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Iepiinyn

Ot ovumayelg kopkvikoi Gykot amoteAoHVTol amd KOPKIVIKGE KOl U1 KOPKIVIKG KOTTOPO,
Omwg etvar ot woPAACTEG KOl TO. KOTTOPO TOV OVOGOTOUTIKOD GLGTHUOTOG, OO TNV
eEoKruTTdplo pMTpo n omoio ival Eva TAEYHO amd TPOTEIVES KOl LOKPOUOPLOKES AAVGIOES
(koAAayovo, valovpovikd o0&y, vmvektivr) kabdg kot and To ayyelokd tov cvotnua. H
VIEPPOMIKY| TAPOYWYN TOV TPOTEVOV QVTAOV oTNV e£OKVTTAPIO UATPA, M0 KATAGTOON
YVOOTH ©¢ deouomioaocio, Poll Pe TOV aVEEEAEYKTO TOALOTAONCIACUO TOV KOPKIVIKOV
KUTTOP®V GTOV TEPLOPIGUEVO YDPO TOL OPYAVOL GTO OTOI0 OVATTLGGOVTOL, 0ONYOVV TNV
AVATTUEN UNYOVIK®OV SLVVAUE®DY GUUTIEGNC EVTOG TOL GYKOV, Y10, TO 0010 XPNCUOTOLEITAL O
ayyhMkoc 6pog solid stress. To solid stress givatl Bacikd yopaktnploTikd TG Propunyavikng
OPKETMOV CLUTOY®OV OYK®V, GUUTEPIAAUPAVOUEVOL TOV KOPKIVOL TOV HAGTOV, TOV TOYEOG
EVTEPOV, TOL TOYKPENTOG KOl TOV EYKEPAAOV, Kol £xel amodetyBel OTL pmopel va emnpedoet
TOV TOAAOTTAOGLOGHO KOL TN LETOVAGTEVGT TV KAPKIVIKOV KLTTAPWV. 26TOGO, Ol LOPLoKol
unyxavicpol yi 1o g epmAékeTal otnv e£EMEN Tov GYKOL Kot 1O10iTEPA GTNV LETAGTOON
dev gival akopun TApwg katavontol. EmmAéov, evd 1 enidpacn Tov Unyovik®v TAGEDV 6T
KOPKIVIKO KOTTOPO 1ON SlEPELVATAL, OEV VITAPYEL OKOUO KATOlH GYETIKN UEAETN TTOVL V.
e€etalel v enidpaon) Tovg 6TOoVG VOPAAGTES, Ol 0TOI0L AITOTEAOVY GNUOVTIKO GUGTATIKO
670 pKpomepIPAALOV evOc Oykov. Avtod yiati dtav ol voPAdoteg Ppiokoviol oe KapKIVIKO
TePPAAALOV amoKTOOV €VOL GLUVEYMG EVEPYOTOMNUEVO POVOTLTO TOPEYOVTOS VITEPPOAIKES
TOGOTNTEG TPOTEIVOV NG €EOKLTTAPIOG UNTPOS OONYDVTOS O OEGUOTAOGIO, EV®
TOVTOYPOVOE OAANAETIOPOVV LE TO KOPKIVIKE KOTTOpA TpomBmvtog TV e£EMEN TOVv OYKOL.
[Tpoxeévou va diepevvnBei 1 eMITTOON TOV UNYAVIKOV TACEDV GTO KOAPKIVIKE KOTTOPO Kot
GTOVG WWOPAACTES TOV GLVOVTMOVTOL GE £VO KOPKIVIKO UIKPOTEPIPAAAOV, YPTCLULOTOU|COLE
po. auTooYESL O1ATAEN Yo TNV EQAPLOYN TPOKAOOPICUEVIC UNYXAVIKNG TAOTG GE KOPKIVIKA
KOTTOPO Kot WVOPBAGOTEC TAYKPEATOC, KOOMDG EMIONG KO G KOPKIVIKE KOTTOPO EYKEPAAOV.

To péyebog TV TacE®V TOL YPNGLOTOMONKAV TV TAPOUOI0 HE OVTO TOV JEYOVTOL TA
i



KOTTOPO GE TTPOYHOTIKOVG Oykovs. Ta amoteléopotd pog dgiyvouv OTL 11 UNYOVIKN TAoM
Oteyeipel v evepyomoinomn TV woPAactdv kot ovEdvel éviovo TNV EKEPOCT TOV
napdyovto dropopomoinong avamtvéng-15 (Growth Differentiation Factor-15, GDF15).
EmmAéov, N 6uv-KOAMEPYELD TOV CUUTIEGUEVOV QLTOV IVOPAAGTOV LE KOPKIVIKA KOTTAPO
TOYKPEATOS PAVNKE VO TPOAYEL CTUOVTIKE TN LETAVAGTELCT TOV KAPKIVIKOV KLTTAP®V, N
omoio avaoTEALETOL PETE amd TeYVIKN pelwon Tov emmédmv Tov GDF15 otovg voPrdoteg.
21N GUVEXELWN, UE EQAPLOYN UNYXAVIKNG cvumtieong anevbeiog Thve o€ KOpKIVIKE KOTTOpO
TOYKPEATOC, TopaTnPNONKe adENCT TNG UETOVOOTEVTIKNG TOVG KAVOTITOS GUVOOELOUEVT
and évrovn avénon tov mapdyovta GDF15. [Ipaypatorolidvtag po avaiuon Temv emmnidmv
QPOCPO-TPOTEIVOV GTO KAPKIVIKA KOTTAPO, OVOKOAVWOUE OTL O UNYXOVIGUOG LLE TOV OTO{0
LETOPEPETOL TO OTIUOL TNG UNYOVIKNG cvutieong Paciletal 6To onuatodotikd povomdtt Akt
/ CREB1 10 omoio pmopei va puOpilet petaypagikd myv ékepacn tov GDF15 oto kapkivikd
KOTTOpO, €101 MOTE vo Tpowbnoel otnv cuvéyelr TV petavdotevon tovs. Télog,
OWMOTOGOUE OTL M pNYOVIKY Taom upmopel va gumodicel TV ovATTLEn KOPKIVIKOV
COUPOEWMY TOV EYKEPAAOV, Kol TALTOYPOVA Vo pLOUICEL SLOPOPIKA TNV LETAVOCTEVTIKN
KOVOTNTO KO YOVIOLOKT) EKQPOGCT] TOVG. ZVYKEKPLUEVA, EVIOTIGALLE o EvTovn avénon otV
éxppoon tov mapdyovto. GDF15 e 900 SopOopeTIKES KLTTAPIKES GEPES KapKivov Tov
EYKEPAAOL aVEEAPTNTO OO TO UETOVOCTEVTIKO TOVS OLVOUIKO, VA TapatnphOnKe o
avénon kor upeiwon g €kepacng tov mapdyovia RhoB GTPase ota Ayotepo
LETOVOGTEVTIKO KOTTAPO YAOIOUOTOS Kol oTo €MBETIKG KVOTTOPA YAOLOPAOCTMOUATOG,
avtiotorya. Ilapdro mov amortohvior TEPAUTEP® TEPAUOTO YL VO TPOTEIVOLUE Evay
OAOKANPOUEVO UNYOVIGUO L€ TOV OTOI0 1M UNYOVIKY TAoT umopel vo mpowOncel )
LETAVAGTEVGT TOV KOPKIVIKOV KVTTAP®V TOV EYKEPAAOV, TO LEXPL TOPO, ATOTEAEGLLOTA LLOG
VTOONA®VOLY évav KABOPIoTIKO POAO TNG UNYOVIKNG TAoMg otV €EEMEN TOL OYKOV,
kabiotdvrog o GDF15 kot dAla popia 6tmg 1o RhoB wg duvntkotg Prodeikteg yia tnv

TOPOLGIO UNYOVIKOV TACEMV GE TPAYUOTIKOVS OYKOLG Kol TPOTEIVOVTOS anTA To Yovidta



ooV VEOUG HOPLOKOVG OTOYOLS Yl HEAAMOVTIKEG Kovotopeg Oepomeieg eviviio oty

pLOLOUEVT A0 UNYXOVIKEG TAGELS LETACTOON.



Abstract

Apart from cancer cells, solid tumors consist of non-cancerous cells, such as
fibroblasts and immune cells, an extracellular matrix (ECM) that forms a network of fibrillar
proteins and macromolecular chains, including collagen, hyaluronan and fibronectin, and a
vascular system. The excessive production of ECM proteins, a condition known as
desmoplasia, along with the uncontrolled proliferation of cancer cells in the confined space
of the host tissue, leads to the development of compressive forces within the tumor,
generating the so-called solid stress. Elevated solid stress is a characteristic biomechanical
abnormality of several solid tumors, including breast, colon, pancreatic and brain cancer,
and it has been previously shown to affect cancer cell proliferation and migration. However,
the underlying mechanisms of how it is implicated in tumor progression, and especially in
metastatic dissemination of cancer cells, is not yet fully understood. Moreover, while the
effect of solid stress on cancer cells is currently being investigated, there is no pertinent study
considering its effect on fibroblasts and whether these effects contribute to tumor
progression. In fact, fibroblasts are continuously gaining ground as an important component
of tumor microenvironment. They might acquire a constantly activated phenotype producing
excessive amounts of extracellular matrix leading to desmoplasia, while they dynamically
interact with cancer cells to promote tumor progression. The objective of this research was
to investigate the implication of solid stress in cancer cells and fibroblasts. For this purpose,
we employed a custom-made device to apply a predefined compressive stress on pancreatic
cancer cells and fibroblasts, as well as on brain cancer cells, similar in magnitude to that
experienced by cells in native tumors. Our results suggest that solid stress stimulates
fibroblasts activation and strongly upregulates Growth Differentiation Factor-15 (GDF15)
expression. Moreover, co-culture of compression-induced activated fibroblasts with
pancreatic cancer cells significantly promotes cancer cell migration, which is inhibited by

shRNA-mediated silencing of GDF15 in fibroblasts. By applying mechanical compression
iv



directly on pancreatic cancer cells, we found an increase in their metastatic potential
accompanied by a strong upregulation of GDF15 expression. Subsequently, with the use of
a phosphoprotein screening, we identified a solid stress-induced mechanism relied on the
Akt/CREB1 pathway that can transcriptionally regulate GDF15 expression in order to
promote cancer cell migration. Finally, we found that solid stress can impair the growth of
brain cancer multicellular spheroids and it can differentially regulate their migration and
gene expression profile. Specifically, we identified a strong increase in GDF15 expression
of two distinct brain cancer cell lines regardless of their metastatic potential, while an
upregulation and downregulation of RhoB GTPase was observed in the less metastatic
glioma cells and highly aggressive glioblastoma cells, respectively. Even though future
studies are needed to reveal a comprehensive mechanism of how solid stress induces the
migration of brain cancer cells, our results suggest a novel regulatory role of solid stress in
tumor progression, rendering GDF15 and other molecules such as RhoB, as potential
biomarkers for the presence of solid stress in vivo and molecular targets for future anti-

metastatic therapeutic innovations.
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Introduction

1 Introduction

1.1 Unravelling the tumor microenvironment

Cancer is a common disease that affects one in two people during their lifetime *. The
mechanism of how cancer is developed is a multistep process of an accumulation of DNA
alterations (mutations) over time. Mutations are either single changes in the DNA sequence
or large chromosomal aberrations, such as chromosomal translocations . These changes
give a growth advantage to a cell over its neighbours, resulting in the selection and survival
of the fittest. A cell with growth advantage continues to change in order to survive and
proliferate, and finally creates a mass of clone cells, the tumor. Tumor cells differ from
normal cells because they can auto-regulate their growth, escape programmed cell death,
avoid immune system and proliferate uncontrollably. Tumors in situations of low
concentration of oxygen and nutrients may also promote the construction of a new vascular
system, a process called angiogenesis. This process provides further the ability of cancer
cells to migrate from their site of origin through the vascular system. This ability
distinguishes tumors into benign and malignant, where benign tumors do not spread

throughout the body, in contrast with malignant tumors that can metastasize *.

Moreover, many tumors, especially breast and pancreatic cancers and sarcomas,
contain an extremely dense extracellular matrix (ECM), consisting of collagen, hyaluronan,
fibronectin and other extracellular fibers. The tumor microenvironment is also composed of
non-cancerous, stromal cells such as immune cells and fibroblasts and capillaries 2 (Figure
1-1). Fibroblasts are key regulators of ECM composition and organization, and

physiologically remain in quiescent state with negligible metabolic and transcriptomic
1



activities> 4 In response to tissue damage, fibroblasts become activated and are
characterized by the expression of alpha-smooth muscle actin (a-SMA). In this activated
state, fibroblasts over-produce ECM proteins, mainly collagen type | and fibronectin,
secrete cytokines and growth factors, and exert contractile forces modifying tissue
architecture® . In tumors, in particular, fibroblasts tend to acquire a constantly activated
phenotype as a response to several growth factors secreted from the highly proliferative
cancer cells, including Transforming Growth Factor-p (TGFp), Epidermal Growth Factors
(EGFs) and Bone Morphogenic Proteins (BMPs)* 4. Activated tumor-infiltrated fibroblasts,
which are commonly known as Cancer Associated Fibroblasts (CAFs), initiate a chronic
wound healing-like response toward cancer cells, which leads to an excessive accumulation
of fibrillar ECM proteins, a condition known as desmoplasia®. Under this desmoplastic
reaction, CAFs continuously produce and remodel the tumor ECM increasing tumor
stiffness* °. Desmoplasia and ECM stiffening characterize many tumor types, especially

breast, brain and pancreatic cancers, and it usually promotes tumor progression®”.

Collagen fibers

Fibroblasts

Blood and Lymphatic
vessels

Cancer ceus\

Fibronectin

Figure 1-1. Schematic of the tumor microenvironment. The tumor microenvironment is
constituted by cancer cells, blood and lymphatic vessels and by an extracellular matrix. Fibroblasts
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are cells of the connective tissue and are placed in the extracellular regions. These cells, upon
activation, produce proteins such as collagen type | and fibronectin and all together constitute a
3D network, referred to as extracellular matrix or ECM. In this activated state, fibroblasts are also
known as Cancer Associated Fibroblasts (CAFS).

1.2 Solid stress and matrix stiffness are two distinct

biomechanical abnormalities of the tumor

microenvironment

As the density of cancer cells, stromal cells and ECM constituents increases within
the restricted environment of the host tissue, it leads to the development of mechanical stress
(i.e., force per unit area) within the tumor® 8!, This stress, derived from the structural
components of a tumor, is known as solid stress and can be divided into two parts. A part of
it, known as growth-induced stress, is accumulated during tumor growth due to microscopic
interactions among the components of the tumor microenvironment, and it remains in the
tissue even if the tumor is removed® . These interactions might include collagen stretching
by contractile CAFs and hyaluronan and cancer cell swelling to resist compression®?2°,
Moreover, as tumors grow and exert forces on the adjacent host tissue, a reciprocal
compressive stress is applied from the host tissue to the tumor, in order to resist tumor
expansion®. This stress is known as externally-applied stress, and it diminishes when the
tumor is excised®. The total solid stress in a tumor interior is compressive (i.e., tends to
reduce the size of an object), while near the interface between the tumor and normal tissue,

the stress can become tensile (i.e., tends to increase the size of an object)'® " (Figure 1-2).



Tumor interior
A radial and circumferen-
tial compression

Tumor periphery
radial compression
circumferential tension

Figure 1-2. Development of solid stress in the tumor microenvironment. As tumors grow and exert
forces on the adjacent host tissue, a reciprocal compressive stress is applied from the host tissue to the
tumor, in order to resist tumor expansion. The total solid stress in a tumor interior is compressive in all
directions (i.e., tends to reduce the size of an object), while near the interface between the tumor and
normal tissue, the stress can become tensile (i.e., tends to increase the size of an object) °.

It is not clearly defined in the pertinent literature whether matrix stiffness and solid
stress refer to the same term or they are two distinct biomechanical abnormalities of a tumor
that are related to each other. By definition, stiffness is a material property, which
describes the extent to which a material resists deformation, while solid stress is a force per
unit area which can cause either compaction (compression) or expansion (tension) of a
material 8. In solid tumors, stiffness is mainly determined by ECM composition and
organization and also by cellular density, while solid stress arises by the sum of the physical
forces exerted during tumor growth. These forces can be generated in the subcellular level
by cytoskeletal filaments that control cellular processes such as filopodia formation and
extension. At the cellular level, forces are exerted due to cell contractions (such as in CAFS)
and cell-ECM interactions during migration of cancer and stromal cells, while at the tissue

level forces are exerted between the tumor and the host tissue®22,

4



The relationship between tumor stiffness and solid stress can be described using the
analogy of a mechanical spring of a specific elastic modulus (E) that obeys Hooke’s law*®
(Figure 1-3). According to the equation of Hooke’s law for linear elastic materials, 0 = E -
g, when a tumor of an elastic modulus E grows and pushes the surrounding host tissue of
elastic modulus E’, causes the development of a stress o1 and deformation &1. AS a
consequence, the host tissue returns an equal and opposite stress o1, the so called externally-
applied solid stress. At the same time, growth-induced solid stress is accumulated in the
tumor interior owing to interactions among tumor components (Figure 1-3 (A)). Thus, the
total solid stress accumulated intratumorally is the sum of the externally-applied and the
growth-induced solid stress. In the case that the stiffness of the tumor E: is greater than Ex,
then the tumor can displace the host tissue with a greater deformation and the externally-
applied solid stress o2 can be greater than o1 (Figure 1-3 (B)). Therefore, in this case a solid
tumor creates a stiffer matrix in order to push against the normal tissue and grow in size.
Indeed, it has been demonstrated using mathematical modeling that the stiffness of a solid
tumor should be at least 1.5 times greater than that of the host tissue, in order for the tumor

to be able to displace the tissue and grow in size?®.

As for the growth-induced solid stress, however, it increases during tumor growth??,
while the matrix stiffness might stop changing®’. In this case the further increase in total
solid stress accumulated in the tumor interior can become less depended on matrix stiffness
(Figure 1-3 (C)). This hypothesis has been confirmed by the experimental data of Nia et
al.'”, suggesting that the total solid stress transmitted into the cells can depend only in part
on tumor stiffness and thus, the two terms should not be used without a distinction. In

particular, the effects of matrix stiffness and solid stress on tumorigenesis and metastasis



should be studied separately®*, thus our study was mainly focused on the elucidation of the

effect of solid stress on cancer cells and fibroblasts in the absence of ECM stiffness.

E: Elastic modulus of tumor

£ ;
TUbr mass (=) 0,: Growth-induced stress
(- : Total solid stress
‘,:o»?; p- o' Externally-applied stress
L5 o=0 =¢c+E

Host tissue
E’: Elastic modulus of tissue

} }
(B) (€)
0 . EZ Gg (
£ J o S
2 0-3
o, % 0

Figure 1-3. Solid stress and stiffness are two distinct biomechanical abnormalities present in
the tumor microenvironment. (A) According to the simple analogy of a spring that obeys
Hooke’s law (o = E - €), when a tumor grows and pushes the surrounding host tissue of elastic
modulus E’, results in a deformation €; and a stress 1. AS a consequence, the host tissue returns
an equal and opposite stress 61’, which is defined as externally-applied solid stress. This stress, in
combination with the growth-induced stress (og) constitute the total solid stress transmitted in the
tumor interior. (B) In the case that the tumor stiffens so that E; is greater than E; (E2> Ea), the
tumor can increase in size and the deformation &; is greater than &1 (e2>¢1). The externally-applied
stress (02°) and finally the total solid stress accumulated in the tumor interior is greater than that
in case (A) without any change in the growth-induced stress. (C) The growth-induced solid stress,
however, increases during growth, while tumor stiffening might remain the same . In this case
the externally-applied solid stress 63 can be equal to 61’ but total solid stress increases. Therefore,
the resultant stress transmitted in the tumor interior is greater than that in case (A) without any
change in tumor stiffness.

