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ABSTRACT  
 
Sarcomas are a very diverse group of cancers, with over 50 subtypes. However, they fall 

into three main types: soft tissue sarcomas (STS), primary bone sarcomas and 

gastrointestinal stromal tumours (GIST).  They are also known to be resistant to 

chemotherapy and radiotherapy. Because of their diversity comparatively little is known 

about them. Furthermore, the role of cancer stem cells in sarcomas is unknown and has not 

been investigated in depth. It has been however been claimed that some sarcomas develop 

from transformed tissues, and these cells have some stem cells like properties.   
 

One of the aims of this study was to investigate these sarcoma subtypes and look for the 

presence of these stem cells. Immunophenotyping by FACS was used to identify CD 

markers that potentially stain stem cells in enriched populations. The second aim was to 

develop a novel technique that possibly identifies these stem cells in culture, called the 

stress assay. Comparisons between post-starved cells and pre-starvation was performed, 

using a different variety of methods to study differences that may occur, such as aCGH, 

MTT, FACS with different monoclonal antibodies and sorting. Furthermore, modified gating 

strategies and statistical methods (linear regression) were applied to the FACS data.  A 

total of twenty-one cultures of sarcomas were tested and were derived from different 

sarcoma subtypes.  
 

The primary data suggest differences between pre-and-post cells starvation (stress assay) 

among the sarcoma subtypes who survived this assay. FACS confirmed these sub-

populations, using the modified gating strategy to only focus on large cells, were enriched 

for CSC markers. Linear regression and co-expressions of these CD markers were 

analysed and contributed to a potential hierarchal association of sarcoma subtypes. Finally 

the effect of post starvation on cells demonstrated genetic changes they may suggest the 

post-recovered populations were more like the parental tumour.  Although it is not 

conclusive the findings of these studies seem to indicate that the stress assay may be a 

useful method to select for CSC in sarcomas. Further studies are required to more fully 

investigate and explore the true nature of the cells recovered. 
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1. INTRODUCTION 

1.1 CANCER: AN OVERVIEW  
A Neoplasm is a new growth; cancer is known as a malignant neoplasm, which is the term 

used to describe a broad group of diseases (Tarin, 2011). Cancer is a term that originates 

from a Latin word meaning ‘crab’; the swollen veins found to be surrounding a tumour have 

similarities to the appearance of crabs’ legs (Hecht, 1987). Worldwide, cancer is considered 

a major health problem and a leading cause of death. There are estimated to be about 19.3 

million new cases annually; in 2020, 10.0 million deaths were caused by cancer (Jemal et 

al. 2011, Siegel et al., 2013, Cronin et al., 2018, DeSantis et al., 2019, Sung et al., 2021). 

Cancer affects both developed and developing countries. The most commonly diagnosed 

type of cancer for women is breast cancer, which accounts for (11.7%) new cases of the 

total number of cancer cases (estimated 2.3 million new cases) and 6.9% of cancer deaths 

among females. In males, lung cancer is the leading cause of death, accounting for around 

(11.4%) of new cancer cases and 18% of cancer deaths (estimated by 1.8 million deaths). 

Furthermore, new diagnosed cancer cases such as colorectal cancer was (10.0% new 

cases), followed by prostate cancer (7.3%), and stomach (5.6%). However, the leading 

cause of death still lung cancer and followed by colorectal cancer (9.4%) deaths, liver 

(8.3%), stomach (7.7%). Both cervical cancer and breast cancer death rates were found to 

be higher in developing countries compared to developed countries. The cancer cases 

expected to increased in 2040 to 28.4 million cases, a 47% higher than 2020 due to many 

factors.  ( Jemal et al., 2011, Siegel et al., 2013, Cronin et al., 2018, DeSantis et al., 2019, 

Sung et al., 2021). 

 

The causes of cancer are diverse, whereby when the cells lose their growth control 

mechanisms and gene alteration occurs, a malignant tumour is formed (Fink, 1979, Siegel 

et al., 2013). This uncontrolled growth of cells consumes the entire nutrient leading to the 

death of the surrounding cells and tissues and eventually causing patient death (Siegel et 

al., 2013).  If we consider that cellular and genetic changes, as well as unregulated growth 

control are a feature of tumours. Studying these changes has a huge impact in terms of 

understanding the fundamental biological background of these tumours and the resulting 

rates of patient survival (Yang et al., 2006). These changes are important in determining 

whether a tumour is benign or malignant, with invasive properties and the ability to spread 

to other sites within the body; a process known as Metastasis. Benign tumours do not have 

the capacity to invade the surrounding tissues. However, they can develop and turn 
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malignant in later stages, and spread through the lymphatic system or bloodstream to more 

distant tissues in the body, resulting in a poor prognosis for the patient (Yang et al., 2006). 

1.2 CANCER DEVELOPMENT AND HALLMARKS 

Cancer development is governed by different and multi-complex elements that control its 

transformation from normal to malignant. Interpreting the role of these elements, their 

effect, as well as interactions, will help in-depth understanding of cancer biology (Hanahan 

and Weinberg, 2011), in their paper, they point out hallmarks that are involved in cancer 

development, such as sustaining proliferating signaling, resisting apoptosis, inducing 

angiogenesis, escaping growth suppression, activating invasion and metastasis, self-

renewal, and microenvironmental interactions. As normal tissue has controlled cell 

proliferation it prevents cells from excess growth, but cancer on the other hand does not, 

which leads to uncontrolled cell number and size through cell deregulation (such as through 

growth factors). In addition, cancer cells have the ability to maintain self-renewal by 

secreting growth factors ligands (autocrine stimulation) or they can recruit normal cells for 

this purpose, and by deregulation for receptor signaling (Bhowmick et al., 2004, Cheng et 

al., 2008, Hanahan and Weinberg, 2011). Figure 1.1. 

!

!
Figure 1. 1: The Hallmarks of Cancer. (Hanahan and Weinberg, 2011). 

!
Hanahan and Weinberg (2011) also discussed emerging hallmarks that could act as 

enabling characteristics and contribute to the progression and continued development of 

cancers.  These include the inflammatory response, increasing genetic instability and 

promotion of angiogenesis. Figure 1.2. 
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!
Figure 1. 2: Emerging Hallmarks and Enabling Characteristics. (Hanahan and Weinberg, 2011).   

 

1.3 THE ROLE OF ONCOGENES 
The regulation of cancer development is under genetic control and cancer has long been 

known to be a genetic disease and the process outlined, as hallmarks can be both 

promoted or suppressed through the actions of genes (Vicente-Duenas et al., 2013). 

Oncogenes are a group of genes that have the potential ability to cause cancer. The 

overexpression or mutation to gain function of oncogenes and their proteins usually leads 

to uncontrolled cell proliferation in cancer. For example, RAS, RAF and MYC will inhibit cell 

senescence and apoptosis (Zheng et al., 2013, Liu et al., 2018). 

 

Furthermore, tumour suppressor genes (TSG) are considered as the genes that can 

negatively control cancer development (i.e. suppress) and are often involved in the 

production of the proteins that regulate cell division, such as responsible for correcting DNA 

damage or directing cells to programmed cell death (apoptosis). Famous examples of 

tumour suppressor genes are the RB gene (retinoblastoma-associated) and P53, both 

playing key roles in cellular regulation (Ong et al., 2004, Chau et al., 2008, Benson et al., 

2014). RB intervenes directly in cell proliferation and can if required induce apoptosis 

(Wang et al., 2021). TP53 on the other hand, acts as part of the regulation of genomic 

integrity, detecting any genomic damage and pausing the cell cycle until the defect is 

corrected, otherwise if the damage is excessive TP53 can initiate apoptosis (Burkhart and 

Sage, 2008, Shukla et al., 2017). 
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Another example of TSG regulation of cancer development is the transforming Growth 

Factor Beta gene (TBF-ß) which can play a role in cell proliferation inhibition, and switching 

the TBF-ß signalling pathway from proliferation suppression is part of cellular re- 

programming and transformation, known as Epithelial-mesenchymal transition (EMT) 

(Ikushima and Miyazono, 2010). 

