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A Visual-Quantitative Analysis of Fibroblastic

Stromagenesis in Breast Cancer Progression

Edna Cukierman
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One fundamental difference between normal and transformed cells is the way they inter-
act with their immediate environment. Exploring this difference is crucial for understanding
the pathobiology of cancer progression. Benign epithelial tumors are constrained by a sur-
rounding stroma consisting, among other cells, of fibroblasts embedded within fibrillar three-
dimensional matrices. However, at a critical point in tumor progression, tumor cells become
altered and overcome the barrier, inducing changes in the stroma, which promote, rather
than impede, tumor progression. Inherited or acquired genetic aberrations affecting mam-
mary gland epithelia are usually blamed for promoting neoplasia in individuals at “high risk”
for breast cancer. However, in addition to these epithelial aberrations certain individuals pos-
sess permissive breast stroma. The occurrence of this permissive stroma results in a predispo-
sition for cancer initiation or progression. Here we review stromagenic stages, experimental
3D systems, and discuss digital imaging analyses suitable for uncovering the mechanisms be-
hind fibroblastic breast stromagenesis.
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BREAST STROMAGENESIS

During epithelial tumor progression, the tumor
microenvironment undergoes a number of dynamic
and regulated alterations that occur in parallel to
transformation. In many cases, as proliferating ep-
ithelial cells progress and become aggressive, the
host microenvironment evolves too, inducing base-
ment membrane discontinuation, severe immune re-
sponses, and the formation of new blood vessels.
These microenvironmental host responses are ac-
companied by additional dynamic alterations of the
mesenchyme in the near vicinity of the progressing
tumor. The mesenchymal alterations that occur par-
allel to tumor progression are similar to those that
accompany certain developmental processes, patho-
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logical fibrotic reactions, and fibrotic wound heal-
ing responses (I-4). The “normal stroma,” which in-
clude quiescent mesenchymal fibroblastic cells and
their extracellular matrix (ECM), are believed to
restrain tumor progression by acting as a natural bar-
rier (5,6). However, at a critical time during epithe-
lial transformation, the early progressive tumor trig-
gers mesenchymal changes “priming” or provoking
the fibroblastic stroma, which in turn further stim-
ulate and support the progression of tumors (7,8).
These mesenchymal host responses engage in a vi-
cious cycle of paracrine and autocrine signals be-
tween progressive tumor and encouraging microen-
vironment (9). Eventually, the parallel tumor and
stroma progression disturb the tissue homeostasis,
disrupting intrinsic regulatory cues to further aggra-
vate both tumor and stroma. During this parallel pro-
gression the stroma become fully “activated” and

Abbreviations used: 3D, three-dimensional; ECM, extracellu-
lar matrix; FAP, fibroblast activation protein; TAF, tumor-
associated fibroblast; TGF, transforming growth factor.
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Stromagenesis

normal primed activated
oncofetal

barrier inductive or

desmoplastic

Fig. 1. A working model describing the three stromagenic stages.
A descriptive illustration emphasizing the barrier capabilities of
“normal” stroma, the inductive, supportive, and promoting tu-
morigenic effects of “primed” stroma, and the pathological identi-
fiable oncofetal or desmoplastic phenotypes of “activated” stroma.

pathologically evident “desmoplastic” or “oncofetal”
microenvironments arise, while the tumor progres-
sion is further accelerated and driven toward mi-
croenvironmental independence (2—4).

In the course of this review, the mesenchymal
fibroblastic stroma reactions induced by, and regu-
lated parallel to, epithelial neoplastic transformation,
are termed “stromagenesis.” This section specifically
focuses on breast cancer stromagenesis with an em-
phasis on the dynamic changes of its fibroblastic cells,
ECMs, and the interactions among cells and matrix
components during this process. To clarify the stro-
magenic events in this review, we sorted breast stro-
magenesis into three stages: “normal,” “primed,” and
“activated” (Fig. 1).

Normal Stroma: A Neoplastic
Progression-Restraining Environment

Mechano-sensing of the microenvironment
plays a critical role in regulating cell migration and
growth during normal developmental processes and
tumor formation (5,7-13,10-16). The complexity
of signal transduction pathways that are sensed
by fibroblastic (17) or epithelial cells (18) due to
specific microenvironmental settings can influence
the physiological state (19). It has become clear that
the structural components of the stromal ECM influ-
ence physiological cell behavior (17,18,20). A tumor
clone resulting from cell transformation is initially
under growth-regulation by the microenvironment
and might be in a dormant state for a long time. For
the hyperplastic clone to develop into an evident
tumor, it must overcome the microenvironmental
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constraint imposed by the normal stroma by distort-
ing intercellular contacts as well as cell interactions
with ECM required for maintenance of an intact
differentiated epithelium (27). Integrin-ECM inter-
actions constitute the main cell-to-matrix adhesion
structures and are critical for building a definitive
normal tissue architecture and for controlling both
epithelial and mesenchymal cell proliferation (21).
Of great importance is the restriction of tumor cell
(carcinomas and sarcomas) growth by normal fibrob-
lasts within the microenvironment (6). Transformed
tumor cells must overcome this normally suppressive
stromal barrier in order to spread (5).

