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Donald E. Ingber Ashley Gibbs Bischof

Extracellular Matrix as a Key Mediator of Mammary Tumor
Cell Normalization

ABSTRACT

Some epithelial cancers can be induced to revert to quiescent differentiated tis-
sues when combined with embryonic mesenchyme; however, the mechanism of this
induction is unknown. This dissertation is based on the hypothesis that because extra-
cellular matrix (ECM) plays a critical role during organ development in the embryo,
it also may mediate the differentiation-inducing effects of embryonic mesenchyme on
cancer cells. To test this hypothesis, I first optimized methods to isolate ECMs from
whole tissues or cultured cells, and to repopulate them with cultured cells, using
embryonic tooth as a model system. In Chapter 2, I describe these studies and use
them to demonstrate that embryonic ECM is sufficient to regulate odontogenic sig-
naling, cell fate decisions and histodifferentiation during normal tooth development.
In Chapter 3, I adapt these methods to show that culture of breast cancer cells with
ECM derived from embryonic mammary mesenchyme decreases tumor cell prolifera-
tion, and stimulates differentiation, including formation of hollow acini and ducts as
well as enhanced expression of estrogen receptor-oc and decreased migration. Further,
when the inductive ECMs were injected into fast-growing breast tumors in mice, they
significantly inhibited cancer expansion. Critically, the differentiation observed with
ECM was the same as that observed in co-culture with mammary mesenchyme cells,
showing that ECM is playing a dominant role in tumor cell normalization. In Chapter
4, 1 then set out to determine the mechanism by which embryonic ECM normalizes
tumor cells, I analyzed the contributions of bound cytokines, ECM composition and
mechanics. Western blot analysis revealed several bound growth factors, which re-

mained following decellularization; however, removal of these growth factors using

il
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high salt washes had no effect on ECM-mediated normalization of tumors. Further,
using proteomics analysis I identified eleven ECM proteins present only within in-
ductive ECMs and by testing these proteins in 3D culture, I found three proteins
— collagen III, biglycan and SPARC — that increased lumen formation to a similar
extent as embryonic ECM. These data confirm that mesenchyme-induced tumor cell
normalization is mediated by the insoluble ECM, and reveal the identity of some of

the inductive molecules responsible for these effects.
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Introduction

ANCER is generally viewed as an irreversible genetic disease of uncontrolled cell
C growth and hence most of the current treatment options focus on the use of
toxic and/or anti-proliferative therapies. However, some epithelial cancers have been
shown to revert to normal tissue when combined with embryonic mesenchyme. For
example, 40 years ago DeCosse et al. showed that embryonic mammary mesenchyme
can induce morphological normalization of mammary tumors, effectively reversing
cancer [1], and similar results have been obtained in multiple experimental models

[2-4]. The mechanism of this cancer reversion remains unclear; however, it appears



to be mediated, at least in part, through changes in extracellular matrix (ECM). For
instance, insoluble ECM materials deposited at the normal epithelial-mesenchymal
interface (laminins, collagens, and various proteoglycans) during development can
similarly induce normalization of cancer [5-8|. Separate studies show that alterations
in ECM structure and composition can also drive epithelial cancer formation [9-11].
Thus, an understanding of the properties of the mesenchyme and ECM that regulate
tumor progression could provide new targets for anti-cancer therapies.

In this thesis, I set out to test the hypothesis that embryonic ECM plays a critical
role in histodifferentiation and cell fate decisions that may drive tumor cell normaliza-
tion in vitro and in vivo, with a focus on breast cancer. I did this by exploring whether
embryonic ECM is responsible for the tumor normalization behavior of mesenchymal
cells, and by defining key features of the embryonic ECM that are necessary for tumor
cell normalization. In this Chapter, I begin by reviewing the molecular and biophys-
ical properties of ECM, and the role they play during embryonic development and
tumor progression. In Chapter 2, I describe the development of methods to isolate in-
tact ECM from embryonic tissue sections and cultured embryonic mesenchymal cells,
and to culture cells on these substrates using mesenchyme isolated from embryonic
tooth germ as a simple model system. Using this approach, I was able to demon-
strate that embryonic ECM is sufficient to stimulate histodifferentiation and cell fate
decisions during normal development. Chapter 3 adapts these methods to show that
these same insoluble ECMs, isolated from early embryonic mammary mesenchyme,
are sufficient to induce normalization of tumor epithelial cells both in vitro and in
vivo. In Chapter 4, I use proteomics, western blot, and atomic force microscopy
(AFM) studies to define features of inductive embryonic ECMs that are critical for
their inductive activity. This work led to the identification of three ECM proteins

that are sufficient to induce tumor normalization in vitro. Finally, in Chapter 5, I



discuss the implications of this work, consider potential limitations, and explore how
these insights might facilitate the development of a tissue engineering approach to

tumor therapy in the future.

1.1 Regulation of Cell Behavior by Extracellular Matrix

ECM scaffolds have unique physical, biochemical, and biomechanical properties that
are essential for regulating cell behavior (reviewed in [12-14]). The physical prop-
erties of the ECM (i.e., rigidity, porosity, insolubility, topography, and mechanics)
determine its role as a scaffold that supports tissue architecture and integrity [15, 16],
as well as directs cell migration [17-19] and cell fate [20-22]. The biochemical proper-
ties of the ECM allow cells to sense and interact with their environment using various
receptor-mediated signal transduction cascades emanating from the cell surface to the
nucleus, resulting in changes in gene expression and cell behavior [23-25]. The highly
charged ECM network, rich in polysaccharide modifications can also bind growth
factors, limiting the diffusive range, accessibility, and signaling of ligands [26, 27].
Additionally, it is important to note that these signals are highly dynamic, inter-
twined and reciprocal. The ECM is constantly being synthesized, remodeled, and
degraded which alters both matrix composition as well as structure and mechanics,

and these changes in turn regulate cell behavior as well as ECM protein metabolism.

1.1.1 Extracellular matrix composition

The ECM is composed of several distinct families of molecules including collagens
and non-collagenous glycoproteins, glycosaminoglycans (GAG), and proteoglycans
with different physical and biochemical properties. These components make up the

basement membrane, produced jointly by the epithelium or endothelium and stroma,



as well as the interstitial matrix, primarily made by the stromal cells. The basement
membrane, which is made up of type IV collagen, laminins, fibronectin, and liner
proteins such as nidogen, enactin and tubulointerstitial nephritis antigen (TIN-ag),
is more compact and less porous than interstitial matrix, functioning as a barrier be-
tween epithelial and stromal compartments. The interstitial matrix is highly charged,
hydrated and contributes greatly to the tensile strength of the tissue; it is rich in fibril-
lar collagens, proteoglycans, like biglycan, and various glycoproteins such as tenascin
C, fibronectin, vitronectin, and fibrillin.

The most abundant proteins in the human body are collagens. There are at least
28 collagens, classified into both fibrillar and non-fibrillar forms, that share a com-
mon structural motif of helical fibrils formed by three protein subunits [28]. The
primary function of the collagens is to act as the structural support and binding
partners for other ECM proteins. There is also a diverse array of non-collagenase
glycoproteins represented by several families of proteins with diverse origins. Many
of these molecules are composed of multiple chains (e.g., laminin trimer, fibronectin
dimer) that further undergo alternative splicing depending on the developmental stage
and tissue-specific context of their expression. However, despite the wide variation in
ECM glycoprotein structure, many share analogous functions and common structural
motifs, such as the adhesive Arg-Gly-Asp (RGD) sequence.

GAGs are linear, unbranched polymers of repeating disaccharides composed of
a hexosamine and uronic acid. The abundance of carboxyl, hydroxyl, and sulfate
groups (e.g., chondroitin, dermatin, keratin and heparin-sulfates) give GAGs a net
negative charge, which attracts Na®. This draws water in creating swelling which
opens pathways to promote invasion and migration of cells [29]. Most GAGs, with
the exception of hyaluronan, are further covalently linked to a core protein to form

proteoglycans. Biglycan, for example, consists of a core protein of 331 amino acids



covalently bound to two chondroitin sulphate- or dermatan sulphate-containing GAG
side chains [30].

Another class of ECM molecules, called matricellular proteins, including throm-
bospondin, SPARC (secreted protein, acidic and rich in cysteine), galectin, tenascin-
C, periostin, and osteopontin, do not function as structural elements but interact
with ECM proteins and cells to modulate cell-matrix interaction [31, 32]. For ex-
ample, SPARC binds rapidly to precise components of the ECM, such as collagens
[33], and modulates the interaction of cells, inhibiting cell adhesion and cell cycle
progression [34, 35]. Through these activities SPARC has been shown to inhibit both
adipogenesis and tumor progression [36].

The diverse array of ECM proteins support the physical structure of the cell and
various biological functions, largely through their ability to bind different partners
such as other ECM proteins, growth factors, signal receptors and adhesion molecules,
mediated by multiple, specific domains present within each protein. Fibronectin,
for example, contributes to the structural framework by binding to collagens and
heparin sulphate proteoglycans (HSPGs) through its type I and type II domains [16],
as well as binding to cells through its short RGD motif in the type III domain [37].
Interaction of ECM proteins can be critical for the formation of the scaffold, for
example, fibrillin-1 binds with itself and other ECM proteins to form microfibrils,
which provide a scaffold for deposition of elastin [15], a major structural fiber in

ECM. Fibrillin-1 further binds cell surface integrins and transforming growth factor
B (TGFf), limiting the bioavilability [38].
1.1.2 Growth factor signaling

ECM proteins also influence cell behavior by immobilizing growth factors that can

induce cell surface receptor signaling when they come in contact with adjacent cells,



or when they are released in a soluble form. ECM-bound growth factors can be
released locally and bind to their canonical receptors, creating gradients of the soluble
diffusible morphogen [26, 27]. Alternatively, many ECM proteins have binding sites
for both cells and growth factors creating a local increase in concentration adjacent to
cell surface receptors and in some cases serving as a cofactor. For example, fibroblast
growth factor (FGF) binds HSPG and can be cleaved off by heparanase to be released
as a soluble ligand or FGF can bind both its receptor and HS creating a higher affinity
bond in the complex [39]. ECM proteins can also bind growth factors and sequester
them from cells, releasing them only when triggered during physiological events such

as wound healing [40], thereby controlling growth factor availability.

1.1.3 Extracellular matrix mechanics

The mechanical properties of ECM scaffolds have also been shown to play a critical
role in controlling cell behavior. AFM has been used to image and characterize
mechanical properties of living materials such as cells and tissue sections at high
resolution [41] showing that the cell niche varies from 100 Pascal (Pa) for brain
tissue to more than 30 kPa for calcified bone. These differences are critical for cell
behavior, for example, undifferentiated mesenchymal stem cells grown on polymer gels
mimicking the ECM elasticity of brain, muscle, or bone begin to express neuronal,
skeletal muscle, or bone makers respectively [22]. Differentiation can be blocked using
pharmacological inhibitors of myosin motor proteins [22], which are responsible for
generating traction forces against the matrix and modifying the tension within the
cell based on the substrate stiffness [42].

Multiple mechanisms have been identified through which mechanical forces applied
at the cell surface or generated within the contractile cytoskeleton can alter cellu-

lar biochemistry and produce transcriptional alterations [43]. Mechanical signals are



sensed by integrins, which transfer the physical forces across the plasma membrane,
converting them to biochemical signals within cell surface focal adhesions to trigger
transcriptional changes in the nucleus through modulation of downstream signaling
cascades [44, 45]. One of the most rapid mechanical signaling pathways upstream of
transcription involves activation of mechanosensitive ion channels on the cell surface
triggered through mechanical strain applied to ECM-bound integrin [46]. Mechan-
ical cues transmitted through focal adhesions also facilitate chemical signals that
modulate the Rho signaling pathway, which feeds back to control phosphorylation
of myosin IT and the generation of cytoskeleatal tension [47, 48]. Signaling path-
ways affected by these factors are involved in controlling multiple cellular processes,

including migration, growth, differentiation, and matrix remodeling [25, 45, 49, 50].

1.2 Extracellular Matrix and Organogenesis

Branching morphogenesis is one of the most common processes in epithelial organ
development as it allows tissues to maximize their surface area to overcome space
constraints posed by organ size. This process occurs in the lung, kidney, mammary
and salivary glands as well as skin appendages, such as teeth and hair follicles. Al-
though the mature form of these organs diverge greatly in size, shape, and function,
their early developmental stages are remarkably similar at the morphogenetic and
molecular levels [51]. In each case, the initiation of organogenesis is marked by the
localized thickening in the surface epithelium to form a placode that subsequently
invaginates into the underlying mesenchyme to form a bud. The formation of each
of these organs is regulated by reciprocal and sequential interactions between the ep-
ithelial and mesenchymal tissues, which is mediated by signaling pathways, including

Wnt, bone morphogenetic protein (Bmp), FGF, TGFf, hedgehog (Hh), and tumor



necrosis factor (Tnf) and their downstream transcription factors.

One of the simplest examples of organ development is the tooth as it only undergoes
a series of two budding or folding events rather than an extensive series of such events
as observed in other developing organs. Because of its simplicity, I began my studies
using embryonic tooth development as a model system. In the mouse embryo, tooth
formation is preceded by the formation of the dental lamina, a horseshoe shaped stripe
of thickened epithelium, from which all mammalian teeth bud. Odontogenesis begins
with a local thickening of the dental epithelium to form a placode at embryonic day 10
to 11 (E10-E11). At E12, the dental epithelium buds into the underlying mesenchyme,
which signals the underlying mesenchyme to condense around the bud by E12-E13.
During subsequent morphogenesis, the epithelium folds and grows to surround the
dental papilla mesenchyme called the cap stage and the final shape of the tooth crown
becomes fixed during the bell stage [52].

Throughout branching morphogenesis, sequential and reciprocal interactions be-
tween the epithelial and mesenchymal tissues are critical for regulating appropriate
organ formation. During tooth development in the mouse, the early (E10-11) dental
epithelium contains all of the information necessary to reprogram adjacent early den-
tal mesenchyme. However, this ondontogenic potential shifts from the dental epithe-
lium to the mesenchyme after E12.5, corresponding with formation of the epithelial
bud and the condensation of the underlying mesenchyme [53-55].

This process of cell compaction, known as ‘mesenchymal condensation’, has long
been known to be a key step in the formation of many specialized organs (e.g.,
tooth, breast, liver, lung, kidney, etc.; [56, 57]) and it was recently discovered by
Dr. Tadanori Mammoto in the Ingber laboratory that this mechanical compaction
results in changes in cell shape, which induce expression of critical odontogenic tran-

scription factors (Pax9, Msx1) and a molecular morphogen (BMP4) [58]. When



undifferentiated (E10) dental mesenchyme cells were cultured on ECM islands at
high plating density, leading to similar cell compaction to that seen at E13 in vivo,
expression of these critical odontogenic factors increased significantly even in the ab-
sence of exogenous morphogens, showing that physical cell compaction dictates cell
fate during embryonic tooth organ formation. Further, it has been suggested that
mesencymal condensation is supported in part by ECM accumulation; both collagen
VI and tenascin C are upregulated within the condensed mesenchyme as well as high
density cultures of dental mesenchyme [58].

As I focus on breast cancer as a developmental disease in this dissertation, it is
important to understand normal breast anatomy and development. The mammary
gland is composed of two main tissues: the epithelium and the stroma, called mes-
enchyme in the embryo. In the adult, columnar luminal epithelial cells line the
mammary ducts and are surrounded by specialized, contractile myoepithelial cells.
Outside the myoepithelial cells is the basement membrane, a specialized layer of ex-
tracellular matrix molecules which separates the epithelium from the stroma. The
stroma consists of both cellular and acellular components. Stromal cell types include
fibroblasts, adipocytes, endothelial cells as well as cells of the immune system [59].
The most predominant component in the mammary gland ECM is type I collagen,
however, the ECM also includes other fibrillar collagens type 111, and V, bead-filament
collagen VI and IX as well as basal lamina collagen IV, laminins and proteins known
to effect crosslinking, such as elastin, fibrillin 1, decorin, lumican, and biglycan [60].

In the embryo, the formation of the mouse mammary gland begins at E10 with the
formation of two milk lines, which run in an anteroposterior direction ventrally along
each flank of the embryo. Between E10 and E11 five mammary placodes appear at
reproducibly precise positions on each milk line. During the following day the epithe-

lial thickening invades into the underlying dermal mesenchyme to form buds. From



E12.5-E14.5 the epithelial bud experiences a period of relative morphogenetic quies-
cence, growing slightly in size but not changing shape. The mesenchymal cells directly
surrounding the epithelial bud become more densely packed and orient themselves in
concentric layers, becoming the mammary mesenchyme while the deeper mesenchyme
under the mammary bud differentiates into the dense fat pad precursor by E14.5. By
E15 epithelial cell proliferation increases, and the buds begin to elongate at the tip
and push through the dense mesenchymal layer towards deeper layers of the dermal
mesenchyme and the fat pad precursor. Up until birth (~E19) the epithelial tissue
undergoes further proliferation and bifurcation at the leading tips of the ducts to
form a simple ductal tree, which is present in the neonate [61, 62].

As with other ectodermal appendages, the mammary gland is formed by reciprocal
and sequential interactions between the epithelium and the mesenchyme. Studies
by Propper et al., as early as 1968, suggested that mammary mesenchyme induces
the overlying ectoderm to form epithelial buds using in vitro cocultures of mammary
mesenchyme and non-mammary ectoderm [63, 64]. However, it was only confirmed
much later by Cunha et al. that E13 embryonic mouse mammary mesenchyme can in-
struct midventral epidermis of E13 rat embryos to form functioning mammary ducts
in adult female mice [65]. When grown in lactating female hosts, induced mammary
epithelial cells form lobuloalveolar structures and express casein and «-lactalbumin,
demonstrating that embryonic mammary mesenchyme can induce mammary epithe-
lial differentiation both morphologically and functionally. However, mammary gland
identity within the embryo appears to be determined as early as E12. Heterotypic
recombination of salivary gland mesenchyme with mammary epithelium results in
ductal branching patterns resembling the salivary gland, but displays functional cy-
todifferentiation of the mammary epithelium [66].

