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Abstract

From the morphogenetic movements of the three germ layers during development to the reactive

stromal microenvironment in cancer, tissue interactions are vital to maintaining healthy organ

morphologic architecture and function. The stromal compartment is thought to be complicit in

tumor progression and, as such, represents an opportune target for disease therapies. However,

recent developments in our understanding of the diversity of the stromal compartment and the lack

of appropriate models to study its relevance in human disease have limited our further

understanding of the role of tissue interactions in tumor progression. The failure of any model to

fully recapitulate the complexities of systemic biology continues to create a higher imperative for

incorporating various perspectives into a broader understanding for the ultimate goal of designing

interventional therapies. Understanding this potential, this review examines the biological models

used to study stromal-epithelial interactions and includes an attempt to incorporate behavioral

terminology to define and mathematically model ecological relationships in stromal-epithelial

interactions. In addition, the current attempt to incorporate these diverse ecological perspectives

into in silico mathematical models through cross-disciplinary coordination is reviewed, which will

provide a fresh perspective on defining cell group behavior and tissue ecology in disease and

hopefully lead to the generation of new hypotheses to be empirically validated.
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INTRODUCTION

The word organ is derived from the Latin word for instrument and refers to a group of

tissues responsible for a specific function. Organs include tissue groups such as skin, teeth

and bones as well as the more widely appreciated structures such as livers and hearts.

Tissues are a specialized group of cells performing a common function (e.g., the secretory

epithelial parenchymal cells of glandular organs). Beginning in the 1950s, developmental

biologists began combining rudimentary tissues from developing embryos and observed that
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interactions between these tissues were responsible for organ morphogenesis. These

experiments showed that epithelia did not branch in the absence of mesenchyme [1–10] and

that mesenchyme removed from heterologous locations could either induce organ-specific

epithelial differentiation or, be permissively induced by epithelia, depending on the organ

and its developmental stage [11]. It was eventually concluded that most organs result from

the interactions of multiple tissue groups [12].

The origin of the interacting tissues that comprise adult organs can be traced to the three

germ layers that comprise the early vertebrate embryo: mesoderm, ectoderm and endoderm

Fig. (1). Cells of each germ layer differentiate as they migrate through the primitive streak to

form the gut tube in a conserved morphogenetic process called gastrulation [13]. The

ectoderm largely gives rise to the epithelium of the external skin and its derivatives such as

sweat, mammary and preputial glands. The neural tube and neural crest and their derivatives

are also of ectodermal origin. The endoderm will account for all of the epithelial elements of

the esophagus, lungs, stomach, intestines, thyroid, thymus, pancreas, and liver as well as

much of the urogenital tract. In triploblasts, the mesoderm that supplies the mesenchymal

cells surrounding the epithelia of each primitive organ is formed through an epithelial to

mesenchymal transition of the ectoderm. Mesoderm provides the instructive signals

responsible for glandular patterning and differentiation [14].

Some of the pathways utilized to induce growth and development during organogenesis are

detrimentally activated in diseased adult cells and have consequently prompted the

comparison of some diseases to a reawakening of developmental programs [15, 16]. The

accumulated data on organogenesis suggest that tissue interactions in organ development are

both reciprocal and sequential and that, given the similarities in morphological induction,

related molecular mechanisms are in control of early development of many organs [12]. The

molecular machinery mediating the processes of organogenesis were not discovered until

long after the original descriptive work was performed. With the help of transgenic and

molecular technologies, regulatory developmental mechanisms have now been described for

many transcription factors, growth factors, extracellular matrix proteins and matrix

degrading enzymes [17]. Additionally, in organs such as the prostate and breast, sex steroid

hormones have been shown to regulate morphogenesis as well as maintain adult epithelial

cell differentiation via regulation of transcriptionally active receptors [18, 19]. The effects of

altered hormone levels on differentiation and of altered stromal matrix deposition on

morphological architecture have consequently provided a link between the mechanisms of

development and late-stage disease through a disruption of the programmed interactions of

tissues in adult organs [20, 21].

The loss of homeostatic interactions between the tissues of an organ during wound repair,

infection and disease can be attributed to a loss of the positional information established

during development, addressed in Section I, and also to the alteration of numerous

molecules by modulating cellular subpopulations in the adult organ, which will be addressed

in Section II. Our limited understanding of the causative roles of distinct tissues in disease

progression, particularly the many cellular subpopulations of the stromal compartment, has

led to a focus on the contributions of signaling and matrix molecules that are derived from

the differentiation, recruitment or expansion of individual cell groups in the tumor

Strand et al. Page 2

Curr Mol Med. Author manuscript; available in PMC 2014 October 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



microenvironment. As an alternative to an in vivo perspective, the alteration of multiple,

sometimes redundant molecular pathways can be condensed and understood as a set of

phenotypes or behaviors, which can be incorporated into an in silico mathematical model of

cellular interactions. Here we present a historical perspective of the study of tissue

interactions and phenotypes in the development and disease of organs in order to more fully

appreciate the role and potential manipulation of the stromal compartment for preventing

disease progression. Furthermore, in an attempt to bridge the communication gap between

models used by biologists (who study molecular detail) and mathematicians (whose models

are built mainly on cell phenotypes) to study tissue interactions, the potential relationships

between different cell types in a tumor microenvironment are discussed as behaviors in an

ecosystem. In doing so, it is hoped that a foundation will be provided for the construction of

new ideas and models to further aid our understanding of the role of tissue interactions in

disease progression and to rationally approach the development of therapeutics targeting the

microenvironment of benign and malignant proliferative diseases.

I. STROMAL-EPITHELIAL INTERACTIONS IN ORGANOGENESIS

In organogenesis epithelial and mesenchymal cells derived from different germ layers

interact spatiotemporally to induce a program of genetic and epigenetic tissue patterning and

cellular differentiation, ultimately resulting in functional organs. During organogenesis, a

population of stem cells become arranged into a specific three-dimensional space and

differentiate into organ-specific epithelia through the inductive and morphogenetic

mechanisms of the interactive gene products from different tissue groups [22].

As noted above, partitioning of the undifferentiated cells of the epiblast during gastrulation

forms three germ layers: ectoderm, mesoderm and endoderm. Morphogenetic movements of

the endodermal cells along the primitive streak form the gut tube from which each

differentiated alimentary organ will form after budding and branching [23]. Epithelial cells

migrating through the primitive streak display increased motility and an epithelial to

mesenchymal transition due to a downregulation of E-cadherin [14, 24]. In successive steps,

regional differences of the nascent mesenchymal cells provide the instructions for the

differentiation and branching of endodermal evaginations into architectural patterns specific

to each organ [25–27]. Although several transcription factors identify the presumptive

regions of organogenesis, studies suggest that the regional fate of the endoderm can be re-

specified when associated with heterotypic mesoderm denoting an inherent instructive role

for mesenchyme [28].

The foundation for the field of mammalian mesenchymal-epithelial interactions was

primarily laid in the 1950s by Grobstein’s seminal work on the development of the mouse

submandibular gland, but included many other systems such as skin, kidney, gut, lung,

tooth, thymus and thyroid [3]. During the same period, Le Douarin had recombined chick

endoderm with somatopleural mesenchyme and surmised that endoderm had self-

differentiative and inductive properties when she found that various digestive tissues

developed and the mesenchyme differentiated into organ-specific connective tissue at the

site of implantation [29]. Eventually, it was discovered using organ cultures that only a few

of the differentiated intestinal epithelia developed cell autonomously, while differentiation
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of the majority of cell types and ultimate glandular formation required the presence of

mesenchyme [27, 30, 31]. Thesleff who made many personal contributions to the field of

tooth development [32], noted that mesenchymal cells condense next to organ-specific

epithelium during the early developmental stages of most organs, and that these cells remain

as stromal cells that support epithelial morphogenesis and differentiation in the adult organ

[12].

