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Abstract

Breast cancer is the most common cancer of women worldwide and the second leading
cause of cancer death in women in the United States. Despite new therapies that show efficacy
in treating the primary tumor there is a significant lack of therapies that treat metastasis, the
most common cause of death. This deficit underscores the necessity for a new perspective in
the study of breast cancer metastasis. Breast cancer malignant progression coincides with
drastic tissue extracellular matrix (ECM) remodeling and stiffening. Previous work in our lab has
shown that ECM stiffening is both necessary and sufficient to drive tumor aggression and
metastasis in vivo. Consistently, our lab has demonstrated ECM mechanical properties act
through integrin focal adhesions to regulate cell functions critical to tumor aggression such as
cell proliferation, survival, and motility. Yet, how ECM structural changes occur with tumor
progression and which signaling mechanisms downstream of cell-ECM adhesions are critical for
tumor aggression remains unclear. In this thesis | address the overarching hypothesis that ECM
mechanical properties influence tumor malignant progression through integrin focal adhesion
signaling and subsequent downstream signaling affecting tumor motility and invasion, tumor
metabolism, and immune cell response. To address this hypothesis | used a combination of
isolated mammary epithelial cells with 2D and 3D mechanically tunable substrates ex vivo, in
vivo breast cancer models, and human breast cancer tissues samples to robustly quantify the
physical and structural ECM changes with tumor progression, identify through which integrin
signaling mechanisms tumor cells sense these changes, and determine how tumor cell
mechanosensing alters cell signaling to regulate tumor metastasis. From this work | found that

tumor cell malignant phenotype is enhanced by ECM stiffness specifically via a5f1 — FN integrin



binding which enhances pro-tumorigenic cell signaling to enhance tumor cell invasion and
migration and alter tumor cell metabolism. Additionally, ECM stiffness alters tumor cytokine
secretion and inflammatory signaling to regulate immune system response which | show in both
in vivo models and human samples plays a critical role in tumor malignant progression. Thus,
this work provides new mechanistic insight into how the physical microenvironment regulates

tumor malignant progression.
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Chapter 1: Introduction



Breast cancer is the most common neoplasia of women worldwide and the second
leading cause of cancer death in women in the United States, with the vast majority of these
deaths due to metastasis™?. Critically, the number of deaths from breast cancer is not
decreasing despite better screening techniques, public awareness, and new therapies that
show efficacy in treating the primary tumor for certain patients®. This suggests a severe deficit
in therapies that treat metastasis, the most common cause of death from breast cancer. The
process of metastasis requires multiple steps, including tumor cell invasion through the
basement membrane, tumor cell migration through the collagen- (Col) and fibronectin- (FN)
rich stroma toward circulatory vessels, intravasation and survival in circulation, and finally
extravasation and proliferation in a secondary site**. While the events that occur during
metastasis are well described, the underlying regulation of these steps remains unclear. Thus, a
better understanding of this process is essential and a pressing modern health issue and could
benefit from a new perspective in addition to traditional tumor cell signaling—focused
research.

In human patients, breast cancer malignant progression is coincident with profound

5-10,11

extracellular matrix (ECM) remodeling and stiffening . Importantly, my lab has previously

shown that this altered ECM is both sufficient and necessary for tumor progression, aggression,

12,13

and metastasis in vivo~~~". Consistently, previous work from my lab and others has implicated

ECM mechanical and structural changes as key drivers of cell behaviors important to tumor

progression, such as tumor cell proliferation, survival, and motility, as well as effects on stromal

12-18

cells such as fibroblasts and immune cells . However, how cells sense and respond to ECM



mechanical properties and how ECM remodeling alters cell signaling to influence tumor
metastatic progression are not yet fully understood.
Multiple mechanisms have been proposed by which cells sense and respond to

1921 Integrins and integrin adhesions play a central role in sensing

exogenous mechanical cues
and transmitting biophysical stimuli from the ECM to alter cell and tissue phenotype. Integrins
consist of 24 distinct transmembrane heterodimers that relay cues from the surrounding ECM

22724 Integrins function

to regulate cell growth, survival, motility/invasion, and differentiation
through their ability to assemble cytoplasmic adhesion signaling complexes, modulating
cytoskeletal organization and tension through interaction with actin linker proteins and
cytoskeletal remodeling enzymes such as the RhoGTPases'®?%%. Interestingly, we and others
have determined that extracellular stiffness and cell contractility cooperate to regulate integrin
adhesion assembly and signaling, and these combined effects then modulate cell and tissue

18,24

behavior™“". We have also showed that when matrix stiffness or cell contractility is elevated,

tissue integrity is compromised and tissues exhibit a "malignant-like" phenotype, with

6,13,15,17,18,26

reinforced integrin signaling and destabilized cell—cell junctions . We and others have

also implicated adhesion signaling in mediating ErbB receptor signaling, a commonly modified
and upregulated pathway in human breast tumors?’ %,
Thus, while there is an abundance of support for ECM mechanics and integrin

mechanosignaling in driving malignant progression, several key questions and technical

challenges remain:



1. How do we engineer and implement an ex vivo system that recapitulates the
complex heterogeneity, structure, and mechanics of the tumor ECM while still
being highly controllable for the study of tumor cell —ECM interactions?

2. In considering integrin-based mechanosignaling driving tumor aggression, are
there specific integrin dimer—ligand combinations that are key for malignant
progression?

3. Downstream of integrin signaling, what cell signaling pathways are regulated by
ECM mechanics and which are pertinent to tumor cell invasion and malignant
phenotype?

4. In the remodeled ECM of the stroma, how are other cell types affected and how
do they contribute to tumor aggression?

5. How can we accurately measure and assess the mechanical changes and
remodeling that occur with tumor progression and can we relate specific
modifications to malignant progression?

With these questions in mind, the central theme of my research project was a rigorous
guantitative approach to understand the physical and structural changes in the ECM with tumor
progression and how these modifications alter cell signaling to potentiate malignant
progression. Specifically, in this thesis | address the overarching hypothesis that ECM
mechanical properties influence tumor malignant progression through integrin focal adhesion
signaling and subsequent downstream signaling affecting tumor motility and invasion, tumor
metabolism, and immune cell response. This hypothesis is tested and addressed in five separate

sections:



1. The development of a bioreactor to study mechanically sensitive cell-ECM interactions
in 3D

2. The role of a5 integrin—FN interactions in tumor malignant phenotype

3. The impact of ECM mechanics on tumor cell metabolism and its effect on metastasis

4. A quantitative mechanical and structural analysis of human tumor tissue remodeling
accompanying malignant transformation

5. An investigation into a link between tissue mechanics and tumor immune response in

breast cancer malignant progression

Development of a bioreactor to study mechanically sensitive cell-ECM interactions in 3D

The lack of understanding of the role of mechanics in tumor progression is partially due to the
current lack of experimental systems that successfully combine the manipulability and control
of in vitro platforms with the relevant composition and structural complexity of native tissue

263036 T4 address this gap, a variety of synthetic

and allow for dynamic real-time data collection
hydrogel systems has been designed to study the impact of ECM composition, density,
mechanics, and topography on cell and tissue phenotype. However, these synthetic systems fail
to accurately recapitulate the biological properties and structure of the native tissue ECM.
Natural three-dimensional (3D) ECM hydrogels, such as collagen or hyaluronic acid, feature
many of the chemical and physical properties of tissue, yet these systems have limitations,
including the inability to independently control biophysical properties such as stiffness and pore

size. Here | have designed a 3D tension bioreactor system that permits precise mechanical

tuning of collagen hydrogel stiffness while maintaining consistent composition and pore size,



which | then validated by analyzing the impact of substrate stiffness on pre-malignant and

malignant tumor cell organoid invasion.

The role of a5 integrin—FN interactions in tumor malignant phenotype
While the role of integrin signaling in driving tumor malignant phenotype is well

appreciated'®?%37%

, making integrin signaling an attractive potential therapeutic target, there
exist 24 unique integrin—ligand combinations, making specificity difficult. Moreover, not all
specific integrin—ligand pairs potentiate a malignant phenotype, as previous work has shown
even the most abundant integrin—ligand interaction in breast cancer cells, a2f1—collagen |, in
fact blunts tumor aggression*!. With this in mind | aimed to determine if there were other
pertinent integrin—ligand pairs that were key drivers of malignant progression. Previous work
has demonstrated that with tumor development or oncogenic transformation of epithelial cells
in vitro there is a specific upregulation of a5B1 integrin and its ligand fibronectin (FN) and that
a5B1-FN binding has a key functional role in tumor cell invasion and migration in vitro and

tumor progression in vivo**

. Critically, a5B1 overexpression has been correlated with poor
survival in human patients44, and thus elucidating the role of a51-FN in tumor aggression has
direct clinical applications and is the focus of this section. | aimed to assess the specific role of
a5B1-FN in potentiating tumor cell invasion, migration, and malignant phenotype relative to
other relevant integrin—ligand pairs in breast cancer cells. In particular, a5p1-FN demonstrates
a unique synergy site binding relative to other integrin—dimer ligand interactions, and | wanted
43,45,46_

to assess whether this drives tumor cell invasion, migration, and malignant phenotype

Specifically, | tested the effects of a5B1-FN synergy site binding on adhesion strength and focal



adhesion assembly, cell contractility, and subsequent effects on cell signaling to potentiate

tumor cell invasion and migration relative to other integrin—ligand pairs.

Tumor metabolism is tuned by ECM mechanical properties and a key mediator of tumor
invasion and metastasis

Tumors exhibit altered cellular metabolism supportive of continuous cell growth and

47,48

invasion™”™. Importantly, this altered metabolism significantly correlates with poor patient

849 Nevertheless, the fundamental molecular mechanisms through which tumors

prognosis
adapt their metabolism and how this altered metabolism regulates tumor behavior remain
unclear. What is known is that there is a wide variety of cell signaling mechanisms that regulate
metabolic state (Hif1a50’51, MYC>>*3 mTor*®, Akt53'56) and that all solid tumors demonstrate
some form of aberrant cell metabolism (i.e., upregulation of glycolysis, mitochondrial

57-63,49

dysfunction, overactive biogenesis, and ROS production) . Previously we demonstrated a

11,17,64
1784 that have a

distinct role for ECM stiffness and integrin signaling in several of the pathways
capacity to control cell metabolism, and as such | hypothesized that elevated ECM stiffness
potentiates cell metabolism by increasing the expression and activity of key metabolic targets
driven by enhanced pro-tumorigenic signaling via integrin activity to regulate malignant
progression. To test this hypothesis, | profiled metabolic markers using a combination of
guantitative RT-PCR, immunoblotting and immunofluorescence of MMTV-PyMT transgenic

tumors (£ ECM cross-linking), and breast tumor mammary epithelial cells grown on tunable

hydrogel substrates in vitro. | then used pharmacological inhibitors targeting glycolysis or



oxidative phosphorylation to assess the interplay among ECM stiffness, metabolism, and tumor

cell behavior, including invasion, migration, and proliferation.

A quantitative mechanical and structural analysis of human tumor tissue remodeling
accompanying malignant transformation

The correlation between tissue and extracellular matrix stiffness in human breast cancer
progression and aggression is well established, but how this remodeling occurs and which

6896566 Here | undertook a

properties influence malignant progression remains unclear
biophysical and biochemical assessment of stromal—epithelial interactions in noninvasive,
invasive, and normal adjacent human breast tissue and in breast cancers of increasingly
aggressive subtype. Specifically, | utilized a combination of atomic force microscopy (AFM),
second harmonic generation (SHG) collagen imaging via two-photon microscopy, and
immunofluorescence imaging to assess physical and structural changes of the stroma
surrounding the tumor and the resulting effects on tumor cell signaling and aggression.
Additionally, several stromal cell populations such as fibroblasts and immune cells have been

67,12.6869 \Nith this in mind | also

implicated with the dramatic ECM remodeling seen in vivo
assessed the changes in stromal cell populations accompanying ECM remodeling and tumor
malignant progression. Critically, | observed a significant increase in collagen deposition and
bundling and consequently increased ECM stiffness with tumor progression and in the most

aggressive breast cancer subtypes. These changes in the ECM were accompanied by

significantly increased infiltrate of macrophage into the tumor stroma and pro-fibrotic signaling



through TGFB’%’. This suggested a possible causative relationship among immune cell

infiltrate, ECM remodeling, and tumor malignant progression.

Investigating a link between tissue mechanics and tumor immune response in breast cancer
malignant progression

Having established a positive correlation between the number and location of infiltrating CD45
and CD68 immune cells and ECM stiffness in human breast tumors, | aimed to assess the impact
of this immune infiltrate in tumor progression. Infiltrating immune cells have been previously
implicated in ECM remodeling associated with mammary gland development and

. . 67,72-74
tumorigenesis®”

. This led me to hypothesize that immune cells promote tumor-associated
fibrosis that induces inflammatory signaling, resulting in a feed-forward loop to stimulate a pro-
tumor immune response. To test this | used the MMTV-PyMT transgenic tumor model in which
| could modulate ECM stiffness, macrophage infiltration, and inflammatory signaling in the
tumor and then measure ECM remodeling and mechanics with tumor progression as well as
tumor cell invasion and metastasis. Additionally, | isolated both macrophage and tumor cells
and via an adaptation to my tension bioreactor assessed the role of ECM stiffness in controlling
tumor cell—immune cell interactions in a co-culture model.

Combined, these projects demonstrated a potent effect of tissue mechanical properties
in regulating tumor malignant. Ultimately, this work provides new insight into how tumor
malignant progression occurs, in particular with regards to the importance of ECM mechanical

properties. These insights are a framework for future translational work, which could lead to

better diagnostic techniques revolving around tumor mechanical properties as well as therapies



specifically targeting pathways we have shown are needed for robust metastasis, ECM
mechanical properties directly, cell contractility, alpha 5—FN integrin binding, metabolic
adaptation, and inflammatory signaling. The future challenge will revolve around
demonstrating that these trends hold in large human patient cohorts as well as their clinical

efficacy when attempting to treat human breast tumors.

10
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Abstract:

Extracellular matrix (ECM) structure, composition, and stiffness have profound effects on tissue
development and pathologies such as cardiovascular disease and cancer. Accordingly, a variety
of synthetic hydrogel systems have been designed to study the impact of ECM composition,
density, mechanics, and topography on cell and tissue phenotype. However, these synthetic
systems fail to accurately recapitulate the biological properties and structure of the native
tissue ECM. Natural three dimensional (3D) ECM hydrogels, such as collagen or hyaluronic acid,
feature many of the chemical and physical properties of tissue, yet, these systems have
limitations including the inability to independently control biophysical properties such as
stiffness and pore size. Here, | present a 3D tension bioreactor system that permits precise
mechanical tuning of collagen hydrogel stiffness, while maintaining consistent composition and
pore size. | achieved this by mechanically loading collagen hydrogels covalently-conjugated to a
polydimethylsiloxane (PDMS) membrane to induce hydrogel stiffening. | validated the biological
application of this system with oncogenically transformed mammary epithelial cell organoids
embedded in a 3D collagen | hydrogel, either uniformly stiffened or calibrated to create a
gradient of ECM stiffening, to visually demonstrate the impact of ECM stiffening on
transformation and tumor cell invasion. As such, this bioreactor presents the first tunable 3D
natural hydrogel system that is capable of independently assessing the role of ECM stiffness on

tissue phenotype.
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Introduction

The biophysical properties of the extracellular matrix (ECM) are important determinants
of cell and tissue behavior, as shown by prior studies that highlight effects on cell migration,
proliferation, survival, and tissue morphogenesis 12 1n particular, ECM rigidity and organization
play essential roles in biological processes such as stem cell differentiation, wound healing, and
pathologies such as cancer *°. Nevertheless, how cells sense and respond to these biophysical
cues from the ECM remains poorly understood.

Studies examining the relationship between ECM mechanics and cell phenotype have
thus far been hampered by limitations in the experimental approaches used to manipulate
biophysical properties of the ECM. Current state-of-the-art systems predominantly employ
mechanically tunable two-dimensional (2D) polymer hydrogels conjugated with ECM ligands
(e.g., collagen, fibronectin, laminin, etc.) 7 These 2D substrates, unfortunately, fail to model
the heterogeneous and three-dimensional (3D) structure of native tissue. More recent
approaches that employ 3D hydrogel substrates are fraught with limitations, including the
failure to control for pore size, lack of ECM remodeling, and gel inconsistencies. For instance,
while synthetic polymer systems are amenable to careful tuning of mechanical properties and
ECM presentation, these systems fail to recapitulate the complex, multicomponent
composition of native tissue, do not enable cells to remodel the matrix, and lack the
architecture of natural ECM hydrogels ® °. By contrast, the use of native ECM materials such as
type | collagen, fibrin, or hyaluronic acid for 3D hydrogel studies more faithfully reconstitute the
native tissue matrix composition and function, including the binding and presentation of

growth factors and cell-mediated matrix remodelinglo. However, the use of native hydrogels is
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compromised by lack of uniformity and consistency and the profound changes in pore size and
ligand binding induced when protein concentration or cross-linking are used to modify
biophysical properties 112

To address this, | engineered a 3D tension bioreactor system using a collagen | hydrogel
which allows tuning of mechanical properties independently of structural changes and features
the biocompatibility inherent to natural hydrogels. | validated and optimized this system using a
combination of mechanical and structural testing via atomic force microscopy (AFM) and

scanning electron microscopy (SEM) followed by cell invasion studies using breast tumor cells

to demonstrate a potential biological application of the system.
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Design and Validation of 3D Tension Bioreactor System.

| developed a novel tension bioreactor system that employs a native collagen | (Col 1)
hydrogel and permits consistent manipulation of ECM stiffness in the absence of modifications
to the structure, composition, or pore size of the gel. Briefly, my method involves casting a
polydimethylsiloxane (PDMS) membrane using a 3D printed negative mold to create a
membrane with wells of defined depth to accommodate the collagen hydrogel and a
surrounding media reservoir. The PDMS membrane is surface activated through a combination
of plasma cleaning, a (3-Aminopropyl)triethoxysilane (APTES) incubation, followed by
glutaraldehyde incubation, as previously described™. Following surface activation, Col | solution
is prepared by neutralizing acid-solubilized rat tail collagen | (BD Bioscience) with 1N NaOH and
a DMEM buffer, and polymerized at 37°C within wells in the PDMS membrane. After
polymerization, the PDMS membrane is attached to an aluminum-loading frame, which,
through connections to a sliding rail system, permits uniaxial stretching of the membrane and

the attached collagen gel up to 10% strain (Figure 2.1).
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I + 10% Strain
I

Figure 2.1: Schematic of tension bioreactor

A) Schematic of tension bioreactor system, consisting of 1) Stretching frame 2) PDMS

stretchable membrane 3) media reservoir 4) Col | hydrogels.
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Using atomic force microscopy (AFM) with a Bio-AFM (Aslyum Research) and a beaded
silicon tip (5mm diameter, Novascan), | measured the elastic modulus of the Col | hydrogel
under 0 and 10% applied strain over a range of Col | concentrations (1-7 mg/ml). Force
measurements were performed at 1 pN indentation with 100 measurements per condition and
force curves were fitted with the Hertz model and averaged to determine the gel elastic
modulus. Using these measurements, | observed that, depending on collagen concentration,
upon stretching of the PDMS membrane, | was able to increase the ECM elastic modulus up to
fourfold (Figure 2.2). Samples were retested 7 days later and showed no change in elastic
modulus, suggesting that the stiffening effect is permanent due to collagen strain hardening as
previously described™.

| then used scanning electron microscopy (SEM) to determine the effect of strain on
hydrogel architecture, porosity, and organization. Collagen gels were fixed and prepared as
previously described®, then imaged on a JEOLJCM-6000 Neoscope SEM (JEOL USA Inc.,
Peabody, MA). SEM images were used to determine hydrogel porosity and organization with
ctFire analysis software (LOCI, UW Madison), with porosity defined as the ratio of fiber surface
area to total image area and gel organization determined by the average individual fiber
orientation and straightness. With this analysis, | concluded that porosity and fiber organization
do not significantly change with mechanical loading for a given Col | concentration (evaluated
by Student’s t-test). Thus, | have the first 3D natural material hydrogel system in which | can
alter the ECM stiffness independently of the ECM structure across a range of different substrate

concentrations (Figure 2.2).
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Figure 2.2: Characterization of collagen hydrogel mechanics and structure in tension bioreactor
A) SEM images of Col | hydrogels of varying collagen concentration at 0% and 10% strain in the

bioreactor system (scale bar = 2 um). B) Quantification of gel pore size and elastic modulus as a
function of Col | concentration and the application of uniaxial strain (error bars represent

standard deviation, *** denotes p<.05 evaluated by t-test).
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Biological Applications of the Tension Bioreactor in Cancer Biology
My group and others have previously demonstrated that ECM remodeling and stiffening

118 Thus, to demonstrate the biological

can potentiate tumor malignant progression
applications of my system, | aimed to determine the impact of altered ECM stiffness on tumor
cell migration and invasion in a 3D context independently of structural changes to the ECM. |
cultured oncogenically transformed (Ha-Ras) pre-malignant mammary epithelial cell organoids
(pregrown for 8 days in rBM) embedded in Col | hydrogels of varying concentrations
supplemented with FN (1 ug/ml) and rBM (5%) and in the tension bioreactor with 0 or 10%
strain for up 2 days. To assess the extent and penetrance of tumor cell invasion and migration, |
paraformaldehyde fixed and stained Col | hydrogels with propridium iodide and AlexaFluor 488-
phalloidin and imaged the gels using a 2-photon microscope (Olympus upright microscope,
Olympus 20X .95 NA objective). Organoid invasion and tumor cell migration were quantified by
thresholding fluorescence images for signal above 3x background and measuring colony spread
area and circularity with ImageJ”.

These experiments revealed that increasing collagen concentration to increase the ECM
rigidity initially induced tumor cell invasion. However, once collagen concentration reached 5

1819 |n marked

mg/ml, cell invasion was greatly reduced, likely due to decreasing pore size
contrast, | quantified a profound increase in tumor cell invasion induced by increasing ECM

stiffness via my bioreactor, illustrating that when pore size is not limiting, ECM stiffness

independently enhances tumor cell invasion and migration (Figure 2.3).
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Figure 2.3: Characterization of biological application of tension bioreactor with transformed

mammary epithelial cell migration

A) Premalignant mammary epithelial cells pre-grown in rBM as spherical multicellular organoids
embedded in Col | hydrogels of varying concentration and then placed under either 0% or 10%
strain in the tension bioreactor. After two days cultures were fixed and stained for actin
cytoskeleton and nuclei to assess the extent of tumor cell invasion and migration (scale bar = 20

um). B) Quantification of organoid spread area and circularity.
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Following these studies, | aimed to assess the effect of ECM stiffness in my system with
malignant tumor cells. | isolated tumor cells from 11 week MMTV-PyMT transgenic tumor
model mice and grew the tumor cells as organoids prior to embedding in 3mg/ml collagen gels,
the optimum composition for premalignant cell invasion, in the bioreactor. As with
premalignant organoids, cultures were fixed and stained after 2 days. From these studies |
found that ECM stiffness was not necessary to induce tumor cell invasion but did accelerate

organoid dissociation. (Figure 2.4)
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Figure 2.4: Characterization of biological application of tension bioreactor with malignant
mammary epithelial tumor cell migration

A) Malignant mammary epithelial cells isolated from transgenic mouse models (MMTV-PyMT)
and then pre-grown in rBM as spherical multicellular organoids embedded in 3mg/ml Col |
hydrogels and then placed under either 0% or 10% strain in the tension bioreactor. After 2 days
cultures were fixed and stained for actin cytoskeleton and nuclei to assess the extent of tumor
cell invasion and migration (scale bar = 20 um). B) Quantification of PyMT organoid spread area

and circularity.
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Prior work suggests that the structural heterogeneity of native tissue may create
gradients in ECM stiffness, which promotes morphogenetic processes such as branching

morphogenesis and pathologies such as cancer 22021

. To address this possibility, | leveraged the
unique mechanical loading principle of my system and designed an alternative PDMS
membrane to allow for generation of ECM stiffness gradients. This was achieved by modifying
the PDMS membrane connections to the loading apparatus by stepwise increases in the major
axis length of each set of connections across the width of the membrane, consequently
decreasing the maximum possible strain and mechanical loading of the hydrogel in a gradient
fashion (Figure 2.5A). Testing this modification with a 3 mg/ml Col | hydrogel, | was able to
demonstrate with AFM and SEM that | am able to create a gradient of ECM stiffness ranging
from (0.4—4 kPa, 0.12 kPa/mm) independently of structural changes (Figure 2.5B). To illustrate a
biological application of the gradient mechanical loading tension bioreactor, | again used
oncogenically transformed (Ha-Ras) mammary epithelial cell organoids embedded in a Col |
hydrogel (3 mg/ml). Organoids were fixed, stained, and imaged as described in uniform
stiffness experiments. ECM stiffness for a given gel region was determined by measuring the
length of the gel in the direction of the applied strain relative to the initial length to calculate
the local strain and then fit to AFM elastic modulus measurements for that specific strain.
Consistent with my previous results in uniform-stiffness collagen gels, increasing ECM
stiffness potentiated tumor cell migration. Yet, in my gradient system, | was also able to
observe ranges of cell behavior within the same hydrogel in response to increasing stiffness

(Figure 2.6A-B). These data show that | generated a tractable system for creating gradients of

mechanical stiffness in collagen hydrogels without altering ECM structure or organization.
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Figure 2.5: Design and characterization of gradient tension bioreactor
A) Schematic of gradient strain tension bioreactor. B) Quantification of pore size based on SEM
imaging (not shown) and elastic modulus across strain gradient (error bars represent standard

deviation, *** denotes p<.05 evaluated by pairwise t-test.
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Figure 2.6: Biological application of gradient tension bioreactor

A) Premalignant mammary epithelial cells pre-grown in rBM as spherical multicellular organoids
embedded in gradient stiffness Col | hydrogels. After two days cultures were fixed and stained
for actin cytoskeleton and nuclei to assess the extent of tumor cell invasion and migration

(scale bar = 20 um). B) Quantification of organoid spread area and circularity.
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Discussion

Here, | have outlined a new strategy for the design and implementation of a 3D
bioreactor that can be used to accurately manipulate the stiffness of type | collagen hydrogels
without changing substrate concentration or altering pore size. The system also can be adopted
to generate shallow gradients of ECM stiffening in 3D. | have described the validation of my
system and demonstrated how it can be used to study malignant transformation and the
invasive and migratory phenotype of tumor cells in response to ECM stiffness. In the next stage
of my thesis research | then aimed to explore what cell signaling mechanisms might be critical
in the role of ECM mechanics as a driver of tumor malignant phenotype.