1.4 Epithelial-Mesenchymal Transition (EMT) AND Mesenchymal 
Epithelial Transition (MET)  
Epithelial-mesenchymal transition (EMT) is the complex reprogramming of epithelial cells 

that includes molecular and cellular changes, and enables epithelial cells to transit into a 

mesenchymal state. As a consequence epithelial cells gain characteristics such as the 

ability to migrate and becoming more invasive, resistance to apoptosis, increased 

production of enzymes responsible for the degradation of extracellular matrix and evading 

the immune system. EMT has a crucial role in normal cell biology in the development of an 

embryo, with transition to roaming cells to facilitate morphogenesis (Nieto, 2013, 

Jayachandran et al., 2016). 

 

Evidence suggests that tumour cells capable of causing metastasis express both EMT and 

stem cell markers (Sannino et al., 2017). Therefore any activation of EMT transcription 

factors leads to the development and production of countless numbers of cancer stem cells 

(CSC) and the formation at distant sites of secondary tumours, which retain their ability to 

switch back to the epithelial state by so called mesenchymal-epithelial-transition (MET) 

(Kahlert et al., 2017). EMT induction is triggered by exogenous transcription factors such as 

epithelial growth factors (EGF), transforming growth factor-ß (TBF-ß) and fibroblast growth 

factor (FGF) with signaling pathways such as NF-kB, Wnt/ ß-catenin and hedgehog invoked 

(Gurzu et al., 2015). In addition, cancer cell with no stem cell like abilities, exposed to TBF-

ß results in the transformation of these cells to mesenchymal cells or CSC like-cells, and by 

inhibition of this factor, cells switch back to the epithelial phenotype and loose the gained 

characteristics (Doherty et al., 2016). Some cytokines, such as Interleukin-6 for instance 

are also capable of inducing EMT (Sun et al., 2014, Bharti et al., 2016). In lung carcinoma 

exposure to IL-6 and mediation by a STAT3 signalling pathway leads to low expression of 

E-cadherin and up-regulation of N-cadherin and the induction of EMT by IL-6 influences cell 

plasticity (Bharti et al., 2016). Similarly in prostate cancer following EMT migration and 

invasion is enhanced or impaired by up/down-regulation of N-cadherin (Doherty et al., 

2016, Yadav and Desai, 2019). Finally increased expression of EMT transcription factors 
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can promote tumour formation. For example, a high level of SNAI1 (SNAIL), in cancer cells 

increases both tumour initiation and metastatic potential (Ye et al., 2015). 

1.5 SARCOMA: AN OVERVIEW  
In general, sarcomas are rare tumours. They originate from mesenchymal cells, which 

consist of mesodermal and ectodermal germ layers (Mackall et al., 2002). They account for 

around 21% of all pediatric solid tumours (11% of childhood and 14% of teenager tumours) 

and around 55% of sarcomas affect the limbs, and 15% affects the head and neck. Less 

than 1% are adult solid tumours. This means that there are a higher proportion of pediatric 

cases compared to adult cases. Due to the fact that sarcomas arise from connective tissue, 

they can affect diverse tissues such as muscles and bone and are found in different parts of 

the body (Grunewald et al., 2020). Furthermore, certain types of sarcoma can be easily 

misdiagnosed as sports injuries (Mackall et al., 2002, Burningham et al., 2012). As a result 

of their origin, sarcomas are histologically diverse tumours; there are more than 100 

subtypes of sarcoma. Some sarcomas have an unknown histogenesis, with some types 

have similar normal connective tissue features depending on their origin (Burningham et al., 

2012, Fiedorowicz et al., 2018, Thompson and Franchi, 2018). 

1.6 ETIOLOGY  
Sarcoma aetiology is ambiguous, but genetic mutations play a major role in forming some 

sarcomas, and are associated with known cancer syndromes such as mutations in the 

retinoblastoma gene correlating with osteosarcoma (Abramson et al., 1984, Grunewald et 

al., 2020).  Other factors that may cause sarcoma are exposure to specific chemicals or 

radiation, like vinyl chloride and ionizing irradiation. It is worth mentioning that race plays a 

role in sarcoma. For instance, the white race has more incidences of Ewing’s sarcoma, 

while the Asian and African races have fewer incidences. This is related to genetic 

differences (Worch et al., 2010). Other causes of sarcomas are hormonal changes, 

infections, job types, and environmental risk factors (Balarajan and Acheson, 1984, Kedes 

et al., 1996, Fioretti et al., 2000, Comba et al., 2003).  

1.7 SARCOMA TYPES 
Although there are many sarcoma subtypes, they fall under three main types: soft tissue 

sarcomas (STS), gastrointestinal stromal tumours (GIST) and primary bone sarcomas. 

Despite STS being relatively rare, most of the common subtypes of sarcomas, which 

patients can develop, are under this type. STS may occur at any age. However, ageing 

increases the incidence of STS, it reaches a peak after people have reached their sixties. 

Approximately 50% of STS patients are over 65 years old (F. Farshadpour  and R. Otter 
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2005). In addition, almost half of STS cases with an intermediate- or high-grade tumour 

metastasize. On average, the survival rate after five years is 50% (Jansen-Landheer et al., 

2009, Grimer et al., 2010). In the table below we summarized some sarcoma subtypes and 

discussed some major sarcoma subtypes also, which fall under two main categories, as it is 

difficult to list and discuss all the subtypes. Table 1.1. 

 

Soft-tissue tumours are classified into: Bone tumours   are classified into: 

 

 

"  Adipocytic tumours   

" Fibroblastic/myofibroblastic tumours   

" Fibrohistiocytic tumours   

" Smooth muscle tumours   

" Pericytic (perivascular) tumours   

" Skeletal muscle tumours   

" Vascular tumour   

" Chondro-osseous tumours   

" Gastrointestinal stromal tumours   

" Nerve sheath tumours   

" Tumours of uncertain differentiation   
 

" Undifferentiated/unclassified sarcomas.   

 

" Chondrogenic   tumours  
 

" Osteogenic tumours   
 

" Fibrogenic tumours   
 

" Fibrohistiocytic tumours   
 

" Ewing sarcoma   
 

" Haematopoietic neoplasms   
 

" Osteoclastic giant cell-rich tumours   
 

" Notochordal tumours   
 

" Vascular tumours   
 

" Myogenic, lipogenic and epithelial tumours   
 

" Tumours of undefined neoplastic nature. 

 

Table 1. 1: A list of some sarcoma subtypes that falls under two categories (soft-tissue and bone 
sarcomas). Adapted from (Beckingsale and Shaw, 2017). 

 

1.7.1 Soft Tissue Sarcoma  
Soft tissue sarcomas consist of a large group of heterogeneous mesenchymal tumours. 

Most of them are very aggressive. Mutation in genes such as ATM, ATR and TP53 are 

linked to the sensitivity increment to ionizing radiation which leads to the development of 

sarcoma (Ballinger et al., 2016). For example, 10% of the patients investigated with 

neurofibromatosis type one, GIST and malignant peripheral nerve sheath tumours develop 

an autosomal dominant mutation in the TP53 gene encoding p53, and lead to the 

development of tumours and on one third were sarcomas in the total cases (Farid and 
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Ngeow, 2016). Moreover, some studies claimed that there are also some genetic risk 

factors or gene damage associated with sarcomas such as BRCA2, ATM, ATR, and 

ERCC2 (Ballinger et al., 2016) Tables 1.1 and 1.2. 

