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Abstract

Chemoresistance and radioresistance of various malignancies has been attributed to the presence of cancer stem
cells. Elimination of these cancer stem cells has been postulated to help enhance the effectiveness of conventional
chemotherapy by decreasing resistance to chemotherapy and radiotherapy. However identifying cancer stem cells
and selectively targeting them has been a challenge due to the lack of unique markers. Interconversion of more
differentiated cells to less differentiated cells may potentially confound this problem. A mathematical model which
simulates stem cell homeostasis with such inbuilt probability of interconversion is presented here. Perturbing the
system by introducing various agents which enhance differentiation leads to interesting results. Utilizing pure stem
cell antagonists does not lead to elimination of the tumor cells due to dedifferentiation. Differentiation of specific
subsets of cells also does not lead to elimination of cancer cells and in some situations may paradoxically drive
tumor growth in a robust manner. The model predicts that a dual regimen consisting of a stem cell antagonist and
a differentiating agent which acts on multiple cell populations is effective in decelerating the tumor growth and in
eliminating the tumor cells. This model provides a theoretical framework for the applicability of such a dual regimen

in cancer treatment.
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Introduction

Tumors have been observed to be heterogeneous in their
constituency [1]. The relative abundance of differentiated cells and
undifferentiated cells in a tumor, especially after chemotherapy has
been observed to correlate with prognosis and recurrence [2]. It has
been increasingly recognized that tumor growth is driven by cancer
stem cells (CSCs) [3]. Cells with cancer stem cell properties have been
characterized in multiple malignancies including skin, brain, breast,
pancreas, prostate, colon and urinary bladder [4-10]. Eliminating
cancer stem cells has been postulated to be an effective method
to cure cancer; however a panel of markers that uniquely identify
cancer stem cells is currently not available [11]. It has been observed
in acute myeloid leukemia that populations at different layers of
the differentiation hierarchy may interconvert and recapitulate the
heterogeneity of the resultant tumor cells [12,13]. The interconversion
has an important bearing on overall cancer treatment as it implies
that primitive cells are replenished by dedifferentiation of more
differentiated cells with less proliferative capacity. It has been shown
that subsets of tumorigenic cell populations in colon and pancreatic
cancer may contribute to metastasis [14,15]. Therefore, eliminating
cancer stem cells and the cells which may potentially dedifferentiate
into cancer stem cells may not only help decelerate the growth of the
primary tumor but may also decrease the chances of metastasis. A
mathematical model is constructed which shows that a combination
of stem cell antagonists and differentiating agents is superior to either
of the regimens alone. The hypothesis being investigated is that stem
cell antagonists and differentiating agents when applied together work
synergistically to prevent repletion of stem cells by dedifferentiation
and hence have a greater probability of eliminating the tumor cells.
Preliminary simulation data is presented to support the hypothesis.
Various scenarios have been simulated to demonstrate the effect of
differentiation on different layers of the stem cell hierarchy.

Methods

A mathematical model with four layers has been constructed to

reflect the hierarchal arrangement of cancer stem cells, progenitor
cells and, transit-amplifying cells and differentiated cells. Cancer stem
cells are depicted in the apex in Figure 1A where they differentiate to
form progenitor cells. These divisions may include both self-renewal
and differentiation into progenitor cells. The cascade of differentiation
continues from the progenitor cells to transit amplifying cells and
finally to differentiated cells. It is assumed that the cells attain more
differentiated phenotype as they progress downwards in the cascade
accompanied by a simultaneous loss of proliferative potential. It
should be noted that cells which reside in the fourth layer are capable
of dedifferentiation and they exit the cascade to form terminally
differentiated cells which have a limited life span and as such are not
depicted in this model. It is assumed in this model that the terminally
differentiated cells do nothave the ability to dedifferentiate and therefore
do not influence the homeostasis of the stem cell compartment. This
model is similar in concept to the phase-space model of hematopoietic
stem cells and parameters to construct the model have been adapted
from it [16]. Repletion of different compartments is enabled by
allowing dedifferentiation across all the layers of the cascade. The
model is initially seeded with cancer stem cells and the model achieves
homeostasis gradually and approximately after 80 cell divisions.
The effect on cell numbers is depicted under various conditions of
perturbation of elimination and differentiation. This model specifically
intends to depict the effect of dedifferentiation on homeostasis of cells
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in the various layers of the stem cell compartment. The parameters
used to depict the stem cell model are provided in Table 1. The stem
cell antagonist is assumed to act with 50% efficiency and the results
are depicted with introduction and withdrawal of the agent at specific
time points. The model also assumes that dedifferentiation is initiated
when the cell number in the stem cell layer falls below 400, progenitor
population falls below 1000 and transit amplifying cell population
falls below 2000. The model is simplistic in its approach and in its
current form does not include other perturbations such as resistance
to the applied agents, altered bioavailability of the applied agents to
different cell layers and the effect of angiogenesis on the availability of
the applied agents.