The two different mammary mesenchymes, which arise at E14.5, appear to have
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separate regulatory roles during embryonic development. The densely packed mam-
mary mesenchyme just adjacent to the epithelial bud induces embryonic or adult
mammary epithelium to undergo atypical compact ductal branching, giving rise to
ductal patterning similar to the salivary gland [67]. In contrast the fat pad precursor
cells elicit a more diffuse pattern of ductal branching characteristic of the adult mam-
mary gland [68]. However, so far only the mammary mesenchyme has been shown to
induce non-mesenchyme embryonic epidermis to undergo mammary morphogeneisis
as well as functional differentiation [65]. It has been proposed that these differences
in epithelial behavior are caused, in part, by ECM composition. The fat pad mes-
enchyme, which appears in close apposition to regions of the epithelial rudiment that
undergo elongation and branching in the embryo, induces expression of laminin and
protoheparan sulphate that are also found abundantly in the developing mammary
gland during puberty [69]. These results suggest that the abundance, composition,
organization and remodeling of ECM all act as crucial regulators of epithelial cell

behavior.

1.2.1 Extracellular matrix as a control element during morphogenesis

Most past work on embryonic development and cancer has focused on the role of
soluble chemical factors, genes and signaling molecules. However, the development
of branched organs involves the invasion of epithelial tissues into surrounding embry-
onic mesenchyme rich in ECM. During organ morphogenesis, the ECM is constantly
changing its composition and spatial distribution and it is the combinatorial effect
of multiple ECM molecules as well as their dynamic regulation that instructs mor-
phogenesis. In fact, manipulations to either reduce or promote deposition of individ-
ual ECM proteins can inhibit branching. In ez wvivo organ cultures of the salivary

gland, for example, addition of either synthetic laminin «l1 G-domain peptides or of a
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function-blocking antibody directed against laminin &1 G-domain inhibits branching
[70], and similar results have been seen with collagen in the embryonic mammary
gland [71-73]. Thus, a single ECM component can have functions that both promote
and attenuate cell behaviors important for branching depending on the spatiotempo-
ral context.

The organization of the ECM within the branching structures of the mammary
terminal end buds is critical for normal morphogenesis, and gives clues regarding the
function of different ECM molecules. The tips of terminal end buds have a thin ECM
rich in hyaluronic acid [74], and enhancing ECM binding using 1 integrin activating
antibody inhibits branching [75], suggesting that reduced adhesion to ECM in this
region is required for epithelial invasion. Conversely, thick ECM composed primarily
of collagen IV, laminin 1, laminin 5, and HSPG [71] surrounds the bud flanks, pro-
viding a fibrous ECM to maintain the tubular architecture [76]. However, this fibrous
ECM is not just a physical barrier, it is also required for signaling. Discoidin domain
receptor 1 (DDRI1) is a receptor tyrosine kinase which when lost in the mammary
gland causes branching defects, in part due to hyperproliferation [77]. Interestingly,
DDR is phosphorylated only when ligated by fibrillar collagen and not denatured
collagen fragments [77], thus the fibrous ECM in the bud flanks promotes a quiescent
state likely required for stabilization of these structures.

Expression patterns of ECM molecules in branching organs have also highlighted
the difficulty of analyzing contributions of ECM to morphogenesis. Unique and tran-
sient expression patterns of combinations of ECM proteins and their receptors have
been described in the kidney, however, they have been seen to vary widely between
species [78]. Further, knockout mice for a single ECM component often do not result
in kidney defects in wvivo, suggesting that there is extensive functional compensa-

tion. On the other hand, the function of a single integrin can vary depending on
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the ECM composition. When a31 integrin is blocked in cultures of mammary ep-
ithelium branching is enhanced in collagen I gels [79] and inhibited on laminin-rich
basement membrane gels [80], showing the complex role of matrix proteins in organ
morphogenesis.

ECM also provides structural and mechanical regulation during organ develop-
ment; elastic and rigid elements, which propagate and resist forces, sculpt tissues into
functioning organ structures. Local anisotropies in the distribution of tension may
determine where branch points occur. In the mammary gland, asymmetric induc-
tion of sulfated GAGs at the terminal end bud, followed by accumulation of collagen
creates a thickened, rigid ECM thought to be responsible for bifurcation and branch
direction [76]. Further, epithelial morphogenesis can be altered in developing lungs
by directly modulating cytoskeletal tension generation using inhibitors of the Rho-

ROCK pathway [81], showing the critical role of mechanics in organ formation.

1.3 Extracellular Matrix and Mammary Tumor Formation

Epithelial cancers or carcinomas that comprise more than 90% of all cancers are
commonly thought to arise from a progressive accumulation of random genetic mu-
tations, which lead to uncontrolled cell growth. However, it is only when growth
results in disorganization of normal epithelial architecture that the tissue is defined
as neoplastic. Moreover, epithelial tumors only become malignant once their ECM
boundary (basement membrane) becomes physically compromised so that the tumor
cells are free to invade into surrounding connective tissues and metastasize through-
out the body. Thus, cancer also can be viewed as a disease of developmental control
as it results from a breakdown of the fundamental rules that govern how cells stably

organize within tissues, organs and ultimately living organisms [82]. Thus, just as
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epithelial-mesenchymal interactions control epithelial growth in the embryo, a break
down of epithelial-stromal regulation contributes to tumor progression.

While fibroblasts are often thought to be a passive participant in neoplastic trans-
formation, it has become increasingly clear that cancer associated fibroblasts (CAFs)
actively contribute to tumor growth, expansion and dissemination [83-85]. Using
tissue recombination it was shown that irradiated or carcinogen treated mammary
stroma can promote formation of epithelial carcinomas, while carcinogen-treated
mammary epithelial cells failed to form tumors adjacent to untreated stroma [86, 87].
Similarly, CAFs isolated from either human prostate or breast cancer patients can
stimulate cell growth and tumor formation in nontumorigenic epithelial cells [88, 89].
These results show that fibroblasts can be activated either by treatment with carcino-
gen or irradiation, or through interaction with the tumor microenvironment, and that
activation of the stroma alone is sufficient to induce tumor formation in an adjacent
healthy epithelium. Activated fibroblasts, or CAFs, are typically more proliferative,
express o-smooth muscle actin and are surrounded by a dense accumulation of fibrillar

collagen [90, 91].

1.3.1 Extracellular matrix contributes to breast cancer

Abnormal ECM dynamics are well documented in clinical studies of many diseases
and are a hallmark of cancer [92]. Various collagens (e.g., collagen I, 1T, III, V,
and IX) show increased deposition during mammary tumor formation [93-95], which
correlates with an adverse prognosis [96]. Further, while normal tissue contains pri-
marily relaxed nonoriented ECM fibrils, collagen I fibrils in breast tumors are often
highly linearized and aligned [9, 97|, and this physical restructuring has been shown to
progressively stiffen the ECM [9, 41]. This process is driven, in part, by increased col-

lagen crosslinking by enzymes such as lysyl oxidase (LOX). Interestingly, treatment
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with LOX inhibitors prior to tumor formation can decrease ECM crosslinking and
tumor stiffening, which inhibits focal adhesion maturation, decreases growth factor
receptor signaling and ultimately reduces tumor incidence and size [9]. Furthermore,
transgenic mice that misexpress the ECM degrading enzyme stromelysin-1 (MMP3)
develop mammary tumors within 3-4 months of age [98, 99]. Which is consistent with
the fact that increased expression of LOX and MMPs correlate clinically with tumor

progression and elevated metastatic risk [100, 101].

1.3.2 Breast cancer model

In order to study the complex interactions of epithelial-stromal interactions and ECM
dynamics during tumor progression culture models and animal models have been de-
veloped. In this thesis I use tumor cells isolated from C3(1) SV40 Lage T-Antigen
transgenic mice that develop mammary carcinomas in 100% of female mice [102]. The
mammary lesions develop over a predictable time course without the need for preg-
nancy or hormone stimulation to drive transgene expression. Histologically, mam-
mary tumors pass through several distinct stages. At eight weeks of age the glands
appear histologically normal. Hyperplastic lesions appear at 12 weeks of age and
progress through an intermediate stage that resembles human ductal carcinoma in
situ (DCIS) by 16 weeks of age. The tumors then progress to an invasive carcinoma
similar to a poorly or moderately differentiated human infiltrating ductal carcinoma
[103, 104]. Further, estrogen receptor o (ER) expression is progressively lost during
mammary tumor progression, as often occurs in human breast cancer [105]. ER«
status is an important factor in assessing prognosis and in determining therapeutic
strategies for treating breast cancer. ERx expression is associated with more differ-
entiated and less aggressive tumors, while tumors lacking ERo are associated with a

more aggressive disease course and poor clinical outcome [106, 107]. These features

15



make this an interesting model system to study mammary cancers.

1.4 Cancer Normalization by Embryonic Microenvironment

While transformed stroma has been shown to promote tumor formation, provocative
experiments from over 40 years ago have shown that healthy stroma can have a tumor
suppressing effect. In particular it has been shown that tumor cells placed in the early
embryo can be instructed to ‘reboot’ and take part in normal development. Embry-
onal carcinoma cells from a spontaneous testicular teratocarcinoma contribute to the
development of chimeric mice if injected into the blastocyst [108], and further con-
tribute to a variety of tissues in cancer-free adult mice [109] showing that malignant
cells can contribute to normal healthy structures if supplied the appropriate tissue
context. Rous sarcoma virus, known to transform cells in culture and cause sarcomas
driven by oncogene transformation [110] upon injection into chickens [111], do not
lead to malignant transformation when injected into chick embryos [112]. However,
removal of infected cells from the embryonic microenvironment results in rapid trans-
formation in culture [113]. This work suggested that genetic alterations are neither
necessary nor sufficient for tumorigenesis, despite growing genetic discoveries, but
rather that a sufficient embryonic microenvironment can outweigh genetic changes.
These ideas led to the hypothesis that for every tumor type there is an embryonic
microenvironment that may influence its growth and differentiation; for epithelial
tumors that is the stroma or mesenchyme. DeCosse et al. reported that mammary
carcinoma cells exhibit a more orderly histodifferentiation and a lower proliferative
rate when grown in association with mammary mesenchyme [1, 114] and similar
results were shown for prostate [115, 116], and bladder [117]. However, there have

been contradictory reports; Sakakura et al. showed that embryonic mesenchyme
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actually accelerates the development of tumors in response to oncogenic viruses [118—
120] and followup studies by DeCosse et al. suggested that embryonic mesenchyme

has no affect on mammary tumor growth in vivo [114].

1.4.1 Fibroblasts, ECM and growth factors in tumor cell fate

While it is clear that the stromal tissue plays a critical role with the capacity to both
promote and suppress tumor progression, the mechanism is not well understood.
Early breast cancer lesions, DCIS, are maintained within the basement membrane,
and this has led to the hypothesis that secreted soluble factors, which can cross the
basement membrane, must drive epithelial-stromal interactions. To this effect, ele-
vated expression of SDF-1, vascular endothelial growth factor (VEGF), hepatocyte
growth factor (HGF), and TGF{ have been implicated in stromal control of tumor
progression, enhancing tumor cell growth and migration, as well as promoting an-
giogenesis [89, 121-125]. Further, conditioned media isolated from normal ovarian
fibroblasts has been shown to significantly inhibit tumor cell growth [126], suggesting
that secreted soluble factors can also play a role in inhibiting tumor progression.
However, misregulation of ECM expression and dynamics can also contribute to
tumor progression as discussed in section 1.3.1, and manipulating signaling from the
basement membrane in order to restore polarity has been shown to suppress tu-
moigenicity. Specifically, restoring epithelial cell contact with a healthy basement
membrane can slow tumor cell growth and induce tissue organization even after car-
cinomas become invasive [5, 6, 8]. However, direct cell-cell contact through gap
junction coupling between stroma and leukemic lymphoblasts has also been shown to

prevent proliferation, maintaining the cells in a quiescent state [127].
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1.5 Unanswered Questions

Numerous mechanisms likely exist for the promotion and inhibition of tumor devel-
opment by the stroma. Secretion of paracrine factors, production of ECM as well as
direct cell-cell interactions have all been shown to mediate tumor cell fate, however
which ones are critical for tumor normalization by embryonic mesenchyme remains
unclear. This dissertation is based on the hypothesis that because ECM plays a
critical role in histodifferentiation and cell fate decisions in the embryo, it also may
mediate the differentiation-inducing effects of embryonic mesenchyme on cancer cells.
Ultimately, it is the goal of this thesis to define critical features of the embryonic mi-
croenvironment, which are necessary for tumor cell normalization. In the long term,
we hope this will allow for the development of synthetic ‘biomimetic’ materials ca-
pable of mimicking critical inductive features of the embryonic mesenchyme, which
could be used as a scaffold to ‘reboot’ cancer, essentially taking a tissue engineering

approach to tumor therapy.
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Embryonic Extracellular Matrix Regulates
Histodifferentiation and Cell Fate Decisions

in Normal Development

2.1 Introduction

HE 3D pattern of epithelial tissues in the embryo is determined by the un-
T derlying mesenchyme [66]. While epithelial-mesenchymal interactions are tra-
ditionally discussed in the context of embryogenesis, adult epithelium can undergo
normal morphogenesis [2, 128-130], and tumor cells can be instructed to ‘reboot’ and
regenerate normal epithelial organization when mixed with embryonic mesenchyme
[1, 114-117]. Most past work on mesenchymal induction of epithelial morphogene-

sis has focused on soluble chemical factors, genes and signaling molecules. However,
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analysis of the mechanism of epithelial organ development has revealed that mes-
enchyme sculpts epithelial tissue form by accelerating and slowing ECM turnover at
selective sites [131-133] and that similar changes in matrix metabolism contribute to
tumor progression [10, 11]. Therefore, in this chapter we setout to develop methods to
understand how interstitial ECM, produced by the embryonic mesenchyme, controls
cell organization and cell fate in the embryo using the embryonic tooth as a simple
model system. These methods will be applied to understand the role of mesenchymal
ECM in control of mammary epithelial tumor cell fate in Chapters 3 and 4.

In this chapter we focus on the process of mesenchymal condensation, which is crit-
ical to the determination of cell fate within the mesenchyme and is required for con-
tinued tooth development [56, 57]. Previous studies have suggested various molecules
and cellular mechanisms that might contribute to mesenchymal condensation, includ-
ing cell proliferation [134], patterns of diffusible morphogens [58, 135-137], and local
deposition of ECM components, including fibronectin, hyaluronan, collagen VI, and
tenascin C [58, 138-141]. Recent studies carried out by Dr. Tadanori Mammoto in
the Ingber laboratory showed that the expression of odontogenic factors (e.g., Pax9,
Msx1, and BMP4) within the condensed regions are directly linked with the increased
packing density. Specifically, mechanical compaction-driven changes in cell size in-
duce the expression of these odontogenic transcription factors, and decreasing the
size of isolated dental mesenchyme cells or mechanical compression of whole dental
mesenchyme is alone sufficient to induce tooth-specific cell fate switching [58]. How-
ever, it remains unclear whether the native ECM is sufficient to induce changes in
cell organization that regulate these cell fate decisions.

In multiple recent studies native ECM has been isolated from whole adult organs,
including heart, lung, and liver, by perfusing with detergent. These isolated ECMs

recapitulate normal organ function if recellularized using untargeted cell mixtures
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[142-144], suggesting that adult ECM scaffolds can regulate cell organization. While
this decellularization approach has shown great promise with adult organs, it is dif-
ficult to achieve in the embryo. The small and fragile nature of the developing organ
as well as the newly developing vasculature make perfusion impractical. In order to
isolate the ECM from the specific regions of interest while maintaining the native
architecture we optimized methods to remove cells from unfixed frozen histological
sections of embryonic tissue, isolating the ECM only once the tissue section was
already immobilized on the slide.

In this chapter I utilize this decellularization technique to gain further insight into
how and to what extent native embryonic ECM is able to instruct tissue organization
and cell fate decisions. In particular, I populated isolated matrices with undifferen-
tiated embryonic cells demonstrating the ability of the native ECM to induce cells
to recapitulate normal tissue architecture within the condensed mesenchyme regions.
Further, by isolating ECM from high-density cultures of mesenchymal cells, I was
able to show that ECM from cultured cells was also inductive and could instruct
replated cells to undergo tooth differentiation as measured by increased expression of

odontogenic transcription factors.

2.2 Results

2.2.1 Native tissue-derived extracellular matrix dictates cell organization

Significant spatial differences in cell organization are critical for mesenchymal conden-
sation. To test the idea that local variations in embryonic ECM can provide critical
cues to instruct tissue architecture I prepared thin sections of embryonic ECM from

the embryonic tooth and repopulated them with dental mesenchyme. Methods pre-
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Collagen IV Collagen VI

Figure 2.1: Fluorescence micrographs showing decellularization of frozen histological sec-
tions. Collagen IV and Collagen VI (purple) staining of the intact and decellularized tooth

bud. Nuclei are dapi labeled in blue, showing the absence of cellular components in decellular-
ized samples. Scale bar = 100 um.
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Figure 2.2: Fluorescent images showing that cells do not spread on intact histological sec-
tions. GFP dental mesenchyme cells (green) plated on intact histolotical sections (Collagen VI
labeled in grey, nuclei in blue) showing representative organization at the edge of the tissue in
the regions of the eye (A) and the tooth germ (B). Scale bar = 100 um.

viously used for whole organs and ECM from cultured cells were adapted to extract
cellular components from frozen histological sections of embryonic mouse tooth germs
containing inductive mesenchyme (E13-E14). Cells were extracted using Ammonium
Hydroxide and TritonX followed by treatment with DNase and immunohistochemical
analysis was used to verify that the ECM maintained its native architecture both
in the basement membrane (collagen IV) and interstitial ECM (collagen VI) (Figure
2.1). The absence of cellular components was verified by nuclear staining using DAPIT
(Figure 2.1). It is critical to note that released DNA could only be removed from
sections that had not been refrozen, and adequate removal of DNA was necessary to
achieve any cellular response.

