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AN ABSTRACT OF THE THESIS OF

Nour Abbas Maatouk for Master of Science
Major: Physiology

Title: Specific adhesion of prostate and breast cancer cells to bone-derived mesenchymal
stem cells and their osteoblastic lineage differentiation stage.

The propensity of specific organs to harbor metastatic tumors is maintained by reciprocal
interactions between cancer cells and the organ’s microenvironment. Bone is the third most
common site of metastasis for several solid tumors. Prostate and breast cancer cells show
high affinity for bone colonization. Tumor cells extravasate from systemic circulation by
adhering and traversing adjacent vascular endothelial cells. Successfully extravasated
cancer metastatic cells interact with bone-lining cells that include several cell types at
different differentiation states. Understanding of the molecular and cellular mechanisms
that govern breast and prostate cancer cells homing to bone is an important field of research
in cancer therapy that might yield novel potential targets. The overall aim of this study is to
ascertain whether bone metastatic cancer cells adhere to a specific class of cells within bone
tissues. We will evaluate adhesion of prostate and breast cancer cells to Mesenchymal Stem
Cells (MSC) and to MSCs induced to differentiate into osteoblastic lineage at different time
points. Exploring specific potential cancer cells molecules involved in initiating and
maintaining adhesion to the bones is an essential step to formulate novel modalities for
therapeutic intervention. We will establish an in vitro model of co-cultured
MSC/Osteoblasts-cancer cells (Breast MDA 231 and Prostate PC 3). The system will be
evaluated at different time points representing partially differentiated osteoblasts and
presumably fully differentiated osteoblasts. MSCs differentiation, gene expression, protein
expression and cellular localization assays will be performed, with the aim of determining
the state with the highest cell-cell adhesion affinity and evaluating cancer cells-stem cells to
osteoblasts interactions. The cell type with the highest adhesion affinity to cancer cells will
be used to expand the co-culture system and establish more complex in vitro model with
endothelial cells-cancer cells (Breast MDA231 and Prostate PC3) cultured on extracted
bone extracellular matrix. This system, which closely mimics the bone microenvironment,
will facilitate the study of cancer cell extravasation to bone and to unravel the cellular and
molecular events in organ preference of metastasis.

Keywords: Metastasis, Prostate cancer, Homing, Stem cells, Organ-specific.
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CHAPTER |
INTRODUCTION

A. Cancer

Cancer is marked as the end-product of molecular and biological genetic and
epigenetic modifications. Cancer is commonly classified as a major leading cause of
death ™. It is variously categorized based on the complexity of molecular pathways,
stage of malignancy, and mediator’s alterations or modifications 21 profound
understanding of essential mechanisms regulating cancer colonization and spreading has
been always required. ”Tumor Self-Seeding” theory is proposed to explain the seeding
of aggressive selected tumor cells in an optimal niche . Fully competent metastatic
cancer cells undergo rapid genetic modifications and phenotypic diversifications
compared to benign cells and hence have a greater potential in escaping various
therapeutic approaches ! thus the need to formulate novel modalities for therapeutic

intervention.

B. Seed and Soil Theory: Organ preference of Metastasis

Most of circulating tumor cells (CTCs) perishes. However, a small fraction
attains their best fit destination .Organ-preference metastasis is sustained by
interdependent reciprocal cell-microenvironment interactions. Based on data collection,
Stephen Paget declared that the organ metastasis distribution in 735 breast cancer
patients wasn’t random. In 1889, Paget proposed the “seed and soil” theory to explain

the propensity of specific organs to harbor metastatic tumors®. Indeed, for Paget
11



metastasis is not a hazard event, but rather, the “seed” (Tumor cells) disseminate
preferentially in the appropriate, suitable “soil” (Microenvironment)!®. Tumor
malignancy is reduced when cancer cells are co-cultured with normal cells in a suitable
microenvironment. Indeed, the cell’s microenvironment, despite all genetic alterations,
delineates cells performance. In contrast, the anatomical/mechanical hypothesis insisted
on that the metastatic secondary site is defined by the circulatory flow. Basically,
mechanical theory claims that the portal venous system which is the unique venous
drainage of gastrointestinal tract explain the frequently reported metastasis of
gastrointestinal tumor cells into liver ') This theory was proposed by James Ewin in
1928 and turned later to be called “Circulation Theory” ). Thus, metastatic seeding in
the optimal niche involves undetermined equivocal combination of mediators required
for cancer cells maintenance, infiltration, proliferation and survival °!. CTCs
dissemination in a specific secondary tumor site is soil-dependent. Naturally, rich and
metabolically active microenvironment guides CTCs organotropism; a well-defined

distribution amid distant organs.

C. Cancer metastasis: Secondary Cancer Niche

Metastasis is classified as an inefficient process since less than 0.01% of CTCs
succeed seeding the secondary tumor site 1. A great portion of invasive and motile
malignant cancer cells are released from their primary tumor site into the circulation ™.
In most solid tumors, CTCs are found in the blood stream of nearly all cancer patients
but a minor fraction persists. CTCs may quit the tumor site as single cell or clusters ™.

Upon increase in their metastatic potential, CTCs infiltrate distant organs, selectively

12



seed the host tissue escaping immune defense, shear stress of blood flow, oxidative
stress and end up residing in a new vital niche™?.Viable metastatic cancer cells homing
to their new supportive organ-microenvironment are called disseminated tumor cells
(DTCs). DTCs are usually drug resistant. CTCs might pursue one of two dissemination
models, either metastatic linear or metastatic parallel progression. The linear model
involves chronologically separated processes: invasion of primary tumor site,
detachment and circulation, extravasation, latent phase of dormancy and then, invasion
of the secondary tumor site. In contrast, the parallel model is characterized by an early
dissemination ™). Indeed, DTCs colonization of secondary tumor site is supported by
dynamic interactions with the environment’s extracellular matrix (ECM), immune and
stromal cells creating a fertile pre-metastatic secondary niche (PMN) ¢!, Alternate
signaling mechanisms triggered by tumor cells hold the PMN establishment. Mixture of
hypoxic cancer cells-derived secreted factors such as lysyl oxidase (LOX) a collagen
crosslinking enzyme, CCL2 "8 the hypoxia-induced IL-6 (Interleukine-6), ™! Notch
ligand, Jagged1 (JAG1) “enhances the potential of the secondary site in receiving
metastatic cells. Assorted heterogeneous agglomerations of signaling particles,
classified as either microvessels or exosomes, play a decisive but still unclear role in
promoting and handling tumor metastasis ?*!. One essential and crucial step in cancer
dissemination is angiogenesis ). Angiogenesis is the formation of new blood vessels
(231 1n physiological conditions, angiogenic factors trigger pre-existing vascular vessels
differentiation during embryonic development and wound healing . The action of
angiogenic stimuli is balanced by angiogenic inhibitors secretion™®!. However, in

pathophysiological conditions like cancer, this balance is altered™. Angiogenic

13



inducers are permanently maintained whereas angiogenic inhibitors are reduced, since
gaining more blood is essential for DTCs proliferation and development . In addition,
tumor-induced hypoxia drives basement membrane degradation through pro-
anagiogenic mediators like MMPs. This will activate the migration and proliferation of
endothelial cells to form new blood channels *!. VEGF (Vascular Endothelial Growth
Factor) is a potent angiogenic mediator. Besides VEGF, other angiogenic stimuli
enforce new vessels formation such as TGF-p, TNF-a, FGF (Fibroblast Growth Factor)

and I1L-8 7],

14



<@ Smooth muscle cells Extracellular Matrix (ECM) Basal cells

ﬁf Fibroblasts ’ Degraded ECM @ Luminal cells

Basement membrane é: 3 Endothelial cells @ Prostatic cancer cells
(PCa)

Figure 1.Schematic representation showing the consequential steps of prostate cancer
cells metastasis to the bone. (1-2-3): progressive growth of prostate tumor cells in the
prostatic tissue / Invasion of primary tumor site, (4): Detachment of malignant tumor
cells / Epithelial to mesenchymal transition, (5-6-7): Cancer cells enter the circulation
and transform into CTCs / Intravasation, (8): Arrest of CTCs / Extravasation and
Invasion of the secondary tumor site.!®! After invading the primary tumor site, cancer
cells detach and enter the circulation where they start being known as CTCs. After
crossing several barriers, CTCs settle in a secondary tumor site and invade it as well.

D. Epithelial to Mesenchymal Transition (EMT)

Along with cancer progression, epithelial cells lose their polarity in addition to
their adhesion capacities transforming into mesenchymal multipotent cells capable of
differentiating into several cell types . This mechanism is known as EMT. Metastatic

growth induced by oncogenic-stress such as acute or chronic inflammation, promotes
15



EMT B During EMT epithelial genes expression is altered. Dynamic EMT activates
the transcription of associated genes such as Twist, ZEB, Slug and Snail *°*%. Slug and
Snail have both been involved in the up-regulation of MMPs. Thus, tumor cells acquire
mesenchymal features and develop invasive characteristics that promote their
detachment, migration and invasion. Indeed, epithelial cells modify their apical-basal
polarity, re-arrange their cytoskeletal system and lose their cell-cell adhesion 3233,
Furthermore, epithelial markers such as E-cadherin, Claudins and zona occludins (ZO-
1) are replaced with mesenchymal markers, mainly N-cadherin, vimentin and
fibronectin enhancing cell motility and migration potential ** **!. EMT is accompanied
with the “Cadherin Switching” phenomenon between the epithelial E-cadherin and the
mesenchymal N-cadherin expression. EMT is usually associated with chronic
inflammation B!, Within a chronically inflamed microenvironment, tumor infiltrating
immune cells secretes cytokines and chemokine such as TGF-B, TNF-a and activates
nuclear factor kappa B (NF-kB), Notch, Wnt, and Hedgehog signaling pathways 2738,
Activation of Wnt pathway results in the translocation and accumulation of B-catenin in
the nuclear compartment which is reported in cells undergoing EMT B In addition,
cancer associated fibroblasts (CAFs) originate from bone marrow mesenchymal stem
cells (MSCs), fibroblasts and epithelial cells trans-differentiation “%. A study has shown
that MSCs and CAFs share many expressed surface markers, mainly CD29, CD44,
CD73, CD90, CD106 and CD117". Another recent review described the MSCs as
resting fibroblasts®®®. Once activated, their secretion and proliferation capacities
increase. Fibroblasts secret higher amounts of TGF-p, VEGF, IL-4, IL-10 and TNF-a

compared to MSCs [*2). MSCs-CAFs common characteristics might also support that

16



CAFs are MSCs derived cells. Cancer associated fibroblasts secret pro-inflammatory
cytokines contributing to EMT maintaining and cancer progression 4. CAFs
activation rise cancer aggressiveness by recruitment of immune cells and maintain
angiogenesis support 2. Moreover, EMT is reversible. Mesenchymal cells can revert
back into their epithelial state forming clusters of metastatic growth 1. MSCs
interactions with malignant epithelial cells promote cytokines and growth factors
release which promotes epithelial cells motility [**! .[EMT is also regulated by miRNAs.
MiR-200 family’s post translational ability to regulate the molecular pathways of
several transcription factors suppress the expression of ZEB1 and ZEB2 7). In the
opposite direction, ZEB establish a “double negative feedback loop” to reinforce their

expression and maintain the transition between the epithelial and mesenchymal states