 

Diagnosis Chromosomal abnormality 
(Translocations) 

Involved genes 
 

Alveolar rhabdomyosarcoma 

 

t(2;13) (q35;q14) 

t(1;13) (p36;q14) 

PAX3-FKHR 

PAX7-FKHR   

Alveolar soft part sarcoma t(X;17) (p11.2;q25) TFE3-ASPL 

Angiomatoid fibrous histiocytoma  t(12;16) (q13;p11) 

t(12;22)(q13;q12) 

t(2;22)(q33;q12) 

FUS-ATF1 

ATF1, EWSR1 
 

CREB1, EWSR 
 

Clear cell sarcoma t(12;22) (q13;q12) EWS-ATF1 

Congenital fibrosarcoma/ Congenital 
mesoblasticnephroma 

t(12;15) (p13;q25) ETV6-NTRK3 

Dermatofibrosarcoma protuberans t(17;22) (q22;q13) PDFGB- COL1A1 

Desmoplastic small round cell tumour  t(11;22) (p13;q12) 

t(21;22)(q22;q12) 

EWS-WT1 

ERG, EWSR1 
 

Endometrial stromal sarcoma t(7;17) (p15;q21) 

t(6p;7p) 
 

JAZF1-JJAZ1 

JAZF1, PHF1 
 

Ewing’s sarcoma/  

Peripheral primitive  

Neuroectodermal tumour 

t(11;22) (q24;q12) 

t(21;22) (q22;q12) 

t(7;22) (p22;q12) 

t(17;22) (q12;q12) 

t(2;22) (q33;q12) 

t(16;21) (p11;q22) 

EWS-FLI1 

EWS-ERG 

EWS-ETV1 

EWS-FEV 

EWS-E1AF 

FUS-ERG 

Inflammatory myofibroblastic tumour t(1;2) (q22;p23) 

t(2;19) (p23;p13) 

t(2;17) (p23;q23) 

TPM3-ALK 

TPM4-ALK 

CLTC-ALK 
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Infantile fibrosarcoma  
 
 

t(12;15)(p13;q26) ETV6, NTRK3 

Low-grade fibromyxoid sarcoma  t(7;16) (q33;p11) 

t(11;16) (p11;p11) 

FUS-CREB3l2 

FUS, CREB3L1 
 

Myxoid chondrosarcoma t(9;22) (q22;q12) 

t(9;15) (q22;q21) 

t(9;17)(q22;q11) 

EWS-CHN 

TFC12-CHN 

TAF2N-CHN 

 
Myxoid liposarcoma t(12;16) (q13;p11) 

t(12;22) (q13;q12) 

TLS-CHOP 

EWS-CHOP 

Synovial sarcoma t(X;18) (p11;q11) SSX1-SYT 

SSX2-SYT 

SSX4-SYT 

 
Table 1. 2: Show Common Chromosomal translocations known in sarcoma. Adapted from (Thway, 2009) 
and (Beckingsale and Shaw, 2017). 

 

1.7.1.1 Fibroblastic Sarcoma 

Under this type, there are several subgroups of sarcoma such as Malignant fibrous 

histiocytoma, Myxofibrosarcoma, Fibrosarcoma, Dermatofibrosarcoma, developed in the 

fibrous tissue, diagnosed mostly in people over 65 years old, with equal sex distribution 

(Willems et al., 2006). However, around 6% of young people less than 5 years old are 

diagnosed with fibrosarcoma. The most common type in the STS subtype is 

myxofibrosarcoma (Willems et al., 2006). This type-specific area is in the deep soft tissue of 

the extremities, trunk and head and neck. The histopathology picture shows monomorphic 

fibroblastic cancer cells in the collagenous matrix (Grunewald et al., 2020). A rare mutation 

was seen in alveolar soft tissue myxofibrosarcoma in NF1 and TP53 genes (Potter et al., 

2018). Myxofibrosarcoma fusion areKIAA2026-NUDT11, CCBL1-ARL1, and AFF3- -PHF1 

(t[9;X][p24;p11]; t[9;12][q34;q23]; t[2;6] [q12;p21], respectively) (Sbaraglia and Dei Tos, 

2019) Tables 1.1 and 1.2. 
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1.7.1.2 Gastrointestinal Stromal Tumours 

GISTs are the most common mesenchymal tumours of the gastrointestinal tract; they occur 

from the oesophagus to the rectum, the main site is the stomach (60%) and small intestine 

(25%), mostly occur in elderly men over 70 years old (Soreide et al., 2016). Histopathology 

contains broad-spectrum, however, mainly spindle shape cells and epithelioid cells in about 

20% of the cases, in some cases it shows mixed histology picture which characterized by 

the differentiation toward interstitial cells of Cajal (Corless, 2014). The markers that stain 

this type are CD117 (KIT) and DOG1. The main frequent mutations are KIT in 70% of 

GISTs and PDGFRA (10%) (Duensing et al., 2004, Boikos et al., 2016) Tables 1.1 and 1.2. 

1.7.1.3 Leiomyosarcoma 

LMS, account for around 10-20% of STS in adults, specific areas for this type are seen in 

the peritoneum and uterus and rarely found in bone that affects middle-aged and older 

people (Burns et al., 2020). Histopathology cells picture mesenchymal, blunt-ended spindle 

shape cells and smooth muscle differentiation with SMA, desmin and h-Caldesmon positive 

(Grunewald et al., 2020). This type has a highly complex karyotype leading to a genomic 

instability picture. However, losses in the tumour suppressor genes RB1 at the 10q and 

phosphatase and tensin homolog (PTEN) at 13q were detected (El-Rifai et al., 1998). Also, 

whole-exome sequencing analysis of LMS and uLMS show a heterogeneous picture with 

common alterations in the tumour suppressor genes RB1, TP53, PTEN and cadherin-1 

(CDH1) (Agaram et al., 2016) Tables 1.1 and 1.2. 

1.7.1.4. Liposarcoma 

LPS is common in the adult STS subgroup account around 20%(Toro et al., 2006). This 

type of location is variable, the most common site is in the retroperitoneal space and 

morphologically the cancer cells are heterogeneous show adipocytic differentiation within 

the vascularization stroma (Grunewald et al., 2020). LPS most common subgroups are 

well-differentiated (WDLPS) and dedifferentiated liposarcoma (DDLPS), both share genetic 

aberrations displaying a 12q21-15 amplicon, which contain the MDM2 proto-oncogene 

(MDM2) and cyclin dependant kinase 4 (CDK4) cell cycle oncogenes (Kanojia et al., 2015). 

Also in WDLPS COAS and PRUNE oncogenes are both often amplified in the 1q21-22 

region (Arrigoni and Doglioni, 2004). In addition, the rare subgroups of LPS are myxoid 

liposarcoma (MLPS) and pleomorphic liposarcoma (PLPS) (Burns et al., 2020). MLP 

translocations found in t(12,16)(q13;p11), and less commonly t(12,22) (q13;q12), that fuse 

FUS RNA binding protein (FUS) or EWS binding protein-1 (EWSR1) and DNA damage-

inducible transcript-3 (DDIT3) on chromosome 12 ,as a result, adipocytic differentiation is 

inhibited (Powers et al., 2010, Fiedorowicz et al., 2018) Tables 1.1 and 1.2. 
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1.7.1.5 Rhabdomyosarcoma 

RMS is a skeletal muscle malignant tumour and accounts for around 40% of STS in 

children and 3-4% of all malignancies in this age group (Hoang et al., 2018). However, the 

specific site of this type is variable; histopathology, shows mesenchymal phenotype and 

variable myogenic differentiation morphology. These cells were found to be positive for 

myogenin and MYOD(Grunewald et al., 2020). Translocations in RMS are in PAX3 or PAX7 

with FOXO around 77% of these tumours. Some mutations were observed such as 

CDKN2A/B deletions, mutations in FGFR4 and PIK3C A, TP53 and MDM2 amplification, 

some of them have high GLII expression (Hoang et al., 2018) Tables 1.1 and 1.2. 

