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Elucidation of human induced pluripotent stem cell behaviors in colonies based
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Maintaining the homogeneity of a stem cell population is one of the challenges in bioprocessing prior to therapeutic
applications of stem cells. Concerning human induced pluripotent stem cell (hiPSC) colonies cultured on feeder cells,
cells at the peripheral region of the colony were found to have a higher average movement rate than cells at the central
region of the colony. This spatial difference in average movement rate might lead to spatial heterogeneity of cell fate
decision in the colony. We have developed a kinetic model to clarify the origin of this phenomenon which was difficult
to understand by in vitro studies alone. Using a kinetic model based on a cellular automaton, we described fundamental
cell behaviors including cell division, contact inhibition, cell migration, cellecell connections, and cellesubstrate con-
nections. With all parameter values estimated from experimental data, the appropriateness of our kinetic model was
indicated by good agreement between simulated and experimental data. Using the kinetic model, the average cell
movement rate in a colony became homogenous after cell division stopped, implying that cell division was the main
cause of the observed spatial heterogeneity. The result also showed a directly proportional relationship between the
frequency of cell pushing and cell movement rate in the colony, confirming the role of cell division. Our kinetic model is
expected to be useful for studying behaviors of hiPSCs and proposing good strategies to improve hiPSC bioprocessing.
� 2018, The Society for Biotechnology, Japan. All rights reserved.
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For decades, stem cells have been used in regenerative medicine
and drug screening due to their capabilities of self-renewal and
differentiation into various cell types. However, there are still many
challenges in stem cell processing that need to be overcome prior to
their routine therapeutic application. One such challenge is that the
heterogeneity of propagated stem cell populationsmakes it difficult
to control the quality of the final products. Many efforts have been
made to maintain the homogeneity of stem cell populations in
culture by developing new cell culture platforms, extracellular
components, or maintenance methods (1e3). Understanding the
mechanism as well the origin of the heterogeneity in a cell popu-
lation is the core issue. Some research groups have focused on the
heterogeneity of stem cell colonies or aggregationwhere positional
heterogeneity of the cell state was observed (4e6).

For more efficient cell manufacturing processes, there is a need
to apply computer analyses instead of only relying on the empirical
knowledge of professionals. Computational modeling can be used
to manage processes non-invasively, control product quality,
elucidate the mechanism of the phenomenon of interest, and pre-
dict the outcome. The strengths of computational modeling are that
it is high-speed, economical, and able to easily satisfy many
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conditions that are impossible to be realized in reality. In many
cases, computational modeling has been successfully used to pre-
dict stem cell fate as well provide insights into the mechanism
underlying some processes. To the best of our knowledge, the first
model of stem cells was published in 1963 which described the
proliferation of hematopoietic stem cells during the growth of
spleen colonies (7). In the context of stem cell biology, almost all
models focus on cell self-renewal, cell-fate specification, and
cellular reprogramming in the case of hiPSCs (8e10). Generally,
stem cell models can be divided into two groups: continuum
models and cell-based models. Continuum models are usually
developed from ordinary or partial differential equations that
simulate the average of the whole cell population rather than in-
dividual cells. A coarse-scaled continuous model is suitable for
understanding the stability and general qualitative features of the
cell population. In contrast, cell-based models, including on-lattice
models such as cellular automata (CA) and off-lattice models,
simulate the multicellular system at the single-cell level, and
therefore, are more appropriate for quantitative analysis and
describing the heterogeneity of a cell population.

With the goal of developing a module-based simulator, we can
describe various cell types by selecting suitable modules among
previously developed ones. Our modules described not only cell
behaviors but also culture manipulation and the culture environ-
ment such as seeding and medium change conditions. Combining
all necessary modules, we were able to express processes and
phenomena in cell culture and tissue construction, then analyze
All rights reserved.
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aspects of biology and biophysical chemistry computationally.
Previously, our group successfully developed models for culturing
keratinocytes, chondrocytes, and skeletal muscle myoblasts
(11e13). With a CA approach, we modeled behaviors of a single cell
and analyzed conditions at higher levels such as in a culture vessel.
By executing numerical simulations, we were able to optimize
culture conditions for the effective expansion of those cells. We
investigated the influence of inoculum size on the growth of ker-
atinocytes by considering the cell placement and contact inhibition
(11). Furthermore, when extended to three-dimensional culture of
chondrocytes embedded in the collagen gel by considering oxygen
transfer, our model supported the understanding of spatial distri-
bution of cells in a gel as well as the extents of oxygen supply (12).
Most recently, by describing the cell migration on culture surface,
the adverse effect of non-uniform cell seeding on the growth of
skeletal muscle myoblasts was described (13).

