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RESUME
Les osteosarcomes sont des tumeurs malignes osseuses primaires qui affectent principalement les
enfants et les adolescents. Les therapies utilises depuis les 30 dernieres annees n'ont
malheureusement eu que tres peu d'effet sur la survie des patients. Ce projet de doctorat lvalue
deux strategies pour contrer certaines deregulations des cellules d'osteosarcome humain. La
premiere consiste & abolir leur resistance & l'apoptose avec un alcaloTde d'origine v£g£tale. La
seconde consiste k accroitre leur differenciation ou & reduire leur proliferation en utilisant des
proteines morphogenetiques osseuses (BMPs) et leurs peptides derives (pBMPs).
La premiere partie de ce doctorat s'interesse done au comportement et a la regulation des cellules
d'osteosarcome en comparaison avec celui des cellules osseuses normales afin d'identifier des
cibles potentielles. Elle met 1'accent sur trois caracteristiques de l'osteosarcome: la resistance k
l'apoptose, la proliferation incontroiee des cellules et leur differentiation defectueuse.
La sanguinarine, un alcalo'fde d'origine vegetale, est
utilisee pour traiter plusieurs types de
cancers (sein et colon). Cet alcalo'fde a ete choisi pour vaincre la resistance £ l'apoptose des
cellules d'osteosarcome. La sanguinarine a eradique les deux lignees cellulaires humaines
d'osteosarcome, MG-63 et SaOS-2, d'une manure dependante du temps et de la dose. Les deux
lignees cellulaires se distinguent par des etats de differenciation et des taux de proliferation
differents. L'alcaloide induit l'apoptose par les voies extrins&que et intrinseque en activant les
caspases-8 et -9. La sanguinarine semble agir sur les cellules d'osteosarcome en fonction de leur
potentiel tumorigene.
La BMP-2, la BMP-9 et leurs peptides derives, pBMP-2 et pBMP-9, ont ete utilises pour contrer
la differenciation defectueuse ou la proliferation incontroiee des cellules d'osteosarcome. La
BMP-2, la BMP-9 et le pBMP-9 activent la phosphorylation des Smads dans les deux lignees
cellulaires MG-63 et SaOS-2. Le pBMP-2 n'a eu aucun effet sur ces cellules d'osteosarcome.
Alors que le pBMP-9 agit sur la voie canonique des BMPs, il n'a cependant eu aucun effet
significatif sur l'expression des genes des marqueurs osteogeniques a 6h. La BMP-2 induit
essentiellement la phosphorylation de ERK1/2, tandis que la BMP-9 et le pBMP-9 activent la
voie p38. De plus, un inhibiteur de MEK1 bloque complement ('augmentation de la
phosphorylation de ERK1/2 induite par la BMP-2 et renforce la phosphorylation de la p38 en
presence de BMP-9 ou du pBMP-9. Le traitement avec la BMP-2 ou la BMP-9 et 1' inhibiteur
MEK1 augmente l'expression de genes codant pour des marqueurs osteogeniques precoces dans
les cellules SaOS-2, tout en inhibant la croissance des cellules MG-63.
Ainsi, la sanguinarine ou les BMPs en combinaison avec un inhibiteur MEK1 pourraient donner
lieu k un traitement anti-cancereux prometteur. D'autres experiences sont neanmoins necessaires
pour determiner leurs effets sur les cellules souches cancereuses.

Mots-cies: apoptose, proteines morphogenetiques osseuses, differenciation, ERK1/2, p38,
peptides derives des proteines morphogenetiques osseuses, sanguinarine, Smad

ABSTRACT
Osteosarcomas are malignant primary bone tumours that normally occur in children and
adolescents. Currently used therapies have not measurably improved patient survival rates over
the last 30 years. This doctoral research evaluates two strategies for overcoming the major
features of osteosarcoma cells. One is to abolish their resistance to apoptosis with a plant-derived
alkaloid. The other is to block their defective differentiation or uncontrolled proliferation with
bone morphogenetic proteins (BMPs) and peptides derived from them (pBMPs).
The first part of this thesis compares the behaviour and regulation of osteosarcoma cells and
normal bone cells to identify potential targets. It focuses on three features of osteosarcoma:
resistance to apoptosis, uncontrolled cell proliferation, and defective cell differentiation.
The plant-derived alkaloid, sanguinarine, is already used to treat several cancers (breast and
colon). It was selected to overcome the resistance of osteosarcoma cells to apoptosis.
Sanguinarine killed both MG-63 and SaOS-2 human osteosarcoma cells in a time- and dosedependent manner. These two cell lines have different differentiation states and proliferate at
different rates. The alkaloid induces apoptosis through the extrinsic and intrinsic pathways,
activating both caspases-8 and -9. Sanguinarine seems to act on osteosarcoma cells depending on
their tumourigenic potential.
BMP-2, BMP-9, and their derived peptides, pBMP-2 and pBMP-9, were used to overcome the
defective differentiation or uncontrolled proliferation of osteosarcoma cells. BMP-2, BMP-9, and
pBMP-9 activated the phosphorylation of Smad in both MG-63 and SaOS-2 cells. pBMP-2 had
no effect on osteosarcoma cells. While pBMP-9 acted on the canonical BMP pathway, it had no
significant effect on the expression of genes encoding osteogenic markers at 6h. BMP-2 mainly
increased the phosphorylation of ERK1/2, while BMP-9 and pBMP-9 activated the p38 pathway.
A MEKl inhibitor completely blocked the BMP-2-triggered increase in ERK1/2 phosphorylation
and enhanced the phosphorylation of p38 induced by BMP-9 or pBMP-9. Treatment with BMP-2
or BMP-9 and MEKl inhibitor increased the the expression of genes encoding osteogenic
markers in SaOS-2 cells, while inhibiting the growth of MG-63 cells.
Thus, sanguinarine or BMPs plus a MEKl inhibitor could give rise to a promising anti-cancer
treatment. Further experiments are now required to determine their effect on cancer stem ceils.
Keywords: apoptosis, bone morphogenetic proteins, differentiation, ERK1/2, p38, peptides
derived from bone morphogenetic proteins, sanguinarine, Smad
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CHAPTER 1
INTRODUCTION
1.1 Definition of osteosarcoma and project outline
Osteosarcoma is a malignant bone tumour that mainly occurs at the metaphyseal extremities of
long bones but it can spread rapidly through metastases to the lungs [Mirabello et al., 2009; Picci,
2007; Spangler, 2008]. About 400 children and adolescents are diagnosed with this cancer every
year in the United States [American Cancer Society, http://www.cancer.org], while there are
approximately 4.5 new cases of osteosarcoma per million habitants every year in Canada
[Canadian Cancer Society, http://www.cancer.ca]. In addition, osteosarcoma is the most frequent
form of bone cancer, accounting for around 47% of cases in 15 to 29 year-olds, while Ewing's
sarcomas accounts for 27% and chondrosarcoma for 15% [U.S. National Cancer Institute.
http://seer.cancer.gov]. Osteosarcoma can also occur in the elderly (seventies and eighties). These
cases are considered to be secondary neoplasms since bone is a common site for metastasis of
breast, prostate, and lung cancers [Mirabello et al., 2009]. This thesis focuses on primary
malignant bone tumours, osteosarcomas.

The pathogenesis and etiology of osteosarcoma are obscure, but patients with hereditary diseases,
such as Rothmund-Thomson syndrome, Bloom syndrome, and Li-Fraumeni syndrome, seem to
be predisposed to osteosarcoma [Fuchs and Pritchard, 2002; Longhi et al., 2006; Mirabello et al.,
2009]. Environmental factors, including chemical agents like methylcholanthrene, beryllium
oxide, and zinc beryllium silicate, have been also associated with the development of
osteosarcomas [Brunschwig and Bissell, 1938; Dutra and Largent, 1950]. In the early 1950s,
Janes et al. (1956) showed that rabbits given an intravenous injection of five milliliters of 1%
(w/v) zinc beryllium silicate developed osteosarcomas. Exposure to radiation is the only proven
exogenous risk factor involved in osteosarcoma [Longhi et al., 2003], being involved in
approximately 2% of cases [Picci, 2007].

Several theories have been proposed to explain carcinogenesis. One, the "clonal evolution"
theory, proposes that tumours are driven by cells affected by multiple mutations and genetic
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alterations that promote their malignant behaviour but recent studies suggest that osteosarcomas
originate from cancer stem cells or progenitor cells [Fujii et al., 2009; Gibbs et al., 2005; Tirino

et al., 2008]. These cells have a longer lifespan than normal cells and may be subject to
prolonged oncogene transformations, genetic modifications, and epigenic alterations, which lead
to deregulation of their ability to differentiate [Liu et al., 2011a]. Cancer stem cells may be
responsible for the recurrence and metastasis of osteosarcoma [Siclari and Qui, 2010]. The
heterogeneous phenotype of osteosarcoma cells might be due to this subpopulation of selfrenewing multipotent cells. Indeed, osteosarcomas have been divided into three subtypes, such as
osteoblastic, fibroblastic, and chondroblastic cells, depending on their state of differentiation, as
revealed by histological analysis [Klein and Siegal, 2006; Schajowicz et al., 1995].

Osteosarcoma cells have several features that distinguish them from normal bone cells [Benayahu

et al., 2002; Chandar et al., 1992; Haydon et al., 2007; Hu et al., 2010; Kaseta et al., 2008; Luu et
al., 2005; Wagner et al., 2011; Wang et al., 2010]. The main features of osteosarcoma cells are:
• a deregulated ceil cycle;
•

uncontrolled cell proliferation;

• resistance to apoptosis;
• defective differentiation;
• a potential to metastasize.

All these features enhance the survival and growth of osteosarcomas [Benayahu et al., 2002;
Chandar et al., 1992; Haydon et al., 2007; Hu et al., 2010; Kaseta et al., 2008; Luu et al., 2005;
Wagner et al., 2011; Wang et al., 2010]. In addition, deregulated signalling pathways, especially
ERK1/2 pathway, contribute to the uncontrolled proliferation of osteosarcoma cells [Noh et al.,
2011; Ren et al., 2012].

Osteosarcomas are currently treated by surgery, chemotherapy, and radiotherapy [Ferrari and
Palmerini, 2007; Longhi et al., 2006].
Surgery, mostly amputation, was the major treatment for osteosarcoma before 1970s
[Campanacci and Laus, 1980; Longhi et al., 2006]. However, most patients died within 1 year
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from diagnosis due to metastasis and the overall 5-year survival rate was 10% [Campanacci and
Laus, 1980; Longhi et al., 2006].
Chemotherapy with drugs like doxorubicin (DOX), cisplatin (DDP or CDP), methotrexate
(MTX), and ifosfamide (IFOS), became widespread after the 1970s. These drugs generally attack
primary tumour cells by affecting DNA synthesis or cell division [Barranco et al., 1973;
Momparler et al., 1976]. Treatment that combined chemotherapy and surgery resulted in a great
increase of up to 80% in the survival rate of patients that had no metastases [Longhi et al., 2006].
Chemotherapy is normally performed before (preoperative) and after surgery (postoperative). The
goal of preoperative chemotherapy is to destroy primary tumour cells and reduce the tumour
burden. As this facilitates surgical resection with wide margins, it has been one of the main
factors contributing to improvements in the limb salvage rate [Longhi et al., 2006; Wittig et al.,
2002]. Postoperative chemotherapy can be also used to increase the cure rates of osteosarcoma
patients after surgery [Wittig et al., 2002]. Unfortunately, the use of these chemotherapy drugs
causes infertility and has side effects on the heart and kidneys [Bacci et al., 1997; Holmboe et al.,
2012; Qi et al., 2011]. Controlled, localized, and selective treatments are therefore essential for
increasing patient survival.
The third tool used to treat osteosarcoma is radiotherapy. High energy X-rays are used to damage
the DNA of cancerous cells, but normal cells are also destroyed in the process. Radiotherapy is an
effective cure for primary cancers, but its use to treat metastatic tumours is still debated
[DeLaney et al., 2005].
While the combination of chemotherapy and surgery can increase the patient survival rate to 80%,
nearly one-third of osteosarcoma patients experience a local recurrence of their tumour and
develop lung metastasis due to cells becoming resistant to chemotherapy [Provisor et al., 1997].
Most chemotherapeutic agents kill cancer cells by multiple pathways of apoptosis. However,
increased drug efflux and decreased drug influx, drug inactivation, alterations in drug targets,
increased repair of damaged DNA, and evasion of apoptosis all contribute to intrinsic or acquired
chemoresistance of tumours [Chou et al., 2008; D'adamo, 2011].
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This is why this Ph.D. thesis includes a thorough discussion of the features and regulatory
mechanisms of both normal bone cells and osteosarcoma cells. This information is used to
develop a discriminative, selective treatment that targets osteosarcoma cells.

1.2 Project definition, hypothesis, and principal objectives
As stated above, it is important to understand how osteosarcoma cells are regulated and the way
they differ from normal cells in order to develop new cancer therapies that target osteosarcoma
cells. This thesis therefore examines two strategies for overcoming the apoptotic resistance,
uncontrolled proliferation, and defective differentiation of two human osteosarcoma cell lines,
MG-63 and SaOS-2. MG-63 and SaOS-2 were selected since they differ in their tumorigen
potential and proliferation rate. MG-63 cells grow and divide faster than SaOS-2 cells and are
less well differentiated than SaOS-2 cells [Shapira and Halabi, 2009]. For example, these cell
lines also differed in their profiles of some markers of osteogenic differentiation. For example,
the alkaline phosphatase (ALP) activity of SaOS-2 cells is much higher (2-7 nmol/min/mg
protein) than that of MG-63 cells (2.5 nmol/min/mg protein) [Franceschi et al. 1985; Rodan et al.,
1987]. Pautke et al. (2004) have also shown that most SaOS-2 cells produce bone sialoprotein
(BSP) and type I procollagen, while few MG-63 cells bear these markers.

1.2.1 Strategy for overcoming the apoptosis resistance of osteosarcoma cells
Apoptosis is a natural physiological process of programmed cell death that helps eliminate cells
that are no longer needed or have become irreparably damaged. The deregulation of apoptosis is
an important feature of cancer pathogenesis and is widely recognized as a characteristic of most
types of cancer [Hanahan and Weingerg, 2011]. Cancerous cells can survive and proliferate by
deregulating specific mechanisms that would normally help trigger apoptosis. Thus, agents that
can restore the capacity of cancer cells to undergo apoptosis could be promising tools and have
been the focus of many preclinical studies. One of the currently used drugs, cisplatin, triggers
apoptosis by binding to DNA and causing crosslinking [Siddik, 2003].
Sanguinarine, a plant-derived alkaloid, has received recently a great deal of attention from the
cancer research community. Sanguinarine is a phytoalexin with anti-microbial, anti-oxidant, and
anti-inflammatory properties [Godowski, 1989; Lenfeld et al., 1981]. The molecule was approved
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by the United States (US) Food and Drug Administration (FDA) as an anti-bacterial or antiplaque agent for use in toothpastes [FDA. http://www.fda.gov; Southard et al., 1986]. It can
strongly inhibit the proliferation of several types of human cancer cells and trigger apoptosis.
These include lung and colon cancers, breast carcinoma, pancreatic carcinoma, and leukemia
[Ahsan et al., 2007; Choi et al., 2009; Jang et al., 2009; Matkar et al., 2008; Vrba et al., 2009].
However, to our knowledge, the action of sanguinarine on human osteosarcoma cells has never
been studied. Thus, the first goal of this project is to study the effect of sanguinarine on human
osteosarcoma cell behaviour.

Hypothesis 1: Sanguinarine can induce apoptosis in human osteosarcoma celts.
Objective 1: To demonstrate the ability of sanguinarine to affect the viability of human
osteosarcoma cells.
This was done by studying the effect of sanguinarine on apoptosis and identifyng the apoptosis
pathways involved. The influence of sanguinarine on normal bone cells (human normal
osteoblasts: HOB) was then evaluated to determine its selectivity.

1.2.2 Strategy for limiting uncontrolled proliferation or increasing the early
osteogenic differentiation of human osteosarcoma cells
Bone morphogenetic proteins (BMPs) are one of the important factors involved in osteogenic
differentiation and proliferation. For example, BMP-2, BMP-4, BMP-6, and BMP-7 all stimulate
primary human mesenchymal stem cells (hMSCs) to differentiate into osteoblasts [Lavery et al.,
2008]. Low concentrations of BMP-2 (10 ng/ml to 100 ng/ml) also stimulate the proliferation of
MSCs [Liu et al., 2009]. Two of the 20 BMPs that have been studied, BMP-2 and BMP-7, are
currently used to treat bone injuries in the USA [FDA. http://www.fda.gov].
BMPs normally act on cells via the small mothers against decapentaplegic (Smad) pathway. The
Smad pathway is activated when a BMP is bound to the two types of BMP receptors (type I and
type II) on the cell surface. For example, BMP-2 enhances the ALP activity, which is an early
osteoblast marker, in murine preosteoblasts MC3T3-E1 cells via the Smad pathway [Bergeron et

al., 2007; Bergeron et al., 2009; Kanzaki et al., 2011]. BMPs can also activate the mitogen5

activated protein kinase (MAPK) pathway, which involves three cascades, such as extracellular
signal-regulated kinases 1/2 (ERK1/2), p38, and c-Jun N-terminal kinases (JNK). BMP-2 and
BMP-4 can activate the transforming growth factor p (TGFP) activated kinase 1 (TAK1)/TAK1
binding protein 1 (TAB1) complex, and then activate p38 [Guicheux et al., 2003; Yamaguchi et

al., 1995]. Activation of the MAPK pathway in MC3T3-E1 cells by BMP-2 increases ALP
activity [Guicheux et al., 2003]. However, the mechanism by which TAK1 is activated by BMP
type I receptors is not clear.

It was suggested recently that BMP-2 or "BMP-2 mimetic drugs" could open up new avenues for
treating aggressive human osteosarcomas [Wang et al., 2011]. BMP-9 induces greater
differentiation of murine osteoblasts than does BMP-2 [Kang et al., 2004]. BMP-9 has been
patented as an anti-cancer therapeutic agent for regulating breast and prostate cancers [Jiang,
2008].
However, BMPs are expensive and complicated to produce. Several research groups have
therefore developed peptides derived from BMPs (pBMPs) in the hope of reducing the cost of
clinical application [Bergeron et al., 2009; Chen and Webster, 2009; Lord et al., 2010; Saito et al.,
2003]. pBMPs are derived from the knuckle epitope of BMPs. This region is involved in the
binding of BMPs to their serine/threonine kinase receptors. The peptide derived from BMP-9
(pBMP-9) activates the Smad pathway and induces differentiation of MC3T3-E1 cells [Bergeron

et al., 2009]. However, little is known about the effects of BMP-9 and peptides derived from the
knuckle epitope of BMPs, especially pBMP-2 and pBMP-9, on human osteosarcoma cells.
Therefore, one of the goals of the present project was to investigate the effects of BMP-2, BMP-9,
and pBMPs (pBMP-2 and pBMP-9) on human osteosarcoma cell behaviour.

Hypothesis 2: BMPs (BMP-2 and BMP-9) or pBMPs (pBMP-2 and pBMP-9) can
activate specific signalling pathways and modulate the early osteogenic differentiation and/or
proliferation of human osteosarcoma cells.
Objective 2: To demonstrate the ability of BMP-9, pBMP-2, and pBMP-9 to activate the
Smad, ERK1/2, and p38 pathways, and to act on cell differentiation and proliferation.
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BMP-2 was used as a control since its effect on osteosarcoma cells in term of Smad and MAPK
signalling pathways has been studied [Kawano et al., 2011; Kuo et al., 2005]. This was followed
by a study of the influence of ERK1/2 on the activation of Smad and p38 with or without BMPs
or pBMPs. We analyzed the effects of BMPs (BMP-2 and BMP-9) or pBMPs (pBMP-2 and
pBMP-9) on the expression of gene encoding early osteogenic markers and proliferation of
human osteosarcoma cells.

1.3 Specific objectives
1.3.1 Strategy for overcoming the resistance of osteosarcoma cells to apoptosis
Apoptosis is initiated by two pathways, one extrinsic (also called death receptors) and the other
intrinsic (also called mitochondrial). It is important to identify the apoptosis pathways triggered
by sanguinarine in human osteosarcoma cells. The specific objectives to evaluate our proposed
strategy to overcome the apoptosis resistance of osteosarcoma cells are therefore:
• To study the effects of sanguinarine on the viability of human osteosarcoma cells by
mitochondrial enzymatic activity assay and cell counting;
• To study the effects of sanguinarine on the apoptosis of human osteosarcoma cells by
flow cytometry and a multicaspase assay (analysis of SR-VAD-FMK (+: mid apoptosis)
and 7-AAD (+: late apoptosis));
• To determine the effects of sanguinarine on the synthesis of anti- and pro-apoptotic
proteins in human osteosarcoma cells by western blotting of Bcl-2 and Bax proteins;
• To verify the apoptosis pathways triggered by sanguinarine in human osteosarcoma cells
using a specific fluorescent molecule (JC-1) to observe change in the potential of
mitochondrial membrane and measure caspase activity.

1.3.2 Strategy to limit the uncontrolled proliferation or increase the early
osteogenic differentiation of human osteosarcoma cells
BMPs act via specific signalling pathways. It is important to verify that BMPs (BMP-2 and BMP9) or pBMPs (pBMP-2 and pBMP-9) act on these signalling pathways in osteosarcoma cells. The
Smad pathway is the best-known signalling pathway activated by BMPs. However, ERK1/2 and
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p38 may also be activated. The following specific studies were done to evaluate the strategy to
limit the uncontrolled proliferation of human osteosarcoma ceils or induce their early osteogenic
differentiation using BMPs (BMP-2 and BMP-9) or pBMPs (pBMP-2 and pBMP-9). The specific
objectives are therefore:
• To verify the state of the Smad and MAPK (ERK1/2 and p38) pathways in the presence or
absence of BMPs (BMP-2 and BMP-9) or pBMPs (pBMP-2 and pBMP-9) in human
osteosarcoma cells by western blot analysis;
• To determine the influence of ERK1/2 on Smad/p38 activation in the presence or absence
of BMPs (BMP-2 and BMP-9) or pBMPs (pBMP-2 and pBMP-9) in human osteosarcoma
cells using an inhibitor of MEK1. We identified the phosphorylation state, and thus the
»

activation of Smad1/5/8, ERK1/2, and p38 by western blot analysis;
• To analyze the effects of BMPs (BMP-2 and BMP-9) or pBMPs (pBMP-2 and pBMP-9)
on the early osteogenic differentiation and proliferation of human osteosarcoma cells;
• To determine the influence of ERK1/2 by an inhibitor of MEK1 on the amounts of
transcripts of early osteogenic markers and proliferation in human osteosarcoma cells.

1.4 Original contributions
The contribution of this thesis to science is based on the following research findings;

Chapter 3 demonstrates that sanguinarine influences the behaviour of human osteosarcoma cells
and describes its effects on normal human osteoblasts.
• Sanguinarine produces major changes in the morphology of both MG-63 and SaOS-2
human osteosarcoma cells and decreases their viability;
• Sanguinarine induces changes in the mitochondrial membrane potential and DNA
condensation in both human osteosarcoma cell lines;
• Sanguinarine triggers apoptosis within lh in both human osteosarcoma cell lines;
• Sanguinarine activates both caspase-8 and caspase-9 in both human osteosarcoma cell
lines;
• Sanguinarine decreases the amount of anti-apoptotic Bcl-2 protein only in less
differentiated human osteosarcoma MG-63 cells;
8

• Sanguinarine affects the viability of normal human osteoblasts in a way that is similar to
its effect on more differentiated human osteosarcoma SaOS-2 cells.

Chapter 4 identifies the intracellular signalling pathways in human osteosarcoma cells that are
activated by BMP-2 or BMP-9 or pBMP-9 and analyzes gene expression of early osteogenic
markers and cell proliferation.
•

BMP-2, BMP-9, and pBMP-9 induce the phosphorylation of Smad1/5/8 within lh in both
MG-63 and SaOS-2 human osteosarcoma cells;

•

BMP-2 increases the phosphorylation of ERK1/2, while BMP-9 and pBMP-9 activate p38
in both human osteosarcoma cell lines;

•

BMP-2 and BMP-9 increase the levels of Dlx5 and Osx mRNAs in SaOS-2 cells;

•

MEK1 inhibitor blocks the phosphorylation of ERK1/2 increased by BMP-2 and enhances
the phosphorylation of p38 induced by BMP-9 or pBMP-9 in both human osteosarcoma
cell lines;

•

MEK1 inhibitor enhances the level of Osx mRNA induced by BMP-2 or BMP-9 in SaOS2 cells;

•

MEK1 inhibitor alone decreases the growth of MG-63 cells;

•

MEK1 inhibitor induces the lowest growth of MG-63 cells in the presence of BMP-2;

•

pBMP-2 has no effect on intracellular signalling pathways, differentiation or proliferation
with or without MEK1 inhibitor;

•

pBMP-9 activates the phosphorylation of Smad1/5/8 and p38 in much the same way as
BMP-9, but has no effect on the Dlx5 and Osx transcripts at 6h.

This thesis suggests that sanguinarine and BMPs (BMP-2 and BMP-9) can control the survival,
the uncontrolled proliferation or defective differentiation of osteosarcoma cells. The effects of a
combination of sanguinarine and BMPs on human osteosarcoma cells will underpin further
investigations on induced apoptosis, inhibited proliferation, and induced differentiation. Finally,
this thesis on the use of plant-derived alkaloid and growth factors/MEKl inhibitor provides a
better understanding of the behaviour of osteosarcoma cells which, in turn, could lead to the
development of new therapeutic approaches to the treatment of osteosarcoma patients.
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1.5 Thesis outline
There are six main chapters. Chapter 1 is a brief introduction describing the context, hypothesis,
and main objectives of the project. Chapter 2 is a review of the published work on normal and
osteosarcoma cells. Chapter 3 describes the effect of sanguinarine on the behaviour of human
osteosarcoma cells. Chapter 4 presents the effects of BMPs (BMP-2 and BMP-9) or pBMPs
(pBMP-2 and pBMP-9) on the behaviour of human ostesarcoma cells. Chapter 5 is the general
discussion, and chapter 6 summarizes the main results and describes the proposed future work.

Chapter 2 compares the physiology of normal bone cells with that of osteosarcoma cells. It also
discusses future treatments of osteosarcoma based on identifying specific targets involved in the
deregulation of osteosarcoma cells.

Chapter 3 describes how sanguinarine alters the morphology, viability, and mitochondrial
membrane potential of osteosarcoma cells and triggers their apoptosis. This chapter also
identifies the apoptosis pathways in human osteosarcoma cells that are stimulated by
sanguinarine. The main findings of chapter 3 have been published in Biochemical and
Biophysical Research Communications (BBRC).
• Title:
Sanguinarine induces apoptosis of human osteosarcoma cells through the extrinsic
and intrinsic pathways
•

Authors:
Hyunjin Park, Eric Bergeron, Helena Senta, Kim Guillemette, Sabrina Beauvais,
Richard Blouin, Jo6l Sirois, Nathalie Faucheux

•

Published organization:
Biochemical and Biophysical Research Communications (BBRC)

•

Volume, page:
399,446-451

Chapter 4 describes the effects of BMPs (BMP-2 and BMP-9) or pBMPs (pBMP-2 and pBMP-9)
on the behaviour of human osteosarcoma cells and identifies some of the intracellular signalling
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pathways (Smad and MAPK) triggered by BMPs (BMP-2 and BMP-9) or pBMPs (pBMP-2 and
pBMP-9). It also evaluates the effects of BMPs (BMP-2 and BMP-9) or pBMPs (pBMP-2 and
pBMP-9) on the early osteogenic differentiation and proliferation of osteosarcoma cells. The
contents of chapter 4 have been submitted for publication in Anti-Cancer Drugs.
• Title:
Inhibition of ERK1/2 phosphorylation influences human osteosarcoma cell
responses to bone morphogenetic proteins-2 and -9
• Authors:
Hyunjin Park, Alex Daviau, Helena Senta, Eric Bergeron, Olivier Drevelle,
Nathalie Faucheux
• Submitted organization:
Anti-Cancer Drugs

Chapter 5 provides a general discussion of the behaviour of osteosarcoma cells in the presence of
sanguinarine together with some additional preliminary data. It also discusses the effect of growth
factors on osteosarcoma cells and their potential as anti-cancer agents. Finally, chapter 6 contains
the conclusions drawn from this work and outlines perspectives for the future.
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CHAPTER 2
LITERATURE REVIEW
A clear picture of the normal physiology of bone tissue (its composition, constant remodelling,
and the regulation of bone cells) is essential for understanding the objectives of this work. It
evaluates major hallmarks of osteosarcoma cells, such as resistance to apoptosis, uncontrolled
proliferation, and defective differentiation, for combating osteosarcoma. The deregulation of the
behaviour of osteosarcoma cells is discussed to identify specific molecular targets that can be
used to develop future therapies. New avenues of specific treatments for osteosarcoma cancer
stem cells are also described. Finally, the two main working hypotheses of this Ph.D. thesis are
presented in more detail.

2.1 Bone tissue
Bone is a vascularised tissue made of bone matrix, organic and inorganic (mineral) phases, and
bone cells. There are three types of bone cells: osteoblasts, osteocytes, and osteoclasts. Healthy
bone tissue is in a dynamic and continually remodelling state that involves the resorption of old
bone by osteoclasts and the formation of new bone by osteoblasts [Marquis et al., 2009; Matsuo,
2009; Senta et al., 2009; Takahashi et al., 2011]. Osteocytes are also involved in bone
remodelling. Bone remodelling has five phases: quiescence, preosteoclast recruitment and
osteoclast differentiation, bone resorption by osteoclasts, preosteoblast recruitment and osteoblast
differentiation, and bone formation by osteoblasts (Figure 2.1) [Birmingham et al., 2012; Marie,
2001; Matsuo, 2009; Takahashi et al., 2011].
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Figure 2.1 The five phases of bone remodelling [Marie, 2001; Marquis et al., 2009].

2.1.1 Bone matrix
2.1.1.1 Organic and mineral phases
The organic phase, the osteoid, is mainly composed of type I collagen, various non-collagenous
proteins, and proteoglycans. The type I collagen molecule is a triple helix with two alpha 1 chains
and one alpha 2 chain. This is the most abundant protein of the organic bone matrix; Combined
with the inorganic part of bone matrix, it play a role in the bone biomechanical properties, such as
tensile strength [Garnero et al., 2006; Gelse et al., 2003]. Non-collagenous proteins like
osteocalcin (OCN) and osteonectin are involved in the regulation of osteoblast differentiation and
bone mineralization [Narayanan et al., 2001]. The small integrin-binding ligand N-linked
glycoproteins (SIBLINGs) include non-collagenous proteins, such as BSP, osteopontin (also
called BSP-1), and extracellular matrix (ECM) phosphoglycoproteins [Fisher et al., 2001].
SIBLINGs are secreted proteins that can modulate cell adhesion by interacting with cell
membrane receptors, the integrins [Bellahcene et al., 2008; Sun et al., 2010]. They are also
involved in bone mineralization [Bellahcene et al., 2008; Sun et al., 2010]. Small leucine-rich
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proteoglycans (SLRPs) like biglycan and decorin are also crucial for regulating the growth of
mineral crystals [Waddington et al., 2003].
The mineral (inorganic) phase accounts for about 65% of the bone mass and is composed of small
hydroxyapatite (HAP: Cas(P04>3(0H)) crystals that contain small amounts of carbonate and
manganese. Mineralization of the organic phase begins with the combination of Ca2+ and PO43'
that nucleate as small HAP crystals that are deposited between the collagen fibrils [FernandezTresguerres Hernandez-Gil et al., 2006]. The interaction of SLRPs with HAP and Ca2+ regulates
crystal nucleation, growth, size, and morphology [Waddington et al., 2003]. Adhesive proteins,
such as fibronectin that is recognized by integrins, also regulate cell adhesion and migration
[Janik etal., 2010].

