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Abstract

Background: Osteosarcoma (OS) is the most prevailing primary bone tumour among children
and adolescents. This malignancy is considered a differentiation disease that arises from
disruptions in the differentiation process of mesenchymal stem cells into osteoblasts. The
hypothesis that cancer is driven by cells with stem-like properties (CSCs) has been widely
accepted as a model for carcinogenesis. These cells are able to self-renew and to differentiate
recreating the phenotypic heterogeneity of the original tumor. In this work, we aim to address
the dynamic changes that occur during differentiation of CSCs regarding the expression of
stemness markers and of drug efflux transporters, metabolic activity, sensitivity to DOX,

clonogenic potential and pattern of motility.

Methods: CSCs were isolated from the human osteosarcoma cell line MNNG/HOS using the
sphere formation assay. The isolated CSCs were characterized in terms of mesenchymal stem
cells markers and multilineage differentiation. Differentiation of CSCs was induced by culturing
cells in culture medium supplemented with 10% of fetal bovine serum in adherent flasks for 21
days. During this period, at different time-intervals we analyzed the expression of pluripotency
markers (OCT4 and Nanog) and of drug efflux proteins (BCRP and P-glycoprotein) by Western
blot. Metabolic activity was assessed based on the cellular uptake of [*®*F]FDG. The cytotoxicity
to doxorubicin was evaluated using the MTT colorimetric assay after 48h of exposure. Analysis of
cells motility was assessed using the scratch assay and the clonogenic potencial was also assayed

along differentiation.

Results: The isolated CSCs exhibited features of mesenchymal stem cells, and showed a higher
expression of pluripotency markers OCT4 and Nanog and of drug efflux transporters BCRP and P-
glycoprotein. Along differentiation of CSCs, it was observed a marked decrease in the expression
levels of both stemness markers and of drug efflux transporters that was accompanied by a
decrease in the metabolic activity of cells. In parallel it was observed a progressive increase in
the cell’s sensitivity to DOX acquiring a sensitivity profile similar to that of the parental
MNNG/HOS cells. The higher clone-forming ability was observed at early stages of

differentiation. Differentiated cells showed higher invasive properties.

Conclusions: Osteosarcoma contains population of cancer stem-like cells with attributes of
mesenchymal stem cells, able to self-renew and to generate differentiated progeny

phenotypically similar to their parental cells.

Keywords: osteosarcoma, cancer stem cells, differentiation, [®F]FDG, doxorubicin
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Resumo

Introdugdo: Osteossarcoma € o cancro primdrio ésseo mais comum em criancas e adolescestes.
Esta patologia tem origem em perturbag¢des que ocorrem durante o processo de diferenciacdo
osteoblastica de células estaminais mesenquimais. A hipdtese de que o cancro tem origem em
células com propriedades de células estaminais (CSCs, do inglés Cancer Stem Cells) tem sido
amplamente aceite como modelo de carcinogénese. Estas células possuem caracteristicas tipicas
de células estaminais, nomeadamente capacidade de auto-renovac¢do e diferenciacdo sendo
capazes de recriar a heterogeneidade tipica do tumor original. Este trabalho teve como objectivo
avaliar as alterag¢bes dinamicas que ocorrem durante o processo de diferenciacao das CSCs, em
termos de expressao de marcadores de células estaminais, proteinas transportadoras de
farmacos, actividade metabdlica, sensibilidade a doxorrubicina, potencial clonogénico e

motilidade celular.

Métodos: As CSCs foram isoladas a partir da linha celular humana de osteossarcoma
MNNG/HOS pelo método de formacgao de esferas e caracterizadas em termos de marcadores de
células estaminais mesenquimais e diferencicdo em multiplas linhagens. A diferenciacdo das
CSCs foi induzida em meio de cultura enriquecido com 10% de soro fetal bovino em frascos
aderentes durante 21 dias. Durante este periodo, a diferentes intervalos de tempo, analisamos a
expressdo de marcadores de pluripoténcia OCT4 e Nanog e de proteinas transportadoras de
farmacos (BCRP e glicoproteina-P) por Western blot. A actividade metabdlica das células foi
avaliada com [**F]FDG. A citotoxicidade da doxorrubicina foi testada pelo método colorimétrico
de MTT apds um periodo de incubagdo de 48 h. A analise da migragao celular, pelo método de

Scratch, e o potencial clonogénico foram igualmente efectuados ao longo da diferenciacdo.

Resultados: As CSCs isoladas apresentaram caracteristicas de células estaminais mesenquimais e
uma elevada expressdo de marcadores de pluripoténcia (OCT4 e Nanog) bem como de proteinas
transportadoras de farmacos (BCRP e glicoproteina-P). Ao longo da diferenciacdo das CSCs,
observou-se uma diminui¢dao acentuada tanto dos marcadores de pluripoténcia OCT4 e Nanog
como dos transportadores BCRP e glicoproteina-P, a qual foi acompanhada de um decréscimo da
actividade metabdlica das células. Em paralelo observou-se um aumento da sensibilidade das
células a doxorrubicina, acabando por adquirir um perfil de sensibilidade semelhante ao das
células parentais MNNG/HOS. As células apresentaram maior capacidade clonogénica numa fase
mais precoce da diferenciacdo celular. As células mais diferenciadas apresentaram propriedades

mais invasivas.
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Resumo

Conclusées: O osteossarcoma contém uma populagdo celular de células estaminais tumorais
com atributos de células estaminais mesenquimais capazes de se auto-renovar e de se

diferenciarem gerando células fenotipicamente semelhantes as células parentais.

Palavras-chave: osteosarcoma, células estaminais tumorais, diferenciacdo, [®F]FDG,

doxorrubicina
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1. Introduction

1.1. Osteosarcoma

Osteosarcoma (0OS) is the most common primary bone malignancy among children and
adolescents. This malignancy comprises about 20% of primary bone sarcomas and represents
2.4% of all childhood cancers. In United States of America every year 400 new cases of OS are
diagnosed in children and adolescents under 20 years of age. OS presents a bimodal age
distribution. The first incidence peak of this disease lies between 10 and 14 years during the
pubertal growth spurt. The second peak of OS incidence occurs in older adults aged over 65
years. These particular cases are frequently related Paget’s disease of bone (1).

OS can occur in all bones of body although it tends to be developed in long bones in
areas of rapid bone growth or turnover. OS development occurs preferentially in distal femur
(40%), proximal tibia (20%) and proximal humerus (10%), although it may occur in the axial
skeleton. This axial location is more frequent in older patients. Axial bone involvement in
pediatric patients represents less than 10% of clinical cases. Despite of 80% of OS cases present
localized disease, approximately 20% of OS patients have radiologically detectable metastases.
The most common sites of metastasis are lung and other bones. Metastatic disease in OS is
associated with a poor prognosis and short-time survival (2-4).

OS is a destructive process that initiates in the intramedullary region and in most of the
cases grows radially towards the bone cortex resulting in cortex perforation. OS lesions can also
extend to surrounding soft tissues like muscles compressing them into a pseudocapsular layer
determined “reactive zone”. The OS lesions are characterized by the production of malignant
osteoid by the neoplasic cells which can be detected through imagiologic studies(2, 5). The
imaging techniques used in osteosarcoma diagnosis are plain-film radiography, computerized
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography (PET) and
bonescintigraphy. Despite the important information that these techniques can provide the
clinicians, biopsy is the key step in osteosarcoma diagnosis (6).

The most common symptoms of OS are pain and swelling. Pain can emerge after
strenuous exercise or trauma, usually 2-4 months before diagnosis, and increases progressively
along time. Swelling appears later with a hard painful mass in the affected region. Despite of
being uncommon, pathologic fracture can occur in OS cases (7). In addition to the physical

symptoms, (0N patients usually present abnormal high levels of
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alkaline phosphatase (AP) and lactate dehydrogenase (LDH). These features are reported to be

related to prognosis and tumor volume (8).

1.1.1. Etiology

The exact causes of OS are not completely understood, although there are some risk
factors that are associated with the development of the disease. The only proven exogenous risk
factor is exposure to radiation. The time period since the radiation exposure to the disease
development is 10-20 years interval. Therefore radiation induced OS represents 2% of total OS
cases and is more common in adult age. A feature that support the role of radiation in OS
pathogenesis in the fact that 5.7% of children treated with radiotherapy develop a secondary
neoplasm and 25% of these neoplasms are sarcomas (9, 10). OS is also associated with other
malignancies. Patients with retinoblastoma, Ewing’s sarcoma, Paget’s disease of the bone, Li-
Fraumeni syndrome and Rothmund-Thompson syndrome Have a higher genetic susceptibility to
develop OS (11). Despite the existence of these risk factors, the majority of OS cases occur
without association with predisposition factors.

The development of OS is also associated with some genetic abnormalities in both tumor
suppressor genes and oncogenes. Tumor-suppressor pathways that are targets of genetic
alterations in OS are retinoblastoma tumor-suppressor gene (Rb) and p53 pathways (12). Rbis a
tumor suppressor gene that is entailed in development of retinoblastoma, an uncommon
childhood tumor in retina. Retinoblastoma patients are reported to have a 500-fold higher risk
of developing OS than healthy population. Rb gene encodes a nuclear phosphoprotein (pRb)
which is responsible for the growth-suppressive effect on cell cycle regulating G1/S progression.
This protein can be inactivated through phosphorilation by the protein encoded by oncogene
CDK4 which is a cyclin dependent kynase. CDK4 gene is reported to be amplified or over-
expressed in OS representing an important gene on OS development. p53 have been proved also
to be involved in pathogenesis of OS. This gene plays an important role in tumor-suppressive
function regulating genes involved in cell cycle, DNA damage response and apoptosis. Mutations
in this gene have been found in human carcinomas including bone and soft tissue sarcomas. The
protein encoded by p53, is inactivated by a protein encoded by MDM2 gene which is amplified
or over-expressed in OS. Proto-oncogenes like C-myc and C-fos possess an important function in
the regulation of cell growth and similarly to CDK4 and MDM2 are reported to be amplified or
over-expressed in 0S.(2, 4, 13). Despite of being known that OS have origin in the inactivation of
tumor-suppressor pathways (Rb and p53) and over-expression of proto-oncongenes (C-myc and

C-fos) it is still unknown the order of the events leading to OS origins (9).
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1. Introduction

Growing evidence point out that OS may be regarded as a malignant tumor of
mesenchymal origin which results from genetic and epigenetic changes that interfere with the
osteoblastic differentiation pathway from mesenchymal stem cells (MSC). MSC are potentially
the cells of origin of OS, given their role in bone remodelling during the pubertal growth spurt
and their multipotential differentiation capacity (14, 15). These cells, first discovered in the bone
marrow, are non-hematopoietic and display multilineage differentiation potential particularly
osteogenesis, chondrogenesis and adipogenesis (16).