As is, this system is amenable for rapid incorporation into research programs aimed at
clarifying the impact of ECM stiffness on tissue morphogenesis, wound healing, and a range of
other tissue functions. However to improve on this system, future projects incorporating
multiple cell types, fibroblasts, immune cells, endothelial cells as vascularity, would better
represent the physiological conditions of native tissue. Thus for cancer research allow more

meaningful insights into factors driving tumor cell invasion and malignant phenotype.

36



Materials and Methods

Design and construction of PDMS inserts and tension loading frame

Solidworks was used to design negative molds for PDMS inserts. Briefly, dimensions
were set such that each insert collagen gel well fit 250ul total and a media reservoir for 1ml of
cell culture media. For the gradient tension insert, the media reservoir was maintained but the
4 250ul wells were replaced by two rectangular 1ml wells with a long axis perpendicular to the
direction of strain. The negative mold was then created using an Objet 3D printer with Vera
White construction material. After 3D printing, negative molds were washed in tap water at
37°C for 72 hours. To create the insert, PDMS was then mixed 1:10 base to cross-linker and
degassed for 1 hour. After degassing PDMS was poured into negative mold and the insert was
polymerized overnight at 60°C. Post polymerization, the PDMS inserts were washed in distilled
water at 37°C for 72 hours.

The tension loading frame was also designed with Solidworks and 3D printed for design
of the prototype. The final system was then made of aluminum by the UC Berkeley Department
of Physics machine shop. Full schematics for tension bioreactor system components are detail

in Appendix 1.

Surface activation and collagen gel casting in PDMS inserts

To allow protein binding to the PDMS insert, | adapted a protocol developed previously
detailed. Briefly, | use a three-step activation process: 1) Plasma cleaning for 5 minutes 2) 200ul
10% APTES in EtOH in each collagen gel well and then incubated at 60°C for 1 hour followed by

extensive washing in distilled water (5x 10 minutes) 3) 200ul 5% glutaraldehyde in PBS in each
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collagen gel well and then incubated at room temperature for 30 minutes followed by extensive
washing in distilled water (5x 10 minutes). Post activation | diluted and pH neutralized a
collagen I solution in a 10X DMEM buffer and 1M NaOH for a final concentration of 1-7mg/ml
depending on the experiment (2.5-3mg/ml was found to be the best for mammary epithelial
cells) with an additional supplement of FN or laminin depending on the experiment. In general
FN was used at 1 ug/ml in all experiments with laminin used at 0.5% - 5% depending on the cell
source (primary normal cells require significantly higher laminin to insure viability). After the
collagen gel solution was prepared 200ul was added to each well and polymerized at 37°C for
30 minutes. If cells were to be embedded, the collagen gel was added in two layers, first a cell
free 100ul layer polymerized at 37°C for 30 minutes followed by a cell collagen gel mixture
added as the remaining 100ul and polymerized at 37°C for 30 minutes followed by the addition
of media. After media addition the 10% strain would be applied to the appropriate

experimental group. Exact recipes and protocols are detailed in full in Appendix 2.

Cell Invasion Studies

For cell invasion studies, MMTV PyMT mice were sacrificed at 11 week and the #4 mammary
glands were collected for a tumor cell source or MCF10AT cells were cultured in matrigel as
previously detailed for growth of acini. For PyMT cells, mammary glands were digested and
tumor organoids isolated as previously described. For both cell types once acini were generated
or isolated they were seeded in the collagen bioreactor and cultured for 2 days. After 2 days
they were paraformaldehyde fixed and stained with propridium iodide and alexa488 phalloidin

for imaging on the two-photon microscope.
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Abstract

Tumors are mechanically-corrupted tissues. Although a role for tissue force in malignancy is
slowly becoming appreciated, the molecular mechanisms underlying this phenotype remain
poorly understood. Tumors contain abundant cross-linked collagen that increases tissue tension
to promote malignant transformation by inducing focal adhesions and potentiating PI3 kinase
signaling. Importantly, collagen cross-linking requires fibronectin and tumors contain abundant
fibronectin and frequently express high levels of a5B1 integrin. Using transgenic and xenograft
models and tunable two and three dimensional substrates, | found that fibronectin-bound a5p1
integrin is essential for collagen-dependent, stiffness-driven malignant transformation. | also
observed that collagen-dependent tension is transduced to tumor cells via force-dependent
unfolding of fibronectin, which reveals the cryptic synergy binding site. Indeed, | found that
ligation of a5B1 integrin by the synergy site of fibronectin is necessary and sufficient for
malignant transformation. Quantitative analysis and high resolution imaging revealed that
ligation of the synergy site of fibronectin permits tumor cells to develop sufficient intracellular
myosin-dependent tension to engage a zxyin-stabilized, vinculin force clutch that permits
nucleation of PIP3 and facilitates PI3 kinase-dependent invasion and the persistent migration
linked to malignant transformation. These data explain how a rigid collagen-rich matrix
facilitates tissue transformation and they explain why a5B1 integrin and fibronectin are

consistently up-regulated in tumors and correlate with cancer aggression.
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Introduction

Tumors are highly fibrotic *™. Fibrotic tumors contain abundant quantities of
extracellular matrix (ECM) proteins, such as type | collagen, fibronectin (FN), tenascin (TN), and
assorted proteoglycans, and cancerous tissues typically exhibit altered levels and activities of
ECM receptors like integrins >°. Consistently, elevated PB1 integrin expression and focal
adhesion kinase (FAK) activity correlate positively with high tumor grade and is predictive of
poor patient prognosis ®. Moreover, inhibiting B1 integrin ligand binding represses the
malignant phenotype of tumor cells in vitro and in vivo, and transgenic ablation of B1 integrin
or focal adhesion kinase (FAK) prevent oncogene-induced malignant transformation and
metastasis . These findings emphasize the importance of interplay between tissue fibrosis

and integrin signaling in malignancy.

Tumors are also mechanically corrupted and exhibit high interstitial pressure, elevated

3,9-11

compression, ECM stiffening, and increased cellular tension . Highly fibrotic and stiff

7,10,12-15

tumors are associated with increased aggression and high mortality . Consistently,

elevating cell tension or stiffening the ECM via increased deposition and crosslinking of ECM
components like collagen promotes the malignant transformation of a tissue *>. Conversely,
reducing cell tension, interstitial pressure, or preventing matrix stiffening decreases tumor

8,16-18

incidence and aggression and improves treatment efficacy . Cell tension and ECM stiffness

promote focal adhesion assembly, and integrin signaling is necessary for force-dependent

15,19-21

malignant transformation . Thus, tissue tension promotes tumor progression via integrin

signaling. However, the relationship between the high force environment of a tumor and
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selective expression of specific integrins and their ECM ligands has yet to be determined.
Indeed, while deposition and crosslinking of collagen promotes ECM stiffening and tumor
progression, its major receptor, a2B1 integrin, is tumor-suppressive rather than tumor

promoting ™.

Fibronectin (FN) levels are frequently elevated at both the primary and metastatic

6,22-24

tumor sites and aggressive tumors express abundant FN . Moreover, elevated levels of the

major FN receptor, a5fB1 integrin, are associated with tumor progression and tumors
expressing high a5B1 integrin are more aggressive . Intriguingly, a5fB1 integrin and FN are

frequently up-regulated in primary tumors, which we and others have shown are significantly

6,16,25

stiffer than normal tissue . Indeed, high expression of a5 integrin and FN and elevated

3,6,13,16,20,25,26

tissue tension independently correlate with poor patient prognosis . By way of

explanation, FN is assembled with type | collagen and cross-linked collagen increases FN

unfolding to reveal cryptic binding sites for a5B1 integrin ligation 27,28

. 05B1 integrin is a unique
transmembrane ECM receptor that is able to simultaneously engage both the RGD and synergy
sites of FN and by doing so is able to significantly elevate intracellular tension *>*°. We and
others showed that high actomyosin-mediated cell contractility potentiates ERK and PI3 kinase

15,31,32 . .
>332 This raises the

signaling and promotes tumor cell growth, survival and invasion
possibility that a stiffened, cross-linked type | collagen matrix promotes tissue transformation
by inducing FN deposition and a5 integrin expression and thereafter mechanically priming FN
to facilitate the catch-bond mediated ligation of a5B1 integrin to drive tumor cell invasion.

Here, | describe a series of studies in which | employed transgenic and xenograft mouse models

of mammary cancer, two dimensional (2D) substrates and three dimensional (3D) organotypic
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hydrogels, a novel bioreactor with tuned ECM stiffness, and quantitative imaging approaches to
test this hypothesis. My findings revealed that ligation of the RGD and synergy sites of FN is
necessary and sufficient to permit mammary tumor cells to develop high enough levels of
intracellular myosin-dependent tension to be able to engage a zyxin-stabilized, vinculin force
clutch that is required for the nucleation of PIP3 to facilitate PI3 kinase-dependent invasion and

malignant transformation.
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Results

Mammary malignancy is associated with increased expression of integrins that ligate
fibronectin

Malignant transformation in mammary tissue is associated with altered expression of
integrins and ECM proteins, ECM stiffening, and elevated cell tension, all of which promote

8193335 Here, | examined which integrins are functionally linked to force-

tumor progression
dependent malignant transformation.

Consistent with previous studies functionally implicating a multitude of integrins in
tumor progression, Second Harmonic Generation (SHG) and immunofluorescence analysis
indicated increased fibronectin (green) deposition along collagen tracks (indicated in whote) in
the invading fronts (sparse Pl staining indicating cell strands protruding from tumor border) of
highly stiffened, late stage PyMT tumors (Figure 3.1A). Indeed, the collagen network is the main
ECM component that undergoes remodeling and altered crosslinking, leading to elevated
extracellular matrix stiffness in tumors. Paradoxically, a2pB1 integrin, the main collagen receptor
in mammary cells, is thought to be tumor suppressive, while the fibronectin receptor, a5p1

191338 These findings

integrin, is highly upregulated in aggressive and metastatic tumors
intrigued me and led to me to investigate whether collagen-mediated ECM-stiffening promotes
fibronectin secretion at stiff ECM sites, where it then engages a5B1 integrin in a tension-
dependent manner. This would provide a rationale for selective expression of a5B1 integrin in
the context of a stiffened ECM of a tumor. To determine whether tissue stiffness, malignant

transformation, and a5B1 integrin expression are linked, | examined tissue harvested from a

cohort of Her2/Neu and PyMT mice treated with and without either a function blocking
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antibody or a pharmacological inhibitor of lysyl oxidase (Lox) that prevents collagen cross-

10,13

linking and ECM stiffening . Confocal immunofluorescence imaging of mammary tumor

P397EAK and elevated PMLC in the epithelium of the non-

tissue from these mice revealed strong
treated invasive Her2/Neu (Figure 1B) and PyMT (not shown) tumors, and low to non-
detectable levels in tissue from mice that had been treated with Lox inhibitor (Figure 3.1B).
Coincident with the elevated focal adhesion signaling and high cytoskeletal tension detected in
untreated mammary tumors, | also observed a significant increase in FN deposition in these
tissues and robust reduction in the Lox inhibited tissue (Figure 3.1B). | additionally observed
high levels of a5, a2 integrin and aV integrin in the invasive tumors and determined that their
expression appeared lower when ECM stiffening and tumor tension were inhibited, whereas no
differences in levels of a2 integrin were detectable (Figure 3.1B). These findings established a

positive and specific association between collagen-mediated FN deposition, the expression of

its integrin receptors a5B1 and aVB3, and tissue tension and mammary malignancy in vivo.
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Figure 3.1 A) Second Harmonic Generation (SHG) images of collagen (grey), fibronectin (green),

+ Lox Inhib.

and nuclei (red) in the 7 month old PyMT tumors at the invasive front. Scale Bar 20um. Arrows
indicate cells migrating along FN-coated collagen fibers. B) Confocal immunofluorescence
images of mammary tissue stained for PMLC, P**’FAK, fibronectin (FN) and a5B1 integrin, a2
integrin and av integrin in tissue excised from 7 month old control (Her2/Neu) or lysyl oxidase

inhibitor treated (Lox inhibitor) Her2/Neu transgenic mice. Scale Bar 10um
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To explore the impact of tissue tension, FN, and its integrin receptors a5B1 and aVB3
on breast malignancy, | used the nonmalignant S1 and malignant T4-2 mammary epithelial cells
(MECs) from the HMT3522 human breast cancer progression series >’. The T4-2 MECs from this
series exert significantly more traction force than their nonmalignant counterparts 9,
Moreover, as shown previously, upon embedment into a reconstituted basement membrane
(rBM), the low force-exerting S1 MECs from this series formed polarized, growth-arrested acini-
like structures demonstrated by lack of Ki-67 nuclear staining, robust B-catenin localization to
cell-cell junctions, apical-lateral actin, basally localized PB4 integrin, and basally deposited
laminin V. By contrast, the highly contractile, malignant T4-2 derivative MECs formed
continuously growing, disorganized, and invasive colonies, as illustrated by elevated nuclear Ki-
67 and disrupted localization of B-catenin, a6 B4 integrin, and laminin V. However, inhibition of
B1 integrin, using a ligand function-blocking antibody, reverted the malignant phenotype of the
contractile T4-2 colonies towards that of a growth-arrested, noninvasive, and more
differentiated structure indicated by absence of detectable nuclear Ki-67, restoration of cell-cell
localized B-catenin, apical-lateral actin, and basally localized a6 B4 integrin and laminin V (8,19)
(Figure 3.2A). Consistent with an association between tumor tension and ligation of the FN
integrins a5B1 and aVB3 and malignancy, FACS analysis revealed that the highly contractile T4-
2 tumor cells expressed high levels of aV, a5, and B1 but not a2 (Figure 3.2C) or B3, B5, B6,
al a5B1, a3 or a6 integrin at their surface (not shown). Further, immunoblot analysis showed
that following phenotypic reversion via blocking B1 integrin, both a5 integrin and aV integrin

levels were substantially reduced (Figure 1E). Moreover, immunostaining revealed that while

the T4-2 MECs deposited abundant FN, expression of this ECM protein was lost in the reverted
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structures (Figure 3.2A). These findings establish an association between tissue tension,

expression of FN and its integrin receptors a5B1 and aV B3, and mammary malignancy.
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Figure 3.2 A) Phase contrast and confocal immunofluorescence images of Ki-67 (insert),
Phalloidin (F-actin), B-catenin, B4 integrin, laminin-5, and fibronectin stained colonies of
nonmalignant (S-1), malignant (T4-2) and phenotypically-reverted (T4 Rvt) HMT-3522 human
mammary epithelial cells (MECs) grown within a reconstituted basement membrane (rBM) for
two weeks. Scale Bar 10 um. B) Bar graphs of FACS analysis of membrane localized integrins in
S-1 compared to T4-2 MECs. C) Representative immunoblot image of a5, av and 1 integrin in
lysates from S-1, T4-2 and T4 Rvt 3D rBM colonies shown in A. (n>50 acini). Results are the

mean + S.E.M. of 3 separate experiments (*p<0.05; **p<0.01;***p< 0.001).
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FN-ligated a5B1 integrin is necessary and sufficient for expression of the malignant
phenotype in vitro and in vivo

To directly explore the functional relationship among FN and its integrin receptors a5p1
and aVB3, and mammary tissue transformation, | treated 3D rBM cultures of T4-2 mammary
epithelial cells, which secrete copious amounts of FN (Figure 3.2A), with a5 or aV function-
blocking antibodies and compared effects of the function blocking to malignant MECs treated
with a2, a3, and B1 function blocking antibodies. Data revealed that although blocking ligand
binding to a2 (Figure 3.3A), aV, or a3 integrin (not shown) had little to no effect on the
behavior of the T4-2 MECs, inhibiting a5 integrin repressed their malignant phenotype, similar
to that observed following inhibition of B1 integrin ligand binding (Figure 3.3A; 3.2A). Thus,
while T4-2 MECs treated with either IgG isotype matched control, a2 or aV function blocking
antibodies in forming continuously growing, large, disorganized and invasive colonies in rBM, as
indicated by aberrantly localized a6 integrin, B-catenin and actin, the tumor cells pre-treated
with function blocking antibodies against a5 or 1 integrin assembled growth arrested,
polarized structures reminiscent of differentiated mammary acini (Figure 3.3A) that were at
least 60-70 percent smaller than the non-treated colonies (Figure 3.3B). Moreover, preventing
a5 or B1 integrin ligand binding in the T4-2 tumor cells significantly impaired anchorage
independent growth and survival in soft agar (Figure 3.3C). These data indicate that FN-ligated
a5B1 integrin is necessary for expression of the malignant phenotype in cultured human

mammary epithelial tissue-like structures.
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Figure 3.3 A) Confocal immunofluorescence images of B-catenin, a6 integrin and actin
(Phalloidin) staining of malignant (T4-2) MEC colonies grown for two weeks in rBM in the
presence of a function-blocking antibody (mAb) to av, a2, a5 or B1 or an IgG isotype matched
control mAb. Scale Bar 30 um. B) Bar graph showing relative size of the T4-2 colonies shown in
A. C) Bar graph showing percentage of tumor colonies formed in soft agar (40+ microns)
following treatment with function-blocking mAbs to av, a2, a5 or B1 integrin or an IgG isotype

matched control mAbs.
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| next determined whether FN-ligated o5B1 integrin was sufficient to promote
mammary malignancy. | expressed a tetracycline (tet)-regulated eGFP-tagged a5 or a2 integrin
in nonmalignant S1 MECs (which express negligible a5 integrin) and assayed their response to
FN. Immunoblot and fluorescence-activated cell sorting (FACS) analysis confirmed a tet-
modulated increase in a5 and a2 integrin (data not shown) and showed that neither ectopic
expression of a5 nor a2 integrin significantly altered the cell surface expression of any of the
other integrin receptors in HMT-3522 S1 MECs (not shown). Moreover, 10-14 days following
their embedment within a three dimensional (3D) rBM, nonmalignant S1 MECs expressing
either elevated cell surface a2 or a5 integrin assembled growth-arrested (Figure 3.4B-C),
polarized mammary acini with cleared lumens, as indicated by cell-cell localized B-catenin,
basally-localized a6 P4 integrin, and basally deposited collagen IV (Figure 3.4A). However,
following FN engagement, the S1 MECs expressing high a5 integrin not only continued growing
(Figure 3.4B), but also failed to clear their lumens, showed diffuse cell-cell localized B-catenin
and lacked basal polarity (Figure 3.4A). Indeed, in the presence of exogenous FN, nonmalignant
S1 MECs expressing elevated a5 integrin formed mammary colonies that were 30-40 percent
larger than S1 MECs expressing elevated a2 integrin, despite the availability of abundant
collagen (Figure 3.3B). These findings demonstrate that FN-ligated a5B1 integrin is both

necessary and sufficient for expression of the malignant phenotype of MECs in vitro
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Figure 3.4 A) Confocal immunofluorescence images of B-catenin, B4 integrin and collagen IV
staining of colonies of nonmalignant (S-1) vector (Ctrl) MECs and MECs expressing elevated a2
or a5 integrin grown in rBM with or without the addition of fibronectin (+FN) for two weeks.
Scale Bar 10 um. B) Bar graph showing relative size of S-1 MEC colonies shown in C) Bar graph

showing percent Ki-67 positive S-1 MEC colonies shown in A.
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To further implicate FN-ligation of a5B1 integrin in mammary malignancy, | manipulated
a5 integrin expression and/or function in nonmalignant and malignant MECs and assayed for
effects on tumorigenesis in vivo. | inoculated nonmalignant S1 MECs expressing eGFP
(nonmalignant control) or high levels of a5 integrin (+ a5 integrin), as well as T4-2 tumorigenic
MECs that had been treated with either an a5 integrin function blocking monoclonal antibody
(a5 integrin inhibited) or an isotype 1gG control antibody (tumor control), into the rear flanks of
Balb/c nu/nu mice. Two months following MEC inoculation, the control tumors had formed
large, actively growing, invasive, and highly angiogenic tumor masses, as indicated by elevated
PCNA, negligible activated caspase 3, a clearly visible vasculature (confirmed by strong CD34
tissue staining), and histopathological analysis that showed invasive cell masses (Figures 3.5,
3.6A-B). However, T4-2 cells treated with the a5 integrin function blocking antibody formed
only small, non-proliferating tumor colonies that stained positively for the apoptosis marker
activated caspase 3, lacked a vasculature, had no CD34 staining, and showed histopathological
evidence of cystic degeneration and necrosis (Figures 3.5, 3.6A-B). As expected, the majority of
the nonmalignant S1 MECs failed to survive, and those that did formed ductal-like
differentiated tissue structures. By contrast, those S1 MECs expressing high levels of a5
integrin not only survived but grew to form hyperplastic/dysplastic cell masses that activated an
angiogenic response, as indicated by a visible vasculature and positive CD34 tissue staining
(Figures 3.5, 3.6A-B). Indeed, a 3D in vitro co-culture angiogenesis assay (Figure 3.6C) revealed
that blocking a5 or B1 integrin binding activity in the T4-2 malignant MECs prevented
endothelial network formation and showed that nonmalignant MECs expressing elevated FN-

ligated a5 integrin, but not collagen-ligated a2 integrin, induced endothelial networks.
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Consistently, the FN-ligated a5B1 integrin MECs expressed abundant VEGF and inhibiting a5 or
B1 integrin in the T4-2 malignant MECs reduced VEGF levels (Figure 3.6B). These findings
indicate that FN-ligated a5B1 integrin is both necessary and sufficient for expression of the

malignant phenotype of MECs in vitro and in vivo.
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Figure 3.5 A) Phase contrast images of low (top panel) and high (second panel) magnification of
H & E sections of tissue excised two months following injection of malignant T4-2 MECs with
IgG or a function blocking antibody to a5 integrin and nonmalignant S-1 MECs expressing empty
vector or an a5 integrin. Scale Bar 10 um. B) Table summarizing tumor score and histological

features. Scale Bar 10 um. (*p<0.05; **p<0.01; ***p< 0.001).
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Figure 3.6 A) (upper panel) Photomicrographs of vasculature in tissue from injected malignant
T4-2 MECs with and without a5 integrin inhibition and nonmalignant S-1 MECs expressing
empty vector or elevated a5 integrin. Scale Bar 10 mm. (lower panel) Immunofluorescence
images of tissue stained for the endothelial marker CD34. Results are the mean £ S.E.M. of 3
separate experiments. B) In vitro network formation of HDMVECs is (top left) greatly increased
in a co-culture setting with non-malignant MECs over-expressing a5 integrin and is (top right)
highly reduced when either B1 or a5 integrins are functionally-blocked in the malignant MECs,
but not a2 or av; (bottom left) nonmalignant MECs overexpressing a5 integrin secrete higher
levels of VEGF and (bottom right) function-blocking of a5 integrin in malignant MECs reduces
their VEGF. C) Schematic of an in vitro endothelial network formation model system by human

dermal microvascular endothelial cells (HDMVECs) co-cultured with MECs.

