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Clinical and industrial applications require large quantities of human induced pluripotent stem cells (hiPSCs);
however, little is known regarding the mechanisms governing aggregate formation and stability in suspension culture.
To address this, we determined differences in growth processes among hiPSC lines in suspension culture. Using an hiPSC
aggregate suspension culture system, hiPSCs from different lines formed multicellular aggregates classified as large
compact or small loose based on their size and morphology. Time-lapse observation of the growth processes of two
different hiPSC lines revealed that the balance between cell division and the extent of subsequent cell death determined
the final size and morphology of aggregates. Comparison of the cell survival and death of two hiPSC lines showed that
the formation of small, loose aggregates was due to continued cell death during the exponential phase of growth, with
apoptotic cells extruded from growing hiPSC aggregates by the concerted contraction of their neighbors. Western blot
and immunofluorescent staining revealed that aggregate morphology and proliferative ability relied to a considerable
extent upon secretion of the extracellular matrix (ECM). hiPSCs forming large compact and stable aggregates showed
enhanced production of collagen type I in suspension culture at 120 h. Furthermore, these aggregates exhibited higher
expression of E-cadherin and proliferation marker Ki-67 as compared with levels observed in small and loose aggregates
at 120 h. These findings indicated that differences in both aggregate formation and stability in suspension culture

among hiPSC lines were caused by differences in ECM secretion capacity.
© 2018, The Society for Biotechnology, Japan. All rights reserved.
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Human pluripotent stem cells (hPSCs), which include human
embryonic stem cells and human induced pluripotent stem cells
(hiPSCs), exhibit great potential as possible sources of cells for
clinical and industrial applications due to their abilities to self-
renew and differentiate into all cell types (1—3). These applica-
tions require large numbers of high-quality cells; however, the
scalable production of hPSCs and their derivatives at a high density
and under well-defined conditions remains challenging. To develop
alternative cell-production strategies, a technique for hPSC
expansion in three-dimensional (3D) suspension culture was
recently established (4—11). The expansion of hPSCs has been
demonstrated in dynamic suspension culture systems, followed by
stirred-systems, such as spinner flasks and stirred-tank bioreactors
(8—11). The 3D suspension culture of hPSCs results in aggregate
formation, a process that can be controlled by several factors,
including inoculation density, medium composition, and operation
protocol (5,8,11). Although several types of hPSCs have demon-
strated aggregate formation and stability, current approaches offer
little control over parameters associated with the aggregation
process (e.g., aggregate size, shape, and formation kinetics), thereby
limiting optimization of cell expansion and differentiation pro-
cesses and impeding identification of the requisite conditions for
aggregate formation (4,6,11,12). There is growing interest in a better
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understanding of the mechanism of hPSC 3D aggregation, its
impact on cell properties, and its feasibility in the design of culture
processes.

The formation of 3D cellular aggregates is widely accepted as a
dynamic process regulated by differential cellular adhesion, matrix
synthesis, and remodeling (13—19). In contrast to two-dimensional
(2D) culture systems, the formation of 3D aggregates in suspension
culture is primarily mediated by cell-adhesion molecules, such as
cadherin (20). After establishment of cell—cell interactions under
physical forces or by spatial proximity, self-assembly of the 3D
aggregate involves adapted cadherin interactions and/or the
binding of integrin to extracellular matrix (ECM) proteins, enabling
the formation of contacts between cells (20—22). The ECM is syn-
thesized and secreted by cells beginning in the earliest stages of
culture, and it provides structural and biochemical support to
surrounding cells. During the early stage of aggregate formation,
the cell-synthesized ECM (i.e., collagen type I) between cells is
more diffuse, and cadherin-type cell—cell adherent junctions are
the dominant forces behind initial aggregate formation. The ECM
proteins produced in the aggregates not only function as signaling
molecules in cell adhesion but also play a biomechanical role that
influences the force balance and biomechanical signal transduction
between the intracellular cytoskeleton and extracellular microen-
vironment (17,19). Therefore, changes in aggregate morphology
could result from an active internal process, such as rearrangement
of the cytoskeletal system. Additionally, ECM proteins play impor-
tant roles in cell aggregation and influence aggregate stability and

1389-1723/$ — see front matter © 2018, The Society for Biotechnology, Japan. All rights reserved.

https://doi.org/10.1016/].jbiosc.2018.08.010



VoL. 127, 2019

compactness. There remain a number of unresolved questions
regarding the key regulatory mechanisms governing aggregate
formation and stability in dynamic suspension culture. Therefore,
in this study, we investigated differences among hiPSC lines in their
ability to form and maintain aggregates in suspension culture.

