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Introduction

Abstract

Intratumoral evolution produces extensive genetic heterogeneity in clinical can-
cers. This is generally attributed to an increased mutation rate that continually
produces new genetically defined clonal lineages. Equally important are the inter-
actions between the heritable traits of cancer cells and their microenvironment
that produces natural selection favoring some clonal ‘species’ over others. That is,
while mutations produce the heritable variation, environmental selection and cel-
lular adaptation govern the strategies (and genotypes) that can proliferate within
the tumor ecosystem. Here we ask: What are the dominant evolutionary forces in
the cancer ecosystem? We propose that the tumor vascular network is a common
and primary cause of intratumoral heterogeneity. Specifically, variations in blood
flow result in variability in substrate, such as oxygen, and metabolites, such as
acid, that serve as critical, but predictable, environmental selection forces. We
examine the evolutionary and ecological consequences of variable blood flow by
drawing an analogy to riparian habitats within desert landscapes. We propose
that the phenotypic properties of cancer cells will exhibit predictable spatial varia-
tion within tumor phenotypes as a result of proximity to blood flow. Just as rivers
in the desert create an abrupt shift from the lush, mesic riparian vegetation along
the banks to sparser, xeric and dry-adapted plant species in the adjacent drylands,
we expect blood vessels within tumors to promote similarly distinct communities
of cancer cells that change abruptly with distance from the blood vessel. We pro-
pose vascular density and blood flow within a tumor as a primary evolutionary
force governing variations in the phenotypic properties of cancer cells thus pro-
viding a unifying ecological framework for wunderstanding intratumoral
heterogeneity.

environmental selection and cellular adaptation actually
determine the strategies (and genotypes) found among can-

The clinical importance of evolution in producing signifi-
cant intratumoral cellular heterogeneity is well recognized
(Iwasa and Michor 2011; Gerlinger et al. 2012) but analysis
of the primary evolutionary dynamics often focuses exclu-
sively on genetic mutations (Temin 1984, 1988; O’Connell
et al. 1994; Jackson and Loeb 1998; Hahn et al. 1999;
Schl tterer 2000; Nowak et al. 2004, 2006; Iwasa et al. 2005;
Michor et al. 2005; Durrett et al. 2010; Sottoriva et al.
2011). Here, we propose that a more complete application
of Darwinian dynamics can substantially improve our
understanding of intratumoral evolution. That is, while
mutations produce the heritable variation, we note that

cer cells that persist and proliferate within their ecosystems
(Alfarouk et al. 2011a). That is, intratumoral heterogeneity
must reflect, in addition to genetic mutations, variations in
interactions between cellular strategies (phenotypes) and
environmental selection forces. We propose that the tumor
vascular network is a common and primary cause of intra-
tumoral heterogeneity. Specifically, variations in blood flow
result in regional changes in substrates, such as oxygen (dif-
ferent of area, oxygenated, hypoxic, and anoxic), and
metabolites, such as acid for example Lactate, that serve as
critical microenvironmental selection forces (Gatenby and
Gillies 2008; Alfarouk et al. 2011b). Here, we examine the

46 © 2012 The Authors. Published by Blackwell Publishing Ltd. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.



Alfarouk et al.

evolutionary and ecological consequences of variable blood
flow by drawing an analogy to riparian habitats within des-
ert landscapes.

Cancer and natural ecologies

In nature, ecosystems represent webs of interactions among
and between biotic and abiotic components. Biotic compo-
nents comprise the living systems that can evolve and
co-evolve. These generally include plants, animals, fungi,
protists, and bacteria. On the other hand, abiotic compo-
nents include environmental factors such as rivers, soil,
and temperature. These generally include the physical and
climatic factors. Such ecosystems often exhibit substantial
feedbacks between biotic and abiotic components as each
influences the structure and dynamics of the other.
Similarly, clinical cancers can be viewed as ecosystems
containing both evolving cancer cell populations and mul-
tiple host components including mesenchymal and
immune cells, blood and lymphatic vessels, and extracellu-
lar matrices (Michelson et al. 1987; Gatenby 1991; Pienta
et al. 2008). Cancer cells, within this conceptual frame-
work, form the biotic components of the ecosystem,
whereas abiotic components include blood flow, pH,
temperature, intercellular fluids, and chemical fluxes

Cancer ecosystems

(Huber et al. 2010). In this tissue ecosystem, we consider
normal cells to be part of the abiotic environment. While
normal cells are living entities of the whole organism, they
mostly do not evolve or participate in an evolutionary
game with the tumor cells. Within the ecological and evo-
lutionary context of the tumor cells, normal cells are simply
highly dynamic, changeable, and crucial elements of the
cancer cell’s habitat. So, while arguable, the mesenchymal,
stromal, ductal, and/or epithelial cells within and around
tumors can be viewed as highly interactive components of
the cancer cells’ ‘physical’ environment.