[29]

E. Escaping Immune Defense

In the first stages of cancer development, infiltrating immune cells fulfill an anti-
tumor activity. However, immune cells’ interactions with tumor microenvironment,
especially with resident stromal cells switch their behaviort®!. Indeed, dynamic but also
complex immune interactions have shifted the adopted thoughts concerning immune
system surveillance in metastatic malignant cancer. Natural killers (NKSs) and cytotoxic
T cells are initially fundamental anti-tumor mediators. However, complicated mixtures
of pre-existing and recruited immune cells interactions with tumor microenvironment
generate potent tumor-promoting activities of immune cells . NKs and cytotoxic T

cells start expressing a variety of pathological mediators such as arginase, inducible

17



nitric oxide synthase (iNOS), TGF-p, IL-10, and cysteine [*"5%54. Tumor cells not only
escape immune supervision, but also use cytokines and direct interactions with immune
cells to promote tumor outgrowth and expansion 2. Escaping mechanisms include
mainly antigen loss or deregulation in antigen presentation and down-regulation of
major histocompatibility complex (MHC 11) ®%1. In addition, inflammatory
microenvironment switches the normal anti-tumor function of MSCs into immune-
suppressive cells, inducing a stressed phenotype caused by DNA damage “°!. Immune-
suppressive MSCs alter T cells functions by the secretion of TGF-f and hepatocytes
growth factor (HGF), and indoleamine 2,3-dioxygenase which promote the apoptosis of
activated T cells . Cancer cells also recruit mast cells, Dendritic cells (DCs), tumor
associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) by
chemokines and cytokines secretion and use them to support the survival and growth
of tumor mass ). Under normal physiological conditions, hematopoietic stem cells
differentiation into common myeloid progenitor and immature myeloid cells is triggered
by a collection of cytokines mainly M-CSF, IL-3, and FMS-related tyrosine kinase 3
(FLT-3). In peripheral organs and tissues, further differentiation generates mature
dendritic cells, monocytes and macrophages. However, pathophysiological
transformations switch these progenitor cells into MDSCs > *®1. Moreover, MDSCs
become the source of different cell lineages like tumor-associated dendritic cells

(TADCs), tumor-associated neutrophils (TANS), TAMs.
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F. Vascular Bone Niche and Endothelial cells

Blood is a critical microenvironment for CTCs. Risky factors such as physical
shear stress; oxidative stress and immune surveillance narrow the CTCs survival and
restrict their arrest at the distant suitable niche. Tumor cells secret thrombin, cathepsin
B, cancer procoagulant, and MMP to outstrip danger and maintain their survival in the
vasculature. Tumor cells also induce platelets aggregation and selectin up regulation
which helps in facilitating their extravasation at distant organs *”). Under circulatory
stress, CTCs undergo apoptosis-like phenomena called anoikis due to loss of ECM
adhesion markers, initially integrin which is essential for their survival 8. A minor
portion of CTCs compensate either by controlling their glucose uptake through the
activation of pentose phosphate pathway or by the activation of tyrosine kinase-
dependent pathways °°!. Another factor to be considered is the difference in size
between CTCs which is an average of 20-30pum and the diameter of a capillary which is
approximately 8um. This fact increases the probability for CTCs to become trapped in

capillary beds along with their circulation journey [*®!

. Reaching the optimal distant
organ, few primary tumor cells confront the first impediment which are endothelial cells
supported by smooth muscle cells and pericytes in the vascular bone marrow niche.
CTCs aggregations bind to the endothelium and might block it. Bone colonization is
initiated by tumor cells-endothelial barrier interactions. Vascular permeability is
indispensable for extravasation. It is achieved by CTCs released factors like

angiopoietin . Indeed, binding of the extracellular chemokine CXCL12 to the cell

surface receptor CXCR4 facilitates tumor cells-endothelium attraction and adhesion -

19



%21 It has been shown that CXCL12 is commonly expressed at different metastatic sites
such as: lung, liver, bone marrow and brain. Adhesion molecules such as E-selectin
ligand, bl integrin, and Racl promote cancer cells —endothelial cells
intercommunication %% Hence, loss of E-Selectin expression, disrupt prostate cancer
potential to adhere to bone endothelial cells through E-selectin receptor (also known as
CD62E or ELAM-1) %, In addition, Ghajar and Colleagues showed that metastatic
cells prefer homing into the perivascular niche where they maintained held by
endothelial cells via thrombospondin-1 (TSP1) rather than endosteal niche [*.
Intravasation and extravasation are both controlled by the anatomical and structural

characteristics of the endothelial barrier. Indeed, alteration of endothelial permeability

facilitates cancer spreading.

G. Physiology of Bone microenvironment _ Bone niche

Bone maintains the body’s anatomical and structural support. Tumor
microenvironment consists of infiltrated immune cells, mesenchymal stromal cells,
vasculature and extracellular matrix °®). Mesenchymal stromal cells include :
mesenchymal stem cells, pericytes, fibroblasts and osteoblasts *”. Bone is a dynamic
tissue with a particular homeostatic remodeling continuously balanced by osteoblastic
deposition and osteoclastic resorption!®®. Metabolically active bone cells reside on a
definitive ECM that provides biochemical and fundamental dynamic uphold of bone
constituents . Osteoblasts contribute for the major portion of ECM proteins secretion,
essentially collagen I, an organic predominant protein, alkaline phosphatase (ALP) and

osteocalcin and hydroxyapatite, inorganic mineralization protein, handling the plasticity

20



but also durability of bonel’™. Additionally, bone osteoblasts are MSC-derived cells.
Thus, Runx2 and Osterix are master genes expressed regularly by osteoblasts . MSC-
induced osteogenesis and adipogenesis have been shown to be conversely related.
Indeed, paracrine factors essentially parathyroid Hormone (PTH) and Wnt guide MSC
differentiation into osteoblasts"". Once osteoblasts are trapped within the matrix they
secret, they become less metabolically active cells called osteocytes, also known as the

[70]

mechano-sensory bone cells'™. Inactive osteoblasts residing on the bone surface are

(721 However, osteoclasts, derived

known as lining cells also known as bordant cells
from the fusion of 30-50 hematopoietic stem cells nuclei in the bone marrow, are
characterized with an acidic lacuna _ Howship (pH = 5.5) by which they break down
bone ECM (™3],

Through bilateral interactions, bone cells achieve mutual survival. The
oseoblastic receptor activator of nuclear-factor kappa-p ligand (RANKL) can be found
in bound or soluble form .RANKL is activated via osteoprotegerin also secreted by
osteoblasts via an autocrine signaling pathway .Osteoblasts also secret macrophages
colony stimulating factor (M-CSF). RANKL and M-CSF are crucial for osteoclastic
maturation and differentiation™ ™). Osteoblasts-derived MMPs (Matrix
Metalloproteinases) are also notable ECM non-collagenous proteins effectively active in
bone matrix dissolving ['®.

Bone homeostasis is accomplished by cellular functional balance (Figure2).
Many hormones regulate bone remodeling, such as PTH, estrogen and calcitonin [, In

effect, PTH interacts with G-protein-coupled osteoblastic receptor and modulates serum

calcium concentration 8. Osteocytes apoptosis due to injury in the bone
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microenvironment stimulates osteotropic factors secretion and cytokines release which
activate osteoclastogenesis . TGF-B, PDGF (platelet-derived factor) and IGF (insulin-
like Growth Factor) adjust bone homeostasis and osteoclasts activation. Intracellular
calcium signaling pathway activates the recruitment of hematopoietic cells and their
differentiation into bone resorption cells by monocyte chemoattractant protein-1 (MCP-
1) release. Simultaneously, osteoblastic-derived, RANKL s decoy receptor
osteoprotegrin (OPG) is down-regulated increasing osteoclastic formation and M-CSF
and RANKL expression. Additionally, osteoclastic attachment to the unminerilized
osteoid bone matrix is maintained by osteoblastic MMPs. On the bone surface, attached
osteoclasts establish an acidic “Howship’s resorption lacunae” rich with H+ ions and
proteolytic enzymes dissolving the mineral matrix "!. Resorption phase is confined by
a formation equivalent phase %\, Osteoblasts activation is the sub-sequential event of
osteoclasts apoptosis. Resorption gaps are fulfilled by osteoid matrix produced by
osteoblasts. Osteocytes are also involved in bone formation by the production of
prostaglandin E2 (PGEZ2), nitric oxide (NO) and adenosine tri-phosphate (ATP)
enhancing osteoblasts activation Y. In contrast, RANK/OPG axis is altered during

metastasis-induced local inflammation.
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Figure2.Schematic presentation of the consequential steps of bone remodeling and the
variety of activated molecular pathways [82].