Mesenchyme derived from different tissues at different stages of development elicits

different effects. As a result two broad classes of mesenchymal-stromal interaction with

epithelium have been recognized. These are permissive and instructive effects. An

instructive effect elicits a new program of markers in the epithelium as specified by the

mesenchyme, as is found in the process of organogenesis. A permissive effect promotes

expression of a previously determined developmental program already specified in the

epithelium as is demonstrated when adult fibroblasts are combined with epithelium derived

from a different organ, resulting in a maintenance of the original epithelial differentiation

[25].

Early work by Kollar in tooth and skin development showed that mesoderm-derived dental

and dermal papilla induced epithelial morphogenesis at specific embryonic stages [33–35].

However, these interactions were shown to be reciprocal and sequential since dental

epithelium from early tooth germs also had the ability to instruct non-dental neural crest-

derived mesenchyme, which demonstrated a shift in instructive potential as development

progressed [36].

After these original demonstrations of mesenchymal-epithelial interactions in tooth and skin,

the demonstration that other organs developed by similar mechanisms was soon to follow.

Work by Cunha, a student of Kollar, was the first to show the reciprocal and sequential

determination of urogenital organs including vagina, uterus and prostate through

mesenchymal-epithelial interactions [37, 38]. As an added level of complexity, pioneering

work by Cunha and Chung using tissue recombinants composed of androgen receptor-

negative prostate epithelium and androgen receptor-positive urogenital mesenchyme showed

that fetal androgens regulated normal prostatic epithelial cell cytodifferentiation and

branching through androgen receptor activation in the mesenchyme [39, 40]. Subsequent

heterotypic recombination experiments using adult bladder epithelium with urogenital

mesenchyme demonstrated that even adult epithelium from a different organ could be

induced to differentiate into prostatic epithelium by androgen sensitive fetal mesenchyme

[41] potentially suggesting activation of a subpopulation of stem cells. Furthermore, the

newly differentiated epithelium was demonstrated to direct the surrounding mesenchyme to

become smooth muscle through a sequentially reciprocal paracrine induction [42]. In the

adult prostate high levels of circulating androgens are thought to act through the prostatic

smooth muscle to maintain epithelial differentiation and growth quiescence [43]. Epithelial

apoptosis resulting from androgen ablation has also been shown to be due to a failure to

occupy stromal rather than epithelial AR. In addition, an analogous paracrine system of

steroidal control has since been demonstrated for estrogens and progesterone in the female

genital tract [44, 45].
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To separate epithelial glands from their surrounding stromal compartment and provide

instruction for architectural arrangement [46], most epithelial glands secrete a layer of

collagens, glycoproteins, proteoglycans and hyaluronic acid deposited in the basal lamina [8,

47, 48]. Moreover, the glands can deposit a basal lamina without the help of mesenchyme

although whether this is the same as a natural basement membrane is debatable [49]. Early

work on the submandibular gland suggested that the morphology of the glandular epithelium

is maintained by balancing the rates of synthesis and degradation of the glycosaminoglycan

content of its basal lamina. Concordantly, rapid degradation of the laminar

glycosaminoglycans by mesenchyme allowed epithelial growth and expansion implying that

the basal lamina provided positional cues that direct morphogenesis [4, 50].

The role of the basal lamina and extracellular matrix in glandular function has been

described in a number of branching organs such as the intestine [51], lung [17] and breast

[52]. The breast is unusual in that most of the tissue remodeling occurs postnatally. Studies

show that the regulation of mammary gland branching is dependent on the types and

amounts of ECM as demonstrated by inhibiting or increasing either collagens or

glycosaminoglycan deposition [47]. In coculture studies of colon morphology, well-

differentiated colon epithelial cells form a monolayer on fibroblasts and deposit laminin-1

and collagen type IV at the heterotypic cell interface. Knockdown of laminin-1 in the

epithelia resulted in a lack of basement membrane formation and an alteration of epithelial

polarity and differentiation suggesting its role as the scaffold for basal lamina assembly [53].

Although the total number of glands within an organ may vary per organism, the

architectural pattern of each gland is necessarily consistent for specific secretory functions.

As historically shown in the prostate and breast, the architectural assembly of epithelia into

specific patterns is induced and maintained by ECM and stromal signals through

morphogenetic mechanisms [54]. A classic example of the distinction between

morphogenetic and inductive mechanisms is shown in prostate recapitulation experiments

where fibroblasts induce epithelial patterning without affecting cell states [18, 22]. The

subsequent differentiation of epithelia into characteristically tall columnar prostate-specific

secretory cells is accomplished through inductive mechanisms linked to the transmission of

androgen signaling through fibroblasts [18].

In summary, organ development can be thought of as a programmed establishment of

mutualism through architecture. Given the aforementioned data on the roles of mesenchymal

cells and ECM in directing epithelial patterning in development, key questions garnering

more attention are concerned with the effects of changing stromal-epithelial interactions on

tumorigenesis. If organs are seen as cellular ecosystems that fluctuate according to the

availability of resources, then the individual and group effects of mutations that perturb

tissue interactions can be predicted using the statistical rigor of ecology, a new perspective

which will be addressed below. However, to achieve a proper understanding of tissue

responses in chronic disease, it is first necessary to understand how tissues maintain

homeostasis and how tissues repair wounding.
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II. STROMAL-EPITHELIAL INTERACTIONS IN ADULT ORGANS

A. Homeostasis

It is now understood that tissues perform a constant balancing act of proliferation,

differentiation and death in order to maintain tissue structure and function. These functions

require constant choreography, informed by cellular architecture and paracrine interactions.

Some of the best-studied mechanisms of organ homeostasis have been accomplished in the

field of bone remodeling. By identifying the role of osteoclasts and osteoblasts in bone

degradation and deposition, respectively, much has been learned about the extent of

continuous activity required for the maintenance of tissue function, which in the case of

bone includes both bone microfracture repair and mineral homeostasis (reviewed in [55])

Fig. (2).

The architectural organization of cells is imperative for proper function so one of the keys to

maintaining proper differentiation and function is to reestablish appropriate cell interactions

and patterns through a programmed modulation of cell populations and matrix deposition, a

process partially regulated by the inflammatory response. It is generally thought that the

inflammatory system evolved to maintain homeostasis; however, the differences between

acute inflammatory responses triggered by infection or tissue injury versus chronic

inflammatory responses triggered by tissue stress or malfunction associated with disease are

now becoming clearer. For a more detailed understanding of the role of inflammatory

system tissue surveillance on homeostasis, the reader is referred to an excellent review [56].

B. Stromal-Epithelial Interactions in Tissue Repair and Cancer

The stroma is composed of all the non-epithelial components of an organ and is the extrinsic

source of epithelial resources. Cell types within stromal tissue include fibroblasts, smooth

muscle cells, nerves and blood vessels in addition to resident and migratory inflammatory

cells. To better comprehend the complex reciprocity between stromal and epithelial

compartments in a constitutively unregulated disease environment, interactions arranged

during the development of tissue architecture and maintained through wound repair in adult

tissues must be correctly understood. An insult that produces damage in adult organs

induces a programmed, coordinated response of multiple tissues in a chronologically

regulated, self-limited manner. In general, trauma or infection elicits a recruitment of

inflammatory cells into the damaged tissue to clear the wound of cellular debris. This is

followed by an activation of resident fibroblasts to synthesize growth factors and matrix

proteins that remodel the damaged tissue and promote epithelial proliferation in a highly

choreographed succession of events to repair the wound [57].