For cancer cells, a major role for the abiotic components
of the tumor ecosystem is supply of nutrients and removal
of metabolites (Vaupel et al. 1989). Previous work has
clearly demonstrated the critical role of angiogenesis and
blood flow in tumor growth and invasion (Zetter 1997;
Folkman et al. 2006). In the absence of angiogenesis,
tumors are limited in size to just a few millimeters in diam-
eter. Thus, clinically relevant tumors cannot occur without
the growth of blood vessels to deliver nutrients and remove
metabolites (Pluda 1997). Thomlinson and Gray (1955)
demonstrated the presence of ‘tumor cords’ in clinical can-
cers that represent cylinders of cellular growth around
blood vessels (Fig. 1). Within this peri-vascular tissue,
reaction—diffusion kinetics results in regions of hypoxia

Figure 1 Micrograph of a invasive breast cancer following staining with hematoxylin and eosin and immunohistochemical stain for CD44 to identify
endothelial cells forming blood vessel. In the two right panels, tumor cells are seen densely clustered around small blood vessels (stained brown). Dis-
tant to the blood vessels, there is an abrupt transition to regions of necrosis with sparse cellularity.

© 2012 The Authors. Published by Blackwell Publishing Ltd 6 (2013) 46-53
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and acidosis (Gatenby and Gawlinski 1996). These regional
variations in critical environmental factors produce distinct
selection forces on the tumor cells inhabiting particular
regions of a tumor. Tumor regions beyond about 100 pm
from blood vessels experience very low concentrations of
substrate and high concentrations of potentially toxic
metabolites such as H" (Gillies and Gatenby 2007). Such
‘physically’ harsh regions of the tumor are often described
as ‘necrotic’ but in fact, they support sparse populations of
cancer cells (Fig. 1) that are capable of repopulating the
primary tumor and forming metastases (Bonfil et al. 1988).

Despite the significance of blood vessels for cancer cells,
tumors typically possess rather chaotic blood flow from
vessels that seem handicapped or malformed relative to
normal vascularization (Runkel et al. 1995; Carmeliet and
Jain 2000; Silva et al. 2009). As a result, highly variable
relationships exist between angiogenesis, vascular tissue
density, and blood flow. While aberrant relative to normal
vasculature, intratumoral blood vessels are decisive for the
proliferation, growth, and distribution of cancer cells
within a tumor. Thus, distance from vascular tissue may be
the first and primary determinant of microenvironmental
heterogeneity within tumors.

Riparian habitats in nature

Useful comparisons can generally be drawn between dis-
tinct ecosystems in nature. For instance, while quite differ-
ent in origin and location, alpine flora and fauna (above
the tree line of mountaintops) have striking similarities to
the flora and fauna of tundras (a biome north of the boreal
forests of North America, Scandanavia, and Russia). Simi-
larly, we seek useful comparisons between tumor ecosys-
tems and natural ones. In particular, we see an analogy
between the arrangement of cancer cells around blood flow
and vegetation around rivers within natural ecosystem.
While other metaphors have been proposed for tumor
dynamics (i.e., suburban sprawl around urban centers
(Ryan et al. 2010)), we see direct, useful, and applicable
parallels between tumor ecosystems and arid ecosystems
with riparian zones.

Rivers, particularly those in desert or semi-arid land-
scapes, bring nutrients and resources to plants and carry
away salts, toxic minerals, and plant metabolites. In an arid
landscape, the edges of the river often support tall, lush
vegetation including trees and tall shrubs. The vegetation
region around a perennially or seasonally flowing river is
known as the riparian zone or habitat (Fig. 2).