2.1.1.2 Integrins
Integrins are enzymatically inactive a(3 transmembrane receptors that link the cell cytoskeleton to
the proteins of the bone organic phase [Hynes, 2002]. The 8f) and 18a subunits can combine to
form the ap integrins and 24 such combinations have been identified to date [Hynes, 2002]. The
integrins mainly interact with the arginine-glycine-aspartic acid (RGD) cell binding motif of
ECM proteins [Pankov and Yamada, 2002; Pierschbacher and Ruoslahti, 1987]. Bone cells
express several integrins. For example, osteoblasts contain al-6, av, pi, p3, and PS integrin
subunits [Clover et al., 1992; Gronthos et al., 1997; Hughes et al., 1993], while osteoclasts have
a2, aS, av, pi, p3, and avp3 integrins (a major functional receptor on osteoclasts) [Clover et al.,
1992; Rodan and Rodan, 1997].
The binding of integrins to the ECM is followed by the organization of cytoskeletal proteins, such
as the structural proteins talin and vinculin, as well as signalling proteins like focal adhesion
kinase (FAK) and paxillin in osteoblasts. The integrins regulate the behaviour of bone cells, their
differentiation, proliferation, and migration, via signalling pathways. The main pathways are
those of mitogen-activated protein kinase (MAPK), steroid receptor coactivator (Src), and
phosphoinositol-3-kinase (PI3K)/protein kinase B (PKB, also known as Akt) [Hynes, 2002;
Schatzmann et al., 2003; Vachon, 2011].
FAK plays an essential role in integrin signalling. Once cells have adhered to the ECM and their
integrins have been stimulated, FAK is autophosphorylated at Y397 (N-terminal domain of FAK)
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[Schatzmann et al., 2003]. Y397-phosphorylated FAK is a binding site for the Src-homology 2
(SH2)-domain of the Src family kinases, such as Src and proto-oncogene tyrosine-protein kinase
(Fyn) (Figure 2.2) [Schlaepfer et al., 1999]. Two other proteins, besides Src, can bind to
phosphorylated FAK. One is the p85 regulatory subunit of PI3K and the other, the adaptor
protein SH2 containing sequence (SHC) [Schatzmann et al., 2003]. Phosphorylated FAK
therefore contributes to PI3K activation [Hennessy et al., 2005]. PI3K can also be stimulated
through FAK-associated Src (Figure 2.2). PI3K stimulates the cells to produce lipids, such as
phosphatidylinositol-3,4,5-trisphosphate (PIP3) and phosphatidylinositol4,5-bisphosphate (PIP2).
These phospholipids bind to Akt that stimulates protein synthesis and cell growth by activating
mammalian targets of rapamycin (mTOR) (Figure 2.2) [Markman et al., 2010]. Akt is also
involved in cell survival; it does so by inactivating pro-apoptotic factors, such as Bad, and
breaking down tumour suppressor protein (p53) [Hennessy et al., 2005], The adaptor protein
growth factor receptor-bound protein 2 (GRJB2) can also bind to the phosphorylated Y925 in the
C-terminal domain of FAK [Schatzmann et al., 2003]. This binding is involved in the activation
of the Ras/MAPK signalling pathway.
Thus, integrins are associated in the blockade of programmed cell death by activating PI3K/Akt
and promote cell cycle progression [Hynes, 2002; Zhu et al., 1996].

MAPK/ERK
signalling pathway

VI DM 2

Cell cycle arrest,
Apoptosis, DNA repair

Apoptosis

Cell cycle, Protein synthesis,
Glucose
Cell growth
metabolism

Figure 2. 2 Integrin-ECM binding induces several signalling pathways: FAK and PI3K/Akt
pathways [Hennessy et al., 2005; Markman et al., 2010; Schafzmann et al., 2003]. GSK30:
glycogen synthase kinase 3 beta, MDM2: murine double minute 2, NF-KB: Nuclear factorKappaB, SOS: son of sevenless.
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2.1.2 Bone cells
Bone cells lie within the bone tissue and the conjunctive stroma of the bone marrow. Bone
marrow possesses endothelial progenitor cells (EPCs), mesenchymal stem cells (MSCs), and
fibrocytes [Jones and Rankin, 2011]. MSCs can differentiate into osteoblasts (bone forming cells),
chondrocytes, and adipocytes (Figure 2.3) [Anjos-Afonso and Bonnet, 2011; Jayakumar and Di
Silvio, 2010; Nakashima and de Crombrugghe, 2003]. Figure 2.3 shows the differentiation of
MSCs into different cell lineages depending on their stimulation by growth factors, especially
bone morphogenetic proteins (BMPs) and the subsequent expression of target genes through
specific transcription factors (DlxS/6 and Runx2). Hematopoietic stem cells (HSCs) are the
precursors of the bone resorbing cells, osteoclasts [Del Fattore et al., 2010].
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Figure 2. 3 Osteogenic differentiation from MSCs [Harada and Rodan, 2003; Marquis et al.,
2009; Martin et al., 2011; Wagner et al., 2011]. Dlx5/6: Distal-less homeobox 5/6, Osx: Osterix,
PPARy: peroxisome proliferator-activated receptor gamma, Runx2: Runt-related transcription
factor 2.
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2.1.2.1 Osteoblasts
Osteoblasts synthesize the organic phase of bone matrix, the osteoid, and allow its subsequent
mineralization [Jayakumar and Di Silvio, 2010]. Several transcription factors are involved in the
differentiation of MSCs into specific cell lineages (Figure 2.3). For example, the transcription
factor Sox9 regulates chondrogenesis by promoting the expression of the gene encoding the
major protein of the cartilage matrix, type II collagen [Lefebvre et al., 1997]. The PPARy is
involved in the differentiation of MSCs into adipocytes [Li et al., 2010]. The differentiation of
MSCs into osteoblasts requires transcription factors like the Runx2 and Osx. Runx2 regulates the
synthesis of Osx early in osteoblast differentiation [Komori, 2011]. The synthesis of Osx can be
also regulated by the DlxS, an osteogenic transcription factor [Lee et al., 2003a]. The
differentiation of MSCs into osteoblasts is controlled by hormones, vitamins, and growth factors
like fibroblast growth factor (FGF), insulin-like growth factor (IGF), and BMPs [Chen et al.,
2010; Feng et al., 2010; Ito et al., 2008; Lavery et al., 2009; Pountos et al., 2010]. For example,
the synthesis of transcription factors, such as Runx2 and Dlx5, is controlled by growth factors
like BMP-2 [Lee et al., 2003b]. Lee et al. (2003b) showed that BMP-2 activates the genes
encoding Runx2 and Dlx5 in mouse myogenic C2C12 cells.
Osteoblasts can become engulfed in the mineralized osteoid during bone remodelling, where they
undergo terminal differentiation into osteocytes, become lining cells or die by apoptosis.

2.1.2.2 Osteocytes
Osteocytes are terminally differentiated cells of the osteoblast lineage that have become
embedded in mineralized matrix. They respond to mechanical strain and may send signals that
regulate bone remodelling [Heino et al., 2004; Lanyon, 1993; Matsuo et al., 2009; Zhao et al.,
2002]. Zhao et al. (2002) demonstrated that the cells of the osteocyte-like cell line MLO-Y4
secrete large amounts of macrophage colony stimulating factor (M-CSF) and bear the receptor
activator of NF-KB ligand (RANKL) on their membranes to support the formation and activation
of osteoclasts. Osteocytes can also support the differentiation of MSCs into osteoblasts. Heino et

al. (2004) showed that conditioned medium from osteocytic MLO-Y4 cells significantly
increases the expression of the gene encoding OCN and the activity of ALP in MSCs from mouse
bone marrow, indicating their osteogenic differentiation.
17

2.1.2J Osteoclasts
Mature osteoclasts are responsible for bone resorption [Takahashi et al., 2011; Zou and
Teitelbaum, 2010]. Osteoclasts develop from HSCs of the monocyte-macrophage lineage in the
bone marrow under the regulation of osteoblasts (Figure 2.4). Osteoblasts produce RANKL, a
member of the tumour necrosis factor (TNF) cytokine family, that is implicated in
osteoclastogenesis and the maturation of osteoclasts [Jayakumar and Di Silvio, 2010; Takahashi

et al., 2011]. The binding of RANKL to its receptor RANK in the presence of M-CSF, a secreted
cytokine, stimulates osteoclast progenitors to differentiate into osteoclasts [Senta et al., 2009;
Takahashi et al., 2011]. This regulation is inhibited by osteoprotegerin (OPG), which is produced
by osteoblasts and acts as an antagonist of the RANKL binding to its receptor [Jayakumar and Di
Silvio, 2010; Takahashi et al., 2011]. OPG binds to RANKL, thereby blocking its interaction
with RANK [Jayakumar and Di Silvio, 2010; Takahashi et al., 2011]. Although,
OPG/RANK/RANKL is the main regulator of osteoclastogenesis, other factors, such as
interleukins (ILs) and TNFa, also modulate the differentiation of osteoclasts (Figure 2.4). The
way in which these factors act on osteoclastogenesis may or may not depend on
OPG/RANK/RANKL [Kudo et al., 2002; Ma et al., 2004; Mun et al., 2010]. For example, IL-1
induces the differentiation of mouse bone marrow mononuclear cells into osteoclasts in the
presence of RANKL [Ma et al., 2004], while TNFa stimulates the formation of human
osteoclasts from mononuclear phagocyte precursors by a mechanism that is independent of
RANKL and is therefore not inhibited by OPG [Kudo et al., 2002],
Mature osteoclasts release protons that dissolve the mineral phase of the bone matrix, together
with enzymes like cathepsin K and matrix metalloproteinases (MMPs) that degrade osteoid
resulting of bone resorption [V33n3nen and Laitala-Leinonen, 2008].
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Figure 2.4 Osteoclastogenesis [Marquis et al., 2009; Quinn and Gillespie, 2005; Theoleyre et al.,
2004]. PGE2: prostaglandin E2, PTH: parathyroid hormone, TGFfi: Transforming growth factor
beta.

2.1.3 Bone cell regulation
The quality of the bone remodelling strongly depends on a balance between the activities of
osteoclasts and osteoblasts. The susceptibility of mature osteoclasts and osteoblasts to die by
apoptosis is therefore important for regulating bone remodelling [Mackie, 2003; Theoleyre et al.,
2004].

2.1.3.1 Apoptosis
Apoptosis is an active form of programmed cell death that eliminates non-functional cells [Lu
and Rounds, 2012]. It also plays mi essential role in embryogenesis, normal tissue homeostasis,
skeletal maturation, fracture healing, and bone repair [Hock et al., 2001]. Apoptosis can be
induced by two pathways, one extrinsic and the other intrinsic [Kroemer et al., 2007; Kurokawa
and Kombluth, 2009]. The extrinsic death receptor pathway normally receives signals through the
binding of extracellular death ligands (DLs) to pro-apoptotic death receptors (DRs) (Figure 2.5).
By contrast, the intrinsic mitochondrial pathway depends on the release of pro-apoptotic factors
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from the mitochondria (Figure 2.6). Both apoptosis pathways lead to the activation of specialized
cysteine proteases, the caspases, that cleave after an Asp residue. Procaspases contain an Nterminal prodomain, as well as sequences encoding the large (p20) and small (plO) subunits of
the mature protease [Kurokawa and Kornbluth, 2009]. The 12 caspases found in humans are
typically divided into three groups on the basis of their sequences [Crawford and Wells, 2011].
The first group contains human inflammatory caspases-1, -4, -S, -13, and -14 (Table 2.1), the
second contains the effector caspases-3, -6, and -7, and the third group contains the initiator
caspases-2, -8, -9, and -10 [Crawford and Wells, 2011; Kurokawa and Kornbluth, 2009]. Cells
that receive an apoptotic stimulus activate the initiator caspases. These, in turn, activate effector
(also called executioner) caspases by proteolytic cleavage.
Table 2. 1 Subfamilies of caspases showing their functions, functional domains, and inhibitors
[Crawford and Wells, 2011; Lin et al., 2000; Van de Craen et al., 1998].
Group I.
Inflammatory mediators
Group II.
Apoptotic effector caspases

Group III.
Apoptotic initiator caspases

Caspases-1, -4, -5, -13,
and-14
Caspases-11 and-12
Caspase-3

Human

CARD

Mouse
Human

CARD
NED

Caspase-6
Caspase-7

Human
Human

NED
NED

Caspase-2
Caspase-8

Human
Human

CARD
DED

Caspase-9

Human

CARD

Caspase-10

Human

DED

NAIP, XIAP, c-IAPl, cIAP2, survivin, livin
NAIP, XIAP, c-IAP1, cIAP2, survivin, livin
XIAP, c-IAP1, C-IAP2, TsIAP, FLIPs (FLIPs inhibits
caspase-8 activation by
binding to FADD)
XIAP, c-IAPl, C-IAP2,
surviving
FLIPs
(FLIPs
inhibit
caspase-10 activation by
binding to FADD)

CARD: caspase-recruitment domains, c-IAP: cellular inhibitor apoptotic protein, DED: death
effector domains, FADD: fas-associated death domain, FLIPs: FADD-like interleukin-1 betaconverting enzyme-like inhibitory proteins, NAIP: non-apoptotic inhibitor protein, NED: nonenzymatic domain, Ts-IAP: IAP-like protein 2, XIAP: X-chromosome-linked LAP.
2.13.1.1 Extrinsic apoptosis pathway
The extrinsic apoptosis pathway, also known as the extrinsic death receptor pathway, transmits
signals from extracellular DLs through the appropriate DRs to induce apoptosis (Figure 2.5). The
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best-described DLs are the TNF family of proteins. These DLs arc TNFa, FasL (CD95L), TRAIL,
and TWEAK (also called Apo3L); they are predominantly produced by cells of the immune
system, such as T lymphocytes, natural killer cells, macrophages, and dendritic cells [Fulda and
Debatin, 2006; Sayers, 2011]. The DRs include TNF receptor 1 (TNFR1, also called p55 or
CD120a), Fas (also called CD95 or APO-1), TNF-related apoptosis-inducing ligand-receptor 1
(TRAIL-R1, also called DR-4), TRAIL-R2 (also called DR-5, Apo-2 or TRICK2), DR3 (also
called TRAMP, Apo-3, WSL-1 or LARD), and DR6 [Fulda and Debatin, 2006; Sayers, 2011].
The binding of DLs and DRs at the plasma membrane of a cell results in the assembly of the
death-inducing signalling complex (DISC) [Taddei et al., 2012]. DISC acts via the adaptor
protein FADD or TNRF-1-associated death domain (TRADD) to initiate the cascade of caspases
by activating procaspase-8 or -10 [Kurokawa and Kornbluth, 2009; Taddei et al., 2012]. The
active caspase-8 or -10 then activates caspases-3, -6, and -7, leading to the cell death [Kurokawa
and Kornbluth, 2009; Taddei et al., 2012]. The extrinsic apoptosis pathway is negatively
regulated by proteins that are associated with the cytoplasmic domains of DISC, such as FLIP.
Procaspase activation can be blocked by FLIPs binding to DISC instead of procaspase-8 or -10
[Krueger et al., 2001].
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Figure 2. 5 Extrinsic apoptosis pathway [Crawford and Wells, 2011; Sayer, 2011]. Bid: Bcl-2
homology domain (BH) 3 interacting domain death agonist.
2.1.3.1.2 Intrinsic apoptosis pathway
The intrinsic apoptosis pathway, also known as the intrinsic mitochondrial pathway, is initiated
within a cell by stimuli, such as DNA damage, hypoxia, oxidative stress, and UV radiation
(Figure 2.6). The mitochondrial membrane becomes permeable due to the channels created by the
pro-apoptotic proteins of the B cell lymphoma-2 (Bcl-2) family in the mitochondrial outer
membrane forming oligomers. Disruption of the mitochondrial outer membrane leads to the
release of cytochrome c (Cyt c) into the cytoplasm, where it interacts with the C-terminal region
of apoptotic protease activating factor 1 (Apafl). It then becomes associated with procaspase-9
through the procaspase-9 CARD to form an apoptosome complex. This complex promotes the
cleavage of procaspase-9 into active caspase-9 [Kroemer et al., 2007; Kurokawa and Kornbluth,
2009]. The final event is the activation of the effector caspases (mostly caspase-3) [Fischer et al.,
2003].
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Figure 2. 6 Intrinsic apoptosis pathway [Crawford and Wells, 2011; Sayer, 2011]. AIFs:
apoptosis-inducing factors, Bcl-xL: Bel-extra long, Endo G: endonuclease G, Smac, DIABLO:
second mitochondrial-derived activator of caspase, direct inhibitor of apoptosis protein-binding
protein with low pi.
2.1.3.13 Bcl-2 family
Apoptosis is also regulated by the Bcl-2 family of proteins. There are three groups of them, based
on their Bcl-2 homology (BH) domain and their mechanism of action. All the members of Bcl-2
family have one or more homology domains labelled as BH1,2, 3, and 4, which are important for
heterodimeric interactions among members of the Bcl-2 family [Danial and Korsmeyer, 2004].
Group I is made up of the anti-apoptotic proteins (Bcl-2, Bcl-w, Bcl-xL, and myeloid cell
leukemia factor-1 (Mcl-1)) that contain the BH1-4 domains. Group II consists of the proapoptotic BH3-only proteins (Bid, Bcl-2 interacting mediator of cell death (Bim), Bcl-2
antagonist of cell death (Bad), promoter upregulated modulator of apoptosis (Puma), Noxa, Bcl-2
interacting killer (Bik), Bcl-2 modifying factor (Bmf), and hara-kiri (Hrk)). Group III proteins
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contain all BH1-3 domains and include the pro-apoptotic proteins (BcI-2 associated X protein
(Bax) and Bcl-2 antagonistic killer (Bak)) [Danial and Korsmeyer, 2004; Ola et al., 2011].

While the anti-apoptotic proteins regulate apoptosis by blocking the release of Cyt c from
mitochondria, the pro-apoptotic proteins act by promoting its release. The balance between the
pro- and anti-apoptotic proteins rather than their absolute quantities determines whether or not
apoptosis is initiated [Ola et al., 2011].
The pro-apoptotic protein Bak in the mitochondrial outer membrane and the pro-apoptotic protein
Bax in the cytosol both exist as monomers in viable cells. The intrinsic apoptosis pathway is
initiated when Bak and Bax form oligomers, which produce the pores (mitochondrial voltagedependent anion channel (VDAC)) in the mitochondrial outer membrane. The formation of these
pores results in the loss of selective ion permeability and the release of Cyt c from the
mitochondria [Shimizu et al., 1999; Shimizu et al., 2000; Walia et al., 2011]. Recent studies
suggest that active Bak may trigger the mitochondrial morphological events that contribute to
mitochondrial injury during apoptosis, while active Bax is probably more important for
subsequent pore development and changes in the mitochondrial outer membrane [Brooks et al.,
2007; Walia et al., 2011]. Bax and Bak both are required for the Cyt c release [Brooks et al.,
2007].
The anti-apoptotic proteins, including Bcl-2 itself, decrease apoptosis mainly by preventing
permeabilization of the mitochondrial outer membrane by neutralizing pro-apoptotic proteins,
including BH3-only proteins [Youle and Strasser, 2008]. For example, Bcl-2 and Bcl-xL both
inhibit apoptosis by forming heterodimer complexes with Bad/Bax apoptotic proteins or by
sequestering Bim apoptotic activators [Kuwana et al., 2005]. If Bcl-2 or Bcl-xL cannot exert their
anti-apoptotic property, Bax forms oligomers and apoptosis is promoted [Ola et al., 2011].
BH3-only proteins can interact with both anti- and pro- apoptotic proteins. For example, BH3
pro-apoptotic proteins (Bid, Bim, and Puma) interact directly with Bax and Bak or displace the
anti-apoptotic protein Bcl-2 from Bax/Bak complexes, allowing apoptosis to occur [Chipuk et al.,
2010; Lovell et al., 2008].
The extrinsic apoptosis pathway can also play a role in the formation of Bax/Bak complexes.
Caspase-8 or -10 can cleave the BH3-only protein Bid to produce its truncated active form (t-Bid)
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[Kurokawa and Kornbluth, 2009; Taddei et al., 2012; Ulukaya et al., 2011]. This t-Bid is
translocated into the mitochondria where it promotes the activation of Bax and Bak. It therefore
favours the release of Cyt c from the mitochondria [Taddei et al., 2012; Ulukaya et al., 2011].

2.1J.1.4 Induction of caspase-dependent apoptosis
Active caspase-8 (or -10) from the extrinsic pathway or -9 from the intrinsic pathway can cleave
and activate the effector caspases-3, -6, and -7. Activated caspases-3, -6, and -7 cleave a number
of different substrates located in the cytoplasm or nucleus leading to the many morphological
changes characteristic of apoptotic cell death (Figure 2.7) [Degterev et al., 2003]. For example,
active caspase-3 inactivates the inhibitor of caspase-activated deoxyribonuclease (ICAD), thus
liberating caspase-activated deoxyribonuclease (CAD) bound to ICAD, which results in
chromatin condensation and fragmentation of oligonucleosomal DNA (Figure 2.7) [Enari et al.,
1998]. Caspase-3 also mediates the cleavage and activation of Rho-associated coiled-coil protein
kinase 1 (ROCKl), which leads to apoptotic membrane blebbing [Sebbagh et al., 2001]. The
apoptosis induced by CAD or ROCKl is caspase-dependent apoptosis.
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Figure 2. 7 DNA fragmentation and chromatin condensation dependent or independent on
caspase activation [Degterev et al., 2003; Kurokawa and Kornbluth, 2009].
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2.13.1.5 Caspase inhibitors
Active caspases (caspases-8, -9, -3, -6, and -7) are inhibited by a family of 8 IAPs. IAPs all
contain a baculovirus LAP repeat (BIR) domain that can bind to the active site of caspases and
ubiquitin ligase domain, inhibiting them. This family is made up of c-IAPl (also known as
HIAP2, MIHB or BIRC2), C-IAP2 (also known as HIAP1, MIHC, or BIRC3), X-chromosomelinked IAP (XIAP also known as hILP, MIHA, or BIRC4), survivin (also known as TUAP or
BIRC5), livin (also known as KIAP, ML-IAP, or BIRC7), IAP-like protein 2 (BIRC8), and
originally neuron-specific inhibitors NAIP (also known as BIRC1), and Apollon (also known as
Bruce or BIRC6) [Salvesen and Duckett, 2002]. For example, IAPs (XIAP, c-IAPl, C-IAP2, and
survivin) bind to active caspases-3, -7, and -9, thereby preventing apoptosis.

2.1.3.1.6 Other regulators of apoptosis released from mitochondria
The mitochondria release AIFs and Endo G in the early stages of apoptosis [Hunot et al., 2001],
as well as some protein antagonists of IAPs, such as Smac/DIABLO, and Omi/HtrA2 (Figure 2.6
and Table 2.2) [Fuentes-Prior and Salvesen, 2004; Srinivasula et al., 2001].

Table 2. 2 Regulators of apoptosis released from the mitochondria.
Cyt c
Smac/DIABLO

within cristae of the inner mitochondrial
membrane and at narrow cristae junctions
mitochondrial intermembrane space

Omi/HtrA2
AIFs

inside the mitochondria
mitochondrial intermembrane space

Endo G

mitochondrial intermembrane space

main activator of apoptosis
apoptosome
neutralize the inhibitory activity
of IAPs
inhibitor of IAPs
DNA
fragmentation
and
chromatin condensation
DNA fragmentation

The apoptosis induced by AIFs or Endo G is caspase-independent [Hunot et al., 2001; Li et al.,
2001]. AIFs are translocated into the nucleus, where they activate several nucleases. They are
thus involved in the fragmentation of DNA and chromatin condensation (Figure 2.7) [Hunot et al.,
2001]. Endo G is located in the mitochondrial intermembrane space [Ohsato et al., 2002]. Once
released from mitochondria, Endo G cleaves chromatin DNA into fragments [Li et al., 2001; van
Loo et al., 2001].
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Both Smac and DIABLO can bind to IAPs, like XIAP, cIAPl, and Apollon, and activate
apoptosis [Vieira et al., 2000]. The Omi/HtrA2 inside the mitochondria promotes cell survival,
while it participates in both caspase-dependent and caspase-independent cell death when it is
released from the mitochondria into the cytoplasm [Martins et al., 2002; Verhagen et al., 2002].

2.1.3.2 Control of the cell cyde by tumour suppressors
Specific proteins, such as the tumour suppressor p53 and retinoblastoma (Rb), are involved in
apoptosis and regulation of the cell cycle (Figure 2.8).

MI) VI2

Figure 2. 8 Cell cycle regulation [Rao-Bindal and Kleinerman, 2011]. ARF: alternative reading
frame protein, CDK: cyclin-dependent kinase, CIP-1: CDK-interacting protein-1, Cyc: cyclin,
INK4a: inhibitor of kinase 4a, pi6: cell cycle inhibitor, p21: cell cycle inhibitor.
2.1.3.2.1 Retinoblastoma (Rb)
Rb controls the cell cycle, especially the Gl/S transition, by inactivating the E2F transcription
factors [Ohtani et al., 2004; Rao-Bindal and Kleinerman, 2011]. Rb is phosphorylated by CycCDK complexes, such as CycE-CDK2, CycD-CDK4, and CycD-CDK6, thereby losing its ability
to bind to E2F family transcription factors 1-3 (E2F1-3). This results in the initiation of DNA
replication [Ohtani et al., 2004; Rao-Bindal and Kleinerman, 2011]. Stress, such as DNA damage,
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causes cell cycle inhibitors, such as pl6INK4a and p21ap"1, to inhibit the activity of Cyc-CDK
complexes, resulting in the lack of Rb phosphorylation (Figure 2.9) [Ohtani et al., 2004; RaoBindal and Kleinerman, 2011; Stott et al., 1998]. Thus, the Rb-E2F complex is maintained
blocking the entry of the cell into the S-phase that results in cell cycle arrest [Ohtani et al., 2004;
Rao-Bindal and Kleinerman, 2011].
iStress

Figure 2.9 Tumour suppressor Rb in cells under stress [Ohtani et al., 2004].
The Rb protein is also involved in the differentiation of osteoblasts by regulating the synthesis of
Runx2. Monroe et al. (2010) demonstrated that suppression of Rb protein delayed osteogenic
differentiation and decreased the expression of the genes encoding the osteogenic transcription
factors, Runx2 and Osx. The transcription factor Runx2 also regulates the proliferation of
osteoblasts. Galindo et al. (200S) showed that increased amounts of Runx2 protein significantly
decreased the proliferation of MC3T3-E1 cells by lengthening Gl. Thus, Runx2 acts as an anti
proliferative factor by preventing cell cycle progression through Gl and supports the transition
from active osteoblast growth to quiescence (G0/G1) [Galindo et al., 2005].

2.1.3.2.2 Tumour suppressor p53
p53 regulates cell cycle arrest, DNA repair, and apoptosis in stressed cells, such as cells with
DNA damage, oncogene overproduction or hypoxia [Amaral et al., 2010; Skirnisdottir et al.,
2002; Zilfou and Lowe, 2009; Zuffa et al., 2008]. The concentration of p53 protein monomer
level in the cytoplasm of normally growing cells is kept low by its constant degradation by
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proteasomes [El-deiry, 1998; Hock and Vousden, 2010; Levine, 1997]. MDM2 is an ubiquitin
ligase (E3) for p53; it regulates the stability of p53 by directly assembling polyubiquitin chains
on p53 and so targeting it for proteasomal degradation [Lee and Gu, 2009]. The regulation of p53
by MDM2 can be controlled by ARF, which is produced by CDKN2A0 transcript (Figure 2.10).
pl4ARF is a tumour suppressor in human that prevents the interaction of MDM2 with p53 that
leads to p53 stabilization and activation [Stott et al., 1998]. p53 is assembled into dimers that are
transported to the nucleus, where it assembles as tetramers at p53(Tp53)-binding sites on DNA,
triggering p53-dependent gene transcription (Figure 2.10) [Kim et al., 2011]. Tp53 can activate
the transcription of the gene encoding the CDK inhibitor p21 that is involved in G1 arrest [Levine,
1997]. Indeed, p21 binds to both Gl/CDK and S/CDK complexes to block the Gl/S cell cycle
transition by maintaining of binding between Rb and E3F [El-deiry, 1998; Hock and Vousden,
2010; Levine, 1997; Rao-Bindal and Kleinerman, 2011]. The protein p53 can also control the
entry into mitosis or the S phase of a cell with damaged DNA. The protein p53 acts on CycBl to
prevent it interacting with cyciin-dependent kinase2 (Cdc2), causing the cell cycle to stop in G2
[Taylor and Stark, 2001]. The cell cycle arrest is due to p53 blocking expression of the gene
encoding Cdc2 [Taylor and Stark, 2001]. Tp53 also promotes transcription of the genes encoding
proteins involved in the extrinsic (CD95 and DR5) and intrinsic (Puma, Noxa, Bax, and Bid)
pathways of apoptosis [Amaral et al., 2010]. Last, p53 protein in the cytoplasm can also interact
with Bcl-2 to displace Bax from the Bcl-2-Bax complex, leading to the translocation of Bax into
the mitochondrial outer membrane, where it can promote apoptosis (Figure 2.10) [Levine, 1997;
Rao-Bindal and Kleinerman, 2011; Walia et al., 2011].
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Figure 2. 10 Tumour suppressor p53 in stressed cells [Amaral et al., 2010; Chene, 2003; Goh et
al., 2011].

2.1.33 Regulation of bone cell behaviour by growth factors
Growth factors like the BMPs, TGFP, IGF, FGF, platelet-derived growth factor (PDGF), and
vascular endothelial growth factor (VGGF) influence the differentiation and function of bone
cells (Table 2.3).

