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Abstract

Mechanical resistance of the surrounding tissue impacts on solid tumor progression. Tumor
spheroids are experimental models for cancer growth which are also used to investigate the effect of stress on cancer dynamics. Here we show that a two-population model recently developed
to describe the inuence of cancer stem cells on tumorsphere growth can be applied to assess
how the behavior of stem and dierentiated cancer cells is aected by stresses. Comparison
with experimental data suggests that stress makes the competition between dierentiated cells
stronger and weakens the competition among cancer stem cells, which improves tumor viability.

Introduction
Increasing experimental evidence is leading to the generalized acceptance of the cancer stem cell
hypothesis, which postulates that, in many tumors, a subpopulation of the cancer cells, the cancer
stem cells (CSCs), have the ability for self-renewal and can initiate and drive cancer growth [1].
Given the resistance of CSCs to therapy, incapacitating them could lead to cancer containment. It
is therefore critical to elucidate their role in tumor dynamics. On the other hand, the mechanical
properties of the tumor environment are determinant for its progression. Since stresses can aect
growth and metastasis, there are numerous studies that use spheroids to evaluate tumor growth
under mechanical stress [2-4]. The question we want to address here is: What are the implications
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of the presence of CSCs on a tumor subject to pressure?
We have recently developed a two-population mathematical model to describe CSC-driven tumorsphere growth [5]. This model was successfully applied to describe experimental results [6] for
tumorspheres grown from three breast cancer cell lines. This application revealed that, while interspercic interactions stimulate growth, intraspecic interactions are inhibitory. The model exhibits
three xed points: an unstable point where the cancer colony disappears, a dierentiated cell xed
point where all CSCs disappear, but a nite population of dierentiated cancer cells remains, and a
coexistence xed point where nite numbers of dierentiated cells and CSCs co-occur. By moving
the relevant parameters, we found that there is a tipping point, characterized by a transcritical
bifurcation, where the dierentiated cancer cell attractor is replaced by the coexistence attractor.
By applying the model to experimental data sets of spheroids grown under stress conditions, we will
draw conclusions about the eect of pressure on cell-cell interactions.

The Model
Our model describes the evolution of the two interacting populations, CSCs, whose number is S(t),
and dierentiated cancer cells, whose number is D(t), by the following equations [5],


dS(t)
= r (ps − pd )S(t) − r ps S(t) αSS S(t) + αSD D(t)
dt

(1)

h
ih
i
dD(t)
= r D(t) + [1 − (ps − pd )]S(t) 1 − (αDD D(t) + αDS S(t))
dt

(2)

This version of the model is slightly dierent from that presented in Ref. [5]. Here, in the absence
of more precise information, both subpopulations are assumed to have the same intrinsic division
rate r. When an S cell divides, there is a probability ps that two new S cells are generated and a
probability pd that two D cells are generated; the probability that there is an asymmetric division is
pa = 1 − pd − ps (asymmetric divisions do not change the number of CSCs). The diagonal elements
of the matrix αij describe intraspecic interactions, while its non-diagonal elements describe interspecic interactions. With this notation, αij < 0 ( αij > 0) corresponds to cooperative (inhibitory )
interactions. Plasticity, which is regulated by the microenvironment, is also expressed through these
interaction coecients.
The stability condition for the dierentiated cancer cell attractor is,
αSD
>1−Π
αDD

(3)

with Π = ppds ≤ 1 . If the system parameters satisfy condition (3), the resulting tumor is
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composed of D1 = αDD
dierentiated cancer cells. Otherwise the coexistence xed point is stable,
the corresponding cell numbers being,
S∗ =

αDD (1 − Π) − αSD
δ

(4)

D∗ =

αSS − (1 − Π)αDS
δ

(5)

Here δ = αDD αSS − αSD αDS .
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Comparison to experiments
Helmlinger and coworkers performed an extensive series of experiments to determine the eects of
stress on the growth of LS174T multicellular spheroids [2]. Some of their results are presented as
blue squares in the gures (we have replaced the spheroid diameters by cell numbers in order to
facilitate comparisons). Figures 1 and 3 show the results for two sets experiments (I and II) where
the sizes of free growing spheroids were measured. These results have been tted with our model. In
all the gures green lines represent the best ts of S + D to the total cell populations, while red lines
correspond to our results for the stem cell populations, which were not measured in the experiments.
The tting parameters are presented in the Table. The tting parameters corresponding to both free
growth experiments are consistent and indicate that interspecic interactions are cooperative (αDS
and αSD are negative), while the intraspecic interactions are inhibitory, revealing the presence of
competition (αSS and αDD are positive). This is in agreement with what we found from tting our
model to the results of tumorsphere experiments where growth was started from single stem cells
of the SUM 159, MCF-7, and T47D cancer cell lines [5]. In all gures the predicted numbers of
CSCs are small and we have multiplied them by 1000 to represent them in the same graph as the
dierentiated cells.
Figure 2 shows the results for spheroids grown in a 0.8% agarose gel; the corresponding parameters are presented in the Table and suggest that, as a consequence of pressure (a) the competitive
interactions among CSCs have weakened (αSS is much smaller), while CSCs now inhibit the growth
of dierentiated cells (αDS is positive), and (b) dierentiated cancer cells now inhibit CSC population
growth (αSD is also positive) but the strength of the competitive interaction among dierentiated
cancer cells (αDD ) is roughly preserved. No reasonable ts could be obtained if there were no cancer
stem cells present.
The same conclusions may be drawn from our ttings to the results of experiment II (See Fig.
4 and Table). In this experiment, the pressure generated by the agarose was released on day 30,
and the spheroids were left to grow freely again. The rst 30 days are very well described by the
parameters presented in the last row of the Table. After day 30 we plot a curve constructed using
the parameters in the third row of the Table with the value obtained for day 30 from the t to
the rst 30 days as a starting point. We see that we then get a good agreement for the last three
experimental points. To generate the t we neglected the experimental point corresponding to t = 22
days, because it seems to be a clear outlier. We remark that at least one stem cell must be present
at day 30 to allow for the observed fast resumption of growth.
Table. Fitting parameters for the experiments in Ref. [2].
Free suspension I
0.8 % agarose gel I
Free suspension II
0.8 % agarose gel II

αss

0.8756
0.1094
0.6608
0.2369

αsd

-0.000119
0.000032
-0.000095
0.000097
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αds

-0.5645
0.4206
-0.4302
0.5831

αdd

0.000089
0.000099
0.000074
0.000139

r

0.7663
0.9381
0.6923
1.0930

Figure 1: Free suspension I

Figure 2: 0.8 % agarose gel I

Figure 3: Free suspension II

Figure 4: 0.8 % agarose gel II

Discussion
We conclude that:
1) The model gives a good description of spheroid growth and points to the existence of cancer
stem cells in the experiments of Ref. [2]. No acceptable ts were obtained using a single cell
population.
2) Since the spheroids in Ref. [2] were not specically prepared to observe cancer stem cell
development, it is not surprising that the fraction of cancer stem cells is lower than in Ref. [6].
3) Stress makes the competition between dierentiated cells stronger, but the competition among
cancer stem cells weakens, which improves tumor viability.
4) Stress increases the cell division rate.
5) A condition for tumor growth recovery after stress release is the survival of at least one stem
cell.
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