The restrictive character of stroma is evident in
breast cancer initiation. For example, primary my-
oepithelial cells from the normal breast can reduce
breast cancer cell invasion (22). In two indepen-
dent transgenic mouse models overexpressing either
transforming growth factor (TGF) (23) or nuclear
peroxisome proliferator-activated receptor y(24), the
mammary tumor phenotypes observed were found
to be completely dependent upon whether the back-
ground strain of mice utilized for the production of
the transgenic animals were permissive or restrictive.
Both studies indicate natural host restraints and the
need to surmount normal barriers to favor breast
cancer progression. In a xenotransplant model, tu-
mor growth was initially not achieved within un-
modified murine fat-pads, suggesting the presence
of a natural murine restrictive stroma. Even after
humanizing the murine fat-pads by pre-inoculating
them with normal human fibroblasts, no tumor was
evident. Successful human neoplastic transforma-
tion within murine fat-pads was achieved only if
the stroma were humanized using pre-aggravated or
primed human fibroblasts before inoculating the ep-
ithelial component into the fat pads (25). In the
above-mentioned humanized system, normal stro-
mal fibroblasts suppress abnormal cell growth and
provide signals inducing normal morphogenesis, sug-
gesting that transformed cells cannot overcome the
constraints imposed by the normal microenviron-
ment unless the stroma are primed or assertively
modified (25,26). Thus, stromal and tumor cells
are inexorably linked together throughout tumor
progression. Moreover, another report showed that
when treated with carcinogens, neoplastic transfor-
mation of rat mammary epithelial cells occurred just
after exposing the stroma to the carcinogens, re-
gardless of whether or not the epithelial cells were
exposed to the aggravating agent (27). In support
of this study, it was stated that alterations of the



Fibroblastic Stromagenesis in Breast Cancer

stroma are necessary and also sufficient for induction
of malignant behavior in genetically normal cells,
indicating that normal stroma behaves as a natural
barrier until primed, at that point becoming permis-
sive for breast cancer progression (27,28). Further-
more, in a three-dimensional (3D) model for cell-
cell interactions, reduction mammoplasty fibroblasts
were capable of inhibiting morphological conversion
and growth of normal and pre-neoplastic breast cells
while tumor associated fibroblasts (TAFs) evoked
ductal-alveolar morphogenesis of both cell types.
The growth and morphogenesis inhibitory effects
of normal fibroblasts remain even in the presence
of the growth inductive hormone estrogen, whereas
TAFs supported and maintained estrogen respon-
siveness of the pre-neoplastic epithelial breast cells
(29).

Various individuals among a given population
might be better protected genetically than others
because their breast stroma is more restrictive and
more capable of containing breast cancer initiation
or progression. Yet, a distinct group of individuals
seem to be predisposed by virtue of harboring a
host permissive stroma, which facilitates mammary
cell transformation (30). As a result of uncovering
the constraining characteristics of an effective barrier
stroma, investigators should gain valuable informa-
tion applicable in breast cancer prevention.

Primed Stroma: A Permissive and Supportive
Landscape for Tumor Progression

Several reports support the hypothesis that a
transformed epithelium is incapable of maintain-
ing normal differentiation of adjacent stroma. The
presence of abnormal stroma leads to loss of stro-
mal control over the epithelium, resulting in cell
propagation and support of epithelial proliferation
or invasion (9,31-34). Instead of behaving as a pas-
sive bystander, the stroma actively aid the hyper-
plastic progression toward tumorigenesis. In turn, the
stroma itself become reciprocally modified by the tu-
mor cells in a process known as “stromagenesis.” Ac-
tivation of the local invasive environment at early
stages of tumor progression creates a permissive field
for the malignant cell (7). A given microenviron-
ment can affect the efficiency of tumor formation,
the rate of tumor growth, the extent of invasive-
ness, and the ability of tumor cells to metastasize
(8). Emerging and established carcinomas respond
to stromal signals that drive progression to malig-
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nancy via a vicious cycle mediated by soluble and
insoluble molecules secreted by carcinoma cells and
stroma (9).