During post-damage organ repair there is extensive synthesis of new matrix proteins that

provide a scaffold for rebuilding the tissue architecture required for normal function. This

scaffold is known as granulation tissue. The source of this new matrix is activated

fibroblasts originally termed 'myo'fibroblasts due to their modified cytoplasmic filamentous

apparatus [58]. The newly formed cytoskeleton contains actin, myosin and other proteins

associated with smooth muscle cells making the modified cell type a hybrid of fibroblasts

and smooth muscle cells [57]. Functionally, myofibroblasts provide a contractile stress fiber
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system responsible for wound closure. This initial contraction is subsequently stabilized by

ECM deposition, which is then followed by a wave of apoptosis of the activated fibroblasts

to terminate the granulation. The apoptosis of myofibroblasts can be inhibited for a variety

of reasons leading to their overabundance that causes abnormal scarring due to excessive

ECM production [59].

In addition to granulation tissue, myofibroblasts are found in fibrotic diseases of the liver,

lung and skin as well as neoplasms of numerous organs. Fibrotic diseases are characterized

by an overabundance of ECM that results in functional impairment due to the constitutive

presence of myofibroblasts. The balance between matrix metalloproteinases (MMPs) and

tissue inhibitors of metalloproteinases (TIMPs) regulates matrix production and degradation

as necessary during the normal course of tissue reconstruction. In fibrotic disease, an

imbalance of MMPs and TIMPs likely inhibits the normal elimination of myofibroblasts by

inhibiting the responsible apoptotic mechanisms. The resulting imbalance in the surrounding

ECM and myofibroblasts is attributed to the loss of function observed in fibrotic organs

[57].

Although initially identified by expression of vimentin and desmin, the development of

smooth muscle alpha and gamma actin antibodies provided a major breakthrough for

quantitation of myofibroblasts and led to the observation that as much as 80% of carcinoma-

associated fibroblasts (CAF) were positive for smooth muscle-alpha-actin [60]. Wound

repair fibroblasts and carcinoma-associated fibroblasts share common characteristics

including expression of fibrin, fibronectin, collagen types III, IV and V, laminin and elastin

[61]; these cell types are found transiently in wound repair versus their constitutive presence

in cancer microenvironments, Fig. (3).

In addition to shielding tumor cells against systemic immunity [62], a fibrous stroma in

tumors increases the proliferation and invasiveness of tumor cells through increased

angiogenesis, influx of inflammatory cells, and secretion of mitogenic and motogenic factors

[63, 64]. Moreover, the loss of compliance within a tumor is due to stromal matrix stiffening

and is thought to promote malignancy by perturbing tissue polarity and architecture [65].

These tensional regulatory mechanisms also play a role in normal branching morphogenesis

and suggest that a change in the pattern and density of ECM synthesis by the stromal

compartment may contribute to malignancy by altering the differentiation signals derived

from homeostatic stromal-epithelial interactions [52, 66].

Myofibroblasts are absent from most normal homeostatic tissues, but are found in most

cancer microenvironments. In various tumor models, fibroblasts support angiogenesis and

tumorigenesis suggesting a specific role for the stromal microenvironment in providing

tumor cell resources [67–69]. To determine the effect of activated fibroblasts in cancer

microenvironments, CAFs have been harvested from human tissues and then grafted in

combination with benign or carcinoma cell lines to determine their effect on tumor cell

growth and invasiveness. In multiple cancer types, CAFs have been shown to promote

tumorigenesis [70–74]. An example that CAFs can be tumor-promoting was demonstrated

by recombining patient-derived CAFs with initiated, but non-tumorigenic prostate epithelial

cells in a tissue-recombination sub-renal capsule graft. After a few months, the graft was
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removed and the epithelial population re-cultured. When the epithelia were subsequently

grown alone in the kidney capsule, they were found to be tumorigenic suggesting a previous

activation by CAFs [75, 76].

Schor was one of the first to provide evidence that the fibroblasts adjacent to carcinomas

were fundamentally different than normal stroma and that these changes were implicated in

neoplastic progression [77]. He also noted that these changes only occurred in a subset of

the resident fibroblasts and posited his clonal expansion hypothesis which suggests that the

changing ratio of stromal subtypes is tumor-promoting [78, 79]. The work of Bissel’s group

was the first to identify the presence of myofibroblasts in breast cancer [62]. The

identification of myofibroblasts in prostate cancer [80, 81] subsequently led to the study of

their role in disease progression and the idea that an increased ratio of myofibroblasts to

normal fibroblasts was predictive of disease recurrence [82]. Most cancer models that study

the effect of the stromal microenvironment on tumorigenesis use clonal populations of

fibroblasts. However, it is now recognized that the tumor microenvironment is composed of

heterogeneous stromal populations using markers such as FSP-1, NG2, PDGFRβ, and

collagen type I [83], which forces the reconsideration of the modeling of tumor

microenvironments discussed in Section III.

The origin and genetic mutation of CAFs has been the subject of some debate [84, 85].

Studies show that subpopulations of CAFs can originate from EMT [86], circulating

fibrocytes [87] and bone marrow-derived stem cells [88]. Evidence suggests that CAFs

surrounding tumor epithelia have sustained somatic genetic alterations including LOH and

copy number loss [89]; however, studies in breast and ovarian tumor stroma suggest that

altered gene expression patterns responsible for the tumor-promoting phenotype of certain

CAFs are more likely due to alternative (possibly epigenetic) mechanisms [90, 91].

In wound repair and in vitro, the myofibroblast phenotype is induced by TGF-β and

fibronectin from inflammatory- and stromal cells [92, 93]. Significantly, the growth factor

TGF-β can induce both indigenous and recruited cells to become myofibroblasts implicating

TGF-β as a key cytokine in tissue repair. Concordantly, wound repair studies in Smad3-null

mice demonstrate an acceleration of epithelial closure but a reduction in inflammatory cell

recruitment and matrix deposition [94]. These data highlight the coordination of multiple

cellular activities by TGF-β in tissue repair and provide insight into the diverse roles TGF-β

plays on each cell type in cancer microenvironments.

The net effect of TGF-β signaling in tumor microenvironments is still poorly understood and

often seems contradictory when examined at various stages of tissue differentiation or on

isolated tissue subgroups. Whether TGF-β will induce cytostasis or apoptosis in normal

epithelia depends on the intensity of the proliferative activity and poorly understood

microenvironmental determinants [95]. The context of cell differentiation also dictates the

effect of TGF-β on the diseased tissue. For example, stromal cell TGF-β production instills

ER-negative breast cancer cells with the ability to form metastases in the lung due to their

increased secretion of ANGPTL4 and subsequent increased permeability of lung capillaries

[96]. Stromal production of TGF-β by prostate CAFs increases the tumorigenicity and

invasiveness of initiated prostate epithelia by blocking Smad3 nuclear translocation due to
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increased Akt signaling [97, 98]. Moreover, TGF-β’s transformation of mesenchymal cells

to myofibroblasts has been shown to be pro-tumorigenic through its downstream regulation

of angiogenic and chemotactic proteins like FGF-2, CTGF and CXCL12 [90, 99, 100]. It is

now accepted that the cytostatic effect of TGF-β is tumor-inhibitory early in tumorigenesis

[95, 101]; however, mutations in its cognate receptor, TβRII or in a subset of the pathways

activated by TGF-β result in increased survival, EMT, motility, invasiveness and metastasis

[98, 102–106]. Unfortunately, despite the assumed therapeutic potential, systemic inhibitors

of TGF-β have yielded conflicting data [107–111] underscoring the need for better models

of TGF-β’s complex roles. For a review of the progress of chemotherapeutic targeting of

CAFs, see [85].