1.2.1 Effects of matrix stiffness on cancer and stromal cells

The effect of ECM stiffness on cancer and stromal cells has been studied using in
vitro two-dimensional substrates (2D) and three-dimensional tumor analogs (3D). In 2D

models cells are seeded on coating substrates such as collagen type | or fibronectin®-28
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(Figure 1-4A (i)), while the 3D models include single cells or tumor spheroids embedded in
stiffness is increased by changing the protein density or the degree of crosslinking of the
matrix, in order to study the effects of ECM-originating mechanical cues on cancer and

stromal cells.

Matrix stiffness is shown to activate intracellular signaling pathways to regulate
cellular behavior. Cancer cells recognize the increase in ECM stiffness and respond by
generating increased traction forces on their surroundings through actomyosin and
cytoskeleton contractility® 3% 4°. Moreover, the changes in matrix rigidity are sensed and
transmitted intracellularly through mechano-sensors such as p130 CRK-associated proteins,
growth factor receptors, stretch-activated ion channels or integrin-ECM adhesion plaques®
9.28,40-45 These mechano-sensors can subsequently recruit focal adhesion molecules such as
FAK, SRC, paxillin, RAC, RHO GTPase/ Rho-associated kinase (ROCK) and RAS
GTPases to trigger signaling cascades and cytoskeleton organization® ® 39 40. 44,4649 Thege
signaling cascades finally regulate gene expression and induce quantifiable changes in cell
shape, motility, survival, migration and invasion® 4% 4+ 48 _For example, it has been shown
that tissue stiffness indirectly activates the nuclear translocation of the transcription factor
TWIST1 in breast cancer cells, which inhibits the expression of E-Cadherin and promotes
cell invasion®® . Furthermore, in a 3D model consisting of breast tumor spheroids growing
in collagen type | matrix, the Ras-suppressor-1 (RSU-1), a cell-ECM adhesion protein, was
shown to be upregulated as a response to increasing stiffness. Interestingly, tumor spheroids
knockdown for RSU-1 or actin polymerization regulator (VASP) lost their invasiveness
through the 3D matrix3® 51, Matrix stiffening is also shown to induce fibroblast activation

and migration, which leads to a fibrotic response setting a positive feedback to matrix



stiffnesst® 14.40.52.53 However, in these studies it cannot be distinguished explicitly whether
the observed effects are emerged by increased cell-ECM adhesion sites owing to increased

ECM density, or by stiffness-induced solid stress generation.

1.2.2 Experimental setups studying the effect of solid stress in

vitro

While the role of ECM stiffness in both cancer and stromal cells is actively studied,
data regarding the effect of solid stress in tumor progression are elusive. There are several
experimental setups that mimic the solid stress developed in the tumor microenvironment.
These setups include models consisted of tumor spheroids growing in a confined
environment that induce the development of solid stress>*®!, and models employing a
transmembrane pressure device that applies a mechanical compression on a cell monolayer

or on single cells embedded in a matrix® > 6384 (Figure 1-4 (B)).

Regarding the first method, cancer cells are growing as spheroids in a polymer gel
(e.g. agarose) and the surrounding matrix resists to its expansion by developing a solid stress
acting to the spheroid (Figure 1-4 (B), (i)). Helmlinger et al. (1997) using spheroids of colon
adenocarcinoma cells, estimated that the accumulated solid stress was in the range of 45-
120 mmHg (6-16 kPa), which depended on the concentration of the agarose gel and the size
of the spheroid®®. In an analogous study, Cheng et al. (2009) estimated the solid stress to be
around 28 mmHg (3.73 kPa), when 67NR mammary carcinoma cell spheroids were growing
in a 0.5% agarose matrix for 30 days®’. In these studies was shown that increasing
compressive stress inhibited tumor growth>* 56-%8 however this effect was resumed when
loads were removed> ¥. It was also observed that solid stress can regulate tumor

morphology, since mechanical loads can induce apoptotic cell death through the



mitochondrial pathway in regions with high compressive stress and allow proliferation in

low-stress regions of the tumor spheroid®’.

More recent studies developed novel techniques to mimic solid stress developed
during tumor growth in the absence of a matrix. Alessandri et al. (2013) employed a
microfluidic method based on the encapsulation and growth of cells inside permeable, elastic
and hollow microspheres® (Figure 1-4 (B), (ii)). This approach offered the ability to
produce size-controlled multicellular spheroids growing in confined conditions.
Specifically, they found that the confined spheroids exhibited a necrotic core compared with
the unconfined spheroids. In contrast, peripheral cells were more proliferative and highly
migratory, suggesting that mechanical cues from the surrounding microenvironment may
trigger cell invasion from a growing tumor®®. Desmaison et al. (2013) designed polymer
polydimethylsiloxane (PDMS) microdevices to restrict the growth of spheroids and
subsequently to induce the development of mechanical stress® (Figure 1-4 (B), (iii)). They
showed that the mitosis of mechanically confined spheroids was suppressed in comparison
to spheroids grown in suspension®. Furthermore, it was demonstrated that a population of
cells within the confined tumor spheroids was arrested at mitosis, which was due to the
inhibition of bipolar spindle assembly®°. Later, Fernandez-Sanchez et al (2015) developed
a method that allows the delivery of a defined mechanical pressure in vivo, by
subcutaneously inserting a magnet close to the mouse colon®:. The implanted magnet
generates a magnetic force on ultra-magnetic liposomes, stabilized in the mesenchymal cells
of the connective tissue surrounding colonic crypts after intravenous injection®t. The
magnetically induced pressure was similar in magnitude to the endogenous stress in the order
of 9.0 mmHg (1.2 kPa), without affecting tissue stiffness, as monitored by ultrasound strain

imaging and shear wave elastography®!. The magnetic pressure stimulated Ret activation



and the subsequent phosphorylation of b-catenin, impairing its interaction with the E-
cadherin in adherens junctions®!. These data suggested that tumor progression could be

driven by signaling pathways that are directly activated by mechanical pressure.

In order to study the effect of a predefined solid stress on cancer cells, the
transmembrane pressure device has been introduced (Figure 1-4 (B), (iv)). Setups employed
consist of a transwell insert that fits in a well of a 6-well culture plate. The insert is separated
in the lower chamber containing culture medium and the upper chamber containing the cell
monolayer. A piston of a preferable weight is applied on the cell monolayer, while the water,
nutrients and oxygen from the culture media are freely diffused through the pores of the
transmembrane. This device provides a tool to mimic the solid stress in a preferable and

predefined manner according to the stress magnitudes measured in native tumor tissues.

Munn’s team (2009) used this device to study the effect of solid stress on murine
mammary carcinoma cells. In this study, they applied a stress ranging from 0 mmHg-60
mmHg (0-8 kPa) and they observed increased apoptosis with increased stress levels®. In a
following study, they used the same experimental setup to study the migration of cancer cells
using a scratch wound assay®*. They applied a maintained stress of 5.8 mmHg (0.77 kPa)
and they concluded that in these levels of compression cancer cells stopped proliferating and
started to create a leader cell formation, which allowed them to move toward the scratch
having an invasive phenotype®. Mitsui et al. (2006) used a similar device for bone
osteosarcoma cells, in order to identify the effect of compressive stress on the expression of
matrix metalloproteinases (MMPs) and plasminogen activators (PARsS). These proteins
degrade the extracellular matrix and have a role in bone resorption and formation, as well in

the migration of cancer cells. Scientists have observed enhanced protein and mRNA levels
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of these molecules, under low mechanical compression of bone cells (0-2.20 mmHg or 0-

0.29 kPa)®,

Another device that was developed in order to study the effect of solid stress in a
more realistic way involved the use of single cancer cells growing in an agarose matrix
(Figure 1-4 (B)-(v)). This device was composed of two custom-made parts, the well pressor
and the optic pressor®2. Both devices consisted of a chamber containing a 3D gel with single
cells embedded, a screw and a nut for pressure application, and their housing support.
Specifically, the well pressor applied a strain that compressed the cell-contained agarose gels
to 50% of their original volume. This stress was maintained for 3 hours, and was estimated
to be ~0.37 mmHg (~0.05 kPa), much smaller than normal loads measured by other studies'®
54,57.62 However, this stress was high enough to cause differential gene expression profiles
of metastasis-associated genes in glioblastoma and breast cancer cells. In addition, the optic
pressor provided a quantification of changes in cell circularity and orientation with respect
to the direction of the applied force. In particular, cells were found to adopt an oval
morphology and perpendicular orientation to the direction of the applied force, after the
application of the compressive strain®2. Figure 1-4 (C) summarizes all the in vitro and in
vivo studies aimed to investigate the role of solid stress in tumor progression and their main

biological outcome.
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Figure 1-4. Experimental methods employed to analyze the effects of stiffness and solid stress
on cancer and stromal cells in vitro. (A) Experimental setups studying the effect of ECM
stiffness on cancer and stromal cells. There are two-dimensional models (2D), consisting of (i) a
cell monolayer seeded on coating substrates (e.g. collagen type | or fibronectin) and three-
dimensional models (3D) consisting of (ii) tumor spheroids or (iii) single cells embedded in a
matrix (e.g. collagen type I, matrigel). Both models were aimed to investigate the effect of changes
in extracellular rigidity on the transduction of mechanical signals into the cells as well as on the
migration, invasion, proliferation and gene expression of cancer and stromal cells (B)
Experimental setups studying the effect of solid stress on cancer and stromal cells. Setups include
tumor spheroids that grow within (i) a polymer matrix, (ii) within elastic capsules or (iii) in a
confined polymer device. In cases (iv) and (v), the set-ups are composed of cells seeded on the
inner chamber of a transwell insert on the top of which an agarose cushion is placed, or are
embedded in a polymer matrix. A piston with adjustable weight applies a predefined and
measurable compressive solid stress on the cells. These models provided useful information about
the direct effect of solid stress on tumor growth and morphology as well as on cancer cell
proliferation, migration and gene expression. (C) A summary of the in vitro and in vivo studies
revealing the effect of solid stress in tumor progression.
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1.3 Aim of this thesis

Collectively, the above in vitro studies suggest that mechanical forces regulate tumor
morphology, tumor growth as well as the metastatic potential of cancer cells in the absence
of matrix stiffness. In light of recent studies showing that increased matrix stiffness and
elevated solid stress are two distinct tumor abnormalities, and given the fact that most
pertinent studies are focused on the effects of stiffness, it becomes clear that scientific efforts
should turn to the implications of solid stress in tumor progression and metastasis in the
absence of matrix stiffening!” 4. Regarding the solid stress-induced tumor progression,
further studies are required to shed light upon the mechanisms by which solid stress is
transmitted and guides cellular behaviour of cancer cells and CAFs, that are both
experienced solid stress in the tumor microenvironment. CAFs exert contractile forces that
contribute to the accumulation of solid stress in the tumor interior. Therefore, it is necessary
to include both cell types when solid stress and ECM stiffness are being studied. It has been
also shown that CAFs dynamically interact with cancer cells to promote tumor progression®®.
In fact, CAFs mediate the invasiveness of colon, pancreatic and breast cancer cells when co-
injected into mice?* 568 while breast and prostate tumors containing CAFs grew faster than
tumors injected with normal fibroblasts®® 7. Nevertheless, there is no pertinent study
considering the effect of solid stress on the interaction of cancer cells and CAFs, and vice
versa the implication of tumor-stromal interactions in ECM stiffening and solid stress
accumulation. For these reasons, the objectives of this thesis are related to (i) identify
whether and how solid stress affects the activation, viability and gene expression of human
normal fibroblasts, (ii) examine whether and how solid stress is implicated in the crosstalk
between fibroblasts and cancer cells, ultimately affecting cancer cell behavior (i.e.,

migration) and (iii) investigate whether solid stress can directly affect the viability, migration

14



and gene expression of human pancreatic and brain cancer cells. We are mainly focused on
pancreatic and brain tumor models, which along with breast and colon tumors are known to
be exposed to high solid stress levels in vivo, however data regarding the effect of solid stress

on these tumor types have not been elucidated yet.
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Chapter 2

2 Chapter 2: Solid stress facilitates fibroblasts activation to promote pancreatic cancer
cell migration

This research has been published in Annals of Biomedical Engineering: Maria Kalli,
Panagiotis Papageorgis, Vasiliki Gkretsi and Triantafyllos Stylianopoulos. Solid stress
facilitates fibroblasts activation to promote pancreatic cancer cell migration. Ann Biomed

Eng. 2018 May;46(5):657-669 [ doi: 10.1007/s10439-018-1997-7].

21 Introduction

Pancreatic cancer is among the deadliest forms of cancer worldwide . Most
pancreatic tumors contain an extremely dense extracellular matrix (ECM) and have already
been characterized for the presence of high solid stress levels 7.

As described in the previous section, several studies have dealt with the effect of
compressive stress on breast and colon cancer cells > 3786264 sing different experimental
setups. To date, results indicated that solid stress impairs cancer cell proliferation and
promotes cancer cell migration 3 5% 57 98,6264 “however there are no studies taking into
account the effect of solid stress on other cellular components of the tumor
microenvironment, such as fibroblasts. In fact, tumor fibroblasts are increasingly gaining
ground as an important component of tumor microenvironment *. This is based on the fact
that fibroblasts continuously produce fibrillar proteins such as fibronectin and collagen type
| providing cell-matrix interactions which in turn promote cancer cell invasion through the
extracellular matrix * 27, At the same time, they remodel the ECM organization by altering
fibers orientation and by producing matrix degrading proteins, such as matrix
metalloproteinases (MMPs). These events enable cancer cells to migrate and invade into the

matrix in order to escape the highly desmoplastic primary tumor site* > 87374 Moreover,
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fibroblasts secrete cytokines and growth factors, such as Transforming Growth Factor-3
(TGF), that directly promote the proliferation and migration of cancer cells* "> 7, Indeed,
in an orthotopic model of pancreatic cancer, the size of the primary tumor as well as the
number of distant metastasis were greater when cancer cells were co-injected with
fibroblasts % 7®. Thus, it is well established that tumor-infiltrated activated fibroblasts
dynamically interact with cancer cells to promote tumor progression and malignancy © 7

7 nevertheless it is still unclear whether solid stress affects these tumor-stromal interactions.

A plausible hypothesis is that solid stress regulates the expression of specific factors
in fibroblasts, which in turn mediates cancer cell behaviour. One such candidate could be
the Growth Differentiation Factor 15 (GDF15), which is known to regulate responses to
cellular stress as well as responses to morphological and cytoskeletal changes, but it has
never been linked to solid stress "® 7°. GDF15, also known as macrophage inhibitory
cytokine 1 (MIC-1), belongs to the TGF[ superfamily of cytokines and has attracted much
attention because of its role in several physiological or pathological processes 8. More
specifically, GDF15 has been reported to play a dual role in cancer, either by inducing
apoptosis and inhibiting tumor growth 8 or by stimulating cancer cell proliferation, invasion
and metastasis 8. Moreover, GDF15 has been found to be upregulated in several aggressive
tumor types including glioblastoma, pancreatic, prostate, breast and colorectal, while high
levels of GDF15 in serum samples from cancer patients have been associated with poor
prognosis and patient survival 88 Interestingly, recent studies have indicated that
fibroblast-derived GDF15 stimulates prostate cancer cell growth, migration and invasion in
vitro and in vivo &, however the underlying molecular mechanism that promotes GDF15

upregulation in the tumor microenvironment remains elusive.
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Hence, in order to investigate the effect of solid stress on fibroblasts and its
implication in tumor-stromal interactions, we used as a model the pancreatic cancer as this
type of tumor contains an extremely dense extracellular matrix (ECM) consisting mainly of
collagen and hyaluronan and has already been characterized for the high solid stress levels.
In addition, we employed a previously described transmembrane pressure device > 8364 to
simulate the compressive solid stress encountered in the tumor microenvironment > 10 17,
Using this experimental setup, we were able to identify the molecular effect of a defined
compressive stress on normal pancreatic fibroblasts, as well as on two distinct pancreatic

cancer cell lines, CFPAC-1 and MIA PaCa-2, using a novel co-culture system.

2.2 Methods

Cell culture. Human normal pancreatic fibroblasts were obtained from Neuromics
(Edina, MN) and were maintained in Vitro Plus 111 medium (Neuromics) supplemented with
1 % antibiotics. MIA PaCa-2 and CFPAC-1 pancreatic cancer cell lines were obtained by
American Type Culture Collection (ATCC) and were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10 % Fetal Bovine Serum (FBS) and 1 %
antibiotics. For co-culture experiments, both cell lines were cultured in 2 % FBS-containing

DMEM. All cells were incubated at 37°C and 5 % CO- in a humidified incubator.

In vitro transmembrane pressure device. For the application of a defined
and controlled compressive solid stress on fibroblasts, we employed a previously described
transmembrane pressure device used in pertinent studies °” 5% 64, Briefly, 2-4x10° cells were
cultured overnight in the inner chamber of a 24 mm diameter transwell insert (Greiner Bio-
one,) with 0.4 um pores, which permits nutrient and oxygen diffusion and prevents cell

migration. A 2 % low melting agarose cushion was placed on top of the cells preventing any
18



direct contact between piston and cells and providing a uniform distribution of the applied
force. A 24 mm diameter piston of adjustable weight was placed on the top of the agarose
gel (Figure 2-1A) and the cells were subjected to 1.0, 2.0, 4.0 or 6.0 mmHg stress for 6
hours, or to 4.0 mmHg stress for 48 hours. These solid stress levels were lower but similar
in magnitude to those estimated in pancreatic tumors * 7, as very high levels of solid stress
were shown to cause significant cell death °-®*. Control cells were covered with an agarose

cushion only (i.e., 0.0 mmHg).

Co-culture experiments. For the co-culture experiments, approximately 2x10°
fibroblasts or GDF15-knockdown fibroblasts and MIA PaCa-2 or CFPAC-1 cells, were
separately seeded in transwell inserts and 6-well plates, respectively. After overnight
incubation, cells were set in a co-culture system and fibroblasts were subjected to a
compression of 4.0 mmHg (Figure 2-1B). Cells were allowed to grow for 48 hours in 2 %

FBS-containing DMEM at 37 °C and 5 % CO- in a humidified incubator.
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Figure 2-1. A schematic of the in vitro transmembrane pressure device. (A) Fibroblasts were
grown as a monolayer on the transmembrane of a 0.4 um transwell insert and a piston of adjustable
weight was applying a compressive stress. Control cells were covered with an agarose cushion
only. (B) The experimental set-up of the co-culture system consisted of fibroblasts and pancreatic
cancer cells (MIA PaCa-2 or CFPAC-1) in the upper and lower chamber of a transwell insert,
respectively. A piston with adjustable weight, applying 4.0 mmHg of compressive stress on
fibroblasts for 48 hours is shown. A co-culture system consisting of fibroblasts and cancer cells
without a compressive load was used as a control.

Alamar Blue Assay. Fibroblasts were subjected to a cell viability test following
compression using Alamar Blue reagent (Thermo), according to the manufacturer’s

instructions.

Quantitative Real Time PCR. Total RNA was extracted from both fibroblasts
and cancer cells using Trizol (Invitrogen) and reverse transcribed to cDNA using Superscript
Reverse Transcriptase (Invitrogen). Quantification of gene expression was performed by

real-time PCR using SYBR Green Supermix (KAPA Biosystems) in a real-time PCR
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detection system (BioRad). The primers for the S-actin housekeeping gene were used as an
internal control. Each sample was measured in triplicate for each gene. The relative
quantification of gene expression was analyzed by the AACt quantification method, using a
relevant calibrator as specified in each figure legend. Real-time PCR primers for target genes

are listed in Table 1, in Appendices.

