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Advanced breast cancer frequently metastasises to the bone, causing considerable
morbidity to the patients. Survival rate after detection of bone metastases is poor, and
options to treat bone metastases are insufficient. The bone microenvironment provides a
fertile ground for the breast cancer cells to migrate and populate to. Tumour cells and the
microenvironment have complicated and dynamic interactions that induce altered activity
and phenotype in tumour cells. Novel preclinical models are needed in cancer drug
development for efficient selection process of drug candidates.

The aims of this thesis study were to establish an in vitro artificial bone microenvironment
and to investigate possible altered sensitivity of metastatic breast cancer cells to cytotoxic
agents in the formed microenvironment.

The artificial bone microenvironment was established by culturing MC3T3-E1 cells with
the bioactive glass. Osteoblast differentiation was verified with alkaline phosphatase
staining and mineralisation capability with von Kossa staining. Altered sensitivity of
breast cancer cells to cytotoxic drugs was studied by incorporating 4T1-Luc2 and using a
luciferase reporter assay to evaluate cell viability after treatment.

The results of this thesis study showed that osteoblasts cultured together with S5P34
bioactive glass formed a functional microenvironment and osteoblast were able to
differentiate and secrete mineralised matrix in it. An interesting finding was that 4T1-
Luc2 cells had increased sensitivity to S5-fluorouracil when cultured in artificial
microenvironment when compared to cultures solely on plastic. The same effect wasn’t
observed with doxorubicin. The artificial bone microenvironment model proved attractive
possibility and development of complex metastasis models should be continued.
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Rintasyopd on naisten yleisin syopd ja pitkdlle edetessddn se muodostaa usein
etipesidkkeitd luuhun. Etdpesidkkeet luussa lisddvidt sekd potilaiden oireita etti
kuolleisuutta, ja niiden hoitomahdollisuudet ovat rajalliset. Rintasydpasolut hakeutuvat
usein luuhun, silld luun mikroympéristd tarjoaa suotuisan ympdriston syopdsolujen
asettumiselle. kasvaa. Luun mikroympdéristo ja sydpasolut ovat jatkuvassa ja aktiivisessa
vuorovaikutuksessa, joka johtaa muutoksiin syOpdsolujen toiminnoissa ja fenotyypissa.
Sydpiladkkeiden kehityksen tehostamiseksi tulee kehittdd menetelmid, jotka mallintavat
vuorovaikutusta mikroympériston ja syopésolujen vililla.

Tdmdn Pro gradu -tutkielman tavoitteena oli luoda keinotekoinen luukudoksen
mikroympéristd, kdyttden bioaktiivista lasia sekd osteoblastisoluja. Toisena tavoitteena
oli selvittdd, muuttuuko rintasydpédsolujen herkkyys syoOpdlddkkeille, kun niitd
kasvatetaan keinotekoisessa luukudosta muistuttavassa mikroympéristossd verrattuna
syopésolujen kasvattamiseen yksin muovipohjalla.

Keinotekoinen mikroympéristd saatiin aikaan viljelemdlld MC3T3-El-osteoblasteja
yhdessd S5P34-bioaktiivisen lasin kanssa. Osteoblastien erilaistuminen varmistettiin
alkaliininen fosfataasi-vérjdykselld ja solujen toiminnallisuus tarkistettiin von Kossa-
varjdykselld, jolla voidaan erottaa mineraaliesiintymid. Sydpdsolujen muuntunutta
herkkyyttd doksorubisiini- sekd 5-fluorourasiili-lddkeaineille tutkittiin istuttamalla 4T1-
Luc2-rintasyopésolut  keinotekoiseen  luuston  mikroympéristo-soluviljelméén.
Léadkeaineiden vaikutusta rintasyOpdsolujen elinkelpoisuuteen maédritettiin lusiferaasi-
mittauksilla.

Tamén tutkielman tulokset vahvistivat, ettd osteoblasti-solujen viljely yhdessd S5P34-
bioaktiivisen lasin kanssa muodostaa toiminnallisen luuston mikroympériston, jossa
osteoblastit kykenevit erilaistumaan ja tuottamaan mineralisoituvaa luumatriisia.
Kiinnostava 16yt6 tutkielmassa oli rintasyopdsolujen herkistyminen 5-fluorourasiilin
vaikutukselle keinotekoisessa luuston mikroympéristdssd, verrattuna syopasolujen
viljelyyn yksinomaan muovilla. Samanlaista vaikutusta ei todettu doksorubisiinilla. Tdma
luukudosta muistuttava mikroymparistomalli todettiin toimivaksi, ja vastaavien
etdpesdkemallien kehittdmistd tulisi jatkaa syopdldadkekehityksen edistamiseksi.

Avainsanat: rintasyop4, etdpesdke, luuston mikroymparisté-malli
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1. Introduction

1.1. Breast cancer and bone metastasis

Breast cancer is the most common malignancy in women globally, accounting for 25%
of newly diagnosed cancer cases. Breast cancer is also the leading cause of cancer-related
deaths among women. (American Cancer Society, 2018.) Bone is the primary site of
metastasis for several cancers and is most frequent in breast and prostate cancers in
particular. Metastasis in the bone occur up to in 70% of the patients with an advanced
breast cancer. Metastasis in the bone cause considerable morbidity to the patients that is
also referred as skeletal related events (SREs). SREs include severe pain, pathologic
fractures, spinal cord compression, impaired mobility and hypercalcemia. Furthermore,
tumours metastasised in the bone greatly reduces patient survival, the five-year survival
rate being only 20% in breast cancer patients after discovering bone metastasis.

(Roodman, 2004.)

Precise numbers of bone metastasis prevalence are difficult acquire but estimations can
be made. By estimation, approximately 350,000 people with bone metastases die each
year in the United States. (Mundy, 2002.) More specific estimations have been made in a
cohort study conducted in UK that used a database containing detailed information of
over 7000 women with invasive stage I-III breast cancer, and women with an initial
diagnosis of stage IV disease with visceral metastases but without bone metastases in
Guy's Hospital, London. Of these women, 22% developed bone metastases during a mean
follow up period of 8.4 years after first diagnosis of breast cancer. (Harries et al., 2014.)
Another study at a single cancer centre in Canada that evaluated the incidence of bone
metastases in metastatic breast cancer patients showed that of 264 patients 73% had
skeletal metastases. The median time to develop bone metastases from primary breast
cancer was 23.1 months and the median overall survival from the diagnosis of metastatic

bone disease was 40 months. (Kuchuk et al., 2013.)

The consequences of bone metastasis to the patients are severe due to the decreased
quality of life and the poor survival rate after diagnosis in addition to the loss of
functionality that is caused by the SREs. Despite the recent progress in metastatic breast
cancer treatment i.e. endocrine therapy and targeted therapies, no treatment is yet able to
prevent skeletal metastases or stop the disease progression. The severely diminished

quality of life and survival of the patients with bone metastases calls for development of



new therapeutic options. To achieve this, improved methods of drug development and

novel systems to study bone metastatic progression are needed. (Liang et al., 2020.)

1.2. Bone microenvironment

Bone is a highly dynamic tissue that is constantly remodelled by the activity of bone cells.
Bone is composed of bone cells and organic matrix of mainly collagenous proteins and
inorganic mineralised extracellular matrix (ECM). Bone remodelling eliminates old and
damaged bone and is followed by formation of new bone tissue. Healthy bone and
remodelling are important in maintaining mechanical support and homeostasis in the
body and it depends on several local and systemic factors such as hormones, cytokines,
chemokines and biomechanical stimulation. Bone plays a central role in the mineral

homeostasis and regulates the amount of calcium in the body. (Bussard et al., 2008.)

1.2.1. Osteoblasts

Osteoblast are mononucleated, morphologically cuboidal and polarised cells that reside
along the surfaces of the bone. They are responsible for the synthesis and mineralisation
of ECM of the bone. Osteoblasts arise from the mesenchymal stem cells and the
differentiation process is tightly mediated by numerous factors at distinct time points. The
key transcriptional factor of osteoblast differentiation is the Runt-related transcription
factor 2 (Runx2, also known as Cbfal). Runx2 drives the differentiation of mesenchymal
progenitor cells to preosteoblastic cells by inhibiting the differentiation direction towards
other cells types such as adipocytes. (Long, 2011.) Deletion of Runx2 gene in mice results
in lack of mineralised bone due to defective osteoblast differentiation, demonstrating that
the expression Runx2 is critical for normal bone function (Komori et al., 1997). Another
central transcription factor Osterix direct the preosteoblasts to become committed to the
osteoblastic phenotype and it is one of the downstream effects of Runx2 (Harada and
Rodan, 2003; Nakashima et al., 2002.). Both transcription factors Runx2 and Osterix are
regulated by several signalling pathways, such as osteoblast differentiation inhibiting
Notch signalling, differentiation promoting Wnt-signalling and Bone morphogenetic
protein (BMP) signalling that stimulates osteoblast differentiation, BMPs also regulate

the function of mature osteoblasts. (Long, 2011.)

