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Abstract

The process of cancer invasion involves a complex interplay between cell-cell and cell-medium adhesion, proteolytic enzyme
secretion, cell birth and death processes, random and directed motility, and immune response, as well as many other factors. The
growth factor TGFf is known to have a complex effect on this process. It inhibits mitosis and promotes apoptosis in a
concentration-dependent manner in vitro, and it is for this reason that its secretion is thought to be helpful in inhibiting tumour
growth. However, recent in vitro and in vivo results have shown a significant effect of this growth factor in promoting the sensitivity
of malignantly transformed cells to gradients of extracellular matrix proteins—an effect which tends to increase invasiveness. The
drug tamoxifen has been demonstrated to be therapeutically effective in the treatment of patients with breast cancer; however, it is
known also that many patients become resistant to the effect of this drug after a few years, and the reasons for this remain
controversial. In this work we take our established model of cancer invasion (J. Theor. Biol. 216(1) (2002) 85), and extend it to
include the effect of TGFp. In so doing we demonstrate that a tamoxifen-stimulated upregulation of the secretion of TGFf may give
rise to a tumour which has a smaller number of cells but which has a greater invasiveness, greater metastatic potential, and a tumour
histology which is known to correlate with a poorer prognosis. These data suggest that tamoxifen-stimulated secretion of TGFf
might explain treatment failure in some patients.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

TGFp is secreted by both normal and malignant cells,
but in the latter case expression is markedly raised.
Although other growth factors are secreted by malig-
nancies, TGFp is of particular importance as it has a
role to play in modulating the effectiveness of therapy. It
has both autocrine and paracrine effects, which impact
on many aspects of cell behaviour including adhesion,
motility, progression through the cell cycle, secretion of
enzymes and synthesis of proteins (Wakefield et al.,
1991). In addition, its effects on a cell are dependent on
many environmental factors such as the interaction of
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the cell with the extracellular matrix and the milieu of
other growth factors present, as well as the state of
differentiation of the cell and its position in the cell
cycle. These issues may explain why it has been difficult
to reproduce the in vivo behaviour in in vitro experi-
ments, which has given rise to complex and often
contradictory in vitro results (Tobin et al., 2002; Koli
and Arteaga, 1996; Nakata et al., 2002). It is generally
recognized that TGFf acts as an inhibitor to cancer
progression by inhibiting mitosis, and promoting
apoptosis both directly and by providing chemotactic
gradients recognized by immune system cells (Wiseman
et al., 1988; Koli and Arteaga, 1996). However, it is
also known that TGFf can promote metastasis in an
established malignancy by increasing the sensitivity of
malignant cells to gradients of extracellular proteins by
upregulating the expression of cell surface molecules
associated with haptotaxis (Nakata et al.,, 2002).
Also, TGFf can inhibit the proliferation of cytotoxic
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lymphocytes (Koli and Arteaga, 1996), and is known
also to provide a chemotactic gradient for monocytes—
which in turn become activated and secrete cytokines
which in turn provide chemotactic gradients for the
growing tips of the endothelial cells which form the
vascular bed of an established malignancy (Wiseman
et al., 1988; Liss et al., 2001). Experiments in mice have
shown that increased levels of peri-tumoural TGFf
correlates with increased depth of invasion, increased
intraperitoneal seeding and increased lung metastasis
compared with controls (see Koli and Arteaga, 1996 for
a review). In addition, in vitro experiments in which a
malignant cell line was cultured in the presence of TGFf
showed markedly increased motility compared with cells
cultured in the absence of the growth factor. For a
review of all of these findings see Arrick (1996) and
Benson et al. (1996). For reviews of the biochemistry of
tamoxifen, see Crommentuyn et al. (1998) and White
et al. (1997).

Tamoxifen is a class of anti-cancer agents which
target the oestrogen receptor, and which exercises its
effects both directly through the promotion of apoptosis
and the inhibition of mitosis, and indirectly through the
increased expression of TGFp. Increased levels of TGFf
both locally and systemically have been associated with
tamoxifen administration in repeated studies (Chen
et al., 1996; Arteaga et al., 1999). Clearly, this is a
desirable effect in some respects but undesirable in
others, as described above. The complex interplay
between these effects may be the cause of treatment
failure in some patients (Thompson et al., 1991).