Western Blotting. For protein expression analysis, total cell lysates from fibroblasts
compressed by 4.0 mmHg for 48 hours were obtained using radio immunoprecipitation assay
(RIPA) buffer containing a protease inhibitor cocktail tablet (Sigma). Protein concentration
was determined by the BCA protein assay kit (Pierce) and cell lysates were run on a 12 %
acrylamide gel and transferred to a PVDF membrane using the BioRad Semi-dry transfer
system. Membrane was blocked in 5 % non-fat milk or Bovine Serum Albumin (BSA) in
TBS-T buffer and then incubated with anti-alpha-smooth muscle actin (a-SMA) (Abcam),
anti- Collagen | (Abcam) or anti-GDF15 (Cell signalling) antibodies overnight. Following
standard western blot procedure steps, the detection of antibodies was performed with
enhanced chemiluminescent system (Pierce) using Kodak Biomax light films. Relative
protein expression of GDF15, Collagen | and a-SMA was quantified with B-tubulin or p-
actin as loading control using ImageJ software. The mean relative protein expression from

different immunoblots from at least 2 independent experiments was used.

Immunofluorescence staining. To determine the effect of compression on a-
SMA protein expression in fibroblasts, cells were fixed in 4% paraformaldehyde,
permeabilized in PBS containing 0.25 % Triton X-100 and blocked with PBS containing 0.1
% Tween-20 and 1 % BSA. Cells were then stained with anti-a-SMA (Abcam) or anti-

Collagen | (Abcam) antibody diluted in blocking buffer for 1 hours at room temperature.
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Alexa 647-donkey anti-rabbit antibody was used as a secondary antibody and nuclei were

stained using DAPI. Images were obtained using an Olympus BX53 fluorescent microscope.

Cloning of shRNA-expressing vector and transient transfection
of fibroblasts. To generate vectors expressing ShRNA against GDF15, Agel/EcoRlI-
digested pLKO.1-puro vector was ligated with 58-base pair annealed oligos. The sequence
of the forward oligo was
CCGGGCAAGAACTCAGGACGGTGAACTCGAGTTCACCGTCCTGAGTTCTTGCT

TTTTG and sequence for the reverse oligo was
AATTCAAAAAGCAAGAACTCAGGACGGTGAACTCGAGTTCACCGTCCTGAGTT
CTTGC. Ligated plasmids were transformed into XL10 gold competent bacteria and
selected on ampicillin-containing LB agar plates (100pg/ml). Single colonies were grown
for 16 hours in LB broth and plasmids were isolated using a NucleoSpin® Plasmid
QuickPure kit (Macherey-Nagel). The presence of each insert was tested by PCR (KAPA
Biosystems) using pLKO.1 Forward primer: GGAATAGAAGAAGAAGGTGGA and
GDF15 Reverse primer: GCAAGAACTCAGGACGGTGAA. Following verification by
DNA sequencing (Macrogen, Netherlands), transient transfection of fibroblasts was
performed with pLKO-shScrambled vector (or shSCR, used as a control) or pLKO-
shGDF15 vector using Lipofectamine 2000 transfection reagent (Invitrogen) according to
manufacturer’s guidelines. Cells were allowed to grow overnight in antibiotics-free medium

before the co-culture with cancer cells.

Wound Healing assay. A wound healing assay was performed on cancer cells co-
cultured with compressed or uncompressed fibroblasts based on published protocols . By
the end of the co-culture period, fibroblasts were removed from the co-culture system,

conditioned medium was collected, centrifuged to remove cell debris and stored at 4 °C until
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use. Cancer cells were then washed twice with PBS followed by treatment with 10 pg/mL
Mitomycin-C in 2 % FBS-containing medium 2 hours prior to the generation of the wound
in order to avoid any effect of cell proliferation in wound closure. Cell-free space was then
created by generating a wound on the monolayer with a 200 uL pipette tip and cells were
washed twice with PBS to remove debris. Cells were subsequently stimulated with the
corresponding conditioned medium for 24 hours, which is thought to include all secreted
factors. Images from 4 different fields per condition were taken at 0 hours and 24 hours. The
cell-free area from at least 2 independent experiments was quantified using the Imagel

software. Quantification was performed for each condition using the following formula:

(Width of the wound at 0 hours — Width of the wound at 24 hours) / (Width of the wound

at 0 hours).

Enzyme-linked immunosorbent assay (ELISA). Enzyme-linked
immunosorbent assay (ELISA) was performed in conditioned medium from the co-culture
system upon completion of the co-culture period, using the Quantikine ELISA human

GDF15 (R & D systems,) following the company’s guidelines.

Statistical Analysis. Results are represented as mean + standard error (SE).
Significant changes were determined by Student’s t-test using two-tail distribution.

Differences with p-values <0.05 were considered as significant (indicated by an asterisk *).

2.3 Results

Solid stress regulates gene expression of normal pancreatic
fibroblasts. Inorder to study the effect of solid stress on normal pancreatic fibroblasts,

cells were subjected to a constant mechanical compression similar in magnitude to that
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experienced by cells in the tumor interior ', using an established transmembrane pressure
device %6384 (Figure 2-1A). Cells were exposed to a stress ranging from 1.0 to 6.0 mmHg
17and the expression of several genes known to be upregulated in tumor-infiltrated activated
fibroblasts was evaluated by gPCR. First, we tested the expression of TGFf which has been
shown to be implicated in ECM synthesis and mediates cancer cell proliferation and
migration . Moreover, we measured the mRNA expression of genes encoding proteins of
the ECM, such as Collagen | and Fibronectin I, as well as Periostin, which has been shown
to regulate matrix elasticity, stimulates the expression of ECM proteins and promotes cancer
progression #4992 Qur results revealed a trend for increased mRNA expression in all these
genes in response to increasing levels of mechanical compression (Figure 2-2, dashed red
line). More specifically, a modest but significant increase in the expression of TGFp,
Collagen I, Fibronectin I and Periostin (Figure 2-2A-2D) was more pronounced when cells
were subjected to stresses ranging from 2.0 to 6.0 mmHg. However, within the same range
of compression, GDF15 which regulates cellular responses to stress ° exhibited the highest
MRNA expression of all genes tested (Figure 2-2E). Interestingly, a-SMA, one of the most
established markers for fibroblast activation #, was upregulated when cells were compressed
from 1.0 to 6.0 mmHg (Figure 2-2F), suggesting that fibroblasts can immediately get
activated, as early as 6 hours post application without any effects in cell viability (Figure 2-

3A).
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Figure 2-2. Solid stress regulates gene expression of normal pancreatic fibroblasts. Normal
fibroblasts were subjected to 1.0, 2.0, 4.0 and 6.0 mmHg of compressive stress for 6 hours. gPCR
was used to measure the mRNA expression of TGFP (A), Collagen I (B), Fibronectin I (C),
Periostin (D), GDF15 (E) and a-SMA (F). The expression in each sample was analyzed with the
AACt method relative to the expression of control sample (cells compressed by the agarose cushion
only). The mean fold change was calculated and plotted for each gene. Each bar indicates the mean
fold change +SE of two independent experiments (n=6). Asterisk (*) indicates a statistically
significant difference (p<0.05).
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Figure 2-3. Mechanical Compression does not affect the viability of fibroblasts. (A) Fibroblasts were
subjected to 1, 2, 4 and 6 mmHg of compressive stress for 6 hours, with the 0.0 mmHg sample be the
negative control. Percentage of cell viability was quantified using the absorbance measured from Alamar
Blue assay. No statistically significant differences were observed as compared with the negative control
(n=3, *p<0.05). (B) Fibroblasts were subjected to 0.0 mmHg or 4.0 mmHg of compressive stress for 48
hours. By the end of the experiment absorbance was measured from Alamar Blue assay and cell viability
was quantified using the uncompressed cells (0.0 mmHg) as a reference. No statistically significant
difference was observed between uncompressed (0.0 mmHg) and compressed fibroblasts (4.0 mmHg) (n=3,
*p<0.05).

Solid stress maintains fibroblasts activation, induces
desmoplasia and upregulates the expression of GDF15. To examine
whether fibroblasts remain activated after application of mechanical compression for longer
time periods, we repeated the experiment for 48 hours using the 4.0 mmHg stress condition,
as this was the minimum stress condition in which a-SMA exhibited the highest mMRNA
expression level (Figure 2-2F). Under these experimental conditions, a-SMA, GDF15 and
Collagen I were upregulated, not only at the RNA (Figure 2-3A-3C) but also at the protein
level (Figure 2-3D-3F). Quantification of protein levels is shown in Figure 2-3G-31. The
expression of a-SMA and Collagen | was also evaluated by immunofluorescence staining,
which confirmed that these proteins become upregulated in compressed compared to

uncompressed cells (Figure 2-3J). Consistent with the data from the short-term application

26



of stress (Figure 2-2), the expression of TGFpg, Fibronectin I and Periostin exhibited a
modest increase at the mRNA level (Figure 2-5), while cell viability showed no significant
difference between compressed and uncompressed fibroblasts (Figure 2-1B). Collectively,
our findings suggest that solid stress not only stimulates but also maintains the activation of
fibroblasts, which subsequently can produce larger amounts of fibrillar proteins such as
Collagen I. In addition, solid stress strongly upregulates the expression of GDF15, and to a

lesser extent it induces the expression of genes implicated in ECM synthesis.

27



>
w
(9]

*

N
w

- N

o &t = v N o

N

Relative a-SMA
mRNA expression
&
o U a2 N O W
Relative GDF15
-
cuabNL WO S

mRNA expression

e
o

Relative Collagen |
mRNA expression
o

control compressed control compressed control compressed

D E F

Fibroblasts Fibroblasts Fibroblasts
control compressed control compressed control compressed

a.SMA{ —— o (Da GDF15] = |- 35kDa  Collagen |{ W . 130 kDa
b-tubulinE- 50kDa  b-tubulin] s s - 50 kDa b-actin g ses—l- 42 kDa

1 2 1 2 1 2
G H |
2 * 3 * 3
s 5 =555 *
<? S S 5.
=215 o 52
28 og 2 =S¢ 2
® g O a oo
$3 1 23815 ©81s
= = 2 E
< 2 53 1 T2 1
x% 05 A s 2
Q a 05 X ao05
0 0 0
control compressed control compressed control compressed
J i
Fibroblasts
control compressed

a-SMA DAPI

o
<
o

Collagen |

Figure 2-4. Solid stress maintains fibroblasts activation, induces Collagen I expression and
upregulates the expression of GDF15. (A-C) Fibroblasts were compressed at 4.0 mmHg for 48
hours and total RNA and protein were extracted. qPCR was used to measure a-SMA (A), GDF15
(B) and Collagen I (C) mRNA expression. The expression in each sample was calculated with the
AACt method using the expression of uncompressed cells as a reference. Each bar indicates the
mean fold change =SE of three independent experiments (n=9); (D-F) Representative western blot
showing a-SMA (D), GDF15 (E) and Collagen | (F) protein expression. B-tubulin or -actin was
used as a loading control. (G-1) Quantification of a-SMA (G), GDF15 (H) and Collagen 1 (I)
protein expression was normalized to the B-tubulin or B-actin loading control using the ImageJ
software. The mean intensity was quantified from 3 immunoblots (n=3); (J) Representative
immunofluorescent staining of fibroblasts with anti-a-SMA antibody (green), anti-Collagen | (red)
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and DAPI (blue) for visualization of the nuclei. Pictures for a-SMA and Collagen | were taken
under 40x and 20x objective respectively, using an Olympus BX53 fluorescent microscope. Scale
bar: 0.1 mm. Asterisk (*) indicates a statistically significant difference (p<0.05).
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Figure 2-5. Mechanical Compression upregulated the gene expression of fibroblasts after 48 hours
of application. Total RNA was isolated from uncompressed (0.0 mmHg) and compressed (4.0 mmHg)
fibroblasts after 48 hours. RNA was reverse transcribed into cDNA and qPCR was used to measure the
expression of TGEf (A), Fibronectin I (B) and Periostin (C). The expression in each sample was analyzed
with the AACt method relative to the expression of uncompressed fibroblasts. The mean fold change was
calculated and plotted for each gene. Each bar indicates the mean fold change £SE of two independent
experiments (n=6); *p<0.05.

Mechanical compression activates normal fibroblasts to promote
the migration of CFPAC-1 and MIA PaCa-2 pancreatic cancer

cells. .

It has been proposed that tumor-infiltrated activated fibroblasts interact with cancer cells to

promote tumor growth and invasion &, hence we wanted to test whether fibroblasts
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activation by mechanical compression affects adjacent cancer cells through fibroblasts-
derived factors, such as GDF15%". To this end, we developed a novel co-culture system
(Figure 2-1B) which consists of compressed fibroblasts and two distinct pancreatic cancer
cell lines, CFPAC-1 or MIA PaCa-2 (see Figure 2-6A for the experimental design). In this
setup, cells were allowed to interact for 48 hours and then a wound healing assay was
performed on cancer cells. Both cell lines were pretreated with mitomycin-C, in order to
avoid any effect on wound closure due to cancer cell proliferation. As presented in Figure
2-TA, both pancreatic cell lines exhibited higher migratory ability when co-cultured with
compressed compared to uncompressed fibroblasts (Figure 2-7A-7C). Interestingly, this
was associated with the higher GDF15 mRNA expression in compressed fibroblasts co-
cultured with CFPAC-1 and MIA PaCa-2 (Figure 2-7D). This result indicated that secreted
GDF15 may act in a paracrine fashion to stimulate the migration of adjacent cancer cells.
However, to eliminate the possibility that GDF15 could be secreted by cancer cells and act
in an autocrine manner, we tested its expression in cancer cells. Real-time PCR analysis
showed that GDF15 mRNA levels were unchanged when both CFPAC-1 or MIA PaCa-2
were co-cultured with uncompressed or compressed fibroblasts (Figure 2-7E). Moreover,
to verify whether GDF15 is produced and secreted by fibroblasts, we performed ELISA to
quantify GDF15 protein levels in the conditioned medium. We found that GDF15 was
present in higher concentration when MIA PaCa-2 cells were co-cultured with compressed
fibroblasts compared to the system where cells were co-cultured with uncompressed
fibroblasts (Figure 2-7F). Our results suggest that solid stress not only activates normal

fibroblasts but it can also induce the secretion of GDF15 from them.
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(Lower chamber)
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(Lower chamber)

+ shSCR compressed + shGDF15 compressed
fibroblasts fibroblasts

(Upper chamber) (Upper chamber)

Figure 2-6. Diagrammatic representation showing the experimental design of co-culture
systems. (A) CFPAC-1 or MIA PaCa-2 were co-cultured for 48 hours with compressed fibroblasts
(4.0 mmHg) on the lower and upper chamber of a transwell insert, respectively. Co-culture of
CFPAC-1 or MIA PaCa-2 with uncompressed fibroblasts (agarose cushion only) was used as a
control condition. (B) CFPAC-1 or MIA PaCa-2 were co-cultured for 48 hours with compressed
fibroblasts (4.0 mmHg) transfected with shGDF15 vector on the lower and upper chamber of a
transwell insert, respectively. Co-culture of CFPAC-1 or MIA PaCa-2 with compressed fibroblasts
transfected with shSCR vector (control) was used as a control.
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Figure 2-7. Compression-induced activated fibroblasts stimulate the migration of CFPAC-1
and MIA PaCa-2 pancreatic cancer cells. (A) Control and compressed fibroblasts (FBs) were
co-cultured with CFPAC-1 (A) and MIA PaCa-2 (B) in 2 % FBS containing DMEM for 48 hours.
FBs were then removed, and cancer cells were subjected to wound healing assay for 24 hours.
Pictures were taken with Nikon Eclipse TS100 optical microscope. Scale bar: 0. 1 mm. (B-C)
Graphs show the percentage of wound closure of CFPAC-1 (B) and MIA PaCa-2 (C) as quantified
with the ImageJ software. At least 3 different images from three independent experiments were
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analyzed. Asterisk (*) indicates a statistically significant difference in wound closure of CFPAC-
1 or MIA PaCa-2 co-cultured with compressed FBs compared with CFPAC-1 or MIA PaCa-2 co-
cultured with control FBs (p<0.05). (D-E) RNA was extracted from both FBs (D) and cancer cells
(E), reversed transcribed into cDNA and gPCR was used to measure the GDF15 mRNA expression
in all cell lines. The expression in each sample was calculated with the AACt method using the
expression of cells from the co-culture system of CFPAC-1 or MIA PaCa-2 with control FBs as a
reference. Each bar indicates the mean fold change +SE of at least three independent experiments
(n=9); (F) Human GDF15 protein (pg/ml) secreted in the conditioned medium (y-axis) was
quantified using ELISA. Two independent experiments were performed. Asterisk (*) represents a
statistically significant difference (p < 0.05).

GDF15 secreted by compressed fibroblasts is required for the
migration of CFPAC-1 and MIA PaCa-2 pancreatic cancer cells.
Finally, we investigated whether GDF15 expression and secretion from fibroblasts is
necessary for pancreatic cancer cells to migrate. For this purpose, we constructed a plasmid
vector expressing sShRNA against GDF15, and transiently transfected fibroblasts to inhibit
its upregulation by solid stress. We then co-cultured compressed fibroblasts, transfected
either with shRNA against GDF15 or scrambled shRNA (control), with CFPAC-1 or MIA
PaCa-2 for 48 hours (see Figure 2-6B for the experimental design). A wound healing assay
showed that neither CFPAC-1 nor MIA PaCa-2 cells could migrate when co-cultured with
shGDF15-transfected compressed fibroblasts compared to pancreatic cancer cells co-
cultured with shSCR-transfected compressed fibroblasts (Figure 2-8A-8C). Finally, real
time PCR analysis and Western Blotting verified that GDF15 was successfully silenced by
shGDF15-expressing construct (Figure 2-8D-8G). Our results suggest that the upregulation
and the subsequent secretion of GDF15 from fibroblasts as a response to solid stress are

necessary for the migration of pancreatic cancer cells in vitro.
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Figure 2-8. GDF15 secreted by compressed fibroblasts is required for the migration of
CFPAC-1 and MIA PaCa-2 pancreatic cancer cells. (A) Transfected fibroblasts (FBs) with
shSCR (control) and shGDF15 vectors were compressed and co-cultured with CFPAC-1 (A) and

34



MIA PaCa-2 (B) in 2 % FBS containing DMEM for 48 hours. FBs were then removed and cancer
cells were subjected to wound healing assay for 24 hours. Pictures were taken with Nikon Eclipse
TS100 optical microscope. Scale bar: 0. 1 mm. (B-C) Graphs show the percentage of wound
closure of CFPAC-1 (B) and MIA PaCa-2 (C) as quantified with the ImageJ software. At least 3
different images from three independent experiments were analyzed. Asterisk (*) indicates a
statistically significant difference in wound closure of CFPAC-1 or MIA PaCa-2 co-cultured with
compressed FBs knockdown for GDF15 (shGDF15) compared with CFPAC-1 or MIA PaCa-2 co-
cultured with compressed shSCR FBs (p<0.05). (D-E) RNA was extracted from shGDF15-
transfected FBs co-cultured with CFPAC-1 (D) and MIA PaCa-2 (E), reversed transcribed into
cDNA and gPCR was used to measure the GDF15 mRNA expression. The expression in each
sample was calculated with the AACt method using the expression of FBs transfected with sShSCR
vector as a reference. Each bar indicates the mean fold change +SE of a representative experiment
(n=3); Asterisk (*) represents a statistically significant difference (p < 0.05). (F-G) Representative
western blot verifying succesfull knockdown of GDF15 at the protein level, between shGDF15
compressed fibroblasts and shSCR compressed fibroblasts. B-actin has been used as a loading
control.
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Figure 2-9. Co-culture is necessary for compressed fibroblasts to induce the migratory
ability of cancer cells. (A) CFPAC-1 and MIA PaCa-2 cancer cells were serum starved in 2 %
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FBS containing DMEM and then were subjected to a wound healing assay in the presence of
conditioned medium derived from control and compressed fibroblasts (FBs). Scale bar: 0. 2 mm.
(B) Graphs show the percentage of wound closure of CFPAC-1 and MIA PaCa-2 as quantified
with the ImageJ software. At least 4 different images from two independent experiments were
analyzed. No statistically significant difference was observed among treatments.
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Figure 2-10. Recombinant GDF15 stimulates the migration of pancreatic cancer cells. (A-B)
CFPAC-1 and MIA PaCa-2 cancer cells were serum starved in 2 % FBS containing DMEM and
then were subjected to a wound healing assay in the presence of recombinant GDF15 (rGDF15)
for 24 hours. Scale bar: 0.2 mm. (C-D) Graphs show the percentage of wound closure of CFPAC-



1 (C) and MIA PaCa-2 (D) as quantified with the ImageJ software. At least 4 different images
were analyzed and the asterisk (*) indicates a statistically significant difference (p<0.05).