The main function of mature osteoblasts is the formation of new bone matrix. Osteoblasts
secrete collagen and other matrix proteins such as osteocalcin and osteonectin outside the

cell. The resulting, still unmineralised product is called osteoid. Precipitation and
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accumulation of calcium phosphate ions occurs within the collagenous matrix of the
osteoid, subsequently forming hydroxyapatite in a process that lasts several days. The
non-collagenous proteins influence the mineralisation process as well, for example,
osteocalcin is involved in binding the calcium and osteonectin function in linking the
collagen and mineral component to each other. Osteoid also contains inhibitory factors
that regulate the bone formation process. One of the inhibitory factors is pyrophosphate
which prevents the inorganic phosphate from crystallising with calcium in order to form
hydroxyapatite. (Young et al., 2014.) In addition to matrix proteins, osteoblasts also
deposit membrane-bound matrix vesicles that contain aggregates of calcium and build-up
of hydroxyapatite that is consequently released into the sites of developing matrix. Matrix
vesicles are enriched in proteins and enzymes that take part in the mineralisation process
of osteoid. (Vimalraj, 2020.) One such enzyme is alkaline phosphatase (ALP) that cleaves
the pyrophosphatase and therefore actively neutralises the inhibitory effect of
pyrophosphatase, allowing mineralisation process to continue. ALP is exhibited in
proliferating osteoblasts and it is significantly enhanced also during in vitro bone
formation. Detecting ALP using methods of histochemical staining are used in osteoblast
characterisation and differentiation, since after bone matrix mineralisation ALP activity

can no longer be detected. (Roach, 1999.)

1.2.2. Osteoclasts

Osteoclasts are multinucleated and terminally differentiated cells derived from the
monocyte-macrophage lineage of hematopoietic stem cells. Differentiation of osteoclasts
is controlled by locally produced cytokines and systemic hormones. One of these factors,
macrophage colony-stimulating factor binds to the receptor on osteoclast precursors and
stimulate their proliferation and survival. (Kodama et al., 1991.) Another factor regulating
the development of osteoclasts is the receptor activator of nuclear factor kB ligand
(RANKL), a potent inducer of osteoclast formation that is expressed by osteoblasts.
RANKL binds to is receptor RANK (receptor activator of nuclear factor kB) and the the
RANK/RANKL interactions have numerous downstream effects it is largely regulated by
osteoblasts. (Boyce and Xing, 2008.) Osteoclasts are phagocytic cells overseeing bone
resorption by dissolving the mineral component of the bone. Osteoclasts form a tightly
sealed zone in which they secrete proteases and acid. Proteolytic enzymes actively
degrade matrix proteins and HCL dissolves the inorganic hydroxyapatite of the bone.

(Tzelepi et al., 2009.)



1.2.3. Osteocytes

Osteocytes are the most common and long-lived cells in the bone tissue, representing up
to 95% of the total bone cells. They differentiate from osteoblasts when a sub-population
of osteoblasts become surrounded by the bone matrix they produce and subsequently
undergo morphological and functional changes. Osteocytes are thus buried in the
mineralised bone matrix and their protein synthesis and secretion is reduced and the cells
decrease in size. Regardless the phenotypic changes and isolated location, osteocytes
significantly contribute in bone metabolic activities. Osteocytes are mechanosensitive and
respond to mechanical stimulus in the bone. They also react to changes in ion
concentration in the environment and alter their subsequent signalling pathways in order
to regulate bone the bone homeostasis. (Tzelepi et al., 2009.) Osteocytes secrete several
signalling factors such as RANKL and osteoprotegerin (OPG) that regulate the functions
of osteoblasts and osteoclasts and thus influence the activities bone resorption (Ina

Kramer et al., 2010).
1.2.4. Extracellular matrix

The extracellular bone matrix is composed of approximately 30% organic matrix and 70%
inorganic minerals. The organic matrix of bone is made up 90% of collagenous proteins,
that is primarily type 1 collagen, and the remainder consists of non-collagenous proteins
and proteoglycans including osteocalcin, osteonectin and sialoproteins and growth
factors. The inorganic mineral component mainly consists of calcium and phosphate but
other salts as well, for example potassium, bicarbonate, sodium and magnesium. The
mineral component consists mainly of calcium and phosphate which are arranged in the
form of hydroxyapatite crystals, often presented by the formula Caio(PO4)s(OH):.
Together the hydroxyapatite and organic matrix of collagen and other proteins form a
complex and an organised scaffold that is responsible for the resistance and rigidity of the
bone. The bone ECM does not only provide mechanical support but plays an important

homeostatic role and participates to the bone remodelling. (Young et al., 2014.)

1.3. Metastatic process of breast cancer cells to the bone

Metastasis to the bone is a dynamic, multi-step process in which the cancer cells undergo
significant phenotypic and genotypic changes (Figure 1). The process begins in the
primary tumour when the cancer cells lose their epithelial features and disconnect from

their surroundings, enabling the invasion of the primary tumour cells to the surrounding
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tissues. The tumour cells lose their adhesive and polarity features and acquire invasive
and migratory properties, increased motility for example. This phenomenon is called the
Epithelial-Mesenchymal transition (EMT). Cells undergoing EMT excrete proteolytic
signals that permit them to intravasate into the blood stream and become circulating
tumour cells (CTCs). (Hanahan and Weinberg, 2011.) Previous research shows, that
primary tumours with metastatic capabilities can be differentiated from non-metastatic
ones. A study comparing gene expression profiles of primary tumours of breast cancer
patients with positive or negative findings of bone metastases showed distinctively two
expression profile groups matching their metastatic status demonstrating that bone
metastasis is a selective process that requires a specific molecular signature of the cancer
cells. (Woelfle et al., 2003.) It also highlights that metastatic cells diverge greatly from

the primary tumour cells.

Once the CTCs have entered the circulation, most CTCs are destructed by the immune
cells and natural attrition. Approximately nnly under 1% survive and successfully migrate
to new sites. Successful CTCs invade, or extravasate, into the bone marrow cavities
becoming disseminating tumour cells (DTCs). A metastatic tumour cell niche is therefore
created and surviving DTCs interact with the bone microenvironment, entering either
immediate proliferation and populate in the bone marrow or go into dormancy. (Qiao and
Tang, 2018.) Dormancy is a stage in which the tumour cells have homed and resided in
the bone marrow but entered a dormant phase and appear to remain in a non-proliferative
and non-metabolic stage (Aguirre-Ghiso, 2007). Dormant cells can be resistant to
chemotherapies, signifying that patients may remain asymptomatic and seemingly
recovered after treatments, but relapses in breast cancer may occur even after several
years after treatment or surgical resection of the primary tumour (Braun et al., 2005). The
bone microenvironment greatly determines the course of DTCs and the reciprocal
interactions that may drive the tumour cells to either proliferation or dormancy are

extensively reviewed by Aguirre-Ghiso (2007).
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Figure 1. Metastatic process of breast cancer cells from primary breast
tumour to bone metastases. Metastasis to the bone is a dynamic process, in
which the tumour cells are constantly challenged. Tumour cells that are capable
of undergoing Epithelial-Mesenchymal transition (EMT) can invade to the
surrounding tissues and into the circulation. Circulating tumour cells that survive
in the circulation migrate and extravasate into the bone. The metastatic tumour
cells interact with the bone microenvironment and may go into dormancy or
directly proliferate and populate in the environment that is supportive of tumour
growth. (Adapted from Mundy, 2002)

1.4. Osteotropism of breast cancer

Metastasis to the bone is not a random occurrence. Stephen Paget’s well-known
hypothesis proposes that different organs provide optimal growth conditions to specific
cancers, and the bone is considered a favourable site for metastatic breast cancer cells for
several reasons. For instance, the blood flow to the highly vascularised bone marrow
transport the metastatic cells there and assist in the establishment of metastases but also
the specific properties of the local bone microenvironment determine the selectivity of
bone. Bone has a large repository of a variety of growths factors and cytokines that are
released during normal bone resorption and facilitate the growth of metastatic cells. Then
again, breast cancer cells secrete molecules that modulate the activity of osteoblasts and

osteoclasts. (Mundy, 2002.)

Osteotropism of breast cancer has been demonstrated to be at least partly caused by

certain chemokines, a group of signalling proteins binding to G-protein-coupled receptors



that have a well-established role in leukocyte migration and adhesion into bone marrow.
An example of one of the most well studied chemokines in breast cancer cell migration
and invasion is CXC chemokine ligand 12 (CXCL12 also known as stromal cell-derived
factor, SDF-1). High levels of CXCL12 are released only in certain organs such as the
bone marrow and it is highly expressed by osteoblasts. (Miiller et al., 2001.) Its receptor
pair CXC chemokine receptor 4 (CXCR4) is expressed by breast cancer cell surfaces and
CXCR4 has been shown to be expressed at elevated levels in a sub-population of breast
cancer cells that specifically home to bone, enlightening one of the mechanisms of how

breast cancer cells favour forming metastases to bone (Kang et al., 2003).