61



Fibronectin-ligated a5B1 integrin increases cell tension to promote mammary malignancy

To directly test if FN-ligation of a5B1 integrin could promote mammary malignancy by
increasing cell tension, | treated 3D collagen-FN cultures of MCF10A MECs expressing either
elevated a5 or a2 integrin with either a ROCK inhibitor (Figure 3.7A) or myosin inhibitor (not
shown). Examination of FN-doped 3D collagen cultures of nonmalignant MCF10A MECs
expressing elevated a5 integrin showed that inhibition of ROCK activity or actomyosin
contractility normalized their tissue structure to that assembled by control nonmalignant MECs
or nonmalignant MECs expressing elevated a2 integrin (Figure 3.7A). While a5B1 integrin
expressing nonmalignant MECs formed disorganized, invasive, proliferating large colonies,
those cultures in which cell tension was reduced were growth-arrested and formed smaller
colonies (Figure 3B) that exhibited apical-lateral actin networks and 1 integrin, basally-
localized laminin, and exhibited evidence of active luminal clearance as indicated by elevated
activated caspase 3 (Figure 3.7A; left panel). Similarly, T4-2 mammary tumor cells treated with
these force inhibitors also formed smaller (Figure 3.7C), growth-arrested, phenotypically-
reverted tissue-like structures similar to those generated in the presence of a function blocking
antibody to a5 integrin and in marked contrast to the significantly larger, highly proliferative,
invading, and disorganized colonies observed in the IgG isotype-treated or vehicle-treated
control cells or those in which a2 integrin was inhibited (Figure 3.7A; right panel). Furthermore,
| directly implicated tension-dependent and a5B1-FN-mediated cellular invasion and
disorganization of acini using a 3D tension bioreactor. To better recapitulate the evolving
microenvironment of the tumor, | embedded acini in a soft, non-stretched collagen gels with or

without fibronectin, then uniaxially stretched and stiffened the matrix as described previously
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38 Similarly to static growth culture 3D studies, acini only disorganized and invaded (indicated
by arrows) in a context of a stiff environment upon high expression of a5 integrin and its
ligation to fibronectin (Figure 3.7D). Interestingly, although they did not fully invade, a5
overexpressing acini began to form protrusions on the basal side in the context of exogenous

FN even in a soft, non-stretched collagen (as indicated by arrows) (Figure 3.8).
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Figure 3.7 A) Phase contrast and confocal immunofluorescence images of B1 integrin, Phalloidin
(F-actin), laminin V, Ki-67 and activated caspase 3 (Caspase-3) and DAPI (nuclei) stained
colonies of nonmalignant (MCF10A) human mammary epithelial cells (MECs) expressing empty
vector or elevated a2 or a5 integrin treated with or without a ROCK inhibitor and malignant
(HMT-3522 T4-2) incubated with nonspecific IgG or function blocking antibodies to a2 or a5
integrin or treated with or without a ROCK inhibitor grown within a collagen gel with added
fibronectin (FN) for two weeks. Scale Bar 8 um. B) Bar graph showing relative size of the non-
malignant colonies shown in A. C) Bar graph showing relative size of the malignant colonies

shown in A.
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Figure 3.8 Second Harmonic Generation images of nonmalignant (MCF10A) human mammary

epithelial day 20 acini (green) expressing empty vector or elevated a5 integrin with or without
FN embedded in collagen (blue) and installed into a 3D tension bioreactor system and
subjected either to 0% (400Pa) or 10% (4000Pa) stretch, as described previously38. Arrows
indicate invasive cells. Results are the mean + S.E.M. of 3-5 separate experiments. (**p<0.01;

**%n<0.001).
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Fibronectin-ligated a5B1 integrin and not collagen-ligated a2B1 integrin increases MEC
tension

| next asked how FN-ligated a5B1 integrin promoted mammary tissue malignancy.
Examination of the adhesions assembled by MECs plated on either FN or collagen coated glass
slides revealed that nonmalignant MECs with FN-ligated a5B1 integrin had larger numbers of
prominent, peripheral adhesions (Figures 3.9B) with more ***’FAK (Figure 3.9A) and recruited
greater quantities of the force-activated molecules vinculin and zyxin (Figure 3.9C-F) as
compared to MECs expressing collagen-ligated a2 B1 integrin (Figures 3.9A-F) or FN-ligated aV
B3 integrin (not shown). Importantly, | also determined that a5B1-expressing MECs contained
higher levels of nuclear yes-associated protein (YAP), which reflects enhanced activity of the
mechanoactivated Hippo pathway * (Figure 3.9G). These findings show that FN-ligation of
a5B1 integrin in MECs increases their tension at matrix adhesions and elevates their mechano-

signaling.
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Figure 3.9 A) Immunofluorescence confocal images of nonmalignant mammary epithelial cells
(MECs) expressing either exogenous a2 integrin plated on type 1 collagen (a2/Col 1) or
exogenous a5 integrin plated on fibronectin (a5/FN) stained for P**FAK (**’FAK; green) or with
phalloidin (F-actin; red). Scale Bar 10 um. B) Bar graph quantifying size of peripheral adhesions
shown in A. C) Immunofluorescence confocal images of a2/Col 1 and a5/FN nonmalignant
MECs stained for vinculin (Vinculin; red) Scale Bar 3 um. D) Bar graphs showing quantification of
relative amount of vinculin recruited to focal adhesions in MECs shown in C. E)
Immunofluorescence confocal images of a2/Col 1 and a5/FN nonmalignant MECs stained for
zyxin (Zyxin; green) Scale Bar 3 um. F) Bar graphs showing quantification of relative zyxin
recruited to focal adhesions in MECs shown in E. G) Immunofluorescence images of a2/Col 1
and a5/FN nonmalignant MECs stained for YAP (arrow indicating nuclear localization of YAP).
Scale Bar 15 um H) Bar graphs quantifying percent nuclear YAP in MECs shown in H
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Consistent with the hypothesis that FN-ligated a5B1 integrin enhances tension in MECs,
confocal immunofluorescence imaging revealed that the aberrant colonies assembled by the
FN-ligated a5B1 integrin expressing nonmalignant MECs showed high levels of ROCK activity, as

indicated by more activated p1696

MYPT (myosin phosphatase binding protein), an observation
that is consistent with high cell contractility and elevated actomyosin activity. By contrast, the
nonmalignant MECs expressing collagen-ligated a2 B1 integrin did not to stain positively for
PE9%eMYPT and formed small, polarized acini-like structures with apical-lateral B-catenin and
basally-deposited the basement membrane (BM) protein laminin V (Figure 3.10A). Moreover,
MECs expressing a5 integrin contracted 3D collagen gels to a greater extent (Figure 3.10B) than
those expressing a2 integrin. Indeed, traction force microscopy demonstrated that MECs which
had FN-ligated a5B1 integrin exhibited higher maximum cell traction force on their ECM as
compared to a2 integrin-expressing MECs plated on collagen I-activated polyacrylamide gels

(Figure 3.10C). These findings indicate that FN-ligated a5B1 integrin and not collagen-ligated

a2 B1integrin specifically increases tension and mechano-signaling in MECs.
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Figure 3.10 A) Immunofluorescence confocal images (top and bottom panels) and phase
contrast images (middle panel) of three dimensional cultures of a2/Col 1 and a5/FN
nonmalignant MECs stained for the ROCK target "**°MYPT (top) or B1 integrin (red) and laminin
V (green) and DAPI (blue). Scale Bar 50 um. B) Quantification of collagen gel contraction of
normal mammary epithelial cells + either a2 or a5 integrin and embedded in a 3D collagen gel
for 3 days. C) Force maps of a2/Col 1 and a5/FN nonmalignant MECs and bar graphs showing
maximum traction generated by MECs at the cell edge. Arrows in A), C), and E) indicate
peripheral localization of adhesion molecules. Results are the mean + S.E.M. of 3 separate

experiments. (***p<0.001).

69



The a5B1 integrin catch bond enhances mechanotransduction in MECs

Unlike aV integrin, a5 integrin binds to both the PHSRN synergy and RGD sites of fibronectin,
and only FN bound a5B1, not aV B3 integrin, exhibits a unique catch-bond phenotype in which
ligand binding is strengthened in response to force *° (Figure 3.11A). Consistently, shear force
adhesion studies showed that a5B1 integrin expressing MECs attached to either full length (not
shown) or a recombinant 9-10 domain FN bound with much greater strength compared to
MECs plated on recombinant 9-10 domain FN in which the PHSRN domain was mutated (Figure
3.11A). Indeed, MECs expressing elevated a5 integrin bound with at least twice as much
strength to recombinant 9-10 domain FN as compared to MECs expressing elevated aV[3
integrin ligated to the same ECM or a2B1 integrin expressing MECs ligated to a GFOGER Col |
substrate or a5B1 integrin expressing MECs ligated to recombinant 9-10 FN in which the
synergy site region was mutated (Figure 3.11A-B). The adhesions assembled by MECs with a5
integrin interacting with recombinant 9-10 FN also showed that in the absence of the synergy
site the size of peripheral adhesions was greatly diminished (Figure 3.11D) as was the amount
of P*’FAK (Figure 3.11D) and the quantity of vinculin and zyxin at the integrin adhesions (Figure
3.11D-E, 3.12A-B). There was also a significant reduction in the amount of zyxin recruited to
actin stress fibers at the a5B1 integrin adhesions in the MECs plated on the recombinant FN
lacking the PHSRN synergy domain (Figure 3.12C-D) and less nuclear YAP, indicating that there
was reduced mechano-signaling * (Figure 3.12E-F). Consistently, in the absence of the synergy
site FN ligation of a5B1 integrin in MECs showed a significant reduction in vinculin-mediated

FRET signaling indicative of reduced mechano-transduction (Figure 3.11H-1). Moreover, only
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the a5B1 integrin expressing MECs ligated a synergy site intact recombinant FN, and not a2B1
integrin expressing MECs on collagen | or aVB3 expressing MECs on fibronectin, demonstrated
strong directional migration (durotaxis) in response to gradient ECM stiffness (3.11C). Finally,
while the a5B1 integrin expressing MECs formed continuously growing, large, and disorganized
colonies with high levels of nuclear YAP when embedded in rBM doped with either
recombinant 9-10 FN (Figure 3.12G) or a wild type full length FN (data not shown), in the
absence of the synergy site the structures grew less, these same MECs barely activated YAP and
they formed significantly smaller, polarized structures that showed evidence of active luminal
clearance (Figure 3.12G). Furthermore, | directly tested the role of fibronectin’s synergy site in
the tension a5B1-integrin-dependent cellular invasion and disorganization of acini using the 3D
tension bioreactor described above . Similarly to 2D findings and conventional 3D culture,
acini disorganized and invaded in the context of a stiff environment only upon high expression
of a5 integrin and its ligation to full length fibronectin (indicated by arrows; Figure 3.12H).
Colony invasiveness was abrogated with the inhibition of fibronectin’s synergy site using a small
molecule inhibitor ATN-161 (Figure 3.12H). These findings indicate that FN-ligated a5B1
integrin, by virtue of its unique ability to bind to the FN synergy site to enhance cell tension and

mechano-signaling, promotes the force-dependent malignancy of MECs.
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Figure 3.11 A) Bar graphs showing adhesion strength of nonmalignant mammary epithelial cells
(MECs) expressing integrins a2 plated on GFOGER, av or a5 plated on recombinant fibronectin
9-10 (FN 9-10 WT), and a5 plated on recombinant fibronectin 9-10 with the synergy site
mutated (FN 9-10 Syn). B) Fraction of MECs overexpressing remaining adherent with linearly
increased applied hydrodynamic fluid shear force. C) Top: MEC directional migration when
plated on polyacrylamide gels (PA) of gradient stiffness (140-60,000 Pa) B) Immunofluorescence
confocal images of MECs expressing ol integrin plated on FN 9-10 WT or FN 9-10 Syn stained
for P?’FAK ("*?’FAK; green) and actin with phalloidin (F-actin; red). Scale Bar 10 pm. C) Bar
graph quantifying size of peripheral adhesions shown in B. D) Immunofluorescence confocal
images of MECs expressing alRlintegrin plated on FN 9-10 WT or FN 9-10 Syn stained for
vinculin. Scale Bar 3 um. E) Bar graphs showing quantification of relative amount of vinculin
recruited to focal adhesions in MECs shown in D. F) FRET images of MECs expressing a5 integrin
and the vinculin force sensor plated on polyacrylamide gels conjugated with FN 9-10 WT or FN
9-10 Syn. Scale Bar 5 um. G) Bar graphs showing quantification of FRET index at focal adhesions
in MECs shown in F.
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Figure 3.12 A) MECs expressing a5 integrin stained for zyxin. Scale Bar 3 um B) Quantification
of zyxin. C) MECs expressing a5 integrin double-stained for zyxin and F-actin. Scale Bar 3 um. D)
Quantification of zyxin co-localization to actin. E) MECs expressing a5 integrin stained for YAP.
Scale Bar 15 pum. F) Quantification nuclear YAP in MECs shown in E. G) Immunofluorescence
images of MEC organoids embedded in collagen H) MEC organoids embedded in collagen gels
tuned to 400PA or 4kPA. Arrows indicating invading cells. Scale Bar 50 um.
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The fibronectin synergy site-ligated a5B1 integrin increases MEC tension and promotes
malignancy by amplifying PI3K signaling

| next examined how an increase in cell tension mediated by FN-ligation of a5B1 integrin
could induce the malignant behavior of MECs. Growth factor receptor (GFR) signaling enhances
MEC growth and survival by activating PI3K and ERK, and oncogenic transformation requires
PI3K and ERK activity>’. Consistently, | observed greatly reduced P°¥?**ERK and P*’3Akt levels in
the mammary epithelium of Her2/Neu mice in which collagen cross-linking and ECM stiffening
had been prevented by inhibiting lysyl oxidase activity (Figure 3.13A), and this reduction in PI3K
and ERK signaling correlated with lower I"397FAK, PMLC, o5 integrin and FN expression in vivo
(Figure 3.1B). | also observed that FN-ligation of a5B1 integrin increased the levels and
duration of epidermal growth factor receptor (EGFR) stimulated P*3Akt and P*°?2%*ERK activity

13

in both nonmalignant and tumorigenic MECs in culture Thus, FN-ligated, nonmalignant

HMT-3522 S1 MECs expressing a5 integrin showed a three hundred percent increase in PA73 Akt

and a two hundred percent increase in p202/204

ERK ninety minutes following EGF treatment, as
compared to control cells expressing empty vector (Figure 3.13B left). Similarly, treating HMT-
3522 T4-2 MECs plated on wildtype FN with a function-blocking antibody to a5 integrin
significantly decreased P73kt and P2°%/2%ERK activation in response to EGF stimulation (Figure
3.13B; right). Moreover, while S1 MECs cultured in 3D rBM gels doped with wildtype FN
formed disorganized, invasive and non-polarized colonies, inhibition of PI3K, as well as EGFR or
MEK (data now shown), activity reverted their phenotype to that exhibited by control

nonmalignant MECs (Figure 3.13C; left panels) and significantly decreased colony size (Figure

3.13D; left). Treatment of T4-2 MECs with these same inhibitors also reverted their phenotype
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to that exhibited by noninvasive, growth-arrested, polarized nonmalignant MECs (Figure 3.13C;
right panels) and significantly decreased their colony size (Figure 3.12D; right). Importantly, the
a5B1 integrin-mediated increase in ERK and PI3 kinase signaling required ligation of the synergy
site of FN because nonmalignant a5B1lintegrin expressing MCF10A MECs showed a profound
and sustained increase in EGF-stimulated ERK and Akt activation only when the cells were
attached to recombinant FN that contained a synergy site (Figure 3.12E).

| recently found that a force-stabilized vinculin-talin-actin-zyxin scaffolding complex
facilitates PI3-kinase mediated conversion of phosphatidylinositol (3,4)-bisphosphate (PIP2)
into phosphatidylinositol (3,4,5)-triphosphate (PIP3)™. | therefore asked whether the force-
mediated stabilization of the vinculin-talin-actin-zyxin scaffolding complex by FN-ligation of
a5B1 integrin led to enrichment of PIP3 at adhesions. Consistently, more mKO2-PH-Grpl (a
PIP3 localization reporterls) was localized to the focal adhesions (indicated by vinculin
mEmerald) in response to EGF in a5B1-overexpressing MCF10As, but only when they were
ligated to a FN in which the synergy site was intact (Figure 3.13F). These findings demonstrate
that the unique mechanical behavior of a FN-ligated a5B1 integrin increases cell tension to
stabilize a vinculin-talin-actin-zyxin scaffolding complex that promotes mammary malignancy by

amplifying GFR signaling through P13 kinase.
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Figure 3.13 A) Tissue staining of Her2/Neu mice +/- LOX inhibition for PAkt, PT""20%/PTyr204gpy
Scale Bar 10um. B) Bar graphs showing level of *7>Akt and P""2°#PTV204ERK normalized to total
cellular Akt and ERK in control or a5 expressing non-malignant MECs and in malignant MECs
treated with either I1gG or a a5 blocking antibody. C) Images of organoids of non-malignant
MECs +/- a5 and in malignant organoids +/- a P13 kinase inhibitor. Scale Bar 10 um. D)
Quantification of colony size in C. E) Line graphs showing time course of EGF stimulated
PThr202/pTyr204E R and PY73Akt levels normalized to total ERK and Akt in MECs +/- a5 plated on
wildtype (WT) or synergy site mutated (Syn) fibronectin. F) Confocal images of MECs + a5
plated on wildtype (WT) or synergy site mutated (Syn) fibronectin. Scale Bar 3 um. Line graphs
showing time course of EGF-stimulated PIP3 recruited to focal adhesions. Measurements of all
pixels in adhesions were averaged over whole cell. (**p<0.01; ***p<0.001).

76



Discussion

| determined that stiff mammary tumors express high levels of a5B1 integrin and FN and
that reducing tissue tension decreases these levels. Through a series of in vitro studies, | could
show that when a5B1 integrin is bound to a mechanically-primed FN, this ligation is able to
promote malignant transformation through engagement of a zyxin-vinculin tension clutch that
nucleates PIPs to potentiate PI3 kinase activation. Using 2D and 3D culture assays, a 3D tension
bioreactor, and mouse models | showed that FN-ligated a5B1 integrin, by virtue of its ability to
enhance cell tension, is both necessary and sufficient for expression of the malignant
phenotype of MECs in vitro and in vivo. My findings provide a plausible explanation for why
a5B1 integrin and its ligand FN are so frequently elevated in solid tumors, where interstitial
pressure and tension are also elevated, and in contractile primary and metastatic cancer cell

lines and tumor cells with high Rho and ROCK activityl‘c”u"”’42

. My data are also consistent with
prior results which showed that cancer cell lines expressing abundant FN, when sorted for high
membrane a5 integrin levels, migrate faster and contract collagenous matrices to a greater
extent 2° and studies showing that blocking the activity of RGD-binding receptors is critical for

expression of the malignant phenotype of cultured breast cancer cells *#%*

. Here, | not only
identified a5B1 integrin as the key the RGD receptor, but | also rigorously demonstrated that
the ability of a5B1 integrin to promote the malignant phenotype of MECs requires binding to
both the RGD and synergy site of FN (Figure 3.13). Importantly, a5B1 integrin exists in a relaxed
state and requires tension to unfold the otherwise hidden synergy site on FN in order to full

44,45

engage a5B1 and induce downstream signaling though FAK™ ™. My data imply that collagen-

mediated ECM stiffening likely promotes malignancy by fostering a5B1 integrin binding to the
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FN synergy site along stiff collagen fibrils that allow for the force-dependent exposure of the
synergy site on FN molecules?” 44
Tumors contain abundant quantities of type | collagen, and cross-linked, remodeled

1013 Nevertheless, | failed

type | collagen contributes critically to the tensile strength of a tissue
to quantify differences in a2 integrin in either Her2/Neu mouse mammary tissue or in the 3D
organotypic cultures of malignant MECs in which the tension had been reduced (Figure 3.1;
Figure 3.12A). Instead, | established a relationship between cell tension and ECM stiffness and
elevated expression of the FN receptor a5B1 integrin in mouse mammary tissue and mammary
organoids. | determined that MECs with FN-ligated a5B1 integrin, but not collagen I-ligated
a2B1, exerted higher traction forces and were able to contract collagen gels more (Figure 3.9).
My data are consistent with prior studies suggesting that a2B1 integrin represses expression of
the malignant phenotype of MECs in culture and is a tumor suppressor in the mammary gland
in vivo™ and recent data indicating that a2B1 integrin activates FAK by a force-independent
mechanism . Interestingly, FN and collagen are often secreted and processed in tandem, and a
FN matrix can serve as a scaffold to guide collagen assembly48. Indeed, just as FN deposition
and unfolding requires a collagen scaffold, collagen assembly and remodeling require FN 9

during which time FN can be crosslinked to coIIagen48'5°.

FN fibril assembly and collagen-
remodeling form a feedback loop, with collagen-mediated ECM stiffness and cell contractility
inducing conformational changes in FN that reveal hidden binding sites required for FN matrix
assembly, which then further facilitate collagen remodeling. Thus, my data are consistent with

a paradigm where the highly crosslinked collagen form the scaffold upon which a FN meshwork

is laid. This stiffened ECM, by virtue of its ability to modify FN, would then drive malignancy by

78



permitting ao5B1 integrin binding to enhance tension-dependent signaling in tumors.
Nevertheless, it is also feasible that FN bound a5B1 integrin could collaborate with other
transmembrane collagen receptors such as the discoidin receptor (DDR) or syndecans to foster
malignant progression, particularly since DDRs are also tension regulated “,

PI3 kinase (PI3K) and ERK regulate cell growth, survival and invasion, and the levels and

313251 Accordingly, an assortment of

activity of these kinases are frequently elevated in tumors
pharmacological inhibitors has been developed to target these kinases and their associated
signaling molecules to treat (and cure) various cancers with varying degrees of clinical success
>1 Here, | determined that while the Her2/Neu tumors, which are surrounded by a stiffened
ECM, have elevated ERK and PI3K activity as expected, that merely preventing collagen
crosslinking and stiffening by inhibiting Lox activity significantly reduced both ERK and Akt
activity, and did so in tandem with a reduction in a5 integrin and FN. | also observed that that
MECs with a5B1 integrin ligated by a wild-type, but not a synergy-site mutated FN, nucleated
more vinculin-talin-actin-zyxin scaffolds and recruited more PIP3 to amplify EGF-dependent
activation of Akt and ERK. Inhibiting PI3K or ERK repressed the malignant behavior of FN-
ligated mammary MEC 3D tissue-like structures expressing elevated a5B1 integrin. My findings
thereby revealed how mechanical signals from stiffened tumor stroma or elevated cancer cell
contractility can amplify oncogenic signaling by modifying GFR signaling via ligation of a5p1
integrin by the FN synergy site. The data thereby provide one plausible explanation for why in
some instances targeted molecular therapies are less effective and suggest that combinatorial

treatments that target both the mechanical properties of the cell or tissue and specific

oncogenic signaling pathways might prove to be a better therapeutic option. My findings are
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therefore clinically relevant, as they identify a tumor-specific mechanical signature, since the
synergy site is only engaged in a high-force environment, such as that of a tumor. Thus,
inhibiting the ability of a5B1 integrin to ligate the synergy site of fibronectin could prove to be
a potent cancer-specific therapy % And since ECM mechanics and mechanotransduction are
necessary for progression to malignancy but cannot be targeted directly in patients, targeting
the pathways that are critical for mechanosensing and mechanotransduction, in addition to
targeting relevant oncogenic pathways, might prove to be tractable therapeutic approaches
with which to treat cancer. The data also suggest that strategies to detect the FN synergy site
in tumor biopsies might be useful biomarkers to identify patients with potential kinase

treatment resistance 2.
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Materials and Methods

Cell culture

Phenotypic reversion of T4-2 cells was as described 8. To inhibit integrin function the 3D
multicellular structures were pre-incubated with anti- a2, a5, or av integrin-blocking antibodies
or IgG isotype matched control mAb (20 g IgG/ml). Colony size and morphology were measured
after 10-12 days in culture. Adult human dermal microvascular endothelial cells (HDMVECs)
were grown on collagen type I-coated flasks (Collaborative Biomedical) in EGM-2 bullet kit
media (Bio-Whitaker). Angiogenesis induction by MECs was assayed by co-culturing 3D rBM
generated mammary organoids in cell culture inserts (0.45 m pore size; Biocoat, BD Labware)
with HDMVECs that had been overlaid with a 1-mm-layer of acellular collagen type | (BD
Pharmingen). HDMECs invasion through the collagen overlay and network formation was
assessed after 2 days by staining with toluidine blue. Anchorage-independent growth was
assessed using a soft agar assay >3, Briefly, 20,000 cells in 1.0 ml 0.35% agarose with or without
integrin blocking antibodies, as indicated, were overlaid with 1.0 ml 0.5% agarose containing 1X

growth media, and colonies larger than 40 um in diameter were scored positive after 21 days.