H. Bone Microenvironment during metastasis

Bone is the third most common site of metastasis for several solid tumors
831 What makes bone tissue a preferred site for metastatic cancer cells homing is the
permanent release of growth signals due to continuous constant turn over which are
pivotal for cancer cells survival in the microenvironment®!. Indeed, CTCs
dissemination and outgrowth are controlled by glut of cytokines and growth factors
secreted by bone microenvironment cells, essentially hematopoietic and mesenchymal
stem cells, endothelial cells, osteoblasts and osteoclasts °!. The existence of endosteal
and perivascular niche supplying bone with blood flow via vascular sinusoids favors
bone for metastasis ). Bone oxygen levels fluctuate from <1% to 6% creating a
hypoxic microenvironment suitable for cancer cells colonization . Each step in the

metastatic cascade requires cell-cell and cell-ECM interactions ). Basically, prostate
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and breast metastatic cells express integrin in order to adhere to bone ECM, and to
osteoblasts and osteoclasts via vitronectin and osteopontin 71,

At the genetic level, 102 metastatic genes were stated 8. Reported genes
entangle in bone marrow invasion (CXCR4), ECM degradation (MMPs, ADAMTS1,
and Proteoglycan-1), and angiogenesis (VEGF, FGF5) 7). Several other bone
metastatic genes were described [2. Epigenetic modifications alter genes expression
and increase pathways complexity ¥°°1. Additionally, metastatic incidence increases
with age, this is associated with the accumulation of several oncogenic mutations of an
individual’s lifetime ™). However, gene distinctive overlaps with unknown genes along
with cancer heterogeneity has not yet contributed to definite explanation for cancer
dissemination mechanism °2. Cancer niche development can be divided into three
stages: construction, expansion and maturation. Early, transformation of normal cells
into cancer cells is the initial result of their interactions with stromal cells. Then, tumor
spreading is regulated by the release of a variety of factors such as chemokines,
cytokines and exosomes. Afterwards, resident cells recruitment, especially fibroblasts
induces microenvironment maturation. In effect, a dynamic niche is chemical promoters
- dependent where the construction of suitable microenvironment is supported by the
stromal composition. Stromal cells recruitment is mediated by the activation of several
molecular pathways including mitogen-activated protein kinase (MAPK), STAT3 and

B-catenin pathways.
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I. Mesenchymal Stem Cells and Pre-metastatic Niche in Bone

Bone and blood progenitor cells reside in the bone marrow of trabecular
(spongy) bone™®. Bone marrow is the proliferative niche rich in MSCs responsible for
bone homeostasis, in addition to HSCs recruitment and maturation. At the physiological
level, MSCs serve as progenitor multipotent cells with high self-renewal potential®®®!.
The three main MSCs sources are: bone marrow, adipose tissue and dental pulp 471,
MSCs contribute to bone turn-over by differentiating into several cell lineages such as
osteoblasts, chondrocytes and adipocytes. MSCs are positive for mainly three surface
markers: CD73, CD105 and CD90 & and express mainly CXCL12 ¥ Nestin " and
neuron glial antigen 2 (NG2) . Mesenchymal stromal cells provide fundamental
factors to sustain the microenvironment’s homeostasis. HSCs recruitment is monitored
by HSCs interactions with osteoblasts steeled in the endosteal niche and
mesenchymal/endothelial cells in the perivascular niche . However, competition
between HSCs and tumor cells shifts the microenvironment where mesenchymal
stromal cells reside to a pre-metastatic niche favoring tumor outgrowth, %! release pro-
metastatic and angiogenic factors, stimulate tumor cells invasion and migration by
creating an immunosuppressive niche, maintaining EMT ®®! and MSCs differentiation
into CAF %1 Commonly, a very minor number of DTCs succeed to colonize the
secondary tumor site giving rise to metastatic lesions. To persist, metastatic cells require
a cascade of molecular pathways activation and adhesion molecules expression holding

pre-metastatic niche formation (Figure3). Thus, MSCs promote tumor cells survival or

dormancy via a variety of mediators %% Dormancy can be divided into three
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categories. Cellular dormancy where DTCs enter a phase of quiescence, angiogenic
dormancy where blood vessels interrupt the metastatic invasion and the immune
dormancy where tumor mass is kept under surveillance. From different perspective,
Barcellos-Hoff et al suggested that pre-metastatic niche formation is an essential
requisite for tumorigenesis [*8l. Cancer interactions with the surrounding stroma diverge
the microenvironment toward an inflammatory active state well-supplied with cytokines
and growth factors %!, Tumor inflammation is a “wound that never heals”. The
dynamic inflammatory milieu is suitable for MSCs and other cell lineages recruitment

(191 Circulatory MSCs home to inflammatory sites "%
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Figure3.Scheme demonstrating metastatic niche formation and maintenance. Tumor
initiated cells disrupt the microenvironment’s homeostatic features constructing a
primary metastatic site. Secreted mediators promote the recruitment of more circulating
cells into the metastatic site expanding metastatic growth. Resident cells join the
metastatic lesion and induce the formation of new blood vessels (Angiogenesis) to
maintain niche maturation.®!
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J. Prostate and Breast cancer

Cancer metastasis develops in 12% of breast cancer patients and account for the
majority of cancer-related deaths ®*. For prostate cancer patients, the case is more
aggressive where 70% of them develop cancer metastasis™™*®. Both breast and prostate
metastatic cancer cells follow the parallel progression model during their bone
microenvironment invasion 2% %! Even with no clear metastatic features, dormant
tumor cells colonize secondary sites ™ and non-proliferating DTCs are found in the
circulation of 70% of prostate and breast cancer patients 2. Basically, dissemination
features are organs specific. The precise distinct composition of every organ delineates
its colonization traits, the kinetic of metastatic infiltration and the aspect of metastatic
tropism!**¥!. Metastatic prostate and breast cancer cells have both a marked predilection
to colonize bone marrow niche™™*. The resistance of bone metastasis to anti-tumor

treatment increases threat complications [,

J.1. Prostate cancer cells metastasis to the bone

Metastasis in prostate cancer patients can display either osteoblastic ,osteolytic
or mixed lesions ®* but most commonly, patients present with osteoblastic lesions™®.
Tumor cells homing and growth is more preferred in active sites ™ *7. Since bone
microenvironment embodies a plethora of growth factors and cytokines™™'®, metastatic
cancer cells utilize the matrix components to enforce and maintain their survival and
proliferation such as TGF-f and MMPs that promote prostate cancer metastasis to

bone™® 2% Ordinarily, HSCs homing to bone is preserved by bone marrow osteoblasts
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and stromal cells with CXCL12 (SDF-1) expression®®l. However, during metastasis,
tumor cells compete HSCs for endosteal niche occupancy and osteoblasts adhesion %2,
Moreover, fibroblasts associated to tumor cancer cells; overexpress CXCRA4, the
complementary receptor of CXCL12, facilitating MSCs recruitment and their trans-
differentiation into cancer-mediated fibroblasts. Osteoblasts alignment/arrangement on
the bone matrix is altered by their physical contact with prostate metastatic tumor cells
[102.121] | ndeed, osteoblasts microstructure arrangement is modified by tumor-generated
pressurel*??l. Reaching the secondary tumor site, disseminated prostatic cancer cells
activate a variety of intracellular molecular pathways releasing several growth factors
such as insulin growth factor-1 (IGF-1), FGF, PDGF, Wnt and endothelin-1 (ET-1), a
mitogenic factor inducing osteoblastic differentiation and proliferation % 1231,
Endothelin-1 is over-expressed in the bone metastatic niche and found to interact with
the receptor endothelin A receptor (ETA) 2* 2] |n addition, ET-1 enforces Wnt
paracrine signaling pathway by blocking Wnt antagonist dick kopf 1 (DKK1) ¢,
Osteoclastogenesis factors secretion is alleviated by the action of urokinase-type
plasminogen activator (UPA) 271281 |n parallel, osteoclastic activity is blocked due to
prostate specific antigen (PSA) release. PSA is a kallikrein serine protease biomarker
which plays an essential role in increasing osteoblasts activation and restricting

osteoclasts functions by masking PTH-related protein (PTHrP) activity #2.

J.2. Breast cancer cells metastasis to the bone

Breast cancer cells homing to bone cause osteolytic lesions *2* where bone

balance is deviated toward osteoclastic hyper activation ™% 3. Unbalanced
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homeostasis stimulates cancer cells to secret TNF-a, IL-11 and PTHrP into the bone
microenvironment . Up on this secretion, osteoblasts increase RANKL expression
which induces osteoclasts maturation and differentiation 8. RANKL expression also
increases in response to cancer cells secretion of MMPs and their antagonist
osteoprotegrin 321331 Bone matrix degradation produces the release of TGF- which in
turn augments the production of PTHrP and IL-11 in the cancer cells and signaling
pathways start all over again. This process is called the “vicious cycle” of bone
degradation™”) . In addition, TGF-B secretion restricts the immune surveillance and
reduces T-cells and NKs function. Intracellular tumor cells auto-phosphorylation,
extracellular calcium concentration and mainly IGF-1 maintain the persistence of
osteoclastic resorptive “vicious cycle” [134,135] TGF-p is also released by the platelets
which also engender an osteoclastic activation by platelet-derived LPA
(Lysophosphatidic Acid) secretion ¢ %371 |n effect, PTHrP is the crucial mediator for
osteoclastogenesis in metastatic breast cancer patients. Other factors such as interleukin-
1 (IL-1), interleukin-6 (IL-6), interleukin-11 (IL-11), macrophage inflammatory protein
la (MIP1a), macrophage colony-stimulating factor (M-CSF) and Platelet-derived
growth factor (PDGF) are also involved. It has been demonstrated that high levels of IL-
1 and IL-6 in the bone metastatic microenvironment boosts the RANKL expression by
osteoblasts and other stromal cells and decrease OPG levels promoting osteoclasts
differentiation and proliferation. Consequentially, RANKL activates intracellular
transcriptional pathways, mainly NF-kB and AP1 (activator protein) and MAPK kinase

(mitogen activated protein)"3?-138-931
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H. Adhesion Mediators

Cell-Cell epithelial interaction is maintained by a variety of intercellular
structures such as gap junctions, adherens junctions and tight junctions. Gap junctions
retain intercellular communications and cell-cell exchange, although, count for a minor
portion of adhesiveness™*®!. However, both tight junctions and adherens junctions
contribute for the major adhesiveness fraction. Indeed, one of the most dynamic and
effective adhesion mediators is cadherin (cadherin-1 or CDH1) ¢ ¥4 Mutations
leading to dysregulation of these mediators provoke tumor cells detachment and
enhance loss of epithelial features, thus, strengthen tumor cells migration and
dissemination potential. E-cadherin was reported to be lost in cancer cells 441421 |n
addition, tight junctions delineate the apical pole of epithelial cells. Columnar epithelial
cells are held by “gasket-like seals” on their apical region preventing any para-cellular
diffusion 1. Tight junctions involve both integral membrane proteins (occluding,
claudin ..) and cytoplasmic proteins (Zonula occludens). ZO proteins associate integral
membrane proteins to the actin cytoskeleton filaments #*!. Claudins regulation is an
essential mechanism holding EMT during cancer progression 4° €1 Basically,
claudins low expression was reported in both prostate and breast cancer carcinomas 4"
1481 Claudins post-translational modifications including phosphorylation, modifications
of molecular pathways such as MAPK pathway *°! as well as phosphatidylinositol 3-
kinase (PI13K), clatherin-mediated endocytosis and growth factors affect tight junction’s

assembly and might interrupt cell-cell contact. In addition, inflammatory mediators like

cytokines regulate claudins turnover !, For example, interferon (IFN)- y stimulates
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claudin endocytosis and increase tight junctions permeability. Also, TNF-o and 1L-13
reduce claudins expression and boost para-cellular permeability 1> *>1. Furthermore,
claudin alteration induces claudin co-localization from the membrane to the
cytosolic/nuclear compartment in colon cancer patients %21, Regardless the complexity
in the interplay between all the adhesion markers, it is a key to target them for

metastatic therapeutic inventions.