1.5. Bone microenvironment and tumour cell interactions

The ability of breast cancer cells to grow and populate in the bone is greatly contributed
by the molecular interactions between tumour cells and the microenvironment (Figure 2).
Exact mechanisms of tumour-microenvironment crosstalk are still unknown, although
several factors have been identified. (Hiraga, 2019.) The most abundant growth factor
family that is restored in the bone are insulin-like growth factors (IGFs). IGFs are
associated with numerous cancer types and are implicated to have a role in the
development, progression and aggressiveness of cancers, breast cancer included. For
example, breast cancers express increased levels of IGF type I (IGF-1) receptors (IGFIR)
and when initiated by bound IGF, several pathways are activated that promote malignant
behaviour of the cancer cells. (Hiraga et al., 2012.) Activation of IGFIR has also been
directly linked to increased cancer growth and metastasis to bone in vivo (van Golen et

al., 2006).



One of the most recognised interactions between metastatic tumour cells and the bone
microenvironment is the excessive production of parathyroid hormone-related protein
(PTHrP) in the tumour cells. PTHrP activates RANKL signalling in osteoblasts which
binds to RANK in osteoclasts, activating osteoclasts precursors and enhancing bone
resorption. Following the increased amount of bone resorption, more growth factors i.e.
TGF-B, IGF and BMPs are released from the bone reservoirs and promote proliferation
of cancer cells and increases production of PTHrP. This imbalance in bone resorption is
referred as “vicious cycle” of continuous tumour and bone cell activation. (Roodman,
2004.) Several studies support this concept. For example, PTHrP expression is higher in
breast cancer cells that have metastasised to bone compared to non-skeletal metastases

(Powell et al., 1991) and TGF-f increase the production of PTHrP (Yin et al., 1999).

/;*/ %/_%/ M = /osteocy’[es
’%J ﬂ o /;@i/

- L ————

osteoblast

DTC

Figure 2. Cell interactions in the Metastatic Bone Microenvironment. Multiple
cell types are represented in the metastatic bone microenvironment. The
microenvironment is populated by the metastatic disseminated tumour cells
(DTCs) from the primary breast tumour, which then interact with the bone cells.
Osteoblasts secrete CXCLI12 cytokine that attracts the metastatic tumour cells.
Bone cells also interact with the DTCs via several other signalling mechanisms
such as RANKL, PTHrP, TGFP and BMPs. (Adapted from Heino and Maitti,
2018.)

The bone microenvironment interacts with cancer cells also by physical stimuli in
addition to the cellular and molecular interactions. Cancer cells respond to mechanical

stress, hypoxia and the acidic environment in the bone microenvironment. (Fournier et

al., 2015.) Breast cancer cells are affected by the hypoxic conditions in the bone



microenvironment. The cell responses to hypoxia are primarily mediated by the hypoxia-
inducible factors (HIFs). Under hypoxic conditions, the subunits hypoxia-inducible factor
lo (HIFla) and the hypoxia-inducible factor 1f (HIF1B) are stabilised and
heterodimerised causing changes in the transcription of target genes. (Hiraga, 2018.)
Overexpression of HIF1a has been recognised in metastatic breast cancer (Zhong et al.,
1999) and the knockdown of HIF1a in MDA-MB-231 breast cancer cells inhibited the
formation of bone metastases in a mouse model and improved their survival (Dunn et al.,
2009). Hypoxic conditions upregulate enzymes of the glycolytic pathway via HIFs in
tumour cells and thus intensify the glycolytic energy metabolism switch that is also
referred as Warburg’s effect, an abnormal characteristic of cancer cells using glycolysis
as a main energy metabolism source despite its relatively poor efficiency (Hanahan and

Weinberg, 2011).

Breast cancer cells also react to the mechanical environment and stiffness caused by the
mineralised matrix in the bone microenvironment. Cancer cells respond to the increased
rigidity in their surroundings via the transmembrane protein integrin av33 which is found
to be upregulated in bone metastasising tumours compared to normal tissues. (Kwakwa
and Sterling, 2017.) One study has demonstrated that osteotropic MDA-MB-231 breast
cancer cells expressed greater levels of integrin avp3 compared to their parental cells
(Pecheur et al., 2002). Integrin avB3 has shown to cause modifications in the gene
expression of metastatic tumour cells in response to the matrix rigidity. For example, a
group of investigators demonstrated that integrin avp3 upregulated a signalling cascade
that induced an increased PTHrP expression, which is known to drive the “vicious cycle”

of metastatic cancer cell growth. (Page et al., 2015.)

1.6. Modelling bone metastases

Cell-based modelling is a well-established method of cancer research. However, models
for investigating bone metastases and how to better illustrate the role of the
microenvironment in them needs still further development and calls for using preclinical
models and testing that they reliably predict the therapeutic efficacy of candidate agents.
(Bhadriraju and Chen, 2002.)

1.6.1. In vivo models

One of the traditional methods to create a bone metastasis in a in vivo model is the

orthotopic injection of breast cancer cells into the mammary fat pad of immunodeficient
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mice. This method has potential of modelling the whole metastatic processes from the
primary tumour growth to the development of metastasis at a distant site. Other frequently
used methods of in vivo models are intraosseous and intracardiac murine models.
Intraosseous models are created by implanting tumour cells directly in the bone, into the
tibia or femur of a mouse, causing metastasis to arise rapidly. The intraosseous model
bears a resemblance only to the final stages of bone metastasis and thus prevents the
possibility of studying homing of tumour cells in the bone and the early interactions
between the microenvironment and tumour cells such as extravasation and dormancy.
Intracardiac models are created by injecting tumour cells into the left ventricle of mice
and they generate bone metastasis at a high frequency, recapitulating the extravasation

from circulation to the bone tissue. (Jinnah et al., 2018.)

Using models where tumour cells are introduced into experimental animals, mainly mice,
present a major limitation of needing to use immunocompromised mice. They lack
significant immunological factors, which play a significant role in the process of

metastatic development and many key interactions are thus missing. (Jinnah et al., 2018.)

Efforts in improving in vivo models to better recapitulate the human bone
microenvironment have been made, resulting in humanised mice models. These models
utilise either human or synthetic bone implants in mice in addition to implanting human
tumour cells, the objective being that the bone implant serves as target for the metastatic
process. Engineered or synthetic constructs have emerged as a tempting choice due to
their reproducibility and better availability than human bone implants. (Jinnah et al.,
2018.) However, a great limitation of humanised in vivo models presents in low or
variable frequency of the metastasis to the bone implant and the length of time before
occurrence of metastasis, which may take often up to 5-6 months. Overall, the low
frequency of metastasis in animal models and the lack of complete immunosystem make
in vivo models mostly unsuitable for studying metastases and effectivity of treatments.

(Holen et al., 2015.)

In addition, using in vivo models in drug discovery have been found to be non-reliable as
evaluation for drug efficacy and animal models have largely recognised limitations, the
most predominant ones being their incompatibility to high-throughput drug screening

because of high costs, time-consuming testing, and ethical aspects. (Sharma et al., 2010.)
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1.6.2. Two-dimensional (2D) cell culture models

Along with the increasing understanding of the importance of the microenvironment to
tumour development, the relevance of classical two-dimensional (2D) monolayer cell
cultures has started to be questioned (Sharma et al., 2010). Whether 2D cell cultures
represent the cell activities and phenotype sufficiently in order to have any relevance with
the in vivo or clinical circumstances and whether they should be thus used in screening
for suitable drug candidates is arguable. 2D cultures on artificial plastic surfaces lack the
ECM, leading cells to lose distinctive features such as the correct spatial orientation and
population heterogeneity. Essential signalling cues for differentiation, proliferation,
polarisation, and other functions are therefore lost. Consequently, this loss is of extreme
disadvantage in bone metastasis modelling since the ECM has fundamental influence on
the tumour cell signalling and growth. Essential biological responses to pharmacological
agents may not be physiologically reproduced in 2D cultures and it may therefore hinder
the evaluation of drug efficiency and therefore their use in drug discovery. (Breslin and

O’Driscoll, 2013.)

1.6.3. Three-dimensional (3D) cell culture models

Three-dimensional (3D) culture models represent a more reliable approach for studying
interactions within tumour cells and microenvironments. The gap between 2D cultures
and in vivo studies are proposed to decrease with 3D culture models. 3D cultures differ
from 2D culture in that the cells are promoted to form 3D spheroids of cells and by
introducing matrices instead of growing cells in a monolayer. 3D models have gained
popularity in cancer drug development due to them being more predictive of in vivo
events than 2D cell cultures. (Breslin and O’Driscoll, 2013.) A study comparing a panel
of malignant and non-malignant breast cell lines cultures in 2D monolayer cultures and
3D cultures revealed significant differences in gene expression in relation to the culturing
conditions, supporting that 3D cell cultures alter cellular activity and enforcing the
concept that cells behave differently depending on their microenvironment (Kenny et al.,

2007).