Cell and Tissue Staining

3D rBM gels, as well as tissue sections, were prepared by mixing cultures with fresh collagen
following embedment and freezing in sucrose with Tissue-Tek OCT compound (Miles
Laboratories), then sectioned in 10-20 Em thick slices for analysis. All samples were incubated
with primary mAbs followed directly by either FITC-, Texas red-, or AlexaFluor- conjugated

secondary Abs. Nuclei were counterstained with diaminophenyl- indole (Sigma). Images were
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compared and quantified based on fluorescence intensity signal following minimal thresholding
to subtract background. For mouse studies, when mice were sacrificed, lesions were
photographed, dissected, measured, macroscopically analyzed, fixed in 4% paraformaldehyde,
and paraffin embedded. H&E sections were evaluated for histopathological evidence of tumor

phenotype and tissue sections were analyzed by immunofluorescence as described.

Image Acquisition & Microscopy Setup

All immunofluorescence images were recorded at 20-120X magnification and conventional
images were recorded at 40-60X magnification. FRET images were acquired using a 60X WI
1.2NA Plan Apo objective.

Immunofluorescence and FRET images were acquired using an Olympus IX81 Epifluorescence
microscope with Spot color CCD camera, Nikon TE2000-U inverted microscope, Bio-Rad MRC
1024 laser scanning confocal microscope attached to a Nikon Diaphot 200 microscope, and a
spinning disc/TIRF microscope setup with Andor’s iXon3 EMCCD camera with the Yokogawa
CSU-X1 confocal scanner, a Nikon TIRF illuminator, and a MOSAIC module for FRAP and photo-

activation on a motorized Nikon Ti-E inverted microscope base.

Flow Cytometry
Cells were isolated, blocked with 1% bovine serum albumin in PBS for 60 minutes, incubated
with saturating concentrations of primary mAb for 60 minutes, washed three times, and labeled

with FITC- or Phycoerythrin-conjugated goat I1gG (Millipore). Stained cells were washed three
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times and immediately analyzed on a FACScan (BD Pharmingen). All manipulations were

conducted at 4°C.

PIP3 localization analysis

Stable lines of MCF10A cells expressing tagged-af integrin and transiently transfected with
vinculin-mEmerald and KO2-PH-Grpl (a fluorescent PIP3 probe courtesy Keith Mostov) were
plated on recombinant FN 9-10 or recombinant FN 9-10 with the synergy site mutants. Images
were quantified by creating a mask for areas of cell-ECM adhesion based on the vinculin-
mEmerald signal. PIP3-probe fluorescence intensity in masked areas was then compared with

that in the whole cell to evaluate enrichment of PIP3 at focal adhesions.

Mouse Studies

Starting at 5 months of age, mice were treated with BAPN (3mg/kg; Spectrum) in the drinking
water or a Lox function-blocking polyclonal antibody (3mg/kg; OpenBiosystems) injected
intraperitoneally twice per week 3 Mice were sacrificed at 7-8 months of age, at which time
the 4th mammary gland was paraformaldehyde fixed; paraffin sections were analyzed for
histology and parallel sections were stained as described. Four week-old BalbC nu/nu mice
were subcutaneously injected in the rear flanks (5E6 cells/injection, together with Matrigel with
or without addition of function-blocking antibody or 1gG isotype control), and palpable lesions
were detected, measured, and monitored biweekly for 2 months (Instant read-out digital

calipers; Electron Microscopy Sciences).
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Retroviral and lentiviral infections and vectors
Standard retroviral and lentiviral infection procedures were utilized. For detailed description of

lentiviral and retroviral constructs and vectors, please refer to the Appendix 4.

Western and ELISA Procedures

Equal amounts of cell protein lysate (either RIPA or Laemmli lysate; BCA; Pierce) were
separated on reducing SDS-PAGE gels, transferred to nitrocellulose or PVDF membranes, and
probed with primary antibody. Bands were visualized and quantified using a Fujifilm Gel
Documentation system, in combination with HRP-conjugated secondary antibodies and ECL-
Plus system (Amersham Pharmacia). Specific activity for Akt and Erk was calculated by
normalizing densitrometric values of phosphorylated to total AKT or ERK and E-cadherin.
Integrin protein levels were assessed using non-reducing SDS-PAGE gels. VEGF, 11-8 and bFGF
levels in the media of 10-12 day three dimensional rBM cultures of MECs were measured using
sandwich ELISA (R&D systems), according to the manufacturer's instructions. O.D.

measurements were performed using a Fluoroskan Ascent FL (Labsystems).

RT-PCR analysis

Random-primed cDNA was prepared from total isolated RNA using Trizol reagent (Invitrogen)
and target cDNA sequences were quantified via real-time PCR using SYBR Green | reagent
(Roche) according to the manufacturer’s protocol. Eppendorf Realplex2 quantitative PCR

machine was used for all studies. Please refer to Appendix 3 for primer sequences.
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Cell contractility, migration, and durotaxis assays

Collagen gel contraction was measured by imaging projected gel areas of cell-embedded
collagen gels as described previouslylg. Traction force microscopy studies were performed as
described by Dr. Dembo and colleagues and processed using LIBTRC-2.0 software'®. For
durotaxis studies, brightfield images were captured every 5 minutes over 12 hours using
gradient stiffness polyacrylamide gel >*. Cell migration time course images were compiled and
cell speed, persistence, distance, and directionality were analyzed on a single cell basis with
Image J. (NIH) and the Chemotaxis plugin. 3D collagen gel invasion assays were performed as

previously described.®

Substrate Preparation

ECM-crosslinked PA gels were prepared and mechanically analyzed as described; single stiffness
substrates > and mechanically gradient substrates %6, Briefly, two droplets, each containing
12.5 pl of a soft (100 Pa) or stiff (60,000 Pa) acrylamide/bis-acrylamide mixture, are placed
adjacent to each other on a large hydrophobic coverglass (no. 1, 45 mm x 50 mm; Fisher
Scientific) and then covered with a small circular activated coverglass (no. 1, 18-mm diameter;
Fisher Scientific) to merge the drops. By carefully maintaining the interface, a uniform gradient
of 3.33Pa/um along the length of substrate is achieved. Regions of different rigidities were
distinguished by using a fluorescently labeled bis-acrylamide in the stiff solution creating a

gradient of fluorescence correlated with the mechanical gradient.
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Substrate elastic modulus was measured via atomic force microscopy (Asylum Research) using

the Hertz model®’

. Briefly, a silicon beaded tip cantilever (5um diameter, 0.07 N/m, silicon
nitride) was used to measure 90 um by 90 um elastic modulus maps down the length of the gel
along the mechanical gradient while simultaneously measuring fluorescence intensity with a
inverted epi-fluorescence microscope. | used these measurements to assess the mechanical
gradient and also develop an algorithm for determining the elastic modulus of the gel from

solely the fluorescent intensity. This model allowed me to determine the particular surface

stiffness seeded cells were adhered to when tracking cell motility.

Adhesion strength

Preparation of adhesive ligands: the previously described Promega Pinpoint vector containing
the sequence for a fragment spanning the 7" to 10" type lll repeat of human fibronectin (FN7-
10) *® was cut with Nrul and ligated to yield an expression vector for a fragment spanning the
9™ to 10" type Il repeat of human fibronectin (FN9-10). The synergy site mutant PHSAN (FN9-
10(PHSAN)) was generated using the Stratagene QuikChange Site Directed Mutagenesis kit and
primers 5’-GGGTGCCCCACTCTGCGAATTCCATCACCC-3’ (forward) and 5-
GGGTGATGGAATTCGCAGAGTGGGGCACCC-3’ (reverse). Constructs were verified by DNA
sequencing. Proteins were expressed in JM109 cells (Promega) in the presence of d-biotin and
purified by affinity chromatography *®. Protein concentration and purity were confirmed by
Western blotting and Coomassie blue staining. The GFOGER collagen-mimetic peptide was

synthesized as previously described™.
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Preparation of micropatterned substrates: micropatterned substrates were generated by
microcontact printing of self-assembled monolayers of alkanethiols on gold 60 using a PDMS
stamp (Sylgard 184/186 elastomer kit) with circular patterns (10 um diameter circles, 75 um
center to center spacing). Arrays of methyl-terminated alkanethiol [HS-(CH,);;-CHs; Sigmal
circles were stamped onto Au-coated glass coverslips. The remaining exposed areas were
functionalized with a tri(ethylene glycol)-terminated alkanethiol [HS-(CH;)1:-(CH,CH,0)s-OH;
ProChimia Surfaces] to generate a cell adhesive-resistant background. Patterned substrates
were coated with purified adhesive ligands (20 pg/ml), blocked with 1% heat-denatured bovine
serum albumin, incubated in PBS (Ca?*/Mg”*), then seeded with cells at a density of 210
cells/mm? and incubated for 16 hours at 37°C.

Cell adhesion assay description: cell adhesion to fibronectin-coated islands was measured using
a hydrodynamic spinning disk system. Micropatterned substrates with adherent cells were spun
in PBS supplemented with 2 mM dextrose for 5 min at constant speeds. The applied shear

stress (t) is given by the formula t = O.8r(puoos)1/2

, Where r is the radial position and p, p and w
are the fluid density, viscosity and rotational speed respectively. After spinning, cells were fixed
in 3.7% formaldehyde, permeabilized in 1% Triton X-100, stained with ethidium homodimer-1
(Invitrogen). Adherent cells were counted at specific radial positions using a 10X objective lens
in a Nikon TE300 microscope equipped with a Ludl motorized stage, Spot-RT camera and an
Image-Pro analysis system. A total of 61 fields (80—100 cells per field before spinning) were
analyzed and cell counts were normalized to the number of cell counts at the center of the disk.

The fraction of adherent cells (f) as a function of shear stress T (force/area) was then fitted to a

sigmoid curve f = fo/[1 + exp[b (T - Ts0)]], Where Tsq is the shear stress for 50% detachment, b is
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the inflection slope, and fy is the y-intercept. ts5o represents the mean adhesion strength for the

cell population.

Vinculin tension sensor and FRET

FRET images were collected and analyzed as previously described ®* . Briefly, images were
background subtracted and adjusted for spectral bleed through. Relative FRET index was
calculated by taking the ratio of pixel intensity in the FRET image (donor excitation and acceptor
emission) to pixel intensity in the donor image (donor excitation and emission). Average cell
FRET index was calculated for each cell in a sample of 25-30 cells. Cell averages were then used
to calculate a sample average, which was then used in student t-tests to evaluate whether the

sampled populations had different means.

Statistical Analysis

Statistical analysis was performed using Prism/GraphPad Software (La Jolla, CA) at indicated p-
values. Unless otherwise stated, two-tailed Student’s t-tests were used for significance testing.
Means were presented as +/- s.e.m of at least three independent experiments. Unless
otherwise noted, sample size, n, was n=3 and statistical significance was considered at p<0.05.
Adhesion strength values were specifically analyzed via ANOVA and Tukey’s post-hoc test with a

p-value < 0.05 considered significant.
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Abstract:

Tumors exhibit altered cellular metabolism supportive of continuous cell growth.
Nevertheless, the fundamental molecular mechanisms through which altered metabolism
regulates tumor behavior remain unclear. Our lab previously demonstrated that elevated ECM
stiffness and epithelial cell tension drive squamous carcinoma and mammary transformation.
We further identified integrin signaling as a key conduit of ECM mechanical cues and a potent
regulator of pro-tumorigenic signaling. | hypothesized that elevated ECM stiffness alters cell
metabolism through integrin signaling mediated pro-tumorigenic signaling to drive tumor
metastasis. To test this hypothesis, | profiled metabolic markers using a combination of,
guantitative RT-PCR, immunoblotting and immunofluorescence of MMTV-PyMT transgenic
tumors (£ ECM crosslinking) and breast tumor mammary epithelial cells grown on tunable
hydrogel substrates in vitro. | then used pharmacological inhibitors targeting glycolysis or
metabolic adaptation to assess the interplay between ECM stiffness, metabolism and tumor
cell behavior, including invasion, migration, and proliferation. My data suggest that ECM
stiffening induces tumor cell glycolysis downstream of integrin signaling by targeting key
regulators of glycolysis such as the glucose and lactate transporters and lactate dehydrogenase.
Additionally, inhibitors of metabolism abrogated tumor cell proliferation and invasion in vitro
and tumor growth, EMT, and metastasis in vivo. My data therefore suggest that elevated ECM
stiffness may regulate tumor aggression in part by modulating tumor cell metabolism.
Additional studies are underway to further clarify how ECM-driven metabolic dysregulation

drives tumor behavior
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Introduction:

Breast cancer development and malignant progression is associated with profound
tissue extracellular matrix (ECM) remodeling and stiffening®™’. Critically, previous work in our
lab and others has demonstrated that physical changes to the ECM is a potent drive of tumor
malignant phenotype and metastasis in vivo® ™. In particular, integrin focal adhesions have
been implicated as essential signaling complexes in controlling cell response to altered ECM
mechanics and driving tumor cell invasion and motility in support of tumor cell malignant

>111216721  consistently, previous work by our lab and others and in

phenotype and metastasis
Chapter 3 of this thesis, enhanced integrin signaling mediated by ECM stiffness has been shown
to directly alter pro-tumorgenic signaling, specifically potentiating Akt and Erk signaling

1112 Building on this data, | next aimed to explore the

intensity and duration (Figure 3.13)
further downstream effects of integrin signaling and how this contributes to tumor cell
malignant phenotype.

Importantly, Akt and Erk signaling have both been implicated as key regulators of cell

22727 Moreover, previous work in our lab has also implicated ECM stiffness and

metabolism
integrin signaling as regulating MYC activity, another essential metabolic regulator, to drive
tumor metastasis®®. To expand on these observations, | aimed to explore the role of ECM
stiffness and integrin signaling in regulating tumor cell metabolism and to determine the role of
cell metabolism in tumor aggression and metastasis.

Critically, tumor cell metabolism has been shown to have an effect on several key tumor
cell behaviors such as proliferation, drug resistance, invasion, motility, and ECM

27,29-37

remodeling . Consistently, several key metabolic regulators, Glutl (glucose transport),
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MCT1 (lactate transport), LDHA (lactic acid fermentation), PKM2 (biogenesis), and Ca9 (pH
regulation) have been associated with poor clinical outcomes in multiple tumor indications>®™.
Yet, the underlying mechanisms of how and when tumor cell metabolism is altered and its
specific role in tumor malignant progression is not fully understood.

When considering breast cancer specifically, the metabolic changes closely follow the
Warburg Effect (Figure 4.1). Specifically, breast carcinomas have been seen to up regulate
glucose transport into the cell, glycolysis, and to use the abundant pyruvate generated for lactic

242941 However

acid fermentation as opposed to oxidative phosphorylation in the mitochondria
how tumor cells switch to this type of metabolism and how this aberrant metabolism
contributes to tumor cell malignant phenotype remains unclear.

This is complicated by multiple signaling mechanisms having overlapping impacts on cell
metabolism, with AKT, MYC, Hifla, and mTor all having regulating cell metabolic state?*3>3741~
43 (Figure 4.2). This emphasizes the clear importance of cell metabolism as there exist many

redundant mechanisms, which control it, as well as the potential impact of a stimulus that

could alter many of these pathways simultaneously.
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Figure 4.1 In certain cancer indications, such as breast cancer, tumor cells demonstrate an up
regulation of glucose transport and glycolysis but rather than rely on oxidative phosphorylation,
excess pyruvate is converted to lactate by LDHA. Lactate can be subsequently transported out
of the cell where it can be taken up by other cell types or other tumor cells to support
biogenesis and cell proliferation.

103



Glucose

Pyruvate Lactate = . — Lactate

- Biomass lncorporatlon
0——>

\ % COz o ’ Cell proliferation

.
.

\\_—//

Figure 4.2 Cell metabolism is regulated by several different signaling mechanisms. Glucose
uptake and Glycolysis is controlled by Hif1, MYC, and AKT signaling. In the case of a tumor cell,
over active lactate production and transport is also regulated by Hif1 and MYC signaling.
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Thus the previous work from our lab and others demonstrating ECM mechanical
properties via integrin focal adhesions can potentiate AKT** and MYC?®%% poth key
mediators of glycolysis in breast epithelial cells, provides strong support for ECM mechanics as
a potential regulator of cell metabolism. Moreover, preliminary data showed ECM cross-linking
directly regulates Hifla in vivo, a major regulator of cell metabolism. Importantly we
demonstrated that inhibiting collagen cross-linking in transgenic MMTV PyMT mice significantly
blunts hypoxia and subsequent Hifla signaling (Figure 4.3A) and subsequently prevents
metastasis (Figure 4.3B). Consistently, transgenic PyMT Hifla knockout tumors also have
significantly reduced tumor cell invasion and blunted metastases stressing the importance of
Hifla in tumor malignancy (Figure 4.4 A-B). Thus, we have preliminary data showing ECM
stiffness can directly regulate key mediators of cell metabolic state and that these signaling

mechanisms are essential for tumor metastasis.
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Figure 4.3 A) PyMT tumors demonstrate significantly increased hypoxia with collagen
crosslinking intact. B) Increased hypoxia causes an increase in Hifla transcription factor
expression, a key pathway in cell signaling changes in response to low oxygen. C) Loss of
collagen cross-linking correlates with significantly reduced circulating tumor cell levels, but
equal metastatic competency when tumor cells are directly injected into the tail vein of
untreated mice suggesting collagen cross-linking inhibition directly hinders tumor cell invasion,

migration, and intravasation.
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Figure 4.4 A) Hifla signaling is critical to tumor cell invasion as Hifla knockout tumor cells have
blunted invasion in both soft and stiff collagen gels ex vivo B) Orthotopic or transgenic mouse
models show loss of metastatic progression without Hifla signaling.
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In this project | planned to build on these data and address how ECM stiffness regulates
tumor cell metabolism and the role of altered cell metabolism in tumor cell metastasis.
Specifically | aimed to test the following hypothesis: the stiffened ECM associated with tumor
progression enhances integrin signaling to alter cell metabolism by increasing the expression
and activity of key metabolic targets to support tumor metastasis. | tested this hypothesis using
mammary tumor cell lines isolates from transgenic tumor models in combination with
mechanically tunable substrates in which | measured relative levels and activity of key
metabolic regulators. To address, how tumor cell metabolism influences malignant phenotype, |
assessed in vitro tumor cell invasion and migration in the presence of metabolic inhibitors, 2-
deoxyglucose (2DG, a glucose mimic which cannot be metabolized inhibiting glycolysis*>*’) and
metformin (a diabetic drug that activates AMPk , which inhibits mTor, MYC, and Hifla to
normalize cell metabolism and has recently been implicated as having anti-tumor

effect533,42,47,48

). Finally, | then performed an in vivo study using metformin with MMTV-PyMT
transgenic mice to determine the effects of metabolic inhibition in preventing metastasis.

My data shows robustly that ECM stiffness can in fact directly alter cell metabolism and
that this adaptation allows cells to better cope with nutrient stress, such as mimicked by 2DG,
but also more sensitive to drugs which directly target upstream regulators of metabolism, such

as metformin. Importantly, the effect of metformin in preventing tumor cell malignant

phenotype translates in vivo and significantly inhibits metastasis.
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Results:

Protein and expression level of key metabolic markers are reduced with inhibition of ECM
stiffness in vivo and regulated by substrate stiffness in vitro.

Having previously demonstrated the impact of ECM stiffness via collagen cross-linking in
potentiating tumor metastasis in vivo dependent on Hifla signaling (Figure 4.3,4.4), | aimed to
examine metabolic changes associated with collagen cross linking inhibition. | first assessed the
impact of collagen cross linking on protein level of the pertinent glucose transporters*! (Glut1
and Glut3 for mammary epithelial cells) via immunofluorescence imaging (Figure 4.5A) in
MMTV PyMT tumors +/- BAPN'? (collagen cross-linking inhibitor). Consistent with the loss of
Hifla signaling, a key driver of glucose transporter expression, when inhibiting collagen cross-
linking | observed significant reduction in Glutl fluorescent intensity. This result suggests
blunted glycolysis when reducing ECM stiffness via inhibiting collagen cross-linking as the steep
concentration gradient of glucose across the cell membrane causes glucose transporter levels
to directly correlate with glucose influx into the cell.

To assess the overall state of tumor metabolism and the role of ECM stiffness | next
profiled mRNA expression level of several key metabolic regulators in MMTV PyMT tumors +/-
BAPN. Interestingly, | found that tumors with collagen cross-linking intact has significantly
higher expression levels of key regulators of glycolysis: glucose transporters (Glut1) lactic acid
fermentation enzymes, lactic acid transporters (MCT1 and MCT4), and cellular pH buffering
capacity (Ca9) (Figure 4.5B). Overall, these results suggest with a stiffened ECM, PyMT tumors
are highly glycolytic, which has several potential benefits for tumor development as the excess

lactate produced allows for abundant material for biogenesis supporting proliferation and
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acidifies the extracellular space enhancing ECM remodeling (See Figure 4.5C). These changes
are consistent with previous clinical observations showing a correlation between high
expression of glucose metabolism and glycolysis regulators and poor patient prognosis as
preventing collagen cross-linking both blunts glycolysis and metastasis in MMTV PyMT mice.
However, how these changes occur and whether they are solely due to ECM mechanical
properties cannot be determined solely from these data due to the complex nature of in vivo
tumor models and the potential secondary effects of systemic treatment with BAPN.

To determine the effects of substrate stiffness specifically on tumor cell metabolic
regulation | isolated MMTV PyMT and seeded these cells on 2D mechanically tunable
polyacrylamide (PA) gels representing a range of stiffnesses from healthy to tumor associated
breast tissue. In agreement with my in vivo results, | observed that stiffened substrates resulted
in increased expression of key protein regulators of glucose transport, glycolysis, and biogenesis
(Figure 4.6). This result again supports the notion that substrate stiffness has key role in
determining tumor cell metabolism, specifically switching mammary tumor cells towards
glycolysis. As has been previously shown, tumor cells on stiffened substrates demonstrate

significantly higher migration and proliferation likely supported by this enhanced metabolism.
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Figure 4.5 A) Glutl protein levels assessed with immunofluorescence in PyMT tumors +/- lysyl
oxidase (LOX) inhibition (via BAPN treatment) to prevent collagen crosslinking. Scale Bar 70um
B) Expression analysis of cellular pH buffering capacity, glucose transporters, and lactate
production and transport mechanisms, from PyMT tumors +/- collagen cross-linking inhibition
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Inhibiting tumor cell metabolism blunts tumor cell invasion dependent on ECM mechanical
properties.