In mammary glands, modulation of surface
receptors, including those for the ECM and growth
factors, can provide signals reverting malignant
mammary epithelial cells to a normal morphology
and behavior or, in reciprocal fashion, converting
epithelial breast cellular characteristics from benign
to malignant (32). Evidence for the ability of breast
primed stroma to promote tumorigenesis by the pro-
duction of stromal growth factors is provided by
several reports, such as the previously-mentioned
study establishing humanized breast development in
murine fat pads (25). In this system, breast carcino-
mas at all stages emerged when human organoids
were engrafted into a humanized primed stroma
overexpressing growth factors to provide a permis-
sive terrain for tumor growth. This study illustrates
the need for better understanding the priming events,
which are permissive for breast cancer initiation
and/or progression even under conditions when the
epithelial components initially appear as phenotypi-
cally normal. In additional studies, it has been shown
that the dynamic influence of stroma on tumor cells,
at least at an early stage of tumor progression, pro-
vides an opportunity to target stromal cells to con-
trol the malignant behavior of genetically-unstable
epithelial cells (32).

The primed breast stroma are not merely a pas-
sive barrier restricting invasive tumors but rather
represent a host response to epithelial tumors that
cause fibroblast proliferation and ECM remodeling,
similar to wound healing processes that have lost
their controls (1,35). Carcinoma cells stimulate the
release of matrix regulatory proteins from fibrob-
lasts (but not vice versa). Moreover, tumor-derived,
but not normal fibroblasts, initiate key physiologi-
cal cell responses in matrix dynamics that result in a
permissive environment for cancer progression (36).
Stromal-epithelial interactions modulate mammary
epithelial cell growth and apoptosis by influencing
cell adhesion and tissue organization. Therefore, any
significant change in the breast stromal ECM, or
in the adhesion structures and molecules expressed
by the breast epithelium, should have an impact on
mammary epithelial cell survival or apoptosis (37).
Furthermore, breast tumor cells can, by paracrine in-
fluences, affect stromal-dynamics, thus manipulating
the availability or activation states of key regulatory
molecules. For example, epithelial-activated metal-
loproteinases, extracellular enzymes known for their
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substrate regulatory capabilities, can trigger ECM
modifications that favor stromal priming (22,38-45).
The presence of distinct ECM-modulating enzymes,
such as heparanase, within breast stroma is fre-
quently correlated with tumor size (46). The ex-
pression of additional regulatory molecules, such as
cathepsin B (47) or urokinase type plasminogen acti-
vator (48), is modulated by integrin-ECM dependent
interactions in breast fibroblasts and contributes to
breast cancer progression. Moreover, the acquisition
of hormone responsiveness in the normal breast and
the loss of responsiveness in advanced breast cancer
are also ECM stromal- and integrin-dependent (49).

Additional evidence for the presence of a
primed permissive stroma is derived from studies in-
dicating that genetic alterations in nonhereditary in-
vasive human colon and breast cancers (e.g., loss
of heterozygosity and TP53 mutations) occur not
only in the neoplastic epithelial cells, but also in the
adjacent fibroblastic tumor stroma, both of which
probably share clonal features (50). It is clear that
the primed stroma fibroblasts, genetically modified
(30) or affected only via paracrine factors, have a
profound effect on stromagenesis. Besides angio-
genic support, TAFs influence the behavior of tumor
cells as well as the behavior of additional host cells
via direct and indirect mechanisms (4). In some in-
stances the tumor will initiate an immune reaction
that induces dynamic changes within the stromal
ECM, which in turn will result in a more permis-
sive microenvironment for breast cancer progres-
sion (57). It has also been shown that mesenchymal
adipocytes and adipokines are involved in stromal
supportive and promoting effects inducing ductal ep-
ithelial cell malignancies in mammary glands (52).
Nevertheless, as we previously discussed, in a study
observing mammary gland growth and morphogene-
sis, it was shown that TAFs, but not normal fibrob-
lasts, fail to suppress the estrogen-induced growth of
pre-neoplastic cells (29). It is possible that stromal
ECM might control the synthetic activity and polar-
ity of epithelial cells, by means of integrins, which are
the main cell-matrix adhesion receptors (53).

