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CHAPTER 1 INTRODUCTION

Portions of this chapter were published as reviev@eitular and Mechanical Bioengineerihgnd
Clinical andExperimental Metastasiandas a book chapter f@urrent Topics on Membrase

1.1 Breast cancer metastasis

Cancer is the second leading cause of death in the United States with breadiaiagdbe most
commonly diagnosed cancer among wofn@&mneast cancer malignancy stems from the ability of cancer
cells to metastasize to other organs in the body. Theyfiae survival rate of patients with breast cancer
localized to the breast is 99rpent; however, if the cancer spreads to a distant part of the body, this five
year survival rate drops to 26 percent, highlighting the inability to treat metastatic cancer with current
therapied Current cancer therapies, including chemotherapy, radiation, targeted therapy, and
immunotherapy, treat cancer as a homogenous disease and target individuahaiémeeks, including
sustained proliferation, genomic instability, and altered cancer cell metabblishe inability to treat
metastatic cancer with current therapies is highly attributed to heterogeneity withghestsmor.
1.2 Intratumor heterogeneity

Tumors are made up of a heterogeneous collection of cells, including cancer, stromal, and immune
cells, and a dynamiextracellular matrix € CM) with broad variations in architecture and stifffe€ancer
cells within a single tumor are heterogeneous with distinct genetic and phenotypic traits. These traits are
regulated by both intrinsic factors, such as cell lineageetgeinstability, and epigenetic modifications,
and extrinsic factors imposed by thenor microenvironmenflME)"°. Whileit is known that tuma are
mechanicallydiverse and tumocells can vary inmetabolicand migratorystates'®, the direct impact of
intratumor heterogeneity on cancer progm@s$s poorly understood.
1.3 Components of the breast tumor microenvironment

Fibroblasts are one of the most abundant stromal cells in thé'T@H#hcerassociated fibroblasts
(CAFs) located in the TME mediate cancer cell invasion and metastasis through ECM rentbédefrg
secrete soluble factors and directly remodel the matrix to generate tracks, tunnels, and aligned fibers which
cancer cells can sense and use to invade away from the primary*tuni®icurrently hypothesized that a
large portion of CAFs in the TM&re derived from fibroblasts adjacent to the primary tumor that have been
transformed to a more contractile, activated state that remodels thé&.B@NIle the mechanisms that
cancer cells use to transform fibroblasts are poorly understoiothvesicles NMVs) have recently been

implicated in cancer cethediated fibroblast activatién?’.



1.4 Cell-cell mechanical communication in cancer
Communicationbetween cells in th ME enables cacer progression and metastasis. While-cell

cell communication in cancer has primarily been examined through chemical mechestemsevidence
suggests that mechanical communication throughcedllljunctiors and celECM linkagesis also an
importantmediator of cancer progression. Cancer and stromal cells remodel the ECM through a variety of
mechanisms, including matrix degradatiomtrix crosslinking, matrix deposition, and physicaheans
Cancer cells sense these mechanical environmental chamgegiht ceHmatrix adhesion complexes
(CMACSs) and subsequently alter the force landscape within the microenvironment. This communication
permits @ancer cells to communicate wigach other buaind communication between stromal and cancer
cells in theTME.
1.4.1 Mechanical communication through the ECM

Cancer cells mechanically communicate with neighboring cells without direatedetontact by
exerting forces through thmatrix. Cells bind to the matrix through celflatrix adhesion complexes
(CMACSs), composed of integrin ECM receptors that bind E{@inds, including collagen and fibronectin,
and adaptor molecules that link integrins with the actin cytoskelEtgare 1.1)'#24 Cells in contact with
the ECM also receive mechanical signals from the surroundiaigix through these CMACs. More
specifically,integrins within CMACs sense bothet chemical composition of the surroundings (i.e., which
ECM ligands are present) and the mechanical properties of the surrounding matrix (i.e., ECM $titfness)
The composition of ligands in the ECM dictates which signaling pathways will be activated based on
integrin signaling; the spatial architecture of ECM fibers determines the stability and size of the
CMACs?2828 Specifically,the chemical composition drphysical properties of the ECM can regulate
integrinmediated cytoskeletal assembly and tyrosine phosphorylation to generate different types of
adhesions with different downstream pathwayBhe transmission of mechanical signals from the ECM is
additionally dependent upon matrix mechanical properties. Different ECM proteins, including collagen |
and fibronectin, can transmit or inhibit mechanical forces depgngbon matrix tension, subsequently
regulating downstream signaling evehts

Cells within theTME transmit mechanical forces by directly altering the mechanical landscape of
the surroundingmatrix through numerous mechanisms including physical reorganization, matrix
degradation, crosénking, and depositionTable 1.1). Matrix remodeling alters the local mechanical
properties surrounding cells, resulting in direct changes to cell behavior as well iag atechanical

communication between cells within the matrix.
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Figure 1.1. Cellular transmission and reception of mechanical signalslransmission of intercellular
mechanical signals through adherens junctionscaitanatrix adhesion complexeSancer cells transmit
intercellular signals to neighboring cells through two mechanisms. Cancer cells can directly transmit forces
to adjacent cells through cedéll adhesions, specifically adherens junctiamscancer cd$ can transmit

forces to cells without direct contract through CMACSs. Briefly, cellular contractility pulls on the ECM
through CMACs which provides tension in ECM fibers resulting in aligned ECM fibers. Other cells in
contact with the matrix sense thesmeges through their CMACSs resulting in phenotypic changes.

1.4.1.1 Physical Remodeling

Cells transmit forces through timaatrix by reorganizing their actin cytoskeleton controlled by
activation of Rho GTPase and Rassociated protein kinase (ROCK) signaltig Activation of ROCK,
downstream of Rho GTPase, results in the phosphorylafianyosin light chain(MLC)35383% This
pathway promotes the contraction of actin fibers which pull on the ECM through CMACs and transmit
traction forces through the ECMFigure 1.1)*94% These celgenerated contractile forcese used by
cancer and stromal cells to remodel the ECM in two ways: deformation and fiber alignment. Physical
deformation of the matrix is used by invading cancer cells to maneuver dense ECM withontatsixg
degrading proteases, and has been showhetaependent on cell contractility through the ROCK
pathway*. However, cancer cells also physically deform collafileers with protease activity present.
Thus, physical deformation and matrix degradation can be used in concert. Additionally, stromal cells
physically deform the matrix to assist in cancer cell migration. It was recently shown that CAFs are able to
deform the basement membrane to promote cancer cell infasion

Physical alignment of collagen fibers has also been shown to enhance cancer cell invasion.
Collagen fibers aligned normal to the tumor boundary videatified as a tumeassociated collagen
signature Figure 1.2)%. In these regions of aligned fibers, groups of cancer cells migrating away from the
tumor boundry were observed, indicating local invasion through collective cell migratlemalignment
of collagen fibers into bundles parallel to the contractile force exerted by cancer cells provides contact
guidance for migrating cancer cells and enhances rogrgersistence in the direction of the aligned

collagert’#8 Additionally, this alignment of fibers has lmeshown to facilitate long range cekll



communicationMammary acini can interconnect by aligning collagen fibers that coordinate and accelerate
the transition of acini to an invasive stateMore recently, mechanical signaling resulting from ECM fiber
alignment was shown to promote cancer cell protrusion frequency, persistence, and lengthening along the
alignment axis to promote migration efficiendyus facilitating metastatic cell invasion through the ECM
during metastasis={gure 1.2)°>°% Physical remodeling provides contact guidance for invading cancer
cells, longer distance force transmission, and a method to deform and reorganize the ECM, resulting in a

proteaséndependent mechanism tofiversing the ECM.

Table 1.1. Players, mechanisms, and implications of ECM remodeling in cabaacer cells, CAFs, and

EVs are the major players involved in cancer ECM remodeling. All three players have large roles in ECM
degradation through the reteaof MMPs, leading to altered ECM topography and the generation of tracks
in the ECM. Additionally, cancer cells, CAFs, and EVs have all been implicated in matrix deposition of
various proteins, leading to matrix stiffening. Cancer cells, CAFs, and BE/snaolved in matrix
crosslinking to stiffen the matrix throughG2 and LOX. Lastly, both cancer cells and CAFs are highly
involved in physical remodeling of the ECM, both through actomyosin contractility and CMACs.

Degradation Enzymes Matrix Deposition | Crosslinking Enzymes | Physical Remodeling
('/] :o MMPs /~Z Collagen Jo TG2 Actomyosin
Cancer cells ) ( A~ Fibronectin o2 LOX Contractility
\
(3) Tenascin C 5 omacs
S MMPs /A~ Collagen 2 LOX Actomyosin
i 1 Contractility
CAFs A~ Fibronectin
Tenascin C % CMACs
;.\\// Laminin
Se MMPs /~ Fibronectin [ 5o TG2
EVs
* Altered topology *+ Matrix stiffening »+ ECM deformation
*  Microtracks * Increased adhesion * Fiber alignment
* Increased traction forces * Contact guidance
* Increased proliferation = Force transmission

* Activation of CAFs, TAMs

1.4.1.2 Matrix Stiffening

Cancer andstromal cells transmit mechanical signals to the matrix in the forms of matrix
crosslinking and matrix deposition, resulting in increased ECM stiffness in cancerous tissue compared to
healthy tissu®. Enzymatic crosslinking can alter the structural integrity of the ECM without greatly
altering the overall organization and composition of the proteins in the matrix. The two main enzymes
responsible for ECM crosslinking in tA&E are lysyl oxidase (LOX) ahtissue transglutaminase @)
(Table 1.1). LOX is an extracellular coppelependent enzyme, secreted from a variety of cells including
fibroblasts and endothelial cells, that can crosslink collagen and elastin molecules via an oxidation

reactiort®. High LOX expression has been correlated with poor prognosislrsquamous cell caricnoma



and estrogeneceptor negative (EfRbreast cancer patients and has become an attractive target for cancer
therapie®*> Additionally, downregulation of LOX expression significantly decrdasetastasesn

mice®. Similarly, Tg2 is multifaceted enzyme expressed in cancer cells that participates in protein
crosslinking ATP/GTP hydrolysis, signal transduction, and even displays protein disulfide isomerase
activity®®. Cell surface Tg2 interacts with fibronectin and promotes fibctin dimerization. Tg2
complexed with fibronectin in the ECM can also bind to the heparan sulphate chains of syndecan 4 to
promote cell adhesiéh Additionally, high expression of Tg2 by breast cancer cells increases survival,
invasion, motility, and metastais®.

In conjunction with enzymat crosslinking, the mechanical properties of ECM can change due to
alterations in ECM deposition by cells within th&IE. Both cancer and stromal cells upregulate matrix
protein expression to secrete increased matrix components irgartbending environment resulting in
desmoplasi®®?62, CAFs deposit significant amounts of fibronectin, collagen, tenascinddaaninin, to
contribute to the dense tumor stromal maffialkfle 1.1)515365 While matrix protein secretion is dependent
upon cancer cell type, it has been shown that malignant cells deposit significant amounts of collagen,
fibronectin, and tenascin CTéble 1.1)%2. Through thedeposition of various ECM components, CAFs and
cancer cells construct a fibrotic stroma, leading to altered tissue mechanical properties and altered
mechanicallyinduced signaling in cells.

Matrix stiffnesseffects howcancer and stromal cells interacthvand communicate through the
ECM. Durotaxis, or the cellular preference for stiffer substrates, revealediteetion of cell migration
can be manipulated by changing substrate mechanical proffeiiéth increased mechanical tension,
integrins and downstreamechanosensing equipment become activated and further strengthen focal
adhesion and actin stress fiber formatiéh While changes in ECM stiffness can make the matrix more
resistant to celimediated physical reorganiiat, increased matrix stiffening can also alter cellular
contractility?®. Increased meik stiffness has been associated with increasactif bundling, the formation
of stress fibers, mature focal adhesions, increased cancer cell adhesion, traction forces, and pf8liferation
4 Importantly, this increased stiffness can differentiate fibrabldaato their cancesupporting
counterpart$®’® In summary, matrix stiffening resulting from increased matrix crosslinking and matrix
deposition mechanically signals to both cancer cells and stromal cells to promote cancer progression.
1.4.1.3 Matrix Degradation

Matrix degradation in thefTME primarily occurs through proteolytic enzymes. Importantly,
remodeling via proteolytic degradation results in alterations to the physical properties of the ECM,
including changes in topography, which directly influence cell behavior. Various rdagrading

proteases are upregulated in cancer and stromal cells and degrade a variety of matrix proteins found in the



basement membrane and ECM to facilitate cancer cell invaBigaré 1.2)""8, Metalloproteinases are
the most prominent protease family involved in mechanical communicaticemicer progression.

Matrix metalloproteinases (MMPs) are typically secreted intdtM& and digest numerous ECM
proteins to allow cells to breach the basement membrane and traverse tFEEBbth cancer cells and
CAFs are mpr sources of secreted MMPs in th®IE. MMP-2, as one example, is expressed in several
cancer cell lines and primarily degrades collagen to promote cancer cell migifitiome (1.2)%2
Alternatively, MMPR9 has little to no expression in cancer cells, but is secreted from CAFs and endothelial
cells and is involved in both matrix degradation and vascular remodEliqgy¢ 1.2)%8 MMPs can be
released directlpy cells or they can be contained within extracellular vesicles fE¥S\Numerous cancer
types release EVs containing MMPAs one example, melanoma cells release EVs containing
enzymaticallyactive MMPs capable of matrix degradati&nSimilarly, EVsreleased from prostate cancer
cells have been shown to contain enzymatically active MMP2 and Ni¥PBlotably, the presence of
matrix degradation enzymes in EVs likely results in matrix remodeling far from the pitinmaoyasEVs
can travel far distancesfoee rupturing® 2,

A subset of MMPs, termed membratype metalloproteinases (MWIMPSs), are anchored to cell
membranesMT-MMPs have been identified on invadopodia structures of migrating cancét¥ellhese
protease rich invadopodia degrade the matrix as the cell invades to forlikéubecrotracks Figure
1.2)%% Cancer cells migrate independently of MMP activity when using microfabricated 3D collagen
microtracks which emulate paths left bethioy invasive celf€. Further investigation revealed that cancer
cells in these tracks did not require amfhitrix mechanoaupling but were more dependent on internal
cytoskeletal dynamics to drive migration through the microtfdcKshus, cells in contact i these
microtracks may use them as easy passage through the ECM to the bloodstream to eventually colonize a
secondary site. Stromal fibroblasts have also been implicated in leading collective cancer cell invasion
using proteaséependent pathwaybigure 1.2). As fibroblasts remodel the matrix through Rhediated
myosin light chain activity and MMdependent matrix degradation, cancer cells can retain an epithelial
phenotype and invade away from the primary tdffdrin summary, matrix degradatigroutinely used
to remodel the ECM during cancer progression, and degradasied remodeling modifies physical
properties of the ECM, including altered topology such as microtracks, which is sensed by cancer and
stromal cells within th& ME to promotecancer progression and metastasis.

1.4.2 Mechanicalcell-cell communication ahdherens junctions

Cytoskeletal dynamics drive cell protrusion, adhesion, and contraction, allowing cancer cells to
migraté®. However, intercellular cytoskeletal forces generated by cancer cells are also transmitted to
adjacent cells as a form of mechanical communication. Epitleelia directly transmit intercellular forces

to neighboring cells through adherens junctions (Adigufe 1.1). AJs mechanically link the cytoskeletons



of adjacent cells and are the primary mechanism of cell cemiaditated intercellular force transrsiisn'L
The extracellular domain of cadherins on opposing cells interact to form a stable adhesion betW&en cells
Intercellular domains of cadherins are linked to the actomyosin cytoskeleton through a complex
supramol ecul ar interf ace-caf e rmaknyp arf vincyim, ovhich iadds , i n
mechanical integrity to the junction and act as mechanotranstié€rsThe vinculin interface ant
catenin binding are important to mechanotransduction mechanisntaohgrin based adhesions and these
proteins change conformation under applied force to indiigaaling pathways and cytoskeletal
remodeling®. The alignment of the actomyosin bilggirelative to the junction allows for normal and shear
stresses to be applied across the junctions betweet?télldditionally, cells can coordinate tisslevel
contractileforces through these mechanical linkage's®

The contractile forces generated by actomyosin bundles amamitéed across the mechanical
linkages and sensed by cadherins and adapter proteins on adjacent cells. Cadherins sense tensile forces and
rigidity of contact$®. Different typesof cadherins, including £ N-, and Pcadherin, are expressed on
distinct cell types and play a range of roles in intercellular force transmission in daraerepithelial
state, cancer cells predominantly expressaéherin with low expressions of lnd Pcadherif®. Single
molecule analysis of cadherin bonds has revealed differential mechanics betwedhcadherin bonds
and N to N-cadherin bond&. The E to E-cadherin bonds are able to withstand larger forces before
breaking when compared to the t N-cadherin bond€®. Upon epitheliato-mesenchymal transition,
cancer cells reduce-&adherin expression and increase atd Rcadherin expression, supportinget
hypothesis that celiell adhesions decrease after ERITFurthermore, CAFs and cancer cells are able to
form E-cadherin/Ncadherin adhesions which transmit intercellular forces and aid in cancer cell if¥asion
Thus, it is possible that both the composition of intercellular contacts and the thgaldferent cadherins
expressed are important regulators of-cell adhesion strength.
1.4.3 Consequences otll-cell mechanical signalingn cancer cell migration

The degradation, stiffening, and physical remodeling of the ECM, initiated by both sandhal
cancer cells, contributes to cancer cell migration. Cancer cells exhibit two modes of migration during
invasion: single cell migration or collective migratiofhe increased matrix stiffness associated with
increased contractility, matrkeposition and crosslinking has been shown to promote single cell migration.
Although stiff matrices often have smaller pores, cancer cells can remodel the matrix by exerting elevated
traction force®. Elevated matrix stiffness in tumors has been shown to prdrim#ROCK activity, focal
adhesion assembly, and contractility of the actimsigletonto induce cancer cell disseminatith'!2
Additionally, increased ECM stiffness alters emlatrix adhesions to promotes tumor cell metastatic
potential and invasiveness through increased integrintecing and subsequently enhanced integrin

signaling through focal adhesion proteins such as paxillin and vit€dfih With this, stiff matrices



increase the number of focal adhesions and traction force generated compared to compliant matrices thereby
altering ceHECM mechanical commmication Figure 1.2)114115 As such, tissue stiffness can drive single
cell migration by icreasing Rho/ROCK signaling, focal adhesion assembly, and cellular contractility.

During collective migration, an aggregate of cells coupled througltekltontacts migrate as a
unit with leader cells at the front of the pack and follower cells behgm.The chemical and mechanical
mechanisms driving collective motiorere currently being investigate€ollective migrationis an
inherently more complicated process as cellular forces are transmitted to the matrix and to numerous
adjacent cellsStudies investigating monolayer dynamics have revealed the importance of intercellular
force transmission through celéll contacts in coordinating collective migratith Coordination of
traction forces via intercellular forces is evident in cell monolayers. The highest traction forces can be found
towards the leading edge, where leader cells are mechanically coupled via actin cables where they exert
strong traction forces that propagate into the monolayer and help orient migration direction of follower
cellst'”1® The dynamics of intercellular stresses distributeduthinout a cellular monolayer also help
coordinate the migration of celiluringplithotaxis or the guidance mechanism by which cells collectively
migrate in the direction that minimizes local shear stré¥s€% Because cells are mechanically linked
during collective migration, they exert forces directly onto one another and redistribute foocehtut
the monolayer. Interestingly, mechanical interactions of follower cells, including a mechanical pull on the
future leader, have been implicated in the selection of leader cells as the mechanical pull induced by
follower cells aids in leader cell [amization and protrusid®. Another emerging mechanism of collective
cell guidance is collective durota¥$ Interestingly, cells that do not urrde durotaxis as individuals still
utilize collective durotaxi€? The ability of cells to follow rigidity gradients as a group is dependent on
local stiffness sensing at the periphery and dangge force transmission through esdll mechanical
linkages$?% Atomic forcemicroscopy (AFM) measured local mechanical changes generated by cells in
collagen matrices and observed strain stiffening at the leading edge of cancer cells in collective Higration
This finding highlights the reciprocal qtiffeniedr e of
substrate as they invel@® These studies reveal the contribution of matrix mechanics and mechanical

signals to both single cell and collective migration in cancer progression.



Figure 1.2. Consequences of cetiell communication in cancer (1) Increased ECM crosslinking via
LOX and ECM remodeling via proteases enhances angiogenesis and enables endothelial cells to migrate
through the ECM and form capillaries. (2) Increased ECM rigidity decreases the structural integrity and
barrier functim of blood vessels. (3) Cancer cells exhibit mechanical competition as they must outcompete
lessmechanically fit neighboring cells via compressive forces that induce apoptosis. (4) Cancer cells sense
increased matrix stiffness through eelatrix adhesiorcomplexes and can transmit these mechanical
signals to nearby cells by exerting traction forces on the matrix. (5) Caseeciated fibroblasts in the
tumor stroma align matrix fibers which cancer cells can use as tracks to invade away from the primary
tumor. (6) Fibroblasts act as leader cells, using mdggrading proteases to form tunnels in the ECM,
which cancer cells follow to invade away from the primary tumor in a form of collective migration. (7)
Cancer cells secrete matdegrading proteases form tunnels in the ECM to invade away from the
primary tumor.
1.5 Mechanobiology ofmicrovesiclesignaling
1.5.1 Microvesicle overview

Extracellular vesicles (EVs) have recently emerged as important mediators of cell communication
and diseaspr ogr essi on. The term fiextr abownd Vesidesireleasee si c | e
from cells and include exosomes, microvesicles (MVs), large oncosomes, and apoptotit*Béties
Exosomes, 5150 nm in diameter, are formed via the endocytic pathway as secretoryvesidtilar
bodies (MVBs) fuse with the plasma membraheExosomes are distinguished from other EVs by the
presence of endosomal sorting complex required for transport (ESCRT) proteins that regulate MVB
transporation, including Alix, TSG101, HSP70, and HSP8QAdditionally, exosome release relies on the
neutral sphingomyelinase pathway, resulting in the enrichment of CD63, CD9, and CD81 tetraspanins in
exosome¥®. MVs, 1000r200nml e m i n di amet e ruddingancsubsenuem shdddingi a t h
of the plasma membratté As a result, MVs primarily contain cytosolic arldgma membrane associated

proteins, including tetraspanid$ Cytoskeletal proteins, heat shock proteins, integrins, and glycosylated



and phosphorylated proteins are also commonly identified in*fM\Msarge oncosomes, classified as EVs
| arger t han atepeodouced by pldsmamembrane blebbing but differ in their buoyant density
from other EV$?41?” Large oncosomes are believed to only be released from cancer andassoctted
cells, with the number of large oncosomes released correlating with caggresssivene$s. As such,
oncosomes primarily contain oncogenic protéfhs.astly, apoptotic bodies are approximately 50-fn
em in diameter and are shed f rdnlikelother Vs, apopiatic me mb r
bodies contain complete organelles and higher levels of proteotatss with the nucleus, mitochondria,
Golgi apparatus, and endoplasmic reticuittm

The role of MVs in disease progression are newly emerging. MVs were first described in 1967 after
particulate material, descr i be dplakektsildhassnovoheenwa s o0k
determined that this Adustodo i s plasma memblanreane bo
of both healthy and diseased cells. Now termed microvesicles, these vesicles contain a variety of cargo not
typically thought to be released from cells, including receptor tyrosine kinases, cytosolic signaling proteins,
and microRNAs. MVs are belved to play a prominent role in disease progression as they have been
detected in body fluids including blood, urine, and synovial fluid from diseased patients, and elevated MV
counts have been observed in cardiovascular diseases and cancerdd$'fi$stiee transfer of cargo via
MVs can result in the transformation of recipient cells to supporasésprogression. For example, MV
signaling can promote extracellular matrix and vascular remodeling, recruitpuorooting stromal cells,
and induce transformed phenotypes within neighboring'@ell§3 1%,

The mechanobiology and membrane dynamics of MV release and uptake are under investigation.
As MV uptake by recipient cells can modulate cell function, understanding the mechanisms of MV release,
internalization, and theesulting signaling is crucial to fully comprehend the roles of MVs in disease
progression. Here, we review recent advances in the understanding of acteragokited MV
biogenesis, MV uptake via pinocytosis, and subsequent MV signaling. We additiamalitigate the roles
of altered cell contractility, mode of cell migration, and matrix compliance in regulating MV signaling.
1.5.2 Mechanobiology oV biogenesis
1.5.2.1 Intracellular contractility and MV biogenesis

The release of MVs from the plasma membrane of eelhtegral to M¥Ymediated communication
during disease progression. While the complete mechanism of MV release is not defined, MV biogenesis
is believed to be a multistep process that includes the trafficking of cellular cargo to the plasma membrane,
a rearrangement of membrane lipids, and vesicle pinching mediated by contractile ma¢hiAary
contractile machinery is essential for MVs release, altered cell contractility likely affects MV release and

is an area currently being investigaf@d®
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Recent work hs outlined a contractilipased MV release pathway regulated by ARF6, a small
GTP-binding protein that regulates membrane trafficking and actin cytoskeleton rem&féfihgrigure
1.3). Briefly, activation of phospholipase D (PLD) by AREIP promotes ERK activation. ERK
subsequently activates myosin light chain kinase (MLCK) which signals through myosin light chain (MLC)
to induce the actomyosimased contraction required for MMease'*°.

