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ABSTRACT

Author: Shinde, Aparna Bhagwan. PhD

Institution: Purdue University
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Title: Role Of Tumor Microenvironment in Breast Cancer Metastasis
Committee Chair: Michael Wendt

Metastasis of primary mammary tumors to vital secondary organs is the primary
cause of breast cancer-associated death, with no effective treatment. Metastasis is a highly
selective process that requires cancer cells to overcome multiple barriers to escape the
primary tumor, survive in circulation, and eventually colonize distant secondary organs.
One of the important aspects of metastatic cancers is the ability to undergo epithelial-
mesenchymal transition (EMT) and the reverse process mesenchymal-epithelial transition
(MET) process. Constant interconversion of tumor cells between these phenotypes creates
epithelial-mesenchymal heterogeneity (EMH) and interaction between these tumor cell
types and the stromal cell compartment is clearly important to metastasis. In healthy tissues,
stromal cells maintain the composition and structure of the tissue through the production
of extracellular matrix (ECM) proteins and paracrine signaling with epithelial cells.
However, little is known about how EMH promotes changes in the ECM to promote breast
cancer progression and metastasis. Cancer cells also secret exosomes, nano-size
extracellular vesicles, to establish intercellular communication with distant organs in order
to induce metastasis. These exosomes contain a plethora of different proteins including
extracellular matrix proteins and matrix crosslinking enzymes. Fibronectin, an important
ECM protein, plays an active role in tumor progression and is often crosslinked by tissue

transglutaminase 2 (TGM2) to promote fibrosis in cancer. Both FN and TGM2 exist in
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exosomes and are expressed by heterogenous breast tumors. Although FN and TGM2 have
been reported to play essential roles in cancer, their involvement in metastasis remains
unclear. This work utilizes a variety of approaches to investigate the role of tumor
heterogeneity and ECM proteins in promoting breast cancer metastasis. In this dissertation,
we establish that mesenchymal cells expressing intracellular FN are held in a stable non-
metastatic mesenchymal phenotype and produce cellular fibrils containing functionalized
FN capable of supporting the growth of metastatic competent epithelial cells. We introduce
a novel 3D culture system consisting of a tessellated scaffold which is capable of
recapitulating cellular and matrix phenotypes in vivo. Further, we also demonstrate breast
tumor cells secrete exosomes containing TGM2 crosslinked FN fibrils to promote
premetastatic niche formation and induction of metastasis. Using genetic approaches, we
establish TGM2 is essential and sufficient to drive metastasis. Finally, we demonstrate
pharmacological inhibition of TGM2 offers a potential therapeutic strategy to treat
metastatic breast cancer. Altogether, our research provides insights into the mechanism
through which TGM2 promotes metastatic breast cancer. This work will help in developing

new drugs to target TGM2 aimed at reducing breast cancer metastasis.
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CHAPTER 1. INTRODUCTION

1.1 Breast Cancer Metastasis

Cancer is the second leading cause of death worldwide. Among women, breast
cancer is the most commonly diagnosed and second leading cause of cancer-related death.
Globally each year there is 23% growth in breast cancer cases among women 2, The first
line of treatment for early stage breast cancer patients is surgical removal of primary
mammary tumors. The five-year survival rate for breast cancer patients is 99%, but there
is a drastic drop to 22% for patients with a metastatic form of disease®*. In addition, patients
that undergo primary tumor removal can relapse several years later with metastatic disease.
It is still extremely challenging to precisely recognize patients at higher risk of recurrence
and cure patients with metastasis.

Biologically, metastasis is made up of several processes in which primary tumor
cells spread to distant organs to form secondary tumors. There are multiple barriers for
cancer cells to successfully metastasize. These barriers include sufficient invasion,
migration, intravasation, extravasation, adaptation, and outgrowth®. Further, the
microenvironment surrounding the tumor tissue plays an essential role in tumor
progression and metastasis. Therefore, it is of utmost importance to understand the
underlying mechanisms of metastatic breast cancer to develop a correct treatment to
patients. In this study, we sought to understand the role of fibronectin, an extracellular
matrix protein, in the metastatic progression of breast cancer. Understanding the factors
that are key to the development of distant metastases will help to design effective strategies

for diagnosis and develop better therapy for breast cancer patients with distant metastases.
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1.2  Epithelial-Mesenchymal Transition

Epithelial-Mesenchymal Transition (EMT) is an evolutionarily conserved
developmental program®. It also plays an important role in cancer progression and
promotes metastasis by conferring properties like increased migration, invasion,
proliferation and apoptotic resistance to cancer cells (Figure 1.1)". In addition, EMT helps
tumor cells to acquire stem cell properties and become more resistant to therapy®®. Since
EMT plays an essential role in metastasis, it has become one of the key hallmarks of
cancers and a promising target in cancer therapy'®!!. Nevertheless, the functional
contribution of EMT to metastasis remains ambiguous and requires the creation of new in
vivo and in vitro model system studies to achieve complete understanding.

The signaling pathways that are implicated in the maintenance of EMT comprise
of transforming growth factor (TGF-f), bone morphogenic protein, fibroblast growth factor,
epidermal growth factor, hepatocyte growth factor, Wnt/B-catenin, and Notch pathways’.
Cancer cells that have undergone EMT are morphologically and epigenetically different as
distinguished by augmented expression of mesenchymal markers like N-cadherin,
vimentin, fibroblast-specific protein, and fibronectin (FN) and diminished expression of
epithelial markers like E-cadherin, Zo-1, and occludin (Figure 1.1)*2. Whether or not EMT
influence copy number changes in gene mutation rates is interesting but not yet established.
Cancer cells also exhibit enhanced expression of EMT-associated transcription factors such
as Snail, Zeb, Twist, and Slug. Finally, EMT contributing miRNA’s and epigenetic
regulators contribute to cellular plasticity essential during metastasis and drug resistance®®.

Mechanistically, EMT promotes intravasation of cancer cells (Figure 1.2).
Intravasation is the process where cancer cells cross the endothelial barrier to enter the

circulatory system. These cells in circulation are required to exit from the circulation
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system into distant tissues to form secondary tumors. After circulating tumor cells home to
distant organs, they can undergo MET to colonize and form metastatic lesions. These
outcomes, therefore, do not rule out the possibility of epithelial-mesenchymal plasticity
(EMP) that allows tumor cells to undergo EMT or MET as needed. Modern CTC capture
methods have detected both epithelial and mesenchymal CTCs in the circulation'*” and
suggested CTCs exhibit heterogeneity and express EMT transcription factors®'°, In order
to utilize EMT as a target for cancer therapy, it is very important to understand how EMT

causes heterogeneity in primary and circulating tumor cells to promote metastasis.

1.2.1 Extracellular matrix proteins in EMT

The extracellular matrix is a complex network of proteins and polysaccharides that
surrounds cells like a meshwork and is critical for cell survival, growth, proliferation, and
tissue organization?. Structural studies suggest that ECM are rich in proteins including
collagens, fibronectin, tissue transglutaminases, proteoglycans, laminins, and
glycosaminoglycans; and that these elements are arranged in domains?®2*, These domains
are supportive of conserved structure-function relationships like oligomerization,
engagement of certain cell surface receptors by FN, or the association of small leucine-rich
proteoglycans to collagen?®22, It is further noteworthy that extracellular matrix is a vibrant
structure where homeostasis is achieved by regulating the degradation and deposition
processes, which is performed by families of endopeptidases, transglutaminases, matrix
metalloproteinases (MMPS) under various physiological conditions?®?%. Along with the
alterations in the extracellular matrix architecture, various growth factors and bioactive

fragments are released due to the degradation of extracellular matrix constituents by MMPs,
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Figure 1.1: Illustration of Epithelial-Mesenchymal Transition (EMT) and Mesenchymal-
Epithelial Transition (MET) processes?*. Adapted from Mittal.VV Annual Review of
Pathology: Mechanism of Disease.

Induction of EMT in cancer cells causes them to undergo molecular and cellular changes
resulting in mesenchymal phenotype. These mesenchymal cells have fibroblasts like
morphology and can secrete extracellular matrix proteins including FN, collagen, and
MMPs. Incomplete reversion to epithelial phenotype supports epithelial-mesenchymal
heterogeneity (EMH). Cells that fail to undergo MET result in a permanent non-metastatic
mesenchymal phenotype.
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Figure 1.2: Illustration of epithelial-mesenchymal plasticity in tumor progression and
metastasis®*. Adapted from Mittal.\V Annual Review of Pathology: Mechanism of
Disease.

Induction of EMT in cancer cells causes them to undergo molecular and cellular changes
resulting in mesenchymal phenotype that fosters local migration and invasion,
intravasation, and extravasation. Upon arriving at metastatic sites, these cells can undergo
MET by interacting with the tumor microenvironment to form macrometastases.
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which significantly influences cell behavior. Given the importance of the extracellular
matrix in driving major cell processes like cell growth, survival, differentiation, and EMT,

it plays a major role in cancer progression and metastasis?'-222°,

1.2.2 Fibronectin and fibrillogenesis

Fibronectin is an important component of ECM that promotes communication of
cells with ECM via integrins and other receptors and regulates cell adhesion, migration,
and differentiation?®. Cells secret FN as a dimeric glycoprotein containing subunits ranging
from 230 kDa and 270 kDa dependent on alternate splicing 2527, Fibronectin exists in
different forms including plasma FN and cellular FN. Plasma FN was discovered 60 years
ago in blood?. Cellular FN is mainly found in fibrillar matrices of most tissues and is one
of the major forms of FN.

Fibronectin is mainly made of three modules termed type I, 1l and 1l repeats that
have unique structures. Type | and 11 repeats exist in conformations due to disulfide bonds
between modules whereas type Il repeat consists of 7 stranded barrel arrangement and is
deficient in disulfide bonds allowing conformational changes?*3°. These set of modules
form binding domains for many proteins and carbohydrates. Fibronectin consists of RGD-
dependent cell binding domain in Ill10 and CS1 segment of the alternatively spliced V
region?’. Integrins can bind to either of these regions. Fibronectin communicates with cells
through integrin receptors, af heterodimers containing two transmembrane domains®.
Syndecans, a different family of cell surface receptors, connect with FN through the

association of their glycosaminoglycan (GAG) chains with the carboxy-terminal heparin-

binding domains of FN32, The carboxy-terminal heparin-binding domains of FN can also
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bind heparin, heparan sulfate and chondroitin sulfate GAGs®*3*. These associations play
an important role in integrin-mediated cell spreading and intracellular signaling®.
Fibronectin can associate with itself (self-association) using the amino-terminal
assembly domain present in the first five types | repeats®*3¢. The amino-terminal assembly
domain plays an important part in FN fibrillogenesis®’. Being the crucial blood protein, FN
interacts with fibrin using this domain during blood coagulation. The gelatin/collagen-
binding domain is located adjacent to the amino-terminal assembly domain and is
comprised of type | and type 11 modules®. This domain acts as a binding site for TGM2.
Tissue transglutaminase 2 facilitates dimerization of FN by forming antiparallel disulfide
bonds between the cysteine residues at the carboxy-terminal of FN*8, These dimers are very
important for the formation of FN fibrils. Apart from crosslinking FN, TGM2 also
promotes FN assembly mediated by a5B1 and operates as integrin-binding adhesion
coreceptor for FN*®. The integrin receptors are concomitantly associated with the actin
cytoskeleton via their cytoplasmic domains. This association allows FN-FN interactions
outside the cell and activates signaling cascades important in cell adhesion, proliferation,
and survival®***#, The initiation of the assembly of FN fibrils depends on FN binding to
integrins which causes the development of FN multimers and soluble FN fibrils from FN
dimers. Soluble and insoluble FN are distinguished based on their solubility in
deoxycholate (DOC) detergent*?“3, Eventually, FN dimers continue to associate from end
to end that leads to lengthening and thickening of fibrils resulting in DOC insoluble FN
matrix*. The strength of these insoluble FN fibrils is contingent on resilient non-covalent
protein-protein interactions®. A dock and lock process can lead to the development of FN

matrix in which FN dimers bind to fibrils in an irreversible fashion and then become
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irreversibly integrated into fibrils by undergoing conformational transformations*®. Thus,
the distinct form of binding domains gives FN the capability to establish connections
concurrently with other FN molecules, different ECM proteins including collagen,
proteoglycans, various cell surface receptors, and extracellular enzymes. This multitasking

of FN is crucial in the process of embryogenesis*.

1.2.3 Fibronectin matrix deposition

Fibronectin bound to integrins is important for the formation of adhesion
complexes in which integrins communicate with the actin cytoskeleton of cells through
their cytoplasmic tails*®. This interaction of FN with actin cytoskeleton via integrins is
crucial for the assembly of FN matrix. Contractile actin-myosin filaments in stress fibers
create tension at the location of contacts between integrins and FN3%°, The engagement of
a5PB1 integrins with actin induces translocation of these receptors away from the contact
sites resulting in the induction of FN fibrillogenesis. These ECM contact complexes also
contain tensin that binds to actin and B1 integrins simultaneously*%#8°, Other integrins that
promote FN fibrillogenesis include avp3, avps, avp6, o4pl, a4p7, allbp3, a8B1, and
a9p1%. Binding of integrins to FN also causes activation of focal adhesion kinase (FAK),
which is essential in FN matrix assembly3*. Further, Rho GTPase also regulates FN matrix
assembly through activation of downstream Rho kinase instigating cell contractility and

fibrillogenesis®°2,

1.2.4 Fibronectin in cancer-associated EMT

Fibronectin regulates EMT signaling pathways like FAK/JAK/STAT3 pathway,
which is dependent on P1-integrin activation®®. Augmented expression of FN regulates

EMT partially in mammary epithelial cancer cells and lung cancer'?%4, Fibronectin can also
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upregulate the molecular expression of mesenchymal genes like Snail, N-cadherin,
vimentin, MMP-2, and p-Smad2, and stimulate an EMT response in these cancer cells>*®,
Furthermore, FN signaling is based on Src, Erk1/2, and PI3-K activation and associated
with diminished junctional E-cadherin expression®. Fibronectin promotes its own
expression by driving expression of mesenchymal genes such as Snaill-NF-kB-PARP1
complex that binds to the FN promoter and induces FN expression®’. Cytokines like TGF-
B induce FN expression and drive EMT in breast cancer cells®®. In addition, decrease in
expressions of FN and vimentin result in reduced cell motility and inhibition of EMT®®8,

Thus, increased FN expression is associated with tumor aggressiveness and EMT processes.

1.2.5 Tissue transglutaminase 2

One of the most complicated and global members of the transglutaminase family
of enzymes is tissue transglutaminase 2 (TGM2). In the abundance of Ca?*, TGM2
modifies proteins post-translationally by crosslinking stable &-(y-glutamyl)lysine
isopeptide or polyamines at specific peptide bound glutamine residues®. Other functions
of TGM2 include guanine triphosphate (GTP) hydrolysis and protein disulfide
isomerization®. Further, TGM2 can also act as kinase and scaffold protein®®-52, Surface
TGM2 is involved in cell adhesion and integrin signaling since it is capable of engaging
various ECM proteins including FN, laminin, vitronectin, and collagen. Its interaction with
FN and integrins is critical for cell-ECM adhesion, cell migration, and formation of fibrillar
FN networks®:. Tissue transglutaminase 2 has high affinity to the gelatin-binding region of
FN#16364  Fyrther, TGM2 can also bind B1, B3, and B5 integrins subunits to stabilize
integrin-FN interactions essential for driving different cellular processes®*. Because of its

modest affinity for integrin-FN complex and robust non-covalent association with both
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proteins, it acts as a bridge between integrin and FN thereby strengthening the cell-ECM
interactions®. Subsequently, the implication of TGM2 in integrin-mediated FN matrix
deposition, cell adhesion, spreading, survival, differentiation, and ECM contraction was
discovered in both normal and cancer cells®>®. As TGM2 can remodel ECM and induce
fibrosis in many cancers, TGM2-FN interaction has become a new promising target for
emerging innovative cancer drugs to block tumor cells attachment to ECM and curb
associated signaling pathways®"8,

Abnormal upregulation of TGM2 is observed in multiple cancers including
glioblastoma, ovarian cancer, breast cancer, osteosarcomas, lung, malignant melanomas,
and pancreatic ductal carcinomas®-"4. Often, aberrant TGM2 expression is associated with
chemotherapeutic resistance and metastasis. In mammary cancer cells, TGM2 induces drug
resistance and augments invasiveness through EMT®, Both its expression and enzymatic
activity alter pathways important in cancer progression including the establishment of NF-
kB, HIF-1a, AKT, epidermal growth factor-mediated carcinogenesis, and suppression of
PTEN (phosphatase and tensin homolog deleted on chromosome 10)’°. Further, TGM2 can
also promote EMT 676, Overexpression of TGM2 induces EMT in mammary cancer cells
and upregulates expression of mesenchymal markers like Snaill, Twistl, and Zebl to
increase anchorage-independent growth, migration, and invasiveness®. Further, loss of
TGM2 promotes MET in drug-resistant breast cancer cells accompanied with increased
expression of E-cadherin at junctions and diminished levels of Snaill and Zeb1®. In
addition, TGM2 acts downstream of TGF-p and is required for TGF-p induced EMT in
mammary epithelial cells®®. Together these data suggest the importance of TGM2 in EMT,

which is crucial for metastatic dissemination and tumor development.
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1.2.6 Tissue transglutaminase 2 as an emerging therapeutic target for cancer

Since TGM2 plays an active role in different cancers ", a possible strategy to
treat cancers would be impeding its active site. Also, this offers a distinct prospect to
manage different types of cancer at different stages. Since TGM2 can modulate multiple
signaling pathways and functions in cancer cells important for their growth and survival,
its inhibition offers a single target for cancer therapeutics.

Tissue transglutaminase 2 inhibitors are classified into three types depending on
their mode of action. These three classes consist of a) competitive amine inhibitors 2)
reversible inhibitors and 3) irreversible inhibitors. The most commonly used TGM2
inhibitors are competitive inhibitors because of their commercial availability, chemical
stability, and non-toxicity in living cells. These inhibitors include putrescine,
monodansylcadaverine, and 5-(biotinamido) pentylamine and they impede TGM2
transamidase activity by competing with natural amine substrates such as protein-bound
lysine residues’’. Reversible TGM2 inhibitors include GTP, and compounds with
thieno[2,3-d] pyrimidine-4-one acyl hydrazide backbones. These inhibitors block the
substrate access to the active site of TGM2 without covalently altering the enzyme’®7°,
Irreversible TGM2 inhibitors impede enzymatic activity through covalent modification of
the enzyme thereby preventing the substrate binding. These include iodoacetamide, 3-halo-
4,5-dihydroisoxazoles, and carbobenzyloxy-L-glutaminylglycine (Cbz-gln-gly) as
backbone®®®,  Recently, Keillor group developed (6-acrylamido-1-(4-((5-
(dimethylamino)naphthalen-1-yl)sulfonyl)piperazin-1-yl)-  1-oxohexan-2-yl)carbamate
(VA4), and (S)-Benzyl (6-acrylamido-1-(4-(7-hydroxy-2-oxo-2H-chromene-3-
carbonyl)piperazin-1-yl)- ~ 1-oxohexan-2-yl)carbamate =~ (VA5)  and N-alpha-

Carbobenzyloxy-N-epsilon-acryloyl-L-lysine(2-(2dansylaminoethoxy)ethoxy)ethanamide
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(NC9) as effective TGM2 irreversible inhibitors®87, Effective inhibition of TGM2 by NC9
is reported in many cancers including glioblastoma, ovarian, epidermal, leukemia, and
prostate and therefore it is a promising inhibitor of TGM288-3 TTGM5826, a recently
developed inhibitor for TGM2, stabilizes the open conformation of TGM2 in breast and
brain cancer cells to induce cell death®. Thus, the application of different TGM2 inhibitors
to biological systems has generated encouraging outcomes in various types of cancer. In
this dissertation, we have used NC9 inhibitor obtained from Keillor group to examine its

potential in TGM2 inhibition to treat breast cancer metastasis.