In a complex nonlinear system such as this, mathe-
matical modelling can be a useful tool in demonstrating
the interplay of the various effects of the growth factor.
The application of mathematics to the problem of
cancer has been extensively studied through a variety of
approaches. Frequently a set of coupled partial differ-
ential equations is established, in which the independent
variables include tumour cell density, fibronectin and
proteolytic enzyme concentration, as well as both
random and directed motility. A solution of the
equations is then sought either numerically (Anderson
et al., 2000; Perumpanani and Norbury, 1999; Anderson
and Chaplain, 1998) or analytically (Sherratt, 2000;
Marchant et al., 2000,2001; Perumpanani et al., 1999).
These studies have produced novel insights which have
been found to be of practical use (Perumpanani et al.,
1998; Gatenby and Gawlinski, 2003). However, the
continuous (as opposed to discrete) approach in
modelling cancer does not capture the various tumour
morphologies which can be seen histologically and
which are known to be closely related to metastatic
potential and prognosis, and this is our particular
interest here.

Our aim in this work is to use our established discrete
model of cancer invasion (Turner and Sherratt, 2002) to

investigate the effects of TGFff on tumour morphology
and invasiveness, and the implications which this growth
hormone has for tamoxifen treatment. We concentrate
in particular on ECM protein secretion, directed
motility, mitosis and apoptosis. By exploring the effects
on tumour progression of varying the parameters in our
model we will demonstrate the circumstances under
which treatment may fail, and for what reasons. In so
doing we gain a better understanding of how TGFf
affects both tumour morphology and invasiveness (the
two being related), and how TGFf dynamics could best
be manipulated to achieve tumour regression.

We begin by taking our established Potts model of
cancer invasion (Turner and Sherratt, 2002) and explain
how we have extended it to include the effects of TGFf.
We then present our studies of how tumour progression
is affected by changing the parameters in the model. We
show that increased synthesis of ECM proteins through
the stimulation of nearby fibroblasts to produce collagen
can inhibit the invasiveness of the tumour. We go on to
include the effect of the growth factor on apoptosis and
mitosis, and show the impact of this component of the
model on tumour cell load. The dependence of the
strength of the coefficient of haptotaxis on TGFf
concentration is discussed, and we show how this effect
is of major importance on changing tumour morphology
and invasiveness. We present some simulation results
which show that, when all components of the model are
taken together, there exist some regions of the para-
meter space in which therapy may reduce a tumour in
size, but increase its depth of invasion, produce an
histology which correlates with a more aggressive
malignancy, and promotes greater metastatic potential.
We conclude the paper by discussing the possible clinical
implications of these insights.

2. The model
2.1. Outline of the Potts model

The extended Potts model has found application in
particular to the problem differential adhesion driven
sorting in a variety of systems (Glazier and Graner,
1993; Mombach, 1999; Stott et al., 1999; Graner and
Glazier, 1992; Drasdo et al., 1995; Savill and Hogeweg,
1997). Here we give a brief overview of the model, and
refer the reader to the previous work of two of the
authors for greater detail (Turner and Sherratt, 2002).

The Potts model is an individual-based modelling
technique which carries out simulations on a grid or
lattice. We consider a discrete grid composed of
individual points. In our case we take a 250 x 250
lattice. We attach to each point on the lattice a label o,
and define adjacent points which have the same value of
o to lic within the same biological cell. Athough there
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may be many cells present, many of them (if not all) will
be of the same type. Hence, we define an additional label
7 which defines the type of cell 6. Biological cells have
receptors of their surfaces associated with adhesiveness
(Wijnhoven et al., 2000), and the binding of these
receptors with their associated ligands either on a
neighbouring cell or in the extracellular matrix gives
rise to an adhesive energy. We quantify this energy by
defining coupling constants J for the energy of interac-
tion between neighbouring lattice points with differing
values of ¢. Hence, the total adhesive energy of the
system is given by

Eadh = Z Z Jr(a,»,»)Jr(o'l///y (1)

T

In addition to adhesiveness, the cells also have a
potential energy associated with the elasticity of the cell
membrane (Forgacs, 1998; Guck et al., 2002), and we
define the elastic constant by A. If the cells have a
“relaxation volume” V7 (the volume to which they
would relax in the absence of external forces), then the
total energy associated with cell membrane elasticity is
given by

Eg=Y Mo, — V), )

where the summation runs over all of the cells in the
system and v, is the instantaneous volume of cell o.
Bringing Egs. (1) and (2) together we obtain the
following term for the total energy of the system:

Etot = Z Z Jr(a[/)Jr(ai///) + Z }~(Ua - VT)2~ (3)

T

In evolving the simulated cellular aggregate we use the
Monte Carlo method (Metropolis and Ulam, 1949). We
consider copying the parameters for one lattice point
(i,j) into a neighbouring lattice point (,;'), and work
out the total energy change AFE of the system due to the
copy. If this site-copy were to result in a reduction in the
total energy of the system, then it is accepted. If,
however, the energy would be increased then it is
accepted with Boltzmann weighted probability:

1 if AE<0, .
POG=0) =\ parls i AR > 0, @

where f§ is a parameter (analogous to temperature in
other physical systems) which quantifies the likelihood
of energetically unfavourable events occurring. By
repeating these site-copy attempts we are able to track
the evolution of the system as it attempts to reduce its
total energy.