Our recent interest is the behavior of hiPSCs in colonies cultured
on feeder cell layers. We observed heterogeneity in the cell
movement rate of cells within a colony: the average cell movement
rate at the peripheral region of the colony was higher than that at
the central region of the colony (14). Therefore, we used compu-
tational modeling to understand what caused this heterogeneity in
the colony which was difficult to clarify by in vitro study alone.
Compared to our previous studies, here we further develop the
model to describe the balance between cell migration, cell-cell
connections, and cell-substrate connections that is important in
hiPSC behaviors. Our developed model is expected to be useful for
studying behaviors of hiPSCs in colonies and gives us good strategy
to maintain the homogeneous state of hiPSCs that is crucial in stem
cell processing.

MATERIALS AND METHODS

In silico colony seeding We used a two-dimensional CA which consists an
array of cubes having a finite number of states and can change their states at each
time step according to our developed rules. The simulation was initiated by
seeding single or multiple colonies depending on the purpose of the experiment.
In this seeding process, the adhesion time and lag time were assumed to be
negligible and the attachment ratio was assumed to be one. Other assumptions
were indicated in our previous publication (13). The flow of numerical simulation
is shown in Fig. S1. After seeding, simulations were run with four cell behaviors
followed by the increase of t by a time step Dt of 0.1 h.

In silico rules of cell connection Cells form cell-cell connections with other
cells or cell-substrate connections with the substrate through cadherin- and
integrin-mediated interactions. In this model, we focused on the energy that a cell
utilizes to form cell-cell and cell-substrate connections. Cell-cell and cell-substrate
connection energies are defined as Ecc and Ecs, respectively. When a cell makes a
connection with another cell or the substrate cube, the distance between them
should be small. In this model, when the distance between the center of a cell or
substrate unit cube and that of the target cell cube was not more than
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unit cube could make a connection with the target cell. When a pair of cells i and
j made a connection, the connection energy between them was given by
Ecc ¼ min (Ecc;i , Ecc;j). The connection energy between cell c and the substrate is
given by Ecs ¼ Ecs;c.

In silico rules of cell migration In vivo and in vitro cell migration is a
complex process involving drastic changes in the cellular cytoskeleton and the
continuous breaking and formation of cell interactions. In this model, the migration
process was simplified where a cell uses energy to break and form cell-cell and cell-
substrate connections immediately and the remaining energy will be used for
migration. Cells can migrate in one of eight distinct directions (Nd ¼ 8) denoted
by the variable dir, which are assigned from north (dir ¼ 0) to northwest (dir ¼ 7)
in a clockwise manner. For each time step, a cell migrates to one of the eight
nearest neighbor (NN) cubes on substrates or stays within the current cube. To
describe the migration of cell c in the direction dir with the rate of Vm;c , first the
cell migrates to the NN cube located in the direction dir of the current cube, then
the variable tm;c , a waiting time for the next migration, is updated as tm;c ¼
l,V�1

m;c , where l is the migration distance given by l ¼ lc when dir is even or
ffiffiffi
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when dir is odd. The waiting time tm;c decreases by Dt for each time step. If the
waiting time is maintained (tm;c > 0), then this cell does not actively migrate, but
can be passively exchangedwith the NN cells whosewaiting times are less than zero.

When the waiting time of cell c becomes less than or equal to zero (tm;c � 0), the
direction dir and the rate Vm;c of migration are determined by the following rules.
First, the direction dir is determined stochastically based on the probability Prm;dir.
This probability is basically given by the normalized quantity pm;dir which is pro-
portional to (i) the term relating to the connection energy between the target cell
cube and the other cell and/or substrate cubes reduced by the migration (Rm;dir), (ii)
the weight for randomly selecting a space (Udir) as described previously (11), and
(iii) the possibility of displacement (Hm;dir ¼ 0 or 1).