One group, the BMPs, is essential for osteogenic differentiation and the repair of bone fractures
[AI-Aql et al., 2008; Lavery et al., 2008; Lavery et al., 2009]. More than 20 BMPs have been
identified to date and two, BMP-2 and BMP-7, have been approved by the FDA in USA for
orthopaedic applications and are currently used in the clinical repair of bone defects [FDA.
http://www.fda.gov]. BMPs also regulate osteoclastogenesis [Jensen et al., 2010; Pham et al.,
2011]. For example, incubation of murine osteoclast precursors for 5 days with 30 ng/ml BMP-2
enhanced their differentiation [Jensen et al., 2010].
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Table 2.3 Effects of growth factors on bone cell regulation.
BMP

rhBMP-2

300ng/ml
100 ng/ml
20 and 80 ng/ml

rr BMP-3b
riiBMP-4

thBMP-6
rtiBMP-7

100 ng/ml in
serum-free
medium
7.8-1000 pg/ml

100 and 300
ng/ml with 2%
FBS
3.1-400 pg/ml

AdBMP-2, -4,
-6,-9

Mouse
myoblast t DlxS mRNA after 36h
progenitor
C2C12 cells
Murine
|ALP mRNA after 48h
preosteoblast
MC3T3-E1 cells
Primary osteoclasts t
osteoclast
markers,
nuclear factor of activated
from mice
T-celll
(Nfatcl)
and
cathepsin K (Ctsk) in a
dose-dependent
manner
after 3 days
C2C12
IOCN and i collagen type I
mRNA after 48h
Human
fetal
osteoblastic
hFOBl.19 cells
MC3T3-EI
hFOBl.19

C2C12

TGFp

TGFP-1

2.S ng/ml

IGF

IGF-I

0.1 fiM

FGF

FGF-2

1 ng/ml

hMSCs

PDGF

100 ng/ml

MC3T3-E1

VEGF

10 ng/ml

MC3T3-E1

4 proliferation in a dosedependent manner,
t apoptosis in a timedependent maimer at 250
pg/ml
t ALP activity in a time
(3 and 7 days) and dose
dependent manner
|proliferation in a dosedependent manner,
t apoptosis in a timedependent manner at 100
pg/ml
t ALP activity after 3 days
at 100 pg/ml, f matrix
mineralization after 21 days
i ALP activity and 1 OCN
protein synthesis induced by
BMP-2 (1000 ng/ml)
f ALP activity after 48h
t ALP activity after 21
days, t collagen type II and
t collagen type X mRNAs
after 21 days
f OPG protein expression
after 24h
T ALP after 24h,
t OCN and t OPG mRNAs
after 72h

Lee et
2003b

al.,

Guicheux

et

al., 2003
Pham et al.,
2011

Matsumoto et

al., 2012
Gautschi

et

al., 2009

Visser et at.,
2012
Gautschi
al., 2009

et

Cheng et al.,
2003
SpinellaJaegle et al.,
2001
Noda et al.,
2005
Ito etal., 2008

McCarthy et
al., 2009
Tan et al.,
2010

Ad: adenovirus expressing, FBS: fetal bovine serum, rh: recombinant human, rr: recombinant
rat.
2.1J3.3 Bone morphogenetfc proteins (BMPs) and their signalling pathways
BMPs are divided into classes based on their sequences and functions. Typical subgroups are
BMP-2/-4, BMP-5/-6/-7/-8/-8b, BMP-9/-10, and BMP-12/-13/-14 (Table 2.4) [Mazerbourg and
Hsueh, 2006; Miyazono et al., 2005]. The sequences of the members of these subgroups are more
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than 50% similar [Bessa et al., 2008]. For example, the cysteine-rich C terminal domain of BMP7 is more than 87% homologous with those of BMP-5/-6, while it is less than 60% homologous
with those of BMP-2/-4 [Martinovic et al., 2006]. BMP-9 has 40.5% amino acid sequence
identity with BMP-10 [Ye et al., 2009]. Furthermore, the sequences of BMPs are highly
conserved across species [Von Budnoff and Cho, 2001].

Preosteoblasts can produce some BMPs, such as BMP-2, -3, -4, -6, -7, -8, and -8b, while BMP-9
is mainly produced by hepatocytes and intrahepatic biliary epithelial cells [Miller et al., 2000;
Van Der Horst et al., 2002; Bidart et al., 2012]. BMP-10 is abundant in the trabeculae of the
embryonic heart, but it is less abundant in the liver and the lungs [Ye et al., 2009].
BMPs can normally activate the canonical small mothers against decapentaplegic (Smad)
pathway as well as the mitogen activated protein kinase (MAPK) cascades (Figure 2.11 and
Table 2.5) [Gallea et al., 2001; Guicheux et al., 2003; Kang et al., 2011; Kuo et al., 2005; Lord et

al., 2010; Park et al., 2009; Shen et al., 2007; Wensman et al., 2009; Wong et al., 2010]. These
pathways are initiated by the binding of BMPs dimers to two type I (ALK-1, -2, -3, -4, -5, and -6)
and two type II (BMPRII, ActRIIA, and ActRIIB) receptors. BMPs have two epitopes called the
wrist epitope and the knuckle epitopes [Saito et al., 2003]. The wrist epitope is thought to bind to
the BMPRIA (also called ALK3) on the basis of the crystal structure of the BMP-2-BMPRIA
receptor complex [Kirsch et al., 2000a], while the knuckle epitope binds to BMP type II receptors
[Kirsch et al., 2000b, Knaus and Sebald, 2001]. BMPs have different binding affinities for their
receptors. For example, BMP-4 binds ALK.3 but not ALK2, whereas BMP-7 binds ALK2 and
ALK6 with high affinity [Macias-Silva et al., 1998; ten Dijke et al., 1994]. BMP-9 has a high
affinity for ALK1 and ALK2 receptors [David et al., 2007].
Once BMPs bind to their receptors, they induce the phosphorylation of Smadl, Smad5, and
Smad8 (receptor-activated-Smad (R-Smad)), and promote the formation of a complex with
Smad4 (common mediator-Smad (Co-Smad)) (Figure 2.11) [Sieber et al., 2009; Xiao et al.,
2007]. The complex formed by R-Smads binding to Co-Smads is then translocated into the
nucleus where it is associated with transcription factors, such as Dlx5, Runx2, and Osx, that are
involved in the activation of osteogenic differentiation markers like ALP and OCN [Franceschi et

al., 2007; Kugimiya et al., 2006].
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Table 2. 4 Subfamilies of BMP and their receptors [Bessa et al., 2008; Mazerbourg and Hsueh,
2006; Senta et al., 2009].
BMP-2/-4

BMP-2 (BMP-2a)

Cartilage and bone morphogenesis,
Heart formation
Cartilage and bone morphogenesis,
Kidney formation
Negative regulator of bone
morphogenesis

ALK3/6

Limb development,
Bone morphogenesis
BMP-6
(Vrgl. Cartilage hypertrophy,
Bone morphogenesis,
Dvr6)
Oestrogen mediation
BMP-7(OP-l)
Cartilage and bone morphogenesis,
Kidney formation
Bone morphogenesis,
BMP-8 (OP-2)
Spermatogenesis
BMP-8b (OP-3)
Spermatogenesis

ALK3/6

BMP-4 (BMP-2b)
BMP-3

BMP-3
(osteogenin)
BMP-3b (GDF-10)

BMP-5/-6/
-7/-8/-8b

BMP-5

BMP-9/-10

CDMP-1/-2
/-3

BMP-9 (GDF-2)

Bone morphogenesis,
Development of cholinergic
neurons,
Glucose metabolism/antiangiogenesis

BMP-10

Heart morphogenesis

BMP-12
(GDF-7/ CDMP-3)
BMP-13
(GDF-6/ CDMP-2)
BMP-14
(GDF-5/CDMP-1)

Ligament and tendon development,
Sensory neurons development
Cartilage development and
hypertrophy
Chondrogenesis,
Angiogenesis

ALK3/6
ALK4

BMPRII/
ActRIIA
BMPRII/
ActRIIA
ActRIIA

Baade Ro
et al., 2004

ALK2/3/6

BMPRII/
ActRIIA

ALK2/3/6

BMPRII/
ActRIIA
BMPRII/
ActRIIA

ALK3/6

ALK1/2

BMPRII/
ActRIIA

ALK1/3/6

BMPRII/
ActRIIA
BMPRII/
ActRIIA
BMPRII/
ActRIIA
BMPRII/
ActRIIA

ALK3/6
ALK3/6
ALK3/6

Dudley et
at., 1995
Zhao and
Hogan,
1996; Zhao
etal., 2001
David
et
al., 2007
and 2008,
Scharpfene
cker et at.,
2007
David
et
al., 2007

GDF: growth differentiation factor.
The MAPK pathways have normally three cascades: the extracellular signal-regulated kinase
(ERK), the stress activated protein kinases, the c-Jun N-terminal kinase (JNK), and p38. These
are normally initiated after the activation of Ras by growth factor-receptor binding (Figure 2.11).
This activation leads to the sequential stimulation of MAPK kinase kinase (MAPKKKs, Raf-1)
and MAPK kinase (MAPKKs) that phosphorylate and activate their downstream MAPK, such as
ERK [Chang and Karin, 2001; Raman et al., 2007; Tuijanski et al., 2007]. BMP receptors can
also become associated with TGFp-activated kinase TAK (MAP3K7), which forms a complex
with XIAP and TAK binding protein (TAB) to activate p38 or JNK or ERK 1/2, depending on the
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cell type (Figure 2.11) [Greenblatt et al., 2010; Oxburgh et al., 2011]. TAK phosphorylates p38
and JNK, which in turn mediate the activation of transcription factors, such as c-Jun, ATF2, and
E26 avian leukemia oncogene 1 (ETS1) [Shim et al., 2009]. TAK1-deficient chondrocytes have
sub-normal phosphorylation of Smad1/5/8 and p38/JNK/ERK MAP kinases [Greenblatt et al.,
2010; Shim et al., 2009]. BMP-2 causes MC3T3-E1 cells to differentiate through the
phosphoiylation of p38 and JNK pathways (Table 2.S) [Guicheux et al., 2003]. Inhibition of die
p38 pathway by SB203580 results in decreased ALP activity, whereas inhibiting JNK with
SP60012S is associated with reduced BMP-2-induced expression of the OCN gene [Guicheux et

al., 2003].
Activation of the BMP pathway can be blocked by inhibitory Smads (I-Smad: Smad6 and
Smad7) that interact with BMP type I receptors to prevent the phosphorylation of R-Smads and
the formation of the complex with Co-Smad (Figure 2.11). R-Smad proteins are also regulated by
Smad ubiquitination regulatory factor (Smurf)-1 and Smurf-2 [Zhang et al., 2001; Zhu et al.,
1999]. Smurf-1 induces the degradation of Smad 1 and Smad5 "by proteosomes and Smurf-2 can
also interact with Smadl for ubiquitination and proteasome-mediated degradation [Zhang et al.,
2001; Zhu et al., 1999].
BMP signalling can also be regulated by extracellular BMP antagonists, such as noggin, chordin,
follistatin, ventroptin, and the Dan/cerverus family (Figure 2.11). These inhibitors bind to BMPs
and prevent them interacting with the cell surface BMP receptors (BMPRII and BMPRI). For
example, noggin can interact with BMP-2, -4, -5, -6, -7, GDF-5, and GDF-6 [Botchkarev, 2003;
Blanco et al., 2009]. Chordin interacts with BMP-2, -4, and -7 [Balemans and Van Hul, 2002;
Blanco et al., 2009]. The synthesis of these extracellular BMP antagonists is usually stimulated
by BMPs, indicating that there is a balance between BMPs and their antagonists [Balemans and
Van Hul 2002; Blanco et al., 2009; Canalis et al., 2003; Chen et al., 2004].
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Table 2.5 Actions of BMPs on Smad and MAPK pathways in normal cells.
100 ng/ml
t
phosphorylation
of
(a-MGM containing Smadl/5/8 after ISmin,
1% FCS)
t phosphorylation of p38
and JNK after lh
500 ng/ml
t
phosphorylation
of
(DMEM containing ERKl/2 after 2h,
t phosphorylation of p38
5% FBS)
after 5min
100 ng/ml
t
phosphorylation
of
Smadl/5/8 after lh,
t
phosphorylation
of
ERKl/2 and p38 after 30min
| phosphorylation
of
rhBMP-4 25 ng/ml
(DMEM containing Smadl/5/8 after 2h,
10% calf serum)
phosphorylation
of
t
ERKl/2 after 30min
50 ng/ml (DMEM t
phosphorylation
of
containing
10% ERKl/2 after 30min
FBS)
50 ng/ml
t
phosphorylation
of
(DMEM)
Smadl/5/8 after 30min
50 ng/ml (DMEM t
phosphorylation
of
containing
10% Smadl/5/8 and p38 after
FBS)
5min
t
phosphorylation
of
rhBMP-6 100 ng/ml
Smadl/5/8 after lh,
phosphorylation
of
f
ERKl/2 and p38 after 30min
rhBMP-9 42.3 ng/ml (serum t
phosphorylation
of
free medium)
Smadl/5/8 after lh
100 ng/ml (serum t
phosphorylation
of
free medium)
Smadl/5/8 after lh

rhBMP-2

FCS: fetal calf serum.
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Murine
preosteoblasts
MC3T3-E1 cells

Guicheux et at.,
2003

Mouse myoblasts Gallea et al., 2001
cell C2C12
Human embryonic
stem cell line (H9)

Valera
2010

Human melanocytes

Park et a!., 2009

Neonatal fibroblasts

Fessing
2009

Human embryonic
stem cells
C3H10T1/2 MSCs

Bai et al., 2010

H9

Valera
2010

MC3T3-E1

Bergeron et al.,
2009
Lord et al., 2010

Human
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Figure 2. 11 Smad and MAPK pathways [Kugimiya et al., 2006; Oxburgh et al., 2011; Zhang and
Li, 2005]. GF: growth factor, MKK: MAPK kinase, TF: transcription factor, Ub: ubiquitination,
?: not clearly define yet.
2.1.33.2 Canonical and non canonical Wnt signalling pathways
Osteogenic differentiation is also regulated by the Wnt cascades. The canonical Wnt pathway
(also called P-catenin dependent pathway) is triggered by the binding of Wnt ligands like Wntl,
Wnt2b, Wnt3a, Wnt7b, Wnt8, and Wnt8b to the Frizzled receptor and low-density lipoprotein
receptor-related protein 5 and 6 (LRP5/6) (Figure 2.12). This binding inhibits the adenomatous
polyposis coli (Apc)/Axin/casein kinase1 (Ckl) a/GSK3p destruction complex by activating the
cytosolic protein Dishevelled (Dvl), leading to the release and stabilization of P-catenin in the
cytoplasm [Chien et al., 2009]. Cytosolic p-catenin then translocates to the nucleus to bind to Tcell factor/lymphoid enhancer binding factor (Tcf/Lefl) binding sites in promoters of target genes
[Westendorf et al., 2004].
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Figure 2. 12 Canonical Wnt signalling pathway [Monroe et al., 2012; Westendorf et ah, 2004].
Wtx: Wilm's tumour genes on chromosome X.
In the absence of Wnt, GSK3p phosphorylates P-catenin at serine 33, serine 37, and threonine 41,
while Ckla phosphorylates p-catenin at serine 45 [Liu et al., 2002]. Phosphorylated p-catenin
promotes its ubiquitination and degradation by the proteosome (Figure 2.13) [Westendorf et al.,
2004].

Wnt signalling is inhibited by several antagonists, including Dickkopf (Dkk) proteins, Wnt
modulator in surface ectoderm (Wise), secreted frizzled-related proteins (SFRPs), and Wnt
inhibitory factorl (WIF1) (Figure 2.13) [Westendorf et al., 2004]. Dkk proteins and Wise
compete for the LRP5/6 receptor and block the activation of the canonical signalling pathway
(Figure 2.13). In contrast, SFRPs and WIF1 bind to Wnts and/or Frizzled to block the interactions
between Wnt and transmembrane receptors [Westendorf et al., 2004].
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Figure 2.13 Inhibition of the canonical Wnt signalling pathway [Chien etal., 2009; Monroe et al.,
2012; Westendorf et al., 2004]. GBP: GSK3fi binding protein.
The non-canonical Wnt signalling pathway can be initiated by non-canonical Wnt ligands, such
as Wnt4, WntSa, Wnt5b, and Wntll; it stimulates kinases, such as the calcium/calmodulindependent kinase (CaMKII) and protein kinase C (PKC) (Wnt/Ca2+ pathway) (Figure 2.14)
[Montcouquiol et al., 2006]. The JNK pathway is also a target for non-canonical Wnt signalling,
the Wnt/PCP pathway [Montcouquiol et al., 2006]. The Wnt/Ca2+ pathway was identified by the
finding that some Wnts and Frizzled receptors can stimulate the intracellular release of Ca from
the endoplasmic reticulum (ER). This pathway also involves G-proteins. For example, WntSa can
bind to Frizzled receptors to cause the membrane G-proteins to break off into G-a and G-p/-y
subunits [De, 2011; Yavropoulou and Yovos, 2007]. The G-a subunit activated by GTP (GTP-Ga) then activates phospholipase C (PLC), which in turn hydrolyzes PIP2 to give inositol 1,4,5trisphosphate (IP3) and diacylglycerol (DAG) (Figure 2.14) [De, 2011]. DAG induces the
activation of PKC [De, 2011]. Similarly, the Ca2* mobilized from the ER by IP3 can activate
protein phosphatase Caicineurin (CaN). This can activate nuclear factor of activated T (NFAT)
[De, 2011; Yavropoulou and Yovos, 2007]. The Ca2+ released by 1P3 also activates the synthesis
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of CaMKII [De, 2011; Yavropoulou and Yovos, 2007]. Both CaMKII and PKC activate various
regulatory proteins (NF-KB and CREB) that are nuclear transcription factors [De, 2011]. The
non-canonical Wnt pathway activated by Wnt5a acts through CaMKII-TAKl-TAB2-NLK to
block the transcription of genes involved in adipogenesis by repressing PPARy transactivation
and inducing Runx2 synthesis in bone marrow mesenchymal progenitors (ST2 cells) [Takada et

al, 2007].
There seems to be a link between the canonical and non-canonical Wnt pathways. Qiu et al.
(2011) showed that Wnt3a, a canonical Wnt ligand, not only activates canonical Wnt signalling
but also stimulates the expression of genes encoding non-canonical Wnt components, such as
naked cuticle 1 homolog (NKD1). Bernardi et al. (2011) also demonstrated that Wnt4, which is
usually described as a non-canonical Wnt ligand, activates the canonical p-catenin pathway
during myogenic differentiation in murine C2C12 myoblast cells [Bernardi et al., 2011].
Extracellular
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Figure 2. 14 Non-canonical Wnt signalling pathway [De, 2011; Monroe et al., 2012;
Yavropoulou and Yovos, 2007]. ROR1/2: receptor tyrosine kinase-like orphan receptor 1/2.
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2.1JJ J BMP and Wnt signalling pathway
The canonical Wnt/p-catenin signalling pathway is involved in the BMP-9-induced osteogenic
differentiation of MSCs. Tang et al. (2009) showed that the ALP activity in mouse C3H10T1/2
MSCs cells infected by an AdBMP-9 was elevated. The effect of AdBMP-9 on osteogenic
differentiation was enhanced in the presence of Wnt3a, while Wnt antagonists (FrzB and Dkkl)
inhibited AdBMP-9-induced ALP activity. Lee et al. (2009a) also showed that BMP interacted
with the Wnt signalling pathway in mouse pluripotent embryonic stem cells (ESCs; ESE14TG2a). BMP-4 (10 ng/ml) increased the levels of Wntl mRNA and Wntl protein via Smadl
activation. The amount of P-catenin in the nuclear fraction was also increased in response to
BMP-4 [Lee et al., 2009a].

2.1.33.4 Smad-MAPK-Wnt signalling pathways
The Smad proteins have two conserved globular domains, mad homology 1 (MH1) and MH2,
connected by a linker region [Shi and Massague, 2003]. The MH1 domain binds to DNA,
whereas the MH2 domain is involved in Smad oligomers formation and participates in the
formation of transcriptional complexes [Shi and Massague, 2003]. BMP receptors with a bound
BMP normally phosphorylate the C-terminus (Cter) of the MH2 domain of Smadl (pSmadlCtcI)
(Figure 2.15). This pSmadlCter promotes the formation of a complex with Co-Smad (Smad4) and
its translocation to the nucleus. Here, it binds to DNA and activates the expression of BMP target
genes. It has been reported that the duration of the pSmadlCter signal can be regulated by
phosphorylations at conserved MAPK (ERK1/2, INK, and p38) and GSK3|3 sites in the Smadl
linker region (Figure 2.15) [Fuentealba et al., 2007; Rosen, 2009; Verheyen, 2007], The linker
region of Smad proteins is loosely organized and very flexible, rendering it readily accessible to a
number of kinases. MAP kinases, especially ERK1/2, can phosphorylate the conserved Ser/Thr
residues in the linker region of Smadl/5 (pSmadl/5MAPK). This phosphorylation greatly decreases
the accumulation of Smads in the nucleus and thus inhibits the expression of BMP target genes.
Multiple Ser/Thr residues in the Smadl linker region can be sequentially phosphorylated by ERK
and then by GSK3f3 to create a docking site for the Smad1/5-specific E3 ubiquitin ligase, Smurfl.
The binding of Smurfl causes the ubiquitination and subsequent degradation of Smads by
proteasomes [Rosen, 2009; Sapkota et al., 2007; Verheyen, 2007].
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Figure 2. 15 Regulation of Smad activity by the Wnt and MAPK pathways [Rosen, 2009;
Verheyen, 2007].
2.1.3.3.5 Peptides derived from BMPs (pBMPs)
Since BMPs are expensive due to their complicate production, several research groups have
developed peptides derived from the knuckle epitope of BMPs (pBMPs) (Table 2.6) [Bergeron et

al., 2009; Chen and Webster, 2009; Lord et al., 2010; Saito el al., 2003].
Table 2.6 Knuckle epitopes of human BMPs [Brown et cd., 2005; Chen and Webster, 2009; Saito
et al., 2003; Senta etal., 2011].
BMP-2
BMP-4
BMP-6
BMP-7
BMP-9

KIPKACCVPTELSAISMLYL
SIPKACCVPTELSAISMLYL
YVPKPCCAPTKLNAISVLYF
TVPKPCCAPTQLNAISVLYF
KVGKACCVPTKLSPISVLYK

73-92
75-94
98-117
98-117
68-87

Various research groups have also slightly modified the sequence of the knuckle epitope of BMPs
(Table 2.7).
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Table 2.7 Biological actions of BMP-derived peptides [Senta et al., 2011].

NSVNSKIPKACCVPTELSAI
NSVNSKIPKACSVPTELSAISTLYL
NSVNSKIPKASSVPTELSAISTLYL
KIPKASSVPTELSAISTLYL (P4)
Human
BMP-2
KIPKASCVPTELSAISTLYL
VGWNDWIVAPPGYHAFYCHGEC
PFP

Human
BMP-7

Human
BMP-9

No ALP activity in murine
mesenchymal cells C3H10T1/2 in
3 days
Saito et al.,
t ALP activity in C3H10T1/2 in 3
2003
days
t ALP activity and t OCN
mRNAs in C3H10T1/2 in 3 days
No osteogenic differentiation of
murine myoblasts C2C12 in 5 days

t Attachment of human MSC
(from pelvic osteotomy) in 1 day
t Attachment,|phosphorylation
of FAK, Smad, and ERK in human
DWIVA
MSC (from pelvic osteotomy) in 1
day
t Proliferation in 5 days, j ALP
activity and|Ca2+ deposition in
human fetal osteoblasts in 3 weeks
KPSSAPTQLN
(alone or in combination with
SNVILKKYRN)
t Proliferation in 5 days, fALP
activity and T Ca2+ deposition in
human fetal osteoblasts in 3 weeks
KAISVLYFDDS
(alone or in combination with
SNVILKKYRN
and/or
KPSSAPTQLN)
f ALP activity and f Ca2+
deposition
in
human fetal
SNVILKKYRN
osteoblasts in 3 weeks
| ALP activity in murine
preosteoblast MC3T3-E1 in 1 day
f Runx2, f Osx, t OCN mRNA in
6 days and f Ca2+ deposition in
MC3T3-E1 in 18 days
t aP2, t adipoQ mRNA and t lipid
CGGKVGKACCVPTKLSPISVLYK
accumulation in human white
preadipocytes in the presence of
PPARy agonist in 1 week
entrapped into chitosan
t formation of bone structures in
CS7BL/6
mouse
quadriceps
muscles within 24 days

Kloesch
al., 2007

et

Lee et al.,
2009b

Chen
and
Webster,
2009

Bergeron et
at., 2007
Bergeron et
a!., 2009
Lord et al.,
2010
Bergeron et
al., 2012

Our research group has shown that pBMP-9 can induce the differentiation of MC3T3-E1 cells in
the same way as BMP-2 and BMP-9 in vitro [Bergeron et al., 2009]. In addition, pBMP-9
induces the phosphorylation of Smadl/5/8 within lh in serum-free medium. It also enhanced the
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differentiation of human preadipocytes to adipocytes in an adipogenic medium in vitro [Lord et

al., 2010]. Perhaps more important, pBMP-9 induces the formation of bone structures in vivo
[Bergeron et al., 2012].

2.2 Osteosarcoma
Bone is an organized tissue and the balance between its resorption and formation is closely
regulated by the survival, proliferation, and differentiation of cells. However, this balance is
deregulated in osteosarcoma cells [Wagner et al., 2011].

Osteosarcoma is the most common highly malignant primary bone sarcoma in children and
adolescents with a striking tendency to rapidly destroy the surrounding bone [Longhi et al., 2006;
Picci, 2007]. Most osteosarcoma tumours are high grade and tend to develop pulmonary
metastases [Spangler, 2008],
Despite improvements in surgery and multi-agent chemotherapy, fewer than 20% of
osteosarcoma patients with metastases or recurrent disease survive for 5 years, due to
chemotherapy resistance [Campanacci and Laus, 1980; Picci, 2007].
Exactly how osteosarcomas become resistant to chemotherapy is not fully understood. One
explanation is that osteosarcoma contains cells with stem-like properties, such as self-renewal,
rapid division, and invasive growth, which ultimately give rise to metastases. Recent studies
suggest that cancer stem cells are responsible for the development of an osteosarcoma. Cancer
stem cells can be isolated by cell sorting based on recognition of their specific markers. They
bear MSC markers (Stro-1 and CD44), as well as embryonic stem cell pluripotency factors
(Oct3/4, Nanog, and Sox2) [Gillette and Nielsen-Preiss, 2009; Soltanian and Matin, 2011; Wang

et al., 2009]. Wang et al. (2009) recently showed that four osteosarcoma cell lines (OS99-1, MG63, SaOS-2, and Hu09) all express Nanog and Oct3/4. Osteosarcoma cancer stem cells can be
also isolated by their ability to form sarcospheres. Gibbs et al. (200S) first observed some
sarcospheres in biopsies of untreated chondrosarcoma and human osteosarcoma MG-63 cells
seeded on anti-adhesive plates in serum-free semi-solid N2 medium containing epidermal growth
factor (EGF) and b-FGF. Non-adherent MG-63 spheres were less sensitive to chemotherapy
(cisplatin and doxorubicin) than were adherent MG-63 cells [Fujii et al., 2009]. In addition, MG43

63 spheres also contained more of the DNA mismatch repair enzymes, mut-L-homolog-1
(MLH1) and mut-S-homolog-2 (MSH2) [Fujii et al., 2009]. This might be why osteosarcoma is
resistant to chemotherapy. In addition, osteosarcoma cells normally possess several distinct
features, such as resistance to apoptosis, deregulated cell cycle, uncontrolled cell proliferation,
defective differentiation, and metastasis (Figure 2.16).
This section describes all the features of osteosarcoma cells based on normal cells regulation,
which was described above, plus the involvement of cancer stem cells in osteosarcoma.
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Figure 2. 16 Osteosarcomagenesis [Luo et al., 2008; Martin et al., 2011; Tang et al., 2008;
Wagner et al., 2011].

2.2.1 Resistance to apoptosis and cell cycle deregulation
2.2.1.1 Resistance to apoptosis
The resistance of human cancer cells to apoptosis is generally responsible for the failure of cancer
therapy [Baguley, 2011; Hanaha and Weinberg, 2011]. Cancerous cells normally contain mutated
or downregulated TRAIL-R and overproduce apoptotic inhibitor proteins (FLIPs and IAPs)
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(Figure 2.17 and Table 2.8) [Krajewska et al., 2003]. For example, survivin is found in most
human tumour cells, including those of the lung [Park et al., 2012], breast [Jha et al., 2011],
pancreas [Lopes et al., 2007], colorectal cancer [Choi and Chang, 2012], and leukaemia [Ahmed

et al., 2012], but this protein is undetectable or rare in normal cells [Altieri, 2003]. Cancerous
cells can also deregulate the intrinsic pathway of apoptosis by overproducing anti-apoptotic
proteins, the mutation or deletion of pro-apoptotic proteins, and the epigenetic silencing of Apafl.

Table 2. 8 Mechanisms of tumour resistance to apoptosis.
Overproduction of anti-apoptotic
proteins
Downregulation of pro-apoptotic
proteins
Overproduction of apoptosis inhibitors
Altered p53 pathway

Bcl-2 family

Bcl-2, Bcl-xL, Mcl-1

Bcl-2 family
DRs
FLIPs
lAPs
Tumour suppressor genes or proteins
Overproduction of p53 inhibitors

Bax
CD95, TRAIL-R1, TRAIL-R2
Soluble CD95
Survivin, X1AP
p53
INK4a/ARF

DL
(TRAIL, FasL)

DR
(TRAILR, FasR)

Extracellular matrix

zxmxc
cytoplasm

iltlttf IttMl

Disc(_
FLIPs

Adaptor death domain
(TRADD, FADD)
DED
k l -\1.
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Figure 2.17 Apoptosis in cancerous cells: red arrows indicated the deregulation of apoptosis.
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Osteosarcoma cells are also resistant to apoptosis (Table 2.9). For example, human osteosarcoma
MG-63 cells do not respond to TRAIL due to their having a mutated DR4 [Locklin et al., 2007].
Members of the IAP family like survivin that block the activity of initiator and/or effector
caspases are also over-abundant in osteosarcoma cells. The levels of both survivin mRNA and
protein are indicators of low apoptotic, poor differentiation, and high proliferation indices [Osaka

et al., 2006; Shoeneman et al., 2012; Wu et al., 2010; Zou et al., 2010]. They are therefore
associated with a poor prognosis.
Some anti-apoptotic proteins, such as Bcl-2 and Bcl-xL, that inhibit the release of Cyt c from the
mitochondrion outer membrane into the cytoplasm and the subsequent activation of caspase-9 are
over-abundant in human osteosarcoma cell lines like MG-63, SaOS-2, U2-OS, and M8 [Chipuk

et al., 2010; Ferrari et al., 2004; Nedelcu et al., 2008; Walia et al., 2011; Wang et al., 2010].
Wang et al. (2010) showed that the amounts of Bcl-xL mRNA and protein are significantly
higher in osteosarcoma tissue samples extracted from 72 patients than in those of non-tumour
tissue samples. Moreover, anti-apoptotic Bcl-2 family proteins (Bcl-2 and Mcl-1) were more
intensely stained than were pro-apoptotic Bcl-2 family proteins (Bim and Bik). The staining for
Bim and Bik was weak or undetectable in these osteosarcoma tissues.
Table 2.9 Deregulation of the cell cycle and apoptosis in osteosarcoma cells.
Human
MG-63 cells
Human
HOS cells
Human
SaOS-2 cells

high amount of FLIP increased Bcl-xL and mutation in p53,
absence of Rb and
protein,
Bcl-2 proteins
heterozygous
pl4ARF
mutations in DR4
homozygous
mutations in DR4
no expression of increased Bcl-xL and absence of p53 and
TRAIL receptors
Bcl-2 proteins
Rb

Human
U2-OS cells
Human M8 cells

increased Bcl-xL
Bcl-2 proteins
increased Bcl-xL
Bcl-2 proteins
increased Bcl-xL
Bcl-2 mRNA
proteins

Cells extracted
from 72 patients
Human
NOS-1 cells
Cells extracted
from 22 patients

high survivin mRNA

and

Dechant et al., 2004
Heessen et at., 2002;
Park et al., 2002;
Trougakos et al., 2010
Yuan etal., 2007

and
and
and

high survivin mRNA
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absence of pi4^

Dechant et at., 2004;
Yuan et al., 2007

Wang etal.,2010

Osaka et al., 2006

2.2.1.2 Cell cycle deregulation
The genes encoding p53 and Rb are also defective in some osteosarcoma cells. The mutation,
deletion or inactivation of the genes encoding both p53 and Rb disrupts the checkpoint of the cell
cycle and results in the accumulation of cells with damaged DNA (Figure 2.18, Figure 2.19, and
Table 2.9) [Aylon and Oren, 2011].
The cell cycle regulators like p53, Rb, pl6INIC4a, and pl4ARF are not functional in osteosarcoma
cells (Figure 2.19) [Rao-Bindal and Kleinerman, 2011]. These alterations lead to the deregulation
of cell cycle control (loss of the G1 checkpoint) and may promote tumour development [RaoBindal and Kleinerman, 2011]. The gene encoding, p53 or Rb, is frequently deleted in several
osteosarcoma cell lines [Chandar et al., 1992; Ferrari et al., 2004; Hu et al., 2010; Kaseta et al.,
2008; Park et al., 2002; Walkley et al., 2008]. For example, human osteosarcoma SaOS-2 cells
produce neither p53 nor Rb, while MG-63 cells produce only Rb [Heessen et al., 2002; Hu et al.,
2010; Trougakos et al., 2010]. In addition, U2-OS and MG-63 human osteosarcoma cells have no
cell cycle inhibitors, such as pl4ARF, which binds directly to MDM2 (Figure 2.19).
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Figure 2.18 Tumour suppressor p53 in osteosarcoma cells.
Several research groups have analyzed the involvement of p53 in the prognosis of osteosarcoma,
but the results are controversial. Hu et al. (2010) reported that patients having osteosarcoma cells
that contain high concentrations of p53 have a better survival rate than those with osteosarcoma
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cells with little p53 but Ferrari et al. (2004) found that patients whose osteosarcoma cells had no
p53 had a significantly better post-recurrence survival rate than patients whose osteosarcoma
cells stained positively for p53. Finally, Gorlick et al. (1999) found that there was no correlation
between the concentration of p53 and the survival of patients.

