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Abstract

The role of tumor stroma in progression to malignancy has become the subject of intense

experimental and clinical interest. The stromal compartment of organs is composed of all the non-

epithelial cell types and maintains the proper architecture and nutrient levels required for epithelial

and, ultimately, organ function. The composition of the reactive stroma surrounding tumors is

vastly different from normal stromal tissue. Stromal phenotype can be correlated with, and

predictive of, disease recurrence. In addition, the stroma is now seen as a legitimate target for

therapeutic intervention. Although much has been learned about the role of the stromal

compartment in development and disease in recent years, a number of key questions remain. Here

we review how some of these questions are beginning to be addressed using new models of

stromal-epithelial interaction.

Background

Each bodily organ is broken down into distinct cell groups called tissues. Development is a

process of self-assembly and growth in which cells comprising rudimentary tissues and

structures exchange information, resulting in their rearrangement into a specific architecture

and achievement of specific function (Grobstein, 1967). The breakdown of tissue

architecture leads to loss of mutual regulation of growth and differentiation, malfunction,

and disease. It is therefore important to understand how each cell type in the tumor

microenvironment contributes to the disease process and to identify the molecular

mechanisms and interactions responsible.

Most organs are compartmentalized into epithelial and mesenchymal tissues. The gross

morphogenic influence of each tissue compartment began to be understood when it was

discovered that epithelial and mesenchymal tissues could be separated from the host organ

and recombined with tissues from different organs, which resulted in a directive (instructive)

or permissive reprogramming of either tissue (Saxén, 1977). It was these historic discoveries

that led to questions on the role of mesenchyme in disease.

The development of most organs occurs through epithelial-mesenchymal cross-talk

(Thesleff et al., 1995). In adult organs, the mesenchymal compartment becomes known as

stroma, which is composed of multiple cell types responsible, among many other roles, for

matrix production and angiogenesis to support epithelial differentiation and function. This

balanced, interdependent interaction between epithelium and stroma is called homeostasis.

During the onset of disease, the cross-talk between these tissues and the influence of

infiltrating immune and inflammatory cells function in maintaining homeostasis. In a
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disease like cancer, where most tumors are thought to initiate as a result of an epithelial

mutation, it is believed that the stromal compartment (called the ‘tumor microenvironment’

in cancerous organs) initially reacts to inhibit tumor progression by maintaining

differentiation and architecture, similar in some respects to its response to wounding or

infection (Pierce et al., 1978). This initially protective response is subverted under the

chronic wounding conditions in cancer so that in later-stage disease, a vicious cycle ensues

where the cell types that compose the tumor microenvironment are co-opted to facilitate

growth of the epithelial tumor. This incipient, tumor-promoting microenvironment is the

subject of intense therapeutic interest as its phenotypic and molecular characterization has

been correlated with disease-free recurrence in multiple tumor types (Ayala et al., 2003;

Finak et al., 2008; Saadi et al., 2010).

Understanding the basic molecular processes by which tissues inform each other has

progressed in parallel with the development of molecular biological techniques over the last

30 years. However, the lack of adequate in vivo models to study the underlying molecular

changes associated with morphological breakdown and tumor progression impedes our

understanding of the precise role of the tumor microenvironment, which is necessary for

therapeutic targeting. Our laboratory has historically been interested in stromal-epithelial

interactions in prostatic disease. The prostate is the second leading cause of cancer-related

deaths in American men, and benign hyperplasia of the prostate, which is also a product of

altered organ homeostasis and paracrine signaling, is a major cause of morbidity in aging

men. The tumor microenvironment can either inhibit or enhance disease progression

depending upon specific circumstances (Chung, 1991; Olumi et al., 1999). The expectation

is that a clearer understanding of the tumor microenvironment will result in the identification

of targets for therapeutic intervention. Accordingly, new models of tumor-stroma

interactions are being developed by our group and others, which were the subject of our

previous review (Strand et al., 2010) and will be covered here summarily.

Stromal-Epithelial Interactions: A History

Grobstein’s seminal work in the 1950s on the role of mesenchyme in the development of the

submandibular gland laid the foundation for a proper understanding of organogenesis

(Grobstein, 1953). Soon it was discovered by Le Douarin that the endodermal germ layer

was the source of inductive mesenchyme in multiple digestive tissues and that this tissue

differentiated into organ-specific connective tissue at adulthood (Le Douarin et al., 1968).