We defined a weight for occurrence of migration to the direction dir as follows:

Rm;dir ¼ 1� EB;dir
EA

(1)

where EA and EB;dir are the total connection energy formed by the cell of interest
before migration and the total reducing connection energy due to migration to the
direction dir, respectively. EA is defined by the following equation:

EA ¼
XNnn�1

dir¼0

Ec;dir (2)

where Ec is either Ecc or Ecs, Nnn is the number of NN cubes (Nnn ¼ 13 in 2D culture
(Fig. S2)).

EB;dir is defined as the equation below and must not exceed the maximum
migration energy Emax.

EB;dir ¼
XNnn�1

dir¼0

DEðd; dirÞ (3)

whereDEðd; dirÞ is the reduced amount of connection energy between the target cell
and the nearest neighbor cubes when the target cell moves in the direction dir.

The cells cannot migrate to a position where the cell cannot make any con-
nections with other cells or the substrate. In other words, the migration can occur
when there is at least one other cell or substrate cube with which the target cell can
make a connection in new destination. If this condition is violated, migration does
not occur. In this case, we defined the possibility of displacement to be zero:
Hm;dir ¼ 0. Otherwise, Hm;dir ¼ 1 is given.

In a case when there are no other cells neighboring a target cell, and thus the
migration cannot be executed by replacing the positions with a cell in the vicinity,
the probability for selecting dir as the direction of migration pm;dir is given by

pm;dir ¼ Rm;dir Udir Hm;dirPNd�1

dir’ ¼0

�
Rm;dir0 Udir0 Hm;dir0

� (4)

In a case when the denominator becomes zero, we did not calculate the prob-
ability because the target cell cannot migrate in any direction.

In general cases, including a case executing the replacement of the positions
with a cell in a neighboring target cell, the probability for selecting dir as the di-
rection of migration is given by

Prm;dir ¼

�
pm;dir
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where ðpm;dirÞT represents the probability that the target cell selects dir as the di-
rection of migration as if there are no other neighboring cells, and ðp

m; edirÞD repre-

sents the probability that another cell exists at the destination selects the direction

opposite to dir (designated as fdir). If there is no other cell at the destination, thenwe
substitute 1 for ðp

m; edirÞD. In this case, we have Prm;dir ¼ pm;dir .

When the cell migrates in the direction dir, the total reducing connection energy
EB;dir is subtracted from the maximum energy that can be used for the migration
(Emax). The remaining energy is used for the migration:

1
2
mcV2

m;c ¼ Emax � EB (6)

where Vm;c andmc are the cell migration rate and themass of cell c, respectively, and

Emax ¼ 1
2
mcV2

m;free (7)

is given, where Vm;free represents the migration rate when no connection is broken.
Using the two equations above, we obtained the following relationship:

Vm;c ¼ Vm;free
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� EB=Emax

p
¼ Vm;free

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� iεcc � jεcs

p
(8)

where εcc ðεcc ¼ Ecc=EmaxÞ and εcs ðεcs ¼ Ecs=EmaxÞ are ratio of energy for cell-cell
and cell-substrate connection in maximum energy, and i and j are the number of
broken cell-cell and cell-substrate connections, respectively.

In silico rules of cell division After sufficient preparation of geneticmaterial
and mass in each cell cycle, a proliferating cell divides into two identical daughter
cells that continue to grow to their full size. Here, we describe only the duplication of
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one mother cell into two identical daughter cells and ignore the change in cell size.
Proliferating cells divide every generation time tg which is a stochastic variable given
randomly from ½0:9tg ; 1:1tg � (uniformdistribution) at thebeginningof each cell cycle.
The parameter tg is themean generation time and is estimated by lnð2Þ=mp, where mp
is a specific growth rate of cell culture. Each cell has a waiting time for the next di-
vision td;c which equals tg at the time of cell birth and is decreased byDt for each time
step. When the waiting time is less than or equal to zero and there is at least one
vacant NN cube, this cell can divide and update td;c as td;c ¼ td;c þ tg. During cell
division, the mother cell puts its daughter cell on one of the vacant NN cubes sto-
chastically as described previously (11). If there is no vacant NN cube, themother cell
first selects one of the vacant cubes closest to it, then one of the NN cells of the
selected vacant cube is moved to that cube. The procedure is repeated until the
mother cell has a vacant NN cube in which to place the daughter cell.