MATERIALS AND METHODS

hiPSC maintenance culture  The hiPSC lines 1383D2 (provided by the Center
for iPS Cell Research and Application, Kyoto University, Kyoto, Japan) (23) and Tic
(JCRB1331; provided by the JCRB Cell Bank, Osaka, Japan) were routinely
maintained on polystyrene substrate coated with recombinant laminin-511 E8
fragments (iMatrix-511; Nippi, Inc., Tokyo, Japan) in commercially available
medium (StemFit AKO2N; Ajinomoto Co., Inc., Tokyo, Japan). For subculture, single
cells were seeded with 10 uM Rho-associated, coiled-coil containing protein
kinase (ROCK) inhibitor (Y-27632; Wako Pure Chemical Industries, Osaka, Japan).
The initial seeding was fixed at a viable cell density of 2.5 x 10% cellsjcm?, cells
were incubated at 37°C in a humidified atmosphere with 5% CO,, and medium
was exchanged daily for fresh medium.

Static suspension culture  For 3D suspension culture, cells were subcultured
upon reaching 80%—90% confluence, as described previously (11,12). Briefly, hiPSCs
were treated with 5 mM ethylenediaminetetraacetic acid/phosphate-buffered saline
(PBS) with 10 uM ROCK inhibitor for 7 min at room temperature. Dissociation
reagent (TrypLE Select; Invitrogen, Carlsbad, CA, USA) with 10 uM ROCK inhibitor
was then applied for another 7 min at room temperature. After centrifugation,
single hiPSCs were re-suspended in fresh medium. Viable cells were counted with
a cell counter (TC20; Bio-Rad, Hercules, CA, USA) using the trypan blue exclusion
method. After dissociating hiPSCs into single cells by pipetting, cells were cultured
on 3D culture plates with micro-spaces on the surface (Elplasia; Kuraray Co., Ltd.,
Tokyo, Japan). The hiPSCs in fresh medium with a ROCK inhibitor were seeded
with 2 mL of cell suspension at a concentration of 2.5 x 10° cells/mL/well in order
to produce uniform aggregates (200 cells/aggregate). Beginning on the day
following aggregate formation, the medium was exchanged for fresh medium
every 24 h. Experiments were performed in the presence and absence of 10 uM
ROCK inhibitor, which was added during the first 24 h when used.

Time-lapse live-cell imaging  To monitor the aggregate-growth processes of
hiPSCs in suspension culture, we used a phase-contrast time-lapse observation
incubator (BioStudio-T; Nikon Engineering, Kanagawa, Japan) equipped with a
camera for video imaging. Cultures were observed through a 4x objective lens,
and images were obtained every hour at several positions.

To understand the cell-growth-phase-dependent induction of cell survival or
death within the aggregates, viability was determined using the EasyProbes cell
viability imaging kit (Applied BioProbes, Eugene, OR, USA). Briefly, 2.5 x 10° cells/mL
per well were loaded into 3D culture plates with a glass bottom for high-quality
imaging (Elplasia; Kuraray Co., Ltd.) on experimental day 2 after aggregate forma-
tion. The nuclei of both live and dead cells were then stained according to manu-
facturer protocol, and images were acquired by confocal laser scanning microscopy
(model FV-10i; Olympus, Tokyo, Japan) with a 60x objective lens under a fluores-
cence channel (excitation at 488 and 594 nm) and a phase-contrast channel.