1.7.1.6 Undifferentiated Pleomorphic Sarcoma 

UPS is the most common sarcoma in older people between 50-70 years old and rare in 

children; the most common site is the extremities (de Paiva et al., 2018). Although the 

origin of the malignant cells is not clear, histopathologically, the cancer cells are 

undifferentiated and contain a high degree of cellular atypia and pleomorphism (Grunewald 

et al., 2020). UPS mutations are detected in KRAS and PIK3CA, also, activated protein 

kinase B (AKT) was screened in some cases ( Lahat et al., 2011, Li et al., 2015) Tables 1.1 

and 1.2. 

1.7.1.7 Synovial Sarcoma 

Commonly seen in the deep soft tissue of the extremities in young adults (El Beaino et al., 

2017). Cells morphology is spindle shape with variable mesenchymal and/or epithelial 

differentiation (Grunewald et al., 2020). The specific chromosomal aberration for this 

subtype is in t(X;18) translocation, and this translocation causes the fusion of  oncogene 

SS18-SSX1/2/4 fusion, which is specific for synovial sarcoma, also known as SYT, 

chromosome 18 (El Beaino et al., 2017) Tables 1.1 and 1.2. 

1.7.2 Bone sarcoma 

1.7.2.1 Chondrosarcoma 

CHC is found in cartilage, bone surface and centre and morphologically, show lobules 

contain malignant chondrocyte inside the chondroid matrix with calcified foci (Grunewald et 

al., 2020). The involved mutations for this type are IDH1/2 and EXT1/2. However, the role 

of p53 is unclear, but the presence of p53 protein overexpression, 17p1 chromosomal 

aberration, and TP53 mutations is present in almost all poorly differentiated CHS. 

Moreover, TP53 mutations occur in later stages. This was investigated and confirmed 

12q13 (MDM2) amplification and loss of 9p21 (CDKN21/p16/INK4A and INK4A-p14ARF) 
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(Zajac et al., 2021). Also, half of the CHC cases show a mutation in the IDH1 (isocitrate 

dehydrogenase 1) or IDH2 genes (Lugowska et al., 2018) Tables 1.1 and 1.2. 

1.7.2.2 Ewing Sarcoma 

This type is found in the long and the flat bones around 85% of the cases and on 

extraskeletal around 15% of the cases, it accounts for 6-8% of bone tumours and affects 

young people of European origin (Gargallo et al., 2020). Histopathology show 

undifferentiated small round cells CD99 and PAS +ve cytoplasm (Grunewald et al., 2020). 

Mutations are somatic FET-ETS translocations EWSR1-FLI1 (85%), EWSR1-ERG (10%) 

and 5% rare subtypes. The most frequent translocation is t(11;22)(q24;q12) and the EWSR 

1 gene is located at 22q12 and FLI1 at 11q24 (Kim and Park, 2016, Cidre-Aranaz et al., 

2017, Gargallo et al., 2020) Tables 1.1 and 1.2. 

1.7.2.3 Osteosarcoma 

OS localized on the surface and centre of the bone. Histopathology picture, show 

neoplastic cells with a mesenchymal appearance and constant polymorphism (i.e. 

epithelioid, fusiform, round, spindle shape), these are combined with an extracellular 

osteoid matrix (Grunewald et al., 2020). Karyotype appearance is unstable with multi-

chromosomal aberrations (Rickel et al., 2017, Grunewald et al., 2020). The most constant 

mutations are TP53, RB amongst others known as BRCAness, RECQL4, RAS signal 

pathways genes (EGFR, GNAQ, GNAS, ALK, PDGFRA, PDGFRB, PIK3CA, AKT2, 

PIK3R1, PTEN, TSC2, VHL, CBL); notch signalling pathways genes (NOTCH1-4, MAML2, 

FBXW7, PDPK1, AKT1, E1F4B) and others. The primary inducer genes for OS are TP53, 

NOTCH1, MYC, FOS, NF2, WIF1, BRCA2, APC, PTCH1, and PRKAR1A (Rickel et al., 

2017, Fiedorowicz et al., 2018) Tables 1.1 and 1.2.        

1.8 SARCOMA AND EMT/MET 
As sarcomas are mesenchymal in origin and as mentioned earlier they can develop in 

bone, cartilage, and connective tissue (fat, fibrous, muscle and other tissues); they show 

phenotypic plasticity, and as such a plasticity with the transition between two different 

cellular phenotypes; epithelial-mesenchymal transitions (EMT) and mesenchymal-epithelial 

transitions (MET). In carcinomas EMT and MET are known to be regulated by many 

transformation factors, such as SNAIL, SLUG, TWIST1, and ZEB1/2 (Gurzu et al., 2015). In 

sarcoma however comparatively little is known about MET/EMT and the factors and the 

stages that the cells should undergo.   
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A study of gene expression of STS (around 250 samples) looking at epithelial-like or 

mesenchymal-like markers, found that epithelial-like positive markers had a better 

prognosis compared to mesenchymal-like markers (Somarelli et al., 2016). Recently 

Periostin was suggested as a prognostic biomarker for EMT in some of the STS, such as 

leiomyosarcoma, myxofibrosarcoma and undifferentiated pleomorphic sarcoma (Piano et 

al., 2020).  Moreover, SNAI1 (SNAIL) expression has been found to be correlated with poor 

prognosis in sarcoma, and its expression by fibroblasts was related to development of 

sarcoma (Alba-Castellon et al., 2014). In Chondrosarcomas SNAIL and N-cadherin up-

regulation correlated with MERK/ERK and PI3K/AKT signaling and also 80% had 

expression of both CXCR4 and survivin, with potential as therapeutic targets (Yang et al., 

2015b). More is known about EMT /MET in Osteosarcomas than most sarcomas. 

Osteosarcomas show a high level of E-cadherin and low vimentin expression, due to 

HIF-1α-mediated hypoxia, and this was found to be associated with higher proliferation and 

more invasive cells (Sun et al., 2015). Also in osteosarcoma, ZEB1 was found at a high 

level and even higher in metastatic osteosarcoma (Shen et al., 2012) and TGF-ß treatment 

triggered MET in osteosarcoma associated with SNAI1 activated through estrogen-related 

receptor alpha-dependent (Chen et al., 2017). Furthermore, genes such as TIM3, 

ST6GAL1, TRIM66 and UHRF1 in osteosarcoma play an important role in cell-cell 

interaction, cell-matrix adhesion and EMT in general (Chen et al., 2015, Meng et al., 2015, 

Feng and Guo, 2016, Liu et al., 2016). 

1.9 TREATMENT  
The diversity of sarcomas, together with patient history and response to treatment, affects 

their management. For example, some elderly patients receive no treatment.  These 

elements improve the treatment outcome, the survival rate, and help to avoid a recurrence 

of the tumour. Surgery, chemotherapy and radiotherapy are the available standard 

treatments for sarcoma. The treatment decision is made according to many factors such as 

the grade, location of the tumour, and age (Kasper et al., 2007, Jansen-Landheer et al., 

2009, Grimer et al., 2010 Grunewald et al., 2020). Furthermore, improvements in finding 

new therapies, rather than using the traditional treatment, have been beneficial and have 

shown a shift toward molecular targeted therapy, which increases the prediction of tumour 

biological behaviour in many sarcoma subtypes (Kasper et al., 2007, Grunewald et al., 

2020). 
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1.10 CANCER STEM CELLS (CSC) 
A stem cell (SC) is a cell that has the ability to proliferate and differentiate into different cell 

populations (Tang, 2012). In order to gain an understanding of cancer stem cells (CSC), it 

is a necessity to first understand the characteristics of normal adult stem cells. In any 

normal tissue or developed organ, there is a hierarchy of cells; including importantly the 

presence of a specific type of cell, called an adult stem cell, which can share all, or some, 

of the properties of stem cells.  Somatic adult stem cells can trigger and play a major role in 

their environment, and cellular growth and homeostasis of normal tissues is managed by 

normal SCs. This means that the SCs are crucial for preventing tissues from degeneration, 

and supporting tissue development and cell division occurs through specific signaling 

pathways. (Figure 1.3), These progenitor cells fluctuate between the self-renewal and non-

self-renewal states: see Figure 1.3 and the pathways in stem cell biology have been 

studied extensively in the last few years using a combination of new CD markers (cluster of 

differentiation) (Majeti et al., 2007, Notta F, 2011, Tang, 2012, Najafi et al., 2019a, 

Thankamony et al., 2020). It was thought to be possible to purify a population of SCs from a 

mixture of SCs and mature progenitors. For example, markers such as Aldehyde 

dehydrogenase (ALDH) can be used in the Aldefluor assay in combination with a side 

population (SP) that enriches for SC’s, such as CD34, CD49f and CD90. Other markers like 

CD38, CD45RA, also could isolate a small population of cells that contain SC’s properties!
(Schatton et al., 2009, Najafi et al., 2019a, Thankamony et al., 2020).  