Downstream of ARF6 signaling, a separate RhoA GTPase signaling pathway highly regulates MV
releas&®13°(Figure 1.3). RhoA activation targets both Riassociated protekinase 1 (ROCK1) and Rho
associated protein kinase 2 (ROCK2). Together, ROCK1 and ERK inhibit myosin light chain phosphatase
(MLCP) which reduces the inactivation of MLC, further inducing actomybased contractility and MV
formationt® Alternatively, ROCK2 activates Lim kinase (LIMK), resulting in the inactivatiothefactin
binding disassembly factor cofilin, resulting in the stabilization-atfin necessary for MV generatiéh

Importantly, a variety of external stimuli that alter cellular contractility alsecafflV release
dynamic$®. Inhibition of ROCK1 and ROCK2 in cancer cells using the small molecul@ %32 inhibitor
resulted in decreased cell contractility and eliminated the appearance of MVs oelltsarfacé®,
suggesting that cells with reduced RO@tediated contractility have decreased MV release. Additionally,
it is well-established that contractile forces can be modulated by MLCK, which pronbte
phosphorylation and the assembly of actiyosin filament&''. Overexpression of MLCK in HeLa cells
increased MV formaon'*®, Similarly, treatment of melanoma cells with blebbistatin, a small molecule
inhibitor of myosin II, or with latrunculin A, an actininding toxin that inhibits actin polymerization, both
reduced MV rieasé?’. Altogether, these results suggest that external stimuli that alter actomyosin
dynamics have profound effects on MV release. Further work is requiretetondes whether additional

external stimuli, such as growth factors or cytokines, released by surrounding cells regulate MV release.
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Figure 1.3. Proposed pathway of intracellular contractility and matrix stiffness regulation of MV
release.MV release is regulated by ARKBTP signaling through ERK and Rh&ATP pathways.
Increased matrix stiffness may regulate this pathway through a variety of pathways. Green dashed lines
represent pathways activated by matrix stiffness.

1.5.2.2 Amoeboid migration promotes MV release

Cell migration is a fundamental behavior in a variety of tissue processes and disease states,
including development, wound healing, diabetes, and cdAé¥r During cell migration, cells primarily
display two distinct modes of motility: amoeboid and mesenchymal. Amoeboid migration is classically
defined as cell migration that exhibits fast speeds, high levels of actomyosin contractility, round cell shapes,
and little to no matrix adhesiéf. Amoeboid migration is proteasedependent; cells squeeze through
preexisting gaps or tracks in the EERI(Figure 1.4A). Alternatively, cells undergoing mesenchymal
migration move much slower, are weakly polarized, andbéxhiultiple types of protrusions, including
lamellipodia and filopodid®. Mesenchymal migration relies on strong integriadiated adhesions to the
matrix and proteases to degrade the mi#{¥igure 1.4B). Amoeboid and mesenchymal migratiare
highly regulated by the Rho GTPases, RhoA and Racl GTPase, respectively. As intracellular actin
dynamics and Rho GTPase activity are required for both MV release and regulation of cell migration mode,
mode of cell migration appears to be linked to Miéase.

In amoeboid migration, activation of RhoA GTPase at the cell rear leads to the assembly of
contractile actin and myosin filaments. Actomyebased contractility at the cell rear generates hydrostatic
pressure and cytoplasmic flow to form plasmanbeane blebs at the leading edge, which are believed to
be due to a decrease in membrantn cortex attachment or a local rupture of the actin cf&X Blebs
are distinct from other cellular protrusions as their formation is pressiwen rather than actin

polymeization-driven®. For blebbing to induce amoeboid cell migration, blebs need to be formed at the
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leading edge of the cell, resulting in a transfer of cytoplasm in the direction of mi¢f&tegure 1.4A).

As previously described, RhoA GTPase has been implicated in contraudiigd MV formation through
ROCK1 andROCK2 signaling. Thus, RhoA GTPase activation may link amoeboid migration with
increased MV release.

Whether MVs are released from the leading edge or trailing edge of migrating amoeboid cells is
not currently defined and evidence suggests both scemaapde possible. During amoeboid migration,
directional membrane flow is generated by RhoA polarization to the cell rear, which creates force and
pressure for membrane blebbing at the leading*ét§e(Figure 1.4A). As RhoA expression is enriched
in MVs and required for contractilitgased MV releas®, RhoA polarization to the cell rear suggestt th
MV release is enhanced at the cell rear during amoeboid migration. Live cell imaging of migrating
amoeboid cells has also revealed a trail of MVs in the wake of the migratintf®c@lts promote their
directional migration, polarized amoeboid cells also express ezrin, a actin binding protein théttelinks
plasma membrane to the actin cytoskeleton, at the cetPre@onflicting evidence exists as to whether
ezrin expression prevents or contributes to MV release. Because ezrin links the plasma menieane to t
cytoskeleton, it is speculated that ezrin prevents the membrane and actin cortex detachment required for
blebbing at the cell rear, thereby promoting directional migr&tiohhis implies that MVs are notlemased
from the cell rear during active amoeboid cell migration but rather from RhoA rich regions of the membrane
during moments of reduced cell polarity. Interestingly, a smaller amount of RhoA is expressed at the leading
edge of a cell during amoeboid gratiort®2 While RhoA at the rear edge appears to be constitutively
active, RhoA expression at the leading edge is highly variable and may only last for S8doisiserhaps
during these moments of leading edge RhoA expression that MVs are released from the front edge of a
migrating cell Figure 1.4C).

Importantly, ezrin has been identified in MVs released frovaréety of cell types, including-T
lymphocytes and cancer céis'® highlighting that ezrin might actually contribute to MV release.
Modulation of ezrin expression and localization has direct impacts on MV réfedseExpression of
CD82, a metastasis suppressing tetraspanin that inhibits tumor cell migration, resulted in ezrin expression
in membrane blelike structures at the cell periphery and promoted ezrin release to the extracellular space
via MVs!®%, While CD82 expression impairs cell migration, it may also promote cancer progression due to
increased MV release and signaling. Similarly, induction of an amoeboid phenagplted in the
redistribution of fascin, an actiinding protein, ezrin, and podocalyxin, a eadlhesion glycoprotein, to
the neck of budding MVs at the cell periphery to promote MV retéadeportantly, during plasma
membrane blebbing, ezrin is recruited to plasma membrane blebs in a spatially and terdppesitent
fashion, potentially explaining the conflicting role of ezrin in blebbhgVhile ezrin is the first protein

recruited to plasma membrane blebs, it is not enriched in the membrane during bleb eXfansatar
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re-localizes to the bleb as expans slows®®, potentially to reattach the plasma membrane to the
cytoskeleton as the MV is released. In summary, RhoA GTPase regulation of amoeboid migration links
amoeboid migration with MV release. Ruet work is necessary to determine the relationship between
amoeboid cell polarization, ezrin localization, and MV release.

In mesenchymal migration, Racl GTPase is exclusively active at the leading edge to promote
invadopodia formatiol® (Figure 1.4B). In contrast, RhoAGTPase is expressed in lower amounts at the
cell reat*® Racl and RhoA GTPases have a complex, balanced relationship in cell migfr&fion
Inhibition of one GTPase leads to activation of the dthéRecent work has studied the direct linkvizeen
Racl GTPase expression and MV relé¥s8ustained Racl acation abrogated MV release from cancer
cells on compliant matrices, supporting that Racl expression does not promote MV release. Treatment of
RacZtexpressing cells with the Racl small molecule inhibitor NSC23766 or transfection with the deminant
negative Racl mutant Racl(T17N) resulted in decreased invadopodia and invadoymotiéed
proteolysis, large focal adhesions, RhoA activation, and increased MV release on compliant matrices, but
not on stiff matrice’$ This implies that Rac1 inhibition promotes MV release on compliant matrices by a
switch to RhoA GTPase expressi@figure 1.4D). As Racl inhibition could not promote MV release on
stiff matrices, a mechanosensitive pathway independent from RhoA/Rae&lirgigaiso likely mediates
MV release.

A third Rho GTPase, Cdc42, is also involved in the formation of invadopodia and appears linked
to MV shedding from the cell surface. Constitutive expression of Cdc42 in HelLa cells did not induce MV
generatio®*, suggesting that Cdc42 expression does not drive MV formation. Interestingly, very few MVs
were observed on the surface of diffus¢yBiphoma (Dbljtransformed fibroblast®. As Dbl is a known
activator of Cdc4®?, Cdc4z2 likely either inhibits MV formation or stimulates MV shedding from the cell
surface. An activatethutant of Cdc42 capable of constitutive GBFP exchange increased the amount
of MVs shed by HelLa cells into surrounding culture medfgmsuggesting that Cdc42 actually stimulates
MV shedding from the cell surface. As a result, invadopodia formation and MV shedding may be linked
through Cdc42 expression.

Importantly, cancer cells exhibit plasticity in which they can switch between amoeboid and
mesenchymal motility depending on their environrtfénRecently, mesenchymsd-amoeboid transition
(MAT) has been described in which cells exhibit a motility shift due to environmental signaélsling
MMP activity and cytokine signaliriéf. This suggests that both RhoA/Rac1 signalinghidelease may
be altered by environmental cues that alter mode of cell migration. Altogether, MV release appears linked
to RhoA GTPase activity in amoeboid migration, with cells undergoing Rhediated amoeboid
migration releasing increased numbers of$ddmpared to cells undergoing Ramédiated mesenchymal

migration. While the relationship between mode of cell migration and MV release is highly regulated by
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RhoA/Racl expression, a separate mechanosensitive pathway may also regulate this relat®nship du
Rac1 inhibition not promoting MV release on stiff matrices.

A CELL MIGRATION Cc MV RELEASE
AMOEBOID - -
RhoA/ROCK-dependent A, A \
Protease and Rac1 independent RhoA RhoA
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Figure 14. RhoA regulates MV release.(A) In amoeboid migration, actomyosin contractility and
cytoplasmic flow form membrane blebs at the leading edge. RhoA and ezrin are polarized to the rear edge.
(B) In mesenchymal migration, Racl expression at the leading edge drives actin polymeneation i
lamellipodia and filopodia protrusions which, along with increasednealtix integrin adhesion and
protease activity, drive migration. (C) In amoeboid migration, MVs are likely released from both the leading
edge, with shortived RhoA expression, aritle trailing edge where RhoA is constitutively expressed. (D)

In mesenchymal migration, evidence suggests that to release substantial quantities of MVs, Rac1l inhibition
is required. Inhibition of Racl increases RhoA activation, resulting in increased|®geen compliant
matrices, but not stiff matrices.

1.5.2.3 Matrix stiffness alters cell contractility and cell migration to regulate MV release

Altered ECM mechanical properties occur in a variety of disease states, including pulmonary
di sease, Adagehdiabetes andl santriVisile changes to the ECM are known to directly
impact cell contractility and cell migratiéfi, the direct relationship between ECM mechanics and MV
release have yet to be thoroughly investigated.

Altered ECM mechanical properties directbffect the intracellular contractile machinery
previously implicated in MV relese. Increased matrix stiffness increases cell spreading and cell
contractility in a variety of cell types, including fibroblasts, epithelial cells, and endothelial-t&il&’ As
increased cell spreading and cytoskeletal tension promote MLC phosphorylation in vascular smooth muscle
cells'®® matrix stiffness likely additiongl regulates the MLCKdependent step of MV releasédure 1.3).
Additionally, ECM stiffening induces integrin clustering which enhances ERK activ&tigigure 1.3).

This suggests that stiffening of the microenvironment in various disease statesomayepMV release

from resident cells through MLGKand ERkmediated cell contractility. This enhanced MV release from
diseased cells may work to further promote disease progression by promoting MV signaling to healthy
cells. Increased substrate stiffnedso increases RhoA and ROCK1 mRNA and protein in breast cancer
cellst’ Integrin clustering associated with increased matrix stiffness increasesdtlimed, ROCK1

generated myosin contractility and force generdtfo\s a result, increased matrix stiffness may also
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enhance MV release through ROCK1 sigma(Figure 1.3). While increased extracellular matrix stiffness
activates a variety of pathways associated with MV release, including MLCK, ERK, RhoA, and ROCK1
signaling, the direct effect of increased matrix stiffness on contradidised MV releass inot yet known.

While ERK and ROCK1 signaling are upregulated by increased matrix stiffness, the impact of
increased matrix stiffness on ROCK2 signaling is less clear. Similarly to RhoA and ROCKZ1, increased
substrate stiffness increases ROCK2 mRNA armtepr in breast cancer céfl$1’? which may also
promote contractilithased MV releasd-{gure 1.3). However, the impact of increased matrix stiffness on
downstream ROCK2 signaling is unclear. It was recently shown that cofilin phosphorylation, required for
F-actin stabilization in MV release, does not appear to be altered by substrate stiffness. Hmvixgeer,
range of 10 kPa to 57 kPa was tested, ignoring the effects of softer tissues on cofilin phospHétylation
Additional work is required to reveal whether ROCK2 signaling in MV release is regulated by matrix
stiffness.

The role of matrix stiffness in RhoAlependent MV release additionally suggestdlatiomship
between cell differentiation and MV release, as substrate stiffness is known to regulate stem cell
differentiatiot’®. The expression of smooth mussfeecific differentiation proteins was found to be
dependent on matrix rigidity in 3D when RhoA is constitutivedtivated’® This implies that different
amounts of MVs and MV cargo may beeased by cells differentiated on compliant and stiff ECM.

Changes in matrix stiffness can also alter mode of cell migration to impact MV release. It was
recently shown that cancer cells on compliant matrices adopted a rounded, blebbing, amoeboldgyorph
associated with RhoA GTPase actitity Conversely, canceells on stiff matrices exhibited a flattened,
spread, mesenchymal morphology associated with Racl GTPase H&tilihese stiffnesmediated
morphologies were determined to be associated with different MV release properties, with cells on soft
matrices releasing more MVs than cells on stiff matt#e¥vhile consistent with previous findings that
RhoA signaling is required for M\&tease, these results suggest that decreased matrix stiffness is correlated
with increased MV release due to the switch to an amoeboid phenotype. Importantly, matrix stiffness in
this system was modulated by changing gelatin thickness and gelatin pezdar&t®. Investigation of
3D environments and phiologically relevant biomaterials and stiffness would further enhance our
understanding of stiffnesaediated MV release.

Altered matrix mechanics may also induce MAT. Increased cell confinement due to decreased pore
size in the ECM results in cells thexhibit traits of both mesenchymal and amoeboid migration, with
rounded morphology, increased migration speed, and large viradhigsion sité$. While MV release in
this intermediate mode of migration has yet to be investigated, the rounded cell morphology paired with

large matrix adhesion sites may increase the effects of matrix stiffnes¥ oeléase.
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In summary, MV release is highly dependent upon intracellular actin dynamics, mediated by ARF6
signaling through ERK and RhoA GTPase. The pathways downstream of ARF6 are highly dependent on
altered intracellular contractility and matrix stiffsegndicating that soluble and mechanical signals in the
TME may influence MV release and contribute to disease progression. Lastly, mode of cell migration,
regulated by environmental signals and mechanical properties, regulates MV release through Ris®A GTP
activity.

1.5.3 Mechanobiology ofV transport and uptake

As MV uptake by recipient cells is known to modulate cell function, understanding the mechanisms
of MV transport and internalization are crucial to fully understand their function in dipeagession.

MVs have been detected in a variety of bodily fluids from cardiovascular disease, rheumatoid arthritis, and
cancer patientd® 1%, suggesting that MVs are transported away from diseased tissue where they may
interact with healthy cells. Mechanical signals generated by the diseased tissue likely play a role in
regulating MV transport away fre diseased tissue. First, decreased epithelial barrier integrity, induced by
increased epithelial cell contractility and decreased cell adhesion, may regulate the transport of MVs in a
variety of diseases, including cancers, gastrointestinal diseas@siammhary fibrosi§'®182 The increased
epithelial permeability induced by these diseases may promote MV transport away from the diseased tissue
to signal to healthgells. However, the direct relationship between MV transport and epithelial barrier
function have yet to be investigated. Additionally, altered vascular permeability may similarly regulate MV
transport into the blood stream. Increased vascular perntgabdimmon in both atherosclerosis and
cancer, is induced by altered tissue mechanics and arterial stitf@Afigncreased vascular permeability

is known to enhance leukocyte extravasation and cancer cell intrav&8afiont is likely that MVs
similarly exhibit enhanced transport into the vasculature in conditions of sette@ascular permeability.

As a result, mechanics of the vasculature likely regulate transport of MVs away from diseased tissues but
have yet to be directly investigated.

The mechanisms of EV uptake by recipient cells has been thoroughly researchedeavetiria
recent year§®1%% however, these studies refer to their vesicle population as the generic class of EVs and
do not distinguish based on vesicle type. As a tethd specific mechanisms of MV uptake are largely
undefined. Current evidence suggests that while EVs can be taken up by direct fusion with the plasma
membrané&? they are primarily takeap by endocytost&191%7, EV uptake via endocytosis can occur
through a variety of endocytic pathways, including clathmediated endocytosis, lipid rafiediated
endocytosis, caveolimediated endocytosis, pinocytosis, and phagocytésts these studies focused on
uptake of the generic EMbpulation, it is unclear how MVs are internalized by recipient cells and whether

MV internalization is a mechanosensitive process.
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Uptake of MVs released from alveolar macrophages by alveolar epithelial cells was shown to more
closely resemble pinocytosi, the norspecific uptake of extracellular fluid, rather than receptediated
endocytosi¥®. This result is significant in suggesting that MVs likely do not use specific transmembrane
proteins to dock on reptor cells. Instead, uptake of MVs by alveolar epithelial cells is dependent upon
recipient cell dynamin functidff. Dynamin, a GTPase that is required for clatdiépendent endocytosis,
is recruited and assdated at the neck of clathricoated pits. Activated dynamin then catalyzes membrane
fission to induce endocytos?$2® Importantly, while MV uptake was greatly inhibited by the dynamin
inhibitor dynasee, clathrin expression by MVs was not required for dynaméaliated endocytosf§,
suggesting that MV uptake does not depend upon clatheifiated endocytosis. This reveals a dynamin
dependent clathrimdepenlent endocytic pathway that regulates MV uptake. Interestingly, membrane
tension, regulated by matrix stiffness and cellular contractility, is known to affect endoyt8sis
Decreased membrane tension is associated with increased endocytosis while increased membrane tension
decreases endocyto®¥is?2 While certain endocytic responses correlate with a reduction in membrane
tension, these responsese dynamirindependeti®. This suggests that dynamilependent MV
endocytosis may be independent of recipient cell membrane tension. However, other methods of MV
endocytosis not currently defined may be regulated by memleasion.

MV uptake has also been found to be dependent upon recipient cell actin polyméfizativn
uptake by alveolar epithelial cells was disrupted using the actin polymerization inhibitor cytochalasin D
As actin polymerization is required for endocytosis, the interaction between actin and dynamin likely
regulates MV uptake. While the relationship between cell contractility and MV uptake have not yet been
investigated, this evidence suggests that inekasll contractility, which is associated with increased actin
polymerization and actin remodeling, may correlate with increased MV uptake.

Actin dynamics in cell migration may additionally affect MV uptake but have yet to be investigated.
RhoA regulate actin polymerization in amoeboid cells through mammalian homolog of Drosophila
diaphanous 1 (mDial) signaling, which catalyzes actin nucleation and polymef2afiogether, mDial
and ROCK interact downstream of RhoA to induce actomyosin budtflids a result, increased RhoA
signaling in amoeboid cells may enhance their ability to uptake MVs. Conversely, Racl and Cdc42,
associated with invadopodia formation, control actin polymerization thré¥igkott-Aldrich syndrome
protein (WASP) and WAS#amily verprolinhomologous protein (WAVE) regulati$ii Specifically, the
interactions of WASP and WAVE with Arp2/3 promotes formation of the actin network at the leading edge
of mesenchymal cefl¥. Thus, the leading edge of cells undergoing mesenchyngahtiain, rather than
the trailing edge, may be more equipped for MV uptake due to increased actin polymerization.

In summary, the mechanisms of MV transport and internalization are vastly understudied.

Increased epithelial and vascular permeability Yilesihance transport of MVs away from diseased tissue
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and into the vasculature. However, the relationship between barrier integrity and MV transport have not yet
been investigated. Additionally, recipient cell mechanics regulate MV uptake through actin
polymerizatiort®®. Currently, the only known mechanism of MV uptake is via dynasejpendent
endocytosis which may not be affected by matrix stiffness and cell contractility. However, MV uptake does
appear to be dependent @tipient cell actin polymerization, potentially through a mechanism other than
the previously described dynamdiependent endocytosis. As a result, recipient cell RhoA and Racl
GTPase dynamics may regulate the ability of cells to uptake MVs via actin gridgtion.

1.5.4 Mechanobiology of Mediated cell activation

Uptake of MVs can differentiate and transform recipient cells leading to altered cellular function.

It is known that MVs can signal to and transform epithelial cells, endothelial cells, immuneaaélls
stromal fibroblast§'17133135136.26210  |mportantly, we have recently shown that Miédiated
transformation is mechasensitive, as MvVmediated fibroblast activation was enhanced on stiff matrices
mimicking the breast tumor periphery, compared to soft matrices mimicking healthy breast fidsige
finding emphasizes that stiffer tumorigenic matrices may further promote cancer progression through
enhanced MV signaling. However, theahanism behind this enhanced MV signaling on stiff matrices is
unclear. We speculate that it may be due to a heightened response to the MV cargo on stiff matrices or
increased MV uptake, potentially due to increased fibroblast contractility on stifEesatitiis additionally
unclear whether this phenomenon is fibrobEstcific or whether matrix stiffness regulates fifiduced
transformation in a variety of cell types. Further investigation is required to determine whether stiffened
matrices associatewith diseases such as lung fibrosis, atherosclerosis, or diabetes will enhance MV
signaling to epithelial, endothelial, or immune cells.

Previous research has suggested that matrix stiffness sensitizes cells to various chemical cues. For
example, increasematrix stiffness enhances vascular endothelial growth factor re@uEGFR2)
internalization in endothelial cells and sensitizes epithelial cells to epidermal growth factor (EGF), resulting
in increased epithelial cell proliferati®®?'2 Together, these results suggest that matrix stiffness may
increase cell sensiity to MV cargo. This may be caregpecific and recipient cells may only exhibit
increased sensitivity to select MV cargo, such as growth factors, cytokines, or other soluble factors. Future
investigation into the sensitivity of fibroblasts to specifi¥/ largo on a variety of substrate stiffness will
elucidate the mechanism of this stiffneependent Mvimediated fibroblast activation.