We illustrate in Fig. 1 an example of the evolution of a
simulated malignant tumour under the Potts model
from the authors’ previous work (Turner and Sherratt,
2002).

Fig. 1. Showing the characteristic appearance of a simulated tumour.
From Turner and Sherratt (2002), where the simulation is described in
detail. In this simulation, the cells are experiencing both cell—cell and
cell-medium adhesion, and have elastic, deformable membranes. The
cell mass is surrounded by extracellular matrix (ECM), and the cells
secrete proteolytic enzymes which dissolve it. In so doing they create
steep local gradients of ECM protein concentration which the cells are
attracted to move up through the process of haptotaxis. In this manner
the cells are shown to invade the ECM as long, thick strands of cells—
a pattern known as “fingering”, which is a hallmark of malignant
invasion. Parameters used in the figure (which are described in detail in
Turner and Sherratt, 2002): J._. = 3, J_gcm = 6, kg = 40, t = 1500,
n, = 2000.

2.2. Secretion of TGFf and proteolytic enzymes

Histological staining has revealed that the active
forms of proteolytic enzymes are concentrated in a thin
rim around the surface of the tumour (Koli and
Arteaga, 1996). The explanation for this is that there
exist proteins in the ECM (known as Tissue Inhibitors
of MetalloProteinases—TIMPs) which act as a counter-
balance to the effect of the enzymes, keeping them
functional only in the region of the cells which secrete
them. Similarly for TGFf there exist ECM proteins
which exercise the same inhibition. Hence, in modelling
the influence of the growth factor, we assume that its
effects are concentrated close to the cells which secrete
it, and assume that the concentration decreases expo-
nentially as we move away from the cell. The distance
from a cell at which the concentration of the active form
of the chemical has declined to negligible levels is
variable, but staining suggests that it is of the order of
one cell diameter (Wakefield et al., 1991). As a
refinement to our earlier model, we assume also that
the concentration of both proteolytic enzymes and
TGFp at a given lattice point is a linear sum of the
contributions from each of the cells within a given
distance from the point.

Suppose that we are considering contributions to the
proteolytic enzyme concentration up to a distance dyp
away, and contributions to TGFf concentration up to
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ds away (these parameters will not, in general, be equal
due to differences in the diffusion coefficients of each,
and on the efficiency of neutralisation by TIMPs and
their TGFp equivalents). Then the concentration of
proteolytic enzymes #;(t) and TGFf, 7 ;(¢r) will be
given by

dy ,
Py(0) =k > ny(d, e, 5
d=0
dy -
T () =k > nyd,ne " ?, (©6)
d=0

where kj, and k% are the secretion rates of the
proteolytic enzymes and TGFf, respectively, ¢=time,
d =distance from (i,j), a” and a” = rates of decay of
TGFp and proteolytic enzyme concentration respectively
as one moves away from (ij), and n;(d, 1=
number of cells whose closest approach to point (Z,)
lies a distance d away at time ¢. The distances d» and ds
are as described above. The decay rates ¢’ and a” were
set such that the concentrations of TGFf and the
enzymes had decayed to 0.1 at a distance d» (or dy)
away from a single cell. In our simulations we normalize
the values of 2;(f) and 7 ;(¢) so that they lie on a scale
from 0 to 1: we do this by noting the maximum
concentration of each chemical at the beginning of the
simulation when the density of cell packing is at a
maximum, and scale all values with respect to these
maximum concentrations.

In our simulations, the influence of TGFf on cell
behaviour is determined by the mean concentration
of TGFp over the lattice points within the cell.
Hence, the mean concentration of TGFf across cell o
is given by

T =3 Ty, ™
U
o

where the summation runs over all of the lattice points
within cell g, and v, is the volume of cell ¢ (=number of
lattice points in the cell).

Now that we have expressions for the concentrations
of proteolytic enzymes and TGFf as functions of space
and time, we can model the effects of each on the
simulated cells.