Osteoblastic differentiation is a complex and tightly regulated process that is critical for
proper bone formation and is influenced by a variety of endogenous and environmental factors
(Figure 1.1 A.) If alterations in the MSC differentiation cascade block the progression to
terminally differentiated osteoblasts, it is likely that tumorigenic precursors are formed and such
undifferentiated OS precursors would maintain the ability to proliferate, increasing the risk for

development of OS (Figure 1.1 B) (17, 18).

Osteogenic differentiation and tumorigenesis

Committed Early Mature
ostcoprogenitor osteoblast osteoblast Osteocyte

Pluripotent

MSCs BAMP/Id . D) X
CTGFE

$ Defects in Defect in differentiation
Wnt-catenin @ & & ) _______ > mitogenic stimulation
Rb/p53/p27/ctc uncontrolled cell cycle |
220 decreased apoptosis
% s OS precursors
> ‘J

2210353

S
Committed X
Pluripotent osteoprogenitor 6@ QQ
MSCs @."., (o’ Osteosarcoma proliferation

> differentiation
Early Mature

osteoblast osteoblast

Figure 1.1. Osteogenic differentiation and osteosarcoma tumorigenesis. A. Mesenchymal stem cells
(MSCs) progress down the osteogenic differentiation cascade by a tightly regulated process by different
signalling pathways. B. Defects in osteogenic differentiation lead to OS development. If alterations in the
MSC differentiation cascade block the progression to terminally differentiated osteoblasts, it is likely that
tumorigenic precursors are formed, maintaining the ability to proliferate and increasing the risk for OS
development (Adapted from (17).)
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Although not completely understood, some of the potential defects may include
activation of oncogenes or inactivation of p53 or Rb tumor suppressor genes and changes in Wnt
signalling pathway. These defects may lead to uncontrolled cell proliferation and disrupted
differentiation leading to a tumorigenic phenotype. This model is supported by the fact that OS
cells share many cellular and morphologic features with undifferentiated osteoprogenitors
including the high proliferative capacity, resistance to apoptosis and similar expression of many
osteogenic markers such as osteopontin and osteocalcin that are highly expressed in mature
differentiated osteoblasts, but minimally expressed in OS cells (19). CTGF, a multifunctional
growth factor that is normally upregulated at the earliest stages of osteogenic differentiation,
also shows elevated basal expression in human OS cells. Moreover osteogenic stimuli such as
bone morphogenetic proteins (BMPs), failed to promote terminal differentiation of most OS cells
leading to cellular proliferation and tumor growth, further supporting the existence of possible
differentiation defects in OS cells (20). It is likely that defects occurring at the early stages of
osteogenic differentiation may lead to a more aggressive and undifferentiated tumor and vice-

versa.

1.1.2. Treatment of Osteosarcoma and prognosis

Until the 1970’s, OS patients were treated surgically by amputation but, despite the
good local control of the disease, the 5-year disease free survival rate was only of 12%. Seventy
five percent of the patients treated surgically died after 2 years due to development of
metastases mostly located in the lung. The introduction of adjuvant chemotherapy together
with surgery, increased significantly the 5-year survival rate to 70% of patients with localized
disease. However, for patients with metastasis, the prognosis is still poor with a 5-year survival
rate of 30% (9).

Actually the treatment modalities of OS include neoadjuvant chemotherapy for
elimination of micrometastasis and reduction of tumor size, followed by surgery and then
additional (adjuvant) chemotherapy. Radiotherapy can be used but only for palliative care
improving local symptoms and local control of the tumor (3).

The chemotherapeutic agents recommended by European and American Osteosarcoma
Study Group (EURAMOS-1) include doxorubicin (DOX), cisplatin (CIS) and high-dose
methotrexate (MTX) (21). These drugs target DNA of tumoral cells through different mechanisms
of action. DOX intercalates at points of local uncoiling of the DNA double helix inhibiting the DNA
and RNA synthesis. CIS binds directly to tumor DNA inhibiting the DNA synthesis of DNA through
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formation of DNA cross-links. MTX is a folate antimetabolite that inhibits the synthesis of purine
and thymidilic acid by binding dihydrofolate reductase (2).

Despite the significant improvement observed in survival of OS patients with this
therapeutic approach, 25-50% without metastasis at diagnosis develop systemic disease and dye
from the disease and intensifying chemotherapeutic dosages or increasing the length of
treatment does not improve the outcome of osteosarcoma patients (22).

The development of resistance to chemotherapy is considered a major obstacle to the
successful treatment of OS. In most of cases, despite a favourable response to chemotherapy,
tumors relapse and acquire resistance to the drugs used initially and other drugs as well. Several
mechanisms can account the development of multidrug resistance (MDR) such as alterations in
drugs’ targets like DNA topoisomerase Il, increased detoxification of compounds through
glutathione system, overexpression of drug efflux transporters of ATP-binding cassette (ABC)
transporters, namely P-glycoprotein (Pgp), multidrug resistance related protein 1 (MRP1) and
breast cancer related protein (BCRP) (23). These transporters behave as drug efflux pumps,
preventing the intracellular accumulation of chemotherapeutic drugs at toxic levels, allowing the
cells to survive (24). It has been proved that the over-expression of Pgp in OS is associated with a
poor response to chemotherapy and is considered a poor prognostic factor (25, 26). High serum
levels of alkaline phosphatase (AP) and lactate dehydrogenase (LDH) are also associated with a
poor prognosis (27). Patients with elevated levels of AP have a 5-year disease free survival (54%)
inferior to those cases with lower AP serum levels (64%). It is also known that higher AP levels
correlate with a shorter time to recurrence (18 months) when compared with cases with normal
AP levels (25 months). Abnormal elevated LDH levels, is also reported as a sign of a more

biologically aggressive tumor and correlates with a worse prognosis (2).

1.2. The Cancer Stem Cell Hypothesis

Solid tumors show a considerable heterogeneity with respect to cellular morphology,
proliferative index, differentiative capacity, surface antigens and genetic lesions with significant
implications therapeutic response. The cancer stem cell (CSC) hypothesis is an attractive model
to explain this functional heterogeneity, so commonly observed in solid tumors (28).

The CSC theory proposes a hierarchical organization of cells within tumors, in which a
subpopulation of cells with stem-like properties is responsible for sustaining tumor growth.
These cells share important properties with normal tissue stem cells, including their self-renewal
potential, by symmetric or asymmetric division, and differentiation capacity, although aberrant

(29).
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The first evidence for the existence of CSCs came from studies in acute myeloid
leukaemia by Lapidot et al.. They demonstrated that a rare population of cells comprising 0.01-
1% of the total population was able to generate leukaemia when transplanted into
immunodeficient mice. The cells were able to proliferate extensively in vivo generating a tumor
with acell morphology similar to that of the observed in the original patients (30). Since then,
other studies have reported the identification of CSCs in several types of cancer including

including brain (31), breast (32), liver (33), kidney (34), gastric (35) and bone cancers (36).

1.2.1. Properties of CSCs

CSCs are generally defined as tumor cells with stem-like attributes that are responsible
for tumor initiation and sustaining tumor growth and for the phenotypic heterogeneity observed
within the tumor cell population. CSCs, similarly to normal stem cells, can divide through two
division processes, symmetric and asymmetric division, although asymmetric division
predominates, in which one cell give rise to an identical CSC (maintaining the pool of CSCs) and a
more differentiated progenitor cell which in subsequent divisions generates the heterogeneous
populations of cancer cells at various differentiation stages that constitute tumor bulk (Figure

1.2) (37, 38).

7
Q
¥

Q

v N
Q00O &

Figure 1.2. Model of tumor progression and maintenance according to cancer stem cell hypothesis. CSC —
Cancer Stem Cell (Adapted from (39))
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CSCs share with normal stem cells the extensive ability to self-renewal, although without

a tight control of the pathways that regulate the self-renewal process, which can be
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constitutively activated or improperly regulated through genetic and/or epigenetic changes
leading to uncontrolled growth (40).

The exact origin of CSCs is not completely clarified. They could arise from the malignant
transformation of a normal stem cell or progenitor cell that due to their long life-span
accumulated oncogenic insults over time and became malignant, or in alternative can result
from a more differentiated tumor cell that acquires the properties of a stem cell and developed
the capacity to undergo self-renewal. In both cases, CSCs, with either inherent or acquired ability
to self-renew, give rise to cells that lack the long-term self-renewal ability, but retain a finite
ability to divide, similar to what happens in normal stem cells undergo differentiation,

generating a phenotypically heterogeneous population of tumor cells (41).

1.2.2. ldentification of Cancer Stem Cells

The isolation of the CSCs subpopulation within tumors can be performed through
different techniques. One of the methods is based in the expression of a set of surface markers,
usually specific for normal stem cells of the tissue of origin of the tumor, being the most
common the CD133, CD44, CD24 and the epithelial adhesion molecule EpCAM that have been
used to isolate CSCs from breast, brain, pancreas, prostate, lung and ovarian cancer, although
the most widely used are the CD133 and CD44. Despite their usefulness in isolation of CSCs is
several solid tumors it is noteworthy that none of these markers are expressed exclusively by
CSCs, and there is still a need to delineate more specific markers of CSCs (42, 43).

Another technique currently used is the identification of a side-population enriched in
CSC by flow cytometry. This technique is based on the extrusion of fluorescent dyes (Hoechst
33342 and Rhodamine-123), a property that is conferred by the over-expression of BCRP or Pgp
in CSCs (42, 44).

CSCs can also be isolated through the under starved condition, based on the principle
that cells in an undifferentiated status can grow as spherical suspended colonies when culture
under starved condition in low adherent conditions. The ability of the cells to continue forming
spherical colonies over more than 4-5 passages is indicative of their self-renewal potential which
is a main characteristic of cells with stem-like properties (36).