Preparation and staining of frozen sections The procedure used for
immunofluorescent staining of cryostat sections was similar to that described previ-
ously (11,24). Briefly, hiPSC aggregates were fixed with 4% paraformaldehyde (Wako
Pure Chemical Industries) for 10 min at room temperature and then rinsed with PBS.
After fixation, 3D aggregates were transferred to embedding medium (OCT, Tissue-
Tek; Sakura Fine Technical, Tokyo, Japan) and quickly frozen in liquid nitrogen. Cells
were cut into 10-um thick sections using a cryostat (Leica CM1850; Leica, Wetzlar,
Germany) and thaw-mounted onto the pre-coated slides, after which they were
soaked for 4 min in PBS containing 0.25% Triton X-100. After masking nonspecific
proteins via incubation in Block Ace (Dainippon Sumitomo Pharma Co., Ltd., Osaka,
Japan) for 1 h at ambient temperature, cells were incubated with the following
primary antibodies (diluted adequately in PBS containing 10% Block Ace) at 4°C
overnight: anti-collagen I (Abcam, Cambridge, MA, USA), anti-fibronectin (Santa Cruz
Biotechnology, Dallas, TX, USA), anti-laminin o5 (Abcam), anti-E-cadherin (Santa Cruz
Biotechnology), anti-cleaved caspase-3 (Cell Signaling Technology, Beverly, MA, USA),
and anti-Ki67 (Santa Cruz Biotechnology). Cells were washed with Tris-buffered
saline (TBS) and immunolabeled with Alexa Fluor 488-conjugated goat anti-rabbit or
Alexa Fluor 594-conjugated goat anti-mouse IgG (Life Technologies, Grand Island, NY,
USA) for 1 h. Cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; Life
Technologies), and images were obtained using a confocal laser scanning microscope
(model FV-1000; Olympus) with a 60x objective lens and an image analyzer or a 10x
objective lens under fluorescence excitation at 358 nm, 488 nm, and 594 nm.

Protein extraction and western blot analysis Protein extraction and
western blot analysis were conducted using methods similar to those described
previously (25). Total cellular protein was extracted from cells using CelLytic
mammalian cell lysis/extraction reagent (Sigma—Aldrich, St. Louis, MO, USA). Total
protein in conditioned medium was precipitated with trichloroacetic acid at 4°C
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for 30 min, and equal quantities of protein lysates were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes using standard methods. Blots were blocked in 5%
nonfat dry milk in TBS (pH 7.4) before incubation with primary antibodies in 5%
milk/TBS. Blots were rinsed three times and washed four times for 5 min each in
TBS + 0.1% Tween 20. Membranes were blocked in PBS containing 5% milk
powder and 0.05% Tween 20 for 1 h at room temperature and incubated
overnight at 4°C with the anti-collagen I antibody (Abcam). After washing and 1 h
of incubation at room temperature with horseradish peroxidase-conjugated goat
anti-rabbit IgG secondary antibody, immunoreactive proteins were detected with
an enhanced chemiluminescence system (Amersham Bioscience, Piscataway, NJ,
USA). B-Actin was used as a loading control.

Flow cytometry To analyze the expression of surface markers by flow
cytometry, hiPSCs were harvested and processed as described previously (11). Cells
were treated with the Cytofix/Cytoperm permeabilization kit (BD Biosciences, San
Jose, CA, USA) and incubated with primary antibody [mouse monoclonal octamer-
binding transcription factor (OCT)3/4; Santa Cruz Biotechnology] and secondary
antibody (allophycocyanin-conjugated anti-mouse IgG; BD Biosciences). Direct
staining of stage-specific embryonic antigen 4 (SSEA4) was performed using
human/mouse SSEA4 fluorescein (R&D Systems, Minneapolis, MN, USA). Flow
cytometry was performed with a flow cytometer (Sysmex Corporation, Kobe,
Japan), and data were analyzed with commercially available software (FlowLogic,
Inivai Technologies, Mentone, Victoria, Australia).

Quantitative real-time RT-PCR RNA isolation, cDNA synthesis, and
quantitative real-time RT-PCR (qRT-PCR) assays were carried out as described
previously (25). Total RNA was extracted from the cells (RNeasy mini kit; Qiagen,
Hilden, Germany) according to manufacturer instructions. Reverse transcription
was conducted using a SuperScript II reverse transcriptase kit (Takara Bio, Shiga,
Japan), and real-time PCR was performed using SYBR Premix EX Taq (Takara) on a
7300 real-time PCR system (Applied Biosystems, Foster City, CA, USA). Relative
gene expression was normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression in order to obtain the AC; value. All PCR products were
evaluated according to melting curve analysis in order to exclude the possibility of
multiple products or incorrect product size. The primer sequences are provided in
Table S1.

Statistical analysis  All experiments were repeated at least three times to
ensure reproducibility. Data were analyzed for statistical significance using Stu-
dent’s t tests, and a p < 0.05 was considered statistically significant.

RESULTS

Differences in morphological and growth characteristics
among hiPSC lines in suspension culture To investigate the
ability of hiPSC sources to readily aggregate, we cultured two lines
of hiPSCs (1383D2 and Tic) for several passages prior to aggregation
in a 2D maintenance culture system using a single-cell-passaging
method. Both cell lines grew well in monolayer culture and
exhibited similar compact colony morphologies. Flow cytometry
analysis showed that 91%—99% of the cells were positive for stem
cell markers, such as OCT3/4 and SSEA4 (Fig. S1).

