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ABSTRACT

The neurosphere assay is a powerful in vitro system for studying stem/progenitor-cell-driven tissue
growth. By employing a stochastic cellular automata model, we simulated the development of tumorous
neurospheres in response to transformation of a randomly selected progenitor cell into a brain tumor
stem cell. Simulated tumorous neurospheres were distinguished from normal neurospheres by their
size, which exceeded that of normal neurospheres typically manifold. A decisive factor that determined
whether brain tumor stem cells gave rise to tumorous neurospheres was their ability to escape en-
capsulation by neighboring cells, which suppressed mitotic activity through contact inhibition. In our
simulations, the likelihood of tumorigenesis was strongly negatively correlated with the developmental
maturity of the neurospheres in which the transformation of a progenitor cell into a brain tumor stem
cell was induced. This likelihood was furthermore modulated by the probability of the progeny of
dividing cells to undergo cell death. In developmentally immature neurospheres, the number of normal
neurospheres, relative to the number of tumorous neurospheres, increased with increasing cell death
probability. Markedly, in developmentally mature neurospheres the opposite effect was observed. This
dichotomous effect of cell death on simulated tumor progression provides theoretical support for the
seemingly paradoxical finding made by other authors in experimental studies that anti-cancer therapies

based on induction of apoptosis may both promote and suppress tumor growth.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Brain tumors are relatively rare, yet they include some of the
most lethal tumor types. Glioblastoma multiforme, an extremely
aggressive malignant primary brain tumor, has an incidence rate
of approximately 3 per 100,000 persons per year (Tamimi and
Juweid, 2017), thus accounting for less than 1% of all new cases of
cancer projected to occur in the United States in 2018 (Siegel et al.,
2018). Despite considerable research and clinical treatment trials
over the past few decades, prognosis of this glioma has remained
poor. In untreated patients, the median survival time after diagno-
sis is just 3-4 months (Omuro and DeAngelis, 2013). When treated
with a combination of surgery, radiotherapy, and chemotherapy,
median survival is still only 15 months (Stupp et al., 2005).

The cellular origin of gliomas, including glioblastoma, remains
a matter of controversy. The currently prevalent hypothesis pro-
poses that gliomas originate from adult neural stem cells and/or
their progenitor cells (NSPCs), harbored in the subventricular zone
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(Sanai et al., 2005; Vescovi et al., 2006), an anatomical structure
comprising the lining of the lateral ventricles. The NSPCs in the
subventricular zone are a subpopulation of the astrocytes in this
region (Doetsch et al., 1999). These stem cells generate transiently
dividing progenitor cells, which, unlike their mother cells, have a
limited proliferative potential in vivo (Ponti et al.,, 2013). Further-
more, the progenitors produce neurons or glia, but not both, like
done by adult neural stem cells.

Sanai and co-authors have argued that the adult neural stem
cells and their progenitors are particularly susceptible to tumor
transformation because they possess already the activated cellular
and molecular machinery required for mitotic division (Sanai et al.,
2005). They might, therefore, require less mutations than the 4-7
thought to be needed for malignant transformation of a differenti-
ated cell into a tumor cell (Hanahan and Weinberg, 2000).

One of the most valuable tools for studying NSPCs and
their progeny has been the neurosphere assay (Reynolds and
Weiss, 1992). The clonal clusters of cells formed in this in-vitro
system under serum-free conditions are referred to as neuro-
spheres. By growth factor withdrawal and addition of serum to
the culture medium, they can be induced to differentiate into the
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three major types of cells of the central nervous system — neurons,
astrocytes, and oligodendrocytes.

The neurosphere assay has been instrumental in obtaining
evidence for the existence in glioblastoma multiforme of cells
that exhibit the critical properties of stem cells (Galli et al., 2004;
Ignatova et al,, 2002). Cells from patients diagnosed with glio-
blastoma form clones under the growth conditions of this in-vitro
system. While they give rise only to astroglia in vivo, they have
revealed multilineage potential under cell-culture conditions by
demonstrating their capability of producing neurons, astroglial,
and oligodendroglia. Most importantly, when transplanted into the
striatum of adult immunodeficient mice, they can induce tumors
closely resembling glioblastoma multiforme in humans (Galli et al.,
2004). Based on this evidence, these cells have been termed brain
tumor stem cells (BTSCs).

Since the initial identification of BTSCs, a wealth of experi-
mental data has been accumulated, particularly on the signaling
pathways involved in initiation by these stem cells of malignant
brain tumors and their propagation. Selective targeting of these
pathways, with the aim to eradicate the BTSCs, has led to the
development of promising novel therapies (Schonberg et al., 2014;
Zhou et al., 2009). Nevertheless, there is a significant lack of
theoretical understanding of the cellular dynamics underlying
BTSC-driven tumor initiation and growth.

Recently, we developed a stochastic cellular automata (CA)
model to examine the role of various cellular phenomena, in-
cluding proliferative potential, contact inhibition, cell death, and
phagocytosis of dead cells, on growth rate, size, and composition
of neurospheres (Sipahi and Zupanc, 2018). Based on this model
of normal neurosphere growth, we present, in the current study, a
modified CA model that incorporates transformation of progenitor
cells into BTSCs, and subsequent propagation of the transformed
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cells. Using this approach, we have specifically examined how
developmental maturity of the tissue, and cell death occurring at
different stages of maturity, affect tumorigenesis.

We have chosen CA modeling over other approaches because
it is particularly well suited to adequately represent, through its
array of cells, the discrete nature of individual cells in biological
tissue; and, through if-conditions and probabilities, rule-driven
biological mechanisms that govern cellular events, such as cell pro-
liferation, cell migration, and cellular differentiation (for reviews,
see Jones and Chapman, 2012; Newgreen et al., 2013). Taking ad-
vantage of these features, this approach has been used successfully
in previous studies of tumor growth (e.g., Alemani et al., 2012;
Escobar Ospina and Perdomo, 2013; Monteagudo and Santos,
2015; Oduola and Li, 2018; Sabzpoushan and Pourhasanzade, 2018;
Santos and Monteagudo, 2015; Shrestha et al., 2013).

2. Model development
2.1. General structure of the CA model

The CA model used in the present study is a modified ver-
sion of the model developed previously to simulate the growth of
neurospheres based on the proliferation of NSPCs (Sipahi and Zu-
panc, 2018). As mentioned in the Introduction, the major difference
of the current model, compared to the previous version, is that it
incorporates the possibility of a simulated progenitor cell to trans-
form into a BTSC (Fig. 1; Table 1). Model rules were programmed
in MATLAB ver. 2013a. In the following, we will describe the core
features of the current model.

The model was constructed on the (x, y) plane, with dimen-
sions of Ly x Ly, where Ly = Ly = 200 (Table 2). The resulting plane
was divided into squared lattices of unit edge length, yielding a
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Table 1

Biological properties and model implementation of cell types used to study normal and tumorous neurosphere growth. Listed are only those properties of each cell type that
are relevant for model implementation. Some of the properties are hypothetical and do not necessarily cover all developmental scenarios.