\II>VI2

Figure 2. 19 Cell cycle deregulation: arrow with T (Tumour) indicates an altered cell cycle [RaoBindal and Kleinerman, 2011].
Runx2 also controls osteoblast proliferation, allowing a transition from a proliferative to a postproliferative stage prior to osteoblast differentiation [Galindo et al., 200S; Pratap et al, 2003; San
Martin et al., 2009]. The amounts of Runx2 mRNA and protein in MC3T3-E1 cells are decreased
during the Gl/S phase transition and increased after the M/Gl transition but they remain high
levels throughout the cell cycle in human osteosarcoma SaOS-2 cells and rat osteosarcoma
ROS17/2.8 cells [Galindo et al., 2005; San Martin et al., 2009]. However, the published reports
of Runx2 synthesis in osteosarcoma cells are controversial. Sadikovic etal. (2010) found that the
Runx2 gene is highly expressed in osteosarcoma cells extracted from patients. In contrast,
Thomas et al. (2004) found that Runx2 was absent or non-functional in six (MG-63, U2-OS,
HOS, 143B, SJSA, and G292) of seven osteosarcoma cell lines examined. SaOS-2 human
osteosarcoma cells, which are considered to be non-aggressive osteosarcoma cells, contain more
Runx2 than do MG-63 cells [Nikitovic et al., 2008; Thomas et al., 2004]. However, they undergo
unlimited proliferation because they lack the Runx2-Rb-complex that induces cell cycle arrest
[Giacinti and Giordano, 2006; Monroe et al., 2010; Thomas et al., 2004; Wagner et al., 2011].
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Thus, the control of the cell cycle by Runx2 protein seems to be abnormal in some osteosarcoma
cells, indicating a lack of the normal mechanisms that regulated cell proliferation and
differentiation [San Martin et al., 2009].

2.2.2 BMPs and osteosarcoma
Osteosarcomas contain a heterogeneous population of cells, each with a different proliferative
potential and at various stages of differentiation. This has led to recent suggestions that
osteosarcoma cells arise from a cell with multipotent potential [Russinoff et al., 2011; Siclari and
Qin, 2010; Tang et al., 2008]. A recent transcriptome analysis using microarray technology found
that 172 genes were differentially expressed in osteoblastic and non-osteoblastic osteosarcoma
cells; 75 genes were upregulated and 97 genes, especially those involved in collagen synthesis,
were downregulated [Kubista et al., 2011]. The genes encoding the BMPs were among those
whose expression differed the most between osteoblastic and non-osteoblastic cells [Kubista et

al., 2011].
Osteosarcoma cells produce several BMPs and BMP receptors (Table 2.10) [Gobbi et al., 2002;
Luo et al., 2008; Sulzbacher et al., 2002; Yoshikawa et al., 2004]. For example, SaOS-2 human
osteosarcoma cells contain more BMP-4, BMP-6, and BMP-7 than do U2-OS cells [Yu et al.
2004]. The receptors BMPRIA, BMPRIB, BMPRII, ALK2, ActRIIA, and ActRIIB have also
been detected in MG-63, G292, HOS, SaOS-2, and U2-OS cells [Gobbi et al., 2002; Guo et al.,
1999; Sulzbacher et al., 2002; Yoshikawa et al., 2004]. Yu et al. (2004) found that SaOS-2 and
U2-OS cells stained positively for Smadl, 2, 4, 5, and 6, but not for Smad3 [Yu et al., 2004].
SaOS-2 cells also stained more intensely for Smadl, 2, 4, and 5 than did U2-OS cells [Yu et al.,
2004]. However, U2-OS cells stained intensely for the Smad6 (I-Smad), although neither SaOS-2
nor U2-OS cells showed any staining for Smad7 (I-Smad).

The profiles of BMPs in osteosarcoma cells and the prognosis of osteosarcomas have been the
subject of interesting controversial opinions (Table 2.11). Yoshikawa et al. in 1985 and 1988
demonstrated that patients whose osteosarcoma had high concentrations of BMPs were very
resistant to chemotherapy and had a high potential for metastasis, resulting in poor survival rates.
However, Sulzbacher et al. in 2002 have expressed the opposite view. They studied cells
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extracted from osteosarcomas that had high concentrations of BMPs, especially BMP-7, but
found no significant relationship between the BMP content of these cells and the resistance of the
tumour to chemotherapy or the patients' survival rate.

Table 2.10 BMPs and BMP receptors in osteosarcoma cell lines.
Human MG-63

BMP-2, -3, -4, -5,
-6, -7, -8 mRNAs

Human HOS

BMP-2, -3, -4, -5,
-6, -7, -8 mRNAs

Human SaOS-2

BMP-2, -3, -4, -5,
-6, -7, -8 mRNAs

Human U2-OS

BMP-2, -3, -4, -5,
-6, -7, -8 mRNAs

Human G292

BMP-2, -3, -4, -5,
•6, -7, -8 mRNAs

Mouse K7M2
Mouse K12
Cells extracted
from 47 patients
(expressed
samples/total
number of
samples)

BMP-2, -4 mRNAs
BMP-4 mRNA
BMP-2/-4 (28/47),
BMP-3
(24/47),
BMP-5
(31/47),
BMP-6
(31/47),
BMP-7
(43/47),
BMP-8
(42/47)
proteins

ALK2,3,6, BMPRII,
ActRIIA, ActRIIB
mRNAs
ALK2,3,6, BMPRII,
ActRIIA, ActRIIB
mRNAs
ALK2,3,6, BMPRII,
ActRIIA, ActRIIB
mRNAs
ALK2,3,6, BMPRII,
ActRIIA, ActRIIB
mRNAs
ALK2,3,6, BMPRII,
ActRIIA, ActRIIB
mRNAs

Zehentner et
a/., 1999;
Gobbi et al.,
2002
Smad2>Smad4>Smad5
>Smadl>Smad6 mRNAs

Gobbi et al.,
2002; Yu et
al., 2004

Smad6>Smad2>Smad5
>Smad4>Smadl mRNAs
Gobbi et al.,
2002
Weiss et a!.,
2006
Sulzbacher et
al., 2002

Cells extracted
from 34 patients

Smad4 protein in nucleus Won et al.,
and cytoplasm (12/34)
j 2010

Table 2.11 BMPs in osteosarcoma cells and their effects on cell behaviour.
n° of patients
BMPs in osteosarcoma cells
Method
BMPs and survival rate
BMPs and chemoresistance
BMPs and metastasis

20
30
8
12
Verify any ectoptic bone formation, due to the
tumour production of BMPs, after human
osteosarcoma implantation into athymic nude mice
t BMP => 1 survival rate
t BMP => T chemoresistance
t BMP => T metastasis

47
BMP-7>-8>-5>-6>-2,-4>-3
Immunohistochemistry
No relation
No relation
No relation

The effects of BMPs on the behaviour of osteosarcoma cells have been studied (Table 2.12).
Human osteosarcoma cells (MG-63, SaOS-2, TE85, and U2-OS) infected with AdBMP-9
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proliferated more rapidly after 48h, 72h, and 96h incubation. However, the four osteosarcoma
cells lines infected with AdBMP-2 or AdBMP-9 showed no significant increase in ALP activity
after 5, 7 or 10 days of incubation [Luo et al., 2008]. Wang et al. (201 la) recently demonstrated
that incubation with 30 pg BMP-2 prevented cancer stem cells isolated from OS99-1 human
osteosarcoma cells forming tumours in NOD/SCID mice. In addition, incubation with BMP-2 or
BMP-4 increased the ALP activity in SaOS-2 cells [Hay et al., 2004; Khan et al., 2008].
BMP-9 was patented in 2008 as an anti-cancer therapeutic agent for regulating breast and prostate
cancers [Jiang, 2008]. BMP-10 seemed to have similar effects on prostate cancer [Ye et al., 2009].
Overproduction of BMP-9 in PC-3 human prostate cancer cells inhibited their growth and
induces apoptosis [Ye et al., 2008]. Overproduction of BMP-10 by PC-3 cells also inhibits cell
growth and incubation for 24h with 40 ng/ml of rhBMP-10 caused them to undergo apoptosis [Ye

et al., 2009]. BMP-9 acts via Smad-dependent pathways, while BMP-10 acts via the MAPK
pathway in PC-3 cells [Ye et al., 2008; Ye et al., 2009]. There was an increase in ERKl/2
phosphorylation in PC-3 cells that had been incubated for lh with 40 ng/ml of rhBMP-10 [Ye et

al., 2009]. BMP-2 also activated the Smad and MAPK (ERKl/2 and p38) pathways in human
osteosarcoma cells (MG-63 and SaOS-2). However, the effect of rhBMP-9 and pBMP-9 or
pBMP-2 on the behaviour of human osteosarcoma cells, especially signalling pathway and
differentiation, remains poorly known.
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Table 2.12 Effects of BMPs on osteosarcoma cell behaviour.
BMP-2 (30 ng)

BMP-2 (300 ng/ml)
BMP-2
(100 ng/ml, 10% FBS)
BMP-2
(50 ng/ml, 1% FCS)
Overexpression BMP-2
gene (10% FBS)
BMP-2
(50 ng/ml, 10% FCS)
BMP-2
(100 ng/ml, 10% FBS)
BMP-4 (25 ng/ml)
BMP-4
(100 ng/ml, 10% FBS)
BMP-4
(25 ng/ml, 0.5% FBS)
BMP-7( 10 ng/ml)
AdBMP-9

in vivo, NOD/SCID mice 4 tumour formation
Wang et a!., 201la
injected with CSCs
isolated from OS99-1
human osteosarcoma
in vitro, OS99-1 cells
t Runx2 mRNA level after 48h
Human
osteosarcoma t MSX2, t D1X5, t Sp7, t Yu etal.,2011
Smad6/7, |Smad8 mRNAs levels
SaOS-2 cells
after 6h
No effect on proliferation after 72h, Hay et al., 2004
t ALP activity after 48h
Rat
osteosarcoma 4 cell number after 96h
Huang et al., 2002
UMR106 cells
Human
osteosarcoma t phosphorylation of Smadl/5/8, Kawano et al., 2011
MG-63 cells
ERJK.1/2 and p38 after 30 min,
t ALP activity after 96h
No effect on proliferation after 48h, Kuo et al., 2006
t ALP activity and f OCN protein
after 72h
SaOS-2 cells
1 proliferation and t ALP activity Khan et al., 2008
72h
No effect on proliferation after 48h, Kuo et al., 2006
MG-63 cells
t ALP activity and f OCN protein
after 72h
Cell cycle arrest after 24h
Chang et al, 2009
Rat osteosarcoma
MG-63 cells

i proliferation and f ALP activity
after 6h
t proliferation after 48h, 72h, and
96h, No effects on ALP activity

Maliakal et al., 1994
Luo et al., 2008

2.2.3 Deregulation of signalling pathways in osteosarcoma
Several signalling pathways are deregulated in osteosarcoma cells, which enable them to survive
and become aggressive.

2.2.3.1 Activation of the ERK1/2 pathway
The ERK1/2 pathway is activated by various growth factor receptors. However, it is frequently
subject to inappropriate activation in a variety of human tumours and in osteosarcoma cells due to
mutations in the genes encoding growth factor receptors (EGFR and FGFR3), Raf or Ras [Luu et

al., 2005]. The ERK1/2 pathway promotes the synthesis of Cycs (CycA, CycDl, CycD3, and
CycE) and CDKs (CDK1, CDK2, CDK4, and CDK6) to drive the cell cycle through the G1
phase to the S phase in which DNA is replicated [Tetsu and McCormick, 2003]. Activation of
52

ERK1/2 pathway also leads to activation of anti-apoptotic proteins (Bcl-2, Bcl-xL, and Mcl-1)
and repression of pro-apoptotic proteins (Bad and Bim) [Ewings et al., 2007; HSrtel et al., 2010;
Weston et al., 2003]. Thus, inhibition of the ERK1/2 pathway in several cancerous cells, such as
pancreatic, lung cancers, and melanoma, has been studied [Boucher et al., 2000; Davies and
Samuels, 2010; Li et al., 2011]. Blocking the ERK1/2 pathway in 143B human osteosarcoma
cells with a MEK1 inhibitor (PD98059) increased the synthesis of pro-apoptotic protein (Bim)
and increased cell death [Noh et al., 2011].

2.2.3.2 Wnt/p-catenin pathway
P-catenin has two rotes depending on its location in the cell. The P-catenin in the cytoplasm can
become associated with cadherins at the plasma membrane to regulate cell adhesion [Hay et al.,
2009]. The P-catenin in the nucleus is associated with Tcf/Lef, which results in the activation of
several target genes, such as those encoding c-Myc, c-Jun, fra-1, and CycDl [Mann et al., 1999].
Almost all (90%) of the cells in osteosarcoma biopsies examined and various osteosarcoma cell
lines (HOS, SJSA-1, U2-OS, MG-63,143B, and SaOS-2) were found to have no p-catenin or low
concentrations of it in their nuclei (Table 2.13) [Cai et al., 2010]. However, the cytoplasm or
membrane of osteosarcoma cells (MG-63, SaOS-2, and U2-OS) has high concentrations of p~
catenin, which may be associated with metastatic potential [Cai et al., 2010; Maruyama et al.,
2000; Thomas, 2010]. Activation of the Wnt/p-catenin pathway (translocation of P-catenin into
the nucleus) inhibits cell proliferation or promotes osteogenic differentiation in osteosarcoma
cells extracted from patients [Cai et al., 2010].
Table 2.13 Location of B-catenin in osteosarcoma.

Samples from highgrade central
osteosarcoma patients
Human osteosarcoma
cells: U2-OS, MG-63,
SaOS-2, and 143B
Patients

cytoplasm (90% (47/52))

Cai etal., 2010
-

membranous and/or cytoplasm

cytoplasm (30/37 primary canine
osteosarcoma tissue), cytoplasm
(2/3 metastatic osteosarcoma)
53

|proliferation in MG-63 and
U2-OS upon GS3Kp inhibitor
(0.2 nM) treatment after 120h
incubation
Stein et a!., 2011
-

2.233 PDK/Akt pathway
PI3K/Akt pathway is involved in cell survival. PI3K/Akt is constitutively phosphorylated in U2OS, SaOS-2, and MG-63 human osteosarcoma cells, where it promotes cell proliferation and
prevents apoptosis [Jin et al., 2007]. For example, Akt can phosphorylate Bad, resulting in its
dissociation from Bcl-2. Dissociation of Bad from Bcl-2 is associated with cell survival [Chang et

al., 2003]. siRNA Akt2, which is a member of Akt family and associated with the development of
human cancer, in SaOS-2 cells significantly increased their sensitivity to the chemotherapeutic
drug, cisplatin, and up-regulated the synthesis of Puma, resulting in apoptosis [Zhang et al.,
201 la]. Thus, drugs that block PI3K/Akt pathway could be interesting anti-cancer drugs.

2.2.4 Metastasis in osteosarcoma
This Ph.D. thesis does not focus on metastasis in osteosarcoma. However, this section briefly
explains the process of metastasis in osteosarcoma because it strongly affects the survival of
osteosarcoma patients.

Osteosarcoma patients normally get lung metastasis between 18 months and 2 years after the first
diagnosis [Gorlick and Khanna, 2010; Klein and Siegal, 2006; Rasalkar et al., 2011]. About 6070% of osteosarcoma patients without metastases survive, but only 10-30% of those with
metastases do [Rasalkar et al., 2010]. PosthumaDeBoer et al. (2011) described the metastasis of
osteosarcoma as involving 7 steps. First, the metastatic cells become detached from their primary
tumour site and migrate through the ECM into the blood vessels (1). The metastatic cells in
circulation avoid cell death due to their anoikis and resistance to apoptosis (2). They also escape
the immune system surveillance by reducing the amounts of antigens like HLA class I in their
membrane, so reducing the likelihood of recognition by the host cytotoxic T-lymphocytes (3).
The metastatic cells from osteosarcoma reach specific organs (4), where they adhere to the
surrounding tissue (5), survive in the target organ (6), and favour angiogenesis and grow (7).
Specific factors regulate each steps of the metastatic process. For example, metastatic cells
migrate through the ECM because of their ability to synthesize and secrete MMPs.
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2.2.4.1 MMPs and migration of metastatic cells through the ECM
The invasion and migration of metastatic tumour cells are closely linked to the activity of MMPs
[Kessenbrock et al., 2010]. A total of 26 MMPs that can be secreted or anchored at cell
membranes have been reported to date. They are divided into 5 major subfamilies: collagenases
(MMP-1, MMP-8, MMP-13, and MMP-18), gelatinases (MMP-2 and MMP-9), stromelysins
(MMP-3, MMP-10, MMP-11, and MMP-27), matrilysins (MMP-7 and MMP-26), and
membrane-type MMPs (MT-MMPs, such as MMP-14) [Heikkila et al., 2002; Verma and Hansch,
2007]. All MMPs are controlled by tissue inhibitors of MMPs (TIMPs) [Homebeck et al., 2005;
Verma and Hansch, 2007]. Four TIMPs have been characterized: TIMP-1, TIMP-2, TIMP-3, and
TIMP-4 [Visse and Nagase, 2003]. TIMP-1 binds to the active form of several MMPs. TIMP-2 is
similar to TIMP-1 and inhibits MMP-2 [Visse and Nagase, 2003].
Osteosarcoma cells synthesize several MMPs (Table 2.14) [Kimura et al., 2011; Korpi et al.,
2011]. For example, MMP-2, -8, -9, -13, and -26 proteins have been detected in osteosarcoma
cells extracted from patients [Korpi et al., 2011; Uchibori et al., 2006], MMP-2 and MMP-9 are
particularly abundant in osteosarcoma cells from patients with metastases [Himelstein et al.,
1998; Korpi et al., 2011]. High concentrations of MMP-1 were also detected in the metastatic
143B human osteosarcoma cell line that frequently forms pulmonary metastases and its synthesis
was inhibited by inhibiting JNK and ERK pathways [Kimura et al., 2011].

Table 2.14 MMPs, TIMPs, and integrins in osteosarcoma and their metastatic status.
Human MG-63

MMP-2 protein

PI

Low

Human SaOS-2

MMP-2 protein

pl,p4

None

Human U2-OS
Human G292
Human 143B
Mouse K.7M2
Mouse K12
Cells from patients

P4
P4
MMP-1 mRNA

High
High
Low
High

MMP-2, -8, -9, -13, -26,
TIMP-1,-2 proteins
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Banai et al., 2004; Damiens et
at., 2000; Hue/al., 2010;
Wan etal., 2009
Banai et al., 2004; Damiens et
al., 2000; Trougakos et al.,
2010; Wane/al., 2009
Hu et al., 2010; Trougakos et
al., 2010; Wan et al., 2009
Wan eta!., 2009
Kimura et al., 2011
Weiss et al., 2006
Uchibori et al., 2006

The capacity of metastatic cells to survive in the bloodstream is mainly due to their resistance to
anoikis, since they do not die by caspase-dependent apoptosis despite the fact that they no longer
interact with the ECM.

2.2.4.2 Resistance to anoikis and apoptosis of metastatic cells
Anoikis is a form of cell death induced when a cell no longer interacts with the ECM [Frisch and
Screaton, 2001; Strauss et al., 2010]. Malignant cancer cells are resistant to anoikis allowing
them to survive when not adhered to the ECM, so that they can travel in the circulation or
lymphatic system to secondary sites in distant organs [Akiyama et al., 2009; Diaz-Montero and
Mclntyre, 2005; Frisch and Screaton, 2001; PosthumaDeBoer et al., 2011; Strauss et al., 2010].
Resistance to anoikis implies that the PI3K/Akt pathway that promotes cell survival is activated
by Src kinase independently of the integrin-FAK cascade [Bolos et al., 2010; Frisch and Screaton,
2001; Strauss et al., 2010]. Di'az-Montero et al. (2006) found that the survival of SaOS-2 cells
does not depend on FAK activity. FAK was dephosphorylated in detached anoikis-sensitive and
anoikis-resistant SaOS-2 cells, while PI3K/Akt was phosphorylated in anoikis-resistant cells
[Diaz-Montero et al., 2006].

2.2.4J Integrins for interaction with surrounding tissue
The metastatic cells that survive in the blood can reach specific organs because of chemokine
receptors like CXCR-4. The binding of stromal cell derived factor-la (SDF-la) to its receptor
CXCR4 plays a crucial role in metastasis. For example, incubation for 24h with SDF-la
increased the migration of osteosarcoma cells (ROS17/2.8, U2-OS, SaOS-2, and MG-63) [Huang

et al., 2009]. It also increased the av|}3 integrins at their cell surface. Inhibiting av|J3 integrins
with blocking antibodies or peptides prevented the cell migration induced by SDF-la [Huang et

al., 2009]. Thus, integrins are also involved in metastasis [Alghisi and Ruegg, 2006; Silva et al.,
2008]. Wan et al. (2009) demonstrated that U2-OS, SaOS-2, G292, and HOS human
osteosarcoma cells and osteosarcoma tissue extracted from 46 patients all contain P4 integrin.
Blockade of 04 integrin synthesis by RNA interference prevented highly metastatic MNNG-HOS
osteosarcoma cells from forming lung metastases.
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Metastatic cells adhere to the surrounding tissue through their membrane protein ezrin that
interacts with the cytoskeleton [Bulut et al., 2011; Di Cristofano et al., 2010; Wang et al., 2010].
Erzin must undergo conformation changes resulting from its phosphorylation at threonine residue
567 and the binding of PIP2 to its N terminal domain before it can interact with proteins of the
cytoskeleton [Fievet et al, 2007]. Di Cristofano et al. (2010) demonstrated that ezrin was present
on 143B human osteosarcoma cells and on osteosarcoma cells from patients with metastases.
They also observed that patients whose osteosarcoma cells bore large amounts of ezrin survived
for only a short time.

2.2.4.4 Angiogenesis and the growth of metastatic tumour cells
Primary tumours must undergo angiogenesis because they grow rapidly. Thus, angiogenesis
allows metastatic cells to survive. Several growth factors, such as basic FGF, PDGF, BMPs, and
VEGF, are involved in angiogenesis [Carmeliet and Jain, 2011; PosthumaDeBoer et al., 2011].
The presence of VEGF in samples of primary osteosarcoma was found to be correlated with the
development of pulmonary metastases and a poor prognosis [Oda et al., 2006]. The overall
survival rates of patients whose osteosarcoma had a high VEGF concentration were worse than
those of patients whose tumours had no VEGF [Lin et al., 201 la].

2.2.5 Osteosarcoma therapy
The strategies for treating osteosarcoma have improved over the past three decades, but survival
rates of patients with metastases remain low [Longhi et al., 2006; Picci, 2007]. Thus, new
treatments are urgently required and several research groups have proposed ways of improving
osteosarcoma therapies. This section discussed the treatment currently used and its problems, and
then examines new approaches.

2.2.5.1 Current therapy and its limitations
Osteosarcoma is mainly treated by surgery, chemotherapy, and radiotherapy (Table 2.15) [Ferrari
and Palmerini, 2007; Longhi et al., 2006].
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Table 2. IS Current therapy of osteosarcoma.
Surgery
Chemotherapy
Radiotherapy

Resect tumour

Unable to prevent metastasis

Marulanda et al.,
2008
tissue, drug Sakamoto and
Iwamoto, 2008

Eradicate micrometastases, destroy damages normal
primary tumour cells, reduce resistance
tumour size before surgery
damages normal tissue, applicable
Treat unresectable tumours
only in primary tumours, not in
metastatic tumour

DeLaney et al.,
2005;
Liu et at., 201lb

2.2.5.1.1 Surgery
The aim of surgery is to completely resect the tumour to minimize the risk of local recurrence and
maximize the chance of overall survival [Marulanda et al., 2008]. Surgery is also required to
reconstruct the patient's limb after resection of the tumour, leading to a better quality of life for
the patient [Ta et al., 2009]. Thus, surgery is a fundamental component of every treatment
algorithm for osteosarcoma.
Patients with a high-grade osteosarcoma were treated with surgery only, which was usually an
amputation, until the 1970s [Campanacci and Laus, 1980]. Friedman and Carter, (1972)
demonstrated that the type of amputation did not directly influence patient survival, but did affect
the recurrence of osteosarcomas. The surgery currently used to treat osteosarcomas includes
amputation, limb salvage or rotationplasty [Picci, 2007]. Limb salvage is designed to save the
limb while removing the tumour. Rotationplasty involves an autograft after removing a limb.

2.2.5.1.2 Chemotherapy
Even though surgery removes the primary tumour, it recurs at some distance from the primary
site in 80 to 90% of cases [Ferguson and Goorin, 2001], implying that the majority of patients
with osteosarcoma have microscopic metastatic spread at the time of diagnosis [Longhi et al.,
2006; Patel et al., 2002]. This miserable outlook prompted interest in the use of adjuvant
chemotherapy. Chemotherapy was introduced in 1978 [Rosen et al., 1982] with the aim of
destroying primary tumour cells and eradicating micrometastasis. Doxorubicin (DOX: also called
Adriamycin (ADR)), and methotrexate (MTX) are presently used to treat primary osteosarcomas
(Figure 2.20, Table 2.16, and Table 2.17). The more recent addition of cisplatin (DDP or CDP)
and ifosfamide (IFOS) to DOX and MTX has significantly improved clinical results [Bacci et al.,
2002; de Kraker and Voute, 1989]. The current standard protocol uses a three-drug chemotherapy
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regimen with high doses of MTX, DDP, and DOX. This provides long-term disease-free survival
for about 70% of osteosarcoma patients who have no metastatic disease [Longhi et al., 2006].
DOX inhibits the synthesis of both DNA and RNA, presumably by binding to nucleic acids
[Momparler et al., 1976]. Cells in the S phase of the cell cycle appear to be most sensitive to the
cytotoxic action of DOX [Barranco et al., 1973], DDP interacts with DNA to form DNA adducts
[Siddik, 2003]. Thus, DNA is the primary target of DDP [Siddik, 2003]. The DNA damage
caused by DDP leads to the inhibition of DNA synthesis, suppression of RNA transcription, and
effects on the cell cycle [Siddik, 2003]. MTX inhibits purine and pyrimidine synthesis,
suppresses transmethylation reactions, which leads to the accumulation of polyamines, reduced
antigen-dependent T-cell proliferation, and the release of adenosine with adenosine-mediated
suppression of inflammation [Tian and Cronstein, 2007]. IFOS is a member of the
oxazaphosphorine family of alkylating agents [Mace et al., 2003]. It is a prodrug, which is
activated by the cytochrome P450 system in the liver to 4-hydroxyifosfamide. 4hydroxyifosfamide exists in equilibrium with its tautomeric form aidoifosfamide. Aldoifosfamide
can be converted into the final alkylating agent IFOS mustard with the concurrent formation of
acrolein. Acrolein is believed to be responsible for the urotoxic effects of IFOS [Zalupski and
Baker, 1988]. Alkylation of DNA by IFOS mustard can produce cross-links, resulting in
cytotoxicity [Zalupski and Baker, 1988].
High doses of chemical agents have side effects on the heart and kidneys, and may cause
infertility [Ferrari and Palmerini, 2007; Holmboe et al., 2012]. A combination of surgery and
chemotherapy has been used since the 1980s to produce small but constant improvements in
patient survival. Nevertheless, 30-40% of patients suffer a relapse within 3 years of diagnosis and
the resistance of osteosarcomas to chemotherapy also decreases the patient survival rate [Longhi

et al., 2006].
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Figure 2. 20 Structure of chemotherapeutic agents [Hanly et al., 2009; Jamieson and Lippard,
1999; Saxena et al., 2009; Yacoub et al., 2011].
Table 2. 16 Chemotherapeutic agents used to treat osteosarcoma [Anninga et al., 2011; Bacci et
al., 1997; Ta et al., 2009; Wittig et al., 20021.
DOX (Adriamycin)

DDP or
CDP(Platinol)

IFOS (Ifex) with
mesna (Mesnex)*

High-dose MTX
(Rheumatrex) with
leucovorin#
calcium rescue

DOX intercalates at points of
local uncoiling of the DNA
double helix; it also inhibits the
synthesis of DNA and RNA
DDP inhibits the synthesis of
DNA through the formation of
DNA cross-links; It binds directly
to tumour DNA and denatures the
DNA double helix
IFOS causes crosslinking of DNA
strands, thereby inhibiting DNA
synthesis and decreasing protein
synthesis
MTX is a folate antimetabolite; it
inhibits the synthesis of purines
and thymidylic acid by binding to
dihydrofolate reductase

Cardiomyopathy transient
electrocardiographic
abnormalities, emesis, alopecia,
mucositis, myelosuppression
Acute renal failure, chronic renal
failure, peripheral neuropathy,
ototoxicity, emesis,
myelosuppression, alopecia,
hypomagnesemia
Hemorrhagic cystitis, renal
failure, myelosuppression, nausea
and vomiting urotoxicity,
nephrotoxicity, neurotoxicity,
alopecia, emesis, encephalopathy
Renal failure, mucositis, mild
myelosuppression; rarely, central
nervous system effects

Barranco et al.,
1973
Siddik, 2003

Furlanut and
Franceschi, 2003;
Zalupski and
Baker, 1988
Tian and
Cronstein, 2007

*Mesna is a prophylactic agent used to prevent hemorrhagic cystitis; it has no intrinsic
cytotoxicity [Mace et al., 2003]. Mesna binds to and inactivates acrolein (urotoxic metabolite of
IFOS) [Mace et al., 2003]. #Leucovorin is a tetrahydrofolic acid derivative that acts as a
biochemical co-factor for carbon transfer reactions in the synthesis of purines and pyrimidines
ITreon and Chabner, 1996]. As leucovorin does not require the enzyme dihydrofolate reductase,
it can rescue normal cells and prevent severe myelosuppression and mucositis [Treon and
Chabner, 1996].
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Table 2.17 Chemothe
533

19822002

93

20022005

92

20052007

97

19821989

113

19901997

57

19972000

i osteosarcoma.