To better understand the initiation and progression of aggregate
formation in two different hiPSC lines in suspension, cells were
dissociated into single cells and seeded at a concentration of
1 x 10° cells/mL/well into a micro-space cell-culture plate. A high
percentage of the aggregates within each micro-space in the cell-
culture plate were filled, and the formation of aggregates from
single cells was relatively uniform in size and shape, similar to
previously published reports (4). Each hiPSC lines were observed to
generate uniform, round aggregates with distinct morphologies,
indicating that independent hiPSC lines appeared to exhibit
noticeable effects on aggregate size and morphology at 120 h. Fig. 1
shows the morphological differences between aggregates from the
two different hiPSC lines. We classified the cell lines into two
distinct morphological groups, referred to as large compact and
small loose aggregates. All cells observed in suspension culture
were found to possess aggregation potential; however, there were
significant differences in the aggregation and proliferative capac-
ities of the two hiPSC lines based on the presence or absence of
ROCK inhibitor (10 uM) during the first 24 h. The dissociated
1383D2 cells spontaneously formed aggregates within 24 h and
exhibited proliferative growth by 24 h without the need for the
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FIG. 1. Morphological characterization and growth patterns of two different hiPSC lines (1383D2 and Tic) in suspension culture with or without ROCK inhibitor. ROCK inhibitor was
added to the cultures for the first 24 h to prevent apoptosis after single-cell dissociation. Scale bars: 100 um. See Supplementary Movie S1.

ROCK inhibitor (Movie S1). These aggregates progressively
increased in size and then appeared as compact aggregates after
120 h. By contrast, the dissociated Tic cells died, and no cell ag-
gregates were formed, emphasizing the need for the ROCK inhibitor
to initiate cell growth. When the ROCK inhibitor was added to the
suspension cultures, both hiPSC lines exhibited potentiated survival
following single-cell dissociation, and aggregates formed within
24 h. However, the aggregates formed from these two hiPSC lines
displayed distinct behaviors in the growth phase, followed by cul-
ture under regular growth conditions for the next 94 h. Although
1383D2 cells formed compact aggregates with smooth surfaces in
which individual cells could not be distinguished, Tic cells formed
only loose cellular aggregates in which individual cells remained
clearly identifiable. Therefore, Tic cells formed small loose aggre-
gates with a rough surface. After suspension culture for 120 h, the
average aggregate sizes of 1383D2 and Tic cells were ~310 pm and
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1383D2 cells

00:00:00.000

06:00:00.000

Tic cells

12:05:00.000

~210 um, respectively, with >92% of the cells positive for OCT3/4
according to flow cytometric analysis and exhibiting expression
levels similar to those found in cells grown under 2D monolayer
culture (Fig. S2).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.08.010.

Extended observations by fluorescence microscopy allowed
observation of differential distributions of live and dead cells
within the aggregates. Cells within aggregates actively divided, but
cell death continued after division. Moreover, cells surrounding
apoptotic cells selected for extrusion collectively crawled towards
the outside of the aggregate (Fig. 2 and Movie S2). This action
levered the apoptotic cells out of the aggregates, causing their
extrusion. Comparison of cell viability between the two hiPSC lines
revealed that the large compact aggregates of 1383D2 cells con-
tained fewer apoptotic cells than the small loose aggregates of Tic

18:00:00;000  23:40:00.000

12:05:00.000

FIG. 2. Fluorescent images of dead cells and phase-contrast images showing growing aggregates of two different hiPSC lines (1383D2 and Tic). Cells were grown in medium
supplemented with ROCK inhibitor for the first 24 h after inoculation, and the stained nuclei of both live and dead cells were observed at between 48 h and 72 h of suspension
culture. The green fluorescent signal corresponds to dead cells. Scale bars: 100 pm. See Supplementary Movie S2.
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cells. In the large compact aggregates of 1383D2 cells, cell death
occurred at the aggregate periphery, whereas in the small loose
aggregates of Tic cells, dead cells were prominently distributed
throughout the aggregate. These apoptotic cells were efficiently
removed by neighboring cells, and were, therefore, mostly found at
the outermost edges of the aggregates.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.08.010.