 

Cancer stem cells (CSC) are thought to be a subpopulation in the tumour, characterized as 

having an undifferentiated phenotype that possesses the ability of self-renewal, or of being 

able to differentiate into committed daughter cells that are resistant to chemotherapy and 

radiotherapy (Schatton et al., 2009, Najafi et al., 2019a, Thankamony et al., 2020). They, 

therefore, resemble normal SCs in their ability to renew and differentiate, but importantly 

are considered to initiate tumour relapse or distant metastasis. Also, they are not controlled 

by homeostasis (as a result of the tumour); the population of CSC is heterogenic with 

genomic and epigenetic instability, which leads to genetic plasticity (Clarke and Fuller, 

2006, Dalerba et al., 2007, Bomken et al., 2010, Najafi et al., 2019a, Yadav and Desai, 

2019, Thankamony et al., 2020). As a result, we can suggest that CSC resemble SC in 

their various capabilities (Moghbeli et al., 2014, Tinhofer et al., 2014, Najafi et al., 2019a, 

Thankamony et al., 2020).  

 

!
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Figure 1. 3: Shows the possible origins of cancer stem cells. (Clarke and Fuller, 2006).  

(a) Interactions between Normal SC and niche. (b) Expansion of the SC niche. (c, d) Alterations in CSC and 
genetics alterations promote them to niche-independent  (e) CSC may arise from progenitor cells due to 
mutations.  

 
 
 
There are two theories for the development of CSC. It was originally hypothesized that CSC 

could potentially arise from normal stem cells. As a result, CSC are thought to be somatic 

adult stem cells transformed through acquired mutations under certain conditions (Lobo et 

al., 2007). This assumption was based on observations of leukaemia (Fialkow, 1990, 
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Lapidot et al., 1994). Also, some adult cells in the lymphoid system can be described as 

having a stem cell-like hierarchy, according to their functions. T and B cells in this system 

are divided into memory cells and effector cells based on the surface marker expression. 

The status of the cells, and in what stage of development they are in, can easily be 

determined by this expression’s profile. The memory T and B cells (long-term) encounter 

self-renewal, sharing this property with the hematopoietic stem cell at the molecular level. 

This means that the common transcription factors play a significant role in not only 

maintaining the cells but in determining which cells can undergo self-renewal (Luckey et al., 

2006). 

 

The second theory argues that CSC evolve from progenitors and early progenitors, which 

have the ability to renew themselves, and then de-differentiated over the course of the 

tumour initiation and progression, resulting in their transformation into CSC and the tumour 

source (Reya et al., 2001, Clarke and Fuller, 2006).  

 

As mentioned before, any malignant tumour is found to be a heterogenic population 

composed of different cells with diverse properties. Self-renewal is a significant property 

that allows CSC to be regulated by the microenvironment signals just as normal cells are. 

These signals maintain the cell division to give rise to more cells, whether these are normal 

cells, adult SCs or some CSC. This process, however, is inhibited in normal tissue to 

restrain ungoverned cellular growth (Morrison et al., 2002, Morrison and Kimble, 2006), 

whilst no such constraints exist for cancers.  Based on what has been already mentioned 

about CSC theory, CSC could be defined as a restricted subpopulation of cancer cells that 

have the ability to govern the growth and spread of the tumour. These cells can also 

develop into more differentiated cells, and at some point, they may stop proliferating or die 

due to their limited ability. This leads us to assume that the cellular hierarchy observed in 

normal tissue, could also be seen in the tumour as will be shown in the next sections.     

1.11 CSC IN CANCER 

1.11.1 CSC and Hematopoietic Cancer 
According to a study on chronic myelogenous leukaemia (CML) (Fialkow, 1990), CML 

disease starts with a high number of mature abnormal white blood cells. By the time the 

disease progresses and becomes aggressive, the white cells have accumulated in the bone 

marrow and are called blasts. Fialkow investigated their lineage by using glucose-6-

phosphate dehydrogenase G6PD isozymes, which indicated that pluripotent stem cells 

become malignant progeny. Red blood cells and plasma B cells also have the same G6PD 
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isozyme, which means they share the same origin. These outcomes were probably the first 

conclusive evidence of the presence of CSC (Fialkow, 1972, Fialkow et al., 1981, Fialkow, 

1990). In addition, many attempts have been made to isolate CSC, for example, the 

pioneering studies by John Dick’s group in 1997. They isolated what were thought to be 

hematopoietic stem cells (HSCs) in acute myeloid leukaemia (AML). Based on what is 

known today as monoclonal antibodies, they were able to isolate a subset of human AML 

cells that were CD34+CD38- in immunocompromised mice. These cells continued to grow 

to mature cells (Lapidot et al., 1994, Bonnet and Dick, 1997), suggesting that a malignant 

population can give rise to a hierarchical system. 

1.11.2 CSC and Solid Tumours 
Most of the body’s organs are assumed to have an adult stem cell population that governs 

their development and contributes to the cellular hierarchical system of each organ by 

organized pathways. In addition, most of the organs or tissues are known to maintain a 

balance that stabilizes after development preventing neoplastic development; for instance, 

adult SC subpopulations have been proven to exist in the brain and muscle and can be 

triggered in certain circumstances (Collins et al., 2005b, Ming and Song, 2005, Sugihara 

and Saya, 2013, Atashzar et al., 2020, Thankamony et al., 2020). 

 

Based on these findings, many studies have tried to investigate subpopulation of CSC in 

different tumours. Some of the most investigated and potentially valuable markers are 

CD44 and CD133, which have been found in breast, brain, prostate, head and neck 

cancers (Table 1.3). CD44 is a glycoprotein receptor that is widely known as a surface 

marker associated with CSC migration, adhesion and metastasis of cancer cells (Shipitsin 

et al., 2007). On the other hand, CD133 is a surface antigen known as prominin-1, which is 

a glycoprotein with five transmembrane domains. It is widely used as a prospective CSC 

marker (Grosse-Gehling et al., 2013). Expression of these markers in subpopulations was 

found to be correlated with high clonogenicity and stem cell characteristics (Najafi et al., 

2019a, Yadav and Desai, 2019, Thankamony et al., 2020). In breast cancer populations of 

cancer cells with different phenotypes can be found, and CD44 expression has been 

investigated using immunocompromised mice as a model to test these diverse populations 

(Trapasso and Allegra, 2012).  The results from these tests showed that there is a 

tumorigenic subpopulation called tumour-initiating cells, with a distinct surface marker 

expression that can be distinguished from the non-tumorigenic cancer cells. The isolated 

cells (CD44+CD24 - /low ) were noted to have occurred in eight patients out of nine and 

accounted for 11%-35% of the total number of cells (Al-Hajj et al., 2003). In addition, these 
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cells had the ability to form tumours in mice while the other cell lineages failed to initiate 

tumours. Most significantly, the mice’s tumours from (CD44+CD24 - /low) cancer cells were 

found to be mixed populations representing the same phenotypic picture as the original 

tumour (Al-Hajj et al., 2003). 

