPSCs under different conditions at different time points. (A) No floating cells were observed under hypoxic conditions in the
absence of ROCK inhibitors. (B) Cells adhered poorly after normoxia treatment for 12 h in the absence of ROCK inhibitors. Scale bar = 50 μm. Cellular proliferation was
evaluated using the MTS assay. (C–F) After 12, 48, and 96h, both hypoxia groups were significantly different from the normoxia groups. Data are expressed as mean ± SD
(****P < 0.0001, **P ≤ 0.01, *P < 0.5, one-way ANOVA).
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cells while promoting self-renewal and maximizing yield to suitable numbers is necessary to accelerate stem cell research
as methods of characterization and application require single-cell populations.30 Single-cell passaging leads to an
extreme reduction in cell viability, and inhibiting the ROCK pathway prevents stem cell apoptosis when disturbing
colonies to single cells.31

In this study, both human ESCs and IPSCs showed a one-fold increase in cell numbers after cell culture with ROCK
inhibitors under hypoxia for 72 h. ROCK exerts direct effects on single-cell proliferation in different types of cells.
Nakashima et al32 found that ROCK enhances pancreatic cancer cell proliferation. Horani et al33 also observed enhanced
basal-cell proliferation in cultured human tracheobronchial and mouse tracheal epithelial cells. However, our results showed
that even in the absence of ROCK, hypoxia alone was able to maintain single-cell survival of human IPSCs, suggesting that
hypoxia plays an important role in single-cell viability. Cell yields were also found to be >2-fold higher than that of the NO
ROCK/NORMOXIA group 96 h after seeding, reflecting the effect of low oxygen tension (Figures 4).
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Figure 3 Flow cytometry analysis of pluripotency marker expression in human IPSCs dissociated to single cell suspensions under different conditions at 96h. (A) The
percentage of double-positive cells for both nuclear markers, OCT4/3 and Nanog, was comparable among the groups. (B and C) The same result was observed for the
double-positive cells for nuclear marker Nanog and surface marker SSEA4 as well as the nuclear marker OCT4/3 and surface marker SSEA4. Unstained human IPSCs and
isotopes were used as the controls.
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Increased proliferation rate of stem cell colonies under low oxygen tension has also been observed in several other
primitive populations, including mesenchymal stem cells and neural progenitor cells.34,35 Forristal et al18 demonstrated
that ESCs under 5% oxygen showed increased cell proliferation and attachment to MEFs or feeder-free Matrigel™, and
this is consistent with the results of Ludwig et al7 A previous study found that exposing chondrocytes treated with both
10 µM Y-27632 and 5% oxygen resulted in the deregulation of cell cycle-associated proteins and cellular growth and
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Figure 4 Comparing the proliferation of human IPSCs and ESCs when dissociated to single cell suspensions under different conditions at different time points. (A) Human
ESCs confluent after 96 h under hypoxia with ROCK inhibitor treatment. Scale bar = 50 μm. (B and C) Growth curve of human IPSCs and ESCs cultured as single cells at
different time points under different conditions of Y-27632 treatment and hypoxia. Both cell types showed positive effects with hypoxia and ROCK inhibitors within the first
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proliferation, as well as the development of tissue-like morphology. In addition, increased production of the extracellular
matrix was observed under these conditions.36

There was a noticeable increase in cellular attachment after 12 h in the ROCK/HYPOXIC group (Figure 4B). ROCK
inhibitors are known to increase cellular adhesion, and adding them to Matrigel increases plating efficiency by promoting
ECM–integrin interactions.15 Furthermore, ROCK-treated human ESCs are more difficult to dissociate enzymatically.37

Duś-Szachniewicz et al found enhanced integrin and cadherin expression and attachment to Matrigel and stromal cells of
single lymphoma cell adhesive proteins.36 However, the effect of hypoxia on single-cell adhesion in IPSCs has not been
explored.

To further confirm the self-renewal ability of the cells, we measured glycoprotein markers, Tra1-60, Tra-1-81,
SSEA3, and SSEA4, which are highly associated with self-renewal.1 In this study, hypoxia and ROCK did not affect self-
renewal as the levels of Oct4, Sox2, and Nanog in our culture method were not significantly different from those in the
standard culture method. The positive effect of hypoxia on pluripotency, as observed by maintenance of OCT-4, SOX-2,
and Nanog expression in several studies, has been shown to be regulated by HIF-2α.18,38 In addition, ROCK inhibitors
have been shown to enhance pluripotency. Peerani et al39 and Harb et al40 highlighted the role of ROCK in the
maintenance of human ESC pluripotency. Peerani et al39 also demonstrated that Y-27632 treatment increased Oct4
expression. Furthermore, Harb et al40 found that human ESCs added with Y-27362 to a single synthetic matrix grew
without the need for niche-forming feeder layers or animal-derived matrices.

Further studies are needed to elucidate the signaling pathway underlying the upregulation of self-renewal markers
during cell incubation under low oxygen conditions, such as hypoxia-inducible factor (HIF) genes. Additional investiga-
tions are also required to clarify whether the crosstalk of ROCK inhibition and HIF upregulation has an effect of cell-
survival enhancement in human stem cells.

Conclusions
Our findings support that culturing human IPSCs on Corning Matrigel matrix in mTeSR™1 medium maintained their
stem cell properties at high expansion rates.6 Compared with conventional protocols, this culture method is simple, easy,
and reproducible. Self-renewal assays involving immunocytochemistry, AP, and flow cytometry confirmed our method’s
ability to maintain undifferentiated human IPSCs. The application of hypoxia and ROCK inhibitors enhanced the
proliferation of single human IPSCs without affecting their self-renewal ability. Additionally, single-cell cultures using
human ESCs showed results similar to those of human IPSCs.

This study provides, to the best of our knowledge, the first evidence of the synergistic effect of ROCK inhibition and
hypoxia on expanding viable pluripotent single-cell suspensions of human IPSCs. Further studies are warranted to
determine the underlying mechanisms associated with the combined effect of low oxygen tension and ROCK pathway
inhibition.

Abbreviations
AP, alkaline phosphatase; BSA, bovine serum albumin; BSEL, Biological Systems Engineering Laboratory; ESC,
embryonic stem cell; HESC, human embryonic stem cell; IPSC, induced pluripotent cell; PBS, phosphate-buffered
saline; PerCP, peridinin-chlorophyll-protein; PI, propidium iodide; PSC, pluripotent stem cell.
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