Alternatively, an enhanced response to MVs on stiff matrices may be a result of increased MV
uptake via increased actpolymerization and cell contractility, as previously described. As fibroblasts
exhibit increased contractility on stiff matriéésthis may provide them with the necessary actin
polymerization required for MV uptake. Similarly, increased substrate stiffness may alter recipient cell

membrane tension to increase MV Waaia a form of endocytosis not yet implicated in MV uptake.

19



MVs may also be involved in a mechanosensitive feedback loop inMiketo promote cancer
progression. As previously described, increased matrix stiffness enhances fibroblast response to MV
cargo'’. This results in increased fibroblast activation to furteerodel and stiffen tiEME?’, which may
ultimately further ampfy fibroblast response to MVs, both through increased MV release by resident
cancer cells, increased MV uptake by resident fibroblasts, and increased remodeling by activated
fibroblasts. Matrix remodeling by caneassociated fibroblasts may have significeffects on cancer
progression by inducing increased cancer cell invasion away from primary tumors and prometing pre
metastatic niche formatiét?324 As a result, this mechanosensitive MV signaling feedback loop may
further promote cancer metastasis.

MVs may also alter the mode of migration in recipient cells. Metastatic amoeboid cancer cells
transferred their amoeboid phenotypetioer cancer cells via exosomes to induce a more aggressive cancer
phenotypé®. This signaling was shown to be a result of cargo transfer thaatad the RhoA/ROCK
signaling pathwad}®. While MVs have not yet been studied in this context, components of the RhoA
signaling pathway in MV cgo may also induce amoeboid signaling in recipient cells. If truejdddced
MAT may enhance MV release from transformed recipient cells to further promote disease progression.

The effects of matrix stiffness and other environmental factors on MV signali@ poorly
understood. While recent work suggests that increased matrix stiffness may enhannediiéd
fibroblast activation, the mechanism behind this phenomenon is unknown. Further work is necessary to
understand the role of matrix stiffness in tedivery of specific MV cargo to specific cell types and the
effects on their downstream signaling. Additionally, investigation of MV regulation of MAT will further
elucidate the roles of MVs in cancer progression.

1.6 Cancer cell metabolismmigration, and metastasis
1.6.1 Primer oncancercell metabolism

Reprogramming of glucose metabolism is an important hallmark of cancer that supports cell
survival during the metastatic cascade. Cancer cells are able to dynamically switch between two modes of
glucose metabolispglycolysis anaxidative phosphorylatio©xPhos), based on nutrient availability and
energy demand¥. Glycolysis, which can occur anaerobically, is a highly inefficient mode of glucose
metabolism, yielding just 2 ATP per mole of glucgseure 1.5. Mitochondrial OxPhos is an aerobic
process that occurs in thatochondria of cells and is highly efficient at generating ATP, yielding 36 ATP
per mole of glucogé’ (Figure 1.5. Generally, healthy cells only switch between glycolysis or OxPhos
based on oxygen availability. In hypoxic conditions, healthy cells must switch to anaerobic glycolysis to
maintain ATP generation.sAthe processes can occur simultaneously in the presence of oxygen, it is rare
that a cell can be classified as driven wholly by glycolysis or OxPhos. However, the predominant source of

energy utilization is often determined by the cellular process beéigd or by cues from the surrounding
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microenvironment. Additionally, though cells must use glycolysis to produce pyruvate to fuel OxPhos, they
can also be redirected to produce energy via aerobic and anaerobic branches of the Pentose Phosphate
Pathway (PP), which is primarily responsible for the redox status of thé'®elh contrast, a separate
metabolic pathway that catabolizes glutamine is thought to be heavily utilized in soreescarile not

in otherg®. As such while glycolysis and OxPhos are the two primary and most heavily studied modes of
glucose metabolism, it is important to note that cells can undergo a variety of metabolic processes to fuel

migration, proliferation, and metastasis.
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Figure 15. Overview of glucose metabolismCancer cells generate large amounts of ATP through glucose
metabolism. Glucose metabolism is composed of three interconnected pathways: glycolysis, the TCA cycle,
andOxPhos Glycolysis occurs anaerobically in the cytoplasm and produces 2 ATP/mol glucose. The TCA
cycle andOxPhosare aerobic processes that occur in the mitochondria and together generate 36 ATP/mol
glucose.

Cancer cells are uniquely metabolically plastic anddyaramically switch between the two main
modes of glucose metabolism, even when oxygen availability remairf§*tfghin contrast to nanal cell
function, cancer cells often preferentially use glycolysis for ATP generation under aerobic conditions,
termed Athe HRarbumpppr Ehebyd Warburgds observat.i
met abolism of Agr owiunegd tainsds utelbe rteob yf rfeosctuisnegd toins st |
proliferative cancer celt&. Initially, this metabolic switch was attributed to mitochondrial impairment and
dysfunction but was later found that the switch to glycolysis was independent of mitoahbedith in
most cancers and rather occurred as the result of metabolic reprogramming in can€ér’tells
Specifically, mutations in signaling pathways that regulate glucose uptake, such aMg&t bave shown
to be responsible for the Warburg Effé&#2%, While glycolysis has been shown to enhance cancer cell
proliferation, it is still unclear how cancer cell glucose metabolism relates to migratory and metastatic

capability.
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1.6.2 Bioenergetics aéingle cell andcollective migration

In the early steps of the metastatic cascade, cancer cells detach from the primary tumor, invade
through the basement membrane, and navigate through the ECM. Completion of these steps is thought to
be required for a cell to successfully moize new tissues and form secondary tuidrémportantly,
successful invasion and migration relies on the metabolic and migratory plasticity of cancer cells to meet
changing energetic demands of unique microenvironrfi@ntinderstanding the nuances ofahoellular
metabolism regulates cancer cell invasion and migration is essential to target the cancer cells that are
capableof escaping the primary tumor. Migration away from the primary tumor can occur as either single
cell or collective migratiofi®23* Further analysis of these mechanisms reveals that multiple differe
modes existepithelialand mesenchymal single cell migration and leader and follower cells in collective
migratior?®¥ 2%, The migratory potential and metabolisfinaigrating cells is heavily dependent on mode
of migration and is further complicated by intratumor metabolic heterogeneity that is mediated in part by
spatial cues.

Single cell migratiorin vitro has been heavily studied to parse apart the particular mechanisms
cells use to navigate the TME239.240 Briefly, cancer cells utilize various migratory modes to traverse the
TME, transitioning first from a nemigratory epithelial state to a neomigratory mesenchymal madé
243 During epitheliatto-mesenchymal transition (EMT), cells transition to a more aggressive phenotype
characterized by a change in both morphology and invaspabitiy?**. Numerous aspects of migration
and EMT are linked both directly and indirectly to metabolism. ImportaBfi§T is characterized by
cytoskeletal reorganization and formation of protrusions which can aftergy production and
consumptioff®. EMT is due in part to upregulation of specific transcriptional factors like Snail, Slug, and
TWIST which have previously been associated with alterednetibolisn¥*. Specifically, Snail has been
linked with altered glucose flux igancer cells by regulating glycolysis and the pentose phosphate
pathway*’. Additionally, hypoxiainduced HIF1 signaling is known to induce EMT through TWIST
signaling*®24® However, the respective roles of glycolysis and OxPhos during these transitions, especially
in oxygenrich conditions, are relatively unknown.

Recent evidence points to a prominent, understudied role for OxPhos during single cell cancer
migratior®®. An increase in mitochondrial biogenesis and OxPhos via upregulated expression of
peroxisome proliferateassociated receptor gamma, coactivatalpha (PCGLU has been strongly
correlated with a more invasive cancer cell phenotype and an increase in theofowhadtstal tumors®.
Additionally, relocation of mitochondria to the leading edge of cells and to forming protrusions is thought
to enable increased ATP productito fuel migration and invasié®2°2 Mitochondrial function, in contrast
to what was previously proposed by the Warburg Effect, is not impaired in more aggriassiog/pes. In

fact, in supeiinvasive and supeanetastatic phenotypes, created through rounda weftro andin vivo
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sorting, respectively, a mitochondrial shift occurs in which cells maintain levels of OxPhos without an
increase in glycolys?&®. This metabolic switch is also thought to be mediated by the availability of TNF
receptor associated proteif TRAP1) which is expressed in lower levels in cancerous tissue than normal
tissue. TRAP1 deficienay vitro was found to arrelate with increased OxPhos, intermediates of the TCA
cycle, and ATP and ROS production to increase the invasiveness of migratifid dddlss, data suggests

that OxPhos may play an equally important role in the aggressive phenotype of migrating cells compared
to glycolysis, though it may be more contependent to provide ATP to localized regions where it can

be utilized efficietly.

In contrast to single cell migration in cancer, collective migration describes cells that move
cooperatively in groups that has been observed in many cancers, including breast, prostate, colorectal, and
lung cancerd®. Importantly, the collective behaviors of cancer cell clusters has been suggested to lead to
increased invasion, metastasis, and therapeutic resistance compared to sirfefflé>teits collective
migration a leader cell guides clusters of follower cells coupled withagdlljunctions through the TME.

To guide collective strands, leader cells utilize adtth protrusions and proteases, including MMPs and
Cathepsin B?2¢2 Conversely, follower cells exhibit high levels of eedlll adhesions, such as cadherin
based adherens junctiéfs?®* Given the very different mode of migration utilized when cells move
collectively compared to single cell movement, the energetic needs for two modes are likely very different.

It was recently reported that the collective invasion of cancer cells is regulated by the energy status
of leader and follower cefi®2%¢ eader cells of breast cancer cell spheroids exhibit higher glucose uptake
compared to follower cells, suggesting that leader cancer cells rely mavdyhon glucose flux than
follower cell€®. Similarly, glycolytic ATP production was reported to regulate the collective invasion of
endothelial cells in vessel branchit§g?¢ Additionally, recent data suggests that breast cancer leader cells
must overcome a threshold level of intracellular ATP/ADP to successfully iffv.atie leader cells invade,
their energy gradually depletes, leading to leddiower cell transition in which a follower cell becomes
a new leaderall?®>. Importantly, as invading strands encounter a physically challenging environment, they
exhibit more frequent leadéollower switching to overcome the high energy barrier of their invafon
This result suggests that cancer cells exhibit phenotypic plasticity, tedjida energetically demanding
microenvironmental challenges, during collective migration. Interestingly, it was also recently reported that
lung cancer leader cells preferentially utilize mitochondrial OxPhos regulated by pyruvate dehydrogenase
(PDH), andlung cancer follower cells rely on elevated glucose uptake regulated by GLUT1 to fuel
collective invasion in tumor spherof$ This finding isconsistent with other collective migration studies
describing leader cells as more migratory but less proliferative than follower®&iLCotargeting of
PDH and GLUT1 dramatically reduced spheroid invasion, suggesting thatgeting glycolysis and

mitochondrial OxPhos to inhibit the invasion of a metabolically heterogeneous cancer cell population holds
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potential for drug developmeéfit The reason for these contrasting findings may lie in the context of the
metabolism measurements. The dynamic,-tiea switching of a heterogenous des/follower cell
population invading from spheroids provides a transient context for cell metabolism, where greater energy
demands in the leader cell position lead to increased uptake of glucose that may suggest an increase of
glycolysis independent ofahange in OxPhos. However, when cells are sorted to create distinct, leader and
follower cell populations, a more permanent, lasting metabolic signature is characterized in which leader
cell populations generally increase OxPhos compared to follower Bsllsaking these two studies
together, a more complete insight into the metabolic behavior of leader and follower cells reveals a highly
contextdependent relationship.

1.6.3 Interactions withstromal cells thatregulatemetabolismduring cancercell migration

Communication between fibroblasts and infiltrating leukocytes in the TME and cancer cells can
affect both metabolism and migration. In the primary tumor, cancer cells secrete hydrogen peroxide which
induces oxidative stress and cavedlifCav1) degradatin in fibroblast$’®2t The loss of Ca\ll enhances
fibroblast aerobic glycolysis, inducing the release of eneymetabolites, including lactate, pyruvate,
and ketone, into the microenvironm&at”® In addition to oxidative stress, canckarivedMVs can also
signal to fibroblasts to increase aerobic glycolysis throughilC#egradatiolf. These activated fibroblasts
subsequently become meoglycolytic and release higher levels of lactate into the ¥M#ptake of these
metabolites by cancer cells can directly fuel mitochondrial OXPA3<"3 Additionally, evidence suggests
that matrix mechanics regulate MV signalifig?’* Specifcally, increased matrix stiffness enhantéé-
induced fibroblast activatidh As MV-induced activation was previously shown to increase fibroblast
aerobic glycolysi¥, increased matrix stiffness in the TME may further promote this metabolic switch in
fibroblasts through enhancédV signaling. This observation, in which fibroblasts in the tumoms#ro
exhibit enhanced glycolysis to fuel cancer cell mitochondrial OxPhos, has been termed the Reverse
Warburg Effect’? These tumestromal metabolic interactions within the context of confinement were
recently investigated using a unique, micropatterned tatnoma interface modéb. Cancer cells at the
center of the micropattern, mimicking high confinement at the tumor core, upregulated expression of
glycolysis genesCancer cells at the tumstromal interface, recapitulating low confinement at the tumor
periphery, upregulated expression of OxPhos genes, further supporting a metabolic relationship between
tumor and stromal cefl§.

As canceiassociated fibroblasts located in the TME are known mediators of cancer cell invasion
and metastasis through ECM remodelitig®27® metabolic coupling between cancer cells and stromal
fibroblasts likely regulates cancer cell escape from the primary tumdrsabsequent metastasis.
Fibroblastenhanced cancer cell OxPhos can increase cancer cell migration and irimasito?®.

Additionally, this metabolic coupling can enhance cancer cell resistance to cancer therapies. Specifically,
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fibroblastinduced epithelial cancer cell mitochondrial activity has been shown to enhance cancer cell
tamoxifen resistance in breast cancer del\gtro®”.

Metabolic interactions between cancer cells and infiltrating leukocytes may also affect cancer
migration and metastasis. Similar to cancer cells, activated T cells exhibit enhanced aerobisiglyc
support their proliferation and effector functiéf?’® As a result, infiltrating leukocyseand cancer cells
compete for nutrients in the TME Decreased Tetl glucose uptake has direct implications on their-anti
tumor efficacy and thereby affects cancer cell progre€Sigth While the majaty of research on the
leukocytecancer cell metabolic relationship has focused on the effects on T cell efficacy, increased T cell
glucose uptake in the TME may induce a similar response to the Reverse Warburg Effect in cancer cells,
where cancer progrées is fueled by metabolic intermediates released by T cells.
1.6.4 Metabolicsignatures ofmetastaticcancercells

To effectively target metastatic cancer cells with metabolic inhibitors, it is essential to determine
the bioenergetics of cancer cells that tet their progression during the metastatic cascade and
subsequent tissue colonization. A variety of evidence suggests that metastatic cancer cells may rely more
on mitochondrial OxPhos while primary tumors rely more on glycolysis to fuel primary tuowttgiThe
direct role of OxPhos in metastatic cancer cells was initially observed by removing mitochondrial DNA
from cancer cell lines and observing their effiectitro andin vive?®2283 Breast and brain cancer cells
devoid of mitochondrial DNA lost their tumorigenic phenotype that was only restored upon the transfer of
normal mitochondria to the ceff& Similarly, removal of mitochondrial DNA in cervical and ovarian
carcinoma lines resulted in decreased tumor growth when subcutaneously injected®h loaieg, it was
observed that brain metastases of breast cancers exhibited increased OxPhos compared to primary
tumorg®4 Similar reports found circulating cancer cells from 4 #Afouse model to be enriched for OxPhos
transcripts compared to their primary tumor counterfarfshis enhanced OxPhos in circulating cancer
cells was found todassociated with PG@Jexpressioff°. Silencing of PGElUreduced both cancer cell
invasion and metastasis without affecting cancer cell proliferation, prinvaor growth, or EMT statd®’.
Taken together, these studies suggest that mitochondrial OxPhos plays an essential role for cancer cell
tumorigenicity and metastasiSomparison of metastatic melanoma cells with their primary tumor
counterparts revealed enhanced mitochondrial OxPhos in the metastatic cancer cells. Specifically,
production of mitochondrial superoxide, a byproduct of cellular respiration, distinguisfiiglretastatic
melanoma cells from weakly metastatic c&lsSimilarly, metabolic profiling of parental breast cance
epithelial cells compared to their metastatic counterparts collected from secondanysitelsas revealed
differential utilization of key metabolic factdfé Specifically, metastatisubclones boasted increased
metabolic flexibility and redox control, allowing cells to proliferate even under high stress conditions.

Analysis of highly metastatic parental ductal carcinoma cells collected from liver metastageshowed
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increased OxRos regulated via myoferlin, a protein associated with vesicle trafficking, compared to less
metastatic subclon& This study highlights another potential metabolic target irastasis, myoferlin,
that has already shown to be effective in mouse m@éels

Recently, singleell RNA :quencing has been used to distinguish metabolic differences between
primary tumors and metastases. Singdd RNA sequencing of matched primary tumors and
micrometastases revealed mitochondrial OxPhos as the top pathway upregulated in micrometastases
compared to higher levels of glycolytic enzymes in primary tufdrshis finding suggests that enhanced
glycolysis may aid in primary tumor cell growth while mitochondrial OxPhos may be more important in a
variety of metastatic stages and colonization. Additionally, this finding of differentially enriched metabolic
pathways in primary tumors versus micrometastases highlights that different metataoligting
therapies may be advantageous in different stages of cancer progression. Importantly, transcriptional
heterogeneity was still apparent in these micrometadtdsa®ving that one metabolic therapy may not
be capable of targetinall metastatic cells found in a lesion. Altogether, these findings reemphasize the
i mportance ofpriohéef d&magrani dmchot omy o0 -paolifatation uggest
dichotomyo may al so exi st . |thensignaltb thdsenetastatichcanter mi c r
cells to return to a glycolytic phenotype to fuel proliferation of the secondary tumor.

Reports of upregulated glycolysis, rather than mitochondrial OxPhos, have also been associated
with increased metastasis. In ggpcellular carcinoma cells, overexpression of glycolytic enzymes results
in increased metastasis in a mouse nfdt@imilarly, increased glycolysis has been linked to antioxidant
driven metastasis in lung tumors in addition to increasecbghiuptake and lactate secretiérSorting
the conflicting evidence regding whether metastatic cancer cells rely more heavily on OxPhos or
glycolysis may lie in the location of the metastatic spread, as metastatic breast cancer cells that
preferentially use glycolysis tend to metastasize to the liver, while those utilizingdSxarget lung or
bone secondary sit&d These glycolytic breast cancer cells are thought to be specifically tuned for liver
metastasis via increased HIE and PDK1 activity that is essential in regulating @metlic pathways.
Further, aggressive 4T1s metastasizing to liver, bone, and lung utilized a combination of mitochondrial
OxPhos and glycolysis, suggesting that secondary site colonization is dependent on the metabolic state of
the cellg. Additionally, patient data suggests that within the secondary sites, the presence of glycolytic
markers was dependent on the specific site location, where metastatic cells at brain and lung sites were
more likely to maintain a gbolytic phenotype than other secondary $tfestill others report that brain
metastaseis vivohave higher expression of both glycolytic andPBosassociated enzyn$ suggesting
that while differential metabolic programming may be elevated in specific secondary sites, metastatic cells

likely use a combination of the pathways to meet energetic requirements.
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Table 12. Cancertherapiedargetingglucosemetabolisn

Drug Target enzyme Approval stage Ref
Enasidenib IDH-2 Approved 294
Metformin ETC complex | Approved for type 2 diabetes, clinical trials for cancq 295:2%
2-DG HK Clinical trials 297,298
3-BrPa HK, GAPDH Clinical trials 299
AT-101 LDH-A Clinical trials 300
AZD3965 MCT1 Clinical trials 301
CP1613 P D H ;KGDH Clinical trials 302
DCA PDK1 Clinical trials 303,304
FK866 GAPDH Clinical trials 305
IDH305 IDH Clinical trials 306
Ivosidenib IDH Clinical trials so7
Lonidamine HK Clinical trials 308,309
Marizomib ETC complex Il Clinical trials 810311
Polyphenon E LDH-A Clinical trials 812
Resveratrol, chrysin | HK2 Clinical trials 813
Ritonavir GLUT1 Clinical trials 314
TT-232 PKM2 Clinical trials 815
PFK158 PFKFB3 Clinical trials 316318
3PO PFKFB3 Research 816,318
Fasentin GLUT1, GLUT4 Research 319
GEN-27 GLUT1, HK Research 820
Koningic acid GAPDH Research 821
STR31 GLUT1 Research 822
VK3 PKM2 Research 815
VK5 PKM2 Research 815
WzB117 GLUT1 Research 323

1.6.5 Anti-metastatictherapies andnetabolismtargetingdrugs

While most cancer therapies exclusively target proliferation, recent understanding of the role of
glucose metabolism in cancer cell proliferation, migration,raathstasis lays a strong foundation towards
the development of anthetastatic drugs targeting metabolic processes essential in the metastatic cascade.
Enasidenib, a selective inhibitor of mutant isocitrate dehydrogenase 22(ildth enzyme that mediates
progression through the TCA cycle, is already approved to treat patients witB-tHated myeloid

leukemi&® (Table 12). Similar IDH-inhibiting drugs have been shown to abrogate both invasion and
g
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migrationof chondrosarcoma celis vitro while their proliferation remained unaffected, which may point

to a prominent role of mitochondrial metabolism in metastdsié\dditionally, avariety of metabolism
targeting agents are currently in clinical tridlalfle 1.2). For example, AZEB965, which inhibits MCT1,
reportedly exhibits antiumorigenic properties by preventing cellular acidification during increased
glycolysis®. However, while MCT4 inhibitors reportedly decrease pancreatic ductal adenocarcinoma cell
migraton in vitro, MCT1 inhibitors have little effect on migration. Interestingly, inhibiting either MCT1 or
MCT4 significantly reduces cell invasion, again pointing to the role of individual components of metabolic
pathways on specific steps in the metastediscad®®. Another potential therapeutic, GB13, disrupts
mitochondrial metabolism to induce reactive oxygen species R&®ciated apoptosi® and
significantly decrease collective cancer cell invasioritro?®®, and is currently undergoing clinical trials

with pancreatic cancer patieffts Metformin, a drug approved for the treatment of Type 2 Diabetes, is
currently undergoing clinical trials to treat cart€eincluding its use in combation therapy with
chemotherapeutic drugs, including cisplastin and doxycycline, as it is hypothesized that metformin may
increase cancer cell sensitivity to chemothet&pinterestingly metformin is effective at inhibiting both
proliferation and migration in breast cancer céfisvitro®2¢32% As metformin predominantly inhibits
progression of OxPhos by inhibiting the ETC Complex I, this finding points to the powerful role of OxPhos
in key steps in the metastatic cascade. In part due to the complexities desoabeddantifying the
predominant metabolic pathways for a given cancer in a given patient, cancer therapies that target both
glycolysis and mitochondrial OxPhos are undergoing clinical trials, as both metabolic pathways have been
deemed important for cancerogression{able 12).

Drugs and therapies simultaneously targeting both glycolysis and OxPhos are being pursued to
combat compensatory mechanisms upon the inhibition of one of the pathways. Recently, the drug
Marizomib was combined with a glycolysithibitor to reduce metastatic spread in rfitéVhen treated
with Marizomib, which acts to downregulate mitochondrial OxPhos through inhibiting Complex Il of the
ETC, cells were found timcrease glycolysis to provide necessary energy for proliferation and metastasis
Similarly, in vitro, the drug significantly decreased the migratory ability of TNBCs, correlating with the
downregulation of PGAL U and EMTheseaataelad to the combination therapy of Marizomib
and 2deoxy Dglucose (2DG), a glycolysis inhibitor, which was shown to significantly inhibit tum
growth. Thus, in moving to clinical trials and designing -amétastatic therapies, understanding-site
specific bioenergetics and compensatory mechanisms is essential to inhibit metastasis withoygtoff
effects. Additionally, because cells are mpammed at different stages of metastasis to rely more on
glycolysis or OxPhos, it is necessary to understand which pathway is dominant at each stage. Recently, a
targeted tumespecific inhibition of cell metabolism using a ginsenoside derivative waslflaudecrease

tumor growth in a xenograft mod& By downregulating both OxPhos and glycolysis in tumor cells only,
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while leaving normal, healthy cellsxchanged, this promising therapy could decrease metastasis without

altering normal cell function.