Having established a role for ECM mechanics in altering tumor cell metabolism, | next
aimed to elucidate the importance of metabolism in tumor cell behavior and in particular tumor
invasion and malignant phenotype. | first examined the importance of glycolysis in tumor cell
invasion using a combination of 2-deoxyglucose (2DG) and my 3D tension bioreactor described
previously. Briefly, 2DG is a molecule structurally similar to glucose such that it is transported
into the cell just equimolar to glucose through the glucose transporters; however, because of
its chemical structure it cannot be metabolized past the first reaction of glycolysis (Figure 4.7).
Consequently increasing concentrations of 2DG supplemented into cell culture media represent
a model of nutrient stress similar to what might occur in a poorly vascularized tumor.

To assess the effects of 2DG | isolated PyMT organoids from five MMTV PyMT mice and
seeded each separately in a 3D collagen gels as previously described®. After 24 hours of culture
| then added 2DG into the culture media ranging from (500uM to 5mM). After two days of
culture with 2DG | fixed and stained tumor cell nuclei to visualize tumor cell invasion and

43,49 organoids from three animals

growth. Consistent with previous experimental results
showed reduced invasion and proliferation with increasing concentrations of 2DG (Figure 4.7).
Yet, two animals in this study showed significantly reduced sensitivity to 2DG even at the
highest doses (Figure 4.7). | next used qPCR expression analysis to determine why certain

animals did or did not respond. Interestingly, | found that animals with reduced sensitivity had

significantly higher levels of key metabolic regulators associated with glycolysis, suggesting that

113



tumors from these animals were better able to handle doses of 2DG due to increased flux of
glucose and subsequent glycolysis (Figure 4.7).

Having shown previously that ECM mechanics can directly regulate expression and
protein levels of key metabolic regulators and that high levels of proteins associated with
glycolysis permitted certain tumor cells to have reduced sensitivity to 2DG, | aimed to
determine if ECM stiffness could alter mammary tumor cell sensitivity to nutrient stress. As in
my initial studies with 2DG, | seeded primary PyMT organoids from five MMTV PyMT mice
seeded in my collagen tension bioreactor but now tuned to either 400 Pa or 4 kPa, healthy or
tumor like stiffness respectively. After two days, cultures were fixed and stained with phalloidin
propridium iodide and then imaged with a two-photon microscope to visualize tumor cell
invasion and migration. Intriguingly, a stiffened matrix significantly reduced cell death and
allowed persistent invasion and migration even with high doses of 2DG relative to the low
stiffness condition (Figure 4.8). These results provide an interesting new insight into the
potential importance of ECM mechanics in tumor metabolism and the functional benefits of
this aberrant metabolism to tumor development, especially in low nutrient environments such
as those early in development prior to extensive angiogenesis, avascular tumors, or tumors

with poor blood perfusion.
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Figure 4.7 A) Schematic of 2-deoxyglucose (2DG) chemical structure relative to glucose and
mechanism by which it inhibits glycolysis. B) PyMT tumor organoids seeded in collagen gels,
imaged after two days of culture to assess invasion with or without 2DG treatment. Top panel
represents biological replicates which responded to 2DG treatment, while the bottom panel
replicated which still showed an invasive phenotype with 2DG. Scale bar 100um C) mRNA
expression analysis of metabolic targets in PyMT organoids and PyMT organoids which were
resistant to 2DG.

115



Figure 4.8 PyMT organoids seeded in collagen | gels in the tension bioreactor tuned to either
400Pa or 4kPA (healthy or tumor associated stiffness respectively) and cultured with increasing
does of 2DG. After two days cultures were fixed and imaged to assess invasion.
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Building on my data showing ECM stiffness potentiating metabolic adaptions, | next
aimed to target cell signaling mechanisms responsible for this metabolic switch. AMPk signaling
is a key metabolic sensor in healthy normal cells that serves this very purpose by keeping cell
division and biogenesis in line with nutrient availability. Specifically, AMPk is activated by low
intracellular ATP allowing the cell to sense poor nutrient availability and in turn AMPk
deactivates Hifla, MYC, and mTor to slow glucose uptake and glycolysis as well as reduce

23333842 1t is for this reason that | aimed to test

cellular biogenesis and subsequent cell division
the impact of a pharmacological activator of AMPk, metformin®?, in regulating tumor cell
phenotype.

As in studies with 2DG | isolated primary tumor organoids organoids from five MMTV
PyMT mice and seeded in my collagen tension bioreactor tuned to either 400 Pa or 4 kPa and
cultured with metformin in the culture media at either 10 or 50mM as previously described.
Intriguingly, results from my bioreactor studies show the reverse trend from studies with 2DG,
with the stiffened condition increasing sensitivity to AMPk activation causing blunting
proliferation and invasion and inducing cell death with higher concentration (Figure 4.9). To
develop more mechanistic insight on the effects of metformin and the role of ECM stiffness on
tumor malignant phenotype | next seeded PyMT tumor cells on 2D PA gels and assessed cell
morphology via immunofluorescence and cell signaling changes with gPCR expression analysis
and western blotting of key signaling proteins. Western blot and gPCR results confirmed
metformin was having the expected pharmacological effects of activating AMPk and inhibiting

mTor and MYC expression. Consistently, downstream targets of these pathways such as pS6

and metabolic targets (Glut1, LDHA, and MCT1) were also downregulated. (Figure 4.9).
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Interestingly and in line with 3D invasion results, stiffened matrices dramatically
sensitized tumor cells to subsequent downstream effects with both pFak 397 and pHistone H3
levels significantly reduced (Figure 4.10). Importantly this sensitivity also translates to
significant changes in cell morphology as demonstrated with actin cytoskeleton staining, with
metformin preventing effective actin stress formation and resulting in a more rounded cell
shape. (Figure 4.10). These results clearly demonstrate an impact of metformin on cell behavior
in signaling and in particular in a stiffened environment, making metformin a potentially

attractive therapeutic option for highly fibrotic tumors.
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Metformin

Figure 4.9 PyMT organoids seeded in the tension bioreactor tuned to either 400Pa or 4kPA
(healthy or tumor associated stiffness respectively) and cultured with increasing does of
metformin. After two days cultures were fixed and imaged to assess invasion.
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Figure 4.10 A) mRNA expression analysis of metabolic targets in isolated tumor cells seeded on
polyacrylamide gels of varying stiffness with or without metformin treatment. B) Immunoblot
analysis of protein targets in isolated tumor cells seeded on polyacrylamide gels of varying
stiffness with or without metformin treatment. C) Actin cytoskeleton staining of isolated PyMT
tumor cells with or without metformin treatment.
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Metformin slows tumor growth, inhibits pro-invasion tumor signaling, and prevents lungs
metastasis in malignant breast cancer in vivo.

Building on my in vitro work demonstrating the impact of metformin in preventing
tumor cell invasion in stiffened environments | next aimed to explore whether this effect
translates in vivo. My study design included 20 MMTV PyMT mice; a spontaneous tumor model
with rapidly progresses with robust fibrosis and metastasis. Ten mice received metformin
(0.5mg/ml in water) and ten served as a control group receiving only water. Mice were
euthanized for tissue collection at two time points, early tumor progression (11 weeks of age)
and late tumor progression (upon tumors reaching the 2mm? total tumor burden IACUC limit)
(Figure 4.10).

Tumor growth based on caliper measurements and time required to reach 2mm? were
significantly reduced with metformin treatment consistent with previous results using
orthotopic tumor models. (Figure 4.11) Importantly, despite all animals with or without
treatment ultimately reaching the same size, animals treated with metformin had significantly
reduced metastasis to the lungs suggesting despite substantial tumor growth with metformin
there is a substantial difference in metastatic competence.

To explore why metformin prevented metastasis | first assessed the impact of treatment
on overall tissue structure and organization with H&E and picosirius tissue staining | postulated
that metformin may have anti-fibrotic effects in the mammary gland as has been described
previously in other tissues (cardiac) and in agreement with my previous date demonstrating

anti-fibrotic drugs blunting metastasis in this tumor model. However, | found in both tissues
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equal amount of collagen remodeling and structural changes with tumor progression (Figure

4.11).
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Figure 4.11 A) Kaplan-meyer curve showing percent survival of late stage PyMT mice +/-
metformin. Mice were euthanized at a total tumor burden of 2mm?. B) mRNA expression
analysis of PyMT transgene in mouse lung tissue of late state PyMT mice as an assement of
metastasis. C) H&E and Picrosirius Red staining of 11 week PyMT tumors +/- metformin.
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These results then suggested the difference may be inherent to the tumor cells
themselves and accordingly | isolated PyMT organoids from animals with and without
treatment and seeded them in my tension bioreactor to assess their invasion and growth
potential (Figure 4.12). Interestingly, while organoids from both animals had similar
proliferation and multicellular streaming migration, only organoids from non-treated animals
demonstrated single cell invasion.

Following this | next assessed differences in tumor expression patterns from the primary
tumors to suggest signaling changes, which might be driving this difference. As expected with
metformin treatment tumors showed significantly lower expression of metabolic targets
downstream of Hifla, MYC, and mTor such as Glutl, MCT1, LDHA, and PKM2 suggesting
metformin treatment switches PyMT tumor metabolism away from glycolysis and more toward
oxidative phosphorylation as in normal cells (Figure 4.13). Interestingly, there was also a
significant decrease in expression of transcription factors (Snaill and Snail2) and cytoskeletal
elements (vimentin) associated with EMT and a corresponding increase in cell-cell junctions (e-
Cadherin) suggesting a loss of the pro-invasion phenotype of control tumors?*°%°!, Both the
metabolic change and the down regulation of EMT signaling was also supported by
immunostaining of tissue sections with Glut 1 and vimentin protein levels down with metformin
treatment. Consistently, pS6 levels are also decreased with metformin treatment suggesting
decreased mTOR signaling as expected. Interestingly, | also observed loss of pMLC with
metformin treatment suggesting tumor cells are potentially less contractile and less

mechanically activated (Figure 4.13).
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Figure 4.12 PyMT organoids isolated from 11 week MMTV PyMT mice +/- metformin and
seeded in the tension bioreactor tuned to either 400Pa or 4kPA (healthy or tumor associated
stiffness respectively). After two days cultures were fixed and imaged to assess invasion.
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Figure 4.13 A) mRNA expression analysis of metabolic and EMT targets in 11 week PyMT
tumors +/- metformin B) Tissue staining in 11 week PyMT tumors +/- metformin to assess
protein levels of Glutl and vimentin and activation of ribosomal protein S6 and MLC.
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Discussion:

In this work | have demonstrated for the first time the role of ECM mechanics in altering
cell metabolism. Specifically, | have shown that ECM stiffness can significantly upregulate
expression levels of key regulators of cell metabolism controlling glucose transport, glucose
metabolism, lactate metabolism, and lactate transport in mammary tumor cells both in vitro
and in vivo. Importantly, | have also demonstrated how these changes are important to tumor
cell growth and invasion in vitro as tumor cell malignant phenotype can be significantly blunted
with metabolic inhibition; however, this inhibition depends on both the target of the inhibition
and the ECM mechanical environment of the given tumor cells. In particular, mimicking nutrient
stress with 2DG was not effective in stiffened environments due to upregulation of glucose
transporters with increased substrate stiffness whereas metformin which targets the
fundamental mechanisms of metabolic adaptation (Hifla, MYC, mTor) previously reported for
mammary tumor cells is particularly selective for tumor cells in a stiffened environment.
Interestingly, | were able to show the potential for metformin specifically in treating breast
cancer as it significantly reduced tumor growth, reduced pro-invasion and EMT signaling, and
importantly for its potential in a clinical setting preventing metastasis.

Taken together these results provide several key new insights to both the cell
metabolism and cancer biology field in particular with regards to potential therapeutic targets
and diagnostic approaches. Based on these data metabolic inhibition clearly can prevent
aggressive tumor phenotypes but intriguingly depends on the mechanical environment in which
a tumor arises. For example, metformin is likely only suitable in patients with highly fibrotic

breast tumors, which fortunately also tend to be the most aggressive. Additionally, the
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metabolic pathways identified here, specifically the switch to glycolysis in the more aggressive
tumors, can be screened for with techniques such as hyper polarized NMR>? and allow for more
robust prognosis in breast cancer patients. The potential for combining the diagnostic potential
of these data and the new potential therapies shown in this data is also intriguing in that a

1122324 could potentially allow

combined metabolic and tissue mechanics diagnostic too
identification of patients with the fibrotic tissue and metabolic pattern best suited for
therapeutic drugs like metformin. However, the data here was solely generated using luminal
breast cancer cell lines and whether these results can be translated to all breast cancers or
other solid tumors not clear and in reality probably unlikely due to the wide variety of
metabolic adaptations that have been observed in different tumor types.

In particular, while aberrant metabolism in tumors is well appreciated, the type of
metabolic change seen is highly heterogeneous between tumor type, individual tumor, and

38,3941 Nearly every aspect of cell metabolism, balance of

even within and across a single tumor
glycolysis to oxidative phosphorylation, energy source (glucose, glutamate, amino acids, or
lipids), biogenesis, pH regulation, and molecular biogenesis can be modified in a tumor

24.21,29,34,55°57 yet, in spite of this wide variety of possible alterations the impact of

context
aberrant metabolism in tumor growth, progression, and malignancy is well supported3‘°"43'5‘2'58
Thus, future work in other cancer indications would have to account for different types of
metabolic adaptations specific to a given tumor type.

Additionally, there are several more research questions still to be answered in this work.

Specifically, how is actual cell metabolism, glucose consumption for example, altered by ECM

stiffness based on the differences | observed in expression and protein level of pertinent
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metabolic regulators? Also essential, through which important metabolism regulation
pathways, AKT, MYC, mTor, and MYC, identified in mammary epithelial cells does stiffness act?
Moreover, in previous works | have seen integrin specificity plays a key role in tumor in
malignant phenotype, specifically alpha 5 integrin and its ligand fibronectin. Future studies in
this project should also focus on whether integrin specificity also applies to metabolic
adaptation in response to ECM stiffness. Also, in metformin treated animals | observed
significantly reduced FAK and MLC activations suggesting blunted cell contractility. While
collagen deposition was not significantly different it is possible fibronectin deposition may be
reduced in line with previous results showing tumor cells on fibronectin coated surfaces have
enhanced focal adhesion formation and contractility which in turn drives malignant phenotype.
With regards to the potential clincal strategies with metformin, are the changes |
observed to mammary tumor cell signaling enough to explain why metformin prevented
metastasis? Or is it a combination of systemic effects on other cell types as well affecting other
key events in tumor development like angiogenesis or immune response or is it localized to the
lung metastatic niche, possibly altering the microenvironment preventing secondary tumor
formation? While these questions are beyond the scope of the work presented here they do

provide interesting research directions for the future.
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Methods:

Cell culture

MMTV PyMT mice were sacrificed at 11 week and the #4 mammary glands were collected and
digested for tumor organoids isolated as previously described. Once acini were isolated they
were seeded in the collagen bioreactor or seeded onto 2D polyacrylamide gels and cultured for
2 days. For bioreactor studies after 2 days they were paraformaldehyde fixed and stained with
propridium iodide and alexa488 phalloidin for imaging on the two-photon microscope.
Polyacrylamide gel cultures were also stopped after 2 days with a 2% SDS lysis buffer used to

collect protein lysates or Trizol for RNA expression analysis.

Studies in which metabolic inhibition was required 2DG or metformin were resuspended in
sterile H,O and added to cell culture media for a final concentration of 500uM-5mM and

10mM-50mM respectively.

Tissue Immunofluorescence Staining and quantification

Antibodies and Reagents. Antibodies were as follows: Primary MLCpS19 (Rabbit Cell Signaling),
Glutl (Mouse Cell Signaling), Vimentin (Hamster Cell Signaling) secondary AlexaFluor goat anti-
mouse, anti-rabbit, and anti-hamster (488 conjugates) and DAPI (Sigma). Immunofluorescence

staining and imaging of FFPE tissue sections was performed as recently described?.

Image Acquisition
All immunofluorescence images were acquired using a Nikon 40x water immersion objective

(NA=1.15) on a Nikon spinning disk microscope.
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Mouse Studies

Starting at 4 weeks of age, mice were treated with metformin (0.5mg/ml; Spectrum) in the
drinking water. Mice were sacrificed at 11 weeks of age or when total tumor burden reach
2mm?>, at which time the 4th mammary gland was paraformaldehyde fixed; paraffin sections
were analyzed for histology and parallel sections were stained as described, and the 2/3
mammary gland was collected for PCR and immunoblot analysis and as a cell source for tumor
cells. For mice sacrificed at a total tumor burden of 2mm? lungs were also collected for PCR

analysis of metastasis.

RT-PCR analysis

Random-primed cDNA was prepared from total isolated RNA using Trizol reagent (Invitrogen)
and target cDNA sequences were quantified via real-time PCR using SYBR Green | reagent
(Roche) according to the manufacturer’s protocol. Eppendorf Realplex2 quantitative PCR

machine was used for all studies.

Immunoblot analysis

Immunoblot analysis was done with a 3% BSA block solution and the following primary
antibodies: pHistone H3 (Rabbit Cell Signaling), pS6 (Rabbit Cell Signaling), pAMPk (Rabbit Cell
Signaling), AMPk (Rabbit Cell Signaling), pmTOR (Rabbit Cell Signaling), mTOR (Rabbit Cell
Signaling), pFAK 397 (Rabbit Cell Signaling) and with a horseradish peroxidase anti-rabbit

secondary (Cell Signaling).
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3D and 2D Substrate Preparation
Tension bioreactor studies were performed as previously described.® ECM-functionalized PA

gels were prepared and mechanically analyzed as described previouslysg.

Statistical Analysis

Statistical analysis was performed using Prism/GraphPad Software (La Jolla, CA) at indicated p-
values. Unless otherwise stated, two-tailed Student’s t-tests were used for significance testing.
Means were presented as +/- s.e.m of at least three independent experiments. Unless
otherwise noted, sample size, n, was n=3 and statistical significance was considered at p<0.05.
Adhesion strength values were specifically analyzed via ANOVA and Tukey’s post-hoc test with a

p-value < 0.05 considered significant.
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Abstract

Tumors are stiff and data suggest that the extracellular matrix stiffening that correlates with
experimental mammary malignancy drives tumor invasion and metastasis. Nevertheless, the
relationship between tissue and extracellular matrix stiffness and human breast cancer
progression and aggression remains unclear. | undertook a biophysical and biochemical
assessment of stromal-epithelial interactions in noninvasive, invasive and normal adjacent
human breast tissue and in breast cancers of increasingly aggressive subtype. My analysis
revealed that human breast cancer transformation is accompanied by an incremental increase
in collagen deposition and a progressive linearization and thickening of interstitial collagen. The
linearization of collagen was visualized as an overall increase in tissue birefringence and was
most striking at the invasive front of the tumor where the stiffness of the stroma and cellular
mechanosignaling were the highest. Amongst breast cancer subtypes we found that the stroma
at the invasive region of the more aggressive Basal-like and Her2 tumor subtypes was the most
heterogeneous and the stiffest when compared to the less aggressive Luminal A and B
subtypes. Intriguingly, we quantified the greatest number of infiltrating macrophages and the
highest level of TGF beta signaling within the cells at the invasive front. We also established
that stroma stiffness and the level of cellular TGF beta signaling positively correlated with each
other and with the number of infiltrating macrophages, which was highest in the more
aggressive tumor subtypes. These findings indicate that human breast cancer progression and
aggression, collagen linearization and stromal stiffening are linked and implicate tissue

inflammation and TGF beta.
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Introduction

Human tumors are stiffer than normal tissue and this characteristic has been used to
detect and stage cancer™?. Experimental models indicate that altered tumor mechanics reflects
increased interstitial pressure and compression loading, extracellular matrix (ECM) stiffening,
and elevated cell contractility and rheology””. Mouse studies further suggest that the aberrant
mechanics in cancerous tissue contributes to tumor aggression and compromises treatment
efficacy7'9. These findings emphasize the need to characterize the origins of the altered tumor
mechanics so that strategies to normalize tissue force can be identified for clinical use.

A major contributor to tumor mechanics is the abundant collagen-rich ECM which is a

characteristic trait of many solid cancers'®™?

. This phenotype is particularly evident in human
breast cancers which are characterized by a profound desmosplastic response that is
accompanied by greater amounts of ECM and increased remodeling and cross-linking. We and
others showed that the ECM progressively stiffens in mouse models of mammary cancer and

5,9,14

that this stiffened ECM can foster tissue transformation and metastasis . Consistently,

unconfined compression analysis indicates that as human breast tissue transforms it
progressively stiffens and suggests that tumor stiffness reflects a more aggressive cancer®.
Moreover, micro indentation Atomic Force Microscopy (AFM) scanning studies of human breast
and mouse mammary cancers suggests that there may be heterogeneous stiffening of the
mammary gland and these works postulate that tumor aggression is inversely correlated with

tumor tissue stiffness”. Thus, the relevance of tumor mechanics and in particular ECM stiffness

to human cancer remains unresolved.

143



In the earliest of breast cancers, linearized thick collagen fibers perpendicular to the
tumor boundary in ductal carcinoma in situ (DCIS) lesions promote a higher propensity for
progression to invasive breast cancer’®. Moreover, collagen abundance in the primary breast
tumor is a significant risk factor for patient mortalitylg. Breast cancer patients with high levels
of the collagen cross-linker lysyl oxidase (LOX) have a higher probability of developing

142023 Bacause collagen stiffness increases as a function of concentration,

metastatic lesions
fiber width and with LOX-mediated cross-linking these findings imply that ECM stiffness
promotes malignancy and enhances tumor aggression in breast cancer patients’. Consistently,
higher grade DCIS lesions, which have a higher frequency of malignant transformation often
have detectable levels of activated focal adhesion kinase (FAK) and p130Cas; two mechanically-

24-27

activated kinases . Moreover, breast cancer patients with abundant beta 1 integrin and

829 However, although these findings

activated FAK demonstrate a poor overall prognosis
argue that breast cancer progression and aggression are in fact linked to ECM stiffening no
study to date has systemically linked collagen status, ECM mechanics and mechanosignaling to
human breast cancer progression and tumor subtype. My goal here is to interrogate the
existence of mechanical heterogeneity of the ECM in human breast tumors and to
guantitatively correlate these measurements with ECM architecture and mechanosignaling and
to place these measurements within the context of tumor biology.

As detailed in this chapter, | performed a comprehensive biophysical and histological
analysis of human breast tissue to assess the biomechanical tissue characteristics relative to

tumor progression and subtype. Human breast tumor biopsies with adjacent normal, DCIS and

invasive breast cancer were examined to establish correlations between ECM and collagen
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architecture, ECM stiffness, mechanosignaling and tumor progression. Human breast biopsy
tissues from normal mammary reduction mammoplasty and prophylactic mastectomy tissue
with normal histological features were compared to stage matched, breast cancer samples
from Luminal A, Luminal B, Her2 and Basal-like invasive breast cancers to establish associations
with tumor subtype and aggression. The mechanical properties of the ECM, including ECM
architecture and elasticity, were compared with indicators of pro-invasion tumor cell signaling
and a tissue inflammatory response. My data reveal, for the first time, that human breast
cancer transformation is not only accompanied by a progressive deposition and remodeling of
type | collagen and mechanosignaling, but that these phenotypes associate positively with a
stiffened "heterogeneous" ECM that is the most rigid at the invasive front of the lesion.
Moreover, amongst breast cancer subtypes | observed that the invasive front in the most
aggressive subtypes (Basal-like, Her2) are the stiffest and contain cells with the highest
mechanosignaling as compared to the less aggressive subtypes (Luminal A, Luminal B). |
guantified abundant infiltrating immune cells and the highest tissue levels of TGF beta signaling
within the cells at the invasive front; regardless of subtype, and showed that both ECM stiffness
and cellular TGF beta signaling correlated positively with the number of infiltrating
macrophages. These findings demonstrate a positive association between breast tumor
progression and aggression, collagen linearization and tissue mechanics and implicate

inflammation and TGF beta in this phenotype.