Thin sections of isolated matrix from the embryonic tooth bud were repopulated
with undifferentiated E10 dental mesenchyme cells and their localization and mor-
phology was quantified after 16 hours in culture. The undifferentiated mesenchymal
cells bound preferentially to the remaining ECM scaffolds rather than the surround-

ing glass. In control intact tissue sections cells bound predominately to the glass and
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were unable to spread on the intact tissue sections, displaying no apparent differen-
tial patterning (Figure 2.2). To the contrary, on decellularized tissue sections, cells
which were adherent to ECM in regions corresponding to the condensed mesenchyme,
defined by increased collagen VI [58], exhibited a packing density nearly twice that of
the surrounding non-condensed mesenchyme, a similar differential to that observed
in vivo (Figure 2.3 a-f). Additionally, these more tightly packed cells were smaller
in size (projected cell area measured as in [58]) compared to cells in the surrounding
tissue, again displaying similar differentials to in vivo tissues (Figure 2.3 g-h). These
regional differences in cell organization and morphology were not specific to ECM
isolated from the region of the developing tooth, rather differential patterning of the
plated dental mesenchyme could be seen throughout the section of the embryonic
head, most notably in larger features, such as the brain (Figure 2.4) and eye. These
results show that tissue derived ECM can act to instruct undifferentiated embryonic
cells to recapitulate in vivo tissue patterning regardless of the tissue specificiy. Fur-
ther, previous reports have shown that changes in cell size, such as those induced
by the ECM within the condensed mesenchyme, are responsible for critical signaling
during tooth development [58]. Thus it is possible that these changes in structure
induced by the ECM may also contribute to critical cell fate decisions required for

normal development.

2.2.2 Cell-derived extracellular matrix can induce cell fate decisions

To define the role of native ECM in cell fate decisions I isolated larger regions of in-
ductive ECM from cultured dental mesenchyme using decellularization methods pre-

viously established to isolate matrix from cultured cells [145]. Inductive matrix was
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Figure 2.3: Acellular ECM from histological tissue sections direct cell organization to mimic
differences in normal tissue architecture. Representative images of a normal tooth bud (repre-
sentative H& E image shown in A) and GFP labeled dental mesenchyme (green) repopulating
decellularized tooth bud (Collagen VI labeled in grey, B), as well as high magnification images
of repopulated non-condensed mesenchyme (C) and condensed mesenchyme (D) with tooth
bud outlined in white. Quantification of cell density (E, F) and cell size (project cell area) (G,
H) in the region of the condensed mesenchyme direclty surrounding the tooth bud (CM) and
the more distal non-condensed mesenchyme (NCM) in native and repopulated tissues, respec-
tively (n = 3 independent experiments; more than 30 cells counted each). Scale bar = 50
um. * p < 0.05.
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Figure 2.3: (continued)
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intact repopulated

Figure 2.4: Dental mesenchyme mimics tissue architecture throughout the head. Comparison
of the tissue architecture in the intact brain (H& E; left panel) and GFP labeled dental mes-
enchyme (green) repopulating isolated ECM (Collagen VI labeled in grey; right panel). Scale
bar = 100 um.
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produced by primary dental mesenchyme cells cultured at high-density in vitro, previ-
ously shown to recapitulate the signaling associated with the condensed mesenchyme
[58], and control ECM was isolated from low-density cultures. It is important to note
that total ECM protein content was not normalized across low-density and high-
density cultures and low-density cultures gave similar results to control crosslinked
gelatin coated dishes. Immunhistochemical analysis was carried out to ensure that iso-
lated matrix maintained its native structure following decellularization (Figure 2.5 a,
b). Undifferentiated mesenchyme cultured on the isolated matrices were both smaller
in size (Figure 2.5 c-e) and exhibited higher levels of BMP4 (Figure 2.5 f) when they
were cultured on ECMs produced by high-density inductive cultures whereas ECM
isolated from low density cultures had no effect. However, the change in cell size
was not accompanied by a a rounded cell morphology which more precisely mimics
in vivo condensed mesenchyme. Further, other odontogenic markers, including Pax9
and Msx1, which were previously shown to increase in high-density culture [58] were
not shown to increase on ECM from high-density cultures. Still these data suggest
that isolated embryonic ECM can play a role in some cell fate decisions within the
embryo. However, the mechanism by which ECM is acting both in our in situ and in

vitro systems remains unclear.

2.2.3 Matrix bound growth factors are maintained but do not appear to

be critical

Multiple soluble factors have been shown to bind to ECM proteins [39, 58, 146], how-
ever, whether these morphogens are retained following decellularization is unknown.

In order to test this we identified several growth factors which are critical for early
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Figure 2.5: ECM isolated from in vitro culture of dental mesenchyme induces odontogenic
differentiation. Collagen VI (purple) staining of ECM in intact (A) and decellularized (B)
high-density cultures of E10 dental mesenchyme (nuclei in blue). Representative images show-
ing GFP labeled mesenchymal cells plated on ECM isolated from low- (C) and high- (D) den-
sity cultures. Quantification of cell size (E) and expression of ondontogenic transcription fac-
tors by qRT-PCR (F) for cells plated on ECM from high- (B) or low-density cultures (OJ) (F)
(n = 4 independent experiments; more than 50 cells counted each). Scale bar = 50 um. *p

< 0.05.
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Figure 2.5: (continued)
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tooth development (fgf8, fgf3, BMP4, BMP2, inhibin A, Wntba, and Wnt3a) [52]
and tested for their presence using sing western blot analysis. 1 identified multiple
growth factors that were maintained in our cell-derived matrices isolated from high
density dental mesenchyme, specifically, fgf3, BMP4, inhibin A, and Wnt3a, all
factors which are normally produced by the embryonic tooth mesenchyme. The con-
centration of these growth factors was significantly decreased compared to whole cell
lysates (Figure 2.6 a, normalization is by parallel cultures) and it is unclear whether
these growth factors are still active following detergent treatment. To investigate the
importance of these bound factors I optimized methods to remove bound growth fac-
tors using high salt washes [147, 148] verifying by western blot analysis that bound
growth factors are removed to the high salt solution while matrix proteins remain
bound to the dish (Figure 2.6b). Interestingly the matrix that remained following
the growth factor extraction retained the ability to upregulate BMP4 to similar levels
as growth factor intact matrix (Figure 2.6 c), suggesting that it is the matrix proteins
rather than the bound factors that are responsible for this cell fate change. However,
in order to be confident in this result a more through analysis would be required to

identify any remaining growth factors.

2.2.4 Differences in mechanical properties

Matrix mechanics is known to play a critical role in cell growth, apoptosis, migration
and differentiation [20, 21, 149-155], so to determine whether mechanics was playing
a role here I developed methods to quantify the Young’s modulus of the isolated
ECM using AFM. The small tip size and precise control of tip-sample interactions
make it an ideal tool to probe the elasticity of materials that are soft and exhibit

inhomogeneity at microscopic scales. To extract the elastic properties the measured

31



cells ECM salt salt
intact insoluble soluble

4 - *
2

Inhib BA
04

Pax9 Msx BMP4

Figure 2.6: Growth factors are maintained within the decellularized matrix but are not criti-
cal for odontogenic induction. Western blot analysis showing fibronectin (FN) as well as sev-
eral growth factors, fgf3, BMP4 and Inhibin & (Inhib f), from high-density cultures of
dental mesenchyme (cells) compared to decellularized ECM from parallel cultures (ECM) (A)
and intact decellularized ECM (intact) compared to parallel cultures treated with high salt so-
lutions to separate salt insoluble from salt soluble (B). (C) Quantification of the expression

of odontogenic markers measured by gqRT-PCR on low density ECM (M), intact high density
ECM (O), and high density ECM with growth factors extracted (M) (n = 4 independent ex-
periments). *p < 0.05.

load-displacement curve is fit using mathematical models based on classic linear elastic

theory. The generalized force-indentation relation can be represented as:

F= M (2.1)

where F is the force applied to the indenter, d is the indentation depth, and A and
[ are dependent on the indenter geometry. For a spherical indenter, as was used
in these experiments, the force-indentation relationship is referred to as the Hertz

equation [156, 157

B 4ER1/2d1/2

3(1 —2) (22

where R is the radius of the indenter, E is the Young’s modulus, and v is poisson’s

ratio, assumed to be 0.5.
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Figure 2.7: The mechanical properties of the matrix isolated from frozen histological sections
and cell-derived matrix. The Young’'s modulus of ECM isolated from regions of non-condensed
(NCM) or condensed mesenchyme (CM) of frozen histological sections and mesenchymal cells
cultured at high-density (in vitro) displayed in a box plot. The median is displayed along with
the 25th and 75th percentiles (box), and the 10th and 90th percentile (whiskers). Outliers are
displayed as + (greater than 700 measurements taken on three separate days).

Using AFM I measured the mechanical compliance of ECM isolated from thin
frozen tissue sections or cell-derived ECM. The ECM within the condensed region
of histological sections was softer with a Young’s modulus of 110 Pascals (Pa) as
compared with 170 Pa for the neighboring non-condensed regions. However, the cell-
derived matrix was much stiffer than either of the tissue regions, with a Young’s
Modulus of 450 Pa (Figure 2.7). Unfortunately, the ECM produced by low-density
ECM cultures could not be measured as it was too thin and sparse. Thus the role of

matrix mechanics in this system remains unclear.

2.3 Discussion

A major goal in the fields of tissue engineering and regenerative medicine is to in-
duce whole organ regeneration. Most past approaches have focused on fabrication of

tissue scaffolds that resemble ECM of the relevant adult organ and recently native
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adult ECM has emerged as a tool for organ replacement. Specifically, ECM isolated
from adult organs and repopulated with healthy cells has been shown to recapitulate
normal organ function in multiple different organ systems [142-144]. However, this
does not solve one of the major problems in organ replacement, more than 100,000
patients require organ transplantation every year in the U.S. alone and due to sup-
ply shortages close to 20 die every day waiting for replacements. In this study we
took a different approach, seeking to understand how embryonic tissues use ECM
throughout development to direct organ formation with the ultimate goal of fabricat-
ing biomimetic scaffolds that can induce cells within adult tissues to form new organs
in vivo. To do this I developed a technique to isolate thin sections of ECM from
histological sections of the embryonic tooth or from in vitro cultures of differentiated
mesenchyme as a tool to define critical time points and regions which could instruct
cells to differentiate along the same path used by the embryo. I was able to show
that native ECM within the embryo is sufficient to induce cell organization which
mimics mesenchymal condensation and further stimulates expression of some critical
odontogenic markers.

The small and delicate nature of developing organs within the embryo made it
nearly impossible to use perfusion decellularization techniques previously employed
for adult organs [142-144]. Perfusion is difficult not only because the vascular is only
beginning to develop at the stages and regions of interest, but also because it disrupts
the delicate ECM structures both during decellularization and in the processing and
cryosectioning. Additionally during sectioning it was extremely difficult to find the
small (~50 um across) tooth germ let alone to identify the region of the condensed
mesenchyme which is present for only about 60 um of the total depth of more than
250 um without cells present. To overcome these difficulties it was critical to first

isolate and immobilize thin section of tissue and then isolate the ECM, rather than
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decellularizing the whole organ and sectioning the acellular matrix. However, having
the tissue section made it more difficult to remove certain cellular components, DNA,
for example, is attracted to the positively charged slides. I found that minimizing the
contact time between the tissue section and the slide prior to decellularization helped
to overcome this problem. Thus it was critical to remove the cells within hours after
sectioning and to never refreeze the samples after sectioning. Using this technique
I was able to remove cells from multiple different organs, including lung, liver, and
mammary gland. This technique also proved useful for ECM characterization as
removing the cells allowed for more detailed staining of the matrix facilitating the
precise evaluation of structure as we did using birefringence microscopy in the 2010
paper by Kanapathipillai et al. [158].

It is well known that many growth factors bind to the ECM, and that these bound
factors can play a critical role in tissue organization and cell fate [58, 146]. However,
it has not been shown whether these bound growth factors are maintained within the
acellular matrix following detergent treatment. Through immunoblotting I was able
to show that multiple growth factors (i.e., fgf3, msx1, BMP4, Wnt3a) are present in
decellularized cell-derived ECM, but these growth factors were not important to the
cellular response I observed. Still, I have not evaluated the activity of the growth
factors 1 recovered, so the growth factors may be inactive due to the method of
decellularization. Additionally I did not evaluate the growth factors present within
tissue-derived matrix. Previous reports have suggested that fgf8 binds to and is
released from the basement membrane within the tooth germ, acting in part to attract
dental mesenchyme cells to produce the condensed mesenchyme [58]. Thus further
studies would be required to completely understand the role of matrix bound growth
factors within isolated matrix scaffolds.

The mechanical properties of ECM are known to play a critical role in cell fate
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decisions, driving stem cells down different lineages without the addition of mor-
phogens [22; 159], altering proliferation [160], and apoptosis [161], as well as migra-
tion [19, 162]. However, the small difference in matrix mechanics I found in the tissue
derived ECM (110 versus 170 Pa), accompanied with the much stiffer cell-derived ma-
trix (450 Pa) suggest that mechanics is not playing a large role in this case. However,
questions remain about the accuracy of these mechanical measurements, particularly
for the histological sections. The AFM is a very precise instrument, however because
of the small surface area for measurement 100 Pa is close to the noise threshold. Ad-
ditionally, cells play a large role in tissue compliance and measurements of parallel
intact histological sections yield significantly different results (~500 Pa), similar to
cell-derived matrix. In order to understand the role of matrix mechanics in this pro-
cess additional measurements as well as enzyme treatments to modify the mechanics

would be required.

2.4 Materials and Methods

2.4.1 Animals

Embryonic mesenchyme was harvested from timed-pregnant CD1 mice (Charles River
Laboratories); the morning the vaginal plug was detected was defined as E0. Using
sterile technique the pharyngeal arch was dissected from E10 embryos and treated
with Dispase II (2.4 U/ml; Roche) and DNase I (QIAGEN) at 37°C for 23 mins.
After the epithelium and mesenchyme were separated using fine forceps, the dental
mesenchyme was dissected out and cultured on fibronectin (Becton Dickinson)-coated
glass bottom dishes (MatTek Corporation) in Dulbeccos’ modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS). All animal studies were

reviewed and approved by Animal Care and Use Committee of Boston Children’s
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Hospital.

2.4.2 Cell Culture

Cells isolated from microdissected mesenchyme were maintained in DMEM with high
glucose supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin
and streptomycin, and 2 mM GlutaMAX (Invitrogen). Mesenchymal cells were la-
beled with green fluorescent protein (GFP) by retroviral transduction [163] and were

provided by Tadanori Mammoto.

2.4.3 Decellularization of frozen tissue sections

Embryos were harvested from 13-14 day pregnant mice, embedded in Tissue-Tek
O.C.T. freezing medium (Sakura Finetek) and sectioned using a crostatic micro-
tome (Leica). The 20 pwm thick sections were collected on superfrost/plus microscope
slides (Fisher Scientific) and immediately washed in phosphate buffer saline (PBS)
to remove O.C.T. prior to decellularization; tissue sections were never refrozen after
sectioning. The cells were then removed with sterilized extraction buffer containing
20mM Ammonium Hydroxide (Sigma) and 0.5% (v/v) Triton X-100 (Sigma) in wa-
ter for 10-15 mins. Cell debris was diluted in PBS and the ECM was stored at 4°C
overnight. The following day ECM was treated with DNase (10 Kunitz units/ml;
Qiagen) for 2 hrs at 37°C and washed several times with PBS. Decellularized his-
tological sections were isolated using 10 mm cloning rings (sigma) and the matrix
was blocked using 2% BSA at 37°C for 1 hour. GFP labeled dental mesenchyme was
plated (1x103 cells/cloning ring) and incubated at 37°C for 16 hours and then fixed

in pre-warmed 4% paraformaldehyde (PFA).
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2.4.4 Decellularization of cultured mesenchymal cells

To produce ECMs that can be isolated from mesenchymal cell cultures, round glass
cover slips (12 mm) were coated with crosslinked gelatin by treating with 0.1%
gelatin (Sigma) for 1 hr at 37°C, followed by 1% gluteraldehyde (Electron Microscopy
Sciences) for 30 min at room temperature, washed with PBS, treated with 1M
Ethanolamine (Sigma) for 30 min and washed with PBS again before plating of mes-
enchymal cells, as previously described [145]. The cells were plated near confluence
on the gelatin-coated coverslips in 24 well plates and grown in medium supplemented
with 50 ng/ml ascorbic acid (Sigma) changed every other day for 1 to 2 weeks before
the cells were removed with pre-warmed (37°C) extraction buffer containing 20mM
Ammonium Hydroxide (Sigma) and 0.5% (v/v) Triton X-100 (Sigma) in PBS for 10-
15 mins. Cell debris was diluted in PBS and the ECM was stored at 4°C overnight.
The following day ECM was washed with PBS and treated with DNase (10 Kunitz
units/ml; Qiagen) for 2 hrs at 37°C. Undifferentiated dental mesenchyme was plated
on isolated ECM and maintained in culture for 16 hours at 37°C and then fixed in

pre-warmed 4% PFA.

2.4.5 Growth factor extraction

Acellular matrix isolated from cultured cells was washed several times with PBS, then
incubated with 2 M Sodium Chloride (sigma) in 20 mM HEPES buffer (sigma) at
37°C for 1 hour [147, 148]. Isolated matrix was washed several times in PBS to remove
excess salt while extracted growth factors were spun in desalting columns dialyzed
against 10mM PBS for 48 hours, and lyophilized. Extraction of growth factors was
confirmed by immunoblotting. Cells were plated on growth factor extracted ECM

or on crosslinked gelatin as previously described. Salt extracted growth factors were
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dissolved in fresh DMEM and added to each well.