Amputation:
147/533,
Limb
salvage:
359/533
(pre-surgery)
n/a: 25/533

DOX 75 mg/mVd,
DDP100mg/m2

Id: MTX 8-12 g/m2,
8d: DOX 60 mg/m2 +
DDP 80-100 mg/m2,
21d: IFO 10-12 g/m2
Id: MTX 8-12 g/m2,
8d: DDP 80-100
mg/m2,
2Id: IFO 10-12 g/m2
+ DOX 60 mg/m2
post-surgery

MTX 12-14 g/m2
MTX 12-14 g/m2,
CDP, DOX

post-surgery

MTX, CDP, DOX,
IFO

138 pts 10 nausea/vomiting
year OS, 120 (504/519),
pts 10 year leucopenia
PFS
(409/437), mucositis
(338/518), infection
(321/517),
thrombocytopenia
(342/427)
56 pts 3 year nausea, vomiting,
diarrhea,
oral
OS
mucositis,
neurotoxicity, hair
71 pts 3 year loss, skin rash,
fever, leucopenia,
OS
thrombocytopenia,
decreased
haemoglobin,
increased
SGPT,
renal dysfiiction
95 pts 5 year
LRF, 54 pts 5
yearMF
93 pts 5 year neutropenia,
LRF, 63 pts 5 infection and colitis
yearMF
94 pts 5 year neutropenia,
LRF, 65 pts 5 thrombocytopenia
yearMF

McTierman
et al., 2012

Lin et al.,
2011b

Smeland et
al., 2004

LRF: local recurrence-free, MF: metastasis-free, pts: patients, SGPT: serum glutamate pyruvate
transaminase.
2.2.5.1.3 Radiotherapy
Radiotherapy with high energy X-ray to damage the DNA is also used before, during and after
surgery [Calvo et al., 2006]. Radiotherapy is an important option for the local treatment of
unresectable tumours, or ones in which there are residual microscopic or macroscopic tumours
after surgery [Schwarz et al., 2009]. It is also partially effective in the primary site and in nonmetastatic disease against cancerous cells. However, the efficiency of radiotherapy for treating
metastatic sites is still questioned [DeLaney et al., 200S]. Unfortunately, osteosarcoma is
relatively resistant to radiation [Schwarz et al., 2009], and it is usually impossible to deliver the
dose needed to control effectively a bulky primary tumour mass by conventional external beam
irradiation, especially without causing unacceptable damage to normal tissue [Beck et al., 1976;
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DeLaney et al., 2005; Liu et al., 2011b]. Therefore, radiotherapy is rarely used to treat
osteosarcoma.

However, most osteosarcoma patients died within one or two years from the initial diagnosis due
to lung metastasis [Longhi et al., 2006; Patel et al., 2002]. The S-year mortality rate of patients
was close to 75 to 95% [Campanacci and Laus, 1980; Picci, 2007].

2.2.5.2 Improvements in neoadjuvant chemotherapy
2.2.5.2.1 Supplemented existing neoadjuvant chemotherapy
Several research groups have tried to improve the existing neoadjuvant chemotherapy. As
described above (section 2.1.3.2.2), the tumour suppressor p53 plays a major role in regulating
the response of the cell to stress but it is absent or mutated in several cancerous cells. Thus,
molecules targeting the p53 system have been developed. Kazemi et al. (2011) used a small
molecule named RITA (reactivation of p53 and induction of tumour cell apoptosis), which binds
to p53 and induces its accumulation in tumour cells to enhance the efficiency of chemotherapy.
This improved the sensitivity of leukemia to DOX [Kazemi et al., 2011]. For example, incubating
NALM-6 leukemic cells with 2 |iM RITA for 48h made them sensitive to DOX (25 nM) by
increasing p53 synthesis [Kazemi et al., 2011]. RITA is thought to bind directly to p53
preventing it from interacting with MDM2 [Issaeva et al., 2004]. It seems that RITA kills cancer
cells with wild-type p53 more efficiently than cancer cells that lack p53 [Issaeva et al., 2004].
Other research groups have used a combination of chemodrugs and antisense oligonucleotides
that block the synthesis of Bcl-2 family anti-apoptotic proteins. Jansen et al. (2000) have shown
that giving melanoma patients Bcl-2 antisense oligonucleotides (G3139: 1.7 mg/kg/d or higher)
led to a median 40% decrease in Bcl-2 protein and increased apoptosis of tumour cells. In the
same way, Bcl-xL antisense oligonucleotides reduced the amounts of Bcl-xL protein in MIT8 and
MIT16 drug-resistant carcinoma cells and prevented their growth [Itoh et al., 2002]. Inhibiting
Bcl-2 synthesis by lentivirus-mediated RNA interference increased apoptosis in MG-63 cells and
their sensitivity to DOX (1.5 ng/ml) [Zhao et al., 2009].
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2.2.52.2 Development of more selective drugs
Chemotherapy can also affect normal cells [Holmboe et al., 2012]. Several research groups have
used new chemical agents to overcome this side effect. For example, arsenic trioxide (AS2O3:
ATO) is an active ingredient in traditional Chinese medicine that is approved by the FDA in USA
for treating relapsed-refractory acute promyelocytic leukemia [Lafayette et al., 2010; Tingting et

al., 2010]. It induces cell cycle arrest (G2/M) and apoptosis in several cancerous cells, such as
gastric cancerous cells (BGC823 and SGC7901) [Li et al., 2009]. Wang et al. (201 lb) showed
that 10 |iM ATO, induced apoptosis in MG-63 cells. ATO also significantly reduced invasion by
human osteosarcoma HOS cells by inhibiting the phosphorylation of MEK and ERK1/2 in a
dose-dependent manner [Tinting et al., 2010].

2J.5iJ Alkaloids
Plant-derived alkaloids have been widely studied recently as potential drugs for treating several
cancerous cells. Alkaloids are metabolites produced by organisms like bacteria, fungi, marine
animals, microorganisms, and plants (Figure 2.21) [Bhadra and Kumar, 2011]. Plants produce
them as a defense against microbial pathogens and invertebrate pests [Bhadra and Kumar, 2011;
Grundy and Still, 1985].
One of the plant metabolites, paclitaxel (Taxol), which is isolated from the bark of the Pacific
yew Taxus brevifolia, is a prominent anti-cancer drug. It has been approved by the FDA in USA
for treating ovarian and breast cancers [Woo et al., 1994; Wu et al., 2001]. The anti-tumour
action of paclitaxel is to promote intracellular canaliculi to form stable complexes, which can
prevent spindle formation during mitosis [Amos and Lowe, 1999; Smoter et al., 2011]. Paclitaxel
binds to a pocket in beta-tubulin on the inner surface of microtubules, thus inhibiting
depolymerization of the microtubule [Amos and Lowe, 1999]. It disables spindle division and
causes cell cycle arrest in the G1/G2 phase of mitosis [Amos and Lowe, 1999; Smoter et al.,
2011]. Consequently, tumour cells die by apoptosis [Amos and Lowe, 1999; Smoter et al., 2011].
Paclitaxel also causes apoptosis by regulating the tumour suppressor p53, Bcl-2, and Bax [Liu et

al., 2010; Lu et al., 2005], MG-63 human osteosarcoma cells incubated for 24h with 0.1 jiM
paclitaxel stop dividing in the G2/M phase of the cell cycle so that they undergo apoptosis. It acts
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by suppressing the synthesis of CycD, CycE, and Bcl-2 and increasing that of Bax [Liu et al.,
2010].

Therefore, alkaloids possess a wide range of biological and pharmacological activities, including
the ability to inhibit DNA synthesis, protein biosynthesis, and membrane permeability, and
uncouple oxidative phosphorylation [Schmeller et al., 1997]. Interfering with these processes has
toxic effects on bacteria, fungi, other plants, insects, and vertebrates [Bhadra and Kumar, 2011].

Secondary metabolites, which are not directly involved in the normal growth or development of
plants, can be divided by three sub-groups depending on their chemical composition [Rattan,
2010]. There are nitrogen-containing secondary metabolites, phenolic compounds, and terpenes
[Rattan, 2010]. Alkaloids are nitrogen-containing secondary metabolites [Rattan, 2010]. Nicotine,
morphine, cocaine, caffeine, and glucosinolate are in the same group [Kennedy and Wightman,
2011; Rattan, 2010]. Phenolic compounds include flavonoids (vanillin and capsaicin),
anthocyanins, and lignin [Kennedy and Wightman, 2011; Rattan, 2010]. Terpenes regroup the
limonoids, saponins, and pinene [Kennedy and Wightman, 2011; Rattan, 2010]. Humans have
used these alkaloids for thousands of years (vanillin, capsicin, caffeine, and nicotine).
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Figure 2. 21 Alkaloids production by secondary metabolism in plants [Ghasemzadeh and Jaafar,
2011; Greathead, 2003].
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The isoquinolines form one of the largest groups of plant-derived alkaloids. The isoquinoline
skeleton includes benzylisoquinolines, protopines, benzo[c]phenanthridines, and protoberberines
(Table 2.18) [Bhadra and Kumar, 2011]. The benzo[c]phenanthridine alkaloids extracted from
members of the Papaveraceae by high performance liquid chromatography (HPLC) are mainly
sanguinarine (50%), chelerythrine (15%), sanguilutine (15%), chelilutine (2%), chelirubine (4%),
and sanguirubine (4%) [Thorne et al., 1986].

Sanguinarine is one of the most pH-sensitive quaternary benzo[c]phenantridine alkaloids [Maiti

et al., 1983; Jone et al., 1986]. Spectrophotometric and fluorimetric titration data have shown that
it exists in a pH-dependent structural equilibrium between its charged iminium form and the
neutral alkanoiamine form with a pKa of 7.4 [Maiti et al., 1983]. However, it is almost
exclusively in the iminium form at low pH (pH 1-6) and as the alkanoiamine at high pH (pH 8.511) [Maiti et al., 1983].

Table 2. 18 Classification of isoquinoline alkaloids.
Benzylisoquinolines

Neferine

Zhao et al., 2010

rYY""

ON

Protopines

Benzo[c]phenanthridine

Dou et a!., 2012

%>
Sanguinarine
(iminium form)

Bhadra
2011

(alkanoiamine form)
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Sanguinarine binds specifically to alternating purine-pyrimidine sequences. Its affinity for
polynucleotides varies in the order of poly(dG-dC).poly(dG-dC)> poly(dA-dT).poly(dA-dT)>
poly(dA).poly(dT)> poly(dG).poly(dC) [Adhikari et al., 2008]. Sanguinarine also interacts with
RNAs (poly(A) and poly(U)) [Chowdhury et al., 2010] and NA+/K+-ATPase [Janovska et al.,
2010]. Other benzo[c]phenanthridine alkaloids, such as chelerythrine, also bind to poly(dGdC).poly(dG-dC) [Bai et al., 2006]. However, sanguinarine is much more selective for poly(dGdC).poly(dG-dC) than is chelerythrine [Bai et al., 2006]. The binding of alkaloids to DNA or
RNA might modulate the expression of many genes and affects apoptosis pathways.

Sanguinarine is attractive because it strongly inhibits the growth of several human cancer cells,
such as lung, breast carcinoma, pancreatic carcinoma, colon cancer, and leukemia (Table 2.19)
[Ahsan et al., 2007; Choi et al., 2009; Jang et al., 2009; Matkar et al., 2008; Vrba et al., 2009].
Other benzo[c]phenanthridine alkaloids, like sanguilutine and chelilutine, also have anti-cancer
effects. Human promyeolocytic leukemia HL-60 cells incubated with 1 ng/ml sanguilutine and
chelilutine for 12h undergo apoptosis [Slunska et al., 2010]. Sanguinarine is the only
benzo[c]phenanthridine alkaloid that has been approved by the FDA in USA for use as an
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antibacterial and antiplaque agent in tooth pastes [FDA. http://www.fda.gov; Southard et al.,
1986].
However, the effect of sanguinarine on osteosarcoma cells is poorly understood. Other alkaloids
have been studied (Table 2.19). For example, the alkaloid cryptolepine, an indoloquinoline
extracted from Sida cordifolia, was found to completely inhibit the growth of human
osteosarcoma MG-63 cells in a dose- and time-dependent manner [Matsui et al., 2007].
Cryptolepine also induced the arrest of the cell cycle in the G2/M phase through a p53independent activation of p2iWAF,/c,pl [Matsui et al., 2007]. However, the effects of cryptolepine
on normal cells were not evaluated. It was also recently found that neferine, a bisbenzylisoquinoline alkaloid isolated from green seed .embryos, had an anti-tumour effect on
human osteosarcoma cells (U2-OS, MG-63, and SaOS-2) [Zhang et al., 2012]. Neferine caused
the cell cycle to arrest at the G1 stage by increasing the synthesis of p21WAF,/CIP, (cell cycle
inhibitor) and decreasing that of CycE [Zhang et al., 2012]. The up-regulation of p2iWAF1/cnM by
neferine was independent of p53 or Rb, but was dependent on p38 activity [Zhang et al., 2012].
Concentrations of neferine up to 5 nM strongly inhibited the proliferation of human osteosarcoma
cells but had no effect on normal osteoblast cells [Zhang et al., 2012].
Table 2.19 Effects of alkaloids on cancerous cell behaviour.
in vitro assays:
rat colonic
adenocarcinoma cell
line DHD/K12/TRb
in vivo assays:
injection of
DHD/K12/TRb cells
in the shaved left flank
of eight-week-old
inbred male BD1X rats
Human gastric
adenocarcinoma
AGS cells
Human pancreatic
carcinoma cells
AsPC-1 and BxPC-3
Human oral squamous
carcinoma SAS cells

Sanguinarine
(0-10 nmol/L)

4 cell proliferation in a dose-dependent manner after 24h (3H
thymidine incorporation and mitochondrial enzymatic assay MTS
assay)

Pica et a!.,
2012

Sanguinarine
t apoptosis in a dose-dependent manner after 24h (TUNEL assay)
by
oral |tumour growth of about 4 times after 35 days compared to
administration tumour-bearing controls
(5 mg/kg/day)
Sanguinarine
t Bax, j Bid, and i Bcl-2 protein expressions,
(0.8 jiM) with t caspases-3/-8/-9 activations, t DNA fragmentation,
TRAIL (100 |
cells accumulation in sub-Gl phase, 1proliferation after 24h
ng/ml) for 24h
Sanguinarine
• in a dose-dependent manner
(0-5 nM for i cell viability, f pro-apototic (Bax, Bid, and Bad), and
24h)
i anti-apoptotic (Bcl-2 and Bcl-xL) proteins or mRNA levels
Sanguinarine
t phosphorylation of ERK1/2 (5 min), p38 (15 min), and INK (15
(1 |iM)
min) at sanguinarine at 0.75 and 1 |iM,
t Bax and 4 Bcl-2 expression in a time dependent manner (0-12h),
t caspases-3/-7 activities after 1 day, T DNA fragmentation,
J invasion of SAS cells stimulated by VEGF (10 ng/ml) in a dose
dependent manner after lday.
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Choi et al.,
2009
Ahsan et a/.,
2007
Tsukamoto

etal., 2011

Human lung cancer
A549 cells

Human breast cancer
MDA-231 and
MDA-435S cells

Human promyelocytic
leukemia HL-60 cells

Human
malignant
melanoma A375 cells
Human osteosarcoma
U2-OS, SaOS-2, and
MG-63 cells

MG-63 cells

4 proliferation in a sanguinarine dose-dependent manner after 3
days
Sanguinarine
• in a dose-dependent manner
(0-5 nM)
4 cell growth in a time (0-9h)-dependent manner
• at 5 |iM:
i inactivity procaspases-9/-3 at 3h,
t phosphorylation ofERKl/2, p38, and JNK at 1.5h
Sanguinarine
• in a dose-dependent manner
(1-7.5 |iM for t number of cells in the sub-Gl phase,
24h)
t Bax and i Bcl-2 protein level (no change in Bcl-xL),|release
of Cyt c into the cytoplasm, 4 caspase inhibitors (C-1AP2, XIAP,
and c-FLIPs)
• at5 (iM:
t reactive oxygen species (ROS), t cleavage of caspase-3
Chelerythrine
induced few apoptosis of MDA-435S or MDA MB 231 cells
(7.5 (iM for compared to sanguinarine 7.5 pM.
24h)
Sanguinarine
• in a dose and time-dependent manner
(0-4 nM for 4h J. cell viability, f percentage of cells in G2/M phase
and 24h)
• at 0.5 (iM:
t low mitochondrial potential, f caspases-3/-9/-8 activation
Sanguilutine
t apoptosis in a time-dependent manner for 24h incubation,
(1 (ig/ml for low DNA fragmentation
4h and 12h)
Chelilutine
t apoptosis in a time-dependent manner for 24h incubation,
(1 ng/ml for No DNA fragmentation
4h and 12h)
Chelerythrine
t caspase-3 activity, { anti-apoptotic proteins (Bcl-xL and Mcl-1)
(1 ng/ml for and caspase inhibitor (XIAP)
12h)
Neferine
• at 10 (tM:
(bisbenzylisoq f phosphorylation of p38 and JNK in a time-dependent manner
uinline
(0-24h) in U2-OS cells while it had no effect on Akt and ERK
alkaloid
phosphorylation,
extracted from f p21 and p38 protein levels in U2-OS, SaOS-2, and MG-63 cells
N. nucifera)
after 24h incubation (p38 stabilizes the p21)
(0-20 |iM)
• in a dose-dependent manner
t percentage of cells in G1 phase in U2-OS and SaOS-2 at 48h,
i proliferation of U2-OS and SaOS-2 at 72h
Cryptolepine
i cell number, tcell population in G2/M phase, t p21WA,'","l,*l
(0-4 jiM for protein and mRNA levels (through p53-independent pathway)
72h)

Jang et al.,
2009

Kim et al.,
2008

Vrba et al.,
2009

Slunska

et

al., 2010

Hammerova

et al., 2011
Zhang et al.,
2012

Matsui et al.,
2007

2.2.5.3 A strategy for preventing metastasis
The formation of metastases depends on the ability of metastatic cells to migrate through the
ECM from their primary tumour site to the blood vessels. These cells must be resistant to anoikis
and able to invade target organs, as well as to adhere to the surrounding tissue. They must also
survive and grow in the target organ. Therefore, any therapy designed to prevent the metastasis of
osteosarcomas must examine specific molecules that can inhibit one or more of these different
metastatic steps.
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2.2.53.1 Preventing invasion by osteosarcoma
MMPs are important factors that are associated with invasion and metastasis by malignant
tumours due to their ability to break down ECM proteins. Several drugs have been developed to
inhibit the activity of MMPs. One, risedronate, a bisphosphonate, decreases the synthesis of
MMP-2 and MMP-9 by U2-OS cells human osteosarcoma by blocking transcription and
translation, so suppressing their invasive capacities. Similarly, the bisphosphonate drug
alendronate, used to treat osteoporosis, also reduced MMP-2 synthesis invasion by U2-OS cells
[Cheng et al., 2004; Xin et al., 2009]. Other drugs, such as silibinin, which is isolated from the
fruits or seed of milk thistle, have promising effects on the synthesis of MMPs. Hsieh et al.
(2007) used a modified Boyden chamber invasion assay to show that silibinin inhibited MMP-2
gene expression and protein synthesis, and reduced the adhesion and invasiveness of MG-63 cells

in vitro.
2.2.5.3.2 Preventing resistance of osteosarcoma to anoikis
Metastatic tumour cells normally resist apoptosis induced by anoikis [Akiyama et al., 2009;
Simpson et al., 2008]. Woods et al. (2007) showed that SaOS-2 non-metastatic human
osteosarcoma cells, which are sensitive to anoikis, had low Mcl-1 (anti-apoptotic proteins)
concentrations but high concentrations of Bim proteins (pro-apoptotic proteins). In contrast, LM7
metastatic human osteosarcoma cells had elevated Mcl-1 protein contents and contained less Bim
protein.
Tumour cells may break down pro-apoptotic proteins via their proteasomes. Some chemotherapy
drugs block proteasomes [Akiyama et al., 2009]. Shapovalov et al. (2010) showed that the
proteasome inhibitor, bortezomib, increased the concentration of Bax protein in 143B and OS 187
human osteosarcoma cells. Bortezomib also suppressed the growth and induced apoptosis in
these human osteosarcoma ceils without any effect on non-malignant osteoblasts.

2.2.5JJ Inhibiting osteosarcoma adherence and survival
Inhibitors of integrins and ezrin have been extensively studied because the adhesion of metastatic
tumour cells to the surrounding tissue involves these proteins.
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Integrin inhibitors may be synthetic RGD-mimetic peptides like Cilengitide (avp3/avp5
antagonist: Merck KGaA) or monoclonal antibodies like Vitaxin/Abergin (avP3 antagonist:
Medlmmune). These are undergoing preclinical and clinical trials [Liu etal., 201lc; Patsenker et

al., 2009]. Vitaxin is currently in clinical trials for treating stage IV metastatic melanomas and
prostate cancers [Tucker, 2006]. Zhang et al. (2011b) have also developed a novel small
molecule IH1062 (3, 5-dichloro-phenylbiguanide) that inhibits the avP3 integrins. IH1062
induces anoikis in human melanoma M21 cells in vitro and reduces the phosphorylation of FAK.
It also decreases the Bcl-2/Bax ratio and activates caspases-8 and -9 thereby promoting apoptosis.
IH1062 also inhibits metastasis in vivo in a model of pulmonary metastasis.
Bulut et al. (2012) recently found that inhibitors NSC30S787 and NSC668394, which block the
phosphorylation of ezrin, prevent invasion by murine osteosarcoma K7M2 cells. Erzin inhibitors
also decrease the metastatic growth of osteosarcoma in mouse lungs in vivo.
2.2.53.4 Preventing angiogenesis
Blocking of VEGF activity to prevent angiogenesis has been widely investigated as an anti
cancer treatment. G292 human osteosarcoma cells infected with retroviral vectors encoding sFlt-1
(soluble form of Fit-1: inhibitor of VEGF) were transplanted into the proximal tibiae of immune
deficient mice [Yin et al., 2008]. The volume of the tumour in the sFlt-1 group was significantly
reduced. The FDA has approved the use of the VEGF-neutralizing antibody bevacizumab
(Avastin) for treating metastatic colorectal cancer, metastatic breast cancer, recurrent
glioblastoma multiforme (GBM), and metastatic renal cell carcinoma (RCC) [Carmeliet and Jain,
2011]. Bevacizumab combined with chemotherapy drugs (Paclitaxel: for ovarian, breast and lung
cancer, Carboplatin: for ovarian and lung cancer, Irinotecan: for colon cancer, Fluorouracil: for
breast and stomach cancer, Leucovorin: for colon cancer) increased the overall survival of
patients with metastatic colorectal, lung, and breast cancer in phase III trials [Hurwitz et al.,
2004; Miller et al., 2007; Sandler et al., 2006], To our knowledge, bevacizumb has not been used
to treat osteosarcoma. However, Gao et al. (2009) showed that suppressing the expression of the
VEGF gene in human osteosarcoma MG-63 cells with small interfering RNA inhibited the
growth of these osteosarcoma cells in vitro and their pulmonary metastatic potential in vivo.
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2.2.6 A strategy for treating cancer stem cells in osteosarcoma
The drugs used to treat osteosarcoma in the future will certainly target cancer stem cells, because
osteosarcoma is believed to arise from these cells [Gibbs et al., 2011; Russinoff et al., 2011;
Wagner et al., 2011]. Four explanations of the origin of these cancer stem cells have been
proposed. They can originate from adult stem cells, committed progenitor cells, embryonic stem
like cells or from terminally differentiated cells [Soltanian and Matin, 2011], Cancer stem cells
are capable of self-renewal and differentiation like normal stem cells [Gibbs et al., 2011; Lobo et

al., 2007]. The properties of cancer stem cells, such as quiescence, their ability to promote drugefflux, increase DNA repair, and resist apoptosis, may all explain their capacity to resist cancer
therapies [Ischenko et al., 2008]. Yang et al. (2011) identified cancer stem cells in U2-OS
methotrexate-resistant human ostesarcoma cells (U2-OS/MTX300). They showed that U2OS/MTX300 cells bearing surface markers like CD117 and Stro-1 are better able to generate
sarcospheres in serum-free conditions than parental U2-OS cells. U2-OS/MTX300 cells were also
substantially more tumourigenic in nude mice than U2-OS cells.
Recent studies have demonstrated the effect of drugs on osteosarcoma stem cells. Tang et al.
(2011) showed that salinomycin decreased sarcosphere formation and the synthesis of embryonic
stem cell markers (Oct4 and Sox2 mRNAs) by MG-63 and U2-OS human osteosarcoma cells.
Salinomycin also reduced tumour volume. It seems that salinomycin inhibits osteosarcoma
tumourigenicity by targeting its cancer stem cells. Another strategy used the ability of the cancer
stem cells to differentiate into osteoblast-like cells. Wang et al. (2011a) recently evaluated the
effects of BMP-2 on cancer stem cells isolated from the OS99-1 human ostesarcoma cell line.
BMP-2 (300 ng/ml) in medium containing 0.5% FBS inhibited the growth of osteosarcoma
cancer stem cells. BMP-2 also decreased the synthesis of embryonic stem cell markers, such as
Oct3/4A, Nagog, and Sox2. It increased the synthesis of osteogenic markers, including Runx2
and type I collagen. BMP-2 also inhibited tumour formation by human osteosarcoma
tumourigenic cells in vivo. BMP-2 thus seems to inhibit the tumourigenicity of cancer stem cells
isolated from human osteosarcoma cells.
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2.3 Working hypotheses and objectives
Current treatments of osteosarcoma have several adverse effects. We need to understand the
behaviour of osteosarcoma cells better in order to develop new, better targeted treatments.

This thesis is based on two main hypotheses. While the plant-derived alkaloid, sanguinarine, has
been widely studied for its significant anti-proliferative or pro-apoptotic effects on several human
cancerous cells, its action on human osteosarcoma cells has never been studied.

Therefore, our first

working hypothesis is that sanguinarine can induce apoptosis in

human osteosarcoma ceils (Chapter 3).
The literature review highlights the fact that the differentiation of osteosarcomas is defective.
Since BMPs cause MSCs and osteosarcoma cancer stem cells to differentiate, they might be
useful for treating osteosarcoma. Peptides derived from BMPs have been developed by several
research groups because BMPs are expensive to produce. However, the effects of pBMPs on the
behaviour of human osteosarcoma cells are still unknown.

Therefore, the second working hypothesis is that BMPs (BMP-2 and BMP-9) or pBMPs
(pBMP-2 and pBMP-9) can regulate the uncontrolled proliferation or defective differentiation
of human osteosarcoma cells (Chapter 4).
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CHAPTER 3
Sanguinarine

induces

apoptosis
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human

osteosarcoma cells through the extrinsic and intrinsic
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Titre fran^ais:
La sanguinarine induit l'apoptose de cellules d'ost^osarcome humain par les voies
extrinseque et intrinseque

3.1 Resume fran^ais
L'alcaloTde benzo quaternaire [c] ph&ianthridine sanguinarine inhibe la proliferation des cellules
canc£reuses de differentes origines, notamment celles du poumon, du sein, du pancreas et du
colon, mais ses effets sur l'osteosarcome une tumeur osseuse primaire maligne etaient inconnus a
ce jour. Nous avons constate que la sanguinarine modifie la morphologie et reduit la viability des
cellules d'ostfosarcome humain MG-63 et SaOS-2 en fonction de la concentration et du temps
utilises. Ainsi, la sanguinarine h 1 jxmol/L tue plus efficacement les cellules MG-63 que les
cellules SaOS-2 aprgs une incubation de 4 ou 24 h. Cependant, l'alcaloide a une concentration de
5 (imol/L tue la totality des deux populations cellulaires en 24 h. Ce traitement qui affecte le
potentiel des membranes mitochondriales des cellules MG-63 et SaOS-2 en 1 h, induit 6galement
la condensation de la chromatine et la formation de corps apoptotiques. En conclusion, le
traitement des cellules MG-63 et SaOS-2 par la sanguinarine induit l'augmentation des activites
des caspases-8 et -9. Ces donnees mettent done en Evidence le fait que la sanguinarine puisse etre
un agent therapeutique potentiel pour combattre le cancer des os.
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3.2 Abstract
The quaternary benzo[c]phenanthridine alkaloid sanguinarine inhibits the proliferation of
cancerous cells from different origins, including lung, breast, pancreatic and colon, but nothing is
known of its effects on osteosarcoma, a primary malignant bone tumour. We have found that
sanguinarine alters the morphology and reduces the viability of MG-63 and SaOS-2 human
osteosarcoma cell lines in concentration- and time-dependent manner. Incubation with 1 nmol/L
sanguinarine for 4 and 24 h killed more efficiently MG-63 cells than SaOS-2 cells, while
incubation with S nmol/L sanguinarine killed almost 100% of both cell populations within 24 h.
This treatment also changed the mitochondrial membrane potential in both MG-63 and SaOS-2
cells within 1 h, caused chromatin condensation and the formation of apoptotic bodies. It
activated multicaspases, and increased the activities of caspases-8 and -9 in both MG-63 and
SaOS-2 cells. These data highlight sanguinarine as a novel potential agent for bone cancer
therapy.

3.3 Introduction
Osteosarcoma is a primary malignant tumour of the skeleton that frequently metastasizes to the
lungs [Picci, 2007]. This very aggressive cancer is the second most common childhood cancer.
Around 75% of all osteosarcoma patients are aged between 10 and 25 [Eyre et al., 2009; Picci,
2007]. The main treatment for osteosarcoma is presently surgery and chemotherapy. But surgery
does not prevent metastases, which can cause the death of 75% of patients within 2 years of
diagnosis [Longhi et al., 2006]. Chemotherapy with high doses of agents like methotrexate,
cisplatin and doxorubicin helps to eradicate metastases and attacks primary tumour cells, but it
can have side effects on the heart and kidneys, and may cause infertility [Ferrari and Palmerini,
2007]. A combination of surgery and chemotherapy produces a small but constant improvement
in patient survival, but 30-40% of patients suffer a relapse within 3 years of diagnosis [Longhi et

al., 2006]. The grim prognosis for osteosarcoma patients makes it imperative to develop new
drugs that can produce cell-cycle arrest and apoptosis, the lack of which are the hallmarks of
cancerous cells [Hanahan and Weinberg, 2000; Jang et al., 2005; Longhi et al., 2006].
Particularly promising are plant-derived alkaloids such as sanguinarine, a quaternary
benzo[c]phenanthridine alkaloid extracted from members of the Papaveraceae [De Stefano et al.,
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2009; Mahady and Beecher, 1994; Malikova et al., 2006]. Sanguinarine is a phytoalexin with
anti-microbial, anti-oxidant, anti-inflammatory and pro-apoptotic effects [Godowski, 1989; Jang

et al., 2009; Lenfeld et al., 1981; Malikova et al., 2006; Matkar et al., 2008]. Apoptosis is
characterized by distinct morphological changes that include cell rounding, membrane blebbing,
cytoskeletal disassembly, and chromatin condensation, with or without DNA fragmentation
[Kroemer et al., 2009]. This cellular suicide can be induced by extrinsic and intrinsic apoptotic
pathways [Kroemer et al., 2007; Kurokawa and Kornbluth, 2009]. The extrinsic apoptotic
pathway is triggered by the ligand-induced activation of receptors at the cell surface, which
promotes the activation of caspase-8 [Kurokawa and Kornbluth, 2009]. The intrinsic apoptotic
pathway leads to the release of cytochrome c from the intermembrane space of the mitochondria
into the cytoplasm and the activation of caspase-9 [Kurokawa and Kornbluth, 2009]. Apoptosis
can be regulated by the Bcl-2 family of anti-apoptotic (Bcl-2, Bcl-xL) and pro-apoptotic (Bax,
Bad, Bak) proteins [Chipuk et al., 2010]. Sanguinarine acts on both apoptotic pathways in human
promyelocytic leukemia HL-60 cells [Vrba et al., 2009].
However, the impact of sanguinarine on osteosarcoma cells is unknown. We therefore
investigated the effects of sanguinarine (1 and S jimol/L) on two human osteosarcoma cell lines,
MG-63 and SaOS-2. We determined its concentration- and time-dependent impact on cell
morphology and viability. We also examined the capacity of sanguinarine to activate apoptosis in
osteosarcoma cells by measuring changes in mitochondrial membrane potential, multicaspase
activation, and caspase-8 and caspase-9 activities. Lastly, we verified the effect of sanguinarine
on the expression of Bcl-2 and Bax proteins.

