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Abstract

The extracellular pH (pHe) of solid tumours is often lower than in normal tissues, with median pH values of about 7.0
in tumours and 7.5 in normal tissue. Despite this more acidic tumour microenvironment, non-invasive measurements of
intracellular pH (pH;) have shown that the pH; of solid tumours is neutral or slightly alkaline compared to normal tissue (pH;
7.0-7.4). This gives rise to a reversed cellular pH gradient between tumours and normal tissue, which has been implicated
in many aspects of tumour progression. One such area is tumour invasion: the incubation of tumour cells at low pH has
been shown to induce more aggressive invasive behaviour in vitro. In this paper the authors use mathematical models to
investigate whether altered proteolytic activity at low pH is responsible for the stimulation of a more metastatic phenotype.
The authors examined the effect of culture pH on the secretion and activity of two different classes of proteinases: the
metalloproteinases (MMPs), and the cysteine proteinases (such as cathepsin B). The modelling suggests that changes in
MMP activity at low pH do not have significant effects on invasive behaviour. However, the model predicts that the levels
of active-cathepsin B are significantly altered by acidic pH. This result suggests a critical role for the cysteine proteinases

in tumour progression.

Introduction

The extracellular pH (pHe) of tumours is generally more
acidic than that of normal tissue, with median pH values of
about 7.0 in tumours and 7.5 in normal tissue [1, 2]. This
is thought to be a consequence of a compromised tumour
vasculature together with an increased use of the glycolytic
pathway for energy production, whereby tumour cells pref-
erentially convert glucose and other substrates into lactic
acid [3-5]. In contrast, with the advent of 3!P-MRS imag-
ing for the non-invasive measurements of pH, both human
and animal tumour cells have been shown to have a neu-
tral or slightly alkaline intracellular pH (pH; 7.1-7.2) [6-9].
This gives rise to a cellular pH gradient difference between
tumours and normal tissue, which provides the basis for
pH-dependent selective treatment of cancer [10].

A number of cellular processes are affected by changes in
microenvironmental pH, e.g. glycolysis, protein synthesis,
DNA synthesis, exocytosis, and secretion [11]. It has been
shown that the maintenance of intracellular pH within the
range pH 7.0-7.2 appears to be necessary for normal cellu-
lar proliferation [12]. More specifically Martinez-Zaguilan
et al. [13] observed that culturing of two human melanoma
cell lines at acidic pH (6.8) caused significant increases in
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both migration and invasion. This suggests that low pH, may
be an important factor involved in the invasive behaviour of
tumours.

Tumour invasion and metastasis are the major causes of
treatment failure for cancer patients [14]. These processes
can be subdivided into several steps, such as degradation of
the basement membrane, intravasation, circulation, extrava-
sation and secondary growth at the target organ [15, 16],
and it is likely that each of these steps are individually pH
sensitive [13]. For instance, proteolytic enzymes play an
important role in the metastatic process by degrading the ex-
tracellular matrix (ECM), thus allowing escape from the pri-
mary tumour, and each class of proteinases is pH-sensitive
[17, 18]. The ECM-degrading proteinases produced by most
tumour cells can be subdivided into three classes: serine,
metallo- and cysteine proteinases [19, 20]. In general, the
enzymes are secreted as latent forms which require extra-
cellular activation, and tumour spread is correlated with
increased levels of the activated enzyme [15, 20].

Many studies have shown the importance of matrix met-
alloproteinases in tumour invasion [21, 22], as well as many
normal morphogenetic processes such as embryonic devel-
opment, and bone remodelling [17, 23]. Although metallo-
proteinase (MMP) activity is optimal in the physiological
pH range [15, 24], experimental work of Martinez-Zaguilan
{13] has shown that while there was a decrease in the overall
amount of MMP activity in cells grown at low pH (6.8), there
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was a significant increase in the relative amount of active
MMP. Also, it has been shown that a reduction of the ex-
tracellular pH to 6.5 resulted in a redistribution of cathepsin
B, a cysteine proteinase, toward the surface of tumour cells
[25]. Furthermore, this pH-induced periphery redistribution
of cathepsin B was accompanied by an enhanced secretion
of active cathepsin B. The objective of the present study
was to test the significance of these alterations in proteolytic
activity at low pH.

Mathematical modelling of progression and growth in
cancer has a rich history. Models typically focus on spe-
cific aspects of tumour dynamics such as avascular tu-
mour growth [26-28], angiogenesis [29, 30], and tumour-
immune interactions [31-33]; for a general review, see
Adam and Bellomo {34]. By contrast, cancer invasion is a
relatively new area for mathematical modelling. Recently,
Perumpanani and co-workers have modelled cell invasive-
ness as a function of tumour cell interactions with the normal
host cells, noninvasive tumour cells, and extracellular ma-
trix [35]. Their studies show that the speed of invasiveness
can be computed as a function of the phenotypic properties
of the cell and the matrix. Furthermore, the potential role
of pH in the invasive tumour phenotype has been studied
mathematically, predicting a pH gradient extending from the
tumour-host interface [36, 37]. However, this modelling ap-
proach represents the pH differences between tumour and
normal cells in a simple generic way, in particular, without
considering intracellular and extracellular pH separately.