Characterization of gene-expression patterns among hiPSCs
in suspension culture To evaluate gene expression caused by
growth differences between hiPSC lines in suspension culture, we
analyzed caspase-3 (an apoptosis-related gene) and survivin (an
anti-apoptotic gene). Caspase-3 expression gradually decreased
over time, whereas the survivin expression increased over time
(Fig. S3). At 24 h, survivin exhibited higher expression, and
caspase-3 exhibited lower expression in large compact aggregates
of 1383D2 cells as compared with their levels in small loose
aggregates of Tic cells. When comparing expression differences
between hiPSC lines at the end of culture of 120 h, survivin
expression in large compact aggregates of 1383D2 cells was 1.3-
fold higher than that in small loose aggregates of Tic cells;
however, no significant differences were observed between the
expression levels of caspase-3 in the two hiPSC lines.

To determine whether the expression pattern of apoptosis-
related genes was similar to or different from that of cell-
adhesion molecules and ECM-related components, we assessed
the expression of two cell-adhesion molecules (E-cadherin and
integrin f1) and three ECM-component transcripts [collagen type I
(COL1A1), fibronectin (FN1), and laminin (LAMAS5)]. E-cadherin and

Collagen | / Nuclei

1383D2 cells

Tic cells

Fibronectin / Nuclei
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integrin B1 expression was observed in 1383D2 cells within 24 h of
culture, followed by a period of steady expression that continued
for 120 h, whereas their expression in Tic cells was significantly
higher at all time points relative to 1383D2 cells, although their
levels did not change significantly over time. A different expression
pattern of ECM components was observed between hiPSC lines. In
1383D2 cells forming large compact aggregates, COL1A1 expression
increased significantly by 24 h and gradually increased over time,
with COL1A1 expression 1383D2 cells 1.2-fold higher than that in
Tic cells at 120 h. By contrast, FN1 expression increased signifi-
cantly in Tic cells over time and was 1.4-fold higher than that in
1383D2 cells at 120 h. However, no significant differences were
observed in LAMAS expression between the two hiPSC lines by
72 h, although its expression changed significantly at 120 h.

Spatiotemporal localization of ECM components and E-
cadherin within hiPSC aggregates To gain insight into the
differential behaviors of hiPSC lines with respect to aggregate for-
mation, we prepared histological sections of aggregates. We
investigated the ECM components produced by the cells forming
the aggregates in order to evaluate correlations between aggregate
formation and ECM production in cultures treated with ROCK in-
hibitor for the first 24 h. The expression and presence of collagen I,
fibronectin, and laminin a5 in aggregates were assessed by im-
munostaining and western blot analysis at the culture endpoint
(120 h). In 1383D2 cells, which form large compact aggregates, two
distinct areas were identified within the stained sections. Cells in
the outer layer were more tightly packed than those within the core
(Fig. 3). Consequently, the cell nuclei in the core were more
spherical than those at the outer edge, and we observed a

aminin a5/ Nuclei

1383D2cells Ticcells

Collagen |
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pB-actin
(45 kDa)

- . |

FIG. 3. Characterization of ECM production in aggregates of two different hiPSC lines (1383D2 and Tic) cultured in suspension. Cells were grown in medium supplemented with

ROCK inhibitor for the first 24 h after inoculation. (A) Representative immunofluorescence staining of hiPSC aggregate structures of 1383D2 (a—

f) and Tic (g—1) cells after growth for

120 h in suspension culture using antibodies against collagen I, fibronectin, and laminin 5. Cell nuclei were stained with DAPI (red). Scale bars: 100 pm. (B) Western blot of collagen

I in two hiPSC lines in static suspension culture at 120 h.
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uniform distribution of fibronectin and laminin a5 expression, with
interspersed regions of collagen I deposition throughout the
compact aggregates. Compared with expression levels in 1383D2
cells, all ECM components were weakly expressed in Tic cells. In
particular, collagen I was more highly expressed in 1383D2 cells
forming compact aggregates than in those forming loose
aggregates. These findings indicated that hiPSCs forming large
compact aggregates exhibited a greater capacity to secrete
collagen I in suspension culture.

Subsequently, immunostaining for E-cadherin and collagen |
showed notable differences in their expression patterns that were
hiPSC-line-dependent. In 1383D2 cells, which form large compact
aggregates, E-cadherin was expressed by densely packed cells in
the center of the aggregate at an early time point (24 h), and its
expression continued to increase until the end of culture (120 h)
(Fig. 4). Similarly, collagen I was expressed in the central regions of
the aggregates at 24 h, and strong staining was detected
throughout the aggregate at 120 h. When E-cadherin localization
was compared with that of collagen I inside of these aggregates, E-
cadherin was predominantly expressed in all cells and could be
observed as a continuous line present at the boundaries between

J. Biosci. Bioen.,

neighboring cells throughout the entire aggregate. The distribution
of collagen I in the aggregate was similar to the positive distribution
represented by E-cadherin staining. By contrast, the small loose
aggregates of Tic cells exhibited weaker collagen I and E-cadherin
expression throughout the aggregate during culture.

