
Cancer: A profit-driven biosystem ?

Thomas S. Deisboeck
Complex Biosystems Modeling Laboratory, Harvard-MIT (HST) Athinoula A. Martinos Center for
Biomedical Imaging, Massachusetts General Hospital, Charlestown, MA, 02129, USA

Abstract
The argument is made that solid malignant tumors behave as profit-driven biological systems in that
they expand their nutrient-uptaking surface to increase energetic revenue, at a comparably low
metabolic cost. Within this conceptual framework, cancer cell migration is a critical mechanism as
it maximizes systemic surface expansion while minimizing diffusion distance. Treating these tumor
systems with adjuvant anti-proliferative regimen only should increase the energetic net gain of the
viable cancer cells left behind, hence would facilitate tumor recurrence. Therapeutic attempts to better
control tumor (re)growth should therefore aim primarily at containing its surface expansion, thus
reducing its energetic revenue, or increasing its metabolic costs or better yet, both.

INTRODUCTION
Amongst the biological mechanisms most often cited as driving malignant tumor expansion is
a deregulation of tumor suppressor genes versus proto-oncogenes [1]. While, over the last
decade, molecular analysis methods and techniques have undoubtedly increased our
understanding of specific aspects involved in carcinogenesis by orders of magnitude, one could
argue that in going forward, precisely because of the magnitude of detailed yet fragmented
data made available, it may help if not even become critical to keeping a somewhat ‘larger’
picture in mind. That is, much like any other biosystem, tumors need continuous nourishment
to sustain their cells’ metabolism, and at the same time, they must dispose of metabolic waste
products to avoid the buildup of a hostile microenvironment that would otherwise limit further
expansion. However, as solid tumors grow in size their ‘surface-to-volume’ ratio decreases, a
fact that leaves the tumor with less exchange area for nutrient intake and byproduct discharge.
Consequently, this declining ratio is thought to be responsible for the onset of central necrosis
at relatively early growth stages. Solid cancers therefore appear to struggle with balancing a
growing intrinsic ‘demand’ with limited microenvironmental ‘supply’. Therefore, based in part
on our previous theoretical works [2], I propose here that a key ‘objective’ of the tumor’s spatio-
temporally expansive drive is to increase its surface at a comparably low metabolic cost.

CONCEPT
Tumors behaving like profit-driven systems, how so? Conceptually, a tumor should be able to
increase its surface by a variety of densely investigated, yet commonly separately studied
measures:
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First, (1) in reality, a solid cancer tends not to grow as a perfect sphere. Rendering the surface
less smooth, with area-increasing bulges and niches, would argue for a selective advantage of
a heterogeneous spectrum of tumor clones exhibiting a variety of proliferation rates to dominate
the tumor surface. Next, (2) cell migration into adjacent parenchyma, i.e. cancer invasion
operates with proteases that are degrading extracellular matrix (e.g., [3]), hence can be
understood as an attempt to damage neighboring tissue consistency, reduce mechanical
confinement, and thus to allow for further local growth of the main mass. Ongoing invasion is
therefore advantageous and since these mobile cells derive from cells shed at the proliferative
tumor surface, it is this feedback (with (1)) that enables the tumor to maintain a rather high
regional cell proliferation rate without adding excessively to the regional volume; hence, the
tumor system avoids exceeding the diffusion distance limit on site (which would lead to (4)
and (5), below) while minimizing diffusion distance at the invasive edges which operate with
single cells. Note that (1) and (2) combine to an underlying minimum energy dissipation
strategy [4]. Equation 1 conceptualizes the relationship between tumor surface expansion and
volumetric gain:

(Eq. 1)

Here, κ represents the extent of invasiveness (as radial extension of an invasive cell path in
[μm], with n representing the number of paths) that expands the tumor surface, S, to compensate
for the ever increasing volume, V. It is obvious that the need to raise (n)μ grows as V increases
[more so than S] and that this can be achieved with either a few long invasive paths, or many
short ones, or both (i.e., a (n) κ-spectrum or [(n) κ]1,2…n), reflecting a more realistic
inhomogeneous microenvironmental permission. Given that all entities in the right-hand term
represent cell numbers, (n) κ modulation can lead to an overall increase in [total] tumor cell
number, N. Such intuitive idea of increasing the surface roughness in order to optimize the
surface-to-volume ratio has been quantitatively confirmed by evaluation of the surface fractal
dimension. That is, for a number of malignant tumors it has already been shown that the fractal
dimension is much larger than the topological one (which is expected to be 2) [5] and that this
fractal surface dimension can in fact be related to histological tumor type and grade [6–7].
Thirdly, (3) recruitment or cooption, and tumor cytokine-induced attraction of new blood
vessels (i.e., angiogenesis) is necessary early on in the process in an effort to sustain volumetric
tumor growth beyond a certain size [8, and references therein].