In this paper, we present a mathematical model, building
on our previous work on pH; regulation [38], for tumour cell-
ECM interactions during cancer invasion, focussing on the
degradation of ECM components via active proteolytic en-
zymes. In the second section, we show that the effects of pH,
on the invasive behaviour of tumour cells are not mediated
via changes in MMP activity at low pH. In the third section,
we then extend our model to reflect the altered distribution
and increased secretion of cathepsin B in malignant cells at
low pHe.

Role of pH in ECM proteolysis: Metalloproteinases

We propose an ordinary differential equation model, fo-
cussing on the role of the matrix metalloproteinases (MMPs)
in the process of matrix degradation. We denote the con-
centrations of the tumour cells, ECM, pro-MMP and active-
MMP at time ¢t by m(t), c(¢), p(t) and a(t) respectively.
To study the effect of pH on the tumour cell dynamics and
metastatic potential, we introduce two variables: intracellu-
lar pH (pH;) and extracellular pH (pHe). For convenience we
represent these in the model via the corresponding hydrogen
ion concentrations /(¢t) and E(¢), respectively (recall that
pH= log[H*]).

Steady-state aerobic energy metabolism consumes the
same number of H*-ions as are produced by the hydrolysis
of ATP [39, 40], and as a result has very little effect on pH;.
However, in the absence of oxygen, cells rely on the more
inefficient process of anaerobic glycolysis to obtain energy
[7, 37]. During glycolysis hydrogen ions are formed which
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are actively transported outside the cell via membrane-based
ion transport mechanisms.

Cells have developed several membrane transport mech-
anisms for regulating pH; (see Roos and Boron [41] for
review). The level of intra- and extracellular pH influences
the operation of these exchangers which directly transport
either H' out of the cell, or HCO, into the cell to neu-
tralize H in the cytosol [2]. Major transport mechanisms
which have been implicated in pH; regulation include the
Na*t/H* exchanger, the lactate /H* symporter, the Na*-
dependent and cation-independent C1 /HCO; exchangers,
and a vacuolar type proton ATPase. In addition, H* -ions can
be transfered from the cytosol into intracellular organelles
such as golgi, endosomes and lysosomes. In our model,
we use u(l, E) to denote the combined activity of these
transporting mechanisms (see Appendix for full details).

Once hydrogen ions are transported outside the cell they
are removed from the tissue by the supporting vasculature
[7]. The vasculature of many tumours is often compromised
and unable to supply the nutritional needs of an expanding
population of tumour cells, leading to the existence of hy-
poxic regions within solid tumours [42]. To represent the
functional vasculature in our modelling we introduce the pa-
rameter V, which represents the extent of vascularity. For
simplicity, we assume that the rate at which H*-ions are
removed from the extracellular space is directly proportional
to V. We use the term s, = s2(V) to represent this removal
(see Figure 1).

The focus of our modelling is on the increased use of
the glycolytic pathway by tumour cells, which occurs even
under aerobic conditions [37]. In the absence of quantitative
data we describe the rate at which cellular metabolism can
cause H-ions to accumulate intracellularly as a function
51(V). We would expect s;(V) to be a monotone decreas-
ing function of V: in normal cells s;(V) falls to very low
values at large V, representing that under physiological pH,
aerobic metabolism has no net effect on pH;. As illustrated in
Figure 1, the form of s1(V) for tumour cells is more gently
sloping which represents their high glycolytic activity and
consequent production of H*-ions, even in the presence of
oxygen (i.e. high V). In our model, we denote s, (V') for nor-
mal and tumour cells by s1,,(V) and s;,(V), respectively.
For computational purposes, we have chosen simple specific
functional forms possible for s1(V') and 5,(V), and these are
given in the Appendix.