3D modelling systems better recapitulate the multicellular structure and interactions of
cell-cell and cell-matrix cross talk and lead to spatially and architecturally applicable
similarity to in vivo tissue. Thereby, 3D cultures provide relevant biological properties to

the tumour cells. There are several different approaches to construct 3D cell culture
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models of bone metastases. Multicellular tumour spheroids assemble cell aggregates in
bioreactors that have characteristics of solid tumour such as necrotic core and uneven
gradients of signalling molecules. They may consist only of tumour cells o or include for
example stromal cells also. (Qiao and Tang, 2018.) However, the lack of ECM
components is one of the most often stated problems of these systems since the cell-ECM
interactions and spatial architecture of the ECM contributes to the tumour cell responses
and signalling pathways as also previously described in chapter 1.5. The ECM can alter
the performance of drugs via several ways. The composition, organisation, and stiffness
of ECM (i.e. high collagen composition) may alter drug efficacy. Also, cell-ECM
adhesion molecules such integrins activate survival promoting signalling in tumour cells

supporting chemoresistance against cytotoxic drugs. (Holle et al., 2016.)

This disadvantage has been tackled with introducing artificial components mimicking
ECM to the in vitro 3D cultures. Matrigel is a commercially available matrix that has
incorporated parts of basement membrane proteins. Cells grow embedded in or on top of
the matrix and are able to generate spheroids that have a stromal support structure. There
are multiple different kind of matrices available for spheroid generation in ECM; yet even
this model fails to recreate the complex cancer-mineralised matrix interphase. (Breslin
and O’Driscoll, 2013.) Scaffolds are an alternative method of 3D culturing. They are
based on either natural materials or synthetic constructs and are made of wide range of
materials and mechanical characteristics. Synthetic scaffolds are often processed to form
hydrogels that are commonly composed of collagen or laminin. Hydrogels are porous
materials and when cells are seeded into the scaffold, they are able to migrate between
the scaffold fibres and form 3D structures. Hydrogels that integrate molecules found in
the ECM are able to exchange signalling cues closely mimicking the signalling
experienced in in vivo. (Breslin and O’Driscoll, 2013.) Natural scaffolds can be collagen-
based, or osteoblast derived to name some examples. Mineralised matrix of osteoblasts
has been used in cell cultures and reported to support metastatic breast cancer cell
progression. However, fully natural scaffolds are difficult manufacture and have
unreliable durability. They should also be cost efficient and feasible for sufficient

throughput for high capacity screening. (Qiao and Tang, 2018.)

1.7. Bioactive glass and their properties and applications

Bioactive glasses first described by L. Hench in 1971 are synthetic silica-based materials

that can form chemical bonds to the bone. Bioactive materials are defined as materials
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that stimulate a biological response from the body at the interface of the material and the
tissue. Bioactive glasses are osteostimulative, meaning that they have properties that
enable osteoblast cell recruitment or activation, ultimately producing new bone tissue.
Bioactive glasses are also osteoconductive, meaning that they introduce the possibility
for bone to grow along the material or that they provide a scaffold for bone formation.
There are various compositions of bioactive glasses. The first-generation bioactive
glasses such as Bioglass® 45S5 and S53P4 are composed of SiO», Na,O, CaO and P»0s.
The activity rates of bioactive glasses differ by their composition and is mostly reliant on
the proportion of SiO;. Novel bioactive glasses contain also K2O-MgO and they can be
manufactured in several different forms, overcoming the issues of first-generation
glasses, such as crystallisation of the glass in high temperatures. (Véliméki and Aro,

2006.)

Activity of bioactive glasses are based in their ability to stimulate biological responses
from the body at the interface of the material and the tissue. A reaction on the glass surface
is initiated after contact with body fluids which promotes a rapid release of sodium, silica,
calcium, and phosphate ions. This results in a local increase of pH, that alkalinise the
surroundings. After the release of the ions, a silica-rich gel layer is formed on the
bioactive glass surface. Formation of the silica layer on the surface is a critical step for
the bonding of the bone as it acts as a template for calcium phosphate precipitation. The
calcium phosphate layer then crystallise to hydroxyapatite and directs new bone
formation by activating osteoblasts. These surface reactions do not only promote the
formation of new bone, but they also contain antibacterial properties and have angiogenic

potential. (van Gestel, N. A. P. et al., 2015.)

S53P4 bioactive glass is used in several clinical applications such as bone grafts in
craniofacial reconstructions and in treatment of osteomyelitis, an infection of bone and
bone marrow in which the antimicrobial properties of S53P4 are utilised. S53P4 bioactive
glass is described to degrade slowly in the body, but it is mostly found to be relatively
stable. Remnants of glass granules may be found up until 14 years after implantation

(Peltola et al., 2006; Lindfors et al., 2010.)

Bioactive glasses have shown to have properties that aid growth and maturation of
osteoblasts, but the mode of the actions that affect the cells are not quite clear. The most

agreed osteostimulative effect of bioactive glasses are the surface reactions and the
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formation of the silica layer. In a study investigating the stimulatory effects of bioactive
glass showed that the released ions of the Bioglass 45S5 increased osteoblast cell
proliferation. Interestingly, the research group also presented that the insulin-like growth
factor II (IGF-2) gene was overexpressed, and the amount of secreted unbound IGF-2 was

increased. (Xynos, loannis D. et al., 2000.)

The introduction of bioactive glass in preclinical cancer research is an interesting
possibility. It is a well-characterised, homogenous and non-reactive material, that could

mimic bone without invoking dramatic undesirable reactions.

1.8. Therapeutic treatment of bone metastatic breast cancer

Treatment of cancer patients with bone metastases aims to prevent further progression of
the disease and prolong the survival of patients. They also aim to reduce the SREs and
bone pain. Treatments can decrease the size or slow the growth of the metastases and
therefore help manage the SREs and increase quality of life of the patients. Nevertheless,
no treatment is curative or eliminate the metastatic growths. Treatment options for breast
cancer patients with bone metastasis include bone targeting agents and cancer cell
targeting agents. Bone targeting affect the bone microenvironment and are mostly
indicated for osteoporosis while cancer targeting agents target the tumour cells

themselves. (Harbeck and Gnant, 2017.)

1.8.1. Bone targeting agents against bone metastasis

Bisphosphonates are pyrophosphate analogues that bind strongly to the exposed
hydroxyapatite in the bone and inhibit the osteoclast-mediated bone resorption.
Bisphosphonates reduce the incidence of SREs such as hypercalcemia, pain and
pathological fractures and they even reduce the formation of new metastases to the bone
in breast cancer patients, though the mechanism of this effect remains unclear
(Hortobagyi et al., 1996; Diel et al., 1998.) Another bone targeting agent used in bone
metastasis treatment is denosumab, a human monoclonal antibody against RANKL.
Denosumab inhibits RANKL and blocks the RANKL-RANK interaction, resulting in
reduction of osteoclast activity and thus bone resorption. This mechanism aims to stop
the “vicious cycle” driven by the breast cancer cells that leads to uncontrolled cell activity
and growth. Using denosumab in bone metastasis treatment of breast cancer patients has

shown to be successful in prevention of SREs, demonstrated as delays in the onset of
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SREs compared to the treatment with the bisphosphonate agent zoledronic acid. (Alison

T. Stopeck et al., 2010.)

1.8.2. Cytotoxic agents against bone metastases

Treatment and selection of agents for metastatic breast cancer treatment always requires
an individual plan based on the specific tumour biology and previous treatment history of
the patient. Traditional chemotherapeutics including anthracyclines (doxorubicin and
epirubicin), taxanes (paclitaxel and docetaxel) and fluoropyrimidines (capecitabine and
5-fluorouracil) can be used as individual agents or in adjuvant therapies. (O'Shaughnessy,
2005.) Clinical trials using chemotherapeutic agents show initial response and
improvements in disease control, but only small portion of patients achieve remission.
(Alba et al., 2004; Greenberg et al., 1996.) After the introduction of biological agents
such as trastuzumab, bevacizumab and pertuzumab that affect specific molecular targets
in the tumour, improvements in overall survival of metastatic breast cancer patients has
been observed. Biological agents are also used in combination with chemotherapy.
(Harbeck and Gnant, 2017.) Clinical trials involving both chemotherapeutics and
biological agents have demonstrated improved overall response and time to progression
rates compared to chemotherapies alone in metastatic breast cancer patients (Slamon et

al., 2001; Swain et al., 2015).

More recent treatment options are also in use of metastatic breast cancer treatment.
Endocrine therapies that inhibit estrogen-promoted tumour growth such as aromatase
inhibitors (anastrozole, exemestane, and letrozole) or tamoxifen, a selective estrogen
receptor modulator that competitively blocks the receptor, are used often in initial
treatment. Endocrine therapy is typically incorporated with a cyclin-dependent kinase 4/6
inhibitor (i.e. palbociclib, abemaciclib, or ribociclib). These lines of treatment are
generally continued until the tumour becomes endocrine resistant and patients transition
to chemotherapy treatments. Targeted inhibitors such as PARP inhibitors olaparib and
talazoparib are used in patients with specific germline mutations. (Waks and Winer,

2019.)