 

Cancers Cancer stem cells phenotype References 
Breast 

 
CD44, CD24, EPCAM, CD133, 

ALDH  
Al-Hajj et al., 2003; Qiu et al., 2019  

Glioblastoma CD133, CD15, CD44, A2B5  Singh et al., 2004; Dirkse et al., 2019  

Head and Neck CD44, CD133, CD98, ALDH, Side 
population 

Prince et al., 2007; Peitzsch et al., 
2019  

Lung CD44, CD133, ALDH, CD90  Leung et al., 2010; Maiuthed et al., 
2018 

Colorectal CD44, CD24, CD133, CD166, ALDH, 
EPCAM 

Ricci-Vitiani et al., 2007; Zhou et al., 
2018  

Gastric CD44, CD24, CD133, LGR5, CD90, 
CD71 

Yang et al., 2007; Bekaii-Saab and El-
Rayes, 2017 

Pancreatic CD44, CD24, CD133, ESA, DCLK1, 
ABCB1 

Li et al., 2007; Di Carlo et al., 2018  

Hepatocellular CD44, CD133, CD13, CD45, CD90, 
EPCAM 

Terris et al., 2010; Wang and Sun, 
2018  

Renal  CD105, CD133, ALDH1  Bussolati et al., 2008; Peired et al., 
2016  

Ovarian CD44, CD24, CD117, EPCAM, 
ABCB1, ABCB2 

Zhang et al., 2008; Roy and Cowden 
Dahl, 2018 

Endometrial CD44, CD117, CD55, CD133  Giannone et al., 2019  

Prostate CD133, CD44, α2β1, ABCG2, ALDH  Collins et al., 2005; Skvortsov et al., 
2018  

Melanoma CD133, ALDH, CD271, ABCG2, 
JARID1B, CD20 

Fang et al., 2005; Kumar et al., 2017  

Leukemia CD34, CD38, CD123, CD47, CD96 Lapidot et al., 1994; Wang et al., 2017 

Table 1. 3:! Cancer stem cells identified according to stem cell markers in different tumours 
(Thankamony et al., 2020). 

 

Similarly, with regard to head and neck tumours, findings suggest that CD44 could be relied 

upon as a potential marker to diagnose cancer and the tumour could possibly be eradicated 

by targeting these cells (Yuce et al., 2011, Cruz et al., 2012, Joshua et al., 2012). There are 
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however obvious differences in how CD44 expression is interpreted as a prognostic marker 

in different regions of the head and neck cancer.   The poor prognosis of laryngeal tumours 

is correlated with CD44 high expression and has a significant correlation with the ability of 

these cells to metastasize to the lymph nodes, tumour recurrence and resistance to therapy 

(Sun et al., 2010). For other locations in the head and neck region, the situation is not so 

well established. For example, the low expression of CD44 by squamous cell carcinoma in 

the oral cavity has been associated with a high potential for metastasis and recurrence of 

cancer, which may indicate a bad prognosis (Wang et al., 2009, Kokko et al., 2011). In 

contradiction, other articles suggest that high expression of CD44 and poor prognosis are 

correlated (Fonseca et al., 2001, Kokko et al., 2011), whilst other studies find no 

relationship (Carinci et al., 2002, Rajarajan et al., 2012). Therefore, CD44 has the potential 

as a marker for diagnosis and prognosis, but more studies are required to determine its 

value. 

 

The other marker frequently studied is CD133. Further understanding of CSC has come 

from studying Glioblastoma multiforme (GBM) that can express CD133+ in around 5% -

30% of the tumour. By purifying and xenografting CD133+ cells into immunocompromised 

mice, they showed an increased ability for self-renewal and differentiation (Galli et al., 

2004, Dirks, 2005). Much of what we have gained as an insight into CSC however comes 

from the study of Prostate cancer.  In prostate cancer, CD133 has also proved to be useful 

as a potential marker of CSC, and CD44 and CD133 are used to isolate the prostate CSC 

along with a few other markers, for example, beta-1 integrins and the ABCG2-associated 

drug-resistance proteins. Prostate cells that express CD44 and CD133 are able to form 

prostasphers (Tu and Lin, 2012). Most importantly, Collins et al (2005) in their study, 

isolated CSC from primary human prostate cancer that had the hallmark of SC properties 

by using (CD44+ /alpha2beta1high/CD133+) markers (Collins et al., 2005a). Nevertheless, 

this does not mean that the CD133 and CD44 are specific as CSC markers, and are 

correlated with SCs (stemness). 

1.12 CSC AND SARCOMA 
Although there are numerous studies of potential stem cell markers in solid tumours, there 

have been relatively few investigations of sarcoma.  As the term sarcoma is used to 

describe a diverse and large group of cancers under the same type of tumour (sarcomas), it 

is not necessarily the case that the findings of one type can be applied to another due to 

this diversity (Figure 1.4).  
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Figure 1. 4: Showing a schematic depicting the pluripotency of mesenchymal stem cells or 
pericytes. These cells reside in all tissue and give rise to many normal differentiated cell types; 
however, when chromosomal translocations or complex genetic alterations occur, mesenchymal 
stem cells or pericytes may give rise to the diverse types of sarcoma (Teicher, 2012). 

 

Further complications may arise for some types of sarcoma, such as neuroectodermal 

sarcoma, as the actual origin is controversial (Fabian et al., 2009). The major issue with 

identifying a CSC population in sarcomas is; how to selectively isolate them, considering 

that no pure CSC population has been identified that hold stem cell properties. For example 

using a combination of CD133 and ALDH to purify CSC (Hess et al., 2006) and (Silva et al., 

2011), found that the lack of surface antibodies made it difficult to establish whether 

potential CSC were the same cells causing relapse, metastasis and resistance to therapy in 

sarcoma. This has led to the use of a range of different markers in order to identify and 

isolate the CSC small subpopulation (Trucco and Loeb, 2012). 

1.12.1 Markers Detecting CSC in Sarcoma 

One of the powerful tools to identify and isolate CSC is by using surface markers (CD 

markers), which is the most common technique to identify both normal and tumour cells. 

Cell lines derived from sarcoma can be analyzed, according to the expression of these CD 

markers, and the level of individual and co-expression staining can also be performed; 

enabling determination of the phenotype and cell sorting. As a result, other assays can be 
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accomplished based on sorted cells such as clonogenic assay, sphere formation assay, 

invasion assay, xenografting in immunocompromised mice and molecular approaches. The 

expression can also be linked to transcription factors and controlling pathways that play a 

role in tumour maintenance and formation. This profiling enables us to understand how to 

potential select CD markers for CSC and how to interpret the findings. Subsequently, the 

need to find specific markers, particularly for sarcoma is crucial. The most commonly used 

markers for sarcoma are CD133, CD44 and ALDH. As mentioned previously, only a few 

studies have looked at CSC in sarcoma and these are as follows: 

1.12.1.1 CD44 

The presence of this marker in numerous tumour types and its use as a putative CSC 

identifier has been discussed above. However, the expression should be associated with 

other markers for better resolution. In sarcoma, CD44 is used as the preliminary marker to 

isolate what has been thought of a CSC (Trucco and Loeb, 2012, Henderson et al., 2018). 

1.12.1.2 CD133 

CD133 is a suggested putative marker of different human malignant tumours, as discussed 

above. In addition, different sarcoma types exhibit CD133 positivity, such as 

osteosarcomas, chondrosarcomas, osteochondrosarcomas, fibrosarcomas, synovial 

sarcomas, liposarcomas, leiomyosarcomas and chordomas (Tirino et al., 2011, Veselska et 

al., 2012). 