Work by Thesleff (Thesleff and Hurmerinta, 1981), Kollar (1970), and Cunha (1972) in

tooth, skin, and urogenital development demonstrated that the interactions between epithelia

and mesenchyme were reciprocal and sequential, eventually leading to the hypothesis that a

chronological shift in the instructive potential of mesenchyme occurred during

organogenesis (Yasugi, 1979).

Once the gross inductive properties of mesenchyme were realized, work began on dissecting

the identity and function of each cell type comprising adult organ mesenchyme (stroma).

The development of antibodies against proteins like smooth muscle alpha actin (Skalli et al.,

1986) initiated the process of detailing stromal identity [and function, since actin is a

cytoskeletal protein involved in contraction (Gabbiani, 2003)]. The stark differences in the
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composition of organ stroma are readily apparent when comparing breast with prostate (both

are glandular organs) and are a result of evolved differences in function. Breast stroma is

predominantly composed of adipose tissue to support milk production. Milk is excreted as a

result of contraction of myoepithelial cells following stimulation by oxytocin. Prostate, in

contrast, is predominantly composed of smooth muscle and fibroblasts and has basal

epithelial cells with no muscular component. To achieve ejaculation of seminal fluid

nervous stimulation of the smooth muscle of the prostate induces coordinated contractions

of the organ. As cancer develops within the breast and prostate, a stromal reaction is

observed, resulting in a modulation of indigenous and recruited (bone marrow, immune,

inflammatory) cell types. Chronic reactive stroma produces growth factors and matrix

proteins similar to those found in acute wound repair thereby altering (among other

properties) the blood vessel and matrix density of the stromal compartment, which can

contribute to malignant progression (Paszek et al., 2005).

The Schors were the first to demonstrate that the stroma surrounding tumors in adults was

phenotypically similar to fetal stroma and that these changes were associated with disease

progression (Schor and Schor, 1987; Schor et al., 1988) with further phenotypic

characterizations of tumor stroma in different organs to follow (Ronnov-Jessen et al., 1996;

Tuxhorn et al., 2002). Molecular signatures of the stroma of normal versus cancerous breast

and prostate are revealing detailed insights into the identity of the stroma surrounding

cancers (Dakhova et al., 2009; Ma et al., 2009); however, the experimental validation of the

functional consequence (effect on morphology) of these molecular changes has been

impeded by the lack of appropriate in vivo models of stromal-epithelial interactions. Our

group has made some progress on this front by demonstrating the ability of patient-derived

tumor stroma (called carcinoma-associated fibroblasts, or CAFs) to induce malignancy in

benign human prostate epithelia using tissue recombination xenografting (Hayward et al.,

1998; Hayward et al., 2001). The best model for a systemic picture of the morphological

effects of changes in gene expression is transgenic animals; however, significant differences

exist in stromal composition of murine versus human organs (notably, in prostate,

differences in human versus murine stromal density are pronounced -- see Figure 1). In

addition, because of the commonality of stromal sub-types in various organs, the search for

organ-specific stromal promoters is still underway (Jackson et al., 2008). It is therefore

important to understand the various tools available for the productive study of stromal-

epithelial interactions and also to understand where these models fail to answer lingering

questions.

Models of Stromal-Epithelial Interactions

A number of different models have been used to understand stromal-epithelial interactions.

Every experimental model has strengths and weaknesses, and each should be acknowledged

for its own contribution. Given the surging clinical relevance of the role of the stromal

compartment in disease progression, an overview of in vitro, in vivo, and in silico models

will be briefly covered.
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In Vitro

In vitro studies of stromal-epithelial interactions can be accomplished using either primary

or immortalized cell lines. Primary cells are separated from freshly dissected tissue and can

be grown in culture for several passages before entering senescence. To overcome this

replicative limitation, cells can be immortalized virally or spontaneously, among other

methods. Both of these cell sources are valuable, but immortalized cell lines can easily be

further manipulated to study the roles of ectopically over-expressed or knocked down genes.