24 Discussion

Solid stress developed within tumors, as a result of a highly dense ECM and
uncontrolled cancer cell proliferation, has been shown to promote cancer cell migration in
vitro %, However, solid stress is also exerted on other cellular components of the tumor
microenviroenment, including fibroblasts, which aquire an activated phenotype fueling
tumor progression®,

In this study, we employed a previously described transmembrane pressure device
57,63, 64 a5 a tool to apply compressive solid stress in a measurable and predefined manner,
similar in magnitude to the stress applied on cells in the tumor interior ’. The level of
compressive stress used, ranged from 1.0 to 6.0 mmHg, which was in agreement with
experimental measurements in pancreatic tumor models 17

Our results reveal that solid stress facilitates the activation of normal pancreatic
fibroblasts as indicated by the upregulation of a-SMA, the most established marker of
fibroblasts activation 4, and promote desmoplasia as revealed by the upregulation of
Collagen | expression. Furthermore, we show that solid stress strongly upregulates the
expression of GDF15 in fibroblasts, which has been previously shown to be regulated by
cellular stress, morphological or cytoskeletal changes " %, but it has never been linked to
solid stress. Finally, we demonstrate that both CFPAC-1 and MIA PaCa-2 pancreatic cancer
cell lines exhibited higher migration rates when co-cultured with compressed fibroblasts,
while this effect was not observed when cancer cells were independently treated with the

conditioned medium of control and compressed fibroblasts (Figure 2-9). This phenomenon

37



indicates that compressed fibroblasts continously interact with cancer cells and induce
cancer cell migration possibly through secretion of fibroblasts-derived factors. Notably,
GDF15 levels in fibroblasts of both co-culture systems (CFPAC-1 or MIA PaCa-2) were
elevated. In fact, it is of note that while compressed fibroblasts co-cultured with CFPAC-1
showed increased mRNA expression of GDF15, fibroblasts co-cultured with MIA PaCa-2
showed an even more dramatic increase in GDF15 expression (4 times that of fibroblasts co-
cultured with CFPAC-1). We further verified the levels of secreted GDF15 from fibroblasts
co-cultured with MIA PaCa-2 cells by ELISA and found an also dramatic elevation
compared to the co-culture system of CFPAC-1. Next, to assess the direct effect of GDF15
on cancer cells, we treated both cancer cell lines with recombinant GDF15 (rGDF15) and
we found that rGDF15 can induce pancreatic cancer cell migration in the absence of
compressed fibroblasts (Figure 2-10). Nevertheless, the co-culture of cancer cells with
fibroblasts, which is more physiologically relevant to the native tumor microenvironment, is
necessary to enhance their GDF15-induced migratory ability. Strikingly, this effect was
significanlty decreased when cancer cells were co-cultured with compressed fibroblasts in
which GDF15 had been silenced . Our findings suggest, for the first time, that compression-
induced secretion of GDF15 by activated fibroblasts could be responsible for migration of
cancer cells. Therefore, GDF15 can be a promising target for prevention of compression-
induced pancreatic cell migration.

Collectively, we propose that solid stress developed within tumors is able by itself to
activate normal fibroblasts, which in turn produce excessive amounts of ECM proteins
leading to desmoplasia. Desmoplasia along with the uncontrolled proliferation of cancer
cells leads to the development of solid stress within the tumor, to create a feedback loop
(Figure 2-11). To date, there is no pertinent study taking into account the effect of solid

stress on fibroblasts and thus, this is the first study showing that solid stress directly activates
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fibroblasts to promote pancreatic cancer cell migration. More importantly, we provide
evidence that this effect is mediated, at least in part, by the secretion of high levels of GDF15
in response to mechanical stimuli (Figure 2-11). So far, it was only known that GDF15
stimulates cancer cell migration and invasion in vitro and in vivo &, but the exact
mechanisms by which GDF15 is upregulated in the tumor microenvironment were unclear.
Therefore, our findings highlight the involvement of biophysical factors, such as solid stress,
in tumor progression and malignancy, revealing a novel regulatory mechanism of GDF15
expression. Further studies are needed in order to shed light upon the mechanisms by which
fibroblast-derived GDF15 stimulates cancer cell migration. Since GDF15 belongs in the
TGFp superfamily of cytokines, it could regulate cellular responses via the ligand binding
on TGFp receptors type | and Il. The activation of these receptors can recruit and
phosphorylate downstream signaling molecules such as Smads, which create complexes that
are subsequently translocated into the nucleus and act as transcription factors regulating the
expression of genes implicated in the migration and invasion of cancer cells ® %, GDF15,
could also regulate cancer cell behavior by activating other signaling pathways such as
PI3K-Akt*®, MEK-Erk1/2% and FAK-RhoA signaling pathways®'. GDF15 was also shown
to drive the invasiveness of breast cancer cells by binding to the Insulin Growth Factor
Receptor (IGF-1R), while the exact activated intracellular pathways are yet to be
determined®’. In pancreatic cancer, it has been shown that Twist stimulates the expression
of GDF15 through p38 MAPK signaling pathway to promote the invasiveness of pancreatic
cancer cells and drug resistance, while treatment with an appropriate p38 MAPK inhibitor
significantly reversed these effects 8. Similarly, inhibitors against PI3K and ERK1/2
signaling pathways impaired GDF15-induced proliferation and invasion of liver and breast
cancer stem-like cells®™ %, while patients with multiple myeloma that were treated with

cyclophosphamide showed decreased GDF15 serum levels and progression-free patient
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survival®®. Thus, using neutralizing antibodies or small molecules against GDF15 could
serve as therapeutic targets for patients with pancreatic and other cancer types. Identification
of the molecular pathways involved in GDF15-induced cancer cell migration will certainly

provide information that could be exploited therapeutically.
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Figure 2-11. Diagram showing the working hypothesis of the present study. Mechanical forces in
the tumor microenvironment activate normal fibroblasts, which in turn produce excessive amounts of
ECM proteins (such as Collagen | and fibronectin), leading to desmoplasia. Desmoplasia along with the
uncontrolled proliferation of cancer cells in the confined space of the host tissue, leads to the development
of compressive stress within the tumor, thus creating a feedback loop. At the same time, mechanical
compression upregulates GDF15 expression in activated fibroblasts, which is secreted to the ECM and
stimulates the migration of adjacent cancer cells.
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Chapter 3

3 Chapter 3: Solid stress-induced migration is mediated by GDF15 through Akt
pathway activation in pancreatic cancer cells

This research has been published in Scientific Reports: Maria Kalli, Angeliki Minia, Vaia
Pliaka, Christos Fotis, Leonidas G Alexopoulos, Triantafyllos Stylianopoulos. Solid stress-
induced migration is mediated by GDF15 through Akt pathway activation in pancreatic
cancer cells. Scientific Reports volume9, Article number: 978 (2019) [doi:

10.1038/s41598-018-37425-6].

3.1 Introduction

It is well known that solid stress inhibits tumor growth, induces cell apoptosis and
regulates tumor morphology >*°"%° while a limited number of studies has shown that solid
stress can also enhance the metastatic potential of cancer cells % 66473 As also mentioned
in Section 1.2.2, mechanical compression of about 6.0 mmHg has been found to promote
the invasion of mammary carcinoma cells through a subset of “leader cells” that have the
capacity of forming filopodia at the leading edge of the cell sheet®*. In a more recent study;,
it was shown that peripheral cells growing under confined conditions within multicellular
spheroids, were more proliferative and migratory, suggesting that mechanical stimuli from
the surrounding microenvironment might promote cancer cell invasion®®. Moreover, an
exogenously-induced predefined mechanical compression of about 9.0 mmHg applied on
colon crypts has been found to stimulate Ret/p-catenin/Myc pathway in vivo, contributing to
the growth and spread of the tumor®. Recently, it has also been proposed that mechanical
compression (5.0 mmHg) in combination with Interleukin-6 (IL-6) treatment activates the

Akt/Gsk-3p/B-catenin signaling pathway to induce epithelial-to-mesenchymal transition
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(EMT) in renal cell carcinoma'®. However, data regarding the exact mechanism by which

solid stress promotes cellular responses, especially in pancreatic cancer, are limited.

In this chapter, we aimed to investigate the effect of solid stress on the migration of
two distinct pancreatic cancer cell lines, MIA PaCa-2 and BxPC-3, using the in vitro
transmembrane pressure device that was used in our previous study, in the absence of
pancreatic fibroblasts. Next, through a phosphoproteomic screening we identified a
mechanism by which solid stress is transmitted through cells in order to regulate cellular
behavior, such as cell migration. Similarly to our previous findings, we show the important
role of GDF15 for cancer cell migration under mechanical compression, further suggesting
that this molecule could serve as molecular target for the treatment of patients with

pancreatic cancer.

3.2 Methods

Cell culture. Pancreatic cancer cell lines, MIA PaCa-2 and BxPC-3, were obtained
from American Type Culture Collection (ATCC) and were incubated at 37 °C and 5 % CO-
in a humidified incubator. MIA PaCa-2 cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) and BxPC-3 cells in Roswell Park Memorial Institute 1640
(RPMI) medium, both supplemented with 10 % Fetal Bovine Serum (FBS) and 1 %

antibiotics.

In vitro compression device. In order to apply a defined and controlled
compressive solid stress on cancer cells, we used the previously described experimental
setup (Figure 2-1A). In this study the cells were compressed by 4.0 mmHg for 16 hours or

to 4.0 mmHg stress for 3, 6 and 16 hours. Uncompressed cells (control) were covered with
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an agarose cushion only (i.e., 0.0 mmHg). The solid stress level used in this study was

selected according to the levels estimated in pancreatic tumors 7,

Transient transfection of pancreatic cancer cells with shRNA
against GDF15. Todeplete GDF15 from pancreatic cancer cells, we generated vectors
that express shRNA against GDF15 (shGDF15) and control vectors (sh-Scrambled or
shSCR) as described in detail in Section 2.2. Cells were tran-siently transfected with each
shRNA using Lipofectamine 2000 transfection reagent (Invitrogen) according to

manufacturer’s guidelines.

In vitro Scratch assay. Cancer cells were grown to form a monolayer and a cross-
like wound was created using a 200 uL pipette tip. Cells were then washed with Phosphate
Buffered Saline (PBS) and treated as indicated in each figure caption for 16 hours. Pictures
from four different fields per condition were captured at 0 and 16 hours. The wound area
was calculated by the ImageJ software and quantification was performed using the following

equation:
((Wound area at 0 hours — Wound area at 16 hours) / (Wound area at 0 hours)) x 100.

Cell treatments. In order to examine the effect of GDF15 on the migratory ability of
pancreatic cancer cells under 4.0 mmHg solid stress condition, MIA PaCa-2 cells lacking
GDF15 (shGDF15) or control cells (sShSCR) were grown in transwell inserts and were
subjected to a scratch wound healing assay in the presence or absence of 10 ng/ml of human
recombinant GDF15 (rhGDF15, R&D systems) under mechanical compression in 2 % FBS-
containing medium for 16 hours. Control cells were treated with equal volume of the solvent
used to dissolve rhGDF15 (4 mM HCI supplemented with 0.1 % Bovine Serum Albumin-
BSA). In order to study the role of Akt pathway in pancreatic cancer cell migration under

mechanical compression, a PI3K inhibitor (BKM120 or Buparlisib, MedChemExpress) was
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selected to block the Akt pathway. Cells were grown in transwell inserts with 2 % FBS-
containing medium for 24 hours and were then pre-treated with 10 uM BKM120 or equal
volume of DMSO for 1 hour. The concentration of BKM120 was selected according to the
manufacturer’s guidilines. Mechanical compression (4.0 mmHg) was then applied and a
wound healing assay was performed. To study the role of Akt pathway and GDF15 on the
migration of pancreatic cancer cells, MIA PaCa-2 cells were pre-treated with 10 uM
BKM120 or equal volume of DMSO for 1 hour and subjected to a scratch wound healing
assay under mechanical compression (4.0 mmHg) in the presence of 10 ng/ml rhGDF15 or

equal volume of solvent.

Cell Viability Assay. Cell viability of cancer cells was assesed using Alamar Blue
reagent (Invitrogen Life Technologies) following compression with or without treatment

with BKM120 inhibitor, following the manufacturer’s instructions.

Gene expression analysis. RNA isolation from cancer cells and gene expression
analysis was performed as described in Section 2.2. The primers used for each target gene

are shown in Table 1, in Appendices.

Phosphoproteomics. 24 custom dual-antibody Luminex assays were developed
using ProtATonce (Athens, Greece) multiplex assay service. Briefly, 2 to 5 antibodies were
selected and tested pair-wise as capture and as detection antibody. For each protein, the
optimal capture/detection antibody pair was selected based on signal-to-noise ratio
measurement. Assays were then multiplexed and concentration of detection antibody was

evaluated based on its signal and its noise (off-target signal) in the panel.

Sample preparation and phosphoprotein’s measurements. Cells

were plated in transwell inserts and were compressed with 4.0 mmHg stress for 3, 6 and 16
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hours in 2 % FBS-containing DMEM. Protein isolation was performed using radio
immunoprecipitation assay (RIPA) buffer containing a protease inhibitor cocktail tablet
(Sigma). The BCA protein assay kit (Pierce) was used to determine protein concentration
and 200 pg/ml of cell lysates were used for phosphoprotein measurements. 24 capture
antibodies coupled to Luminex magnetic beads and 24 biotinylated detection antibodies
were multiplexed to create the bead mix and the detection mix, respectively. 50ul of the
coupled beads (bead mix) were incubated with the samples on a flat bottom 96-well plate on
a shaker at 900 rpm for 90 minutes at room temperature. Then, detection mix was added,
and the samples incubated on a shaker at 900rpm for 60 minutes at room temperature. The
final step was the addition of freshly prepared SAPE solution (Streptavidin, R-Phycoerythrin
conjugate, Cat Nr: S866, Invitrogen) for the detection of the signal. 15 minutes after the

incubation with SAPE, samples were measured with the Luminex FlexMAP 3D instrument.

Western Blotting. Whole protein cell lysates were extracted as described in Section
2.2. However, to determine GDF15 secretion, conditioned medium (~4 ml) was collected
after each experiment, filtered through 0.2 um pores, concentrated 40 X using 10K protein
concentrators (Pierce) and stored at -80°C until use. Protein concentration was determined
using the BCA protein assay kit (Pierce) and about 20-40 pg of protein were separated on a
12 % SDS-PAGE as described in Section 2.2. The membrane was incubated with anti-
Growth Differentiation Factor 15 (GDF15) (Cell Signalling), anti-phospho-Akt (Ser 473)
(Cell signalling), anti-Akt total (Cell Signalling), anti-phospho-CREB1 (Ser 133) (Abcam)
or anti-CREBL total (Abcam) antibodies overnight. A Coomassie staining (Sigma), for blots
with conditioned medium, or antibodies against p-tubulin or B-actin, for blots with cell
extracts, were used as loading controls. The detection of antibodies was performed as

mentioned in Section 2.2.
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33 Results

Mechanical Compression promotes pancreatic cancer cell
migration.

It has been previously reported that mechanical compression promotes breast and colon
cancer cell migration and invasion °* 6.6 whereas there is no information on the effect of
it on pancreatic cancer cells. In the present study, we used MIA PaCa-2 and BxPC-3
pancreatic cancer cell lines to study their migratory ability as a response to mechanical
compression. Cells were compressed at 4.0 mmHg, which is similar in magnitude to the
stress levels measured in situ by Nia et al., (Figure 1D in Ref '), and subjected to a scratch
wound healing assay. Although this experimental approach presents some technical hurdles
involving critical steps such as generation of the wound, placement of the agarose cushion,
application of mechanical pressure, and removal of the agarose cushion without damaging
the cells, it proved to be ideal for our study as it offered the advantage of allowing us to
accurately assess the migratory ability of cancer cells under mechanical compression. As
shown in Figure 3-1, both cell lines exhibited increased migratory ability as a response to

mechanical compression.

46



MIA PaCa-2 BxPC-3

compressed

compressed

control

control

0h

o

120 -

s 120 - * 5 *
gN 100 - g 100 -
2 s 80 - 8 80
L0 o o
[0y | o 5
T : 60 T E 60 T
35 40 I 3 40
= 2 = 2-
B B

0 T ) 0 T

control compressed control compressed

Figure 3-1. Mechanical Compression promotes pancreatic cancer cell migration. (a) MIA
PaCa-2 (left) and BxPC-3 (right) pancreatic cancer cells were subjected to a scratch-wound assay
under 4.0 mmHg of compressive solid stress for 16 hours. Uncompressed cells (control) were
covered with an agarose layer only. Scale bar: 0. 1 mm. (b) Graphs represent the wound closure
of MIA PaCa-2 (left) and BxPC-3 (right) as analyzed by ImageJ software. In each condition, at
least four different images from two independent experiments were analyzed. Statistically
significant differences (p<0.05) between compressed and uncompressed MIA PaCa-2 or BXPC-3

are indicated with asterisk (*).

Mechanical Compression stimulates GDF15 secretion and
upregulation of Rho GTPases mRNA expression. Intrigued by our
previous work, showing that GDF15 is strongly upregulated in normal pancreatic fibroblasts
as a response to mechanical compression ®, and knowing that GDF15 as well as Rho
GTPases are upregulated in response to mechanical stretch or cytoskeleton disruption 7 102

103 we examined the gene expression of these genes in compressed MIA PaCa-2 and BxPC-
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3 cells. We observed a strong increase in GDF15 and RhoB mRNA expression (Figure 3-
2a, Figure 3-3b, Figure 3-4a) and elevated GDF15 secretion in the conditioned medium
(Figure 3-2b, Figure 3-4b) of both cell lines with MIA PaCa-2 cells exhibiting the most

dramatic changes.
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Figure 3-2. Mechanical Compression stimulates the mRNA expression and secretion of
GDF15 in MIA PaCa-2 cells. (a) MIA PaCa-2 cells were subjected to 4.0 mmHg of compressive
stress for 16 hours and the expression of GDF15 was measured by gPCR. The mRNA expression
in each sample was quantified by the AACt method using the expression in uncompressed cells as
a reference. Bar graphs represent the mean fold change +SE of four biological replicates (n=12).
Statistically significant changes between compressed and uncompressed cells are indicated by an
asterisk (*) (p<0.05). (b) Western blot showing the secretion of GDF15 in the conditioned medium
(concentrated by 40X) of compressed MIA PaCa-2 from three independent experiments.
Coomassie staining was used to verify equal protein loading.
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Figure 3-3. Mechanical Compression stimulates the mRNA expression of Rho GTPases in
MIA PaCa-2 cells. MIA PaCa-2 were compressed by 4.0 mmHg for 16 hours and qPCR was used
to measure the expression RhoA (a), RhoB (b) and RhoC (c). The expression in each sample was
analyzed with the AACt method relative to the expression of control sample (cells compressed by
the agarose cushion only). The mean fold change was calculated and plotted for each gene. Each
bar indicates the mean fold change +SE of two independent experiments (n=6). Asterisk (*)
indicates a statistically significant difference (p<0.05).
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Figure 3-4. Mechanical Compression stimulates the mRNA expression and secretion of
GDF15 in BXPC-3 cells. (a) BxPC-3 were compressed by 4.0 mmHg for 16 hours and gPCR was
used to measure the expression of GDF15, RhoA, RhoB and RhoC. The expression in each sample
was analyzed with the AACt method relative to the expression of control sample (cells compressed
by the agarose cushion only). The mean fold change was calculated and plotted for each gene.
Each bar indicates the mean fold change +SE of two independent experiments (n=6). Asterisk (*)
indicates a statistically significant difference (p<0.05). (b) Western blot showing GDF15 protein
levels in the conditioned medium (concentrated by 40 X) of compressed BxPC-3. Coomassie
staining was used to verify equal protein loading. (c) Western Blotting showing phosphorylated
Akt (Ser 473), total Akt, phosphorylated CREB1 (Ser 133) and total CREBL levels in compressed
BxPC-3.