Simulation
Cell types color coding Biological properties Model implementation
Adult neural stem cell Red Unlimited self-renewal capacity; predominantly Divides as long as at least one of four neighboring lattices

asymmetric cell divisions, thereby cloning itself

and producing one progenitor cell; regulation of
proliferative activity through contact inhibition;

relative resistance to apoptotic cell death

Progenitor cell Orange

Brain tumor stem cell (BTSC)  Green

contact inhibition

No self-renewal capacity; limited proliferative ability;
amplification through symmetric cell divisions;
possibility of apoptosis soon after asymmetric cell
division of one of the daughter cells; regulation of
apoptosis through contact inhibition; potential for
generation of fate-restricted cells

Unlimited self-renewal capacity; origin from adult
neural stem/progenitor cell; self-renewal through
symmetric divisions; possibility of apoptosis in
daughter cells; regulation of apoptosis through

is vacant (N < 4) and probability for mitosis Py, is
satisfied; division yields two daughter cells, one carrying
stem cell characteristics and the other those of a
progenitor; not subject to cell death probability Pgeqm

Divides only if at least one of four neighboring lattices is
empty (N < 4) and probability for mitosis P is
satisfied; can divide only up to a maximum number of
times dmqx; before reaching dmax, each division produces
two progenitor cells; one of the daughter cells always
survives, while the other is subject to cell death
probability Pgeqn; when dgy is reached, division
produces two differentiated daughter cells

Divides as long as at least one of four neighboring lattices
is vacant (N < 4) and probability of mitosis Py is
satisfied; each division produces two BTSC daughter
cells; one of the daughter cells always survives, while
the other is subject to cell death probability Pyeqs

Differentiated cell Blue No self-renewal capacity; no proliferative ability; Does not divide, move, or die
after terminal differentiation, no migratory
activity; after terminal differentiation, relative
resistance to apoptosis
Dead cell Black Cellular debris caused by dead cell in tissue Whenever death probability Py, is satisfied after mitosis,
microenvironment; clearance of cellular debris a cell transforms into a dead cell; a dead cell occupies
through phagocytosis the lattice for t.,, number of time steps; after tgeqr,
dead cell is removed from the lattice, emptying the
lattice space
Table 2

Parameter definitions.

Simulation input

parameters Definition Numerical settings

Ly, Ly Dimensions of the x-y plane on which the simulation is performed 200 x 200 lattices

tfinal Simulation time 100 time steps

dimax Maximum number of time steps a progenitor cell can perform symmetric divisions 6 time steps

N Number of lattices occupied around a cell N<4

Pt Probability at which a mother cell performs a mitotic division; this probability is inversely proportional to N N=0, Py = 1.0
N=1, Pp;; = 0.833
N=2, Py = 0.667
N=3, Pp=0.5
N=4, Pp;;=0.0

Peath Probability that a daughter cell dies after a division of the mother cell; this probability is proportional to N N=0, Pgeqen =0.05
N=1, Pyegr, =0.20
N =2, Pyeqe, =0.35
N =3, Pyeqi, =0.50

Celear Number of time steps that a dead cell remains dead and occupies a lattice before it is cleared from this lattice 10 time steps

tim Time step at which a randomly selected progenitor transforms into a BTSC, thus reflecting the developmental maturity tim =12, 3, ..., 20]

of the simulated neurosphere
Nim Total number of neurospheres simulated 500

Simulation outputs

(x,y) Position recordings of all cell types
Counts of cell types

njie Number of live cells (adult neural stem cell 4 progenitor cells +BTSCs + differentiated cells) counted at tgyq;

total of 40,000 lattices. The simulation is initialized by placing a
single adult neural stem cell into the center of the plane (Fig. 1,
Step 1). Each lattice could be either empty or occupied by one cell
only (Fig. 1, Step 2). To allow each lattice location (x, y) to have
four orthogonally adjacent lattices at (x+1, y), (x—1,y), (x, y+1),
(x, y—1), thereby forming a von Neumann neighborhood, spatial
limits where cell growth could take place were given by 2 <x
< Ix—1 and 2<y < L,—1. The states associated with the lattice
sites were updated after each discrete time step ¢, until t=tg,q =
100. The different types of neurosphere cells were represented by
different agents in the model’s lattice. The cellular processes con-
sidered to contribute to the normal and tumorous growth of the
neurospheres were governed by specific rules motivated by cell bi-

ological observations and expressed accordingly using if-conditions
and probabilities, as detailed in Fig. 1 and the following sections.

2.2. Cell proliferation and control of cell cycle progression by contact
inhibition

In all simulations, we assumed that the cells within a neuro-
sphere are the progeny of a bona fide neural stem cell, with
unlimited capacity for self-renewal. In line with the notion that
during adulthood a stem cell undergoes predominantly asymmet-
ric divisions (for review, see Morrison and Kimble, 2006), thereby
cloning itself and producing one progenitor cell, we implemented
this mode of cell division in our model (Fig. 1, Step 6). Each
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progenitor cell had a limited potential for amplification through
symmetric divisions, up to a maximum number, dpqx = 6 (Fig. 1,
Steps 7, 9). This number is in line with quantitative analysis of the
proliferation dynamics of neural progenitor cells in the adult ver-
tebrate central nervous system (Ponti et al., 2013; Sirbulescu et al.,
2017, 2015). In our model, the dpngx value was compared with the
actual number of divisions of each progenitor stored in an array
and updated at the end of each time step. The final (symmetric)
division of the progenitor cell produced two differentiated cells,
which, subsequently, neither divided nor migrated (Fig. 1, Step 9).

Tumorous growth was induced by transforming a randomly se-
lected progenitor cell into a BTSC at a specific time step t= tg,,
denoting the developmental maturity of the neurosphere tissue.
BTSCs had an unlimited ability for self-renewal by performing
symmetric amplifying divisions (Fig. 1, Step 8).

The decision of the bona fide stem cell, and any progenitor
cell or BTSC regarding cell cycle progression is made at the G{-S
transition of the cell cycle. This time point separates the G;-phase
(during which metabolic changes prepare the cell for division)
and S-phase (during which DNA is replicated) of the interphase.
In agreement with experimental evidence (Streichan et al., 2014),
we assumed that during the G¢-S transition a mechanosensitive
cell cycle checkpoint senses the local cell density in the im-
mediate neighborhood (Fig. 1, Steps 3, 4). This information, in
turn, determined, at the beginning of each iteration cycle, the
probability of the simulated cell to undergo mitosis (Fig. 1, Step
5). As supported by cell biological observations ((Eagle and Levine,
1967; Ingber et al., 1994; Streichan et al., 2014); (for review, see
Moeendarbary and Harris, 2014)), we furthermore assumed that
this probability is inversely proportional to an extrinsic mechanical
force indicating the cell density in the neighborhood. Contributors
to the cell density were any ‘live’ or ‘dead’ cells occupying the
four neighbor lattice sites. The inversely proportional relationship
between local cell density, defined by the number of neighbors,
N (0<N<4), and the probability to undergo mitosis, P, during
each iteration was incorporated into our model by applying the
following rules: If N=0, P,y = 1.0; if N=1, P,y = 0.833; if N=2,
Pt = 0.667; if N=3, Py = 0.5; if N=4, Pp;; = 0.

In biological tissue, the mother cell divides into two daughter
cells upon completion of the M-phase of mitosis. In our model,
we implemented the following rule that governs the subsequent
behavior of the two daughter cells: If the mother cell initially
occupied position (x, y) in the lattice, then one of the two daugh-
ter cells occupies (x, ¥), whereas the other occupies, with equal
probability, one of the vacant positions at (x+1, y) or (x, y+1).
The selection which of the two daughter cells moved to the site of
the mother cell or to one of the vacant sites in the surrounding,
respectively, was made randomly with equal probability.

Since we showed previously (Sipahi and Zupanc, 2018) that
even major differences in contact inhibition have no significant
effect on the final size of the neurospheres or on the degree of
differentiation of tissue but only regulate the speed of neurosphere
growth, we did not attempt to examine in the present study the
effect of contact inhibition on tumor growth. Instead, we applied
the above moderate contact inhibition to all simulations.