Several studies have shown that tumour cells are able
to survive and even proliferate in low pH, environments
which are ordinarily lethal to corresponding normal cells
{6, 36, 43]. Under these conditions the pH; of normal cells
drops to values which are no longer permissive for cellular
proliferation [12], whereas the pH; in tumour cells is less
sensitive to external pH and is maintained within physio-
logical levels. In general, a slightly alkaline pH; of about
7.2-7.25 appears to be necessary but not sufficient for nor-
mal proliferation [12]. In our model, we use the term r (/)
to represent the effect of low pH; on the proliferation rate of
the cells. It is assumed that proliferation can only take place
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Figure 1. (a) Schematic representation of the net production of H*-ions from cellular metabolism of normal cells (S1). and tumour cells (sy,,). We
represent the extent of functional vasculature in our modelling by the parameter V. Here, V = 0 represents a poorly organised functional vasculature,
leading to hypoxia. Increasing V corresponds to an increase in oxygen availability. In our model, we take 0 < V < 1. We expect s{(V) to be a monotone
decreasing function of V. As V increases s1,(V) falls to very low values, representing that under physiological pH, aerobic metabolism has no net effect
on pH;. In tumour cells, with their high glycolytic rate and consequent net production of H* -ions, even in the presence of oxygen (i.e. high V), we expect
51m(V) 10 be significantly greater than zero. (b) The rate of removal of H' -ions from the interstitial space by convective and/or diffusive transport. We
assume that once hydrogen ions are transported outside the cell then the rate at which they are removed from the interstitial space is directly proportional
to V. The quantitative values of 5| (V') and s (V') are of the order of mM/min, comparable with the flux terms illustrated in Figure 4.
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Figure 2. The qualitative form of the function r(/), which represents the
effect of low pH; on the proliferation rate of the cells. The maintenance of
intracellular pH within the physiological pH range (pH 7.2-7.25) is neces-
sary for normal proliferation. If the intracellular pH is lowered below pH
7.2, growth is inhibited. We assume that proliferation can only take place
if the pH; is above a threshold level pg, which is permissive for normal
cellular growth. The value of pg varies between cell types but is typically in
the pH range 6.6-7.0. We choose pg = pH; 6.8. Note that it is intracellular
Ht-ion concentration, rather than pH;, that is plotted on the horizontal axis;
some corresponding pH values are indicated.

if the pH; is above a threshold level pp which is permissive
for normal cellular growth (see Figure 2).

In most cases, metalloproteinases are secreted as latent
pro-enzymes that require extracellular activation to exert
their proteolytic activity [17]. The in vivo mechanism of
normal metalloproteinase activation is unknown, but may
involve the action of other MMPs as well as other enzymes,
such as plasmin and membrane-type MMP [44]. It is likely
that the activation of latent metalloproteinases is pH sen-

sitive [16]. For instance, Davis et al. {45] have observed
that 94-kDa progelatinase, a latent pro-MMP, is activated
by acid treatment. In our model, we neglect the activations
by other enzymes to focus on the effects of pH. We use
the term fi(E) to represent the effect of low pHe on the
autolytic activation of pro-MMP. Once activated, these en-
zymes can degrade extracellular matrix components. MMP
activity is tightly regulated; typically, a metalloproteinase
has a bell-shaped pH profile with a maximum activity in the
physiological pH range [46, 47], and maintains =~ 80 % of
the maximum activity even at pH 6.8. In our model, we use a
function f>(FE) to reflect the effect of pH on the proteolysis
of ECM.

Microenvironmental pH may also effect MMP secretion
[48]. For instance, Kato et al. [16] have reported that two hu-
man cell lines (A549 and HT 1080) secreted a higher level of
90-kDa gelatinase at pH 6.8 compared with pH 7.3. We use
the term f3(I) to represent the effect of pH on the secretion
of pro-MMP by the tumour cells.

With these definitions and assumptions, the model sys-
tem is as follows:

| m = tumour cells |

cell division (la)
m
& = kir(hm (1 - k—z)
‘c = ECM densityl
proteolysis (Ib)

dc
T =—kafa(E)ac
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I

H* removal
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Here the k;’s are positive constants. The term BE rep-
resents the passive movement of H*-ions into the cell due
to the internally negative membrane potential, we assume
B is constant. To describe the evolution of the tumour cell
population we use a logistic-type growth, with growth rate
k) and carrying capacity k3.

It is well known that the proteolytic activities of metal-
loproteinases are regulated by a family of secreted proteins
known as tissue inhibitors of metalloproteinases (TIMPs)
[17, 20]. The TIMPs are expressed in most tissues and
act to inhibit MMP activity by forming a complex with
active-MMPs [15]. No complex formation occurs between
the TIMPs and the latent form of these enzymes [20]. Kato
et al. [16] showed that an acidic culture medium hardly af-
fected the secretion of TIMPs from a metastatic mouse B16
melanoma cell line. Thus, for simplicity we represent the
inhibition of MMPs by TIMPs and active-MMP decay as
a single term in the model: we use the simple linear term

k7a. The decay of latent pro-MMP is assumed to be linear;
with rate constant ks. _