The activation of integrins has been implicated
in both emerging and progressing carcinomas (54).
Integrins have been shown to be responsible for both
fibronectin fibrillogenesis (55,56) and differential cel-
lular responses to mesenchymal microenvironments
(17,53,57). Stromagenic fibroblasts effectively utilize
integrins in collaboration with growth factor recep-
tors to actively sense and modify their immediate
microenvironment (58). Moreover, it has been re-
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cently shown that TAFs efficiently promote the ex-
pansion and dissemination of a pre-neoplastic ep-
ithelial cell population by determining specific ECM
stroma profiles (4). ECM stroma profiles are charac-
terized by differential expression and physical orga-
nization of soluble factors and insoluble molecules
within a given ECM. They comprise fibroblastic-
dependent microenvironments with tumor-tailored
alterations that directly influence cancer permissive-
ness. For example, in highly fibrotic tumors present-
ing altered ECM profiles, the interaction between
tumor cells and stromal fibroblasts plays an impor-
tant role in the formation of fibrotic foci (59). There-
fore, it is not surprising that the metastatic ability of
breast invasive ductal carcinomas containing fibrotic
foci is greatly dependent on the proliferative activ-
ity of the fibroblasts forming these fibrotic aggre-
gates (60). Moreover, the stroma are thought to inter-
act with ductal structures in breast cancer initiation.
Breast density, assessed by mammographic evalua-
tion, is thought to relate more to stromal rather than
epithelial composition (67). Breast density might rep-
resent a predisposed, primed, or permissive microen-
vironmental setting facilitating neoplastic transfor-
mation, thus explaining why individuals with denser
breasts are at greater risk of developing breast can-
cer even in the absence of epithelial hyperplasia.
All the above-mentioned studies clearly reinforce the
idea that fibroblastic-dependent and tumor-tailored
primed stroma support and promote tumorigenesis.
These studies underline the importance of both stro-
mal fibroblasts and matrices and implicate integrin
dependent cell-matrix interactions as possible regu-
lators for stroma priming and stromagenic dynamics.

Utilizing the term “primed stroma” to describe
the early predisposed microenvironment which ini-
tiates and supports tumor progression (21,33,62-64)
and distinguishes it from both normal and activated
stroma (Fig. 1). In the presence of normal stroma,
the tumor is contained (34) and, in some cases, may
even be reverted (65,66). In contrast, the activated
stroma are pathologically identifiable when the tu-
mor has in most cases progressed to develop anchor-
age independence, invasion, and metastases (20). In
comparison to normal and activated stroma, permis-
sive primed stroma surround the early stage tumor
but do not exhibit a characteristic pathological phe-
notype. Nevertheless, primed stroma can be revealed
by a few well-defined biological markers. For ex-
ample, fibroblast activation protein (FAP) (67-70),
is a dipeptidyl peptidase and member of the serine
protease family that is expressed in wound-healing
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tissue. The selective expression of FAP in primed
stroma at very early stages of cancer progression, but
its absence in normal stroma of benign tumors, nor-
mal mesenchyme, and epithelial cells regardless of
their transformation stage, indicates that FAP may
be a marker protein for primed breast stroma (67,68).
Indeed, in a study characterizing FAP stromal ex-
pression, FAP was detected on 100% of transformed
breast cancer samples analyzed (67). In an additional
study that attempted to implicate FAP in the pro-
cess of tumorigenesis, FAP-transfected cells, but not
their catalytically-inactive mutant FAP counterparts,
induced tumor formation when xenografted into scid
mice (71). This dynamic influence of stroma on tumor
cells at an early stage of tumor progression provides
an opportunity to target stromal cells to control the
malignant behavior of genetically unstable epithelial
cells (32). Interestingly, antibodies against FAP were
among the first candidates in the emerging class of
therapeutics targeting the stroma (72), though there
are now others (73). Taken together, the evidence
indicates that primed stroma might be a reversible
stage that is both induced and supportive of neoplas-
tic transformation. Thus, primed stroma might be a
promising target for developing new therapeutics in
an attempt to contain breast cancer.