2.3. Cell death and phagocytosis

Cell death occurs spontaneously in neurospheres, and is pre-
dominantly apoptotic in nature (Bez et al., 2003; Lobo et al., 2003;
Milosevic et al., 2004; Young et al., 2006). Quantitative analysis
has revealed significant spatial and temporal overlap of cell prolif-
eration and apoptosis — an observation consistent with the notion
that apoptosis of NSPCs occurs shortly after mitotic division in
one of the two daughter cells, whereas the other survives and po-
tentially continues to proliferate or differentiates (for reviews, see

Kuan et al., 2000; Sommer and Rao, 2002). This differential fate of
the two daughter cells appears to be regulated by asymmetric dis-
tribution of pro- and anti-apoptotic proteins during the final stages
of mitosis (Bieberich et al., 2003). Like in the case of cell prolifera-
tion, a major factor that controls cell death appears to be the local
cell density (for review, see Eisenhoffer and Rosenblatt, 2013).

To accommodate these observations in our model, the local cell
density was used to determine the probability Pgy of death of
one of the two daughter cells after the decision was made that the
mother cells undergoes mitosis (i.e., N < 4). Pgeqen, Was determined
as follows: If N=0, Pgeq, = 0.05; if N=1, Pgeqe, =0.20; if N=2,
Pgeqn = 0.35; if N=3, Pyeqn =0.50. The following three scenarios
were distinguished:

(1) If the mother cell was the bona fide stem cell, the cloned
stem cell was always destined to survive, whereas the pro-
genitor cell was subject to Py.q, dictated by the number of
cells N in the immediate neighborhood (Fig. 1, Step 6)

(2) If a progenitor cell was the mother cell, one of the two
daughter cells was always destined to survive, whereas the
other (excluding the two differentiated cells in case of a ter-
minal division of a progenitor cell) was subject to the same
rules as any progenitor cell arising from the mitotic division
of a bona fide stem cell (Fig. 1, Steps 7, 9)

(3) If a BTSC was the mother cell, one of the two BTSC clones
was always destined to survive, whereas the other clone was
subject to the same rules as a progenitor cell arising from
the asymmetric mitotic division of a bona fide stem cell, or
a progenitor cell resulting from a symmetric division of a
mother progenitor (Fig. 1, Step 8)

The implementation into our neurosphere model of rules that
make newly generated cells subject to the possibility of apopto-
sis is in agreement with the observation of spontaneous apop-
totic cell death among the progeny of both NSPCs (for review, see
Ryu et al., 2016) and BTSCs (Kordek et al., 1996; Kuriyama et al.,
2002; Migheli et al., 1994; Patsouris et al., 1996) in the brain.

We have, furthermore, incorporated into our model the removal
of dead cells by phagocytosis, as found in neurospheres (Bez et al.,
2003; Lobo et al.,, 2003) (Fig. 1, Steps 10, 11, 12). In the simula-
tions, this process leads to clearance of the lattice space previously
occupied by the dead cell. Since phagocytic clearance in the cen-
tral nervous system is slow (for reviews, see Neumann et al., 2009;
Vargas and Barres, 2007), we applied a relatively large clearance
time of t=tg e, =10 to all simulations. Assuming that 1 cell cycle
(represented by 1 time-step in the model) is approximately 1
day long, this value places the clearance time in the range of
experimentally determined values associated with phagocytosis of
cellular debris after apoptosis in brain tissue (Zupanc et al., 2003).

3. Results
3.1. Normal neurospheres

Simulation of the transformation of progenitor cells into BTSCs
led to tumorous growth of neurospheres in some but not all
instances. To characterize the structural difference between nor-
mal and tumorous neurospheres, we first simulated the growth
of normal neurospheres, without inducing the transformation of
a progenitor cell into a BTSC. We used a single stem cell as a
founder cell, which gave rise to progenitor cells endowed with
dmax = 6. We also assumed that in both the stem cell and any
of the progenitor cells the probability to undergo mitosis, P,
was determined by the number of neighbors, N, according to the
rules detailed in section 2.2, ‘Cell proliferation and control of cell
cycle progression by contact inhibition.” After the decision had
been made that a stem cell or a progenitor cell divided, and the
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Fig. 2. Normal neurospheres. Growth of neurospheres was simulated without inducing the transformation of a progenitor cell into a brain tumor stem cell (for details, see
text). (a) Cellular structure of a neurosphere at tgn,q = 100. For an explanation of the color codes of the different cell types, see Fig. 1. (b) Frequency distribution of the size
of the 500 simulated neurospheres. The size was assessed by using n;,. as a quantitative indicator.

probability test had been passed, local cell density was used to
determine the probability Py that a progenitor cell or one of
the two BTSCs would die, according to the rule detailed in section
2.3, ‘Cell death and phagocytosis.” The size of the neurospheres
was assessed at th,q =100, based on the total number of ‘live’
cells, nj, [= 1 stem cell+number of progenitor cells+ number
of BTSCs (‘0’ in this simulation)+ number of differentiated cells]
counted at tgq. The other parameters were tgeq, = 10 and total
number of neurospheres simulated, ng;,;, = 500.

The simulations carried out under these conditions yielded
neurospheres with a two-dimensional cellular structure similar to
the one shown in Fig. 2a. Among the 500 simulated neurospheres,
nive ranged between 31 and 122, with a mean of 60 (Fig. 2b). Based
on these results, we defined for all of the following simulations
any neurosphere with nj,, < 122 as normal, whereas neurospheres
with ny,, > 122 were considered to be tumorous.

3.2. Tumorous neurospheres

In the second set of simulations, we transformed a randomly
selected progenitor cell into a BTSC at tg,, = 10. All other parame-
ters and rules were identical to the ones applied to the first set of
simulations.

Out of the ng;,;, = 500 simulated neurospheres, 343 had grown
into tumors, as defined above. Fig. 3a depicts the cellular structure
of such a tumorous neurosphere at tg,, =100. Fig. 3b shows the
core region of this sphere, with the bona fide stem cell, the pro-
genitor cells, and the differentiated cells, at higher magnification.
The size, as defined by ny,., of these 343 tumorous neurospheres
ranged from 128 to 4431 (mean=2554), whereas ny;,, of the 157
normal neurospheres ranged from 33 to 113 (mean = 63) (Fig. 3c).

3.3. Encapsulation of BTSCs

Analysis of the size distribution of the simulated neurospheres
showed that normal neurospheres and tumorous neurospheres
form, at least when run under the conditions used in the second
set of simulations, two distinct populations, separated based on
Njive (Fig. 3¢). What are the factors that decide whether a neuro-
sphere will develop normally or become tumorous — despite the
fact that in each case a randomly selected progenitor cell was
transformed into a BTSC?

Closer inspection of normal neurospheres revealed that tumor
growth was abolished either immediately after transformation of
a progenitor cell into a BTSC, or after a very few mitotic divisions
of the BTSCs. In each of the cases examined, the BTSCs stopped

dividing because of lack of vacant grid position(s) in their imme-
diate neighborhood (Fig. 4). On the other hand, in neurospheres
that developed into tumors the dividing BTSC managed to escape
encapsulation by neighboring cells, thereby enabling itself to
undergo mitotic divisions in the space available (Fig. 5). Typically,
this resulted in a rapid growth of the BTSCs at one pole of the
neurospheres. During later iteration cycles the proliferation of the
simulated BTSCs extended to vacant grid positions in the periphery
of other non-tumorous parts of the neurospheres. Frequently, this
growth pattern led to complete encapsulation of the non-tumorous
portion of the sphere by BTSCs, thereby ultimately blocking any
further proliferation of the stem cell and the progenitor cells —
despite their proliferative potential.

3.4. Tumor transformation as a function of developmental maturity
of neurospheres

Since the last part of our study had demonstrated that the
local cellular environment is an important factor in determining
whether a neurosphere becomes tumorous, in this part we tested
the hypothesis that the likelihood of tumorous growth decreases
with increasing developmental maturity of the neurospheres.
To test this hypothesis in the simulations, a randomly selected
progenitor cell was transformed into a BTSC, as described above.
However, now this transformation was induced at different devel-
opmental stages of the simulated neurospheres. As a quantitative
indication of developmental maturity, t;,, ranging from 2 (most
immature neurosphere) to 20 (most mature neurosphere), was
used. All other parameters and rules were identical to the ones
applied to the second set of simulations.