Wherever possible, experimental data was used to es-
timate the functional forms and parameter values. Data is
available for the rate of H* efflux due to the combined activ-
ity of both Na*-driven and ClI /HCO; exchangers [8], and
we have based the forms of f1 and f3 on data in Martinez-
Zaguilan et al. [13]. We also know the time scale of the
pH change during an in vitro cell cultivation [16]. However,
there are still a number of parameter values for which we
cannot get good estimates. For instance, we are not aware of
experimental data that would enable H* production (s; (V)
and removal (s2(V)) rates to be estimated quantitatively. In
this case, the parameters and functions were chosen in order
to give the best fit with the experimental data (see Appendix
for full details).
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We solved Equation (1) numerically and compared the
numerical solutions with data from Martinez-Zaguilan et al.
[13], an experimental study which examined the effect of
pH on the invasive potential of tumour cells. In this study
the culturing of tumour cells at acidic pH (6.8) was found
to increase both migratory and invasive behaviour. In their
experiments, cells were grown for three weeks at either pH
6.8 or 7.4. Subsequently, cells were transferred to a mem-
brane invasion culture system, and the invasive capabilities
of these cells were evaluated in either acidic (pH 6.8) or nor-
mal (pH 7.4) conditions. They observed that cells exposed to
low pH conditions for three weeks migrate and invade faster,
regardless of the pH at which they were tested.

To simulate the incubation of cells in their respective
media, we solve Equation (1) with the medium fixed at ei-
ther acidic (6.8) or normal (7.4) pHe, starting with a small
number of tumour cells. The levels of pH;, tumour cells and
proteolytic enzymes rapidly attain their steady state values.
Once these values have been obtained, we then use them as
initial conditions in a simulation where we test the prote-
olytic capabilities of these cells. Here, we allow pH. to vary
over time, starting with an initial pHe of either 6.8 or 7.4 for
the culture medium. Our simulations show that during this
testing period the ECM is gradually degraded to zero. The
numerically calculated ECM profiles in the above cases are
illustrated in Figure 3a.

Our results indicate that culturing cells at low pH (6.8)
causes a change of less than 1% in ECM decay rates. This
suggests that incubating cells under midly acidic conditions
has very little effect on their invasive behaviour. Further
numerical simulations of this model for a wide range of
parameter values showed a decrease in the ability of acid
cultured cells to degrade ECM, regardless of the pH at which
the cells were tested. The reduced ability of cells to degrade
ECM in our model solutions is due to a decrease in the over-
all amount of extracellular MMP activity from cells grown
at acidic pH, (6.8) (relative to pHe 7.4). Thus, our model
predicts that the effects of pH on the invasive potential of
tumour cells are not mediated via changes in MMP activity
at low pH.

The cysteine proteinases, such as cathepsins B, D and L,
are lysosomal proteinases [49]. The predominant forms se-
creted are latent pro-forms. Nevertheless, it has been shown
that the incubation of cells at a slightly acidic pH (6.5) in-
duces the redistribution and release of active cathepsin B
from a series of metastatic human cell lines [25]. We now
consider an amended model to reflect this altered distribution
and increased secretion of cathepsin B in malignant cells, in
an attempt to explain the effect of low pH on the invasive
machinery.