1.3 Exosomes

Prokaryotic and eukaryotic cells shed extracellular vesicles that can exist in micro
or nano-sizes®. Nanosized vesicular structures that range from 30- 100 nm are termed as
exosomes. Exosomes are formed from the luminal membranes of multivesicular bodies
(MVBs)%. Most exosomes are released into the extracellular environment while some of
them are secreted into neighboring cells through their fusion to the cell membrane. In
addition, exosomes can activate multiple signaling pathways involved in important cellular
processes or transfer specific information into targeted recipient cells upon their systemic
transport to distant organs °"%. Cancer cells derived exosomes contain functional
molecular cargo comprising of oncogenic virus derived molecules, miRNA, mRNA, DNA
fragments, cytokines, ECM proteins like FN, laminins, integrins, enzymes like TGM2,
kinases, transcription factors, growth factors including EGFR, FGFR, VEGF and other
proteins like Dicer, therefore, capable of causing malignant transformation and promoting

tumor progression; suggesting a probable evolutionary process through which tumor cells
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utilize exosomes and protect their homeostasis for their own advantages like growth, drug

resistance, and survival®®102,

1.3.1 Role of exosomes in cancer

Recent studies have indicated the critical role of exosomes in invasion-metastasis
cascade. Their role has been recognized in EMT induction, construction of a premetastatic
niche and immune response modulation'3-1%, Through the delivery of necessary autocrine
and paracrine signals, cancer cells derived exosomes can induce EMT in neoplastic cells,
which allows them to invade the surrounding tissue of the primary tumor, intravasate and
arrive into the circulatory system. In contrast to exosomes secreted under normoxic
conditions, those secreted under hypoxic conditions exhibit increased expression of EMT-
inducing moieties including FN, integrins, TGF-f1, TGM2, vimentin, tumor necrosis
factor o (TNF-a), HIF-1a, interleukin-6, and platelet-derived growth factors (PDGF)07/108,
Consequently, cells present in the tumor microenvironment end up taking the above
molecules that cause modifications of their transcriptome and proteome.

Secondly, cancer cells derived exosomes nurture a premetastatic niche in distant
organs, which helps metastatic cells to extravasate, survive dormancy, or ultimately form
secondary tumors (Figure 1.3). They create a premetastatic niche by stimulating reactive,
myofibroblast-rich stroma, ECM remodeling, proliferation and angiogenesis %12,
Further, activation of TGF-B-SMAD pathway by exosomes causes differentiation of
mesenchymal stem cells and normal stromal fibroblasts into myofibroblast-like cells**-1%%,
In addition, TGF-p from exosomes causes generation of myofibroblasts that have increased

fibroblast growth factor and are more proangiogenic!. Interestingly, non-cancerous cells
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derived exosomes may also help circulating tumor cells in adapting to unfavorable
conditions; thereby promoting dynamic and bidirectional crosstalk within the tumor
microenvironment. Cancer cells derived exosomes can also promote pre-metastatic niche
establishment by modifying tumor-penetrating lymphocytes to promote immune evasion
and destruction within the tumor microenvironment, an essential event for
metastasis!?®104108.116 Fyrther, exosomes can promote organotropism%!7, Cancer cells
derived exosomes are also capable of tempering immune response to promote metastatic
progression and can trigger inflammatory pathways that force immune players to cultivate

a prometastatic microenvironment16.118

14 Research Questions

As detailed above, metastatic breast cancer is the most lethal disease among women
worldwide®. Metastasis is a cascade of sequential events. Upon transformation, primary
tumor cells undergo EMT and MET to form metastatic lesions in distant organs’. Cells that
are incapable of undergoing a complete transition from mesenchymal to epithelial
phenotype or vice versa results in tumor heterogeneity. Recent information insinuates that
influential inducers of EMT can drive epithelial tumor cells into a highly mesenchymal,
stromal-like state. These mesenchymal cells are incapable of undergoing MET or have
limited capacity and therefore, can act as cancer-associated fibroblasts''®. The inducers of
these more stable mesenchymal phenotypes and the mechanism through which these
stromal-like tumor cells continue to contribute to the metastatic process are unknown.
Therefore, further studies are essential to elucidate the role of heterogeneity in metastatic

breast cancer. Similarly, the impact of matrix proteins secreted by these mesenchymal
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tumor cells in metastatic breast cancer remains poorly understood and continues to be a
topic of investigation in breast cancer research.

Fibronectin is overexpressed in many cancers and actively involved in multiple
steps of tumor progression®°. Also, FN expression is known to increase during EMT.
Although, several studies suggest the role of abnormal FN expression in cancer cell
survival, invasion, proliferation and metastasis!?*122 how FN expressed by mesenchymal
tumor cells in heterogenous tumors supports tumor progression and metastasis remains
unclear. Further, FN is functional only in its fibrillar form and cells expressing FN like
fibroblasts mainly deposit FN matrix®¢. Whether mesenchymal tumor cells expressing FN
are capable of producing functionalized FN fibrils or depositing FN matrix to act in stromal
capacity, still remains under-investigated.

Tissue transglutaminase 2 is abnormally overexpressed in metastatic and drug-
resistant tumor cells. It is a multi-functional enzyme and important for various biological
processes including extracellular matrix formation and integrin-mediated signaling®®!%,
However, its role in metastatic breast cancer is ambiguous. Further, extracellular vesicles
isolated from cancer cells contain TGM2 and can transform non-cancerous cells to support
cancer cells growth and survival*?*, Whether these exosomes can construct a premetastatic
niche to foster metastasis of breast cancer cells has not been investigated.

This dissertation specifically focuses on investigating the role of epithelial-
mesenchymal heterogeneity (EMH) and extracellular matrix proteins in promoting breast
cancer metastasis. We hypothesize that mesenchymal breast cancer cells in epithelial-
mesenchymal heterogenous tumors secrete extracellular matrix proteins or exosomes

containing extracellular matrix proteins to establish intercellular communication
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important for tumor progression and distant metastasis. To test our hypothesis, we
designed three specific aims. The first aim focuses on determining the role of EMH in
breast cancer metastasis. In the second aim, we investigate how mesenchymal cells utilize
intracellular FN to support the growth of metastatic competent epithelial cells. The last aim
examines the role of exosomes secreted by metastatic breast cancer cells in the
development of the premetastatic niche to foster tumor progression and metastasis.

To accomplish our first aim, we used Calh and Cala models to create primary
mosaic tumors and tracked their individual metastasis capacity using bioluminescence
technique (chapter 3). Our study suggests that mesenchymal cells promote metastasis of
epithelial breast cancer cells. We demonstrate epithelial breast cancer cells interact with
mesenchymal breast cancer cells to support their own growth and proliferation (chapter 3).

The second aim investigated the autocrine and paracrine role of FN using a novel
3D scaffold system that accurately recapitulated in vivo tumor microenvironment
conditions. To determine the function of FN, we used gain or loss of function approaches
and performed both in vitro and in vivo assays. As a result of our investigation, it was
identified that cells expressing FN get locked into a non-metastatic mesenchymal
phenotype and act in a stromal fashion to support the growth of metastatic competent cells
by producing functionalized fibrils (chapter 3).

To achieve our third aim, we used a HER2-driven (HMEZ2) metastatic progression
series developed in the Wendt lab 2°. Using gain and loss of function approaches and in
vivo metastasis assays, we report that TGM2 is not only required for breast cancer
progression but also adequate to modify non-metastatic tumor cells into metastatic tumor

cells (chapter 4). Next, we investigated the role of exosomes containing FN and TGM2 in
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driving metastatic breast cancer. Results of our study demonstrate that TGM2 crosslinks
FN on the surface of exosomes to induce premetastatic niche formation and promotes
metastatic breast cancer. Further, our study reveals that TGM2 upregulates tensin
expression to promote FN fibrillogenesis on the surface of exosomes. We also establish
that genetic depletion of TGM2 inhibits metastasis and therefore, can be an effective
therapeutic target to treat metastatic breast cancer.

Collectively, the studies reported in this dissertation shed new light on tumor
growth promoting functions of FN within the ECM and its autocrine role in inhibiting the
metastatic potential of mesenchymal tumor cells. Results of our investigations also
establish that TGMZ2 is essential and sufficient to promote metastasis of breast cancer cells.
Further, our studies contribute to the growing knowledge of FN and TGM2-mediated
mechanisms in metastatic breast cancer, particularly the development of TGM2 as a

therapeutic target.
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CHAPTER 2. MATERIALS AND METHODS

2.1  Reagents

Cala and Calh cells were kindly provided by Dr. Fred Miller (Wayne St.
University). These cells were cultured in DMEM containing 10% FBS and pen/strep and
validated for lack of contamination by IDEXX Impact Il testing. HMLE cells were kindly
provided by Sendurai Mani (MD Anderson Cancer Center). These cells were cultured as
previously described ®. Luciferase expressing 4T1 and HMLE cells transformed via
overexpression of Her2 and their variants were described previously?3. Stable expression
of the luciferase, eGFP or dTomato was achieved through lentiviral transduction and
selection in puromycin or zeocin. For eGFP and dTomato expression, cells were sorted to
increase uniform fluorescence across the entire population (Supplementary Fig. 1).
Manipulation of FN expression was achieved through lentiviral-mediated transduction of
TRCNO0000064830, TRCN0000064832, a scrambled control shRNA (GE Dharmacon,
Lafayette, CO), or pLV (VectorBuilder, Santa Clara, CA) encoding full-length human FN
or GFP as a control. Manipulation of TGM2 expression was achieved through lentiviral-
mediated transduction of TRCNO0000000239, TRCNO0000000241, a scrambled control
shRNA, empty plko.1 vector (GE Dharmacon, Lafayette, CO), or pLV (VectorBuilder,
Santa Clara, CA) encoding full-length human TGM2 or GFP as a control. Manipulation of
Tnsl expression was achieved through lentiviral-mediated transduction of V2LMM_4992
or scrambled control. In all cases, stable genomic integration of constructs was selected for
using puromycin. Primary human pulmonary fibroblasts were obtained from ATCC and
cultured in the recommended fibroblast basal media supplemented with fibroblast growth

factor low serum kit (ATCC). These cells were cultured in DMEM containing 10% FBS
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and pen/strep. Cells were validated for lack of contamination using IDEXX Impact Il
testing on April 2", 2014 and cryogenically frozen. All cell lines were used within one
month of thawing. All stable cell lines constructed during the course of the study are listed

in Table 2.1.

2.2 Gene knockout studies using CRISPR-CAS

The dimeric CRISPR RNA-guided Fokl nuclease and Csy4-based multiplex gRNA
expression system was used to generate the TGM2 knockout cell line. Two annealed target-
site oligoduplexes designed by Zifit Targeter* and a constant region oligoduplex were
assembled with BsmBI-digested pSQT1313 in a single-step ligation. Following are the
sequences for the oligos used in the ligation step:

Target sites for Tgm2 mouse for CRISPR:

mtg2_LCOlil_setl

OLIGO 1: CACCGGTGCTGGGTGTTTGCAGCGGTGG

OLIGO 2: CCACGACCCACAAACGTCGCCACCCAAA
mtg2_LCOIi2_set2

OLIGO 1: CACCGTGCACCCTTCGTGTTTGCCGAGG

OLIGO 2: CACGTGGGAAGCACAAACGGCTCCACAAA
Oligoduplex:

mTg2_LdRGN_OlIil: GCAGCGTGTGGTGGTCACGGCCATGTTTTAG

mTg2_LdRGN_OIli2: AGCTCTAAAACATGGCCGTGACCACCACACG
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Table 2.1: Stable cell lines constructed during the course of the study

Cell Line | Plasmids used | Antibiotic | Application Location in
name for resistance Liquid Nitrogen
transduction Tank
Cala-FF pDestination- Blasticidin | In vitro and in | Black Tank
Blasticidin Vvivo imaging R1B7
Cala-FF pFFLuc2 Zeocin Confocal and in | Threw away
dTom Tomato Red Vvivo imaging
Cala-FF pLKO.1 scram | Puromycin | B1-Integrin Black Tank
scram knockdown R1B9
Cala-FF pLKO.1 shpl- | Puromycin | B1-Integrin Black Tank
shpB1-Integrin | Intergrin # 6 knockdown R1B9
#6
Cala -FF GFP | pLV-eGFP Hygromycin | FN None left
overexpression
Cala-FFFN | pLV-FN Hygromycin | FN Orange Tank
overexpression | R3B5
Calh-FF pFFLuc2 GFP | Zeocin Confocal and in | Orange Tank
eGFP Vivo imaging R3B5
Calh scram pLKO.1 scram | Puromycin | FN knockdown | Black Tank
R1B8
Calh shFN 30 | pLKO.1 shFN | Puromycin | FN knockdown | Black Tank
30 R1B8
Calh shFN 32 | pLKO.1 shFN | Puromycin | FN knockdown | Black Tank
32 R1B
Calh shFN 30 | pFFLuc2 GFP | Zeocin Confocal and in | Orange Tank
FF eGFP Vvivo imaging R3B5
Calh shFN 32 | pFFLuc2 GFP | Zeocin Confocal and in | Threw away
FF eGFP Vvivo imaging
Calh scram pLKO.1 scram | Puromycin | B1-Integrin Orange Tank
knockdown R3B5
Calh  shpl- | pLKO.1 shf1- | Puromycin | B1-Integrin Black Tank
Integrin # 2 Intergrin # 2 knockdown R1B9
T1K scram pLKO.1 scram | Puromycin | B1-Integrin Orange Tank
knockdown R3B5
TIK  shpl- | pLKO.1 shf1- | Puromycin | B1-Integrin Orange Tank
Integrin# 2 Intergrin#2 knockdown R3B5
Calh scram | pLKO.1 MT Puromycin, | TGM2 Black Tank
MT Hygromycin | knockdown R1B7
Calh scram | puC shTGM2 | Puromycin, | TGM2 Black Tank
shTGM2 239 | 239 Hygromycin | knockdown R1B7
Calh scram | puC shTGM2 | Puromycin, | TGM2 Black Tank
shTGM2 241 | 241 Hygromycin | knockdown R1B7
MDA-MB- pLKO.1 MT Puromycin | TGM2 Orange Tank
231 MT knockdown R3B5
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MDA-MB- pLKO.1 Puromycin | TGM2 Orange Tank

231 shTGM2 | shTGM2 241 knockdown R3B5

241

HMLE MT pLV-MT Puromycin | TGM2 Black Tank

overexpression | R1B9

HMLE TGM2 | pLV-TGM2 Puromycin | TGM2 Black Tank

(FGM) overexpression | R1B9

HME2-GFP pLV-eGFP Puromycin, | TGM2 Black Tank
Hygromycin | overexpression | R1B7

HME2-TGM2 | pLV-TGM2 Puromycin, | TGM2 Black Tank
Hygromycin | overexpression | R1B7

HME2-BM pLKO.1 MT Puromycin, | TGM2 Black Tank

MT Hygromycin | knockdown R1B7

HME2-BM pUC shTGM2 | Puromycin, | TGM2 Black Tank

shTGM2#3 | #3 Hygromycin | knockdown R1B9

HME2-BM pUC shTGM2 | Puromycin, | TGM2 Black Tank

shTGM2  #| 239 Hygromycin | knockdown R1B7

239

HME2-BM pUC shTGM2 | Puromycin, | TGM2 Black Tank

shTGM2  # | 241 Hygromycin | knockdown R1B7

241

AT1 FF scram | pLKO.1 scram | Puromycin | TNS1 Black Tank

knockdown R1B9

4T1 FF | pGIPZ shTnsl | Puromycin | TNS1 Black Tank

shTnsl # 20 # 20 knockdown R1B9

4T1 FF | pBabe Puro Puromycin | TGM2 deletion | Orange Tank

Tgm2KO pSQT1313 R3B5

(ligated vector)
and pSQT1601

Abbrevation: R= Rack#, B=Box#
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mTg2_RdJRGN_Olil: GGCAGGAGAAACTGGTGCTGCGTCG

mTg2_RdJRGN_Oli2: AAACCGACGCAGCACCAGTTTCTCC

Ultramer:
mTg2_ulm_OIliF:/5Phos/AGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTT
ATCAACTTGAAAAAGTGGCACCGAGTCGGTGCGTTCACTGCCGTATA
mTg2_ulm_OIiR:/5Phos/TGCCTATACGGCAGTGAACGCACCGACTCGGTGCCAC
TTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCT

PCR products were confirmed by running on native gel (0.375 M Tris-HCI pH:8.8,
Acrylamide/Bis-acrylamide(30%/0.8%w/v), 10% (w/v) ammonium persulfate (APS) and
TEMED) for 2 hours at 90 volts. After running the gel, the gel was immersed into ethidium
bromide contained a 1X running buffer, shaken for 10 mins and imaged. The purified PCR
product was extracted from the gel using a gel extraction kit. 3 pug of the ligated vector, 1
pg of pSQT1601 expressing Csy4 RNase and RNA-guided Fokl-dCas9 fusion nucleases,
and 0.2 pg of pBABE Puro were transfected into luciferase-expressing 4T1 cells.
pSQT1313 and pSQT1601 were gifts from Keith Joung (Addgene plasmids #53370 and
#53369)°. After 48 hours, cells were treated with 5 pg/ml puromycin for clonal selection.
Genomic DNA and cell lysates from selected colonies were analyzed by the PAGE-
genotyping method® and immunoblot analyses to screen for clones with TGM2 knockout.
Disruption of both alleles was confirmed by DNA sequencing. Following are the protein

sequences for TGM2 WT and TGM2 KO clone # 33.

TGM2WT:
MAEELLLERCDLEIQANGRDHHTADLCQEKLVLRRGQRFRLTLYFEGRGYEASV

DSLTFGAVTGPDPSEEAGTKARFSLSDNVEEGSWS
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TGM2KO # 33:
MAVASWSALPADSVLRGPWLRGQRGQPHVRCCD

Clone 33 was used for all the experiments.

2.3  METABRIC Data Analysis

We examined the data from 2,000 patient tumor biopsies available at the recent
Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) dataset’.
Patients tumor samples were divided into subtypes according to PAMS50 status and plotted
for FN expression levels against overall survival. The dataset was further divided into 4
quartiles based on patient’s samples expressing above the mean or median expression level

of FN and plotted against overall survival.