1.12.1.3 ALDH 

Aldehyde dehydrogenase (ALDH) is a catalyzing enzyme that works on the oxidation of 

intracellular aldehydes in numerous cell types (Veselska et al., 2012). ALDH expression 

has been found in many tumours (Atashzar et al., 2020, Thankamony et al., 2020). 

Sometimes the activity of ALDH is correlated with CD44 expression (Clay et al., 2010). 

However, the cells with high and low ALDH expression differ in terms of their stemness 

abilities. In addition, CSC show a high level of ALDH expression and chemotherapy 

resistance. This subpopulation was also identified in Ewing’s sarcoma and tested as a 

tumour-initiating tumour using different methods such as clonogenic assay, sphere 

formation assay, and through tests on immunocompromised mice (Clay et al., 2010, 

Veselska et al., 2012). 

1.12.1.4 Nestin 

Nestin is a neuronal protein for stem cell class VI of the intermediate filaments. Usually, 

during embryonic stem cell development, the expression is observed in nervous tissue. In 
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spite of this, the expression has been found to be positive in some solid tumours, which 

could be suggested as a potential CSC marker (Krupkova et al., 2010). 

1.12.1.5 ABC Transporter 

The ATP-binding cassette ABC transporter is a part of the plasma membrane found in 

many cell types and plays a role in protecting the cell by excluding antineoplastic agents, 

and this means cells can become multi-drug resistant (MDR). However, in sarcoma, the 

expression is questionable, because in some studies ABCG2 was found to be positive 

(Tirino et al., 2008), whereas in other studies it was negative (Olempska et al., 2007). The 

same variability was found  in osteosarcoma between two in-house cell lines, the MG-63 

osteosarcoma and the 3AB-OS osteosarcoma cell line (Di Fiore et al., 2009). 

1.12.1.6 Other Markers Detecting CSC 

CD24 is a mucin-like adhesion molecule labelling neutrophils, pre-B lymphocytes and solid 

tumours. It is known to increase the potential of cancer cell spread. High expressions of 

CD24 have been found to be associated with adenocarcinoma of the colon, stomach, 

gallbladder and ovaries (Lim and Oh, 2005). Moreover, CSC subpopulations are not only 

detected with the CD24 and CD90 co-expression but have also been found to have the 

ability to metastasize (Malanchi et al., 2012). Also of potential value are CD117 and Stro-1 

used to detect bone marrow osteogenic progenitor cells, whereby co-expression is a 

possible indicator for osteosarcoma (Adhikari et al., 2010). Finally, CXCR4, which is a 

chemokine receptor, can be considered as a CSC marker for osteosarcoma (Adhikari et al., 

2010, He et al., 2012). There are also other less well-studied markers, but to conclude, all 

these putative CSC markers are expressed differently in different tumours and suggest that 

each tumour may have a specific phenotype for the CSC: see Table 1.4 (Mannelli and 

Gallo, 2012). 

 

Tumour 
Type 

Technique Summary of findings Reference 

Osteosar
coma 

CD133 CD133+ cells demonstrated increased sphere formation, 
growth in soft agar, expression of OCT3/4, and the presence 
of a side population 

Tirino et al, 
2008; Tirino et 
al, 2011; Wang 
et al., 2020 
 

CD117, Stro-
1 

Double positive (CD117+ and Stro-1+) cells were seen with a 
higher incidence in spheres, and they showed higher 
tumorigenicity as well as chemoresistance 

Adhikari et al, 
2010;Cai et al., 
2017.  
 

ALDH ALDH-high cells isolated from xenografts established from 
cell line OS99-1 had increased tumorigenicity, self-renewal, 
and an ability to produce differentiated progeny, and 
expressed increased levels of OCT3/4A, NANOG, and SOX-
2 

Wang et al, 
2011; Belayneh 
and Weiss, 
2020.  
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SP SP was seen in 1 of 7 osteosarcoma cell lines tested. The 

SP population had increased sphere- and colony-forming 
activity and increased tumorigenicity 

Murase et al, 
2009; Yi et al., 
2015.  
 

Ewing's 
sarcoma 

CD133 133+ cells showed increased tumorigenicity, an ability to 
establish a heterogeneous population and differentiation, and 
increased expression of OCT4, SOX2, and NANOG. There 
was a correlation in primary tumours between the higher 
expression of CD133 and chemoresistance 

Suva et al, 
2009; Jiang et 
al, 2010; Skoda 
et al., 2016; 
Skoda and 
Veselska, 2018 

ALDH ALDH-high cells showed increased sphere- and colony-
forming ability, chemoresistance, SP, and tumorigenicity 

Awad et al, 
2010; Skoda 
and Veselska, 
2018  

Rhabdo-
myosarc
oma 

CD133 Serial passages of rhabdomyosarcoma spheres enriched for 
cells with increased expression of OCT4, NANOG, c-Myc, 
SOX2, and PAX3 and increased expression of CD133 and 
CD133+cells showed increased tumorigenicity, an ability to 
differentiate, and to display chemoresistance. The CD133 
expression also correlated with poorer survival in patient 
samples 

Walter et al, 
2011; Skoda et 
al., 2016 

Synovial 
-
sarcoma 

CD133 5 of 5 primary tumour samples and 3 of 3 cell lines 
demonstrate a CD133+ subpopulation, but no TIC properties 
were tested 

Terry and 
Nielsen, 2010; 
Martinez-
Delgado et al., 
2020 

Multiple- 
sarcoma
s 

SP The size of SP in primary tumour samples correlated with the 
tumour grade. The SP cells from 1 osteosarcoma, 1 synovial 
sarcoma, and 2 malignant fibrous histiocytosis samples 
showed increased tumorigenicity and an ability to produce a 
heterogeneous cell population (SP and non-SP) 

Wu et al, 2007; 
Skoda and 
Veselska, 2018; 
Martinez-
Delgado et al., 
2020 

Table 1. 4: Studies, showing the isolation of sarcoma-initiating cells (CSC). Adopted Table. (Trucco and 
Loeb, 2012). 

 

The accumulative evidence suggests the presence of subpopulations with stem cell 

abilities, and much of this support comes from studies using specifically CD133, CD44, and 

ALDH. For instance, in osteosarcoma, a CD133+ve subpopulation was isolated in several 

osteosarcoma cell lines that also retained the transcription factor OCT3/4 (associated with 

stem cell properties) in contrast to the CD133-ve subpopulation (Tirino et al., 2008). 

Moreover, in Ewing’s sarcoma, a subpopulation of CSC was analyzed again using the 

same surface marker, and CD133+ve cells exhibited stem cell characteristics and hierarchy 

even when they underwent xenografting and re-culturing. Furthermore, CD133+ve cells 

were found to be able to differentiate into osteogenic, adipogenic, and chondrogenic cell 

types. Also, the CD133 +ve cells expressed intracellular markers, which are found in 

normal stem cells, such as OCT3/4, NANOG and SOX2 (Suva et al., 2009, Riggi et al., 

2010). Finally, ALDH is found in some of Ewing’s sarcoma cell lines (around 2% of the 

total). The subpopulation showed resistance to chemotherapy (doxorubicin), more so than 

the ALDH-low did, and a capacity to form colonies (Awad et al., 2010). Also, (Lohberger et 

al., 2012)  obtained the same results when they evaluated the ALDH expression in several 
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sarcoma cell lines. (SW-684, SW-872, SW-982, SW-1353, and TE-671), as well as the 

chemotherapy drugs doxorubicin, epirubicin, and cis-diammineplati-num (II) chloride 

(cisplatin) (Lohberger et al., 2012, Nakahata et al., 2015). 