GDF15 is a key regulator for solid stress-induced pancreatic
cancer cell migration. Inorder to identify how GDF15 is implicated in cancer cell
migration under solid stress conditions, it was transiently silenced using an shRNA or

siRNA-mediated silencing approach. Mechanical compression was then applied for 16
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hours. As shown in Figures 3-5 and Figure 3-6, GDF15 was effectively depleted both at
the MRNA and protein level following each silencing approach (ShRNA or siRNA). With
regard to cell migration, our results show that MIA PaCa-2 cells lacking GDF15 have
reduced migratory ability (Figure 3-5c&d, Figure 3-6¢&d) indicating that GDF15 is
critically involved in solid stress-induced pancreatic cancer cell migration. Interestingly,
however, treatment with rhGDF15 managed to completely reverse this inhibitory effect
(Figure 3-5c&d), clearly suggesting that GDF15 plays a crucial role in solid stress-induced

pancreatic cancer cell migration.
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Figure 3-5. GDF15 is a key regulator for solid stress-induced pancreatic cancer cell migration.
() MIA PaCa-2 cancer cells were transiently transfected with shSCR- and shGDF15- expressing
vectors and were compressed by 4.0 mmHg in 2 % FBS containing DMEM. Total RNA was then
isolated and GDF15 mRNA expression was quantified by gPCR. Each bar indicates the mean fold
change +SE of a representative experiment (n=3). Asterisk (*) indicates a statistically significant
difference (p<0.05). (b) Representative Western Blotting showing that GDF15 secretion has been
succesfully reduced in the conditioned medium (40X concentrated) of compressed shGDF15-treated
MIA PaCa-2 cells (lane 2) compared to compressed shSCR cells (lane 1). (c) MIA PaCa-2 cells
knockdown for GDF15 were compressed by 4.0 mmHg in low-serum medium and then subjected to
a scratch wound healing assay stimulated by 10 ng/ml rhGDF15 for 16 hours. Control cells (ShSCR)
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were treated with solvent (indicated as control). Scale bar: 0.1 mm. (d) Graph showing the percentage
wound closure as quantified using ImageJ software. Statistical significant difference in wound
closure of shGDF15 MIA PaCa-2 cells compared to shSCR MIA PaCa-2 cells both treated with
solvent (control) is indicated with an asterisk (*) (n=4; p<0.05).
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Figure 3-6. Knockdown of GDF15 using siRNA impaired pancreatic cancer cell migration. (a)
MIA PaCa-2 cancer cells were transfected with control siRNA (siCTRL) or siRNA against GDF15
(siGDF15) and were compressed by 4.0 mmHg in 2 % FBS containing DMEM. Total RNA was then
isolated and GDF15 mRNA expression was quantified by qPCR. Each bar indicates the mean fold
change +SE of a representative experiment (n=3). Asterisk (*) indicates a statistically significant
difference (p<0.05). (b) Representative Western blotting showing that GDF15 secretion has been
successfully reduced in the conditioned medium (40X concentrated) of compressed siGDF15-treated
MIA PaCa-2 cells (lane 2) compared to compressed siCTRL cells (lane 1). (c) MIA PaCa-2 cells
knockdown for GDF15 were compressed by 4.0 mmHg in low-serum medium and then subjected to
a scratch wound healing assay for 16 hours. Scale bar: 0.1 mm. (d) Graph showing the percentage of
wound closure as quantified using ImageJ software. Statistically significant difference in wound
closure of siGDF15-treated MIA PaCa-2 cells compared to siCTRL-treated MIA PaCa-2 cells is
indicated with an asterisk (*) (n=4; p<0.05).
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Screening for the identification of solid stress signal
transduction mechanisms. Since mechanical compression regulates gene
expression of pancreatic cancer cells, we investigated the mechanism by which the
extracellular mechanical stimuli are transmitted into the cell nucleus ultimately regulating
cellular responses. To that regard, we applied mechanical compression on MIA PaCa-2 cells,
that exhibited the most dramatic changes, for different time points, and whole cell lysates
were screened for the identification of activated signaling pathways by using Multiplex
Assay designed to detect 24 influential phospho-proteins. Analysis of the Multiplex Assay
findings showed that Akt was strongly upregulated by mechanical compression as early as
3 hours post compression, as indicated by the increased phosphorylation level of Akt (Ser473
residue) (Figure 3-7). Strikingly, among all phosphoproteins tested in this screen, Cyclic
AMP-responsive element-binding protein-1 (CREB1), which is directly linked to Akt
phosphorylation as a widely known transcription factor downstream of Akt %419 was also
found to be activated in compressed cells (phosphorylation on Ser133 residue) (Figure 3-
7a). Akt and CREB1 activation was verified by Western Blotting with the maximum
increase observed at 16 hours (in Figure 3-7b&c compare lane 4 to lane 1), which
corresponds to the time point at which cells closed the wound in the wound healing assay
(Figure 3-1a). To validate the results of our initial screen and time-point experiment, we ran
an independent experiment where MIA PaCa-2 and BxPC-3 were compressed for 16 hours
and confirmed that Akt/CREB1 pathway gets activated in response to mechanical
compression at the specific time point (Figure 3-7d&e, for MIA PaCa-2 and Figure 3-4c,
for BXPC-3). Our data suggest that this pathway mediates a solid stress signal transduction

mechanism that could regulate cancer cell migration 7 108,
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Figure 3-7. Screening for identification of solid stress signal transduction mechanisms. (a)
The heatmap depicts the change of the normalized Median Fluorescent Intensity (MFI) for the
compressed cells at 3, 6 and 16 hours compared to the MFI for the uncompressed cells. (b-c)
Validation of Akt phosphorylation (Ser473) and CREB1 phosphorylation (Ser133). B-tubulin (b)
or a Coomassie staining (c) have been used as loading controls. (d-e) Western Blotting showing
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Akt and CREB1 phosphorylation levels in MIA PaCa-2 compressed by 4.0 mmHg for 16 hours.
B-actin (d) or B-tubulin (e) were used as loading controls.

Akt pathway is required for solid stress-induced pancreatic
cancer cell migration. The Akt pathway is a well characterized signaling pathway
known to play a crucial role in cell survival and inhibition of apoptosisi®. Interestingly
however, several studies have also shown that this pathway can be responsible for cancer
cell migration and invasion % 100. 104, 109111 " Nevertheless, the involvement of the Akt
pathway in solid stress-induced pancreatic cancer cell metastasis has not been described yet.
To this end, we used an inhibitor of Phosphoinositide 3-kinase (PI3K), which is directly
upstream of Akt to test the solid stress-induced migration with or without activated Akt.
BKM120 (NVP-BKM120 or Buparlisib), is a PI3K inhibitor that has been previously used
to inhibit Akt activation in vitro and in vivo 12116, Thus, we applied mechanical compression
on MIA PaCa-2 and BxPC-3 cells treated with BKM120 and we verified that Akt
phosphorylation was successfully inhibited in both cell lines (Figure 3-8a). Moreover, we
observed that the migratory ability of both cell lines was also blocked (Figure 3-8b&c)
suggesting a critical involvement of Akt in this process. Finally, we wanted to test whether
rhGDF15, which is shown to promote pancreatic cancer cell migration, could rescue the Akt
inhibitory effect. We observed that while BKM120 blocked MIA PaCa-2 migration,
treatment with rhGDF15 partially reversed this phenotype (Figure 3-9a&b). The same
effect was observed in the activation of Akt pathway, since rhGDF15 was able to rescue Akt
phosphorylation levels blocked by BKM120 (Figure 3-9c). These results suggest that
GDF15 could activate Akt pathway and act synergistically to promote pancreatic cancer cell

migration under mechanical compression.
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Figure 3-8. Akt pathway is required for solid stress-induced pancreatic cancer cell
migration. (a) MIA PaCa-2 and BxPC-3 were pre-treated with 10 uM BKM120 for 1 hour and
then were compressed by 4.0 mmHg for 16 hours in 2% FBS-containing medium. Control cells
were treated with equal volume of DMSO. Proteins were extracted and Western Blotting
represents the levels of Akt phosphorylation (Ser473) in MIA PaCa-2 (left) and BxPC-3 (right).
(b) MIA PaCa-2 and BxPC-3 were pre-treated with 10 uM BKM120 for 1 hour, and then were
subjected to a scratch wound assay under 4.0 mmHg in 2% FBS-containing medium for 16 hours.
Control cells were treated with equal volume of DMSO. Scale bar: 0.1 mm. White dashed line
indicates the difference in wound closure between 0 and 16 hours. (c) Graphs represent the wound
closure between compressed MIA PaCa-2 (left) or BXPC-3 (right) treated with DMSO compared
to compressed cells treated with 10 yM BKM120 as quantified using the ImageJ software. Two
independent experiments were performed and at least four different images were analyzed.
Statistical significant differences are indicated with an asterisk (*) (p<0.5).
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Figure 3-9. Treatment with rhGDF15 can overcome the blockade of solid stress-induced
migration caused by Akt inhibition. (a) MIA PaCa-2 were pre-treated with 10 uM BKM120 or
equal quantity of DMSO and subjected to a scratch wound healing assay under 4.0 mmHg of
compression in the presence of 10 ng/ml rhGDF15 or equal quantity of the respective solvent
(control). Pictures from 4 different fields were taken from two independent experiments. Scale
bar: 0.1 mm. White dashed line shows the difference in wound closure between 0 and 16 hours.
(b) Graph showing the perentage wound closure of compressed MIA PaCa-2 treated with DMSO
or 10 uM BKM120 in the presence of 10 ng/ml rhGD15 or solvent (control). Asterisk (*) indicates
a statistical significant difference between compressed MIA PaCa-2 treated with BKM120
compared to compressed MIA PaCa-2 treated with BKM120 in the presence of rhGDF15
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(p<0.05). (c) Representative Western Blot showing phosphorylated Akt (Ser 473) and total Akt
levels in compressed MIA PaCa-2 cells treated with 10 ng/ml rhGDF15 or solvent in combination
with 10 uM BKM120 or DMSO.

Solid stress signal transduction is mediated by Akt/CREB1
pathway to regulate GDF15 expression. We next wondered whether Akt
regulates the expression of factors responsible for pancreatic cancer cell migration through
CREB1 phosphorylation. As presented in Figure 3-10a, CREB1 phosphorylation was also
inhibited in compressed MIA PaCa-2 in the presence of BKM120, suggesting that Akt
activation is necessary for the subsequent CREB1 activation. Hence, to determine whether
CREB1 regulates the expression of factors responsible for pancreatic cancer cell migration,
we searched for CREB1-binding sequences using the MatInspector tool (Genomatix) %7,
which identifies transcription-factor-binding sites in nucleotide sequences using a large
library of weight matrices (Matrix Family Library version 11.0). We found that CREB1 can
bind at two sites on the 5’ promoter region of GDF15 exhibiting a perfect match getting a
matrix similarity of 1.00 (which is translated to 100% match between Transcription factor-
binding site and nucleotide sequences) (Figure 3-10b). Thus, we analyzed the mRNA
expression of GDF15 in compressed MIA PaCa-2 cells treated with BKM120. Interestingly,
gPCR analysis revealed that GDF15 mRNA expression as well as GDF15 secretion were
downregulated when Akt/CREB1 pathway was blocked by BKM120 (Figure 3-10c&d).
This result suggests that the Akt/CREBL1 pathway is activated by solid stress in order to

regulate the expression of GDF15 mediating pancreatic cancer cell migration.
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Figure 3-10. Solid stress signal transduction is mediated by Akt/CREB1 to regulate GDF15
expression. (a) Representative western Blotting showing phosphorylated CREB1 (Ser 133) and
total CREBL1 levels in compressed MIA PaCa-2 cells treated with 10 uM BKM120 or DMSO. (b)
Prediction of CREB1 (Matrix) transcription factor-binding sites on the nucleotide sequence of
GDF15 (Seg. name) as predicted by Matinspector tool. (¢) qPCR was used to quantify the mRNA
levels of GDF15 in compressed MIA PaCa-2 cells treated with 10 uM BKM120 compared to
compressed cells treated with DMSO. AACt method was used to quantify the gene expression in
each sample using as a reference the expression in compressed and treated with DMSO cells
(control). Bar graphs represent the mean fold change £SE of two independent experiments (n=6)
and statistical changes are indicated with an asterisk (*) (p<0.05). (d) Western blotting showing
that GDF15 secretion in the conditioned medium (concentrated by 40X) of compressed MIA
PaCa-2 cells treated with BKM120 (lane 2) is reduced compared to compressed cells treated with
DMSO (lane 1). Coomassie staining was used to ensure equal protein loading.
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3.4 Discussion

In the current study, we used an in vitro compression device to apply predefined and
measurable compressive solid stress, similar in magnitude to the stress applied on cells in
the tumor interior. The level of compressive stress used in this study (4.0 mmHg) was in
agreement with experimental estimations of solid stress in pancreatic tumor models ', and
it is used herein to enhance the metastatic potential of MIA PaCa-2 and BxPC-3 pancreatic
cancer cell lines, as indicated by a scratch wound assay, and to upregulate GDF15 expression
and secretion, as indicated by qgPCR and Western Blotting. Furthermore, we show that
compressed MIA PaCa-2 cells lacking GDF15 (either after s\GDF15 or siGDF15 treatment)
exhibited reduced migratory ability while treatment with rhGDF15 reversed this effect,
suggesting that GDF15 plays a crucial role in solid stress-induced pancreatic cancer cell
migration. These novel findings could possibly give an explanation for the elevated GDF15
levels observed in the serum of patients with solid tumors, such as in the case of breast,

prostate and pancreatic cancer that exhibit high solid stress levels 1017,

In order to identify possible solid stress signal transduction mechanisms that regulate
gene expression in cancer cells, we screened compressed MIA PaCa-2 cells, which showed
the most robust mRNA changes, for activated signaling pathways implicated in mechanical
stimuli signal transduction. We found that, from the pathways tested, the Akt pathway was
activated as a response to solid stress as early as 3 hours post-compression, suggesting that
solid stress could by itself activate this pathway. Furthermore, we demonstrated that
inhibition of Akt pathway by the PI3K inhibitor, BKM120, completely blocked the
compression-induced migration of cancer cells. It should be noted that PI3K/AKkt has been
found upregulated in 59% of patients with pancreatic cancer, while BKM120 has been

already used in studies employing mouse models or is currently being administered in phase

61



I clinical trials for the treatment of patients with solid tumors, such as pancreatic, colon and

breast tumors 113116 \where GDF15 serum levels are found elevated 8.

Based on the phosphoproteins screen, the compression-induced Akt activation could
be directly linked to CREBL activation, as it is an already known downstream transcription
factor of Akt pathway %41%  This hypothesis was verified by the inhibition of CREB1
phosphorylation in compressed MIA PaCa-2 cells treated with BKM120. Interestingly, by
using the MatInspector tool, we also found that CREBL1 has two binding sites on GDF15
promoter. To this end, we showed that GDF15 mRNA expression and secretion is
downregulated in compressed MIA PaCa-2 cells treated with BKM120, suggesting a novel
regulatory mechanism of GDF15 by Akt/ CREB1 pathway under compression. In order to
examine whether there is a positive feedback loop between GDF15 and Akt/CREB1
pathway, we treated uncompressed MIA PaCa-2 cells with rhGDF15 and found that Akt/
CREB1 pathway is activated, while in the absence of GDF15 Akt is blocked without any
change in CREB1 phosphorylation levels as previously shown % 118 119 Notably,
compressed MIA PaCa-2 lacking GDF15 showed increased phosphorylation levels of Akt,
but not of CREBL, suggesting that other pathways are activated in the absence of GDF15,

in order to regulate Akt pathway either in compressed or uncompressed conditions.

In conclusion, we propose a model suggesting that solid stress signal transduction is
mediated by AKt/CREB1 pathway to transcriptionally regulate GDF15 expression.
Subsequently, GDF15 is secreted and acts in an autocrine manner to promote pancreatic
cancer cell migration possibly through Akt activation (Figure 3-11). Although many
questions still remain regarding the exact molecular mechanism involved in solid stress-
induced migration, this is the first study actually connecting solid stress-induced migratory

profile of cells with GDF15 upregulation and secretion through Akt/CREBL activation,
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bringing GDF15 to the centre of solid tumor biology and rendering it a potential target for

future anti-metastatic therapeutic innovations.
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Figure 3-11. Proposed mechanism of how solid stress signal transduction via Akt pathway
regulates GDF15 expression to induce pancreatic cancer cell migration. The development of
solid stress during the growth of several solid tumors, such as pancreatic cancer, activates Akt
pathway which in turn phosphorylates CREBL. Subsequently, the activated CREB1 acts as
transcription factor by a direct binding onto the promoter region of GDF15. GDF15 is then
secreted and acts in an autocrine manner to promote pancreatic cancer cell migration.
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Chapter 4

4 Chapter 4: Solid stress differentially regulates the proliferative and migratory

ability of brain cancer cells according to their aggressiveness

41 Introduction

In the previous chapters, we described our work on the effects of solid stress on
pancreatic cancer cells and fibroblasts. Here, we extend the work to study brain cancer cells
that also experience mechanical compression during their growth in the very confined space
of the brain. Glioma is the most common primary malignant brain tumor and arises from
glial cells, a type of supporting tissue for the brain cells. A glioma can be differentiated into
low grade or benign glioma (grade I-111) and a high grade or malignant glioma, such as
glioblastoma (Grade 1V), also termed Glioblastoma multiforme (GBM), that is found to be
highly cancerous containing a very high blood supply and comprising a necrotic and cystic
tissue 12012,

A common characteristic and a major cause of the clinical symptoms seen in patients
suffering from brain cancer, is the compression of brain tissue by the primary tumor mass.
As the tumor grows in the cranium, it must displace the surrounding tissue and this tumor
growth-induced deformation of the brain can cause severe disabilities to patients,
representing a negative prognostic factor 12, Specifically, shift of the cranial midline is a
common finding among patients diagnosed with GBM and patients with midline shift tend
to have significant brain compression with associated rapidly developing and pronounced
neurologic deficits!?® (Figure 4-1). It has been previously found that the presence of midline

shift adversely affects survival in patients able to undergo a biopsy, but not in those patients

64


http://www.differencebetween.net/business/economics-business/difference-between-supply-and-quantity-supplied/

able to undergo resection 2%, suggesting that resection and the subsequent alleviation of

compressive forces generated by the tumor growth could be very effective 123 124,

Figure 4-1. Midline shift is a typical symptom of patients with brain tumors. As indicated
with the black arrow, when a tumor mass is formed in the left hemisphere of the brain, it causes a
midline (red dashed line that separates brain in two hemispheres) shift to the right (green dashed
line).
Source:https://commons.wikimedia.org/wiki/File:Intracranial_bleed_with_significant_midline_s
hift.png .