2.3. Effects of proteolytic enzymes and TGFf}

2.3.1. Synthesis and degradation of the extracellular
matrix

Proteolytic enzymes degrade the ECM, whereas
TGFp stimulates neighbouring fibroblasts to secrete it
(Wakefield et al., 1991; Roberts et al., 1986). We assume
that the effect of the proteolytic enzymes is to degrade
the ECM in a concentration-dependent way with the
change in the ECM protein density from one timestep to

the next being given by
Aff =1+ 1) = =KL, 2,;(0fi 0, ®)
where fj;(f) = ECM concentration at time ¢ at point (i, )

and k{a) =the efficacy with which a given concentration
of the enzymes can degrade the ECM. In the case of
TGFp, we assume that the increase in the ECM protein
concentration between timesteps has a linear depen-
dence on the concentration of TGFf at that point at the
previous timestep

A (1=t +1) = K7 (), )

where kf/- quantifies the sensitivity of fibroblasts to
TGFp. This is, of course, an approximation: the rate
of ECM synthesis at a given point in space will be
dependent not only on the TGFf concentration there,
but also on the proximity of neighbouring fibroblasts
and their sensitivity to the growth factor. This seems a
reasonable approximation, however, as peri-tumoural
fibroblasts are randomly distributed in space, are highly
motile, and secrete ECM protein precursors for a region
of space around them (Wakefield et al., 1991), all of
which would give rise to a fairly even distribution of
ECM. Certainly, it is the biological reality that the
distribution of ECM around a tumour is fairly even
(Sherratt, 2000). Taking Egs. (8) and (9) together, we
obtain the following expression for the change in f;(?)
during one Monte Carlo Timestep:

filt + 1) =fy() + Af + Af

= [1 = K, 25OV (0 + K- T (0. (10)

In Section 2.4 we explain how we have estimated the
values for these parameters.

2.3.2. Mitosis

In our previous study of the Potts model applied to
cancer invasion (Turner and Sherratt, 2002), we
concentrated on the influence of adhesion on the
probability of cell division at a given time. Using the
work of (Huang and Ingber (1999)) we formed an
expression for this probability which was related to the
ratio between the J coupling coefficients quantifying the
relative strengths of cell-cell and cell-medium adhesion.
In this work, however, since we kept the values for the
J coupling coefficients constant throughout, we drop
this explicit dependence. Here, we need to introduce a
function for the probability of division which is
explicitly dependent on 7 ,(¢).

Malignant cells have a proliferation rate which is
dependent on the type of carcinoma involved (Stevens
and Lowe, 1995; Smith and Martin, 1973). So we
assume that this is the maximum rate of cell division,
and that the influence of TGFf is to reduce it in a
concentration-dependent way (Benson et al., 1996). The
following functional form for the probability of mitosis
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at time ¢ as a function of TGFp, therefore, seems
reasonable

(11)

M(,(r)kM[l 7 () 1

TM L T (0

where k) =maximum proliferation rate (corresponding
to the proliferation rate in the absence of TGFf) and
7 M is a constant which controls sensitivity of the cell to
increases in .7 ;. The form of this function is illustrated
in Fig. 5. When a cell is selected to undergo mitosis, it is
divided through its centre along the axis of minimum

diameter, as observed in vitro (Mombach et al., 1993).

2.3.3. Apoptosis

The tendency of TGFf is to promote apoptosis occurs
in a variety of ways. It can happen directly through
binding to cell surface molecules and triggerring cell
death through intracellular signalling (Perry et al.,
1995). Or it may occur indirectly through a variety of
mechanisms: for example, through providing chemotac-
tic gradients which are recognised by cytotoxic cells of
the immune system (Arrick, 1996), promoting the
growth of capillaries which increase therapeutic access,
and increasing the local density of ECM protein—which
can inhibit directed motility. We assume that this
increasing probability of apoptosis can be modelled
using a function of the form

ka7 o

BT )

(12)

which allows us to vary both the maximum rate of
apoptosis (through k4) and the sensitivity of both the
malignant cells as well as the cells of the immune system
to TGFp (through 7 ;4). The form of this function is
shown in Fig. 5. When a cell is selected to be killed
through apoptosis, all of the lattice points which it
contains are changed from o¢;; to zero.

Frequency

105

2.3.4. Directed motility

It is known from in vivo experiments in mice that the
increased expression of TGFf is associated with an
increase in intra-peritoneal invasion, increased second-
ary deposits in the lungs and increased serum TGFf
levels (Koli and Arteaga, 1996). Also, it is known from
both in vivo and in vitro experiments that TGFp has a
tendency to increase the sensitivity of malignant cells to
ECM protein gradients through the upregulation of
genes which code for cell surface molecules associated
with directed motility (Nakata et al., 2002)—a process
which takes around 24 h. Since one MCS in our
simulation corresponds in real time to a few minutes,
it seems appropriate to consider not the instantaneous
values of .7 ,, but instead the mean value taken over all
of the cells. In Fig. 2 we illustrate the distribution of
values of TGFf for a typical simulation: as we can see,
the distribution has a range of values determined by the
choice of k% . In considering the influence of TGFf on a
process which takes place on a timescale of around 24 h,
therefore, it seems appropriate to use the mean value of
the distribution. We propose that the relationship
between the coefficient of haptotaxis and TGFf will
be related to the mean cell TGFf concentration through