This applies to both epithelial and stromal cell lines. Of note, although previously existing

for breast studies (Dawson et al., 1996), there have been no normal human prostate epithelial

cell lines for the functional study of glandular remodeling. To meet this need, we have

recently generated two spontaneously immortalized prostate epithelial cell lines, which

recapitulate normal glandular morphogenesis when recombined with inductive mesenchyme

or when grown in three-dimensional (3D) Matrigel cultures (Jiang et al., 2009). The value of

an isogenic series of cell lines for dissecting the molecular mechanisms of glandular stability

in cancer has been extensively demonstrated in breast studies (Miller et al., 2000). Our new

cell lines therefore represent a significant addition to previous cell lines that we have

generated (Hayward et al., 1995) for the study of prostate cancer progression and are

currently being used to dissect the functional and morphological role of specific genes

shown to be correlated with prostate cancer progression.

A few in vitro techniques have been shown to be very valuable for studying interactions

between epithelia and stroma. Of course, individually, cell lines can be monitored for a

number of parameters including proliferation, migration, and survival. However, co-culture

is a technique where either primary or immortalized cells are mixed in a dish under various

conditions. These can be admixed in the same well to study the effects of direct physical

interaction or, alternatively, the cells can be placed in separate chambers that share the same

conditioned medium to study the effects of paracrine signaling. This is a valuable

reductionist model to study very specific situations, but is highly artificial since these cells

are grown on 2D plastic with defined growth medium and oxygen.

Alternatively, cells can be grown in 3D conditions by adding Matrigel, a matrix that allows

some normal cell lines to arrange into their appropriate architecture and undergo

differentiation to achieve function. Importantly, it has been shown that matrix attachment is

essential for setting up polarity and differentiation (Yamada and Cukierman, 2007) and also

for regulating gene expression (Schafer et al., 2009). Recently, technological advances have

been made in live cell imaging of the functional effects of co-culturing stroma and epithelia

in 3D over time (4D) (Cukierman et al., 2001; Jedeszko et al., 2008). Even in 3D cultures,

however, systemic effects are notably absent. Accordingly, results generated in 2D or 3D

must be interpreted cautiously. Even so, significant advances have been made by correlating

specific genetic changes with morphologic consequence, which have been correlated with

disease progression (Bissell and Radisky, 2001).

In Vivo

Transgenic mouse models have provided a wealth of information on the role of gene loss or

mutation in various organs. The advantage of an intact immune system, which clearly plays
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a vital role in impeding tumor progression (Coussens and Werb, 2002), is muted in part by

differences in organ structure and immune response in human versus murine species.

However, significant advances in the control of transgene expression have facilitated the

contextual study of chronological and cell-specific gene regulation. The advent and

subsequent refinements of Cre-Lox technology allow for the excision of genes at specific

ages and locations thereby mitigating possible complications of confounding developmental

phenotypes.

A persistent problem with transgenic models is the lack of promoters to express genes of

interest in organ-specific stroma. This is made more difficult by the complexity of stromal

cell types and the variation of their percentage within various organs (Jackson et al., 2008).

Even so, the use of stromal promoters like FSP-1 to modulate gene expression has led to

important insights into the role of the stroma in tumor initiation and progression (Bhowmick

et al., 2004). It has also underscored the need for better promoters since problems with leaky

or deficient expression patterns persist.

A few refinements to transgenic mouse technology are available for studying stromal-

epithelial interactions in vivo. For those animals where the transgene disrupts normal

development, tissue rescue is a method where under-developed tissues can be removed and

re-grafted into suitable hosts to allow further differentiation, which has been shown useful

for studying stromal-epithelial interactions in prostate (Placencio et al., 2008).

Tissue recombination is a technique that has been used for decades to determine the

morphological influence of various tissues. This technique has some advantages over

transgenic models including abbreviated time courses (usually 1–3 months) and lower costs

in addition to ease of manipulation of genes in human cells. Our laboratory has used tissue

recombination to determine the effects of tumor stroma on prostate epithelia (Hayward et al.,

2001) and mutated epithelia on stroma (Ao et al., 2006; Ao et al., 2007; He et al., 2007), and

now to recapitulate functional remodeling of normal human prostate (Jiang et al., 2009).

Besides the lack of functionally normal human prostate epithelial cell lines, a historic

deficiency in tissue recombination has been the lack of an inductive stromal cell line capable

of eliciting normal prostate epithelial morphogenesis. Currently, inductive fetal urogenital

mesenchyme has to be freshly harvested and recombined with epithelial cell lines. Another

limitation is the necessity for use of immunocompromised mouse hosts to accommodate

grafting of human cell lines. The absence of immune cells in immunocompromised mice can

be overcome with the use of syngeneic mouse epithelial and stromal cells, but, of course,

loses the advantage of studying human cells.