Despite the importance of mechanical compression in brain tumors, there is no study
examining the effects of compressive solid stress on brain cancer cells. We used the non-
metastatic glioma H4 cell line and the highly malignant and metastatic GBM cell line A172,
in order to investigate how brain tumor cells, respond to mechanical compression by
examining their proliferative and migratory abilities. Given the fact that there is a limited
number of studies estimating the levels of the compressive solid stress in brain tumors 2%
125 we used mathematical modelling in order to calculate in vitro the magnitude of solid
stress developed during the growth of multicellular spheroids (MCS) embedded in an

agarose matrix. The estimation of solid stress levels enabled us to apply a controlled and
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predefined mechanical compression on cell monolayers in order to investigate the
mechanism by which solid stress regulates cellular behavior. In particular, it is well
established that in gliomas, there is an overexpression of the Epidermal Growth Factor
Receptor (EGFR) and a downregulation or mutations of the tumor suppressor TP53
transcription factor 26, EGFR can regulate a variety of signaling pathways including
Ras/Raf/MEK/Erk, PI3K/Akt/mTOR or Jak/STAT that are implicated in cell survival,
proliferation and migration (Figure 4-2) *?7. Indeed, Ras guanosine triphosphate (Ras-GTP)
has been documented in cell lines and primary brain tumors, and is able to translate extrinsic
signals into the Raf-MEK-Erk, or into either the PI3K-PKB or the PI3K-Rac-Rho pathways,
which influence cell survival and migration 27 126 128 Notably, almost all GBMs show
increased activity of PI3K pathway, while its negative regulator PTEN, that is implicated in
survival, proliferation and migration, is usually downregulated %" %, Moreover, the
signaling pathway regulated by cytosolic tyrosine kinase Janus kinase (JAK)-family proteins
and transcription factor signal transducer and activator of transcription (STAT)-family
proteins is efficiently activated, especially downstream of cytokine receptors, while the
expression of retinoblastoma-associated protein (RB1) which controls the transition from
G1 into S-phase of the cell cycle is also altered in GBM 27 126, Finally, TGFp-mediated
signaling is suggested to play crucial roles in regulating the highly malignant phenotype of
gliomas, which could be considered, at least in part, TGFB-dependent 1. Based on these
data, we expect that solid stress could alter a combination of these pathways in order to
regulate cellular responses, such cell proliferation and migration. Through a phospho-
proteomic screening, we set out to identify a possible molecular mechanism by which solid
stress can regulate brain cellular responses, similarly to the mechanism identified for

pancreatic cancer cells 12°,
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Figure 4-2. Schematic showing the pleiotropic functions of EGFR in GBM. Mutations causing
an overexpression of the EGFR gene is one of the most common characteristic of patients with
GBM. Overexpressed EGFR can mediate signal transduction through several pathways including
Ras/Raf/MEK, PI3K/Akt and JAK/STAT. All these pathways can regulate tumor growth, survival
and metastasis and are also found to be de-regulated in patients diagnosed with GBM %,

42 Methods

Cell culture. Brain neuroglioma (H4) and glioblastoma (A712) cell lines, were
obtained from American Type Culture Collection (ATCC) and were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM) supplemented with 10 % Foetal Bovine Serum (FBS)

and 1 % antibiotics. Cells were maintained at 37 °C and 5 % CO- in a humidified incubator.
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Multicellular Spheroid (MCS) Formation. H4 and A172 multicellular
spheroids were formed using the “hanging drop” technique 313, Briefly, cells were
counted and put in suspension at a concentration of 2-2.5x10* cells/ml. Hanging drops (20
ul) containing 500 cells were placed on the inside of the cover of a 100-mm culture dish.
Drops were left for 48 h and the formed spheroids were transferred into a 96-well plate,
which was pre-coated with 50 pl of 1% low-melting agarose (concentration was obtained by
mixing stock solution of 4% agarose in DMEM). Culture medium, for free spheroids, or 1%
low-melting agarose was then added, and pictures were taken after 24 h using a Nikon
Eclipse optical microscope. Spheroids were incubated at 37 °C for a total period of 21 days
and pictures were taken every 2-3 days. Spheroid size (area) was measured using the ImageJ
software and difference in spheroids’ size was compared to the initial size at Day 1 according
to the following formula:

((Spheroid size at Day 21 — Spheroid size at Day 1) / (Spheroid size at Day 1)) x 100.

Estimation of solid stress. To mathematically model the growth and mechanical
behavior of tumor spheroids, the multiplicative decomposition of the deformation gradient
tensor, F, was used 34, a methodology that has been applied successfully to solid tumors 3%
140 as well as to other soft tissues 1+ 142, The model considered only the solid phase of the
spheroid and accounted for tumor growth and mechanical interactions between the spheroid

and the surrounding agarose matrix. Therefore, F was divided into two components:

F=FeFyq (4.1)
where Fe is the elastic component of the deformation gradient tensor that accounts for
mechanical interactions with the surrounding matrix or with any other external stimulus and

Fg is the component that accounts for spheroid growth.
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Tumor spheroid growth was considered to be isotropic and the growth component Fq was

given by:

F, =21 (4.2)

g g
where Jq is the growth stretch ratio. The growth stretch ratio was described by a linear

equation expressed in differential form as 3:

dl, (4.3)
@& -

where t is the time and « describes the growth rate of the spheroids, the value of which was

estimated experimentally for each cell line.

Finally, we used the constitutive equation for the compressible neo-Hookean material to
describe the elastic response of the agarose matrix. The strain energy density function, W, of

the neo-Hookean equation is:

W =054 (-3+1L,)+0.5¢(~1+J, )’ (4.4)

where the mechanical properties of the model are the shear modulus, p and bulk modulus,

K. Je IS the determinant of the elastic deformation gradient tensor Fe and 11, = 11];2/3. 1, 12

and Iz are the invariants of the right Cauchy-Green deformation tensor, which is evaluated

from the elastic part of the deformation gradient tensor, Fe.
The Cauchy stress tensor, ¢, was calculated by the strain energy density function as *3:

o=,k (4.5)
oF]

Finally, the linear momentum balance was solved assuming a quasi-static problem in the

absence of body forces:
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V-6=0 (4.6)

A finite element model was constructed in COMSOL to solve the system of Eqgs.(4.1)-(4.6).

Stress free:n.o=0
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Figure 4-3. Boundary conditions employed. Due to symmetry the one eight of the domains was
solved. n is the unit normal vector and u is the displacement vector. The continuity of the
displacements and the normal stress at the spheroid-matrix interface is implemented automatically
by the software.

Material properties of the agarose gel. In order to estimate the material
properties of the agarose gel (i.e., elastic modulus or stiffness) stress-strain experiments were
performed. Unconfined compression, stress-strain experiments were carried out using a
commercial high precision mechanical testing system (Instron 5944, Norwood, MA, USA).
Agarose (1%) specimens were cut in an orthogonal shape with approximate dimensions
3x3x2 mm (length x width x thickness). According to the stress-strain protocol the
specimens were placed between two parallel platens and they were compressed to a final
strain of 15% with a strain rate of 0.05mm/min, the minimum rate the system can apply in
order to avoid any transient, poroelastic effects. Stress was calculated as the force measured

on the load cell divided by the initial surface area of the specimen (i.e., 1% Piola-Kirchhoff
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stress), and displacement data were converted to strain as ¢ = 47/ lo, where A1 is the change
in the length of the specimen in the direction of compression and lo the initial, undeformed
length. The elastic modulus was calculated from the slope of the stress-strain curve at 30%

strain.

In vitro compression of cell monolayer. In order to apply mechanical

compression on cancer cell monolayers, the procedure described in Section 2.2 was followed

144, 145

In vitro Scratch assay. A scratch wound assay was performed as described in

Section 3.2.

Cell Viability Assay. Cell viability of cancer cells, indicative of the total cell
number, was assesed using Alamar Blue reagent (Invitrogen Life Technologies) prior- and

post- compression following the manufacturer’s instructions.

Gene expression analysis. RNA isolation from brain cancer cells and gene
expression analysis was performed as described in Section 2.2. The primers used for each

target gene are shown in Table 1 in Appendices.

Immunoblotting. Whole protein cell lysates were extracted as mentioned in Section
2.2. Membranes were incubated with anti-Growth Differentiation Factor 15 (GDF15) (Cell
Signaling), or anti-RhoB total (Abcam) antibodies overnight. Antibody against 3-actin was
used as loading control. The detection of antibodies was performed as previously described

(Section 2.2).

Statistics. Dataare expressed as mean + standard error (SE). Statistical significance was
examined by Student’s t-test using two-tail distribution. Tests with p-values <0.05 were

considered as significantly different and are nominated in each figure with an asterisk (*).
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43 Results

The growth of brain cancer MCS is hindered by compression

from a surrounding agarose matrix.

To evaluate the effect of mechanical compression on brain tumor growth in vitro, MCS
composed of H4 or A172 cells, were formed and embedded in 1% agarose matrix or grown
in free- suspension for 21 days. We found that the presence of agarose strongly impaired the
growth of MCS, with H4 spheroids presenting a delay of growth compared to the respective
control spheroids, and A172 spheroids exhibiting a complete cease of their growth as
compared to the free spheroids (Figure 4-4A&B). Our results are in accordance with
previously published studies employing colon and breast cancer cells > 575 and data from

in vivo measurements of brain tissue pressure in patients or animal models with brain tumors

17,125
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Figure 4-4. The growth of brain cancer MCS is hindered by a surrounding agarose matrix. A-B
Multicellular spheroids (MCS) composed by H4 (A) or A172 (B) cells, were embedded in 1% agarose
matrix or in free suspension and grew for 21 days. Images were taken every 2-3 days with an optical
microscope and the area of each spheroid was quantified using ImageJ. The average % difference in each
spheroid size was calculated and plotted for each cell line (n=12-18). Scale bar: 0. 15 mm.

Estimation of solid stress generated during the growth of brain

cancer MCS in agarose matrix.

In order for the MCS to grow in size, they should displace the surrounding matrix similar to
the physiological growth of tumors in brain, however, we observed a delay on the growth of
MCS compared to those in free-suspension (Figure 4-4). To estimate the compressive force
that is exerted from the agarose on the spheroids to resist their expansion, we employed
mechanical testing experiments and mathematical modelling. We first measured the elastic
modulus of the agarose gel in unconfined compression and found it to be equal to 75 £3.75
mmHg (10.47+0.5 kPa). Subsequently, we employed the neo-Hookean constitutive equation
to fit the experimentally derived stress-strain results and to derive the value of the shear
modulus p and bulk modulus x in (equation 4.4) assuming a Poisson’s ratio of 0.2 (Figure
4-5). Then, the growth of the MCS was simulated and the predicted by the mathematical
model growth curves were fitted to the experimental data (Figure 4-6A-B) by varying the
parameter a in equation 4.3 and the developed solid stress was calculated from the model
(Figure 4-6C-D). The Figure 4-2C, D presents the bulk stress at the centre of the MCS,
calculated as the average of the diagonal components of the Cauchy stress tensor (radial o,
and circumferential g9, 04) , 1.€., G = (07 + 0g9*04,)/3 . The compressive solid stress
was calculated in the range of ~0-60 mmHg (~0.0-8 kPa). In particular, the level of solid
stress developed during the growth of H4 spheroids (~0-60 mmHg/ 0.0-8 kPa) was much
higher than that of A172 spheroids (~0-26 mmHg/0.0-3.5 kPa), which would be expected as

the H4 spheroids grew to a much higher volume than that of A172. However, the estimated
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levels of solid stress in both cell lines was in accordance with previous in situ (2.8-60.1
mmHg/0.37-8.0 kPa), in vivo (4-28 mmHg/ 0.53-3.53 kPa) and in vitro estimations (28-120
mmHg/3.7-16.0 mmHg) 10 17:54.57.125 of splid stress.
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Figure 4-5. Representative fitting of the neo-Hookean equation to the experimentally measured stress-
strain response of 1% agarose gel.
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Figure 4-6. Estimation of solid stress generated during the growth of brain cancer MCS within an
agarose matrix. A-B, Fit of the mathematical model to the experimental data of the growth of H4 (A) and
Al172 (B) spheroids. C-D, The calculated by the model bulk solid stress generated during the growth of
H4 (C) and A172 (D) spheroids.

Solid stress differentially regulates the migration and

proliferation of brain cancer cells.

To determine how solid stress affects the cellular behaviour of brain cancer cells, we used
our previously described transmembrane pressure device 101 129101, 129101, 129101, 129101, 129,101,
129,73, 101,73, 101,73, 101 iy order to compress cell monolayers’ %1, Based on the estimations of
solid stress, we employed 2.0 and 4.0 mmHg (0.26 and 0.53 kPa) of stress, as these levels
can be generated in the first 2 days of spheroid’s growth in the agarose matrix and are
supposed to be an early-transmitted solid stress stimulus in brain cancer cells, at least in
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vitro. We found that while the 2 mmHg stress did not cause any significant change in the
migratory ability of brain cancer cells, the 4 mmHg solid stress was able to enhance the
migration of glioma H4 cells and impair that of GBM A172 cells (Figure 4-7A-B).
Moreover, we observed that mechanical compression strongly reduced the cell number of
H4 cells without any effect on A172 cells, as indicated by Alamar Blue assay (Figure 4-
7C), suggesting that solid stress can differentially regulate the migratory and proliferative

ability of brain cancer cells, depending on their metastatic potential.
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Figure 4-7. Solid stress differentially regulates the migration and proliferation of brain cancer
cells according to their aggressiveness. A, Brain cancer cells, H4 (left) and A172 (right) were grown
in transwell inserts to form a monolayer. A scratch wound was then introduced and compression (0, 2
and 4 mmHg) was applied for 16 hours. Pictures from at least 3 different fields per condition were taken
with an optical microscope (10X magnification) prior and post compression. Scale bar: 0.15 mm. B, Cell-
free area was quantified using ImageJ software and the average percentage of wound closure from at
least two independent experiments was plotted for each cell line (n=6-9). C, Brain cancer cells lines were
counted and seeded with equal density in 6-well transwell inserts. Alamar Blue was added in culture
medium (10%) and absorbance was measured prior- and post- comperssion at 570/600 nm. Absorbance
of Alamar Blue is indicative of the total cell number.

Solid stress differentially regulates the gene expression profile

of brain cancer cells.

Based on the data described above suggesting that solid stress can differentially regulate the
migration and growth of brain cancer cells, we proceeded to analyze the gene expression
profile of both cell lines in order to further investigate the cellular behavior that was observed
in response to compression. To this end, we compressed H4 and A172 cells at 4 mmHg, as
this level of compression caused significant changes in the migration of both cell lines, and
we then examined the expression profile of several migration-related genes, such as Rho
GTPases, Fibronectin I, Vimentin, as well as the expression of GDF15 which was found to
be consistently upregulated as a response to compression 1°4:12°, Real-time PCR and Western
Blotting revealed a strong increase in the expression of RhoB GTPase in H4 cells, while a
slight decrease was observed in A172 cells (Figure 4-8A&4-8C). In addition, GDF15
exhibited a dramatic increase in both cell lines at both the mRNA and protein level (Figure
4-8A&4-8B). Notably, the rest of the genes tested showed negligible changes as compared
to the changes showed for RhoB and GDF15, which was in agreement with our previous
study employing pancreatic cancer cells 1°%. Knowing that the expression of GDF15 is
systematically upregulated in response to compression, these results allowed us to form the
hypothesis that the differential response of brain cancer cells to mechanical compression

could possibly be explained by the differential expression of RhoB GTPase. Thus, future
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experiments are needed to identify how this Rho GTPase is implicated in solid stress-

induced brain cancer cell migration.
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Figure 4-8. Solid stress differentially regulates the gene expression profile of brain cancer cells.
A, Brain cancer cells, H4 (left) and A172 (right) were subjected to 4.0 mmHg of compressive stress
for 16 hours and the expression of several migration-related genes was measured by g°PCR. The mRNA
expression in each sample was quantified by the AACt method using the expression in uncompressed
cells as a reference. Bar graphs represent the mean fold change +SE of three biological replicates (n=9).
Statistically significant changes between compressed and uncompressed cells are indicated by an
asterisk (*) (p<0.05). B-C, Representative Western blotting showing the expression of GDF15 (B) and
RhoB (C) in the compressed H4 and A172 cells. B-actin was used to verify equal protein loading.

44 Discussion

Mechanical compression is a common abnormality of brain tumors that has been
shown to be responsible for the severe neurological defects of brain cancer patients *?2. It is
of note that patients that undergo resection — that can effectively alleviate solid stress -

exhibit higher survival rates than those subjected to biopsy only 2% suggesting that
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compressive forces generated during brain tumor growth play a key role in tumor

progression 1239,

In order to investigate the role of these compressive forces in brain tumor progression
in vitro, we first examined their effect on MCS composed of two distinct brain cancer cell
lines embedded in an agarose matrix. The agarose matrix is supposed to mimic the
confinement of the normal host tissue that resists to tumor expansion, resulting in the
development of compressive forces in the tumor interior. We found that the presence of the
surrounding matrix impaired MCS growth as compared to spheroids grown in free
suspension (Figure 4-4). With the use of computational analysis, we estimated that the level
of the resultant compressive solid stress in MCS is in the range of ~0-60 mmHg (0-8 kPa)

(Figure 4-6), which is in accordance with previously established in vitro and in vivo studies

10, 17, 25, 28, 97

Next, by using our established transmembrane pressure device for the compression
of cell monolayers, we analysed the migratory and proliferative abilities of brain cancer cells
in response to a predefined and controlled mechanical compression, which was selected
based on our computational analysis. We found that compression can differentially regulate
the migration and proliferation of brain cancer cells according to their metastatic potential.
More specifically, mechanical compression induced the migration and decreased the
proliferation of the non-metastatic H4 cell line, while the opposite effect was observed for
the highly aggressive A172 cells (Figure 4-7). By further analysing the gene expression of
these cells, emphasizing on migration-related genes, we found that GDF15 is consistently
upregulated in response to compression in both cell lines, while the expression of RhoB
GTPase was differentially regulated following the migratory pattern of cells under

compression (Figure 4-8). Specifically, RhoB was strongly increased in compressed H4
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cells and decreased in A172 cells, suggesting that this molecule could be responsible for
their differential migratory ability. It is of note that Rho A/B/C GTPases can get activated
by growth and stress stimuli and are important regulators of cell and tissue morphology and
function, acting mainly through actin cytoskeleton reorganization 1%, Although it has been
clearly shown that Rho A and Rho C can promote cancer cell migration, invasion and
adhesion, the effect of RhoB on cell migration is proposed to be cell type and context-
dependent, probably because it affects both intracellular protein trafficking and actin
organization'*®. Interestingly, RhoB has been found to be expressed in high-grade glioma,
while depletion of this molecule impaired proliferation and survival of GBM cells through
a STAT3-dependent regulation of p53 and p21 expression, and that knockdown of RhoB
found to impair the in vivo tumorigenic potential of GBM cells'*’. Moreover, RhoB was
found to control different mechanisms involved in brain tumor radioresistance, thus
inhibition of RhoB could be an important therapeutic intervention employing an adjuvant
treatment combined with radiotherapy in GBM to improve the response of this tumor to
treatment 18, Indeed, Tipifarnib, a Farnesyltransferase inhibitor (FTI), has been
administered in Phase | clinical trial showing a positive effect on patients with brain tumor

by inhibiting the farnesylated (activated) form of RhoB 1%°,

Based on these studies, further experiments, including validation of the activated
form of the endogenous RhoB by a pull-down assay or knockdown of RhoB expression in
H4 cells and an overexpression in A172 cells will reveal the role of this molecule in the
differential regulation of compression-induced migration of brain cancer cells. Moreover, a
phosphoprotein screening will contribute to the identification of a molecular mechanism by
which solid stress regulates brain tumor progression and whether this solid stress-induced

mechanism can also regulate the differential expression of RhoB GTPase. By combining all
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these data, we will contribute to the identification of possible therapeutic targets for the
treatment of patients with brain cancer, rendering mechanical compression and the resultant

solid stress as key regulators for brain tumor progression and malignancy.
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Conclusions and Future Directions

5 Conclusions and Future Directions

51 Conclusions

In this work, we investigated the effect of solid stress on normal pancreatic
fibroblasts, and how it affects their interaction with adjacent pancreatic cancer cells.
Moreover, we examined how pancreatic and brain cancer cell behavior is altered under
mechanical compression. For our experiments, we employed a custom-made
transmembrane pressure device used in pertinent studies as a tool to apply compressive solid
stress in a measurable and predefined manner, similar in magnitude to the stress applied on
cells in the tumor interior 7. The level of compressive stress used in this study ranged from
1.0 to 6.0 mmHg (0.13-0.8 kPa), which was in agreement with experimental measurements
in pancreatic, breast and brain tumor models * % 17 Moreover, we developed a 3D
experimental setup composed of multicellular spheroids embedded in an agarose matrix to
study how solid stress affects brain tumor growth and metastasis in vitro.