3.4 Materials and methods
3.4.1 Chemicals
Sanguinarine chloride hydrate, 98% pure, was purchased from Fluka (Sigma-Aldrich, Oakville,
ON, Canada) and dissolved in methanol.

3.4.2 Cell culture and treatments
MG-63 (CRL-1427, American Type Culture Collection (ATCC), Manassas, VA, USA) human
osteosarcoma cells were incubated at 37 °C in alpha minimum essential medium without ascorbic
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acid (a-MEM, Gibco®, Grand Island, NY, USA), while SaOS-2 (HTB-85, ATCC) human
osteosarcoma cells were grown in McCoy's 5A medium (ATCC). The growth media (GM)
contained heat-inactivated foetal bovine serum (FBS, Sigma-Aldrich), 10% for MG-63 and 15%
for SaOS-2, 100 U/mL penicillin and 100 |ig/mL streptomycin (Gibco). Osteosarcoma cells were
removed by trypsinization (Invitrogen ™, Burlington, ON, Canada), suspended in their respective
growth medium (GM) and seeded in cell culture treated polystyrene (PS) dishes. They were
grown to cover 80% of the surface before they were incubated with 1 and 5 jimol/L sanguinarine
for 1, 4 and 24 h. The final concentration of the methanol vehicle used in all experiments was
0.1% (v/v). The methanol vehicle did not alter the behaviour of the osteosarcoma cells in any of
the experiments.

3.4.3 Morphology
Cells incubated for 4 and 24 h with or without 1 and 5 nmol/L sanguinarine as described above
were examined under a microscope (Eclipse TE2000-S, Nikon, Mississauga, ON, Canada)
equipped with a digital CDD camera (Retiga BOOR Qlmaging, Burnaby, BC, Canada) at lOx
magnification.

3.4.4 Cell viability
Cells incubated for 4 and 24 h with or without 1 and 5 |imol/L sanguinarine were removed by
trypsinization, collected and counted in a hemocytometer using the trypan blue exclusion assay.

3.4.5 Mitochondrial enzyme activity
The mitochondrial enzyme activity in adhering cells incubated for 4 h with or without 1 and 5
limol/L sanguinarine was measured using a CellTiter 96® AQueous non-radioactive cell
proliferation assay according to the manufacturer's instructions (Promega, Nepean, ON, Canada).
Briefly, the supernatants were removed, replaced with GM containing the substrate 3-(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

and

the

cells were incubated for 1 h. The absorbance of the supernatants was read at 490 nm (Bio-Tek,
Winooski, VT, USA).
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3.4.6 Mitochondrial membrane potential analysis
Changes in mitochondrial membrane potential were detected with JC-1 lipophilic cationic dye
(5,50,6,60-tetrachloro-l,10,3,30-tetraethylbenzimidazolylcarbocyanine iodide) according to the
manufacturer's instructions (Genscript, Piscataway, NJ, USA). The cells were incubated for 1 and
4 h with or without 1 and 5 jimol/L sanguinarine, labelled with JC-1 dye for 15 min and
examined under a fluorescent microscope (Nikon) at 20x magnification.

3.4.7 DNA staining
Cells incubated for 1 h with or without 5 pmol/L sanguinarine were stained with DAPI (4-6diamidino-2-phenylindole, 1 ng/mL, Sigma-Aldrich) according to the manufacturer's
instructions. The stained cells were examined under a fluorescence microscope (Nikon) at 20x
and 60x magnification.

3.4.8 Multicaspase analysis
Apoptosis of cells incubated for 1 h with or without 1 and 5 jxmol/L sanguinarine was detected by
flow cytometry using a MultiCaspase Kit according to the manufacturer's instructions (Guava
EasyCyte™ System, Guava Technologies, Hayward, CA, USA).

3.4.9 Caspase-8 and caspase-9 activities
Cells were incubated for 1 and 4 h with or without 1 and S pmol/L sanguinarine, lysed and the
caspase-8 and caspase-9 activities in the lysates were then detected by the colorimetric assay kit
according to the manufacturer's instructions (Genscript). Absorbance was read at 400 nm (BioTek).

3.4.10 Statistical analysis
Tukey-Kramer multiple comparison tests (ANOVA) were performed with GraphPad InStat® 3.00
software (GraphPad Software, San Diego, CA, USA). Values were considered significantly
different if p<0.05.
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3.5 Results
3.5.1 Effects of sanguinarine on the morphology of osteosarcoma cells
We examined the morphology of osteosarcoma cells that had been incubated with sanguinarine
for 4 h (Figure 3.1A) and 24 h (Figure 3. IB).
After 4 h in 1 jimol/L sanguinarine, many of the MG-63 cells had rounded up and started to
detach from the PS surface, while most of the SaOS-2 cells remained well-spread (Figure 3.1A).
Both osteosarcoma cells became rounded up after 4 h with S jimol/L sanguinarine. Incubation for
24 h with 1 (imol/L sanguinarine produced morphological changes in both osteosarcoma cell
lines (Figure 3.IB), and incubation with S iimol/L sanguinarine for 24 h caused detachment of
most cells.

MG-63

MG-63

0 jimol/L

1 jimol/L

5 fimol/L

Figure 3.1 Concentration- and time-dependent effects of sanguinarine on the morphology of
osteosarcoma cells, (A) after 4 h and (B) after 24 h. Magnification: lOx. Bar =100 |im. Two
other independent experiments gave similar results.
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3.5.2 Effect of sanguinarine on the viability of osteosarcoma cells
Since the effect of sanguinarine on cell morphology was concentration-and time-dependent, we
checked the viability of cells incubated with the alkaloid for 4 h (Figure 3.2A) and 24 h (Figure
3.2B) using the trypan blue exclusion assay. Over 95% of both MG-63 and SaOS-2 cells cultured
in GM for 4 h and 24 h were viable. Incubation with 1 iimol/L sanguinarine for 4 h killed 60% of
MG-63 cells and 25% of SaOS-2 cells (p<0.001) (Figure 3.2A). Incubation for 4 h with both 1
and 5 nmol/L sanguinarine had significantly less effect on SaOS-2 cell viability than on MG-63
cell viability (p<0.001). Similarly, incubation with 1 fimol/L sanguinarine for 24 h killed more
efficiently MG-63 cells than SaOS-2 cells (p<0.001) (Figure 3.2B). Lastly, incubation for this
time with 5 |imol/L sanguinarine killed all the osteosarcoma cells.
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• MG-63
• SaOS-2

Sanguinarine (|imol/L)
• MG-63
• SaOS-2

GM
Sanguinarine (fimol/L)
Figure 3. 2 Concentration- and time-dependent effects of sanguinarine on the viability of
osteosarcoma cell, (A) after 4 h and (B) after 24 h. The results are the mean ± SD of two
independent experiments performed in triplicate. (C) Influence of sanguinarine on the
mitochondrial enzyme activity of osteosarcoma cells incubated with 1 and 5 fxmol/L sanguinarine
for 4 h. The results were normalized to GM and are the mean ± SD of two independent
experiments performed in quadruplicate.
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We also determined mitochondrial enzyme activity of osteosarcoma cells treated with 1 and S
(imol/L sanguinarine for 4 h treatment (Figure 3.2C). Incubation with 1 fimol/L sanguinarine
reduced the mitochondrial enzyme activity in MG-63 cells by about 50% (p<0.001), but had no
effect on SaOS-2 cells (p>0.05). By contrast, incubation with 5 jimol/L sanguinarine for 4 h
drastically reduced mitochondrial enzyme activity, by about 60% for MG-63 cells and by 40%
for SaOS-2 cells (p<0.001). In addition, the mitochondrial enzyme activity of MG-63 cells was
lower than that of SaOS-2 cells (p<0.01). This further indicates that the survival of osteosarcoma
cell is severely impaired by sanguinarine.

3.53 Effect of incubation with 5 pmol/L sanguinarine for 1 h on apoptosis in
osteosarcoma cells
We then studied the effect of sanguinarine on apoptosis as indicated by changes in mitochondrial
membrane potential using JG-1 fluorescent dye (Figure 3.3A).
This dye indicates a loss of mitochondrial membrane potential. JC-1 monomers entered the
mitochondria of healthy cells and aggregated to give a red fluorescence, while the monomers
remaining in the cytosol emitted a green fluorescence [Smiley et al., 1991]. Only MG-63 and
SaOS-2 cells that had been incubated with 5 nmol/L sanguinarine for 1 h had decreased red
fluorescence after staining with JC-1, while the intensity of the green fluorescence in their
cytoplasm was greatly increased (Figure 3.3A). Many of the MG-63 cells had become detached
after incubation for 4 h, so that we could not observe change in the mitochondrial membrane
potential. In contrast, the SaOS-2 cells incubated for 1 h and 4 h and stained with JC-1 gave quite
similar results (data not shown). Analysis of the mitochondrial membrane potential revealed that
incubation with S jimol/L sanguinarine for 1 h affected both human osteosarcoma cell lines. We
therefore analyzed its influence on DNA condensation by DAPI staining (Figure 3.3B).
Condensed chromatin and apoptotic bodies were only detected in the nuclei of some MG-63 and
SaOS-2 cells treated with 5 (imol/L sanguinarine (arrow, Figure 3.3B). We then determined the
influence of sanguinarine on multicaspase activation by flow cytometry (Figure 3.3C). There
were few apoptotic MG-63 or SaOS-2 cells after incubation with or without 1 fimol/L
sanguinarine, while apoptosis seemed to increase in cells incubated with 5 ^mol/L sanguinarine.
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Quantitative analysis revealed that 17±2% of MG-63 and 13±3% of SaOS-2 cells became
apoptotic after treatment with S nmol/L sanguinarine for 1 h.

SaOS-2

MG-63

GM

0 jimol/L

1 jimol/L

5 iimol/L

B

SaOS-2

MG-63

0 fimol/L

5 (xmol/L
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0 jimol/L
oa&afi

1 jimol/L

5 fimol/L

SR-VAD-FMK
Figure 3. 3 Induction of apoptosis in MG-63 and SaOS-2 cells by sanguinarine after 1 h. (A)
Effect of sanguinarine (1 and 5 fimol/L) on mitochondrial membranae potential in osteosarcoma
cells evaluated by JC-1 staining. Magnification: 20x. Bar = 100 nm. These pictures are
representative of two independent experiments. (B) DNA in the nuclei of osteosarcoma cells
incubated with or without 5 nmol/L sanguinarine and revealed by DAPI staining. Magnification:
20x and 60x. Bar = 100 |im. Arrows indicate cells with apoptotic bodies. These pictures are
representative of two independent experiments. (C) Effect of incubation with or without
sanguinarine (1 and 5 nmol/L) on multicaspase activation in osteosarcoma cells. Guava®
Software images (Copyright permission from Millipore) revealed that mid stage apoptotic cells
were SR-VAD-FMK (+) and 7-ADD (-), while late stage apoptotic and dying cells were SRVAD-FMK (+) and 7-ADD (+). Dead cells were SR-VAD-FMK (-) and 7-ADD (+). Similar
results were obtained in two independent experiments.
85

3.5.4 Effect of sanguinarine on caspase-8 and caspase-9 activities in
osteosarcoma cells
We confirmed the identity of the apoptotic pathway stimulated by sanguinarine by measuring the
activity of caspase-8 and caspase-9 in human osteosarcoma cells (Figure 3.4). The caspase-8
activity in MG-63 cells treated for 1 h with 5 jimol/L sanguinarine was 2.8-fold higher than in
controls, while that of SaOS-2 cells was 7.6-fold higher. This treatment also increased the
caspase-9 activity in both MG-63 (2.4-fold) and SaOS-2 cells (7.4-fold) (data not shown). This
effect was verified by incubating the cells with sanguinarine for 4h. Only the osteosarcoma cells
incubated with 5 nmol/L sanguinarine had significantly higher caspase-8 and caspase-9 activities
than the controls (p<0.01).
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Figure 3. 4 Action of sanguinarine (1 and 5 ^mol/L) on the caspase-8 and caspase-9 activities in
(A) MG-63 and (B) SaOS-2 cells. Cells were incubated with the alkaloid for 4 h. The results are
normalized to GM and are mean ± SD of three experiments performed in duplicate.

3.6 Discussion
Current multidisciplinaiy therapies use bone resection and multi-agent chemotherapy to control
the proliferation and survival of osteosarcoma cells [Kroemer et al., 2007; Longhi et al., 2006;
Wang et al., 2010]. Osteosarcoma cells can be treated with chemotherapeutic drugs that cause
them to undergo apoptosis [Davies et al., 2002]. Micromolar concentrations of sanguinarine
promoted apoptosis in several human cancerous cell lines, such as A549 lung cells [Jang et al.,
2009], AsPC-1 and BxPC-3 pancreatic cells [Ahsan et al., 2007] and HCT116 and SW480 colon
cells [Matkar et al., 2008]. But the effect of sanguinarine on osteosarcoma was unknown. We
have therefore determined the impact of this alkaloid on two human osteosarcoma cell lines, MG63 and SaOS-2.
Sanguinarine rapidly affected the morphology of both types of osteosarcoma cells in a
concentration- and time-dependent manner. Slaninova et al. (2001) showed that incubating
human cervix adenocarcinoma HeLa ceils with 0.1 ng/mL sanguinarine for 1 h reduced the
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number of microtubules at the cell periphery and caused the breakdown of actin stress fibres. This
may explain the effect of sanguinarine on osteosarcoma cell morphology.
We also found that sanguinarine reduced the viability of both MG-63 and SaOS-2 cells, and that
MG-63 cells were more sensitive to 1 |imoI/L sanguinarine than were SaOS-2 cells. However, the
selective effect of sanguinarine on cancerous cells remains controversial.
Ahmad et al. (2000) found that sanguinarine had a less marked effect on normal human
keratinocytes than it did on A431 human epidermoid carcinoma cells, but others found that this
alkaloid seemed to be unselective when tested on normal human fibroblasts and cells having
various tumourous characters [Debiton et al., 2003]. As osteopenia is a complication of the
chemotherapeutic agents currently used to treat human osteosarcoma [Davies et al., 2002], it is
important to know whether sanguinarine has an adverse effect on normal human osteoblasts
(HOB). We found that about 75% of HOB died after incubation with 1 jimol/L sanguinarine for
24 h (Supplementary data 1).
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(Supplementary data 1) Concentration- and time-dependent effects of sanguinarine on the
viability of HOB cells after 4 h and after 24 h. The results are the mean ± SD of two independent
experiments performed in triplicate.
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These results were quite similar to those obtained with SaOS-2 cells [Shapira and Halabi, 2009],
which are osteoblast-derived and express higher levels of alkaline phosphatise activity (2-7
fimol/min/mg protein), a marker of osteoblast function, than MG-63 cells (2.5 nmol/min/mg
protein) [Franceschi et al., 198S; Rodan et al., 1987]. SaOS-2 cells also produce the osteoblastic
markers osteocalcin, bone sialoprotein, decorin and type I collagen, while MG-63 cells bear
fewer of these markers [Pautke et al., 2004].
Our studies on the mechanism by which sanguinarine acts on osteosarcoma cells showed that the
mitochondrial membrane potential in both MG-63 and SaOS-2 cells collapsed when they were
incubated with 5 iimol/L sanguinarine for 1 h. Serafim et al. (2008) also observed a mild
depolarization of the mitochondria membranes in mouse K1735-M2 melanoma cells that had
been incubated with 4 jimol/L sanguinarine for 6 h. Similarly, Chang et al. (2007) observed a
change in the mitochondrial membrane potential in KB carcinoma cells treated with 1 (xmol/L
sanguinarine for 24 h. Our findings confirm the pro-apoptotic effect of 5 fimol/L sanguinarine, as
both caspase-8 and caspase-9 were activated within 1 h. Sanguinarine therefore acts on both the
extrinsic and intrinsic apoptotic pathways in MG-63 and SaOS-2 cells. These results agree well
with those of Vrba et al. (2009), who found that 4 jimol/L sanguinarine activated caspase-8 and
caspase-9 in human promyelocytic leukemia HL-60 cells within 2 h. The Bcl-2 family of proteins
plays a crucial role in regulating cell apoptosis [Chipuk et al., 2010; Pradelli et al., 2010],
Furthermore, the resistance to chemotherapy due to overexpression of Bcl-2 impairs the efficient
treatment of human osteosarcoma [Zhao et al., 2009]. Bcl-2 knockdown using lentivirusmediated RNA interference increases apoptosis induced by doxorubicin in MG-63 cells [Zhao et

al., 2009]. Sanguinarine treatment concentration dependency reduced the Bcl-2 protein level in
AsPC-1 and BxPC-3 human pancreatic carcinoma cells, while it increased the amount of the
proapoptotic Bax protein after 24 h [Ahsan et al., 2007]. Sanguinarine had the same effect on
human immortalized HaCaT keratinocytes, decreasing the Bcl-2/Bax ratio [Adhami et al., 2003].
However, Choi et al. (2009) recently demonstrated that this ratio was unaffected in human gastric
adenocarcinoma cells incubated with 0.8 fimol/L sanguinarine for 24 h. We found that
sanguinarine concentration dependently reduced the amount of Bcl-2 protein in MG-63 cells after
4 h, but had no effect on Bcl-2 protein level in SaOS-2 cells (Supplementary data 2). However,
the amounts of Bax protein in both MG-63 and SaOS-2 cells were very low and seemed to be
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unaffected by the alkaloid after 4 h (Supplementary data 2). Our results suggest that sanguinarine
acts differently on MG-63 and SaOS-2 cells, since it decreases Bcl-2 protein only in MG-63 cells.
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(Supplementary data 2) Concentration-dependent effects of sanguinarine on anti- and proapoptotic protein levels of osteosarcoma cells, anti-apoptotic protein: Bcl-2 (A) and pro-apoptotic
protein: Bax (B). Two other independent experiments gave similar results.
Weerasinghe et al. (2001) hypothesized that the BcI-2/Bax ratio is a determinant factor for the
induction of apoptosis by sanguinarine, and recent support for this idea has been obtained when it
was observed that sanguinarine had less apoptotic activity in human breast cancer MDA-231 cells,
which overproduce Bcl-2 [Kim et al., 2008].

In conclusion, our results demonstrate that sanguinarine affects two human osteosarcoma cell
lines in a concentration- and timed-ependent manner. A low concentration (1 nmol/L) of
sanguinarine had a greater effect on MG-63 than on SaOS-2. At 5 pmol/L, sanguinarine had a
pro-apoptotic effect on both MG-63 and SaOS-2 cells within 4 h by activating both caspase-8 and
caspase-9. Based on these observations, it appears that sanguinarine might be used as a novel
chemotherapy agent to treat osteosarcoma. However, further experiments are required to
determine its side effects on normal bone cells.
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(pBMP-2 and pBMP-9) can activate specific signalling pathways and modulate the
earfy differentiation and/or proliferation of human osteosarcoma cells (section 1.2.2).
Titre en francais:
L'inhibition des ERK1/2 influence la reponse des cellules d'osteosarcome humain aux
BMP-2 et BMP-9

4.1 Resume fran^ais
II a 6te r6cemment sugg6r6 que la proline morphogSn&ique osseuse (BMP)-2 peut etre utile dans
le traitement de cellules d'osteosarcome. La BMP-9 qui a 6t6 brevetee pour traiter les cancers du
sein et de la prostate a un potentiel ost£oinducteur superieur k celui de la BMP-2. De plus, des
peptides derives des Epitopes « knuckle » des BMPs (pBMPs) sont aussi capables d'induire une
differentiation osteogenique. Cependant, I'effet de la BMP-9 et des pBMPs sur les cellules
d'osteosarcome humain est encore mal connu. Nous avons done analyse les effets de la BMP-2,
de la BMP-9, du pBMP-2 et du pBMP-9 sur le comportement des cellules MG-63 et SaOS-2
d'osteosarcome humain. Un inhibiteur de MEK1 (PD98059) qui empeche l'activation des
ERK1/2 a egalement ete utilise puisqu'uneth£rapie ciblant ERK est actuellement k 1'etude pour
traiter les cellules d'osteosarcome. La BMP-2 et la BMP-9 (1,92 nM) induisent la
phosphorylation des Smadl/5/8 dans les cellules d'osteosarcome MG-63 et SaOS-2 en lh, mais
ont des effets differents sur les voies des MAPKs. Tandis que la BMP-2 active principalement
ERK1/2, la BMP-9 stimule la phosphorylation de la p38 en lh. Le pBMP-2 quant k lui n'induit ni
la phosphorylation des Smad ni celle des ERK/p38. Par contre, le pBMP-9, comme la BMP-9,
stimule k la fois la phosphorylation des Smadl/5/8 et de la p38. Neanmoins, lee pBMP-9 semble
activer la p38 de mani&re plus lente par rapport k la BMP-9. Enfin, ('activation de la p38 par la
BMP-9 ou le pBMP-9 est accrue par le pretraitement des cellules avec le PD98059. Cependant, la
BMP-2 ou la BMP-9 augmentent les niveaux d'ARNm de DlxS et d'Osterix dans les cellules
SaOS-2 apres 6h d'incubation, tandis que le pBMP-9 n'a aucun effet. De plus, r'inhibition des
ERK1/2 induit une plus grande expression du g&ne codant pour Osterix dans les cellules SaOS-2
incubees en presence de la BMP-2 ou de la BMP-9. Cette inhibition induit egalement la plus
faible proliferation des cellules MG-63 en presence de BMP-2.
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Par consequent, la combinaison de la BMP-2 ou de la BMP-9 avec un inhibiteur de MEK.I peut
etre un outil prometteur pour r£guler le comportement des cellules d'ost^osarcome.

4.2 Abstract
It was recently suggested that bone morphogenetic protein (BMP)-2 may be useful for treating
osteosarcoma cells. BMP-9 that has been patented to treat breast and prostate cancers has a higher
osteoinductive potential than BMP-2. Peptides derived from BMPs (pBMPs) also induced
osteogenic differentiation. However, the effect of BMP-9 and pBMPs on human osteosarcoma
cells is poorly known. We analyzed the effects of BMP-2, BMP-9, pBMP-2 and pBMP-9 on
human MG-63 and SaOS-2 osteosarcoma cells behavior. An inhibitor of MEK1 (PD98059) that
prevents downstream ERK1/2 phosphorylation was also used since ERK targeting therapy is
currently under investigation to treat osteosarcoma cells. BMP-2 and BMP-9 (1.92 nM) induced
the phosphorylation of Smadl/5/8 in both osteosarcoma cells within lh but had different effects
on MAPK pathways. While BMP-2 mainly activated ERK1/2, BMP-9 phosphorylated p38 within
lh. pBMP-2 did not activate either the Smad or ERK/p38 phosphorylation, while pBMP-9, like
BMP-9, induced both Smadl/5/8 and p38 phosphorylation. pBMP-9 seemed to act on the p38
cascade more slowly than BMP-9. p38 activation by BMP-9 or pBMP-9 was also enhanced by
PD98059. However, BMP-2 or BMP-9 increased the amounts of Dlx5 and Osterix mRNAs in
SaOS-2 cells within 6h, while pBMP-9 had no effect. The inhibition of ERK1/2 promoted the
highest level of Osterix mRNA in SaOS-2 cells incubated with BMP-2 or BMP-9. It also induced
the lowest proliferation of MG-63 cells with BMP-2. Therefore a combination of BMP-2 or
BMP-9 and an inhibitor of MEK1 may be a promising tool for regulating osteosarcoma cell
behavior.

4.3 Introduction
Osteosarcoma is the most frequent primary malignant tumor of the skeleton in adolescents and
young adults (aged 10-25 years) [Gorlick and Khanna, 2010; Picci, 2007]. Recent studies have
demonstrated that bone morphogenetic proteins (BMPs), which play a critical role in osteogenic
differentiation, can affect the proliferation and differentiation of osteosarcoma cells [Luo et al.y
2008; Wang et al., 2011]. For example, treating cancer stem cells isolated from human
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osteosarcoma OS99-1 cell line with 30 fig BMP-2 prevented them forming a tumor when injected
subcutaneously into NOD/SCDD mice [Wang et al., 2011]. In addition, the gene expression of
osteogenic markers, such as the runt-related transcription factor associated with osteoblast
differentiation (Runx2), in OS99-1 treated by BMP-2 at 300 ng/mL for 48h was higher than in
control cells [Wang et al., 2011]. It suggested that BMP-2 could be an interesting molecule for
treating osteosarcoma [Wang et al., 2011]. Most BMPs have wrist and knuckle epitopes that are
involved in their binding to their type I and type II serine/threonine kinase receptors [Brown et al.,
200S; Kirsch et al., 2000]. BMPs bound to their receptors induce the phosphorylation of the
intracellular proteins Smadl, SmadS, and Smad8, so promoting the formation of a complex with
Smad4 [Sieber et al., 2009]. This complex is then translocated into the nucleus where it activates
the transcription of target genes, such as Runx2, distal-less homeobox S (DlxS) and osterix (Osx)
[Franceschi et al., 2007; Kugimiya et al., 2006]. BMPs can also activate the mitogen activated
protein kinase (MAPK) pathways [Kuo et al., 2005]. The MAPK pathways are composed by
three cascades: the extracellular signal-regulated kinase 1/2 (ERK1/2), c-Jun amino-terminal
kinase 1-3 (JNK1-3), and p38 [Raman et al., 2007; Zhang et al., 2007]. Among the 20 BMPs
identified to date, BMP-2 and BMP-7 are already approved by the United States Food and Drug
Administration (FDA) for orthopedic applications and are currently used in the clinical repair for
bone defects [Burkus et al., 2004; McKay et al., 2007]. The highly osteoinductive BMP-9 has
been patented recently as an anti-cancer therapeutic agent for regulating breast and prostate
cancers [Kang et al., 2004; Jiang, 2008; Ye et al., 2008]. However, the high production and
purification costs of BMPs make them expensive clinical tools. This has led to the development
of peptides derived from their knuckle epitope (pBMPs), which appear to be promising
replacements [Bergeron et al., 2009; Chen and Webster, 2009; Saito et al., 2003]. For example,
Saito et al. (2003) found that incubating mouse multipotent mesenchymal C3H10T1/2 cells for 3
days

with

a

synthetic

peptide

derived

from

the

knuckle epitope

of

BMP-2

(NSVNSKIPKACSVPTELSAISTLYL, residues 68-92 of BMP-2) in which a cysteine residue
was replaced by a serine residue and methionine residue was replaced by a threonine residue,
increased their alkaline phosphatase (ALP) activity. Furthermore, a synthetic peptide
(NSVNSKIPKACCVPTELSAI, residue 68-87 of BMP-2) linked to alginate gel (0.2 *iM peptides
/ 10 mg alginate) also induced the formation of woven bone into rat calf muscle within 3 weeks
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[Chen and Webster, 2009]. We have also developed a peptide derived from the knuckle epitope
of BMP-9 (AC-CGGKVGKACCVPTKLSPISVLYK-NH2, called pBMP-9) that stimulates the
differentiation of murine MC3T3-E1 preosteoblasts in vitro in the same way as BMP-9 and BMP2 [Bergeron et al., 2009]. Furthermore, injecting 100 fig pBMP-9 entrapped in chitosan into
C57BL/6 mouse quadriceps muscles stimulates the formation of bone structures that start to
mineralize within 24 days [Bergeron et al., 2012].
However, the impact of BMP-9 and the peptides derived from the knuckle epitope of BMPs on
human osteosarcoma cells is still poorly known. We have therefore analyzed the effects of
equimolar concentrations (1.92 nM) of BMP-2, BMP-9, and their derived peptides pBMP-2 and
pBMP-9 on two human osteosarcoma cell lines, MG-63 and SaOS-2 cells. The patterns of some
osteogenic markers are different in these two cell lines. For example, the ALP activity in MG-63
cells is low, while it is high in SaOS-2 cells [Franceschi et al., 1985; Rodan et al., 1987]. The
immunocytochemistry studies of Pautke et al. (2004) showed that most SaOS-2 cells in culture
synthesize bone sialoprotein, decorin, and type I procollagen, while few MG-63 cells do so.
Similarly, MG-63 cells grown on a titanium surface proliferate faster than do SaOS-2 cells on this
substrate [Shapira and Halabi, 2009]. We first determined the capacity of 1.92 nM BMP-2, BMP9, and their derived peptides pBMP-2 (Ac-VNSKIPKACCVPTELSAISMLYL-NH2), and pBMP9 to activate the canonical Smad and MAPK pathways (ERK1/2 and p38). We then assessed their
ability to activate genes encoding the Dlx5 and Osx transcription factors associated with early
osteoblast differentiation. The next phase was to study the influence of BMPs and their derived
peptides on the proliferation of osteosarcoma cells. Lastly, we examined the effect of a specific
inhibitor of MEK1 (PD98059) that prevents downstream ERK1/2 activation on signaling
pathways, differentiation, and proliferation in the two human osteosarcoma cell lines since
inappropriate activation of ERK1/2 pathway is frequently observed in osteosarcoma cells [Noh et

al., 2011].
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4.4 Materials and Methods
4.4.1 Materials
Recombinant carrier-free human BMP-2 and BMP-9, synthesized in Chinese Hamster Ovary
(CHO) cells, were purchased from R&D Systems (Minneapolis, MN, USA). The peptide derived
from BMP-2 (pBMP-2; Ac-VNSKIPKACCVPTELSAISMLYL-NH2) and the peptide derived
from BMP-9 (pBMP-9; Ac-CGGKVGKACCVPTKLSPISVLYK-NH2) were synthesized by
Celtek Peptides (Nashville, TN, USA) with a final purity of at least 98% and dissolved in
ultrapure water (pH 6.3). PD98059 (MEK1 inhibitor) was purchased from Calbiochem (La Jolla,
Ca, USA).

4.4.2 Human osteosarcoma cell lines and culture
The human osteosarcoma cells MG-63 (CRL-1427) and SaOS-2 (HTB-85) were purchased from
the American Type Culture Collection (ATCC). They were grown at 37°C in Minimum Essential
Medium (MEM) alpha medium without ascorbic acid (a-MEM, Gibco®, Grand Island, NY, USA)
with 10% heat-inactivated fetal bovine serum (FBS, Sigma, Oakville, Canada), 2 mM Lglutamine (Invitrogen™, Burlington, ON, Canada), 100 U/mL penicillin (Gibco) and 100 fig/mL
streptomycin (Gibco) under a humidified 5% CO2 atmosphere. Osteosarcoma cells (MG-63 and
SaOS-2) were removed by trypsinization (Invitrogen), suspended in medium containing 10%
FBS and seeded in 6-well, 24-well or 96-well culture plates. They were grown to cover 90% of
the surface before being incubated with or without BMPs (BMP-2 or BMP-9) or pBMPs (pBMP2 or pBMP-9).