The simulations run under these conditions showed that with
increasing t;,, the proportion of tumorous neurospheres among the
total neurosphere population (= tumorous neurospheres + normal
neurospheres) exhibited a strong tendency to decrease (Fig. 6).
The Spearman rank correlation coefficient rho between tg, and
the relative number of tumorous neurospheres was —0.995 (p <
0.001, 2-tailed). This trend was paralleled by a decrease in ny,
with increasing t;,, (rho=-0.998, p < 0.001, 2-tailed) (Fig. 7). On
the other hand, nj, of the normal neurospheres did not change
significantly with tg,;, (rho=-0.351, p=0.140, 2-tailed).

3.5. Regulation of development of normal and tumorous
neurospheres by cell death

Previous CA modeling of neurosphere growth indicated that cell
death of newly generated cells not only results, as one would ex-
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Fig. 3. Tumorous neurospheres. Transformation of a randomly selected progenitor
cell into a brain tumor stem cell was induced at t4, = 10. All other parameters and
rules were identical to the ones applied to generate the data shown in Fig. 2. (a)
Cellular structure of a neurosphere at tg,q =100. (b) Area of adult neural stem cell
and neighboring cells at higher magnification. For an explanation of the color codes
of the different cell types, see Fig. 1. (c) Frequency distribution of the size of the
500 simulated neurospheres, as assessed by determining ny,. for each neurosphere.

pect, in a reduction of growth rate and final size of neurospheres,
but also leads to an increase in the degree of differentiation of
neurosphere cells (Sipahi and Zupanc, 2018). In our model, dif-
ferentiated cells have a high potential to suppress mitotic activity
of neighboring cells through contact inhibition because they do
not vacate their grid positions through cell death (and subsequent
clearance through phagocytosis) or migration to an adjacent

Table 3
Cell death conditions used to study the effect of cell death on development of nor-
mal and tumorous neurospheres.

Cell death Number of neighbors Cell death probability of
condition surrounding mitotic cell (N) newly generated cell (Pgeq)
1 N=0 Pgeatn = 0.00
N=1 Pgearh = 0.00
N=2 Pgeqth = 0.00
N=3 Pgeaen = 0.00
2 N=0 Pgeqen = 0.05
N=1 Pgeath = 0.00
N=2 Pgeqtn = 0.00
N=3 Pgeqth = 0.00
3 N=0 Pgeath = 0.20
N=1 Pgeath = 0.05
N=2 Pgeqth = 0.00
N=3 Pgearh = 0.00
4 N=0 Pgeath = 0.35
N=1 Pgeaeh = 0.20
N=2 Pgeath = 0.05
N=3 Pgeath = 0.00
5 N=0 Pgeqtn = 0.50
N=1 Pgeath = 0.35
N=2 Pgeath = 0.20
N=3 Pgeath = 0.05
6 N=0 Pgeat = 0.65
N=1 Pgeath = 0.50
N=2 Pgeath = 0.35
N=3 Pgeath = 0.20
7 N=0 Pgeqen = 0.80
N=1 Pgeath = 0.65
N=2 Pgeqtn = 0.50
N=3 Pgeath = 0.35
38 N=0 Pgeath = 0.95
N=1 Pgeath = 0.80
N=2 Pgeath = 0.65
N=3 Pgeath = 0.50

position. We, therefore, hypothesized that cell death also plays a
role in tumorigenesis both by reducing the number of BTSCs, and
by suppressing their mitotic activity indirectly through increased
contact inhibition exerted by neighboring differentiated cells.

To test this hypothesis, we induced tumor transformation in
neurospheres at two developmental stages — an immature stage
defined by t;,, =2, and a mature stage defined by ty,, = 20. At each
of the two developmental maturity stages, the probability of cell
death of newly generated cells arising from the mitotic activity of
stem cells, progenitor cells, and BTSCs was systematically altered
from low to high, resulting in 8 different cell-death conditions.
Table 3 summarizes these probabilities as a function of the num-
ber of vacant positions N in the immediate neighborhood. The
other parameters employed in these simulations were identical to
those described in section 3.1, ‘Normal neurospheres.’

At tg, =2, transformation of a randomly selected progen-
itor cell into a BTSC, combined with absence of cell death
(Cell Death Condition 1), resulted in each of the 500 simula-
tions in the formation of large tumorous neurospheres (Fig. 8a).
As long as Py remained low (Cell Death Conditions 2-
4), only tumorous neurospheres were generated (not shown).
However, when the probability of cell death reached a rela-
tively high level (Cell Death Condition 5), some normal neuro-
spheres appeared, in addition to the many tumorous spheres
(Fig. 82’). The relative portion of normal neurospheres increased
further with increasing cell death probability (Cell Death Condi-
tions 6-8). The frequency distribution corresponding to Cell Death
Condition 8 is shown in Fig. 8a”.

The mean size of tumorous neurospheres showed a perfect
negative correlation with cell death probability defined by the
8 cell-death conditions (rho=-1.00, p < 0.001, 2-tailed). Since
normal neurospheres were generated only under four of the eight
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Fig. 4. Non-tumorous growth of a neurosphere after transformation of a progenitor cell into a brain tumor stem cell. The growth of this neurosphere was simulated on
a 200 x 200 lattice using a single bona fide stem cell as a founder cell. This stem cell performed asymmetric divisions. The progenitor cells generated as a result of these
divisions were endorsed with a dpg of 6. Cell death occurred in a probabilistic manner as detailed in the text. A randomly selected progenitor cell was transformed into a
BTSC at tg4y, =20. The cellular structure of the growing simulated neurosphere is shown at t=10 (a), 20 (b), 30 (c), 40 (d), 50 (e), and 60 (f). For an explanation of the color

codes of the different cell types, see Fig. 1 and Table 1.

cell-death conditions simulated, it was not possible to calculate
a statistically significant correlation of sphere size and cell death
probability.

At ty, =20, transformation of a randomly selected progenitor
cell into a BTSC, combined with various cell death probabilities,
yielded a remarkably different outcome. Absence or low levels
of cell death probability led predominantly to the generation of
normal neurospheres (Fig. 8b). A marked number of tumorous
neurospheres within the sphere population emerged only at
relatively high cell death probabilities (Fig. 8b’). At very high
cell death probabilities, the two populations became confluent
(Fig. 8b”). The size of both normal and tumorous neurospheres
decreased with increasing cell death probability (rho=-1.00, p <
0.001, 2-tailed).

4. Discussion

4.1. Phenotypic similarity of BTSCs during the early stage of tumor
progression and development of intratumoral heterogeneity

The present study focuses on the early stages of tumor propa-
gation in tissue, after transformation of a single progenitor cell into
a BTSC. The critical importance of these early stages for tumorige-
nesis is underscored by our simulations, which have demonstrated
that, following the initial transformation step, the first few it-
eration cycles decide whether the simulated neurospheres grow
normally or become tumorous (for a detailed discussion, see
section 4.2, ‘Encapsulation of BTSCs as a determinant of normal
vs. tumorous neurosphere development,” below).

BTSCs exhibit the cardinal property of self-renewal inherent to
any stem cell, both normal or malignant. In our CA model, self-
renewal is achieved by symmetric division of the BTSC. However,
by implementing such a mechanism into our model, we do not
necessarily imply that tumors form a homogenous clonal popu-
lation. Rather, in our model the critical outcome of the mitotic
divisions of the BTSCs is that they give rise to daughter cells with
high proliferative potential, which, phenotypically, cannot neces-
sarily be distinguished from the proliferative potential of their
mother BTSCs. Hence, we have termed the two daughter cells
‘BTSCs,” only to indicate that each of them shares with the other,
during the developmental stage studied here (i.e., within the limits
set by simulation time tg,, = 100), the ability to divide. Irrespec-
tive of the shared proliferative potential, these cells may be diverse
in terms of other properties not considered here, or develop phe-
notypic differences at later stages (t > 100) of tumor progression.