In addition to fibroblast activation, in both wounds and tumors there is a chemotactic

recruitment of specific leukocyte populations whose functions are to memorize and digest

any foreign microorganisms or damaged cells. This complement of inflammatory cells

includes monocytes, dendritic cells, neutrophils, mast cells and T cells, which produce

several growth factors and chemokines (e.g. TGF-β1, FGF-2, TNF-α and IL-1) that

profoundly affect the phenotype and function of endothelial, epithelial and fibroblast cells.

For a detailed outline of the role of specific chemokine/chemokine receptor and

inflammatory cell responses in wound repair and cancer, the reader is referred to some

excellent reviews [112, 113].

In summary, tumor growth, like wound repair, reflects a complex interplay of multiple

tissues [114]. The homeostatic relationships of tissues and cells that are altered during

carcinogenesis have been studied using a number of different empirical methodologies;

however, limitations regarding the systemic integration of tissue subtypes in most models

necessitate the need for classifying each type of relationship in tumor microenvironments. A

better understanding of the fundamental nature of both cellular and tissue interactions has

been attempted using terminology borrowed from ecologists who describe the balance of

organismal niches in terms of behavioral relationships. Although there are recognized

differences in ecological and cellular environments, the following section will describe a

recent effort to characterize the relationships of emergent tumor tissues in ecological terms

in order to more fully understand the systemic integration of the altered cell and tissue

relationships found in tumors.

C. The Ecology of Cancer

As embryonic cells divide and develop into adult tissues, they undergo a process of

programmed differentiation and group arrangement that creates a homeostatic paracrine

exchange of resources. When used in reference to adult organs, the term homeostatic reflects

an activity rather than a status, as described previously for bone remodeling. The scale of

homeostasis can reflect cell-cell interactions or systemic integration. The result is a resilient

maintenance of niche balance due to a fluctuating availability of resources. The robustness

of this mechanism is quite remarkable and is the result of evolutionary processes [115]. Both

genetic and epigenetic alterations alter the homeostatic balance and transform the cohesive

group of cells that make a tissue into a small ecosystem of individuals, in which different
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cell phenotypes compete and sometimes cooperate for available space and resources in order

to survive and proliferate [116, 117].

The process of cancer initiation is still not fully understood and remains a controversial topic

[118–120]. While a few tumors develop very rapidly, most develop over many years or

decades. The former are likely to be highly aggressive from an early stage and have little

reliance on microenvironmental influences [121]. The latter typically require mutations

conferring on tumor cells the capacity to overcome the multiple intrinsic and extrinsic

mechanisms that multicellular organisms possess that prevent the breakdown of

homeostasis. Mutations that cause aberrant cell proliferation are essential to tumor

formation. However, most DNA damage is quickly repaired by multiple intrinsic

mechanisms [122]. In addition, because somatic cells are constantly dependent on

homeostatic signals, mutations that disrupt an epithelial cell's interaction with the basal

lamina [123] or an adjacent cell [124] can trigger apoptosis and replicative senescence.

Innate immunity has also been suggested to play an important role in the suppression of

cancer progression [125] since a variety of cancers arise in immunosuppressed individuals.

These barriers offer a protection against tumor initiation and progression but also act as a

selective force that promotes somatic evolution of different clonal subspecies [126].

The idea that the local environment is important for the growth and metastasis of cancerous

cells dates back to the late 19th century with Paget's well-known seed-soil hypothesis [127].

Cancer can be viewed as a phenotypic selection of multiple advantageous traits by a specific

environment rather than an expansion of individual mutant genotypes, which may explain

why certain mutant genotypes present as disease only in select organs or why changes in

immigrants’ disease incidence are reflective of their new environment [128]. In tumor

biology, as well as in evolutionary biology, selection is applied at the phenotypic level, and,

as will be discussed below, cellular phenotypes in tumors are the result, not just of

individual genotypes, but of the integration of the genotype with the microenvironment. By

looking at cancer microenvironments through an ecological lens, it is possible to

subcategorize environmental phenotypes in addition to screening for individual mutations.

Research has subsequently focused on the role of the microenvironment in either the

induction or selection of cumulative epithelial mutations [129].

Tumor cells typically acquire a number of traits as the neoplasm progresses to malignancy.

These traits have been described by Hanahan and Weinberg [130] and include self-

sufficiency in growth signals, insensitivity to anti-growth signals, evasion of apoptosis,

angiogenesis, limitless replicative potential and the capability of invasion and metastasis. A

variant of the list, proposed by Gatenby and Gillies, also includes resistance to acid-

mediated toxicity and abnormally high glucose uptake [126]. Although it is normally

considered that a sufficient number of cells in the tumor have to acquire all six traits, some

researchers have recently hypothesized that some of these traits could be acquired by a

reduced part of the tumor and that the benefits of the traits would be shared by the tumor as

a whole [131].

Having the same fundamental principles (differential fitness and inheritable variation), there

are some significant differences between organismal and tumor cellular evolution. For one,
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reproduction in a tumor, in contrast to many of the most commonly studied ecosystems, is

asexual [132]. Further differences include the fact that phenotypic variation can be due to

somatic mutations as well as epigenetic alterations and genomic instability and not due to

recombination [132]. Other challenges to the study of tumors as micro ecosystems affected

by somatic evolution include the fact that many important evolutionary parameters have not

yet been measured in cancer. Determining mutation rates, fitness effects of mutations,

generation times, population structure or the selective effect of cancer therapies [117] will

be challenging work for biologists and will go a long way in the quest to characterize cancer

evolution. The perspective of tumors as micro ecosystems poses new challenges to cancer

researchers but also allows them the use of powerful mathematical tools that ecologists and

evolutionary scientists have used to study evolutionary dynamics and to describe

interdependence and interactions between tumor cells themselves and between the tumor

cells and the stroma.

Ecological mathematical tools used by ecologists that can be used to address cancer include

game theory, evolution of cooperation and network theory. Game Theory (GT), initially

introduced to study human behavior and economy [133], was later expanded, as

Evolutionary Game Theory, to study how interactions between individuals in the same

species determine the evolutionary dynamics of the population [134]. It is only in the last ten

years that mathematical oncologists started using evolutionary game theory to study somatic

evolution in cancer [135]. Using GT requires formally defining the relevant tumor cell

phenotypes that might be present during tumor evolution and the interplay between these

phenotypes in relation to a fitness payoff. This fitness is a measure of the ability of a tumor

cell phenotype to survive and grow when living in a polyclonal tumor. GT has been

successfully used to generate hypotheses to explain the emergence of phenotypes capable of

unconstrained growth [136], avoiding apoptosis [137], acidifying the microenvironment

[137, 138], promoting angiogenesis [137, 139] and invasion [140].

It is commonly assumed that in an ecosystem with limited resources, nutrients and space for

growth, the only relevant type of interaction between individuals would be competition. Still

there are numerous examples of cooperation within and across species and societies [141],

and some researchers suspect cooperation within cancer ecosystems [131]. Ecological

interactions can be defined according to the fitness benefit to the participants as:

competition, predation, parasitism, mutualism and commensalism. All these types of

interactions can be observed, to some degree, in a tumor [117] Fig. (4).

1. Mutualism, in which both interactors benefit equally. This would describe the

types of interaction between cells in a healthy tissue in a multicellular organism. In

a neoplasm, the interactions between tumor cells and stromal fibroblasts could also

be seen as mutualistic since both get a fitness advantage from their interactions

[114].

2. Competition, in which each interacting partner has a negative effect on the others.

When genetic mutations or cellular damage disrupt mutualistic exchange, tumor

cells start competing with other tumor and non-tumor cells for space and nutrients.
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3. Predation, in which one of the interactors, the predator, obtains a small benefit,

whereas the other, the prey, receives a significant detriment to its fitness. In a tumor

it could be said that the tumor cells are the prey and the immune system is the

predator.