Palliative treatment to treat bone pain that is caused by the localised metastases is
performed by external radiotherapy. Radiation therapy inflict damage to both cancer cells
and non-cancer cells via the ionising radiation that cause direct DNA damage. (Popovic

et al., 2015.) Pain relief is usually rapid and treating the involved bone by local
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radiotherapy have presented pain relief rates of 80-90% (Gaze et al., 1997). In addition to
external radiotherapy, internal systemic radiotherapy using bone-seeking radioisotopes
are used as palliative bone pain treatment. Three radionuclides, Strontium-89
hydrochloride, Rhenium-186 hydroxyethylidenediphosphonate and samarium-153

lexidronam are approved to treat metastatic bone pain. (Christensen and Petersen, 2011.)

Although there are several options for metastatic breast cancer treatment, therapeutic
resistance of chemotherapeutic drugs and endocrine therapy remains a serious issue.
Tumours may be intrinsically resistant, or response rates decline during multiple courses

of treatment. (Waks and Winer, 2019.)

1.8.3. 5-fluorouracil

Chemotherapy agent 5-fluorouracil (5-FU) is widely used in cancer treatment, including
breast cancer. It was first synthesised in 1957 and is a fluorinated pyrimidine and an
analogue of uracil, one of the four bases found in RNA. (Heidelberger et al., 1957.) 5-FU
acts as an antimetabolite, meaning that it interferes with the synthesis of DNA and RNA
by substituting the normal building blocks required for DNA replication and transcription.
5-FU is typically used in combination therapies with other antitumor agents. 5-FU has
been found effective in advanced breast cancer with the overall response rate varying
from 29% to 54% and improving SRE related bone pain by 53%. (Cameron et al., 1994;
Regazzoni et al., 1996.)

The antitumor effects of 5-FU are mediated by the inhibition of thymidylate synthase
(TS). 5-FU is converted to three main metabolites in the cell, fluorodeoxyuridine
monophosphate (FAUMP), fluorodeoxyuridine triphosphate (FAUTP) and fluorouridine
triphosphate (FUTP). FAUMP binds covalently to TS blocking its function and the
binding of TS metabolites to DNA and RNA. This blocks the normal functions of RNA
and DNA and ultimately ceases DNA synthesis and cell proliferation. TS is also a
catalyser and limiting factor of thymidylate enzyme, which is required for DNA
replication and repair. The loss of thymidylate eventually causes DNA strand breaks and
cell death. The exact mechanism of the downstream effects causing the disruption in
thymidylate synthesis is not quite clear but is thought to be caused by imbalances in the
deoxynucleotides. Also, the misincorporation of 5-FU metabolite FAUTP in RNA cause

disruptions on several levels of RNA processing. It inhibits the development of mature
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ribosomal RNA and the post-transcriptional modifications of transferring RNA. (Longley
et al., 2003.) 5-FU acts in the S-phase of cell cycle (Shah and Schwartz, 2001).

1.8.4. Doxorubicin

Doxorubicin is another common anticancer drug used in breast cancer treatment.
Doxorubicin is grouped in anthracyclines, a group of drugs that interfere with the
enzymes involved in DNA replication. Doxorubicin enters the cell by diffusing, and it
forms a complex with the proteasomes in the cell cytoplasm. After repositioning the
complex in the nucleus, doxorubicin relocates itself and binds to the DNA, intercalating
between the base pairs in the DNA double helix. This inflicts breaks in the DNA that
eventually cause arrest in cell proliferation. (Aubel-Sadron and Londos-Gagliardi, 1984.)
Another cytotoxic mechanism of doxorubicin is mediated by the inhibition of
topoisomerase II, an enzyme regulating the helical state of DNA by relaxing the
supercoils. When the topoisomerase II is inhibited it ceases DNA replication and
terminates cell proliferation. A third suggested mechanism of doxorubicin cytotoxic
effects is the production of free radicals and reactive oxygen species (ROS) that cause
damage to lipid membranes in the cells. (Giorgio Minotti et al., 2004.) It has been
confirmed that doxorubicin induces a potent arrest in the growth or G-phase of cell cycle
that is mediated by the pS3 tumour suppressor protein response, ultimately causing cell

cycle arrest and apoptosis (Attardi et al., 2004).

1.9. Inefficiency of Cancer Drug Development

By recent estimations of the drug development process succession rates, or the probability
of success (POS), throughout all the development phases is 3.4% in cancer drugs while
overall POS for all treatment indications (excluding oncology) is 23.4%. The POS of
Phase 1 to Phase 2 in cancer drugs is 57.6% and overall (excluding oncology) it is 75.8%.
These statistics demonstrate the importance of increasing the potential of cancer drug lead
indications in early developmental phases for them to succeed in clinical development as
well. (Wong et al., 2019.) Early identification of drug candidates which are ineffective
and have high toxicity would improve the succession rate of new drugs and increase the
efficacy of the whole drug development process and lower the costs of failed compounds.
Resources could be directed early to the promising drug candidates. In order to overcome

these issues and to develop better treatment strategies, improvement of cell-based in vitro
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models and assays is needed so that screening and prioritising promising drug candidates

would be successful. (Breslin and O’Driscoll, 2013.)

1.10.  Aims of the study

The development of innovative preclinical systems that recapitulate the complex
microenvironment of the breast cancer bone metastasis is critical for the development of
novel treatments and for aiding in the decision making of advancing candidate drugs to
later stages of the drug development pipeline. Many of the matrices and scaffolds used in
3D modelling lack the soluble signalling cues or the possibility of cells to adhere in the
microenvironment, both extremely important in stimulating cell responses that are present
in the biological bone microenvironment. (Breslin and O’Driscoll, 2013.) The
introduction of bioactive glass in preclinical cancer research is an interesting possibility
because it is a well-characterised, homogenous and non-reactive material, which mimics
bone without invoking dramatic reactions. Previous research suggests that cells have
altered function when cultured alone, deprived from the exterior contact with ECM and

other cell types, which normally are present in a natural environment (Holle et al., 2016).

We therefore hypothesised that in a more biologically relevant growth environment where
bioactive glass would simulate the ECM the breast cancer cells would react to
pharmaceutical agents with an altered sensitivity compared to when the cultured alone.
In this thesis study, we used an artificial bone microenvironment cell culture model to
investigate whether breast cancer cells have an altered sensitivity to the cytotoxic agents’,
1.e. doxorubicin and 5-FU. The artificial bone microenvironment was established using a
murine preosteoblastic cell line MC3T3-E1 and S5P34 bioactive glass granules. Thus,

the two aims of this thesis project were:

I. Establish an artificial bone microenvironment modelling system using preosteoblastic

cell line MC3T3-E1 and bioactive glass S5P34.

I1. Study the possible altered sensitivity of 4T1-Luc2 cells to doxorubicin and 5-FU in the

artificial bone microenvironment.

18



2. Results

2.1. Osteoblasts actively form matrix in the presence of bioactive glass
particles

Differentiation and mineralisation capabilities of the preosteoblast cell line MC3T3-E1
were verified by ALP and von Kossa stainings when the cells were cultured together with
the bioactive glass S53P4. Preosteoblasts were cultured in osteogenic culture media that
induces osteoblast differentiation and ALP staining was conducted on the eight day of
culturing. As can be seen from Figure 3A, some red-pink colouring of ALP staining is
exhibited in the cell culture, indicating successful differentiation of preosteoblasts when

cultured together with bioactive glass.
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Figure 3. Alkaline Phosphatase and von Kossa staining of MC3T3-E1
osteoblasts cultured in the presence of S53P4 bioactive glass. A. Alkaline
Phosphatase staining of fixed MC3T3-E1 preosteoblast cells when cultured
together with S53P4 bioactive glass at day 8 of culture. Arrows indicate to pink
staining. Image B. is an enhanced contrast image of A. C. von Kossa staining of
fixed cells of MC3T3-E1 preosteoblasts cultured in the presence of S53P4
bioactive glass at day 21 of culture. A S53P4 granule is seen as the large dark
bulk in the image. The arrows point to staining of calcium deposits and the
matrix in the proximity of the glass granule. Image D. is an enhanced contrast
image of B. Images are taken with 10x magnification.
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Von Kossa staining on day 21 of cell culturing in same conditions exhibit the dark brown
staining, representing the mineral deposits secreted by osteoblasts. The bioactive glass
granule is visible as the large bulk in the middle of the image (Figure 3C-D). Calcium
deposits demonstrate that the osteoblasts are functional and have successfully formed
bone mineral in vitro bone. Also, in Figures 3C-D, a formed but unidentified matrix can

be seen in the proximity of bioactive glass granule.