The activity of the aldehyde dehydrogenase 1 (ALDH1) is also considered a marker of
CSCs. ALDH1 is a detoxifying enzyme responsible for oxidizing intracellular aldehydes and
converts retinol to retinoic acid, protecting cells from oxidative insults. Increased ALDH1 activity
has been found in stem cell populations in human multiple myeloma, acute myeloid leukemia,

brain and breast cancers, and is considered a common marker for both normal and malignant
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stem cell populations. The expression of this enzyme in tumors cells is usually determined using
Aldefluor assay reagent followed by fluorescence-activated cell sorting analysis (45-47).
Moreover, the transcriptor factors OCT4, Sox2 and Nanog that are required to maintain
the pluripotency and self-renewal of embryonic stem cells has been found to be regularly
expressed in CSCs, whereas more differentiated counterparts lack these proteins (48, 49). This
feature has been observed in CSCs isolated from distinct tumors like renal carcinoma (34),

gastric carcinoma (50) and OS (51), which suggest their use as promising markers of CSCs.

1.2.3. Cancer Stem Cells and response to therapy

CSCs have several characteristics that make them naturally resistant to conventional
therapies. Mostly of the drugs used in cancer treatment target DNA and induce irreversible
damages leading to cell death. CSCs appear to have enhanced DNA repair mechanisms,
compared with more differentiated counterparts, allowing them to resist to damages induced by
conventional treatments. CSCs are recognized for their ability to enter in a quiescent status,
which make them refractory to conventional chemotherapeutic drugs that target preferentially
cells with high proliferative activity (52). Other mechanisms that contribute for the resistant
phenotype of CSC include the increased expression of specific drug-detoxifying enzymes and of
specific drug efflux transporters belonging to the ABC superfamily, Pgp and BCRP. The increased
expression of these transporters is considered a hallmark of CSCs and is major determinant on
the side-population phenotype. These transporters recognize as transport substrates a wide
variety of chemotherapeutic agents, preventing their accumulation inside the cells at toxic levels
and are considered a major setback of currently applied chemotherapeutic regimens (53). There
are some evidences that indicate the over-expression of these transporters in side population
(SP) cells is correlated with their resistant phenotype to chemotherapeutic drugs. Hirschmann-
Jax et al. have identified SP in neuroblastoma cell lines which were found to over-express BCRP
and ABCA3. The authors have also analysed the efflux of a chemotherapeutic drug,
mitoxantrone, which revealed to be increased in SP cells indicating that the resistance
phenotype of these subset of cells is related with the over-expression of these transporters (54).
Studies performed in human cancer cell lines have also identified successfully SP cells over-
expressing ABC transporters like BCRP, Pgp among others. These cells exhibited a resistant
phenotypte to a wide range of chemotherapeutic drugs including DOX and CIS (55). Similar
evidences were also found in human hepatocellular carcinoma cell line. Hu et al. have isolated
SP cells from human hepatocellular carcinoma cell lines over-expressing BCRP which were found

to be responsible for the extrusion of DOX in these cells (56).
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These transporters are minimally constituted by two transmembrane domains and two
nucleotide-biding folds (Figure 1.3). The transmembrane domains are responsible for substrate
recognition and subsequently extrusion while the nucleotide-biding folds bind and hydrolyze
ATP. This process is energy-dependent once the efflux of the drugs mediated by these

transporters occurs against their concentration gradient (24, 57).
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Figure 1.3. Generic structure of an ABC transporter. TMD — Transmembrane Domain; NBF — Nucleotide-
binding fold; ATP — Adenosine Triphosphate; ADP — Adenosine Diphosphate; Pi — Inorganic Phosphate
(Adapted from (57))

These transporters are not exclusive of cancer cells. They are expressed in a broad
variety of normal tissues with excretory function (small intestine, liver and kidney) and at blood-
tissue barriers (e.g. blood—brain barrier, blood—cerebral spinal fluid barrier, blood—testis barrier
and placenta). These transporters are known for their ability to modulate the absorption,
distribution, metabolism, and elimination of xenobiotics in these tissues playing an important
role in tissue defence (58).

Considering that CSCs have tumorigenic potential and a selective advantage over their
differentiated counterparts, it is plausible that these cells resist chemotherapy and support
tumor regrowth increasing the risk of tumor relapse (Figure 1.4). In order to avoid this situation,
it is crucial to develop CSC-targeted therapies to achieve a more effective treatment of cancer

(53).
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Figure 1.4. Implications of the CSC hypothesis for cancer treatment. Convetional cytotoxic therapies can
eradicate more differentiated cells in the tumor but spare CSC that can lead to a relapse of the tumor. CSC
— Cancer Stem Cell. (Extracted from (53).)

1.2.4. Cancer stem cells in osteosarcoma

Recent studies have successfully identified a subset of cells with stem-like features
among OS cell populations. Gibbs et al. have successfully isolated the CSCs subpopulation from
nine established cultures from untreated OS biopsies and a OS cell line (MG 63) through sphere
formation assay. Sarcospheres-derived cells expressed the MSC surface markers Stro-1, CD105
and CD44 and over-expressed embryonic stem cells pluripotency markers (OCT4 and Nanog)
(51). Wang et al. observed similar results in four more human OS cell lines (36). Murase et al.
also reported the existence of a subset of CSCs in human OS cell lines identified through the
extrusion of Hoechst 33324. These cells revealed higher tumorigenicity in vivo and in vitro (59).
Studies performed in our laboratory also demonstrated that CSCs isolated from a human OS cell
line have higher resistance to chemotherapeutic drugs (DOX, CIS and MTX) and to ionizing
irradiation when compared with parental cells (60, 61). Altogether, these findings strongly
suggest that OS are enriched in cells with stem-like properties and that these cells are

responsible for drug resistance.
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1.3. Objectives

Being OS regarded as a differentiation disease that arises from mesenchymal
stem cells due to a disruption in the osteoblastic differentiation pathway, and the
compelling evidences that osteosarcoma possess CSCs, it is likely that mesenchymal
stem cells are the cells of origin of CSCs in OS.

The main goal of this study was to isolate and characterize CSCs population from
a human osteosarcoma cell line and to evaluate the dynamic changes that occurred
during their differentiation, regarding changes in expression levels of stemness markers
and of MDR-related proteins, changes in metabolic activity and sensitivity to DOX,

changes in clonogenic potential and on pattern of motility.
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2. Materials and Methods

2.1. Cell Culture

The adherent human osteosarcoma cell line MNNG/HOS was purchased from the
American Type Culture Collection (ATCC, Rockville, MD). Cells were cultured in adherent flasks
(Orange Scientific, Belgium), with RPMI-1640 (R4130, Sigma-Aldrich®) medium supplemented
with 10% (v/v) of heat-inactivated fetal bovine serum (FBS, Gibco® Invitrogen Life Technologies),
1% (v/v) of penincilin/streptomicin mixture (15070-063, Gibco® Invitrogen Life Technologies)
and 0.1% (v/v) of amphotericin B (5290-018, Gibco ® Invitrogen Life Technologies). Cells were
kept at 37°C in a humidified atmosphere with 5% of CO, and 95% of air.

2.1.2. Cell viability

Cell viability was assessed before all experiments through the trypan blue exclusion
method. This method is based in the principle that viable cells with intact cytoplasmic
membrane extrude the dye and thereupon come out with a clear cytoplasm, whereas dead cells
take up the dye and appear blue under the microscope. For this assay equal volumes (20 ul) of
cell suspension and of 0.4% (w/v) Trypan Blue (Sigma Chemicals, St. Louis, USA) solution were
mixed and transferred into a Neubauer hematocytometer (FO09-111020, Optik Labor®). Cells
were observed and counted under an inverted microscope (Nikon, Eclipse TS 100). Cellular
viability was calculated as percentage of viable cells relative to the total number of cells. Only

cellular suspensions with viability higher than 90% were used in all experiments.

2.2. Sphere formation assay

Cells with stem-like properties were isolated from the MNNG/HOS cell line through the
sphere formation assay under anchorage-independent conditions in serum-free medium. The
adherent MNNG/HOS cells at a confluence of 70-80% were detached from the culture flask
(Orange Scientific, Belgium) with trypsin-EDTA (Sigma-Aldrich®) and seeded in 6-well plates
(Orange Scientific, Belgium) coated with poly-HEMA 0.8mg/cm? at a density of 6 X 10% cells/well
in serum free N2-methylcellulose based medium. The N2 medium is composed of Dulbecco’s
Modified Eagle Medium/Nutrient Mixture F-12 Ham (DMEM/F12, D2906, Sigma-Aldrich®)
supplemented with sodium bicarbonate 1.2 g/L (S6297, Sigma-Aldrich®), progesterone 20 nM
(P7556, Sigma-Aldrich®), putrescine 100 puM (P5780, Sigma-Aldrich®), insulin-transferrin-
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selenium-A  supplement 1% (v/v) (Gibco® Invitrogen Life Technologies) and
penincilin/streptomicin mixture 1% (v/v) and amphotericin B 0,1% (v/v) mixed with equal
volume of sterile 2% methylcellulose solution (M0387, Sigma-Aldrich®). Fresh aliquots of
epidermal growth factor (EGF, E9644, Sigma-Aldrich®) and of human basic fibroblast growth
factor (bFGF, Peprotech EC, London, UK) were added twice a week at a final concentration of 10
ng/mL. Cells were maintained in a humidified atmosphere of 5% CO, and 95% air at 37°C.

After 7-10 days of culture, the formed spherical colonies, termed as sarcospheres, were
collected and transferred to culture flasks where were maintained in RPMI medium containing
10% FBS and allowed to grow in monolayer. After reaching a confluence of 70-80%, cells were
detached and then re-seeded again in serum-free medium in non-adherent conditions as
previously described for the formation of secondary spheres. This procedure was repeated three
to four times to evaluate the self-renewing capacity of cells growing in serum-free medium in
non-adherent conditions. Spherical colonies of 3™ and 4" generation were termed as cancer

stem cells (CSCs) and were used in subsequent studies.

2.3. Characterization of CSCs

2.3.1. Multilineage differentiation potential into mesenchymal lineages

The differentiation assays of the isolated CSCs into mesenchymal lineages (adipogenic,
chondrogenic and osteoblastic) were performed using the STEMPRO® differentiation kits
(Gibco® Invitrogen Life Technologies) according to the guidelines of the manufacturer.

Before inducing differentiation, the sarcospheres (3" or 4™ generation) were transferred
to a culture flask and expanded in Mesenchymal Stem Cell Growth medium consisting of DMEM
low glucose medium supplemented with 10% (v/v) of MSC-qualified serum, 2mM glutamine
(59202C, Sigma-Aldrich®), 1% (v/v) of penincilin/streptomicin and 0.1% of amphotericin B until

reaching 60-80% of confluence.