The development of heterogeneity is thought to be caused
by a variety of mechanisms, including acquisition of additional
genetic mutations subject to Darwinian evolution (Cairns, 1975;
Nowell, 1976); elevated genetic instability operating particularly at
later stages of tumor progression (Hanahan and Weinberg, 2011);
and epigenetic alterations layered on top of genetic mutations
(Shackleton et al., 2009). These modifications will result in clonal
heterogeneity of cells and may, as frequently observed, include
non-tumorigenic cancer cells. Together with normal cells (like the
stem cell, progenitors, and differentiated cells in the simulated tu-
morous neurospheres), these diverse cell types form the tumor
microenvironment. Such an intratumoral cellular heterogeneity is
characteristic of many tumors at later stages of tumor progression
and has shown to be of critical importance for the maintenance
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and possible further progression of tumors (Kreso and Dick, 2014).
Clearly, extensions of our current CA model to include simulations
of later stages of tumor development will have to take intratumoral
cellular heterogeneity into account.
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Fig. 6. Likelihood of tumorous growth of neurospheres as a function of their de-
velopmental maturity. The growth of neurospheres was simulated on a 200 x 200
lattice using a single bona fide stem cell as a founder cell. This stem cell per-
formed asymmetric divisions. The progenitor cells arising from these mitotic di-
visions were endorsed with dpmgx =6. Cell death occurred in a probabilistic manner
(for details, see text). A randomly selected progenitor cell was transformed into a
BTSC at t,, ranging from 2 to 20. The size of the neurospheres was determined at
tfing = 100, using t;, as a quantitative indicator. Tumorous neurospheres were de-
fined as spheres with nj;,, > 122, whereas spheres with n;,, < 122 were considered
to be normal. For each time step at which tumor transformation was induced, the
number of tumorous neurospheres relative to the total number of simulated neuro-
spheres (ng, =500) is shown.

4.2. Encapsulation of BTSCs as a determinant of normal vs. tumorous
neurosphere development

The simulations based on our CA model have produced, among
others, two remarkable outcomes. First, transformation of a ran-
domly selected progenitor cell into a BTSC does not necessarily
result in development of a tumorous neurosphere. Second, the
decision whether a neurosphere develops into a neurosphere of
normal size, without including more than a very few BTSCs, or into
a tumorous neurosphere much larger than a normal neurosphere
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Fig. 7. Neurosphere size as a function of developmental timing of tumor transfor-
mation. The data shown in the graph are derived from the simulated neurospheres
on which Fig. 6 is based. Tumor transformation of a randomly selected progenitor
cell was induced at tg,, ranging from 2 to 20. The mean of ny, as an indicator of
average neurosphere size is shown separately for tumorous neurospheres (red) nor-
mal neurospheres (blue).
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and dominated by BTSCs in terms of its cellular composition, is
made during the first few rounds of mitotic divisions of BTSCs.
This prompts the question of what factors determine the course of
normal versus tumorous development.

Closer inspection of the growing neurospheres has indicated
that in each of the cases when tumor growth was abolished,
the BTSCs stopped dividing because they were completely en-
capsulated by cells occupying all four grid positions in the
immediate neighborhood, thereby suppressing any mitotic activ-
ity. We showed previously that this encapsulation of stem and
progenitor cells is the major determinant that restricts growth of

non-tumorous neurospheres (Sipahi and Zupanc, 2018). Here, we
demonstrate that the same mechanism prevents BTSCs from giving
rise to tumors.

Although reduced contact inhibition, mediated by transmem-
brane cell surface receptors coupled to intracellular signaling path-
ways, has for long been considered one of the hallmarks of cancer
(Hanahan and Weinberg, 2000), recent research has indicated that
cancer cells still sense contact with neighboring cells and alter
their invasive behavior both in vitro and in vivo, depending on
the cell density at which they were grown previously (Sharif and
Wellstein, 2015; Sharif et al., 2015). Quite unexpectedly, even some
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of the most aggressive cancer cell lines may switch to a non-
invasive phenotype when sensing a high growth density in culture
(Sharif and Wellstein, 2015). In our model, we have implemented
such a mechanism, which, upon sensing high cell density, forces
the cells out of the proliferative cycle into the quiescent (Gg) state.
This was achieved by prohibiting any cell, including BTSCs, to un-
dergo mitosis if all four neighboring grid positions were occupied.

On the other hand, if BTSCs succeeded in evading encapsulation
by neighboring cells, their proliferation led inevitably to the devel-
opment of tumorous neurospheres. The evasion of encapsulation
was facilitated if the progenitor cell selected for tumor transfor-
mation was located near the periphery of the neurosphere. In such
cases, the outgrowing tumor, carried by the proliferating BTSCs,
frequently encapsulated the non-tumorous cells and blocked their
further growth. It is important to note that the infinite open space
available to cells in the periphery of the modeled neurospheres
simulates well the morphology of epithelial tissues, which form
not only the external surface of the body but also line the lumina
of most internal organs, such as those of the intestinal tract or of
glands. It has been estimated that as many as 90% of all human
carcinomas arise from epithelial tissue (Hinck and Ndthke, 2014).
The present study provides a plausible mechanistic explanation
for the prevalence of epithelial cancers: the open space faced by
the epithelial cells greatly facilitates the evasion of encapsulation
by neighboring cells. This spatial configuration helps the epithe-
lial cells to avoid contact inhibition, and thus ultimately promotes
growth of cancerous tissue.

4.3. The effect of maturity of tissue on tumor development

As discussed in the last section, simulations employing our CA
model have suggested that encapsulation of stem and progenitor
cells by other cells is a powerful mechanism to restrict growth
of normal neurospheres, and a major determinant of the fate of
neurospheres — to grow either normally or develop into a tumor.
Among the simulated cell types considered here (stem cells, pro-
genitor cell, differentiated cells, and dead cells), differentiated cells
are the most effective ones for blocking mitotic activity of neigh-
boring cells. According to the rules implemented into our model,
only the differentiated cells cannot vacate a grid position, either by
moving, or by dying followed by removal of the dead cell through
phagocytosis. Furthermore, the probability that a progenitor cell is
neighbored by a differentiated cell increases with increasing time t.
We, therefore, hypothesized that the probability of a neurosphere
to become tumorous will decrease with increasing t.

We have tested this hypothesis by simulating tumor trans-
formation of progenitors at different time points of neurosphere
development, reflected by tg,, ranging from 2 to 20. As predicted
by our hypothesis, the simulations demonstrated a strong trend
of neurospheres to become tumorous with decreasing time tg,
at which tumor transformation took place (Fig. 6). This trend was
paralleled by an increase in the final size of tumorous — but not
normal — neurospheres at tg,, = 100. The latter difference can be
explained by our previous observation that normal neurospheres
approximate their final size most typically within less than 60
iteration cycles (Sipahi and Zupanc, 2018), whereas tumorous
neurospheres, once on the path of tumor development, have the
potential to grow indefinitely (cf. Fig. 5). Thus, a progenitor cell
that was transformed into a BTSC at t;, =20 has 18 iteration
cycles less to add newly generated BTSCs to the neurosphere
than a progenitor transformed at ty,, =2. Furthermore, it is more
likely that the progenitor cell that is transformed at t;,, = 20 is
surrounded by other cells, thereby preventing a rapid spread of
tumor cells. We, therefore, conclude that the developmental stage
of the tissue in which a progenitor cell is transformed into a BTSC
has a major effect on the probability that this tissue progresses

into a tumor, whereas the growth rate of tumors is little, if at all,
affected by differences in developmental maturity.