2.4 Animal models

All in vivo assays were conducted under IACUC approval from Purdue University. Where
indicated control or luciferase expressing Cala and Calh cells (2x10° /50 pl) were injected
into the second mammary fat pad of female 5-week old, nu/nu mice (Figure 2.1). Thirty-
five days after engraftment tumors were surgically excised and metastasis was
subsequently quantified by bioluminescent imaging. In other experiments, control and FN-
depleted Calh cells (5x10° / 100 pl) were injected into the lateral tail vein of female 4-
month-old, NSG mice. Pulmonary tumor growth was quantified by bioluminescence at the
indicated time points. Based on previously established variability for bioluminescent
imaging, 5 mice per group was chosen to adequately power our experiments to 0.80, with

an o of 0.05. In separate experiments luciferase expressing HME2-GFP, HME2-TGM2,
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HME2-BM MT or HME2-shTGM2 (2x10°/ 50 ul) were injected into the second mammary
fat pad of female 8-week old, NSG mice. Tumors were surgically excised after they
achieved a size of 900 mm and metastasis was subsequently quantified by bioluminescent
imaging. For exosome education experiments, 20ug of total exosome protein in 100 ul of
sterile PBS was injected intraperitoneally into 3 months old NSG mice every other day for
3 weeks (Figure 2.2). Mice receiving 100 ul of sterile PBS acted as a control group.
Luciferase expressing Cala (7.5x10° /100 pl) were injected into the lateral tail vein of
exosome treated female NSG mice. Pulmonary tumor growth was quantified by
bioluminescence at the indicated time points. Luciferase expressing 4T1-WT, 4T1-
Tgm2KO, 4T1-scram or 4T1-shTnsl were resuspended in PBS (50 pl) and orthotopically
engrafted onto the second mammary fat pad of 4 weeks old Balb/c mice (2.5x10*
cells/mouse) (Jackson Labs, Bar Harbor, ME). Primary tumor growth and metastasis
development were assessed via weekly bioluminescent imaging using the Advanced
Molecular Imager (AMI) (Spectral Instruments, Tucson, AZ). Upon necropsy lungs from
all animals were removed and fixed in 10% formalin and dehydrated in 70% ethanol for
visualization of pulmonary metastatic nodules and histological analyses. Based on
previously established variability for bioluminescent imaging, 4 or 5 mice per group was

chosen to adequately power our experiments to 0.80, with an o of 0.05.
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A Calh-FF : Cala-dark
Cala-dark
Day 0
B
Calh-dark: Cala-FF

Calh-dark Cala-FF

= - «'*n\.

Day O
Figure 2.1: Schematic for Calh-Cala mixed in vivo assay.

(A) Calh-FF and Cala -dark cells were mixed in 1:1 ratio, engrafted on the mammary fat
pad and imaged. (B) Calh-dark and Cala-FF cells were mixed in 1:1 ratio, engrafted on
the mammary fat pad and imaged.
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or Cala FF cells

Figure 2.2: Schematic for in vivo assay using exosomes
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2.5 Immunological assays

For immunoblot analyses cells were lysed using a modified RIPA lysis buffer
containing 50 mM Tris, 150mM NaCl, 0.25% Sodium Deoxycholate, 1.0% NP40, 0.1%
SDS, protease inhibitor cocktail, 10mM activated sodium ortho-vanadate, 40 mM pB-
glycerolphosphate and 20mM sodium fluoride. These lysates were separated by reducing
10% SDS PAGE and probed for B1 integrin, FGFR1 (Cell signaling technologies, Danvers,
MA), fibronectin, E-cadherin, vimentin (BD biosciences, San Jose, CA), zebl, actin (Santa
Cruz Biotechnology, Santa Cruz, CA), zo-1 (Thermofisher Scientific), Ncad (RnD
systems), TGM2 (Invitrogen CUB 7402, Mouse/Rat TGM2 antibody R & D systems ,
AF5418) or B-tubulin (DSHB, lowa City, 1A). To immunoblot FN dimers, lysates were
separated by reducing 4-20% SDS PAGE and probed for FN. For immunofluorescence,
cells were fixed in 4% paraformaldehyde (PFA), permeabilized in 0.1% Triton-X 100 and
processed using fluorescently labeled phalloidin (Thermo Fisher, Waltham, MA) for
visualization of the actin cytoskeleton, E-cadherin (BD biosciences) or FN (Abcam,
Cambridge, MA). For immunostaining of cells on scaffolds, whole scaffolds were placed
in 24 well plate using tweezers and the above steps were performed. To image, the scaffolds
were placed in 6 cm dish containing PBS and imaged using dipping water objective for
Zeiss confocal microscope. Where indicated, cellular monolayers were removed through
incubation with 0.4% Triton, 1.5 NaCl, 50 mM, Tris pH 8 and 50mM EDTA for 48h in
4°C, washed with water, incubated with 0.5% sodium deoxycholate at 25°C and finally
incubated with PBS (+Mgcl2) for 1 hour. Secreted proteins were precipitated from serum-
free media by incubating 6 volumes of the sample with 1 volume of 50% trichloroacetic
acid and 1 volume of 0.1% sodium deoxycholate on ice for 30 minutes. Protein was

precipitated via centrifugation and the pellet was twice washed with acetone and finally
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boiled at 95°C with 500 pl of the 4x laemmli buffer. For flow cytometry, cells were fixed
in 1% PFA, blocked in 2.0% bovine serum albumin and stained with CD24 and CD44
(BioLegend, San Diego, CA) that were directly conjugated to the fluorescent probes.
Patient samples stained for FN (DakoCytomation) by immunohistochemistry were
obtained from the protein atlas®®. Immunohistochemical analyses of formalin fixed
paraffin embedded tissue sections from Calh pulmonary tumors were conducted by
deparaffinization in xylene, rehydration, and antigen retrieval using 10mM sodium citrate
(pH 6.0) under pressurized boiling. After inactivation of endogenous peroxidases in 3%
H202, primary antibodies specific for Ecad (BD biosciences), human vimentin (BD
biosciences), or Ki-67 (BD biosciences), or FN (BD biosciences) were added to serial
sections and incubated overnight. Protein-specific staining was detected using appropriate
biotinylated secondary antibodies in conjunction with ABC reagent (Vector, Burlingame,
CA). These sections were counterstained with hematoxylin, dehydrated, and mounted. All

antibodies used in the experiments are listed in Table 2.2.
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Antigen | Applica- | Vendor Clone # | Concentra- | Secondary | Storage
tion tion Location
FN Western/l | Becton 610078 | 1:1500 Goat oMS- | 20°C
CC/IHC | Dickenson HRP
FN3 ICC Thermo 14- 1:50 Goat oMS- | 4°C
Fisher 9869- HRP
82
Ecad Western/l | Becton 610182 | 1:5000 Goat aMS- | 20°C
CC/IHC | Dickenson HRP
Vim Western/l | Becton 550513 | 1:1000 Goat aMS- | 4°C
HC Dickenson HRP
TGM2 Western/l | Thermo MADb5- 1:1000 Goat aoMS- | 4°C
HC Fisher 12739 HRP
TGM?2 Western | R&D AF541 | 1:500 Dnky aShp- | 20°C
systems 8 HRP
TNS1 Western | Sigma HPAO3 | 1:500 Goat aRbt- | 20°C
6089 HRP
FGFR1 | Western | Cell 2260 1:1000 Goat oRbt- | 20°C
Signaling HRP
B1 - | Western | Cell 3688 1:1000 Goat aRbt- | 20°C
Integrin Signaling HRP
B3 - | Western | Cell 3690 1:1000 Goat oRbt- | 20°C
Integrin Signaling HRP
B1 - | Western | DSHB E7 1:1000 Goat oRbt- | 20°C
Tubulin HRP
CD63 Western/l | Santa Sc- 1:250 Goat aMS- | 4°C
CC Cruz 5275 HRP
CD63 Western/l | Abcam 1:500/ 1:50 | Goat oRbt- | 4°C
CC HRP
Ki67 IHC Becton 550609 | 1:100 Goat oMS- | 4°C
Dickenson HRP
Snalil Western | Cell 6615 1:1000 Goat aMS- | 20°C
Signaling HRP
Zebl Western | Santa Sc- 1:1000 Goat oRbt- | 4°C
Cruz 25388 HRP
Zo-1 Western | Thermo 61- 1:1000 Goat oRbt- | 20°C
Fisher 7300 HRP
p- ICC Cell 6774 1:2000 Goat aRbt- | 20°C
STAT3 Signaling HRP
ErbB2 Western | Cell 2064 1:1000 Goat oRbt- | 20°C
Signaling HRP
Actin Western | Santa Sc- 1:1000 Dnky 4°C
Cruz 1616 oGoat-HRP

Abbreviations: IHC= immunohistochemistry, ICC=immunocytochemistry, Dnky=donkey,
MS=mouse, Rbt=rabbit, HRP=Horseradish Peroxidase
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2.6 3D hydrogel assays

Fluorescent and bioluminescent Cala cells were mixed with non-labeled or
fluorescent Cala, Calh control, and Calh cells depleted in FN in 1:1 ratio and grown under
3D culture conditions. Cell growth was quantified via the addition of luciferin (GoldBio,
St. Louis, MO). Briefly, 2000 cells were plated in each well of a white-walled 96-well dish
on top of a solidified 50ul bed of Cultrex basement membrane extract (BME) from
(Trevigen, Gaithersburg, MD). These cells were suspended in growth media containing
DMEM, 10% FBS and 5% of the BME. For confocal microscopy, differentially labeled
cells were grown under 3D culture conditions using 50 mm Dish (MatTek, Ashland, MA)
and images were taken at using Zeiss 40x water dipping objective lens. For 4T1 3D growth
assays, 1000 cells were plated in each well of a white-walled 96-well dish on top of a
solidified 50ul bed of Cultrex BME. These cells were suspended in growth media
containing DMEM, 10% FBS and 5% of the BME. Growth was tracked every other day

using bioluminescence and images were taken at Day 8.

2.7 Production of 3D scaffolds

Scaffolds were produced using a photolithography based approach, using the
negative photo resist SU-8 2050 (Microchem, Westborough, MA). Silicon wafers were
cleaned using a Glen 1000P plasma cleaner and dehydrated by baking at 120°C for 5 min.
Omnicoat (Microchem, Westborough, MA) was used as a sacrificial layer. 3 layers of
Omnicoat were applied for each wafer using a spin coater at a spread speed of 500 RPM
for 5's, followed by 30 s at 1000 RPM. After each layer was applied, the wafer was baked
at 200°C for 1 min, then allowed to cool to RT. The SU-8 was then coated onto the wafer

using a spread speed of 500 RPM for 5 s, followed by 1700 RPM for 30 s. A final thickness
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of approximately 100 pum was attained. The wafer was then allowed to degass overnight at
RT. After degassing, the wafers were baked at 65°C for 10 min, then the temperature was
increased to 95°C for an additional 50 min bake. The wafers were then exposed to UV light
using an MJB 45S mask aligner in hard contact mode, with a 20 second exposure time. A
photomask was used to create the desired geometric pattern. After exposure, the wafer was
baked for 5 min at 65°C followed by 10 min at 95°C. After cooling to RT, the wafers were
developed in SU-8 developer for 11 min, rinsed in isopropanol (IPA), and then dried using
compressed nitrogen gas. The developed scaffolds were then hard baked for 15 min at
150°C and then released from the wafer using fresh SU-8 developer. The scaffolds were

subsequently washed 6 times in IPA and allowed to dry overnight before use.

2.8 Fibronectin coating of scaffolds

Scaffolds were coated with fibronectin by first mounting the scaffolds to a ferrous
magnetic stainless-steel frame using a cyanoacrylate-based adhesive. The mounted
scaffolds were then placed in a 100 pg/mL solution of fibronectin, and then magnetically
suspended at the air-water interface. The scaffolds were rotated for 2 h on a rotisserie

shaker that was maintained at 30°C with a rate of rotation of 8 RPM.

2.9 3D scaffold assays

Uncoated or fibronectin-coated 3D scaffolds were placed in ultralow attachment
24-well dishes. Cells (50,000) were added to the scaffolds for 24 hours at which point non-
adherent cells were washed away. For immunofluorescence, at day 6 the scaffolds
containing the cells were fixed and stained with the indicated antibodies using protocols

described above. Images were taken using Zeiss 40x water dipping objective lens. For
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exosomes experiments, cells (100,000) were added to the scaffolds. Cells were fed new
media every 5 days for 2-3 weeks. Once the scaffolds were covered with HPF fibrils
entirely, they were treated with 5ug of exosomes every other day for 3 weeks. Cala FF-
dTomato cells were added to the exosomes treated scaffolds and tracked for growth by
bioluminescence at indicated time points. On indicated time point, the scaffolds containing

the cells were fixed and images were taken using a fluorescence microscope.

2.10 mRNA analyses

RNA was isolated using an RNA isolation kit (Omega bio-tek, Norcross, GA).
Total RNA was reverse-transcribed using a cONA synthesis kit from (Thermo Fisher) and
semi-quantitative real-time PCR was performed using iQ SYBR Green (Thermo Fisher).
GAPDH was used as reference gene. All primers used for the analysis are listed in Table

2.3.

2.11 RNA sequence analysis

Parental, Her2 transformed HMLE cells (HME2-parental), were treated every three
days with TGF-B1 (5 ng/ml) for a period of 4 weeks to generate post-TGF- mesenchymal
cell conditions (Figure 2.3) 3. Post-TGF-p mesenchymal cells were engrafted into fad pad
of immunocompetent mice to acquire bone metastasis. These bone tumors were cultured
ex vivo to obtain HME2-BM cells (Figure 2.3). Post-TGF-f mesenchymal cells were
further sorted for a CD44" phenotype (BioLegend) and total RNA was isolated using
E.Z.N.A (Omega Bio-Tek). RNA sequencing was conducted using the Illumina HiSeq

2500 platform. These data have been deposited on the GEO database (GSE115255).
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2.12 Isolation of exosomes from cells

Exosomes were isolated from serum-starved conditioned media of 107 cells
(equivalent to four 150 mm dishes) as described previously**?. 100 % confluent cell
cultures were serum starved for 72h cultured to obtain conditioned media. The conditioned
media was centrifuged at 300g for 10 minutes to remove live cells, 2000g for 10 minutes
to remove cell debris and filtered through 0.22uM pore size Millipore filters. Filtered
media was concentrated to 1 ml using 3KD MWCO Amicon ultra-15 centrifugal filters,
followed by ultracentrifugation at 100,000 g for 2h. The pellet was washed with PBS using
ultracentrifugation at 100,000 g for 2h and resuspended either in 3D RIPA buffer for
immunoblot experiments or in PBS for other experiments. All the steps were carried out in
cell culture hood and ultracentrifugation apparatus was cleaned with alcohol to avoid

contamination.
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Table 2.3: Primer sequences, product sizes, and conditions used to complete these studies
Gene Applic | Forward primer (5’ to 3”) | Reverse primer (5’ to 3”) | Prod | Anne
name ation uct |al

size | Temp
GAPD | RT- caactttggcattgtggaagggct | acaaacactaatgttaattgccca | 202 | 63°C
H PCR c
FN1 RT- acaaacactaatgttaattgccca | cctccagagcaaagggctta 200 | 63°C
PCR
CDH1l | RT- gttcagactccagcccgc aaattcactctgcccaggacg 250 | 63°C
PCR
VIM RT- cgggagaaattgcaggagga aaggtcaagacgtgccagag 105 | 63°C
PCR
hTGM | RT- ataagttagcgccgctctcc ctctaagaccagctcctcgg 124 | 63°C
2 PCR
mTGM | RT- ggaggagcgacgggaatatg attccatcctcgaactgccc 108 | 63°C
2 PCR
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Note:

HMLE: Human Mammary Epithelial cells
HME2: HMLE expressing Her2 cells

HME?2 Post TGF-B: TGF-B treated HMLE E2 cells
HME2-BM: Bone Mets

Figure 2.3: Diagram of development of HME2 model to study breast cancer metastasis.
Modified from A. Shinde et al Cancer Research 2019
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2.13  Immuno-Transmission Electron microscopy (TEM)

Protein expression on the surface of exosomes was examined using whole mount
immunostaining staining. Thin formvar/carbon film coated 200 mesh copper EM grid were
glow discharged for 30 seconds. Exosomes were fixed in 1 ml of paraformaldehyde (PFA)
for 5 mins. 5-7 ul of fixed exosomes solution was loaded on the grids and incubated for 10
minutes. The grid was rinsed with 100 pl PBS three times each for 10 min, treated with 50
pl of 0.00M glycine to quench free aldehyde groups for 10 min, incubated with a 100 pl of
blocking buffer (PBS containing 1% BSA) for 30 min and finally incubated with 100 ul of
primary antibody (anti-FN3 (1:100) or anti-TGM2 (1:100) antibody) overnight at 4°C.
Following day, grids were washed with 100 pl washing buffer (PBS containing 0.1% BSA)
five times each for 10 min. Following incubation with secondary antibody (goat anti-mouse
IgG (H+L) conjugated to 10 nm gold particle (ab39619, Abcam) diluted at 1:100 in PBS
containing 0.1% BSA for 1h, grids were washed with washing buffer five times each for
10 min and 50ul of distilled water twice. Grids were air dried for 15 min and were observed

by TEM at 200kV.

2.14  Confocal microscopy of Exosomes

For confocal microscopy imaging, exosomes samples were prepared as described
previously**. 500 pl of PBS solution containing exosomes were incubated with
simultaneously with 2 pl each of 0.587 mg/ml rabbit anti-CD63 (ab217345) or TGM2
(Invitrogen CUB 7402) and 0.5 mg/ml of FN3 (Invitrogen 14-9869-82) for 2h at room
temperature. PBS replaced the primary antibody for blank control. Following incubation,
the solution was purified by ultrafiltration (50KDa) at 600 rpm for 20 min. The filtrate was

washed with PBS using ultrafiltration and resuspended in PBS. Next, a mixture of 0.5ul of
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CM-dil, 1 ul of 2mg/ml of Alexa Fluor labeled 647 Goat anti-mouse 1gG and 2mg/ml of
Alexa Fluor 488 labeled Goat anti-rabbit IgG was added to exosomes solution, incubated
for 1h with vigorous mixing and then purified again by ultrafiltration. Finally, the
precipitate was resuspended in PBS and added on 35mm 1.5H glass coverslip bottom
confocal dish and adsorbed for 15 minutes. The dishes were coated with 0.1%
polyethyleneimine for 15 mins prior to the addition of the prepared sample. Samples were

imaged using a Nikon confocal microscope.

2.15 Nanosight

Exosome size distribution and concentration were analyzed using semiautomated
nanoparticle tracking-based analyses were performed using a NanoSight (NS300)
apparatus (Malvern Instruments Ltd.). Samples were diluted to provide counts within the
linear range of the instrument (i.e., 3 x 108 to 10° per mL). Three videos of 1-minute
duration were documented for each sample, with a frame rate of 30 frames per second.
Using NTA software (NTA 2.3; NanoSight Ltd.), particle movement was analyzed as per
the manufacturer's protocol. The NTA software was adjusted to first identify and then track

each particle on a frame-by-frame basis.

2.16  Statistical analyses

2-way ANOVA or 2-sided T-tests were used where the data met the assumptions
of these tests and the variance was similar between the two groups being compared. P
values of less than 0.05 were considered significant. No exclusion criteria were utilized in

these studies.
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CHAPTER 3. AUTOCRINE FIBRONECTIN INHIBITS BREAST
CANCER METASTASIS

The following chapter is reproduced and modified with permission from

Aparna Shinde, Sarah Libring, Aktan Alpsoy, Ammara Abdullah, James A Schaber, Luis
Solorio, and Michael K. Wendt “Autocrine fibronectin inhibits breast cancer metastasis”,
Mol Cancer Res. 2018 Oct;16(10):1579-1589.