145



Results

Human luminal breast cancer progression is accompanied by collagen deposition and
remodelling

| conducted a biophysical analysis of interstitial collagens as a function of breast
transformation in archived, human breast tumor biopsies (n=20, luminal subtype, stage
matched, BRCA mutation negative) containing invasive breast cancer, ductal carcinoma
in situ (DCIS) and adjacent normal tissue. Regions with confirmed invasive luminal ductal
carcinoma (IDC) breast cancer lesions, DCIS and adjacent normal tissue were identified
on H&E stained sections (Figure 5.1; top panel). Quantification of the amount of
interstitial collagen surrounding each region in serial sections using by trichrome staining
demonstrated that the stromal region bordering the DICS lesions contained significantly
more collagen that increased further in the IDC lesions (Figure 1A; second panel;
guantified in Figure 1B; top bar graph). Polarized imaging of picrosirius red stain parallel
sections revealed that these collagens were assembled into thicker fibers (Figure 5.1A;
third panel; quantified in Figure 5.1B; lower bar graph). Second harmonics generation
(SHG) imaging using two-photon microscopy additionally revealed that the collagen
fibers surrounding the DCIS lesions were more linearized as compared to the collagens
associated with the adjacent normal breast tissue and that these linearized collagens
appeared thicker in the stroma within the transformed IDC tissue region (Figure 5.1A;
fourth panel). Using Imagel) (NIH*) and CT-Fire (LOCI, UW Madison) image processing
software to render the collagen topography as imaris images revealed that these

linearized collagen fibers were significantly longer in the DCIS stroma and more uniform

146



in the stroma surrounding the invasive lesions (Figure 5.1A; fifth panel; Figure 5.1C).
These findings reveal a progressive increase in the amount and a linear reorganization of
interstitial collagen in human breast cancer as the tissue progresses from normal

through DCIS to fully invasive IDC.
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Figure 5.1: Tumor progression correlates with significant ECM remodeling.

(A) Immunohistological staining (H&E, trichrome, picrosirius red, and SHG imaging of human
tumors featuring areas of normal, DCIS and invasive ductal carcinoma (IDC). (B) Quantitative
analysis of trichrome and picrosirus red staining. (*** denotes P<0.05) (C) Quantitative analysis

of collagen fiber length from second harmonic generation imaging represented as a histogram.
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Human breast cancer progression is accompanied by elevated mechanosignaling and
an increase in tissue birefringence

Quantitative polarization microscopy (Q-POL) is a method for quantifying the
birefringence of a material in a way that is insensitive to the orientation of the sample

3132 The birefringence of a gel or a matrix is determined by

relative to the microscope
both fiber concentration and fiber alignment. Once materials become aligned, such as
cells pulling on the ECM, the birefringence increases. The highest birefringence is
generated by dense bundles of aligned fibers. Maps of the retardance reveal areas of
ordered and/or concentrated fibrous material, especially ECM components such as
collagen. Since Q-POL is a wide-field technique, it can be used to rapidly quantify
collagen fiber concentration/alignment in relatively large samples with lateral
dimensions of several millimetres®*. Consistent with my PS and SHG analysis, Q-POL
imaging of the normal adjacent, DCIS and IDC luminal breast lesions revealed a
progressive increase in birefringence of the DCIS regions within the tissue and showed
that this increased significantly in the tissue within the invasive lesions; findings that

likely reflect the increased orientation of the fibrillar collagen534(Figure 5.2A; top panel;

guantified in 5.2B; top bar graphs).
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Figure 5.2: Human tumor progression is accompanied by increased stromal density and
enhanced mechanosignaling.
(A) SIM-POL and immunofluorescence imaging of human tumor samples. SIM-POL images
shown as a heat map of birefringence reflecting increased stromal density, alignment, and
stiffness. Immunofluorescence imaging for mechanosignaling in the tumors includes activated
beta 1 integrin, pFAK (Y397), and pMLC (S19). (B) Quantification of SIM-POL and
immunofluorescence imaging. Immunofluorescence quantified as average signal intensity per

cell. Bars represent average of 20 patient samples and error bars represent standard deviation.

(*** denotes P<0.05)
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Quantification of immunofluorescence images of the normal adjacent, DCIS and IDC
tissue further revealed a progressive and significant increase in total levels of activated
beta 1 integrin (activated B1 integrin), activated FAK (pY397 FAK) and higher cell
contractility (pS19 MLC) which all indicate an increase in cellular mechanosignaling
(Figure 5.2A; lower three panels; quantified in Figure 5.2B bar graphs)®®*. These findings
suggest that the oriented collagen fibers exhibit a higher tensile strength that engages
and activates cellular mechanosignaling.

The invasive front of human breast cancers is stiffer

| next assessed the relationship between collagen abundance and orientation and
stromal stiffness in IDC specimens. Sections of snap frozen fresh human breast tissue
containing luminal IDC lesions were fixed and stained by H&E and subjected to analysis
by a pathologist to identify adjacent normal and the invasive front of the tumor (Figure
5.3A; left image). Serial sections of the tissue were then stained with propidium iodide
to visualize the nuclei (Figure 5.3A; right image). Using these same sections Q-POL
imaging was then used to identify multiple sub regions within the stroma of the tissues
lacking birefringence in the adjacent normal and within noninvasive regions surrounding
the tumor as well as several additional regions with high birefringence within the IDC
invasive front (Figure 5.3B; regions of interest are indicated by a dashed yellow box). |
then used nanoscale atomic force microscopy (AFM) mechanical testing to measure the
elasticity of the stroma in 90x90um’ grids within these identified regions and
constructed force maps of these areas®. | noted a strong association between intense Q-

POL birefringence imaging measurements and stromal stiffness; particularly in the
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invasive leading edge of the IDC lesions where | quantified up to a 4 fold increase in the
average elastic modulus relative to the non-invasive regions and the normal adjacent
stroma (Figure 5.3C,D). Importantly, an examination of the distribution of stromal
stiffness revealed a dramatic increase in stromal stiffness heterogeneity in the invasive
region of the IDC tissue (Figure 5.3E). Thus, while the normal and noninvasive stroma
and in the breast tissue of these cancer patients was predominantly around 400Pa; the
invasive regions exhibited an elevated mean stiffness primarily due to a higher incidence

of discrete, highly stiff regions (>5kPa)..
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Figure 5.3: ECM remodeling at the tumor invasive front is correlated with increased ECM
stiffness.

(A) H&E staining and nuclear immunofluorescence images used to determine regions for
atomic force microscopy (AFM) testing comparing tumor invasive front and adjacent
healthy tissue. (B) SIM-POL imaging comparing adjacent normal tissue and tumor
invasive front to be measured via AFM. (C) AFM force map result represented as a heat
map. (D) Histograms of stiffness values from adjacent normal tissue and tumor invasive

front
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Additionally, | compared the biophysical properties of the tumor invasive front and
tumor core (Figure 5.4A-D) and found that the tumor core tissue had less birefringence
and was overall were less stiff. These findings link collagen orientation and linearization,
tissue birefringence and elevated mechanosignaling to stromal stiffness. The data
further emphasize the heterogeneity of the ECM and stromal stiffness in breast tumors

and indicate that this phenotype is particularly evident at the invasive front of the lesion.
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Figure 5.4: ECM remodeling at the tumor invasive front is correlated with increased ECM
stiffness.

(A) H&E staining and nuclear immunofluorescence images used to determine regions for atomic
force microscopy (AFM) testing comparing tumor invasive front and adjacent healthy tissue. (B)
SIM-POL imaging comparing adjacent normal tissue and tumor invasive front to be measured
via AFM. (C) AFM force map result represented as a heat map. (D) Histograms of stiffness

values from adjacent normal tissue and tumor invasive front.
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Human breast cancer progression associates with macrophage infiltration and
elevated TGF beta signalling

Human breast cancers have high numbers of infiltrating immune cells and metastasis in
experimental models is associated with inflammation and can be inhibited by reducing
macrophage recruitment®*?*. Macrophages secrete a number of soluble factors including
such transforming growth factor beta (TGF beta) that stimulate cell migration and
induce extracellular matrix deposition, remodeling and cross-linking to stiffen the
extracellular stroma'?**. Consistently, staining of serial sections of the breast tumor
biopsies shown in figures 5.1-5.4 contained high numbers of CD45 positive immune cells
(Figure 5.5A; top panel). Interestingly | noted that the CD45 positive immune cells were
most abundant within the IDC region of the tissue and that they were particularly
concentrated within the invasive front of these lesions where | measured the highest
birefringence and stromal stiffness (Figures 5.3-5.4). CD68 staining revealed that a high
proportion of the infiltrating immune cells were macrophages localized predominantly
within the invasive regions of the IDC (Figure 5.5A; middle panel; quantified in bar
graphs at left in B). CD163 staining confirmed these were indeed macrophages and
indicated that they were activated®® Moreover, immunohistochemistry analysis
indicated that the cells in the invasive front of the tumors had the highest TGF beta
activity as assessed by SMAD phosphorylation (Figure 5.5A; bottom panel; quantified in
bar graphs at right in B)*. These data suggest there likely exist a functional relationship
between tissue mechanics, infiltrating macrophages and TGF beta signalling and

malignant transformation of human breast cancers.

156



A Adjacent normal DCIS IDC

Invasive front
) o o

+21¢

m*d’a

g 40 ok ek g 10 [ ‘%é’ 100 rhk
2 30 275 s8 s
© 2
(@] c +
Ef 20 i 5 59 %
© ™ 2 <
© © = 25 |—'=|
o
o O | Q> gl
Core Inv. Fr. 0™ Core Inv. Fr. - Core Inv. Fr.
Tissue Tissue issue
. . .~ Norm. DCIS IDC
Region ° Norm. DCIS IDC Region * IDC Region *

Figure 5.5: ECM remodeling and stiffening with tumor progression correlates with increased
immune infiltrate.

(A) Immunohistological staining to assess total immune infiltrate (CD45), macrophage infiltrate
(CD68, CD163) and associated tumor cell signaling (pSMAD) comparing healthy, DCIS and IDC
tissue. IDC tissue analysis was broken down further comparing the tumor invasive front and the
tumor core. (B) Quantification of CD68+ and CD163+ relative to all cells, and quantification of
pPSMAD signaling assessed as pSMAD staining intensity per pSMAD+ cell. (*** denotes P<.05).
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Tissue mechanics and collagen linearization associate with human breast cancer aggression

To determine if there is a relationship between tumor aggression and tissue mechanics |
examined stage and size matched, untreated, human breast cancer biopsies representing four
pathologically-confirmed subtypes classified as progressively aggressive including: least
aggressive luminal A, luminal B, Her2+ and the most aggressive, basal-like triple negative
(TNBC) (n=5 patients/subtype, stage matched, BRCA mutation negative)*. The invasive front of
each lesion was identified in H&E stained tissue sections (Figure 5.6A; top panel). Polarized
imaging of picrosirius red stained tissue revealed the most abundant fibrillar collagens were
present at the invasive front of the Her2+ and TNBCs (Figure 5; second panel; quantified in top
bar graphs shown in Figure 5B). SHG imaging revealed that these collagen fibers were more
linearized and thicker in the more aggressive tumor subtypes (Figure 5.6A; third panel) a finding
that was confirmed by the significant increase in tissue birefringence (Q-POL) quantified in the
Her2+ and TNBCs (Figure 5.6A; bottom panel; quantified in lower bar graphs shown in Figure
5.6B). Moreover, AFM indentation indicated that the invasive front in the higher grant Her2+

and TNBCs were significantly stiffer than the less aggressive luminal breast tumors (Figure 5.6C)
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Figure 5.6: Human IDC subtype influences ECM remodeling and mechanics.

(A) Immunohistological (H&E, picrosirius red and SHG) staining of human tumor samples
(Luminal A, Luminal B, Her2+ and Basal). (B) Quantification of picrosirius red area and SIM-POL
imaging as a measure of collagen density, tissue birefringence. (C) Quantification of AFM
measurements of human tissue samples. The upper 10% of stiffness values are shown and

normalized to measurements from healthy control tissue. (*** denotes P<0.05).
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Furthermore, analysis of immunofluorescence images of the invasive front of the luminal A,
luminal B, Her2+ and TNBC biopsied tissue revealed that the cells within the more aggressive
tumor subtypes (Her2+, TNBC) had the highest levels of activated bl integrin (Activated b1l
integrin) and FAK (pY397 FAK) and were more contractile (pS19 MLC) indicating they were likely
more mechanically activated (Figure 5.7A; images quantified in bar graphs shown in B)>®.
Consistently, the higher grade tumor subtypes Her2+ and TNBC both showed much higher
nuclear levels of the mechanically-activated factor Yorkie Associated Protein (YAP) than the
lower grade luminal A/B tumors (Figure 5.7C; quantified in the bar graphs shown in Figure
5.7D)***. These findings confirm my earlier results which emphasize that there exists a positive
correlation between stromal stiffness and the presence of linearized collagen fibers. The data
also indicate that tissue mechanics and extracellular matrix modeling and collagen linearization

reflect tumor aggression in human breast cancer patients.
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Figure 5.7: ECM remodeling associated with each subtype influences subsequent
mechanosignaling.

(A) Immunofluorescence imaging for mechanosignaling in the tumors including activated beta 1
integrin, pFAK (Y397), and pMLC (S19). (B) Quantification of immunofluorescence as average
signal intensity per cell. (C) Immunohistological staining for YAP. Luminal A and Luminal B
tumors assessed as one group due to lack of differences in YAP intensity. (D) Quantification of
YAP staining as average percentage of nuclear YAP+ cells per patient within each subtype. Bars
represent an average of 5 patient samples per subtype and error bars represent standard

deviation. (*** denotes P<0.05)
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Human breast cancer aggression correlates with a stiffer, more heterogeneous stroma and
higher levels of infiltrating macrophages

Nanoscale AFM testing of the distribution and the magnitude of stromal stiffness at the invasive
front of each breast tumor subtype revealed a striking increase in heterogeneity as a function
of tumor aggressiveness. Thus, while AFM indentation revealed that acquisition of an invasive
phenotype is consistently accompanied by a significant shift towards higher stiffness relative to
prophylaxis tissue (Representative AFM indentation maps shown in Figure 5.8A), the
distribution of the stromal stiffening was found to increase dramatically with tumor aggression
(Figure 5.8B compare Luminal A to Luminal B to Her2+ to Basal-like (TNBC)). Thus, the two more
aggressive breast tumor subtypes, Her2+ and TNBC had a much wider distribution of stiffness

measurements and a greater skewing towards high values (> 5kPa).
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Figure 5.8: AFM testing of human tissue reveals increased mechanical heterogeneity within the
more aggressive subtypes.

(A) Sample histograms of AFM mechanical measurements for human prophylaxis tissue and
human tumor tissue of each subtype. Statistical significance was determined via a Wilcoxon
Rank Sum Test, with all subtypes showing statistically significant differences relative to
prophylaxis tissue (p<0.05). (B) Atomic force microscopy force map result represented as a heat

map
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Interestingly, immunohistochemical (IHC) staining revealed that the skewed distribution
towards high ECM stiffness values found in the high aggressive cancer subtypes is mirrored by
an increased number of infiltrating immune cells (CD45+ cells) and specifically macrophages
(CD68+ cells) that were highly concentrated at the invasive front of each of the lesions (Figure
5.9A; first two panels; CD68 + cell quantification shown in bar graphs shown at left in Figure
8B). Moreover, IHC for activated SMAD (pSMAD; a marker of TGF beta signaling in the cell®)
revealed significantly elevated TGF beta signaling in the cells within the invasive front of the
more aggressive subtype (Figure 8A; bottom panel; quantified below in Figure 5.9B right bar
graphs). Indeed, | observed a significant correlation between the number of infiltrating
macrophages and the stiffness of the invasive tumor stroma and between the number of
infiltrating macrophages and the intensity of TGF beta signaling in the cells at the invasive front
of these human breast tumors (Figure 5.9C). These results show an association between tissue
mechanics and inflammation and suggest they potentially cooperate to drive breast tumor

aggression.
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Figure 5.9: Tumor aggression and increased immune infiltrate correlates with ECM stiffness.
(A) Immunohistological staining to assess immune infiltrate (CD45), macrophage infiltrate
(CD68), and associated tumor cell signaling (0SMAD) comparing breast cancer human subtype.
(B) Quantification of CD68+ relative to all cells and of pPSMAD signaling assessed as pSMAD
staining intensity per pSMAD+ cell. (C) Correlation curves comparing ECM stiffness and
macrophage infiltrate and macrophage infiltrate and pSMAD signaling. Curve fit via linear
regression model (*** denotes P<0.05)
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Discussion

Here, | demonstrate a correlation between the mechanical properties of the ECM, immune cell
infiltrate, tumor grade, subtype and aggression in human breast cancer samples. Indeed, |
found that the transition from non-malignant tissue to an invasive ductal carcinoma
corresponds with significant collagen deposition, linearization and bundling which leads to a
stiffening of the ECM. Subsequently, these mechanical alterations parallel enhanced activation
of mechanically-sensitive signaling pathways associated with focal adhesions, YAP and growth
factor receptor signaling. Accompanying this profound ECM remodeling and stiffening were
significant immune cell infiltrate, predominantly comprised of macrophages. | found this influx
of macrophages correlates with upregulated SMAD signaling in tumors, suggesting elevated
TGFp signaling. This presents a possible mechanistic explanation for the fibrosis and stiffening
of the ECM via TGFB-stimulated production of collagen and the collagen crosslinking enzyme
lysyl oxidase (LOX)®. Interestingly, | also found that the relationship between ECM stiffness,
immune infiltrate and tumor progression also depends on tumor subtype. Compared to Her2
and basal-like cancers, luminal breast cancers displayed less ECM remodeling and stiffening,
and consistently less immune infiltrate and pro-invasion signaling. Further investigation into a
causal relationship between ECM stiffening and the more aggressive breast cancer subtypes
would present a new set of potential prognostic parameters.

Current clinical techniques interrogate tissue stiffness as a passive feature to detect
cancer®®, Yet, experimental models contend that tissue mechanics plays more than just a

9,35,49,50

passenger role in tumor progression . Amongst breast cancer subtypes, | found that the

ECM at the invasive regions of the more aggressive Basal-like and Her2 tumor subtypes was the
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most heterogeneous and the stiffest when compared to the less aggressive Luminal A and B
subtypes. While shear wave elastography (SWE) yields quantitative information capable of
discerning benign and malignant lesions™, my study demonstrates the need for region-specific
measurements in deconstructing breast cancer mechanosignaling. The topographical variations
in the mechanical landscape of the collagen-rich ECM could not have detected by techniques
such as SWE.

Interestingly, the mechanical heterogeneity within tumors observed in my study
parallels the genomic intratumor heterogeneity observed in human cancers®. | found that
geographically-distinct regions of the same tumor displayed different constituents,
architectures and mechanical properties of the ECM. These results are consistent with previous
publications demonstrating increased tumor stiffness relative to healthy tissue and further
demonstrate the necessity for nanoscale mechanical testing and imaging to observe the
heterogeneous structures and features contributing to tumor stiffness. My findings, combined
with evidence that multiple measures of heterogeneity are associated with poor patient
prognosis, suggest the need for future exploration of how the resident stromal and immune
environments influence tumor progression and fate. Correlating local mechanical
measurements with regional histopathlogical analyses may provide the most efficacious

approach to relating tumor behavior with ECM mechanics.
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Experimental Methods

Human Breast Tissue. Fresh human breast tissue samples from prophylaxis mastectomy or
breast tumor mastectomy were either embedded in OCT (Tissue-Tek) aqueous embedding
compound within a disposable plastic base mold (Fisher) and were snap frozen by direct
immersion into liquid nitrogen and kept at -80 degrees until cryosectioning for analysis, or
formalin fixed and paraffin-embedded. All human breast tissue samples were prospectively
collected from patients undergoing surgery at UCSF or Duke University Medical Center between
2010 and 2014. The selected samples were de-identified, stored and analyzed according to the
procedures described in Institutional Review Board Protocol #10-03832 and #10-05046,
approved by the UCSF Committee of Human Resources and the Duke IRB (Pro00034242).

Tissue preparation for AFM measurements of ECM stiffness

Human breast tissue samples were analyzed following cryopreservation. Frozen tissue blocks
were then cut into 20 um sections using disposable low profile microtome blades (Leica, 819)
on a cryostat (Leica, CM1900-3-1). Prior to the AFM measurement, each section was fast
thawed by immersion in PBS at thawed at room temperature. The samples were maintained in
proteinase inhibitor in PBS (Protease Inhibitor Cocktail Roche Diagnostics, 11836170001), with
Propidium lodide (SIGMA P4170, 20 pug/ml) during the AFM session. Five patient’s samples for
each breast cancer subtype were used for AFM quantification of Young’s elastic modulus of the
cancer-associated stroma.

AFM measurements of ECM stiffness on tissue sections

All AFM indentations were performed using an MFP3D-BIO inverted optical AFM (Asylum

Research) mounted on a Nikon TE2000-U inverted fluorescent microscope, as previously
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described °. Briefly, | used silicon nitride cantilevers with spring constant of 0.06 N/m with
borosilicate glass spherical tip with 5 um in diameter (Novascan Tech). The cantilever was
calibrated using the thermal oscillation method prior to each experiment. Samples were
indented at 20 um/s loading rate, with a maximum force of 2 nN. Ten AFM force maps were
typically obtained on each sample, each map as a 50x50 um raster series of indentations
utilizing the FMAP function of the IGOR PRO build supplied by Asylum Research. The Hertz
model was used to determine the elastic properties of the tissue (E1). Tissue samples were
assumed to be incompressible and a Poisson’s ratio of 0.5 was used in the calculation of the
Young’s elastic modulus.

Two-photon microscopy image acquisition and analysis

For two-photon imaging 20 um fresh tissue sections were fixed post-AFM indentation in 4%
neutral buffered formalin, and mounted with Permount Mounting Medium. | used custom
resonant-scanning instruments based on published designs containing a five-PMT array
(Hamamatsu, C7950) operating at video rate.2 The setup was used with two channel
Qultaneous video rate acquisition via two PMT detectors and an excitation laser (2W MaiTai Ti-
Sapphire laser, 710-920nm excitation range). Second harmonics imaging was performed on a
Prairie Technology Ultima System attached to an Olympus BX- 51 fixed stage microscope
equipped with a 25x (NA 1.05) water immersion objective. Tissue samples were exposed to
polarized laser light at a wavelength of 830nm and emitted light was separated with a filter set
(short pass filter, 720nm; dichroic mirror, 495nm; band pass filter, 475/40nm). Images of x-y
planes of 284 by 284um at a resolution of 0.656um/pixel were captured using Micro-Manager

Open Source Microscopy Software (Micro-Manager) in at least 3 locations on each human
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tissue sample. Quantification of collagen fibers was achieved by setting a minimal threshold in
the second harmonic signal. The threshold was maintained for all images across all conditions.
The area of regions that was covered by the minimal threshold was calculated and 3 images per
sample were averaged together (Image J, Image Processing and Analysis in Java). Collagen fiber
diameters data were visualized and analyzed using Imaris (Bitplane AG) and MATLAB
(MathWorks). Statistical analysis was performed using Prism software (GraphPad Software,
Inc.).

Q-POL image acquisition and analysis

Retardance maps of tissue samples were obtained using custom-written Matlab program to
analyze the images acquired by an Olympus microscope (IX81) with a 10x objective as described
previously (Qui et al., PNAS 2014). Briefly the light (632nm LED) is incident on the sample after
passing through a linear top polarizer. After the sample, there is a circular polarizer consisting
of a quarter waveplate and a linear polarizer with relative alignment angle of /4. Rotation of
the top polarizer (rotation angle 9) results in a sinusoidal modulation of the light intensity at

each pixel****:

1(6) = ’30(1 + sin & - sin(20 + 2¢))) (1)

where, B is the principal axis and J'is the phase retardance (in radian) defined by
§=—-An-d, (2)

The polarizer stage steps in 4° per step with a total of 200°. The light intensity modulation of
each pixel on the image was fitted with equation 1 to generate the retardance map.