29



CHAPTER 2 MATRIX STIFFNESS REGULATES MICROVESICLENDUCED FIBROBLAST
ACTIVATION

This chapter was published in Adrell Physiology’ and has beereproduced with the permission of the
publisher ad my ceauthors

2.1 Abstract

Extracellular vesicles released by cancer cells have recently been implicated in the differentiation of
stromal cells to their activated, canaempporting states. Microvesicles, a subset of extracellular vesicles
released from the plasma membrane of cagells, contain biologically active cargo, including DNA,
MRNA, and miRNA, which are transferred to recipient cells and induce a phenotypic change in behavior.
While it is known that microvesicles can alter recipient cell phenotype, little is known hbauthe
physical properties of thEME affect fibroblast response to microvesicles. Here, we utilized cancer cell
derived microvesicles and synthetic substrates designed to mimic the stiffness of the tumor and tumor
stroma to investigate the effects of noigesicles on fibroblast phenotype as a function of the mechanical
properties of the microenvironment. We show that microvesicles released by highly malignant breast cancer
cells cause an increase in fibrobl areliferatenpcek adi ng,
generated traction force, and collagen gel compaction. Notably, our data indicate that these phenotypic
changes occur only on stiff matrices mimicking the stiffness of the tumor periphery and are dependent upon
the cell type from whiclthe microvesicles are shed. Overall, these results show that the effects of cancer
cell-derived microvesicles on fibroblast activation are regulated by the physical properties of the
microenvironment, and these data suggest that microvesicles may hake @loust effect on fibroblasts
located at the tumor periphery to influence cancer progression.
2.2 Introduction

The stromal microenvironment plays a crucial role in the determination of cancer cell metastatic

potential. Signaling molecules, extracellular cponents, and cells within the stroma can increase or
decrease the metastatic potential of cancer 38ell§his relationship is bidirectional as the
microenvironment is often manipulated by canceftsct#rough both direct and indirect mechanisms.
Recent studies have shown that EVs secreted by cancer cells, specifically exosomes and MVs, communicate
with stromal cells to alter the locaAME®3%2334 MVs originate from the plasma membrane of cells and
range from 200mile m i n &9 Taey eontaima wide variety of cargo, including ECM components,
cytoskeletal proteins, and signaling molest?®>3% The interaction of cancer celerived MVs with
recipient cells promotes canesupporting characteristics,ndluding increased cell growth and

survival>133 The effects of MV components within tAiE are just beginning to be uncovered.
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Cancer cell invasion through the basement membrane and metastasis to a secondary site are highly
dependent uponell-cell and celmatrix interactions Specifically, CAFs located in tHEME have been
shown to mediate cancer cell invasion and metastasis through the direct remodeling of thé&’E€M
CAFs use contractile forces to generate tracks in the ECM to guide cancer cell invasion and promote
metasasis®. It is currently hypothesized that a large portion of CAFs inTtME are derived from
fibroblasts adjacent to the primary tumor that have been transfeona@dactivated state It was recently
established that MVs released from MBAB-231 breast cancer cells transform normal fibroblasts to
exhibit increased survival capability and the ability to grow underdemm conditions. Proteomic
screens of MDAMB-231 MVs were carried out to determine the M¥$sociated proteins responsible for
fibroblast transformation, specifically tissue transglutaminase and fibrofAgctin

Fibroblastsn the tumor stroma are exposed to both compliant healthy tissue and the increasingly
stiff tissue of the primary tumor. Specifically, increased matrix stiffness has been shown to promote
fibroblast spreading, traction force, and proliferati®#® Here, we examined the effects of breast cancer
cell-derived MVs on fibroblast function on substrates mimicking both healthy and tumorigenic tissue. We
show that MVs increase fibroblast cell area, contractility, and proliferation in a mannir dependent
upon matrix stiffness. We additionally show that the ability to activate fibroblasts on stiff matrices is
dependent upon the cell type from which the MVs are shed. Together, these results demonstrate the role of
the mechanical properties ofie matrix in regulating MVMnduced fibroblast activation and matrix
remodeling.
2.3 Materials and methods
Cell culture and reagents:MDA-MB-231 malignant mammary adenocarcinoma cells (}(26BATCC,
Manassas, VA), MDAVIB-231 cells (HTB26, ATCC) transfected texpress LifeacGFP, and NIH 3T3
fibroblasts were maintained in Dul beccobds Modi fi e
Waltham, PA) supplemented with 10% FBS (Atlanta Biologicals, Flowery Branch, GA) and 1% penicillin
streptomycin (ThermoFisheScientific). MCF10A mammary epithelial cells (CRID317; ATCC) were
maintained in DMEMF12 (ThermoFisher Scientific) supplemented with 5% horse serum (ThermoFisher
Sci ent i f ithydrpcorlsong (Sigrga, $hiLouis, MO), 20 ngihEGF (ThermoFiser Scientific),
1 0 egnsulir (Sigma), 100 ng mlinsulin (Sigma), and 1% penicillistreptomycin. MCF7 mammary
adenocarcinoma cells (HFTB, ATCC) were maintained in Minimum Essential Medium (MEM)
(ThermoFisher Scientific) supplemented with 10% FBf8l 1% penicillirstreptomycin. All cells were
cultured at 37°C and 5% GCPrimary antibodies used were rabbit didiillin -2 (#3436; Cell Signaling
Technology, Danvers, MA), rabbit asitie BU ( #9242 ; Cel | Signadlphang Tec
smoothmuscle actin (M0851, DAKO, Santa Clara, CA), and mouseletéi actin (A5316, Sigma).
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Secondary antibodies used were HRP-gttbit (Rockland, Limerick, PA), HRP antiouse (Rockland),

and AlexaFluor 488 conjugated to donkey antiuse (Life Technologie€arlsbad, CA).

MV isolation and characterization: Sub confluent MDAMB-231, MCF10A, and MCF7 cells were
incubated overnight in serufree DMEM, serurdfree DMEM-F12, or seruniree MEM, respectively. The
conditioned media was removed from the cells amtfideged at 400 RPM. The supernatant was removed

and again centrifuged at 400 RPM. The medium was
(EMD Millipore, Billerica, MA) and rinsed with serwitee media. The MVs retained by the filter were
resuspended in their respective seritee media. Nanoparticle tracking analysis (ZetaView ParticleMetrix,
Germany) was used to determine the size and number of isolated MVs. N=3 independent sets of MV
isolations.

Western blotting: Isolated MVs were rinsediwt h  PBS on a 0. 22 em Steri FI i
Laemmli buffer. MDAMB-231 cells were cultured on tissue culture plastic dishes, rinsed with PBS, and
lysed with Laemmli buffer. Lysates were resolved by SP&E. The proteins were then transferted

PVDF membranes. Transferred membranes were blocked with 5% milk KTWB&n. Membranes were
incubated overni ght -2i(1m000)saBdbetgctin :(111000)0dn) 5% miklinoTBS | | i n
Tween at 4°C. Membranes were then incubated in horskrpdisxidaseonjugated secondary antibody
(1:2000) in 5% milk in TBSTween for 1 hour at room temperature. Samples were imaged with a LAS

4000 imaging system (Fujifilm Life Science, Japan) after the addition of SuperSignal West Pico or West
Dura Chemilunescent Substrates (ThermoFisher Scientific). N=3 independent sets of MV isolations.
Polyacrylamide gel preparation: Polyacrylamide (PA) gels were fabricated as described elsettthere

Briefly, the ratio of acrylamide (40% wi/v; BiRad, Hercules, CA) to biacrylamide (2% w/v; BieRad)

was varied to tune gstiffness from 1 to 20 kPa to mimic the heterogeneous stiffness Ti&& Moduli

were changed by varying ratios of sisryalmide:acrylamide [% acrylade:% bisacr y|l ami de ( You
modulus (kPa))]; [3:0.1 (1)], [7.5:0.175 (5)], [12:0.19 (20)]. The PA gels were coated with 0.1 mg/ml rat

tail type | collagen (Corning, Corning, NY).

Cell spreading assayshIH 3T3 fibroblasts were seeded on 1, 5, or 20 kRa@é€ls in 1.6 mL of DMEM

+ 1% FBS. Cel | medi a was additi onal ifrge medinpop| € me n't
approximately 5.5*10MVs s us pended -fieemmedid Bhase tontsast images were acquired

at 20 minute intervals using a 10x/N3A. objective on a Zeiss Axio Observer Z1.m microscope. Only

cells without contact with adjacent cells that spread to an area of at least 30% greater than its initial area
were analyzed. For area analysis, cells were outlined in ImageJ (NIH, Bethesylagnii@rea was
quantified. The data were regressed via a nonlineardgasires regression to a modified error function of

the form

6 AOA&— p o (1)
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previously used to describe cell spreading dynatflid@riefly, Ais the area of the cellis the time
after platingso is the time at which the cell has spread to half its maximumAgyid half the maximum
area of the cellN=3+ independent sets of PA gels and MV isolations.
Phall oidin and USMA i mmu nNH 3T3fiorobastsovers seededaon 8, 5,@amn a |l y s
20 kPa PA gels in 1.6 mL of DMEM + 1% FBS. -Cell me
free media or approximately 5.5*1MVs suspended -fresa metlif. Qftec2d hosrs, cellsm
were fixed with 3.2% v/v paraformaldehyde (Electron Msmopy Sciences, Hartfield, PA) and
permeabilized with 0.1% TriteX-100 (J.T. Baker, Phillipsburg, NJ). Cells were blocked with 3% bovine
serum albumin in 0.02% Tween in PBS and then incubated for 3 hours at room temperature with mouse
antialpha smooth mscle actin (1:100). After being washed, cells were incubated for 1 hour with
AlexaFluor 488 conjugated to donkey amtouse (1:200). The cells were washed aratth and nuclei
were stained with AlexaFluor 568 phalloidin (1:500, Life Technologies, Gat|sbA) and DAPI (1:500,
Molecular Probes, Eugene, OR), respectively. To image, gels were inverted onto a drop of Vectashield
Mounting Media (Vector Laboratories, Burlingame, CA) placed on a glass slide. Fluorescent images were
acquired with a 20x/1.0 N.Awaterimmersion objective on a Zeiss LSM700 Upright laseanning
mi croscope. For USMA expression, cells stained wi
overlaid onto USMA images and i nt egrMAfleotesceneensi t y
was calculated by subtracting the cell area multiplied by the mean fluorescence of the background by the
integrated density of the cell. N=3 independent sets of PA gels and MV isolations.
Cell proliferation assays:NIH 3T3 fibroblasts werserumstarved for 6 hours and subsequently seeded
on 1,5, or 20 kPa PA gels in 1.6 mL of DMEM + 1% FBS. Cell media was supplemented with either 400
e L of -freeenediaror approximately 5.5*1M1Vs suspended -freamedi@. Bftere2lk ser ur
hours, D ¢ Mthyhyl2 -@lexoyuridine (EdU; ThermoFisher Scientific) was added to the culture media
for 2 hours. Cells were fixed with 3.2% v/v paraformaldehyde (Electron Microscopy Sciences) and stained
with the ClickiT EdU Kit (ThermoFisher Scientific) follomig t he manuf acturer 6s i n
were counterstained with DAPI (1:500). Cells were imaged with a 20x/1.0 N.A-watersion objective
on a Zeiss LSM700 Upright lasscanning microscope. The percentage of EdU incorporation was
calculated as theatio of EdU positive cells to the total number of cells. N=3 independent sets of PA gels
and MV isolations.
Traction force microscopy: Traction force microscopy was performed as previously deséfibBdefly,
pol yacryl amide (PA) gel s, embedded with 0.5 em di
prepared with Youngds modul i of 1 kPa, 5 kPa, anoc
conducted on 5 kPa and 20 kPa PA gels dubddifficulty of cell adhesion onto soft gels in low serum
conditions. NIH 3T3 fibroblasts were allowed to adhere for 24 hours in 1.6 mL of DMEM + 1% FBS
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suppl ement ed wit h -fred netiz apprekimételySBE* 18\ s ssewsupme nded i n

4

seumf r ee medi a, 400 eL of <condi tMdsedusmpdndedorn aj

conditioned media. After 24 hours, phase contrast images of single fibroblasts and fluorescent images of
the bead field at the surface of the PA gel were acqutibbblasts were removed from the PA gel using
0.25% trypsin/EDTA (Life Technologies) and a fluorescent image of the bead field was acquired after cell
removal. Bead displacements between the stressed and null states and fibroblast area were calculated an
analyzed using the LIBTRC library developed by M. Dembo (Dept. of Biomedical Engineering, Boston
University*2. The overall cellular force is the integral of the traction vectors over the total cell area.
Outliers were removed using the ROUT method with Q = 0.2%. N=3 independent sets of PA gels and MV
isolations.

Collagen gel catraction: Type | collagen was isolated from rat tail tendons (Rockland) solubilized

to form 10 mg/mL stock solutions as previously descitieBriefly, collagen stock solutions were mixed

with 05 M ribose to form collagen solutions containing a final concentration of 100 mM ribose in 0.1%
sterile acetic acid and incubated at 4°C for 5 days. Glycated collagen solutions were neutralized with 1 M
sodium hydroxide (Sigma) in 10X PBS buffer (Life Taologies) and mixed with HEPES (EMD
Millipore) and sodium bicarbonate (JT Baker) in 10X PBS to form 1.5 mg/mL collagen gels. When added
to collagen, ribose interacts with amino groups on proteins to form Schiff bases that rearrange into Amadori
products. Anadori products form advanced glycation endproducts (AGE) that accumulate on proteins and
result in crossink formation343 3T3 fibroblasts were seeded at a density of 200,000 fibroblasts per mL of

cdlagen gel for a final volume of 500 L coll agen

FBS and suppl ement ed -vaeimadiaeriapptoxdmately D5310¥slsuspehdeds e r u m
i n 400 -keke media.iGalswere unattached from theypigte by tracing around the outward edge
of the gel with a pipet tip. Gels were allowed to contract for 48 hours and subsequently imaged. N=4
independent sets of collagen gelsl &V isolations.
Statistical analysisAll statistical analysis was performed using GraphPad Prism 7 (GraphPad Software,
La Jolla, CA) or Excel 2016 (Microsoft, Redmond, WA). Where appropriate, data were compared with a
s t u d eeasttodwith attweway aralysis of variance (ANOVA) with Sidak multiple comparisons test. All
data is reported as mean * standard error (SE).
2.4 Results
2.4.1 Highly malignant breast cancer cells reledd&'s

To examine the role of cancer cdirived MVs on fibroblasts, we first isolatdiVs from the
highly malignant MDAMB-231 breast cancer cells. The release of MVs by breast cancer cells was
visualized by culturing LifeAcGFP MDA-MB-231 breast cancer cells in serfiee medialtigure 2.1A).

MVs were isolated from breast cancer cellmgsentrifugation and subsequent filtration. Isolated MVs
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were confirmed to be within the expected size distribution @9 € m) usi ng

nanopartioc

analysis Figure 2.1B). Western blot analysis confirmed the expression of the MV marker fidliiin MV
t he

|l ysates and the absence

of

cytosolic

mar ker |

in the MV samplesHKigure 2.1C). These results are consistent with prior studies suggesting that MDA

MB-231 breast cancer cells releaseanéllular vesicles within the MV cla§433344
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Figure 2.1. Cancer cellderived MVs increase fibroblast early spreading dynamics on stiff matrices.

(A) Fluorescent image of MDAMB-231 cell in seruniree media(B) Size distribution of isolated MVs.

(C) Representative immunoblots of iacthe MV marker flotillin2, and the cytosolis peci f i ¢ mar ker
in whole cell lysates (WCL) and MV lysates (MV§R-F) Representative images of early spreading in
fibroblasts treated with serufree media alone (Ctrl) or MVs (+MV) ofD) 1 kPa,(E) 5kPa, andF) 20

kPa PA gel s. S G4d) IMeaswreanents of fidrabl@st cellnarea during early cell spreading,

taken every 20 minutes, ¢&) 1 kPa (Ctrl: n=24, +MV: n=14)YH) 5 kPa (Ctrl: n=34, +MV: n=27), and

() 20 kPa PA gels (Ctrl: n=30,MV: n=28). Data points fit to a nonlinear leastuares regression of a

modified error function. Plots are mean + SE. N=3+ independent sets of PA gels and MV isolations.

Table 2.1. Regression parameter values for data presented in FAdure

1 kPa 5 kPa 20 kPa
Ctrl +MV Ctrl +MV Ctri +MV
R? 0.9701 0.89] 0.9745 09845 0.9782 0.9766)
tso 95.72| 5.069 130.5]  113.6] 65.58 62
Aso 227.21 179.9 359.9] 462.8 451.2]  593.1
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2.4.2 Cancer cellderivedMVsincrease fibroblast early spreading dynamics on stiff matrices

Fibroblasts in the tumor stroma are exposed to a range of matrix stiffness due to heterogeneities in
ECM composition. As increased matrix stiffness has been showretdlyl promote fibroblast spreading
and the ability of a cell to spread directly affects its function, we investigated the relationship between
matrix stiffness and Mv\mediated fibroblast spreaditi§>***¢, MV's were applied to fibroblasts at the time
of seeding on PA gels of varying stiffness-2Q kPa), spanning the range of matrix stiffness in
physiologically relevant breast tisSu€ell spreading was monitored using titapse microscopy, and the
data were fit to a modified error function to obtain the -haiximum spreading arefgo, and the haif
maximum spreading timéso*** (Table 2.1, sese Methods for details). As expected, significant differences
in Aso were calculated between increasing PA gel stiffness within control or MV condifiabe(2.2),
highlighting the role of matrix stiffness in fibroblast spreading. At a stiffness mimicking healthy breast
tissue (1 kPa), MVs did not affect early fiblast spreading dynamics or fibroblast cell area after 24 hours
of culture Figure 2.1D,G, Figure 2.2A-B); no change in théso was observed between control and MV
conditions Table 2.2). However, on moderately stiff PA gels mimicking tumorigenic breasieigs kPa),
culture with MVs increased the rate of early fibroblast spreadiigge 2.1E,H). Likewise, a significant
difference in theAsowas calculated between control and MV conditions on the 5 kPa PAadk(2.2).
After 24 hours of culture, no enge in fibroblast cell area was noted between control and MV conditions
on 5 kPa PA gelsHjgure 2.2A,B). Additionally, increased rate of early fibroblast spreading was evident
in fibroblast culture with MVs on the stiffest substrate tested (20 ki#@re the rate of early spreading
was increased as well as fibroblast cell area throughout the entire observationfpguie?.1F,|, Figure
2.2A-B). A significant difference imsowas observed between control and MV conditions on the 20 kPa
gel (Table 2.2) as well as a significant difference between cell area after 24 hours of chlguee(2.2A-
B). These results indicate that MVs derived from highly malignant breast cancer cells cause an increase in
early fibroblast spreading on stiff matrices, Highting the role of matrix mechanical properties in

regulating cellular interactions and fibroblast function inTME.

Table 2.2. Statistical comparison of regression parameter values usingayw@NOVA with Sidak test
for multiple comparisons. *p<05) ***p<0.001, ****p<0.0001.

Aso

1 kPa Ctrl vs 1 kPa +MV N.s.
5 kPa Ctrl vs 5 kPa +MV i
20 kPa Ctrlvs 20 kPa +MV | ™™

1 kPa Ctrl vs 5 kPa Ctrl Frx

5 kPa Ctrl vs 20 kPa Citrl *

1 kPa +MV vs 5 kPa +MV hE

5 kPa +MV vs 20 kPa +MV wE
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Figure 2.2. Cancer cellderived MVs induce CAFlike fibroblast phenotypes on stiff matrices.(A)
Representative images of fibroblast actin (red) after culture in seeemedia alone (Ctrl) or MVs (+MV)

on 1, 5, or 20 kPa PA gel®) Measurements of fibroblast cell area after 24 hours of culture on 1 (Ctrl: n=

75, +MV: n= 75), 5 (Ctrl: n= 80, +MVn= 80), and 20 kPa PA gels (Ctrl: n= 80, +MV: n= 80) in Ctrl and

+MV conditions. Plots are median * the minimum and maximum va{@@skRepresentative images of
fibroblast USMA (green) after 24 hours ¢trfedicmul ture
dashed white infD)Me asur ement s of fibroblast USMA fluoresc
n=67, +MV: n=64), 5 (Ctrl: n= 66, +MV: n= 68), and 20 kPa PA gels (Ctrl: n= 80, +MV: n= 75) in Ctrl

and +MV conditions(E) Representativddorescent images of fibroblast EJU incorporation after treatment

with serumfree media alone (Ctrl) or MVs (+MV) for 24 hours on 1, 5, or 20 kPa PA gels. EdU+ cells in

green. DAPI in blue(F) Fibroblast proliferation after culture in Ctrl or +MV condit® for 24 hours as
determined by ClickT EdU staining. Percentages are relative to total cell number. 10 representative images
taken for each conditions; over 500 cells analyzed for each condition. N=3 independent sets of PA gels and

MV isolations. Plots r e mean N SE. Scale bar = 200 ecmway*p<0.0
ANOVA with Sidak test for multiple comparisons. N.s. not significant.