3.1 Abstract

Both epithelial-mesenchymal transition (EMT) and mesenchymal-epithelial transition
(MET) are linked to metastasis via their ability to increase invasiveness and enhance tumor-
initiating capacity. Growth factors, cytokines and chemotherapies present in the tumor
microenvironment (TME) are capable of inducing EMT, but the role of the extracellular
matrix (ECM) in this process remains poorly understood. Here, a novel tessellated three-
dimensional (3D) polymer scaffolding is used to produce a fibrillar fibronectin matrix that
induces EMT-like event that includes phosphorylation of STAT3 and requires expression
of B1 integrin. Consistent with these findings, analysis of the METABRIC dataset strongly
links high-level fibronectin (FN) expression to decreased patient survival. In contrast, in
vitro analysis of the MCF-10A progression series indicated that intracellular FN expression
was associated with non-metastatic cells. Therefore, differential bioluminescent imaging
was used to track the metastasis of isogenic epithelial and mesenchymal cells within
heterogeneous tumors. Interestingly, mesenchymal tumor cells do not produce FN matrix
and cannot complete the metastatic process, even when grown within a tumor containing
epithelial cells. However, mesenchymal tumor cells form FN containing cellular fibrils

capable of supporting the growth and migration of metastatic-competent tumor cells.


https://www.ncbi.nlm.nih.gov/pubmed/29934326
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Importantly, depletion of FN allows mesenchymal tumor cells to regain epithelial
characteristics and initiate in vivo tumor growth within a metastatic microenvironment.

Implications: In contrast to the tumor-promoting functions of fibronectin within the ECM,
these data suggest that autocrine fibronectin production inhibits the metastatic potential of

mesenchymal tumor cells.

3.2 Introduction

The ability of epithelial cells to transition into a more primitive, migratory
phenotype is an important process that occurs during wound healing and development.
However, this capacity of epithelial cells to transition between these different phenotypes
also supports the metastatic progression of breast cancer. Numerous model systems suggest
that cells undergo a transient EMT during invasion and dissemination, and then reverse
that process through MET during the outgrowth of secondary metastatic tumors 106:119-121,
The importance of a highly plastic cell type to overcome the various stresses of the
metastatic process is intuitively logical. However, the onset and reversal of EMT have also
been linked to the increased tumor initiating capacity*?>2® These studies raise exciting
possibilities that EMT:MET may reactivate a fundamental genetic program capable of
producing cells with an enhanced potential for adaptation to metastatic microenvironments
and initiation of secondary tumors. Concurrent with these single-cell autonomous notions
of EMT:MET and stemness is a growing concept supporting the importance of EMT-
induced tumor cell heterogeneity!?*. Heterogeneity within the stromal compartment of
tumors is clearly important to metastasis as several critical paracrine signaling axes
consisting of growth factors, hormones and adipokines have been described 2127,

However, numerous inducers of EMT can result in subpopulations of tumor cells with
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unique mechanical and molecular signatures that fall along a spectrum of epithelial to
mesenchymal phenotypes?®12, Recent evidence suggests that more potent inducers of
EMT can push epithelial tumor cells into a highly mesenchymal, stromal-like state and
these cells have a reduced ability to undergo MET%2, What the drivers of these more stable
mesenchymal phenotypes are, and how and if these stromal-like tumor cells continue to
contribute to the metastatic process remains to be established.

In healthy tissues, stromal cells maintain the composition and structure of the tissue
through the production of extracellular matrix (ECM) proteins and paracrine signaling with
epithelial cells**®. Both compositional and structural changes in the ECM have been
observed during metastasis*°. One such ECM protein that can be produced by tumor cells
following EMT is fibronectin (FN). Overall, increased FN expression in primary mammary
tumors is strongly associated with decreased patient survival'®. Herein, we utilize a novel
3D culture system consisting of a tessellated scaffold to demonstrate that fibrillar FN can
drive an EMT-like morphological change, that allows for migration and proliferation of
metastatic breast cancer cells independent of a hydrogel or polymer support.
Counterintuitively, we find that breast cancer cells that constitutively express FN display
an extremely stable mesenchymal phenotype and are not capable of completing metastasis.
Therefore, we sought to address the hypothesis that autocrine production of FN by tumor
cells limits their metastatic potential. Along these lines, genetic depletion of FN, but not its
cognate receptor B1 integrin, allows tumor cells to regain epithelial characteristics and
initiate tumor formation in the lungs.

Overall, our studies shed new light on the role of autocrine FN signaling during

tumor growth and metastasis. Furthermore, we introduce a robust and versatile 3D cell
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culture approach capable of accurately recapitulating tumor microenvironment conditions

that allow for controlled studies that cannot be accomplished in vivo or with other systems.

3.3  Results
3.3.1 Fibronectin expression is associated with decreased patient survival

We have previously demonstrated an association between FN expression and
decreased patient survival. Here we analyzed the recent Molecular Taxonomy of Breast
Cancer International Consortium (METABRIC) dataset consisting of more than 2,000
patient tumor biopsies!*2. Significant outliers were observed in every subtype, with the
claudin-low subtype having the outliers with the highest overall expression (Figure 3.1A).
When the dataset is taken as a whole, those patients above the mean or median expression
level of FN demonstrated decreased survival compared to those patients below the mean
or median (Figure 3.1B and not shown). Finally, when separated into quartiles those
patients with the highest levels of FN demonstrate the shortest survival time (Figure 3.1C).
Overall, these data clearly indicate that high-level expression of the FN in primary tumors

is strongly associated with decreased patient survival.

3.3.2 Non-metastatic mesenchymal tumor cells aid the metastasis of responder cells
within heterogeneous tumors

The MCF10CAla (Cala) and the MCF10CAL1h (Calh) cells are variants derived from the

RAS-transformed MCF-10AT cells. In culture, whole cell lysates obtained from Calh cells
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Figure 3.1: FN expression is associated with decreased patient survival.

(A) The METABRIC dataset was divided into breast cancer subtypes as determined by the
PAMS50 and analyzed for expression of FN1. Differences in FN1 expression between
subtypes were analyzed by ANOVA resulting in the indicated P values. (B) Patients were
separated into two groups based on the mean expression value of FN1 and overall survival
was plotted. (C) Patients were separated into quartiles based on FN1 expression and overall
survival was plotted. Data in panels B and C were analyzed by a Log-rank test resulting in
the indicated P value.
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demonstrate constitutive expression of FN and low levels of the epithelial marker, Ecad
(Figure 3.2A). In contrast, Cala cells fail to express detectable levels of FN but express
robust amounts of Ecad (Figure 3.2A). Somewhat counter to the patient data presented in
Figure 3.1, the FN-expressing Calh cells are considered to be invasive but not metastatic,
while the Cala cells are considered to be fully metastatic'®. However, it is difficult to
directly compare the differential metastatic potential of the Calh and Cala cells in vivo
due to drastic differences in primary tumor growth rates (Calh = 65.0 mg £ 17.32 mg;
Cala = 983.4 mg * 264 mg, 35 days post mammary fat pad engraftment of 2x10° cells).
Furthermore, the metastatic rate of Cala primary tumors is very low, making inhibition of
this process statistically challenging (Figure 3.2B and 3.2C). Therefore, we sought to create
mosaic tumors containing both Calh and Cala cells and track the metastasis of each cell
type independently through differential labeling with firefly luciferase. Using this approach,
1:1 mixture of Cala and Calh cells were orthotopically engrafted onto the mammary fat
pad of nu/nu mice and these mosaic tumors were grown for 35 days (Figure 3.2B). The
primary tumors were surgically resected, and the subsequent metastasis of each cell type
was tracked by firefly bioluminescence (Figure 3.2B and 3.2C). This approach indicated
that even in a heterogeneous primary tumor, the Cala cells are clearly the cell type that
forms metastatic lesions (Figure 3.2B and 3.2C and Figure 3.3). These studies also revealed
a highly significant increase in the metastatic efficiency of the Cala cells when grown in a
mosaic tumor with the highly mesenchymal Calh cells (Figure 3.2B and 3.2C). These data
clearly indicate that while not competent for metastasis themselves, constitutively
mesenchymal tumor cells can facilitate the metastasis of responder tumor cells in a

paracrine manner.
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Figure 3.2: FN expressing tumor cells support the metastasis of epithelial cells from
heterogeneous primary tumors.

(A) Immunoblot analyses for fibronectin (FN) and epithelial cadherin (Ecad) from
nonmetastatic Calh cells and metastatic Cala cells. (B) Cala and Calh cells differentially
expressing firefly luciferase were engrafted onto the mammary fat pad of two separate
groups of mice. Bioluminescent images were taken immediately after engraftment (Day 0)
and 95 days later (Day 95). (C) Primary mammary tumors were removed 35 days after
engraftment and whole mouse bioluminescence at day 95 was used to quantify metastatic
recurrence. Data are presented as the natural log (LN) of the bioluminescent radiance for
each mouse (n=5 mice per group), resulting in the indicated P value.
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Figure 3.3: Calh cells are not metastatic.

(A) Firefly luciferase expressing Calh cells were engrafted onto the mammary fat pad.
Bioluminescence was imaged immediately after engraftment (Day 0) and 95 days later
(Day 95). Primary tumors were removed 35 days post engraftment. (B) Metastatic
bioluminescent radiance was quantified at the indicated time points in mice bearing the
indicated heterogeneous tumors. Data are expressed as the natural log (LN) of the
metastatic radiance values for each individual animal resulting in the indicated P value.
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3.3.3 Functionalized FN fibrils facilitate transient EMT and directional cellular

migration

Previous studies suggest that FN contributes to metastasis through the induction of
EMT#*132 To further characterize the role of FN in facilitating the heterotypic interactions
between Cala and Calh cells we initially attempted to use the Calh cells to create
extracellular protein matrixes. However, consistent with previous studies we observed that
unlike fibroblasts, Calh cells do not deposit FN into a matrix (Figure 3.4A and 3.4B).
Therefore, we used a static adsorption coating method to coat tissue culture polystyrene
(PS) with exogenous FN. Using this approach, we did observe increase cellular adhesion
that was dependent on B1 integrin, a critical component of the FN receptor (Fig. 3.5A-
3.5B)!3, Consistent with previous reports, culturing the Cala cells on FN-coated PS did
result in detectable modulation of EMT markers at the mRNA level (Figure 3.5C).
However, using this approach we did not observe a morphological change in the Cala cells,
and we did not observe detectable changes in E-cadherin protein levels in these cells even
after six consecutive passages on FN-coated plates (Figure 3.5D-3.5E).

To achieve the fibrillar confirmation of FN that largely exists in vivo, we engineered
a tessellated scaffold with 500 um? square pores, made of SU-8, which are capable of
supporting the growth of cells when placed in nonadherent culture wells (Figure 3.6A;
Figure 3.7)134135_In contrast to static adsorption to a growth surface, we were able to create
fibrillar FN by utilizing a rotational method to coat our 3D cell culture scaffolds (Figure
3.6B). Importantly, only these FN fibrils contained cryptic binding domains, indicating

enhanced functionalization of the ECM protein (Figure 3.6B). The FN fibrils crossed the
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Figure 3.4: Tumor cells do not deposit fibronectin into a fibrillar matrix.

(A) Human pulmonary fibroblasts (HPF) and Calh cells were gathered via trypsinization,
washed to remove extracellular proteins and subsequently lysed to obtain whole cell lysates
(WCL). Separate, confluent cultures of HPFs or Calh cells were decellularized and
deposited matrix proteins were gathered with SDS containing lysis buffer. Finally, serum-
free media from confluent monolayers of HPFs and Calh cells were concentrated by
protein precipitation. These three separate fractions were analyzed by immunoblot for the
presence of FN. Expression of B-tubulin (B-tub) served as a loading control for the WCL.
(B) Confluent cultures of Calh and HPFs were decellularized as in panel A and the
remaining matrix was stained with antibodies specific for fibronectin.



76

A 3
25 = Cala-Scram
g % , | BCatashptint
§ ; 1.5
o 2
c = T
.é g 1 |
3 O
0 - T -
C PS FN
< *1ENT "1CDH1 “VIM
m 2.04 3
E 1.5 1
2 g
'..% 1.04
E 0.54

Figure 3.5: Fibronectin coated polystyrene induces a partial epithelial-mesenchymal
transition.

(A) Control (scram) and B1 integrin depleted (shp1 Int) Cala cells were cultured on BSA
or FN-coated polystyrene for one hour, washed with PBS and cell-derived bioluminescence
was measured. (B) Depletion of B1 integrin (B1 Int) was confirmed using immunoblot
analysis. (C) Cala cells were cultured on FN-coated (FN) or uncoated polystyrene (PS) 2D
surfaces for 6 passages, and mRNA transcripts for FN1, CDH1 and VIM were quantified
by RT-PCR. (D) Phase contrast images demonstrating the epithelial morphology of Cala
cells cultured on FN-coated (FN) and uncoated polystyrene (PS). (E) Immunoblot analyses
for Ecad from Cala cells cultured as described in panel D. Expression of B-tubulin served
as a loading control. All data are representative of at least three independent analyses.
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open spaces of the tessellated scaffold creating a controlled microenvironment for the
culture of the Cala cells free of interference from the polymer scaffold (Figure 3.8A).
Consistent with our coating of 2D polystyrene, Cala cells that remained on the solid
support of the FN-coated scaffold-maintained cell-cell junctions (Figure 3.8A). However,
the Cala cells that grew off the scaffold within the unsupported FN fibrils underwent an
EMT-like morphological change, characterized by activation of the cytoskeleton,
dissolution of adherent junctions, and detection of STAT3 phosphorylation (Figure 3.8A-
3.8C and Figure 3.9). These effects of fibrillar FN required expression of B1 integrin in the
Cala cells (Figure 3.8A-3.8C and Figure 3.9). We were able to use time-lapse microscopy
to capture Cala cells migrating and proliferating on these pure FN fibrils.

To quantify this small subpopulation of cells growing within the FN fibrils, off the
support of the scaffold, we assessed changes in the CD44 and CD24 populations by flow
cytometry. A small but distinct population of Cala cells isolated from the FN-coated
scaffolds demonstrated a mesenchymal CD44"/CD24" phenotype as compared to those
same cells harvested from 2D polystyrene (Figure 3.8D). This effect was again dependent
on the expression of the FN receptor, B1 integrin (Figure 3.8D). Similar to the Cala cells,
culture of immortalized human mammary epithelial (HMLE) cells on functionalized FN-
coated scaffolds also resulted in the emergence of a CD44", mesenchymal population that

could be readily visualized upon return to 2D culture (Figure 3.10)%8123,



78

w

Total Fibronectin Fn-3 Domain

A Spin Coat Sacrificial Layer

Spin Coat Photoresist I
Soft Bake ¢
Photo Mask Exposure I

Rolling Coating

Development g)
Enlenllenllenllanlll £
Lift Off ¢ 8
8
A’ N S ‘ S
w“‘ o 50 pm
L .4 1]
XD

Figure 3.6: Fabrication and matrix coating of tessellated culture scaffolds.

(A) A sacrificial layer of omnicoat (red) is added to a silicon wafer (gray). Next, the
negative resist SU-8 is coated onto the wafer (black), followed by a soft bake. After the
soft bake the wafers are exposed to UV light, followed by the development of the wafer.
After development, regions in the SU-8 layer that were not exposed to UV light are
removed, leaving behind the scaffolds on the silicon wafer. The sacrificial layer is then
removed, allowing for the release of the scaffolds from the silicon, which can then be used
for cell culture applications. (B) These scaffolds were coated with fibronectin using both
static surface adsorption as well as rotational coating. Static adsorption of the scaffolds
with fibronectin resulted in a conformal layer of the protein, that was absent of fibrils. After
rotational coating fibronectin fibrils formed, that spanned the free volume of the
scaffolding. Immuno-staining revealed that surface adsorption of the scaffolds did not
expose the cryptic binding domain of functionalized FN (Fn-3). However, after rotational
coating, this domain is exposed.
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Patient: 1939 Patient 091

Figure 3.7: Fibronectin is in a fibular form in patient tumors.

Biopsies from the indicated patients were stained for FN and counterstained with
hematoxylin to visualize nuclei. Images were obtained from the protein atlas
(www.proteinatlas.org).
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Figure 3.8: Functionalized fibronectin fibrils facilitate EMT and directional cellular
migration.

(A) Control (scram) and B1 integrin depleted (shpl Int) Cala cells were cultured on
fibronectin coated 3D scaffolds as described in the methods for 6 days and images were
acquired using phase contrast microscopy. Arrows indicate single cells (scram) or cell
clusters (shpl Int) growing off the solid support of the scaffold. (B and C) The cells
cultured as described in panel A were stained with antibodies against Ecad in panel B or
phospho-STAT3 in panel C. In both cases cells were counterstained with phalloidin (red)
and dapi (blue) to visualize the actin cytoskeleton and the nucleus, respectively. (D)
Control (scram) and B1 integrin depleted (shp1 Int) Cala cells were cultured on fibronectin
coated 3D scaffolds or polystyrene (PS) for 6 days and analyzed by flow cytometry for cell
surface expression of CD44 and CD24.
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Cala-Scram

Figure 3.9: Fibrillar fibronectin induction of EMT is dependent on the expression of 1
integrin.

3D reconstructions cells are shown in Figure 7B. Control (scram) and B1 integrin depleted
(sh B1-Int) Cala cells growing on fibrillar FN off of the solid support of our scaffold. Cells
were stained with antibodies against Ecad (green), phalloidin (Red) and DAPI (blue).
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Figure 3.10: Fibrillar fibronectin induces a mesenchymal phenotype.

Human mammary epithelial (HMLE) cells were cultured on polystyrene (PS) or FN-coated
scaffolds for 6 days and these cells were analyzed by flow cytometry for cell surface
expression of CD44 and CD24. Subsets of these cells were returned to traditional 2D
culture for three days and imaged by phase contrast microscopy to visualize the distinct
epithelial (E) and mesenchymal (M) cell populations.
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Figure 3.11: Depletion of B1 increases intracellular FN.