In silico rules of cell quiescence Due to contact inhibition of cell division,
cells cannot divide and become quiescent. We assumed that whenever a cell is
surrounded by other cells and there is no vacant space in the distance Nc from the
center of it, this cell enters a quiescent state. If the cell is in the quiescent state, the
waiting time for the next division does not decrease for each time step. Whenever a
vacant space appears at the distance Nc from the center of a quiescent cell, this
quiescent cell returns to a non-quiescent proliferative cell state at the next time step.

In silico culture of hiPSCs In silico culture was executed in the LabVIEW
(National Instruments Corp., Austin, Texas, USA) environment on the commercially
available workstation (Precision T7500 workstation, Dell Inc., Round Rock, Texas,
USA).

In vitro culture of hiPSCs hiPSCs (clone Tic, JCRB1331) were maintained in
55-cm2 dishes (Corning Costar, Cambridge, MA, USA) with feeder cells SNL 76/7
(European Collection of Cell Cultures, Salisbury, UK) or mouse embryonic fibroblasts
(MEFs) (ReproCELL Inc., Tokyo, Japan) on 0.1% gelatin-coated surfaces at 37�C, 5%
CO2. The medium ReproStem (ReproCELL Inc.) containing 5 ng/mL basic fibroblast
growth factor was used. hiPSCs were subcultured every 5 days. More details about
in vitro culture are mentioned in our previous paper (14).

Analysis of movement rate of hiPSCs in colony We analyzed cell move-
ment rates of individual cells in a colony, which was calculated by the displacement
of a cell divided by the duration of the movement time as shown in the following
equation:

Vc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðXt e Xt�dt Þ2 þ ðYt e Yt�dtÞ2

q
dt

lc (9)

where ðXt ;YtÞ and ðXt�dt ;Yt�dtÞ are coordinates of a cell at culture time t h and
ðt � dtÞ h; lc is the length of the unit cube.

For in vitro cell tracking, cell nuclei were stained with Hoechst 33342 (Thermo
Fisher Scientific, Waltham, MA, USA) and live images were captured every 30 min
during the culture for 6 h (14). Depending on the purpose of the experiment, t and dt
were determined as different values. t and dt were determined to be 54 h and 6 h,
respectively, as was used in our previous paper (14) to estimate cell migration-
related parameters. The average movement rate against the distance from the
center of the colony VR was calculated by taking an average of cell movement rate Vc

of all cells at every 100 mm from the center of the colony at t ¼ 50 h, 90 h, 128 h, and
dt ¼ 6 h. Average cell movement rate VM is the average of cell movement rate Vc of all
cells at the central and peripheral regions of the colony, which were determined as
the 4 inner- and outermost cell layers of the colony, respectively. It was estimated at
t ¼ 72 h, 96 h, 120 h, 144 h, and dt ¼ 24 h to investigate the relationship between
pushing frequency and average cell movement rate.

Analysis of cell movement rate toward the outside of colony, Vc cos q At
t ¼ 48 h, the central and peripheral regions of the colony were determined as the 4
inner- and outermost cell layers of the colony, respectively. Cells at the central and
peripheral regions of the colony were analyzed to determine their movement rate
toward the outside of colony, Vc cos q, from t ¼ 48 h to t ¼ 54 h. Angle q was
determined by 180� � dOAcBc where O is the center of the colony, Ac and Bc are
positions of cell c at t ¼ 48 h and t ¼ 54 h, respectively. A negative Vc cos q indicated
an inward movement to the center of colony. Non-negative values indicated
outward movement to the outside of colony. Frequencies of cells with different
value ranges of Vc cos q in three single in silico colonies were analyzed.

Tracking cell movement in silico At t ¼ 24 h, three cells at the central region
and at the edge of colony cultured onMEF feeder cells were tracked every 30min for
120 h. Tracked cells at the central region and edge of the colony were marked in
yellow and red, respectively. Other cells in the colony were marked in blue. The
pushed cells that led to the movement of tracked cells were marked in green. Cell
tracking was processed by ImageJ software.