2.4.6 Molecular analysis

Protein was isolated from cells in culture by adding RIPA buffer (Boston BioProd-
ucts) on ice, scrapping the cells from the bottom of the dish and passing them through
a 23-gauge needle 5 times. Isolated matrix was scrapped from the bottom of the dish
suspended in RIPA buffer, but was not passed through a needle. Samples were spun
at 8,000 rpm for 5 minutes at 4°C and soluble material was treated with Laemmli
SDS reducing sample buffer at a 1x final concentration (Boston BioProducts), boiled
for 5 mins at 95°C, and resolved on a 4-15% Tris-Glycine Mini-Protean TGX gel
(Bio-Rad). Proteins separated on the gel are transferred to nitrocellulose membranes
(Bio-Rad) using a Mini-Protean Tetra System (Bio-Rad) following manufacturer’s
instructions. Membranes were then blocked for 1 hour (5% nonfat milk, 0.1% Tween-
20, 150 mM NaCl, and 50 mM Tris HCl, pH 7.4). Primary antibodies were probed
at 4°C overnight using primary antibodies followed by the appropriate peroxidase
labeled secondary antibody (Vector Labs) for 1 hour at room temperature. Im-
munoblots were washed and developed using SuperSignal West Dura Extended Du-
ration (Fisher Scientific) and exposed to film (X-omat; HyBlot CL, Denville Scien-
tific). Samples prepared in parallel were loaded based on sample weight because an
appropriate loading control was not available due to the absence of cellular compo-
nents. Digital image analysis of immunoblots was performed with ImageJ software
(http://rsbweb.nih.gov/ij/) (National Institute of Health, USA).

Total RNA was isolated using RNeasy Plus Mini Kit (QIAGEN) and RNA ex-
pression was detected by qRT-PCR. RNA was reverse transcribed into ¢cDNA using
a iScript cDNA Synthesis Kit (Bio-Rad) and ¢cDNA was amplified with iTaq SYBR
Green Supermix with ROX (Bio-Rad) using the CFX96 real-time PCR system (Bio-
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Rad). Amplification was carried out using primers shown in Table 2.1.

Table 2.1: Chapter 2 qRT-PCR primers

gene sequence (5'->3')
BMP4 F: TTCCTGGTAACCGAATGCTGA

R: CCTGAATCTCGGCGACTTTTT
Mexl F: TGCTGCTATGACTTCTTTGCC

o R: GCTTCCTGTGATCGGCCAT

Pax9 F: CATTCGGCTTCGCATCGTG

R: CTCCCGGCAAAATCGAACC
evelophilin & CAGACGCCACTGTCGCTTT
YEOPT R: TGTCTTTGGAACTTTGTCTGCAA

2.4.7 Immunohistochemistry

Antibodies directed against collagen IV, collagen VI, fibronectin, fgf3, BMP4, Wnt
3a and Inhibin A were from Abcam; Fluoromount G was from Southern Biotech.
Images were captured using a Zeiss Axioscope 2 and a Leica SP5 X MP Inverted

Confocal Microscope. Morphometric analysis was performed using Image J software

(http://rsbweb.nih.gov/ij/) (National Institute of Health, USA).

2.4.8 Atomic force microscopy

Unfixed frozen sections of E13-14 tooth rudiments were decellularized and the stiffness
of the ECM deposited between cells within the condensed mesenchyme was measured
using an MFP-3D-Bio atomic force microscope (Asylum Research). Silicon nitride
AFM cantilevers with a 60 pN/nm spring constant with either a 5 um or a 10 pm
borosilicate spherical bead on the tip (Novascan) were calibrated thermally accord-
ing to the Sader method. The tissues were imaged following immunohistochemical

staining for Collagen VI using an Olympusx81 inverted fluorescence microscope. The
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AFM applied a maximum prescribed force of 1-10nN with an indenter velocity of 2

um/s and the Hertz Model was used to determine the elastic properties of the tissue.

2.4.9 Statistical Analysis

Independent samples t-tests were used to compare results, which were considered
significant at p < 0.05. All results are presented as mean =+ standard error of the
mean (SEM). Box plots were produced using IgorPro and the center line represents
the median while the box represents the 25th and 75th percentiles, the whiskers are

the 10th and 90th percentile, and all points outside this range are considered outliers.
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Embryonic Extracellular Matrix as Key
Mediator in Tumor Normalization by

Embryonic Mesenchyme

3.1 Introduction

EARLY 40 years ago it was reported that co-culturing breast cancer cells with
N embryonic mammary mesenchyme can induce cancer normalization, as indi-
cated by suppression of growth and enhanced histodifferentiation [1]. Similar results
were later obtained in ¢n vitro and in vivo recombination studies with prostate, kid-
ney, colon and other cancers [2, 4, 164, 165]. These observations are also consistent
with the finding that carcinogens that drive epithelial cancer formation can target

mesenchymal cells [166, 167], and that recombination of normal epithelium with
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carcinogen-treated stroma can lead to epithelial tumor formation [86, 87]. However,
these results were largely ignored as molecular biology surged and genetics became
the focus in the cancer research field, leaving the mechanism of this phenomenon
unknown.

Although little is known about how embryonic mesenchyme might induce cancer
normalization, ECM, which I have shown in Chapter 2 can mediate organization and
cell fate during morphogenesis, could mediate these effects. Moreover, certain tumors
can be induced to suppress their growth and differentiate by placing them in direct
contact with intact basement membrane (i.e., epithelial ECM) isolated from normal
embryonic or adult tissues [5, 6, 8]. However, changes in stromal cell production of
soluble factors [126] or cell-cell contact formation [127, 168, 169] also can lead to
suppression of cancer cell growth.

If embryonic mesenchyme or any of the factors it produces can indeed induce cancer
reversion, then further understanding of this mechanism could lead to development of
a new form of differentiation therapy for solid tumors, similar to those that have been
found to be effective for treatment of hematopoietic cancers. However, other studies
have generated conflicting results. For example, some suggest that recombination of
tumors with embryonic tissue has no effect on cancer progression in vivo [114], whereas
others show it only induces differentiation of tumors that are already highly organized
[170]. Moreover, different studies suggest that embryonic tissue can actually increase
tumor growth [171, 172].

Thus, here I carry out tissue recombination studies using modern culture tech-
niques to unequivocally determine whether embryonic mesenchyme can induce cancer
normalization. Specifically, 2D and 3D culture models are used to analyze growth
and differentiation of tumor cells alone and in co-culture with early mammary mes-

enchyme (eMM) isolated from the E12.5-E13.5 embryos. Then I assess conditioned
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media and cell-free ECM derived from the eMM for their capacity to differentiate
mammary tumor cells. These studies reveal that cell-free ECM can induce partial
cancer reversal to the same level seen by mesenchymal cells while neither CAF cells
nor ECM derived from CAFs had any affect on tumor cell behavior. Further I showed
that embryonic ECM could suppress cancer growth in vivo using a xenograft tumor

model.

3.2 Results

3.2.1 Suppression of breast cancer cell growth by embryonic mesenchyme

To verify past studies which suggested that embryonic mesenchyme can induce breast
cancer normalization [1], I used tumor cells previously isolated from different stage
mammary glands in C3(1)SV40 T-antigen transgenic mice that undergo breast cancer
progression in a robust and reliable manner [102, 103]. In our initial studies, mam-
mary cancer M6 cells isolated from late stage solid tumors were co-cultured with an
equal number of eMM or CAF cells isolated from tumor stroma in the same trans-
genic mouse model (Figure 3.1 a). I found that the presence of eMM cells produced
a significant decrease in mammary epithelial tumor cell growth, whereas addition of
CAFs had no effect, when analyzed by quantitating nuclear incorporation of EdU
(Figure 3.1 b, ¢).

To separate the contributions of soluble versus insoluble products of the embryonic
mesenchyme, as well as cell-cell interactions, I isolated insoluble matrix that was
deposited by inductive eMM cells or CAFs cultured on dishes coated with cross-linked
gelatin. Insoluble matrix was isolated by treating cultures with detergent to extract

cells as described in Chapter 2; it is important to note that this isolated insoluble
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Figure 3.1: Mammary tumor cells decrease their proliferation when combined with embryonic
mesenchyme or cell-free embryonic mesenchymal ECM. (A) Schematic showing culture con-
ditions for co-culture of epithelial tumor cells (Epi) with MM or CAF, as well as for isolation
of stroma-derived ECM or conditioned medium (CM), in studies designed to detect induc-
tion of tumor cell normalization. (B) Representative images showing nuclear incorporation of
EdU into DNA (green; DAPI-labeled nuclei are blue) in tumor epithelial cells co-cultured with
mesenchymal cells (top) or cultured on cell-free ECM (bottom). (C) Quantification of growth
(incorporation of EdU into DNA) within epithelial tumor cells grown in co-culture with eMM
cells or CAFs, or on cell-free ECM isolated from eMM or CAF cultures. (D) Cell growth of
early (M28) and metastatic (M6C) tumor cells on eMM ECM versus CAF ECM compared to
control gelatin substrates (n=3 indepedent experiments; greater than 500 cells counted per
experiment) (scale bar = 50 um; * p < 0.05, ***p < 0.001).
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Figure 3.1: (continued)
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material is referred to as ECM throughout the chapter, however there are additional
components present which will be further defined in Chapter 4. The isolated ECM was
then repopulated with mammary tumor cells (Figure 3.1 a). These studies revealed
that tumor cell contact with eMM ECM was sufficient to suppress the growth of the
M6 breast cancer cells to the same level (~ 38% inhibition) as co-culturing them with
living eMM cells, whereas ECM isolated from cultured CAF cells had no suppressive
effect (Figure 3.1 b, ¢). Importantly, similar growth suppression was seen for M28
breast epithelial cells isolated from premalignant transgenic mammary glands and for
M6C cells isolated from late stage metastatic lesions (summary of cell types can be
seen in Table 3.1); eMM ECM decreased growth of all three tumor cell lines to nearly
the same level (Figure 3.1 d).

Table 3.1: Summary of cell types

Cell Type Origin Description

M28 Epi FVB - C3(1) Tag mice histologically normal gland
M6 Epi FVB - C3(1) Tag mice solid tumor

M6C Epi FVB - C3(1) Tag mice lung metastasis

4T1 Epi BALB/C mouse aggressive tumor cell line
MCF7 Epi human breast cancer ERo tumor cell line

MM Fib  FVB mouse embryo staged mammary mesenchyme
DM Fib  CD1 mouse embryo staged dental mesenchyme

CAF Fib  FVB - C(3)1 Tag mice isolated and cloned from solid tumor

Examination of growth curves analyzed over 9 days confirmed that tumor cell
proliferation was significantly slower when they were cultured on ECM isolated from
eMM compared to either CAF ECM or control cross-linked gelatin substrates alone
(Figure 3.2). In fact, the growth rates of tumor cells grown on the embryonic ECM
(1.2 x 10° cells/day) was about half that exhibited by tumor cells grown on control

gelatin substrates or CAF ECM (2.3 and 1.9 x 10° cells/day, respectively). These
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Figure 3.2: Growth of tumor cells is decreased only on ECM from eMM cells. (A) Growth
curves of M6 breast tumor cells on control cross-linked gelatin substrates versus similar sub-
strates coated with cell-free ECM isolated from cultured eMM cells or CAF. Significant differ-
ences in cell number between eMM ECM versus both control and CAF ECM were detected at
days 3, 5 and 7. (B) Representative images of dapi stained nuclei on each substrate (n = 3
independent experiments; 2 or 3 repeats each) (scalebar = 50 um * p < 0.05).
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Figure 3.3: Tumor cells in 3D culture show increased lumen formation only in coculture with
eMM cells. Fluorescence views of co-cultures of M6 epithelial tumor cells with eMM cells or
CAF cells in 3D gels stained with antibodies against (3-catenin, laminin 5, and EdU (all in
green) and DAPI (blue) (scalebar = 20 um).

results, along with the finding that conditioned medium from eMM cells had no effect
on tumor cell proliferation in 2D cultures (Figure 3.1 ¢), suggest that the insoluble
ECM is the primary component of the embryonic mesenchyme that is responsible for

inducing mammary tumor cell growth suppression.

3.2.2 Mesenchymal induction of breast cancer differentiation

To explore the effects of mesenchymal cells on tumor differentiation, I carried out
similar studies by placing the cells in 3D gels composed of laminin-rich Matrigel and
collagen I that support formation of hollow mammary acini by normal breast epithelial
cells [173]. When M6 mammary tumor cells were embedded in the gels, they grew
predominantly as disorganized cell spheroids with a lack of epithelial cell polarity
(Figure 3.3). In contrast, when eMM cells were co-cultured with tumor cells in the

gels the tumor cells formed more than 3 times as many hollow spheroids with normal
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acinar forms lined by a single layer of polarized epithelial cells (Figure 3.3 and 3.4b).
Additionally coculture with eMM cells decreases the growth of tumor cells (Figure 3.3
and 3.4b). These results demonstrate that embryonic mammary mesenchyme retains
the ability to suppress growth and induce differentiation of transgenic mouse breast

cancer cells in vitro, even though their proliferation is driven by the SV40 oncogene.

3.2.3 Mesenchymal extracellular matrix is sufficient to induce tumor nor-

malization

Next, I assessed the effects of mesenchymal ECM on tumor differentiation in a 3D
culture model. Tumor cells were embedded in gels, with or without insoluble ECM
that was isolated and scraped free from cultures of either inductive eMM or CAF cells
(as described in Figure 3.1 a). When eMM ECM (20 mg/ml) was included during gel
formation, M6 cells formed more than three times as many hollow spheroids lined by
polarized epithelium, which was equal to that observed when these cancer cells were
co-cultured with living eMM cells (Figure 3.4 a, b). Interestingly, the CAF ECM
had no effect on lumen formation (Figure 3.4 a,b), and tumor cells only decreased
their proliferation in the presence of eMM cells or ECM (Figure 3.3 and 3.4 a,d).
In contrast, when tumor cells embedded in ECM gels were exposed to conditioned
medium collected from eMM cells, there was no effect on lumen formation or tumor
cell growth (Figure 3.4 a,b,d). Importantly, the embryonic ECM also induced tumor
normalization when added to gels containing metastatic M6C breast cancer cells, as
well as highly aggressive metastatic 4T1 mammary cancer cells isolated from BALB/C
mice and human ER«x-positive MCFE7 breast cancer cells, although it had no effect
on pre-metastatic M28 cells (cell lines summarized in Table 3.1 and Figure 3.4 c).

Thus, the tumor reversing capacity of eMM ECM appears to function across multiple
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Figure 3.4: Embryonic ECM is the primary mediator of tumor cell normalization in 3D cul-
ture. (A) Representative images of M6 tumor spheroids in control cultures and cultures sup-
plemented with ECM or conditioned medium (CM) collected from eMM or CAFs. Apical
cell-cell junctions, basement membrane and DNA synthesis were visualized by staining with
antibodies to (3-catenin, laminin 5, and EdU respectively (all in green); blue indicates DAPI-
stained nuclei. Quantification of the effects on lumen formation in M6 cells are shown in B,
and results for M6C, 4T1 and MCF7 cells are shown in C; effects of eMM ECM on M6 tumor
cell growth and ERx expression measured by qRT-PCR are shown in D and E, respectively (n
> 4 independent experiments; more than 75 lumen counted each experiment) (scalebar = 20
um; * p < 0.05, **p < 0.01, ***p < 0.001).
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aggressive cancer cell types and species.

Another marker of differentiation that is progressively lost during breast cancer
progression in humans is expression of ERa [174], and ER« expression levels similarly
decrease over time in C3(1)SV40 Tag transgenic mice [103]. Interestingly, when the
M6 cells were cultured in gels containing inductive eMM ECM, the tumor cells nearly
doubled their levels of ERx expression as measured by qRT-PCR, while CAF ECM
and eMM-conditioned medium did not produce any significant change (Figure 3.4 e).

In addition, I found that 7% of tumor cell spheroids appeared to undergo duct
morphogenesis, as indicated by the formation of elongated, hollow structures lined
by a single layer of polarized epithelial cells when grown in gels supplemented with
inductive eMM ECM (Figure 3.5 a-c). In contrast, less than 0.4% of spheroids with-
out cell-derived ECM exhibited ductal morphology, and no ductal structures were
observed in the presence of CAF ECM (Figure 3.5 c).

As ECM dissolution and formation of physical breaks in the basement membrane
are hallmarks of malignant transformation [5, 175], I next explored whether induction
of tumor differentiation by embryonic ECM influences basement membrane structure.
Immunofluorescence staining for the basement membrane protein laminin 5 showed
that tumor spheroids either lack a basement membrane or exhibit one with many
breaks as indicated by the presence of gaps in the linear pattern of laminin 5 staining,
just as they do in vivo (Figure 3.3 and 3.4 a). In contrast, most hollow spheroids
within gels supplemented with eMM ECM displayed an intact basement membrane
(Figure 3.4 a), and hence, they restored normal tissue boundaries.

Tumor progression, particularly as it becomes more invasive and metastatic, is

often accompanied by an epithelial-to-mesenchymal (EMT) transition. In order to
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Figure 3.5: ECM from eMM cells induces ductal morphogenesis in 3D culture. (A) A 3D re-
construction of an elongated ductal structure that formed in 3D co-culture of M6 tumor cells
with eMM ECM; a small spheroid at the right for reference (nuclei are labeled with DAPI).
(B) B-catenin staining (green) in the elongated ductal structure. (C) Quantitation of results
showing that elongated ductal structures were essentially only observed in gels supplemented
with eMM ECM (n = 3 independent experiments) (scale bar = 50um; *p < 0.05, ***p <
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Figure 3.6: Normalization of mammary tumor cells by embryonic ECM is associated with
increased epithelial signaling. (A) Representative images of RNA expression of EMT mark-
ers, Snail, Snail 2, N-cadherin (N-cad) and E-cadherin (E-cad), in control cultures (con) or
cultures supplemented with MM or CAF ECM quantified in (B) (n = 3 independent experi-
ments).

understand whether the tumor normalization I observed was further accompanied
by a restoration of a more epithelial phenotype we looked into the multiple markers
involved in EMT to see if they too reversed. We quantified Snaill, Snail2, N-cadherin
and E-cadherin using RT-PCR and found that all three mesenchymal markers (Snaill,
Snail2, and N-cadherin) decreased to nearly half when embryonic ECM was present
in the cultures (Figure 3.6). While E-cadherin expression did not change, the mor-
phological organization seen by IHC showed a polarized epithelial structure (Figure
3.4 a). Thus, embryonic mesenchyme may induce the tumor cells to take on a more
a epithelial phenotype.