Activated Stroma: The Advanced
Neoplastic Microenvironment

The concept of “breast tumor microenviron-
ment” emerged from the observation that tumor cells
(e.g., carcinomas) do not exist in isolation but instead
exhibit a range of behaviors regulated by host cells
comprising the tumor stroma (74). The tumor stroma
contain TAFs, vasculature, cells of the immune sys-
tem, and TAF-derived ECM (3,4). Stromal cells, to-
gether with the spectrum of paracrine and autocrine
mediators within the tumor microenvironment, play
critical roles in the biology of the malignant cells
(3,4,20,62,74,75). The normal stromal microenviron-
ment is known to regulate epithelial differentiation,
motility, growth, and function during development
(62,75). Likewise, the tumor microenvironment plays
a critical role during stromagenesis and in tumor
differentiation, motility, growth, invasion, angiogen-
esis, and ultimately, in metastasis (21,76). Thus,
the specific normal organ microenvironment or
stroma can either inhibit or facilitate tumorigene-
sis depending on the specific tissue and stromagenic
stage (77).
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In breast stromagenesis, terms like tumor
stroma, desmoplasia, oncofetal stroma, TAF, my-
ofibroblast, and fetal-type fibroblast have been
defined (4). Great interest is being directed toward
the functional impact of TAF on tumor cells (4), as
well as toward the fibroblast-host cell interactions
within the tumor tissues (2). It has been shown that
diverse fibroblast-derived cytokines and ECMs can
affect the invasion of breast carcinoma cells (78).
In coculture experiments utilizing immortalized
human epithelial cells and stromal cells derived
from human carcinomas, the tumor stromal cells
could induce permanent carcinogenic changes in
the epithelial cells, eventually leading to tumor
independence from the microenvironment (76).
Breast TAFs exhibit greater proliferative profiles
than their normal counterparts (79), suggesting that
breast tumors can also influence TAFs. In a study
analyzing a variety of breast fibroblasts derived from
various stromagenic stages, investigators observed
that fibroblasts from patients with benign breast
lesions display a different migratory phenotype than
breast carcinoma-associated fibroblasts, suggesting
phenotypic variation in stromagenic stages (80).
The above-mentioned study revealed heterogeneity
among fibroblast derived from stromal interlobular
samples compared to intralobular fibroblasts, which
are more tightly associated with epithelial breast
tissue. The study also presented statistical evidence
for the presence of functionally aberrant intralobular
fibroblasts in histologically normal breast tissue
neighboring carcinomas (80). When confronted with
tumor cells, fibroblasts convert into a graded pattern
of embryonic-like or myogenic-differentiated in the
immediate vicinity of tumor cells (81). Furthermore,
multiple reports screening pathological cancer-
ous stromas have observed hyper-differentiated
or de-differentiated stromal phenotypes. Hyper-
differentiated stroma or desmoplasia (3,4,82-87)
consists of senescent TAFs presenting a myofi-
broblast morphology. Desmoplastic stroma are
enriched in strong condensed microfilaments, re-
sembling those observed in chronic inflammatory
diseases, granulation tissue, and scar-forming tissue
found during wound healing (88). Although this
pathology has been implicated in invasive tumor
growth (89,90), the presence of desmoplasia may
also be linked to a controversial prognosis of a
relatively elongated lifetime (91,92). Smooth mus-
cle actin, vimentin, desmin, and tenascin-C are
classic molecular markers upregulated in desmo-
plastic stroma (93). In comparison to desmoplasia,
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de-differentiated or oncofetal stroma show a
different morphology (3,4,34). Oncofetal stroma are
thick, flaky, and largely disorganized (4,34). TAFs in
oncofetal stroma share similarities with embryonic
fibroblasts, appear to proliferate more, and their
stroma often lose differentiation markers such as
smooth muscle actin. Instead of differentiation
markers, oncofetal stroma express fetal mesenchy-
mal autocrine (and paracrine) factors found early in
cancer-progression, such as the fetal splice variant
form of fibronectin known as oncofetal-fibronectin
(94-96), and migration-stimulating factors normally
present on developing mesenchyme that induce fast
migration and proliferation (34,97). In breast cancer,
re-expression of laminin B2 chain, which is normally
present within embryonic matrices, and the ability
of tumor cells to grow and metastasize are affected
by the presence of adjacent host cells, particularly
fibroblasts and in some instances myofibroblasts (1).
Extensive ECM accumulation, including collagen
types I, III, and V, fibronectin, elastin, and proteo-
glycans, are increased within activated stromas (1).
Although desmoplastic and oncofetal TAFs share
similar phenotypic characteristics (98-101), it is not
clear if they are derived from each other or arise
independently. However, desmoplasia is restricted
to the tumor microenvironment, while oncofetal
stroma can be observed as an “extended field effect”
within the skin of about 50% of patients with breast,
colon, lung, prostate carcinomas, melanomas, or soft
tissue sarcomas (97). Current therapeutic strategies
targeted at the tumor microenvironment provide
a novel means of controlling tumor growth and
metastasis (20) and are directed primarily to the
control of “activated” desmoplastic or oncofetal
stroma. However, since the presence of activated
stroma usually indicates an advanced stage of cancer
progression with little or no potential for reversion
(3,4,34,102), intervention at an earlier stage of
stromagenesis may hold greater therapeutic promise.

VISUAL-QUANTIFICATION
OF STROMAGENESIS

Recently, a call made by the National Cancer
Institute to focus on tumor-stroma interactions in
cancer research resulted in a special publication of
the journal Differentiation dedicated to the tumor
microenvironment (Vol. 70, 2002). The crucial con-
tribution of the tumor microenvironment to tumor
development and progression needs to be brought to
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the forefront of cancer research. The editors declared
that elucidating the molecular mechanisms underly-
ing these interactions should be a high priority of can-
cer research (20). A significant lack of information
in the literature that describes the mechanistic al-
terations within primed and activated stroma high-
lights the need for technological tools enabling di-
rect visual observations of stromal dynamics and
cell-matrix interactions within a physiologically rel-
evant 3D system. In this part of the review we
will emphasize identifying the availability of both fi-
broblastic and ECM stromal markers that are dif-
ferentially quantifiable throughout the stromagenic
stages, offering means for digital imaging in diagnos-
tics. We will describe some visual quantitative ap-
proaches and technologies proposing new means of
studying stromagenic mechanisms and stromagenic-
dependent breast cancer permissiveness.