Spatiotemporal localization of Ki-67 and cleaved caspase-3
within hiPSC aggregates To assess the consequences of hiPSC
aggregate formation, we used immunostaining to determine the
expression of Ki-67 (a marker of proliferation) and cleaved caspase-
3 (an apoptotic cell marker). In 1383D2 cells forming large compact
aggregates, Ki-67 was detected throughout the cell aggregates at
24 h, and fluorescence was markedly increased at 120 h (Fig. 5).
There were very few cleaved caspase 3-positive cells in the
peripheral region at 24 h, with these almost completely
disappearing at 120 h. Comparison of the central and peripheral
regions of the loose aggregates of Tic cells revealed that Ki-67-
positive cells were only detected in densely packed cells in the
center of the aggregate, whereas cleaved caspase-3 appeared
randomly distributed throughout the aggregate, with no
clustering in specific areas. These results indicated the presence

Collagen | / Nuclei

1383D2 cells

E-cadherin / Nuclei

Tic cells
Collagen | / Nuclei

E-cadherin / Nuclei

120 h

FIG. 4. Localization of collagen I and E-cadherin in aggregates from two different hiPSC lines (1383D2 and Tic) in suspension cultures. Cells were grown in medium supplemented
with ROCK-inhibitor for the first 24 h after inoculation. Cryosections of hiPSC aggregates of 1383D2 (a—h) and Tic (i—p) cells were immunostained with E-cadherin (green) and

collagen I (green). Cell nuclei were stained with DAPI (red). Scale bars: 100 um.
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24 h

Ki-67 Ki-67 / Nuclei

1383D2 cells

Tic cells

B 24 h

120 h

Ki-67 / Nuclei

CAPS-3 CAPS-3/Nuclei

1383D2 cells

Tic cells

CAPS-3

FIG. 5. Localization of Ki-67 and cleaved caspase-3 (CAPS-3) in aggregates from two different hiPSC lines (1383D2 and Tic) in suspension cultures. Cells were grown in medium
supplemented with ROCK inhibitor for the first 24 h after inoculation. (A) Immunofluorescence staining of Ki-67 (green) in hiPSC aggregate cryosections of 1383D2 (a—d) and Tic
(e—h) cells at 24 h and 120 h. Cell nuclei were stained with DAPI (red). (B) Immunofluorescence staining of cleaved caspase-3 (green) in hiPSC aggregate cryosections 1383D2 (a—d)
and Tic (e—h) cells at 24 h and 120 h. Cell nuclei were stained with DAPI (red). Arrows indicate cleaved caspase-3-positive cells. Scale bars: 100 pm.

of spatial and temporal differences in the localization of cell
proliferation and apoptosis between different types of hiPSC
aggregates in suspension culture.

DISCUSSION

A key aspect of the scaling-up of an aggregate-based culture
system is the formation and stability of the aggregates. Many in-
vestigators noted fluctuations in aggregate magnitude and fre-
quency in 3D suspension culture, and aggregate characteristics are
dependent upon the cell line being used, as well as the composition
of the medium and agitation rate, the latter of which plays the most