Another facet of stromal biology that has not been properly modeled is the acknowledged

heterogeneity in stroma. Both transgenic and tissue recombination techniques have failed to

address the morphologic and possible protumorigenic effects of distinct stromal sub-

populations that have been correlated with disease progression.

To meet this need, we have optimized the tissue recombination technique by generating a

benign immortalized human stromal cell line that can be mixed in various proportions with

inductive fetal mesenchyme without affecting normal glandular morphogenesis (Figure 2).
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These cells can be tracked with fluorophores in tissue recombination grafts and genetic

modifications can be made to study the effect of a distinct stromal cell subpopulation on

normal glandular architecture and function as well as on the transformation of our iso-genic

series of epithelia with specific genetic mutations (Figure 3). Unpublished results suggest

that this will be a useful approach for studying the effect of stromal heterogeneity on tumor

initiation and progression in addition to benign disease.

In Silico

Another method that is being used to explore the relationship between epithelia and stroma

is mathematical modeling. Designing a useful model in silico requires proper definition of

the complex behavior and relationships of the multiple cell types within a tumor. This

methodology has been used in other disciplines such as ecology and economics for some

time and is currently being extracted for use in tumor biology (Basanta and Deutsch, 2008).

We have begun to apply ecological terminology to cellular behavior and interactions within

a tumor microenvironment in order to use the powerful computational tools that have been

used by ecologists to describe evolutionary dynamics (Strand et al., 2010).

The advantage of mathematical modeling is the ability to integrate multiple dynamic (space

and time) variables in a mechanistic and modular fashion. Changing individual parameters

in a dynamical system often leads to the emergence of a behavior that would not have been

observable if the component variables were examined in isolation. Once predictions are

generated in silico, they are validated in vitro and in vivo using the various models described

above.

Although significant differences between tumor and organismal ecosystems are

acknowledged, several groups including our own have demonstrated the potential for

mathematical models to successfully predict the effects of specific stromal

microenvironments on tumor progression (Anderson et al., 2000; Anderson et al., 2006;

Anderson et al., 2008; Basanta et al., 2009). Given the current deficiency in the

parameterization of the component parts of a given tumor, our goal is to more accurately

define the individual cellular behaviors that cause tumors to either remain indolent or

progress to malignancy, which will hopefully be a prognostic tool for physicians to use

clinically.

Future Directions -- How Do We Move From Bench to Bedside?

As we have described, there are a number of powerful tools available to examine the role of

microenvironmental influences on tumor progression. The essential problem in translating

work in this area to the clinic is the complex nature of the interactions involved and our

currently limited ability to discern key functional nodes in intracellular signaling pathways

that can be disabled to allow us to inhibit tumor progression without killing normal tissue.

Generally, the changes in intercellular signaling are relatively subtle. Thus, by identifying

combinations of pathways that can be partially suppressed or moderately up-regulated, we

can apply pressure to tumors with minimal side effects on the overall health of the patient. It

seems likely that clinicians will have to become accustomed to measures that do not

necessarily set out to destroy a cancer but rather to bring it under control and allow it to be
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treated like other chronic conditions, coordinate with a long-term treatment regimen and

monitoring protocol for the patient and attending physician.
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Figure 1.
Trichrome staining of mouse prostate (left), human prostate (center), and tissue

recombination xenografting of human prostate epithelia and inductive fetal rat urogenital

mesenchyme under the kidney capsule (right). The balance of smooth muscle (red fibers)

and collagen (blue) in human prostate stroma is more closely modeled using human cells in

tissue recombination xenografting than in mouse transgenic models.
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Figure 2.
Modeling stromal heterogeneity in vivo. Left: H&E immunostaining of a three month tissue

recombination graft under the kidney (K) capsule of a SCID mouse shows glandular

formation of human prostate epithelia (G), smooth muscle differentiation of rat urogenital

mesenchyme (SM), and human prostate fibroblasts (hPF) expressing GFP, which can be

identified in a serial section using immunohistochemistry (right panel).
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Figure 3.
Schematic sequence of proposed events in prostate cancer progression modeled with normal

human prostate epithelia and stromal cell lines and inductive mesenchyme (rUGM).
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