Picrosirius Red Staining and quantification. Flash frozen OCT embedded frozen tissues were

crio-sectioned at 5 um, fixed in 4% neutral buffered formalin and stained using 0.1% picrosirius
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red (Direct Red 80, Sigma) and counterstained with Weigert’s hematoxilin, as previously
described **. Polarized light images were acquired using an Olympus IX81 microscope fitted
with an analyzer (U-ANT) and polarizer (U-POT, Olympus) oriented parallel and orthogonal to
each other. Images were quantified using Imagel. Briefly, a minimal intensity threshold was
used to eliminate background and then fiber density was measured as image % area coverage.
For analysis of tumor progression samples 5 images per tissue region (normal, DCIS, IDC) were
taken for all 20 patients. Results per tissue region type were then pooled and averaged and
normalized to adjacent normal tissue values. For analysis of breast cancer subtypes, 10 images
were taken per patient with 5 patients per subtype. Results for each subtype were pooled and
averaged and then normalized to data from prophylaxis tissue serving as a non-tumor control.
Trichrome Staining and quantification. Paraffin-embedded samples were sectioned at 5 um
and Masson’s trichrome staining was performed following the optimized protocol
(https://www.bcm.edu/research/labs/jeffrey-rosen/protocols). For quantitative morphometric
analysis, ten sections of trichrome slides were imaged with color camera, using an Olympus
IX81 microscope and bright field light. Three fields acquired in each of the histological regions
of defined by my pathologist (Dr. YY Chen). Each RGB image was subsequently analyzed using
Image J (version 1.32j) software (National Institutes of Health, USA http://rsb.info.nih.gov/ij/).
The amount of fibrosis was then estimated from the RGB images with a macro written by the
authors (IA) by converting pixels of the image with substantially greater (> 1.5) blue than red
intensity ratio, and calculating the area over the threshold (Supplemental Figure 1).

Immunohistochemistry staining and quantification
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Antibodies and Reagents. Antibodies were as follows: CD45 (antibody clone X16/99 from Leica)
CD68(antibody clone 514H12 from Leica), YAP (Rabbit Cell Signaling), pSMAD (Rabbit Cell
Signaling). Immunohistochemistry staining and imaging of FFPE tissue sections was performed
as recently described.

Quantification. pSMAD intensity was quantified as the integrated density divided by the total
number of positive pSMAD-stained cancer cells. The integrated density was measured using
Imagel software (NIH). The integrated density was divided by the total number of positive
pSMAD-stained cancer cells. Average YAP+ cells were quantified by the number of nuclear-
stained YAP+ cancer cells divided the total number of cancer cells. The ratio of positive nuclear-
stained YAP cells divided by the total number of cells was multiplied by 100 to generate a
percentage.

Immunofluorescence Staining and quantification

Antibodies and Reagents. Antibodies were as follows: activated B1 integrin (Rat R&D Systems);
FAKpY397 (Rabbit Invitrogen); Phospho Akt Substrate (Rabbit Cell Signaling); MLCpS19 (Rabbit
Cell Signaling) secondary AlexaFluor goat anti-mouse, anti-rabbit, and anti-rat (488 conjugates)
and DAPI (Sigma). Immunofluorescence staining and imaging of FFPE tissue sections was
performed as recently described.

Quantification. Images were quantified in Imagel. Briefly a minimal intensity threshold for real
signal based on the max intensity of secondary only controls was used and then signal intensity
per cell was quantified as image fluorescent intensity integrated density divided by the total
number of cells in the image. For analysis of tumor progression samples 5 images per tissue

region (normal, DCIS, IDC) were taken for all 20 patients. Results per tissue region type were
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then pooled and averaged and normalized to adjacent normal tissue values. For analysis of
breast cancer subtypes, 10 images were taken per patient with 5 patients per subtype. Results
for each subtype were pooled and averaged and then normalized to data from prophylaxis
tissue serving as a non-tumor control.

Statistics

Statistical significance comparing different histological regions representing tumor progression
within the same patient was assessed either using a two-tailed paired Mann-Whitney non-
parametric test or ANOVA. Statistical significance comparing tissue samples from different
tumor subtypes was assessed either using a two-tailed unpaired Mann-Whitney non-parametric
test, Wilcoxon Rank Sum Test, or ANOVA as appropriate. Means are presented + standard

deviation of multiple measurements and statistical significance was considered at P < 0.05.
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Abstract:
Human breast tumors are highly fibrotic and their extracellular matrix (ECM) is stiffer relative to

benign lesions. A major contributor to tumor mechanics is fibrillar collagen-rich ECM. During
tumor progression, fibrillar collagen content increases and its organization is characterized by
bundles of aligned collagen fibers that are oriented perpendicular, particularly on the invasive
fronts in both mouse models of breast cancer and human disease. | demonstrated that a
stiffened ECM and elevated mechanosignaling (e.g. B1 integrin-focal adhesion kinase signaling
axis) promoted mammary tumorigenesis, whereas reducing ECM stiffening impeded tumor
formation. More recently, | established a positive correlation between the number and location
of infiltrating CD45 and CD68 immune cells and ECM stiffness in human breast tumors.
Infiltrating immune cells have been previously implicated in ECM remodeling associated with
mammary gland development and tumorigenesis. This has led me to hypothesize that immune
cells promote tumor-associated fibrosis that induces inflammatory signaling, resulting in a feed-
forward loop to stimulate a pro-tumor immune response. Using the MMTV-PyMT mouse
model, | found that lysyl oxidase (LOX) inhibitor treatment — an inhibitor of collagen
crosslinking — attenuated ECM stiffness and caused a shift in the cytokine milieu consistent
with an anti-tumor immune response. Macrophage depletion early in PyMT tumorigenesis not
only ablated metastasis, but demonstrated an anti-fibrotic role for macrophages as depicted by
a decrease in fibrillar collagen and a reduction in ECM stiffness. Interestingly, | also found that
MMTV-PyMT primary organoids embedded in stiff collagen gels induced MO macrophage (bone
marrow derived cells previously cultured with M-CSF) differentiation and invasion suggesting a
reciprocal relationship between macrophage infiltrate and ECM remodeling. In accordance with

the macrophage depletion data, STAT3 phosphorylation levels in tumor cells decreased in
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mammary tumors when mice were treated with a LOX inhibitor. Furthermore, the ECM
adjacent to mammary tumor cells that lacked STAT3 was softer and a quantitative cytokine
profiling of these tumors revealed a shift toward an anti-tumor immune response. Moreover, |
demonstrated that ECM stiffness directly caused STAT3 phosphorylation in tumor cells in vitro
by using ECM-coated polyacrylamide gels and that STAT3 signaling is essential for macrophage
infiltrate in collagen gel co-cultures. Collectively, my data provide multiple lines of evidence to
argue that macrophage infiltration promotes tumor-associated fibrosis that stimulates
inflammatory signaling in tumor cells in early mammary tumorigenesis — and this feed-forward
loop induces a pro-tumor immune response. These findings suggest that early treatment with
an anti-fibrotic agent could mitigate immune suppression associated with late tumorigenesis

and may enhance the efficacy of immunotherapy.
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Introduction:
Human tumors are highly fibrotic and previous work in our lab has shown a strong

correlation between tissue mechanical properties and breast tumor aggression’—. Specifically,
we have demonstrated that collagen cross-linking and extracellular matrix (ECM) stiffness is
necessary for metastasis in in vivo breast cancer models and that altered tissue organization
and mechanics are associated with increasing tumor aggression in human patient samples. Yet,
the ECM is not solely a protein rich matrix, but also contains stromal cell populations such as
fibroblasts and immune cells*”. Critically, these stromal cell populations can have a potent
effect on tumor aggression through secreted cytokines which alter tumor cell signaling to

815 However this

influence tumor cell survival, drug resistance, invasion, and motility
relationship exists within a dynamically changing micro environment and how the ECM
mechanical changes that occur with tumor progression regulate stromal cell —tumor
interactions to influence metastatic progression remains poorly understood and is the focus of
this work.

| previously demonstrated a direct relationship between the increased stiffness and
reorganization of the ECM in the most aggressive human tumors and significant immune cell
infiltration in the form of macrophages®®. Interestingly, immune cells are potent regulators of

ECM remodeling through a pro-fibrotic inflammatory cytokine milieu’ 2

, suggesting immune
infiltrate may support tumor aggression by inducing ECM stiffening. Specifically, my work in this
thesis and previous work in our lab has demonstrated that ECM stiffness can directly affect

tumor aggression through regulation of pro-tumorgenic MAPk signaling to support tumor cell

growth, metabolism, motility, and ultimately metastasis in vivo. Moreover, ECM mechanics can
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471033 ' syggesting the relationship between immune cell

also modulate stromal cell phenotype
infiltrate and ECM stiffness may be reciprocal.

In this work | aimed to explore this relationship between immune infiltrate and ECM
mechanics in tumor malignant phenotype through the following hypothesis: infiltrating immune
cells promote tumor-associated fibrosis that induces inflammatory signaling, resulting in a feed-
forward loop to stimulate a pro-tumor immune response. To test this hypothesis, | utilized a
combination of breast cancer in vivo models in which | could modulate ECM mechanics,
immune cell infiltrate, and inflammatory signaling and then measured ECM structural and
mechanical properties, tumor cell signaling, and evidence of metastatic progression. To
supplement my animal studies | also used tunable hydrogel substrates ex vivo in which | could
tune ECM stiffness to elucidate the importance of substrate mechanics in modulating immune
cell —tumor cell interactions.

From these studies | observed that infiltrating macrophage play a critical role in ECM
remodeling and tumor metastatic progression. Interestingly, the relationship between immune
cell infiltrate and ECM remodeling is reciprocal and mediated through tumor cell inflammatory

response via tumor cell Stat3 signaling. These results provide important new insights into the

role of tissue inflammation and tumor aggression and metastatic progression.
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Results:

Macrophage infiltration is necessary for stromal remodeling and tumor metastatic
progression

Having previously observed that increased stromal stiffness in human patient samples
correlated with macrophage infiltrate | aimed to determine whether macrophage recruitment
regulated ECM mechanical properties. To test this | used the MMTV PyMT breast cancer model
+/- an anti-CSF1 antibody which depletes infiltrating macrophage and collected tissues at 11
weeks of tumor progression (early stage carcinoma). To assess mechanical and structural
changes in the stroma bordering the tumor | used a combination of atomic force microscopy
(AFM) and second harmonic generation (SHG) collagen imaging with a two-photon microscope.
From these analyses | measured a significant decrease in tissue elastic modulus in the collagen
rich stroma bordering the tumor and corresponding structural changes suggesting smaller less
bundled collagen fibers with macrophage depletion (Figure 6.1 A-B). These results suggested
macrophage play an important role in determining the mechanical microenvironment during
tumor development.

To determine how macrophage depletion alters metastatic progression | collected lung
tissue from late stage MMTV PyMT animals (13 weeks) and used gPCR to test for the presence
of the PyMT transgene. Interestingly, | observed a highly significant decrease in metastasis in
anti-CSF1 treated mice underscoring the importance of immune infiltrate in tumor malignant
phenotype (Figure 6.1C). Moreover, this result is consistent with inhibiting collagen cross-
linking (Figure 4.3) suggesting that the impact of immune infiltrate on tumor metastasis may be

through ECM remodeling.
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Figure 6.1. A) Two photon imaging of 11 week PyMT tumor tissue +/- macrophage depletion,
collagen imaged via SHG and nuclei by propridium iodide fluorescent stain. Yellow grid
represents sample AFM testing region focused on tumor stroma border. B) Quantification of
average stroma elastic modulus representing 5 animals in each group with one mammary gland
per animal tested with 1000 measurements per gland taken at 11 weeks. C) Lung metastasis

guantified by PyMT transgene expression in lung tissue of late stage (13 week) animals.
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Substrate stiffness and tumor cell cytokine secretion potentiates macrophage infiltration in
an ex vivo co-culture model.

Having demonstrated an important role for immune infiltrate in ECM remodeling, | next
wanted to explore the reciprocal relationship. In particular, previous works have implicated

4710.23 5nd | aimed specifically

ECM mechanical properties can regulate stromal cell phenotype
to determine if the stiffness of the matrix could alter macrophage infiltration.

To do this in a highly controllable setting, | altered my tension bioreactor system?* to
work as a co-culture between macrophage and isolated tumor cells. Briefly, macrophage were
derived from bone marrow isolates cultured for 7 days with M-CSF and then seeded on top of
collagen gels tuned to either normal or tumor associated mammary gland stiffness and with or
without embedded isolated tumor organoids as previously described® (Figure 6.2).

Interestingly, the combination of stiffened substrate and tumor organoids lead to
significantly greater macrophage adhesion to the collagen gel and subsequent infiltration of
macrophage into the hydrogel than either stiffness or embedded tumor cells individually. From
this | inferred that there may be a stiffness mediated upregulation of pro-inflammatory
signaling in the tumor cells to potentiate cytokine secretion and macrophage infiltration, thus
explaining why | only observed macrophage infiltration with a stiffened ECM and embedded

tumor cells rather than either individually. | next aimed to assess which inflammatory signaling

pathways in vivo were altre
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Figure 6.2. Macrophage — tumor cell co culture demonstrates the importance of both tumor
cell cytokine secretion and ECM stiffness in enhancing immune cell infiltrate. Tumor cells were
PyMT organoids and gels were tuned to either 400Pa or 4kPA. Z-projections were made from z-
stack images taken via two-photon, with imaging starting 10um below the surface of the

collagen gel and ranging to 350 um deep.
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Tumor cell Stat3 signaling is altered by ECM stiffness and dependent on integrin focal
adhesion signaling.

| next aimed to assess which inflammatory signaling pathways in vivo were altered in
response to ECM stiffness to determine which tumor cell signaling mechanisms might be
regulating immune infiltrate. Using the same MMTV PyMT +/- collagen cross-linking inhibitor
mammary gland samples described in chapter 4, | assessed via tissue staining potential
differences in tumor inflammatory signaling and found a significant decrease in pStat3 levels
with decreased ECM stiffness (Figure 6.3A). Stat3 signaling has been implicated as a critical

26,27,28

regulator of pro-inflammatory cytokine secretion and thus an attractive possible

mechanism for the phenotype | observed in our co culture. However, Stat3 signaling can also be

112939 and thus | next aimed to determine the

induced in response other inflammatory cytokines
role of stiffness alone on Stat3 signaling in tumor cells.

To assess the impact of ECM stiffness on tumor cell Stat3 signaling specifically | seeded
isolated MMTV PyMT on mechanically tunable polyacrylamide (PA) gels calibrated to either
normal or tumor associated mammary gland stiffness. After 24 hours of culture | collected
protein lysates for immunoblotting quantification and | measured a significant increase of
activated Stat3 signaling (ratio of pStat3 to total Stat3) with increased substrate stiffness (Figure
6.3B). To determine if this enhanced Stat3 activation was due directly to cell-ECM interactions
through focal adhesions or through canonical Stat3 activation by EGFr signaling28 | quantified
stiffness mediated Stat3 phosphorylation in the presence of JAK1/2 (canonical Stat3 activation
pathway), pFAK or pEGFr inhibition. Consistently, | found that FAK inhibition significantly

reduced Stat3 activation on stiff substrates while EGFr signaling inhibitors had little to no effect

on pStat3 levels (Figure 6.3B). These data support ECM stiffness as a potent regulator of tumor
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cell inflammatory signaling and suggest a possible positive feedback loop in which infiltrating
macrophage secrete soluble factors to induce fibrosis that in turn increases tumor cell Stat3

signaling, which can potentiate the release of additional pro-inflammatory cytokines.
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Figure 6.3 A) pSTAT3 and activated B1 integrin tissue staining of 11 week PyMT tumors +/-

BAPN treatment for collagen cross-linking inhibition. Scale bar 80um. B) Measurement of Stat3
signaling quantified as ratio pStat3 to total Stat3 determined via western blot. MMTV PyMT
cells were seeded on PA gels of increasing stiffness and culture for 24 hours in either standard
culture media or with an addition of a Jak1/2, Fak, or EGFr inhibitor. Bars represent 3 biological

replicates for each group.
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Stat3 signaling is required for ECM remodeling and tumor metastasis

Building on previous experiments implicating Stat3 signaling as a possible mediator of
immune infiltrate and | next aimed to determine how Stat3 contributes to ECM remodeling and
tumor malignant progression.

As in the macrophage depletion studies, | utilized my MMTV PyMT animal model +/- a
genetic knockout of Stat3 signaling in the tumor epithelium and collected tissues at 11 weeks.
Structural and mechanical changes in the stroma with the loss of Stat3 signaling were
determined via AFM and SHG imaging. Consistent with my results from the macrophage
depletion studies, the Stat3 KO tumors had significantly less stiff stroma than control tumors as
well as reduced collagen bundling and linearization (Figure 6.4). Importantly, these changes also
correlated with significantly less evidence of lung metastasis (Figure 6.4).

Combining these observations, my data suggest that while Stat3 is regulated by ECM
stiffness it also plays an important role in supporting ECM remodeling and subsequently
malignant progression. Additionally, these results closely match the data from PyMT tumors in
which we ablated macrophage infiltration again suggesting an important relationship between
immune infiltrate, Stat3 signaling, ECM stiffness, and ultimately metastasis. To build on these

data | next aimed to determine how Stat3 contributed to macrophage infiltrate.
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Figure 6.4 A) Two photon imaging of 11 week PyMT tumor tissue +/- Stat3 KO, collagen imaged
via SHG and nuclei by propridium iodide fluorescent stain. Yellow grid represents sample AFM
testing region focused on tumor stroma border. B) Quantification of average stroma elastic
modulus representing 5 animals in each group with one mammary gland per animal tested with
1000 measurements per gland taken at 11 weeks. C) Lung metastasis quantified by PyMT
transgene expression in lung tissue of late stage (13 week) animals.
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ECM stiffness mediated macrophage infiltrate depends on tumor cell Stat3 signaling

Building on previous results, | aimed to determine if mechanistically tumor cell
inflammatory signaling regulated ECM stiffness through altered immune cell infiltrate.
Specifically, | assessed the importance of Stat3 signaling to macrophage infiltrate both in vivo
and in vitro.

Interestingly, tissue staining in 11 week PyMT tumors +/- Stat3 KO showed nearly no
macrophage infiltrate with loss of Stat3 signaling (Figure 6.5), supporting my previous results
that both loss of macrophage infiltrate and loss of Stat3 prevent ECM stiffening. To dynamically
assess the impact of substrate stiffness on macrophage-tumor cell interactions and the role of
Stat3 signaling, | again utilized my tension bioreactor adapted for a macrophage — tumor cell
co-culture (Figure 6.5). Interestingly, the combination of stiffened substrate and tumor
organoids lead to significantly greater macrophage adhesion to the collagen gel and subsequent
infiltration of macrophage into the hydrogel than either stiffness or embedded tumor cells
individually. Consistent, with previous results, Stat3 was essential in this model for macrophage
behavior as collagen gel co-cultures with Stat3 KO tumor organoids had significantly blunted
macrophage infiltration (Figure 6.5).

From these results, it is clear there exists a dynamic interplay between infiltrating
macrophage, tumor cell signaling, and tissue mechanical properties with each being

interrelated and each critical for tumor malignant progression.
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Figure 6.5 A) Macrophage infiltrate determined by F4/80 tissue stain in PyMT tumor tissue +/-
Stat3 KO. B) Z-projected images of macrophage infiltration into the collagen gel in macrophage
— tumor cell co-culture. PyMT organoids +/- Stat3 KO and gels were tuned to either 400Pa or
4kPA. Z-projections were made from z-stack images taken via two-photon, with imaging

starting 10um below the surface of the collagen gel and ranging to 350 um deep.
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Discussion:

In this work | aimed to better understand the interrelated roles of macrophage, tumor
cell signaling, and stromal remodeling and stiffness in tumor aggression. Based on previous data
there is a clear correlation between stromal stiffness, inflammatory signaling, and immune
infiltrate and critically each has been implicated in tumor malignant progression and metastatic

112931 ‘However, how these factors are regulated relative to each other and

phenotype
potential synergistic effects or the possibility of feed forward loops was unclear. Here | have
made several key observations, which clarify the nature of these relationships.

By using AFM and SHG imaging with tumor tissue samples in which macrophage were
depleted | observed significant reduction in the ECM remodeling and stiffening concordant with
tumor progression. Consistently, with the reduction of infiltrating macrophage | observed a
severe reduction in tumor Stat3 activation, a major inflammatory signaling mechanism?®?’.
Interestingly, using a genetic KO of Stat3 in tumor cells | not only measured a reduced ECM
stiffness but the loss of Stat3 signaling also significantly hindered macrophage infiltrate
suggesting the relationship between macrophage infiltrate and tumor Stat3 signaling is bi-
directional and both have a key role in inducing ECM remodeling.

Further, when | tested the effects of substrate stiffness on tumor cell Stat3 activation |
saw stiffness alone significantly enhanced Stat3 signaling dependent on cell-ECM adhesion and
focal adhesion signaling. Consistently, in a macrophage-tumor cell co-culture model using my

tension bioreactor, | observed significantly enhanced macrophage infiltration with stiffened

collagen gels embedded with tumor cells with Stat3 signaling intact.
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Importantly, these data shows for the first time that ECM stiffness is a critical regulator
of tumor cell immune cell interactions. These results also suggest an interesting positive
feedback loop in which infiltrating macrophage drive Stat3 signaling but also require Stat3
signaling with both pathways feeding into ECM remodeling as well as being tuned by ECM
stiffness. Importantly, this loop directly contributes to malignant progression, as each one of
the axes of this loop is necessary for metastasis in animal models and correlates with tumor
progression and aggression in human patient samples.

However, to build upon and translate these results into possible clinical therapies there
is still more work to be done to better understand the mechanistic underpinnings of the
interactions between macrophage, tumor cells, and ECM stiffness. In particular, through which
cytokines do macrophage stimulate Stat3 activation and conversely which soluble factors draw
in infiltrating macrophage? Moreover, which cell populations drive the ECM remodeling and
how is this activity influenced by macrophage tumor cell interactions?

Future studies using ELISA and mass spectrometry to assess the cytokine milieu in my
variety of models presented here should better elucidate which cytokines and subsequently cell
signaling mechanisms are involved. Moreover, previous results from my work have strongly
implicated integrin specificity and cell metabolic changes as key to tumor cell malignant
phenotype with ECM stiffening. How these factors contribute to tumor cell —immune cell

interactions is not yet understood and should be explore in future follow up experiments.
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Methods:

Cell culture

MMTV PyMT mice were sacrificed at 11 week and the #4 mammary glands were collected and
digested for tumor organoids isolated as previously described®. Once acini were isolated they
were seeded in the collagen bioreactor or seeded onto 2D polyacrylamide gels and cultured for
2 days. For bioreactor studies after 2 days they were paraformaldehyde fixed and stained with
propridium iodide and alexa488 phalloidin for imaging on the two-photon microscope.
Polyacrylamide gel cultures were also stopped after 2 days with a 2% SDS lysis buffer used to

collect protein lysates.

Studies in which pharmacological inhibition was required, | used Ruxolitinib at 5uM to inhibit
Stat3 signaling, PND 1186 at 1uM to inhibit FAK, and Tryphosin AG 1478 at 0.5uM to inhibit

EGFR.

AFM measurements of ECM stiffness on tissue sections

All AFM indentations were performed using an MFP3D-BIO inverted optical AFM (Asylum
Research) mounted on a Nikon TE2000-U inverted fluorescent microscope, as previously
described °. Briefly, | used silicon nitride cantilevers with spring constant of 0.06 N/m with
borosilicate glass spherical tip with 5 um in diameter (Novascan Tech). The cantilever was
calibrated using the thermal oscillation method prior to each experiment. Samples were
indented at 20 um/s loading rate, with a maximum force of 2 nN. Ten AFM force maps were

typically obtained on each sample, each map as a 90x90 um of 10x10 indentations in a raster
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series of indentations utilizing the FMAP function of the IGOR PRO build supplied by Asylum
Research. The Hertz model was used to determine the elastic properties of the tissue (E1).
Tissue samples were assumed to be incompressible and a Poisson’s ratio of 0.5 was used in the

calculation of the Young's elastic modulus.