Calculation of average frequency of being pushed Average frequency of
being pushed is the average of the frequency that one cell at the central or peripheral
region of the colony was pushed out due to the division of other cells. The frequency
of one cell being pushed Pc (times/h) was calculated by the following equation:

Pc ¼ Times being pushed fromðt � dtÞ to t
dt

(10)

where t ¼ 72 h, 96 h, 120 h, 144 h, dt ¼ 24 h.
Least-squares method The least-squares method was used to find the best
fit value of the contact inhibition-related parameter Nc and migration-related
parameters Vm;free, εcc, and εcs.

Statistical analysis ManneWhitney U test was used to validate simulated
results of colony size distribution in the culture vessel against experimental data at
24 h and 120 h after seeding at a significance level of 0.05 (number of colonies:
n > 50).

RESULTS

Estimation of model parameter values Before executing a
simulation to express culture profiles as well as to elucidate cell
behaviors in a colony, all parameter values need to be estimated.
The length of a side of the unit cube lc was estimated as the square
root of the averaged cell area Ac which equaled 329 mm2 and
426 mm2 in cultures of hiPSCs on SNL and MEF feeder cells,
respectively, as estimated from independent experiments. There-
fore, the unit cube length was estimated to be 18.1 mm and 20.6 mm
in culture on SNL and MEF feeder cells, respectively.

Mean generation time was calculated by lnð2Þ divided by the
specific growth rate of hiPSCs in culture. Themean generation time,
tg, of hiPSCs in culture on SNL and MEF feeder cells was estimated
to be 15.8 h and 21.5 h, respectively.

The following four parameters were estimated by fitting to
experimental data using the least-squares method: number of cell
layers for occurrence of contact inhibition Nc, free migration rate
Vm;free, ratio of cell-cell connection εcc, and ratio of cell-substrate
connection εcs. The number of cell layers for the occurrence of
contact inhibition Nc was estimated by fitting to the experimental
growth profile of 26 colonies of undifferentiated cells shown in
Fig. 1. To simulate the growth profile of colonies on a computer, the
procedure is described below. A single colony was seeded with
radius of 9 and 7 cell layers in culture on SNL and MEF feeder cells,
respectively. The seeding radius was determined as the average
radius of 26 in vitro colonies at 24 h. We changed the value of Nc in
the range of [1, 10] (cell layer) and searched for the value that gave
the best fit simulated growth curve. The best fit values of Nc were
determined to be 7 cell layers (coefficient of determination
R2 ¼ 0.99) and 8 cell layers (coefficient of determination R2 ¼ 0.99)
in culture on SNL and MEF feeder cells, respectively.

Average cell movement rate at the central and peripheral re-
gions of 10 in vitro colonies in culture on SNL andMEF feeder cells at
48e54 hwere used for fitting parameter values. For in silico culture,
we seeded a single colony with a radius of 10 cell layers until the
size of colony reached 0.5 mm2, then the movement rates of cells at
the central and peripheral regions were calculated. We changed the
value of Vm;free in the range of [1.0, 15.0] (mm/h), εcc and εcs in the
range of [0.05, 0.35] (�), and searched for the combination of their
values that gave the movement rate that best fit the experimental
data. The combination (Vm;free, εcc, εcs) was determined as (4.0 mm/
h, 0.15, 0.05) and (4.0 mm/h, 0.05, 0.15) when cultured on SNL and
MEF feeder cells, respectively. Simulated average movement rate of
hiPSCs at the central and peripheral regionwere 2.9� 1.9 mm/h and
5.6� 3.3 mm/h or 3.6� 2.3 mm/h and 5.6� 3.3 mm/h when cultured
on SNL or MEF feeder cells, respectively (Fig. 2).