H.1. Connexins and Gap Junctions

Connexin family includes twenty members of transmembrane proteins. Each
connexin is composed of nine domains: four transmembrane domains and two
extracellular loops. Both intracellular loop and C-terminal domain are largely variable
between connexin isotypest*®>*. Connexin proteins nomenclature is according to their
molecular weight!**”). Cx26, Cx30, Cx40, Cx43... are known to maintain different intra
and intercellular functions™*%. Energy-consuming, fast connexin turnover rate is 10-25
times greater than other expressed surface proteins. Rapid reaction translates high
responding efficacy ***. The elementary units of gap junctions are connexin proteins.
The interaction of two hydrophilic connexons hemi-channel, situated each in a plasma
membrane of a cell, forms a gap junction (Figure4). One connexon is a hexagonal
assembles of six cylindrical oligomerized protein subunits called connexins™*. Gap
junctions support cell-cell communication and intercellular exchange. Connexin protein
is formed of two intracellular domains, two extracellular domains, and four hydrophobic
transmembrane domains. These channels are sensitive to calcium concentration, pH,

proteins phosphorylation™®. Connexin43 turn over, assembly, trafficking and channel
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gating are regularly governed by several protein interactions™**®!. Studies have
demonstrated that the inhibition of cadherin function interrupts the formation of gap
junctions*“®l, Reciprocally, the inhibition of connexin43 disrupts adherens junction
formation™™". Cadherins are transmembrane glycoproteins. They regulate cell adhesion
and motility!™*®!. CTCs dissemination in bone microenvironment is monitored by
interactions between E-cadherin (CDH1) of tumor cells - N-cadherin (CDH2) of
osteoblasts. In addition, connexin43 interacts with ZO-11*®], the essential component of
tight junctions and caveolin-1 in lipid rafts™>®. Trafficking of connexin43 to the plasma

membrane is mediated by the formation of the protein complex Cx43-Z0-1-B-catenin.
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(El-Sabban et al 2003).

34



H.2. Role of Cx43 in cancer and metastasis

Since tissue homeostasis is maintained by intercellular communications, tumor
growth appears to have an effect on gap junction organization and functions. Cx43 is
classified as a tumor suppressor protein *%. Based on previous studies of tumor
cells/tissues, Cx43 expression can either increase or decrease based on cancer
stagel*®Y. Tightly adherent epithelial cells in the primary tumor site, normally express
Cx43 preserving harmony exchange through a process called GJIC (Gap Junction
Intercellular Communication) 7. Primary tumor cells show lower expression of Cx43
due to EMT (Epithelial-to- mesenchymal Transition). The reduction in Cx43 expression
is accompanied with down-regulation of epithelial markers such as E-Cadherin and ZO-
1 and up-regulation of non-epithelial markers such as N-cadherin 2. In early stages,
Cx43 expression-fluctuations translate a pro-metastatic function ™. Indeed, tumor
cells disengagement from their primary microenvironment is ensured by altering their
adhesion with the primary niche.

CTC homing to secondary tumor site is Cx43-dependent. The adhesiveness of
CTCs to vascular endothelial cells is a primary process to mediate tumor extravasation
(151 High levels of Cx43 translocate into the apical domain of the endothelial cells to
maintain their adhesion to CTCs™®. Tumor cells extravasate from systemic circulation
by para-cellular migration crossing intercellular junctions between adjacent endothelial
cells. In addition, extravasation might occur either actively by specific molecules
secretion or passively after vessel rupture due to expanding CTCs cellular mass [¢%),

After crossing the endothelial barrier, DTCs settle in the bone niche. Here, DTCs have
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distinctive prospects in binding to mesenchymal stem cells during their differentiation
stages ranging from MSCs into osteoblasts via potential adhesion molecules with

different adhesion affinities.
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CHAPTER II

OBJECTIVE AND AIMS OF THE PROJECT

This study targets prostate and breast cancer cells as a model for malignant solid
tumors in humans. The overall aim of this study is to ascertain whether bone metastatic
cancer cells adhere to a specific class of cells within bone tissues. We will evaluate
adhesion of prostate and breast cancer cells to MSCs and to MSCs induced to
differentiate into osteoblastic lineage at different time points by the establishment of an
in vitro model of co-cultured: MSC/Osteoblasts - Cancer cells (PC3 as a prostate cancer
model and MDA-MB-231 as a breast cancer model). MSCs differentiation, gene
expression, cellular localization and protein expression assays will be performed, with
the aim of determining the state with the highest cell-cell adhesion affinity and
evaluating cancer cells-stem cells to osteoblasts interactions. Thus, exploring specific
potential cancer cells molecules involved in initiating and maintaining adhesion to the

bones is an essential step to formulate novel modalities for therapeutic intervention.

37



CHAPTER III

MATERIALS AND METHODS
A. Human cell lines and culture
1. Prostate cancer cells: PC3s

Human mammary epithelial Prostate cancer cells: PC3s are metastatic cancer
cells, poorly differentiated human adenocarcinoma. PC3s do not express Protein
Specific Antigen (PSA). Cells were sustained in RPMI-1640 medium (Lonza,
Walkersville,USA) complemented with 10% of heat-inactivated fetal bovine serum
(FBS) (Sigma,St. Louis, USA) and 1% penicillin-streptomycin P/S (Sigma, St. Louis,
USA). Media was changed every 48h and cells were passaged every 2 to 3 days. These
adherent cells were cultured to 80% confluence in T25 flaks, incubated in a humidified
incubator with 95% air and 5% at 37°C. They were washed with 1x Dulbecco’s
Phosphate Buffered Saline (PBS), collected by trypsinization by adding 1.5mL of 1x
trypsin to the flask and incubate it at 37°C for 1.5 minutes within the 1x trypsin (Gibco,
UK). Collected cells in 1x trypsin were transferred into 15mL flacon tube. The action of
trypsin was blocked by adding twice volume of media compared to added volume of 1X
trypsin. Collected cells in suspension were centrifuged at 150G for 5 minutes at 22°C.
The supernatant was discarded; the flicked pellet is re-suspended in 3mL of fresh media
so can be further seeded for experiments or transferred into T75 flask in a total final
volume of 10mL to be later frozen or expanded. Harvested cells were frozen in

Cryogenic vials (CORNING® REF: 431386) using 20%FBS, 80%RPMI media and
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10% DMSO (Sigma Ref: D2447) in a final number of 1 million cells in a volume of
ImL. Cryovials were placed in a humidified chamber at -80°C then transferred to liquid

nitrogen (-200°C) for long term storage.

2. Breast cancer cells: MDA-MB-231 (MDA)

Human mammary epithelial Breast cancer cell line: MDA-MB-231 (MDA)
established from a pleural effusion. MDA-MB-231 is a hostile, aggressive, poorly
differentiated and triple-negative breast cancer cell line. MDAs are characterized by
estrogen and progesterone receptors deficiency. Cells were sustained in RPMI-1640
medium (Lonza, Walkersville,USA) complemented with 10% of heat-inactivated fetal
bovine serum (FBS) (Sigma,St. Louis, USA) and 1% penicillin-streptomycin P/S
(Sigma, St. Louis, USA). Media was changed every 48h and cells were passaged every
2 to 3 days. These adherent cells were cultured to 80% confluence in T25 flaks,
incubated in a humidified incubator with 95% air and 5% at 37°C. They were washed
with 1x Dulbecco’s Phosphate Buffered Saline (PBS), collected by trypsinization by
adding 1.5mL of 1x trypsin to the flask and incubate it at 37°C for 1.5 minutes within
the 1x trypsin (Gibco, UK). Collected cells in 1x trypsin were transferred into 15mL
flacon tube. The action of trypsin was blocked by adding twice volume of media
compared to added volume of 1X trypsin. Collected cells in suspension were
centrifuged at 150G for 5 minutes at 22°C. The supernatant was discarded; the flicked
pellet is re-suspended in 3mL of fresh media so can be further seeded for experiments or
transferred into T75 flask in a total final volume of 10mL to be later frozen or

expanded. Harvested cells were frozen in Cryogenic vials (CORNING® REF: 431386)
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using 20%FBS, 80%RPMI media and 10% DMSO (Sigma Ref: D2447) in a final
number of 1 million cells in a volume of ImL. Cryovials were placed in a humidified

chamber at -80°C then transferred to liquid nitrogen (-200°C) for long term storage.

3. Bone Marrow Mesenchymal Stem Cells (BMMSC)

Human bone marrow mesenchymal stem cells (MSCs) are progenitor, stromal
primary cells distinguished by a high efficiency to differentiate into different cell lines.
Cells were maintained in Dulbecco’s Modified Eagle Medium-low glucose (DMEM-
LG, Sigma Ref: D6046) supplemented with 10% of heat-inactivated fetal bovine serum
(FBS) (Sigma,St. Louis, USA) and 1% penicillin-streptomycin P/S (Sigma, St. Louis,
USA). Media was changed twice a week and cells were passaged every 2 weeks. These
adherent cells were cultured to 80% confluence in T25 flaks, incubated in a humidified
incubator with 95% air and 5% at 37°C. They were washed with 1x Dulbecco’s
Phosphate Buffered Saline (PBS), collected by trypsinization by adding 1.5mL of 1x
trypsin to the flask and incubate it at 37°C for 1.5 minutes with 1x trypsin (Gibco, UK).
Collected cells in 1x trypsin were transferred into 15mL flacon tube. The action of
trypsin was blocked by adding twice volume of media compared to added volume of 1X
trypsin (Gibco, UK). MSCs are detached from the plastic surface using an additional
mechanical force generated by a scraper. Collected cells in suspension were centrifuged
at 150G for 5 minutes at 22°C. The supernatant was discarded; the flicked pellet is re-
suspended in 3mL of fresh media so can be further seeded for experiments or
transferred into T75 flask in a total final volume of 10mL to be later frozen or

expanded. Harvested cells were frozen in Cryogenic vials (CORNING® REF: 431386)
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using 20%FBS, 80%RPMI media and 10% DMSO (Sigma Ref: D2447) in a final
number of 1 million cells in a volume of 1mL. Cryovials were placed in a humidified

chamber at -80°C then transferred to liquid nitrogen (-200°C) for long term storage.