N

T o, (13)

kHOC

o=1

where T, is the mean TGFf concentration over cell o,
and the summation runs over all of the cells. This
estimate of the relationship is, of course, an approxima-
tion—one study suggests that the relationship may be
steeper than this (Nakata et al., 2002). However, we
make this simplest estimate as a first approximation.
This coefficient increases the likelihood of site-swap
events occurring in the direction of increasing fibronec-
tin concentration, by adding a factor kgy(f; — fi;) to
AE in Eq. (4). If the site-swap attempt occurs in the

Frequency of celltgfs

0
00 01

02 03 04 05 06 07 08 09

mean cell tgf

Fig. 2. An image from the simulation along with a histogram showing its distribution of values of T, (1 =200 MCS, k% = 0.5, kj, = 1.0, d7 =

dy:6> Jee = Jem = 6, AZI, ﬁ:8)
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direction of increasing fibronectin concentration, then
there is an increased probability of it being accepted.

2.4. Results

2.4.1. Parameter values

All of the simulations were conducted on a 250 x 250
grid, with the following Potts parameters remaining the
same throughout: J.. =6, J.,, =6, A=1, f =8, V5=
25. In Section 2 we introduced several new parameters
quantifying the secretion rates of TGFf and the
proteolytic enzymes, as well as the tendency of TGFp
to increase ECM protein secretion, promote apoptosis
and inhibit mitosis. Considering first the secretion rates,
the normalization procedure which we described earlier
ensures that the concentrations 7 ;(f) and Z;(f) lie
between 0 and 1, so the secretion rates k% and k%, can be
defined also to lie on this scale, with 0 corresponding to
no secretion and 1 to maximal secretion. In making
estimates of the parameters k’} and k,C) we chose a value
for the rate of decay of the ECM which ensured that the
ECM protein concentration of a lattice point continu-
ally occupied by a cell had been significantly reduced
after 1000 MCS. One Monte Carlo timestep corresponds
to a few minutes in real time. Hence, 1000 MCS
corresponds to over 24 h: in vitro studies of the rate at
which proteolytic enzymes can dissolve the matrix
support the assumption that the ECM protein concen-
tration will have been significantly reduced on this
timescale (Perumpanani and Byrne, 1999). We chose
values for k/@ which keep this rate of dissolution
approximately the same. In the case of k{;-, obviously
the rate of synthesis of ECM in the case of an invading
malignancy will be less than the rate of dissolution by
enzymes, otherwise invasion could not progress (of
course, there is the case where excessive ECM synthesis
gives rise to a fibrous capsule around the tumour, but

this case only needs to be considered if we are dealing
with benign or low-grade tumours, and is not relevant to
our consideration of an aggressive, invasive malig-
nancy). We assume that the rate of synthesis of ECM
protein due to TGFf stimulus acts on a similar timescale
to the dissolution of ECM by proteolytic enzymes (as
described above), and set the value of kf accordingly.

In the case of parameter values for the mitosis and
apoptosis probability functions (11) and (12), we note
from the studies of Smith and Martin (1973) that in the
case of an aggressive rat sarcoma, the majority of cells
had undergone one cell division within 20 h. In our
simulation, we set the maximum probability of mito-
sis—corresponding to kj; in Eq. (11)—to 0.02. This
ensured that all cells had a high probability of under-
going at least one division within <1000 MCS. We set
the probability of apoptosis to lie on a similar scale, as it
is known from both clinical and laboratory studies that
the level of apoptosis in clinical tumours parallels that of
proliferation (Cameron et al., 1997,2001). In addition,
the term which we have used to model apoptosis can be
modulated to take into account the promotion of
apoptosis by a robust immune response complimented
by medical intervention.