Desert riparian habitats produce zones of thick vegeta-
tion that occur along permanent or seasonal rivers flowing
through otherwise dry landscapes (Gregory et al. 1991).
The vegetation generally consists of thickets of shrubs and
trees (trees include willows, mesquite, tamarisk, and cot-
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Figure 2 Riparian habitat in the Sonoran Desert of Arizona. The ripar-
ian zone is seen around the river beds and densely populated by mes-
quite and ironwood trees. There is an abrupt transition to the adjacent
xeric zone, which is sparsely populated by creosote, bur-sage, and salt
bushes (Satellite image from zoogle Maps).

tonwoods), which differ in their height, and in the breadth
and depth of their roots (Tufekcioglu et al. 1999). In desert
riparian habitats, there is generally an abrupt transition
from the ‘mesic’ shrubs and trees of the riparian zone and
the ‘xeric’ grasses, shrubs, and cactus that occur in the dry-
lands away from the stream (Harms et al. 2009). Away
from the stream, the level and availability of groundwater
decline and the accumulation of electrolytes such as cal-
cium and sodium salts generally increases (Cui and Shao
2005; Yong-Zhong et al. 2012). Moreover, the riparian
habitats themselves may be somewhat variable in the height
of trees, the lushness of the vegetation, and the width of the
riparian zone (Naiman and D’ecamps 1997a). This is
because rivers, like blood vessels in a tumor, differ in veloc-
ity (fast- or slow-moving rivers), abiotic contents (e.g. min-
erals), water and temperature (Van der Velde et al. 2004).
All of these factors shape the riparian zone. The riparian
zone is characterized by complete and thick vegetation
cover with multiple layers of vegetation (Kovalchik and
Chitwood 1990; Naiman and Pollock 1993; Schade et al.
2002). It forms an environment that is abiotically benign in
the sense of offering high nutrients, high moisture avail-
ability, and a low accumulation of potentially toxic salts —a
phenomenon associated with ‘dilution zones’ (Naiman
et al. 1997b; Gatti et al. 2006). Conversely, it is biotically
harsh in the sense of intense competitive interactions
between plants for space and nutrients (Casper and Jackson
1997; Naiman et al. 2000). The plants of the riparian zone,

© 2012 The Authors. Published by Blackwell Publishing Ltd 6 (2013) 46-53
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near the river, are strong competitors but are relatively
intolerant of physical harshness (Glenn et al. 1998).

In deserts, the riparian region may be only 4-10 trees
wide (perhaps 10-15 m wide). Beyond this point, there is
an abrupt shift to much sparser vegetation that may only
cover 10-30% of the aboveground space (Schade et al.
2002). The plants beyond the riparian zone are generally
grasses and short shrubs (Naiman et al. 1997b) that experi-
ence a more biotically benign environment with less intense
competition between plants for space and resources. That
said the abiotic environment is significantly harsher having
fewer nutrients, less water availability, and the accumula-
tion of mineral salts up to toxic levels (Vaupel et al. 1989).
In just a short distance from the river, the vegetation
changes from the mesic species of the riparian zone to a
sparsely populated community of dry or xeric species. The
mesic species of the riparian zone are different and distinct
from the xeric species of the adjacent drylands. There is lit-
tle to no overlap between these species.

The aridity, lack of nutrients, and salt buildups preclude
the riparian species from moving into and inhabiting the
drylands between streams. The competitive superiority of
the riparian plant species prevents the xeric species from
invading the narrow riparian zone along the river banks. As
one moves still farther from rivers, or into areas where
water runoff simply evaporates, the soil may become so
impregnated with sodium, calcium, and other salts that no
plants can grow at all — these constitute the sterile, ‘necro-
tic’ salt pans of desert ecosystems.

Riparian habitats in cancer

The striking similarity between the arrangement of cancer
cells around blood vessels and vegetation around waterways
leads us to consider tumor ecosystems within the context
of the biotic and abiotic interactions in riparian ecosys-
tems. The adaptations and ecologies of riparian zones in
arid ecosystems can provide insights into the ecological
and evolutionary dynamics of tumor cords. Specifically, we
suggest that tumor cords, like desert riparian habitats, are
governed by counter gradients of abiotic and biotic rigor.
These ‘predictable’ regions offer opportunities and hazards
to cancer cells and promote the evolution of region-specific
cancer cell phenotypes and their corresponding genotypes
(Cuny et al. 2000; Wakimoto et al. 2012).

Perivascular tumor — abiotically benign, biotically harsh

Helmlinger et al. (1997) measured the spatial heterogeneity
of pO, and pH around tumor blood vessels (summarized
in Fig. 3). These are critical elements of the abiotic perivas-
cular ecology. The measurements, consistent with the prior
theoretical analysis by Krogh and Tomlinson and Gray,

© 2012 The Authors. Published by Blackwell Publishing Ltd 6 (2013) 46-53
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demonstrated a gradually decreasing pO, and pH with dis-

tance from blood vessels (Helmlinger et al. 1997). By

examining the correlation between pO, and pH changes,
they inferred a gradient of glucose concentration as well.