Figure 5. Bright field images of BM-MSCs, PC3s and MDAs. (A; B): Bone marrow-
derived spindle-shaped primary MSCs for (A) being at 5x and (B) being at 10x
magnifications under light microscope. cultured and maintained in DMEM low glucose
medium with a doubling ti me of 2-3 Days. (C; D): Epithelial prostate cancer cells with
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an irregular structure for (A) being at 5x and (B) being at 10x magnifications under light
microscope. cultured and maintained in RPMI medium. PC3s are fast growing cells
with a doubling time of 24-30 hours. (E; F): Spindle shaped epithelial breast cancer
cells for (A) being at 5x and (B) being at 10x magnifications under light microscope
cultured and maintained in RPMI medium. MDAs are fast growing cells with a
doubling time of 30-35 hours.

B. Adhesion Assay

MSCs were seeded in 24 well plate with DAG reefed every 3 days. Series of co-
cultures were established at different time points: Day3, 9.12,15,18. At each time point,
cancer cells in suspension were added on the top of MSCs in within a fixed co-culture
time of 1 hour and fixed ratio of 1/2. After one hour, we aspirated the supernatant and
performed trypan blue-based simple count assay. The rest of adherent MSCs-Cancer
cells were trypsinized and counted as well. Calculations were percentages-based since
the number of differentiated MSCs was gradually increasing with time. The percentage
of adhesion was calculated by the number of adherent cancer cells/total number of

initially added cancer cells.

C. MSCs : Cancer Cells Co-culture

Direct cell-cell interaction between seeded MSCs and added cancer cells in
suspension was established by direct co-culture. MSCs were seeded in 6well-plate.
Once reaching 80% confluent, MSCs were refeeded by DAG supplemented low-glucose
media every 3 days. Co-culture systems were established at dayO (Before starting DAG)
and at Day12. On the co-culture day, media was removed and cancer cells were added
in suspension with a ratio of %2. The system was incubated for 30 minutes. Next, media

was removed, the system was washed with 1X PBS in order to remive any non-specific
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D.

binding. Trypsin 1X was added to the system and incubated for 1minute, than scraped
so that MSCs adhered to cancer cells detach from the plastic surface. Harvested cells
were transferred to 15mL tube, centrifuged for 5 minutes at 150G and re-suspended in

1X PBS to be further sorted.

MSCs differentiation into osteoblasts-like cells Assay

This assay is performed to induce MSCs differentiation into osteoblasts-like
cells using DAG. DAG is a mix of three components: Dexamethasone, Ascorbic Acid
and B-Glycerophosphate. Dexamethasone stimulates the expression of the osteoblasts
differentiation associated transcription factor Runt-related transcription factor 2
(Runx2) by FHL2/B-catenin-mediated transcriptional activation. Ascorbic Acid induces
the increase of collagen type I (Coll) secretion which in turn leads to increased
Coll/azp; integrin-mediated intracellular signaling. B-Glycerophosphate provide needed
phosphate for intracellular signaling pathway and bone mineralization. DMEM low

glucose media used to re-feed mesenchymal stem cells three times per week.

E. Calcium deposit Assay

Alizarin Red stain is used to identify calcium deposits in osteoblasts like-cells
differentiated from mesenchymal stem cells. Seeded MSCs were washed twice with 1X
PBS, fixed with 4% PFA for 30 minutes, washed with distilled water, incubated in
Alizarin Red for 30 minutes at room temperature, washed by distilled water, and finally

the plate is left to dry. Pictures are taken using light microscope.
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F. Fluorescence- Activated Cell Sorting (FACS)

Fluorescent cells were isolated using a BD FACS Aria SORP cell sorter in the
single cell mode at a low sort rate. Co-cultured MSCs and cancer cells to be sorted were
trypsinized, scraped, and pooled together. The action of 1X TE was blocked by adding
media. Cell suspension was centrifuged at 150G for 5 minutes. The pellet was then
washed with 1X PBS. Cells were sorted based on their difference in size (MSCs: large
cells and PC3s/MDAs: Small cells), there was no need for a marker and no need for a
negative control. Taken in collection tubes filled with corresponding media for each cell
line, the suspension was first centrifuged, washed with PBS and then centrifuged again.

Proteins and RNA were extracted from the pellet.

G. RNA extraction, cDNA Synthesis and Quantitative Real-Time PCR (qRT-

PCR)

1. RNA Extraction

Total RNA was extracted using QIAGEN RNeasy Kit (Quiagen ®Reference:
74134) according to manufacturer’s instructions. The first step is cell lysis by adding
Buffer RLT containing f-Mercaptoethanol. RLT lysis buffer deactivates RNases
allowing appropriate absorption of RNA to the silica membrane. During the preparation,
DNase solution is directly applied to the silica membrane in order to remove genomic
DNA. Several washes are performed. Final pure RNA is eluted in 30uL RNase free

water.
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RNA concentration was measured using NanoDrop spectrophotometry. RNA
purity was assessed by the absorbance ratio 260nm/280nm with a value of 1.8-2

indicating pure RNA.

2. cDNA Synthesis

Using BIO-RAD cDNA synthesis Kit, 1 pg of total extracted RNA was reversed
transcribed to cDNA. Real-time PCR was performed using iQ SYBR Green Supermix
in a CFX96 system (Bio-Rad Laboratories). The 5x iScript Reaction Mix contains
primers, nucleotides for DNA synthesis (dNTPs), MgC2 and buffers required by the
enzymes. The complete reaction mix is incubated in a thermal cycler, priming for 5
minutes at 25°C, followed by reverse transcription (RT) for 20 minutes at 46°C and RT

inactivation for 1 minute at 95°C.

3. Real Time PCR (gPCR)

Using 1pg of single strand cDNA mixed with 10uL SyberGreen (Green
fluorescent cyanine dye with high sffinity for double-stranded DNA). The mix was
loaded in duplicates with forward and reverse specific primers for every gene in CFX96
system (Bio-Rad). Used primers for this project are able to recognize Cx43, ALP, N-
Cad, E-Cad, and the Housekeeping gene GAPDH listed in table 1.

Real-Time PCR Steps are as following: precycle of 95°C for 3 min followed by
40 cycles consisting of 95°C for 10 sec, X C for 30 sec and 72°C for 30 sec and a final
extension step at 72°C for 5 min. DNA amplification is obtained for each gene as

“Fluorescence Threshold Cycle Value Ct”, comparative cycle threshold (AACT) which
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will be used to describe the relative-fold variation in the expression of each gene

normalized to GAPDH expression.

Table 1: Human real-time primers with their relative sequences and annealing

temperatures

(F= Forward primer R= Reverse primer).

Genes Primers’ Sequences Annealing
Temperature
O
Cx43 F: CTTCACTACTTTTAAGCAAAAGAG 52
R: TCCCTCCAGCAGTTGAG
ALP F: ACAAGCACTCCCACTTCATCTGGA 58
R: TCACGTTGTTCCTGTTCAGCTCGT
N-Cad F: GGTGGAGGAGAAGAAGACCAG 58
R: GGCATCAGGCTCCACAGT
E-Cad F: CAGAAAGTTTTCCACCAAAG 58
R: AAATGTGAGCAATTCTGCTT
GAPDH F: TGGTGCTCAGTGTAGCCCAG 52 - 62

R: GGACCTGACCTGCCGTCTAG
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H. Protein Extraction and Immunoblot

1. Cellular Protein Extraction

In order to be able to study the protein expression by Western Blot Analysis,
lysing cells is the first step for cell fractionation, organelles isolation and protein
extraction. Cells were seeded in 6 well-plate, co-cultured, sorted than centrifuged. The
extraction was performed from the obtained pellet. Approximately 20uL of Lysis buffer
(0.125 M Tris-HCI (pH 6.8), 2% sodium dodecyl sulfate (SDS) and 10% glycerol)
supplemented with 20 pl/ml protease inhibitors and 100 pl/ml phosphatase inhibitors
were added per well on cells which were scraped.

For protein quantification, DC Protein Assay (Bio-Rad, Hercules, CA) was used
based on establishing a standard curve of bovine serum albumin (BSA, Sigma Chemical

Co.) using ELISA Reader to determine the concentrations.

. Western Blot Analysis

To examine the levels of proteins expression, Western Blot was performed.
Protein samples were prepared by adding a correspondent volume to 100 pg of
extracted proteins, equal volume of 2x Sample Buffer (50mM Tris-HCI; pH=6.8,
2%SDS, 10%Glycerol), and 5% B-Mercaptoethanol. Hydrogen bones were broken by
heating, where samples were kept for 10minutes at 95°C. Samples were then loaded and
resolved on 8% SDS-PAGE gels at 30mA. The gel’s concentration is based on the

molecular weight of target proteins. Ladder (Molecular weight standard) was also added
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in a separate well. After electrophoresis separation, proteins were electrically stimulated
overnight at 30V to be transferred on PVDF membranes (Bio-Rad Laboratories) using a
cassette. After transfer, the membrane was blocked by 5% skimmed milk, and then
incubated with specific primary (Table2). The blot was washed with 1x PBS and then
incubated with the secondary specific antibodies at room temperature (Santa Cruz
Biotechnology, Santa Cruz, CA). The membrane was washed again, chemiluminescent
substrate was applied and band were visualized using ChemiDoc (MP imaging System

Biorad). Equivalent loading was ascertained by GAPDH probing.