4. Parasitism is similar to predation, although in this case the parasite receives a

significant benefit at insignificant cost to the host. This type of interaction would

characterize scenarios in which tumor cells or cells in the microenvironment release

growth factors that benefit both the producers and others (free-rider parasites).

5. Comensalism, in which one of the interactors benefits at no cost to the other.

Individuals who pay a cost for another individual to receive a benefit are designated

cooperators, as opposed to a defector who pays no cost and benefits neither another

individual nor the community as a whole [142]. Cooperation is possible when the benefit to

either the cooperating individual or its kin exceeds the cost of cooperation. The evolution of

cooperation has an established theoretical framework that is based on game theory [131].

Nowak has identified five types of cooperation that could emerge as a result of Darwinian

evolution [142]:

1. Kin selection, in which individuals help other individuals as long as they share a

significant amount of genetic material.

2. Direct reciprocity, in which an individual will help another one if the

collaboration will be reciprocated.

3. Indirect reciprocity, in which individuals collaborate with others and those that

consistently collaborate are more likely to be helped by their peers. This type of

cooperation, built on reputation for its application to animal populations, is unlikely

to be applicable to tumor cell populations [143].

4. Network reciprocity, in which individuals only cooperate with others that belong

to a certain subset of the population, sharing similar features or living in a common

space.

5. Group selection, in which individuals contribute to the well being of the group but

cannot be certain that their peers will do the same. This type of cooperation works

if the cooperating individuals get enough benefit of being part of a group that,

thanks to the contribution of the cooperators, has a better chance of survival and

growth.

Axelrod and colleagues have used this framework to study how tumor cells could cooperate

to overcome the microenvironmental hurdles to tumor growth and progression [131].

Specifically, they have identified a number of areas in which this collaboration could

happen: by sharing growth factors such as VEGF that promote angiogenesis, by sharing

growth factors such as TGF-β that allow tumor cells to keep growing, and by collaborating

with stromal fibroblasts in ways that promote motility.

A third relevant mathematical tool that could be used to describe the structure and

robustness of an oncological ecosystem is network theory. Network theory, also known as
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graph theory, has been used to study physical and telecommunication phenomena [144] but

is also a widely used tool in ecology and systems biology. In systems biology, it has proven

to be popular to describe such things as metabolic or protein-interaction networks as well as

other cell molecules [144]. In ecology, one of the main uses is the characterization of food

webs [145]. Food webs describe the feeding relationships between species in an ecosystem.

Once the key species in the ecosystem have been identified and their relationships

established, the resulting network could be studied to find out the importance of one

particular species in the ecosystem to the survival of others as well as to investigate the

robustness, scalability and evolvability of the network. This approach has yet to be exploited

in cancer research but could potentially be used to describe a tumor ecosystem with the goal

of identifying potential targets of therapy in the tumor and in the stroma.

Tumors can be considered in modified ecological terms, which allow for mathematical

evaluation of the relationships between cell types and tissues within organs, and in the

context of the host. Fig. (4) demonstrates known relationships between various cell types in

the prostate, which could potentially be used to establish predictable outcomes based on

population dynamics of cell types with definable behaviors. The ability of biologists to

empirically provide to mathematicians statistically reliable data on the effects on organ

function of individual cell phenotypes (behaviors) will facilitate the design of prognostically

useful models for clinicians.

III. MODELS OF TISSUE INTERACTION

A. In Vitro Models of Stromal-Epithelial Interaction

In vitro models of stromal-epithelial interactions include two-dimensional (2D), three-

dimensional (3D) and organ culture. The availability of multiple manipulatable cell lines

makes monolayer 2D culture a useful tool for quickly generating data on various cellular

functions. The paracrine effects of clonal stromal and epithelial cells on each other can be

modeled by using conditioned media in which secreted proteins from one cell support the

growth of other cell types. However, co-culture using tissue culture inserts maintains a

constant paracrine communication between stromal and epithelial cells supporting some

aspects of cellular differentiation, which allows one to test the effects of putative modifiers

of growth and differentiation between stromal and epithelial cells [146]. The disadvantages

include the lack of direct contact between cells of different tissues and the inability to model

tissue morphogenesis.

The major advantage of 3D cultures is the ability to study the arrangement of individual

cells into tissue architecture seen during normal development or, alternatively, to study the

distortion of the cellular polarization and normal tissue architecture displayed by tumor cells

[147]. By culturing in the presence of laminin-rich Matrigel, a natural substrate composed of

reconstituted basal membrane from the Engelbreth-Holm-Swarm tumor, cell lines as well as

primary cells from different organs can reconstitute the formation of a differentiated

phenotype (reviewed in [148]). Three-dimensional models have historically been monotypic

although 3D skin models have combined keratinocytes, fibroblasts and cancer cells to

simulate human melanoma [149]. To study the effect of fibroblasts on epithelial

organization, some models use cell culture inserts pre-loaded with stromal cells that sit
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suspended above the matrix/epithelial cell mixture [150]. Unfortunately, this method fails to

model the physical interaction of stromal and epithelial cells and the effect of stromal matrix

regulation. Moreover, models of heterotypic cell-cell interactions have yet to be fully

developed for multiple organ systems.

Although 3D cultures have been successful in cells from different organs (reviewed in

[151]), much of the information regarding epithelial glandular arrangement has been

obtained from studies in breast [152]. The pioneering work of Bissell and colleagues has

demonstrated the ability of mammary epithelium to recreate acinar formation and production

of milk proteins [153]. The presence of laminin and collagen type IV in the basement

membrane (BM) could induce responsiveness to hormones and expression of mammary-

specific genes in epithelial cells compared to those containing collagen I or fibronectin

[154]. Laminin-rich BM triggered epithelial cell polarization allowing them to organize into

structures resembling normal mammary acini that respond to lactogenic hormones by

secreting milk proteins into the lumen [155]. In contrast, carcinoma-derived mammary

epithelial cells were unable to polarize and instead formed disorganized, hyperplastic

colonies. This assay has proven to be useful in distinguishing normal and cancer-derived

breast epithelial cells [156].

ECM stiffness is commonly variable in normal tissues (e.g. breast vs. bone or early vs. late

wound healing). In addition to manipulating gene expression in normal cells or in tumor

cells to study carcinogenesis in 3D, the composition of the matrix in 3D cultures has

demonstrated dramatic effects on cell polarity and invasiveness [65, 66, 129, 157, 158]. The

control of cell behavior by the adjacent matrix led some to question whether malignant cells

in an activated microenvironment could be suppressed when replaced into a normal

microenvironment. The ability to revert the malignant phenotype of tumor cells

subsequently suggested that tissue phenotype is dominant over cellular genotype [159].

Another commonly used approach in developmental biology is organ culture, which makes

use of organ rudiments harvested ex vivo and cultured in vitro. The advantage of this

technique is that normal stromal/epithelial/ECM interactions are retained. Organ culture has

been particularly valuable for studies that examine the effects of steroid hormones and

growth factors on development, or induction of angiogenesis and resistance to

chemotherapeutic drugs in tumors [18, 160–163]. Disadvantages include the inability to

separate endogenous from exogenous signaling in addition to limitations in the size of the

specimen (< 1mm thick), which has to be thin enough to allow proper oxygenation and

nutrition of the interior of the explant.