2.3.1.1. Adipogenic differentiation

To induce adipocyte differentiation, cells were detached and plated in a 12 well plate
(Orange Scientific, Belgium) at a density of 3 X 10* cells/well in MSC growth medium. After 24
hours the culture medium was replaced by Complete Adipogenesis Differentiation Medium
consisting of STEMPRO® Adipocyte Differentiation Basal Medium supplemented with 10% (v/v)

of STEMPRO® Adipogenesis Supplement, 1% (v/v) of penincilin/streptomicin and 0.1% of
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amphotericin B. Cells were kept at 37°C in a 5% CO,; incubator for 14 days. The culture medium
was replaced every 3 to 4 days. After the incubation period, the culture medium was removed
and the cells were rinsed with phosphate-buffered saline solution (PBS). Cells were fixed with 4%
formaldehyde solution (143091.1214, Panreac Quimica SAU) for 30 minutes at room
temperature. Thereafter, cells were rinsed with distilled water, incubated for 5 minutes in
isopropanol 60% solution and stained with 0.3% Qil Red O solution (w/v) (0065, Sigma-Aldrich®,
USA) in 60% isopropanol for 5 minutes. Cells were washed several times with distilled water until
the water became colourless, and then incubated with hematoxilin for 1 minute for nuclei
staining. After removal hematoxilin, cells were rinsed with distilled water and observed using a

contrast phase inverted microscope for visualization of lipid droplets and images were captured.

2.3.1.2. Chondrogenic differentiation

To induce chondrogenic differentiation, a high density cell suspension containing
1.6 X 107 cells/mL in MSC growth medium was prepared to generate micromass cultures. Five
uL droplets of the cell suspension were seeded onto the bottom of 6-well plate. Cultures were
kept at 37°C in a 5% CO, incubator along 2 hours, and then incubated with 2 mL of
Chondrogenesis Differentiation Medium consisting of STEMPRO® Chondrocyte Differentiation
Basal Medium supplemented with 10% (v/v) of STEMPRO® Chondrogenesis Supplement, 1%
(v/v) of penincilin/streptomicin and 0.1% (v/v) of amphotericin B. The cultures were reefed
every 2-3 days for a culture period up to 14 days. After the incubation period, the medium was
removed and the cultures rinsed with PBS and fixed with a 4% formaldehyde solution during 30
minutes and washed gently once with PBS. After fixation cells were stained with Alcian Blue 1%
solution (A5268, Sigma-Aldrich®, India), prepared in 0.1M hydroxide chloride (HCI) during 30
minutes and then gently washed with 0.1M HCl 3 times. Stained differentiated cells were

observed and captured in a contrast phase inverted microscope.

2.3.1.3. Osteogenic differentiation

To induce osteogenic differentiation, cells were plated in a 12-well plate at a density of
2 x 10* cells/well in MSC growth medium. After 24 hours the culture medium was replaced by
Complete Osteogenesis Differentiation Medium consisting of STEMPRO® Osteocyte
Differentiation Basal Medium supplemented with 10% (v/v) of STEMPRO® Osteogenesis
supplement, 1% (v/v) of penincilin/streptomicin and 0.1% (v/v) of amphotericin B in order to

induce cells’ differentiation into osteocytes. Cells were maintained at 37°C in a 5% CO, incubator
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during 21 days. The cultures were reefed every 3 to 4 days with the osteogenesis differentiation
medium. Following the incubation period, the culture medium was removed and cells were
rinsed with PBS and then fixed with 4% formaldehyde solution for 30 minutes at room
temperature. After fixation cells were washed twice with distilled and stained with 2% of Alizarin
Red S (A5533, Sigma-Aldrich®, China) solution (pH=4.2) during 2-3 minutes, followed by washing
with distilled water until the water becomes colorless. Stained differentiated cells were

observed and captured in a contrast phase inverted microscope.

2.3.2. Expression of mesenchymal stem cell surface markers

Both isolated CSCs and parental MNNG/HOS cells were analyzed by flow cytometry for
the expression of cell surface antigens associated with mesenchymal stem cells (MSC). According
to the recommendations of the International Society for Cellular Therapy (62) MSC should be
positive for CD73, CD90 and CD105 surface markers and negative for CD11b, CD19, CD34, CD45
and HLA-DR. Adherent MNNG/HOS at 70-80% of confluence were detached with trypsin-EDTA,
counted and suspended in PBS at a concentration of 1.5 X 10° cells/mL. Third generation
sarcospheres were collected, dissociated with accutase (Gibco® Invitrogen Life Technologies)
and resuspended in PBS at a concentration of 1.1 X 10° cells/mL. Two hundred microliters of
each single-cell suspension were incubated for 10 minutes in the dark with fluorescent-labelled
monoclonal antibodies. After the incubation period, cells were washed twice with PBS for
removal of unlabelled antibodies and were re-suspended in 100 pl of PBS. Cells were analyzed in
a cytometery BD FACS Canto™ Il Flow Cytometer (Becton Dickinson, S.A., USA) and analysed
using the CellQuest software (BD Biosciences). The fluorescent-labelled monoclonal antibodies

analyzed were:

e Phycoerythrin (PE)-conjugated CD73 (BD Pharmingen™)

e Phycoerythrin (PE)-conjugated CD105 (Immunostep)

e Allophycocyanin (APC)-conjugated CD90 (BD Pharmingen™)

e Pacific blue (PB)-conjugated CD11b (BD Pharmingen™)

e Phycoerythrin (PE)-Cy7-conjugated CD19 (eBioscience)

e Peridinin-cholophyll-protein complex (PerCP)-Cy5.5-conjugated CD34 (BD
Pharmingen™)

e Pacific orange (PO)-conjugated CD45 (Gibco® Invitrogen Life Technologies)

e Fluorescein isothiocyanate (FITC)-conjugated HLA-DR (eBioscience)
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2.3.3. Expression of pluripotency markers and drug efflux transporters by

Western Blot Analysis

The expression of the transcriptional factors OCT4 and Nanog that are required for
maintaining the pluripotency and self-renewal of embryonic stem cells and of the drug efflux
transporters P-glycoprotein and BCRP that have been proposed as markers of CSCs was analyzed

in the isolated CSCs and were compared to those determined in parental MNNG/HOS cells.

o Cell lysates

Adherent cells with a confluence of 70-80% % were rinsed with PBS and scrapped in 3
mL of ice-cold PBS and transferred to microcentrifuge tubes. Cells were centrifuged at 5000 rpm
during 5 minutes at 4°C. The supernatants were discarded and pellets were homogenized at 4°C
in 150 pl of a radioimmune precipitation lysis buffer (RIPA) supplemented with a mixture of
proteases and phosphatase inhibitors (Roche®) and 1mM dithiothreitol (DTT). The spherical
colonies were collected and washed twice with PBS before incubation with RIPA buffer at 4°C.
RIPA buffer contains 150 mM sodium chloride (NaCl, Merck), 1% (v/v)Triton X-100 (X114, Sigma-
Aldrich®), 0.5% (w/v) sodium deoxycholate (D6750, Sigma-Aldrich®), 0.1% (w/v) sodium dodecyl
sulphate (SDS, L3771, Sigma-Aldrich®), 50 mM trizma base (T1378, Sigma-Aldrich®,pH 8.0) and 2
mM EDTA. Thirty minutes after incubation in RIPA buffer, cell lysates were sonicated at 40 MHz

(3-5 times) during 5 seconds.

e Protein Quantification

The quantification of protein in cell lysates was measured through the bicinchoninic acid
(BCA) assay which combines the reduction of Cu®* to Cu'* by protein in an alkaline medium
(biuret reaction) with the highly sensitive colorimetric detection of the product formed by the
chelation of two molecules of BCA with one cuprous cation (Cu®). In alkaline conditions, the
chelation of BCA with Cu'* develops a blue/purple complex that can be read in an automatic
ELISA microplate reader at a wavelength of 562 nm.

Eight diluted bovine serum albumin (BSA, A2153, Sigma-Aldrich®) standards with
concentrations between 25-2,000 pug/mL were prepared to generate a standard curve. A 25 pL of
each standard and an aliquot of 5 pL of each cell lysate diluted with 20 uL of water, were added
to each well of a 96 well-plate (Orange Scientific, Belgium) previously filled with 200 pL/well of

the working reagent containing BCA (B9643, Sigma®) and Copper (Il) sulphate 4% solution in a
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proportion of 50:1. The microplate was kept at 37°C for 30 minutes. The absorbance was read at
562 nm in an automatic ELISA reader (SLT Spectra-lI™, Austria). The protein concentration was
determined from the calibration curve.

The protein samples were mixed with an equal volume of 2x denaturing solution [trizma
base 0.25 M (pH 6.8), DTT 200 mM, glycerol 20% (w/v) (G5516, Sigma-Aldrich®), SDS 4% (w/v)
and bromophenol blue 0.05% (w/v)] and were heated at 95°C for 5 minutes for protein

denaturation. Samples were stored frozen at -20°C until their use.

¢ Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and

electrotransference

The separation of proteins was performed based on their molecular weight by sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Polyacrylamide gels are
neutral, hydrophilic three-dimensional networks of long hydrocarbons cross-linked by
methylene groups that are formed by the polymerization of acrylamide and N,N-methylene-bis-
acrylamide (Bis) which is the cross-linking agent. The separation of the proteins within a gel is
determined by the relative size of the pore formed, which is dependent on the total amount of
acrylamide present and the amount of the cross-linker. Greater the percentage of acrylamide,
smaller is the pore size. Lower percentage gels are better for resolving high molecular weight,
whereas small proteins are separated better in a gel with large pores.

Fourty ug of the of the total extract protein were carefully loaded in SDS-polyacrylamide
gels 8 or 12% of acrylamide (161-0146, Bio-Rad Laboratories, Inc.), depending on the size of the
protein (Table 2.1). Proteins were separated by electrophoresis at 110 V in buffer solution 50
mM trizma base-HCl containing 50 mM bicine (B3876, Sigma-Aldrich®) and 0.1% (w/v) SDS. A
molecular weight marker (161-0373, Bio-Rad™) was included to determine the protein size and

to monitor the progress of the electrophoretic run.