Table2: List of primary antibodies recognizing human antigen

Primary Antibody Source Used Concentration
Cx43 Sigma 1 pg/mL
N-Cad ThemroFisher 1 pg/mL

GAPDH Abnova 1 pg/mL

I Immunofluorescence (IF) and confocal microscopy

Immunofluorescence (IF) was performed on MSCs co-cultured with cancer cells

seeded on glass coverslips. Cells were incubated for 30minutes to allow the interaction

between MSCs and cancer cells. The co-culture system was fixed with 100% Ethanol

and then washed twice with PBS 1X, then blocked with 3% BSA for 1 hour in

humidified chamber. Cover slips were then incubated with Cx43 and N-Cad primary

antibodies overnight. Next day, cover slips were washed twice with PBS 1X, incubated
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with the corresponding fluorescent secondary antibody for 1 hour, and then with DAPI
for 10 minutes to stain their nuclei with consequential PBS 1X washes. Cover slips are
finally mounted on slides using Prolong Anti-fade kit and stored at 4°C in the dark.
Confocal images were obtained with a laser scanning confocal microscope
(LSM 710, Zeiss, Germany) using x20 and x63 oil objectives. Slides were sequentially
excited by laser at different wavelengths. Images were analyzed by Zeiss Zen 200g

microscope software.
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CHAPTER IV

RESULTS

A. Assessment of the maximum adhesion state

In vitro, DAG is used to stimulate MSCs differentiation into osteoblasts-like
cells during 21 days. Since the overall aim of this project is to ascertain whether bone
metastatic cancer cells adhere to a specific class of cells within the bone tissue, we
trapped the percentage of MSCs/PC3s adhesion at different time points: 5, 8,10,12,15
and 18 along with MSCs differentiation. Seeded MSCs were refeeded by DAG every 2
days. At each time point, we co-cultured MSCs with PC3 in a % ratio for 1 hour.

As shown in Figure8, the established adhesion graph revealed a graduate
increase of MSCs to PC3s adhesion percentage, reaching a maximum of 88% at day 12.
Hence, day12 will be our target in studying in depth the molecular and cellular
variations up on their co-culture with cancer cells.

Adhesion percentage is calculated by simple count based on the number of
remaining non-adherent PC3s in the supernatant at each time point after 1 hours of co-

culture with a constant PC3s to MSCs ratio.
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Figure 6. Assessment of the percentage of adhesion of MSCs to PC3s at different time
points: day5, 8,10,12,15 and 18 by the establishment of co-culture system adding PC3s
in suspension on the seeded MSCs with a ratio of %2, for Lhour. The percentage of
adhesion was seen on day12, where 88% of PC3s adhered to seeded partially
differentiated MSCs.

B. Time and Ratio Course

Knowing that dayl12 displayed the maximum adhesion of induced-differentiation
MSCs into osteoblastic lineage to cancer cells, we wanted to know the optimal time and
ratio in MSCs/cancer cells co-culture. For this reason, serial co-cultures were performed
at different MSCs to cancer cells times and ratios. Adhesion percentages were then

calculated and assembled as shown in the Figure 9.
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For both cancer cell lines, adhesion percentage increases proportionally to
cancer cells ratios; all of these percentages end up reaching a “plateau”, within this
stage, all cancer cells are forced to adhere. Hence, the optimal co-culture time, is the
time point just before reaching the “plateau” so that cancer cells are not forced to
adhere, behaving spontaneously, and being studied as close as possible to their
physiological normal conditions.

Using light microscopy, we assessed the optimal ratio of MSCs to cancer cells.
The best adhesion ration is ¥ where cells are not as few as ¥4 ratio, neither as numerous
as 1/1 ratio.

This graph also reflects considerable difference in adhesion percentage between
both prostate and cancer cells. The highest adhesion plateau of PC3 is approximately
50%, higher than the MDAs maximum reached plateau which is 43%. PC3s show 20%

more adhesion to MSCs than MDAs.
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Figure 7. The percentage of adhesion of MSCs to cancer cells (PC3 and MDA) along
with a time and ratio course. The percentage of adhesion increases proportionally with
the ratio of added cancer cells. The percentage of adhesion ends up reaching a plateau
where all cancer cells are forced to adhere. The best time for the establishment of the
co-culture is 30 minutes the time just before reaching the plateau where cancer cells
adhere spontaneously. The best ratio of MSCs/cancer cells is ¥z assessed by light
microscope.
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C. Assessment of MSCs differentiation into osteoblasts-like cells Assay via

light microscopy

DAG shifts the intracellular signaling cascades in marrow stroma-derived stem
cells leading to osteogenic differentiation.

DAG efficiency in stimulating and maintaining MSCs differentiation into
osteoblasts can be assessed by trapping MSCs morphological changes under the
microscope.

Up on adding DAG to MSCs medium, their spindle shape switches gradually to

cuboidal/round shape as shown in Figurel0.

54



Figure 8. MSCs Morphological Changes at microscopic levels up on DAG refeed. Up
on DAG refeed, MSCs, trapped at different time points, lose gradually their spindle
shape and gain a round, osteoblast-like shape. (A): MSCs without DAG _ Day0, (B):
MSCs + DAG _ Day3, (C): MSCs + DAG _ Day®, (D): MSCs + DAG _ Day9, (E):
MSCs + DAG _ Dayl12.
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D. Assessment of MSCs differentiation into osteoblasts-like cells Assay via

Alizarin Red Assay

To further ascertain MSCs differentiation into osteoblasts-like cells, we stained
differentiated MSCs with alizarin red which is a common stain used to detect and
identify differentiated MSCs calcium content. The end product alizarin Red S-calcium
complex in a chelation process is bright red stain.

Day0 MSCs display no calcium deposits. Same lack of red staining is observed
in confluent MSCs at day12 non-treated with DAG. However, MSCs treated with DAG,
at day12 showed red plaques of calcium deposits which are marker of their

differentiation into osteoblasts-like cells, as shown in Figure9.
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Figure 9. Alizarin red images taken for wells with light microscopy showed red
calcium deposits as a marker of MSCs differentiation into osteoblasts-like cells. No
red staining at both day0 and day12 without DAG refeed.
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E. Assessment of MSCs differentiation into osteoblasts-like cells Assay via

gRT-PCR analysis

ALP is an enzyme with catalytic function mostly found in bone cells. Along
with their differentiation into osteoblasts like cells, MSCs express ALP gradually. For
this reason, qRT-PCR was performed for each set of MSCs at day 0 and 12 (in parallel
with performing DAG).

As shown in Figurel0-A, significant increase of ALP expression at day 12 in
MSCs to be cultured with PC3s is detected by approximately 4 folds with Pyajue =
0.0005.

As shown in Figurel0-B, significant increase of ALP expression at day 12 in
MSCs to be cultured with PC3s is detected by approximately 5 folds with Pyae =

0.0021.
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Figure 10. Graphical representation of changes in mMRNA expression levels of ALP
gene normalized to GAPDH housekeeping gene in MSCs at day 0 and 12 up on DAG
reefed. ALP expression increases up on DAG refeed.

F. Co-culture Images

Once MSCs are 80% confluent, Day0 co-culture was performed for 30 minutes
with a ¥ ratio of MSCs/PC3s. On the same day, we started DAG refeed for another set
of MSCs to stimulate MSCs differentiation into osteoblast-like cells which were co-
cultured with cancer cells after 12 Days.

By comparing light microscopy images after co-culture of each cancer cell line,
we can detect higher scale of PC3s adherence to MSCs at day12 as shown in Figurel2

(B) compared to MDAs adherence as shown in Figure 14(B).
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1.

MSCs/PC3s Co-culture

Figure 11. Bright field images of MSCs before and after co-culture with PC3 cells at
day0 and day12. (A): Non-differentiated MSCs at day0 before co-culture with PC3s,
(B): Non-differentiated MSCs at dayO in PBS 1X after removing medium containing the
non-adherent PC3s.(C): Differentiated MSCs by DAG at day12 before co-culture with
PC3s. (D): Differentiated MSCs by DAG at day12 in PBS 1X after removing medium
containing the non-adherent PC3s.
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2. MSCs/MDAs Co-culture

Figure 12. Bright field images of MSCs before and after co-culture with MDAs cells at
day0 and day12. (A): Non-differentiated MSCs at dayO before co-culture with MDAs,
(B): Non-differentiated MSCs at day0 in PBS 1X after removing medium containing the
non-adherent MDAs.(C): Differentiated MSCs by DAG at day12 before co-culture with
MDA:s. (D): Differentiated MSCs by DAG at day12 in PBS 1X after removing medium
containing the non-adherent MDASs.
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G. Sorting Data

After being co-cultured with cancer cells, MSCs-Cancer cells were trypsinized,
scraped it and re-suspended it in PBS 1X. Harvested cells were sorted based on their
difference in size. The size and granularity of MSCs at each passage were also
evaluated using the flow cytometry forward and side scatter diagram. Sorting data
revealed 2 distinguished populations. The large-sized cells: MSCs (population in pink)
and the small-sized cells: PC3s and MDAs (population in blue) as shown in Figurel7
and 18.

At both days the percentage of adhesion of cancer cells to MSCs increases at day12
compared to dayO.

The percentage of adhesion of MSCs to PC3s increases with an 18.2% between
dayO and 12. However, the percentage of adhesion of MSCs to MDAs increases with a
2.2% between day0 and 12. Differential increase reflects higher potential of PC3s

adhesion to differentiated MSCs at day12 compared to MDAs.

1. MSCs/PC3s

As shown in Figurel7, day0 showed two distinct populations of MSC (large size
cells) and PC3 (small size cells) with 770/4277 adhesion percentage which is equivalent
to 18%. This percentage increases significantly at day12 with 1457/4025 adhesion
percentage which is equivalent to 36.20%.

Differentiated MSCs-PC3s adhesion affinity increases at dayl2 compared to

day0 which confirms previous culture work.
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Figure 13. Size-based sorting-data_MSCs/PC3s showed 2 populations; one with small
size representing PC3s population, and another with large size representing MSCs
population. The percentage of adhesion is calculated by the ratio of the fraction of each

population on the total number of cells. Day12 showed higher percentage of adhered
PC3s to partially differentiated MSCs compared to undifferentiated MSCs at day0.

2. MSCs/MDAs

Day0 showed two distinct populations of MSC (large size cells) and MDA
(small size cells) with 722/5082 adhesion percentage which is equivalent to 14.2%. This
percentage increases significantly at day12 with 898/5588 adhesion percentage which is

equivalent to 16.4%.