important role in aggregation size (4,11,12). We previously
described significant differences in aggregate morphology and
growth capacity among hiPSC lines in 3D suspension culture, even
when inter-line differences in 2D culture were not significant. A
crucial question in this context is why only certain cell lines appear
to aggregate readily in suspension culture, whereas others do not.
To elucidate the mechanism underlying the initiation and pro-
gression of aggregate formation, we clarified whether the capacity
to form cell—cell interactions affected the extent of cell aggregation
in the absence of ROCK inhibitor and, if so, to study the differences
between hiPSC lines in terms of aggregate formation and stability
separate from the effects of the ROCK inhibitor. When cultured in
suspension, hiPSCs from different lines formed multicellular
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aggregates that could be classified as large compact or small loose
aggregates based on the size and morphology of the aggregates.
Although no difference in the initiation of aggregate formation was
observed between the lines when ROCK inhibitor was present for
the first 24 h, different capacities for aggregation were observed in
the absence of ROCK inhibitor. The two hiPSC lines exhibited
different capacities for aggregate formation, with 1383D2 cells
forming large compact aggregates and Tic cells forming small loose
aggregates that did not undergo compaction (Fig. 1 and Movie S1).
Dissociated 1383D2 cells spontaneously formed aggregates within
24 h and exhibited proliferative growth by 24 h without the need
for the addition of ROCK inhibitor. By contrast, dissociated Tic cells
died, and no cell aggregates were formed, emphasizing the need for
the addition of ROCK inhibitor for the initiation of cell growth. This
indicated that differences between cell lines in cell-aggregation
capacity in suspension affected certain aspects of cell viability.
The phenomenon of aggregate formation comprises mechanical
stretching and compression between adjacent cells and requires
active contraction of the actin cytoskeleton tethered to intercellular
cadherin contacts (18,26). Cell—cell contact mediated by cadherins
provides an escape pathway for the avoidance of apoptosis and
secondarily facilitates cell growth in the absence of integrin-
generated signals in suspension culture (19,21). These findings
indicate that cell-aggregation capacity associated with E-cadherin-
mediated cell—cell contacts in single-cell suspension enhances the
capacity for building an ECM environment within the aggregate.

Differences in aggregate-forming process between hiPSC lines

Attaching phase

Cell-cell interaction

Compact
cell aggregation

Extrusion of
dead cells

High capacity
@@ @ / Secretion of collagen type |
OI0I® throughout aggregate
29 © ECM secretion
© @@ Dead cell
hiPSCs

Low capgcity

Extrusion of
dead cells

Secretion of collagen type |

at aggregate center

Growth phase

Cell-substrate interaction
Collagen type |

Proliferative cell
(Ki-67-positive cell)
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Furthermore, we clarified whether cell-secreted ECM affected
the survival and proliferative ability of hiPSCs in the presence of
ROCK inhibitor. Comparison of cell survival and death between the
two hiPSC lines showed that the small loose aggregates resulted
from continued cell death during the growth phase, with apoptotic
cells extruded from the growing aggregate by the concerted
contraction of their neighbors (Fig. 2 and Movie S2). This process
involves a novel mechanism in which apoptotic cells signal their
immediate neighbors to reorganize their actin cytoskeleton and
actively extrude the dying cells (26). By removing the dying cells
and repairing the resulting gaps, the extrusion process maintains
the size and morphology of the aggregates. Additionally, the loca-
tion of proliferating cells within an aggregate mainly differs with
regard to ECM location. Previous studies reported that collagen I
plays a fundamental role in cell adhesion and aggregate formation
in hiPSC suspension culture (4,11). In the present study, we
demonstrated a strong positive correlation between collagen I
expression and that of Ki-67 in hiPSC suspension culture. In 1383D2
cells, which formed large compact aggregates, collagen I was
expressed by cells in the central regions throughout the aggregates
at an early time point (24 h) and was highly expressed throughout
the aggregate at the end of the culture period (120 h) (Fig. 3). The
distributions of collagen I and Ki-67 in the aggregates were similar
to that of E-cadherin (Figs. 4 and 5). However, in Tic cells forming
loose aggregates that did not undergo compaction, the small
number of cells expressing Ki-67 in the central regions of the

Stationary phase

growth

Cell survival after division
by cell-EMC adhesion

(Caspase-3-positive cell)

growth

-

Cell death after division
induced by lack of appropriate cell-EMC adhesion

FIG. 6. Schematic showing the proposed mechanism by which cell-derived ECM acts as a key regulator of aggregate formation and stability in single-cell-inoculated suspension
culture. Two hiPSC lines showed distinct morphologies and growth characteristics, indicating that ROCK inhibitor is important for the survival of the initial single hiPSCs and growth
after forming hiPSC aggregates. The upper images show the sequence of events leading to aggregate formation in static and dynamic suspension culture. Survival and proliferation
of hiPSCs can be achieved by utilizing either the cell-ECM-interaction-mediated integrin pathway or the cell—cell interaction-mediated E-cadherin pathway. This suggests that (i)
cell-derived ECM enhances cell viability and aggregate growth, consequently resulting in increased cell survival, and (ii) the capacity for ECM production of single hiPSCs is generally
supported by treatment with ROCK inhibitor, ultimately resulting in cell expansion in suspension culture.
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aggregates led us to conclude that ECM-secreting cells exhibit
higher proliferative capacity. These observations indicated that
differences in shape and the internal arrangement of cells between
the two types of aggregates stem from differences in the expression
of ECM components, with cells forming more extended contacts
ultimately being deformed by them and consequently resulting in
their aggregates becoming more compact. This hypothesis suggests
that the capacity to form cell—cell interactions leads to differences
in the extent of cell aggregation, as well as aggregate formation and
stability.