4.4. The effect of cell death on tumor progression

Spontaneous cell death is a common feature of cancers, in-
cluding brain tumors (Kordek et al., 1996; Kuriyama et al., 2002;
Migheli et al., 1994; Patsouris et al., 1996). Cell death, induced
through radiation or cytotoxic agents, is used as a major mecha-
nism of anti-cancer therapies. However, as straightforward as such
a therapeutic approach for the elimination of cancer cells seems to
be, recent studies have indicated that the actual situation is more
complex. In both lymphoma and prostate cancer, loss of part of
the tumor cells through induction of apoptosis can promote tumor
growth (Ford et al., 2015; Roca et al., 2018).

It has been hypothesized that tumor cell repopulation is medi-
ated by compensatory proliferation (Zimmerman et al., 2013). This
process is usually activated after loss of tissue during regeneration,
most markedly in anamniote vertebrates, and involves a precise
temporal orchestration of apoptosis of injured cells, removal of
cellular debris through phagocytosis by macrophages, and mitosis
of stem and progenitor cells (Sirbulescu and Zupanc, 2011; Sir-
bulescu and Zupanc, 2013; Zupanc and Sirbulescu, 2013). Tumors
might have usurped the evolutionary conserved mechanism of
compensatory proliferation to offset the loss of cells caused by
apoptosis-inducing anti-cancer therapies.

Despite the obvious implications for such therapies, the analy-
sis of the interactions between cell death and tumor repopulation
from a dynamical systems point of view is still in its infancy. In
the present investigation, we have examined a specific aspect of
these interactions, namely the effect of apoptotic cell death on
the growth of tumorous neurospheres following transformation of
a progenitor cell into a BTSC. The simulations yielded a notable
result, which is reminiscent of the dichotomous effect that may
occur after application of apoptosis-inducing anti-cancer thera-
pies: Cell death can both promote and suppress tumor growth.
Most significantly, our simulations suggest that the specific effect
depends on the developmental maturity of the tissue in which
the transformation of a progenitor cell into a BTSC is induced.
As a corollary, this hypothesis predicts that anti-cancer therapies
based on induction of apoptosis are most effective in tissues with
a low degree of cellular differentiation, whereas in tissues with
a high degree of differentiation such treatment, although initially
reducing the number of tumor cells, will ultimately facilitate
tumor growth. Efforts to optimize the efficacy of such therapies
might benefit from the biological testing of this hypothesis.

Acknowledgments

The work was supported by the National Science Foundation,
Grant no. 1538505 (G.K.H.Z, R.S.).

G.KH.Z. designed and coordinated the research. R.S. and
G.KH.Z. developed the CA model. R.S. implemented the model.
F.B.Z. and G.K.H.Z. conducted the simulations. G.K.H.Z. analyzed the
data. G.K.H.Z. wrote the manuscript. R.S., EB.Z,, and G.K.H.Z. pre-
pared the figures. All authors revised and approved the manuscript.

References

Alemani, D., Pappalardo, F., Pennisi, M., Motta, S., Brusic, V., 2012. Combining cellu-
lar automata and lattice Boltzmann method to model multiscale avascular tu-
mor growth coupled with nutrient diffusion and immune competition. J. Im-
munol. Methods 376, 55-68. doi:10.1016/j.jim.2011.11.009.

Bez, A., Corsini, E., Curti, D., Biggiogera, M., Colombo, A., Nicosia, R.F, Pagano, S.F,
Parati, E.A., 2003. Neurosphere and neurosphere-forming cells: morphological
and ultrastructural characterization. Brain Res. 993, 18-29.

Bieberich, E., MacKinnon, S., Silva, J., Noggle, S., Condie, B.G., 2003. Regulation of cell
death in mitotic neural progenitor cells by asymmetric distribution of prostate


http://dx.doi.org/10.13039/100000001
https://doi.org/10.1016/j.jim.2011.11.009
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0002
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0002
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0002
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0002
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0002
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0002
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0002
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0002
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0002

110 G.K.H. Zupanc, EB. Zupanc and R. Sipahi/Journal of Theoretical Biology 467 (2019) 100-110

apoptosis response 4 (PAR-4) and simultaneous elevation of endogenous ce-
ramide. J. Cell Biol. 162, 469-479. doi:10.1083/jcb.200212067.

Cairns, J., 1975. Mutation selection and the natural history of cancer. Nature 255,
197-200.

Doetsch, F, Caillé, I., Lim, D.A., Garcia-Verdugo, J.M., Alvarez-Buylla, A., 1999. Sub-
ventricular zone astrocytes are neural stem cells in the adult mammalian brain.
Cell 97, 703-716.

Eagle, H., Levine, E.M., 1967. Growth regulatory effects of cellular interaction. Nature
213, 1102-1106.

Eisenhoffer, G.T., Rosenblatt, J., 2013. Bringing balance by force: live cell extrusion
controls epithelial cell numbers. Trends Cell Biol. 23, 185-192. doi:10.1016/j.tcb.
2012.11.006.

Escobar Ospina, M.E., Perdomo, J.G., 2013. A growth model of human papillomavirus
type 16 designed from cellular automata and agent-based models. Artif. Intell.
Med. 57, 31-47. doi:10.1016/j.artmed.2012.11.001.

Ford, CA., Petrova, S., Pound, ].D., Voss, ]JJ.L.P, Melville, L., Paterson, M., Farn-
worth, S.L., Gallimore, A.M., Cuff, S., Wheadon, H., Dobbin, E., Ogden, C.A., Du-
mitriu, LE., Dunbar, D.R., Murray, P.G., Ruckerl, D., Allen, J.E., Hume, D.A., van
Rooijen, N., Goodlad, J.R., Freeman, T.C., Gregory, C.D., 2015. Oncogenic prop-
erties of apoptotic tumor cells in aggressive B cell lymphoma. Curr. Biol. 25,
577-588. doi:10.1016/j.cub.2014.12.059.

Galli, R, Binda, E., Orfanelli, U, Cipelletti, B., Gritti, A., De Vitis, S., Fiocco, R.,
Foroni, C., Dimeco, F, Vescovi, A., 2004. Isolation and characterization of tu-
morigenic, stem-like neural precursors from human glioblastoma. Cancer Res.
64, 7011-7021. doi:10.1158/0008-5472.CAN-04-1364.

Hanahan, D., Weinberg, R.A., 2000. The hallmarks of cancer. Cell 100, 57-70.

Hanahan, D., Weinberg, R.A., 2011. Hallmarks of cancer: the next generation. Cell
144, 646-674. doi:10.1016/j.cell.2011.02.013.

Hinck, L., Ndthke, 1., 2014. Changes in cell and tissue organization in cancer of the
breast and colon. Curr. Opin. Cell Biol. 26, 87-95. doi:10.1016/j.ceb.2013.11.003.

Ignatova, T.N., Kukekov, V.G., Laywell, E.D., Suslov, O.N., Vrionis, ED., Steindler, D.A.,
2002. Human cortical glial tumors contain neural stem-like cells expressing as-
troglial and neuronal markers in vitro. Glia 39, 193-206. doi:10.1002/glia.10094.

Ingber, D.E., Dike, L., Hansen, L., Karp, S., Liley, H., Maniotis, A., McNamee, H.,
Mooney, D., Plopper, G., Sims, J., Wang, N., 1994. Cellular tensegrity: exploring
how mechanical changes in the cytoskeleton regulate cell growth, migration,
and tissue pattern during morphogenesis. Int. Rev. Cytol. 150, 173-224.

Jones, G.W., Chapman, S.J., 2012. Modeling growth in biological materials. SIAM Rev.
54, 52-118.

Kordek, R., Hironishi, M., Liberski, P.P., Yanagihara, R., Gajdusek, D.C., 1996. Apoptosis
in glial tumors as determined by in situ nonradioactive labeling of DNA breaks.
Acta Neuropathol. 91, 112-116.