(A) Calh and their isogenic counterpart T1K cells were depleted for expression of 1
integrin via shRNA. Expression of intracellular FN, Ecad, and vimentin (Vim) was
assessed by immunoblot analyses. Expression of actin and 1 integrin served as loading
controls. (B) Calh cells were treated for 14 days with the integrin blocking cyclic peptide
Cilengitide (1 uM) or the focal adhesion kinase inhibitor PF-562,271 (PF-271; 1 uM). Cells
were subsequently imaged by phase contrast microscopy. No changes in cell morphology
were observed with these inhibitors.
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3.3.4 Autocrine expression of fibronectin stabilizes a constitutive mesenchymal
phenotype
In contrast, to the requirement of B1 integrin for cellular response to fibrillar FN,
depletion of B1 integrin or pharmacological inhibition of integrin:FAK signaling using
cyclic peptides or small molecules kinase inhibitors in the Calh cells did not result in a
return of epithelial characteristics (Figure 3.11-3.11B). In fact, sShRNA-mediated depletion
of B1 integrin led to increased levels of intracellular FN and diminution in Ecad expression
in the T1K cells, an isogenic counterpart of the Calh cells (Figure 3.11A). Therefore, we
sought to investigate potential integrin-independent functions of FN in EMT and metastasis
that may be working in an intracellular fashion. Confocal microscopy confirmed strong
colocalization of intracellular FN with the actin cytoskeleton (Figure 3.12). Depletion of
FN in the Calh cells using two independent shRNAs led to increased transcript levels of
the epithelial marker Ecad and loss of the mesenchymal marker vimentin, the intensity of
which was consistent with the efficiency of FN depletion (Figure 3.13A). Additionally,
depletion of FN caused altered protein expression of several but not all makers of MET
including Ecad, Vimentin, Zebl, Zol, FGFR1 and cell surface expression of CD44 and
CD24 (Figure 3.13B and 3.13C). Accompanying these phenotypic markers, depletion of
FN also leads a robust morphological change in the Calh cells, resulting in the reduction
of filamentous actin and the formation of adherent junctions (Figure 3.13D and 3.13E).
Taken together, these data are consistent with the conclusion that autocrine FN functions

in a B1 integrin-independent fashion to maintain a stable mesenchymal phenotype.
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Ca1lh

Figure 3.12: Intracellular FN colocalizes with the actin cytoskeleton.

Calh cells were stained with antibodies directed toward FN and phalloidin to visualize the
actin cytoskeleton. These cells were visualized used confocal microscopy. Shown are
single, mid-cell plains of focus.
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Figure 3.13: Expression of fibronectin stabilizes a mesenchymal phenotype.
(A) Control (scram) or two independent shRNAs, shFN30 or shFN32, targeting human
FN1 transcripts were stably expressed in the Calh cells. Transcript levels for fibronectin
(FN1), E-cadherin (CDH1) and vimentin (VIM) were quantified relative to control Calh
cells. (B) Immunoblot analyses for FN, Ecad and Vimentin (Vim), Zebl, Zol, FGFR1, p1
integrin, N-cadherin (Ncad), from control (scram) and FN-depleted Calh cells. Levels of
these proteins in the Cala cells is shown as a reference. Expression of B-tubulin served as
a loading control. (C) Control and FN-depleted Calh cells were analyzed by flow
cytometry for cell surface expression of CD44 and CD24. (D) Phase contrast images
showing the differential morphologies of control and FN-depleted Calh cells. (E) Control
(scram), and FN-depleted (shFN30 and shFN32) Calh cells were immunostained for Ecad
(green) and stained with phalloidin (red) and dapi (blue) to visualize the actin cytoskeleton
and nuclei, respectively. Confocal images shown are z, x and y planes reconstructed from
serial sections obtained throughout whole cells. All data are representative of at least three
independent experiments.
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Figure 3.14: Differential fluorescent labeling of epithelial and mesenchymal cells.

Cala cells stably expressing a d-Tomato encoding vector were isolated from the indicated
gate. Similarly, control (scram) and FN-depleted (shFN30, shFN32) Calh cells expressing
an eGFP encoding vector were isolated from the indicated gates in the GFP channel.
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3.3.5 Tumor cells expressing FN act in a stromal capacity to support the growth of
other tumor cells

We next sought to characterize the interaction between FN-producing,
constitutively mesenchymal tumor cells, and metastatic tumor cells. To this end, we
differentially identified Cala and Calh cells via stable expression and fluorescence
activated cell sorting for d-Tomato and eGFP, respectively (Figure 14). These cells were
then cultured in a 3D hydrogel basement membrane matrix to assess the growth of the Cala
cells alone or when in a heterogeneous coculture with the Calh cells. The growth of the
Cala cells alone results in cell dense, spherical 3D structures (Figure 3.15A). However,
coculture of the Cala cells with FN-expressing Calh cells resulted in a loss of the spherical
morphology, heterogeneous cell interspersion, and enhanced invasion of the Cala cells into
the surrounding matrix (Figure 3.15B, top panels). Additionally, even when cells grew in
close physical proximity, they did not form interspersed structures and the spherical growth
pattern of the Cala structures was maintained (Figure 3.15B, middle and bottom panels).
Measuring bioluminescence production from the firefly luciferase expressing Cala cells
allowed us to quantify their increased growth when in the presence of Calh cells (Figure
3.15C). Decreased formation of heterogeneous cell clusters prevented this stromal support
upon FN depletion in the Calh cells (Figure 3.15C and 3.15D). These data suggest that FN
expression by tumor cells allows them to act in a stromal fashion to physically support the

growth of metastatic tumor cells.
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Figure 3.15: Depletion of FN decreases the stromal support capacity of breast cancer

cells.

Confocal images of dTomato expressing Cala cells cultured for 16 days under 3D hydrogel
conditions, alone (A) and with eGFP labeled Calh scram (B, top), shFN30 (B, middle),
shFN32 (B, bottom) cells. (B) Left panels: Confocal images are z, x and y planes
reconstructed from serial sections obtained throughout the entire cell cluster. Right panels:
Three-dimensional projections of cell clusters imaged with confocal sectioning. (C)
Bioluminescent Cala cells were cocultured with or without non-bioluminescent Cala,
control Calh (scram), or FN depleted Calh (shFN30 or shFN32) cells under 3D hydrogel
conditions in a 1:1 ratio. Data are day 16 Cala-derived luminescence values relative to the
day O luminescence values. Data are the mean values (£SE) of at least three independent
experiments completed in triplicate, resulting in the indicated P values. (D) Fluorescently
labeled Cala and Calh cells were mixed at 1:1 ratio, cultured in a 3D hydrogel for 4 days
and the numbers of heterogeneous cell clusters containing both d-Tomato and eGFP
positive cells were quantified. Data are the mean (£ SE) number of heterogeneous cell
clusters per field of view over 9 separate fields resulting in the indicated P value.
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3.3.6 Autocrine FN inhibits pulmonary tumor outgrowth

To more specifically characterize the autocrine versus the paracrine role of FN in
tumor growth we cultured control and FN-depleted Calh cells on our 3D scaffolds lacking
any exogenous matrix coating. Addition of the Calh cells to the 3D scaffolds led to the
formation of cellular fibrils that crossed the open spaces of the culture scaffolds (Figure
3.16A). In contrast, Calh cells depleted in FN expression grew more robustly than control
cells (Figure 3.16B). However, FN-depleted cells remained on the solid support of the
scaffold in an epithelial fashion, generating very distinct cortical actin (Figure 3.16A-
3.16C). Using our differentially labeled Cala and Calh cells, we were able to capture time
lapse microscopy demonstrating the ability of the Cala cells to utilize Calh cellular fibrils
to migrate away from the culture scaffold. These data clearly demonstrate the ability of
mesenchymal tumor cells to produce FN-containing cellular fibrils that are capable of
facilitating cellular migration of metastatic tumor cells.

The increased proliferation of FN-depleted cells suggested that autocrine FN
actively inhibits the ability of tumor cells to grow in a 3D environment. Along these lines,
FN is also constitutively expressed by the D2.0OR cell model of systemic dormancy as
compared to their isogeneic and fully metastatic, D2.A1, counterparts (Figure 3.17)3,
Therefore, we conducted tail vein injection experiments to assess the in vivo capacity of
control and FN-depleted Calh cells to initiate tumor growth within a physiologically
relevant site of metastasis. Injection of control Calh cells resulted in detectable, but
asymptomatic maintenance of these cells in the lungs over a period of 7 weeks (Figure
3.16D-3.16F). In contrast, FN-depleted Calh cells were capable of forming numerous

macroscopic tumors within the pulmonary microenvironment (Figure 3.16D-3.16F). The
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Figure 3.16: Autocrine FN inhibits pulmonary tumor formation.

(A) Control (scram) and FN depleted (shFN30 and shFN32) Calh cells were cultured on
3D scaffolds as described in the methods for 6 days and images were acquired using phase
contrast microscopy. (B) Growth of control (scram) and FN-depleted (shFN30) Calh cells
was quantified by cell titer glow assay at the indicated time points. Data are the mean
arbitrary luminescence units (ALU) (£SE) for three independent experiments completed in
triplicate resulting in the indicated P value. (C) Control (scram) and FN depleted (shFN30)
Calh cells were cultured on the 3D scaffold system for 6 days and subsequently stained
with antibodies against FN (green), phalloidin (red) and dapi (blue). z, x and y planes are
shown from reconstructed serial sections obtained through whole cells. Right panels: three-
dimensional projections of cells shown in the left panels. (D) Bioluminescent images of
representative mice taken immediately (Day 0) and 35 days (Day 35) following tail vein
injection of control (scram) and FN-depleted (shFN30) Calh cells. (E) The mean (xSE)
pulmonary bioluminescence values normalized to the injected values (n=3 mice for scram,
n=5 mice for shFN30) were quantified at the indicated time points, resulting in the
indicated P value. (F) Resultant pulmonary tumors from control (scram) and FN-depleted
(shFN30) Calh cells were analyzed by histology. Serial sections were stained with
hematoxylin and eosin (H&E) or analyzed by immune staining for Vimentin, FN, and Ecad.
(G) Cala cells were stably transduced with FN or GFP as a control. These cells along with
Calh cells as a reference were assessed by immunoblot for the indicated markers of EMT.
Expression of B-tubulin served as a loading control. (H) Control (GFP) and FN expressing
Cala cells were plated onto uncoated tessellated scaffolds and fibril formation was
assessed. (I) Growth of control (GFP) and FN-expressing (FN) Cala cells was quantified
12-days post plating. Data are the mean (£SE) luminescence units normalized to the plated
values (TO) for three independent experiments completed in triplicate, resulting in the
indicated P value. (J) Control (GFP) and FN expressing Cala cells expressing firefly
luciferase (1x10°) were injected into the lateral tail vein of NRG mice and pulmonary tumor
growth was tracked by bioluminescence. The mean (xSE) pulmonary bioluminescence
values normalized to the injected values (n=4 per group) were quantified at the indicated
time points, resulting in the indicated P value. (Inset) Representative lungs from mice
receiving tail injections of control (GFP) or FN expressing Cala cells.
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Figure 3.17: Systemically dormant cells express intracellular FN.

Whole cell lysates from systemically dormant D2.OR cells and their isogenic but fully
metastatic counterpart D2.A1 cells were analyzed for expression of FN. B-tubulin served
as a loading control.
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bioluminescent signal from mice bearing control Calh cells were histologically located to
a few small lesions within the lung (Figure 3.16F and 3.18). Consistent with our in vitro
data, these smaller lesions that did form contained intracellular FN, but also demonstrated
readily detectable levels of E-cadherin (Figure 3.16F). Finally, we were unable to achieve
stable overexpress FN in the Cala cells to a level that was consistent with that of the Calh
cells (Figure 3.16G). Nonetheless, even this moderate level of autocrine FN expression in
the Cala cells was sufficient to modulate EMT markers, induce cellular fibril formation,
decrease cell growth and inhibit pulmonary tumor formation upon tail injection (Figure
3.16G-3.16HJ). Taken together, these data suggest that when presented as a homogenous
inoculum, highly mesenchymal cells can undergo MET in the pulmonary
microenvironment and proceed to macroscopic pulmonary tumor formation. However,

these events are clearly inhibited by autocrine expression of FN.

3.4 Discussion

Patient data presented here and elsewhere clearly demonstrate that high-level
expression of FN within primary breast tumors is associated with decreased patient survival
106,136 These clinical data are somewhat counter to data from tumor cell lines in which
constitutive expression of autocrine FN corresponds to a non-metastatic phenotype. Our
cell labeling data clearly demonstrates that FN produced by tumor cells that have
undergone an EMT contributes to the invasion and metastasis of their epithelial
counterparts. Furthermore, our genetic depletion and overexpression studies indicate that
production of FN stabilizes a non-metastatic mesenchymal phenotype in an integrin-

independent manner. The current study supports the concept of epithelial-mesenchymal
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Figure 3.18: Depletion of FN increases pulmonary tumor proliferation.

The resultant pulmonary tumors formed 35 days after tail vein injection of control (scram)
and FN-depleted (shFN30) Calh cells were analyzed by IHC staining for the proliferation
marker Ki67.
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heterogeneity (EMH). In this scenario, stably mesenchymal tumor cells lose their cell
autonomous capacity for metastasis but still contribute to metastatic progression by taking
on a stromal role within the tumor microenvironment.

Consistent with our previous studies, we demonstrate that 1 integrin is required
for fibrillar FN to promote the phosphorylation of STAT3, a molecule that is known to
participate in the induction of EMT137 However, our data also suggest that cellular
binding to fibrillar FN physically distorts cell morphology promoting a more mechanically
induced mesenchymal morphology. Further understanding of how fibrillar FN alters cell
morphology and how these events relate to more transcriptionally driven EMT events
induced by drugs and cytokines are clearly warranted. Additionally, our studies suggest the
concept of intracrine FN signaling. Indeed, as opposed to its requirement for response to
fibrillar FN, depletion of B1 integrin does not cause an epithelial reversion as we observe
upon depletion of FN. In fact, depletion of B1 integrin increased the levels of intracellular
FN and enhanced a mesenchymal phenotype. While depletion of B1 integrin can have
pleiotropic effects on cells, these data are consistent with a mechanism by which integrins
facilitate the secretion of FN, a process that remains poorly understood in epithelial-derived
cells. Additionally, our microscopy studies suggest that intracellular FN directly interacts
with the actin cytoskeleton, but more nanoscale analyses of these interactions are required.
This and other potential mechanisms of how intracrine FN signaling may influence cell
morphology and the molecular mechanisms that sustain constitutive FN expression in

epithelial-derived tumor cells are areas of current investigation in our lab.
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In addition to furthering our biological understanding of FN function and ECM-
induced morphological changes, a major advance of the current study is development and
implementation of our tessellated cell culture device capable of accurately recapitulating
cellular and matrix phenotypes observed in vivo. Overall, our culture system represents
advanced engineering that is easy to use and inexpensive to produce. As shown, cells
cultured on ECM-coated or uncoated scaffolds can be readily grown and analyzed by
immunofluorescence, harvested for immunoblot or mMRNA analyses, trypsinized for flow
cytometry, or passaged for continuous culture. All these procedures can be done using
techniques that are completely analogous to those currently used for standard 2D cell
culture. Therefore, while other 3D culture systems are cumbersome and/or cost prohibitive
for the ongoing culture of stock cells our platform is well suited for long-term maintenance

of cultured cell lines or primary, patient-derived tumor tissues.

35 Conclusions

In conclusion, we observed single-cell migration, loss of junctional Ecad,
phosphorylation of STAT3 and gain of CD44 in cells cultured on FN fibrils. However, our
studies do not rule out the possibility of tumor cells remaining in a transcriptionally
epithelial state while migrating on cellular or FN fibrils. What is clear is that growth,
migration and overall metastasis of epithelial-mesenchymal malleable tumor cells is
enhanced when in the presence of constitutively mesenchymal, FN-expressing tumor cells.
These combined concepts of epithelial-mesenchymal plasticity and heterogeneity are likely
both at play during metastasis, and model-dependent reliance on one or the other likely
explains discrepancies between studies as to whether or not EMT contributes to
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3.6

10.

98

References

Yang, J. et al. Twist, a master regulator of morphogenesis, plays an essential role in
tumor metastasis. Cell (2004). doi:10.1016/j.cell.2004.06.006

Mani, S. A. et al. The Epithelial-Mesenchymal Transition Generates Cells with
Properties of Stem Cells. Cell (2008). doi:10.1016/j.cell.2008.03.027

Wendt, M. K., Taylor, M. A., Schiemann, B. J., Sossey-Alaoui, K. & Schiemann,
W. P. Fibroblast growth factor receptor splice variants are stable markers of
oncogenic transforming growth factor Bl signaling in metastatic breast cancers.
Breast Cancer Res. (2014). doi:10.1186/bcr3623

Wendt, M. K., Taylor, M. A., Schiemann, B. J. & Schiemann, W. P. Down-
regulation of epithelial cadherin is required to initiate metastatic outgrowth of breast
cancer. Mol. Biol. Cell (2011). doi:10.1091/mbc.e11-04-0306

Li, R. et al. A mesenchymal-to-Epithelial transition initiates and is required for the
nuclear reprogramming of mouse fibroblasts. Cell Stem Cell (2010).
doi:10.1016/j.stem.2010.04.014

Schmidt, J. M. et al. Stem-cell-like properties and epithelial plasticity arise as stable
traits after transient  twistl activation. Cell Rep. (2015).
doi:10.1016/j.celrep.2014.12.032

Neelakantan, D. et al. EMT cells increase breast cancer metastasis via paracrine GLI
activation in  neighbouring tumour cells. Nat. Commun. (2017).
doi:10.1038/ncomms15773

Wyckoff, J. et al. A paracrine loop between tumor cells and macrophages is required
for tumor cell migration in mammary tumors. Cancer Res. (2004).
d0i:10.1158/0008-5472.CAN-04-1449

Keller, P. J. et al. Estrogen expands breast cancer stem-like cells through paracrine
FGF/Tbx3 signaling. Proc. Natl. Acad. Sci. (2010). doi:10.1073/pnas.1007863107
Dieudonne, M. N. et al. Leptin mediates a proliferative response in human MCF7
breast cancer cells. Biochem. Biophys. Res. Commun. (2002). doi:10.1016/S0006-
291X(02)00205-X



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

99

Sikandar, S. S. et al. Role of epithelial to mesenchymal transition associated genes
in mammary gland regeneration and breast tumorigenesis. Nat. Commun. (2017).
d0i:10.1038/s41467-017-01666-2

Jolly, M. K., Ware, K. E., Gilja, S., Somarelli, J. A. & Levine, H. EMT and MET:
necessary or permissive for metastasis? Molecular Oncology (2017).
d0i:10.1002/1878-0261.12083

Bani, D. & Nistri, S. New insights into the morphogenic role of stromal cells and
their relevance for regenerative medicine. lessons from the heart. J. Cell. Mol. Med.
(2014). doi:10.1111/jcmm.12247

Provenzano, P. P. et al. Collagen reorganization at the tumor-stromal interface
facilitates local invasion. BMC Med. (2006). doi:10.1186/1741-7015-4-38

Balanis, N. et al. Epithelial to mesenchymal transition promotes breast cancer
progression via a fibronectin-dependent STAT3 signaling pathway. J. Biol. Chem.
(2013). d0i:10.1074/jbc.M113.475277

Curtis, C. etal. The genomic and transcriptomic architecture of 2,000 breast tumours
reveals novel subgroups. Nature (2012). doi:10.1038/nature10983

Santner, S. J. et al. Malignant MCF10CAZ1 cell lines derived from premalignant
human breast epithelial MCF10AT cells. Breast Cancer Res. Treat. (2001).
d0i:10.1023/A:1006461422273

Park, J. & Schwarzbauer, J. E. Mammary epithelial cell interactions with fibronectin
stimulate epithelial-mesenchymal transition. Oncogene (2014).
doi:10.1038/onc.2013.118

Li, C. L. et al. Fibronectin induces epithelial-mesenchymal transition in human
breast cancer MCF-7 cells via activation of calpain. Oncol. Lett. (2017).
d0i:10.3892/01.2017.5896

Ruoslahti, E. Fibronectin in cell adhesion and invasion. Cancer Metastasis Rev.
(1984). doi:10.1007/BF00047692

Moon, P.-G. et al. Fibronectin on circulating extracellular vesicles as a liquid biopsy
to detect breast cancer. Oncotarget (2016). doi:10.18632/oncotarget.9561



22.