Role of pH in ECM proteolysis: Cysteine proteinases

In this section, we consider an alternative model in which
we neglect the proteolytic activity of the metalloproteinases
and focus on the action of the cysteine proteinases. The dif-
ferences between the two models is that in the MMP model
there is an overall decrease in the amount of extracellular
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Figure 3. Numerically calculated decrease in ECM with time from (a) MMP activity and (b) cathepsin activty. We incubate the cells for three weeks with
pHe of the culture medium fixed at either 6.8 or 7.4, with initial conditions corresponding to a small level of tumour cells with an initial pH; of 7.2. The
pH;, tumour cells, and proteolytic enzymes rapidly attain their steady state values (not shown), which we denote by pH;q, mq, pg and ap, respectively.
Once these values have been obtained we then use them as initial conditions in a simulation where we test the proteolytic capabilities of these cells. Here,
we allow the pHe to vary over time, starting with an initial pHe of either 6.8 or 7.4. The curves shown represent the ECM decay profiles for the cells in
the four cases; (i) cells grown and tested at normal pH (pHe 7.4) (——), (ii) cells grown at pH 7.4 and tested with an initial pHe of 6.8 (- - -), (iii) cells
grown at pHe 6.8 and tested with an initial pHe of 7.4 (——— ), and (iv) cells grown and tested at acidic pH (pHe 6.8) (- - - ). We plot the decrease in ECM
relative to the case where the cells are incubated and tested at normal pH (case (i)). The ECM is gradually degraded to zero. With the metalloproteinases,
there is very little quantitative difference between the different cases. In particular, the decrease in ECM when cells are cultured at pHe 6.8 is very similar
to that observed at pHe 7.4. Thus, the modelling suggests that the effects of pH on the invasive potential of tumour cells are not mediated via changes in
MMP activity at low pH. However, our results indicate an increased ability of acid cultured cells to degrade ECM in the cathepsin model. Here, there is a
much more rapid decrease in ECM density from acid treated cells compared to when cells are cultured at normal pH (pHe 7.4). The initial values of the
incubation media are m(0) = 0.1, a(0) = p(0) = ¢(0) = 0, I,,(0) = pH 7.2. At the end of the incubation time, the invasion capabilities of these cells are
tested with the initial conditions m(0) = mg, a(0) = ag, p(0) = pg, c(0) = 1, I,n(0) = pH;g, with E(0) = pHe 6.8 or 7.4. The parameter values used in
this simulation are k3k4k2/k|2 = 15, ks/ky =l kg/ky = 3.43, k7/k; =5 % 10° for (a), and A3A4A2/A;])' =15, and As/A; = 5 x 10* for (b), with
rn=lLrn=14r3=00,r= 107, B =1,V =05, and a,, = 0.4 (see Appendix for full details).
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Figure 4. The effect of microenvironmental factors on the regulation of intracellular pH (pH;). We plot the rate of H*-flux (mM/min) due to the combined
activity of the Nat/H™ antiporter and anion transport systems as a function of (a) intracellular H*-ion concentration (), and (b) extracellular H -ion
concentration (E). We use u to denote the combined activity of these exchangers. The curves for u are based on data in Boyer and Tannock [8]. The
Nat/Ht antiporter and the Na™-dependent Ci /HCO; exchanger are involved primarily with the regulation of pH; in acid loaded cells, with maximum
rates of operation in the pH; range 6.6-7.0. The activity of the Na™-independent Cl fHCO, exchanger increases as pH; rises, thereby decreasing pH;
whenever the cytosol becomes too alkaline. The level of extracellular pH also influences the operation of these exchangers. Exchanger activity is inversely
related to E. Note that it is hydrogen ion concentration, rather than pH, that is plotted on the horizontal axes; some corresponding pH values are indicated.
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proteinase activity from cells grown at pH 6.8 (relative to
pH 7.4), whereas in the cathepsin model there is a substantial
increase (e.g., 10-fold) in the secretion of active proteinase
from acid cultured cells [25]. Also, the optimal pH for the
proteolytic activity of the cysteine proteinases is very acidic,
in the pH range of 2.8 to 5.0 [49, 50], compared to more
physiological pH levels for the maximal MMP activity.

A number of studies have implicated the cysteine pro-
teinases in malignant progression [50, 51]. For example,
substantial increases in the secretion of procathepsin B have
been reported in a series of B16 melanoma cell lines [52].
For the secreted procathepsins to participate in tumour cell
invasion, they must be activated. As with the metallo-
proteinases, we expect the extracellular activation of the
secretion of pro-cathepsins to be pH sensitive. However,
we are not aware of experimental data that would enable
these rates to be estimated quantitatively. For this reason,
and in order to focus on the pH-induced secretion of active
cathepsin-B (based on data in Rozhin et al. [25]), we remove
the latent form from the model. As with the previous model
system, we do not include a separate term in the cathepsin
model to represent endogenous inhibitors of cathepsins (e.g.
stefins and cystatins). Little is known about these inhibitors,
and it is not known whether pH affects the secretion of
these inhibitors in a similar manner to TIMPs and metal-
loproteinases. Thus, in this absence of experimental data we
represent the inhibition of cathepsins and active-cathepsin
decay with the single term  Asa.

This model consists of conservation equations for tu-
mour cells, ECM, intracellular and extracellular pH, and
active-cathepsins. Here, we represent active-cathepsins via
the variable a(t). The model system is as follows:

l m= tumour cells |

(2a)
@ = Avr(hm (1- 45)
|c= ECM density |
proteolysis (2b)
de __ :__J‘—
T = Azhi(E)ac
a= active-cathepsin |
cltedn e 2o
da T —_—
T = Ashr(I)m - Asa
I= intracellular H*
|dl : l 2d
8 — ~u(l, E) + sim(V) + BE
= +
|E- extracellular H ] (2e)

9 —m - [u(l,E)- so(V)E = BE].

Here the A;’s are positive constants. The function h;(E)
represents the effect of pH on the proteolysis of ECM via
active-cathepsins. Here, we take k) to have a bell shaped
pH profile with a maximum near pH 4.0. The acidic pH-
induced secretion of active cathepsin B is represented by
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the term h>(7), and we determined its functional form from
data in Rozhin et al. [25]. In this study, the incubation of a
highly metastatic B16a cell line at pH 6.5 resulted in a 10-
fold increase in the secretion of active cathepsin B. In the
pH range 6.2 to 7.6, the function hy () is strictly increasing.
For simplicity, we take h; to be linear. The functions we use
for hy and h; are given in the Appendix. As in the previous
model, we use the term r (1) to reflect the effect of pH on the
proliferation rate of the cells.