Typically, the tumor microenvironment becomes too harsh

(due to low pO, and pH) to support dense cellular popula-

tions within about 150 pm of the blood vessels (Fig. 1).

Like the trees of desert riparian ecosystems, this results in a

riparian zone of tumor cells that is about 4-8 cells wide.

Beyond this zone, tumor cells experience considerable abi-

otic rigor akin to the drylands just beyond the trees of des-

ert riparian habitats.

These predictable, consistent heterogeneous distributions
of oxygen, pH, and glucose clearly produce regional varia-
tions in the tumor microenvironment. As shown in Fig. 1,
tumor cells cluster around vessels for the same reasons that
vegetation clusters around waterways in riparian zones.
What are the expected ecological and evolutionary conse-
quences for cancer cells growing in abiotically benign but
biotically rigorous regions? We propose that the analogy
has three important consequences for tumor biology:

1 The riparian zone in tumors (as in nature) will be den-
sely populated by cancer cells that are highly adapted to
abiotically ‘rich’ environments. Typically, cancer cells
that grow in these mesic regions will be highly competi-
tive, characterized by high substrate uptake and utiliza-
tion, rapid proliferation, and less resistant to apoptosis
(Arends et al. 1994). However, they will be extremely
intolerant of and susceptible to declines in resource con-
centrations. Thus, we expect the cancer cells of the ripar-
ian zone to form the densest and most abundant
populations. Hence, these mesic ‘species’ of cancer cells
will be the ones most often observed, and they will be
disproportionately represented in, for example, random
tumor biopsies.

2 Riparian zone tumor cells will be highly adapted to their
circumstances but also less flexible and less phenotypi-
cally plastic (Hendrix et al. 2003). As a result, they will
be less able to acclimate to new hazards or sudden losses
of resources and substrate. The tumor cells of the ripar-
ian zone will, thus, be most vulnerable to an environ-
mental perturbation such as chemotherapy or
antiangiogenesis. Such riparian species lose twice from
either the poisoning or drying of the ‘river’. They are the
ones that are most exposed due to their proximity to the
blood vessels, and these cells are the least able to accli-
mate to the changed circumstances.

3 Riparian zones from different continents or deserts gen-
erally have separate species of trees and shrubs that can
sometimes be phylogenetically unrelated. Yet, the plants
from these different systems exhibit similar evolutionary
strategies and converge on similar ecologies. That is, all
populations within the mesic regions demonstrate near
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Oxygen diffusion limit

Glucose diffusion limit

identical properties in that they are highly adapted to a
rich resource environment, proliferate rapidly, and form
dense populations. Although riparian zone vegetation
exhibit similar evolutionary strategies, they are typically

Oxygenated phenotypes Hypoxic phenotypes Anoxic phenotypes
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Figure 3 Schematic of the abiotic gradients around intratumoral blood vessels that select for specific phenotypic adaptations.

environmental conditions that are lethal to mesic species.
In the equivalent xeric regions of a tumor, we expect the
following:

1 Xeric populations of cancer cells should be different and

different species! That is, at a genetic level, riparian pop-
ulations are highly variable. However, they will exhibit
the same ecological and phenotypic properties. Hence,
when comparing riparian tumor cells from different
tumors or from different patients, we should not be sur-
prised to see considerable genetic variation. Yet, when
making such comparisons, we predict striking concor-
dances in the adaptations of these cancer cells for their
respective riparian zones. In other words, while extensive
genetic heterogeneity is found in cancer cells within and
between tumors, analysis at the strategy or phenotypic
level should actually find a convergence of cancer cells
based on their distance from blood vessels. This will not
be evident in the molecular analysis because the cellular
strategies and phenotypes will supervene their genotypes
(Gatenby et al. 2011). That is, different genotypes can
result in identical adaptations to environmental selection
forces.