Quantifiable Breast Stromal Fibroblastic Markers

Fibroblastic cells from normal, primed, or acti-
vated breast stromal tissues present multiple quan-
titative differences in gene expression even when
grown in isolation (75,103). Some stromal genes, such
as CD34 (104) or decorin (105), are downregulated
during breast stromagenesis, while others, such as
the smooth muscle actin indicative of myofibroblas-
tic differentiation (75,104), are upregulated. The pro-
tein SPARC, also known as osteonectin (51), and
the migration stimulating factor (106) have been
shown to be overexpressed by stromal cells. More-
over, phenotypic and genetic alterations in mam-
mary stroma similar to the presence of the above
mentioned markers have been implicated in tumor
progression (107). Syndecan-1 has been found to be
required for the growth-promoting activities of re-
active breast stroma. This transmembrane receptor
is expressed in developing mammary breast fibrob-
lastic stroma and during stromagenesis. Moreover, a
glycanated syndecan-1 dependent growth-promoting
loop between breast cancer cells and their stroma has
been postulated (108), suggesting that stromal induc-
tion of syndecan-1 promotes breast carcinoma cell
growth. Other visually detected components within
stromagenic fibroblasts are markers for stromagenic
processes, such as the loss of stromagenic quiescence
and loss of homeostasis (3,4), or the morphological
changes in stromagenic fibroblasts (87,90,109). Per-
haps the most clearly identifiable fibroblastic stro-
magenic marker is the protein FAP (67,72), which,
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incidentally, was the first therapeutic stromal target
(72). Unfortunately, although it is differentially ex-
pressed in tumor stroma, FAP use as a marker is con-
troversial because it has also been associated with a
positive prognostic outcome when expressed within
stromagenic tissue (9/), emphasizing the need for
more detailed studies describing FAP activity and its
effects during stromagenesis. Thus, most fibroblastic
stromagenic markers are either over- or under- but
not differentially-expressed during stromagenesis,
or, if specifically expressed, their functional signif-
icance within the stroma is not clear. Therefore,
developing stromagenic systems that can accurately
mimic the three stromagenic stages are needed in or-
der to assist in the study of stromagenic processes
and consequently identify fibroblastic stromal mark-
ers. These markers should not only serve as tools for
uncovering the fibroblastic mechanisms during stro-
magenesis but could potentially be brought back to
the clinic and targeted in an attempt to restrict can-
cer progression by stromal regression, thus eliminat-
ing breast cancer as a life-threatening disease and rel-
egating it to the status of a chronic disorder.

Quantifiable Breast Stromal ECM Components

Most stromagenic processes are evident within
the stromagenic ECM. One of the most dynamic and
abundant mesenchymal ECM proteins is the glyco-
protein fibronectin. There is a well known patho-
logical association with the plasma increase of fi-
bronectin, since fibronectin goes through a series
of breakdowns by neutral proteases. Several of its
proteolytic breakdown products exhibit unexpected
and mostly harmful biological activities which trig-
ger effects that induce and support malignant trans-
formation (110). Moreover, one of the early signs
of malignant transformation is the fragmentation of
pericellular fibronectin concomitant with altered pro-
duction of this protein in the tumor stroma (110).
The amount of fibronectin mRNA detected in tumor
stroma is different within carcinomas and normal
tissues. The fibrillar organization of fibronectin and
other ECM proteins is tightly regulated and mod-
ified during stromagenesis (1//). It is known that
the physical state of fibronectin regulates the com-
position and stability of ECM fibrils and cell-matrix
adhesions (112). Therefore, one could assume that
the patterning or topographical organization of a
tumor-affected stromagenic ECM is directly de-
pendent on its fibroblastic state and, at the same
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time, clearly reflected in its ECM characteristics. Fi-
bronectin can be expressed not only in different
amounts and patterns but as differentially spliced
variants that are indicative of stromagenic stage and
type (80,95,106,107,113). The presence or absence of
these differentially spliced variants within stroma can
assist in both sorting and predicting the stromagenic
potential of a given tumor. Fibronectin provides a
supporting scaffolding and a positive feedback stimu-
lator of tumor growth; high expression of fibronectin,
as well as collagen and tenascin-C among others, al-
ters cell-matrix interactions of the stroma. These in-
teractions are modified by soluble factors, such as
TGF-p;, that play important roles in tumor stroma
dynamics (710). We suggest that the amount of fi-
bronectin within a given stroma and the fibronectin
to collagen and fibronectin to tenascin-C ratios can
be used for characterizing stromagenic ECMs by
type (desmoplastic or oncofetal) and stage (normal,
primed and activated).