MSC-PC3 adhesion affinity increases slightly on day12 compared to day0 which

confirms previous culture work.
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Figure 14. Size-based sorting-data_ MSCs/MDAs showed 2 populations; one with small
size representing MDAs population, and another with large size representing MSCs
population. The percentage of adhesion is calculated by the ratio of the fraction of each

population on the total number of cells. Day12 showed higher percentage of adhered
MDA to partially differentiated MSCs compared to undifferentiated MSCs at dayO.

H. Assessemnet of Cx43 Expression

The elementary proteins of gap junctions, cx43 are involved in maintaining cell-
cell interactions. Hence, might be playing a key role in maintaining MSCs to cancer

cells adhesion.

1. Decrease of Cx43 Expression in MSCs co-cultured with PC3s

In order to evaluate molecular vaiations in MSCs co-cultured with PC3s, cx43
expression at the genetic and protein level, we performed qRT-PCR, Western Blot
analysis and immunofluorescnce assyas on sorted MSCs before and after co-culture at
day0 and day12.

Cx43 expression in sorted MSCS decreases up on co-culture at dayO by

approximately 2 folds as shown in Figurel5-A-1. Similarly, cx43 expression in sorted
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MSCs decreases up on co-culture at dayl2 by approximately 2.5 folds as shown in
Figurel9-A-2.

The decrease at day12 with Py,e = 0.0148 is more significant than day0 with Pyaje =
0.0870.

This was also confirmed by western blot analysis, as shown in Figurel5-B, cx43
protein expression decreases at both day0 and 12 up on co-culture, but more
significantly at day12. An additional band with a molecular weight of 57 KDa is also
detected at dayO and dayl12 after co-culture.

Immunofluorescence images reflect a decrease in cx43 expression in MSCs up
on co-culture with PC3s at day0 and day12. Decrease in cx43 expression is more
significant up on co-culture at dayl12 compared to dayO as shown in Figures 16 and 17.
At the morphological level, we can clearly distinguish a switch in the spindle shape of
MSCs toward round-shaped morphology post co-culture.

In addition, at day 12 we detected a clear loss of spindle shape MSCs, this is due
to DAG assay, ensuring a partial differentiation of MSCs into osteoblasts-like cells

during 12 days ((as indicated by arrows).
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Figure 15. Gene and protein expression of Cx43 in sorted mesenchymal stem cells co-
cultered with PC3s. (A): Graphical representation of changes in mRNA expression level
normalized to GAPDH housekeeping gene showed a decrease in the expression of cx43
in MSCs up on co-culture with PC3s in both time points: day 0 and 12. (Al): 41.11%
decrease in cx43 expression up on co-culture of MSCs with PC3s at day0, (A2): 56.16%
decrease in cx43 expression up on co-culture of MSCs with PC3s at day12. (B):
Western blot analysis showed similarly a much more considerable decrease in cx43
expression on day12 than dayO.
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Figure 16. Immunofluorescence images of mesenchymal stem cells co-cultered with
PC3s (20x). Images showed a decrease in the expression of cx43 in MSCs post-co-
culture with PC3s at both day0 and day12. Cx43 decrease is much more significant at
dayl2. White arrows indicate the morphological changes of MSCs up on co-culture
with PC3s. MSCs alone showed a spindle shaped structure, which switches into
irregular structure after co-culture.




MSCs Alone_Day0 Co-culture MSCs/PC3s_Day0
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Figure 17. Immunofluorescence images of mesenchymal stem cells co-cultered with
PC3s (63x,0il). Images showed a decrease in the expression of cx43 in MSCs post-co-
culture with PC3s at both day0 and day12. Cx43 decrease is much more significant at
dayl2.

Decrease of Cx43 Expression in MSCs co-cultured with MDAs

In order to evaluate molecular vaiations in MSCs co-cultured with MDASs, cx43

expression at the genetic and protein level, we performed gRT-PCR, Western Blot
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analysis and immunofluorescnce assyas on sorted MSCs before and after co-culture at
day0 and day12.

Cx43 expression in sorted MSCS decreases up on co-culture at day0 by
approximately 1.5 folds as shown in Figurel8-A-1. Similarly, cx43 expression in sorted
MSCs decreases up on co-culture at dayl2 by approximately 2 folds as shown in
Figurel8-A-2.

The decrease on day12 with Py = 0.0017 is more significant than day0 with
Pvaie = 0.0419.

This was also confirmed by western blot analysis, as shown in Figurel8-B, cx43
protein expression decreases at both day0 and 12 up on co-culture, but more
significantly at dayl2. An additional band with a molecular weight of 57 KDa is also
detected at dayO and dayl12 after co-culture.

Immunofluorescence images reflect a decrease in cx43 expression in MSCs up
on co-culture with MDAs at day0 and day12. Decrease in cx43 expression is more
significant up on co-culture at day12 compared to dayO as shown in Figures 19 and 20.
At the morphological level, we can clearly distinguish a switch in the spindle shape of
MSCs toward round-shaped morphology post co-culture.

In addition, at day 12 we detected a clear loss of spindle shape MSCs, this is due
to DAG assay, ensuring a partial differentiation of MSCs into osteoblasts-like cells

during 12 days (as indicated by arrows).
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Figure 18. Gene and protein expression of Cx43 in sorted mesenchymal stem cells co-
cultered with MDAs.(A): Graphical representation of changes in mRNA expression
level normalized to GAPDH housekeeping gene showed a decrease in the expression of
cx43 in MSCs up on co-culture with MDAs in both time points: day 0 and 12. (Al):
13.11% decrease in cx43 expression up on co-culture of MSCs with MDAs at dayO,
(A2): 21.59% decrease in cx43 expression up on co-culture of MSCs with MDA s at
dayl2. (B): Western blot analysis showed similarly a much more considerable decrease
in cx43 expression on dayl12 than day0. An extra band was detected in western blot on
day12 with a molecular weight of 57KDa. This might be due to cx43 post translational
modifications.
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Figure 19. Immunofluorescence images of mesenchymal stem cells co-cultered with
MDAs (20x). Images showed a decrease in the expression of cx43 in MSCs post-co-
culture with MDA s at both day0 and dayl12. Cx43 decrease is much more significant at
dayl2. White arrows indicate the morphological changes of MSCs up on co-culture
with MDAs . MSCs alone showed a spindle shaped structure, which switches into
irregular structure after co-culture.
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Figure 20. Immunofluorescence images of mesenchymal stem cells co-cultered with
MDAs (63x,0il). Images showed a decrease in the expression of cx43 in MSCs post-co-
culture with PC3s at both day0 and day12. Cx43 decrease is much more significant at

dayl2.




Assessemnet of N-Cad Expression

Cadherin family is a main interplay in holding cell-cell adehion. Hence, might

be playing a key role in maintaining MSCs to cancer cells adhesion.

Decrease of N-Cad Expression in MSCs co-cultured with PC3s

In order to evaluate molecular vaiations in MSCs co-cultured with PC3s, N-Cad
expression at the genetic and protein level, we performed gRT-PCR, Western Blot
analysis and immunofluorescnce assyas on sorted MSCs before and after co-culture at
day0 and day12.

N-Cad expression in sorted MSCS decreases up on co-culture at dayO by
approximately 3 folds as shown in Figure21-A-1. Similarly,N-Cad expression in sorted
MSCs decreases up on co-culture at dayl2 by approximately 5 folds as shown in
Figure21-A-2.

The decrease on dayl12 with Pyqu = 0.0006 is more significant than day0 with
Pvaiye = 0.1755.

This was also confirmed by western blot analysis, as shown in Figure21-B, cx43
protein expression decreases at both day0 and 12 up on co-culture, but more
significantly at day12.

Immunofluorescence images reflect a decrease in N-Cad expression in MSCs up
on co-culture with PC3s at day0 and day12. Decrease in cx43 expression is more

significant up on co-culture at day12 compared to day0, as shown in Figures 22 and 23.
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At the morphological level, we can clearly distinguish a switch in the spindle
shape of MSCs toward round-shaped morphology post co-culture.

In addition, at day 12 we detected a clear loss of spindle shape MSCs, this is due
to DAG assay, ensuring a partial differentiation of MSCs into osteoblasts-like cells

during 12 days (as indicated by arrows). .
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Figure 21. Gene and protein expression of N-Cad in sorted mesenchymal stem cells
co-cultered with PC3s. A): Graphical representation of changes in mRNA expression
level normalized to GAPDH housekeeping gene showed a decrease in the expression of
N-Cad in MSCs up on co-culture with PC3s in both time points: day 0 and 12. (Al):
61% decrease in N-Cad expression up on co-culture of MSCs with PC3s at day0, (A2):
74% decrease in N-Cad expression up on co-culture of MSCs with PC3s at day12. (B):
Western blot analysis showed similarly a much more considerable decrease in N-Cad
expression on dayl2 than dayO
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Figure 22. Immunofluorescence images of mesenchymal stem cells co-cultered with
PC3s (20x). Images showed a decrease in the expression of N-Cad in MSCs post-co-
culture with PC3s at both day0 and day12. N-Cad decrease is much more significant at
dayl2. White arrow indicate the morphological changes of MSCs up on co-culture with
PC3s . MSCs alone showed a spindle shaped structure, which switches into irregular
structure after co-culture.
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MSCs Alone_Day0 Co-culture MSCs/PC3s_Day0

MSCs Alone_Day12 Co-culture MSCs/PC3s Day12

Figure 23. Immunofluorescence images of mesenchymal stem cells co-cultered with
PC3s (63x,0il). Images showed a decrease in the expression of N-Cad in MSCs post-
co-culture with PC3s at both day0 and day12. N-Cad decrease is much more significant

at day12.
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2. Decrease of N-Cad Expression in MSCs co-cultured with MDAs

In order to evaluate molecular vaiations in MSCs co-cultured with MDAs, N-
Cad expression at the genetic and protein level, we performed gRT-PCR, Western Blot
analysis and immunofluorescnce assyas on sorted MSCs before and after co-culture at
dayO and day12.

N-Cad expression in sorted MSCS decreases up on co-culture at dayO by
approximately 2 folds as shown in Figure24-A-1. Similarly, N-Cad expression in sorted
MSCs decreases up on co-culture at dayl2 by approximately 10 folds, as shown in
Figure24-A-2.

The decrease on day12 with Pyaue = 0.0003 is more significant than day0 Py =
0.0159.