4.4.3 Western blot analysis
Osteosarcoma cells were seeded (20,000 cells/cm2) in 100 mm diameter cell culture plates and
grown to cover 90% of the surface. They were then incubated for 0, 0.5,1, 2, and 4h in medium
containing 10% FBS with or without equimolar concentrations (1.92 nM) of BMPs (BMP-2 or
BMP-9) or pBMPs (pBMP-2 or pBMP-9). The osteosarcoma cells used for MEK1 inhibition
experiments were pre-incubated for lh with 20 fiM PD98059 before adding BMPs or pBMPs.
The cells were lysed as previously described [Robitaille et al., 2008] and aliquots containing SO
Hg/mL total proteins were separated by SDS-PAGE. The separated proteins were transferred to
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nitrocellulose membranes using a Trans-Blots SD Semi-Dry Electrophoretic Transfer Cell (BioRad Laboratories, Mississauga, ON, Canada) and the membranes were stained with Ponceau red
(Sigma) to confirm transfer efficiency. Free binding sites on the membranes were blocked by
incubating them overnight at room temperature in PBS, 0.1% v/v Tween 20 (Sigma) containing
5% w/v low fat milk with gentle shaking. The membranes were then washed (2x15 min) with
PBS 0.1% Tween 20 and incubated for lh to 1 day at 37°C with the primary rabbit antibodies
against phosphorylated Smadl (Ser"M<ss)/Smad5 (Ser4*Mfi5)/Smad8 (Ser426/428), phospho-p38
MAPK (Thr180/Tyr182), and phospho-ERKl/2 (Thr^/Tyf204) (diluted 1:1000 in PBS 0.1% Tween
20, 5 % w/v low fat milk; Cell signaling, Pickering ON, Canada). They were then washed 4 x 1 5
min with PBS, 0.1% Tween 20 and incubated with a peroxidase-conjugated anti-rabbit IgG
second antibodies (diluted 1:20,000, A9169 Sigma, PBS 0.1% Tween 20, 5% w/v low fat milk)
for at least lh at room temperature with gentle shaking. Finally, the membranes were washed (4 x
15 min) and the immunoblots was visualized by chemiluminescence (ECL+Plus™, GE
Healthcare, Buckinghamshire, UK) and exposed to CL-XPosure™ film (Thermo Scientific,
Rockford, IL, USA). The membranes were reprobed with murine anti-fi-actin antibodies (diluted
1/1,000 in PBS, 0.5% Tween 20, 5% w/v low fat milk). They were then washed (4 x 15 min) with
PBS containing 0.5% v/v Tween 20 and then incubated with peroxidase-conjugated anti-murine
IgG secondary antibodies (diluted 1/10,000 in PBS, 0.5% Tween 20, 5% w/v low fat milk).
Immunoreactive bands were visualized as described above.

4.4.4 Quantitative real-time PCR
The expressions of Dlx5 and Osx genes were determined. Osteosarcoma cells were seeded
(20,000 cells/cm2) on 6-well culture plates and grown to cover 90% of the surface in medium
containing 10% FBS. They were then incubated for 6h at 37°C with or without 1.92 nM BMPs
(BMP-2 or BMP-9) or pBMPs (pBMP-2 or pBMP-9) with or without 20 jiM PD98059. Total
RNA was extracted from these cells using RNeasy Mini Kits (Qiagen, Mississauga, ON, Canada)
according to the manufacturer's instructions. The extracted RNA was dissolved in water and
quantified spectrophotometrically (260 nm/280 nm) using GeneQuant pro (Biochrom, Cambridge,
UK) and treated with DNAse I (Invitrogen). An aliquot (1 fig) of total RNA was used to
synthesize first-strand cDNA using oligo(dT) primers and Superscript™ II reverse transcriptase
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(Invitrogen). Quantitative PCR (qPCR) was performed, in triplicate, on an iQ5™ Real-Time PCR
detection system (Bio-Rad Laboratories) in a 25 jiL volume using iQ™ SYBR® Green SuperMix
(Bio-Rad Laboratories). The thermocycling conditions were: predenaturation at 9S°C for 3 min,
amplification using 40 three-step cycles of denaturation at 9S°C for 10 s, annealing and extension
at 60°C for 30 s, with a final dissociation cycle at 95°C for 1 min, 60°C for 1 min, and 71 cycles
from 60°C to 95°C for 10 s. The PCR amplification efficiency (£) was calculated for each primer
from serial dilutions of the control at four concentrations deposited in triplicate [Karlen et al.,
2007]. Specific primers for human Dlx5 (Hs_DLX5_l_SG), Osx (Hs_SP7_l_SG), and P-actin
(Hs_ACTB_2_SG) were purchased from Qiagen. Data resulting from reactions that did not reach
the threshold signal value within the first 30 cycles (Ct>30) were discarded because the signal
was undetectable [Karlen et al., 2007]. All assays were normalized to P-actin and analyzed using
the 2"^° model since the PCR amplification efficiency was close to 100% (£=2) in the
exponential phase for all primers (p<0.05) [Livak and Schmittgen, 2001; Yuan et al., 2006]. The
PCR products were analyzed by electrophoresis on a 4% (w/v) agarose gel containing 0.00005%
ethidium bromide (v/v, Bio-Rad Laboratories, Mississauga, Canada). The AmpliSize™
Molecular Ruler 50-2000 bp Ladder (Bio-Rad Laboratories) was used as a control on each gel.
All primers gave a single band.

4.4.5 Trypan blue exclusion
Trypan blue exclusion was used to determine the effect of BMPs and their derived peptides on
the growth of osteosarcoma cells. The cells were treated with 1.92 nM BMP-2, BMP-9, pBMP-2
or pBMP-9 with or without 20 |iM PD98059 for 4h and 72h in a-MEM containing 10% FBS at
37°C under a humidified atmosphere with 5% CO2. The cells were trypsinized and the suspension
placed in 1.5 mL Eppendorf tubes. The cells were collected by centrifiigation at 1000 rpm for 5
min and suspended in 100 nL a-MEM plus 50 \iL trypan blue for 7 min. The cells were counted
in a hemocytometer. The results are expressed as total number of cells.

4.4.6 Statistical analysis
AH statistical computations were performed with the Statistical Analysis System1* (SAS Institute,
Cary, NC). The Tukey-Kramer multiple comparison test (ANOVA) or Student's /-test were used.

Values were considered significantly different if /K0.05. Data are expressed as mean ± standard
deviation.

4.5 Results
4.5.1 BMP-2, BMP-9, and pBMP-9 induce the phosphorylation of Smadl/5/8,
ERKl/2 and/or p38 in human osteosarcoma cells
BMPs can act on cells like murine preosteoblasts and human fetal osteoblastic cells through the
canonical Smad and MAPK pathways [Bergeron et al., 2009; Guicheux et al., 2003; Kuo et al.,
2005]. We analyzed the phosphorylation states of Smadl/5/8, ERKl/2, and p38 in MG-63 and
SaOS-2 cells treated with 1.92 nM BMP-2, BMP-9, pBMP-2 or pBMP-9 for 0, 0.5, 1, 2, and 4h
to identify the pathway(s) stimulated by BMPs or pBMPs (Figure 4.1 and 4.2). The amounts of
total Smadl/5/8, ERKl/2, p38, and P-actin were used as controls. BMP-2 increased the
phosphorylated Smadl/5/8 in both MG-63 and SaOS-2 cells within 0.5h (Figure 4.1A and B),
and the amount of phosphorylated Smadl/5/8 then remained stable for up to 4h. BMP-2 also
increased the phosphorylated ERKl/2 in MG-63 cells after incubation for Ih and in SaOS-2 cells
within 0.5h (Figure 4.1A and B). Phosphorylated p38 was only detected in SaOS-2 cells
incubated with BMP-2 for 4h (Figure 4.1A and B). pBMP-2 had no effect on the phosphorylation
of probed signal-transduction proteins (Figure 4.1A and B).
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Figure 4. 1 Effects of BMP-2 or pBMP-2 on the phosphorylation of Smad 1/5/8, ERK1/2, and
p38 in (A) MG-63 and (B) SaOS-2 cells. Cells were incubated for 0, 0.5,1, 2, and 4h in a-MEM
containing 10% FBS with or without 1.92 nM BMP-2 or pBMP-2. Phosphorylated Smad 1/5/8,
ERK.l/2 or p38 and total Smadl/5/8, total ERK1/2, total p38, and p-actin bands were reveal&d by
western blotting. Two other independent experiments gave similar results.
BMP-9 increased the phosphorylation of Smadl/5/8 in MG-63 cells within 0.5h and in SaOS-2
cells after lh (Figure 4.2A and B). pBMP-9 also stimulated the phosphorylation of Smadl/5/8 in
both osteosarcoma cell lines within lh. But neither BMP-9 nor its derived peptide influenced the
phosphorylation state of ERK1/2 in either MG-63 or SaOS-2 cells (Figure 4.2A and B). In
contrast, incubation with BMP-9 for lh increased only slightly the phosphorylation of p38 in
MG-63 cells. The level of phosphorylated p38 then gradually increased until 4h. Incubation with
BMP-9 for lh induced a more intense phosphorylation of p38 in SaOS-2 than in MG-63 cells.
pBMP-9 induced a slight phosphorylation of p38 in MG-63 after 2h, while in SaOS-2 cells it
promoted a strong level of phosphorylated p38 at 4h (Figure 4.2A and B).
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Figure 4. 2 Effects of BMP-9 or pBMP-9 on Smad 1/5/8, ERK1/2, and p38 phosphorylation in
(A) MG-63 and (B) SaOS-2 cells. Cells were incubated for 0, 0.5, 1, 2, and 4h in a-MEM
containing 10% FBS with or without 1.92 nM BMP-9 or pBMP-9. Phosphorylated Smadl/5/8,
ERK1/2 or p38 and total Smadl/5/8, total ERK1/2, total p38, and p-actin bands were revealed by
western blotting. Two other independent experiments gave similar results.

4.5.2 PD98059 enhances the phosphorylation of p38 in human osteosarcoma
cells treated with BMP-9 or pBMP-9
Since deregulation of ERK1/2 pathway contributes to some hallmarks of osteosarcoma cells, such
as uncontrolled proliferation [Noh et al., 2011], we first incubated MG-63 and SaOS-2 cells with
PD98059 (20 jiM) for lh and then added BMP-2, BMP-9, pBMP-2 or pBMP-9 to identify any
crosstalk between the Smad, ERK1/2, and p38 pathways. We established that 20 jiM PD98059
completely blocked the phosphorylation of ERK1/2 under our experimental conditions (Figure
4.3A and B). We also found that PD98059 had no effect on the total Smadl/5/8, ERK1/2, and
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p38 levels. PD98059 seemed to decrease slightly the intensity of the phosphorylated Smadl/5/8
in SaOS-2 cells in the absence of BMPs or pBMPs, but it did not affect the amount of
phosphorylated Smadl/5/8 in either MG-63 or SaOS-2 cells in the presence of BMP-2, BMP-9 or
pBMP-9 (Figure 4.3A and B). We did not detect the phosphorylation of p38 in any osteosarcoma
cells that had been incubated with PD98059 alone or with PD98059 followed by BMP-2 or
pBMP-2 (Figure 4.3A). In contrast, incubation with PD98059 enhanced the phosphorylation of
p38 in both osteosarcoma cells treated with BMP-9 or pBMP-9 (Figure 4.3B).
BMP-2

pBMP-2

BMP-2

pBMP-2

pSmad 1/5/8
Smad 1/5/8
pERK 1/2
ERK 1/2

p-actin
PD98059
(20nM)

SaOS-2

MG-O
BMP-9

pBMP-9

BMP-9

pBMP-9

pSmad 1/5/8
Smad i/5/s
pERK 1/2
ERK 1/2

P-actin
PD98059
_gOuM)

MG-63

SiOS-2

Figure 4. 3 Effect of PD98059 on Smad 1/5/8, ERK 1/2, and p38 phosphorylation in osteosarcoma
cells with or without BMPs or pBMPs. Cells were pretreated with or without 20 fiM PD98059 for
lh and stimulated by incubation with 1.92 nM BMP-2, BMP-9, pBMP-2 or pBMP-9 for lh. (A)
Phosphorylation of Smadl/5/8, ERK1/2 or p38 induced by BMP-2 or pBMP-2 in MG-63 and
SaOS-2 cells pre-treated with PD98059. (B) Phosphorylation of Smadl/5/8, ERK1/2 or p38
induced by BMP-9 or pBMP-9 in MG-63 and SaOS-2 cells pre-treated with PD98059.
Phosphorylated Smadl/5/8, ERK1/2 or p38 and total Smadl/5/8, total ERK1/2, total p38, and pactin bands were revealed by western blotting. Another independent experiment gave similar
results.
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Therefore, blocking ERK1/2 signaling strongly enhanced the action of BMP-9 or pBMP-9 on the
phosphorylation of p38 in MG-63 and SaOS-2 cells.

4.53 PD98059 pre-treatment increases the expression of the gene encoding
DlxS in SaOS-2 cells incubated with or without BMPs
Activation of the Smad pathway can lead to expression of the genes encoding the transcription
factors Runx2, Dlx5, and Osx in murine C3H10T1/2 multipotent mesenchymal cells, murine
C2C12 myoblast cells, and murine MC3T3-E1 preosteoblast cells [Lee et al., 2003a; Lee et al.,
2003b; Xiao et al., 2001]. We therefore assessed the capacities of BMP-2, BMP-9, and their
derived peptides to activate the genes encoding osteogenic transcription factors in human
osteosarcoma cells by qPCR at short time and also determined the role of ERK1/2 signaling in
this phenomenon. We first quantified the Runx2 and DlxS transcripts in the two lines of human
osteosarcoma cells. MG-63 cells incubated with BMP-2, BMP-9, pBMP-2 or pBMP-9 had very
low amounts of Runx2 and Dlx5 transcripts (Ct values > 30). For example, the Ct values for
Runx2 were 29.1-30.2 and 29.3-30.7 for Dlx5 in MG-63 cells. Furthermore, the 2~A&Ct values for
Runx2 transcripts in SaOS-2 cells were similar in all experimental conditions (data not shown).
However, the level of Dlx5 transcripts was significantly higher in SaOS-2 cells incubated with
BMP-2 or BMP-9 than in control (p<0.001) (Figure 4.4A). The level of the Dlx5 gene in SaOS-2
cells incubated with pBMP-2 was similar to that of the control (p>0.05). It seems that the amount
of DIx5 transcripts in the SaOS-2 cells incubated with pBMP-9 was slightly increased, but this
result was not statistically different from the control (p>0.05).
Since PD98059 affected the ERK1/2 and p38 phosphorylation, we studied its effects on the
expression of the Dlx5 genes in the two human osteosarcoma cell lines incubated with BMPs or
their derived peptides. The cells were first incubated with 20 jiM PD98059 for lh and then with
1.92 nM BMP-2, BMP-9, pBMP-2 or pBMP-9 for 6h. Blocking the ERK1/2 pathways with
PD98059 did not affect the amounts of Runx2 and DlxS transcripts in MG-63 cells (data not
shown) but it significantly enhanced the amount of DlxS mRNA in SaOS-2 cells over that in the
control (p<0.05). The amount of Dlx5 transcripts in SaOS-2 cells incubated with PD98059 and
then with BMP-2 or BMP-9 were higher than in the controls (p<0.001). The Dlx5 transcripts in
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SaOS-2 cells treated with PD98059 and then BMP-2 were also significantly higher than in
control SaOS-2 cells incubated with BMP-2 alone (p<0.0001). Cells incubated with both
PD98059 and pBMP-9 had Dlx5 transcript amounts similar to those of the controls (p>0.05).

4.5.4 PD98059 pre-treatment increases the expression of the Osx gene in
SaOS-2 cells incubated with BMP-2 or BMP-9
We also measured the level of mRNA encoding the transcription factor Osx by qPCR in SaOS-2
cells (Figure 4.4B), since its transcription in murine myoblast C2C12 cells is induced by BMP-2
later than that of DlxS or Runx2 [Nakashima et al., 2002; Ulsamer et al., 2008]. SaOS-2 cells
incubated with BMP-2 or BMP-9 contained more Osx transcripts than the controls (p<0.001)
(Figure 4.4B), but the level of Osx mRNA in cells incubated with pBMP-2 or pBMP-9 was
similar to the controls (p>0.05) (Figure 4.4B). Incubating SaOS-2 cells with PD98059 seemed not
to increase the level of Osx transcripts over that in the control cells (p>0.05). However, SaOS-2
cells pre-treated with PD98059 and then with BMP-2 or BMP-9 had higher Osx mRNA levels
than cells incubated only with PD98059 (p<0.001). The levels of Osx mRNA in SaOS-2 cells
pre-treated with PD98059 and then with BMP-2 or BMP-9 were also higher (BMP-2: p<0.0001;
BMP-9: p<0.05) than in their respective controls (SaOS-2 cells incubated with BMP-2 or BMP-9
but without PD98059 pre-treatment). Also, the levels of Osx mRNA in SaOS-2 cells pre-treated
with PD98059 and then with BMP-2 were higher than in similar cells incubated with BMP-9
(p<0.0001). The level of Osx mRNA in cells incubated with PD98059 and pBMP-2 or pBMP-9
was similar to that in control cells incubated with PD98059 alone (p>0.05).
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Figure 4. 4 Effect of PD98059 on the levels of Dlx5 and Osx transcripts in SaOS-2 cells with or
without BMPs or pBMPs. Cells were pre-treated with or without PD98059 (20 fiM) for lh and
then incubated in a-MEM containing 10% FBS with or without 1.92 nM BMPs or pBMPs for 6h.
All assays were normalized to P-actin and analyzed using the 2"AACt model. The mRNAs of the
transcription factors Dlx5 (A) and Osx (B) were quantified by qPCR and normalized to mRNA in
unstimulated cells. Results are expressed as means ± SD of three independent experiments
performed in triplicate, except for Osx transcripts in the presence of pBMP-2 with or without
PD98059, which were obtained from two independent experiments performed in triplicate.
*p<0.05, •»*p<0.0001.

4.5.5 PD98059 pre-treatment induces the lowest proliferation of MG-63 cells in
the presence of BMP-2
While incubation with BMP-2 or BMP-9 increases the expression of genes encoding early
markers of osteoblastic differentiation in SaOS-2 cells, these BMPs have no effect on the early
differentiation state of MG-63 cells. We examined the effect of BMP-2, BMP-9 and their derived
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peptides on the growth of MG-63 and SaOS-2 cells with or without PD98059 pre-treatment. The
human osteosarcoma cells were incubated with 1.92 nM BMP-2, BMP-9, pBMP-2 or pBMP-9
for 4h and 72h, and then counted using a trypan blue exclusion test. The numbers of MG-63 cells
present after incubation for 4h were similar in all experimental conditions (Figure 4.5A).
Similarly, BMP-2, BMP-9, pBMP-2 or pBMP-9 had no effect on the number of MG-63 cells
after incubation for 72h (p>0.05). However, MG-63 cells incubated for 72h with PD98059 alone
proliferated significantly more slowly than the controls (p<0.0001). MG-63 cells pre-treated with
PD98059 and then with BMP-2, BMP-9, pBMP-2 or pBMP-9 also proliferated significantly more
slowly than their respective controls without PD98059 (p<0.001). MG-63 cells pre-treated with
PD98059 and then with BMP-2 proliferated more slowly (p<0.05) than the control cells or cells
incubated with BMP-9 plus PD98059. The numbers of SaOS-2 cells were similar in all
experimental conditions after incubation for 4h (Figure 4.5B). SaOS-2 cells pre-treated with
PD98059 and then incubated with or without BMPs or pBMPs for 72h all proliferated at similar
rates.
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Figure 4. 5 Effect of PD98059 on the proliferation of osteosarcoma cells with or without BMPs
or pBMPs. MG-63 (A) and SaOS-2 (B) cells were pre-treated with or without PD98059 (20 jxM)
for lh and incubated with or without BMPs or pBMPs for 4h and 72h. The total number of cells
was referred to that of unstimulated cells incubated for 4h. Results are expressed as means ± SD
of two independent experiments performed in duplicate, except for SaOS-2 cell proliferation
assays (B), which were obtained from three independent experiments performed in duplicate.
*p<0.05, **p<0.d01, ***p<0.0001.

4.6 Discussion
Wang et al. (2011) recently suggested that BMP-2 or "BMP-2 mimetic drugs" could open up new
avenues in the treatment of aggressive human osteosarcoma. However while the effect of BMP-2
on signal transduction in osteosarcoma cells has been studied, little was previously known about
the effect of BMP-9 and pBMPs [Kawano et al., 2011; Kuo et al., 2005]. For example, Kawano

et al. (2011) showed that 50 ng/mL BMP-2 activates the phosphorylation of Smadl/5/8 in MG-63
cells incubated for lh in medium containing 10% fetal calf serum. BMP-9 also induces the
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phosphorylation of Smadl/5/8 in murine MC3T3-E1 preosteoblasts and human dermal
microvascular endothelial cells (HMVEC) [Bergeron et al., 2009; David et al., 2007]. BMP-9 is a
very potent activator of Smadl/5/8 phosphorylation in HMVEC since it can do so at
concentrations as low as 10 pg/mL and reaches a plateau at 1 ng/mL [David et al., 2007]. We
found that BMP-2, BMP-9 and pBMP-9 (1.92 nM) activate the canonical Smad pathway in MG63 and SaOS-2 cells within 0.5h to lh. However, BMP-2 and BMP-9 differ in their abilities to
activate the MAPK pathways in both MG-63 and SaOS-2 cells. While BMP-2 mainly stimulated
the ERK1/2 pathway, BMP-9 induced the phosphorylation of the p38 kinase. This apparent
difference in the activation of MAPK pathways by BMP-2 and BMP-9 might be due to the type
of receptors used by the two cytokines. BMP-2 binds to ALK3 and ALK6 whereas BMP-9 acted
on mesenchymal stem cells and endothelial cells by binding to ALK1 and ALK2 [David et al.,
2007; Luo et al., 2010]. Both MG-63 and SaOS-2 cells expressed BMP type I (ALK2, ALK3, and
ALK6) and type II (BMPR-II) receptors [Gobbi et al., 2002]. Surprisingly, our present results
showed that pBMP-2 did not stimulate the Smad, ERK1/2 or p38 within 4h. Also, incubation of
MC3T3-E1 with this peptide for a short time did not increase Smadl/5/8 phosphorylation (data
not shown). However, Saito et al. (2003) have demonstrated that peptide derived from the
knuckle epitope of BMP-2, residues 73-92 (KIPKASSVPTELSAISTLYL, called P4), can
significantly reduce the binding of recombinant human BMP-2 to both ALK-3 and BMPR-II
receptors, suggesting that P4 can interact with these receptors. However, the ability of P4 to
activate Smad or MAPK pathways was not determined [Saito et al., 2003]. Only pBMP-9
mimicked the activation induced by BMP-9 despite the fact that its effect on p38 phosphorylation
seemed to be delayed. We have previously shown that pBMP-9 activated the Smad pathway in
murine preosteoblasts MC3T3-E1 and human preadipocytes incubated for lh in serum-free
medium [Bergeron et al., 2009; Lord et al., 2010]. All these results suggest that pBMP-9 can
interact with BMP receptors to stimulate the Smad pathway.
Activation of the Smad pathway is involved in the expression of genes encoding transcription
factors, such as Runx2 and Dlx5, markers of the early osteogenic differentiation [Lee et al., 2000;
Lee et al., 2003a]. We found that BMP-2 and BMP-9 both increased the expression of genes
encoding Dlx5 and Osx in SaOS-2 cells. By contrast, Luo et al. (2008) found that subconfluent
SaOS-2 and MG-63 cells infected with adenovirus expressing BMP-2 or BMP-9 contained more
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transcripts of inhibitor of differentiation Id-1 and Id-3 than uninfected controls after culture for
30h in medium containing 1% fetal calf serum. However, it is difficult to compare these results
with our study since we used recombinant human BMPs rather than adenovirus expressing BMP.
We also detected no Runx2, Dlx5 or Osx transcripts in MG-63 cells treated with or without
BMP-2 or BMP-9, despite the fact that BMP-2 and BMP-9 induced the phosphorylation of Smad,
ERK1/2 or p38. Cao et al. (2005) also found that there were fewer human Osx transcripts in
human osteosarcoma cells (HOS, Krib, and MG) than in normal human osteoblasts. They
suggested that down regulation of the Osx gene is involved in the pathogenesis of osteosarcoma
[Cao et al., 2005]. SaOS-2 cells pre-treated with PD98059 contained much more Dlx5 mRNA
than untreated cells. These results agree well with those of Shimo et al. (2007) showing that
activation of ERK1/2 inhibits the early stages of SaOS.-2 cell differentiation induced by serum.
Furthermore, SaOS-2 cells pre-treated with PD98059 and then with BMP-2, which induced the
phosphorylation of ERK1/2 within lh, also contained more Osx transcripts than did similar cells
incubated with BMP-9. Therefore, ERK1/2 activation strongly affected the efficiency of BMP-2
on the early SaOS-2 cell differentiation.
There have been several reports that p38 is also involved in osteoblast differentiation [Guicheux

et al., 2003; Shimo et al., 2007]. However, our present results indicate that SaOS-2 cells
incubated with BMP-2 for 4h had only slightly increased p38 phosphorylation but an amount of
Osx transcripts similar to that of cells incubated with BMP-9, which stimulates p38
phosphorylation within lh. It was suggested that BMP-2 overcomes the loss of signals from p38
during SaOS-2 cell differentiation [Shimo et al., 2007]. However, we also found that incubation
of SaOS-2 cells for 6h with pBMP-9, which activated the Smad pathway and p38
phosphorylation, had no significant effect on the levels of Dlx5 and Osx mRNAs in these cells.
Moreover, adding PD98059 that enhanced the p38 phosphorylation in SaOS-2 cells treated by
pBMP-9 at lh had no significant effect on Dlx5 and Osx gene expression within 6h. Further
experiments are therefore required to understand the difference between the actions of pBMP-9
and BMP-9 on the expression of osteogenic marker genes in osteosarcoma cells. The peptide
derived from the knuckle epitope of BMP-2 did not alter the amount of Dlx5 or Osx transcripts in
SaOS-2 cells. However, since pBMP-2 did not act on either the Smad, or the ERK/p38, it was not
so surprising that this peptide had no effect on the expression of transcription factor genes.
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Reports of the osteogenic potential of P4 also derived from the knuckle epitope of BMP-2 are not
unanimous [Kloesch et al., 2007; Saito et al., 2003]. Saito et al. (2003) found that mouse
multipotent mesenchymal C3H10T1/2 cells grown on polystyrene dishes coated with P4 (310
(ig/cm2) for 3 days had more ALP activity than controls grown on uncoated dishes. However,
Kloesch et al. (2007) detected no increase in ALP activity or the transcripts of ALP, Runx2, Osx,
and osteocalcin in mouse myoblast C2C12 cells incubated with P4 peptide (50 ng/mL) for 5 days.
The altered proliferation rates of osteosarcoma cells are also a problem. Pautke et al. (2004)
showed that the doubling time MG-63 and SaOS-2 cells was about 3-time that of normal human
osteoblasts and their saturation cell density was IS-times higher. It is therefore important to know
the effect of BMPs and pBMPs on osteosarcoma cell proliferation. We observed that BMP-2,
BMP-9 and pBMP-9 had no significant effects on the proliferation of MG-63 and SaOS-2 cells.
However, Luo et al. (2008) found that proliferation rates in vitro of MG-63 and SaOS-2 cells
infected by AdBMP9 were higher than control. Huang et al. (2002) also showed that UMR106 rat
osteosarcoma cells overexpressing the BMP-2 gene proliferated more slowly than controls.
Incubating SaOS-2 cells in medium containing serum and PD98059 with or without BMPs or
pBMPs for 72h did not significantly affect their growth. By contrast, we found that inhibiting
ERK1/2 prevented the proliferation of MG-63 cells. Liu et al. (2011) recently showed that
PD98059 caused the cell cycle of human osteoblastic 1.19 cells to stop in Gi and G2/M. We
found that incubating MG-63 cells with BMP-2 and PD98059 inhibited their proliferation more
strongly than incubation in PD98059 alone or PD98059 plus BMP-9.

4.7 Conclusion
This study evaluated for the first time the combined effect of a MEK1 inhibitor (PD98059) and
BMP-2, BMP-9 or their derived peptides on human osteosarcoma cell signaling, gene expression
of early osteogenic markers, and proliferation. We found that BMP-2 or BMP-9 combined with
PD98059 induces the highest expression of Osx genes in SaOS-2 osteosarcoma cells and inhibits
the proliferation of MG-63 osteosarcoma cells. We observed that pBMP-2 had no effects on the
signaling pathways, differentiation and proliferation of human osteosarcoma cells. In contrast,
pBMP-9 activated both the Smad and p38 pathways. However, it seemed to affect p38
phosphorylation more slowly than the BMP-9 and it had no effect on gene expression at least
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during an initial 6h. Further experiments are therefore required to understand better the action of
pBMP-9 on osteosarcoma cells.
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CHAPTER 5
DISCUSSION
Osteosarcoma is the most common primary bone malignancy of childhood and adolescence.
Despite the use of surgery, chemotherapy, and radiotherapy, the long term survival rates for
osteosarcoma patients have not significantly improved over the past 30 years. Since osteosarcoma
cells have several hallmarks, due in part to mutations or deletions in various genes encoding
proteins involved in the regulation of apoptosis, cell cycle and/or differentiation, we must find
other ways to fight this aggressive cancer.

This Ph.D. study therefore addresses three major features of osteosarcoma cells: resistance to
apoptosis using sanguinarine, and uncontrolled cell proliferation and/or defective differentiation
using BMPs and specific inhibitors.

5.1 Strategy to overcome the resistance of human osteosarcoma cells
to apoptosis
Chapter 3 presented our experimental results demonstrating that sanguinarine can induce human
osteosarcoma cells to undergo apoptosis in a dose-dependent manner. Sanguinarine activated
both caspase-8 and caspase-9 within lh, indicating that both extrinsic (death receptor) and
intrinsic (mitochondrial) pathways are involved.
The ways sanguinarine affected osteosarcoma cells also seemed to depend on their tumourigenic
potential. A given dose of it killed MG-63 osteosarcoma cells more rapidly than SaOS-2
osteosarcoma cells. MG-63 and SaOS-2 cells are the best characterized of all the human
osteosarcoma cell lines presently in use. They especially show differences in their osteogenic
markers. MG-63 cells synthesize very little of the major markers of osteogenic differentiation,
such as ALP, BSP, and OCN, while SaOS-2 cells have high concentrations of them [Pautke et al.,
2004; Rodan et al., 1987]. Moreover, MG-63 cells grow and divide faster than SaOS-2 cells
[Shapira and Halabi, 2008]. Thus, SaOS-2 cells are considered to be less agressive osteosarcoma
cells with no metastatic potential [Shapovalov et al., 2011].
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5.1.1 Sanguinarine affects the viability of normal bone cells
The action of sanguinarine depends on the type of target cell and the concentration of
sanguinarine. Incubation of viable normal human osteoblast cells with 1 jtmol/L sanguinarine for
4h decreased their number by 46%, while it killed 59% of MG-63 cells. High concentrations of
sanguinarine (over 5 |imol/L) killed 100% of the cells within 24h. The kinetics of sanguinarine
action and its dose responses are therefore required to specifically address its action on
osteosarcoma cells.