As previously mentioned, tenascin-C and its
splice variants have been found to be differen-
tially expressed during breast stromagenesis (1/4).
Tenascin-C not only induces metalloproteinase-9 ex-
pression directly and by collaboration with TGF-
B, but it also alters the stromal ECM dynamics
(87,114,115). Even more important, tenascin-C can
be converted from a nonadhesive into an adhesive
substrate for inducing T cells by the matrix dy-
namic modulator urokinase plasminogen activator
(111). So, fibronectin, collagen, tenascin-C, as well
as additional ECM associated glycoproteins, are all
quantifiable stromagenic markers that should pro-
vide mechanistic-stromagenic information as identi-
fication tools for all the stromagenic stages.

Soluble factors, such as TGF-8, are also
important stromagenic components. TGF-8 has been
described as having both tumor-suppressing and
oncogenic functions. In epithelial cells, TGF-8 has
tumor-suppressing effects by initially controlling tu-
mor growth; loss of TGF-p signaling in stromal fi-
broblasts leads to intraepithelial neoplasia (116).
Only later, during tumor progression, epithelial cells
cease to respond to TGF-g growth inhibition, though
they may still overproduce this cytokine. Thus, TGF-
B can not only induce an epithelial to mesenchymal
transition, enhancing the invasive and metastatic be-
havior of the tumor cells, but it also can create a stro-
magenic immunosuppressive environment that fos-
ters tumor growth and promotes differential ECM
dynamics that upregulate collagen I deposition (717).
These ECM changes might result in variations in
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plasticity and pliability of the stromagenic environ-
ment that can further increase the stromal tumor per-
missiveness (118). An additional group of resident
ECM soluble factors are the proteases, more specif-
ically the metalloproteinases, which are believed to
play important roles in stromagenic dynamics and in
facilitating angiogenesis, as well as in tumor invasion
(22,39,40,42—45,48). Telomere length has been asso-
ciated with malignant breast cancer phenotypes but
not TAFs (119) and alterations in proteases, as well
as their inhibitors during stromagenesis, have been
shown to cause changes in breast epithelial telomere
length (48). The overexpression of the endoglycosi-
dase heparanase in mammary glands is associated
with basement membrane degradation and ECM re-
modeling, which leads to excess branching and ab-
normal formation of alveolar structures, as well as in
widening of the ducts resulting in an activated fibrotic
stroma (120).

All the above-mentioned markers are de-
tectable and visually quantifiable and could serve for
stromagenic-related studies. As a result, it might be
possible to relate the quantitative protein content of
a given molecule during stromagenesis to properties
of the stroma, such as pliability. Establishing these
relationships may assist in understanding not only
the mechanisms behind stromagenesis that are re-
sponsible for inducing breast cancer progression but
also provide insights into methods for manipulating
the stroma affecting tumor permissiveness for future
therapeutic intervention.

Quantitative Visual Measuring Strategies and
Technologies Applicable in Stromagenic Studies

In order to improve physiological relevance,
many investigators utilize a variety of approaches
that mimic various aspects of stromagenesis and
tumor-stroma interactions. These approaches have
led to developing a series of in vivo-like 3D systems
(121,122) that improve disease target identification,
drug design, and drug resistance (123—-125). Some
systems reconstitute epithelial basement membranes
in 3D cultures and have shown that they can regu-
late mammary differentiation (7/26), while others test
2D versus 3D basement membrane effects on epithe-
lial cancer progression (127). Selected systems utilize
mesenchymal-like 3D collagen gels (53,128), while
others use fibroblast-derived 3D matrices (17,57,129-
131), all of which are believed to be physiologically
relevant for studying fibroblast biology while offer-
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ing new opportunities to understand the reciprocal
and adaptive interactions that occur between breast
cells and the surrounding matrix in a tissue-like en-
vironment. Various other culture systems recapitu-
late other aspects of tumor—stroma interactions and
ECM stromagenic dynamics, such as heterotypic co-
cultures (29,132-134). Others use animal models for
xenografts of various cells (25,71,135,136). We be-
lieve that a variety of these systems can be used in
a visually quantitative manner in order to enable re-
searchers to conduct mechanistic studies uncovering
stromagenic mechanisms and their involvement in
stromagenic-induced breast cancer progression. The
need for quantitative digital analyses stems from the
difficulty of applying classic biochemical and molec-
ular approaches to heterogeneous and diverse cell
populations. Moreover, in many instances the impor-
tance of the dynamic localization of the proteins or
cells requires a visual approach.