2.4.2. ECM protein concentration, directed motility, and
invasiveness

In Fig. 3 we illustrate two cases: first, the evolution of
the tumour when TGFf secretion is not included (left),
and, second, where it has been included (right). In both
cases the proteolytic enzymes are doing their work of
dissolving the ECM, and the coefficient of haptotaxis is
high. As we can see, the tumour initially has a ragged
appearance and releases showers of cells, both indivi-
dually and in small islands—a hallmark of an aggressive
malignancy (Stevens and Lowe, 1995). However, the
introduction of the secretion of TGFf (with its capacity

Fig. 3. Illustrating the morphology and invasiveness of the invading front in the presence of proteolytic enzyme secretion, but with TGFf secretion
absent (left), and included (right). In the presence of TGFf secretion the invasiveness has been markedly reduced, and the tumour surface is far
smoother. This would correspond histologically to a less aggressive malignancy. (In both figures: kg = 40, k% =0, k3 =0.5, kf =0.02, d7 =2,
dp =2, Jee =Jem =06, A=1, p=28; with TGFp secretion included, in addition: k% = 0.5, lcf =0.015))
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Mean ECM concentration vs. vertical distance
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Fig. 4. The variation in the mean ECM protein concentration taken at
horizontal cross-sections through the simulations illustrated in Fig. 3
with vertical distance. As we can see, in the absence of TGFf secretion
(dashed curve) there is a steep haptotactic gradient which gives rise to
deep invasiveness and an infiltrative pattern of invasion. Conversely,
when TGFf secretion is increased (solid curve), the synthesis of new
ECM gives rise to a shallower gradient, markedly reduced invasion,
and a diffuse pattern of invasion. Parameters for each of the curves are
given in the caption to Fig. 3.

to slow the decrease in the ECM protein concentration
through the stimulation of peri-tumoural fibroblasts)
causes the invasiveness of the tumour to be greatly
reduced. In this case, although there do exist a few
isolated cells invading the ECM, they are much reduced
in number. We can understand the mechanisms for this
better through an inspection of Fig. 4, which shows the
variation in the mean ECM protein concentration taken
at horizontal cross-sections as we move vertically down
the screen shots. In the case where k% = 0 (i.e. no TGFfp
secretion) there is a steep haptotactic gradient which
promotes strong invasion. Conversely, when we increase
the secretion rate of TGFf the gradient is made more
shallow, and invasiveness is reduced.

2.4.3. Mitosis and apoptosis

In Fig. 5 we show the probability functions for mitosis
and apoptosis superimposed on a histogram for the
distribution of 7 ,; for the set of parameters listed in the
caption, along with an image illustrating the corre-
sponding tumour when the coefficient of haptotaxis is
set to zero. The majority of the cells have a value of
TGF at which it is more likely for cells to die through
apoptosis than to proliferate. We would expect, there-
fore, that the cell mass would progressively reduce in
size at this rate of TGFf secretion, and the associated
image illustrates that this is the case. Clinically, this
would correspond to remission of the tumour, assuming

that high levels of TGFp secretion were to be
maintained.

In Fig. 6 we see the converse situation (with
haptotaxis still set to zero): here the TGFf secretion
rate is reduced, and the cells have a higher probability of
proliferation compared with apoptosis. The associated
image shows that there is a progressive increase in
tumour load. Notice also that in this case there is less
cell-free space within the cells mass compared with
Fig. 5, due to the cells rapidly multiplying when they
have fewer cells around them—and, consequently, have
a lower mean cell TGFf concentration. This decreased
free space corresponds to an increase in cell density
within the cell mass. Once again in this simulation we
have set the coefficient of haptotaxis to zero. Notice,
however, that even though there is no directed motility,
the cell mass nevertheless has a less ragged appearance
when the number of cells present is increased. Histolo-
gically, tumours which have a ragged morphology tend
to invade more aggressively compared with a tumour
which has a smoother surface, even though they may be
smaller. The implications of this are discussed more
extensively in Section 3.

We conclude from these two simulations, therefore,
that increasing the TGFf secretion rate can reduce the
tumour load, but assists in the creation of a tumour
morphology which is know to correlate with greater
potential for invasion and metastasis, even in the
absence of directed motility.

2.4.4. The net effect of TGFp dynamics on tumour
morphology

We have studied the effect of ECM synthesis and
degradation, proliferation, and apoptosis separately in
order to gain a better understanding of how each of
these factors influence the model. Now we bring all of
these components together to study their combined
effects on the evolution of the simulated tumour.

In Fig. 7 we have taken the simulations corresponding
to Figs. 5 and 6, and have added directed motility. The
effect of this is to “‘pull” the cells at the tip of the
invading front further into the ECM and away from
their neighbours. This causes their local TGFf concen-
tration to drop, which causes them to have an increased
probability of mitosis (this corresponds to a movement
of the cell to the left of the histogram distributions
illustrated in Figs. 5 and 6). Hence, when a cell has
empty space around it, the resulting increased prob-
ability of mitosis makes it likely that the space will be
filled by daughter cells. This explains the increased cell
number and increased depth of invasion in Fig. 7 where
TGEFp secretion is low (the leftmost image).