We solved this model numerically for a wide range of
parameter values. Again we incubated and tested the cells at
either acidic (pHe 6.8) or normal (pHe 7.4) conditions. As
before, the rate of ECM decay was determined by the ability
of cells to degrade ECM material. In Figure 3b we plot the
numerically calculated ECM profiles for the different cases.
Our simulations show that culturing cells at pH 6.8 causes
an increase of about 5% in ECM decay rates compared to
when cells are grown under normal conditions (pH 7.4). In
this case, there is a much more rapid decrease in the ECM
density.

The important features in the cathepsin model are the
more acidic pH value for the optimum proteolytic activity of
the cathepsins compared to the MMP case and the increased
secretion of active-enzyme from acid cultured cells. These
are represented by the functional forms A4 (E) and hy (),
in the ECM and active-cathepsin equations. To investigate
the importance of these terms, we varied these functions in
turn, and compared the relative change in the model solu-
tions. Our results showed that varying a1 (E) has a negligible
effect on the ability of cells to degrade ECM at either acidic
or normal pH, indicating that the effect of pH on the pro-
teolytic activity of the cells is not the crucial term in the
model. Hence, we can conclude that 4,(I), the function
representing the effect of low pH; on the secretion of active-
cathepsins, is crucial, and is the key term which accounts for
the differences between the two enzyme models.

In our model, we have used a very simple representation
of the pH-induced peripheral redistribution of cathepsin B,
which is accompanied by the secretion of the active form
of this enzyme. With this alternative model, there is a good
agreement with the experimental data in Martinez-Zaguilan
etal. [13], namely that the numerical solutions show a signif-
icant increase in the ability of acid cultured cells to degrade
ECM, regardless of the pH at which the cells are tested. Our
model predicts that the acidic pH-induced redistribution of
active cathepsins to the cell surface of malignant cells could
be a major factor in the acquisition of a more metastatic
phenotype at low pH.

Discussion

Solid tumours have been observed to develop an acidic ex-
tracellular environment (pHe 6.8-7.0). In contrast, 3'P NMR
measurements have shown that the intracellular pH (pH;)
within tumours is slightly alkaline (pH; 7.1-7.2). This gives
rise to a reversed cellular pH gradient between tumours and
normal tissue. This gradient difference may be permissive
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for the tumour phenotype and aid tumour growth and inva-
sion [37]. In this paper we have developed basic ordinary
differential equation models to examine whether an altered
proteolytic activity at low pH is responsible for the stimu-
lation of a more metastatic phenotype. Our study examined
one aspect of tumour invasion, i.e. the effect of pH on the
generation and regulation of extracellular proteolysis. Our
modelling suggests that changes in MMP activity at low pH
do not have significant effects on invasive behaviour. How-
ever, our model shows that the levels of active cathepsin
B are significantly increased by acidic pH, and suggests a
critical role for at least one cysteine proteinase in tumour
invasion.

In the second section, we focussed on one class of
molecules, the matrix metalloproteinases (MMPs). Here,
the model is based on experimental data from Martinez-
Zaguilan et al. [13]. In this study, cells were cultured at
either pH 6.8 or 7.4 for 28 days and then analysed by gelatin
zymography, where the extracellular MMP activity was ex-
amined. Although their results did not show an increase in
the overall amount of MMP activity from cells grown at low
pH, there was a significant increase in the relative amount
of active-MMP. Numerical solutions of our model show that
culturing cells at acidic pH (6.8) had very little effect on their
invasive behaviour. There was very little difference in the
proteolytic activity from acid cultured cells and cells grown
at normal pH. To test this further, we studied numerical sim-
ulations of this model for a wide range of parameter values.
However, our simulations show that, in cells cultured at low
pH, invasive behaviour is less than or the same as that ob-
served under normal conditions. Thus, it seems unlikely that
changes in MMP activity at low pH could be responsible for
the induction of a more aggressive invasive behaviour.

Cathepsin B is a lysosomal cysteine proteinase involved
in both intracellular and extracellular protein degradation.
The amount of cathepsin B secreted varies considerably ac-
cording to cell type and culture conditions. Rozhin et al. [25]
have shown that a reduction of pHe to 6.5 resulted in a redis-
tribution of cathepsin B containing vesicles to the surface of
tumour cells. Moreover, this resulted in an enhanced secre-
tion of active cathepsin B. Since our modelling suggests that
changes in MMP activity at low pH do not have significant
effects on invasive behaviour, we considered an alternative
system in which we neglected the proteolytic activity of the
metalloproteinases and focussed on the acidic pH induced
secretion of active cathepsin B. The main difference between
the two models is the effect of pH on the secretion of the
two different classes of enzymes; in the MMP model there
is an overall decrease in the amount of extracellular pro-
teinase activity from cells grown at pH 6.8 (relative to pH
7.4), whereas in the cathepsin model there is a substantial
increase (e.g., 10-fold) in the secretion of active proteinase
from acid cultured cells [25]. From numerical solutions of
this alternative model we were able to reproduce the quanti-
tative features of the experimental data in Martinez-Zaguilan
et al. [13]). In particular, we were able to show an increased
ability of acid cultured cells to degrade ECM. Furthermore,
this result is independent of the pH at which the cells are
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tested. Our model thus predicts that the pH-induced periph-
eral redistribution of cathepsin B could be a major factor in
the acquisition of a more metastatic phenotype in malignant
cells at low pHe.