Several of the putative markers expressed dur-
ing stromagenesis can be differentially identified and
semiquantified during stromagenesis by immunohis-
tochemical methods. Moreover, multi-photon mi-
croscopy provides an opportunity to image specific
molecular distributions and signals in living cells with
improved sensitivity and diversity over the classic
laser scanning confocal microscopy. Since multi-
photon microscopy does not involve the need to ex-
cite the tissue outside the desired focal area, cells tol-
erate repeated images of protein auto-fluorescence.
Most multi-photon microscopy studies in biologi-
cal systems have relied on two-photon excited flu-
orescence to produce images. The broadly used
multi-photon microscopy uses nonlinear light-to-
matter interactions to provide contrast and opti-
cal sectioning capabilities for high-resolution imag-
ing, offering deep penetrating and real time imaging
capabilities. With increasing applications of multi-
photon microscopy to thick-tissue “intravital” imag-
ing, second-harmonic generation from structural pro-
teins has emerged as a potentially important new
contrast mechanism. Thus, it is possible to image
cells and extracellular matrices in vivo by using
second-harmonic generation and two-photon excited
fluorescence (137-139). In addition, dual or multi-
channel approaches can be used to differentiate in
vivo stroma from tumor or angiogenic markers. The
most accepted approach for quantifying differen-
tial expression of markers is the use of indirect im-
munochemical or immunofluorescent methods. For
example, dual-color fluorescence imaging visualizes
the tumor-host interaction by whole-body imaging
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and at the cellular level in fresh tissues, dramati-
cally expanding previous studies in fixed and stained
preparations (140). The dual-color approach has
paved the way for introducing multi-channel acqui-
sitions utilizing the various commercially available
Meta- or Spectra-imaging systems. These systems
have the added capability of simultaneously excit-
ing samples and emitting images from customizable
multi-wavelength settings.

Many investigators use imaging techniques to
follow changes of molecules and cells migrat-
ing within 3D mesenchymal systems. Following
morphological changes and migratory patterns of
cancer cells within collagen gels has permitted inves-
tigators to study the complexity of tumor cell migra-
tion, allowing the incorporation of not only knowl-
edge of intracellular pathways, but also fundamental
parameters of migratory behavior into the theories
of tumor cell migration and metastasis (/41). This
approach has, for example, described various strate-
gically interchangeable mechanisms by which cells
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migrate within fibrous 3D microenvironments. In-
vading cells can utilize either “mesenchymal” or
“amoeboid” movements by turning on and off dis-
tinct signaling pathways, such as those involving ma-
trix proteases or the Rho/ROCK pathway (/42—
148).

Using fibroblastic stromal-derived 3D matrices
for measuring the effects of stromagenic matrices
on cell morphology and motility can be performed
by quantitative digital analyses (Fig. 2, (17,130)).
Moreover, morphological changes such as cell shape
change can be quantified within physiologically rel-
evant 3D microenvironments. These measurements
have shown that the morphology of a given cell
is dependent on the molecular content, the three-
dimensionality, and the pliability of the substrate
(17,149). Digital analyses of attachment and mor-
phology of cells within fibroblast-derived 3D ma-
trices, correlated with measurements of stroma-
induced cell proliferation and phosphorylation or ac-
tivation state of key signaling molecules (17,131),

Fig. 2. Fibroblastic motility within stromal-derived 3D matrices. The figure shows the tracking motility and directionality
of a human fibroblast within a murine fibroblast-derived 3D matrix for a period of 6 h. The top panel represents a chrono-
logical montage of seven digital images acquired at 1-h intervals following a specific cell. The bottom panel represents the
same images on which the path trajectory of the individual cell has been systematically traced. The right panel represents
the final path track and relative distance. Note that the trajectory-path length and the measured relative distance (A-Z) are
349.7 pm and 349.5 um, respectively, rendering a directionality rate of 1.0006, which is very close to 1, indicating a consid-
erable directional motility, whereas the calculated motility rate for the given example is 58.3 um/h. Bar represents 100 um.
This figure is a reproduction from “Cell migration analyses within fibroblast-derived 3D matrices. In: Guan J, editor. Cell
migration: Developmental methods and protocols. Totowa, NJ: Humana Press.” (130).
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provide means for deciphering mechanistic events
that trigger stromagenesis.

We trust that this review provides compelling
evidence for concluding that during stromagenesis a
battery of changes are observed which induce and
support tumor progression. Furthermore, investiga-
tors now have the tools necessary for conducting
breast stromagenic studies utilizing systems and tech-
nologies for uncovering the mechanisms behind stro-
magenic permissiveness during tumor progression.
Hence, we are confident that it is only a matter of
time before novel therapeutic targets for stromagenic
obstruction are revealed, and that this will produce
strategies for maintaining breast cancer in a chroni-
cally innocuous state.
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