Although 3D systems have an obvious advantage over 2D cultures, they are variable in their

recapitulation of normal in vivo tissue conditions as they lack proper vasculature and normal

transport of small molecules, a host immune response and other cell interactions. Such

cultures merely represent a short-term assessment of progression. As such, 3D systems

cannot completely replicate the complexities of the in vivo environment. Therefore,

interpreting results generated from 3D models must be weighed in the light of these

limitations; however, such results also provide a rapid method for hypothesis testing that

will likely produce valuable questions that require further validation in vivo.
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B. In Vivo Models of Stromal-Epithelial Interaction

Two major issues have plagued modeling reciprocal interactions between the stroma and the

epithelium in vivo: the lack of organ- and tissue-specific promoters for driving transgenes in

the stroma and the sometimes drastic differences between the stromal compartments of

parallel organs in mice and humans. Historically, most of the attention has focused on the

epithelium of tumors, which led to the development of promoters for specific targeting of

epithelial tissue. Much less is known about the control of gene expression in the various

cells types comprising the tumor microenvironment. Moreover, the organ-specific targeting

of stromal genes has not yet been developed, making the study of stromal effects on various

epithelial phenotypes difficult in an intact animal. Some progress has been made, however,

and a few examples of the study of tumor stroma in genetically engineered mice (GEM) are

warranted.

Genetically Engineered Mouse Models—Transgenic mouse models represent a useful

tool for evaluating the fundamental spatio-temporal and cumulative mechanisms of

malignancies, in addition providing a proper testing ground for therapeutics. In these animal

models, tumors are derived from the manipulation of individual genes in specific

(predominantly epithelial) tissues although the specificity of expression is sometimes

dubious due to leaky expression in other cell types [164] or the inability to express a gene in

the full complement of the desired cells. The ability to manipulate multiple genes within the

same animal remains a technological constraint. This limitation is currently overcome

through the cross breeding of various lineages; however, the generation and maintenance of

multiple transgenic lineages is prohibitively time-consuming and costly for most complex

experiments.

Cre-Lox recombination using cell type-specific promoters to drive expression of the Cre

recombinase allows for spatially restricted gene expression to the compartment (tissue or

organ) of interest. Promoters such as collagen type 1 alpha 1 and 2, FSP-1/S100A1,

vimentin, alpha-smooth muscle actin, SM22/transgelin and SMMHC have been used to

target gene deletion or expression in osteoblasts, fibroblasts, myofibroblasts and smooth

muscle cells, each of which are major components of the stromal compartment [165–170].

The use of the FSP-1 promoter has enabled the study of the role of stromal cells in many

tissues [171–173]. However, FSP-1 is expressed in only a fraction (30–50%) of mature

stromal cells. As with other familiar stromal promoters such as vimentin or SM22, the

disadvantage of using the FSP-1 promoter for stromal targeting is the lack of organ

specificity. Alteration of genes that are pivotal in early development, as might be achieved

using a combination of FSP1-Cre with a floxed gene, can result in early mortality, often

precluding proper analysis of the organ of interest. To circumvent this problem, new

strategies using more restrictive expression of the transgene in fibroblasts have been

developed. Zheng and colleagues generated a transgenic mouse in which collagen type I

alpha 2, a gene only expressed in fibroblasts that produce collagen type I, was linked to a

Cre-ER fusion protein [170]. This technique provides a tight regulation of Cre activity

allowing both temporal and tissue-specific control of gene regulation. Tamoxifen-dependent
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constructs are well-suited for post-natal activation of Cre activity; however, only a few Cre-

ER models are currently available for targeting the stromal compartment.

One of the best examples of an in vivo model demonstrating stromal-epithelial interactions

was reported by Bhowmick et al. A conditional mesenchymal (stromal) transforming growth

factor-beta receptor 2 (Tgfbr2) knockout mouse was generated using FSP-1 Cre-mediated

recombination. This mouse displayed a prostatic phenotype consistent with prostatic

intraepithelial neoplasia, a precursor of prostatic adenocarcinoma, and invasive squamous

cell carcinoma of the forestomach by six weeks of age [165]. This study clearly

demonstrates that loss of a critical signaling component in the stroma results in increased

epithelial proliferation and in the promotion of invasive carcinomas in a tissue-specific

manner. Because Tgfbr2fspko mice die at about 6 weeks of age, studies have focused on

initiating factors involved in tumorigenesis, which means that these mice have been less

useful for studying subsequent tumor progression.

Tumor progression is a dynamic process in which each aberrant change has a potential

impact on the biology of the affected cell and its surroundings, which then creates new

selective pressures that direct the evolution of the cancer. Several reports have recently

identified mutations of tumor-suppressor genes, including p53, in the stromal compartment

of advanced human carcinomas [174–176]. Although oncogenic stress has previously been

shown to induce p53 responses in epithelial cells, Hill and colleagues explored the non-

autonomous loss of stromal p53 on tumor evolution [177]. They demonstrated in a mouse

model of prostatic carcinoma that suppression of epithelial Rb by expression of a fragment

of the SV40 T antigen induces downregulation of p53 in stromal fibroblasts through an

unknown paracrine mechanism. The loss of epithelial p53 was suggested to create a

selective pressure that results in subsequent loss of p53 in a sub-population of stromal cells.

The initial decrease in fibroblast proliferation was followed by selective evolution of a

highly proliferative p53-deficient subpopulation of stromal cells. Moreover, these p53-

deficient stromal cells non-autonomously increase the selective pressure against p53 in the

epithelium suggesting that selection of p53-deficient fibroblasts is advantageous for tumor

progression. It is not known whether this selection by epithelial cells occurs in all stromal

cells or only in a specific lineage of cells bearing other mutations or epigenetic alterations.

Accordingly, the validation of these observations in other cancer models will expand our

understanding of the selective evolution of common stromal mutations relevant to human

cancers.

In addition to facilitating the study of various cell genotypes, in vivo models have facilitated

the study of the role of the extracellular matrix in tumor progression. Studies in mouse

models in which stromal MMPs are either upregulated or suppressed have revealed the roles

of these proteases during tumor progression. For example, in MMP-2 and MMP-9 knockout

mice, a lower rate of tumor incidence and decreased growth of implanted neuroblastoma and

ovarian cancer is observed compared to tumor implants into wild-type mice [178, 179]. The

contribution of MMPs to tumor metastasis has also been demonstrated by injection of

melanoma cells into MMP-2 and −9 knockout mice, which resulted in a decrease in the

number of metastatic nodules compared to the wild-type hosts [180]. Despite some pro-

tumorigenic effects of MMPs, recent studies have suggested protective and antitumorigenic
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effects. In particular, these arise from proteases expressed by infiltrating inflammatory cells,

which highlights the importance of using immunocompetent models for studying tumor

progression in the context of MMPs. The failure of clinical trials that used “promising”

inhibitors of MMPs based on in vitro data emphasizes the need for a better understanding of

the complex interactions of MMPs in vivo during cancer progression [112].

Tissue Rescue by Transplantation—Manipulation of critical genes that result in

embryonic or neonatal lethality of the transgenic or gene knockout mouse model is a major

problem. In these cases it is often possible to “rescue” the organ of interest by dissection

from the fetal or neonatal animal and subsequently growing the rescued tissue under the

renal capsule of a syngeneic or immunocompromised host. The resultant organ explant can

be used to examine the effects of the specific genetic change on organogenesis and

carcinogenesis. Such tissues can also be used as a source of material for generating tissue

recombinants for further study. A recent example of an optimal situation for tissue rescue is

the study of the Tgfbr2fspko mouse, which develops cancer and dies at 7 weeks. In order to

study post-pubertal, androgen-regulated prostatic tissue in these mice, the investigators

rescued prostate tissue for further modification and then allografted the modified tissue

under the renal capsule of either castrated or uncastrated immunocompromised mice [181].