2.2.IC50 determination to evaluate cytotoxicity of 5-FU and doxorubicin in
breast cancer cells

The cytotoxic effects of 5-FU and doxorubicin on 4T1-Luc?2 breast cancer cells were
investigated using Alamar blue viability assay and by determining the IC50 values for the
pharmaceutical agents. IC50 is the concentration of an inhibitor drug where the response
to the drug is reduced by half, showing 50% of growth inhibition. IC50 values of 5-FU
and doxorubicin were determined to evaluate the drug concentration range that cause cell
death on the breast cancer cells when being cultured in normal conditions on solely
plastic.

Table 1. IC50 values of 5-fluorouracil and doxorubicin determined
by alamar blue viability assay at two different endpoints.

Endpoint S5-fluorouracil Doxorubicin
48 h 2.8 mM 4.1 uM
72 h 3.7 mM 1.9 uM

The dose-response data of the pharmaceutical agents on breast cancer cells is presented
in Figures 4 and 5. The decreasing fluorescence response of the viability assay when
increasing the concentration of the drugs indicated dose-dependent toxicity caused to the
4T1-Luc?2 cells. The IC50 values of 5-FU in 4T1-Luc?2 breast cancer cells grown on plastic
for 48h was 2,8 mM and grown for 72h the IC50 was 3,6 mM. For doxorubicin the IC50
value was 4,1 uM for the 48h endpoint and 1,9 uM for the 72h endpoint (Table 1). Thus,
doxorubicin has a more potent toxic effect on 4T1-Luc?2 cells at a significantly lower

concentration than 5-FU.
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Figure 4. Dose-response curve of of 5-fluorouracil at A. 48h and B. 72h
endpoints. Dose-depent cell viability of 4t1-Luc2 breast tumour cells when
treated with different concentrations of 5-fluorouracil was evaluated by
Alamar blue viability assay measuring fluoresence at 560 nm at two different
endpoints.
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Figure 5. Dose-response curve of of doxorubicin at A. 48h and B. 72h
endpoints. Dose-depent cell viability of 4T1-Luc?2 cells when treated with
different concentrations of doxorubicin was evaluated by Alamar blue
viability assay measuring fluoresence at 560 nm at two different endpoints.
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2.3. Altered sensitivity of breast cancer cells to cytotoxic drugs in the artificial
bone microenvironment

The altered sensitivity of 4TI1-Luc2 breast cancer cells in artificial bone
microenvironment formed by MC3T3-E1 osteoblasts and S53P4 bioactive glass was
evaluated by comparing the viability of the cells grown in the artificial bone
microenvironment co-culture to the results of the IC50 studies that were cultured solely
on plastic (Figures 4 and 5). The results obtained from the luciferase of the lysed 4T1-
Luc? cells are presented in Figure 6 and Figure 7. As shown in the luciferase assay results,
the treatment with 5-FU and doxorubicin reduces the luminescence and thus the numbers
of breast cancer cells in the artificial bone microenvironment cell cultures. However, what
1s most interesting about Figure 6 is the prominent cell death at 10 uM concentration of
5-FU when cultured in the artificial bone microenvironment. When this is compared to
the cell death presented in Figure 4 in which the IC50 value of 5-FU was 3,7 mM (4T1-
Luc? cells cultured solely on plastic). In the IC50 assay, the cytotoxic effect of 5-FU was
observed only with the highest concentrations that were tested (Figure 4), while
remarkable cell death of breast cancer cells was visible already in a significantly smaller
dose of 10 uM when cultured in the artificial bone environment co-culture at the 72h

endpoint (Figure 6).
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Figure 6. Response of 4T1-Luc2 cells to 5-fluorouracil in an artificial bone
microenvironment measured as luminescence of luciferase activity assay.
4T1-Luc2 cells were cultured for eight days in an artificial bone
microenvironment formed by osteoblasts and S53P4 bioactive glass. Cells were
then treated with 5-fluorouracil for 48h (A) or 72h (B) and luciferase reporter
assay was conducted from cell lysates. Luminescence was read with VictorX
multiplate reader. Untreated cells were used as control. Mean values presented in
plot, error bars are for standard deviation and * standing for statistical
significance of p < 0.05.

This finding of lowered cytotoxic effect compared to the IC50 values was however
limited only to 5-FU and no such difference of cytotoxic potential relative to the cell
culturing condition was observed with doxorubicin (Figure 7). With doxorubicin, a
comparable cytotoxic effect can be seen in both drug concentrations in the 48h endpoint

and the 72h endpoint in relation to the determined IC50 values in Table 1 and Figure 7.
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Figure 7. Response of 4T1-luc2 cells to doxorubicin in an artificial bone
microenvironment measured as luminescence of luciferase activity assay. 4T1-
Luc?2 cells were cultured for eight days in an artificial bone microenvironment
formed by osteoblasts and S53P4 bioactive glass. Cells were then treated with
doxorubicin for 48h (A) or 72h (B) and luciferase reporter assay was conducted from
cell lysates. Luminescence was read with VictorX multiplate reader. Untreated cells
were used as control. Mean values presented in plot, error bars are for standard
deviation and * standing for statistical significance of p < 0.05.
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2.4. Imaging breast tumour colonies in the artificial bone microenvironment

Fluorescent imaging of the fixed and Hoechst-stained cell cultures show tumour colonies
formed by the 4T1-Luc2 breast cancer cells in the artificial bone microenvironment.
Figure 8 reveals the breast cancer cells as the dense blue nuclear staining compared to the
more elongated and less frequent stained osteoblasts. Bioactive glass granules can be
determined by their distinctive borders and sizes. Overall, these images show robust

breast cancer cell colonies formed in the artificial bone microenvironment.

o

Scale bar 300um
Figure 8. Hoechst-stained cell cultures show breast cancer cell colonies in artificial
bone microenvironment co-culture. Fluorescent imaging of Hoechst-stained co-
cultures of osteoblasts, S53P4 bioactive glass and 4t1-/uc2 breast cancer cells imaged
with EVOS 5000 (10X) at 18" day of culturing, at the end of experiment. A. Brightfield
B. Hoechst (DNA stain) C. Overlay
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3. Discussion

3.1.S53P4 bioactive glass proved to be a suitable component of in vitro bone
microenvironment
The results in this thesis project confirmed that the bioactive glass S53P4 can be used
together with MC3T3-E1 preosteoblastic cells to model an artificial in vitro bone
microenvironment in cell culture conditions. As expected, the S53P4 bioactive glass did
not disturb the preosteoblast differentiation capabilities. The unidentified matrix
deposition near the surface of bioactive glass granules in Figure 3 may indicate formation
of the silica layer on the bioactive glass. This finding is consistent with others, who have
shown structures formed by the networks of cells producing extracellular matrix on the
surface of another type of bioactive glass, Bioglass® 45S5 (Xynos, I. D. et al., 2000).
This has not yet been demonstrated in similar detail for the S53P4 bioactive glass but
these findings, while preliminary, suggests comparable effects on osteoblasts cultured

with the S53P4 granules.

The research design in this thesis study however poses certain uncertainties and themes
to develop further. For one, the controls for the bioactive glass should be more carefully
chosen in the proceeding studies. Possible controls could include the inert control of
aluminium oxide (Al203). Aluminum oxide is found to be chemically stable, bio-inert and
biocompatible material that is used in scaffolds, implants and implantable medical
devices and could have been used as an inert control for S53P4 bioactive glass granules.
However, even aluminium oxide has been has shown to stimulate differentiation and
proliferation of osteoblasts in low concentrations, which might be due to very small
AI** ion leakage into media. (Lau et al., 1991; Karlsson et al., 2003.) This indicates that

inert substitutes to be used as controls in cell cultures are extremely difficult to obtain.

3.2. Doxorubicin has a more potent effect on 4T1-Luc?2 cells than 5-FU

The IC50 determination of doxorubicin and 5-FU was conducted as a part of this thesis
project to evaluate the effects of the agents on 4T1-Luc2 cells in normal culturing
conditions. Differences between the two drugs activities were noticeable. Examining the
IC50 values suggests that doxorubicin needs more time for the toxic effects, since the
IC50 value is smaller at the 72h endpoint compared to the 48h endpoint (Table 1),

indicating a more potent effect after longer treatment period. In contrast, [C50 values of
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5-FU increase with time which could be interpreted as increasing resistance of 4T1-Luc?2

cells to the drug.

It is worth noting that the IC50 curves obtained from in these studies do not represent the
optimal dose-response curves and are non-sigmoidal. Similarly, the concentrations of 5-
FU needed to exhibit cytotoxic effect in 4T1-Luc?2 cells were unusually high. IC50 values
for 5-FU in different cell lines have been reported to be in the range from 0,151 uM to
2,18 mM and doxorubicin to range from 0.00529 uM to 67 uM according to the Genomics
of Drug Sensitivity in Cancer Project by the Cancer Genome Project and the Sanger
Institute (Cancer Genome Project at the Wellcome Sanger Institute, (UK) and Center for
Molecular Therapeutics, Massachusetts General Hospital Cancer Center (USA)., 2020).
Instead of interpreting on the IC50 value results as the 4T1-Luc?2 cells being extremely
resistant to 5-FU, we must consider that the detected IC50 values propose abnormal
circumstances within the studies that included 5-FU. Since the drug concentrations of 5-
FU to obtain a cytotoxic effect were unusually high in both IC50 assay and in the artificial
bone microenvironment cell culture, it does not seem reasonable that the cell culture
environment would cause issues in the drug delivery to the cells that would be
demonstrated as a need for high drug concentration. A possible explanation could be that
the drug solubility of 5-FU was poor, and the drug was difficult to solubilise that caused
the need for uncharacteristically high drug concentrations to establish an effect. Thus, a
greater drug panel, wider concentration range and repetitive studies would need to be

conducted to provide more reliable results.

