A 3D Computer Model to Map Modifications In Cellular Metabolism into Different Tumor Phenotypes

Introduction

The development of tumors such as Ductal Carcinoma
In Situ (DCIS) Is a complex process where a
genetically heterogeneous population of tumoral cells is

submitted to selective pressure in a dynamic environment.

We propose that a minimum set of phenotypical
modifications are necessary for a DCIS to turn into an
Invasive tumor .

Previous reports have shown
hyperglycolytic and resistant to low pH.

One hypothesis proposes that tumor invasion may be
mediated by the acid-induced apoptosis of healthy
surrounding cells (Gatenby, 2004).

that tumors are

Objective

We have developed an in silico platform that allows us to
test hypothesis on tumor biology. The aim of this work Is
to identify and quantify the contribution of different
ohenotypes on DCIS development and Invasion.
Phenotypic  modifications tested were hyperplasia,
nyperglycolysis and acid resistance.

Materials and Methods

We used the TSIM (Tissue Simulator, www.I-genics.com)
software to simulate 3D tumor growth. DCIS was
represented as a 3D computer model based on a tubular
structure of 40 x 40 cells dimension (diameter x length),
composed of endothelial cells, basement membrane anc
a layer of normal epithelial cells (Figure 1). In this mode
the blood vessels are placed at a distance of 28 cel
diameters from the duct center. Basement membrane is
two cells wide, and there is one layer of epithelial cells. A
patch with nine cells (3x3) In the middle of the cilinder of
epithelial cells Is the seed for cancerous cells (mutation-
prone cells). Other epithelial cells suffer no mutation.

Reaction-diffusion is calculated together with metabolism
In a proportion of 10 reaction-diffusion steps to each
metabolic step (diffusion constants used as tenths of
second and metabolic constants as seconds). Fifty
metabolic steps are simulated before cells are allowed to
duplicate/die (we consider that after 50 seconds the
equilibrium between cells and blood slots Is reached).
Blood slots are considered as boundary conditions with
fixed pH, pO2 and Glucose concentrations. Cells are
considered as sinks with uptake of O2 and Glucose
dependant on external concentration and, for the case of

Glucose, also on the hyperglycolytic phenotype
(Smallbone, 2007).
Each simulation ran for 100 steps, each one

corresponding to one generation where the following
events might occur: cell duplication, cell death, cell
mutation. Mutations In this model are irreversible.
Phenotype characteristics are kept constant during
simulation, even though in different simulations, different
values may be used for these phenotypes.

Cells may duplicate if they are not quiescent and have
enough energy (ATP). Cells become quiescent if the
environmental pH is lower than the quiescent pH (7.1 for
normal cells and 6.4 for the acid-resistant tumoral cells
ranked as having a 4 times increased resistance) but
higher than the apoptosis inducing pH (6.8 for normal
cells and 6.0 for acid-resistant tumoral cells, ranked as
having a 4 times increased resistance) (Gatenby, 2003).
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Cells under an environmental pH lower than the apoptosis-inducing levels
or under lower ATP concentrations (ATP synthesis below 8.6 x 10-"M/cell
sec, Anderson, 2005) die. Mutations are allowed at every generation and
happen with a probabillity of 0.1%.

Figure 1a Main screen of TSim showing a 3D view of the epithelial duct submitted to a longitudinal cut (a). On top middle (b) a 2D view of a transversal section in the middle of the duct (row
19 fo cells from front to back) showing the distribution of Glucose (violet being the higher concentration, red the lowest).On top right (c) the distribution of [H+] (lowest closer to blood vessels
and higher closer to center of duct). On bottom left (d) the concentration of O2 and on the bottom right (f) concentration of ATP. On center (e) a transversal section showing cells with
different phenotypes (colors as in (a)).

Figure 1b From left to right and top to bottom: normal epithelial cells (a),
blood vessels (b), basement membrane (c), hyperplastic + acid resistant
cells (d), hyperplastic + hyperglycolytic cells (e), hyperplastic cells (f),
hyperplastic + hyperglycolytic + acid resistant cells (g), acid resistant (h),
hyperglycolytic (i) and hyperglcolytic + acid resistant (j).
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Figure 2 Multiple scenarios simulated in search for the threshold of transition from stable to invasive tumor. The vertical axis represents increases in production of pyruvate from glycolysis, zero representing
the flux of a normal cell and 100 representing an increase in 100 times of this flux. The horizontal axis represents resistance to acidicity, zero being the H+ concentration leading to quiescence or apoptosis in
normal cells and 4 being an increase in 4 times this concetration. Each scenario is identified with a code of one letter (except for controls i and j) and one number for comparisons with figures 3 and 4. On
bottom left two controls to confirm that the environment allows survival of a healthy epithelial duct (i) and that a duct with tumoral cells with only hyperplastic phenotype are capable of growing only until a certain
limit (limit of energy). Moving from left to right increases the resistance of the tumor to acidity and thus necrotic cores are smaller. Moving upwards increases the glycolytic flux, the amount of energy available to
hyperglycolytic cells as well as the acid production of these cells, what increases the size of necrotic cores and increases the proportion of cells with either (or both) hyperglycolytic or acid resistant
phenotypes.A red line marks the threshold between tumors that are unable to reduce the population of normal cells and those invasive : increase in glcolytic flux of ~9 times and increase in [H+] of ~1.75 times.
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Figure 3 Depicts the distribution of cell populatio n for each phenotype: Hyperplastic (Hyp), Acid Resi stance (Aci) and Hyperglycolytic (Gly).

100% g

80%

60%

@ Proliferative
B Quiescent

40%

20%

0% -

al a2 a3 a4 a5 a6 bl cl1 c2 ¢c3 c4 ¢c5 c6 dl d2 d3 d4 el e2 e3 e4 fl1 f2 f3 f4 gl g2 g3 hl h2 h3 i j

Figure 4 Proportion of quiescent and proliferative cells for the scenarios from figure 2.

Results and Discussion

Invasive DCIS phenotypes depend on both increased glycolysis and acid
resistance as follows:

-A minimum glucose uptake (and pyruvate production increase) of 4.5 x 10 —* x
[Glc], which represents an increase of ~9 times if compared to normal cells;

-Resistance to acid pH as low as 6.7 before becoming quiescent and as low as
6.3 before entering apoptosis;

Invasive phenotypes which undergo further increases in glucose uptake evolve
to tumors having pH resistant cells (but standard glycolytic) in the outer layers of
the tumor, closer to the basement membrane.

There Is an interval of glycolysis rate increase that promotes tumors with faster
growth and higher number of cells both hyperglycolytic and pH resistant
(compare scenarios d4, e4 and f4 with a6, b1l and c6).

Increases Iin pH resistance promote faster tumor development as well as a
tumoral population composed mostly of cells with all three phenotypes (blue).

No correlation was found between glycolytic rate and acid resistance, meaning
that no matter the glycolytic phenotype (within the intervals in this study) the pH
resistance threshold is unchanged, and vice-versa.

Even though tumors invasiveness may be triggered by a broad range of cell
phenotypes, we were able to map the minimal threshold for these phenotypes
(and their combinations) that promote invasion. If this hypothesis Is confirmed In
vivo, then new treatments may be proposed to target cells showing these
minimal set of phenotypes.

A side-product of this work is a map presenting multiple tumoral morphologies
linked to different cell phenotypes. Images of tumor biopsies may be compared
to the In silico morphologies Iin order to predict their metabolic behavior and
aggressiveness.

Lastly, therapies such as increase of pH or pO2 might be tested on this model
and compared with experiments In vitro.
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