Here, we propose a model for the mechanism underlying the
differences among hiPSC lines in suspension culture based on the
results obtained in this study and in previous studies (Fig. 6). Two
main conclusions can be drawn from our results. First, when hiPSCs
are grown in suspension culture, cells spontaneously undergo
aggregate formation or cell death. Second, a greater capacity for
cells to aggregate promotes cell survival and proliferative ability.
This leads to the question of whether a relationship exists between
reduced cell—cell adhesion after cell dissociation and the capacity
of the cell to secrete the ECM components necessary for the for-
mation of cell-substrate adhesions. The process of hPSC aggregate
formation, typically via the self-aggregation of singularized cells, is
a critical initial step for cell growth in suspension culture (26—29).
Cell—cell and cell-substrate interactions regulate Rho family
signaling, and enzyme treatment induces irreversible cell—cell and
cell—substrate interactions in hPSCs. As a result, dissociating hPSCs
into single cells leads to Abr-dependent RhoA and ROCK activation,
followed by downstream actomyosin hyperactivation and
apoptosis (30). Several studies revealed that cell survival depends
upon a constant supply of survival signals provided by neighboring
cells and the ECM (26,28). The ECM plays a role in the complex
interplay of growth-regulatory pathways, for example by promot-
ing survival and proliferation in suspension cultures of hPSCs,
which is mediated through the phosphoinositide 3-kinase/AKT
pathway (31). Furthermore, cell—cell interactions are made
through integrin—ECM bridges or cadherin-mediated interactions
depending on the cell type, with the subsequent cell-mediated
contractility producing compact 3D aggregates (14,15). Once ag-
gregates have formed, the ECM-secreting and -remodeling activ-
ities of hiPSCs are necessary to maintain cohesion (18). The
compressive strength and size of an aggregate gradually increase
over time due to the cell-derived ECM, although it appears that cells
lose their capacity to interact with surrounding collagen fibers,
thereby losing the traction forces necessary to change shape (19).
These results suggest that the phenotypic differences among
various hiPSC lines are related to the ECM-secreting capacity in the
resulting hiPSCs, which continues to affect cell survival and growth
capacity. These differences might stem from differences in the
relative adhesiveness of different cell types for each other or in the
ability and kinetics of ECM production, which helps stabilize the
aggregates after their initial formation. The balance between cell
division and subsequent cell death determines the final size and
morphology of the aggregates. It is likely that the capacity of hPSCs
to secrete ECM proteins prevents cell death via apoptosis due to the
lack of integrin-mediated survival signals, thereby promoting their
survival (30,31). The different morphologies of the aggregates can
be attributed to the ECM, which is involved in regulating the shape
and movement of cells by acting on stress fibers. These differences
might be due to changes in matrix stiffness or porosity that are
transduced into the cells via integrin and focal-adhesion signaling,
consequently affecting processes, such as signaling responses and
gene expression (19,21). Our comparison of the aggregate-
formation process in different hiPSC lines and culture conditions
supports the view that ECM secretion faithfully enhances cell sur-
vival and stable aggregate formation and establishes an aggregate
thatis robust to cell expansion in suspension culture. Therefore, our
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results provide insight into the variability observed between cell
lines and enable general conclusions regarding the functional
similarities between hiPSC lines in suspension culture.

In conclusion, we demonstrated that the cell-secreted ECM
plays a key role in cell aggregation, spherical aggregate formation,
and cohesion in suspension culture systems. Differences in cell-
aggregation capacity and ECM secretory capacity exist between
hiPSC lines and lead to important differences in the initiation and
progression of aggregate formation. For generating large compact
aggregates, the cell-adhesive capacity and ECM-secreting and
-remodeling activities of hiPSCs in suspension culture are necessary
and undergo further upregulation upon aggregate formation and
survival in suspension culture. Therefore, an understanding of the
major differences between hiPSC lines in terms of aggregate for-
mation and stability is essential to ensure optimal growth in sus-
pension culture. We anticipate that approaches using cell-derived
ECM will fuel the development of 3D cellular constructs, ultimately
leading to large-scale expansion culture processes.

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.08.010.
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