Table 2.1. Gel percentage of running buffers

Protein Protein Size (kDa) Gel Percentage (%)

OCT4 45 12

Nanog 42 12
BCRP 70 12

PgP 170 8

Following electrophoresis, the proteins were electrotransferred from the electrophoresis

gel onto activated polyvinylidenedifluoride membranes (PVDF, Boehringer Mannheim,
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Alemanha) in transfer buffer (12.5 mM trizma base containing 96 mM glycine (G8898, Sigma-
Aldrich®) and 20% (v/v) methanol (20837.320, VWR®, Carnaxide, Portugal). The tranfer was
performed at 110 V for 90 minutes at 4°C.

e Immunoblot and quantification

After transfer, the PVDF membranes were blocked for 1 hour in 5% non-fat milk solution
in TBS-T [20 mM Tris, 137 mM NaCl and 0.1% (v/v) Tween20 (Merk)] to prevent any nonspecific
binding of antibodies to the surface of the membrane and then were rinsed once in TBS-T to
remove the excess of blocking solution. Afterwards, the membranes were incubated overnight
at 4°C with primary antibodies at appropriated dilutions (see Table 2.2) in TBS-T containing a
carrier protein (1% non-fat dry milk or 5% BSA(w/v). After incubation, the membranes were
washed 5x for 5 minutes with TBS-T, followed incubation with alkaline phosphatase-conjugated
secondary antibodies (anti-mouse or anti-rabbit) for 1 hour at room temperature with gentle
agitation. Finally, the membranes were washed 5x for 5 minutes with TBS-T and then revealed
using the chemofluorescence substrate ECF (ECF, Western blotting Reagent Pack, GE

Lifesciences, Pittsburg, PA).

Table 2.2. Composition of the primary antibodies’ solutions used and respective secondary antibodies.

Secondary antibody

Protein Primary antibody (dilution) Preparation (dilution)
OCT4 1:500 (Cell signalling®) 5% BSA Anti-Rabbit (1:20000)
Nanog 1:500 (Cell signalling®) 5% BSA Anti-Rabbit (1:20000)
BCRP 1:250 (Milipore™) 1% non-fat milk Anti-Mouse (1:20000)
PgP 1:150 (Calbiochem?®) 1% non-fat milk Anti-Mouse (1:20000)

The expression levels of all analyzed proteins were quantified relative to a structural
protein, B-actin. The membranes were stripped using 0.2 M NaOH and then reprobed with the
anti-B-actin (Milipore™) diluted 1:10000 in TBS 1% non-fat milk. The incubation was performed
for one hour at room temperature followed by 5 consecutive washes of 5 min with TBS-T.
Ultimately, the membranes were incubated with an anti-mouse secondary antibody in a dilution
of 1:2000 prepared in a 1% non-fat milk solution containing 0.02% sodium azide and detected
using chemiluminescence.

The immunoreactive bands were visualized on a Typhoon FLA 9000 (GE Healthcare
Bioscience AB, Uppsala, Sweden) and were quantified using the Imagel software (Resarch

Service Branch).
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The levels of the proteins of interest were normalized to B-actin and were expressed as a

ratio of the levels found in parental MNNG/HOS cells that was set as 1.

2.4. Differentiation of CSCs

Sarcospheres of 3" or 4™ generation were transferred to adherent flasks and cultured in
RPMI medium supplemented with 10% FBS without growth factors to induce differentiation.
Cells were maintained under these differentiating culture conditions along 21 days and were
sub-cultured twice a week after reaching 70-80% confluence.

Several biological parameters namely, the metabolic activity, drug sensitivity, expression
of stemness markers and of MDR-related proteins, clonogenicity and migration ability were

evaluated along the 21 days differentiation period of cells at various time intervals.

2.4.1. Analysis of dynamic alterations of protein expression profiles during

differentiation of CSCs

The dynamic alterations in the expression of proteins related with pluripotency (OCT4
and Nanog) and of MDR-related transporters (P-glycoprotein and BCRP) were analyzed along the
differentiation of CSCs by Western blot analysis as previously described in section 2.3.2 This

analysis was performed in CSCs at 2, 7, 14 and 21 days under differentiation culture conditions.

2.4.2. Sensitivity to Doxorubicin — MTT colorimetric assay

The sensitivity of CSCs along differentiation to DOX was analyzed using the [3-
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide] (MTT) colorimetric assay, which
enables the quantification of viable cells. The mitochondrial enzyme succinate
dehydrogenase of metabolic active cells reduces the yellow tetrazolium salt to purple
formazan crystals. The colored product can be quantified, after dissolution with acidified
isopropanol, by spectrophotometry in an ELISA microplate reader.

The cytotoxicity of DOX was analyzed in MNNG/HOS cells, in isolated CSCs (3rd or 4™
generation) and in CSCs at 2, 7, 14 and 21 days under differentiation conditions. Adherent cells
were were detached from the culture flask with trypsin-EDTA and plated in 24 well plates
(Orange Scientific, Belgium) at a density of 3 x 10% cells/well in RPMI culture medium containing

10% FBS. Sarcosheres were collected, dissociated with accutase and plated at a density of
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3 x 10* cells/well in MSC Growth Medium. After 24 hours cells were incubated with increasing
concentrations of doxorubicin in the range of 0.001 to 100 uM during 48 hours. Following this
period, the culture medium was removed and 200 pL of a 5 mg/mL MTT solution (M2128,
Sigma®) was added to each well. The plate was incubated during 4 hours at 37°C. The formazan
crystals produced in viable cells were dissolved by adding 200 uL of acid isopropanol (HCI 0.04 ).
After dissolution, 300 uL of the content of each well were transferred to a 96-well culture plate,
and the absorvance was read in an automatic ELISA reader (SLT Spectra-lI™, Austria) at 570 nm
with a 620 nm reference filter. The percentage of cell viability for each concentration of DOX

was normalized to that of the controls (untreated samples) through the following equation:

. Absorvance of treated samples
% Cell viability = x 100
Absorvance of control’s (untreated samples)

Dose-response curves were plotted in a semi-logarithmic scale and were fitted to a sigmoidal
function according to the equation:

A2 — A1

y = Al+ 14 10(logx0-x)p

where y is the response, A1 is the minimum value of y, A2 is the maximum value of y, x0 is the
half maximal inhibitory concentration (ICso) and p is the slope of the curve. The curves’ fit was

performed in Origin software (Version 8, OriginLab Corporation).

2.4.3. Metabolic activity ['"*F]JFDG Uptake assay

The metabolic activity of cells along differentiation was assessed based on the
cellular uptake of the radiopharmaceutical [*®F]JFDG, which is an analogue of glucose
that accumulates preferentially in cells with high metabolic rates.

This study was performed in MNNG/HOS cells, in CSCs (3" or 4™ generation) and in CSCs
with 2, 7, 14, and 21 under differentiating conditions.

For this assay single-cell suspensions of each cell type were prepared by enzymatic
dissociation at a density of 2 X 10° cells/mL in respective culture media. Cells were kept in the
incubator for 1 hour before the onset of the experiments for cells recovery.

After the recovery period, cells were incubated with 0.75 MBqg/mL of ['®F]FDG at 37°C in
a heating plate. At 15, 30, 45 and 60 minutes, samples of 200 pL were collected to
microcentrifuge tubes filled with 500 pL ice-cold PBS and centrifuged during one minute at 10*

rpm. Supernatants were collected to plastic tubes and pellets were washed with 500 puL of ice-
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cold PBS. Radioactivity of both cell pellets and supernatants was measured in a radioisotope
calibrator well counter (SR3, Nuclear Enterprises, Reading, UK) within the *F sensitivity energy
window. The cellular uptake was calculated as percentage of total activity normalized to one
million of cells. The collected data points of each experiment were fitted to an exponential
growth function in order to calculate the steady-state accumulation of [*®*F]FDG according to the

following formula:
Cr=Css X (1 —e7¥t)

Where C; is the cell content of [|F]FDG at time t (%/10° cells), Css is the steady-state

[*®F]FDG concentration (%/10° cells), k is the uptake rate (min™) and ¢ is the time (minutes).

2.4.4. Evaluation of cells’ migration capacity — Scratch assay

The migratory capacity of tumor cells was analyzed using the Scratch assay or wound
healing assay, in which we measure the propensity of cells to close an open wound in a cellular
confluent monolayer. The more quickly cells populate the wound higher is their migratory
ability.

This assay was carried out in four groups of cells: parental MNNG/HOS cells, isolated
CSCs and CSCs with 2 and 5 days of differentiation.

Cells were seeded in a 12-well plate at a density of 2.5 x 10° cells/well in specific culture
medium and were allowed to reach a confluent monolayer. The wound was created with a
plastic pipette tip. The cells were washed to remove debris and were replenished with fresh
medium. The wound area was photographed at time 0 and every two hours until the wound is
completely closed. Photographs were taken in a phase contrast microscope. Images were

further analyzed qualitatively.

2.4.5. Clonogenic assay

For the analysis of clonogenic activity of cells along differentiation, cultured CSCs with 2
and 14 days under differentiation conditions and MNNH/HOS cells were tripsinized to obtain
single-cell suspensions and were plated in a 6-well plate at a density of 150 cells/well in RPMI
culture medium containing 10% FBS. Spherical colonies were dissociated and plated at the same
density in MSC Growth Medium. Cells were maintained in culture for 12 days at 37°C in a CO,
incubator and the medium was refreshed once a week. The cell growth was monitored

microscopically to ensure that each colony originates from a single cell. At the end of the
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incubation period (12 days), culture media were removed and wells were washed twice with
PBS. The formed colonies were fixed with formaldehyde 1% (v/v) during 15 minutes at room
temperature and then stained with a crystal violet solution 0.1% during 15 minutes. Crystal
violet solution was aspirated and the wells were washed with distilled water until the water
became clear. The plate was photographed with a digital photographic camera (D40, Nikon®,
Japan). Clusters of cells were considered colonies when they were visible macroscopically. The

colony efficiency (CE) was calculated from the formula:

CE (%) = number of colonies < 100
(%) = number of cells seeded

2.5. Statistical analysis

Non-parametric Kruskal-Wallis test was used to perform multiple comparisons between
multiple cell types under different or same conditions. The Mann-Whitney non-parametric test
was used to perform comparisons between two different cell types under the same condition.
The p-value < 0.05 was considered statistically significant. All statistical analysis was performed
by using the Statistical Package for the Social Sciences (SPSS) software (version 19; SPSS, Inc.,