Two-photon microscopy image acquisition and analysis

For two-photon imaging 20 um fresh tissue sections were fixed post-AFM indentation in 4%
neutral buffered formalin, and mounted with Permount Mounting Medium. | used custom
resonant-scanning instruments based on published designs containing a five-PMT array
(Hamamatsu, C7950) operating at video rate. The setup was used with two channel Qultaneous
video rate acquisition via two PMT detectors and an excitation laser (2W MaiTai Ti-Sapphire
laser, 710-920nm excitation range). Second harmonics imaging was performed on a Prairie
Technology Ultima System attached to an Olympus BX- 51 fixed stage microscope equipped
with a 25x (NA 1.05) water immersion objective. Tissue samples were exposed to polarized
laser light at a wavelength of 830nm and emitted light was separated with a filter set (short
pass filter, 720nm; dichroic mirror, 495nm; band pass filter, 475/40nm). Images of x-y planes of
284 by 284um at a resolution of 0.656um/pixel were captured using Micro-Manager Open
Source Microscopy Software (Micro-Manager) in at least 3 locations on each human tissue
sample. Quantification of collagen fibers was achieved by setting a minimal threshold in the
second harmonic signal. The threshold was maintained for all images across all conditions. The
area of regions that was covered by the minimal threshold was calculated and 3 images per

sample were averaged together (Image J, Image Processing and Analysis in Java). Collagen fiber
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diameters data were visualized and analyzed using Imaris (Bitplane AG) and MATLAB
(MathWorks). Statistical analysis was performed using Prism software (GraphPad Software,

Inc.).

Tissue Immunofluorescence Staining and quantification

Antibodies and Reagents. Immunofluorescence staining and imaging of FFPE tissue sections

was performed as recently described*?.

Image Acquisition
All immunofluorescence images were acquired using a Nikon 40x water immersion objective

(NA=1.15) on a Nikon spinning disk microscope

Mouse Studies

Mice were sacrificed at which time the 4th mammary gland was paraformaldehyde fixed;
paraffin sections were analyzed for histology and parallel sections were stained as described,
and the 2/3 mammary gland was collected for PCR and immunoblot analysis and as a cell
source for tumor cells. For mice sacrificed at a total tumor burden of 2mm? lungs were also

collected for PCR analysis of metastasis.

Immunoblot analysis
Immunoblot analysis was done with a 3% BSA block solution and the following primary
antibodies: pStat3 (Rabbit Cell Signaling), Stat3 (Rabbit Cell Signaling) and with a horseradish

peroxidase anti-rabbit secondary (Cell Signaling).
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3D and 2D Substrate Preparation

Tension bioreactor studies were performed as previously described?. For co-culture studies, |
culture BMDC (bone marrow derived cells) based on previously established protocols.25 Briefly,
| use 26G needle to flesh the bone (femur from a Mac GFP mouse) and culture the BMDC in
DMEM/F12+10% FBS+1%A/A and with 100ng/mL murine M-CSF for 7 days. | change media on

the 3™ day (the day of isolation is day 0).

| then plated approximately 200K cells on top of each gel in the bioreactor on day 1 (one day
after starting to culture the PyMT organoids). Cultures are then fixed and stained on day 3
followed by large field two photon images to assess infiltration of macrophage into the gel. As
for the cell sorting Ori has gotten data but | are still very much in the optimizing phase.
ECM-functionalized PA gels were prepared and mechanically analyzed as described

previously33.

Statistical Analysis

Statistical analysis was performed using Prism/GraphPad Software (La Jolla, CA) at indicated p-
values. Unless otherwise stated, two-tailed Student’s t-tests were used for significance testing.
Means were presented as +/- s.e.m of at least three independent experiments. Unless
otherwise noted, sample size, n, was n=3 and statistical significance was considered at p<0.05.
Adhesion strength values were specifically analyzed via ANOVA and Tukey’s post-hoc test with a

p-value < 0.05 considered significant.
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This thesis aimed to build on previous data suggesting a key role for extracellular
matrix (ECM) mechanics in driving breast tumor aggression through focal adhesion
signaling enhancing tumor cell invasion, migration, and ultimately metastasisl-34.
Consistently, previous work in our lab and others have implicated cell-ECM interactions as
potent effectors of tumor cell proliferation, motility, metabolic adaptation, and immune
system response through modulation of stromal immune cells and secreted cytokines*>-9.
In particular, we have previously demonstrated cell-ECM adhesions through integrins as
critical mechanical sensors of the remodeled ECM associated with tumor progression and
aggression, which serve as potent signal transducers to drive tumor cell malignant
phenotype>7.10-13,14-18 In gpite of this mounting evidence supporting tissue physical
properties as essential drivers of tumor development and malignancy, several questions
remained unanswered:

1. How to engineer and implement an ex vivo system that recapitulates the
complex heterogeneity, structure, and mechanics of the tumor ECM while
still being highly controllable for the study of tumor cell-ECM interactions?

2. In considering integrin based mechanosignaling driving tumor aggression
are there specific integrin dimer-ligand combinations that are key for
malignant progression?

3. Downstream of integrin signaling, what cell signaling pathways are regulated
by ECM mechanics and which are pertinent to tumor cell invasion and
malignant phenotype?

4. In the remodeled ECM of the stroma, how are other cell types affected and

how do they contribute to tumor aggression?
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5. How can I accurately measure and assess the mechanical changes and
remodeling that occurs with tumor progression and can I relate specific
modifications to malignant progression?

This thesis addressed these questions and aimed to test the overall hypothesis that ECM
mechanical properties influence tumor malignant progression through integrin focal
adhesion signaling and subsequent downstream signaling affecting tumor motility and
invasion, tumor metabolism, and immune cell response. I tested this hypothesis across five
separate research projects ranging from the design of experimental systems to best study
tumor cell-ECM interactions, determining which integrin dimers enhance tumor
malignancy, the effects of ECM mechanics on tumor cell signaling downstream of integrins
(specifically, growth factor receptors signaling and cell metabolism), and the role of tissue
mechanical properties on stromal immune cells and the subsequent impact on tumor
malignancy.

The combined results across these projects provide novel insight into how ECM
biomechanics influence tumor cell phenotype and which signaling mechanisms are
sensitive to ECM stiffness and contribute to malignant progression. Additionally, each of
these projects has promising future directions with potential for development of
experimental systems, which accurately recapitulate the entire tissue microenvironment,
novel therapeutic targets, and new insights to tumor aggression and tissue mechanics
allowing more accurate diagnostic tests. The results and future directions of each project

are summarized individually in the following sections.
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Development of a bioreactor to study mechanically sensitive cell-ECM interactions in
3D

Initially, one of the critical technical hurdles of this thesis work was the lack of
appropriate ex vivo systems in which to study ECM stiffness and its effects on tumor cell
behavior. The standard systems available at the inception of this work were either
experimentally intractable to control and assess dynamically, such as in vivo animal
models, or did not adequately capture the complex, multi component, and 3D structure of
native tissuel%19-21, While a growing number of 3D hydrogel systems had tried to address
this many suffered from lack of independent control of stiffness and topology (natural ECM
hydrogels) or were not as bioactive nor biocompatible as native tissue (synthetic
hydrogels)22-27. With these limitations in mind I designed a tension bioreactor system in
which I could tune collagen hydrogel stiffness through strain hardening without altering
pore size. This system provided several key advantages as collagen is amenable to growth
factor and adhesion ligand tethering, cell remodeling, and is the primary structural
component of the mammary gland. Using this system combined with pre-malignant and
malignant mammary epithelial cells (MEC) I demonstrated that ECM stiffness alone could
enhance tumor cell invasion and that the tension bioreactor could serve as a suitable in
vitro intermediate between higher throughput 2D hydrogel systems and in vivo models19.

In its current state, the bioreactor is limited to studying general tumor cell invasion,
whereas in a tumor vasculature provides chemoattractant gradients for directed cell
migration as well as sites for intravasation. Recapitulating this tissue element in the
bioreactor would be a key technological leap forward for the physiological relevance of the

phenotypes observed with the bioreactor. Other groups have also been experimenting with
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this through 3D printing of scaffolds for endothelial cell tube formation and subsequent
embedding of this primitive vascular network in a full collagen gel with tumor cells2829,
This network is then amenable to perfusion and long term culture in which tumor cell
invasion and migration can be monitored and tumor cells entering “circulation” can be
quantified. However, several technical challenges still exist such as how to determine the
shape, density, and geometry of the vascular network, optimizing perfusion flow profile
and what media type to use for a endothelial-tumor co-culture, and for the case of the
bioreactor how would the endothelial network react under tension? Yet, such
improvements would dramatically improve bioreactor physiological relevance and
enhance functionality for studying tumor cell-ECM interactions and in particular tumor cell
invasion.
The role of a5 integrin - FN interactions in tumor malignant phenotype

While several previous works in my lab and others had implicated integrin signaling
as a key mechanotransduction mechanism in tumor cells, there exist 24 integrin
heterodimer-ligand pairs, and whether they are all equally important to tumor progression
or whether specific pairs were critical drivers of malignant phenotype remained
unclear?123031 | had seen specific up regulation of alpha 5 integrin and its ligand
fibronectin with oncogenic transformation, and I then aimed to determine whether alpha 5-
FN binding was uniquely important for tumor cell malignant progression and if so how?
Critically, I found that specifically overexpressing alpha 5 in the presence of fibronectin
induces a malignant phenotype in normal MEC while blocking alpha 5 - FN binding reverts
malignant tumor cells to a normal phenotype demonstrating alpha 5 - FN is both necessary

and sufficient for tumor malignant progression. Alpha 5 - FN binding is distinct from other
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integrin ligand adhesions in that alpha 5 engages both the RGD domain and a secondary
synergy site, PHSRN, causing a catch-bond effect17.3233.34, [ showed that this catch-bond
causes integrin clustering, higher strength of adhesion, enhanced cell contractility, and
subsequently enhanced pro-invasion cell signaling (Akt and Erk). Importantly, these
alterations in cell signaling resulted in enhanced tumor cell invasion dependent on the
increased cell contractility from alpha 5 - FN binding. Critically, I also found that full
engagement of the synergy site required a stiffened substrate, such as collagen bundles in
the tumor stroma, as even with alpha 5 FN binding, cells plated on soft substrates did not
recapitulate the malignant phenotype.

These results have several important clinical implications and potential
translational impacts in both breast tumor prognostics and therapeutics. Here I
demonstrated how up regulation of alpha 5 and FN both correlate with a malignant
phenotype making them attractive potential targets for human tumor pathology1531.3536,37,
Moreover, new probes targeting specific conformations of FN can allow detection of
synergy site engagement thus allowing for the alpha 5 - FN binding and the pro-invasion
phenotype it potentiates to be detected3839. However, several of the findings in this work
would need to be validated in large patient cohorts. Relatedly, the alpha 5 - FN interaction
can be targeted therapeutically via the small molecule inhibitor of synergy site binding
ATN-1611736, which I used in this work and was originally designed for clinical
applications. However, integrin-FN binding is also critical to other fundamental biological
processes such as wound healing and immune process limiting the potential of drugs such

as ATN-161 when used systemically. Further research into local delivery of compounds
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such as ATN-161 directly into the tumor microenvironment would better assess their
clinical efficacy and potential.

Tumor metabolism is tuned by ECM mechanical properties and is a key mediator of tumor
invasion and metastasis

While there exist many shared hallmarks of tumors between different indications and
subtypes, few hallmarks are as critical to tumor development and as varied across tumor type
as aberrant metabolism®. Whether it be up regulation of glycolysis and lactic acid production,
enhanced mitochondrial respiration, or increased ROS production, a wide variety of aberrant
metabolic phenotypes have been observed in different tumors or even across a single tumor**”
*_Combining this variety with the fact that altered cell metabolism has been shown to be a
marker of poor prognosis in clinical samples in several different indications and it is clear that a
better understanding of tumor metabolism is critical for patient care*®™°.

In this project, | aimed to build on previous data demonstrating ECM mechanics as
potent regulators of cell signaling pathways, Akt, Hif1la, MYC, which have been shown to play a

key role in controlling cell metabolism**4%47>174

. Consistently, | demonstrated that breast
tumor cells on stiffened matrices have significantly higher levels of key metabolic regulators
such as the glucose transporters, glycolytic enzymes, lactic acid fermentation enzymes, and
lactic acid transporters. These changes are consistent with previous data suggesting breast
tumors are highly dependent on glycolysis and | hypothesized that this change might be to

support the increased energy demands and biogenesis required for the enhanced cell

proliferation and invasion seen in stiffened microenvironments.
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To test this hypothesis | postulated that cells on stiff substrates would be more sensitive
to metabolic inhibition, specifically nutrient deficiency, but interestingly | found the opposite. In
fact, tumors cells in stiff substrates were less sensitive to nutrient stress suggesting that the
metabolic change with stiffness actually allows tumor cell flexibility and adaptability when
nutrients may be low such as early in tumorigenesis when vascularization might be poor.
However, | next showed that by targeting the metabolic adaptation directly, via metformin>?,
tumor cells invasion and proliferation in stiff ECMs are significantly blunted. Importantly, this
also translates in vivo as metformin treatment prevented tumor growth, EMT, and metastasis in
the MMTV PyMT breast carcinoma model.

Future directions in this work will further explore the mechanistic underpinnings of the
observed phenotypes and more in depth look at functional metabolic changes. Specifically,
while | have strong evidence of metformin preventing metastasis, its mechanism of action
(AMPk activation) interacts with many pathways (Akt, MYC, Hifla, mTor) making it difficult with

the current data to determine which pathways are most critical®®™®

. Additionally, the
fundamental changes | have observed in tumor cell metabolism downstream of integrin
signaling are likely influenced by specific integrin-ligand dimer pairs as | showed alpha 5 — FN as
a key driver of Akt signaling for example. In the future | would like to determine any integrin
specificity that may exist in tumor cell metabolic adaptation in response to stiffness.

Also, most observations here regarding metabolic changes have focused on protein and
expression levels of key regulators (glucose transporters for example) and | have yet to assess

changes on functional metabolism such as glucose metabolism, oxygen consumption, or ATP

production for example. Existing technologies, mass spectroscopy and H:-NMR, and newer
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technologies, Seahorse metabolic profiler and C* hyperpolarized NMR, would allow static and
dynamic profiling of metabolite profile and metabolic rates*. This type of data would provide
strong credence to my protein and expression level data and dovetail with proposed new
diagnostic technologies. Specifically, the metabolic profile defined here related to malignant
progression and tissue stiffness could be measured with hyperpolarized NMR in a clinical
setting and allow better assessment of patient risk. Additionally, metformin itself has been

shown to have protective effects in human tumor patients® >

. The data here supports this
concept of metformin as potentially useful as a preventative measure in high risk patients

pending large scales human clinical trials.

A quantitative mechanical and structural analysis of human tumor tissue remodeling
accompanying malignant transformation

Having established ECM remodeling and stiffening as correlating with metastatic
progression in vivo? and several other stiffness based metrics demonstrating this translates to a

.. . —64
clinical setting™®™®

| aimed to quantitatively assess what ECM remodeling is occurring in human
breast tumors and how this translates to tissue mechanical changes with tumor progression
and aggression. | found consistent with previous results®>®, human tumors demonstrate
significant collagen fibrosis with tumor progression. Specifically, | observed increased collagen
linearization and bundling, which correlated with significantly increased elastic modulus and as
expected enhanced tumor cell mechanosignaling. Intriguingly, these trends also hold across

subtypes with the most aggressive subtypes (Her2+, triple negative) demonstrating significantly

more fibrosis and subsequent stiffening. Coincident with this fibrosis, | observed dramatic

218



macrophage infiltration and activation scaling with the degree of collagen remodeling and
stiffening.

These critical observations have interesting implications for potential patient therapies
and prognostic approaches. Techniques that measure tumor rigidity could potentially allow
better assessment of patient risk for a given tumor. Additionally, the correlation between
immune infiltrate and ECM stiffening suggests a possible role for macrophage in inducing ECM
remodeling and driving tumor progression, supporting current clinical trials using anti-CSF1
treatments. Moreover, this suggests that patients with highly fibrotic tumors could potentially

benefit most from anti-CSF1 treatment.

Investigating a link between tissue mechanics and tumor immune response in breast
cancer malignant progression

Following up on my observation that in human breast tumors there is significant ECM
remodeling concordant with tumor progression and aggression and this is associated with
significant immune infiltrate®, | next aimed to explore the relationship between ECM
mechanics, immune cell response, and how they relate to tumor malignant phenotype.
Interestingly, | found that ECM stiffness, infiltrating macrophage, and tumor cell inflammatory
signaling via Stat3 are all dependent on each other and all necessary for metastasis. These
results provide several interesting possible therapeutic targets as both preventing macrophage
infiltrate or targeting the downstream signaling in the tumor cells themselves, Stat3, both

prevented metastasis in breast cancer animal models. Whether these treatments would work in
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a clinical setting or whether similar therapies targeting immune cell infiltrate and subsequent
inflammatory setting is not yet clear but promising.

In future work | would want to explore how other elements of the ECM influence these
interactions, specifically integrin-FN interactions, or how downstream cell signaling in the
tumor altered by ECM mechanics, such as tumor cell metabolism, determines tumor cell
immune cell interaction. | have demonstrated previously a distinct role for specifically alpha 5
integrin — FN focal adhesion signaling in driving tumor cell malignant phenotype and would like
to connect those findings with the results from this project in which there is a clear relationship
between ECM mechanics and tumor —immune cell interactions with a potent effect on
malignant progression. In particular, is FN deposition a prerequisite for the relationship
between immune cell response and tumor aggression | observed here? Does altered tumor cell
metabolism play an important role in both the tumor’s response to secreted cytokines and the

soluble factors the tumor secretes?

Beyond breast cancer

While the work presented here is solely focused on breast cancer, many of the findings
or the experimental systems developed could be expanded to other cancer types or other fields
entirely.
ECM mechanics in other carcinomas

Fibrosis in solid carcinomas such as pancreatic, liver, prostate, or ovarian cancer have
63,6768,69,70,71—73-

also been implicated as correlating with poor prognosis such as in breast cancer

Thus, many of the results and systems used in this thesis could be adapted to studying other
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cancers, but several technical challenges still exist. Outside of just needing a different cell
source, tissue composition also varies widely between all of these organ types with a variety of
collagen subtypes (1, lll, V) being the dominant structural component depending on the

20,23

system”“". Additionally relative amounts of other ECM adhesion ligands such as fibronectin or

21,23,74
d

tenascin C would also have to be tune . Moreover, the stiffness appropriate for each

tissue and its relative tumor associated stroma also are system specific’>’®

. Thus, experimental
models like the tension bioreactor would have to be significantly altered to achieve the
appropriate composition and mechanics.

Additionally, while the signaling mechanisms shown here related to ECM mechanics give
a good starting point for looking at stiffness mediated tumor cell signaling, | can’t assume that
these trends are automatically a given in all tumor types. For example, in pancreatic cancer
severe fibrosis was actually shown to blunt tumor progression7°. Also again considering the
variety of ECM compositions across these tissues, integrin specific signaling will have to be
accounted for.
ECM mechanics in tissue engineering and regenerative medicine

The effects of stiffness on cell behaviors | have shown here, proliferation, migration,
metabolism, while studied in a tumor context could also be of interest in a tissue engineering or

10,24-27,29

regenerative medicine context . In particular, many of my observations could be

implemented when designing synthetic materials for replacement tissues, such as a cardiac

277178 - additionally,

patch or a skin graft, or used to enhance stem or progenitor cell culture
systems like the tension bioreactor could be adapted to study wound healing as many of the

same mechanisms of fibrosis at work in cancer are normally regulated to control proper wound
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113974 "Overall, this work and the technologies used provide a new

healing through scarring
potential area of research outside of cancer entirely if adapted to suit the model system
Conclusions and Final Comments

Here | aimed to explore the relationship between tissue mechanics and tumor
malignancy, building on previous data closely linking the two. In this work | engineered and
optimized several in vitro systems allowing me to carefully tune substrate composition and
mechanical properties. | then used these systems combined with in vivo animal models and
clinical samples to carefully and quantitatively assess tumor cell — ECM interactions and both
how a tumor cell senses and interacts with its environment and how this alters its signaling and
behavior to drive tumor progression. From my work | was able to identify specific integrin-ECM
interactions, which drive tumor aggression as well as implicating ECM mechanics as altering
tumor metabolism and host immune response all of which were critical for tumor metastasis.
These results provide new insight for the breast cancer field and clearly underline the
importance of considering the ECM and its physical properties. Several new exciting directions
are also in progress, which will further develop the observations, made here. Future endeavors
can also translate these results or systems used to have an impact on research in other cancer

indications or other fields entirely, such as tissue engineering, which might also benefit from a

clearer understanding of mechanosignaling in driving cell and tissue behavior.
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Appendix 1: Tension bioreactor schematics and protocols
Loading frame schematic
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Creating fibrillar Col | hydrogels in bioreactor
Materials:
5% Glutaraldehyde in PBS

10% APTES in EtOH

(Keep all hydrogel reagents on ice)

Acid solubilized rat tail collagen I (3.1-5 mg/ml)
1IN NaOH

10X DMEM buffer

Fibronectin 1mg/ml (optional)

e BSA
e Matrigel
Protocol:
1. Plasma clean inserts for 5 minutes on high setting
2. Add 200 ul 10% APTES in EtOH in each well in membrane and heat to 60°C for 1 hour
(Check status at 30 min and every following 10 min, remove before all liquid has
evaporated)
3. Thoroughly rinse with dH,0, 5x 5 min
4. Add 200 ul 5% Glutaraldehye in PBS incubate at room temperature for 30 min
5. Thoroughly rinse with dH,0, 5x 5 min
6. Mix in this order (based on worksheet values)
1. 10x DMEM
2. 1IN NaOH
3. npH,0
4. BSA
5. Matrigel
6. FN
7. Coll
8. 1 N NaOH titrate in small volumes (5-10ul at a time) mixing well in between until
the gel is a light pink/peach color
7. Add 100 ul of collagen solution per well as a base layer to prevent cells from sinking
8. Polymerize gel at 37°C for 30 min
9. Resuspend acini in collagen gel and add additional 100 ul per well

10. Polymerize gel at 37°C for 30 min
11. Add media on top of gels and culture for 2-5 days
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Appendix 2: List of PCR primers used
e Mouse MCT1 (gene: SLC16A1)

o TATTGGAGGTCTTGGGCTTG

o GCCAGTGGTCGCTTCTTGTA

e Mouse MCT4 (gene: SLC16a3)
o GGTCAGCGTCTTTTTCAAGG
o GGTCCTGTGCCATAGAGCAT

e Mouse LDHA
o GACTCCAGTGTGCCTGTGTG
o TCCTTCCACTGCTCCTTGTC

e Mouse LDHB
o CCAACCCAGTGGATATTCTGA
o GGAATCGAGCAGAATCCAGA

e Mouse Ca9 (pH balance- Hifla target)
o GTTTCCCTGCTGAGATCCAC
o CAGAAAGGCAGCCAAAACTG

e Human Trx1 (key antioxidant system protein)
o hTrx1 F CCTCACAGGATTAAGGCAACA
o hTrx1 RTTCTTTGTCACCAGGGATGC

e Human PKM-1 (potentiates glycolysis)
o hPKM1 F ACCGCAAGCTGTTTGAAGAA
o hPKM1 R TCCATGAGGTCTGTGGAGTG

e Human PKM-2 (slows glycolysis to potentiate PPP for biogenesis)
o hPKM2 F GAGGCCTCCTTCAAGTGCT
o hPKM2 R CCAGACTTGGTGAGGACGAT

e Mouse PKM-1 (potentiates glycolysis)
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o mPKM1 F ATTACCAGCGACCCCACAG
o mPKM1 R TAGAAGAGGGGCTCCAGAGG

Mouse PKM-2 (slows glycolysis to potentiate PPP for biogenesis)
o mPKM2 F AGGATGCCGTGCTGAATG
o mPKM2 R TAGAAGAGGGGCTCCAGAGG

Mouse Trx1 (key antioxidant system protein)
o mTrxl F TCGAGAGCAAGGAAGCTTTT
o mTrx1l RTGATCATTTTGCAAGGTCCA

Mouse Slc1a5 (Neutral Amino Acid and Glutamate Transporter)
o mSLC1AS F CTCCTGGATTATGTGGTACGC
o mSLC1A5 R CGGACGTCTTTCATCTCCAC

Human Slc1a5 (Neutral Amino Acid and Glutamate Transporter)
o hSLC1A5 F TGGGACCTCTTCCAGTTCC
o hSLC1A5 R ATGAAACGGCTGATGTGCTT
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