Human and animal tumours in vivo often contain both
hypoxic and well oxygenated areas [53] and approximately
one unit variations in pH between tumour capillaries have
been observed in animal model systems [42]. The present
theoretical model suggests that, in addition to metallo-
proteinase activity, the cysteine proteinases play a critical
role in tumour progression, a prediction with important
implications for the design of anti-invasive therapies.

Appendix: Functional forms and parameter values

Ion-transporter activity u(LE)

In our model system, we use u(/, E) to denote the combined
activity of the membrane based ion-transport exchangers
and the sequestion of cytosolic protons into acidic cellular
vesicles. Several experimental studies have examined the ef-
fect of microenvironmental factors on the operation of these
transporting mechanisms [54, 55]. In their study of the regu-
lation of intracellular pH in tumour cells, Boyer and Tannock
[8] examine the importance of the Nat-driven exchangers
in conditions that may exist in solid tumours. We use ex-
perimental data from this study to estimate the functional
form of u(i, E). There is some evidence that a vacuolar
type Ht-ATPase is expressed in the plasma membrane of
some tumour cell lines [56]; this is an established mecha-
nism in other highly invasive cells, such as osteoclasts [57]
and macrophages [58]. However, in this paper, we neglect
such factors since the inclusion of proton fluxes due to AT-
Pase pumps will have little effect on the form on the function
u(l, E). Under normal conditions, the rate of H*-flux due to
the combined activity of the Na*/H* antiporter and anion-
transport systems is estimated to be in the range 4mM/min
to 14mM/min, with maximum rates of operation in the pH;
range 6.6-7.0 [8]. In Figure 4 we illustrate the effect of pH
onu(l, E).

Acid loading si(V), BE and hydrogen removal s(V)

In our model, we use s;,(V) and s1,,(V) to denote the rate
at which cellular metabolism can cause H* to accumulate
intracellularly for normal and tumour cells, respectively. We
assume that the rate at which H*-ions are removed from
the interstitial space is directly proportional to V. We use
the term s,(V) to represent this linear removal from the
interstitial space.

For computational purposes, we have chosen simple
functional forms for s (V) and s,(V), namely

su(V)=n (1 - “L-—r—,‘:.',_vvrzz)

wherei = n,m and s2(V) =r4V.

Here the r;’s are positive constants. We take 1 >
on > Q. so that s1,(V) and s1,,(V) have the appropriate
qualitative forms (see Figure 1).
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In an acidic environment, chronic acid loading occurs in
cells due to their internally negative membrane potential. To
represent this passive movement of H*-ions into the cell we
use a term of the form B E; for simplicity, we assume that 8
is constant.

A number of studies on blood flow, oxygen and nutrient
supply in tumours have been reported since the early part of
the century [1, 7]. In spite of this available data, we are not
aware of experimental data that would enable the functions
51(V) and s2(V) to be estimated quantitatively. In the ab-
sence of such data, we have used numerical simulations to
perform a parameter sensitivity analysis. Here, we perturb
each parameter in turn and determine the effect on the model
solutions. The analysis indicates that the qualitative nature
of the solutions does not depend on the parameters r3 and
B. We choose r3 = 0.01, 8 = 1. The remaining parameters
were chosen to give the best fit with data from Vaupel et al.
[7]. In this review article, data for the pH distribution in
tumours is compared with the data for normal tissues. We
choose ry = 1, @y = 0.8, ay = 0.4 and r4 = 10”. This
choice of parameters gives a value of pH; in the range 7.2
7.25 in tumours at pH 6.8, and in normal tissues at pHe
7.4. We take r; = 14, so that s;(V) has the appropriate
qualitative form (see Figure 1).

Estimation of the pH change time scale

Kato et al. [16] have examined the pH change in a culture
medium during an in vitro cell cultivation. In this study, B16-
F10 melanoma cells were incubated in a serum-free culture
with various initial pH values for four different time periods.
From this data, we can estimate the time scale of the pH
change in our model solution. We reduce the model [Equa-
tion (1)] to a separate submodel in which only pH; and pHe
are considered, namely

drI

’5':-“(1’ E) +s5sim(V) + BE, (A.la)
%f- = u(l,E) = s2(V)E- BE . (A.1b)

We have solved this submodel numerically, with various
initial pH values, and compared the numerical solutions with
the experimental data from Kato et al. [16]. From this, we
can obtain order of magnitude estimates for the parameters
in the equations (A.la) and (A.1b).