23.

24,

25.

26.

217.

28.

100

To, W. S. & Midwood, K. S. Plasma and cellular fibronectin: Distinct and
independent functions during tissue repair. Fibrogenesis and Tissue Repair (2011).
d0i:10.1186/1755-1536-4-21

Brown, W. S., Akhand, S. S. & Wendt, M. K. FGFR signaling maintains a drug
persistent cell population following epithelial-mesenchymal transition. Oncotarget
(2016). doi:10.18632/oncotarget.13117

Fernandez-Garcia, B. et al. Expression and prognostic significance of fibronectin
and matrix metalloproteases in breast cancer metastasis. Histopathology (2014).
doi:10.1111/his.12300

Marusyk, A. et al. Non-cell-autonomous driving of tumour growth supports sub-
clonal heterogeneity. Nature (2014). doi:10.1038/nature13556

Fischer, K. R. et al. Epithelial-to-mesenchymal transition is not required for lung
metastasis  but  contributes  to  chemoresistance.  Nature  (2015).
doi:10.1038/nature15748

Zheng, X. et al. Epithelial-to-mesenchymal transition is dispensable for metastasis
but induces chemoresistance in pancreatic cancer. Nature (2015).
doi:10.1038/nature16064

Wendt, M. K., Balanis, N., Carlin, C. R. & Schiemann, W. P. STAT3 and epithelial—-
mesenchymal transitions in carcinomas. JAK-STAT (2014). doi:10.4161/jkst.28975



101

CHAPTER 4. EXOSOMES EXPRESSING TGM2 CROSSLINKED
FUNCTIONALIZED FIBRILS PROMOTE BREAST CANCER
METASTASIS

4.1 Abstract

Cancer cells derived exosomes have been implicated in cell survival and metastasis®.
These exosomes contain extracellular matrix proteins and matrix enzymes including
fibronectin (FN) and tissue transglutaminase 2 (TGM2), respectively. However, the
definitive role of these proteins in breast cancer metastasis is unknown. In this study, we
have utilized a HER2 transformation model to establish that TGM2 expression is essential
and enough to convert non-metastatic into metastatic breast cancer cells. RNA sequence
and gRT-PCR analysis of non-metastatic and metastatic cells confirmed that TGM2 is
upregulated only in metastatic breast cancer cells following induction and reversion of
epithelial-mesenchymal transition. Further, depletion of TGM2 inhibited breast cancer
metastasis and promoted survival in vivo. Importantly, genetic knockout of TGM2 using a
CRISPR approach in highly metastatic 4T1 cells inhibited metastatic tumor outgrowth. To
investigate the mechanism through which TGM2 promote breast cancer metastasis, we
isolated exosomes from both metastatic and non-metastatic breast cancer cells. Using
immunoblot analysis, we confirmed exosomes derived from metastatic breast cancer cells
express TGM2 and FN dimers compared to those derived from non-metastatic cells.
Further, tensin 1 (TNS1) is also upregulated in exosomes derived from metastatic breast
cancer cells. Immunoelectron micrographs of these exosomes suggest FN exists as a
fibrillar structure on the surface of exosomes. Confocal microscopy images indicated the

colocalization of TGM2 and FN fibrils on the surface of exosomes. Furthermore, genetic
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or pharmacological inhibition of TGM2 downregulates TNS1 expression and FN fibril
formation on the surface of exosomes. Additionally, genetic depletion of TNS1 reduces
expression of TGM2 and FN fibrils. Using a novel 3D culture assay, we further
demonstrate human pulmonary fibroblasts educated with metastatic breast cancer cells
derived exosomes promote breast cancer cells growth. We also establish exosomes isolated
from metastatic breast cancer cells induce pre-metastatic niche formation in naive mice and
subsequently promote metastatic breast cancer cells pulmonary growth. Overall, results
from our studies imply a novel mechanism through which metastatic breast cancer cells
derived exosomes promote premetastatic niche development and distant metastasis.
Furthermore, our studies also suggest TGM2 as a promising target to treat metastatic breast

cancer.

4.2 Introduction

Breast cancer is the second leading cause of mortality and morbidity in women.
Even though the five-year survival rate for early stage breast cancer patients is 90%, the
survival rate drops significantly to 22% for patients diagnosed with distant metastasis.
Therefore, there is an unmet need to understand the underlying mechanism and develop
targeted therapies to inhibit breast cancer metastasis. Recent studies have indicated that
exosomes play an important role in cancer progression and metastasis by promoting
intercellular communication, pre-metastatic niche formation and immune evasion!®,
Although, several studies suggest different mechanisms through which exosomes promote
metastasis in liver, lung and pancreatic cancers, the processes through which exosomes

promote breast cancer metastasis remains poorly understood® 23,
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Exosomes are nanosized (50-150 nm) membrane-enclosed extracellular vesicles
and are generated when intermediate endocytic compartment known as multivesicular
bodies shed them by fusing with the plasma membrane of cells'*¢. Exosomes consist of
different molecular cargoes like proteins and RNA belonging to their cells of origin*’°,
Exosomes derived from metastatic cancer cells contain different proteins and RNA from
those derived from non-metastatic cancer cells!®2!. Exosomes shed by these metastatic
cancer cells can transfer biomolecules and reprogram the cells in the immediate
environment, which eventually create a favorable environment for their growth and
survival®?. Consequently, exosomes offer ways to cancer cells to communicate with their
neighboring cells thereby promoting cancer progression®#2-25_Also, exosomes are more
stable in the circulatory system than other extracellular vesicles?® and therefore they can
deliver biomolecules to distant organs and help in the creation of a premetastatic niche for
secondary tumor formation.

Here we report that exosomes derived from metastatic breast cancer cells induce
growth of breast cancer cells in vitro and promote tumor growth in lungs in xenograft
models. Exosomes isolated from metastatic breast cancer cells express functionalized FN
fibrils on their surface and promote significant growth of cancer cells compared with those
isolated from non-metastatic breast cancer cells. Immunoblot analysis suggests metastatic
breast cancer cells derived exosomes contain FN dimers crosslinked by TGM2. These FN
dimers are assembled into FN fibrils by TNS1. Further, depletion of TGM2 inhibits FN
dimerization and downregulates TNS1 expression, which inhibits FN fibrillogenesis on the
surface of exosomes. Exosomes lacking FN fibrils on their surface due to lack of TGM2

or TNS1 were unable to promote cancer cells growth and metastasis. Taken together, our
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data indicate that metastatic breast cancer cells secrete exosomes containing TGM2 to

create a pre-metastatic niche and promote distant metastasis.

4.3  Results
4.3.1 Tissue transglutaminase 2 expression is associated with decreased patient survival

We performed RNA sequencing analysis on a previously established model of
human mammary epithelial cells (HMLE) overexpressing HER2 (HMEZ2), TGF- treated
HME2 (HME2-Post TGF-B) and bone metastases obtained from HME2-Post TGF-
xenograft model (HME2-BM) cells. Characterization of this metastatic progression series
using RNA sequence analyses (GSE#115255) revealed mRNA expression of TGM2 is
higher in HME2-BM (4.038717) than in HME2-Post TGF- B cells (1.695798) or HME2
cells (1.260098). Consistent with our RNA sequence analyses, qRT-PCR and immunoblot
analyses confirmed increased TGM2 mRNA and protein levels in HME2-BM cells (Figure
4.1A-4.1B). In addition, HME2 cells can form primary tumors in mice but they are
incapable of metastases. We have previously demonstrated an association between FN
expression and decreased patient survival?’. Since TGMZ2 is known to crosslink FN in the
extracellular matrix and induce tissue fibrosis?®3!, we analyzed survival time in patients
expressing both TGM2 and FN using Kaplan Meier plot®2. Patients in high FN and TGM2
expression group demonstrate decreased survival rate compared to those patients in the low
expression group (Figure 4.1C-4.1D). These data clearly indicate that high expression of

TGMZ2 and FN is strongly associated with decreased patient survival.
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FigUré 4.1: TGM2 expression is associated with decreased patient survival.

(A) Transcript levels for TGM2 in HME2, HME2-Post TGF-p and HME2-BM were
quantified using gRT-PCR relative to HMEZ2 cells. (B) Immunoblot analyses for TGM2,
FN1, and CDH1 in HME2, HME2-Post TGF-B and HME2-BM cells. Expression of -
tubulin served as a loading control. (C) Comparison of overall survival curve between
patients (grade 3 tumor samples) expressing higher levels of both TGM2 and FN1 and
those expressing low levels using Kaplan-Meier plot. (D) Comparison of overall survival
curve between grade 3 HER2 positive patients (grade 3 tumor samples) expressing higher
levels of both TGM2 and FN1 and those expressing low levels using Kaplan-Meier plot.
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4.3.2 Depletion of TGMZ2 inhibits breast cancer metastasis and promote survival

To determine if TGM2 is important for breast cancer metastasis, we depleted
TGM2 in HME2-BM cells (Figure 4.2A) and engrafted HME2-BM MT (control) or
HME2-BM shTGM2 cells onto the mammary fat pad of immunocompetent NRG mice
(Figure 4.2B). Depletion of TGM2 had minimal effect on primary tumor growth but
inhibited lung metastasis and promoted metastasis-free survival (Figure 4.2C-H). Since we
observed metastasis in both HME2-BM and shTGM2 groups, we isolated these metastatic
cells from lymph node and cultured them ex vivo. The metastatic cells isolated from lymph
nodes (HME2-BM MT Lym mets and HME2-BM shTGM2 Lym mets) express higher
TGM2 and FN1 compared to the original (HME2-BM MT and HME2-BM shTGM2
respectively) cells and are highly heterogenous in nature as determined by immunoblot and
CD44/24 flow cytometric analysis (Figure 4.21-J). To further strengthen our conclusions,
we overexpressed TGM2 in HME2 cells (Figure 4.3A) and performed similar in vivo
experiments. Indeed, overexpression of TGM2 in HME2 cells promoted primary tumor
growth and metastasis (Figure 4.3B-H). To extend these observations to different breast
cancer models, we deleted TGM2 using a CRISPR mediated gene editing approach in
highly metastatic 4T1 murine breast cancer cells (Figure 4.4A). Consistent with our
previous results, deletion of TGM2 hindered efficient growth of 4T1 in a complaint 3D
culture environment (Figure 4.4B and 4.5A). Deletion of TGM2 further inhibited primary
tumor growth and overall metastasis (Figure 4.4C-G and 4.5B). These results imply TGM2
is required and sufficient for breast cancer metastasis and its expression increases with

secondary metastasis along with the increase in FN expression.
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Figure 4.2: Depletion of TGM2 inhibits breast cancer metastasis and promotes survival.

(A) Immunoblot analyses for TGM2 depleted HME2-BM cells. (B) HME2-BM MT and
HME2-shTGM2 were engrafted onto the mammary fat pad of two separate groups of mice.
Bioluminescent images were taken immediately after engraftment (Day 0) and 29 days
later (Day 29). (C) Comparison of overall survival between HME2-BM MT and HME2-
BM shTGM2 tumor-bearing mice. (D) Comparison of metastasis-free survival between
HME2-BM MT and HME2-BM shTGM2 tumor-bearing mice. (E and G) Bioluminescent
intensity (Radiance) measurements of a thoracic and whole-body region of control (MT)
or shTGM2-depleted (shTGM2) HME2-BM tumor-bearing mice. (F and H) Primary
mammary tumors were removed 32 days after engraftment and lungs and whole mouse
bioluminescence at day 39 was used to quantify metastatic recurrence. (1) Immunoblot
analyses of whole cell lysates of lymph node metastatic cells obtained from HME2-BM
MT and HME2-BM shTGM2 and their respective controls for TGM2 and FN1. B-Tubulin
was used as a loading control. (J) Lymph node metastatic cells were analyzed by flow
cytometry for cell surface expression of CD44 and CD24.
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Figure 4.3: Overexpression of TGM2 promotes primary tumor growth and breast cancer
metastasis.

(A) Immunoblot analyses of TGM2 overexpressed in HME2 cells. (B) HMEZ2 cells were
engrafted onto the mammary fat pad via an intraductal inoculation and primary tumor
growth was measured by bioluminescent intensity (Radiance) measurements at the
indicated time points. (C-D) Primary tumor growth of control (GFP) or TGM2-
overexpressed (TGM2) HMEZ2 tumor-bearing mice was quantified by bioluminescence and
caliper measurements (E) Bioluminescent intensity (Radiance) measurements of thoracic
of control (GFP) or TGM2-overexpressed (TGM2) HME2 tumor-bearing mice. (Data are
presented as the natural log (LN) of the bioluminescent radiance for each mouse (n=5 mice
per group), resulting in the indicated P value. (G) Control (GFP) and TGM2 expressing
HME2 cells were engrafted onto the mammary fat pad and lungs were removed and
weighed after mice were sacrificed at Day 69. (F and H) lungs and whole mouse
bioluminescence at day 69 were used to quantify metastatic recurrence.
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Figure 4.4: Deletion of TGM2 inhibits 3D growth and overall metastasis in 4T1.

(A) Genetic knockout of Tgm2 (Tgm2KO) in the 4T1 cells was verified by immunoblot.
(B) Control (WT) and Tgm2KO 4T1 cells were grown under single cell 3D culture
conditions. Longitudinal cellular outgrowth was quantified by bioluminescence at Day 8.
Data are normalized to the plated values and are the mean +SD of three independent
analyses resulting in the indicated P-value. (C and D) Control (WT) and Tgm2KO 4T1
cells were engrafted onto the mammary fat pad and primary tumor growth was quantified
by bioluminescence and caliper measurements. Data are normalized to the injected values.
(E) Quantification of bioluminescent radiance from the pulmonary region at the indicated
time points and bioluminescent images of lungs from control 4T1 (WT) tumor-bearing
mice and those bearing Tgm2KO tumors. (F) Upon necropsy, the numbers of pulmonary
metastatic nodules were quantified the corresponding gross anatomical views of lungs from
control 4T1 (WT) tumor-bearing mice and Tgm2KO 4T1 tumor-bearing mice. (G) The
lungs of mice injected with control (WT) and Tgm2 deleted (Tgm2KO) 4T1 cells were
removed upon necropsy and the carcasses were immediately imaged. Shown are
representative images from each group. For panels D, E, and F, data are the mean +SE of
5 mice resulting in the indicated P values.
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Figure 4.5: Deletion of TGMZ2 inhibits 3D growth in 4T1

(A) Control (WT) and Tgm2KO 4T1 cells were grown under single cell 3D culture
conditions. Longitudinal cellular outgrowth was quantified by bioluminescence at the
indicated time points. Data are normalized to the plated values and are the mean +SD of
three independent analyses resulting in the indicated P-value. (B) Control (WT) and Tgm2
deleted 4T1 cells were engrafted onto the mammary fat pad and lungs were removed and
weighed after mice were sacrificed at Day 34
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4.3.3 Tissue transglutaminase 2 is important for FN fibril formation on the surface of
exosomes

Cancer cells can transform neighboring primary cells through the delivery of
microvesicles containing TGM2 crosslinked FN3, TGM2 is known to exist in exosomes
and promote cellular processes important for cancer cells growth and survival®36, We,
therefore, analyzed TGM2 and FN expression in both exosomes and whole cell lysates
(WCL) derived from non-metastatic and metastatic breast cancer cells (Figure 4.6A-4.7A-
B). Consistent with our previous results, FN dimers existed only in exosomes isolated from
metastatic breast cancer cells (Figure 4.6A). Further, FN dimers were absent in WCL
obtained from both non-metastatic and metastatic cells (Figure 4.7A).

Genetic depletion of TGM2 or pharmacological inhibition of TGM2 by NC9
inhibited FN dimer formation while overexpression of TGM2 promoted dimerization of
FN in exosomes (Figure 4.6A and 4.7C). These results imply TGM2 is crucial for the
formation of FN dimers in exosomes. FN dimers are important for the formation of FN
fibrils. FN is functional only in its fibrillar form. Recently, we demonstrated that
mesenchymal cells producing functionalized FN fibrils promote EMT and growth of
metastatic competent epithelial cells®”. Therefore, we hypothesize that FN exists in the
fibrillar form on the surface of exosomes. Immuno-electron micrographs and confocal
microscopy images confirmed the presence of FN fibrils on the surface of exosomes
(Figure 4.6B - 4.6C). Further, FN fibrillogenesis is dependent on the TGM2 expression in
exosomes (Figure 4.6B-4.6D). Taken together, these data indicate FN is assembled into
FN fibrils on the surface of exosomes and formation of FN fibrils is dependent on TGM2

crosslinking activity.
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Figure 4.6: TGM2 is important for FN fibril formation on the surface of exosomes.

(A) Immunoblot analysis of exosomes derived from HME2-GFP, HME2-TGM2, HME2-
BM MT or HME2-BM shTGM2 for TGM2 and FN. CD63 served as a loading control. (B)
Immuno-electron micrographs of exosomes derived from HME2-GFP, HME2-TGMZ2,
HME2-BM MT or HME2-BM shTGM2. White arrows point to black dots on exosomes
indicating TGM2 and FN fibrils detected by TGM2 and FN3 antibody respectively. Red
arrow points to black dots suggesting non-specific binding. (C) Exosomes derived from
HME2-GFP, HME2-TGM2, HME2-BM MT or HME2-BM shTGM2 were stained with
CM-Dil (yellow), CD63 (green) and FN3 (red) and imaged using confocal microscope.
Merge displays overlay of green (CD63) and red (FN3) channels.A blank control sample,
a confocal image of Alexa Fluor 488, Alexa Fluor 647 and CM-Dil. Scale bar is 500 nm.
(D) Exosomes derived from HME2-BM MT or HME2-TGM2 cells were stained with CM-
Dil (yellow), TGM2 (green) and FN3 (red) and imaged using a confocal microscope.
Merge displays overlay of green (TGM2) and red (FN3) channels. Blank control sample,
confocal image of Alexa Fluor 488, Alexa Fluor 647 and CM-Dil dye.



113

A Whole Cell Lysates B

HME2-BM HME2

«©

)
W x
x & 3
RO

_!ﬂ TGM2

=============

FN
monomers

--- B-Tubulin

240 Kl

53 KD |- -

211
1]
f as7.
C Exosomes Lysates : Particlesfml | 2836400
HME2-BM HME2

«©

) x
w0 @
R

ISKD| o (TGM2

€— FN dimers i =

2531 0m
L67.4mm
112.70m

i

440 KD » § o st

ik FN i 50 2220m

240 KD € monomers oo w2

———— Parscey/ml | 21
R 2 | | R

| cpe3

Figure 4.7: NC9 inhibits FN dimerization in exosomes.