Xeric tumor populations — distant from blood vessel with
harsh abiotic conditions

In desert landscapes, regions adjacent to riparian zones typ-
ically exhibit harsh environmental conditions. The plant
populations invariably maintain very low population densi-
ties with phenotypes that are highly efficient at using sparse
resources and phenotypes (e.g., saltbush) that can tolerate
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distinct species from those in the riparian zones. While
adjacent mesic and xeric habitats might favor a single
generalist species capable of living in both habitats
(Brown 1996), this is rarely seen in desert riparian sys-
tems. Rather, distinct species assemblages occupy each
region. Species from one region cannot invade the other.
Because the tumor population distant from blood vessels
may be fairly sparse, these distinct populations may be
undetectably small in biopsy specimens. Like xeric plants
of the desert, we expect these xeric tumor cells to be
hardy, flexible, phenotypically plastic and able to accli-
mate to shifts in harshness. The xeric tumor cells may be
unusually resistant to apoptosis. We propose that these
cells play a large and disproportionate role in tumor
regrowth and responses to therapy.

Xeric species are less vulnerable to microenvironmental
perturbations such as those from systemic cancer ther-
apy. First, because they are far from the blood vessels,
these tumor cells experience lower concentrations of any
administered drug. The necessarily lower profusion of
chemotherapy into the xeric region may facilitate the
evolution of treatment resistance by the xeric cells. Sec-
ond, the higher pH of the xeric regions may reduce the
effectiveness and activity of weakly basic drugs such as
doxorubicin (Raghunand and Gillies 2000; Mahoney
et al. 2003; Trédan et al. 2007). Third, xeric species typi-
cally proliferate very slowly — rendering them relatively

© 2012 The Authors. Published by Blackwell Publishing Ltd 6 (2013) 46-53
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invulnerable to cell cycle—specific drugs. Hence, therapies
may ‘lose’ in three ways against these cells.

3 Agents that alter tumor vasculature (Siemann 2006)
may actually favor the tumor cells adapted to the xeric
zones by reducing or eliminating riparian zones. And,
finally, because the riparian tumor cells competitively
exclude the xeric tumor cells from prime habitats, the
disproportionate decline of riparian cells from treatment
may indirectly benefit the xeric-adapted cancer cells.

Conclusions

Opver three decades ago, Nowell (1976) introduced an evolu-
tionary paradigm for understanding tumor development
and growth. Since, it is increasingly apparent that Darwin-
ian dynamics lead to significant intratumoral heterogeneity
(Merlo et al. 2006; Gerlinger et al. 2012). However, cancer
biology often views evolution through an exclusively genetic
context — emphasizing the role of accumulating mutations
as the driving force of cancer cell proliferation and hetero-
geneity. We point out that, while mutations produce the
heritable variation necessary for evolution, environmental
selection and adaptations by tumor cells actually govern the
strategies (and genotypes) that proliferate and form the cel-
lular populations of a cancer. Thus, while molecular analysis
generates an almost hopelessly complex heterogeneity in
tumor cell genotypes, we propose that ultimately tumor
phenotypes and genotypes must represent a set of predict-
able adaptations to a limited number of intratumoral envi-
ronmental conditions. Thus, an appreciation for the
ecological and evolutionary dynamics that occur within
ecosystems (natural ones as well as in tumors) provides a
unifying paradigm. That is, we propose that examining can-
cers as ecosystems allows a greater appreciation for the simi-
larities among tumors, and the environmental selection
forces that maintain genetic and phenotypic variability.
This led us to examine possible insights into tumor biol-
ogy that can be gained from comparing natural ecosystems
to tumor ecosystems. Of the manifold diversity of ecosys-
tems found in nature, we suggest that desert riparian ecosys-
tems share much in common with tumors. We propose that
tumor cords recapitulate the biotic and abiotic gradients
found in the mesic and xeric environments created by rivers
in deserts. We predict that the evolutionary strategies of
tumor cells should closely mimic those found in and around
riparian habitats. Perhaps most importantly, we suggest that
these dynamics represent a common evolutionary pathway
within tumors. That is, while tumor cells within and
between tumors typically show striking genetic diversity, we
propose that convergent phenotypes will be found in the
perivascular (mesic) and necrotic (xeric) regions of tumors.
An understanding of tumor riparian ecosystems provides a

© 2012 The Authors. Published by Blackwell Publishing Ltd 6 (2013) 46-53
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framework for understanding key elements of tumor evolu-
tion and tumor responses to therapy.

Acknowledgement

We thank Professor Abdel Khalig Muddathir and Dr.
Charles (Ed) Bailey for their discussions on current topic.
This work is supported by grant 1U54CA143970-01.