Finally, while the results of some past studies support the idea that mesenchymal
cells can induce epithelial tumor cell normalization, other reports claim that mes-
enchymal cells actually stimulate tumor cell migration, and hence increase metastatic
potential [176]. To explore this further, I cultured eMM or CAF cells in Transwell
migration chambers, and then treated the cells with detergent to produce cell-free,

ECM-coated Transwell membranes. When mammary tumor cells were plated on these
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Figure 3.7: ECM from eMM cells reduces migratory potential. (A) Migration of M28, M6
and M6C mammary tumor epithelial cells decreased on eMM ECM compared to CAF ECM
when analyzed in a Transwell migration assay measured by cells per high power field (hpf),
representative images of hpf shown in B (n > 4 independent experiments, 8 hpf each) (*p <
0.05, **p < 0.01).

ECMs for 6 hours, I found that the eMM ECM produced a decrease in cell migration
compared to the CAF ECM (Figure 3.7).

3.2.4 Molecular signaling associated with tumor normalization

The Rho/ROCK pathway is a key pathway in regulation of ECM signaling [43, 177].
Thus, I investigated the role of the small GTPases using a panel of activator and
inhibitors (CNO02 - rac activator, NSC 23766 - rac inhibitor, CT04 - Rho inhibitor,
Y27632 - ROCK inhibitor). By treating with each of these small molecules I was able
to show that rac activation is required for the tumor epithelial cells to form lumens

in the presence of eMM ECM (figure 3.8).

3.2.5 Suppression of breast cancer growth in vivo

To explore whether the effects I observed in wvitro might potentially be clinically

relevant, I injected cell-free eMM ECM directly into tumors that were created by
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Figure 3.8: Racl activation required for tumor cell normalization by embryonic ECM. (A)
Representative images of M6 tumor spheroids in control and eMM ECM containing cultures
treated with inhibitors and activators of the Rho/ROCK pathway (CNO02: rac activator; NSC:
rac inhibitor; CT04: Rho inhibitor; Y27632: ROCK inhibitor;) and quantification of lumen
formation (B). Error bars are 95% exact confidence intervals (binomial distribution) (con,
CNO02, NSC: n > 3 independent experiments; CT04, Y27632: n = 2 independent experiments;
scale bar = 20pum).



implanting highly malignant 4T1 mouse mammary cancer cells in the left thoracic
mammary fat pad of a syngeneic mouse. Tumors treated with inductive eMM ECM
(50 mg/ml in PBS once every other day) displayed a significant reduction in tumor
growth and expansion: eMM ECM-treated tumors displayed volumes 44% smaller
than controls and 37% smaller than tumors treated with CAF ECM (Figure 3.9 a
and Table 3.2). The growth rate (computed as the slope of growth curve from day 4
to day 10) of control and CAF ECM treated tumors (114 and 133 mm?/day) is more
than one and half times that of eMM ECM treated tumors (75 mm3/day). Moreover,
this suppressive effect was dependent on the ECM concentration injected, as less
inhibition was produced at 10 versus 50 mg/ml (95 vs 75 mm3/day) and a dose of

100mg/ml suppressed tumor growth most effectively (65 mm3/day) (Figure 3.9 a).

Table 3.2: Statistical test (p-value) for in vivo data presented in Figure 3.9 a

con vs. MM con vs CAF CAF vs MM

day 3 0.70 0.65 0.91
day4  1.6x 1074 0.19 7.7x 1073
day 5  85x 1075 0.03 0.14
day 6  1.3x 1074 0.49 0.036
day 7 3.2x1074 0.08 7.9x 1073
day 8 4.9 x 107 0.78 0.024
day 9  1.2x 1074 0.02 0.066
day 10 9.6 x 1074 0.12 8.6 x 1072

Immunohistochemical analysis of tumors treated with eMM ECM compared to con-
trols confirmed that the eMM ECM I injected, which is highly enriched for collagen
type VI (Figure 3.10), was retained within the tumor matrix (Figure 3.9 b,c). Ad-
ditionally, quantification of ki67 and TUNEL revealed that the tumors treated with

eMM ECM were less proliferative while very few cells underwent apoptosis (Figure
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Figure 3.9: Effects of intratumoral injection of ECM isolated from cultured eMM or CAFs
on mammary 4T1 breast cancer tumor growth in vivo. Tumors were injected into the left tho-
racic fat pad of female BALB/C mice and grown for 10 days. eMM ECM was injected intra-
tumorally every other day starting on the 3rd day after implantation. (A) Significant (p-values
shown in Table 3.2) concentration-dependent differences in tumor volume were detected from
day 4 through 10 when injected with eMM at 10 mg/ml (n=5) (x), 50 mg/ml (n=10) (O)
or 100 mg/ml (n=5) ( ) compared with PBS control (n=10) ( ®) or 50 mg/ml CAF ECM
(n=5) (+). (B) Immunofluorescence views of histological tumor sections showing staining for
collagen VI, ki67 and TUNEL (green), as well as DAPI-labeled nuclei (blue). Computerized
morphometric quantification of collagen VI (C) and ki67 (D) staining are shown below (scale-
bar = 50 um; ** p < 0.01, *** p < 0.001).
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Figure 3.9: (continued)
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Figure 3.10: Collagen VI is more highly expressed in eMM ECM. Immunfluorescence images

showing differential expression of collagen VI and fibronectin in ECM isolated from cultured
CAF and eMM cells (scalebar = 50 pum).
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Figure 3.11: Treatment of tumors with eMM ECM at later stages of progression is less ef-
fective. Growth curves showing control, PBS injected (M) and eMM ECM (0OJ) treated tumor
volume, treatments were started on day 5.

3.9 b,d), which is consistent with the results of our in vitro studies. These findings
suggest that the eMM ECM treated tumors are less aggressive compared to control
or CAF ECM treated tumors.

Preliminary studies suggest that early treatment of tumor is critical for tumor
suppression. By starting injections on day 5 following injection rather than day 3 we
were able to see a small reduction in tumor volume compared to control, however it
appeared to simply delay tumor progression rather than slow tumor growth (Figure
3.11). Tumor growth appeared to quickly resume a rate which was similar to that
seen in control tumors. These results suggest that early treatment of tumors is more
efficacious.

Critically, the in vivo model described here is highly aggressive and grows signif-
icantly more rapidly than normal tumors. While this allows for rapid analysis of
different treatments in vivo, it also has significant limitations. Traditionally tumor
growth curves would be exponential, however, likely because of the large number of
cells injected and rapid expansion of this tumor model we see a linear tumor expan-

sion. Additionally, the intratumoral injections of ECM material likely leads to only
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portions of the tumor seeing the treatment which could be limiting the effectiveness of
the treatment. In order to better understand the physiological relevance of this treat-
ment additional in vivo tumor models would be necessary, including human tumor

xenograft models.

3.3 Discussion

Studies carried out almost forty years ago suggest that some cancers can differentiate
and normalize their growth when combined with normal embryonic mesenchyme or
with ECMs that are deposited at the epithelial-mesenchymal interface [1, 2, 4-6, 8,
114, 165]. Embryonal carcinoma cells also were shown to ‘reboot’ and contribute
to the development of various tissues as well as to the formation of living, cancer-
free, chimeric mice when injected into the blastocyst [108]. Rous Sarcoma Virus,
which is known to cause sarcomas through oncogenic transformation [111], similarly
does not lead to malignant transformation when injected into chick embryos in the
absence of additional microenvironmental cues (e.g., wounding) [112]. Thus, again
suggesting that while genetic alterations might be necessary for cancer formation,
they are not sufficient alone to induce tumor formation, and cues from the normal
embryonic microenvironment appear to be able to suppress this transformation or
induce cancer normalization. However, interest in developmental contributions and
non-genetic causes of cancer faded as molecular biology surged and genetics became
the focus in the cancer research field. Now, cancer is commonly thought to arise from
progressive accumulation of random genetic mutations, which lead to uncontrolled
cell growth and hence most treatment options focus on anti-proliferative therapies,
which unfortunately produce generalized toxicity.

Our findings show that normal, early stage, embryonic mesenchyme is sufficient
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to induce differentiation and suppress growth of mouse mammary tumor epithelial
cells both in wvitro and in vivo. Moreover, virtually all of these inductive effects are
conveyed by the ECM that is deposited by these mesenchymal cells. Surprisingly
ECM from CAF cells had no effect on tumor progression. It is possible that the
CAF cells used in these studies have been ‘normalized” due to the extensive doubling
which occurred during the process of isolating and cloning the cells. The finding
that embryonic ECM mediates tumor cell response is consistent with past studies
which show the embryonic mesenchyme controls the form of developing epithelial
tissues by accelerating and slowing ECM turnover at selective sites [131, 133], and
with more recent experiments which have revealed that changes in ECM structure
[99], mechanics [9], and composition [151] in the tumor microenvironment actively
contribute to cancer progression. Our results suggest that embryonic ECMs that can
induce normal tissue morphogenesis also have the ability to reverse this progression
and ‘reboot’ cancers, resulting in at least partial normalization of their behavior.

While the present findings point to the insoluble ECM as the source of the induc-
tive cues, the underlying mechanism responsible for this tumor normalization effect
remains unknown. Given recent work showing that increases in ECM stiffness can
promote cancer formation [9], it is possible that the cancer normalizing effects of em-
bryonic ECMs might relate to differences in their mechanical properties. However,
there are many other features of ECM that also could contribute to tumor normaliza-
tion including matrix composition and nanostructure, as well as matrix-bound growth
factors that may remain after decellularization.

Importantly, another group recently showed that ‘embryonic-like’” ECM may be
used to inhibit cancer growth [178]. This work used neonatal foreskin fibroblasts
cultured under hypoxic conditions in order to mimic the stem cell niche. However,

the embryonic-like ECM produced by this hypoxic culture condition produced a de-
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crease in tumor volume by inducing apoptosis through upregulation of Caspase 9.
In contrast, our results indicate that native embryonic ECM induces tumor growth
suppression in the absence of any detectable change in apoptosis. Instead, I observed
induction of tumor cell differentiation and a lessening of tumor cell aggressiveness,
as indicated by decreased proliferation and migration, as well as increased formation
of ducts with hollow lumens plus re-expression of ERe. Thus, I believe the cancer-
normalizing effects of native embryonic ECM act via a different mechanism than that
previously reported with neonatal fibroblasts cultured under hypoxic conditions [178].

During the past decade, there has been an increasing focus on mesenchymal stem
cells that have been shown to be attracted to both primary and metastatic tumor
sites [179]. These studies have revealed that when mesenchymal stem cells or healthy
fibroblasts are exposed to the tumor microenvironment, they can transform into CAFs
that promote angiogenesis and tumor growth [180-183]. Thus, in light of the potential
pro-tumorigenic behavior of stromal cells, care must be taken in proceeding with cell-
based therapies. However, our results show that ECM rather than direct cell-cell
contact is responsible for tumor cell normalization, which opens up the possibility
that it might be possible to bypass this danger by designing biomimetic inductive

materials that mimic critical properties of the embryonic mesenchymal ECM [184].

3.4 Materials and Methods

3.4.1 Animals

Embryonic mesenchyme was harvested from timed-pregnant FVB/N female mice
(Jackson Laboratory, Bar Harbor, ME); the morning the vaginal plug was detected
was defined as E0.5. Epithelium was peeled away and the underlying mesenchyme of

each mammary bud was microdissected from the embryo. Dental mesenchyme was
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dissected as previously described [58]. For tumor growth studies, 4T1 cells (3x10°
cells/ 100 ul PBS) were injected into the mammary fat pad of 8 to 10-week old
female BALB/C mice (Charles River Laboratories, Wilmington, MA). After 3 days,
100 ul PBS (with or without ECM) was injected intratumorally, and this was re-
peated every other day until sacrifice on day 10. All animal studies were reviewed

and approved by Animal Care and Use Committee of Boston Children’s Hospital.

3.4.2 Molecular Analysis

Total RNA was isolated using RNeasy Plus Mini Kit (Qiagen) and ERe expression
was detected by qRT-PCR. For 3D cultures, hydrogels were solubilized using cold
Cell Recovery Solution (BD Biosciences) supplemented with 1 mg/ml Collagenase A
(Roche). RNA was reverse transcribed into cDNA using a iScript cDNA Synthesis Kit
(Bio-Rad) and ¢cDNA was amplified with iTaq SYBR Green Supermix with ROX (Bio-
Rad) using the CFX96 real-time PCR system (Bio-Rad). Amplification was carried
out using primers shown in Table 3.3 [185]. RT-PCR was used for the detection of
EMT markers 0.5 pug of total RNA from each sample was reverse transcribed using
the Omniscript RT Kit (Qiagen), and the cDNA was then amplified using the PCR
Master Mix Kit (Qiagen). PCR conditions were: 94°C for 30 sec, 55°C for 30 sec,
72°C for 60 sec for 25 cycles with a final 72°C extension for 10 min using the primers
shown in table 3.3. The sizes of the PCR products were 218 BP for Snaill, 149 bp
for Snail2, 153 bp for E-cadherin, 226 bp for N-cadherin, and 305 bp for GAPDH.

3.4.3 Immunohistochemistry

Antibodies directed against collagen VI, 3-catenin, laminin 5, BrdU and ki67 were

from Abcam; Fluoromount G was from Southern Biotech. For detection of cell pro-
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Table 3.3: Chapter 3 qRT-PCR primers

gene sequence (5'->3')
— F: COTCCCGCCTTCTACAGGT

R: CACACGGCACAGTAGCGAG

F: AGGTCGGTGTGAACGGATTTG
GAPDH for ERx 1 1 fA GACCATGTAGTTGAGGTCA
Saill F: CTTCTCTAGGCCCTGGCOTG
nat R: CTCTTGGTGCTTGTGGAGC
Sl F: GCAAGATCTGTGGCAAGG

R: ACGTGGGTCTGCAGATGTG
- F: CTATGATGAAGAAGGAGG
-eadhe R: CATCAGGATTGGCAGGAC
Necadherin F: GGCCAGGAGCTGACCAGC

R: CCCATTCCAAACCTGGTG

F: TGTCATCAACGGGAAGCCCA
GAPDH for EMT b 1 (TG ATGGATGACCTTGGC

liferation, cells were pulsed with 10 uM 5-ethynyl-2’-deoxyuridine (EAU) for 16 hours
and then fixed and analyzed using a Click-iT Imaging Kit (Invitrogen). Images of
2D cultures were captured using a Zeiss Axioscope 2 and 3D cultures were captured
using a Leica SP5 X MP Inverted Confocal Microscope with multiphoton pulsed IR
laser Chameleon Vision 2. Morphometric analysis was performed using Image J soft-
ware (http://rsbweb.nih.gov/ij/) (National Institute of Health, USA) as well as

Volocity (PerkinElmer).

3.4.4 Decellularization

To produce ECMs that can be isolated from mesenchymal cell cultures, round glass
cover slips (12 mm) were coated with crosslinked gelatin by treating with 0.1%
gelatin (Sigma) for 1 hr at 37°C, followed by 1% gluteraldehyde (Electron Microscopy

Sciences) for 30 min at room temperature, washed with PBS, treated with 1M
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Ethanolamine (Sigma) for 30 min and washed with PBS again before plating of mes-
enchymal cells, as previously described [145]. The cells were plated near confluence
on the gelatin-coated coverslips in 24 well plates and grown in medium supplemented
with 50 pg/ml ascorbic acid (Sigma) changed every other day for 1 to 2 weeks before
the cells were removed with pre-warmed (37°C) extraction buffer containing 20mM
Ammonium Hydroxide (Sigma) and 0.5% (v/v) Triton X-100 (Sigma) in PBS for 10-
15 mins. Cell debris was diluted in PBS and the ECM was stored at 4°C overnight.
The following day ECM was washed with PBS and treated with DNase (10 Kunitz
units/ml; Qiagen) for 2 hrs at 37°C. ECM was then removed from the bottom of
the dish using a cell scraper, lyophilized and resuspended in PBS prior to use in 3D

culture or in vivo assays.

3.4.5 Cell culture

Mammary epithelial cell lines obtained from different stages of breast cancer pro-
gression in C3(1)/SV40 T-antigen transgenic mice were kindly provided by Cheryl
Jorcyk’s laboratory [186]. The cells were maintained in DMEM with high glucose
(GIBCO), supplemented with 5% FBS, 100 units/ml penicillin and streptomycin (In-
vitrogen). CAFs, which were isolated from 18 week transgenic mouse breast tumors,
and cells isolated from microdissected mesenchyme were maintained in DMEM with
high glucose supplemented with 10% FBS, 100 units/ml penicillin and streptomycin,
and 2 mM GlutaMAX (Invitrogen).

In 2D culture studies, mammary epithelial tumor cells were plated (1 x 104
cells/well) alone or with mesenchymal cells (1:1 ratio) on gelatin-coated coverslips
with or without overlying cell-free mesenchymal ECM. Cultures were maintained
for 5 days; cells were trypsinized and counted on the T10 Automated Cell Counter

(Bio-Rad) for proliferation assays. In order to estimate the growth rate the sigmoidal
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growth curves were fit using the Verhulst-Pearl equation:

B KN, e™
K+ N,(et —1)

N(t)

(3.1)

where N is the number of cells, K is the carrying capacity, N, is the initial population
(assumed to be 10,000 based on initial seeding number), t is time, and r is the growth
rate. The curve was fit by minimizing the sum or squared errors in order to identify
the carrying capacity and the growth rate for each condition. Because the carrying
capacity was similar across all conditions I only reported the growth rate.