The proliferation rate r(I)

A slightly alkaline intracellular pH (pH;) of about 7.2-7.4
appears to be a necessary, but not sufficient, criterion for nor-
mal cellular proliferation [59, 60]. If the intracellular pH is
lowered below pH 7.2, growth is inhibited [12]. We assume
that proliferation can only take place if the pH; is above a
threshold level pg, which is permissive for a proliferative
response. The value of pg varies between cell types, but is
typically in the pH; range 6.6-7.0. We choose pg = 6.8. The
qualitative form of the function r (/) is shown in Figure 2.

S. D. Webb et al.
Decay of ECM f,(E) and h(E)

The proteolytic effect of both the metalloproteinases and
cysteine proteinases are pH dependent; typically, these en-
zymes exhibit bell-shaped dependencies on pH. [46, 47].
The optimal pH for the proteolytic activity of the cysteine
proteinases is very acidic, i.e., in the pH range 2.8 to 5.0
[49]. In contrast, the metalloproteinases have a more al-
kaline optima (pHe 7.0-8.2) [47]. The qualitative forms of
f2(E) and h|(E) are illustrated in Figure 5. The pH profile
for the metalloproteinases is determined from data in Kato
et al. [16]). From this, we can estimate that the optimum pH
for MMP activity is pH 7.0. The pH-profile for the cysteine
proteinases was estimated from experimental data in Briozzo
et al. [49]. Here, the maximum enzymatic activity occurs at
pHe 4.0.

Matrix metalloproteinases

Martinez-Zaguilan et al. [13] found that although there was
less extracellular MMP activity from cells grown at low pH
(6.8), there was a significant increase in the relative amount
of active MMP in these cells. In this study the ratio of ac-
tive to pro-MMP (86 and 97KDa gelatinase, respectively)
was estimated to be 0.78 for cells grown at pH. 7.4, and
1.2 for cells grown at pHe 6.8. By comparing these results
with the final tumour levels of pro and active-MMP, we can
estimate several of the parameter values and determine the
nature of the functional forms f; and f3. From this, we
estimate k3kak2/k? = 15, ks/ky = 1, ke/ki = 3.43, and
k1/ky = 5 x 10. Moreover, we can infer that in the pH
range 6.2 to 7.6 both f1(E) and f3(E) are strictly increasing
functions. For simplicity, we assume that they are linear (see
Figure 6).

Cysteine proteinases

Rohzin et al. [25] have observed that the culturing of B16a
melanoma cells at acidic pHe (6.5) results in a significant
increase in the secretion of cathepsin B. At pH. 6.5, the
secretion of cathepsin B was 10 times greater than at pHe
7.4. The cathepsin B secreted into the culture media did not
require proteolytic activation, suggesting that it was a mature
form of this enzyme. From this data, we can determine the
nature of the functional form h»(/), which represents the
effect of pH on the secretion of active cathepsin B. We find
that, in the pH range 6.2 to 7.6, the function h,(I) is strictly
increasing. As before, we take A3 to be linear. The qualitative
form of the function k7([I) is shown in Figure 6. There is no
experimental data from which the parameter values A3 and
A4 can be determined. In this absence of data, we assume
that these parameters are comparable with the production
(k¢) and decay (k7) terms in the MMP model. From this,
we estimate A3A4A2/A? = 15and As/A) =5 x 10°.
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Figure 5. Effect of pHe on proteinase activity. The curves illustrate the pHe-dependencies of the metalloproteinases (redrawn from Kato et al. [16]) and the
cysteine proteinases (based on data in Briozzo et al. [49}). We use k and 5 to denote the effect of pH on the proteolytic activity of the cysteine proteinases
and metalloproteinases, respectively. The activities are expressed as a percentage of the maximum activity for each enzyme. Both these enzymes exhibit
bell-shaped dependencies on pHe. The optimum pH for proteolytic activity is 7.0 for the metalloproteinases, and 4.0 for the cysteine proteinases.
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Figure 6. (a) Effect of pH; on proteinase secretion. We plot the rate of enzyme secretion as a function of intracelluiar H* -ion concentration (/). We use
f3 and k3 to denote the effect of pH on the secretion of pro-MMP and active-cathepsins, respectively. The function 4 is derived from data in Rozhin et al.
[25]. In the pH range 6.2 to 7.6, both f3 and h; are strictly increasing functions. Comparing the rate of secretion for the two classes of enzyme proteins,
we see that the magnitude of the increase in the secretion of active-cathepsins B is significantly larger than in the MMP case. (b) The qualitative form
of the function f)(E), which reflects the effect of pH on the autolytic activation of pro-MMP. In the pH range 6.2-7.6, the activation of latent enzymes
increases as pHe becomes more acidic. The functional forms of f| and f3 are based on data in Martinez-Zaguilan et al. [13]. Note that it is hydrogen ion
concentration, rather than pH, that is plotted on the horizontal axes; some corresponding pH values are indicated.
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