5.1.2 Sanguinarine is more efficient when the tumourigenic potential of a
osteosarcoma cell is high
Alex Daviau (professional research assistant) has performed a preliminary experiment (Figure
S.l) to determine the effect of sanguinarine (0 - 0.1 |imol/L) on osteosarcoma cell lines having
different tumourigenic potentials (SaOS-2, MG-63, and U2-OS). The human osteosarcoma U2OS cells that are poorly differentiated osteosarcoma cells were selected [Niforou et al., 2008; Yu

et al., 2004]. U2-OS and MG-63 cells have more aggressive growth phenotypes than SaOS-2
cells [Trougakos et al.,.2010; Wang et al., 2009]. Sanguinarine seems to kill more U2-OS cells
than SaOS-2 cells. Other alkaloids also showed some cell type dependent-effect. For example,
Neferine that belongs to benzylisoquinolines alkaloid significantly decreased the viability of U2OS and SaOS-2 cells at 5 ^M, while it did not significantly affect the viability of normal
osteoblast cells [Zhang et al., 2012]. In contrast, DOX at 0.2 jxM after 6 days significantly
decreased the number of bone marrow stem cells in vitro [Bhinge et al., 2012]. Furthermore,
therapeutic-dose of DOX (1 mg/kg/week, 42 days) decreased the number of bone marrow stem
cells in vivo [Bhinge et al., 2012], Thus, several types of alkaloids would be used directly or
indirectly as anti-cancer drugs killing selectively the cancerous cells.
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Figure 5.1 Effect of sanguinarine on cell viability: SaOS-2, MG-63, and U2-OS cells.
This preliminary experiment needs to be confirmed using primary human osteoblasts as a control.
Nevertheless, it seems to confirm our hypothesis that sanguinarine affects osteosarcoma cells as a
function of their aggressiveness. An optimal dose of sanguinarine might be therefore determined
that minimizes its side effects on normal cells but retains its effects on cancerous cells.

5.U Sanguinarine affects the concentration of anti-apoptotic proteins in
osteosarcoma cells
Sanguinarine treatment activated both the extrinsic and intrinsic pathways of apoptosis in MG-63
and SaOS-2 cells.
The intrinsic apoptosis pathway implies the release in the cytosol of Cyt c from the outer
membrane of mitochondria due to altered specific channels made by the pro-apoptotic proteins
Bax/Bak [Shimizu et al., 1999; Shimizu et al., 2000; Walia et al., 2011]. The formation of these
pores depends on the ratio between anti- (Bcl-2 and Bcl-xL) and pro-apoptotic (Bax and Bak)
proteins [Cotter, 2009]. Thus, the Bcl-2/Bax ratio is decreased in apoptotic cells.
We found that incubation with sanguinarine decreased the amount of the anti-apoptotic protein
Bcl-2 only in MG-63 cells and not in SaOS-2 cells. Incubation with sanguinarine for 4h also had
no great effect on the amount of the pro-apoptotic protein (Bax) in osteosarcoma cells. The
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amount of Bax protein is lower in osteosarcoma cells (SaOS-2, MG-63, and U2-OS) and other
cancerous cells (neuroblastoma and lung cancer) than in normal cells. Thus, sanguinarine
treatment could affect the amount of other pro-apoptotic proteins, such as Bak, Bad, and Bid [Li

et al., 2012; Liang et al., 2012: Lin et al., 2012].

5.1.4 Sanguinarine changes the mitochondrial membrane potential
We analyzed the caspase-dependent apoptosis induced by sanguinarine. However, apoptosis can
occur due to non-caspase activation. Incubation of cells for lh with sanguinarine had a marked
effect on the mitochondrial membrane potential. As described in chapter 2, disruption of the
mitochondrial membrane releases Endo G protein and AIFs, which cause DNA fragmentation
and chromatin condensation, resulting in apoptosis without activation of caspases [Hunot et al.,
2001; Li et al., 2001]. Thus, their action on apoptosis might be faster than caspase-dependent
apoptosis. Since sanguinarine acts rapidly on the mitochondrial membrane potential, it might also
influence non-caspase apoptosis.

Table S. 1 Summary of the results gained with the strategy I.
Alteration of cell morphology
Cell viability
Mitochondrial membrane potential
changes
Apoptosis
Active caspases
Protein levels of Bcl-2
Protein levels of Bax
NC: no change.

Yes (dose- and time-dependent manner)

I
Yes (at 5 nmol/L after lh)
17% (at 5 fimol/L after lh) 13% (at 5 jimol/L after lh)
Caspases-8 and -9 (at S fimol/L after 4h)
i
NC
NC

To summarize, sanguinarine induces apoptosis in human osteosarcoma cells and acts in a cell
type dependent manner. However, several points need to be clarified before sanguinarine is used
to treat osteosarcoma. The main one is to identify the optimum sanguinarine concentration, so as
to better understand its effects on more aggressive cancers, on osteosarcoma cells extracted from
patients, and on normal cells.
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5.2 Strategy for limiting the uncontrolled proliferation or increasing
the early osteogenic differentiation of human osteosarcoma cells
BMPs, especially BMP-2 and BMP-7, are used clinically to repair bone defects [FDA.
http://www.fda.gov]. BMP-9 has now been identified as a promising molecule because it has a
higher osteogenic potential than BMP-2; it has been patented as an anti-cancer drug for treating
prostate cancer [Kang et al., 2004; Jiang, 2008; Ye et al., 2008].
Peptides derived from the BMPs have been developed recently because they are easy to
synthesize and relatively inexpensive [Bergeron et al., 2009; Chen et al., 2009; Saito et al., 2003].
The peptide developed from BMP-9, pBMP-9, costs 300 times less to produce than the parent
BMP-9 protein, but is still able to induce the differentiation of preosteoblasts in vitro [Bergeron et

al., 2009] and bone formation in vivo [Bergeron et al., 2012].
Chapter 4 described a comparative study of the effects of BMP-2, BMP-9, and the peptides
derived from them on osteosarcoma cells.

5.2.1 Both BMP-2 and BMP-9 activate Smadl/5/8 phosphorylation but have
different effects on the MAPK pathways in human osteosarcoma cells: a link
with short term gene expression
The phosphorylation of Smadl/5/8 is triggered by the binding of BMPs to their receptors.
Phosphorylated Smad 1/5/8 become associated with Co-Smad (Smad4) and are translocated into
the nucleus where they interact with transcription factors like Dlx5 or Runx2 to promote gene
expression [Harada and Rodan, 2003].
We find that incubation of osteosarcoma cells with BMP-2 or BMP-9 for lh is sufficient to
induce the phosphorylation of Smadl/5/8. Incubation with BMP-2 increased the phosphorylation
of ERK1/2 in both MG-63 and SaOS-2 osteosarcoma cells, while p38 was activated by BMP-9.
BMP-2 and BMP-9 activate the Smad and MAPK pathways in both MG-63 and SaOS-2 cells, but
did not influence the expression of the genes encoding osteogenic markers like Runx2 and Dlx5
in MG-63 cells. Further experiments are therefore required to understand why BMPs had no
influence on the differentiation of MG-63 cells. One possibility might be that the translocation of
phosphorylated Smadl/5/8 is prevented in MG-63 cells.
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Our results for the action of BMP-2 on SaOS-2 cells are in accordance with published findings.
BMP-2 has been shown to increase the expression of genes osteogenic transcription factors like
Dlx5 and Osx in SaOS-2 cells [Yu et al., 2011]. We also observed that the effect of BMP-2 on
the expression of the Dlx5 and Osx genes in SaOS-2 was increased by adding a MEK1 inhibitor.
ERK1/2 seems therefore partially to block die BMP-2 signal. Smadl can be phosphorylated by
ERK1/2 at its linker region connecting the MH1 and MH2 domains (Figure 2.IS in Chapter 2)
[Fuentealba et al., 2007; Sapkota et al., 2007]. This phosphorylation prevents the translocation of
phosphorylated Smadl into the nucleus, thereby blocking any subsequent gene activation [Guo
and Wang, 2009; Kretzschmar et al., 1997].
Some research groups have also highlighted the importance of p38 activation for the osteogenic
differentiation induced by BMP [Celil et al., 2005; Guicheux et al., 2003; Ulsamer et al., 2007].
However, we find that SaOS-2 cells incubated with BMP-2 expressed the early osteogenic gene
markers within 6h, but only a slight phosphorylation of p38 was detected at 4h. In addition,
BMP-9, that activated p38 within lh, increased the levels of Dlx5 and Osx mRNAs at 6h in a way
similar to that of BMP-2. The inhibition of ERK1/2 phosphorylation that strongly enhanced the
phosphorylation of p38 induced by BMP-9, only slightly increases the level of Osx mRNAs.
Perhaps p38 has a small effect on the differentiation of SaOS-2 cells induced by BMP-9. Further
experiments using an inhibitor of p38 are now needed to verify this finding.

5.2.2 pBMP-2 does not affect osteosarcoma cell behaviour
We also observed that pBMP-2 (VNSKIPKACCVPTELSAISMLYL), which is the peptide
sequences that supposed to interact with BMP receptors, did not influence the phosphorylation
state of Smadl/5/8, ERK1/2 or p38 and had therefore no effects on the behaviour of
osteosarcoma cells. Our team has also evaluated the effects of pBMP-2 on several cells, such as
hMSCs and MC3T3-E1 cells. This peptide did not activate the Smad pathway or activate the
genes encoding osteogenic markers like Runx2 (data not shown). In contrast Saito et al. (2003)
showed

that

synthetic

peptides

derived

from

the

knuckle epitope

of

(NSVNSKIPKACSVPTELSAISTLYL (P4), in which a cysteine residue was replaced

BMP-2
by a

serine and a methionine residue was replaced by a threonine) increased the ALP activity in
C3H10T1/2 mouse multipotent mesenchymal cells, after incubation for 3 days. The apparent

discrepancy between the results obtained with pBMP-2 and P4 might be due to this small
difference in the amino acid sequence. However, controversial results of the action of P4 have
also been published. Kloesch et al. (2007) found no increase in ALP activity or in the mRNAs
encoding ALP, Runx2, Osx, and OCN in C2C12 mouse myoblast cells treated with P4 for 5 days.

5.2J pBMP-9 activates Smadl/5/8 and p38 pathways but has no significant
effect on the levels of Dlx5 and Osx mRNAs within 6h
While pBMP-9 induced the phosphorylation of Smadl/5/8 and p38 in MG-63 and SaOS-2 cells,
it had no strong effects on the synthesis of early osteogenic markers. In addition, Bergeron et al.
(2009) demonstrated that incubating MC3T3-E1 cells with 1.92 nM pBMP-9 for lh increased the
phosphorylation of Smadl/5/8, in the same way as did BMP-9 and BMP-2. However, it required
incubation with pBMP-9 for 6 days to increase significantly the level of Osx mRNA, while BMP9 and BMP-2 produced the same increase after incubation for only 1 day. Since the D!x5 and Osx
mRNA were analyzed after incubation for 6h, we need to check their levels after a longer
incubation (3 or 6 days).
Other signalling pathways, such as the canonical Wnt pathway, might be also involved. Tang et

al. (2009) demonstrated that the ALP activity of MSCs cells infected with AdBMP-9 was
increased in the presence of AdWnt3a.

5.2.4 BMPs affect other signalling pathways: crosstalk between the Smad and
canonical Wnt pathways
The canonical Wnt pathway is a signalling cascade that is essential for osteogenic differentiation
[Hartmann, 2006]. This pathway is inactivated in several human osteosarcoma cells, including
MG-63, SaOS-2, U2-OS, 143B, HOS, and SJSA-1 cells [Basu-Roy et al., 2011; Cai et al., 2010;
Dieudonne et al., 2010]. In the cells lacking Wnt signal, GSK3P phosphorylates the p-catenin,
resulting in its ubiquitination and its rapid degradation by the proteasome [Huelsken and
Birchmeier, 2001]. Cai et al. (2010) demonstrated that stimulating the Wnt/p-catenin pathway
with a GSK3p inhibitor significantly reduced the proliferation of MG-63 and U2-OS cells, while
it enhanced the differentiation of HOS and SJSA-1 cells. In addition, Lee et al. (2009a) showed
that BMP-4 increased both the levels of Wntl mRNA and protein via activation of Smadl in
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mouse embryonic stem cells (ESCs: ES-E14TG2a). The amount of active p-catenin in the nucleus
was also increased in response to BMP-4.
Therefore, the activation state of the Wnt signalling pathway in osteosarcoma cells in the
presence of BMP-9 or pBMP-9 has to be determined.

5.2.5 ERKI/2 regulates the uncontrolled cell proliferation of osteosarcomas
The MEK1 inhibitor strongly decreased the proliferation of MG-63 cells, especially when
combined with BMP-2. It has been shown that the ERKI/2 pathway is involved in regulating the
cell cycle and apoptosis. For example, downregulating ERKI/2 with siRNA led to the arrest of
cell division in the G1/G0 phase of the cell cycle and induced apoptosis in U2-OS cells [Si et al.,
2012]. In addition, inhibition of ERKI/2 with the MEK1 inhibitor induced the cell cycle arrest in
hFOB1.19 human osteoblastic cell lines and increased the synthesis of pro-apoptotic proteins in
143B human osteosarcoma cells [Liu et al., 201 Id; Noh et al., 2011]. Thus, this might be the
reason why blockade of ERKI/2 pathway has been widely studied in several cancerous cells,
such as melanoma, breast cancer, and also osteosarcoma [Davies and Samuels, 2012; Du et al.,
2011; Liu et al., 2011d; Noh et al., 2011].

5.2.6 BMPs increase early osteogenic gene expression: protein analysis
The amounts of mRNA induced by BMPs are not absolute values that can indicate the grade of
osteogenic differentiation. Total mRNA concentrations do not always reflect protein
concentrations, especially in cancerous cells [Livingstone et al., 2010]. For example, breast
tumours lacking the WntSa protein had high or normal concentrations of Wnt5a mRNA
[Leandersson et al., 2006].
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Figure 5. 2 Summary of the results concerning the strategy II: signalling pathways induced by
BMP-2 or BMP-9 or pBMP-9 after incubation for 4h without an inhibitor of MEKl (PD98059).
pBMP-2 did not show any activation of intracellular signalling pathway. ©: induced
phosphorylation, TF: transcription factor.
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Figure 5. 3 Summary of the results concerning the strategy II: effect of the MG-63 and SaOS-2
pretreatment by an inhibitor of MEKl (PD98059) for lh on the signalling pathways induced by
BMP-2 or BMP-9 or pBMP-9. pBMP-2 did not show any activation of intracellular signalling
pathway. ©: induced phosphorylation, ©: enhanced phosphorylation in the presence of an
inhibitor of MEKl, TF: transcription factor.
Table 5. 2 Summary of the results concerning the strategy II: osteosarcoma cell proliferation and
gene expression induced by BMP-2 or BMP-9 or pBMP-9 with or without an inhibitor of MEKl.
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-; without PD98059, +: with PD98059, NE: no effect, j: decreased proliferation, J, J,: induced the
lowest proliferation, f: increased the levels of Dlx5 or Osx mRNA, ff: enhanced the the levels of
Dbc5 or Osx mRNA increased by BMPs or pBMPs, J If: induced the highest level of Osx mRNA,
***: p<0.0001.
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Chapter 4 showed that BMP-2 and BMP-9 increased the levels of Osx tnRNA in SaOS-2 cells.
However, we cannot state definitively that these proteins induced the osteogenic differentiation of
SaOS-2 cells, since we did not measure protein concentrations.

While we have studied the effects of interesting molecules (alkaloids or cytokines) on three
hallmarks of osteosarcoma, one major problem associated with this type of cancer must be
addressed: metastasis. It might be therefore important to evaluate the impact of our molecules on
highly metastatic osteosarcoma cells. Since cancer stem cells can escape from conventional
treatment, they are involved in tumour recurrence and metastasis, even when the primary lesion
has been eradicated [Soltanian and Matin, 2011]. Cancer stem cells are a subpopulation of selfrenewing tumour cells that drive tumourigenicity [Gibbs et al., 2005]. Self-renewal in cancer
stem cells results in an asymmetric division in which one copy has developmental potentials
similar to those of cancer stem cells and the other copy (progenitor cell) is a transit-amplifying
cell that fails to differentiate normally. The accumulation of these cells results in cancer growth
[Yang et al., 2011]. Cancer stem cells isolated from osteosarcoma cells are significantly more
tumourigenic, with a high repopulating capacity, elevated clonogenicity, self-renewal, and multichemoresistance [Tirino et al., 2008; Yang et al., 2011]. Therefore, future anti-cancer treatments
should be designed bearing in mind these properties.
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CHAPTER 6
CONCLUSION AND PERSPECTIVES
6.1 CONCLUSION
Currently treatments of osteosarcoma have undesirable side effects. This Ph.D. project has
evaluated two strategies for combatting osteosarcoma.

We first demonstrated that sanguinarine, a plant alkaloid, affects the morphology of osteosarcoma
cells and strongly decreases their viability. This molecule stimulates both the extrinsic and
intrinsic apoptosis pathways in MG-63 and SaOS-2 cells. The amount of the anti-apoptotic
protein (Bcl-2) was decreased in MG-63 cells treated with sanguinarine. Sanguinarine treatment
also had no effect on the low amount of the pro-apoptotic Bax protein in these cells. However,
the global decrease in the Bcl-2/Bax ratio in MG-63 osteosarcoma cells after incubation with
sanguinarine might explain why they underwent apoptosis. The mechanism by which
sanguinarine activated both caspase-8 and caspase-9 in SaOS-2 cells awaits further analysis. The
effect of sanguinarine seems to depend on the tumourigenic potential of the osteosarcoma cell
line. More differentiated osteosarcoma cells like SaOS-2 were more resistant to sanguinarine than
were less well differentiated osteosarcoma cells like MG-63 and U2-OS. Nevertheless, primary
human osteoblasts were also affected by sanguinarine. Optimal concentrations of sanguinarine for
particular targets must now be studied to improve its use as an anti-cancer drug.

We also showed that BMPs or pBMPs affect differently on intracellular signalling pathways
(Smadl/5/8, ERK1/2, and p38) and cell behaviour (early osteogenic transcripts, proliferation) in
osteosarcoma cells. BMP-2, BMP-9, and pBMP-9 increased the phosphorylation of Smadl/5/8 in
MG-63 and SaOS-2 cells. BMP-2 increased phosphorylation of ERK1/2, while BMP-9 and
pBMP-9 induced the phosphorylation of p38. We also found that pBMP-2 had no effects on
intracellular signalling pathways and the subsequent behaviour of osteosarcoma cells. Incubation
with pBMP-9 activated the phosphorylation of the Smadl/5/8 and p38 within 2h, as similar to
BMP-9 did, but had no great effects on gene expression at 6h. BMP-2 or BMP-9 combined with
an inhibitor of MEK1 induced the greatest expression of early osteogenic marker genes in SaOS124

2 osteosarcoma cells, while it induced the lowest cell proliferation in MG-63 osteosarcoma cells.
Therefore, a combination of BMPs and an inhibitor of MEK1 might be a potential anti-cancer
treatment.
However, several additional experiments are required to obtain a clearer understanding of the
mechanisms by which sanguinarine and the BMPs act on osteosarcoma cells.

6.2 PERSPECTIVES
6.2.1 Overcoming the resistance of osteosarcoma cells to apoptosis
6.2.1.1 Sanguinarine is most efficient when the tumourigenic potential of the target cell is
high
Since sanguinarine seems to act more effectively on osteosarcoma cells with a high tumourigenic
potential, it may be useful to examine osteosarcoma cells of various grades extracted from
patients. In addition, cancer stem cells seem to be involved in the chemoresistance, tumour
recurrence, and metastasis of osteosarcoma. It is therefore important to verify the action of
sanguinarine on cancer stem cells extracted from osteosarcoma. The human osteosarcoma cells
(SaOS-2, MG-63, and U2-OS) used in this work contained some cancer stem cells. For example,
MG-63 cells formed spheres, which are one of the markers of cancer stem cells, at a frequency of
0.1 to 1% [Gibbs et al., 2005]. The MG-63 spheres were less sensitive to DOX and DDP (or
CDP) than were adherent cells [Fujii et al., 2009]. The genes encoding the DNA mismatch repair
enzymes, such as MLH1 and MSH2, are also more highly expressed in MG-63 cell spheres,
suggesting that these cell spheres might facilitate chemoresistance [Fujii et al., 2009]. Tirino et al.
(2008) also identified about 3 to 5% of cells in the population of SaOS-2, MG-63, and U2-OS
cells that are CD133+, a marker of cancer stem cells. These sub-populations of cells grew faster
than CD133" cells in vitro and formed colonies in a soft agar assay. Thus, the effect of
sanguinarine on more aggressive osteosarcoma cells (or cells extracted from patients) as well as
cancer stem cells isolated from osteosarcoma should be studied.
Sanguinarine treatment must also be compared with that of chemotherapeutic drugs currently
used to treat osteosarcomas.
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6.2.1.2 Sanguinarine affects the concentration of anti- and pro-apoptotic proteins in
osteosarcoma cells
The amount of anti- (Bcl-xL and Mcl-1) and pro- (Bad, Bak, and Bim) apoptotic proteins must be
determined because this ratio influences the induction of apoptosis [Baguley, 2011; Chipuk et al.,
2010]. This should provide a better understanding of how sanguinarine treatment activates the
intrinsic apoptosis pathway in MG-63 and SaOS-2 cells. In addition, since both caspase-8 and
caspase-9 are activated in osteosarcoma cells by sanguinarine, it might be interesting to study the
cleavage of Bid. Caspase-8 can cleave Bid into its active t-Bid form [Ulukaya et al., 2011]. tBid
can be translocated into the mitochondria, where it promotes the activation of pro-apoptotic
proteins (Bax and Bak). Caspase-9 can then be stimulated by the release of Cyt c into the cytosol
[Maas et al., 2011]. Thus, a western blotting study of the activation of Bid by sanguinarine should
help show how sanguinarine induces the extrinsic and intrinsic apoptosis pathways.

6.2.1.3 Sanguinarine induces non-caspase apoptosis
Since sanguinarine affects the mitochondrial membrane potential and induces DNA condensation,
a study of the action of sanguinarine on the non-caspase pathway, especially the release of Endo
G and AIFs from mitochondria (western blotting), might be interesting.

6.2.1.4 Sanguinarine acts on normal bone cells
Bone tissue is being continuously remodelled by osteoclasts (resorption) and osteoblasts
(formation). Thus, a balance between osteoclasts and osteoblasts is important. Sanguinarine
activates both the extrinsic and intrinsic apoptosis pathways in osteosarcoma cells and also
affects normal osteoblasts. The effect of sanguinarine on osteoclasts and osteoprogenitor cells
should be determined.
Currently used chemotherapeutic agents (DOX, CDDP, and 1FOS) can also affect normal cells,
especially digestive cells [Ferrari and Palmerini, 2007; Holmboe et al., 2012; McTiernan et al.,
2012], Consequently, the patients treated by such drugs have suffered from nausea and emesis
[McTiernan et al., 2012]. Furthermore, sanguinarine can be retained in gastrointestinal tract, liver,
lung, kindey, heart, and blood, even after 96h, in rat [Tandon et al., 1993]. Therefore, the effect
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of sanguinarine on digestive cells as well as other normal cells should be examined to confirm its
interesting potential as anti-osteosarcoma drug.

6.2.1.5 Other alkaloids act on osteosarcoma cells
Sanguinarine is prepared by warm acid alcoholic extraction of the rhizome of Sanguinaria

canadensis, followed by precipitation with a metal salt [Thorne et al., 1986], The extract is
principally a mixture of benzophenanthridine alkaloids composed of sanguinarine (50%),
chelerythrine (25%), sanguilutine (15%), chelilutine (2%), chelirubine (4%), and sanguirubine
(4%) [Thorne et al., 1986]. Incubating A375 malignant melanoma cells with 1 |ig/ml
chelerythrine for 12h also induces apoptosis and decreases the concentrations of anti-apoptotic
proteins (Bcl-xL, Mcl-1, and XIAP), just like sanguinarine does [Hammerova et al., 2011].
Similarly, incubating HL-60 human promyeolocytic leukemia cells with 1 (ig/ml sanguilutine and
chelilutine for 12h incubation had pro-apoptotic effects [Slunska et al., 2010]. Since the actions
of most of these alkaloids on osteosarcoma ceils have not yet been assessed, their effects on
normal and cancerous bone cells should be studied.

6.2.2 Limiting uncontrolled proliferation or increasing the early differentiation
of human osteosarcoma cells
6.2.2.1 Both BMP-2 and BMP-9 activate Smadl/5/8 phosphorylation but have different
effects on the MAPK pathways in MG-63 and SaOS-2 cells: a link with short term gene
expression
The inhibition of ERK1/2 in SaOS-2 cells that had been incubated with BMP-2 plus MEK1
inhibitor may have increased the translocation of phosphorylated Smadl/5/8 into the nucleus and
thus stimulated the expression of the Dlx5 and Osx genes. Immunostaining of the phosphorylated
Smadl with or without MEK1 inhibitor should help verify the translocation of Smad under
different experimental conditions. It will be also interesting to determine the ratio
cytoplasmic/nucleus of phosphorylated Smad 1/5/8 by western blotting. The phosphorylated state
of Smadl in its linker or MH2 domain analyzed by western blotting with or without MEK.1
inhibitor may be also verified.
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6.2.2.2 pBMP-2 does not affect osteosarcoma cell behaviour
BMPs normally act through a complex serine-threonine receptor mechanism to activate the Smad
signal transduction molecules [Kirsch et al., 2000a; Kirsch et al., 2000b; Knaus and Sebald,
2001]. Thus, Saito et al. (2003) modified the amino sequence of the knuckle epitope of BMP-2 to
develop the peptide P4 (NSVNSKIPKACSVPTELSAISTLYL) that binds to BMP receptors. In
contrast, our pBMP-2 amino acid sequence (Ac-VNSKIPKACCVPTELSAISMLYL-NH2)
contains the native sequence of the knuckle epitope of BMP-2. We can perhaps incubate P4 with
normal osteoblasts and osteosarcoma cells to verify the influence of this modified peptide on
cancerous cells.

6.2.2J pBMP-9 activates Smad1/5/8 and p38 but has no significant effect on Dlx5 and Osx
mRNAs within 6h
pBMP-9 increases the phosphorylation of Smad1/5/8 within lh, but has no effect on gene
expression after 6h. It is therefore important to verify whether the phosphorylated Smad is inside
the nucleus by immunostaining and western blotting. Longer incubations should be also
performed since Bergeron et al. (2009) showed that pBMP-9 activated the Smad pathway (within
lh) and increased gene expression more slowly (3 and 6 days) in MC3T3-E1 cells. Other markers
of specific phenotype, such as Sox9 (chondrogenic phenotype) and AP2 (adipogenic phenotype),
should be also verified to understand the effect of activated signalling pathways by BMP-9 or
pBMP-9 on osteosarcoma cell differentiation.

6.2.2.4 BMPs affect other signalling pathways: crosstalk between the Smad and canonical
Wnt pathways
It should be verified whether the BMPs and the canonical Wnt pathway in osteosarcoma cells
influence each other. This can be done by looking for p-catenin in the nucleus of osteosarcoma
cells treated with BMPs or pBMPs by immunolabelling and western blot analysis. The state of J5catenin phosphorylation can also be determined. The signalling pathways can also be specifically
inhibited or activated to study crosstalk between the Smad and canonical Wnt pathways. For
example, the canonical Wnt pathway can be activated by the GSK3p inhibitor or Wnt agonist. It
can be blocked by inhibiting Wnt receptors using Dkk. The state of Smad1/5/8 phosphorylation
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can also be verified by western blotting. It will be also important to verify the translocation of
phosphorylated Smad 1/5/8 into the nucleus by immunostaining.

6.2.2.5 mRNAs induced by BMPs are not absolute indicators of osteogenic differentiation
Protein concentrations and ALP activity should be analyzed by western blotting and enzyme
assays to clarify the osteogenic differentiation induced by BMPs. ALP activity is an early marker
of osteogenic differentiation while OCN is a late marker. One of the most useful methods to
study osteogenic differentiation will be to determine the mineralization of the ECM by labelling
the Ca2+ deposition after incubation for about 20 days using Alizarin Red S.

To conclude, this thesis explores the effects of alkaloids on the behaviour of human osteosarcoma
cells. It also analyses the effects of BMPs (BMP-2 and BMP-9) and their derived peptides
(pBMP-2 and pBMP-9) on human osteosarcoma cells. Inevitable, this thesis occasionally raises
more questions than it answers. However, I sincerely hope that this work will contribute to our
knowledge of how osteosarcoma cells behave and provide the cancer research community with
useful ideas for developing innovative cancer treatments. This thesis has opened up leads to
several questions that remain unresolved. I am particularly fascinated by the potential of alkaloids
and growth factors for influencing the behaviour of human osteosarcoma cells, especially cancer
stem cells. It is my hope that this work will lead to anti-cancer drugs that significantly kill or
inhibit the development of aggressive osteosarcoma cells without damaging normal tissue.
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CONCLUSION
A ce jour, certains traitements de I'ost6osarcome induisent toujours des effets secondaires
indesirables. Cette these a evalue deux strategies pour lutter contre l'osteosarcome.

Nous avons d'abord demontre que la sanguinarine, un alcalo'fde vegetal, affecte la morphologie
des cellules d'osteosarcome et diminue fortement leur viability. Cette molecule stimule & la fois
les voies d'apoptose extrins&ques et intrins£ques des lignees cellulaires humaines d'osteosarcome
MG-63 et SaOS-2. La quantity de proline anti-apoptotique (Bcl-2) a diminue dans les cellules
MG-63 traces par la sanguinarine. Le traitement avec la sanguinarine n'a eu aucun effet sur la
quantity de proline pro-apoptotique Bax dans ces cellules. Toutefois, la diminution globale du
ratio Bcl-2/Bax dans les cellules d'osteosarcome MG-63 aprds incubation avec la sanguinarine
pourrait expliquer pourquoi ces dernigres sont entries en apoptose. Le mecanisme par lequel la
sanguinarine active la caspase-8 et la caspase-9 dans les cellules SaOS-2 demande une analyse
plus approfondie. L'effet de la sanguinarine semble d£pendre du potentiel tumorigene de la lignee
cellulaire d'osteosarcome. Les cellules d'osteosarcome plus difiterenciees SaOS-2 etaient plus
resistantes k la sanguinarine que ne 1'etaient les moins bien differenciees, les cellules
d'osteosarcome MG-63 et U2-OS. Neanmoins, les osteoblastes humains primaires ont egalement
ete affectes par la sanguinarine. Les concentrations optimales en sanguinarine pour des cibles
particuli&res doivent maintenant etre etudiees afin d'ameiiorer 1'utilisation de la sanguinarine
comme traitement anti-cancer.

Nous avons egalement constate que la BMP-2 ou la BMP-9 combinee k un inhibiteur MEK1
induit la plus grande expression de g&nes marqueurs osteogeniques precoces pour les cellules
d'osteosarcome SaOS-2, alors qu'elle inhibait la proliferation des cellules d'osteosarcome MG-63.
La BMP-2, la BMP-9 et le pBMP-9 augmentent la phosphorylation des Smad1/5/8 pour les
lignees cellulaires d'osteosarcome MG-63 et SaOS-2. La BMP-2 accroit la phosphorylation de
ERK1/2, tandis que la BMP-9 et le pBMP-9 induisent la phosphorylation de la p38. La
combinaison de la BMP-2 et de l'inhibiteur MEK1 inhibe la proliferation des cellules MG-63.
Nous avons egalement constate que le pBMP-2 n'a aucun effet sur les voies de signalisation
intracellulaires et le comportement ulterieur de cellules d'osteosarcome. Une incubation avec le
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pBMP-9 augmente la phosphorylation de la p38 et des Smadl/S/8 en moins de 2 h, mais n'a pas
de grands effets sur l'expression des g&nes k 6h, contrairement a la BMP-2 ou la BMP-9. Par
consequent, une combinaison des BMPs et de I'inhibiteur MEKl pourrait etre un traitement
cancereux prometteur.

Cependant, plusieurs experiences supplementaires sont necessaires afin d'obtenir une meilleure
comprehension des mecanismes agissant sur les cellules d'ost6osarcome en presence de
sanguinarine et des BMPs.
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