3D cultures of tumor epithelial cells were prepared in gels containing Matrigel (BD
Biosciences) and type I collagen (final concentration of 1 mg/ml; BD Biosciences).
Epithelial cells (2.75 x 10%) were resuspended in hydrogel (220 pl) either alone or in a
1:1 ratio with mesenchymal cells, and seeded into 35mm glass bottom dish (MatTek
Corporation). Cultures were maintained for 2 weeks; culture medium was changed ev-
ery two to three days. For histological analysis, the gels were fixed and frozen; lumen
formation was quantified in well by staining the nuclei with Hoechst dye (Invitrogen).
Lyophilized ECM solubilized at 100 mg/ml in PBS was mixed with prepared Matrigel
and collagen type I hydrogel to achieve the desired final ECM concentration. Condi-
tioned media was collected from eMM in 2D cultured alone for 2 or 3 days, spun at
1500 rpm, filtered (0.4 um pore), and quick frozen to be stored at -20°C; prior to use
the media was warmed to 37°C and supplemented 1:3 with normal media.

Activators and inhibitors for the Rho/ROCK pathway were used to supplement the
media of 3D cultures starting on day 3. The small molecules were used as suggested by
the manufacturer: CN02 (.1 U/mL, Cytoskeleton Inc.), NSC (50 uM, R&D Systems),
CTO04 (1 pg/mL, Cytoskeleton Inc.), Y27632 (10 uM, Reagents Direct).
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3.4.6 Migration assay

To analyze effects on tumor cell motility, 24-well Transwell chambers (8 um pores)
were coated with mesenchymal ECM as described above. Epithelial cells (1 x 10°)
were added to the top chamber in serum-free medium while the bottom chamber
contained medium supplemented with 5% FBS. After 6 hours, cultures were fixed in
paraformaldehyde and stained with Mayer’s Hematoxlyin; cells on top of the chamber

were removed with a cotton swab prior to cell imaging.

3.4.7 Statistical Analysis

Independent samples t-tests were used to compare results, which were considered

significant at p < 0.05. All results are presented as mean 4 standard error of the

mean (SEM).
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Defining Critical Extracellular Matrix

Features for Tumor Cell Differentiation

4.1 Introduction

REVIOUS studies have shown that tumor cells can be induced to slow their growth
P and organize in the embryonic microenvironment [1-4, 108, 109, 114-117], and
in Chapter 3 we confirm that early embryonic mesenchyme can normalize mammary
epithelial tumor cell behavior. More importantly, we found that detergent extracted
ECM produced by embryonic mesenchyme mediates this process. As described in de-
tail in Chapter 1 the ECM is a complex meshwork of cross-linked proteins providing
both biophysical and biochemical cues which regulate many cellular processes, includ-
ing cell proliferation, survival, differentiation, and migration [20, 21, 149, 151, 152].

In this chapter I set out to identify critical features within the embryonic ECM that
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regulate tumor cell normalization.

The deposition of additional ECM and its cross-linking creates an environment
that is stiffer surrounding tumors [187-189]. In a recent study it was shown that
increasing mammary ECM stiffness by varying collagen cross-linking promotes tumor
progression and cell invasion, while reduction of LOX-mediated cross-linking lowered
tumor incidence [9]. Suggesting that preventing or reversing matrix stiffness could
impede tumor progression. Further, one way mammary epithelial cells respond to
matrix stiffness is through Rho-mediated contractility [43]. Thus the activation of
the Rho GTPase, racl, shown in Chapter 3 to be required for tumor normalization
by embryonic ECM, suggests that matrix mechanics may be playing a role.

Both the composition and biophysical properties of the ECM have been shown to
contribute to normal development as well as tumor progression. Each developmental
state has a unique ECM protein content, which regulates mammary gland organiza-
tion and differentiation [60, 190-192]. These include a diverse array of ECM proteins:
laminins, fibrillar collagens type I, III, and V, bead-filament collagen VI and IX as
well as basal lamina collagen IV and collagen-associated proteins known to effect
crosslinking such as elastin, fibrillin 1, decorin, lumican, and biglycan [60]. Precise
control of the expression and remodeling of these proteins is critical for normal de-
velopment as well as tissue homeostasis in the adult [99, 193]. However, attempts to
characterize ECM composition by proteomics analysis both in wvitro and in vivo has
been limited because of the insolubility, high molecular weight glycans, and covalent
protein crosslinks [194-196] which make full digestion of the proteins difficult. This is
further complicated within the embryonic microenvironment by the small sample size.
To overcome these difficulties we performed multi-stage digestions on our detergent
extracted ECM samples from cultured embryonic cells.

In Chapter 4 I set out to identify critical features of the inductive ECM that are
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responsible for tumor normalization. Specifically, I tested the inductive capacity of
five cell-derived ECMs (MM12.5, 13.5 and 14.5, DM10, and CAF) finding three in-
ductive, one weakly inductive, and one which is not inductive. On this panel of ECMs
I performed immunoblotting, AFM, and proteomics analysis to identify key biochem-
ical and mechanical features of the inductive matrices. I then went on to test these

features in vitro, identifying three proteins that contribute to tumor normalization.

4.2 Results

4.2.1 Specificity of the tumor normalization capacity of embryonic mes-

enchyme

We previously showed that ECM isolated from early stage MM (eMM: E12.5-E13.5)
but not adult CAFs could induce mammary tumor cell normalization, as seen by
decreased growth and migration, as well as increased ERx expression and lumen
formation in 3D culture. Embryonic ECM was sufficient to increase lumen formation
by more than 3-fold, representing the largest and most consistent readout for tumor
cell normalization, thus lumen formation in 3D culture was used as the primary
readout moving forward.

In order to identify critical ECM features involved in tumor cell normalization
from cell-derived ECM 1 first set out to define a panel of inductive and non-inductive
matrices. For these studies I focused on embryonic matrices from different embry-
onic stages of the mammary gland (E12.5, 13.5 and 14.5) as well as from a different
organ, embryonic day 10 dental mesenchyme (DM10). Interestingly, only ECM iso-
lated from mesenchyme at the earlier stages (MM12.5, MM13.5, and DM10) that

are also inductive during embryological development produced a significant increase
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Figure 4.1: Tumor cell differentiation in 3D culture is most effective with early stage embry-
onic mesenchyme. (A) Fluorescent images showing M6 epithelial tumor spheroids cultured
with ECM isolated from E12.5, 13.5 or 14.5 embryonic mammary mesenchyme (MM) or E10
dental mesenchyme (DM) and stained with DAPI and anti-f3-catenin (green) to visualize ep-
ithelial polarization (nuclei are in blue). Quantification of lumen formation (B) and ER« in-
duction (C) in these cultures (n > 3 independent experiments) (scalebar = 50 um; * p <
0.05, ** p < 0.01).
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Figure 4.2: Tumor cell differentiation in 2D culture is most effective with early stage embry-
onic mesenchyme. (A) Fluorescent images showing M6 epithelial tumor spheroids cultured
with ECM isolated from E12.5, 13.5 or 14.5 embryonic mammary mesenchyme (MM) or E10
dental mesenchyme (DM) and stained with DAPI (blue) and EdU (green) to visualize cells
which have undergone division. Quantification of the percentage of cells which are stained for
EdU, representing cell growth (B) and ERx induction (C) in these cultures (n = 3 indepen-
dent experiments) (scalebar = 50 um; * p < 0.05).

in lumen formation in 3D culture (50.1%, 46%, and 54% lumen, respectively), while
ECM isolated from later stage (MM14.5) mammary mesenchyme failed to produce
a significant effect in 3D culture (Figure 4.1 a,b). Further, the same trend could
be seen in 2D culture where only ECM from earlier stages was sufficient to decrease
tumor cell growth (Figure 4.2 a,b). However, day 14.5 MM still retained its ability
to re-induce ERw expression in M6 cells (Figure 4.1 ¢ and 4.2 ¢), suggesting that
histodifferentiation and cytodifferentiation might be controlled through independent

mechanisms, as previously described [66].
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4.2.2 Analysis of matrix bound growth factors

It is known that some growth factors bind to ECM [147, 197, 198] however, little is
known about what role these growth factors play in cellular response to acellular ma-
trix. I used western blot analysis to analyze which growth factors remained following
decellularization, testing multiple factors known to be critical for embryonic mam-
mary gland development (InhibinfA, BMP4, Msx1, Fgf8, Fgf3, Wntba and Wnt3a)
[62]. T was able to identify several growth factors that are maintained in cell-derived
ECM, specifically, Msx1, Fgf8 and Wnt3a (Figure 4.3 a). To determine whether
these bound growth factors are critical for the cell-derived induction of mammary
tumor cell normalization I optimized methods to remove the growth factors using
high salt washes as has been previously described in Chapter 2 [147, 198]. Isolated
ECM was treated with high salt solutions, which released bound factors, leaving ma-
trix proteins adherent to the tissue culture dish. The growth factors present within
the salt wash was then concentrated, reducing the salt concentration using desalting
columns. Then both fractions (salt soluble and insoluble, scrapped from the bottom
of the dish) were dialyzed for 48 hours in PBS in order to remove any remaining
salt. The extracted growth factors (salt soluble) and ECM proteins (salt insoluble)
were then incorporated in 3D culture with mammary tumor cells to separately test
their inductive capacity. Interestingly, the salt insoluble fraction could increase lu-
men formation to the same extent as control ECM while the salt soluble fraction had
no effect, suggesting that the matrix proteins may be responsible for the tumor cell
normalization (figure 4.3 b), just as they were in the embryonic tooth (Figure 2.6).
However, in order to be confident in this result further analysis would be required
to assure the absence of all growth factors. Specifically, additional growth factors

should be tested and more quantitative measures of growth factor concentration in
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Figure 4.3: Salt insouble matrix proteins sufficient to normalize tumor cells. (A) Western
blot analysis showing ECM proteins as well as bound growth factors in intact aceullar matrix
(con), and fractions of the insoluble matrix following salt washes. (B) Representative images
showing M6 tumor spheroids in 3D culture with salt soluble and salt insoluble fractions, quan-
tification of the effects of each of these fractions are shown in C (scale bar = 20 um; ***p <
0.001).

each fraction should be carried out.

4.2.3 Differences in matrix stiffness suggest a role for mechanics

Cancer progression is commonly accompanied by a concomitant increase in tissue
rigidity, and past studies have shown that breast cancer development can be stim-
ulated by experimentally increasing ECM stiffness [9]. T used AFM to confirm that
mammary tumor progression in the C3(1)-Large T transgenic mice is accompanied by
an increase in tissue stiffness. I showed that the Young’s modulus increased approx-
imately 4-fold in 16 week transgenic glands which contain ducts displaying a DCIS
phenotype (1,770 £ 1,150 Pascals; median + median absolute deviation) relative to
8 week wild type glands (460 + 110 Pa) (figure 4.4 a). Interestingly, as the mam-
mary tumors progressed and their stiffness increased, so did the heterogeneity of their
compliance (figure 4.4 a,b).

To explore the origin of this heterogeneity in greater detail, I took advantage of

the observation that 16 week transgenic glands display multiple morphological stages
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Figure 4.4: Tumor progression in transgenic mice is accompanied by a increase in tissue stiff-
ness and heterogeneity in mechanical properties. (A) Histograms of Young's modulus mea-
sured by AFM from 8 week wildtype glands (8 wk wt) and 16 week transgnic glands (16 wk
T). (B) Representative maps of Young's modulus resulting from AFM measurements of a sin-
gle gland in each stage (8 wk wt on top, 16 wk T on bottom) (Measurement for each group
take on five separate days).
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of breast cancer progression (i.e., normal and DCIS) at different sites within a sin-
gle gland. So, I used AFM, which allows for precise spatial control, to analyze the
mechanics of the epithelial and stroma compartments individually within these mor-
phologically distinct regions. These studies revealed that the Young’s modulus of the
epithelium in histologically normal 16 week transgenic ducts was double that of 8
week wild type glands (1,010 £ 600 vs 460 + 110 Pa) and there was also a much
greater heterogeneity of mechanical stiffness values (median absolute deviation of 600
Pa vs 110 Pa), while the surrounding periductal stroma of both types of normal ap-
pearing ducts remained relatively soft and uniform (660 £+ 220 Pa) (figure 4.5 a.b).
In contrast, the epithelium and periductal stroma of 16 week transgenic ducts that
exhibited a DCIS morphology both showed significant increases in their compliance
(2470 £+ 1,280 Pa and 5,950 £ 2,520 Pa, respectively) compared to histologically nor-
mal ducts from 16 week transgenic tissues (690 + 270 Pa) or wild type glands (460
+ 110 Pa) (figure 4.5 a,b). While these observations show that a dramatic increase
in mechanical stiffness accompanies tumor progression, and that changes in epithelial
stiffness may even precede histological duct filling, it is unclear what role this stiffness
is playing.

To understand whether differences in mechanical compliance are contributing to
the tumor normalization observed with embryonic ECM I used AFM to quantify the
five cell-derived matrices. 1 was able to show that early stage inductive scaffolds
(MM12.5, MM13.5 and DM10) were relatively soft (1,100 £+ 300 Pascals (Pa), 800
+ 200 Pa, 450 £ 100 Pa, respectively) while later stage MM14.5 had a significantly
higher Young’s Modulus (3,100 4+ 900 Pa), and CAF ECM was even stiffer (6,300 +
2600 Pa) (figure 4.6 a). These results were suggestive that matrix mechanics may be

contributing to tumor cell normalization.
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Figure 4.5: Mechanical properties of both epithelial and stromal compartments correlate
with histological stage in adjacent glands within transgenic mice. (A) Histograms of AFM
measurements from epithelium and stroma of ducts which were histologically normal or DCIS
in 16 week transgenic mice. (B) Box plot showing 8 week wildtype (8 wt), 16 week transgenic
(16 T) and separation of epithelium (Epi) and stroma from histological distinct ducts in 16
week transgenic animals. The median is displayed along with the 25th and 75th percentiles
(box), and the 10th and 90th percentile (whiskers). Outliers are displayed as o (Measurement
for each group take on five separate days).
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ity of tumor normalization. Box plots showing Young's modulus of in vitro matrix (A). (B)
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transglutaminase (mTG) added to MM12.5 cells during ECM production, representative im-
ages of M6 tumor spheroids in each condition shown in C (AFM measurements taken on two
separate days; Lumen formation: n = 3 independent experiments; scale bar = 20 um; * <
0.05, ***p < 0.001). .
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In order to alter matrix mechanics I chose to use the native tissue crosslinker,
transglutaminase. During ECM production, the growth media was supplemented
with increasing concentrations of transglutaminase, producing a clear cellular re-
sponse. MM12.5 cells, which were supplemented with 1 mg/mL transglutaminase,
had a more spread morphology indicative of a stiffer substrate. Surprisingly, AFM
measurements of the resulting matrix showed that adding this tissue crosslinker did
not increase matrix mechanics. However, treatment of the ECM with transglutami-
nase did significantly decrease the ability of the matrix to induce lumen formation in
3D culture, in a concentration dependent manner (figure 4.6 b, ¢). Thus it remains
unclear whether matrix mechanics contributes to tumor cell normalization. Previous
reports have shown that crosslinking native matrix can prevent exposure of mechan-
ically unfolded cryptic sites [199], alternatively crosslinking may induce changes in
mechanical properties at a larger scale, which could not be detected by the small

probe used for AFM.

4.2.4 Proteomics analysis to define matrix composition

The biochemical makeup of the ECM is known to play a large role in the control of
cell behavior, thus I setout to identify the proteins that remained following detergent
extraction using proteomics analysis. ECM proteins are difficult to identify using
proteomics analysis because of their wide range of expression, high molecular weight
glycans, and the presence of covalently cross-linked proteins that can be difficult
to digest. In order to overcome these issues I used a multi-stage digestion protocol
involving PNGase, Lys-C, and trypsin in order to completely digest the samples [200].
Further, because of the large number of proteins present in the mixture with wide
range of concentrations and sizes, the LC-MS/MS was run at a shallow gradient in

order to detect more of the smaller peaks. FEach sample was run in triplicate in
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order to assure that any sample to sample variability was accounted for. Our analysis
across replicates showed striking similarity between independent sample preparations,
suggesting that our method of ECM preparation is consistent.

Using this proteomics analysis I was able to identify a large number of proteins (a
complete list of proteins can be found at the end of the chapter in Table 4.4). In ad-
dition to ECM proteins multiple cellular components also remained in our detergent
insoluble material. A number of cytoskeletal proteins (e.g. actin, tubulin, interme-
diate filaments, myosin), DNA associated proteins (e.g. topoisomerase, replication
and repair protein), histones, and transmembrane proteins (e.g. aquaporin, lipid A
export ATP-binding) among other components were found in the protein mixtures.
However, these proteins were largely found in all five matrices studied suggesting they
do not play a critical role in the biological activity. Interestingly, neither integrins
nor growth factors appeared in the proteomics results. It is possible that the alter-
native digestion carried out to completely digest the ECM samples somehow selected
for ECM proteins.