3.3. Artificial bone microenvironment may alter sensitivity of 4T1-Luc?2 cells
to 5-fluorouracil
Other researchers have also reported that doxorubicin has a higher cytotoxic property than
5-FU and is more effective in reducing multiorgan metastasis induced with 4T1 breast
cancer cells in vivo (Bao et al., 2011). This effect can be seen in this thesis study as well,
when comparing the overall cell death between the two drug groups, where doxorubicin
performs better (Figures 6 and 7). What is surprising is the different results in the
luciferase reporter assays, which were used to investigate drug sensitivity when treated
with either 5-FU or doxorubicin. Breast tumour cells cultured with 5-FU showed
increased sensitivity in artificial bone microenvironment when compared to the cells
being cultured solely on plastic in the IC50 study. Similar effects were not observed with

doxorubicin. This may be explained by differences between doxorubicin’s and 5-FU’s
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different mechanisms of actions. When evaluating the cytotoxic effect of doxorubicin in
the 48h co-culture, the concentration in order to induce cytotoxic effect in artificial bone
microenvironment needed to be higher (10 uM versus IC50 4,1 uM), indicating an
increased drug resistance As stated earlier, 5-FU acts in several ways to disrupt RNA
processing and is thought to be effective mainly in the S-phase of cell cycle (Shah and
Schwartz, 2001). However, a study using human breast cancer cell line MCF-7 suggests
that the cytotoxic effects of 5-FU are present in all the phases of cell cycle instead of
being restricted to S-phase (D W Kufe and P P Major, 1981). It can therefore be assumed
that the actively proliferative cancer cells in the artificial bone microenvironment are
affected more potently by the 5-FU by being exposed to it in all cell cycle phases than by

doxorubicin that is effective in only G1-phase.

It should be noted that using untreated cell culture was not the best choice for a control,
but the same cytotoxic treatments should have been tested on 4T 1-Luc?2 cells that had not
been culture in the artificial bone microenvironment. Due to the lack of appropriate
controls, we used the IC50 values of 4T1-Luc?2 cells, which were indeed cultured solely

on plastic, even though this solution was not ideal regarding the study design.

3.4. Observations of the in vitro artificial bone microenvironment study
procedures

At the end of experiment of the artificial bone microenvironment, we made a curious
observation, as the detachment of cells proved to be problematic. The artificial bone
microenvironment cell culture that included osteoblasts, bioactive glass and breast cancer
cells was trypsinised at the end of experiment and lysed for the luciferase experiments.
Cell detachment using 0.25% Trypsin-EDTA took significantly longer than standard
trypsinisation (incubation time approximately 10 min). Also, cells did not detach as
individual cells (no suspension), but instead they detached as a whole surface. Similar
effect was found by Hanna et al. (2008), with osteogenic differentiation of human adipose
mesenchymal stem cells who described it as a “rolled-up carpet”. Hanna et al. concluded
that the effect was caused by the trypsin being able to remove connections only between
the bottom layer of cells and the cell culture well-plate but not the connections between
different layers or the connections between cells. (Hanna et al., 2018) In order to reach
complete detachment of cells after mineralisation had begun, the researchers suggested
to first treat the cells with EDTA in order to destroy calcium deposits and then with
collagenase I to break the peptide bonds of collagens. (Hanna et al., 2018.) Whether the
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unsuccessful detachment of cell layers was significant in our luciferase experiments
however remains unclear. Cells were lysed before the luciferase reporter assay and since
the luminometer was able to detect a luminescence signal, the cell lysis was most likely
successful and since all cells were treated with the same protocol, they are also

comparable.
3.5. Conclusions

An initial objective of this thesis study was to establish and evaluate the functionality of
preosteoblast cell line MC3T3-E1 cultured in the presence of bioactive glass S5P34. The
results of this thesis indicate that the bioactive glass and osteoblasts do indeed form a
functional environment to model the bone microenvironment, that includes an ECM
component and bone cells. No impairment in the osteoblast differentiation was detected
and the osteoblasts were able to produce mineralised matrix. The second aim of this study
was to investigate whether culturing 4T1-Luc2 breast cancer cells in the established
artificial bone microenvironment affects the sensitivity of breast cancer cells to the
cytotoxic agents 5-FU and doxorubicin. The results showed that the breast cancer cells
seemed to be increasingly sensitised only to 5-FU and increased their resistance against
doxorubicin. These results highlighted that the altered sensitivity is dependent on the
drug.

The results presented in this thesis study still need to be repeated and verified before
drawing final, reliable conclusions. There are certain issues to overcome, such as possible
difficulties with the drug solubility and technical errors within the experiments that
included the cytotoxic agents. Also, the study design needs refinement, especially the
choice of controls. Overall, this study strengthens the idea that novel methods of breast
cancer metastasis modelling are valuable in drug screening purposes and new approaches
can and should be developed. The use of S5P34 bioactive glass in cell culture models is
an attractive method in modelling bone microenvironment and future research could
explore the effects of hypoxia, a known condition in the bone metastases, in this in vitro

artificial bone microenvironment model.
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4. Methods

4.1. Cell lines and culturing conditions

In this thesis study two different cell lines were used, the murine preosteoblastic cell line
MC3T3-El Subclone 4 (ATCC® CRL2593™) and the murine breast cancer cell line
4T1-Luc2 (ATCC® CRL2539LUC2™), MC3T3-E1 Subclone 4 has been isolated from
the clonal but phenotypically heterogenous MC3T3-E1 cells. MC3T3-E1 Subclone 4 cell
line characteristically exhibit high levels of osteoblast differentiation and produce well

mineralised ECM. (Wang et al., 1999.)

4T1-Luc? is a cell line of murine mammary carcinoma and is shown to spontaneously
produce metastatic tumours in vivo. The cell line has been transfected with a lentiviral
vector containing the firefly luciferase gene (/uc2) used that creates a stable expression
of luciferase enzyme. Luciferase-labelled cancer cells emit light photons that can be

accurately detected in in vitro bioluminescence assays and imaging.

Cells were stored in liquid nitrogen prior use in cell cultures. Normal culturing media for
MC3T3-E1 preosteoblast cells was a-MEM (Gibco, Thermo Fisher™) supplemented
with 10% heat inactivated fetal bovine serum (iFBS, USA), 1x penicillin-streptomycin,
1x glutamine (Gibco, Thermo Fisher™) and 10 mM Hepes (Thermo Fisher™). In order
to induce osteogenic differentiation, normal culturing media was supplemented with 10
mM Na-B-glycerophosphate, 70 pg/ml ascorbic acid and 10® M dexamethasone.
Dexamethasone was supplemented only for the first three days of cell culturing to initiate
the differentiation. Culturing media of 4T1-Luc?2 breast cancer cells was RPMI medium
(Thermo Fisher™).) with 10% heat inactivated fetal bovine serum (iFBS, Brazil), 1x
penicillin-streptomycin (Gibco, Thermo Fisher™). and 1x glutamine (Gibco, Thermo
Fisher™). Cells were cultured in standard conditions of 37°C and 5% CO: and growth

medium was changed every 2-3 days.

4.2. SP345 bioactive glass

Bioactive glass granules SP345 (BonAlive® Biomaterials Ltd., Turku, Finland) in the
size of 500-800 uM were a kind gift from Prof. Pekka Vallittu, University of Turku. The
composition of SP345 as weigh percentages is SiO2 53 %, Na,O 23 %, CaO 20 % and

P20s 4 %. Bioglass granules were heat sterilised prior their use in cell cultures.
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4.3, Establishment of in vitro artificial bone microenvironment

The bioactive glass granules were conditioned before introducing MC3T3-El
preosteoblasts to the culture. This was performed as a precaution to reduce the cellular
stress caused by the anticipated increase in the pH due to the release of ions from the
bioactive glass. 15 pg of SP345 bioactive glass granules were placed in each well of a 24-
well plate (Nunc™, Thermo Fisher™) in growth media for 24h before seeding
preosteoblastic cells. MC3T3-E1 preosteoblasts were seeded the following day at a 10
000/cm? density (10 000 per well) and growth medium was changed to the differentiating
osteogenic culture medium. MC3T3-El cells were cultured together with SP345
bioactive glass to form the artificial bone microenvironment and the cell cultures were
continued to either evaluate the osteogenic capacity staining studies or to perform co-

culture studies with 4T1-Luc2 cells.