Validation of the model With all estimated parameters, we
simulated the growth of hiPSCs cultured on SNL and MEF feeder
cells for 144 h (Movies S1 and S2). Using different culture data from
the data used for fitting Nc in previous results, we estimated the
position and size of every single colony in culture vessels at t ¼ 24 h
and used them as input data for in silico culture. Further, we
calculated cell density in culture vessels every 24 h and colony size
at t ¼ 120 h, then simulated and experimental datawere compared.
Experimental data in Fig. 3 represent the mean cell density from 3
culture vessels. The growth curves obtained by the simulationwere
very similar to the experimental data with high coefficients of



FIG. 2. Estimation of Vm;free, εcc, and εcs by fitting to the average movement rate at the central and peripheral regions of hiPSC colonies cultured on SNL (A) and MEF (B) feeder cells.
Shaded bars, experimental results obtained from 10 colonies. Open bars, best fit simulation results obtained by the least-squares method. Standard deviations were calculated from
all cells in colonies (n � 300).

FIG. 1. Estimation of contact inhibition by fitting to time profiles of hiPSC colonies with undifferentiated cells in cultures on SNL (A) and MEF (B) feeder cells. Closed circle: in vitro
data; Line: best fit in silico data.

FIG. 3. Time profiles of hiPSCs in culture wells with only undifferentiated cells cultured on SNL (A) and MEF (B) feeder cells. The data represent analytical results obtained from 3
wells. Square, in vitro data; line, in silico data.
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determination R2 of 0.94 and 0.97 in culture on SNL andMEF feeder
cells, respectively. Fig. 4 shows the boxplot for experimental
and simulated distributions of colony size in 3 culture vessels.
Our results showed good agreement between simulated and
experimental distribution of colony size at t ¼ 24 h and
t ¼ 120 h. ManneWhitney U test indicated no significant
difference between in vitro and in silico distributions of colony
size in culture vessels (P > 0.05).



FIG. 4. Distribution of colony sizes obtained under culture on SNL (A) and MEF (B) feeder cells at 24 h and 120 h after seeding. Shaded box, in vitro data; open box, in silico data. In
each box plot, the central point represents the median, the box gives the interval between the 25% and 75% percentiles, and the whisker indicates the range.
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Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.10.016.

To validate our model regarding cell migration behavior in col-
onies, we examined the cell movement rate toward the outside of
colony at the central and the peripheral regions. The results showed
similar trends of cell movement direction between in silico and
in vitro colonies. In colonies cultured on SNL feeder cells, cells
moving toward the outside of the colony made up 67% of the
central region and 87% at the peripheral region of in silico colonies
(Fig. S3A, E). Those frequencies were 71% at the central region and
96% at the peripheral region for in vitro colonies (Fig. S3B, F). A
similar trend occurred in colonies cultured on MEF feeder cells
where there were more cells moving toward the outside of colony
than that at the central region of colony (in silico: 65% at the central
region and 86% at the peripheral region; in vitro: 66% at the central
region and 98% at the peripheral region) (Fig. S3C, D, G, H).
Elucidation of cell movement behavior in colonies To un-
derstand more about the heterogeneity of cell movement rates in a
colony, the spatial and temporal dependence of cell movement rate
were analyzed. We simulated a single colony and calculated the
average movement rate VR of all cells at every 100 mm from the
center of the colony at t ¼ 50 h, 90 h, and 128 h during colony
expansion so that the colony radiuses reached 300 mm, 500 mm, and
700 mm, respectively (Fig. 5). Parameter values of hiPSCs cultured
on MEF feeder cells were used. We observed two distinct parts of
cells including quiescent cells at the central region of the colony
and proliferating cells at the peripheral region of the colony
(Fig. 5AeC). At t ¼ 50 h, almost all cells in the colony were
proliferating (Fig. 5A) and the average cell movement rate
increased when the distance from the center of the colony R
increased (Fig. 5D). At t ¼ 90 h and 128 h, a contact inhibition
region appeared from R ¼ 0 mm to R ¼ 300 mm in Fig. 5E and
from R ¼ 0 mm to R ¼ 500 mm in Fig. 5F. The analysis showed
that the average movement rates of cells in colonies were
homogeneous in the contact inhibition region but heterogeneous
in the proliferating ring at the edge of the colony. In addition, the
average cell movement rate in the contact inhibition region did
not change much during colony expansion. On the contrary, in
proliferating rings at the periphery of the colony, the average cell
movement rate increased to the highest value at the outermost
edge of the colony and this highest average cell movement rate
was approximated at different time points. Fig. 5 shows the
temporal independence and spatial dependence of the average
cell movement rate in a colony of hiPSCs.
The difference in average cell movement rate between the
contact inhibition region and proliferating region in Fig. 5 implied
that cell division might be the factor leading to the heterogeneity of
cell movement rate in colonies. Therefore, we stopped cell division
by setting the value of tg to infinity or stopped cell migration by
setting the value of Vm;free to zero to clarify the effect of cell division
on cell movement rate. The results showed different scenarios of
cell movement in colonies between three simulated conditions
(Movies S3eS5). Results presented in Fig. 6AeC are a heat map of
the cell movement rate Vc at t ¼ 128 h when the colony radius
reached 700 mm. In the contact inhibition region, the average cell
movement rate was always homogeneous and decreased to zero
when cell migration was stopped (Fig. 6C,F). In the proliferating
ring at the peripheral region of the colony, the average cell move-
ment rate decreased but was still heterogeneous when cell
migration was stopped (Fig. 6C,F) and became homogeneous when
cell division was stopped (Fig. 6B,E). This result confirmed that cell
divisionwas a factor that led to the heterogeneity of cell movement
rate in colonies.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.10.016.