(A) Immunoblot analysis of whole cell lysates derived from HME2-BM MT, HME2-BM
shTGM2, HME2-BM MT treated with NC9, HME2-GFP, HME2-TGM2 and HME2-
TGM2 treated with NC9 for TGM2 and FN1. B-Tubulin served as a loading control. (B)
Nanosight analysis of exosomes derived from HME2-BM MT, HME2-BM shTGM2,
HME2-BM MT treated with NC9, HME2-GFP, HME2-TGM2 and HME2-TGM?2 treated
with NC9. (C) Immunoblot analysis of exosomes derived from HME2-BM MT, HME2-
BM MT treated with NC9, HME2-TGM2, and HME2-TGM2 treated with NC9 for TGM2
and FN1. CD63 served as a loading control.
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4.3.4 Metastatic breast cancer cells derived exosomes promote pre-metastatic niche
formation

Since we observed metastasis in breast cancer cells expressing TGM2, we reasoned
these cells may secret exosomes containing TGM2 to establish a pre-metastatic niche and
promote distant metastasis. To test our hypothesis, we developed a novel 3D culture assay
to mimic in vivo conditions®”. We cultured human pulmonary fibroblasts (HPF) on the
tessellated scaffolds described in chapter 3 to allow fibrillar structure formation that
recapitulates in vivo pulmonary microenvironment (Figure 4.8A). Human pulmonary
fibroblasts were treated with indicated exosomes for 3 weeks. Indeed, HPF cells treated
with exosomes eexpressing TGM2 promoted Cala FF growth both in 3D and 2D culture
conditions (Figure 4.8B and 4.9A-4.9C). To confirm metastatic breast cancer cells derived
exosomes promote pre-metastatic niche formation, NSG mice were given intraperitoneal
injections of indicated exosomes for 3 weeks. These mice were then given tail vein
injections of Cala cells. Consistent with our in vitro 3D culture results, only mice injected
with HME2-BM MT exosomes supported faster growth of Cala cells in lungs (Figure
4.8C-E and 4.9D-E). Altogether, these results suggest exosomes containing TGM2
reprogram pulmonary fibroblasts cells to form pre-metastatic formation and promote

pulmonary metastasis.

4.3.5 Tissue transglutaminase 2 promotes functionalized FN fibrils formation through

upregulation of TNS1

Tensin 1 (TNS1) plays an important role in FN fibrillogenesis and ECM
remodeling®-°. It is also essential for tissue fibrosis, an important process linked to cancer

%, So, we decided to analyze TNS1 expression in metastatic breast cancer cells derived
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Figure 4.8: Metastatic breast cancer cells derived exosomes promote pre-metastatic niche
formation.

(A) Schematic illustration of the development of 3D scaffold assay. HPF cells were
cultured on 3D scaffolds as described in methods and allowed to form fibrils throughout
the scaffolds. After 2-3 weeks, HPF cells were treated with indicated exosomes for 3 weeks
and Cala FF dTomato were cultured on these scaffolds. (B) Growth of Cala FF dTomato
cells was quantified by bioluminescence at indicated time points. Data are the mean
arbitrary luminescence units (ALU) (£SE) for three independent experiments completed in
triplicate resulting in the indicated P value. Red colored spots indicate growth of Cala on
grey colored (HPF) background. (C) Mice were pretreated with indicated exosomes for 3
weeks prior to tail vein injection of Cala FF cells. Bioluminescent images of representative
mice taken immediately (Day 0) and 21 days (Day 21) following tail vein injection of Cala
FF cells. (D) The mean (xSE) pulmonary bioluminescence values normalized to the
injected values (n=4 mice in each group were quantified at the indicated time points,
resulting in the indicated P value. (E) Mice were sacrificed at day 21 and lungs were imaged
using bioluminescence to quantify metastatic recurrence.
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Figure 4.9: Metastatic breast cancer cells derived exosomes promote Cala’s growth in
vitro and pulmonary tumor formation in vivo.

(A, B) HPF cells were cultured in 96 well plates as described in methods and treated with
indicated exosomes for 3 weeks. Cala FF dTomato were cultured on HPF and growth of
Cala FF dTomato cells was quantified by bioluminescence at the indicated time points.
Data are the mean arbitrary luminescence units (ALU) (xSE) for three independent
experiments completed in triplicate resulting in the indicated P value. (C) HPF cultured on
3D scaffolds were treated with indicated exosomes for another 3 weeks and Cala FF
dTomato were cultured on these scaffolds. The growth of Cala FF dTomato cells was
quantified by bioluminescence at the indicated time points. Data are the mean arbitrary
luminescence units (ALU) (xSE) for three independent experiments completed in triplicate
resulting in the indicated P value. Red colored spots indicate growth of Cala on grey
colored (HPF) background. (D) The mean (xSE) pulmonary bioluminescence values
normalized to the injected values (n=4 mice in each group were quantified at the indicated
time points, resulting in the indicated P value. (E) Mice were sacrificed at day 21 and the
whole body was imaged using bioluminescence to quantify metastatic recurrence.
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exosomes. Deletion of TGM2 inhibited TNS1 expression, FN dimerization and fibrils
formation on the surface of exosomes derived from 4T1 cells (Figure 4.10A and 4.10C and
4.11A). However, FN expression remained unaffected in 4T1 Tgm2KO WCL (Figure
4.11B). Further, depletion of TGM2 in other breast cancer cells resulted in reduced TNS1
expression in both whole cell and exosomes lysates (Figure 4.11C-4.11H). In addition,
overexpression of TGM2 in HMLE cells increased expression of TNS1 in WCL and FN
dimers in exosomes (Figure 4.11E and 4.11H). Next, to confirm the role of TNS1 in FN
fibrillogenesis, we depleted TNS1 using lentiviral approach (Figure 4.10B). Depletion of
TNSL1 increased TGM2 expression in WCL but decreased secretion of TGM2 and
formation of FN dimers in exosome lysates. Depletion of TNS1 further inhibited FN
fibrillogenesis on the surface of exosomes (Figure 4.10C-D). This result implies TNS1 is
important for TGM2 secretion in exosomes and remodeling of FN dimers into fibrils on
the surface of exosomes. Also, HPF treated with 4T1 WT exosomes promoted Cala’s
growth while exosomes lacking either TNS1 or TGM2 were unable to support Cala’s
growth; indicative of the role of FN fibrils present on the surface of exosomes (Figure
4.10E). To further determine the role of TNS1 in breast cancer metastasis, we performed
3D growth and 4T1 metastasis assay. Depletion of TNS1 inhibited branching structure
formation in 3D culture and growth of 4T1 in both 2D and 3D environment (Fig 4.10F and
4.111). Even though 4T1 shTns1 cells showed similar primary tumor growth rate to control
4T1 cells (Figure 4.10G and 4.11J), lung metastasis was significantly inhibited in 4T1
shTns1 tumor-bearing mice as shown in Figure 4.10H-4.101. Taken together, these findings
imply TNS1 assembles FN dimers (crosslinked by TGMZ2) into fibrils on the the surface of

exosome to establish intercellular communication and promote distant metastasis.
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Figure 4.10: TNSL1 is required for assembly of FN fibrils on the surface of exosomes and
4T1 metastasis.

(A) Immunoblot analysis of exosomes derived from 4T1 WT and 4T1 Tgm2KO for TGM2,
FN1, and TNS1. CD63 served as a loading control. (B) Immunoblot analysis of whole cell
lysates derived from 4T1 scram and Tns1 depleted 4T1 for TNS1, TGM2. B-Tubulin served
as a loading control. (C) Immunoblot analysis of exosomes derived from 4T1 WT and 4T1
shTnsl for TNS1, TGM2, and FN1. CD63 served as a loading control. (D) Immuno-
electron micrographs of exosomes derived from 4T1 WT, 4T1 shTnsl, and Tgm2KO.
White arrows point to black dots on exosomes indicating FN fibrils as detected by TGM2
and FN3 antibody respectively. (E) HPF cultured on 3D scaffolds for 3 weeks were treated
with indicated exosomes for another 3 weeks and Cala FF dTomato were cultured on these
scaffolds. The growth of Cala FF dTomato cells was quantified by bioluminescence at the
indicated time points. Data are the mean arbitrary luminescence units (ALU) (£SE) for
three independent experiments completed in triplicate resulting in the indicated P value.
Red colored spots indicate growth of Cala on grey colored (HPF) background. (F) Control
(scram) and shTnsl 4T1 cells were grown under single cell 3D culture conditions.
Longitudinal cellular outgrowth was quantified by bioluminescence at Day 8. Data are
normalized to the plated values and are the mean +SD of three independent analyses
resulting in the indicated P-value. (G) Control (scram) and shTns1 4T1 cells were engrafted
onto the mammary fat pad and primary tumors were removed and weighed after mice were
sacrificed at Day 31. (H) Quantification of bioluminescent radiance from the pulmonary
region at the indicated time points and bioluminescent images of lungs from control 4T1
scram tumor-bearing mice and those bearing shTnsl tumors. (I) Upon necropsy, the
numbers of pulmonary metastatic nodules were quantified. (Inset) Corresponding gross
anatomical views of lungs from control 4T1 (scram) tumor-bearing mice and 4T1 shTns1
tumor-bearing mice.
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Figure 4.11: Inhibition of TGM2 downregulates TNSL.

(A) Nanosight analysis of exosomes derived control (WT) and Tgm2KO 4T1 cells. (B)
Immunoblot analysis of whole cell lysates derived from control (WT) and Tgm2KO 4T1
cells for TGM2 and FN1. (C) Immunoblot analysis of whole cell lysates derived from
HME2-BM MT, HME2-BM shTGM2, HME2-BM MT treated with NC9, HME2-GFP,
HME2-TGM2 and HME2-TGM2 treated with NC9 for TGM2, FN1, and TNS1. (D)
Immunoblot analysis of whole cell lysates derived from control (MT) and TGM2 depleted
MDA-MB-231or Calh cells for TGM2, FN1, and TNS1. (E) Immunoblot analysis of
whole cell lysates derived from control (MT) and TGM2 expressing HMLE cells for TGM2,
FN1, and TNS1. B-Tubulin served as a loading control for whole cell lysates. (F)
Immunoblot analysis of exosomes derived from HME2-BM MT, HME2-BM shTGM2,
HME2-BM MT treated with NC9, HME2-GFP, HME2-TGM2 and HME2-TGM?2 treated
with NC9 for TGM2, FN1, and TNS1. (G) Immunoblot analysis of exosomes derived from
control (MT) and TGM2 depleted MDA-MB-231or Calh cells and Calh MT cells treated
with NC9 for TGM2, FN1, and TNS1. (H) Immunoblot analysis of exosomes derived from
control (MT) and TGM2 expressing HMLE cells for TGM2, FN1, and TNS1. CD63 served
as a loading control for exosomes lysates. (I) Control (scram) and shTnsl 4T1 cells were
grown in traditional 2D culture condition and growth were quantified by bioluminescence
at indicated time points. Data are normalized to the plated values and are the mean £SD of
three independent analyses resulting in the indicated P-value. (J) Bioluminescent intensity
(Radiance) measurements of primary tumor of control (scram) or TNS1 depleted (shTnsl)
4T1 tumor-bearing mice.
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4.4 Discussion

Cancer cell-derived exosomes are involved in the development of the premetastatic
niche to support metastasis®®. Since exosomes derived from cancer cells contain multiple
biologically active molecules including proteins, nucleic acids, and lipids, they can alter
local stroma to support disease associated microenvironment?. Studies suggest both FN
and TGM2 are present in exosomes derived from breast cancer cells®. Further, FN exists
in the dimeric form in these vesicles. The formation of FN dimers is essential for the
generation of FN fibrils*?, the functional form of FN. Recently, our group established
fibrillar FN is capable of inducing EMT in metastatic competent breast cancer cells and
cells expressing intracellular FN acts in stromal fashion to support metastases of these cells
through the formation of FN-containing cellular fibrils®’. Whether exosomes express
fibrillar FN to promote construction of premetastatic niche is unknown. In this study, we
report exosomes derived from metastatic breast cancer cells exhibit fibrillar FN on their
surface to foster metastases of breast cancer cells.

In recent years, several studies have investigated the role of TGM2 and FN in tumor
progression and therapeutic resistance in different cancer types**’. Nevertheless, there are
few studies reporting the exact role of TGM2 and FN in breast cancer metastasis*®°. In
this work, we observed patients with higher expression of TGM2 and FN have a lower
survival rate than those with lower expression of TGM2 and FN. In addition, RNA
sequence and immunoblot analysis of non-metastatic HME2 and metastatic HME2-BM
cells revealed high TGM2 and FN expression in HME2-BM cells compared to those in
HME?2 cells. This implies TGM2 and FN functioning together to drive tumor progression.
Our metastasis assays also confirmed only breast cancer cells expressing TGM2 can form

distant metastases. Also, HME2-TGM2 primary tumors grew faster compared to HME?2
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GFP (control) tumors. In order to determine the metastases capacity of these cells, HME2-
GFP primary tumors were allowed to grow to the same size as HME2-TGM2 primary
tumors before they were removed surgically. Still, HME2 GFP (control) cells were
incapable of forming secondary tumors. These data imply the expression of TGM2 is
enough to promote breast cancer metastasis.

Tumor cells secrete exosomes that act as key players in establishing intercellular
communication®®:°2, Intravenous injection of exosomes derived from melanoma cells can
exit the circulation and localize in general melanoma metastatic sites to encourage the
development of premetastatic niche in these organs'?. Kuffer cells upon uptake of
exosomes derived from highly metastatic pancreatic ductal adenocarcinomas (PDACS)
exhibit increase FN production and foster a fibrotic environment to promote liver
metastases®. Our data are consistent with such findings as mice pretreated with exosomes
consisting TGM2 can support faster pulmonary tumor growth of breast cancer cells than
mice pretreated with PBS (control) or exosomes lacking TGM2. These results suggest
metastatic breast cancer cells secrete exosomes containing TGM2 to establish intercellular
communication with distant organs to prime them for metastases.

Tissue transglutaminase 2 can crosslink FN into dimers that are crucial for FN
fibrillogenesis. Both TGM2 and FN are known to exist in extracellular vesicles and that
FN is crosslinked into dimers by TGM2%, Indeed, we observed FN dimers in exosomes
isolated from breast cancer cells expressing TGM2. We also observed FN exist in the
fibrillar form on the surface of exosomes derived from metastatic breast cancer cells.
Formation of both FN dimers and fibrils are dependent on TGM2 expression. Moreover,

expression of tensin 1, a cytoplasmic protein essential for FN fibrillogenesis®*4%%, is also
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dependent on the expression of TGM2. Depletion of TNS1 or TGM2 in 4T1 cells inhibited
FN fibrillogenesis on the surface of exosomes. Depletion of TNS1 alone downregulated
expression of TGM2 and FN dimers in exosomes. In addition, HPF pretreated with
exosomes lacking TGM2 or TNS1 were unable to support the growth of metastatic breast
cancer cells in vitro. These results suggest TGM2 crosslinks FN into dimers, which are
assembled into functionalized fibrils by TNS1 on the surface of exosomes. Thus, we
demonstrate TGM2 promotes FN fibrillogenesis on the surface of exosomes by
upregulating TNS1 expression and reprograms HPF to support the growth of breast cancer
cells. Whether TGM2 regulates TNS1 transcriptionally is currently under investigation in
our lab. Further studies are necessary to determine how TGM2 upregulates TNS1 and other
proteins associated with cellular adhesions and migration to promote breast cancer

metastasis.

45 Conclusions

Taken together, our findings reveal a novel mechanism through which metastatic
breast cancer cells derived exosomes foster the creation of a premetastatic niche and
promote metastasis of breast cancer cells (Figure 4.12). These exosomes express
functionalized FN fibrils crosslinked by TNS1, a TGM2 dependent process, on their
surface. Further, TGM2 is enough to transform non-metastatic breast cancer cells into
metastatic breast cancer cells. In addition, NC9 can potentially inhibit TGM2
crosslinking activity and curb interactions of TGM2 with FN; therefore, NC9 could be

utilized as a potent TGM2 inhibitor to inhibit breast cancer metastasis.
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CHAPTERS5. GENERAL DISCUSSION AND FUTURE
DIRECTIONS

The extracellular matrix (ECM) is enriched with various proteins and can support
tissue structure, cell adhesion, cell-cell communication, and differentiation. Several
studies implicate the aberrant expression of ECM proteins in different cancers and their
active participation in metastasis?. Once such matrix protein which is abnormally expressed
in many cancers is FN. Fibronectin plays an essential role in various processes to maintain
normal homeostasis. These processes include cell growth, differentiation, migration,
wound healing and blood coagulation®. Altered expression of fibronectin in cancers is
known to promote tumor growth, invasion, proliferation, migration, and resistance to
therapy #°. In many cancers, along with FN, its receptor a5B1 is also upregulated. For
instance, FN and the extra domain (ED)-A (a splice variant of fibronectin) are linked to
higher a5p1 levels in malignant as compared to normal breast epithelial cells®. Fibronectin
also increases the invasion capacity of MDA-MB-231 cells cultured atop collagen
hydrogels®. Furthermore, interactions of FN with syndecans (other receptors) increase cell
adhesion and migration of MDA-MB-231 cells cultured on collagen and increase
proliferation on FN matrices®. These studies imply the extracellular role of FN in breast
cancer. However, there are still open questions regarding cancer cells that express FN—
How do these cancer cells utilize fibronectin for their own survival? How do they support

the growth of heterogenous tumors?
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51 Role of intracellular FN in breast cancer metastasis

This dissertation is focused on the role of intracellular FN and exosomes expressing
FN in breast cancer metastasis. In chapter 3, we demonstrated network formation of
intracellular FN with actin cytoskeleton in mesenchymal cells. Mesenchymal cells
expressing intracellular FN make functionalized FN fibrils to support the growth of
metastatic competent cells. We also reported the ability of external functionalized FN to
cause phosphorylation of STAT3, a B1 integrin-dependent process, to promote EMT in
Cala cells. Whether or not FN requires STAT3 to drive EMT is unknown. In order to
investigate the importance of STAT3 in FN driven EMT, STAT3 could be depleted in Cala
cells using lentiviral approach and cultured on 3D scaffolds coated with FN. These
scaffolds could be stained with phalloidin for actin cytoskeleton and E-cadherin to observe
adherent junctions. Further, staining with p-FAK and p-Src antibodies will help investigate
if functionalized FN activates FAK/Src/STAT3 pathway to promote EMT and migration.
The above experiment could also be performed in the presence of stattic (a STAT3 inhibitor)
to pharmacologically inhibit STAT3 phosphorylation and determine its effect on FN
induced cell proliferation and EMT. Since FN also binds B3 integrin, it is beneficial to
investigate the involvement of B3 integrin in FN driven EMT. This could be achieved by
depleting B3 integrin in Cala cells using lentiviral approach. B3 integrin depleted Cala
cells could be cultured on FN-coated 3D scaffolds to determine if they can undergo EMT.
Alternatively, Cala cultured on FN-coated 3D scaffolds could be treated with cilengitide
(B3-integrin activity inhibitor) and stained for E-cadherin. Overall, the above experiments
will be useful in determining the mechanism through which intracellular and extracellular

FN induce EMT in breast cancer cells.
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Next, we demonstrated depletion of B1 integrin in Cala cells increases FN
expression and enhances mesenchymal phenotype. Neither genetic nor pharmacological
inhibition of Bl integrin in Calh cells induced MET and, therefore, no morphological
changes were observed, implying the role of intracrine FN signaling (Chapter 3).
Additional studies are required to understand how fibrillar FN drives mesenchymal cell
morphology and how these events relate to more transcriptionally driven EMT events
induced by drugs and cytokines.