Literature cited

Alfarouk, K. O., M. E. Shayoub, A. K. Muddathir, G. O. Elhassan, and A.
H. Bashir 2011a. Evolution of tumor metabolism might reflect carci-
nogenesis as a reverse evolution process (dismantling of multicellular-
ity). Cancers 3:3002—-3017.

Alfarouk, K. O., A. K. Muddathir, and M. E. A. Shayoub 2011b. Tumor
acidity as evolutionary spite. Cancers 3:408—414.

Arends, M. J., A. H. McGregor, and A. H. Wyllie 1994. Apoptosis is
inversely related to necrosis and determines net growth in tumors
bearing constitutively expressed myc, ras, and HPV oncogenes. Amer-
ican Journal of Pathology 144:1045-1057.

Bonfil, R. D., O. D. Bustuoabad, R. A. Ruggiero, R. P. Meiss, and C.
D. Pasqualini 1988. Tumor necrosis can facilitate the appearance
of metastases. Clinical and Experimental Metastasis 6:121-129.

Brown, J. S. 1996. Coevolution of community organization in three habi-
tats. Oikos 75:193-206.

Carmeliet, P., and R. K. Jain 2000. Angiogenesis in cancer and other dis-
eases. Nature 407:249-257.

Casper, B. B., and R. Jackson 1997. Plant competition underground.
Annual Review of Ecology and Systematics 28:545-570.

Cui, Y., and J. Shao 2005. The role of ground water in arid/semiarid eco-
systems, Northwest China. Ground Water 43:471-477.

Cuny, M., A. Kramar, F. Courjal, V. Johannsdottir, B. lacopetta, H. Fon-
taine, J. Grenier et al. 2000. Relating genotype and phenotype in
breast cancer: an analysis of the prognostic significance of amplifica-
tion at eight different genes or loci and of p53 mutations. Cancer
Research 60:1077-1083.

Durrett, R., J. Foo, K. Leder, J. Mayberry, and F. Michor 2010. Evolu-
tionary dynamics of tumor progression with random fitness values.
Theoretical Population Biology 78:54—66.

Folkman, J., J. Heymach, and R. Kalluri 2006. Tumor Angiogenesis. In J.
F. Holland, E. Frei III, R. C. Bast Jr, D. W. Kufe, R. E. Pollock and R.
R. Weichselbaum, eds. Cancer Medicine, 7th Ed, pp. 157-191. BC
Decker Inc, Ontario, Canada.

Gatenby, R. A. 1991 Population ecology issues in tumor growth. Cancer
Research 51:2542-2547.

Gatenby, R. A, and E. T. Gawlinski 1996. A reaction-diffusion model of
cancer invasion. Cancer Research 56:5745-5753.

Gatenby, R. A., and R. J. Gillies 2008. A microenvironmental model of
carcinogenesis. Nature Reviews Cancer 8:56-61.

Gatenby, R. A,, R.J. Gillies, and J. S. Brown 2011. Of cancer and cave
fish. Nature Reviews Cancer 11:237-238.

Gatti, J., A. Petrenko, J. L. Devenon, Y. Leredde, and C. Ulses 2006. The
Rhone river dilution zone present in the northeastern shelf of the
Gulf of Lion in December 2003. Continental Shelf Research 26:
1794-1805.

Gerlinger, M., A. J. Rowan, S. Horswell, J. Larkin, D. Endesfelder, E.
Gronroos, P. Martinez et al. 2012. Intratumor heterogeneity and

51



Cancer ecosystems

branched evolution revealed by multiregion sequencing. New England
Journal of Medicine 366:883—892.

Gillies, R. J., and R. A. Gatenby 2007. Adaptive landscapes and emergent
phenotypes: why do cancers have high glycolysis? Journal of Bioener-
getics and Biomembranes 39:251-257.

Glenn, E., R. Tanner, S. Mendez, T. Kehret, D. Moore, J. Garcia and C.
Valdes 1998. Growth rates, salt tolerance and water use characteristics
of native and invasive riparian plants from the delta of the Colorado
River, Mexico. Journal of Arid Environments 40:281-294.

Gregory, S. V., E. J. Swanson, W. A. McKee, and K. W. Cummins 1991.
An ecosystem perspective on riparian zones. BioScience 41:540-551.
Hahn, W. C,, C. M. Counter, A. S. Lundberg, R. L. Beijersbergen, M. W.
Brooks, and R. A. Weinberg 1999. Creation of human tumour cells

with defined genetic elements. Nature 400:464-468.