4.4. Osteoblast staining experiments

After eight days of culturing MC3T3-E1 osteoblast cells with bioactive glass S53P4 in
differentiating culturing conditions (as described above), ALP staining was performed to
obtain qualitative data of osteoblast differentiation. Cells were first washed 3x in
Phosphate-buffered saline (PBS) and the fixed in 4% paraformaldehyde (PFA) (200
ul/well) for 15 minutes (min). After fixation, washes with PBS were repeated three times.
Leukocyte Alkaline phosphatase kit 86R (Sigma Aldrich) was used for ALP staining
according to manufacturer’s instructions. FRV-Alkaline solution and sodium-nitrite
solution were mixed in a 1:1 ratio of 100 pl and incubated for 2 min at room temperature
(RT). The mixture was then added to 4,5 ml of 37°C prewarmed distilled water (dH>O).
100 ul Naphthol AS-BI Alkaline solution was then added to the mixture and mixed, and

the total volume of final solution was 4,8 ml.

200 pul per well of final solution was added to fixed cells and incubated for 15 min at RT
in the dark. After incubation, the reaction was stopped by removing the solution and

washing cells with dH20 and air dried.

von Kossa staining was used to verify mineralisation capabilities of MC3T3-El
osteoblast cells in the cell culture after 21 days of culturing cells with bioactive glass
S53P4 in osteogenic differentiation conditions. von Kossa staining is used to detect
calcium deposits and is an indication of successful in vitro bone formation. Cells were

first washed 3x in PBS and the cell cultures were fixed in 4% PFA (200 pl/well) for 15
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min. Cells were then washed 3x with PBS and consequently washed 2x with dH>O. Cells
were next treated with 200 pl per well of 2% silver nitrate (AgNOs;) solution and
incubated for 60 min while exposed to a 60W lamp. Cells were consequently washed 3x
with dH20 and 200 pl of 2.5% sodium thiosulfate solution was added on cells per well
and incubated for 5 min at RT. Cells were subsequently washed with dH>O and air dried.

4.5.1C50 assays of 5-FU and doxorubicin

The pharmaceutical agents that were used in the IC50 experiments were 5-FU (Sigma
Aldrich, F6627, lot MKBX3795V) in DMSO and doxorubicin, a kind gift form prof.
Johanna Tuomela, University of Turku. IC50 values of 4T1-Luc?2 cells for doxorubicin
and 5-FU were determined with an Alamar blue cell viability assay. Assay was done twice
with two different sets of drug concentrations due to extremely low cytotoxic effect of

the drugs in the first round of experiments (results are not shown).

4T1-Luc2 cells lines were plated on 96-well plate (Nunc™, Thermo Fisher™) at a
seeding density of 1000 cells/well in 100 pl of RPMI growth medium and cells were then
incubated overnight at 37°C in 5% COaz. Cells were treated with either doxorubicin or 5-
FU with concentration series described in Table 2, in quadruples for 48h or for 72h. After
treatment period, 10 pl of AlamarBlue cell viability reagent (Thermo Fischer) was added
to each well, including blanks, and incubated for 2h at 37°C in 5% CO,. Fluorescence
was subsequently read at 560 nm using HIDEX Plate Chameleon™ Reader (Hidex Ltd.,
Turku, Finland).

Table 2. Drug concentrations of doxorubicin and 5-fluorouracil for the IC50
experiments on 4T1-Luc? cells

Doxorubicin (¢) | 0.1puM | 0.5uM [ 2uM | 5uM | 10 uM | 20 uM
5-fluorouracil (¢) | 0.1yM | IpuM | 10pM | 100pM | ImM | 2mM | 10 mM

4.6. Artificial bone microenvironment co-culture with 4T1-Luc?2 cells

Artificial bone microenvironment was established of by culturing MC3T3-E1 osteoblast
cells with bioactive glass S53P4 in the osteoblast differentiating culturing conditions as
described in Chapter 4.3. After eight days of culturing S53P4 bioactive glass and MC3T3-
E1 osteoblasts, 500 4T1-Luc?2 cells were plated into artificial bone microenvironment as

triplicates and the co-culture was let grow in the osteogenic media for additional eight
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days. Medium was changed every 2-3 days. On day 16, the co-cultures were treated with
2 uM or 10 uM doxorubicin or with 10 uM or 4mM 5-FU for 48h or 72h. After 48h or
72h, cell cultures were detached with 0.25% trypsin-EDTA solution and the cells were
lysed with Tropix lysis solution (Applied Biosystems, Life Technologies). Hoechst-
staining (see below) was additionally performed. Overview of the co-culturing flow of
S53P4 bioactive glass, MC3T3-E1 osteoblasts and 4T1-Luc2 breast cancer cells is

presented in Figure 9.

Treatment of || 48h endpoint, || 72h endpoint,
cells with cells are lysed || cells are lysed
4T1-Luc2 doxorubicin || gnd luciferase || and luciferase
5.531;4. MC3T3-El cells or 5- assay is assay and
bioactive || cols seeded seeded to fluorouracil performed Hoechst staining
glass with S53P4 co-culture I is performed
plated .
Day -1 0 8 16 18 19

Figure 9. Overview of study outline of 4T1-Luc2 breast cancer cells in artificial bone
microenvironment co-culture with S53P4 bioactive glass and MC3T3-E1
osteoblasts.

Hoechst staining of the co-culture was conducted at the 72h endpoint. Cells were first
washed 3x in PBS and then fixed in 4% PFA for 15 min. Cells were washed 3x with PBS
and then stained with Hoechst 33258 (Sigma Aldrich), a blue fluorescent stain specific
for DNA marking the nucleus of the cells. 5 uM of Hoechst dye was added to each well
and incubated for 15 min, RT. Cells were then washed 3x with PBS and fluorescent

imaging was conducted with EVOS M5000 Imaging system (Invitrogen™).

4.7. Luciferase reporter assay of 4T1-Luc?2 cells

Luciferase assay with the 4T1-Luc?2 cells was first performed first without administration
of any pharmaceutical agents and with calculated cell numbers to verify that measuring
luminescence was a suitable method to assess cell numbers in culture. 4T1-Luc?2 cells
were grown in the RPMI growth medium up to confluency and detached with 0.25%
trypsin-EDTA solution. The solution was inactivated with growth medium and cells were
calculated using Biirker-Tiirk cell calculation chamber. 10 000 cells per 10 ul was then
lysed with Tropix lysis solution and cell lysis was added to 96-well microplates as two-
fold serial dilution to also get 5000 and 2500 cells per well. For the luciferase assay, we

used the Luciferase Assay Kit No. 484-001 by BioThema. 100 pl of luciferin substrate
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and 100 pl of ATP substrate was consequently added to each well and luminescence was
measured with VictorX multiplate reader (PerkinElmer). These results are included in

Supplementary Figure 1.

At end of experiment the co-cultured 4T1-Luc2 cells were lysed with Tropix lysis
solution. For the luciferase assay we used the Luciferase Assay Kit No. 484-001 by
BioThema.10 pl of lysed sample was added to each well of a 96-well microplate as
triplicates. 100 pl of luciferin substrate and 100 pl of ATP substrate was consequently

added to each well and luminescence was measured with VictorX multiplate reader.

4.8. Statistical analysis

All data was analysed with GraphPad Prism version 8.4 for Windows. The IC50 assay
results were determined by transforming values to a logarithmic scale and fitting the
values into a nonlinear regression curve. Luciferase activity assay was analysed using
One-way Anova and comparisons between different treatment concentrations and
controls were analysed using Tukey’s multiple comparisons test. Staining images were

handled using QuPath. version 0.1.2.
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6. Abbreviations

5-FU 5-fluorouracil

ALP Alkaline phosphatase

BMP Bone morphogenetic protein
CTC Circulating tumour cell

CXCL12  Chemokine ligand 12

DTC Disseminating tumour cell

EMT Epithelial-Mesenchymal transition
IGF Insulin-like growth-factor

PTHrP Parathyroid hormone-related protein
RANK Receptor activator of nuclear factor kB

RANKL Receptor activator of nuclear factor kB ligand

Runx2 Runt-related transcription factor 2
RT Room temperature

SRE Skeletal related event

TS Thymidylate synthase
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9. Supplementary Material

9.1. Luciferase assay of 4T1-Luc?2 cells

In order to assess whether the measuring of luminescence from the 4T1-Luc2 cells was
sensitive enough methods to evaluate and compare the number of cells in the experiments,
an additional luciferase assay was made. In this experiment, a known number of 4T1-
Luc? cells were lysed and the luminescence was measured. As shown in Supplementary

Figure 1, the number of cells correlates with the measured luminesce values.
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Supplementary Figure 1. Number of 4T1-Luc2 cells correlate with
luminescence. After culturing 4T1-Luc2 cells in normal conditions
cells were calculated and lysed, 10 000 cells per 10 ul lysis. Two-fold
serial dilutions were conducted, and luciferase assay was performed.
Luminescence was measured with VictorX multiplate reader.
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