By applying 4.0 mmHg compressive stress on normal pancreatic fibroblasts we
observed that several genes were upregulated in response to the applied stress. In particular,
we found that normal pancreatic fibroblasts are get activated as a response to mechanical
compression, as indicated by elevated expression of the fibroblast-activation marker a-SMA
and Collagen I. Moreover, we observed a significant upregulation of GDF15, which has been
shown to be regulated by cytoskeletal changes but has never been linked to solid stress. We
next used a novel co-culture system comprised by compressed fibroblasts and uncomrpessed
cancer cells and found that compression-induced activated fibroblasts promote the migration

of pancreatic cancer cells through GDF15 secretion. Our results further suggest that this
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fibroblast-derived cytokine is fundamentally responsible for migration of cancer cells under
solid stress, which has not been shown previously.

We next studied the direct effect of solid stress on pancreatic cancer cells using a
similar experimental setup in the absence of fibroblasts. We found that solid stress stimulate
GDF15 expression not only in fibroblasts but also in cancer cells, which ultimately promotes
pancreatic cancer cell migration. Moreover, through a phosphoproteomic screen we
identified that solid-stress signal transduction is mediated through Akt pathway activation,
which is responsible for the regulation of GDF15 expression in order to induce pancreatic
cancer cell migration under compression.

Finally, using multicellular spheroids embedded in agarose matrix, we found that
solid stress impaired the growth of brain tumor spheroids in vitro, while mechanical
compression applied on cell monolayer differentially regulates the proliferation, migration,
as well as the gene expression of brain cancer cells. More importantly, we observed a strong
upregulation of GDF15 in compressed brain cancer cells, as similarly observed in
compressed fibroblasts and pancreatic cancer cells. The expression of RhoB GTPase was
found to be differentially regulated in compressed glioma and glioblastoma cell lines,
allowing us to hypothesize that this molecule is a key regulator for brain cancer cell
migration. However, further experiments including silencing of RhoB gene in combination
with a phosphoproteomic screening will identify the molecular mechanism by which solid
stress regulates brain cancer cell behaviour.

52 Future Directions

Collectively, our data revealed that solid stress can regulate the progression of solid tumors,
suggesting that targeting the transduction of its signal in cancer cells or fibroblasts could be

promising for the treatment of patients with tumors characterized by high solid stress levels.
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Apart from our future experiments regarding the role of RhoB GTPase in solid stress-
induced brain cancer cell migration, we could also enhanced our research by our recent data
extrapolated from a Reverse Phase Protein Assay (RPPA) performed on compressed
pancreatic cancer cells by MD Anderson Cancer Center, University of Texas (Figure 5-1A).
RPPA represents an antibody-based functional proteomic analysis that characterizes the basal
protein expression and modification levels, growth factor- or ligand-induced effects. Using this
assay we were able to test approximately 300 different proteins that are differentially expressed
or modified in cancer cells in response to compression. Through this screen, we identified about
15 proteins that are regulated by mechanical compression in pancreatic cancer cells, including
tumor suppressors (such as Retinoblastoma-related protein 1 (or Rb1) and p53), Akt and Heat
Shock Protein 27 (HSP27) (Figure 5-1B). HSP27 is an oxidative or heat stress sensor that
interacts with actin cytoskeleton *** 1 and it has been found to be upregulated in the serum of
patients with pancreatic cancer, similarly with GDF15 152153, Moreover, HSP27 is suggested to
be responsible for the gemcitabine resistance in patients with pancreatic cancer and targeting this
molecule by siRNAs has already been used in Phase Il clinical trials in combination with
gemcitabine for the treatment of patients with pancreatic cancer >+ . However, data regarding
the mechanism by which this protein is up-regulated in cancer and how could be correlated with
solid stress are not elucidated yet.

It is already suggested that Akt pathway can regulate or being regulated by HSP27 in
response to cellular stress 8183 and knowing that both are upregulated by mechanical
compression in pancreatic cancer cells, a plausible hypothesis is that these molecules are
connected to each other in order to regulate the solid stress-induced cancer cell migration. Indeed
HSP27 has been implicated in cancer cell invasion and migration in several tumor types,
including prostate, breast, melanoma and brain cancer, however data regarding its role in

pancreatic cancer are limited 47 Thus, future experiments would contribute to the
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identification of the molecular mechanism by which HSP27 interacts or synergistically acts with
the already known solid stress-induced molecules or signaling pathways, such as GDF15, RhoB
and PI3K/Akt, in order to regulate pancreatic tumor progression.

In conclusion, by combining our results, we will be able to suggest novel serum
biomarkers indicating the presence of solid stress in solid tumors, such as GDF15, HSP27 or
even RhoB. This could suggest a therapeutic intervention that employs a conventional therapy
or/and a stress alleviation strategy, such as tranilast or pirfenidone % 1 in order to suppress
tumor growth and at the same time, to block the de novo solid stress-induced expression of genes
that could promote tumor progression avoiding a targeted therapy against each gene (Figure 5-

2).
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Figure 5-1. A, RPPA analysis of compressed pancreatic cancer cells. A, Signal intensities were
normalized to uncompressed cells and the mean fold change from three independent experiments
was plotted for each gene. B, RPPA hits with an average fold change > 2.0 or < 0.5 were selected
and plotted for each gene. Red and green colors indicate downregulation or upregulation of each
RPPA signal, respectively.

87



3. Plasma isolation
1. Implantation

of tumor cells 2. Blood

collection l 5. Selection of the proper therapy

4, Identification of markers: 1. Conventional chemotherapy
- GDF15/ RhoB/ HSP27* etc _ = kills cancer cells

=» Indicates the presence of solid stress 2. Stressalleviation & Conventional
Chemotherapy

= kills cancer cells
1 = blocks the solid stress de-regulation of the expression
of all genes that could alse promote tumor progression

Measurement of solid stress in vivo

=2To confirm the connection between biomarkers
and solid stress

Figure 5-2. Diagram showing the future perspective of this PhD study. Based on our in vitro data, we could
move on in vivo studies employing animal models that are implanted with pancreatic or brain cancer cells (1). After
tumor is formed, we could collect animals’ blood (2) in order to examine the levels of markers indicating the presence
of high solid stress levels such as GDF15, RhoB and HSP27 (3-4). As we have shown, these genes are upregulated
in response to solid stress and can be found in the serum of cancer patients being implicated in tumor progression
by triggering cancer cell migration and proliferation. Alleviating stresses from the tumor microenvironment would
block their de novo solid-stress induced upregulation and by combining a stress alleviation strategy with a
conventional chemotherapeutic agent we could suggest a novel therapeutic intervention without the limitation of
using a targeted therapy against a selected gene target (5).
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List of Figures

Figure 1-1. Schematic of the tumor microenvironment. The tumor microenvironment is constituted by
cancer cells, blood and lymphatic vessels and by an extracellular matrix. Fibroblasts are cells of the
connective tissue and are placed in the extracellular regions. These cells, upon activation, produce
proteins such as collagen type | and fibronectin and all together constitute a 3D network, referred to
as extracellular matrix or ECM. In this activated state, fibroblasts are also known as Cancer Associated
[T o ge] o] = 1 £ (07 o] TSRS 2

Figure 1-2. Development of solid stress in the tumor microenvironment. As tumors grow and exert forces
on the adjacent host tissue, a reciprocal compressive stress is applied from the host tissue to the
tumor, in order to resist tumor expansion. The total solid stress in a tumor interior is compressive in
all directions (i.e., tends to reduce the size of an object), while near the interface between the tumor
and normal tissue, the stress can become tensile (i.e., tends to increase the size of an object) °........... 4

Figure 1-3. Solid stress and stiffness are two distinct biomechanical abnormalities present in the tumor
microenvironment. (A) According to the simple analogy of a spring that obeys Hooke’s law (o = E -
€), when a tumor grows and pushes the surrounding host tissue of elastic modulus E’, results in a
deformation €1and a stress o1. As a consequence, the host tissue returns an equal and opposite stress
o1’, which is defined as externally-applied solid stress. This stress, in combination with the growth-
induced stress (og) constitute the total solid stress transmitted in the tumor interior. (B) In the case
that the tumor stiffens so that Ez is greater than E1 (E2>E1), the tumor can increase in size and the
deformation & is greater than €1 (e2>€1). The externally-applied stress (62”) and finally the total solid
stress accumulated in the tumor interior is greater than that in case (A) without any change in the
growth-induced stress. (C) The growth-induced solid stress, however, increases during growth, while
tumor stiffening might remain the same Y. In this case the externally-applied solid stress o3’ can be
equal to o1’ but total solid stress increases. Therefore, the resultant stress transmitted in the tumor
interior is greater than that in case (A) without any change in tumor stiffness. ........ccocceevciieeeiiee e, 6

Figure 1-4. Experimental methods employed to analyze the effects of stiffness and solid stress on cancer
and stromal cells in vitro. (A) Experimental setups studying the effect of ECM stiffness on cancer and
stromal cells. There are two-dimensional models (2D), consisting of (i) a cell monolayer seeded on
coating substrates (e.g. collagen type | or fibronectin) and three-dimensional models (3D) consisting
of (ii) tumor spheroids or (iii) single cells embedded in a matrix (e.g. collagen type |, matrigel). Both
models were aimed to investigate the effect of changes in extracellular rigidity on the transduction of
mechanical signals into the cells as well as on the migration, invasion, proliferation and gene
expression of cancer and stromal cells (B) Experimental setups studying the effect of solid stress on
cancer and stromal cells. Setups include tumor spheroids that grow within (i) a polymer matrix, (ii)
within elastic capsules or (iii) in a confined polymer device. In cases (iv) and (v), the set-ups are
composed of cells seeded on the inner chamber of a transwell insert on the top of which an agarose
cushion is placed, or are embedded in a polymer matrix. A piston with adjustable weight applies a
predefined and measurable compressive solid stress on the cells. These models provided useful
information about the direct effect of solid stress on tumor growth and morphology as well as on
cancer cell proliferation, migration and gene expression. (C) A summary of the in vitro and in vivo
studies revealing the effect of solid stress in tUMOr Progression. .......cccecuveeeeveereiiiee e 13

Figure 2-1. A schematic of the in vitro transmembrane pressure device. (A) Fibroblasts were grown as a
monolayer on the transmembrane of a 0.4 um transwell insert and a piston of adjustable weight was
applying a compressive stress. Control cells were covered with an agarose cushion only. (B) The
experimental set-up of the co-culture system consisted of fibroblasts and pancreatic cancer cells (MIA
PaCa-2 or CFPAC-1) in the upper and lower chamber of a transwell insert, respectively. A piston with
adjustable weight, applying 4.0 mmHg of compressive stress on fibroblasts for 48 hours is shown. A
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co-culture system consisting of fibroblasts and cancer cells without a compressive load was used as a
oo o1 ¢ o] APPSR 20
Figure 2-2. Solid stress regulates gene expression of normal pancreatic fibroblasts. Normal fibroblasts
were subjected to 1.0, 2.0, 4.0 and 6.0 mmHg of compressive stress for 6 hours. qPCR was used to
measure the mRNA expression of TGFB (A), Collagen | (B), Fibronectin | (C), Periostin (D), GDF15 (E)
and a-SMA (F). The expression in each sample was analyzed with the AACt method relative to the
expression of control sample (cells compressed by the agarose cushion only). The mean fold change
was calculated and plotted for each gene. Each bar indicates the mean fold change £SE of two
independent experiments (n=6). Asterisk (*) indicates a statistically significant difference (p<0.05). .25
Figure 2-3. Mechanical Compression does not affect the viability of fibroblasts. (A) Fibroblasts were
subjected to 1, 2, 4 and 6 mmHg of compressive stress for 6 hours, with the 0.0 mmHg sample be the
negative control. Percentage of cell viability was quantified using the absorbance measured from
Alamar Blue assay. No statistically significant differences were observed as compared with the
negative control (n=3, *p<0.05). (B) Fibroblasts were subjected to 0.0 mmHg or 4.0 mmHg of
compressive stress for 48 hours. By the end of the experiment absorbance was measured from
Alamar Blue assay and cell viability was quantified using the uncompressed cells (0.0 mmHg) as a
reference. No statistically significant difference was observed between uncompressed (0.0 mmHg)
and compressed fibroblasts (4.0 MMHE) (N=3, ¥*P<0.05). ....eeeiiiieiieeiiiecee et ciee e eee e e ebeeesane e 26
Figure 2-4. Solid stress maintains fibroblasts activation, induces Collagen | expression and upregulates the
expression of GDF15. (A-C) Fibroblasts were compressed at 4.0 mmHg for 48 hours and total RNA and
protein were extracted. qPCR was used to measure a-SMA (A), GDF15 (B) and Collagen | (C) mRNA
expression. The expression in each sample was calculated with the AACt method using the expression
of uncompressed cells as a reference. Each bar indicates the mean fold change +SE of three
independent experiments (n=9); (D-F) Representative western blot showing a-SMA (D), GDF15 (E) and
Collagen | (F) protein expression. B-tubulin or B-actin was used as a loading control. (G-1)
Quantification of a-SMA (G), GDF15 (H) and Collagen I (I) protein expression was normalized to the B-
tubulin or B-actin loading control using the Imagel software. The mean intensity was quantified from
3 immunoblots (n=3); (J) Representative immunofluorescent staining of fibroblasts with anti-a-SMA
antibody (green), anti-Collagen | (red) and DAPI (blue) for visualization of the nuclei. Pictures for a-
SMA and Collagen | were taken under 40x and 20x objective respectively, using an Olympus BX53
fluorescent microscope. Scale bar: 0.1 mm. Asterisk (*) indicates a statistically significant difference
(DRO.05). uveeiteeeieeeiee st e st e st e s e e s te e st e s aaeesabeesateesa b e e e ateesateenateesa b e e nat e e sh b e e naaeenhaeenheeenabeentbeennreenateesabeenats 28
Figure 2-5. Mechanical Compression upregulated the gene expression of fibroblasts after 48 hours of
application. Total RNA was isolated from uncompressed (0.0 mmHg) and compressed (4.0 mmHg)
fibroblasts after 48 hours. RNA was reverse transcribed into cDNA and gPCR was used to measure the
expression of TGFB (A), Fibronectin / (B) and Periostin (C). The expression in each sample was analyzed
with the AACt method relative to the expression of uncompressed fibroblasts. The mean fold change
was calculated and plotted for each gene. Each bar indicates the mean fold change +SE of two
independent experiments (N=6); ¥P<0.05. ......ccuiiiiiiiiie et eetre e e ertre e e e s tr e e e etrae e ssabeeaeebbeeeennes 29
Figure 2-6. Diagrammatic representation showing the experimental design of co-culture systems. (A)
CFPAC-1 or MIA PaCa-2 were co-cultured for 48 hours with compressed fibroblasts (4.0 mmHg) on the
lower and upper chamber of a transwell insert, respectively. Co-culture of CFPAC-1 or MIA PaCa-2
with uncompressed fibroblasts (agarose cushion only) was used as a control condition. (B) CFPAC-1 or
MIA PaCa-2 were co-cultured for 48 hours with compressed fibroblasts (4.0 mmHg) transfected with
shGDF15 vector on the lower and upper chamber of a transwell insert, respectively. Co-culture of
CFPAC-1 or MIA PaCa-2 with compressed fibroblasts transfected with shSCR vector (control) was used
AS @ CONTIOL 1ttt ettt et ettt e s bt e s ae e s bt e st e e s b e e e bt e s b e e e bt e sabeesbeesabeesneesabeeenaee et 31
Figure 2-7. Compression-induced activated fibroblasts stimulate the migration of CFPAC-1 and MIA PaCa-
2 pancreatic cancer cells. (A) Control and compressed fibroblasts (FBs) were co-cultured with CFPAC-
1 (A) and MIA PaCa-2 (B) in 2 % FBS containing DMEM for 48 hours. FBs were then removed, and
cancer cells were subjected to wound healing assay for 24 hours. Pictures were taken with Nikon
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Eclipse TS100 optical microscope. Scale bar: 0. 1 mm. (B-C) Graphs show the percentage of wound
closure of CFPAC-1 (B) and MIA PaCa-2 (C) as quantified with the ImageJ software. At least 3 different
images from three independent experiments were analyzed. Asterisk (*) indicates a statistically
significant difference in wound closure of CFPAC-1 or MIA PaCa-2 co-cultured with compressed FBs
compared with CFPAC-1 or MIA PaCa-2 co-cultured with control FBs (p<0.05). (D-E) RNA was
extracted from both FBs (D) and cancer cells (E), reversed transcribed into cDNA and qPCR was used
to measure the GDF15 mRNA expression in all cell lines. The expression in each sample was calculated
with the AACt method using the expression of cells from the co-culture system of CFPAC-1 or MIA
PaCa-2 with control FBs as a reference. Each bar indicates the mean fold change +SE of at least three
independent experiments (n=9); (F) Human GDF15 protein (pg/ml) secreted in the conditioned
medium (y-axis) was quantified using ELISA. Two independent experiments were performed. Asterisk
(*) represents a statistically significant difference (P < 0.05). ...ooeeviiieieiiii e 32
Figure 2-8. GDF15 secreted by compressed fibroblasts is required for the migration of CFPAC-1 and MIA
PaCa-2 pancreatic cancer cells. (A) Transfected fibroblasts (FBs) with shSCR (control) and shGDF15
vectors were compressed and co-cultured with CFPAC-1 (A) and MIA PaCa-2 (B) in 2 % FBS containing
DMEM for 48 hours. FBs were then removed and cancer cells were subjected to wound healing assay
for 24 hours. Pictures were taken with Nikon Eclipse TS100 optical microscope. Scale bar: 0. 1 mm. (B-
C) Graphs show the percentage of wound closure of CFPAC-1 (B) and MIA PaCa-2 (C) as quantified
with the Imagel software. At least 3 different images from three independent experiments were
analyzed. Asterisk (*) indicates a statistically significant difference in wound closure of CFPAC-1 or
MIA PaCa-2 co-cultured with compressed FBs knockdown for GDF15 (shGDF15) compared with
CFPAC-1 or MIA PaCa-2 co-cultured with compressed shSCR FBs (p<0.05). (D-E) RNA was extracted
from shGDF15-transfected FBs co-cultured with CFPAC-1 (D) and MIA PaCa-2 (E), reversed transcribed
into cDNA and gPCR was used to measure the GDF15 mRNA expression. The expression in each
sample was calculated with the AACt method using the expression of FBs transfected with shSCR
vector as a reference. Each bar indicates the mean fold change +SE of a representative experiment
(n=3); Asterisk (*) represents a statistically significant difference (p < 0.05). (F-G) Representative
western blot verifying succesfull knockdown of GDF15 at the protein level, between shGDF15
compressed fibroblasts and shSCR compressed fibroblasts. B-actin has been used as a loading
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Figure 2-9. Co-culture is necessary for compressed fibroblasts to induce the migratory ability of cancer
cells. (A) CFPAC-1 and MIA PaCa-2 cancer cells were serum starved in 2 % FBS containing DMEM and
then were subjected to a wound healing assay in the presence of conditioned medium derived from
control and compressed fibroblasts (FBs). Scale bar: 0. 2 mm. (B) Graphs show the percentage of
wound closure of CFPAC-1 and MIA PaCa-2 as quantified with the ImagelJ software. At least 4 different
images from two independent experiments were analyzed. No statistically significant difference was
0bSEerved aMONE trEATMENTS. ....uii i iiieeitiee ettt et e e e e et e e e st e e e e e e e e ssaaeeesntaeeesssteeesansaneesnseeenns 35
Figure 2-10. Recombinant GDF15 stimulates the migration of pancreatic cancer cells. (A-B) CFPAC-1 and
MIA PaCa-2 cancer cells were serum starved in 2 % FBS containing DMEM and then were subjected to
a wound healing assay in the presence of recombinant GDF15 (rGDF15) for 24 hours. Scale bar: 0.2
mm. (C-D) Graphs show the percentage of wound closure of CFPAC-1 (C) and MIA PaCa-2 (D) as
guantified with the Image) software. At least 4 different images were analyzed and the asterisk (*)
indicates a statistically significant difference (P<0.05). .....ccevvieriirieriieierieseereee e 36
Figure 2-11. Diagram showing the working hypothesis of the present study. Mechanical forces in the
tumor microenvironment activate normal fibroblasts, which in turn produce excessive amounts of
ECM proteins (such as Collagen | and fibronectin), leading to desmoplasia. Desmoplasia along with the
uncontrolled proliferation of cancer cells in the confined space of the host tissue, leads to the
development of compressive stress within the tumor, thus creating a feedback loop. At the same
time, mechanical compression upregulates GDF15 expression in activated fibroblasts, which is
secreted to the ECM and stimulates the migration of adjacent cancer cells. ........cccceeeveciiieeiieeiecinnns 40
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Figure 3-1. Mechanical Compression promotes pancreatic cancer cell migration. (a) MIA PaCa-2 (left) and
BxPC-3 (right) pancreatic cancer cells were subjected to a scratch-wound assay under 4.0 mmHg of
compressive solid stress for 16 hours. Uncompressed cells (control) were covered with an agarose
layer only. Scale bar: 0. 1 mm. (b) Graphs represent the wound closure of MIA PaCa-2 (left) and BxPC-
3 (right) as analyzed by Imagel software. In each condition, at least four different images from two
independent experiments were analyzed. Statistically significant differences (p<0.05) between
compressed and uncompressed MIA PaCa-2 or BxPC-3 are indicated with asterisk (*).......ccccccvvevuvenne 47