The ability to rescue this tissue for allografting allowed the investigators to study the

molecular mechanisms of androgen ablation on the carcinogenic effect of Tbr2ko prostate

fibroblasts.

Tissue Recombination—The suggestion of genetic and epigenetic mutations in tumor

stromal cells from clinical samples suggests that the stroma co-evolves with cancer cells

[182, 183]. However, the lack of organ-specific stromal promoters remains a technological

problem for the use of transgenic animals in the study of stromal contribution to tumor

progression. Although transgenic mouse models have used promoter-regulated Cre

recombinase to target the stroma of multiple tissues, these commonly result in mosaic

expression patterns [165, 184]. Accordingly, the components of the stromal compartment

that are frequently heterogeneous in normal tissues and organs are underrepresented. The

ability to mutate the stroma in current autochthonous tumor mouse models will facilitate the

study of stromal contribution during tumorigenesis and/or tumor progression.

Perhaps the most flexible alternative in vivo model for studying stromal-epithelial

interactions is tissue recombination (TR) with subsequent xenografting. TR provides a

valuable alternative to the labor- and cost-intensive generation of transgenic mice for the in

vivo study of gene function within a specific tissue compartment. Tissue recombination has

been a widely used technique for examining different aspects of development. Briefly, tissue

recombinants are made by mixing stromal or mesenchymal cells with epithelial cells within

a matrix (most commonly type I collagen). These recombinants can then be grafted beneath

the renal capsule of a young adult rodent host and grown for various periods of time (as long

as a year). The renal capsule site is commonly chosen because the kidney has a rich

vasculature that makes a suitable environment for the growth and survival of tissues.

TR has many advantages and has demonstrated faithful replication of key aspects of both

development and carcinogenesis [185–187]. The inherent plasticity of the model allows for
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targeted modifications to all or some cells specifically within the epithelial and stromal

tissues. Another advantage is that recombinants can be made using stromal and epithelial

cells coming from the same (homotypic) or different (heterotypic) tissue as well as same

(homospecific) or different (heterospecific) species. Another benefit of TR is that in vitro

genetic manipulation of the cells (stromal or epithelial) can be performed before

implantation. This approach was pioneered by Thompson to study malignant and benign

disease progression in the prostate [188]. More recently, the use of lentiviral delivery

systems has allowed either overexpression or downregulation of a gene of interest prior to

grafting [97, 189].

Disadvantages of TR include the relative lack of metastasis as a desired endpoint. Also,

recombinants are commonly grafted into immunocompromised mice (athymic or SCID)

meaning that many effects of an intact immune system are lost. However, implantation into

syngeneic hosts is possible when appropriate cells are available. Of note, another major

disadvantage to studying the effects of a modified stromal compartment on epithelial

morphogenesis and tumorigenesis is the lack of a mesenchymal cell line capable of inducing

prostate glandular formation in vivo. At present, freshly harvested rat urogenital

mesenchyme is recombined with prostate epithelia to induce glandular formation, but

genetic manipulation of this mesenchyme is currently unavailable due to the inability to

generate a cell line that retains inductivity. Therefore, the TR model must be reconsidered in

order to mimic stromal heterogeneity and still maintain morphological integrity. Possible

solutions include using UGM from trangenic mice or mixing rat UGM with genetically

modified human stromal cell lines.

Although the grafting of tissue recombinations of human cells into various mouse organs

fails to incorporate a fully intact immune response due to the necessity of using an

immunocompromised host, the lower cost and the ability to control gene expression in

multiple tissues and incorporate multiple cell lineages makes tissue recombination an

attractive, modular alternative to the generation and crossing of multiple transgenic mouse

models. In addition, sophisticated and controlled scenarios using inducible genes allows for

the mutation of different compartments at different time points in order to study the

temporo-spatial contribution of each type of cell composing each tissue during cancer

progression.

It is universally acknowledged that each model has its limitations and abilities and should

therefore be utilized to address specific questions. The identification of genes and cells

critical for tumor progression within the stroma, and the development of more sophisticated

in vivo mouse models that mimic as many aspects of human normal and tumor biology as

possible should prove valuable for discovering new methodologies for the detection and

treatment of cancer.

Finally, many biological models of disease follow a reductionist approach by using clonal

populations of cells overexpressing a particular protein thought to be involved in cancerous

growth. While this type of genetic parsing is informative, it hardly accounts for either the

multiplicity of aberrant gene interactions or the group behavior demonstrated by tissues. In

essence, what has been learned recently is that while only a portion of the cells in diseased

Strand et al. Page 18

Curr Mol Med. Author manuscript; available in PMC 2014 October 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



tissues contains mutations [83], the whole group becomes affected. Accordingly, the failure

of reductionist models to recapitulate the net biology in complex systems has provided

incentive for the development of systems biology genre discussed below.

C. New Perspectives: Mathematical Models of Tissue Interaction

During the course of this review we hope that it has become clear that there are a multitude

of approaches to studying the development and progression of cancer. Not only do these

approaches consider different aspects of the disease but they also consider fundamentally

different scales: from genes to proteins to signaling pathways, to cells, tissues, organs and

ultimately the organism. How can we hope to understand the complex interactions that occur

across these scales when we have not fully understood them even at an individual scale? The

dynamic complex ecosystem that is cancer must be understood within a theoretical

framework that easily allows one to consider and study all relevant agents, interactions and

scales while at the same time permitting isolation of key variables and processes. The very

definition of a dynamical system implies that small changes in one variable can lead to large

changes in another. Using mathematical and computational models it is possible to both

integrate multiple interacting variables and, in addition, bridge distinct spatial and temporal

scales.

Mathematical models of cancer have been developed for more than 60 years and yet, not

until today has their value become recognized. This is partially due to the release of

computational constraints and partially to a shift in attitudes of both mathematicians and

biologists. The reductionist approach has taught us a great deal about the initial steps in

cancer development and subsequent progression and has great potential as a tool to aid the

tailoring of patient-specific treatments. But given the diversity of favorite genes, proteins or

pathways and their limited therapeutic success, many biologists are beginning to accept that

we need to integrate our knowledge and start to look at cancer in a whole new way.

However, this should not be confused with the holism of the past as we specifically need a

quantitative holism (i.e. qolism) [190]. Mathematicians were trapped in the formalism of

theory and analysis such that the models they built were, with some exceptions, more

interesting as mathematical curiosities than as tools capable of giving biological insight.

With the emergence of a new breed of mathematical modelers, who are not afraid of

computation or mechanism, and the desire for qolistic approaches, the time is now ripe for

an integrated understanding of cancer therapy [191–194].

One of the key aspects of in silico models (mathematical/computational models) is their

ability to characterize biological systems using multiple dynamic (possibly changing in

space and time) variables in a mechanistic fashion. This key characteristic gives us the

ability to change individual variables or parameters, in a precise manner, and examine their

effects on the whole system. This often leads to the emergence of a behavior that is a

product only of the system and would otherwise have been very difficult to observe or

understand, especially if only component parts of the system are considered in isolation.

Over the last ten years or so many mathematical models of tumor growth, both temporal and

spatiotemporal, have appeared in the research literature (see [195] for a review).

Deterministic reaction-diffusion equations have been used to model the spatial spread of
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tumors in the form of invading waves of cancer cells [196–198]. The growth of tumors has

also been more realistically modeled in 2 and 3 spatial dimensions [199, 200]. Whilst all

these models are able to capture the tumor structure at the tissue level, they fail to describe

the tumor at the cellular level. On the other hand, single-cell-based models provide such a

description and allow for a more realistic stochastic approach at both the cellular and

subcellular levels. Several different discrete models of tumor growth have been developed

recently. For a review on many different single-cell-based models applied to tumor growth

and other biological problems see [201].