We tracked cell movement at the central and peripheral regions
of colonies to understand how cell division affects cell movement
rate. Results in Fig. 7A showed that cells at the central region of
colonies moved randomly and fluctuated around the center of the
colony while cells at the peripheral region of the colony migrated
toward the periphery of the colony. Movie S6 shows that cells at the
central region of the colony were not pushed by the other cells
because they stayed in the contact inhibition region where cells
were in a quiescent state and did not divide. In contrast, cells at the
peripheral region were surrounded by other proliferating cells and
were affected by the division of these other cells. The movie shows
the pushing outward of cells at the peripheral region by the division
of inner cells.We also calculated the frequency of cell pushing every
24 h to reveal the effect of cell pushing on cell movement. At the
central region of the colony, no cell pushing was found from 24 h to
144 h. The average cell movement rate at the central region of the
colony was small and showed little change as time passed (Fig. 7B).
On the contrary, cells at the peripheral region of the colony were
pushed by the division of inner cells (Fig. 7C). Thus, the average cell
movement rate at the peripheral region of the colony was higher
than that at the central region of the colony. This result indicated a
directly proportional relationship between the frequency of cell
pushing and the cell movement rate in colonies of hiPSCs.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.jbiosc.2018.10.016.



FIG. 5. In silico results at 50 h (A, D), 90 h (B, E), and 128 h (C, F): state of cells in a colony (AeC) (pink: quiescent state, green: proliferating state); average movement rate against the
distance from the center of the colony (DeF).

FIG. 6. In silico results when hiPSC colonies were cultured on MEF feeder cells under control conditions (A, D), when cell division was stopped (B, E), and when cell migration was
stopped (C, F): heat map for movement rate of individual cells in one colony at 128 h (AeC); average movement rate against the distance from the center of the colony (DeF).
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FIG. 7. In silico movement trajectory of three representative cells at the central region and at the peripheral region of the colony from t ¼ 24 h to t ¼ 144 h (A); in silico frequencies of
cell pushing (columns) and cell movement rate (line) at the central region (B) and peripheral region (C) of the colony. Yellow cells: cells at the central region of colony at t ¼ 24 h; red
cells: cells at the peripheral region of colony at t ¼ 24 h; blue cells: non-tracked cells at t ¼ 144 h; white ring: edge of colony at t ¼ 24 h.

VOL. 127, 2019 HUMAN iPSC BEHAVIORS IN COLONIES 631
DISCUSSION

We have presented new insights into the heterogeneity of
average cell movement rate in colonies of hiPSCs using a stochastic
discrete model. With a cell-based approach, the behaviors of every
single cell were described by cell connection, cell migration, cell
division, and cell quiescence rules. Even though rules of cell
migration, cell division, and cell quiescence have been developed in
our previous studies (11e13), this time wemade some adjustments
to study behaviors of human stem cells. Previously, cell migration
rate was calculated from the migration rate of single isolated cells,
which is difficult to estimate in hiPSC culture. Following the idea of
controlling hiPSC fate through migration-dependent regulation of
the balance between cell-cell and cell-substrate connections (15),
we described cell connections in the context of energy for the first
time. Emax, which is specific for each cell line, is used by cells to
make connections and migrations. Connection energy and energy
for migration can be compared to potential energy and kinetic
energy in the physics field. We also extended rules for cell quies-
cence to describe the lesser degree of contact inhibition of stem
cells compared with that of other cells. These improvements did
not violate our previous rules but helped us overlap more target
cells. In other words, this new model could likely be applied to our
previous studies.