Results

The mathematical model presented here is unique in incorporating
the possibility of dedifferentiation at all levels of the hierarchy to
ensure homeostasis of the individual cell layers. The flow of cells
starting from the stem cells to differentiated cells is depicted in Figure
1A. In this steady state, depletion of the stem cell layer by apoptosis
and differentiation triggers dedifferentiation from the progenitor layer
and replenishment of the stem cells. The bidirectional arrows depicted
in Figure 1A represent the dedifferentiation ability of cells in all the
layers and hence replenishment is possible in all the layers. Figure 1B
shows the establishment of a constant number of cells in each layer
over an extended period of time. This represents the homeostatic state
of the stem cell compartment after taking into account the processes
of division, apoptosis, differentiation and dedifferentiation. The trigger
for activation of the de-differentiation was set at 40% of the total stem
cell population. The model serves to show the effect of antagonists and
differentiating agents in different layers at different time points.

Effect of stem cell antagonists

Introducing a drug which directly acts on cancer stem cells and
eliminates them and results in a decrease in the cell numbers across
all the other layers as depicted in Figure 1C. It noticeably also results
in the establishment of a new equilibrium. Therefore attempting
to eliminate the cancer stem cell alone is not an optimal strategy. In
Figure 1C the stem cell antagonist was introduced after 80 cell divisions
and withdrawn after 250 cell divisions. The replenishment of the stem
cell compartment by de-differentiation causes a robust increase in the
tumor cells in all layers leading to the re-establishment of the steady
state at its former level. This is representative of a complete recurrence.

Effect of differentiating agents

Introduction of a differentiating agent which specifically acts on
progenitor cells is shown in Figure 2A. The agent is introduced after
80 cell divisions and causes a remarkable increase in the number of
cells in the subsequent layers and a likely increase in the overall size of
the tumor. This phenomenon is due to the high proliferative potential
of cells in the cascade below that of progenitor cells. The depleted
progenitor cells are well replenished by the stem cell compartment
and differentiating the progenitor cell layer increases the supply of
highly proliferative cells. This effect illustrates the danger involved in
utilizing agents which specifically act on progenitor cells. Figure 2B
illustrates the effect of a differentiating agent which specifically acts
on transit amplifying cells. Notably, the effect is very similar to that
of stem cell antagonists with the establishment of a new equilibrium
at approximately the same level. Figure 2C depicts the effect of a
differentiating agent which specifically acts on the last layer of the
cascade; the differentiated cells. It specifically causes the efflux of cells
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PDiv |PApop PDiff P Dediff
Stem cells 0.1 0 0.15 0
Progenitor cells 0.2 0.02 0.22 0.05
TA cells 0.4 0.05 0.37 0.05
Differentiated Cells 0.6 0.088 0.6 0.05

P Div: Probability of Division

P Apop: Probability of Apoptosis

P Diff: Probability of Differentiation

P Dediff: Probability of Dedifferentiation

Table 1: The probabilities of division, apoptosis, differentiation and dedifferentiation
for various cell populations used in the construction of the model.

from this layer into a terminally differentiated layer of cells which do
not have any dedifferentiation potential. These cells, although are a part
of the tumor are assumed to have very limited life span and undergo
apoptosis. Comparison of the effect of this agent with the other agents
shows that the new equilibrium established is at a lower level. Figure
3A illustrates the effect of a differentiating agent which acts on the
progenitor, transit amplifying cells and the differentiated cells. The
result is the establishment of a new equilibrium which is lower than
that of all agents which act on individual layers of cells. However, the
establishment of a new lower but ongoing equilibrium indicates that
the tumor will continue to survive despite differentiation pressure on
all layers below the stem cells in the differentiation cascade.

Effect of the combination of stem cell antagonists and
differentiating agents

The effect of a combination of a stem cell antagonist and a
differentiating agent which acts on progenitor cells, transit amplifying
cells and differentiated cells is depicted in Figure 3B. Unlike, the effect
of these agents when used individually, a combination does not result
in a sustained new equilibrium but leads to a complete decline of the
cell population in all the cell layers. This is representative of a complete
remission. Withdrawal of the combination of these agents does not lead
to a recurrence as the cells which could dedifferentiate and replenish
the different compartments are depleted. This model suggests that in
order to eliminate the possibility of recurrence, a combination of an
agent to antagonize stem cells and a differentiating agent which acts on
the rest of cascade is required.