In Fig. 7 (right image) we have taken the simulation
corresponding to Fig. 6 and added strong directed
motility at a level kg = 70. The effect of this is to
produce a marked increase in the invasiveness of the
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Mean cell TGF and apoptosis/mitosis probabilities
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Fig. 5. The probability functions for apoptosis and mitosis superimposed on a histogram of the .7, distribution for the case where TGFf secretion is
high and haptotaxis is set to zero, along with an image of the simulated tumour under these conditions. The coefficient of haptotaxis has been set to
zero so that we can investigate the effects of apoptosis and mitosis alone on the evolution of the tumour. Most cells have a value of .7, which results
in a higher probability of apoptosis compared with mitosis. Cells which have many neighbours nearby will tend to lie in the histogram bins to the
right of the distribution, and, hence, will have an increased probability of apoptosis compared with those which are isolated. The effect of this is for
dense clusters of cells to be less likely, and for the creation of small groups surrounded by empty space to be more likely. This is the case, as we can see
from the image. Histologically, this appearance would correspond to a “infiltrative” pattern of invasion, with isolated showers of cells moving into
the surrounding healthy tissue and resulting in a high probability of early metastasis (k3 = 0.7, k%, = 1.0, k;, =0.02, k% = 0.005, ky =0, dy =
dp=2ky =kys=002, T =74 =05,ds =2, dp =2).
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Fig. 6. The probability functions for apoptosis and mitosis superimposed on a histogram of the 7, distribution for the case where TGFf secretion is
low and haptotaxis is set to zero, along with an image of the simulated tumour under these conditions. This image should be compared with that in
Fig. 5. In this case, mitosis is more probable than apoptosis across the range of 7 ,. Cells which have few neighbours have a lower mean 7, and,
hence, an increased probability of mitosis; hence, isolated cells tend to multiply quickly, filling the space around them. This explains the increased
density of cells in the image, and a reduction in the fragmentation seen in Fig. 5. Histologically, this corresponds to a “diffuse” pattern of invasion,
which tends to move more slowly into healthy tissue and corresponds to a less aggressive tumour (k% = 0.5, k), = 1.0, k@ =0.02, k% = 0.005,
kn=0,dr =dp=2,ky =kq =002, 7Y =71 =0.25).

tumour and a very fragmented, infiltrative pattern of 3. Discussion and therapeutic implications

invasion. This situation would correspond histologically

to a high-grade malignancy with strong metastatic
potential. It is interesting to compare the two images
and notice that in the leftmost figure, although there are
a greater number of cells present, the tumour presents a
less invasive morphology. Our conclusion from these
results, therefore, is that in the scenario where directed
motility is strongly enhanced by TGFf secretion, it is
possible to promote the development of a tumour which
is smaller in size but which represents a far greater
metastatic risk.

Our simulations have allowed us to draw several
important conclusions regarding the behaviour of a
tumour responding to TGFp secreted by its cells. To
summarize:

® TGFp reduces the rate of dissolution of ECM
proteins, giving rise to a shallower haptotactic
gradient. In the absence of any changes to the
coefficient of haptotaxis, this has the effect of
inhibiting the tumour’s invasiveness. However, this
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Fig. 7. Left: the evolution of the tumour under the situation illustrated in Fig. 6, but in this case with directed motility included at a low level. Right:
the evolution of Fig. 5 with directed motility included. The effect of including motility in the case for low TGFf secretion (left) is to pull individual
cells away from their neighbours and, through the mechanism described in the caption to Fig. 6, promote cell division and produce a diffuse pattern
of invasion. Conversely, in the case for high TGFf secretion (right), including directed motility has the effect of pulling isolated cells away from the
main tumour mass, which then invade alone or in small islands. This corresponds to a “infiltrative’ pattern of invasion, which is the hallmark of an
aggressive malignancy (ky = 20, k% = 0.7, k; =0.5, k{,' =0.02, k’;A =0.015,d7r =2,dy» =2).

Fig. 8. Photomicrographs showing a lobular carcinoma in situ of the breast (left) and an invasive lobular carcinoma (right). In the figure on the left
there are lobules (L) which are increased in size and packed with atypical cells. The basement membrane remains intact and there is no invasion of the
stroma (S). However, in the figure on the right we see invasion in the form of narrow cords of cells—a phenomenon known as “Indian file”” invasion

(Stevens and Lowe, 1995).

inhibition can be overcome if the sensitivity of cells to
a haptotactic gradient is increased. The ranges of
action of both the proteolytic enzymes and TGFf
around the invading front also have a role to play in
determining the invasiveness.

® TGFp has a tendency to inhibit mitosis and promote
apoptosis, giving rise to a smaller tumour. However,
if the effect on directed motility is to significantly
increase the coefficient of haptotaxis then a smaller
but more aggressive malignancy can be the result.