Chicago, IL).
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3. Results

3.1. Isolation of a cancer stem cell (CSC) population from the human
osteosarcoma cells line MNNG/HOS

The existence of a subpopulation of cancer stem cells in the MNNG/HOS cell line was
demonstrated by the formation of spherical colonies after culturing the adherent MNNG/HOS

cells (Figure 3.1 A) in methylcellulose-based serum-free medium under ultra-low adherence

conditions.
Serum-free ~ Standard culture
medium conditions
_—
Non-adhrent
conditions

Sarcospheres adhering

Serum-free
medium

Non-adhrent
conditions

3rd generation sarcospheres

Figure 3.1. Isolation of cancer stem-like cells from the human MNNG/HOS OS cell line through the sphere
formation assay. A. Adherent MNNG/HOS cells. B. Sarcospheres derived from MNNG/HOS cell line after 7
days of culturing in serum-free medium and ultra-low adherence conditions. C. The collected sarcospheres
when cultured in serum-containing medium and in adherence conditions were able to expand and to
attach to the surface of the flask. D. Formation of secondary sarcospheres from attached cells. E. Tertiary
sphere formation by repeating the protocol performed for secondary sphere formation. (Original
magnification: 200x)

After 7 days of culture, cells formed floating spherical colonies named as sarcospheres
(Figure 3.1 B). When collected and cultured in adherent flasks in RPMI medium supplemented
with 10% FBS, cells derived from colonies began to migrate and to adhere to the surface of the
flask acquiring a morphology similar to that of the adherent MMNG/HOS cells (Figure 3.1 C). At
near-confluence, when the cells were re-seeded as single-cells in non-adherent conditions and in
serum-free methylcellulose-based medium, a secondary generation of spheres was formed with

the same efficiency as the previous one. (Figure 3.1 D). The ability of forming spherical colonies
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was observed after serial in vitro passages from adherent to non-adherent conditions, which
demonstrates the self-renewal potential of the isolated cells (Figure 3.1 E). Sarcospheres of third
and fourth generation were termed as cancer stem-like cells (CSCs) and were used in subsequent

studies.

3.2. Characterization of Cancer Stem Cells

3.2.1. Expression of Mesenchymal Stem Cell surface markers

The expression of MSC surface markers were assessed in both CSCs and MNNG/HOS
cells by flow cytometry according to the criteria of the International Society for Cellular Therapy
(62).

The obtained results revealed that both MNNG/HOS and CSC cells were positive for the
MSC markers CD13, CD73, CD90 and CD105 and negative for CD45 which is a leukocyte common
antigen (Figure 3.2). Both cell types were also negative for the expression of HLA-DR, CD34,
CD11b and CD19 (data not shown) which exclude the existence of hematopoietic and

endothelial cells that are commonly found in a mesenchymal stem cell culture.
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Figure 3.2. Dotplots for CD13, CD45, CD73, CD90 and CD105 expression in MNNG/HOS (A.) and CSC (B.).
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3.2.2. Differentiation into mesenchymal lineages

The multipotency of the isolated CSCs was assessed by inducing their in vitro
differentiation into adipocytes, chondroblasts and osteoblasts upon culturing under specific
differentiation conditions. The obtained results showed that the isolated CSCs were able to

differentiate into the three lineages that MSC can differentiate as illustrated in Figure 3.3.

Figure 3.3. Mesenchymal lineages obtained through CSCs’ differentiation. A. Qil Red O staining of
adipocytes 14 days after CSCs culturing in Adipogenesis Differentiation Medium. (Original magnification:
400x) B. Alcian Blue staining of the obtained chondroblasts with 14 days of culturing in Chondrogenesis
Differentiation Medium. (Original magnification: 200%) C. Alizarin Red staining of the osteocytes with 21
days in culture with Osteogenesis Differentiation Medium. (Original magnification: 200x)

CSCs cultured under Adipogenesis Differentiation Medium for 14 days showed
adipogenic differentiation as indicated by the presence of lipid vacuoles stained with Qil Red O
(white arrow in Figure 3.3 A).

The differentiation of CSCs in the chondroblastic lineage is evidenced by the intense
Alcian Blue staining of proteoglycans (Figure 3.3 B) that were produced after 14 days under
chondrogenic conditions.

The ability of CSCs to differentiate into the osteoblastic lineage was demonstrated by the
positive red staining with Alizarin Red S that reveals the deposition of a calcified matrix upon
osteogenic induction (Figure 3.3 C).

Taken together, these data suggest that the isolated CSC are multipotent and can
differentiate along the three main mesenchymal lineages. These results suggest that CSCs are

derived from mesenchymal stem cells and preserve their multipotency capacity.
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3.2.3. Expression of pluripotency markers

The expression of the pluripotency markers OCT4 and Nanog was analyzed in CSCs and
compared with that in parental MNNG/HOS cells. OCT4 and Nanog are transcription factors that
are required for maintaining the pluripotency and self-renewal capacity of embryonic stem cells
and have been found to be regularly expressed in CSCs. Western blot analysis showed a
significant (p<0.05) increased expression of both proteins in CSCs as compared with that in

MNNG/HOS cells (Figure 3.4).
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Figure 3.4. Representative Western Blot analysis of OCT4 (A.) and Nanog (B.) in both MNNG/HOS and CSC.
B-actin was blotted as loading control. The lower panel represent the quantitative analysis of proteins
(normalized to B-actin) expressed as a ratio of the levels found in MNNG/HOS cells that was set as 1 for
both proteins. Data represent the mean + SEM of three (n=3) independent experiments.

*p<0.05 as compared with MNNG/HOS

The quantitative analysis of protein expression levels indicated a 3.7-fold increase of
OCT4 (Figure 3.4 A) and of 1.7-fold of Nanog (Figure 3.4 B) in CSCs in relation to MNNG/HOS
cells. The higher expression of these transcription factors in CSC support the hypothesis they

possess attributes of stem cells.

3.2.4. Expression of ABC transporters

The over-expression of the ABC transporters BCRP and Pgp that are associated with the
multidrug resistance phenotype in tumors cells have been found to be upregulated in stem cells
as a mechanism of self-defence. Our Western blot analysis revealed that both BCRP and Pgp are
significantly (p<0.05) over-expressed in CSCs comparatively to parental MNNG/HOS cells (Figure
3.5).
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Figure 3.5. Representative Western Blot analysis of BCRP (A.) and Pgp (B.) in both MNNG/HOS and CSC. B-
actin was blotted as loading control. The lower panel represent the quantitative analysis of proteins
(normalized to B-actin) expressed as a ratio of the levels found in MNNG/HOS cells that was set as 1 for
both proteins. Data represent the mean + SEM of three (n=3) independent experiments.

*p<0.05 as compared with MNNG/HOS

The expression levels of BCRP in CSCs were 5-fold higher superior to those levels found
in MNNG/HOS (Figure 3.5 A). Regarding Pgp, we found a difference even more pronounced, with
17-fold increase in CSCs in relation to MNNG/HOS cells (Figure 3.5 B). These findings are
consistent with the hypothesis that these ABC transporters serves as phenotypic markers for

stem cell populations.

3.3. Dynamic alterations occurring along the differentiation process of
CSCs

Cells from the 3™ or 4™ generation of sarcospheres (Figure 3.6 A) were induced to
differentiate by culturing the colonies in RPMI medium supplemented with 10% FBS in adherent
flasks. Cells were expanded under these culture conditions for 21 days. Immediately after
transfer to adherent flasks, cells start to migrate from the colonies and to adhere to the surface,
acquiring a spindle-shaped morphology (Figure 3.6 B). After 7 days the cells acquired the typical
morphological features of the parental MNNG/HOS cells (Figure 3.6 C) that was maintained

during the entire period of culture under differentiation conditions (Figure 3.6 D).
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Figure 3.6. Differentiation of CSCs induced by standard culture conditions. A. 3™ generation spherical
colonies. B. Adhesion of a colony to the bottom of the culture flask. C. CSC’s differentiated progeny after 7
days of culturing in standard culture conditions. D. Cell population obtained 21 days after culturing
spherical colonies under standard culture conditions (Original magnification: 200X)

These results demonstrate the ability of CSCs to generate differentiated progeny which

is considered a fundamental property of CSCs.

3.3.1. Expression of stemness markers OCT4 and Nanog along differentiation

To investigate whether transcription factors OCT4 and Nanog that regulates the
maintenance of the stem cell phenotype change along differentiation of CSCs, we analyze the
expression levels of OCT4 and Nanog by Western blot along the differentiation of CSCs at
specific times. This analysis was performed in the isolated CSCs and after 2, 7, 14 and 21 days of
culture under differentiation conditions. The expression levels, after normalizing to B-actin, were
presented in relation to the levels found in parental MNNG/HOS cells.

The expression levels of both transcription factors OCT4 and Nanog that were found to
be significantly higher in CSCs than in parental MNNG/HOS cells, decreased substantially after
culturing under differentiation conditions, and reached the levels found in parental cells (Figure

3.7).
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Figure 3.7. Representative Western Blot analysis of OCT4 (A.) and Nanog (B.) in CSC, CSC with 2, 7, 14 and
21 days of differentiation and MNNG/HOS. B-actin was blotted as loading control. The lower panel
represent the quantitative analysis of proteins (normalized to B-actin) expressed as a ratio of the levels
found in MNNG/HOS cells that was set as 1 for both proteins. Data represent the mean + SEM of three
(n=3) independent experiments.

*p<0.05 as compared with MNNG/HOS

The expression levels of OCT4 that was highly expressed in CSCs (3.7-fold higher
compared with MNNG/HOS cells) decreased substantially reaching the levels found in
MNNG/HOS cells after 7 days of culturing under differentiation conditions and remained almost
constant throughout the differentiation period (Figure 3.7 A.). Despite this abrupt decrease in
the OCT4 levels that was observed after just 2 days of differentiation, the differences in relation
to the levels in CSCs were not statistically significant (p=0.05), a result that can be related with
the small number of tested samples (n=3).

Similar results were observed with Nanog. The expression levels of this protein also
decreased after 2 days after culture under differentiation conditions and after 7 days, the
expression levels were in the same range as parental MNNG/HOS cells. In the same way as with
OCT4, the decrease observed in the expression levels of Nanog in cells under differentiation
were not significant (p=0.05) in relation to the levels in CSCs (Figure 3.7 B).