Harms, T. K., E. A. Wentz, , and N. B. Grimm 2009. Spatial hetero-
geneity of denitrification in semiarid floodplains. Ecosystems 12:129—
143.

Helmlinger, G., F. Yuan, M. Dellian, and R. K. Jain 1997. Interstitial pH
and pO, gradients in solid tumors in vivo: high-resolution measure-
ments reveal a lack of correlation. Nature Medicine 3:177-182.

Hendrix, M. J., E. A. Seftor, A. R. Hess, and R. E. Seftor 2003. Vasculo-
genic mimicry and tumour-cell plasticity: lessons from melanoma.
Nature Reviews Cancer 3:411-421.

Huber, V., A. De Milito, S. Harguindey, S. J. Reshkin, M. L. Wahl, C.
Rauch, A. Chiesi et al. 2010. Proton dynamics in cancer. Journal of
Translational Medicine 8:57.

Iwasa, Y., and F. Michor 2011. Evolutionary dynamics of intratumor het-
erogeneity. PLoS ONE 6:e17866.

Iwasa, Y., F. Michor, N. L. Komarova, and M. A. Nowak 2005. Popula-
tion genetics of tumor suppressor genes. Journal of Theoretical Biol-
ogy 233:15-23.

Jackson, A. L., and L. A. Loeb 1998. On the origin of multiple mutations
in human cancers. Seminars in Cancer Biology 8:421-429.

Kovalchik, B. L., and L. A. Chitwood 1990. Use of geomorphology in the
classification of riparian plant associations in the mountainous land-
scape of central Oregon, USA. Forest Ecology and Management 33/
34:405-418.

Mahoney, B. P., N. Raghunand, B. Baggett, and R. J. Gillies 2003. Tumor
acidity, ion trapping and chemotherapeutics. I. Acid pH affects the
distribution of chemotherapeutic agents in vitro. Biochemical Phar-
macology 7:1207-1218.

Merlo, L. M., J. W. Pepper, and B. J. Reid 2006. Cancer as an evolution-
ary and ecological process. Nature Reviews Cancer 6:924-935.

Michelson, S., B. E. Miller, A. S. Glicksman, and J. T. Leith 1987. Tumor
micro-ecology and competitive interactions. Journal of Theoretical
Biology 128:233-246.

Michor, F., Y. Iwasa, B. Vogelstein, C. Lengauer, and M. A. Nowak 2005.
Can chromosomal instability initiate tumorigenesis? Seminars in Can-
cer Biology 15:43—49.

Naiman, R. J., and H. D’ecamps 1997a. The ecology of interfaces: ripar-
ian zones. Annual Review of Ecology and Systematics 28:621-658.

Naiman, R. J., and M. Pollock 1993. The role of riparian corridors in
maintaining regional biodiversity. Ecological Applications 3:209-212.

Naiman, R. J., K. L. Fetherston, S. McKay, and J. Chen 1997b. Riparian
forests. In R. J. Naiman, and R. E. Bilby, eds. River Ecology and Man-
agement: Lesson from the Pacific Coastal Ecoregion, pp. 289-323.
Springer-Verlag, New York.

Naiman, R. J., R. E. Bilby, and B. A. Bisson 2000. Riparian ecology and
management in the pacific coastal rain forest. BioScience 50:996—
1011.

52

Alfarouk et al.

Nowak, M. A., F. Michor, N. L. Komarova, and Y. Iwasa 2004. Evolu-
tionary dynamics of tumor suppressor gene inactivation. PNAS
101:10635-10638.

Nowak, M. A., F. Michor, and Y. Iwasa 2006. Genetic instability and clo-
nal expansion. Journal of Theoretical Biology 241:26-32.

Nowell, P. C. 1976. The clonal evolution of tumor cell populations. Sci-
ence 194:23-28.

O’Connell, P., V. Pekkel, S. Fuqua, C. K. Osborne, and D. C. Allred
1994. Molecular genetic studies of early breast cancer evolution. Breast
Cancer Research and Treatment 32:5-12.

Pienta, K. J., N. McGregor, R. Axelrod, and D. E. Axelrod 2008. Ecologi-
cal therapy for cancer: defining tumors using an ecosystem paradigm
suggests new opportunities for novel cancer treatments. Translational
Oncology 1:158-164.