Discussion

Cancer stem cells have been shown to be possible seats of resistance
to radiation in brain and breast tumors [17,18]. However, these
cells can be induced to differentiate as seen with the effect of bone
morphogenetic protein 4 (BMP4) on glial stem cells and trans-retinoic
acid in acute promyelocytic leukemia [19,20]. The mathematical model
proposed here assumes that there is a hierarchy emanating from cancer
stem cells but the existence and extent of this hierarchy may vary in
different malignancies. In human AML, there are rare leukemogenic
cells while in mouse acute lymphoblastic leukemia (ALL), more than
half of the cell population is leukemogenic [21,22]. In melanoma, there
is no evidence of the existence of such a hierarchy [23]. The bidirectional
interconversion of cells between different layers in a stem cell
differentiation cascade has been observed [24,25]. The frequency and
rapidity of interconversion between tumorigenic and non-tumorigenic
phenotype may provide an alternate pathway to the emergence of
resistance besides known mechanisms such as de novo mutations.
The mathematical model constructed here leads to some interesting
and important predictions: 1. Stem cell antagonists, even with a high
efficiency may not necessarily lead to the eradication of the tumor. 2.
Differentiating agents which act specifically on progenitor cells may
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Figure 1: Panel A. The cancer stem cell compartment is depicted in four layers of cells with increasing differentiation and decreasing proliferative capacity. The
bidirectional arrows represent dedifferentiation ability of these cells. Panel B. The establishment of a steady state in the stem cell compartment is noticeable after
approximately 80 cell divisions. The compartment is initially seeded only with stem cells which divide, differentiate and establish a cascade with four different types of

cells. Panel C. The effect of the introduction of a stem cell antagonist after 80 cell divisions results in an initial decline. Withdrawal of the agent after 250 cell divisions
causes a re-establishment of the compartment which is representative of complete recurrence.
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population but nevertheless contributes to the formation a new but lower equilibrium.

Figure 2: Panel A. Differentiating agent which acts on progenitors cells results in an increase in the overall number of cells and establishment of new equilibrium at
a higher level. Panel B. Differentiating agent which acts on transit amplifying cells decreases the overall cell number but establishes am equilibrium at a level which
is similar to that of stem cell antagonists. Panel C. Differentiating agent which acts on differentiated cells produces the most pronounced suppression on tumor cell
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Figure 3: Panel A. Differentiating agent which acts on the progenitor cells, transit amplifying cells and the differentiated cells dramatically decreases the tumor cell

population but does not lead to the elimination of cancer cells. Panel B. A dual regimen consisting of a combination of a stem cell antagonist and a differentiating agent
which acts on the progenitor cells, transit amplifying cells and the pre-differentiated cells causes a rapid depletion of the cell population in all layers and complete
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paradoxically increase the tumor mass by driving the cascade forward
and by increasing the number of cells with high proliferative potential.
3. Differentiating agents which act on multiple cell populations
have a greater effect in regressing the tumor but are not effective in
eliminating the tumor cells. 4. A combination of a stem cell antagonist
and a differentiating agent which acts in multiple cell populations has
a potent effect on regressing and more notably, eliminating the tumor
cells. The model proposed in this chapter is simplistic and has several
assumptions and drawbacks. The efficiency of the stem cell antagonist
was assumed to be 50% in order to take into account the difficulty
involved in penetration of the tumor, bioavailability and the specificity
of the agent. Differentiating agents may act on more than one layer
of the stem cell hierarchy and isolating agents to study the effects of
differentiation on one particular layer of cells may not be feasible.
The apoptotic rate of stem cells was taken to be zero but this may not
necessarily be true for stem cell compartments. This model does not
take into account the effect of vasculature and the stromal component
of the stem cell niche. It is assumed that the stromal component
is unaffected by the perturbing factors. This model is not designed
to address the origins of the cancer stem cells and assumes that the
entire niche is built from the original cancer stem cell which seeds
the compartment. This model does not take into account the possible
occurrence of resistance to the perturbing factors. The model assumes
that the length of cell cycle is similar for cells in all the layers. The
model also assumes that the dedifferentiation rate is similar amongst
all the layers in the compartment. Future models will incorporate the
effects of stem cell antagonists which act at varying efficiencies ranging
from 10-90% at different time points. The parameters of probability
of division, apoptosis, differentiation and dedifferentiation will also be
altered over a spectrum to test the formation on new equilibria. The
emergence of resistance has not been addressed in this model and will
be incorporated into future models.

Conclusion

The mathematical model of stem cell homeostasis described here
serves as a basis for investigating the effect of various perturbing
factors. After incorporating minimal probabilities of dedifferentiation
at various layers of the stem cell cascade, it becomes evident that
differentiating agents which act on specific cell populations are not able
to regress the tumor beyond a certain newly established equilibrium.
The model also shows that if a differentiating agent acts specifically on
the progenitor cell population, it may increase the tumor size and act in
a paradoxical manner to drive tumor growth. This effect is a theoretical
prediction and is yet to be confirmed experimentally. This model
predicts that a dual regimen consisting of a stem cell antagonist and
a differentiating agent which acts on multiple cell populations is able
to effectively decrease the tumor size and eliminate tumor cells thus
preventing recurrence (Table 1).
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