2.4.3 Cancer cellderivedMVsinduce CAHike fibroblast phenotypes on stiff matrices
After 24 hours of cultte with cancer celtlerived MVs, fibroblasts on 1 and 5 kPa PA gels
exhibited no change in cell area compared to control conditions while fibroblasts on 20 kPa PA gels

exhibited significantly larger cell area following treatment with MAg(re 2.2A-B). Since MVs induce a
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more robust spreading response when cells are on stiff substrates, we hypothesized that edeceedell
MVs in conjunction with a stiff microenvironment may help activate fibroblasts to their casseciated

state. USMA markepaf ébsoblastoantivatiGé 35!, was quantified to measure fibroblast

activati on. I n control conditions, USMA expressi of
24 hours of culture with MVs, fibroblasts on 1 and 5 kPa PA gels exhibitedgosi f i cant i ncr eas
expression, compared to control conditioféggre 2.2C-D) . However, a robust i n

expression was evident in fibroblasts cultured with MVs on 20 kPa PA gels, compared to control conditions
(Figure2.2C-D). These results suggest that Nhduced fibroblast activation increases with matrix
stiffness. Given that the ability of cells to spread and fibroblast activation have been shown to be related to
proliferation43%5 and our data indicates MVs affect spreading and activation, we sought to determine if
cancer celderived MVs affect ibroblast proliferation on matrices of varying physiological stiffness.
Fibroblast proliferation in control conditions increases on stiffer (5 and 20 kPa) matrices compared to more
compliant (1 kPa) matrices, and MVs significantly increased fibroblastgrailon on both 5 and 20 kPa
matrix conditions Figure 2.2E-F). These results indicate that matrix stiffness enhancesindikced
fibroblast proliferation.
2.4.4 Cancer cellderivedMVsincrease fibroblast contraction on stiff matrices

As we observe increasede | | spreading and USMA expression
MVs, we sought to assess whether cell contractility also increases. For a fibroblast to remodel its
surrounding matrix, it uses actomyosin contractility to generate force to rearmangeatriX®2. To assess
the effects of cancer celerived MVs on fibroblasinatrix interactions, we utilized tractioforce
microscopy to measure cellular contractile force following MV treatment. Given that our data indicates that
matrix stiffness alters fibroblast spreading in response to MVs, and given that fibroblasts encounter
heterogeneous stromal environmentshwiarying stiffness during cancer progressté#®, we measured
fibroblast traction force on substrates of vagystiffness (120 kPa). At a stiffness mimicking healthy
breast tissue (1 kPa), fibroblasts exhibited no change in total traction force per cell or traction stress when
cultured with MVs for 24 hoursHgure 2.3A-C). Likewise, no statistically significarthange in total
traction force or traction stress was exhibited in fibroblasts cultured on a moderate stiffness mimicking
tumorigenic conditions in breast tissue (5 kg re 2.3A-C). However, on 20 kPa substrates, mimicking
the highest ECMstiffness found in breast cangeMVs induced a robust increase in fibroblast traction
force Figure 2.3A). Since the force is the traction stress intexggtaiver the area, these data indicate that
this change is not simply a result of the increased cell area observed in Figure 2. Fibroblasts cultured with
MVs on the stiff matrices also exhibited an increase in traction stress, indicating an increasilitythe
of fibroblasts to contract the matrikigure 2.3B-C). These data suggest that increasing matrix stiffness

enhances the effects of cancer-ctived MVs on fibroblast contractility.
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To further investigate the increased traction force initiatechingerderived MVs, we assessed the
ability of fibroblasts to contract collagen gels. The stiffness of collagen gels was modulated- by non
enzymatic glycation without altering the density of collager?*yefFibroblasts were cultured in non
glycated and glycated 1.5 mg/ mL coll agen gel s, Wi
Pa, respectively*?, for 48 hours in control or MV conditionEibroblasts cultured in control conditions
exhibited greater collagen gel contraction in more compliant matrices compared to stiffer nigioes (
2.3D-E). Fibroblasts cultured with MVs exhibited significantly increased collagen gel contraction
comparedo control conditions in glycated matricésdure 2.3D-E). These data reveal that MVs increase
fibroblast collagen gel contraction to a greater magnitude on stiffer, glycated matrices. These results are
consistent with our data on 2D substrateégyire 2.3A-C) which indicates cancer calerived MVs
increase the ability of fibroblasts to contract stiffer matrices. Specifically, this system extends the effects of

MVs on fibroblasts to more physiologically relevant 3D microenvironments.
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Figure 2.3. Cancer celiderived MVs increase fibroblast contraction on stiff matrices. (A)Traction

force measurements of fibroblasts treated with sdresmmedia alone (Ctrl) or MVs (+MV) on 1 (Citrl:
n=64, +MV: n=44), 5 (Ctrl: n=47, +MV: n=51), and 20 (Ctrl: n3381V: n=42) kPa PA gel¢B) Traction

stress measurements (Traction Force/Cell Area) of fibroblasts in Ctrl and +MV culture conditions on 1
(Ctrl: n=64, +MV: n=44), 5 (Ctrl: n=47, +MV: n=51), and 20 (Ctrl: n=39, +MV: n=42) kPa PA gels. N =

3 independentets of PA gels and MV isolations. Plots are median + the minimum and maximum values.
(C) Representative traction stress maps of fibroblasts in Ctrl and +MV culture conditions on 1, 5, and 20
kPa PA gels(D) Representative images of collagen gel contractifier 48 hours(E) Collagen gel
contraction by fibroblasts treated with serfn@e media alone (Ctrl) or MVs (+MV) for 48 hours in Ron
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glycated (n=12) or glycated (n=12) matrices. N = 4 independent sets of collagen gels and MV isolations.
*p<0.05, **p<0.01, ***p<0.0001 from twoeway ANOVA with Sidak test for multiple comparisons. N.s.
not significant.
2.4.5 Cancercell derivedMVs are significant regulators of fibroblast function independently of the
overall cancer cell secretome
Cancer cells release a &ty of components into the extracellular space, including cell motility
factors, growth factors, proteases, and cytokines, in addition to extracellular V&sidledvVs are just
one of the many components released from cancer cells, we sought to determine whether 8Vs are
physiology significant regulator of fibroblast function in fh®lE compared to the overall secretome. To
compare the effects of MVs to other components of the cancer cell secretome, isolated MVs were
resuspended in cancer cell conditioned media andeajdpl fibroblasts. On stiff 20 kPa PA gels, fibroblasts
cultured with MVs suspended in conditioned media exhibited increased celFayaee(2.4A), traction
force Figure 2.4B), and traction stresfigure 2.4C-D), compared to fibroblastaultured with conditioned

media alone. This data indicates that MVs are not outcompeted by other components of the cancer cell

secretome.
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Figure 2.4. Cancercell derivedMVs alter fibroblast function independently of other secreted factors.

(A) Cell areaof fibroblasts treated with conditioned media (CM) or conditioned media supplemented with
MVs (CM + MV) for 24 hours on 20 kPa PA gels (CM: n=72, CM + MV: n=18). Traction force
measurements of fibroblasts in CM and CM + MV culture conditions on 2CPRRgels (CM: n=41, CM

+ MV: n=50) (C) Traction stress measurements (Traction Force/Cell Area) of fibroblasts in CM and CM +
MV culture conditions on 20 kPa PA gels (CM: n=41, CM + MV: n=fD).Representative traction stress
maps of fibroblasts in CM ardM + MV culture conditions on 20 kPa PA gels. N = 3 independent sets of
PA gels and MV isolations. Plots are median + the minimum and maximum values. ****p<0.0001 from
student ddestunpaired t
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2.4.6 MV-induced fibroblast activation is MV cdlfpe dependent

To determine whether the cell type from which the MVs are shed influences the matrix stiffness
dependent effect of MVs on fibroblasts, MVs were isolated from the MCF10A breast epithelial cells and
MCF7 breast cancer cells, which are considered less ssiggethan MDAMB-213 cells. MCF10As,
MCF7s, and MDAMB-231 cells all released comparable numbers of MAigufe 2.5A). MVs isolated
from MCF7 and MDAMB-231 cells had similar size distributions, while MCF10A MVs shift towards
larger diametersHigure 2.5B). To investigate the effects of these MVs on fibroblast function, fibroblasts
were cultured with MCF10A or MCF7 MVs on both 5 and 20 kPa PA gels. Fibroblasts cultured with
MCF10A MVs exhibited no change in cell area, traction force, or traction stresthen5 or 20 kPa PA
gels Figure 2.5C-F). Fibroblasts cultured with MCF7 MVs exhibited no change in cell area on either 5 or
20 kPa PA gelsHigure 25G), but cell contractility increased on stiff 20 kPa PA géligre 2.5H-J).
This data indicates théte effect of MVs on fibroblast function is célpe dependent, as MVs from rron
malignant epithelial cells had no influence upon fibroblast cell area or traction force. This data also suggests
that the effect may be dependent upon cancer cell malignasdite magnitude of change in fibroblast
contractility appeared to increase from fmoalignant (MCF10A), to weakly metastatic (MCF7), to more
aggressive (MDAVIB-231) cancer cells. However, MVs from additional cell lines from different cancer
types would ned to be tested to fully address this finding.
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Figure 2.5. MV-induced fibroblast activation is MV cell-type dependent. (A)Number of MVs released

by MCF10A, MCF7, and MDAVIB-231 cancer cell§{B) MCF10A, MCF7, and MDAMB-231 MV size
distributions. N=3 independent MV isolation€) Cell area measurements of fibroblasts treated with
serumfree media alone (Ctrl) or MCF10A MV$NMCF10A MV) on 5 (Ctrl: n=67, +MCF10A MV: n=66)
and 20 (Ctrl: n=75, +MCF10A MV: n=75) kPa PA gdB) Traction force measurements of fibroblasts in
Ctrl and +MCF10A MV culture conditions on 5 (Ctrl: n=42, +MCF10A MV: n=33) and 20 (Ctrl: n=51,
+MCF10A MV: n=49) kPa PA gels(E) Traction stress measurements (Traction Force/Cell Area) of
fibroblasts in Ctrl and +MCF10A MV culture conditions on 5 (Ctrl: n=42, +MCF10A MV: n=33) and 20
(Ctrl: n=51, +MCF10A MV: n=49) kPa PA gel@) Representative traction steegiaps of fibroblasts in
Ctrl and +MCF10A MV culture conditions on 5 and 20 kPa PA ¢&3.Cell area measurements of
fibroblasts treated with serufree media alone (Ctrl) or MCF7 MVs (+MCF7 MV) on 5 (Ctrl: n=63,
+MCF7 MV: n=63) and 20 (Ctrl: n=68, +MCRMV: n=69) kPa PA gelgH) Traction force measurements
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of fibroblasts in Ctrl and +MCF10A MV culture conditions on 5 (Ctrl: n=30, +MCF7 MV: n=30) and 20
(Ctrl: n=42, +MCF7 MV: n=40) kPa PA gel@) Traction stress measurements (Traction Force/Cell Area)
of fibroblasts in Ctrl and +MCF10A MV culture conditions on 5 (Ctrl: n=30, +MCF7 MV: n=30) and 20
(Ctrl: n=42, +MCF7 MV: n=40) kPa PA gelGl) Representative traction stress maps of fibroblasts in Ctrl
and +MCF7 MV culture conditions on 5 and 20 kPa PKi.gd = 3 independent sets of PA gels and MV
isolations. Plots are median = the minimum and maximum values. *p<0.05, **p<0.01 fromvaiyvo
ANOVA with Sidak test for multiple comparisons. N.s. not significant.

2.5 Discussion

Recent evidence has highlightece thbility of EVs to transform epithelial and stromal cells to
promote cancer progression. Specifically, exosomes have been implicated in the promotion of cancer cell
migration, chemotaxis, tumorigenicity, and chemoresistance, and the transformatiomaf 8nwblasts
and macrophages to canggomoting stated33323%363 These phenotypes are the result of the transfer of
oncogenic proteins from cancer cells, including mutant KRAS proteins, -BTGF and
microRNA?13:332.360363 However, the effects of MVs, a distinct class of EVs released from the plasma
membrane of cancer cells, on fAEE are just beginning to be uncovered. Here, we show that MVs induce
changes in fibrobl ast spr eadi-gegeratedr@dioh forespaned s si on
collagen gel compaction. Importantly, the Muced phenotypes assessed in this study were enhanced
with matrix stiffness.

Our data suggests that matrix stiffness may primetrarsformed fibroblasts for activation by
MV cargo. Previously, matrix stiffness was shown to sensitize various cells to respond to growth factors.
Matrix stiffening was shown to sensitize cells to EGF, with implications in epithelial cell prolifefation
Similarly, increased matrix stiffness was shown to increase-&pEndent growth in epithelial céfi$
Additionally, matrix stiffnessehances VEGFR internalization, signaling, and proliferation in endothelial
cells’’2 As such, matrix stiffness may play a role in the sensitivity of fibroblasts to MV cargo.

Other than priming cells for response to MVs, thefreg§sdependent differences that we have
identified may also be due to differences in MV uptake. Conflicting evidence exists as to whether
endocytosis is altered with matrix stiffness. Epithelial cells cultured on varying PA gel stiffness showed
increasecdhanoparticle uptake on 20 kPa PA gels relative to 1 kP#yelswever, it has also been shown
that epithelial cells cultured on soft matrices had significantly enhanced EV uptake, compared to tissue
culture polystyren&®. Additionally, uptake of MK2 by mesothelial cells is increased on soft substrates,
compared to stiff substrat®8 As such, matrix stiffness may play a role in MV uptake by straeiés;
however, it is not yet clear and requires further investigation.

Previously, matrix stiffness was identified as a central regulator of fibroblast activation and
fibroblastinduced fibrosis in the lung. Specifically, T&1 was s h o wifibrolilast traztiom a n c e

forces on stiff matrices mimicking fibrotic lung tissue, but not on matrices mimicking the stiffness of
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healthy lung tissu#®. Additionally, YAP and TAZ were identified as mecheaxtivated regulators of the
matrix stiffnessdriven feedback loop that amplifies lung fibré&isTogether, these results suggest a role
for matrix stffness in fibroblasinduced fibrosis of the lung, where the fibrotic ECM is both a cause and a
consequence of fibroblast activation. We identify a similar phenomenon ifivtBe We speculate that a
feedback loops exists where matrix stiffness amplifieé-iNduced fibroblast activation, which further
stiffens the matrix to activate both fibroblasts and other cell types imNtte As a whole, these results
suggest that the compliance of healthy tissue may intidiinduced fibroblast activation.

Interegingly, MV release from cancer cells is also likely regulated by matrix stiffness, further
adding to the consequences of this feedback loop. Previously, MV shedding was determined to be regulated
by the GTPase Rhd#. Significant evidence exists to suggest that RhoA activity in cells is highly regulated
by matrix stiffnes¥“ As such, it is likely that the increased matrix remodeling byadtivated fibroblasts
also results in increased MV release from cancer cells to further activate stromal cells. This fieeqback
would then result in further matrix stiffening.

Here, we focus on the primalME; however, it is known that MVs have been identified in the
circulation of cancer patieritd The transfer of exosomal contents to recipient cells is believed to play a
role in the preparation of the premetastatic it} Exosomal integrins were found contribute to the
premetastatic niche and direct orggpecific colonization by fusing with cells in a tisssygecific fashion,
shown to play roles in brain, lung, and liver metast&siadditionally, exosomal microRNA associated
with osteoblast differentiation was identifiedcancer exosomes, believed to play a role in the preparation
of the premetastatic niche for bone metastadisterestingly, it has also been shown that CAFs in breast
tumors selectdr cancer cell clones that are more equipped for bone met¥Stasmsequently, MVs
released by the primary tumor may both travel to distant sites in the body to prime thetgstatiaiche
as well as activate fibroblasts surrounding the primary tumor involved in metastatic cell selection. Further
studies are required to determine if the MV class of extracellular vesicles are identified in distant tissues.
Based on our data, it is pdsle that MVs may play a role in the development of themegastatic niche
of stiffer tissues, such as breast to bone metastasis. While we focus here on contractility, it is also possible
that MVs may induce the release of soluble signals from fibrabilaat may also play a role in priming.

Overall, our work reveals a novel mediator in the bidirectional relationship between cancer cells
and fibroblasts in th& ME. As fibroblast activation is associated with cancer progression, edeceed
MVs appear to play a role in transforming fibroblasts to an activated state to prilidEfer metastasis.

We hypothesize that a matrix stiffness feedback loops existsiohwiV-induced fibroblast activation
further stiffens the matrix promote cancer progression. Additionally, the robust response of fibroblasts to
culture with MVs on matrices ranging frorri2® kPa highlights the sensitivity of fibroblasts to MV contents

at the tumor periphery. Significantly, this region is where fibroblasts form tracks in the matrix or align
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fibers to promote cancer cell invasion. Future studies should assess the ability of cancer cells to sense MV
mediated fibroblast remodeling.
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CHAPTERS: WEAKLY MIGRATORY METASTATIC BREAST CANCER CELLS ACTIVATE
FIBROBLASTS VIA MICROVESICLEASSOCIATEDTG2TO FACILITATE DISSEMINATION
AND METASTASIS

This chapter isn revisionand is available on BioRx* and has been reproduced with permission of the

publisher and myaauthors

3.1 Abstract

Cancer cell migration is highly heterogeneous, and the migratory capability of cancer cells is thought
to be an indicator of metastatic potential. Itis becoming clear that a cancer cell does not have to be inherently
migratory to metastasize, with weakly migratory cancer cells often found to be highly metastatic. However,
the mechanism through which weakly migratory cells escape from the primary tumor remains unclear.
Here, utilizing phenotypically sorted highly andakéy migratory breast cancer cells, we demonstrate that
weakly migratory metastatic cells disseminate from the primary tumor via communication with stromal
cells. While highly migratory cells are capable of single cell migration, weakly migratory cgltareélt
cell signaling with fibroblasts to escape the primary tumor. Weakly migratory cells release microvesicles
rich in tissue transglutaminase Pg@) which activate fibroblasts and lead weakly migratory cancer cell
migrationin vitro. These microvesies also induce tumor stiffening and fibroblast activaiowivo and
enhance the metastasis of weakly migratory cells. Our results identify microvesiclegZzami potential
therapeutic targets for metastasis and reveal a novel aspect of the metastate in which weakly
migratory cells release microvesicles which activate fibroblasts to enhance cancer cell dissemination.
3.2 Introduction

It is known that cancer cell migratiom vivo can be highly heterogeneous with cells exhibiting a

wide range of ngratory phenotypes, including amoeboid, mesenchymal, single cell, and collective
migratiorf#2372373 Even within a single population, cells can exhibit different migration phendt§fp€s
resulting from intrinsic cancer cell genetic differerfé&¥! and extrinsic factors, such as interactions with
the extracéllar matrix or stromal cell§>214.37238285 Ag the first gep in the metastatic cascade involves
the migration and invasion of cancer cells away from the primary tumor, migratory capability is largely
believed to be an indicator of cancer progressigff 388 However, it is now becoming clear that a cancer
cell does not have to be inherently migratory to metasfas#2&*®, In fact, some of the highly metastatic
phenotypes in breast and colorectal cancers are often less miginatotiie weakly metastatic phenotypes,
yet they are still able to enter the circulation as efficiéfthj®3°23%4 While enhanced clustering, survival,
and proliferation have been suggested as potential mechanisms for why weakly migratory cells can

outperform their highly migratgrcounterparts in the late stages of the metastatic cascade thus contributing
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to metastast’3% it is not cleahow these weakly migratory cells can efficiently escape from the primary
site.

To escape the primary site during local invasion, cancer cells navigate through a heterogeneous
TME, where they interact with the extracellular matrix and a diverse colledtgiromal cells. Chemical,
physical, and metabolic interactions with th®IE are known to alter the invasion capacity of cancer
cells14:3953% CAFs are a stromal cell in tHEME that can lead and promote tumor cell invasion and
metastasis through extracellular matrix (ECM) remodéfiffg1438339899 CAFs at the primary tumor are
largely derived from fibroblasts that febeen transformed to a more contractile, activated*stated
cancerderived MV) have recently been implicated in fibroblast activatidn Thus, we hypothesized that
while highly migratory cells can escape the primary tumor independently, CAFs facilitate weakly migratory
cancer cell escape from the primary tumor.

Here, we identify a novel aspect of the metastatic cascade by which weakly migratory cancer cells
releaserg2-rich MVs to activate fibroblasts and enhance cancer cell dissemination. Moreover, highly and
weakly migratory cells release MVs which differentially signal to TME. MVs from highly migratory
cells have little effect on fibroblast activation, and highly migsatedls do not require activated fibroblasts
to migrate. In contrast, MVs from weakly migratory cells are riciig2 and activate fibroblasts which
enhance fibrobladed weakly cancer cell migratidn vitro. These MVs also induce tumor stiffening and
fibroblast activatiorn vivoand enhance the metastasis of weakly migratory cells. Our findings highlight
MVs andTg2 as potential targets for developing therapeutics to prevent metastasis.

3.3 Materials and methods

Cell culture and reagents:MDA-MB-231 malignat mammary adenocarcinoma cells (H2ZB, ATCC,
Manassas, VA), NIH 3T3 fibroblasts, and al/l modi f
Eagl eds Media (DMEM) (ThermoFi sher Scientific, W
serum (FBS)Atlanta Biologicals, Flowery Branch, GA) and 1% peniciiitieptomycin (ThermoFisher

Scientific). MCF7 mammary adenocarcinoma cells (FIB ATCC) were maintained in minimum

essential medium (MEM) (ThermoFisher Scientific) supplemented with 10% FBS%ngenicillin

streptomycin. All cells were cultured at 37°C and 5%, 0@imary antibodies used were rabbit anti

flotillin -2 (3436; Cell Signaling Technology, Danvers, MA), mouse-ldntis moot h muscl e act i
DAKO, Santa Clara, CA), mouse abteta actin (A5316Millipore Sigma Burlington, MA), mouse anti

tissue transghaminase 2 (ab2386, Abcam, Cambridge, UK), goatfdmtinectin (sc6953, Santa Cruz,

Dallas, TX), rabbit antfibronectin (F3648Millipore Sigmag, rabbit antifocal adhesion kinase (3285, Cell

Signaling Technology, Danvers, MA), rabbit artiqeal adhe®n kinase (Tyr397) (3283, Cell Signaling
Technology), and mousanti GAPDH (MAB374, Millipore Sigma)Secondary antibodies used were HRP
antirabbit (Rockland, Limerick, PA), HRP antiouse (Rockland), AlexaFluor 488 conjugated to donkey
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antigoat (Life Technologies, Carlsbad, CA), AlexaFluor 488 conjugated to donkeyadofit (Life
Technologies), AlexaFluor 488 conjugated to donkeymatise (Life Technologies), and AlexaFluor 568
conjugated to donkey antiouse (Life Technologies). Actin was stainethg Texas Red Phalloidin (Life
Technologies).

Phenotypic sorting of MDA-MB-231 breast cancer cellsMDA-MB-231 breast cancer cells were
phenotypically sorted based on their ability to migrate through a collagen gel on top of a Transwell insert
as previosly describetl’. Briefly, cancer cells were seeded on a thin layer of 1 mg/ml collagen (Corning,
CorninggNY) on top of a Transwel | -One Krenmsinunster, Austriad. Ae m p o
serum gradient was applied and cancer cells were allowed to migrate for four days. After four days, highly
migratory and weakly migratory cells were collected eesgeded in fresh Transwells. After 20 rounds of
purification, cells that repeatedly migr dandd t hro
cells that never migrated through)the assay were
Modified cell lines: MDA* and MDA were stably transduced with either FUJBFRE2A-fluc or FUW-
mCherryE2A-rluc, both created Hhouse. NIH 3T3 fibroblasts were transduced with eitherAifeeGFP
(#84383, Addgene, Watertown, MA) or FUWMCherryE2A-rluc. To generate a Tgghockdown and a
scrambled control cell line, MDAS™"% were subjected to lentiviral transduction with either the-Tg2
targeting MISSION shRNA plasmid (SHCLNBM_004613: TRCN0000272816) (MDA®) or the
MISSION scr.tpuro scrambled control plasmid DN@GHCO001; Millipore Sigmg (MDA ©"T92) To
generate Tg2 overexpressing cell lines, MDad MCF7 were stably transduced with an FIg2

plasmid created Hhouse.

Orthotopic mammary metastasis mouse modelOrthoptic injection of NOD SCID gamma (NSG) mic

was conducted as previously descriiédBriefly, female NSG mice, -8 weeks of age, were injected
subataneously at the fourth mammary fat pad with either MIDMDA-, MDA ¢ or MDA (h792)
lentivirally transduced with GFP and firefly luciferase tags. In mouse experiments with MVs, either serum
free media alone or approximately 1* V- suspended iserumfree media were injected subcutaneously

at the primary tumor site every three days from one to six weeks post cancer cell injection. For
bioluminescent imaging, mice were injected with 30 mg/nmiluferin (GoldBio, St Louis, MO) and
imaged weeklyon an IVIS Lumina lll Series (Caliper LifeSciences, Hopkinton, MA). Aftés weeks,
primary tumors were removed using sterile surgical technique. Primary tumor size was measured with
calipers. Primary tumors were cut in half and either Snagen in dryice or fixed with 4% v/v
paraformaldehyde (Electron Microscopy Sciences, Hartfield, PA). At the endpoint, mouse lung and liver
were collected and fixed in 4% v/v paraformaldehyde for 24 hours and sent to the Vanderbilt Tissue

Pathology Shared Resource faraffin embedding and sectioning.

48



Atomic force microscopy of primary mouse tumors:Primary tumor samples cryopreserved in O.C.T
compound were cut into 20 em sections. Prior to /
room temperature for 3 mites, and maintained in 1X Halt Protease Inhibitor Cocktail (78438,

Ther moFi sher Scientific). A thermoplastic covers|l
hole was superglued on top of the tumor section. An ImmEdge hydrophobic pen (Vdmioatbdes,

Burlingame, CA) was used to draw a small circle around the biopsy punch hole. AFM measurements were
performed using a MFP3BIO inverted optical AFM (Asylum Research, Santa Barbara, CA), with an

inverted fluorescent Zeiss Observer Z.1 microscayith a 10x/0.3 N.A. objective. A silicon nitride
cantilever with a 5 em diameter spherical borosili
Technology, Boone, Il A) was used. Sampl esinmmre i nd
indentation force of 5 nN. To obtain tumor stiffness measurements, IGOR PRO Software (Asylum
Research) was used. At least two force maps of each primary tumor sample were obtained. AFM data was
fit to a Hertz model with a Poisson6s ratio of O.
gPCR of tumors Snap frozen primary tumors were prepared for RNA isolation by TRIZOL digestion and
subsequent homogenization using a TissueLyser Il (Qiagen, Hilden, Germany) with a 5 mm stainless steel
bead for 2 min at 30 Hz. After homogenization, samples inetdated at room temperature for 5 minutes

in TRIZOL. Chloroform was added to the homogenized sample and incubated at room temperature for 3
minutes. Samples were centrifuged at 10,000 x g for 30 minutes at 4C. The upper aqueous phase was
separated and med with 70% ethanol. RNA was subsequently isolated using the RNeasy Mini Kit
(Qiagen). DNA was synthesized from RNA using the iScript cDNA Synthesis KitRBobLaboratories,

Hercules, CA). gPCR was performed with the iQ SYBR Green SupermixR&ioLaboatories) per
manufacturer protocols. The primer sequences for each gene are listed in Supplementary Table 1.