Although, we have not observed statistically significant differences (probably due to the
small number of tested samples), our data indicates clearly that there was a tendency to a
decrease in the expression levels of these stemness markers following differentiation, indicating

that they lose their stemness phenotype.
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3.3.2. Expression of ABC transporters BCRP and Pgp

To further investigate whether differentiation could induce changes on the expression
levels of the ABC transporters (Pgp and BCRP), that we found to be up-regulated in CSC; we
evaluated their expression along differentiation of CSCs. This analysis was performed at 2, 7, 14
and 21 days under differentiation culture conditions. The expression levels, after normalizing to
B-actin, were presented in relation to the levels found in parental MNNG/HOS cells.

The results showed a substantial decrease in the expression levels of both transporters
BCRP and Pgp in CSCs after culturing under differentiation conditions, similar to what was
observed with stemness markers (Figure 3.8).

In comparison with MNNG/HOS cells, CSCs express 5-fold high levels of BCRP. After
culturing under differentiation conditions, the expression levels of this protein decrease
progressively reaching the values found in MNNG/HOS, after 14 days (Figure 3.8 A). However
when compared with CSCs, the differences on the expression levels of BCRP were not significant
for any time of differentiation, a result that is probably related with the small number of tested
samples (n=3), since the p value was of 0.05 which is considered in the border line of
significance.

The results presented here regarding Pgp expression along differentiation corresponds
to only one experiment, and no significant conclusions can be drawn. However, these
preliminary results give us an indication that Pgp is highly expressed in CSCs and decreased

drastically as these cells begin to differentiate (Figure 3.8 B).
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Figure 3.8. Representative Western Blot analysis of BCRP (A.) and Pgp (B.) in CSC, CSC with 2, 7, 14 and 21
days of differentiation and MNNG/HOS. B-actin was blotted as loading control. The lower panel represent
the quantitative analysis of proteins (normalized to B-actin) expressed as a ratio of the levels found in
MNNG/HOS cells that was set as 1 for both proteins. Data represent the mean + SEM of three (n=3)
independent experiments with the exception of the data corresponding to Pgp expression in CSCs under
differentiation which correspond to a single experiment (n=1).

*p<0.05 as compared with MNNG/HOS

3.3.3. Sensitivity to DOX

To further investigate whether the sensitivity of cells to DOX may change along
differentiation, we analyzed the cytotoxicity of DOX in CSCs with 2, 7, 14 and 21 days after
culture under differentiation conditions. This study was also performed in CSCs (before inducing
differentiation) and in parental MNNG/HOS cells.

The cytotoxicity of DOX was assessed using the MTT colorimetric assay after incubating
cells with different concentrations of DOX up to 100 uM during 48h.

The obtained dose-response curves were fitted with a sigmoidal function for calculation
the ICsq values, which is indicative of cells’ sensitivity to DOX.

The dose-response curves to DOX of MNNG/HOS and of CSCs at different days of
differentiation and their corresponding ICs, values are presented in Figure 3.9 and Table 3.1,
respectively. Treatment with DOX induced a decrease in cell viability in a dose-dependent
manner, in all cells tested (Figure 3.9). Nevertheless, there is a progressive displacement of the
curves to the left as cells move towards differentiation which indicates that cells in an
undifferentiated status are less sensitive to DOX than more differentiated cells. The mean ICsq
value of CSCs was of 0.89 + 0.01uM, and decreased as cells are more committed with

differentiation, reaching the values in MNNG/HOS cells (0.54 + 0.03uM) after 7 days under
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differentiation conditions. On subsequent weeks under differentiation, the ICsy values remained
almost constant and closer to the MNNG/HOS cells (Table 3.1). At 2 days under differentiation,
cells exhibited the same resistant phenotype to DOX of the CSCs, as indicated by the overlapped

dose-response curves and of the ICs, values (Table 3.1).

CSC

2 days

7 days

14 days

21 days
MNNG/HOS

Cell viability (%)

Log ([DOX, uM])

Figure 3.9. Dose-response curves to DOX for CSC, CSC with 2, 7, 14 and 21 days of differentiation and
MNNG/HOS. Data-points correspond to the mean * SD of the 5 (n=5; CSC and MNNG/HOS), 4 (n=4; 7 days)
and 3 (n=3; 2 days, 14 days and 21 days) independent assays performed in duplicate.

Table 3.1. IC5o values of DOX in CSC under differentiation.

IC; (1M}
CSC 0.89+0.01%* (n=5)
2 days 0.97+0.14* (n=3)
7 days 0.62+0.05% (n=4)
14 days 0.60+0.097 (n=3)
21 days 0.44+£0.047 (n=3)
MNNG/HOS 0.54+0.03%(n=5)

*p<0.05 when compared with MNNG/HOS

#p<0.05 when compared with CSC

Abbreviations: ICs,, half maximal inhibitory concentration; DOX, doxorubicin. Cells were incubated with
increasing concentrations of DOX (0-100 uM) for 48 hours. Cytotoxicity was evaluated using the MTT
colorimetric assay. The ICsy values were obtained from a sigmoidal fitting of the dose-response curves.
Results are expressed as mean + SEM of 5 (n=5; CSC and MNNG/HOS), 4 (n=4; 7 days) and 3 (n=3; 2 days,
14 days and 21 days) independent assays performed in duplicate.
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3.3.4. Metabolic activity

The metabolic activity of cells along differentiation was assessed based on the cellular
uptake of the glucose analogue [*®*F]FDG. This study was performed in parental MNNG/HOS cells,
isolated CSCs and in cells at 2, 7, 14 and 21 days after culturing under differentiation conditions.

In all cell tested groups it was observed a progressive increase in the cellular uptake

[*®F]FDG along the 60 min period study (Figure 3.10 and Table 3.2). However, the percentage of

[|FIFDG uptake in CSCs was significantly (p<0.05) lower, when compared with parental
MNNG/HOS cells. At 60 min the mean values for CSCs was of 3.90 + 0.31 %, about 3-fold lower
than that in MNNG/HOS cells (10.78 * 0.59 %). After culturing under differentiation conditions it
was observed a substantial increase in the cellular metabolic activity, as indicated by the
significant increments in [**F]FDG uptake that were observed within the first 2 days of inducing

differentiation. As soon as cells start to differentiate, the cellular uptake of ['*®F]FDG increased

significantly reaching the values of the parental MNNG/HOS cells (Figure 3.10 and Table 3.2).
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Figure 3.10. Cellular uptake of [18F]FDG along differentiation of CSCs. accumulation for CSC, CSC with 2, 7,
14 and 21 days of differentiation and MNNG/HOS. Data is represented as mean + SEM of 3 (n=3; CSC and
CSC with 2, 7, 14, and 21 days of differentiation) and 4 (n=4; MNNG/HOS) independent assays performed
in triplicate.

*p<0.05 when compared with MNNG/HOS
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Table 3.2. [lsF]FDG accumulation and Steady-state concentration values for CSC, CSC with 2, 7, 14 and 21
days of differentiation and MNNG/HOS.

[*®F]FDG uptake (%/10° cells)

15 minutes 30 minutes 45 minutes 60 minutes Css
CSC (n=3) 2.504+0.03* 2.53+0.22*% 2.94+0.31* 3.90+0.31* 3.544+0.28%*
2 days (n=3) 2.91+0.29% 4.86+0.41* 7.26£0.35 9.89+£0.09 11.87+1.23
7 days (n=3) 3.93£0.34 6.38+0.44 8.61+0.70 10.434+0.53 16.64+1.56
14 days (n=3) 3.85+0.62 6.24+0.62 8.56+£0.38 10.54+0.32 15.02+1.09
21 days (n=3) 4.67+0.35 6.86+0.21 8.85+0.25 10.324+0.36 12.7£0.85
MNNG/HOS (n=4) 4.03+0.28 6.58+0.40 8.61£0.45 10.78+0.59 15.78+1.35

*p<0.05 when compared with MNNG/HOS

Abbreviations: C, Steady state [18F]FDG concentration; [18F]FDG uptake and Css are reported as the
percentage of cell radioactivity associated with the total radioactivity added, normalized per million cells.
Results are expressed as mean + SEM of 3 (n=3; CSC and CSC with 2, 7, 14, and 21 days of differentiation)
and 4 (n=4; MNNG/HOS) independent assays performed in triplicate.

Accordingly, the steady-state accumulation of [**F]FDG in CSCs, calculated after fitting
data points to an exponential growth function, was of 3.54 + 0.28%, significantly lower than that
in parental MNNG/HOS cells (15.78 + 1.35%). After 2 days under differentiation conditions, the
steady-state accumulation increases significantly (11.87 + 1.23%, p<0.05) reaching the values of
parental cells (Table 3.2) and remained constant throughout the differentiation period.

These results suggest that CSCs have lower energy requirements than their parental
MNNG/HOS, which is probably related with the ability of CSCs to enter in quiescence. The higher
uptake of [*®F]FDG that was observed in cells under differentiation, suggest that cells in a more

differentiated status have high metabolic rates and therefore high energy demands.

3.3.5. Migratory capacity

A comparative analysis of the cells motility along differentiation was performed using
the scratch assay. This study was carried out in parental MNNG/HOS cells, in the isolated CSCs
and in CSCs with 2 and 5 days of differentiation. The change in the width of the scratched region
was monitored during 24h with intervals of 4 hours after scratching. The change in the width of
the scratched region is displayed in Figure 3.11.

We observed a significant reduction in the width of the scratch region of the MNNG/HOS
cells as compared to CSCs. The MNNG/HOS cells moved to the wound area at a higher migration

rate, being the wound completely closed after 12h. For CSCs, the reduction in the width of the
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scratch occurred more slowly, taken more than 25 hours to close the wound. After inducing
differentiation, it was observed an increase in the number of cells in the wounded as compared
with CSCs at the same time-points. Cells repopulated the wound area, at approximately, the
same migration rate as of MNNG/HOS cells. The wound area of cells with 2 or 5 days of
differentiation was almost closed after 12h (Figure 3.11).

Gathering together, these results suggest that undifferentiated CSCs have lower mobility
than MNNG/HOS but, as soon as they start to differentiate they acquire a mobility similar to that
of the parental MNNG/HOS.

MNNG/HOS

Figure 3.11. Representative phase-contrast images of cells migrating into the wounded area in an in vitro
scratch wound healing assay. Photographs taken every 4 hours after performing the scratch. (Original
magnification: 200x)
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3.3.6. Clonogenic potential

The ability of cells to form colonies when seeded at low density provides an indication of
their tumorigenic potential, which is proportional to the number of adherent colonies formed.
Clonogenic assay was performed in CSCs, MNNG/HOS and in CSCs with 2 days and 14 days of
differentiation.