Kreso, A., Dick, J.E., 2014. Evolution of the cancer stem cell model. Cell Stem Cell 14,
275-291. doi:10.1016/j.stem.2014.02.006.

Kuan, C.-Y., Roth, K.A., Flavell, R.A., Rakic, P, 2000. Mechanisms of programmed cell
death in the developing brain. Trends Neurosci. 23, 291-297.

Kuriyama, H., Lamborn, K.R., O’Fallon, J.R,, Iturria, N., Sebo, T., Schaefer, P.L., Schei-
thauer, B.W., Buckner, J.C., Kuriyama, N., Jenkins, R.B., Israel, M.A., 2002. Prog-
nostic significance of an apoptotic index and apoptosis/proliferation ratio for
patients with high-grade astrocytomas. Neuro-Oncol. 4, 179-186. doi:10.1093/
neuonc/4.3.179.

Lobo, M.V.T,, Alonso, FJ.M., Redondo, C., Lépez-Toledano, M.A., Caso, E., Herranz, A.S.,
Paino, C.L.,, Reimers, D., Bazan, E., 2003. Cellular characterization of epidermal
growth factor-expanded free-floating neurospheres. ]. Histochem. Cytochem. 51,
89-103. doi:10.1177/002215540305100111.

Migheli, A., Cavalla, P., Marino, S., Schiffer, D., 1994. A study of apoptosis in normal
and pathologic nervous tissue after in situ end-labeling of DNA strand breaks. ].
Neuropathol. Exp. Neurol. 53, 606-616.

Milosevic, J., Storch, A., Schwarz, ]., 2004. Spontaneous apoptosis in murine free-
floating neurospheres. Exp. Cell Res. 294, 9-17. doi:10.1016/j.yexcr.2003.10.033.

Moeendarbary, E., Harris, A.R., 2014. Cell mechanics: principles, practices, and
prospects. WIREs Syst. Biol. Med. 6, 371-388.

Monteagudo, A., Santos, J., 2015. Treatment analysis in a cancer stem cell con-
text using a tumor growth model based on cellular automata. PLoS One 10,
e0132306. doi:10.1371/journal.pone.0132306.

Morrison, S.J., Kimble, J., 2006. Asymmetric and symmetric stem-cell divisions in
development and cancer. Nature 441, 1068-1074. doi:10.1038/nature04956.
Neumann, H., Kotter, M.R., Franklin, RJ.M., 2009. Debris clearance by microglia:
an essential link between degeneration and regeneration. Brain 132, 288-295.

doi:10.1093/brain/awn109.

Newgreen, D.F, Dufour, S., Howard, M.J,, Landman, K.A., 2013. Simple rules for a
“simple” nervous system? Molecular and biomathematical approaches to enteric
nervous system formation and malformation. Dev. Biol. 382, 305-319. doi:10.
1016/.ydbio.2013.06.029.

Nowell, P.C., 1976. The clonal evolution of tumor cell populations. Science 194,
23-28.

Oduola, W.0., Li, X., 2018. Multiscale tumor modeling with drug pharmacokinetic
and pharmacodynamic profile using stochastic hybrid system. Cancer Inform.
17, 1176935118790262. doi:10.1177/1176935118790262.

Omuro, A., DeAngelis, L.M., 2013. Glioblastoma and other malignant gliomas: a clin-
ical review. JAMA 310, 1842-1850. doi:10.1001/jama.2013.280319.

Patsouris, E., Davaki, P.,, Kapranos, N., Davaris, P., Papageorgiou, K., 1996. A study of
apoptosis in brain tumors by in situ end-labeling method. Clin. Neuropathol. 15,
337-341.

Ponti, G., Obernier, K., Guinto, C., Jose, L., Bonfanti, L., Alvarez-Buylla, A., 2013.
Cell cycle and lineage progression of neural progenitors in the ventricular-

subventricular zones of adult mice. Proc. Natl. Acad. Sci. USA 110, E1045-E1054.
doi:10.1073/pnas.1219563110.

Reynolds, B.A., Weiss, S., 1992. Generation of neurons and astrocytes from isolated
cells of the adult mammalian central nervous system. Science 255, 1707-1710.

Roca, H., Jones, ].D., Purica, M.C,, Weidner, S., Koh, AJ.,, Kuo, R., Wilkinson, J.E.,
Wang, Y., Daignault-Newton, S., Pienta, KJ., Morgan, T.M., Keller, E.T,, Nér, J.E.,
Shea, L.D., McCauley, LK., 2018. Apoptosis-induced CXCL5 accelerates inflam-
mation and growth of prostate tumor metastases in bone. J. Clin. Invest. 128,
248-266. doi:10.1172/]C192466.

Ryy, J.R, Hong, CJ., Kim, J.Y,, Kim, E.-K,, Sun, W,, Yu, S.-W., 2016. Control of adult
neurogenesis by programmed cell death in the mammalian brain. Mol. Brain. 9,
43. doi:10.1186/s13041-016-0224-4.

Sabzpoushan, S.H., Pourhasanzade, F, 2018. A new method for shrinking tumor
based on microenvironemntal factors: introducing stochastic agent-based model
of avascular tumor growth. Physica A 508, 771-787.

Sanai, N., Alvarez-Buylla, A., Berger, M.S., 2005. Neural stem cells and the origin of
gliomas. N. Engl. . Med. 353, 811-822. doi:10.1056/NEJMra043666.

Santos, J., Monteagudo, A, 2015. Analysis of behaviour transitions in tumour growth
using a cellular automaton simulation. IET Syst. Biol. 9, 75-87. doi:10.1049/
iet-syb.2014.0015.

Schonberg, D.L., Lubelski, D., Miller, T.E., Rich, J.N.,, 2014. Brain tumor stem cells:
molecular characteristics and their impact on therapy. Mol. Aspects Med. 39,
82-101. doi:10.1016/j.mam.2013.06.004.

Shackleton, M., Quintana, E., Fearon, E.R,, Morrison, SJ., 2009. Heterogeneity in can-
cer: cancer stem cells versus clonal evolution. Cell 138, 822-829. doi:10.1016/j.
cell.2009.08.017.

Sharif, G.M., Wellstein, A., 2015. Cell density regulates cancer metastasis via the
Hippo pathway. Future Oncol. 11, 3253-3360. doi:10.2217/fon.15.268.

Sharif, G.M., Schmidt, M.O., Yi, C.,, Hu, Z, Haddad, B.R.,, Glasgow, E., Riegel, A.T,
Wellstein, A., 2015. Cell growth density modulates cancer cell vascular inva-
sion via Hippo pathway activity and CXCR2 signaling. Oncogene 34, 5879-5889.
doi:10.1038/onc.2015.44.

Shrestha, S.M.B., Joldes, G.R., Wittek, A., Miller, K., 2013. Cellular automata coupled
with steady-state nutrient solution permit simulation of large-scale growth of
tumours. Int. J. Numer. Method. Biomed. Eng. 29, 542-559. doi:10.1002/cnm.
2539.

Siegel, R.L., Miller, K.D., Jemal, A., 2018. Cancer statistics, 2018. CA Cancer J. Clin. 68,
7-30. doi:10.3322/caac.21442.

Sipahi, R, Zupanc, G.KH., 2018. Stochastic cellular automata model of neuro-
sphere growth: roles of proliferative potential, contact inhibition, cell death, and
phagocytosis. ]. Theor. Biol. 445, 151-165. doi:10.1016/].jtbi.2018.02.025.

Sirbulescu, R.F, Zupanc, G.K.H., 2011. Spinal cord repair in regeneration-competent
vertebrates: adult teleost fish as a model system. Brain Res. Rev. 67, 73-93.
doi:10.1016/j.brainresrev.2010.11.001.