Figure 3-2. Mechanical Compression stimulates the mRNA expression and secretion of GDF15 in MIA
PaCa-2 cells. (a) MIA PaCa-2 cells were subjected to 4.0 mmHg of compressive stress for 16 hours and
the expression of GDF15 was measured by gPCR. The mRNA expression in each sample was
quantified by the AACt method using the expression in uncompressed cells as a reference. Bar graphs
represent the mean fold change +SE of four biological replicates (n=12). Statistically significant
changes between compressed and uncompressed cells are indicated by an asterisk (*) (p<0.05). (b)
Western blot showing the secretion of GDF15 in the conditioned medium (concentrated by 40X) of
compressed MIA PaCa-2 from three independent experiments. Coomassie staining was used to verify
€QUAl Protein 10AAING. ..eeeiieiiii ettt ettt et e s bt e e bt e s b e aee s beeesneeeane 48

Figure 3-3. Mechanical Compression stimulates the mRNA expression of Rho GTPases in MIA PaCa-2 cells.
MIA PaCa-2 were compressed by 4.0 mmHg for 16 hours and gPCR was used to measure the
expression RhoA (a), RhoB (b) and RhoC (c). The expression in each sample was analyzed with the
AACt method relative to the expression of control sample (cells compressed by the agarose cushion
only). The mean fold change was calculated and plotted for each gene. Each bar indicates the mean
fold change +SE of two independent experiments (n=6). Asterisk (*) indicates a statistically significant
QIffEIENCE (PO.05). .uuiieieiiiie ettt ettt e e ettt e et e e e st e e e e etteeeeattaeeesbaeeeastaeesassaaeesnssaaesastaeseansaaeessreeeans 49

Figure 3-4. Mechanical Compression stimulates the mRNA expression and secretion of GDF15 in BxPC-3
cells. (a) BxPC-3 were compressed by 4.0 mmHg for 16 hours and qPCR was used to measure the
expression of GDF15, RhoA, RhoB and RhoC. The expression in each sample was analyzed with the
AACt method relative to the expression of control sample (cells compressed by the agarose cushion
only). The mean fold change was calculated and plotted for each gene. Each bar indicates the mean
fold change *SE of two independent experiments (n=6). Asterisk (*) indicates a statistically significant
difference (p<0.05). (b) Western blot showing GDF15 protein levels in the conditioned medium
(concentrated by 40 X) of compressed BxPC-3. Coomassie staining was used to verify equal protein
loading. (c) Western Blotting showing phosphorylated Akt (Ser 473), total Akt, phosphorylated CREB1
(Ser 133) and total CREB1 levels in compressed BXPC-3........ccuieieiiiiieieiiiie e cieeeecteee e e eivee e e sveee e 50

Figure 3-5. GDF15 is a key regulator for solid stress-induced pancreatic cancer cell migration. (a) MIA
PaCa-2 cancer cells were transiently transfected with shSCR- and shGDF15- expressing vectors and
were compressed by 4.0 mmHg in 2 % FBS containing DMEM. Total RNA was then isolated and GDF15
mMRNA expression was quantified by gPCR. Each bar indicates the mean fold change +SE of a
representative experiment (n=3). Asterisk (*) indicates a statistically significant difference (p<0.05).
(b) Representative Western Blotting showing that GDF15 secretion has been succesfully reduced in
the conditioned medium (40X concentrated) of compressed shGDF15-treated MIA PaCa-2 cells (lane
2) compared to compressed shSCR cells (lane 1). (c) MIA PaCa-2 cells knockdown for GDF15 were
compressed by 4.0 mmHg in low-serum medium and then subjected to a scratch wound healing assay
stimulated by 10 ng/ml rhGDF15 for 16 hours. Control cells (shSCR) were treated with solvent
(indicated as control). Scale bar: 0.1 mm. (d) Graph showing the percentage wound closure as
guantified using Image) software. Statistical significant difference in wound closure of shGDF15 MIA
PaCa-2 cells compared to shSCR MIA PaCa-2 cells both treated with solvent (control) is indicated with
AN ASterisk (*) (N=4; P<O.05)....uueiiiceieeecieeeecre e ecee e e s e e e e stee e e esaeeeeestaeeeasteeesansseeesnsseeeassseeesansneesnnseeeans 52

Figure 3-6. Knockdown of GDF15 using siRNA impaired pancreatic cancer cell migration. (a) MIA PaCa-2
cancer cells were transfected with control siRNA (siCTRL) or siRNA against GDF15 (siGDF15) and were
compressed by 4.0 mmHg in 2 % FBS containing DMEM. Total RNA was then isolated and GDF15
mMRNA expression was quantified by gPCR. Each bar indicates the mean fold change +SE of a
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representative experiment (n=3). Asterisk (*) indicates a statistically significant difference (p<0.05).
(b) Representative Western blotting showing that GDF15 secretion has been successfully reduced in
the conditioned medium (40X concentrated) of compressed siGDF15-treated MIA PaCa-2 cells (lane 2)
compared to compressed siCTRL cells (lane 1). (c) MIA PaCa-2 cells knockdown for GDF15 were
compressed by 4.0 mmHg in low-serum medium and then subjected to a scratch wound healing assay
for 16 hours. Scale bar: 0.1 mm. (d) Graph showing the percentage of wound closure as quantified
using Imagel software. Statistically significant difference in wound closure of siGDF15-treated MIA
PaCa-2 cells compared to siCTRL-treated MIA PaCa-2 cells is indicated with an asterisk (*) (n=4;
(e 0 TR RSP S 53
Figure 3-7. Screening for identification of solid stress signal transduction mechanisms. (a) The heatmap
depicts the change of the normalized Median Fluorescent Intensity (MFI) for the compressed cells at
3, 6 and 16 hours compared to the MFI for the uncompressed cells. (b-c) Validation of Akt
phosphorylation (Ser473) and CREB1 phosphorylation (Ser133). B-tubulin (b) or a Coomassie staining
(c) have been used as loading controls. (d-e) Western Blotting showing Akt and CREB1
phosphorylation levels in MIA PaCa-2 compressed by 4.0 mmHg for 16 hours. B-actin (d) or B-tubulin
(€) were used as 10adiNg CONTIOIS. ......c.eiciieiiiieiie et s e e sb e e sra e e sraeensaeessaeenaees 55
Figure 3-8. Akt pathway is required for solid stress-induced pancreatic cancer cell migration. (a) MIA
PaCa-2 and BxPC-3 were pre-treated with 10 uM BKM120 for 1 hour and then were compressed by
4.0 mmHg for 16 hours in 2% FBS-containing medium. Control cells were treated with equal volume
of DMSO. Proteins were extracted and Western Blotting represents the levels of Akt phosphorylation
(Serd73) in MIA PaCa-2 (left) and BxPC-3 (right). (b) MIA PaCa-2 and BxPC-3 were pre-treated with 10
UM BKM120 for 1 hour, and then were subjected to a scratch wound assay under 4.0 mmHg in 2%
FBS-containing medium for 16 hours. Control cells were treated with equal volume of DMSO. Scale
bar: 0.1 mm. White dashed line indicates the difference in wound closure between 0 and 16 hours. (c)
Graphs represent the wound closure between compressed MIA PaCa-2 (left) or BXxPC-3 (right) treated
with DMSO compared to compressed cells treated with 10 uM BKM120 as quantified using the
Image) software. Two independent experiments were performed and at least four different images
were analyzed. Statistical significant differences are indicated with an asterisk (*) (p<0.5)......c..c....... 57
Figure 3-9. Treatment with rhGDF15 can overcome the blockade of solid stress-induced migration caused
by Akt inhibition. (a) MIA PaCa-2 were pre-treated with 10 uM BKM120 or equal quantity of DMSO
and subjected to a scratch wound healing assay under 4.0 mmHg of compression in the presence of
10 ng/ml rhGDF15 or equal quantity of the respective solvent (control). Pictures from 4 different
fields were taken from two independent experiments. Scale bar: 0.1 mm. White dashed line shows
the difference in wound closure between 0 and 16 hours. (b) Graph showing the perentage wound
closure of compressed MIA PaCa-2 treated with DMSO or 10 uM BKM120 in the presence of 10 ng/ml
rhGD15 or solvent (control). Asterisk (*) indicates a statistical significant difference between
compressed MIA PaCa-2 treated with BKM120 compared to compressed MIA PaCa-2 treated with
BKM120 in the presence of rhGDF15 (p<0.05). (c) Representative Western Blot showing
phosphorylated Akt (Ser 473) and total Akt levels in compressed MIA PaCa-2 cells treated with 10
ng/ml rhGDF15 or solvent in combination with 10 uM BKM120 or DMSO. ......ccceevvvveevreirreerreeeveennne. 58
Figure 3-10. Solid stress signal transduction is mediated by Akt/CREB1 to regulate GDF15 expression. (a)
Representative western Blotting showing phosphorylated CREB1 (Ser 133) and total CREB1 levels in
compressed MIA PaCa-2 cells treated with 10 uM BKM120 or DMSO. (b) Prediction of CREB1 (Matrix)
transcription factor-binding sites on the nucleotide sequence of GDF15 (Seq. name) as predicted by
MatlInspector tool. (c) gPCR was used to quantify the mRNA levels of GDF15 in compressed MIA PaCa-
2 cells treated with 10 uM BKM120 compared to compressed cells treated with DMSO. AACt method
was used to quantify the gene expression in each sample using as a reference the expression in
compressed and treated with DMSO cells (control). Bar graphs represent the mean fold change *SE of
two independent experiments (n=6) and statistical changes are indicated with an asterisk (*) (p<0.05).
(d) Western blotting showing that GDF15 secretion in the conditioned medium (concentrated by 40X)
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of compressed MIA PaCa-2 cells treated with BKM120 (lane 2) is reduced compared to compressed
cells treated with DMSO (lane 1). Coomassie staining was used to ensure equal protein loading. ...... 60
Figure 3-11. Proposed mechanism of how solid stress signal transduction via Akt pathway regulates
GDF15 expression to induce pancreatic cancer cell migration. The development of solid stress during
the growth of several solid tumors, such as pancreatic cancer, activates Akt pathway which in turn
phosphorylates CREB1. Subsequently, the activated CREB1 acts as transcription factor by a direct
binding onto the promoter region of GDF15. GDF15 is then secreted and acts in an autocrine manner
to promote pancreatic cancer cell MIGratioN. .......c.coiuiiiiiiiiie e e 63
Figure 4-1. Midline shift is a typical symptom of patients with brain tumors. As indicated with the black
arrow, when a tumor mass is formed in the left hemisphere of the brain, it causes a midline (red
dashed line that separates brain in two hemispheres) shift to the right (green dashed line).
Source:https://commons.wikimedia.org/wiki/File:Intracranial_bleed_with_significant_midline_shift.p

Figure 4-2. Schematic showing the pleiotropic functions of EGFR in GBM. Mutations causing an
overexpression of the EGFR gene is one of the most common characteristic of patients with GBM.
Overexpressed EGFR can mediate signal transduction through several pathways including
Ras/Raf/MEK, PI3K/Akt and JAK/STAT. All these pathways can regulate tumor growth, survival and
metastasis and are also found to be de-regulated in patients diagnosed with GBM 0. ...................... 67

Figure 4-3. Boundary conditions employed. Due to symmetry the one eight of the domains was solved. n is
the unit normal vector and u is the displacement vector. The continuity of the displacements and the
normal stress at the spheroid-matrix interface is implemented automatically by the software. ......... 70

Figure 4-4. The growth of brain cancer MCS is hindered by a surrounding agarose matrix. A-B Multicellular
spheroids (MCS) composed by H4 (A) or A172 (B) cells, were embedded in 1% agarose matrix or in
free suspension and grew for 21 days. Images were taken every 2-3 days with an optical microscope
and the area of each spheroid was quantified using ImagelJ. The average % difference in each spheroid

size was calculated and plotted for each cell line (n=12-18). Scale bar: 0. 15 MM. ...cccccccvvevveeiveennennns 74
Figure 4-5. Representative fitting of the neo-Hookean equation to the experimentally measured stress-
strain response Of 1% @BAroSe GEl.....ciuuuiiiii ittt 75

Figure 4-6. Estimation of solid stress generated during the growth of brain cancer MCS within an agarose
matrix. A-B, Fit of the mathematical model to the experimental data of the growth of H4 (A) and
A172 (B) spheroids. C-D, The calculated by the model bulk solid stress generated during the growth of
HA (C) and A172 (D) SPREIOIAS. ....eeeeiiieeeeiiee ettt ettt e e st e et e e e s ta e e e e sate e e eeabaeeeeabaeeeenraeeennnenas 76

Figure 4-7. Solid stress differentially regulates the migration and proliferation of brain cancer cells
according to their aggressiveness. A, Brain cancer cells, H4 (left) and A172 (right) were grown in
transwell inserts to form a monolayer. A scratch wound was then introduced and compression (0, 2
and 4 mmHg) was applied for 16 hours. Pictures from at least 3 different fields per condition were
taken with an optical microscope (10X magnification) prior and post compression. Scale bar: 0.15 mm.
B, Cell-free area was quantified using Image) software and the average percentage of wound closure
from at least two independent experiments was plotted for each cell line (n=6-9). C, Brain cancer cells
lines were counted and seeded with equal density in 6-well transwell inserts. Alamar Blue was added
in culture medium (10%) and absorbance was measured prior- and post- comperssion at 570/600 nm.
Absorbance of Alamar Blue is indicative of the total cell NUMDBEr. .....c.oocviiiiiiriiiiiee e 78

Figure 4-8. Solid stress differentially regulates the gene expression profile of brain cancer cells. A, Brain
cancer cells, H4 (left) and A172 (right) were subjected to 4.0 mmHg of compressive stress for 16 hours
and the expression of several migration-related genes was measured by qPCR. The mRNA expression
in each sample was quantified by the AACt method using the expression in uncompressed cells as a
reference. Bar graphs represent the mean fold change +SE of three biological replicates (n=9).
Statistically significant changes between compressed and uncompressed cells are indicated by an
asterisk (*) (p<0.05). B-C, Representative Western blotting showing the expression of GDF15 (B) and
RhoB (C) in the compressed H4 and A172 cells. B-actin was used to verify equal protein loading. ...... 79

95



Figure 5-1. A, RPPA analysis of compressed pancreatic cancer cells. A, Signal intensities were normalized to
uncompressed cells and the mean fold change from three independent experiments was plotted for
each gene. B, RPPA hits with an average fold change > 2.0 or < 0.5 were selected and plotted for each
gene. Red and green colors indicate downregulation or upregulation of each RPPA signal,
=T o X<t € AV RS PRP 87

Figure 5-2. Diagram showing the future perspective of this PhD study. Based on our in vitro data, we could
move on in vivo studies employing animal models that are implanted with pancreatic or brain cancer
cells (1). After tumor is formed, we could collect animals’ blood (2) in order to examine the levels of
markers indicating the presence of high solid stress levels such as GDF15, RhoB and HSP27 (3-4). As
we have shown, these genes are upregulated in response to solid stress and can be found in the
serum of cancer patients being implicated in tumor progression by triggering cancer cell migration
and proliferation. Alleviating stresses from the tumor microenvironment would block their de novo
solid-stress induced upregulation and by combining a stress alleviation strategy with a conventional
chemotherapeutic agent we could suggest a novel therapeutic intervention without the limitation of
using a targeted therapy against a selected gene target (5)...cccccvecciieeeiiee i 88
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Appendices

Table 1. Primers used for gPCR

Primer Name Primer sequence

B-actin Forward: 5-CGAGCACAGAGCCTCGCCTTTGCC-3’

Reverse: 5-TGTCGACGACGAGCGCGGCGATAT-3’'

Collagen | Forward: 5- GTGCTAAAGGTGCCAATGGT-3’

Reverse: 5'- ACCAGGTTCACCGCTGTTAC-3'

TGFB Forward: 5- GTACCTGAACCCGTGTTGCT-3'

Reverse: 5'- CACGTGCTGCTCCACTTTTA-3

Fibronectin | Forward: 5- CCCAGTGATTTCAGCAAAGG-3'

Reverse: 5- CCCAGTGATTTCAGCAAAGG-3’

Periostin Forward: 5’- AGTTTGTTCGTGGCAGCAC-3’

Reverse: 5- GAAGTCGGGATCACCTTCAA-3’

a-SMA Forward: 5'- CGGGACTAAGACGGGAATC -3’

Reverse: 5- CAGAGCCATTGTCACACACC -3’

GDF15 Forward: 5-TCAAGGTCGTGGGACGTGACA-3’

Reverse: 5- GCCGTGCGGACGAAGATTCT-3’

RhoA Forward: 5-CGGGAGCTAGCCAAGATGAAG-3’

Reverse: 5-CCTTGCAGAGCAGCTCTCGTA-3’

RhoB Forward: 5-TGCTGATCGTGTTCAGTAAG-3’

Reverse: 5-~AGCACATGAGAATGACGTCG-3'

RhoC Forward: 5-TCCTCATCGTCTTCAGCAAG-3’

Reverse: 5-GAGGATGACATCAGTGTCCG-3’

Rac-1 Forward: 5-AACCAATGCATTTCCTGGAG-3’

Reverse: 5'-CAGATTCACCGGTTTTCCAT-3

ROCK1 Forward: 5-~ACCTGTAACCCAAGGAGATGT-3’

Reverse: 5-CACAATTGGCAGGAAAGTGG-3’

cdc42 Forward: 5'-GCCCGTGACCTGAAGGCTGTCA-3’

Reverse: 5-TGCTTTTAGTATGATGCCGACACCA-3

Vimentin Forward: 5-CGAAAACACCCTGCAATCTT-3’

Reverse: 5-ATTCCACTTTGCGTTCAAGG-3’

E-Cadherin Forward: 5-TCCATTTCTTGGTCTACGCC-3’

Reverse: 5-CACCTTCAGCCAACCTGTTT-3’

B-catenin Forward: 5-ACAAACTGTTTTGAAAATCCA-3’

Reverse: 5-CGAGTCATTGCATACTGTCC-3’
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