Proteomics analysis also identified multiple ECM proteins across all five samples
some of which were expressed only in embryonic ECMs (Table 4.1 and Figure 4.7).
However, from proteomics analysis alone I cannot be sure about the expression level
of these proteins. So, in order to validate and better understand the differences
in expression I used Western blot analysis showing that SPARC, Collagen VI and
Collagen III are expressed only in embryonic ECMs and that biglycan is much more
highly expressed in embryonic matrices compared to CAFs (figure 4.8 a) (using total
protein to normalize). Further, western blot analysis revealed that most of these
proteins have a lower expression in ECM isolated from MM14.5, which has been

shown to be less inductive then other embryonic matrices.
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Figure 4.7: Multiple ECM proteins were identified in each of the cell-derived matrices by
proteomics analysis. A venn diagram illustrating matrix proteins shared and specific to each of
the matrix protein mixtures (Data pooled from at least two independent samples for each cell

type).
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Table 4.1: Summary of ECM proteins identified in proteomics analysis and microarray

Protein

MM12.5 MM13.5 MM14.5 CAF

Proteomics

20 wk T microarray
storma Epi

biglycan
SPARC
Collagen IIT
Collagen VI
Tenascin
Collagen XII
Collagen 1
Fibrillin-1
Thrombospondin-2
Thrombospondin-1
Galectin-1
Collagen XVIII
Tin-ag
Nidogen-2
Fibronectin

HS proteoglycan
Fibrulin-2
Vitronectin
Periostin
EMILIN-1
Collagen IV
Laminin 5
Laminin 1
Collagen XV
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In order to understand which of these proteins might be active during tumor pro-
gression within C3(1) SV40 Tag transgenic mice I utilized microarray data previously

collected by Amy Brock and Silva Krause in the Ingber laboratory. RNA levels from

whole tissue lysates from normal 8 week mammary glands (both epithelial and stro-

mal compartments) as well as tumors from 20 week transgenic glands, where the bulk
tumor (Epi) and the adjacent stroma were manually separated were compared. In-

terestingly, in late stage tumors multiple of the ECM proteins enriched in embryonic

ECM had differential expression compared to 8 week wildteype glands (Table 4.1).
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Of particular interest SPARC, Collagen III, and Collagen VI were the only ECM
proteins examined which had altered expression within the tumor stroma and they
all had decreased expression (Table 4.1).

To investigate the effect of the different ECM proteins identified through proteomics
analysis on mammary tumor cell behavior I embedded individual proteins (purchased
commercially) in 3D control gels composed of Matrigel and Collagen I and quantified
lumen formation. Interestingly, three of the proteins tested had the capacity to induce
lumen formation in 3D culture (biglycan, SPARC, and Collagen III) while the others
(Fibrillin-1, Tenascin C, and Collagen VI) had no effect (figure 4.8 b, ¢). Biglycan
and SPARC have both been shown previously to interact with collagens, particularly
collagen T and collagen 1T [36, 201, 202], suggesting that these three proteins may be
acting together to regulate tumor cell behavior.

Biglycan is a small leucine-rich proteoglycan (SLRP) characterized by a typical
cluster of cysteine residues at the N terminus. The protein core consists of about
331 amino acids with two covalently linked GAG side chains containing chondroitin
sulfate and /or dermatan sulfate and two oligosaccharide moieties. Previous studies on
biglycan have highlighted a role in the tumor microenvironment, which can be either
tumor promoting [200] or suppressing [203, 204] depending on the tissue context
and attached glycans. Immunoblot analysis revealed that the biglycan present in all
5 matrices had a molecular weight of 50kDa, slightly different from the expected
42kDa, however, significantly lower than the traditional fully glycosylated protein in
the range of 100-200 kDa and preliminary studies to identify carbohydrates in the
protein mixtures using Periodic acid-Schiff base staining revealed no carbohydrates
in the protein mixtures. Further, the biglycan protein core purchased commercially

was sufficient to increase lumen formation in vitro (Figure 4.8 b), suggesting that
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Figure 4.8: Three ECM proteins identified by proteomics were shown to reproduce the mam-
mary tumor normalization in 3D. (A) Western blot analysis of multiple ECM proteins showing
expression in different stages of MM and DM as well as CAF. (B) Quantification of lumen
formation in 3D cultures which contain matrix proteins identified to be expressed in induc-
tive matrices, reprentative images of M6 cell spheroids shown in C (biglycan (BGN), SPARC,
Tenascin C (TN C), fibrillin 1: n = 3; Collagen IlI (Col Il1), Collagen VI (Col VI): n = 2 inde-
pendent experiments) (**p < 0.01, ***p < 0.001; scale bar = 20 um).

87



GAG chains are not playing a role in this case. In order to better understand the role
of biglycan in the embryonic ECM I used siRNA to knockdown biglycan in MM12.5
cells [205] resulting in a nearly 8-fold decrease in biglycan expression as shown by
qRT-PCR and immunoblot (Figure 4.9 a,b). ECM isolated from MM12.5 cells with
decreased biglycan failed to induce tumor cell normalization in 3D culture (figure 4.9
¢, d). However, the effect of biglycan knockdown on Collagen 11T or SPARC expression

or fibrillogenesis has not been evaluated in these matrices.

4.3 Discussion

While it has been nearly forty years since it was first shown that certain epithelial can-
cers can normalize their growth and show signs of histodifferentiation when combined
with normal embryonic mesenchyme or basement membrane [1, 2, 4-6, 8, 114, 165],
the mechanism has remained illusive. Our work in Chapter 3 showed that ECM pro-
duced by mesenchymal cells alone is sufficient to induce tumor cell normalization both
in vitro and in vivo, and this is supported by a number of recent findings showing that
changes in ECM structure [99], mechanics [9], and composition [151] in the tumor
microenvironment actively contribute to cancer progression. These findings open up
the possibility of taking a tissue engineering approach to cancer therapy by designing
a biomimetic material that mimics critical properties of the embryonic mesenchymal
ECM [184]. However, to design such a material would require an understanding of
the mechanism underlying tumor normalization by embryonic mesenchymal ECM.
Our work shows that early mammary mesenchyme (E12.5-13.5) can normalize tu-
mor cell behavior, while mesenchyme from E14.5 is less effective both in 2D and 3D
culture. Interestingly, the embryonic mammary gland undergoes significant changes

between E13.5 and E14.5. During E12.5-E13.5 the embryonic mammary epithelium
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Figure 4.9: Biglycan expression in necessary for induction of tumor normalization. Biglycan
(BGN) expression in control MM12.5 ECM (untreated), nonsense siRNA (con siRNA) and
BGN siRNA shown by gRT-PCR (A) and western blot (B). (C) Quantification of lumen for-
mation in 3D culture in control cultures or with added MM12.5 ECM, biglycan protein, or
MM12.5 ECM treated with control siRNA or biglycan siRNA, representative images of M6 cell
spheroids shown in D (n > 3 independent experiments). (**p < 0.01, ***p < 0.001; scale
bar = 20 um).
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is in a rest phase, it does not undergo significant cell growth [206]. However, by
E15 DNA synthesis resumes within the mammary epithelium of female mice, and
the mammary mesenchyme differentiates into two separate lineages, the fibroblastic
mesenchyme directly surrounding the epithelial bud and the fat pad precursor [68].
Recombination studies have shown that the fibroblastic mesenchyme induces atypi-
cal ductal branching with hyperplastic ducts, while the fat pad mesenchyme induces
epithelial cell elongation and branching [68]. Thus it is clear that mesenchyme from
different differentiation statuses can play a large role in controlling epithelial cell
fate during embryonic development, and it is possible that the cell growth arrest ob-
served in tumor cells is carried out by the same mechanism as used during embryonic
development.

Our AFM studies demonstrate that the ductal mammary epithelium exhibits lo-
cal micromechanical changes prior to undergoing morphological transformation, as
evidenced by the increased stiffness of histologically normal ductal epithelium in 16
week transgenic glands. Further it has been shown previously that preventing matrix
crosslinking and increased tissue stiffness can actually slow tumor progression [9]. It is
still unclear what role matrix mechanics is playing in tumor normalization by embry-
onic ECM. Our results show that crosslinking the matrix using transglutaminase does
decrease tumor cell response, however, I was unable to detect a change in the matrix
mechanics using AFM. Thus more studies are necessary to clearly understand what
changes were induced by transgluatminase. It is still possible that the mechanical
properties are changed but that it is the tensile properties which change or that these
changes can only be detected at a larger length scale. Additionally, it is possible that
alterations of the matrix composition, such as biglycan knockdown, which decreased
the inductive capacity of the matrix, also affects the matrix mechanics.

Type III collagen is a fibrillar collagen which frequently associates with type I colla-
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gen and is found extensible in connective tissues, skin, lung, and the vascular system.
During development collagen III accumulates specifically at the clefts of branching
organs where it is thought to provide a rigid support to stabilize the cleft and pre-
vent further growth and invasion [207]. Our studies suggest that collagen III may
be taking on a similar role for tumor cells, acting to slow growth and stabilize the
cells in differentiated states. Interestingly, the other two matrix proteins identified
as playing a role in tumor normalization by embryonic ECM, biglycan and SPARC,
have both been shown to bind to Collagen III and regulate fibrillogenesis and matrix
remodeling [202, 208, 209]. Further while any of these three components can increase
tumor cell differentiation in 3D culture, knocking down biglycan alone is sufficient
to disrupt the inductive capacity of the embryonic matrix. These data suggest that
all three matrix components may be working together to regulate tumor cell behav-
ior. However, to fully understand this it will be critical to determine how decreased

biglycan affects collagen 11T and SPARC expression.

4.4 Materials and Methods

4.4.1 Decellularization of cultured mesenchymal cells

To produce ECMs that can be isolated from mesenchymal cell cultures, round glass
cover slips (12 mm) were coated with crosslinked gelatin by treating with 0.1%
gelatin (Sigma) for 1 hr at 37°C, followed by 1% gluteraldehyde (Electron Microscopy
Sciences) for 30 min at room temperature, washed with PBS, treated with 1M
Ethanolamine (Sigma) for 30 min and washed with PBS again before plating of mes-
enchymal cells, as previously described [145]. The cells were plated near confluence
on the gelatin-coated coverslips in 24 well plates and grown in medium supplemented

with 50 ng/ml ascorbic acid (Sigma) changed every other day for 1 to 2 weeks before
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the cells were removed with pre-warmed (37°C) extraction buffer containing 20mM
Ammonium Hydroxide (Sigma) and 0.5% (v/v) Triton X-100 (Sigma) in PBS for 10-
15 mins. Cell debris was diluted in PBS and the ECM was stored at 4°C overnight.
The following day ECM was washed with PBS and treated with DNase (10 Kunitz
units/ml; Qiagen) for 2 hrs at 37°C. Undifferentiated dental mesenchyme was plated
on isolated ECM and maintained in culture for 16 hours at 37°C and then fixed in

pre-warmed 4% PFA.

4.4.2 Growth factor extraction

Acellular matrix isolated from cultured cells was washed several times with PBS,
then incubated with 2 M Sodium Chloride (sigma) in 20 mM HEPES buffer (sigma)
at 37°C for 1 hour [147, 148]. Isolated matrix was washed several times in PBS to
remove excess salt while extracted growth factors were spun in desalting columns and
then both were dialyzed against 10mM PBS for 48 hours, and lyophilized. Extrac-
tion of growth factors was confirmed by immunoblotting, where protein content was
normalized by weight. Salt extracted growth factors or ECM was used as acellular

matrix in 3D culture.

4.4.3 Atomic force microscopy

Unfixed intact frozen sections of mammary tissue or detergent extracted matrices from
cultured cell were measured using an MFP-3D-Bio atomic force microscope (Asylum
Research) in PBS. Silicon nitride AFM cantilevers with a 60 pN/nm spring constant
with either a 5 pum or a 10 um borosilicate spherical bead on the tip (Novascan)
were calibrated thermally according to the Sader method. The tissues were imaged
following immunohistochemical staining for Laminin5 and dapi using an Olympusx81

inverted fluorescence microscope. The AFM applied a maximum prescribed force
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of 1-10nN with an indenter velocity of 2 um/s and the Hertz Model was used to

determine the elastic properties of the tissue.

4.4.4 Proteomics analysis

Detergent extracted ECM (5 mg) isolated from cultured cells was solubilized and
reduced in 100 puL of 8 M urea, 100 mM ammonium bicarbonate, 10 mM dithiothreitol,
pH 8 with shaking at 37°C for 30 minutes. After cooling to room temperature,
cysteines were alkylated by adding iodoacetaminde to a final concentration of 25
mM for 30 minutes in the dark. The solution was then diluted to 2 M urea, 100
mM ammonium bicarbonate, pH 8.0, followed by digestion with 1000-2000 units of
PNGaseF (New England BioLabs) for 2 hours at 37°C. Next the samples were digested
with Lys-C (Wako Chemicals) at a ratio of 1:100 enzyme:substrate with vortexing at
37°C for 2 hours. Final digestion was done using trypsin (Sequenceing grade, Sigma),
at a ratio of 1:50 enzyme:substrate, with vortexing at 37°C overnight, followed by
a second aliquot of trypsin, at a ratio of 1:100 enzyme:substrate, and an additional
4 hours of incubation. Digests were acidified and desalted using 30 mg HLB Oasis
Cartridges (Waters Corp) and eluted with graded acetonitrile (50%, followed by two
washes in 75%) with 0.1% trifluoroacetic acid (TFA), followed by concentration in a
Speed-Vac.

Tryptic digests were analyzed at the Dana-Farber Cancer Institute Molecular Bi-
ology Care Facilities (Boston, MA) on the Waters Corporation (Milford, MA) Nano-
Acquity UPLC system fitted with a self-packed trap and analytical column setup.
They were analyzed by nanoflow HPLC microelectrospray ionization on a LT(Q Or-
bitrap XL (Thermo Scientific, Waltham, MA). Samples are trapped on a self packed
fused silica (Polymicro Technologies, Phoenix, AZ) trap-column 100umX, 50mm,

packed with Poros 10R2 media (Applied Biosystems Foster City, CA) and subse-
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quently eluted on the analytical column. The 75 um ID x 10 cm self packed fused
silica analytical column was slurry packed with Magic C18AQ 200 A, 5 um (Michrom
BioResources Auburn, CA) using a 420 minute gradient at a flow rate of 200 nL /min.
The elution was 1% B for 5 minutes, from 1% to 70% B in 355 minutes, then from
70% to 90% B in 10 minutes, 90% B for 30 minutes then to 1% B in 20 minutes
(A is 0.1% formic Acid in water, B is 0.1%formic acid in Acetonitrile, (Burdick and
Jackson)). The column outflow is ionized and sprayed into the LTQ Orbitrap by way
of a 8 um SilicaTip (New Objective) and Picoview source (New Objective). Spectra
were acquired in a data dependent mode throughout the gradient, a full MS scan
in the Orbi-trap analyzer followed by 7 subsequent MS/MS scans in the ion trap
based on the seven most intense peaks in the previous full scan. Collision-induced
dissociation (CID) fragmentation was achieved by collision energy of 35%, heated
capillary was 150° C and electrospray voltage was 1.9 kV. Once an MS/MS spectra
was obtained two times it was put on exclusion list for 3 minutes to allow for lower
intensity peptides to be analyzed.

All MS data was analyzed using the Mascot algorithm by searching against the
updated non-redundant database from NCBI containing mouse only sequences. Initial
search parameters included: ESI linear ion-trap scoring parameters, trypsin enzyme
specificity with a maximum of two missed cleavages, +/- 20 ppm precursor mass
tolerance, +/-0.2 Da product mass tolerance, and carbamidomethylation of cysteines
as fixed /mix modifications. Allowed variable modifications were oxidized methionine

and pyro-glutamic acid modification at N-terminal glutamine.

4.4.5 Molecular analysis

Antibodies directed against collagens III, VI, biglycan, Msx1, fgf8, Wnt3a, laminin 5,
and SPARC were from Abcam.
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For silver staining and Periodic acid-Schiff base staining isoalted ECM proteins were
resolved on a 4-15% Tris-Glycine Mini-Protean TGX gel (Bio-Rad). Silver staining
(Invitrogen) and Periodic acid-Schiff base staining (sigma) was carried out according
to the manufacturer’s protocols. Fetuin (New England Biolabs) proteoglycan was
used as a control, run as both intact and deglycosylated using the Deglycosylation
kit (New England Biolabs).

Biglycan siRNA was transfected using Lipfectamine RNAIMAX transfection
reagent (Invitrogen) according to the manufacturer’s instsructions for reverse trans-
fection. The biglycan siRNA was 5-AAACCCUUCUGCUCAAAGGGCAAGG-3
and the control siRNA was All Star non-targeting control (Qiagen). Total RNA
was isolated using RNeasy Plus Mini Kit (QIAGEN) and biglycan expression was
detected by qRT-PCR. RNA was reverse transcribed into ¢cDNA using a iScript
cDNA Synthesis Kit (Bio-Rad) and ¢cDNA was amplified with iTaq SYBR Green
Supermix with ROX (Bio-Rad) using the CFX96 real-time PCR system (Bio-Rad).

Amplification was carried out using primers shown in Table 4.2.

Table 4.2: Chapter 4 qRT-PCR primers

gene sequence (5'->3")
L itenn 2 GIGTTGCTTCTTCATCTGGCTATG
YAl p. ACCTTCCGCTGCGTTACTG
aappp F: TCTGACGTGCOCGCCTGGAG

R: TCGCAGGAGACAACCTGGTC

4.4.6 Cell culture

3D cultures of tumor epithelial cells were prepared in gels containing Matrigel (BD
Biosciences) and type I collagen (final concentration of 1 mg/ml; BD Biosciences).

Epithelial cells (2.75 x 10%) were resuspended in hydrogel (220 ul) and seeded into
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35mm glass bottom dish (MatTek Corporation) for ECM gels. Cultures were main-
tained for 2 weeks; culture medium was changed every two to three days. Lyophilized
ECM solubilized at 100 mg/ml in PBS or commercialized ECM proteins at the con-
centration described in Table 4.3 was mixed with prepared Matrigel and collagen type

I hydrogel to achieve the desired final ECM concentration.

Table 4.3: Protein used for 3D assay

Supplier Final Concentration

biglycan Sigma 5 ug/mL
SPARC Abcam  1.33 p g/mL
Collagen III  Abcam 10 p g/mL
Collagen VI Abcam 10 p g/mL
Tenascin C ~ Abcam 5 p g/mL
Fibrillin 1 Abcam  1.33 pu g/mL

4.4.7 Statistical Analysis

Independent samples t-tests were used to compare results, which were considered
significant at p < 0.05. All results are presented as mean 4 standard error of the

mean (SEM), unless otherwise specified.