As shown in Figure 3.12, the lowest clonogenic efficiency was observed in CSCs with a
colony efficiency of 3.3% (Figure 3.12 A). After 2 days of culturing under differentiation
conditions, the colony efficiency increased substantially to 34% (Figure 3.12 B) and then
decreased to 21.3% following 14 days (Figure 3.12 C). For parental MNNG/HOS cells the colony-

forming efficiency was of 18.7% (Figure 3.12 D).

Figure 3.12. Clonogenic efficiency analysis. Fotographs of colonies formed by CSCs (A.) cells with 2 days of
differentiation (B.), cells with 14 days of differentiation (C.) and MNNG/HOS cells (D.).
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In this work we planned to assess the dynamic changes that occur during the
differentiation of CSCs previously isolated from a human osteosarcoma cell line MNNG/HOS. We
addressed changes in expression levels of stemness markers and of MDR-related proteins,
changes in metabolic activity and sensitivity to DOX, changes in clonogenic potential and on
pattern of motility. This analysis was performed at different time-intervals during a period of 21
days.

The population of CSCs was isolated from the MNNG/HOS cell line using the sphere
formation assay. This technique allows the selection of cells with stem-like properties when
cultured under serum-starved and anchorage-independent conditions. Under these stressful
conditions, only cells with a stem-like phenotype can survive whereas more differentiated cells
are unable to survive and die (63). After 7 days of culturing MNNG/HOS cells in serum-free
medium and non-adherent conditions was observed the formation of suspended spherical
colonies (sarcospheres). After 3-4 consecutive passages under these stressful conditions the cells
maintained the ability to form sarcospheres providing evidences for their self-renewal potential
which is a fundamental characteristic of cancer stem cells. These results are in accordance with
those of Gibbs et al., Wang et al. and Fuji et al. that also were able of isolate the population of
CSCs from human OS cell lines and from untreated OS biopsies through this assay (36, 51, 64).

Assuming that MSCs are the cells of origin of CSCs in OS, the isolated CSCs were
characterised for the expression of surface markers associated with MSCs and multilineage
potential according to the recommendation of the International Society for Cellular Therapy that
propose the minimal criteria to define human MSC (62).

Flow cytometry analysis of CSCs revealed a positive expression of CD73, CD13, CD90 and
CD105 and negative expression of CD45, CD34, CD11b, CD19 and HLA-DR, which meet the
immunophenotypic criteria to define MSCs. Additionally, we verified that CSCs differentiated
towards the three mesenchymal lineages (osteogenic, adipogenic and chondrogenic) when
cultured under specific induction medium, fulfilling the criteria for defining multipotent MSCs.
When cultured in MSC growth medium in adherent culture flasks, cells adhere to the bottom
and propagated as adherent monolayer culture, which is a well-described property of MSCs.
Taken together, these results suggest that CSCs in OS arises from MSCs and preserve some
degree of their plasticity.

The analysis of the expression levels of the transcription factors OCT4 and Nanog

commonly associated with pluripotency, revealed that these factors were over-expressed in
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sarcospheres comparatively to the levels found in parental MNNG/HOS cells. These transcription
factors are involved in the self-renewal, maintenance of undifferentiated state and pluripotency
of embryonic stem cells and have been proposed as surrogate markers for CSCs (65).The
increased expression of both OCT4 and Nanog in sarcospheres is consistent with the results
obtained by other groups (36, 51, 64) and provide compelling evidences for the undifferentiated
status of these cells.

We also observed a higher expression of the transmembrane drug efflux proteins, Pgp
and BCRP in sarcospheres, in comparison with parental MNNG/HOS cells. Although not related
with maintenance of pluripotency, these transporters are regularly over-expressed in CSCs and
are considered additional markers for CSCs (66). These proteins are proposed to protect long-
lived cells like normal stem cells from naturally occurring xenobiotic toxins. The presence of
these efflux transporters is CSCs is associated with the side-phenotype and resistance to
chemotherapy, due their ability to extrude cytotoxic agents from the cells.

Upon induction the differentiation of CSCs by culturing under standard culture
conditions (RPMI medium supplemented with 10% FBS in adherent flasks), we observed that
CSCs expanded in monolayer and acquired the typical morphological features of the parental
MNNG/HOS cells with decreased expression of the stemness markers OCT4 and Nanog, in
parallel with a diminution in the expression levels of the drug efflux transporters Pgp and BCRP
approaching to levels of the MNNG/HOS parental cells. The results from Western analysis
showed a dramatic decrease in the expression levels of the stemness transcription factors, as
well as a marked reduction in the levels of the drug efflux transporters. This decrease was
observed just after 2-7 days upon culturing under differentiation conditions, which indicates that
CSCs rapidly re-acquire the differentiated phenotype of the parental cells. These findings
demonstrated that CSCs are able to differentiate and generate progeny phenotypically similar to
the original parental cells. This ability is conferred by the stem-cell-like behaviour of
asymmetrical division, in which CSC are able to replicate themselves and generate progeny that
can differentiate into the bulk of proliferating cancer cells within the tumor.

Our results from chemosensitivity assays to DOX showed that CSCs were relatively more
resistant to DOX than their parental MNNG/HOS cells, a result that can be explained by the
higher expression of the drug efflux transporters BCRP and Pgp in CSCs, that recognize DOX as a
transport substrate (57).

After culturing under differentiation conditions, we observed that cells become
progressively more sensitive to DOX acquiring a sensitivity profile similar to that of the parental

MNNG/HOS cells. This finding appears to be related with the down-regulation of the Pgp and
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BCRP that was observed in more differentiated cells. Other attribute of CSCs that may contribute
for their higher resistance to DOX is the ability of cells to enter in quiescence or slow dividing
state, which is considered an intrinsic defense mechanism against cytotoxic drugs that target
rapidly dividing cells, while sparing quiescent cells.

The metabolic activity of cells along differentiation was assessed based on the uptake of

['®F]FDG, positron emitter radiotracer analogue of glucose, currently used in the clinical setting

['®F]FDG accumulates preferentially in tumor

for detecting and staging malignant tumors (67).
cells due to the higher metabolic activity and energy requirements as compared with non-
malignant tissues. The molecules of [*®F]FDG are transported into the cell by glucose
transporters (GLUT 1 and GLUT 3) that are up-regulated in tumor cells. Once in the cytosol,
[*®F]FDG is phosphorilated by the enzyme hexokinase into [**F]FDG-6-phophate that is no further
metabolized and accumulates into the cytosol. The degree of ['*F]FDG uptake, based on
enhanced glycolysis, is considered a good indicator of the metabolic status of the cells (68, 69).

Our data demonstrated that CSCs accumulates significantly lower amounts of [**F]FDG
as compared with parental MNNG/HOS cells, suggesting that CSCs have low metabolic activity
and lower energy requirements, a trait that can related with the ability of these cells to enter in
quiescence. As in this state cells are not dividing they do not have high energy demands to
synthesize proteins, lipids or DNA. After being placed in differentiation culture conditions, it was
observed a marked increase in the uptake of ['®F]FDG that rapidly reached the values of the
parental MNNG/HOS cells. This increase suggests there are energy-consuming processes
occurring in the early transition to a differentiated state and that cells in a more differentiated
status have high energy demands as compared with undifferentiated cells. These observations
suggest that the quiescence of the CSC might contribute to the higher resistance to DOX, since
this drug target the DNA of proliferating cells.

The in vitro scratch wound-healing assay mimics to some extent the migration of cells in
vivo, which provides an estimation of their invasiveness (70). We found that the MNNG/HOS
cells moved to the wound area at a higher migration rate, being the wound completely closed
after 12h, whereas CSCs took more than 25 hours to close the wound area. After inducing
differentiation, cells acquired motility similar to that observed in parental MNNG/HOS cells.
These results suggest that cells at an undifferentiated status like CSCs have impaired motility and
invasive properties, compared with more differentiated counterparts.

The ability of cells to form colonies when seeded at low density provides an indication of

their tumorigenic potential, which is proportional to the number of adherent colonies formed

(71). The clonogenic efficiency of CSCs was very low of about 3.3%, but increased significantly
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upon induction of differentiation. The higher clone-forming ability was observed after 2 days
(34%) at the early stages of differentiation, and then began to decline acquiring a clonogenic
potential similar to that of the parental MNNG/HOS cells (18.7%). The limited clonogenic
capacity of CSCs is likely to be related with the slow turnover of the quiescence cells, as
indicated by the low uptake of [**F]JFDG. However the high clonogenicity that was observed at 2
days under differentiation, indicates that cells at early stages of differentiation have higher
tumorigenic potential then their terminally differentiated counterparts, which is in agreement
with the CSC theory. It is noteworthy that this assessment was performed by an in vitro
experiment which can be a simplistic model to assess the tumorigenic potential of cells. In order
to confirm these findings, these cells should be injected in athymic mice to assess their ability to

generate tumors
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5. Conclusions

In this study we aimed to evaluate the dynamic changes that occur along the
differentiation of CSCs regarding expression of stemness markers and of MDR-related proteins,
metabolic activity, sensitivity to DOX, clonogenic potential and pattern of motility.

Our findings demonstrated the existence of a population of CSCs within the MNNG/HQOS
OS cell line, with attributes of MSCs and ability to able to self-renew and to generate
differentiated progeny phenotypically similar to their parental cells.

The culture of CSCs under differentiation conditions induced the down regulation of the
transcription factors OCT4 and Nanog, which are involved in the self-renewal and in the
maintenance of an undifferentiated state.

The drug efflux transporters Pgp and BCRP that were found to be upregulated in CSCs
and are associated with drug resistance, decreased markedly after inducing differentiation,
which explains the increased sensitivity to DOX that was observed in more differentiated cells.

The lower [*®F]FDG uptake found in CSCs suggests they are in quiescent or slow-dividing
state and thereby are more resistant to DOX that target the highly proliferative cells. The
increase in metabolic activity that was observed after being placed in differentiation culture
conditions suggest they start to proliferate at high rate with high energy demands, becoming
more susceptible to cytotoxic effects of DOX.

Taken together these results suggest that CSCs undergo processes that are analogous to
the self-renewal and differentiation of normal stem cells, and that the administration of drugs
inducing differentiation of CSCs could be an interesting approach to sensitize CSCs to

conventional therapies and therefore to improve the outcome of osteosarcoma patients.
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