The integration of multiple variables (changing in space and time) across a range of scales

has only recently become possible with the development of multiscale modeling approaches

(see [202]). Multiscale models are often hybrid in nature in that they couple a discrete

representation of the cellular population (such as tumor and stromal cells) with continuous

representations of microenvironmental factors (such as ECM, growth factor, nutrient).

Hybrid approaches such as the hybrid discrete continuum model of Anderson and colleagues

[203, 204], the evolutionary hybrid cellular automata model of Gerlee [205] and the

Immersed Boundary model of Rejniak [206, 207] have specifically focused on the tumor/

microenvironment interface and how it affects the morphological and evolutionary aspects

of a growing tumor.

One of the outstanding fundamental questions in cancer biology is how to directly link the

current wealth of genetic data, not only with clinical outcome, but crucially with the cellular

phenotype. The so-called genotype-phenotype mapping is at the heart of our understanding

of many of the engines that drive tumor growth and progression; however, it has to some

extent been ignored. This is in no small part due to the sheer complexity of the processes

involved: thousands of genes result in the regulation of a multitude of proteins, which

interact and signal within complex pathways to drive a cellular response of an individual cell

that modulates its signaling in response to microenvironmental cues and signals from other

cells. Different aspects of this mapping have been considered in isolation, with some

significant progress being made in regards to specific pathways involved in cancer [208,

209]. However, a major issue with pathway models is the over complexity and parameter

redundancy. A new approach needs to be developed if we want to try to bridge the genotype

to phenotype chasm. Network models offer one possible stepping stone [205, 210] and these

can be very specific or more generalized, but the key to their success will be raw

experimental data to parameterize them. This is no easy task and will most likely require the

development of novel experimental protocols by integrated teams of scientists focused on

this goal.

It cannot be stressed enough that mathematical models are only as good as the data upon

which they are based. Therefore, in silico models need to be validated and the hypotheses

they generate need to be empirically tested - the outcome of which may require model

refinement or radical change. One thing that is certain is that there is no single ideal

mathematical or computational model of cancer just as there is no single ideal biological

model of cancer. Each have their limitations but this diversity of approaches now has a

means of integration [211], which can only improve our current understanding of the cancer

progression and treatment.
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Table 1 summarizes some of the advantages and disadvantages of in vitro, in vivo and in

silico models of disease.

CONCLUSION

This review has attempted to provide a broadened perspective of the available models to be

chosen for the specific question to be addressed and to incorporate adaptive terminology to

the interactive stromal-epithelial relationships in order to find common ground between

multiple disciplines attempting to build on existing models. Mathematical modeling has the

potential to contribute as much or even more so to cancer biology as to fields to which it has

been used extensively such as physics. The key is the successful integration between

experimental work and the mathematical models. Although this success has so far been

limited, new mathematical models capable of capturing emergent mechanisms of tumor

progression across scales of time and space means that a new generation of mathematical

modelers are now in position to generate biologically testable hypotheses and integrate

experimental data. In collaboration with a new breed of mathematical-savvy cancer

biologists, this potential will translate into a demonstrable increase in our understanding of

tissue interactions in cancer evolution as well as in our arsenal of tools to fight and treat

cancer.
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Fig. (1). Cell Origins in Organogenesis
The interacting tissues that induce pattern formation during organ development are derived

from the 3 original germ layers: endoderm, ectoderm, and mesoderm. The final functional

architecture of each organ is determined at different chronological stages and represents a

systemic coordination of informational input, an example of which is seen in the hormonal

regulation of urogenital sinus differentiation into either prostate or vaginal development

based on the presence or absence of androgens. In general, mesoderm condenses around

epithelium to direct budding, pattern formation and differentiation during organogenesis.

Reciprocal interactions from the epithelium to the mesenchyme contribute to mesenchymal

differentiation. (modified in part from [92]).
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Fig. (2). Control of Bone Homeostasis
The constant balance of bone degradation and deposition necessary for proper bone function

is achieved through a steady regulation of osteoclasts and osteoblasts, respectively.

Osteoclasts resorb bone, which is then replaced by osteoblasts. This allows the body to

regulate bone volume in response to physical and biochemical stresses, (e.g., weight bearing

exercise results in increased bone density). Changes in the balance between resorption and

deposition can result in weaker bones as seen in osteoporosis.
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Fig. (3). Reactive stroma in wounds and cancer
The chronological regulation of acute wound repair of skin damage parallels some of the

chronic responses of reactive stroma in cancer. In wound repair, immune cells are

temporarily recruited to digest foreign substances and damaged cells whereas their chronic

presence in cancer microenvironments is thought to exacerbate the loss of tissue

homeostasis through a constant supply of stimulating growth factors. In addition,

myofibroblasts are responsible for the reconstruction of tissue architecture through matrix

deposition and wound contracture in wound repair, but are thought to disrupt tissue

homeostasis in cancer by creating imbalanced tissue rigidity and proliferation.
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Fig. (4). Defining new ecological relationships in tumors
Homeostatic signals produced by healthy tissues are lost during the transition to neoplasia

due to a breakdown of appropriate relationships through proper architecture. New

relationships between endogenous and infiltrating cells in tumors create a new environment.

Potential new relationships in prostate cancer microenvironments include the recruitment of

new blood vessels by tumor cells, which could be considered mutualistic since both benefit

equally from the exchange; the competition for resources among various tumor phenotypes,

which results in the environmental selection of the fittest cell types; and, the predatory

digestion of tumor cells and the parasitic consumption of tumor cell resources by infiltrating

immune cells, which represent two more examples of emergent relationships during

tumorigenesis.
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Table 1

Advantages/Disadvantages of In Vitro In Vivo and In Silico Models

I. In Vitro Models Advantages Disadvantages

A. 2D 1 Use of multiple cell lines for
manipulation

2 Generate data quickly

3 Study paracrine effects with
conditioned media

1 Clonal, immortalized or senescent cell lines
used

2 Lack of appropriate physical and paracrine
interactions between different cell types

B. 3D

1 Study 3D morphogenesis

2 Study effects of various ECM types on
cell behavior

3 Study effects of tumorigenic mutations
on 3D morphology

1 Limited number of interacting cells

2 Short term experiment

3 Limited/imperfect matrices

C. Organ Culture 1 Normal cell-cell interactions

2 Study longer-term effects

1 No host effects, media effects not
physiological

2 Short term experiment

II. In Vivo Models Advantages Disadvantages

A. GEM
Constitutive/Inducib le
transgene
expression

1 Study spatial/temporal genetic effects
with tissue-specific, inducible
promoters

2 Study influence of ECM, inflammation,
bone marrow-derived cells

1 Incomplete parallels to human disease

2 No organ-specific mesenchymal promoters
yet available

3 Restricted by cost/time to study of minimal
number of genes

4 Leaky gene expression

B. Xenografts

1. Tissue Rescue 1. Study early lethality genes 1. Need syngeneic or immunocompromised host

2. Tissue Recombination

a. Orthotopic

b. Subcutaneous

c. Kidney capsule

1 Time/cost effective alternative to GEM

2 Study cell lineage and morphogenesis

3 Study various cell/cell or cell/ECM
interactions

4 Study systemic influence of most
immune cells

5 Study temporal influence with
inducible gene/shRNA

6 Potential for metastasis

1 Need syngeneic or immunocompromised
host

2 Lack of metastasis from certain graft sites

3 Systemic effects restricted at certain graft
sites

4 Technically challenging

III. In Silico Models Advantages Disadvantages

I. Discrete

II. Continuous

III. Hybrid

1 Mechanistic integration of dynamic
variables across time/space

1 Lack of parameterization for complete
integration

2 Need for comparison to biological data
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