However, there are quite a few ways a tumor could manage its onco-economics favorably,
other than simply increasing its overall intake via the three strategies listed above. Arguably,
its main objective is to secure continued expansion with surplus nutrients, i.e. to turn an
energetic net profit into net cell growth. As such (4) there is the option of facilitating also a
‘leaner’ structure of the system itself which could be accomplished by furthering cell loss. That
is, if the costs for maintenance increase dramatically while intake (and/or toxic discharge)
stalls, cell loss would have to increase to reduce demand or lower energetic costs (and because
on site toxicity raises beyond a critical level). In other words, a high proliferation rate within
a host organ of generally limited nutrient supply (or adaptive capability) will soon have to lead
to a high on site cell loss within the tumor. Here, apoptosis and consequently, necrosis, follow
primarily an inside-out trajectory, with a central zone of deteriorating cell viability emerging
[9]. (5) Another option to ‘down-size’ temporarily, without losing its ability to react to the
microenvironment once it turns favorably, is to reduce cell metabolism, again, in an attempt
to control raising energetic costs. Cell quiescence is a well known non-proliferative and non-
migratory phenotype that is reversible and that is found in the intermediate cell layer between
death zone and proliferative tumor surface [9]. The temporal sequence of adjustment options
should therefore be reversible cell quiescence, prior to irreversible cell loss. Together, (4) and
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(5) result in a layered expansion of multicell-depth shells, rather than a solid core, hence
distributing demand more evenly while facilitating diffusion at the same time. Lastly, (6) proper
re-investment of the net gain; that is, placing cell growth areas where they can be managed for
some time in going forward, i.e. again, close to the surface (see (1)) and here, close to lesser
mechanical resistance areas (see (2)) and neighboring blood vessels (see (3)). Seeding satellite
colonies or metastases (e.g., [10]) would fall in here also as in theory, Eq. (1)’s (n) κ term could
be modified to account for metastasis, as a means for systemic tumor surface increase.

CONCLUSIONS
If so, what are the implications? First, (A) if cell loss indeed is a prominent means by which
a tumor adjusts readily to deteriorating conditions in its vicinity, there should be clinical
evidence of relationships between cell loss, tumorigenesis and patient outcome. Indeed, for
instance, a recent multivariate analysis reported less TP53 mutations in glioblastomas with
necrosis, indicating at least some functionality of the apoptotic loop, while the very presence
of such necrosis correlated with poor outcome in these patients [11]. Together with the reported
fact that such TP53 mutations play a significantly lesser role in the more rapidly growing
primary or de novo glioblastomas [12–13] one would argue that given the proposed concept
(particularly, (4) and (5)), topographically, the requirements for a functional apoptosis loop
are less so on the tumor surface where cells shed and start to invade the neighboring tissue.
Intriguingly, analyzing cDNA microarray data, Mariani et al. [14] already reported a reduced
apoptotic activity in such migrating glioma cells. (B) Secondly, from a therapeutic perspective,
any primarily anti-proliferative treatment modality (such as adjuvant radiotherapy and most
chemotherapeutic regimen), if applied without targeting microenvironmental nourishment in
addition1, should indirectly yield an increase of the remaining tumor’s energetic profit or net
gain, and would therefore unintentionally accelerate re-growth. Recurrence would be further
facilitated if sub-total resection leaves a tumor residual behind2. (C) If the necessity to increase
nutrient intake triggers surface expansion, improving intake therapeutically may reduce the
tumor’s drive to expand. This may sound paradoxically at first. However, interestingly, there
are corroborating reports in the literature that normalizing tumor vascularization with anti-
angiogenesis regimen indeed is beneficial from a therapeutic perspective (such as for
administering adjuvant anti-cancer drugs in a sufficiently high concentration on site) yet
reportedly without necessarily increasing tumor cell proliferation [15]. (D) The latter notion
is important to be confirmed since at the time of diagnosis, the feedback loop described in ((2),
above) should be already established and thus every unintended surge in proliferation could
potentially lead to an increase in invasion, locally if not globally (and thus also raise the
probability of metastases (see (6), above) depending on the cancer type). The need for such a
dual anti-proliferation and anti-invasion strategy is already supported by data from a clinical
retrospective study that analyzed patients with recurrent malignant glioma who received
chemotherapy and the anti-angiogenesis agent bevacizumab (a monoclonal antibody against
vascular endothelial growth factor, VEGF). While this combination therapy was well tolerated
and seemed to fend off local volumetric recurrence at least temporarily, a trend towards non-
enhancing, diffuse infiltrative tumor progression was noticeable on MR image [16]. Taken
together, (E) a treatment regimen that targets both, tumor angiogenesis and cancer cell motility
3 is needed and recent, promising news on e.g. anti-integrin targeting in treating highly
malignant brain tumors seem to support this strategy [17]. Ongoing pharmaceutical strategies

1For instance, conventional external radiation therapy is focused on the on-image visible tumor, precisely to reduce the burden for the
surrounding healthy tissue.
2Because of the underlying dynamic surface-to-volume relationship, Eq. (1) suggests that attempting primarily a reduction of V (e.g.,
through surgery) will have a relatively less limiting effect on S (albeit temporarily containing the demand for (n)κ); it thus may result in
a diminished reduction of the [total] number of tumor cells, N, and can facilitate recurrence.
3Eq. (1) also indicates that, if such selective treatment would become available, targeting invasion ((n) κ) only, without impacting V, will
result in an even more substantial trigger for invasion once the treatment has faded off.
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on targeting simultaneously the angiogenesis system and the hepatocyte growth factor/scatter
factor (HGF/SF, and its receptor tyrosine kinase, c-Met [e.g., 18–19]) would fall into the same
category.

In summary, Eq. (1) suggests that reducing the [overall] nutrient intaking surface, S, through
containment of cell invasion ((n) κ), while maintaining metabolic demand of the main mass
(and thus keeping the denominator, V, viable), would result in a decrease in [total] tumor cell
number. Eradicating a malignant tumor system completely has all too often proven to be a
difficult task, albeit for instance breast and prostate carcinoma as well as melanoma have
excellent cure rates if discovered early. In all other cases, the patient’s life quality and thus in
essence, sustainability of the host organ’s function remain the main goals. Therapeutic attempts
to better control tumor (re)growth should therefore aim primarily at containing its surface
expansion, thus reducing its energetic revenue or increasing its metabolic costs or better yet,
both.
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