Data presented in Chapter 3 is consistent with the fact that integrins are important
for the secretion of FN, however, this process is under-investigated in epithelial-derived
cells. B1 integrin is required for unconventional secretion of TGM2. In addition, TGM2
binds to B1 integrin in recycled endosomes prior to its secretion as a complex with 1
integrin'!. TGM2 can bind to integrins and FN simultaneously to strengthen FN
interactions with B1 integrin?. Therefore, depletion of B1 integrin can cause accumulation
of TGM2 bound to FN inside the cell and increase expression of TGM2 and FN in cells. It
is, therefore, crucial determining if depletion of B1 integrin or TGM2 inhibits FN secretion.
To investigate the role of TGM2, we depleted TGM2 in Calh cells (Appendix Figure 1A-
B). We did not observe MET or change in morphology of TGM2 depleted cells. However,
both mRNA and protein expression were reduced in whole cell lysates of TGM2 depleted
Calh cells. We overexpressed TGM2 in LAPR (lapatinib resistant HME2 cells) and
BMAR (afatinib resistant HME2-BM cells) to study the effect of TGM2 on FN expression
and cell morphology. Drug-resistant cells overexpressing TGM2 expressed FN dimers in
whole cell lysates (Appendix Figure 1C) and exhibited a mesenchymal phenotype. This

result implies TGM2 can crosslink FN intracellularly to foster mesenchymal morphology.
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It would be further essential to determine if drug-resistant cells can form cellular FN fibrils
on our 3D scaffold culture system to support the growth of breast cancer cells. This will
help to gain insights into how chemotherapy, when not successful, can paradoxically
promote tumor progression and metastasis*?*3,

Tensin 1(TNS1) is a cytoplasmic phosphoprotein located in integrin-mediated focal
adhesion kinases and plays an important role in FN fibrillogenesis'**®. Tensin 1 is also
required for fibronectin deposition and assembly by myofibroblast and human lung
fibroblasts!®. Given that TNS1 has an actin-binding domain and binds to actin during
fibrillogenesis'”!8, it may foster FN interactions with the actin cytoskeleton and promote
mesenchymal morphology. Therefore, it is important to investigate if TNS1 is responsible
for the intracellular fibrillar organization of FN. To achieve the above goal, TNS1 could
be depleted in mesenchymal breast cancer cells and examined for morphological change
and their capacity to form FN fibrils.

Tensin 1 requires TGF-B receptor 1 to promote FN matrix deposition by
myofibroblasts'®. Transforming growth factor upregulates both FN and TGM2 expression
during EMT to promote mesenchymal morphology®2. Therefore, it would be also useful
to determine if cells lacking TNS1 could undergo EMT in response to TGF-f treatment.
To achieve this, cells lacking TNS1 could be treated with TGF-§ and examined for
morphological change and expression of mesenchymal markers. The above experiment

will help establish the role of TNS1 in promoting FN driven mesenchymal morphology.

5.2  Application of 3D scaffold model

In addition to fostering our biological understanding of FN function and ECM-

stimulated morphological changes, a major advance of the current study is the development
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and implementation of our tessellated cell culture device. This novel 3D scaffold cell
culture system is capable of accurately reiterating cellular and matrix phenotypes observed
in vivo. In Chapter 3, we demonstrated WT Calh form fibrils across the empty spaces in
the scaffolds. This novel 3D scaffold model could be further used to distinguish differences
between EMT driven by cytokines and chemotherapeutics based on their fibrils forming
capacity on uncoated 3D scaffolds. This would further help us to understand if cells that
have undergone EMT in response to chronic drug treatment are capable of promoting
growth and metastasis of metastatic competent epithelial cells.

Our 3D scaffold model can be used to understand how different matrix proteins
induce resistance to chemotherapeutics in breast cancer cells. Our lab is mainly interested
in investigating how FN is involved in drug resistance. Our unique 3D scaffolds can be
utilized to gain better insights into interactions between cells and individual matrix proteins
that are responsible for promoting drug resistance. For instance, we investigated the
response of HME2-BM cells to different concentrations of neratinib (a HER2 kinase
inhibitor) using the traditional approach (FN-coated 2D tissue culture (TC) plates) and FN-
coated 3D scaffolds. We observed that HME2-BM cells cultured on FN-coated 3D
scaffolds were more resistant to higher concentrations of neratinib (1C50= 442.5 nM) than
those cultured on FN-coated 2D TC plates (IC50 65.28nM) or non-coated TC plates
(Appendix Figure 2). The above experiment suggests FN existing in functionalized fibrillar
structure can promote drug resistance. However, additional studies are required to

understand the mechanism through which these fibrils promote resistance to chemotherapy.
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5.3  Role of exosomes containing TGMZ2 in breast cancer metastasis

In Chapter 4, we reported exosomes derived from metastatic breast cancer cells
containing FN fibrils modify HPF to promote the growth of Cala cells. Findings from our
study also suggest exosomes derived from metastatic breast cancer cells promote Cala
tumor formation in the lungs. According to previous studies, exosomes secreted by cancer
cells can transform primary fibroblasts into cancer-associated fibroblasts through TGF-p1
signaling®-2*, Hence, it is crucial investigating if depletion of TGM2 affects TGF-p1
expression in these exosomes. This may be achieved by detecting TGF-B1 levels in
exosomes using Human TGF-f quantikine ELISA kit. It is possible that we may not detect
a difference in TGF-B1 levels between exosomes derived from cells expressing TGM2 and
those lacking TGM2. This result will indicate that TGF-B1 is acting upstream of TGM2
and therefore, requires TGM2 to exert its effect.

Previous studies imply that TGF-B1 driven EMT is dependent on the expression of
TGM2 in mammary breast cancer cells®®*®, Further, TGF-p1 upregulates TGM2
expression during EMT2%%, In order to determine if TGF-B1 is functional in exosomes
expressing TGM2, exosomes derived from HME2-BM cells should be incubated with anti-
TGF-B1 antibody and used to treat HPF cells cultured on 3D scaffolds. Following treatment
with exosomes, the growth of Cala FF-dTomato cells cultured on these scaffolds could be
tracked using bioluminescence. A global proteomic analysis of reprogrammed HPF cells
may be performed to detect the modifications occurred in HPF following treatment with
exosomes. In addition, global proteomic and RNA sequence analysis of exosomes derived
from metastatic breast cancer cells can provide important information about the expression
of other growth factors, ECM degrading enzymes, cytokines, and micro-RNAs that are

regulated by TGM2 expression. Since cancer cells derived exosomes are known to alter



136

the immune response for their survival and growth?6-28, it is imperative to understand if
TGM2 in exosomes is a factor in this phenomenon of immune evasion.

We also investigated if TGM2 is essential for biogenesis and secretion of exosomes
under normal cell culture conditions. We did not observe a decrease in exosomes quantity,
which indicated TGM2 does not affect the biogenesis of exosomes (data not shown).
According to a recent study, TGM2 is released in exosomes derived from primary cells
cultured under hypoxic or stressful conditions?. Given that TGMZ2 is a stress response gene,
its expression may increase in cells cultured under stressful conditions like hypoxia,
treatment with cytokines like TGF-p or chemotherapeutic drugs. Supporting this notion,
4T1 cells cultured in glutamine-free full growth media expressed higher TGM2 protein
levels (Appendix Figure 3A). Furthermore, treatment of 4T1 cells with TGF-1 or SYK
inhibitor (R406) or both elevated TGM2 expression (Appendix Figure 3B). Treatment of
4T1 TGM2KO cells with TGF-f1 or SYK inhibitor (R406) or both induced stress
(Appendix Figure 3C). Also, 4T1 TGM2KO cells treated with TGF-B1 failed to undergo
EMT (Appendix Figure 3C). This ability of 4T1 cells to survive in a stressful environment
may arise from exosomes with increased levels of TGM2. Further studies are required to
understand the mechanism through which TGM2 is secreted in the exosome and the factors
that drive TGM2 expression under stressful conditions.

In chapter 4, we demonstrated exosomes containing TGM2 promote pre-metastatic
niche formation and support the pulmonary tumor growth of metastatic competent Cala
cells in vivo. Given the role of TGM2 in crosslinking various matrix proteins specifically
FN and collagen®®32, exosomes expressing TGM2 may modify extracellular matrix to

support the growth of breast cancer cells. Supporting this hypothesis, HPF pretreated with



137

exosomes expressing TGM2 promoted the growth of breast cancer cells (Chapter 4).
Whereas, HPF cells pretreated with exosomes derived from breast cancer cells pretreated
with NC9 were unable to promote the growth of Cala cells (Chapter 4). Future animal
studies using NC9 could help to determine its efficacy in vivo. For instance, mice could be
given intraperitoneal injections of exosomes expressing or lacking TGM2 or exosomes
derived from cells treated with NC9. The lungs harvested from these mice could be
analyzed for FN and collagen rearrangement using immunohistochemistry. The outcome
of the above experiment will help to determine the underlying mechanisms of pre-
metastatic niche formation by exosomes derived metastatic breast cancer cells. Further, it
will also help us understand how breast cancer cells expressing TGM2 in exosomes are

capable of metastasizing compared to those lacking TGM2 in exosomes.

5.4  Tissue transglutaminase 2 as a promising therapeutic target for breast cancer
treatment

Tissue transglutaminase 2 has active participation in tumor progression, metastasis
and resistance development to cancer therapeutics®*=%. Its expression is highly upregulated
in multiple cancer types, specifically those selected for resistance to chemotherapy and
radiotherapy, and those acquired from metastatic sites®*-8, In this dissertation, we establish
that expression of TGM2 is adequate to transform non-metastatic breast cancer cells into
malignant type (chapter 4). Our results also implicate TGM2 as an effective therapeutic
target for the treatment of breast cancer metastasis.

To understand the role of TGM2 in driving EMT, we overexpressed TGM2 in
primary mammary epithelial cells using lentiviral approach and generated HMLE-TGM2

cells (Appendix Figure 4A). HMLE-TGM2 cells cultured in HMLE media exhibited
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epithelial morphology like HMLE MT (control) cells, whereas HMLE-TGM2 cells
passaged in full growth media (DMEM + 10% FBS) underwent EMT and exhibited
mesenchymal phenotype (Appendix Figure 4B-C). However, HMLE MT (control) cells
were unable to survive in full growth media. In addition, HMLE-TGM2 cells cultured in
full growth media can deposit fibrillar FN matrix like HPF cells and secrete soluble FN
(Appendix Figure 5). The above findings imply TGM2 expression helps HMLE cells in
surviving stressful conditions by promoting EMT and fibronectin matrix deposition. Next,
to test the efficacy of NC9, we derived ECM from HMLE TGM2 cells treated with NC9
for 6 days. HMLE TGM2 cells treated with NC9 were incapable of depositing FN matrix
(Appendix Figure 6). Although we didn’t observe any changes in FN and TGM?2
expression in whole cell lysates, both TGM2 and FN expressions were inhibited in
extracellular matrix lysates. The above results indicate NC9 successfully inhibits TGM2
activity and FN matrix deposition.

Given the role of TGMZ2 in promoting drug resistance, it is important investigating
if inhibition of TGM2 in drug-resistant breast cancer cells improves their sensitivity to
chemotherapeutics. Previously our lab demonstrated HME2-Post TGF-f cells are resistant
to HERZ kinase inhibitors including lapatinib. HME2-Post TGF- cells express TGM2 and
therefore, could be a good model to study mechanisms through which TGM2 promotes
drug resistance in these cells. A possible experiment could be depleting TGM2 in HME2-
Post TGF-B cells using lentiviral approach and testing their sensitivity to lapatinib and
neratinib. In vivo drug combination experiments using NC9 and neratinib inhibitors could
further help us determining if NC9 is able to sensitize HME2-Post TGF-f cells to neratinib

and improve survival. Furthermore, the capacity of these inhibitors to promote metastasis
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could be determined using bioluminescence. The outcomes of the above experiments will
help to establish an effective treatment for metastatic breast cancer and develop a
combination therapy to reduce breast cancer resistance to chemotherapeutics utilized in

breast cancer therapy.

55  Summary and Significance

Breast cancer metastasis is one of the leading causes of death among women®®. One
of the important processes involved in tumor progression and metastasis is EMT. So, EMT
IS a promising target in cancer therapy. Epithelial-mesenchymal transition process can be
targeted using different potential pharmacological strategies to inhibit or prevent
metastasis; these strategies include preventing the initiation of EMT, eradicating the
invasive mesenchymal cells and promoting dormancy by blocking MET. Recently we
establish repurposing of fostamatinib, a clinically approved spleen tyrosine kinase
inhibitor, as an effective treatment for the prevention of metastatic recurrence in breast
cancer through maintenance of disseminated cells in an asymptomatic state of dormancy“°.
More broadly, our work highlights an exit from the traditional pharmacological goal of
total tumor cell eradication and instead posits the concept of forced tumor dormancy for
the management of stage IV breast cancer’®. Still, extensive evaluation of these
pharmaceuticals in combination with other therapies is essential to achieve successful
inhibition or prevention of tumor progression and metastasis recurrence.

Epithelial-mesenchymal transition allows cancerous epithelial cells to acquire
invasive and migratory properties and transform them into a mesenchymal phenotype that
helps them in intravasation®!. These mesenchymal cells are capable of secreting matrix

proteins like fibronectin which has significant involvement in most steps of tumor
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progression and metastasis®. Therefore, these mesenchymal proteins could be exploited as
potential targets, which may provide a mechanism through which prevailing metastatic
cancer cells could be eliminated in patients with a metastatic form of the disease. However,
compounds that inhibit the mesenchymal state could also promote MET and, therefore may
induce the formation of metastatic tumors. Therefore, in order to develop stage-particular
anti-EMT inhibitors for more individualized cancer therapy, it is crucial to investigate more
into the above approach for targeting EMT in cancer.

In this dissertation, we demonstrate non-metastatic breast cancer cells express
intracellular FN that drives them into stable non-metastatic mesenchymal phenotype. In
contrast to the tumor-promoting functions of FN within the ECM, our data imply autocrine
fibronectin production inhibits the metastatic potential of mesenchymal tumor cells. The
above findings suggest FN could be exploited as a potential target to prevent breast cancer
metastasis. However, our study also demonstrates non-metastatic mesenchymal cells
expressing FN act in stromal capacity to foster the metastasis of metastatic competent
epithelial breast cancer cells. Further, these mesenchymal cells form functionalized FN
fibrils to support the growth of these metastatic competent cells. Therefore, targeting other
proteins along with fibronectin is important to prevent breast cancer metastasis. This may
be achieved by targeting proteins that interact with FN to drive FN associated cell signaling
pathways. Fibronectin primarily associates with integrins present on the cell surface to
activate signaling pathways necessary for cancer cell survival. Integrins are present on the
cell surface and can be easily blocked by pharmacological agents. Therefore, targeting
integrins could offer a beneficial therapeutic approach in cancer therapy. Along with

integrins, FN also binds to TGM2. Tissue transglutaminase 2 crosslinks FN in the
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extracellular matrix and supports FN-integrin interactions. Further, including integrins and
FN, TGM2 is also upregulated in many cancers specifically in metastatic tumors. Therefore,
developing strategies to inhibit TGM2 or FN-TGM2 interactions might open a unique
therapeutic window to treat patients in the late stage of cancer. But in order to target these
proteins, more investigation is necessary to understand the mechanism through which they
promote metastasis.

Prior to our work, the role played by TGM2 in breast cancer metastasis was
ambiguous. Data attained in this dissertation have expanded this paradigm wherein
inhibition of TGMZ2 is enough to inhibit breast cancer metastasis and prolong survival of
HER?2 transformed metastatic breast cancer model. Both FN and TGM2 are known to exist
in exosomes, however, their role in metastatic breast cancer is poorly understood. Data
shown here establish metastatic breast cancer cells secrete exosomes expressing
functionalized FN fibrils crosslinked by TGM2 on their surface. Exosomes derived from
metastatic breast cancer cells promote premetastatic niche formation in the lungs, a TGM2
dependent process, and support the tumor growth of breast cancer cells. Using an inhibitor
of TGM2, we inhibit FN-TGM2 interactions and growth of breast cancer cells. Thus,
through this dissertation, we successfully demonstrate TGM2 as a promising therapeutic
target for the treatment of metastatic breast cancer. These insights will contribute to
establishing new drugs to target TGM2 or FN-TGM2 interactions aimed at reducing breast

cancer metastasis and breast cancer associated mortality.
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Appendix Figure 1: TGM2 drives FN expression in mesenchymal cells.

(A) Immunoblot analyses for TGM2 depletion and FN expression in Calh cells. Actin
served as a loading control. (B) Transcript levels for tissue FN1 in Calh shTGM2 cells
were quantified using gRT-PCR relative to Calh scram (control) cells. (C) Immunoblot
analysis of whole cell lysates derived from control (LPAR GFP and BMAR GFP), LPAR
TGM2 and BMAR TGM2 cells for TGM2 overexpression and FN1 monomer and dimer

expression.
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Appendix Figure 2: Functionalized FN fibrils promote neratinib resistance in HME2-BM
cells.

HMEZ2-BM were cultured on either non-coated tissue culture plates (TC plastic) or BSA or
FN-coated 2D tissue culture plates (2D BSA or 2D FN) or 3D scaffolds coated with BSA
or FN (3D scaffold BSA or 3D scaffold FN) in the presence of different concentrations of
Neratinib (0 - 1000 nM) and cell viability was determined at day 4 using bioluminescence.
Non-linear regression log(inhibitor) vs response-variable slope (four parameters) was used
to analyze the 1C50.
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Appendix Figure 3: TGM2 expression increases in 4T1 WT cells in stressful conditions.

(A) 4T1 WT were cultured in full growth media with or without L-Glutamine for 8 days.
(B) 4T1 WT or TGM2KO cells were treated with TGF- 1 for 8 days to induce EMT. NS
or TGF- B1 treated cells were treated with R406 (1uM) for 48h and lysates were collected
to perform immunoblot analysis for TGM2 and E-cadherin (Ecad). B-tubulin and actin
served as loading controls. (C) Light microscopy images were taken on Day 8. Red arrow
indicates stressed cells.
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Appendix Figure 4: Expression of TGM2 drives EMT in primary mammary epithelial
cells and promotes mesenchymal morphology.

(A) Immunoblot analyses of TGM2 overexpressed in HMLE cells. (B) Immunoblot
analysis of whole cell lysates derived from HMLE MT and HMLE TGM2 cultured in
HMLE media and whole cell lysates derived from HMLE TGM2 cells cultured in full
growth media (FGM) for FN1 and E-cadherin. B-tubulin served as a loading control (C)
Light microscopy images displaying epithelial morphology of HMLE MT and HMLE
TGM2 cultured in HMLE media and mesenchymal morphology of HMLE TGM2 cultured
in FGM.
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Appendix Figure 5: HMLE TGM2 deposit FN matrix as well as secret soluble FN.

(A) Immunoblot analysis of the whole cell, ECM and conditioned media lysates derived
from HMLE MT, HMLE TGM2 and HPF for FN and TGM2. B-tubulin served as a loading
control. (B) Confocal microscopy image of ECM derived from HMLE TGM2.
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Appendix Figure 6: Treatment of HMLE-TGM2 with NC9 inhibits TGM2 activity and
secretion.

(A) Immunoblot analysis of whole cell lysates derived from HMLE TGM2 cultured in the
presence or absence of NC9 for TGM2 and FN. B-tubulin served as a loading control. (B)
Immunoblot analysis of ECM lysates derived from HMLE TGM2 cultured in the presence
or absence of NC9 for TGM2 and FN.
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