Pluda, J. M. 1997. Tumor-associated angiogenesis: mechanisms, clinical
implications, and therapeutic strategies. Seminars in Oncology 24:203
—218.

Raghunand, N., and R. J. Gillies 2000. pH and drug resistance in tumors.
Drug Resistance Updates 1:39—47.

Runkel, S., K. Wayss, and F. Melchert 1995. Angiogenesis of human
breast cancers: neovascularization in xenotransplants and oxygenation
in situ in patients. Gynakologisch-Geburtshilfliche Rundschau 35:68—
72.

Ryan, J., B. Dows, M. Kirk, X. Chen, J. Eastman, R. Dyer, and L. Kier
2010. A systems biology approach to invasive behavior: comparing
cancer metastasis and suburban sprawl development. BMC Research
Notes 3:36.

Schade, J. D., E. Marti, J. R. Welter, S. G. Fisher, and N. B. Grimm 2002.
Sources of nitrogen to the riparian zone of a desert stream: implications
for riparian vegetation and nitrogen retention. Ecosystems 5:68—79.

Schl tterer, C. 2000. Evolutionary dynamics of microsatellite DNA.
Chromosoma 109:365-371.

Siemann, D. W. 2006. Tumor vasculature: a target for anticancer thera-
pies. In D. W. Siemann, ed. Vascular Targeted Therapies in Oncology,
pp. 1-8. John Wiley & Sons Ltd, Chichester, UK.

Silva, A. S.,J. A. Yunes, R. J. Gillies, and R. A. Gatenby 2009. The poten-
tial role of systemic buffers in reducing intratumoral extracellular pH
and acid-mediated invasion. Cancer Research 69:2677-2684.

Sottoriva, A., L. Vermeulen, and S. Tavaré 2011. Modeling evolutionary
dynamics of epigenetic mutations in hierarchically organized tumors.
PLoS Computational Biology 7:e1001132.

Temin, H. M. 1984. Do we understand the genetic mechanisms of onco-
genesis? Keynote address for Honey Harbor meeting on cellular and
molecular biology of neoplasia, October 2—6, 1983. Journal of Cellular
Physiology. Supplement 3:1-11.

Temin, H. M. 1988 Evolution of cancer genes as a mutation-driven pro-
cess. Cancer Research 48:1697-1701.

Thomlinson, R. H., and L. H. Gray 1955. The histological structure of
some human lung cancers and the possible implications for radiother-
apy. British Journal of Cancer 9:539-549.

Trédan, O., C. M. Galmarini, K. Patel, and L. F. Tannock 2007. Drug
resistance and the solid tumor microenvironment. Journal of the
National Cancer Institute 19:1441-1454.

Tufekcioglu, A., J. W. Raich, T. M. Isenhart, and R. C. Schultz 1999. Fine
root dynamics, coarse root biomass, root distribution, and soil respi-
ration in a multispecies riparian buffer in Central Iowa, USA. Agrofor-
estry Systems 44:163—-174.

Van der Velde, G., R. S. E. W. Leuven, and I. Nagelkerken, 2004.
Types of river ecosystems. In: J. C. I. Dooge, ed. Fresh Surface
Water. Encyclopedia of Life Support Systems (EOLSS). UNESCO,

© 2012 The Authors. Published by Blackwell Publishing Ltd 6 (2013) 46-53



Alfarouk et al. Cancer ecosystems

EOLSS Publishers Oxford, UK. http://www.eolss.net/Eolss-sampleAll phenotype and genotype in glioblastoma stem cells. Neuro-oncol-
Chapter.aspx ogy 14:132-144.

Vaupel, P., F. Kallinowski, and P. Okunieff 1989. Blood flow, Yong-Zhong, S., W. Xue-Fen, Y. Rong, Y. Xiao, and L. Wen-Jie 2012.
oxygen and nutrient supply, and metabolic microenvironment Soil fertility, salinity and nematode diversity influenced by Tamarix
of human tumors: a review. Cancer Research 49:6449— ramosissima in different habitats in an arid desert oasis. Environmen-
6465. tal Management 50:226-236.

Wakimoto, H., G. Mohapatra, R. Kanai, W. T. Curry Jr, S. Yip, M. Zetter, B. R. 1997. Angiogenesis and tumor metastasis. Annual Review of
Nitta, A. Patel et al. 2012. Maintenance of primary tumor Medicine 49:407-424.

© 2012 The Authors. Published by Blackwell Publishing Ltd 6 (2013) 46-53 53