Sirbulescu, R.F, Zupanc, G.KH,, et al,, 2013. Neuronal regeneration. In: Evans, D.H,,
et al. (Eds.), The Physiology of Fishes. CRC Press, Boca Raton, pp. 405-441.
Sirbulescu, R, llies, I, Meyer, A., Zupanc, G.K.H., 2017. Additive neurogenesis sup-
ported by multiple stem cell populations mediates adult spinal cord develop-
ment: a spatiotemporal statistical mapping analysis in a teleost model of inde-

terminate growth. Dev. Neurobiol. 77, 1269-1307. doi:10.1002/dneu.22511.

Sirbulescu, R.F, llies, I, Vitalo, A.G., Trull, K., Zhu, J., Traniello, LM., Zupanc, G.KH.,
2015. Adult stem cells in the knifefish cerebellum. Dev. Neurobiol. 75, 39-65.

Sommer, L., Rao, M., 2002. Neural stem cells and regulation of cell number. Prog.
Neurobiol. 66, 1-18.

Streichan, S.J., Hoerner, C.R,, Schneidt, T., Holzer, D., Hufnagel, L., 2014. Spatial con-
straints control cell proliferation in tissues. Proc. Natl. Acad. Sci. USA 111, 5586-
5591. doi:10.1073/pnas.1323016111.

Stupp, R., Mason, W.P,, van den Bent, M.]., Weller, M., Fisher, B., Taphoorn, M.J., Be-
langer, K., Brandes, A.A., Marosi, C., Bogdahn, U, Curschmann, ], Janzer, R.C,
Ludwin, S.K,, Gorlia, T., Allgeier, A., Lacombe, D., Cairncross, ].G., Eisenhauer, E.,
Mirimanoff, R.0.National Cancer Institute of Canada Clinical Trials, G., 2005. Ra-
diotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N.
Engl. J. Med. 352, 987-996. doi:10.1056/NEJM0a043330.

Tamimi, A.F, Juweid, M., 2017. Epidemiology and outcome of glioblastoma. In: De
Vleeschouwer, S. (Ed.), Glioblastoma. Codon Publications, Brisbane (AU).

Vargas, M.E., Barres, B.A., 2007. Why is Wallerian degeneration in the CNS so slow?
Ann. Rev. Neurosci. 30, 153-179. doi:10.1146/annurev.neuro.30.051606.094354.

Vescovi, A.L, Galli, R., Reynolds, B.A., 2006. Brain tumour stem cells. Nat. Rev. Can-
cer 6, 425-436. doi:10.1038/nrc1889.

Young, K.M., Bartlett, PE,, Coulson, E.J., 2006. Neural progenitor number is regulated
by nuclear factor-«B p65 and p50 subunit-dependent proliferation rather than
cell survival. ]. Neurosci. Res. 83, 39-49. doi:10.1002/jnr.20702.

Zhou, B.-B.S., Zhang, H., Damelin, M., Geles, K.G., Grindley, ].C., Dirks, P.B., 2009.
Tumour-initiating cells: challenges and opportunities for anticancer drug dis-
covery. Nat. Rev. Drug Discov. 8, 806-823. doi:10.1038/nrd2137.

Zimmerman, M.A., Huang, Q., Li, F, Liu, X,, Li, C.-Y., 2013. Cell death-stimulated cell
proliferation: a tissue regeneration mechanism usurped by tumors during ra-
diotherapy. Semin. Radiat. Oncol. 23, 288-295. doi:10.1016/j.semradonc.2013.05.
003.

Zupanc, G.K.H., Sirbulescu, R.F, 2013. Teleost fish as a model system to study suc-
cessful regeneration of the central nervous system. Curr. Top. Microbiol. Im-
munol. 367, 193-233.

Zupanc, G.K.H,, Clint, S.C., Takimoto, N., Hughes, A.T., Wellbrock, U.M., Meissner, D.,
2003. Spatio-temporal distribution of microglia/macrophages during regenera-
tion in the cerebellum of adult teleost fish, Apteronotus leptorhynchus: a quanti-
tative analysis. Brain Behav. Evol. 62, 31-42 doi:71958.


https://doi.org/10.1083/jcb.200212067
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0004
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0004
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0005
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0005
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0005
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0005
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0005
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0005
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0006
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0006
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0006
https://doi.org/10.1016/j.tcb.2012.11.006
https://doi.org/10.1016/j.artmed.2012.11.001
https://doi.org/10.1016/j.cub.2014.12.059
https://doi.org/10.1158/0008-5472.CAN-04-1364
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0011
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0011
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0011
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.ceb.2013.11.003
https://doi.org/10.1002/glia.10094
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0015
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0016
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0016
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0016
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0017
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0017
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0017
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0017
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0017
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0017
https://doi.org/10.1016/j.stem.2014.02.006
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0019
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0019
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0019
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0019
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0019
https://doi.org/10.1093/neuonc/4.3.179
https://doi.org/10.1177/002215540305100111
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0022
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0022
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0022
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0022
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0022
https://doi.org/10.1016/j.yexcr.2003.10.033
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0024
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0024
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0024
https://doi.org/10.1371/journal.pone.0132306
https://doi.org/10.1038/nature04956
https://doi.org/10.1093/brain/awn109
https://doi.org/10.1016/j.ydbio.2013.06.029
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0029
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0029
https://doi.org/10.1177/1176935118790262
https://doi.org/10.1001/jama.2013.280319
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0032
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0032
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0032
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0032
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0032
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0032
https://doi.org/10.1073/pnas.1219563110
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0034
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0034
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0034
https://doi.org/10.1172/JCI92466
https://doi.org/10.1186/s13041-016-0224-4
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0037
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0037
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0037
https://doi.org/10.1056/NEJMra043666
https://doi.org/10.1049/iet-syb.2014.0015
https://doi.org/10.1016/j.mam.2013.06.004
https://doi.org/10.1016/j.cell.2009.08.017
https://doi.org/10.2217/fon.15.268
https://doi.org/10.1038/onc.2015.44
https://doi.org/10.1002/cnm.2539
https://doi.org/10.3322/caac.21442
https://doi.org/10.1016/j.jtbi.2018.02.025
https://doi.org/10.1016/j.brainresrev.2010.11.001
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0048
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0048
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0048
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0048
https://doi.org/10.1002/dneu.22511
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0050
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0050
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0050
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0050
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0050
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0050
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0050
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0050
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0051
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0051
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0051
https://doi.org/10.1073/pnas.1323016111
https://doi.org/10.1056/NEJMoa043330
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0054
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0054
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0054
https://doi.org/10.1146/annurev.neuro.30.051606.094354
https://doi.org/10.1038/nrc1889
https://doi.org/10.1002/jnr.20702
https://doi.org/10.1038/nrd2137
https://doi.org/10.1016/j.semradonc.2013.05.003
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0060
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0060
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0060
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0061
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0061
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0061
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0061
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0061
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0061
http://refhub.elsevier.com/S0022-5193(19)30030-X/sbref0061

	Stochastic cellular automata model of tumorous neurosphere growth: Roles of developmental maturity and cell death
	1 Introduction
	2 Model development
	2.1 General structure of the CA model
	2.2 Cell proliferation and control of cell cycle progression by contact inhibition
	2.3 Cell death and phagocytosis

	3 Results
	3.1 Normal neurospheres
	3.2 Tumorous neurospheres
	3.3 Encapsulation of BTSCs
	3.4 Tumor transformation as a function of developmental maturity of neurospheres
	3.5 Regulation of development of normal and tumorous neurospheres by cell death

	4 Discussion
	4.1 Phenotypic similarity of BTSCs during the early stage of tumor progression and development of intratumoral heterogeneity
	4.2 Encapsulation of BTSCs as a determinant of normal vs. tumorous neurosphere development
	4.3 The effect of maturity of tissue on tumor development
	4.4 The effect of cell death on tumor progression

	Acknowledgments
	References