Table 3.1. Primer sequences used for quantitative regime PCR.

Gene Forward BoHo)mer (56 Reverse -Pd) mer (50
Acta2 TGTAGCCCTGGCCTAGCAAC TGCCATCCATGCCTGGGAATA

Fap GTGGAAGACAGACTTGCTTCTTTT CAGGTTTGTAAACTCTTGAGGGACG
Pdgfr U |AAACCCGGTGGGTGTCCTAA CGGGATCCATCCAAGCCATCA
Pdgfr b | CCCTCGAGGAAAGCCCTTGG GACCTTCCCGAGGCAGAGTT

Gapdh CTGGTAAAGTGGATATTGTTGCCAT | TGGAATCATATTGGAACATGTAAACC
Col1Al CTGGACAGCCTGGACTTC TTCATCATAGCCATAGGACATC

Fn CAGAAATGACCATTGAAGGT ATGAGTCCTGACACAATCAC

Col4A1 GAAGGGTAGCATCGGGGGAC GTGGCCCTATTCCTGGGACC
Tenascin C ACCATGCTGAGATAGATGTTCCAAA | CTTGACAGCAGAAACACCAATCC
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Periostin TGCTGCCCTGGCTATATGAG GTAGTGGCTCCCACAATGCC

Immunohistochemical staining of mouse tissue®rimary tumors were fixed, paraffembedded, and

mounted into 5 em thick sections at the Vanderbi
staining, tumors wre stained using the picrosirius red stain kit (Polysciences Inc., Warrington, PA). For
fibronectin staining, tumors were stained using the AbcamPHCr af f i n Pr ot ocol . Bri
sections of primary tumors were deparaffinized and rehydrateg asiaries of washes of xylene, ethanol,

and water. Heahduced epitope retrieval was completed using a sodium citrate buffer. Tumor sections

were blocked for 2 hours in tris buffered saline (TBS) + 10% fetal bovine serum + 1% bovine serum albumin

at roomtemperature. Samples were incubated overnight in rabbifilrthectin (1:500) in TBS + 1%

bovine serum albumin. After washing, samples were incubated in TBS + 0.3% hydrogen peroxide for 15
minutes to suppress endogenous peroxidase activity. Samplesnagbated in HRP antabbit (1:200)

for 1 hour. Staining was developed using the DAB chromogen (8059S, Cell Signaling Technology) and
sampl es were subsequentl y c ouMilipere Sigma.iTamodsampes ng Ma
were then dehydrade cleared, and mounted. A/@iFP staining of liver and lungs was completed by the
Vanderbilt Tissue Pathology Shared Resource. Whole slide imaging and quantification of immunostaining
were performed in the Digital Histology Shared Resource at Vanderbiltek$ity Medical Center

(www.mc.vanderbilt.edu/dh)sr

Immunofluorescent staining of mouse tissue?r i mary tumors were frozen ar
sections at the Vanderbilt Tissue Pathol@&@hared Resource. Tumor sections were thawed, fixed for 10

minutes in 4% v/v paraformaldehyde, and permeabilized in 1% Tritd@0XMillipore Sigmg. Sections

were blocked for 2 hours in PBS + 10% fetal bovine serum + 5% donkey serum + 5% goat serugs Sampl

were incubated overnight in mouse ddtS MA ( 1: 200) . After washi ng, S
AlexaFluor 568 conjugated to donkey amtouse (1:200) and DAPI (1:500) for 2 hours. Sections were
mounted for imaging using Vectashield Mounting Media (Vekctdroratories). Sections were imaged with

a 10x/0.3 N.A. objective on a Zeiss LSM800 confocal l&sanning microscope.

MV isolation and characterization: MVs were isolated as previously described. MB#8-231 and

MCF7 were incubated overnight serumfree media. The conditioned media was removed from the cells

and centrifuged at 400 RPM. The supernatant was removed and again centrifuged at 400 RPM. The medium
was then filtered through a 0. 22 ¢ nthserumfredntedia. p f i | t
The MVs retained by the filter were resuspended in sdraenmedia. Nanoparticle tracking analysis
(ZetaView ParticleMetrix, Germany) was used to determine the size and number of isolated MVs.

Western blotting: Isolated MVs wererirsd wi t h PBS on a 0.22 em Steri FI
Laemmli buffer. MDA, MDA, and NIH 3T3 fibroblasts were lysed with Laemmli buffer. For T101
experiments, MVwere incubated for 30 minutes with either DMSO or 10 uM T101. MVs wefiigred
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and resuspended in sertfnee media. NIH 3T3 fibroblasts were cultured with either 1@Y5®) or MV-

(MOfor 24 hours before lysis with Laemmli buffer. All lysates were resolved byF8GE and transferred

to PVDF membranes. Transferred membranes warekétl with either 5% milk or 5% bovine serum
albumin in TBSTween. Membranes were incubated overnight in mouseUantis moot h muscl e
(1:1000), rabbit andlotillin -2 (1:1000), mouse antissue transglutaminase 2 (1:1000), rabbit-todal
adhesiorkinase (1:1000), rabbit arnthospho focal adhesion kinase (1:1000), and mouseG&RDH

(1:2000) at 4°C. Membranes were then incubated in horseradish perectatfisgated secondary antibody
(2:2000) in 5% milk or 5% bovine serum albumin in FB®een forl hour at room temperature. Samples

were imaged with an Odyssey Fc {COR Biosciences, Lincoln, NE) after the addition of SuperSignal

West Pico or West Dura Chemiluminescent Substrates (ThermoFisher Scientific).

Polyacrylamide gel preparation: Polyacrybmide (PA) gels were fabricated as described elsewhere

Briefly, the ratio of acrylamide (40% wi/v; BiRad, Hercules, CA) tbis-acrylamide (2% w/v; BieRad)

was varied to tune gel stiffness to 20 kPa, previously shown to enhance fibroblast respons¥.tatMVs

kPa PA gels were fabricated using an acrylamideabiglamide ratio of 12%:0.19%. PA gels were coated

with 0.1 mg/ml rat tail type | collagen (Corning).

Fibronectin immunofluorescence and analysisNIH 3T3 fibroblasts were seeded on 20 kPa PA gels in
1.6 mL of DMEM + 1% FBS. Cel | s sfreemediatorrappeoxineately wi t h
3*10' MVs suspended -free madi@a @r 24 bours. €ells were first fixedthn3.2% viv
paraformaldehyde and subsequently permeabilized with a 3:7 ratio of methanol to acetone. Cells were
incubated with goat anfibronectin (1:100) overnight. The cells were washed and incubated with
AlexFluor 488 conjugated to donkey agbat (1:200), TexasRed phalloidin (1:500), and DAPI (1:500) for

1 hour. To image, gels were inverted onto a drop of Vectashield Mounting Media placed on a glass slide.
Fluorescent images were acquired with a 20x/1.0 N.A. watarersion objective on a Zeiss LSBT

Upright laserscanning microscope. Cells stained with phalloidin were outlined in ImageJ to calculate cell
area. Area of fibronectin was measured by using the threshold function in ImageJ to calculate area of
positive stain. The ratio of fibronectin arto cell area was calculated.

Phall oidin and USMA i mmu nNiH 3T3fibrobtastscwene seedecaon 80 kRan a | y s
PA gels in 1.6 mL of DMEM + 1% FBS. Cell medi a wa
serumfree media or approximdie3*10'MVs suspended -free metlia. G\ftee24 hosrs,r u m
cells were fixed with 3.2% v/v paraformaldehyde and permeabilized with 1% Trib@0XCells were

blocked with 3% bovine serum albumin in 0.02% Tween in PBS and then incubated for athamars
temperature with mouse afaipha smooth muscle actin (1:100). After being washed, cells were incubated

for 1 hour with AlexaFluor 488 conjugated to donkey -amtiuse (1:200). The cells were washed and F

actin and nuclei were stained with TexasRbdlloidin (1:500) and DAPI (1:500), respectively. To image,
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gels were inverted onto a drop of Vectashield Mounting Media placed on a glass slide. Fluorescent images
were acquired with a 20x/1.0 N.A. watemmersion objective on a Zeiss LSM700 Upright faseanning
microscope.
EdU proliferation assay: NIH 3T3 fibroblasts were serusstarved for 6 hours and subsequently seeded
on 20 kPa PA gels in 1.6 mL of DMEM + 1% FBS. Cell media was additionally supplemented with either
400 &L -ftreékmediaoappmximately3*10MVs suspended -fieemedid After2d s er u
hour s, -ethgnylz dexoyuridine (EdU, ThermoFisher Scientific) was added to the culture media
for 2 hours. Cells were fixed with 3.2% v/v paraformaldehyde and stained with ithleiTCEdU Kit
(ThermoFi sher Scientific) foll owing the manufact |
DAPI (1:500). Cells were imaged with a 20x/1.0 N.A. watemersion objective on a Zeiss LSM700
Upright laserscanning microscope. The pemtage of EdU incorporation was calculated as the ratio of
EdU positive cells to the total number of cells.
Traction force microscopy: Traction force microscopy was performed as previously deséfibBdefly,
20 kPa PA gel s, embedded with 0.5 em di ameter fol
prepared. NIH 3T3 fibroblasts were allowed to adhere for 24 hours in 1.6 mL of DMEM + 1% FBS
suppl ement ed wi t h -fred mediceor appkith@telys3110 M\Vfs sseusuprended i n
serumfree media. After 24 hours, phase contrast images of fibroblasts and fluorescent images of the beads
at the surface of the PA gel were acquired. Fibroblasts were removed from the PA gel using 0.25%
trypsin/EDTA (Life Technologies) and a fluorescent image of the beads was acquired after cell removal.
Bead displacements between the stressed and null states and fibroblast area were calculated and analyzed
using the LIBTRC library developed by M. Dembo (Dept. of Bgamlical Engineering, Boston
University**2. Outliers were removed using the BDmethod with Q = 0.2%.
Spheroids: MDA-MB-231, MCF7, and/or NIH 3T3 fibroblasts, transduced with either GFP or mCherry,
were resuspended in spheroid compaction media containing 0.25% methylcellulose (STEMCELL,
Vancouver, Canada), 4.5% horse serum (Theisih@f Scientific), 18 ng/mL EGF (ThermoFisher
Scientific), 90 ng/mL cholera toxin (Millipore Sigma), 90 U/mL penicillin (Life Technologies), and 90
ug/mL streptomycin (Life Technologies) in DMEM/F12 (ThermoFisher Scientific). A 2:1 ratio of cancers
cells b fibroblasts (1:1 for MCF7:3T3 spheroids) were added to wells of a foothoim 96 well plate to
generate 5,500 cell spheroids. The plate was centrifuged at 1100 rpm for 5 minutes at room temperature
and subsequently incubated at 37 degrees for 72 hdisofurs for MCF7+3T3 spheroids) to allow for
spheroid compaction.

After spheroid compaction, spheroids were embedded into 4.5 mg/mL collagen gels. Briefly, 4.5
mg/mL collagen gels were generated by mixing 10 mg/ml stock collagen (Rockland), 0.1% @detic a
culture media, 10x HEPES (Millipore Sigma), and 1 N NaOH (Millipore Sigma) and added to wells of a
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24 well plate. Compacted spheroids were placed into the middle of the collagen gel without touching the
bottom of the well plate. The embedded spheraidse placed in a 37°C incubator for 10 minutes to
polymerize, then the plate was flipped upsitdevn for another 30 minutes to avoid spheroid adhesion on
the bottom of the well. Spheroids were rehydrated every 24 hours witlt 3@d 1% DMEM and
supplemeted with either 20@ Lof serumfree DMEM or 1.5*10 MVs suspended in 200 Lserumfree
DMEM. Spheroids were imaged every 24 hours for 48 hours (72 hours for MCF7+3T3 spheroids) using a
Zeiss LSM800 inverted confocal microscope equipped with an enviroahwmtrol chamber. Spheroid
images were captured using a 10X/0.3 NA objective. The projected spheroid area, the spheroid diameter,
and the maximum cancer cell migration distance from the spheroid core was measured. The expansion
index (A/Aq-1) was calcudted to quantify spheroid outgrowth.
iTRAQ Proteomics and Analysis: After MV isolation, MVs were lysed in a buffer composed of 2%
Nonidet P40 (Millipore Sigm3g, 0.5% sodium deoxycholat®{llipore Sigmad, 300 mM sodium chloride
(Millipore Sigmg, and 50 v Tris pH 8. Lysates were incubated for 30 minutes at 4°C and centrifuged at
14,000 x g for 15 minutes at 4°C to pellet rsmubilized proteins. iTRAQ proteomics of lysates was
completed by the Vanderbilt Mass Spectrometry Research Center ProteomicBiGfhe. enzyme
digestion of lysates was used to generate proteolytic peptidesaMWVMV peptides were labeled with
117 and 115 iTRAQ reagents, respectively. Samples were subsequently mixed, fractioned using liquid
chromatography, and analyzed via tamdmass spectrometry. A database search using the fragmentation
data identified the labeled peptides and their corresponding proteins. Protein set enrichment analysis was
completed using the PSEBuant algorithrff’. The REVIGO web tool was used to remove redundant GO
terms©L,
Statistical analysis:All statistical analysis was performed using GraphPad Prism 7 (GraphPad Software,
La Jolla, CA) or Excel 2016 (Microsoft, Redmond, WA). Where appropriate, data were compared with a
s t u d eesttodwith divo-way analysis of variance (ANOVA) with Sidak multiple comparisons test. All
data is reported as mean * standard error (SE) unless otherwise notated.
3.4 Results
3.4.1 Highly and weakly migratory breast cancer subpopulations form tumors with distinct matrix and

fibroblast populations

To investigate the mechanism through which weakly migratory cells locally invade and
disseminate, MDAVIB-231 breast cancer cells were phenotypically sorted based on migration through a
collagen coated transw&ll Twenty rounds of sorting resulted in the isolation of two stable subpopulations
of breast cancer cells: highly migratory MDAnd weakly migratory MDA(Fig. 3.1A). Consistent with
our previousn vivofindings®”’, highly and weaklynigratory tumors grew at comparable rateig(3.1B-

C) and the highly migratory MDAsubpopulation was weakly metastatic in an orthotopic mouse model
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while the weakly migratory MDAsubpopulation was highly metastatkig. 3.1D). Given the differing
migratory and metastatic capabilities of MDAnd MDA, we sought to characterize the tumor
microenvironment formed by highly and weakly migratory cellivoto determine the impact die tumor
microenvironment on cancer cell dissemination and subsequent metastasis.

Since increased collagen and fibronectin deposition and increased tumor stiffness have been linked
to tumor progressida*?24% we investigated the mechanical properties of M@Ad MDA tumors to
assess whether altered tumor matrix mechanics may contribute to metastatic potential. Based on Atomic
Force Microscopy measurements, MDgimary tumorsexhibited significantly higher tumor stiffness
compared to MDAtumors Fig. 3.1E). qPCR of tumors revealed significantly higher amounts of mouse
derived matrix, including collagen | (Col1A1l), fibronectin 1 (Fnl), collagen IV (Col4Al), tenr&s€imc),
and periostin (Postn), in MDAtumors compared to MDAtumors Fig. 3.1F). Similarly, increased
collagen and fibronectin was evident via immunohistochemical staining in-Nlb#ors compared to
MDA* tumors Fig. 3.1G). These results indicate that the weaklgratory, highly metastatic MDAorm
stiffer tumors with increased ECM.

Given that MDA produce stiffer tumors than MDAand CAFs are a major stromal component of
breast tumors that mediate matrix deposffigrwe investigated the CAF component of tumors from each
subpopulation. MDAt umor s exhi bited increased | ewvsmboth of s e
musde actin (Acta2), fibroblast activation protein (Fap), and plattletr i ved gr owt h f act c
(PdgfrU, Pdgf rtbhymo(rFsi gal sloh)ex MDbAi t ed an increased f
compared to MDA tumors Fig. 3.61-J) . Given that USMA is thdkepri mar
CAFs (myCAFs), that myCAFs and mat®&xAFs ( mMCAFs) express high 1l evel
P D G F %%, and that myCAFs are highly contractile ateghosit high levels of ECKf4%8 these results
suggest that MDAumors are enriched for a myCAike fibroblast population. These findings reveal that
the weakly migratory, highly metastatic MDgrimary tumors have increased myGhlke fibroblasts.

SinceMDA " tumorsare stiffer and have a larger population of CAFs compared to MAors,
we investigated the mechanisms by which MD#ay activate fibroblasts using RN#eq. Previously
published genes involved in cancer éatluced fibroblast activatidf? “*>were used to generate a Strema
Activating Score Fig. 3.1K-L). No significant difference in Strorw¥sctivating Score was calculated
between MDA and MDA (Fig. 3.1L). However, when separated into several Stréywigvating Groups
(Inflammatory, Matrix Ligands, CelCell Adhesion, an&ecreted), MDA scored significantly higher on
Matrix Ligands, while MDA scored significantly higher on Cellell Adhesion and Secreted genEg(
3.1M-P). This suggests that MDAnediate fibroblast activation through G&ell Adhesions and Secreted
factors. To further investigate the secreted factors that may influence fibroblast activatiosglg ddunts

of genes involved in fibroblast activation through secreted factors was as$ggs8d.Q). Both TGFB2
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and TGM2 were significantly enriched in MDéompared to MDA These findings reveal that MDAay

activate fibroblasts through secreted factors.
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Figure 3.1. Highly and weakly migratory breast cancer subpopulations form tumors with distinct
matrix and fibroblast populations. (a) Schematic of phetypic sorting. (b) Timeline of orthotopic
mammary metastasis model. (¢) Normalized average irradiance of RRAMDA primary tumors (N=3
mice). (d) Representative BLI of MDA&and MDA metastasis. (e) AFM stiffness measurements of MDA

and MDA primary umors. (N=3+ tumors per condition; n = 254, 280). (f) Relative mRNA expression of

mousederived matrix components in MDA&and MDA primary tumors. (N=4 tumors per condition). (g)
Immunohistochemical staining of collagen and fibronectin in M#&d MDA primary tumors. (h)
Relative mRNA expression of stromal CAF markers in M@Ad MDA. (N=4 tumors per condition). (i)
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MDA". () StromaActivating Score of MDA and MDA (N=3). (m) Inflammatory Score of MDAand

MDA (N=3). (n) Matrix Score of MDA and MDA (N=3). (o) CeliCell Adhesion Scoref MDA" and

MDA (N=3). (p) Secreted Score of MDAnd MDA (N=3). (q) Inflammatory Score of MDAand MDA

(N=3). Secreted Score of MDAand MDA, separated by gene (N=3). mRNA graphs show mean +
individual data points. Bar graphs shown meart6EM.Rval ues det er mi ned using an
t-test.

3.4.2 MVs released from weakly migratory cancer cells are potent activators of fibroblasts in vitro

Since our data indicate that MDay activate fibroblasts using secreted factors, and it is known
that MVs can induce fibroblast activatiét’, we compared the MVs released from MDakhd MDA. MVs
were collected from the MDAand MDA subpopulations after culture in serdrae conditions. Isolated
MVs were purified using centrifugation and sizased filtration and termed M\and MV, respectively.
MDA released significantly more MVs than MDAFig. 3.2A) but both MV and MV had similar size
distributions and were within the expected 200ininhum range Fig. 3.2B). To probe MV signaling to
fibroblasts, fibroblast phenotypes associated with fibroblast activation and cancer progression were
examined after culture with MVand MV on 20 kPa polyacrylamide gels, representing the stiffness of
breast ECM at the tumor periph&rgFig. 3.2C). MV~ cawed focal adhesion kinase (FAK) Tyr397
phosphorylation in fibroblasts, as increased FAK phosphorylation (pFAK) was evident in fibroblasts
cultured with MV compared to control and MVconditions Fig. 3.2D-E), consistent with previous
findings that MDAMB-231 MVs regulate fibroblast FAK activatitn Additionally, fibroblasts cultured
with MV-exhibitedi ncr esmeadt ) muscl e actin (USMA) expressior
and cell area compared to both control and*Munditions Fig. 3.2F-H, Supp. Fig.3.1A). Fibroblasts
culturedwithMVVdi spl ayed no change iaacohSadto eortlcanditoison or
(Fig. 3.2F-H, Supp. Fig.3.1A). Fibroblasts cultured with M\also displayed increased positive fibronectin
staining Fig. 3.21, Supp. Fig.3.1B-C), suggesting the M\increased fibronectin deposition by fibroblasts.
Fibroblasts cultured with MVexhibited increased EdU incorporation compared to*Myd control
conditions, indicative of increased proliferatidfig. 3.2], Supp. Fig.3.1D). Increased traction force and
traction stress was evident in fibroblasts cultured with-Md@mpared to control conditions, but not in
fibroblasts cultured with MV(Fig. 3.2K, Supp. Fig.3.1E-F). Overall, this data indicates that Mattivate

fibroblasts to a more proliferative, corttide state compared to M\and control conditions.
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Figure 3.2. MV are potent activators of fibroblastsin vitro. (a) Number of MVs released from MDA
and MDA per hour (N=19, 16). (b) Size distribution of MVs isolated from MBRAd MDA. (¢) Schematic
overviewing fibroblast culture with MVs. (d) Western blot of pFAK, FAK, and GAPDH in fibroblasts
cultured in cultured in control conditions (Ctrl), with M#MV ™), or with MV (+MV"). (e) Quantification

of western from (d) (N=3). (f) Western bl ot, of USI

or +MV- conditions (g) Quantification of western from (f) (N=4). (h) Fibroblast cell area after culture in
Ctrl, +MV™, or +MV" conditions. (N=3; n=69, 75, 77). (i) Area of fibronectin deposited per fibroblast
cultured in Ctrl, +MV, or +MV- conditions. (N=3; n=66, 66, 61). (j) Percentage of fibroblasts EdU positive
after culture in Ctrl, +MV, or +MV- conditions.(N=3). (k) Fibroblast traction force after culture in Ctrl,
+MV™, or +MV conditions. (N=3; n=41, 57, 58). (I) Representative images of spheroid outgrowth 48 hours
post embedding. MDA(red); 3T3 fibroblast (gray). (m) Spheroid area index 48 hours postdainy.

(N=3+; n=22, 31, 32, 22, 19). (n) Time series images of fibroblast leading k&2ape from spheroid. (0)
Spheroid area index 48 hours post embedding. (N=3+; n=28, 62, 34, 28). (p) Representative images of
spheroid outgrowth 48 hours post embeddMBA™* (green); 3T3 fibroblast (gray). Bar graphs show mean

+/- SEM. Box and whisker plots show median an#-25" (box) and 18-90" (whiskers) percentiles.-P

val ues deter mi ned ustéstogaorema yu nHpNMOV A& dwiStt u dibltipke &y 6 ¢
comparisons.
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(d) Representative images of fibroblast EJU incorporation after culture in Ctrly #d¥MV- conditions.