The utility of the extended Potts model in simulating
tumour growth is that it produces solutions which bear a
close resemblance to actual tumour histologies. Con-
sider Fig. 8 which shows photomicrographs of a lobular
carcinoma in situ and an invasive lobular carcinoma,
and note that the former is known clinically to turn into
the latter in about a third of cases (Stevens and Lowe,
1995).

Through our study we have been able to show how
histologies such as that shown in Fig. 8 can develop. If

we compare the invasive picture with our simulation
study in Fig. 7 with TGFp included at a high level (the
right image) we see that there are similarities: invasion is
taking place in the form of individual cells or islands
of cells, some of which have an elongated appearance.
Fig. 7 was generated through including an increase in
the coefficient of haptotaxis due to increased secretion
of TGFJ as well as a concentration-dependent modula-
tion of mitosis and apoptosis. “Indian file” invasion is a
form of malignant invasion which has the appearance
illustrated in Fig. 8 with strings of invading cells forming
narrow columns. It is a hallmark of an aggressively
invading malignancy. If we compare the histological
appearance of the invading cells in Fig. 8 with the
simulation in Fig. 7 (right image) we can see a similarity
in that both the simulated and real cells are invading in
the form of small islands and strings. Given these
similarities we propose that TGFf may have a role to
play in determining the macroscopic morphology of
some types of tumour, and that “Indian file” invasion in
particular may be promoted by TGFf induced increases
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in directed motility. In order to test this hypothesis it
would be necessary to determine several characteristics
of TGFf secreting malignant cells. In particular, it
would be useful to take cells from tumours known to
have a characteristic appearance and investigate their
dependence on increasing concentrations of TGFf
in vitro. To the best of our knowledge, although assays
of directed motility have elucidated a link between
TGFp and increases in haptotaxis (Nakata et al., 2002),
correlating these findings with particular types of
carcinoma or particular tumour morphologies has not
been done. This would be an interesting experimental
study, which would help to illuminate the relationship
between the microscopic behaviour of malignant cells
and the macroscopic morphology of the tumours which
they form.

These results may also give us some insights into
the efficacy of tamoxifen therapy, and possibly
causes for its failure in some patients. It is well-known
that patients being treated with this drug frequently
respond well to begin with, but become resistant
to its effects after a period of some years. Attempts to
explain this have concentrated on mutations to the
oestrogen receptor as the most likely cause (Tonetti
and Jordan, 1997). However, the evidence for this
being the cause is controversial, and it is possible
that treatment failure is due to changes in
TGFp responsiveness and secretion (Thompson et al.,
1991). Our study models secondary resistance, which is
almost certainly not due to mutations, but perhaps
adaptation of the cell to grow due to increased drive
from the TGFp pathway. We suggest that the TGFp-
induced impact on mitosis, apoptosis and directed
motility is implicated in treatment failure. The effect of
tamoxifen is directly to induce apoptosis in malignant
cells, and to promote the secretion of TGFf and achieve
tumour regression as a consequence (Chen et al., 1996;
Perry et al., 1995). However, if a patient is suffering
from a malignancy composed of a cell type which is
highly sensitive to changes in directed motility following
increases in TGFf secretion, our results suggest that
tamoxifen therapy may give rise to a tumour which is
smaller but which has a higher capacity for invasion due
to changes in the morphology of the invading front. It
may be possible to test this hypothesis in vivo using an
animal model, by seeding malignant cell lines known
from in vitro studies to have a coefficient of haptotaxis
which is sensitive to increases in TGFf concentration.
One could then treat some of the animals with
tamoxifen and investigate the effect on tumour mor-
phology compared with untreated controls. If it was
discovered that an infiltrative morphology was induced
by tamoxifen, then it would be worth considering
whether tamoxifen should be given to such patients, or
whether it should be supplemented by other drugs to
increase the probability of apoptosis.

A question which we have not addressed is the
phenomenon of tamoxifen treatment withdrawal pro-
moting or inhibiting the growth of residual tumour.
Many women complain that their breast cancer relapses
not long after stopping tamoxifen, which is now
routinely given for 5 years. In addition, there exists
laboratory data that long-term tamoxifen therapy in
xenografts can cause tumours to become dependent on
tamoxifen for growth. Simulating the situation where
tamoxifen withdrawal may give a growth stimulus to the
residual tumour which has become (as shown by our
model) more invasive would be an obvious extension to
this work.

To conclude, our study has shown a link between
directed motility and macroscopic tumour morphology
in our simulations. This link could have an impact on
our approach to the therapeutic inhibition of cancer
invasion if it is shown to be a real effect in vivo, and we
have proposed experiments to help determine whether
this is the case.
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