4.5 Full Proteomics Results

Table 4.4: Full Proteomics Results

protein MM12.5 MM13.5 MM14.5 CAF
14-3-3 protein X X
3-beta-hydroxysteroid-5(8),5(7)-isomerase X
3-phosphoshikimate 1-carboxyvinyltransferase X

40S ribosomal protein X X X X
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Table 4.4: (continued)

protein MM12.5 MM13.5 MM14.5 CAF
508 ribosomal protein X X

60S ribosomal protein X X X
ABC transporter G family member 12 X

acetyl-coenzyme A synthetase X
aconitate hydratase b X X
actin X X X X
adenine deaminase X
adenylosuccinate synthetase X b
ADP/ATP translocase 1 X X X X
alanine racemase X
alanyl-tRNA synthetase X

aldehyde dehydrogenase b
aliphatic amidase X

alpha actinin X X
alpha-1-antiproteinase X
alpha-2-HS-glycoprotein X X X X
alpha-2-macroglobulin X

annexin A2 X X

annexin A5 X

annexin A6 X
apolipoprotein A-I X

aquaporin X
arginine repressor X
argininosuccinate lyase X

asparaginyl-tRNA synthetase X
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Table 4.4: (continued)

protein

MM12.5 MM13.5 MM14.5 CAF

aspartate carbamoyltransferase

aspartyl /glutamyl-tRNA amidotransferase 3
ATP synthase subunit 3

ATP-dependent RNA helicase

ATP/ADP carrier protein
barrier-to-autointegration factor

BM specific HS proteoglycan core protein
[-lactam-inducible penicillin-binding protein
bifuncational HS N-deacetylase/sulfotransferase
bifunctional protein folD

biglycan

calnexin

calreticulin

centromere protein C1

centrosomal protein kizuna

ceramide glucosyltransferase-A

chaperonin

chloride intracellular channel protein
chorismate synthase

cinA-like protein

clathrin heavy chain 1

coagulation factor

cofilin-1

collagen a-1 (XV) chain

collagen a-1(I) chain

X
X
X X X X
X
X
X
X X X X
X X
X
X X
X X X
X X X
X X
X
X
X
X X
X
X X X
X
X
X X
X X
X
X X X
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Table 4.4: (continued)

protein MM12.5 MM13.5 MM14.5 CAF
collagen o-1(I1I) chain X X X
collagen o-1(VI) chain X X X
collagen o-1(XII) chain X X X
collagen a-1(XVIII) chain X
collagen «-2(I) chain X X X
collagen a-2(IV) chain X X X
collagen «-3(VI) chain X

collagen a-2(VI) chain X X X
cytoskeleton-associated protein 4 X X

cytosolic thyroid binding protein X

desmin X X

dihyroorotate dehydrogenase X X

DNA integrity scanning protein disA X

DNA polymerase X

DNA primase X

DNA replication and repair protein recF X X
DNA replication licensing factor X
DNA sythesis and repair X

DNA topoisomerase X
DNA-directed RNA polymerase subunit 3 X
dolichyl-diphosphooligosaccharide X b
elongation factor 1-a X X X X
EMILIN-1 X X X
endoplasmin X

ER lumen protein retaining recptor 2 b

99



Table 4.4: (continued)

protein

MM12.5 MM13.5 MM14.5 CAF

error prone DNA polymerase
eukaryotic initiation factor 4A
exodeoxyribonuclease 7 large subunit
exportin-2

ezrin

F420-dependent NADP reductase
fibrillin-1

fibronectin

fibulin-2

filamin-A

filamin-B

folding and unfolding of proteins
galectin-1

gelsolin

glial fibrillary acidic protein
glutamate racemase
glyceraldehyde-3-phosphate dehydrogenase
glycine dehydrogenase

GMP synthase

golgin subfamily A member 4

GPI ethanolamine phosphate transferase
GTP-binding protein lepA

guanine nucleotide-binding protein
heat shock protein

hemoglobin fetal subunit

X
X X X
X
X X X X
X
X
X X X
X X X X
X X X X
X X X
X X
X
X
X X
X X
X
X X X X
X
X X
X X X X
X X
X
X X
X X X X
X X X X
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Table 4.4: (continued)

protein MM12.5 MM13.5 MM14.5 CAF
heterogeneous nuclear ribonucleoprotein b X b
high frequency lysogenization protein X

high mobility group protein HMGI-C X

histidine biosynthesis bifunctional protein hisIE X X X X
histone X X X X
holliday junction ATP-dependent DNA helicase X
indoethylamine N-methyltransferase X
isocitrate dehydrogenase [NAD] subunit o X

ISWI one complex protein 3 X

kunitz-type serine protease inhibitor BvKI X
L-fucose isomerase X
lamin-A/C X X

laminin subumit y-1 b
laminin subunit «-5 X
large T antigen be
lipid A export ATP-binding protein msbA X X

lipoprotein X

lipoyl synthase X

macrolide export ATP-binding protein X

major vault protein X

malate dehydrogenase X X
mediator of RNA polymerase II transcription b be
metalloproteinase inhibitor 3 X

mitochondrial carrier homolog b
mitochondrial substrate carrier protein X
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Table 4.4: (continued)

protein MM12.5 MM13.5 MM14.5 CAF
myosin X X X X
myosin regulatory light chain 2 X X X X
NAD-dependent deacetylase sirtuin-2 X

NADH dehhydrogenase 1 « subcomplex 4 X
NADP-dependent dehydrogenase b
NADPH oxidase organizer 1 X

nascent polypeptide-associate complex f3 X

neprilysin b
nidogen-2 X X
nodulation protein nolF X

nucleolar transcription factor 1-A b
nusA protein homolog X
oligopeptide-binding protein AmiA X
oligosaccharyltransferase complex OSTC X

pantothenate kinase X
peptide-N-(4-acetyl-3-D-glucosaminyl) amidase X X X b
peptidyl-prolyl cis-trans isomerase A X X

periostin X X X X
peroxiredoxin-1 X

peroxisomal Ion protease homolog 2 b
phosphate carrier protein X
phosphoenolpyruvate carboxykinase b

phosphoglycerate kinase X
phosphoribosylaminoimidazole-succinocarboxamide X
plasticin X




Table 4.4: (continued)

protein MM12.5 MM13.5 MM14.5 CAF
plectin-1 X

polyribonucleotide nucleotidyltransferase X X
pre-mRNA-splicing factor SYF1 X X X
protaglandin E synthase 3 b
protease-1 X X X X
protein disulfide-isomerase A3 X

protein lava lamp X X X X
protein S100-A4 or 6 X X X b
protein traJ X

protein translocase subunit secA X X
protein-glutamine gamma-glutamyltransferase b
protocadherin-like wing polarity protein stan X
putative pentatricopeptide protein X

pyrimidine biosynthesis X

pyruvate kinase muscle isozyme X X
quinolinate synthase A X

ras-related protein Rab X b
ribose import ATP-binding protein RbsA 2 X
ribose-phosphate pyrophosphokinase X X
ribosomal RNA large methyltransferase b
ribosomal RNA small methyltransferase X

ribosome-binding protein 1 b

RNA exonuclease 4 X

RNA polymerase sigma factor rpoD1 X

serine protase HTRA1 X
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Table 4.4: (continued)

protein MM12.5 MM13.5 MM14.5 CAF
serine protease 23 X X X
serine/arginine repetitive matrix protein 2 X
serine/threonine-protein kinase Nek10 X X X X
serpin H1 X X X

sorbin and SH3 domain-containing protein 1 X

SPARC X X X

splicing factor, arginine/serine-rich 3 X

succinyl-CoA ligase X
succinyl-CoA ligase X X X
tenascin X X X
thrombospondin-1 X X X
thromobospondin-2 X

thy-1 membrane glycoprotein X

thymidylate synthase X X

toxin coregulated pilus biosynthesis protein E X

transgelin X

transmembrane protein 43 X X
tRNA dimethylallyltransferase X X X

tRNA modification GTPase X

tRNA pseudouridine synthase D X

tropomodulin X

tropomyosin « X X

trypsin X X X X
tubulin X X X X
tubulointerstitial nephritis X X
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Table 4.4: (continued)

protein MM12.5 MM13.5 MM14.5 CAF
ubiquitin X X X
UBX domain-containing protein 3 X
ventricular zone-express pH domain X
versican core protein X

vimentin X X X X
vitronectin X X X X
voltage-dependent anion channel protein X X X X
zinc finger protein 429 X
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Discussion

ROVOCATIVE experiments first carried out 40 years ago showed that certain
P cancers differentiate and normalize their growth when combined with normal
mesenchyme or other embryonic tissues [1-4, 108, 109, 114-117]. Most researchers
who know of the ability of embryonic tissues to induce cancer reversion assume that
it is due to production of critical molecular morphogens or a change in gene activity.
However, previous results have shown that tumor progression could be promoted or
accelerated by altering the mechanics or structure of the ECM [5, 188, 193, 210], or
by chemically altering the connective tissue stroma [87], suggesting that physical cues
conveyed by the stroma may be equally important.

In this thesis I sought to elucidate the mechanism by which embryonic mesenchyme
normalizes tumor cell behavior. We hypothesized that because insoluble ECM plays a

dominant role in organ development in the embryo, this could translate to regulation
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of mesenchymal cell induced normalization of tumor cells. To test this hypothesis, I
isolated cell-derived ECM from embryonic mesenchyme and repopulated the matrix
with tumor cells in 2D and 3D culture, assessing changes in cell organization and
cell fate. Using this approach I found that the insoluble components, isolated using
detergent extraction, were sufficient to induce tumor cell normalization to the same
extent as live mesenchymal cells in co-culture. Tumor cells in 2D and 3D culture with
mesenchymal ECM decreased their growth and increased expression of ERx. Mes-
enchymal ECM was also able to increase formation of hollow lumen structures in 3D
culture, whereas co-culture with CAF cells or ECM had no affect. The versatility of
these result was confirmed using multiple tumor cell lines isolated from different stages
of tumor progression within the C3(1) SV40 T-antigen transgenic mouse model (M28:
DCIS, M6: solid tumor, M6C: metastatic), another aggressive mammary tumor cell
isolated from mice (4T1) as well as human breast cancer cells (MCF7). Further, injec-
tion of the embryonic ECM into fast growing mammary tumors significantly slowed
tumor growth.

The goal of chapter 4 of this work was to determine which features of the embryonic
ECM are required to induce tumor cell normalization. First, we were able to show that
the efficacy of tumor cell normalization drops significantly for mesenchyme isolated
at £14.5 compared to early stage mesenchyme isolated from either the mammary bud
or the tooth germ. Then by comparing biochemical and mechanical properties of the
ECM from four different embryonic mesenchymal cells and adult CAFs we were able
to identify features which were specific to the embryonic ECMs. Specifically, AFM
measurements revealed that the Young’s modulus of inductive ECMs was significantly
less than either MM14.5 or CAF ECM. However, more experiments are required to
understand whether these differences in matrix compliance are playing a role in tumor

normalization. Using proteomics analysis we were able to identify eleven proteins,
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which were specific to embryonic matrices. Three of these proteins were shown to
have the capacity to induce lumen formation in 3D culture, Collagen III, biglycan,
and SPARC. However, it remains unclear how these three proteins act on the tumor
cells to induce differentiation.

Collagen III is a fibrillar collagen found extensively in connective tissue, and it has
been shown to be overexpressed in some breast tumors [94]. Collagen III expression
is also increased in the stroma, particularly the adipose tissue, of mammary glands
following irradiation treatments, which ultimately lead to tumor formation within
the adjacent epithelium [211, 212]. However, the role of collagen IIT in breast cancer
remains unclear. During embryonic morphogenesis collagen III is expressed in the
clefts of branching organs. At the clefts, collagen III is thought to provide a rigid
support to stabilize the structure and prevent continued growth and invasion [207].
Thus, collagen IIT may have different roles depending on the tissue context. Interest-
ingly, both biglycan and SPARC have been shown to bind to collagen III, regulating
fibrillogenesis, matrix remodeling and cell-matrix interactions [202, 208, 209].

SPARC has been implicated in regulation of epithelial and adipocyte cell behavior.
SPARC-null mice develop age-related abnormalities due to unusual differentiation
of epithelial cells as well as increased accumulation of white adipose tissue. The
ECM remodeling associated with adipogenesis requires SPARC [213]. SPARC likely
influences the expression, folding, post-translational modification, and secretion of
collagens in white adipose tissue such as collagens VI and III, both found to be highly
expressed in embryonic ECM. Further, SPARC has also been previously suggested
as a tumor-suppressor [36], as it has been shown to inhibit cell adhesion and cell
cycle progression [214-216]. Thus SPARC could be acting to regulate tumor cell
behavior directly or through interaction with collagens. However, more studies would

be required to fully understand the role of each of these proteins in mammary tumor
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cell normalization.

5.1 Limitations

The findings presented in this thesis lend support to the idea that differentiation
therapy could be a viable treatment option for solid tumors. However, these studies
did not analyze whether continuous contact with embryonic ECM is required for tu-
mor cell normalization and to what extent the differentiation is reversible. Extensive
degradation and remodeling of ECM is a hallmark of tumors [217], suggesting that
ECM introduced to the tumor microenvironment would not last long. Our in vivo
studies required repeated injection of embryonic ECM in order to achieve continued
suppression of tumor growth. Further, studies described in this thesis were carried
out for only two weeks in vitro and ten days in vivo, leaving us to only speculate
regarding the long term affects of this treatment on tumor cells. Previous reports
show that tumor cells injected into the blastocyst can take part in normal develop-
ment [108], and ultimately can be part of a variety of tissues in cancer-free adult
mice [109]. But it will be critical to carry out long-term studies both in wvitro and
in vivo using multiple tumor models in order to determine the reversibility of the
differentiation induced by mesenchymal ECM specifically.

While we tested the efficacy of embryonic ECM on a number of different mouse tu-
mors and one human tumor cell line in vitro the generality of this approach remains
unclear. One of the hardest human breast cancers to treat are aggressive triple-
negative (ERa, PR, Her2/neu) tumors. Preliminary studies to evaluate more aggres-
sive human breast cancer cell lines were inconclusive; some aggressive breast cancer
lines (SKBR3, MDA-MB-231) fail to form spheroids in 3D culture, making traditional

lumen formation analysis impossible. Further, in vivo studies were only carried out
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with a highly aggressive and metastatic mouse mammary tumor cell (4T1). While
embryonic ECM was able to slow progression of these tumors it could not induce full
differentiation of the cells. In order to evaluate differentiation of more physiologically
relevant tumors in vivo studies could be carried out using human breast cancer cells

or early stage tumors in transgenic mice.

5.2 Tissue engineering approach to tumor therapy

It has become widely accepted that cancer is an irreversible and deadly disease that
results from an accumulation of genetic mutations. This view has led to the use
of toxic therapies that aim to completely eradicate all cancer cells, but which have
significant side effects and often cause high morbidity in patients. However, it has
long been suggested that malignant cells could differentiate into non-malignant cells
by re-activating endogenous differentiation programs [3, 218|. Differentiation therapy
is an attractive option theoretically, but it has been difficult not only due to our
lack of understanding of differentiation pathways, but also our inability to envision
a methodology that could restore or supersede a tumor’s immutable genetic level
mutations. However, over the past 50 years of treating patients it has become clear
that conventional approaches are not sufficient in a significant proportion of cancer
patients. According to projections from the American Cancer Society this year more
than 500,000 Americans will die of cancer, accounting for one in four deaths in the
United States [219]. Further, while the 5-year survival rate for patients diagnosed
with cancer in the last ten years is 66%, up from 50% in the 1970s, this still means
that one out of every three patients diagnosed with cancer will not be alive in five
years [219]. Clearly there is reason to pursue all potential therapeutic options.

The promise of differentiation therapy is best characterized by the addition of
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retinoids in the treatment of acute promyelocytic leukemia (APML). In most patients,
APML cells have a chromosomal translocation that produces a fusion gene consisting
of the promyelocytic leukemia (PML) and retinoic acid receptor & (RAR«). PML-
RARwx plays a key role in pathogenesis by recruiting histone deacetylases (HDACs)
and DNA methyltransferases. By treating with retinoids PML-RARx-HDAC com-
plexes are triggered to dissociate, resulting in degradation of PML-RAR«x and differ-
entiation of APML cells [220]. Prior to retinoic acid-based differentiation therapy the
remission rates of APML progressively improved from 50 to 80%, of which only about
35% could expect long-term survival. However, now with the use of retinoic acid and
chemotherapy more than 90% of patients achieve complete remission and about 75%
can be cured [221-224]. However, APML is often posited as a simple case; the disease
is addicted to the fusion gene and has minimal additional genetic abnormalities. The
application of differentiation therapies for solid tumors has been more complicated.

Currently there are four primary modalities for cancer therapy: surgery, radia-
tion, molecular inhibitors (drugs), and anti-angiogenesis therapy. And investigation
of differentiation-based therapies has centered around identifying druggable differ-
entiation pathways [225]. However, the finding that insoluble matrix can induce
normalization of tumor epithelium suggests that there is another possibility; bioma-
terials and scaffolds currently used for tissue engineering applications could also be
used for cancer therapy [184]. These materials would need to be carefully designed to
mimic all structural, adhesive, molecular, chemical, and mechanical properties that
embryonic tissues convey to induce cancer reversal. The findings presented in this
thesis are a step in this direction.

While the adoption of a differentiation-based therapy may seem like a consolation
with the current view of cancer, the potential for reversion of the malignant cancer

phenotype to a more benign, or at least a lower grade of biologic aggressiveness, may
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serve as a critical clinical transition. A once fatal cancer could be shifted into one
which is more amenable to management or treatment. For example, expression of
ER« is a key determinant in human breast cancer; many of our current therapies rely
on estrogen responsiveness for treatment. Thus by reexpressing ERa in mammary
tumor cells using embryonic ECM we may be opening the door for use of endocrine
therapies. Importantly, for differentiation therapy to be successful it does not need to
eliminate all cancer cells or even differentiation them all to ‘normal,” even a change
in pathological status accomplished using differentiation therapy could change the

prognosis of patients with cancer by decades.
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