DAPI (blue); EdU (green). (e) Fibroblast traction stress (calculated as fibroblast traction force / cell area)
afterculture in Ctrl, +MV, or +MV conditions. (N=3; n=41, 57, 58). (f) Representative fibroblast traction
stress maps. (g) Schematic of spheroid outgrowth measurements. (h) Maximum distance of cancer cell
migration away from spheroid core 48 hours post spthe(b=3+, n=22, 31, 32, 22, 19) (i) Maximum
distance of cancer cell migration away from spheroid core 48 hours post spheroid embedding. (N=3, n =
19, 18, 17) (j) Maximum distance of cancer cell migration away from spheroid core 48 hours post spheroid
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embealding. (N=3+; n=28, 32, 54, 24). Bar graphs show mearSEM. Box and whisker plots show
median and 2575" (box) and 18-90" (whiskers) percentiles.-Palues determined using a eway
ANOVA with Tukeydés test for multiple comparisons.
3.4.3 MV-mediated fibroblast activation increases weakly migratory cancer cell migration

CAFs enable cancer cell migration and metastasis, in paoygh matrix remodeling at the
primary tumot346:214.383398% Gijyen that our data indicate that MDéells induce fibroblast activation
through the release of MV, we investigated whether&tYvated fibroblasts could promote the migration
of MDA in a tumor spheroid model. After 48 hours of culture, MBgherads exhibited minimal spheroid
outgrowth, measured using a spheroid area indest/fn-1) (Fig. 3.2L-M, Supp. Fig.3.1G-H), while
MDA * spheroids exhibited high levels of spheroid outgrowth.(3.20-P, Supp. Fig.3.1G, J), consistent
with our previousihdings’””. Coculture of MDAor MDA™ with 3T3 fibroblasts (MDA+3T3, MDA™+3T3)
resulted in significantly enhandespheroid outgrowth compared to cancer cells alBitg 8.2L-M, O-P,
Supp. Fig.3.1G-H, J). MDA +3T3 spheroids displayed fibroblded strands of MDAmigration away
from the spheroid, suggesting that the fibroblasts physically lead the migration ofthMbBégh the matrix
(Fig. 3.2N). Importantly, MDA+3T3 spheroids cultured with M\exhibited significantly enhanced
spheroid outgrowth and MDAnigration distance, compared to MBRAT3 control spheroidd-(g. 3.2L-
M, Supp. Fig.3.1G-H). MDA +3T3 spheroidsultured with MV also showed increased outgrowth
compared to MDA-3T3 spheroids, but this outgrowth was significantly less than that induced by MV
(Fig. 3.2L-M, Supp. Fig. 3.1G-H). Interestingly, MDA+3T3 spheroids cultured with MVor MV~
exhibited no change in spheroid outgrowth and Mb#gration distance compared to control conditions
(Fig. 3.20-P, Supp. Fig.3.1G, J). This result suggests that MDAare capable of robust migration
independently of M¥mediated fibroblast signaling. Whé#v - were applied to MDAonly spheroids, no
increase in spheroid outgrowth was observed, highlighting the necessity of fibroblasts for indud®d
cancer cell migrationHjg. 3.2L-M, Supp. Fig.3.1G-H). Additionally, MDA" spheroids cultured with
fibroblast conditioned media or MMreated fibroblast conditioned media displayed no change in spheroid
outgrowth Supp. Fig. 3.1l), indicating that fibroblastnhanced cancer cell migration is not a result of
secreted factors but rather due to physical intienas. Altogether, these results indicate that idié potent
activators of fibroblasts and that Minduced fibroblast activation mechanically feeds back to induce the
migration of MDA.
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Figure 3.3. Phenotypically sorted breast cancer subpopulations edse MVs with distinctly different

contents.(a) Comparison of protein expression between' vl MV. Enriched in MV =

FCO1.

1;

expression = 0.9<FC<1.1; enriched in M¥ FCOO. 9. {adtiyatind- prdiein® iddntéiexd tin
proteomics of MV and MV. P-value cutoff of 0.01 indicated with redotted line. (c) Matrix remodeling
proteins identified in in proteomics of M\and MV. P-value cutoff of 0.01 indicated witmed-dotted line.

(d) Significantly upregulated genes (p<0.01) in VAnd MV involved in fibroblast activation and matrix
remodeling. (e) Western blot of Tg2 and GAPDH in MTelhd MDA. (f) Quantification of western in (e)
(N=6). (g) Western blot of Tg2nal Flot2 in MV* and MV. (h) Quantification of western in (g) (N=3).

Proteomics graphs show Idépld Change of MV MV - and each data point represents a protein. Bar graphs

shown mean +/SEM.Rv al ues of bar graphs det a-teshi
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Supplemental Figure 3.2(a) Comparison of proteomics of M\&nd MV to Exocarta and Vesiclepedia
databases. (b) GO annotations for proteins enriched ih k&Y GO annotations for proteins enriched in

MV-. (d) Western blot of Fn and F&tin MV* and MV. (i) Western blot of Tg2 and GAPDH in MDA
MDA ¢ and MDA (792)

3.4.4 Highly and weakly migratory breast cancer cells release MVs with distinctly different contents

To determine the MV cargo responsible for the activatidibodblasts by the MDAcells, iTRAQ
proteomics was completed on NM\and MV. Identified proteins were compared to Exocarta and
Vesiclepedia EV databases and exhibited significant overlap with both EV dataBappsKig. 3.2A).
Proteomics data suggeskait MV cargo was different between highly migratory and weakly migratory
subpopulations of breast cancer cells, with 26.8% of the identified proteins being more highly expressed by
MV*( FCO1.1) and 29.8% bei ng( O g $3A)gls8.4% of idextffiede s s e d
proteins were similarly expressed between both MV populations (0.9<FC&I1g1)33A). Protein set
enrichment analysis (PSEA) of M\And MV cargo was performed using the PSBAant algorithrff°.
PSEA revealed different GO annotations for MAhd MV proteinexpression §upp. Fig.3.2B-C). Of
note, MV were enriched for cargo involved in biological adhesion, cell adhesion, location, and cell motility

(Supp. Fig.3.2B). MV" were enriched for cargo involved in various metabolic and catabolic processes and
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vesiclemediated transportSupp. Fig. 3.2C). These findings indicate that cancer cells with varying
migratory ability release MVs with distinctly different cargo.

Expression of proteins involved in fibroblast activation and matrix remodeling was assessed using
proteomics Fig. 3.3B-C). The fibroblastactivating proteins TGM2, TGFB1, TGFB2, NOTCH2, and
S100A11 were identified in MVand MV (Fig. 3.3B). MV" had signiicantly higher expression of TGM2
compared to MV while TGFB1, TGFB2, NOTCH2, and S100A11 had no significant difference in
expression between Mvand MV (Fig. 3.3B, D). Many matrixremodeling proteins were identified in
MV*and MV, including a variety bmatrix ligands, protease inhibitors, crosslinking enzymes, and matrix
degrading proteaseFi¢. 3.3C). TIMP3, FN1, and COL8A1 matriremodeling proteins were expressed
significantly higher in MV while PLOD3, TGM2, COL12A1, and PLOD1 were expressed Bugmitly
higher in MV (Fig. 3.3C-D).

Tissue transglutaminase 2, also known as TGM2 or Tg2, identified as significantly enriched in MV
compared to MV, is a calciumdependent enzyme that both crosslinks collagen and activates fibroblasts
(Fig. 3.3D). EVs have previously been shown to transfer Tg2 to fibroblasts resulting in fibroblast
activatiort>*'3 Increased Tg2 expression in MBed MV, compared to MDAand MV, was verified
using western blotHig. 3.3E-H). More specifically, it has been shown that-Ey2 crosslinks EV
fibronectin (Fn) into dimers to potentiate fibroblast integigmaling upon EMibroblast interaction'$413
While the Fn dimer was present in botiviMand MV, it was more highly expressed in M{Supp. Fig.
3.2D), suggesting that fibroblast activation by Mibes not solely rely on Fn dimarediated integrin
signaling.
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Supplemental Figure 3.3(a) Western blot of Tg2 and GAPDH in MDAMDA ¢, and MDA ©"T92) (b)
Quantification of western in (a). (c) Motile fraction of MD&" and MDA ©h92)in 3D collagen. (N=3;

n=6). (d) Number of MVs released from MD¥" and MDA CT92per hour. (N=7). (e) Invasive fraction

of MDA ¢ and MDA ¢h"T9through collagen coated transwells. (N=3; n=6). (f) Western blot of Tg2 and
Flot-2 in MV- 6 and MV 6"792) (g) Quantification of western in (f). Bar graphs show meaiSEM. R
values determined wustésmg an unpaired Studentos t

3.4.5 Modulation of MVTg2expression regulates MiWiediated fibroblast activation

Given that Tg2 is a known mediator of Miduced fibroblast transformatith we investigated
whether knockdown of Tg2 abrogates Miduced fibroblast activation. MDAvas stably transduced with
shRNA targeting Tg2 (MDAS'T9?) (Supp. Fig. 3.3A-B). Knockdown of Tg2 resultedhino change in
MDA migration or MV release compared to the scrambled control (MB}(Supp. Fig.3.3C-D). A
slight decrease in Transwell invasion was observed in MIYA2 compared to MDA (Supp. Fig.
3.3E). MVs released from MDAST92)(MV - "T92) had reduced Tg2 expression compared to the scrambled
control MVs (MV &) (Supp. Fig.3.3F-G).

Fibroblasts cultured with M\®"™2e x hi bi t ed decreased USMA expres
area, proliferation, and traction @, compared to culture with M (Fig. 3.4A-F, Supp. Fig.3.2A-G).
This suggests that knockdown of Tg2 in Mbeells reduced the capacity of M6 activate fibroblasts.
TreatmentofMVwi t h t he Tg2 inhibitor, T21iricompdredtorcdtares ed f i
with MV-, further supporting role of MM g2 in fibroblast activationHig. 3.4H-I).

Spheroid cocultures of MDA and MDA ©"T92with 3T3 fibroblasts were utilized to assess the
effects of MV ©"192 on cell migration. MDA S“4+3T3 spheroids cultured with M\ exhibited a
significant increase in spheroid outgrowth compared to untreated conditions, consistent with our prior
experimentsKig. 3.4J-K, Supp. Fig.3.2G). MDA ¢"T92+3T3 spheroids cultured with M¥"T9?exhibited
no change in spheroid outgrowth compared to untreated control condiign3.4J-K, Supp. Fig.3.2G),
suggesting that without MNhduced fibroblast activation, fibroblasts could not increase cancer cell
migration. MDA ©"92+3T3 spheroids cultured with M\E® exhibited a significant increase in spheroid
migration compared to untreated conditions, highlighting that-Tg2 is required for Mvmediated
fibroblastinduced cancer cell migratioRi. 3.4J-K, Supp. Fig.3.2G).

To further investigate the role of Tg2 in Miviediated fibroblast activation, Tg2 was overexpressed
in MDA* using lentiviral transduction (MDAPWT92) (Supp. Fig.3.5A). Fibroblasts cultured with MV
(FUW-T92) displayed increased cell area and increaseddrafirce, compared to culture with M{Supp.
Fig. 3.2B-C). These results were consistent with earlier findings suggesting thatigd\fegulates MV
mediated fibroblast phenotypEig. 3.4).

Additionally, Tg2 was overexpressed in the weakly migratory,kiyemetastatic MCF7 breast

cancer cell line$upp. Fig.3.5D). Overexpression of Tg2 did not significantly change the motile fraction
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of MCF7 in 3D collagen gelsSupp. Fig. 35E). Fibroblasts cultured with MNFF7 FUWT92) displayed
significantly increase cell area compared to Ctrl and M%7 and exhibited significantly increased traction
force compared to control conditiorS8upp. Fig.3.5F-G). These findings confirm that addition of Tg2 to
MVs from another weakly migratory breast cancer cell line regsi®&\-mediated fibroblast phenotype.
Additionally, spheroid cocultures of MCF7 with 3T3 fibroblasts were utilized to assess the effects of MV
Tg2 on cell migration. MCF7+3T3 spheroids cultured in control conditions or witH9\éxhibited low
levels of pheroid outgrowth at 72 hourSiipp. Fig.3.5H-1). MCF7+3T3 spheroids cultured with NI’
(FUW-T92) exhibited significantly higher levels of spheroid outgrowth and MCF7 cells migrating away from
the spheroid core was observed (red arro®gpp. Fig.3.5H-1). These results reveal that MWediated
fibroblast activation through MM g2 can enhance the dissemination of another weakly migratory breast
cancer cell line.

Bl +mv- e +MV- (shTa2) UT3Fibroblast < it [
O J9 =
W 2L 104
AN ey
(]
aSMA 2xa 2
® 5 0.5
x £
0.0
&E 8000 e f g —_ 0.0040
<0.0001 — 0.0148 P-4 -
s o SF 50 Z 10000
§ 6000 £ 8 T c 40 58
< a000{ g0 g 30 : 2L 5000
1] [ - Q S0 8 <
© . < 2 920 S §
3 2000 * c 55 [
° - o~ 2 8 10 8
:E . . w £ ,’:
w 0 0-

| <15 j i PR
3T3 Fibroblast ss 0.0039 o <§
& 210 << 4
& o > 223
SN Z® £,
% S05 2%
GSMA | === e - 42kDa g £ 2% 1
x £ n g
GAPDH | s s (— 37 kDa 0.0 =0
o\ N MDA 0 + 4 . . .
RO MDA EMTE: L 4 4+
B 3T3: 4+ + + + +
My-(sen ; + - -+
M- (shTa2) ; - + -
k - (scr) )2 :
MDA- (%1373 MDA (4373 o ars MDA +3T3 MDA +3T3

+MV- (sen) aen +MV- (shTg2) +MV- (se)

Figure 3.4. Modulation of Tg2 expression in MVs regulates Mviediated fibroblast activation. (a)
Schematic overviewing fibroblast culture with
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cultured with MV ) (+MV- ) or with MV~ €192 (+MV- hT92) - (¢) Quantification of western in (b)

(N=3). (d) Fibrobast cell area after culture in +M&" or +MV- "9 conditions. (N=3; n=75,69). (e) Area

of fibronectin deposited per fibroblast cultured in +Ni¥? or +MV-¢hT92 conditions. (N=3; n=62, 82). (f)
Percentage of fibroblasts EdU positive after wngtin +MV ) or +MV- €1792) conditions. (N=3). (Q)
Fibroblast traction force after culture in +M&" or +MV- "2 conditions. (N=3; n=56, 33). (h) Western

of blot of USMA and GAP DHOYSH+MViCHYP)otwithay ™8V (+8Iul t ur e d
(T10) " (i) Quantification of western in (h) (N=3). (j) Spheroid area index quantification 48 hours post
embedding. (N=3+; n=23, 23, 83, 60, 37). (k) Representative images of spheroid outgrowth 48 hours post
embedding. MDAS®) (red); 313 fibroblast (gray); MDA®"T92) (yellow). Bar graphs show mean-8EM.

Box and whisker plots show median and"Z%" (box) and 18-90" (whiskers) percentiles.-Palues
determined using destouanognavay e dANOVYV Ad evin tsh for Tultipey 6 s t
comparisons.
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Supplemental Figure 3.4( a ) Representative images of fibrobl ast

after culture with MV 6 (+MV- ) or MV- hT92) (+ MV~ 6MT92) ' (h) Representative images of fibroblast
fibronectin deposition after culture in +M¥* or +MV- €92 conditions. Actin (red); fibronectin (green);

DAPI (blue). (c) Fibronectin area normalized to fibroblast cell area. (N=3; n=62, 82). (d) Representative
images of fibroblast EdU incorporation after culture in +Ni¥ or +MV- ¢h792) conditions. DAPI (klie);

EdU (green). (e) Fibroblast traction stress (calculated as fibroblast traction force / cell area) after culture in
+MV- 6D or +MV- T2 conditions. (N=3; n=56, 33). (f) Representative fibroblast traction stress maps. (g)
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Maximum distance of carc cell migration away from spheroid core 48 hours post spheroid embedding.

(N=3+; n= 23, 23, 83, 60, 37). Bar graphs show measEM. Box and whisker plots show median and

25"-75" (box) and 18-90" (whiskers) percentiles.-Palues determined usirgn  unpai r eteést St uden
oraoneway ANOVA with Tukeyds test for multiple comps
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Supplemental Figure 3.5(a) Western blot for Tg2 and GAPDH in MDAVMDA* FUW-T92) “‘and MDA. (b)
Fibroblast cell area after culture in conteohditions (Ctrl), with MV (+MV*), with MV* FUW-T82) (+ M+
(FUW-Te2) - or with MV- (+MV°). (N=3; n=70, 57, 56, 64). (c) Fibroblast traction force after culture in Ctrl,
+MV*, and +MV+ FU%T92) conditions (N=3, n= 61, 60, 60). (d) Western blot for Tg@ @APDH in MCF7,
MCF7FUWT92) and MDA. (e) Motile fraction of MCF7 and MCEPW-T92 in 3D collagen (N=3). (f)
Fibroblast cell area after culture in control conditions (Ctrl), withMIf (+MV MCF7) | or with M\/MCF7 (FUW

T92) (+ MV MCF7 (FUWTE2) (N=3, n =76, 72, 71). (g) Fibroblast traction force after culture in Ctrl, MV,

66



+ MVMCF7 (FUWTE2) (N=3 n = 38, 47, 44). (h) Spheroid area index of MCF7+3T3 spheroids after 72 hours

of outgrowth (N=3, n = 13, 12, 13) (i) Representative images of spheroidoatitg72 hours post

embedding. MCF7 (red); 3T3 fibroblast (gray). Red arrows point to MCF7 cells migrating away from
spheroid core. Bar graphs show meanS#M. Box and whisker plots show median an#-25" (box)

and 10-90" (whiskers) percentiles-Pal ues deter mi ned usteshayaanavayunpai r
ANOVA with Tukeyb6s test for multiple comparisons.

3.4.6 Tg2knockdown in MDAreduces metastasis

Given that MV(Tg2 activated fibroblast® vitro and increased cancerllcaigration in spheroid
cocultures, we investigated whether knockdown of Tg2 in MiBAufficient to reduce MDAmetastasis
in an orthotopic mammary metastasis mouse mddgl 8.5A). Six weeks post subcutaneous injection of
MDA~ & and MDA ©¢"T92)into the mammary fat pad, primary tumors were of similar volurffigs 8.5B).
MDA- ©T92) tymors exhibited decreased stiffness compared to control tunféigs 8.5C).
Immunofluorescent staining of MDA and MDA ©h"92tumors for the fibroblastastiat i on mar ker U
reveal ed a decr e atssealin MDA& T4 tuimors comparedddSddnirol tumorsid.
3.5D-E), suggesting that knockdown of Tg2 reduced primary tumor fibroblast activation.
Immunohistochemical staining for collagen anordinectin also revealed decreased matrix in the MDA
(hT92) tumors compared to control tumorsid. 3.5F). Three weeks post primary tumor removal, BLI
imaging and tissue collection was completed. The metastasis of WPAto the lungs and liver was
greatly reduced compared to MD¥®" (Fig. 3.5G-K). Livers from MDA ©"T92 mice displayed fewer
macroscopic liver nodules compared to MIO®(Fig. 3.5H), and immunohistochemical staining for GFP
cancer cells in mousevkr and lungs revealed decreased GFP+ tissue area in the lungs and liver-of MDA
T2 mice (Fig. 3.51-K). These findings reveal that knockdown of Tg2 in M@Acreases tumor stiffness,

fibroblast activation, ECM deposition, and metastasis.
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Figure 3.5. Knockdown of Tg2 in MDA - subpopulation reduces metastasiga) Timeline of orthotopic

mammary metastasis model. (b) Primary tumor volume after removal (N=4). (c) AFM stiffness
measurements of MDA and MDA 92 primary tumors. (N=3+ tumors per condition; n = 420, 379).

(d) Fraction of tumor area positive for USMA (N=4
(blue) in MDA ¢ and MDA ©92 primary tumors. (f) Immunohistochemical staining of cgpda and

fibronectin in MDA ) and MDA ©92 primary tumors. (g) Representative BLI of MD% and MDA

692 metastasis. (h) Representative image of macroscopic liver nodules. (i)-GRRti
immunohistochemical staining of lungs and liver from MDB® and MDA 92 mice. (j) Quantification

of percentage of lung tissue area GRitive. (N=4, n=8). (k) Quantification of percentage of liver tissue

area GFPpositive. (N=4, n=8). Data shown as mean SEM. Rvalues determined using an unpaired

St udetest. 6 s t

3.4.7 Tg2rich MV are sufficient to induce MDA™? metastasis
Since knockdown of Tg2 in MDAreduced MDA metastasis, we investigated whether

supplementing primary tumors composed of MIEFA9? cells with Tg2rich MV- could induce the

metastasis of MDAS"T92, One week postubcutaneous injection of MDA9into the mammary fat pad,
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mice were subcutaneously injected every three days for five weeks with eithesuspénded iserum
freemedia (MDA G924+ MV") or a serurrfree (SF) media control (MDA"™92+ SF) or Fig. 3.6A). After

six weeks of primary tumor growth, MDA primary tumors supplemented with MWere significantly

larger than and exhibited increased primary tumor stiffness compareshttol¢umors Eig. 3.6B-C).

MDA -G8+ MVt umor s al so exhi bited *tssue areaacampared t® dontfolr a c t i
tumors Fig. 3.6D-E). Immunohistochemical staining of tumors revealed increased collagen and fibronectin
deposition in theVIDA - €"T92)+ MV~ primary tumors compared to control tumadesy( 3.6F). Three weeks

post primary tumor removal, BLI imaging and tissue collection was completed. SupplementingTBA
primary tumors with MVinduced increased metastasis to both timgs and liver of mice, compared to
control mice Fig. 3.6G-K). Livers from MDA ©"792 + MV- mice displayed increased numbers of
macroscopic liver nodules compared to control miig.(3.6H). Immunohistochemical staining for GFP

in mouse lungs revealédcreased metastasis to the lungs of MBA%+ MV-mice compared to control

mice Fig. 3.61-J). Livers of MDA ©"792+ MV-mice had slightly increased but not significantly higher
levels of metastasis compared to control mkig.(3.6J, K). These results indicate that repeated injection

of Tg2rich wildtype MV during the growth of MDA®"92) primary tumors resulted in primary tumor
stiffening, increased fibroblast activation, and increased metastasis of thkendd&own weakly
migratory lyeast cancer subpopulation. Altogether, our results reveal a hovel mechanism by which weakly
migratory cancer cells release Fgeh MVs to activate fibroblasts and remodel the primary tumor to
facilitate weakly migratory cancer cell migration and metasi(&sy. 3.6L).
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Figure 3.6. Tg2-rich wildtype MV - are sufficient to induce the metastasis of MDAS92, (a) Timeline

of orthotopic mammary metastasis model with MV injections every 3 days. (b) Primary tumor volume after
removal (N=8). (c) AFM stiffnes measurements of MDA + SF and MDA®92 + MV- primary

tumor s. (N=3+ tumors per condition; n = 128, 140)
(e) Representative i mages of C"P3BARand MRAE +aMivd DAP I
primary tumors. (f) Immunohistochemical stiaig of collagen and fibronectin in MDA™? + SF and

MDA ¢T92 + MV- primary tumors. (g) Representative BLI of MBAT92 metastasis. (h) Representative

image of macroscopic liver nodules. (i) AGFP immunohistochemical staining of lungs anerifrom

MDA €92 + SF and MDA + MV- mice. (j) Quantification of percentage of lung tissue area-GFP
positive. (N=6, 8). (k) Quantification of percentage of liver tissue area-geBRive. (N=6, 8). (I)
lllustration overviewing the mechanism MDA~ metastasis. Data shown as mearSEM.
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3.4.8 Clinical implications ofTg2expression on breast cancer progression

Given that MV(Tg2 facilitate weakly migratory cancer cell metastasis, we investigated the clinical
ramifications of these findings by examrg Tg2 expression as a function of patient prognosis. Using the
TNMplot database, we found that Tg2 expression of breast cancer patients increased from normal tissue to
breast tumor tissue to metastatic ti$$tiéndicating that Tg2 expression was correlated with breasecanc
metastasis Hig. 3.7A). Additionally, breast cancer patients exhibited significant decreased distant
metastasis free survival with high Tg2 expression compared to low Tg2 exptes$ian 3.7B). This
relationship between Tg2 expression and distant metastasis free survival was even more robust in triple
negative breastancer (TNBC) patient® (Fig. 3.7C). Lastly, using Tg2 c@xpression data ofréast
invasive carcinoma patients, ACTA2, FAP, PDGFRU,
expression, indicating that Tg2 expression correlates with fibroblast activation in breast cancer patients
416417(Fig. 3.7D). Together, these findings further implicate Tg2 as an indicator of breast cancer progressio

and identify Tg2 as an important therapeutic target to prevent fibroblast activation and metastasis.
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Figure 3.7. Clinical implications of Tg2 expression on breast cancer progressiofa) Tg2 gene

expression, measured with RNA sequencing, of normalpituamd metastatic tissue from breast invasive

carcinoma patients. (N=242, 7569, 82). Data adapted from TNMplot database. (b) Distant metastasis free
survival KaplarMeier plot for Tg2 expression in all breast cancer subtypes. Data adapted from the Kaplan
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Meier Plotter database. (c) Distant metastasis free survival kifgéar plot for Tg2 expression in ER,
PR, and HERZ2 negative breast cancer. Data adapted from the #égilemPlotter database. (d) Tg2-co
expression correlation data for breast invasiveicama. Data adapted from cBioPortal using the Firehose
Legacy dataset.