By fitting to experimental results, hiPSCs cultured on SNL feeder
cells showed higher energy used for cell-cell connection than for
cell-substrate connection which was the opposite effect observed
in hiPSCs cultured on MEF feeder cells. We suggest that different
feeder cells provided distinct topology surrounding hiPSCs that led
to different cell-substrate connection energies and then indirectly
affected cell-cell connection. This result is supported by the study
byMoreno-Cencerrado et al. (16) where the strength of the cell-cell
connection was shown to be highly influenced by the strength of
the cell-substrate connection. The contact inhibition-related
parameter Nc was also estimated by fitting to experimental data.
When the number of cell layers for occurrence of contact inhibition
Nc equaled 7 or 8, the result showed a lesser degree of contact
inhibition in hiPSC cultures than in non-stem cell cultures as re-
ported previously (11,13) where Nc equaled 1. After all parameters
in this model were estimated and the appropriateness of the model
was validated by comparing the simulated results with different
experimental data sets. Since the results of simulations showed
satisfactory agreement with data obtained from in vitro experi-
ments, our developed model was considered to correctly describe
hiPSC behaviors.
With the developed model, we executed simulations to under-
stand the reason for the heterogeneity of average cell movement
rate in colonies. We first found that the averagemovement ratewas
homogeneous in the contact inhibition region at the central region
of the colony. However, in the proliferating region at the peripheral
region of the colony, cell movement showed position-dependent
characteristics that increased from the inside to the edge of col-
ony. The difference in movement behavior between the contact
inhibition region and the proliferating region implied the role of
cell division in cell movement rates in a colony. After stopping cell
migration or cell division and comparing to the control result, we
found that both cell migration and cell division affected cell
movement rates in a colony. However, cell division was the only
factor that led to a higher cell movement rate at the peripheral
region of the colony than at the central region of the colony. The cell
pushing shown here came from the division rule where the mother
cells push neighbor cells to make space for their daughter cells
when there is no vacant space around the cell. This rule was also
used in some papers for modeling cancer cells (17,18). In our study,
there is a need to distinguish between the terms cell migration and
cell movement. Cell migration is the ability of a cell to actively
change to a new position. Meanwhile, cell movement is the overall
change of cell position that may result from cell migration or by
being pushed by the division of another cell. In the contact inhi-
bition region, cell movement rate was only affected by cell migra-
tion. In contrast, at the peripheral region of the colony, cell
movement rate was affected by both cell migration and cell push-
ing. Therefore, when the distance from the center of the colony
increased, the frequency of cell pushing due to cell division
increased, raising the average cell movement rate. This result
confirmed our previous result about the effect of cell division on
cell movement rate that cells at the peripheral region of the colony
had a higher movement rate because they were pushed by inner
cells.

With the full-discrete feature, our model has a disadvantage in
simulating continuous processes such as cell migration. Instead of
continuous changes in position, cell migration is described by the
immediate change of cell position followed by waiting in the new
position for a period of time. Additionally, a weakness of our CA
model is that the uniform spacing makes it difficult to realize an
increase in cell size during growth, mechanical constraint of cells in
a population, or the multi-directionality of cell migration. However,
any type of model has its pros and cons. The strength of our model
is its lower computational cost than off-lattice models. Further-
more, since parameters are created based on phenomena,
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parameter values can be estimated from in vitro observations or
experimental data. More importantly, our model can realize the
heterogeneity of cells in a colony that is impossible when using a
continuous model. The model satisfied our final goal to develop a
simple but efficient model for the hiPSCs engineering field. For
future directions, we will develop a rule for deviating from the
undifferentiated state of cells in a colony to understand more about
this phenomenon. Understanding the mechanism of deviation
phenomenon will provide much useful information in an effort to
maintain hiPSCs in an undifferentiated state, which is crucial in cell
processing.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2018.10.016.
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