Immunofluorescence images reflect a decrease in N-Cad expression in MSCs up on co-
culture with MDA s at day0 and day12. Decrease in N-Cad expression is more
significant up on co-culture at day12 compared to day0, as shown in Figures 25 and 26.
At the morphological level, we can clearly distinguish a switch in the spindle shape of
MSCs toward round-shaped morphology post co-culture.

In addition, at day 12 we detected a clear loss of spindle shape MSCs, this is due
to DAG assay, ensuring a partial differentiation of MSCs into osteoblasts-like cells

during 12 days (as indicated by arrows).
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Figure 24. Graphical representation of changes in N-Cad mRNA expression level
normalized to GAPDH. Housekeeping gene showed a decrease in the expression of N-
Cad in MSCs up on co-culture with PC3s in both time points: day 0 and 12. (Al):
31.27% decrease in N-Cad expression up on co-culture of MSCs with MDAs at dayo0,
(A2): 79% decrease in N-Cad expression up on co-culture of MSCs with MDAs at
dayl2.
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Figure 25. Immunofluorescence images of mesenchymal stem cells co-cultered with
MDAs (20x). Images showed a decrease in the expression of N-Cad in MSCs post-co-
culture with MDA s at both day0 and day12. N-Cad decrease is much more significant at
dayl2. White arrow indicate the morphological changes of MSCs up on co-culture with
MDAs . MSCs alone showed a spindle shaped structure, which switches into irregular
structure after co-culture.
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Figure 26. Immunofluorescence images of mesenchymal stem cells co-cultered with
MDAs (63x,0il). Images showed a decrease in the expression of N-Cad in MSCs post-
co-culture with MDAs at both day0 and day12. N-Cad decrease is much more
significant at day12.

Co-culture MSCs/MDAs Day12



J. E-Cad Expression in sorted MSCs post-co-culture with PC3s and MDAs

Along with cancer progression, MSCs lose their metastatic potential and switch
into epithelial cells. In order to assess if the decrease in N-Cad expression is due to
MSCs transition into epithelial cells, we performed gRT-PCR targetting E-Cad
expression on sorted MSCs before and after co-culture at dayO and day12.

In both sorted MSCs co-cultured with PC3s and MDAs, E-Cad expression
increaes on day 12.

As shown in Figure27-Al, E-Cad expression in sorted MSCS increases up on
co-culture at dayO by approximately 1.5 folds. Similarly, as shown in Figure27-A2, N-
Cad expression in sorted MSCs decreases up on co-culture at dayl2 by approximately 7
folds.

MSCs co-cultured with PC3s had a very significant increase of E-Cad
expression on day 12 with Pyaue= 0.0001 compared to dayO with Pygue=0.2125 .

MSCs co-cultured with MDAs had a significant increase of E-Cad expression on

day 12 with Pyaiue= 0.0162 compared to dayO with Pygue= 0.0358.
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Figure 27. Graphical representation of changes in E-Cad mRNA expression level
normalized to GAPDH Housekeeping gene showed a decrease in the expression of E-
Cad in MSCs up on co-culture with PC3s in both time points: day 0 and 12. (Al):
19.91% decrease in N-Cad expression up on co-culture of MSCs with PC3s at day0,
(A2): 85.85% increase in N-Cad expression up on co-culture of MSCs with PC3s at
dayl2.
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Figure 28. Graphical representation of changes in E-Cad mRNA expression level
normalized to GAPDH Housekeeping gene showed a decrease in the expression of N-
Cad in MSCs up on co-culture with MDAs in both time points: day 0 and 12. (Al): 41%
decrease in E-Cad expression up on co-culture of MSCs with MDAs at day0, (A2):
65.33% decrease in E-Cad expression up on co-culture of MSCs with MDAs at day12.
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CHAPTER V

DISCUSSION

Compared to benign tumors, malignant tumors are cancerous. They are often
resistant to treatment and may spread to other parts of the body. This is known as
metastasis. It is the primary cause of cancer morbidity and mortality. Metastasis
involves a series of sequential and interrelated steps. Currently, several hypotheses have
been advanced to explain the origin of cancer metastasis. These involve an epithelial
mesenchymal transition, an accumulation of mutations in stem cells, a macrophage
facilitation process.Every step in the metastatic cascade is cell-cell interactions-
dependent !, Studies showed that tumor cells express adhesion molecules to maintain
their metastatic dissemination®®”!. It starts in the primary tumor site where cancer cells
proliferate. They increase in number such as in mass. Tumor-induced hypoxia drives the
stimulation of microenvironment vascularization by the secretion of pro-angiogenic
mediators mainly VEGF, TGF-B, TNF-a, FGF (Fibroblast Growth Factor) and IL-8. So
the microenvironment is now invaded. Along with this progression, epithelial cells lose
their polarity in addition to their adhesion capacities, modify their apical-basal polarity,
re-arrange their cytoskeletal system transforming into mesenchymal multipotent cells
capable of differentiating into several cell types. This mechanism is known as EMT
activating the transcription of associated genes such as Twist, ZEB, Slug and Snail. So
being able to move now,cancer cells detach from the primary microenvironment,

itravasating into the circulation. And this is a very key limiting step because less than
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0.01% of CTCs succeed seeding the secondary tumor site escaping immune defense,
shear stress of blood flow, oxidative stress and end up residing in a new vital niche.
CTCs dissemination in a specific secondary tumor site is soil-dependent. They
extravasate and again colonize the microenvironment. Bone is the third most common
metastatic site for several solid tumors %], Prostate and breast cancer cells demonstrate
differential propensity in colonizing bone tissue [ *°® Metastatic prostate and breast
cancer cells have both a marked predilection to colonize bone marrow niche. Cancer
metastasis develops in 70% of prostate cancer patients and account for the majority of
cancer-related deaths. For breast cancer patients, the case is less aggressive where 12%
of patients develop cancer metastasis. Both breast and prostate cancer cells metastasize
to the bone following the parallel progression model during their bone
microenvironment invasion. Prostate cancer cells show higher tendency homing to the
bone!'%®!. Metastatic tumor cells adhere, interact and cross the endothelial barrier
reaching bone internal microenvironment 2°. Maintained by intercellular, intracellular
and extracellular signals within the bone niche, metastatic cells interact with bone cells
including several cell types at different differentiation states . MSCs residing in the
bone microenvironment, with high self-renewal potential are progenitor multipotent
cells capable of differentiating into mature osteoblasts °*.

Assuming that bone is constantly formed of specific set of cells uniformly
distributed all over the body, CT-Scans of prostate cancer patients in advanced stages
revealed region-specific metastatic nodules rather than non-specific nodules distributed

all over the body as well (%],
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In this study we have aimed to understand the cellular and molecular mechanism
that govern prostate and breast cancer cells homing to the bone. We suggested that
metastatic cancer cells adhere to a specific class of cells within bone tissues, so that we
evaluated the adhesion of MSCs and MSCs induced to differentiate into osteoblastic
lineage to both cancer cells, prostate and breast cancer cells.

We established an in vitro model of co-cultured MSCs and MSCs induced to
differentiate into osteoblastic lineage. MSCs and partially differentiated MSCs were co-
cultured with cancer cells for 30 minutes in a ratio of %.. We trapped the system at
different time points. Day12 displayed a maximum adhesion state.

The highest adhesion affinity at dayl2 was verified by sorting, where the
percentage of adherent PC3s increased from 18% at dayO to 36.20% at dayl2. Linear
results, but less significant were detected with MDAS, where the adhesion percentage
increased also but slightly from 14.2% at day0 to 16.4% at dayl2. This ascertains a
differential metastatic potential between PC3s and MDAs homing to the bone.

Differentiated MSCs are more appealing for metastatic cancer cells. Indeed,
cancer cells revealed highest tendency in adhering to differentiated rather
undifferentiated MSCs. Cell-Cell interactions are maintained by an array of intercellular
structures such as gap junctions, adherens junctions and tight junctions. Gap junctions
maintain intercellular communications and preserve cell-cell exchange, although, count
for a minor portion of adhesiveness[140]. However, both tight junctions and adherens
junctions contribute for the major adhesiveness fraction. Indeed, one of the most

dynamic and effective adhesion mediators is cadherin (cadherin-1 or CDH1) [26, 141]
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Among cell-cell adhesion molecules, intercellular communication by gap
junctions is paramount for maintaining cellular homeostasis and function. To further
explore the molecular and cellular mechanisms maintaining MSCs to cancer cells
adhesion, we evaluated the expression of fundamental adhesion markers such as cx43
and N-Cad in MSCs before and after co-culture at day0 and 12. Studies have
demonstrated that the inhibition of cadherin function interrupts the formation of gap
junctions[148] . Reciprocally, the inhibition of connexin43 disrupts adherens junction
formation[157]. Cadherins are transmembrane glycoproteins. They regulate cell
adhesion and motility[140]. CTCs dissemination in bone microenvironment is
monitored by interactions between E-cadherin (CDH1) of tumor cells - N-cadherin
(CDH2).

Gene expression assay, Immunoblotting and immunofluorescence assays
showed a decrease in Cx43 and N-Cad expression in MSCs after co-culture with cancer
cells at both day0 and dayl12. The drop in cx43 and N-Cad expression is much more
significant in sorted MSCs after co-culture at dayl12 and in MSCs co-cultured with PC3s
more than those co-cultured with MDAs.

Loss of cx43 expression as well as N-Cad is a manifestation of gap junctions and
cadherens junctions’ loss. Hence, we evaluated E-Cad expression in MSCs at day0 and
12 before and after co-culture with PC3s and MDAs. qRT-PCR showed an up
regulation of and E-Cad in sorted MSCs up on co-culture with cancer cells. This
increase in E-Cad expression is much more significant in sorted MSCs at dayl12 and in

MSCs co-cultured with PC3s more than those co-cultured with MDAs.
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MSCs induced differentiation into osteoblastic lineage: cancer cells adhesion
maintenance seems to be cx43, N-Cad independent. Further needs to be done in order to
explore more adhesion molecules responsible for adhesion preservation.

All in all, in conclusion, MSCs induced to differentiate into osteoblastic lineage
showed higher propensity to sustain cancer cells adhesion. In addition, MSCs induced
to differentiate into osteoblastic lineage co-cultured with cancer cells displayed
remarkable shift in molecular expression of c¢x43, N-Cad and E-Cad than
undifferentiated MSCs. MSCs induced to differentiate into osteoblastic lineage up on
being co-cultured with cancer cells, lose their cx43 and N-Cad expression and increases

their epithelial marker E-Cad.
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