3.5 Discussion

Identifying the mechanisms of cancer cell dissemination away from the primary tumor is essential
to develop new therapies to target metastatic cancer cells. Specifieabiow that in breast cancer, while
highly migratory cells are capable of independent migration, weakly migratory cells ré¢gaseh MVs
which activate fibroblasts which subsequently promote cancer cell dissemination and ultimately metastasis.
Our dah suggests that the interaction between weakly migratory cancer cells and stromal fibroblasts via
MVs facilitates weakly migratory cancer cell dissemination and metastasis.

Our data supports the observation that cells do not need tmheeently migratory to
metastasizZ8’:3893% Others have shown th&DA-MB-231 isolated from bone metastases were less
migratory than their primary tumor counterp&ittand that highly metastatic subpopulations of MBS -

231 selected through repeatadrivoisolation of metastases were weakly migrat$$?* Our work is the

first to describe a mechanism by which cancer cells with a weak migration phenotype can manipulate cells
within the TME to escape the primary tumor. Given the current emphasis on cell migration in cancer
metastasisesearch, these findings highlight that cancer cell migration alone is not a sufficient indicator of
metastatic potential. A focus on Mvediated celtell signaling between cancer and stromal cells is crucial

to fully understand the dynamics of cancet delsemination.

Our findings suggest a feedback loop between MV signaling, matrix remodeling, and fibroblast
activation may exist. We previously reported that-Miédiated fibroblast activation was enhanced in high
stiffness matrices mimicking the breasmor periphery. Here, we show thag2-rich MVs stiffen the
primary tumor, induce matrix deposition by stromal cells, activate fibroblasts, and promote cancer
metastasis. Together, these data indicate thatidd\iced fibroblast activation leads to increased tumor
stiffening through matrix remodeling and this increhséffness may feedback to prime fibroblasts for
continued activation to further enhance cancer metastasis. Additionally, previous work revealed that
transformation of normal fibroblasts vivoby MDA-MB-231 MVs was dependent updg2!’. Our results
point to a role for these MVIg2-activated fibroblasts in mediatin@mcer cell escape from the primary
tumor through matrix remodeling. As knockdown B§2 in MDA-MB-231 is known to decrease
metastasi¥® we suspect this may due, in part, to reducedwBdiated fibroblast activation and decreased
cancer cell escape from the prim#mynor.

Importantly, our work is the first to show that MV cargo varies based on cell phenotype. While it
is known cancer cell phenotype affects the numbers of MVs refésmd work reveals that differences

in cancer cell phenotype within a single cell line actually correlates with differences in MV cargo.
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Additionally, while previousvork showed that highly migratory cancer cells package migrgatiomoting

cargo into EV4', our results suggest that heterogeneity in MV cargo based on migratory phenotype has
downstream effects on fibroblast activatidiVE remodeling, and ultimately metastasis. Our findings
specifically show thaffg2 is not uniformly expressed by all breast carderived MVs but rather
dependent upon the migratory phenotype of the MV releasing cell, with incrBg8eapression in MVs
released by the weakly migratory breast cancer cells. Interestingly, the weakly migratory cells express high
levels of Tg2 and Ecadherid’’. While Tg2 expression is generally linked with EMT and positively
correlated with cancer cell invasion and migratiéh*?®° and Ecadherin is a marker of epithelial
phenotypes and decreased cancer cell migfafitih*?! Tg2 was recently identified as a marker of
epitheliatmesenchymal plasticity and was found to beegplated in cancer cells undergoing EMT only
after a reversion to a secondary epithelial &tt&aken together, these findings reveal that MV cargo
changes as cells plastically change their EMT phenotype during the metastasis.

Additionally, our findings suggest that not all MVs released from a cell population will
homogenously communicate with surrounding cells. In cancer, targeting MV populations that contain cargo
(such adl'g2) to remodel th& ME may be crucial to reduce metastatic ptitd. Importantly, other groups
have shown that exosomes affect later stages of cancer metastasis, including angiogenesis and pre
metastatic niche formatiéti#13422 As exosomes and MVs contain many of the same cgmoatoting
signaling proteins, such dg2, V EGF, 3&Hd®TNDS ay also signal to endothelial cells to
promoteangiogenesis and travel to secondary sites to promotmgiastatic niche formation. Taken
together, these findings reveal that identifying the MV populations and MV cargo capable of promoting
progression through the metastatic cascade is essentiaévenpmetastasis and highlight MVs as a
potential target for new antinetastatic cancer therapies.

In summary, the relationship between cancer cell migratory ability and dissemination away from
the primary tumor is complex. While highly migratory cells eapable of independent migration, our work
identifies a population of weakly migratory, highly metastatic breast cancer cells which escape the primary
tumor via MV-Tg2-mediated fibroblast activation. As we further define the relationship between cancer
cell migration and metastatic potential and the consequences of MV signaling on cancer progression, these
findings are likely to have broader implications in designing modalities and therapies to detect and target

metastatic cancer cells.
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CHAPTER 4 LINK BETWEEN GLUCOSE METABOLISMAND EMT DRIVES TRIPLE
NEGATIVE BREAST CANCER MIGRATORY HETEROGENIETY

This chapter isinder reviewand has beereproduced with thpermissiorof the publisher and my €o
authors This work was completed in collaboration withfiist author Jenna A. Mosier.

4.1 Abstract

Intracellular and environmental cues result in heterogeneous cancer cell populations with different
metabolic and migratory behaviors. While glucose metabolism BfidHave previously been linked, it is
unclear how this relationship fuels cancer cell migration. Here, we show that while glycolysis drives single
cell confined migration in engineered microtracks, fast and slow cells display different migratory
sensitiviies to glycolysis andDxPhosinhibition. Phenotypic sorting of highly and weakly migratory
subpopulations (MDA MDA") reveals that more mesenchymal, highly migratory Mprferentially use
glycolysis while more epithelial, weakly migratory MDudtilize OxPhos These phenotypes are plastic and
MDA* can be made less glycolytic, mesenchymal, and migratory and BHdvbe made more glycolytic,
mesenchymal, and migratory via modulation of glucose metabolism or EMT. These findings reveal an
intrinsic link betwen EMT and glucose metabolism that controls migration. Identifying mechanisms
fueling phenotypic heterogeneity is essential to develop targeted metastatic therapeutics.
4.2 Introduction

Intratumor heterogeneity is an emerging hallmark of cancer that coneglicliical diagnostics
and therapeutié¢$’"4?¢ As cancecells have uniquely high proliferation rates, cancer metabolism research
has historically focused on identifying aerobic glycolysis as the driving force behind this proliféfation
225221427 Recent work has identified heterogeneity in breast cancer metabolic state in both primary tumors
and metastatic sites, with increased glycolysis in primary tumors and increased mitoclx@hiasat
metastatic sité&. Therefore, energy produced via glycolysis @xdPhosmay fuel different cell behaviors
with different metastatic advantages.
One of the first steps of breast cancer metastasis is invasion through the basement membrane and

migration through the extracellular mafd%*3% therefore, migratory ability is often considered an indicator
of metastatic succe®8%8388 To complete this first step and escape the primary tumor, cancer cells can
reprogram their metabolism to fuel migration through a mechanically and chemically carviéxlt is
has been suggested that cancer cells undergo epitioetr@senchymal transition (EMT) to promote
invasion and migration through tA&E*31 434 Cancer cell EMT phenotype and metabolic state appear to
exist in a dynamic, reciprocal relaship. Metabolic dysregulation and glycolytic enzymes can induce

EMT#35439 Alternatively, drivers of EMT can induce metabolic reprogramming and upregulate glycolysis
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in transitioning cancer cefy#38:440444 \While it is known that cancer cell bioenergetics and EMT are

intrinsically linked, the consequences of this relationship on intratumor migratory heterogeneity are unclear.
Here, we observe significant heterogeneity in the metabolic signatures and EMT phenotype of

migrating breast cancer cells. Cell migration in fh®IE was modeled using microfabricated 3D

microtracks which recapitulate matrix confinement encountiere/o®” 44> While MDA-MB-231 breast

cancer cells primarily utilize glycolysis to fuel their migration in confinement, single cell analysis of MDA

MB-231 revealed that while highly migratory cells were sensitive to inhibition of glycolysis and unaffected

by inhibition ofOxPhos inhibition ofOxPhodncreased weakly migratory cancer cell migration. To further

investigate this migratory heterogeneity, MBAB-231 breast cancer cells were phenotypically sorted to

obtain highly and weakly migratory subpopulations of MDWB-231 that were then thoroughly

characterized. We show that highly migratory populations (M@Xhibit increased mesenchymal features

and increased glycolytic genes, while weakly migratory populations (M&#& more epithelial and are

more associated witbxPhos Further exploration athis characterization revealed that migratory ability

in confinement can be controlled by inducing EMT or modulating metabolic pathways utilized by cells.

Thus, our findings reveal that a dynamic, complementary relationship between glucose metabolism and

EMT phenotype drives heterogeneous migratory phenotypes in triple negative breast cancer.

4.3 Materials and methods

Cell culture and reagents:MDA-MB-231 mammary adenocarcinoma cells (HI® ATCC, Manassas,

VA) wer e mai nt ai ned EaglwlsbeMdMaedidoasa (MoMEM) ed Ther me

Waltham, PA) supplemented with 10% fetal bovine serum (Atlanta Biologicals, Flowery Branch, GA) and

1% penicillinstreptomycin (ThermoFisher Scientific). lodoacetate (10 uM, Millipore Sigma, 12512),

sodium pyovate (100 pM, ThermoFisher Scientific, 11360070), and antir&g250 pM in 2D, 500 pM

in microtracks, Millipore Sigma, A8674) were used

50 ng/mL in microtracks) was used to induce EMT. SUM159PT dlis¢ | VT) wer e mai nt ai n

F12 Medium (ThermoFisher Scientific) supplemented with 5% fetal bovine serum, 1 ug/mL hydrocortisone

(Millipore Sigma), 5 pg/mL insulin (Millipore Sigma), and 1% penicHitreptomycin. Cell culture and

time-lapse imagingvere performed at 37°C and 5% £0

Microtrack fabrication: Collagen microtracks of 10 um width were prepared as previously desétibed

Briefly, 1000mm diameter silicon wafer ohds were coated with S1813 photoresist and Bosch etched to

pattern with microtrack geometries. Polydimethylsiloxane (PDMS; Sylgard) was mixed in a 1:10 ratio of

crosslinker to monomer, poured over the wafer, and cured to be used as a template stagpndgibe

| extracted from rat tail tendons was preparetonse and resuspended as a 10 mg/mL stock solution in

acetic acid. The stock solution was diluted to 3 mg/mL, neutralized with 1 N NaOH, and used to lightly

coat PDMS stamps. Stamps were invedetb a drop of diluted collagen between two thin PDMS spacers
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and left to polymerize for 90 min at 37°C. To finalize 3D microtracks, patterned collagen matrices were
seeded with either parental (MBX), highly migratory (MDA), or weakly migratory MDAMB-231

(MDA") (~100,000 cells/mL to achieve low seeding density) and left to settle for 2 minutes at 37°C. A thin

layer of collagen was applied to a glass coverslip and inverted over the microtracks as a lid. Microtrack
system was supplied with fresh mediaswially polymerized, and cells were left to incubate overnight at

37°C. At ~18 hours post cell seeding, glucose metabolism inhibitors or vehicle controls were added to
microtracks in fresh media. Timelapse images of cells were acquired every 20 minuteslf2chours

post inhibitor application, acquired using a Zeiss Axio Observer Z1 inverted microscope equipped with a
Hamamatsu ORCAR camera with a 10x/0.3 NA objective for migration studies. AxioVision software

was used to operate device. Where appleatl | | s wer e suppl emented with 5

before imaging, followed by 100 nM of TMRM (Invitrogen, U34361) 2 hours before imaging. Timelapse

N

images were acquired every 20 minutes32d hour s after TGFbBb treat ment u
Microscope with a 10x/0.3 NA Zeiss Objective with a 10X objective.

Analysis of cell migration in microtracks: Cell migration was analyzed by using Fiji Imaddlational

Institute of Health, Bethesda, M@ outline individual cells in collagen microtracks.eTbell body was
manually outlined, and cell area, centroid, and aspect ratio were quantified. Cell displacement was
calculated as the distance between cell centroids between each frame. Average velocity was then calculated
by dividing the displacement byé time step. For each frame, the number of microtrack walls the cell
contacted was |l ogged. For TGFb studies, cel l vel
fluorescence (CTCF = Integrated DendityMean Intensity of Background*Cell Area)) wasleulated

where applicable. Cells undergoing cell division, apoptosis, or interacting with other cells were excluded
from analysis.

Phenotypic sorting of breast cancer cellsBreast cancer cell lines were sorted as previously desgfibed

Briefly, breast cancer cells were seeded on top of a transwell insert (Greir@n8jdremsmunster,

Austria) with 8 umpores coated in 1 mg/ml collagen. A serum gradient was applied, and cells were able to
migrate through the transwell insert for four days. After four days, highly migratory and weakly migratory
cells were collected and purified over 20 rounds of sortiradls@hat repeatedly migrated through the
transwel |l were ter med SUWW) iamdhcelly thammeger migrated yhéoughi thieD A
transwell were ter medSUMweakl y migratorydé ( MDA
Motile fraction: MDA* or MDA" were seeded into 1.5 mg/mL cakn gels at a density of 200,000
cells/mL. Cells were incubated for 24 hours3ZtC. Timelapse images of cells were acquired every 20
minutes for 12 hours, acquired using a Zeiss Axio Observer Z1 inverted microscope equipped with a

Hamamatsu ORCAR camea with a 10x/0.3 NA objective. AxioVision software was used to operate
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device. Motile fraction was quantified as the fraction of cells that migrated at least one cell body every 2
hours. Aspect ratio of cells was quantified using ImageJ.

RNA sequencing:RNA was isolated using the RNeasy mini kit and RNABesse DNase Set according to
manufacturer protocols. RNA sequencing was performed by the Vanderbilt Technologies for Advanced
Genomics core (VANTAGE) as previously descritédEMT and Energy Scores were computed from the
average normalized expression of manually curated lists of epithelial, mesenchymalysidyand
OxPhosgenes.

Glucose uptake:Cells were cultured for 24 hours in DMEM + 10% FBS. After 24 hours, fresh media
supplemented with 0.146 mMIBDG (Life Technologies) was added and cells were supplemented with

5 ng/ mL TGFb i f haupspcklls weseliteedin 3.280fparaformaldelhyde and imaged on a
Zeiss LSM800 Confocal Microscope with a 10x/0.3 NA Zeiss Objective with a 10X objective. To calculate
2-NBDG uptake, cells were manually outlined and the corrected total cell fluorescdricie {dntegrated
Densityi (Mean Intensity of Background*Cell Area)) was calculated.

Mitochondrial membrane potential: Cells were cultured for 24 hours in DMEM + 10% FBS and cells
were supplemented with 5 ng/ mL Tdasbpplénfented wifhl75 cabl e
nM TMRM (Invitrogen, U34361) was added. After 30 minutes, cells were washed with PBS and fixed in
3.2% paraformaldehyde. Cells were imaged on a Zeiss LSM800 Confocal Microscope with a 10x/0.3 NA
Zeiss Objective. To calculate TMRIells were manually outlined and the corrected total cell fluorescence
(CTCF = Integrated Density(Mean Intensity of Background*Cell Area)) was calculated.

Lactate Output: MDA™* and MDA were cultured for 24 hours in DMEM + 10% FBS. Conditioned media
wasremoved, and lactate output was measured using-tteelate Assay Kit (Abcam, ab65331).

DNA constructs: FUW-E-cadherinE2A plasmid was created-hmouse and was used to stably transduce
MDA".

Quantitative PCR: mRNA was isolated from cells using PureZOL RNsolation reagent (Bidrad).

cDNA was synthesized from mRNA using iScript cDNA Synthesis Kit {B&ml). QPCR was completed
using SYBR green (BifRad). Relative mRNA expression was calculateds'@ n dactib was used to
normalize results.

Table 4.1. gPCR Primers

Forward (56 to 3gReverse (506 to 3¢
CDH1 | GCCTCCTGAAAAGAGAGTGGAAG | TGGCAGTGTCTCTCCAAATCCG
VIM AGGCAAAGCAGGAGTCCACTGA | ATCTGGCGTTCCAGGGACTCAT
ZEB1 | GGCATACACCTACTCAACTACGG | TGGGCGGTGTAGAATCAGAGTC
SNAI1 | TGCCCTCAAGATGCACATCCGA | GGGACAGGAGAAGGGCTTCTC
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ACTB | CACAAGCAGAGTGCTGAAGGTG | GATTCCTGAGAGTCCAAAGACAG

Statistical analysis:All statistical analysis was performed using GraphPad Prism-aBdxvhisker plots

show mean, 2575" percentile, and whiskers repesg maximum and minimum values. Fold change bar
graphs and dose curves show mearSEM. Dot plots show individual data points.
4.4 Results
4.4.1 Glycolysis fuels breast cancer migration in confined environments

Both glycolysis anddxPhoshave been implicated inrgjle cell migration in cancéf:-252446.447
However, microenvironmental mechanical cues such as confinement are known to regulate cancer cell
migration and bioenergetits3%2 To determine the mode of glucose metabolism that drives breast cancer
migration in confined spaces, MDMB-231 breast cancer c¢MDAPAR) migration was analyzed with
inhibitors of glycolysis olOxPhosin engineeredin vitro collagen microtracks which mimic the natural
tracks and pores found in tHME, allowing accurate quantification of 3D, directional migratidgf?.
Microtracks were fabricated using custonade PDMS templatgamps on liquid collagen. After collagen
polymerization, microtracks were seeded with low densities of cancer cells to permit single elpsene
imaging Figure 4.1A). To modulate breast cancer glucose metabolism, MD#ere treated with either
iodoacetate (I1A), an inhibitor of GAPDH in glycolysis, or antimy@AMA), an inhibitor of complex IlI
of the electron transport chain in the mitochondria. MfYAtreated with IA were additionally
supplemented with 100 uM sodium pyruvate (PYR) to reduceitgfiom glycolysis inhibition and permit
continued mitochondrial respiratitf&*4% MDAPAR treated with IA and IA + PYR (MDAR + |A, MDAPAR
+ 1A + PYR) displayed significantly reduced migration velocit¢Bhours after drug application compared
to vehicle control conditns (MDAPAR Ctrl) (Figure 4.1B,C). MDAPAR treated with AMA (MDA”R +
AMA) displayed no change in velocity-B hours after drug application compared to vehicle control
conditions Figure 4.1D). To directly compare response to different inhibitors with different vehicle
controls, fold change of velocity was calculated. MBAtreated with IA and IA + PYR displayed
significantly decreased fold changes in velocity compared to cells treated with(Rigi&e 4.1E). These

data suggest that MOAR migration in confinement is primarily fueled by glycolysis comparedxBhos
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Figure 4.1. Glycolysis fuels MDAMB-231 migration in confinement. (A) Schematic of microtrack
micromolding. PDMS stamp uséd mold collagen in between plastic spacers in a 6 well plate; Average

MDA PAR microtrack velocity 612 h after (B) vehicle control (di#@) (Ctrl) or IA application (+ IA) (n=42

46); (C) vehicle control (dikD) or IA + PYR application (+ IA + PYR) (n=336); (D) vehicle control

(DMSO) or AMA application (+ AMA) (n=3745); (E) Fold change in velocity compared to vehicle control

from (D-F) (n=3646); ** denotes p<0.01, **** denotes p<0.0001, ns = not significant. Mean + SEM shown

for bar graphs and min to méor boxandwhi sker pl ots with mean represen
4.4.2 Breast cancer cells exhibit heterogeneous migration in response to glucose metabolism inhibitors

Given that MDA”R breast cancer cells are highly heterogenous and display different morphologies,
migration potentials, and EMT phenotyp€g°452 we investigated the distribution of MR velocity
in response to glucose metabolism inhibitors. Mmigration without glucose metabolism inhibition
(MDAPAR Ctrl) was largely heterogeneous with cells displaying a wide range of velocities in confinement
(Figure 4.2A-C). MDAPAR migration in response to IA was largely homogeneous, with a shift towards
decrased velocities evident in the velocity histogratig(re 4.2A). Migration response to IA+PYR also
resulted in a shift in the velocity histogram towards decreased veloEitgesd 4.2B). MDAPAR migration
in response to AMA treatment was more heterogesiawith certain cells exhibiting decreased migration
velocities and others exhibiting increased migration velocities compared t6"N D&l (Figure 4.2C).

Given that cells within MDAAR exhibited different velocities in response to glucose metabolism
inhibition, we investigated whether cells with low or high migration velocities responded differently to
inhibition of glycolysis 0lOxPhos Cells with migration velocities greater than 0.5 pm/min were considered
to have high migration velocities, and cellghamigration velocities less than 0.5 pm/min were considered
to have low migration velocities. As inhibitors of glucose metabolism had no effect on cell velocity until 2

hours post drug application (data not shown), we analyzed the effects of glucbgermloin individual
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cells by comparing velocity pri@hibitor effect (22h after inhibitor application, Pre) to pashibitor effect
(11-12h after inhibitor application, Post). MDX response to IA was largely homogenous, with cells
displaying greatly dcreased velocity poesthibitor effect Figure 4.2D). Interestingly, cells with initially

high migration velocities had a significantly larger fold decrease in velocity compared to cells with initially
low migration velocities suggesting that |A decreasgldcity of highly migratory cells to a greater extent
(Figure 4.2E). MDAPR response to IA + PYR was more heterogeneous, with cells with initially low
migration velocities displaying very little change in velocity while cells with initially high mignatio
velocities displayed significantly decreased velocifiggre 4.2F-G). MDAFPAR treated with AMA
exhibited highly heterogeneous responses in velocity. While ¥MBPaith initially high migration
velocities displayed a slight decrease in velocity, cells witially low migration velocities displayed a

fold increase in velocity after AMA treatmeriigure 4.2H-1). These results reveal that the migration of
highly and weakly migratory cells within the heterogeneous MBaell line vary in their relationshifm
different routes of glucose metabolism. These findings suggest that metabolic heterogeneity within

MDAPAR may contribute to migratory heterogeneity.

Figure 4.2. MDA-MB-231 exhibit heterogeneous migration in response to glucose metabolism
inhibitors in confinement. (A) Average microtrack velocity histogram of MB® 6-12 h after vehicle
control (Ctrl) or IA application (+ IA) (N=3, n=426); (B) Average microtrack velocity histogram of
MDAPAR 6-12 h after vehicle control (Ctrl) or IA+PYR glication (+ IA + PYR) (N=3, n=386); (C)
Average microtrack velocity histogram of MBR 6-12 h after vehicle control (Ctrl) or AMA application

(+ AMA) (N=3, n=3745); (D) Pretreatment effect (R h) and postreatment effect (312 h) average
microtradk velocity after 1A application (N=3, n=46). Gray lines = decreasing velocity. Blue lines =
increasing velocity; (E) Fold change of velocity shown in (D) for cells with low migration velocities
(velocity<0.5 um/min) and high migration velocities (velociy.5 um/min); (F) Prdreatment effect (2

h) and postreatment effect (112 h) average microtrack velocity after IA + PYR application (N=3, n=35).
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