1.13 PATHWAY SIGNALLING PLAYS A ROLE IN THE MICRO 
ENVIRONMENT OF CSC  
Both CSC and normal stem cells require self-renewal; therefore, they have to share certain 

mechanisms to regulate this stem cell ability. A variety of pathways play a key role in this 

process. In sarcoma, however, due to the lack of studies investigating CSC, it is difficult to 

investigate the pathways of these subpopulations. Pathways relevant to stem cell biology, 

whether it is cancer or normal cells are presented in Table 1.5; (Lobo et al., 2007). For 

instance, Wnt signalling is required to prevent differentiation of embryonic stem cells 

(ESCs) to epiblast stem cells, which means overexpression of Wnt preserve the cells in the 

stem cell status; Wnt is also essential in self-renewal (Lohberger et al., 2012). Indeed, the 

Wnt pathway is known to regulate stem cell maintenance in different tissues such as 

mammary glands and tumours (Malanchi et al., 2008, Zeng and Nusse, 2010). Moreover, 

Malanchi et al (2012), showed not only the necessity of Wnt to self-renewal, but also the 

interaction between different ligands of Wnt and periostin (POSTN) in boosting metastasis. 

When a small population was isolated, the cells managed to expand and form a secondary 

tumour; first, the CSC induced POSTN and then Wnt signalling increased through POSTN 

to maintain the expansion (Malanchi et al., 2012). This growing evidence supports the 

theory that the interaction of CSC and their microenvironment niche govern CSC survival. 

 

 

  Signalling pathways associated with normal stem cells and cancer 
Pathway Normal stem cells Cancer 
Bmi-1 Bmi-1 is required for the self-renewal of 

hematopoietic and neural stem cells 
Bmi-1 is upregulated in AML and 
overexpressed in medulloblastoma 

  Bmi-1 downregulates the Ink4a/Arf locus Overexpressed Bmi-1 and cell proliferation 
induces self-renewal of leukemic stem cells 

Shh Involved in the maintenance of 
hematopoietic stem cells and the 
expansion of progenitors 

Activation of SHH is implicated in skin and 
brain carcinogenesis, including basal cell 
carcinoma of skin and medulloblastoma 

  Crucial in embryonic development of skin, 
hair follicles, and sebaceous glands 

Mutation of SHH causes Gorlin's syndrome 

  Involved in postnatal and adult brain 
development 

  

Wnt/β-catenin Involved in the maintenance and self-
renewal of hematopoietic stem cells and 
progenitor cells 

Overexpression of WNT is seen in many 
human cancers 

  Regulates the maintenance of normal 
intestinal epithelial cells 

Accumulation of β-catenin is associated with 
breast cancer, melanoma, sarcoma, myeloid 
leukaemia, multiple myeloma, and brain 
tumours 

  Implicated in regenerative responses Mutations in β-catenin are found in 
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during tissue repair endometrial carcinomas, prostate carcinoma, 
and hepatocellular carcinomas 

    Mutations of both β-catenin and APC genes 
are common in colorectal cancer 

Notch Mediates the self-renewal of 
hematopoietic and neural stem cells 

Mutations or aberrant activation of Notch1 
are known to cause T-ALL in humans and 
mice 

  Activates Notch target genes involved in T 
cell differentiation and self-renewal 

  

Hox family Involved in the self-renewal of 
hematopoietic stem cells and the 
proliferation and differentiation of 
precursor cells 

Overexpression of HOXA9 is found in AML 
patients with poor prognosis 

    Overexpression of HOX11 is described in T-
ALL with chromosome translocations 

    Hoxb3, Hoxb8, and Hoxa10 are associated 
with leukemogenesis in a mouse model 

Pten Implicated in the maintenance of 
hematopoietic stem cells and neural stem 
cells 

Loss of PTEN leads to the formation of a 
variety of tumours, including 
myeloproliferative disease, and the 
emergence of transplantable leukaemia 

    Mutation and/or LOH causes glioblastoma 
multiforme, prostate carcinoma, and 
endometrial carcinoma 

Efflux 
transporters 

Marker proteins are found in self-
renewing stem cells, such as ABCG 
family proteins, responsible for the side-
population phenotype 

Upregulated ABCG2, ABCB1, and 
CEACAM6 are found in cancer cells from the 
gastrointestinal system 

    Upregulated ABCG is implicated in broad-
spectrum chemoresistance of cancer cells, 
such as AML cells 

Telomerase Expressed at a high level in normal self-
renewing populations in the blood 

Expressed at a high level in tumour cell 
populations with upregulated mRNA 
expression 

    hTERT is involved in tumorigenic 
transformation 

    Upregulated telomerase activity is found in 
glioblastoma 

Table 1. 5: Show signalling pathways associated with normal stem cells and cancer*.  (Lobo et al, 
2007).  

* Abbreviations used: AML: acute myeloid leukaemia; APC: adenomatous polyposis coli; hTERT: human telomerase reverse 
transcriptase; LOH: loss of heterogeneity; PTEN: phosphatase and tensin homolog deleted from chromosome 10; Shh/SHH: 
sonic hedgehog; T-ALL: T cell acute lymphoblastic leukaemia; WNT: Wingless-Int. (Lobo et al, 2007). 

. 

1.14 SOME OF THE THERAPEUTIC IMPLICATIONS OF CSC In 
RESEARCH  
Cancer is well known for its heterogeneity in terms of phenotype and function (Thankamony 

et al., 2020, Atashzar et al., 2020) and CSC are the cells that have the defining 

characteristics (self-renewal and giving rise to different tumour cells) that govern tumour 

development. The resistance of CSC to traditional cancer therapies, such as chemotherapy 

and radiotherapy is therefore considered to be one of the biggest challenges, as remaining 

CSC are potentially responsible for the post-treatment relapse ( Yang et al., 2014b, Yang et 

al., 2015). Any advance in targeting methods for those cells could potentially lead to full 

cancer eradication ( Yadav and Desai, 2019, Atashzar et al., 2020, Cole et al., 2020). 
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1.14.1 CSC Surface Markers Targeting 
One of these methods is to directly target CSC, or by directing them to a non-CSC fate or 

apoptosis. For example AML was eliminated in a mouse model, by targeting these CSC, 

using the TIM-3 surface marker as a target, found on AML but not normal haemopoietic 

stem cells (HSCs) (Kikushige et al., 2010). CD47 known to protect cells from phagocytosis 

was also used as a CSC directed therapy by inducing phagocytosis in AML (Jaiswal et al., 

2009, Aikawa et al., 2010, Kikushige et al., 2010, Yadav and Desai, 2019). 

1.14.2 CSC Niche Targeting 
A second method is by attacking the CSC niche, which is a rich microenvironment that 

supports CSC development directly and indirectly. Vascular endothelial growth factor 

(VEGF) is supposedly released from CSC to support the network of tumour blood vessels 

(Bao et al., 2006, Phi et al., 2018), and neutralization of VEGF, using Bevacizumab 

prevented endothelial cells migrating and forming a tube in a Glioblastoma mouse model 

(Burkhardt et al., 2012). Moreover, CSC stemness is possibly activated through gene 

activation under hypoxic conditions. Hypoxia-inducible transcription factors (HIFs) are 

activated, and HIF-1α known as angiogenesis regulator plays a major role in the 

maintenance of the CSC by protecting CSC against DNA damage, and increasing NOTCH 

signaling pathway to promote cell stemness (Koshiji et al., 2004, Quail et al., 2012, Yadav 

and Desai, 2019). 

Furthermore, other studies have shown that by controlling cell proliferation inside the niche 

and reducing the impact of the immune system and stromal cells in protecting the CSC 

microenvironment therapeutic action is more effective (Scadden, 2006, Oskarsson et al., 

2014, Shukla et al., 2017) Other studies have targeted CXCR4 and chemokine CXCL12 

(referred to as metastatic agents in some cancers) and have also been shown to have 

value (Burger and Peled, 2009, Hwang-Verslues et al., 2009, Sugihara and Saya, 2013). 

1.14.3 Targeting of CSC Signaling pathways 
In section 1.13 and Table1.5 above, pathways that regulate cell stemness were mentioned. 

Normal stem cells undergo a very restricted self-renewal process, CSC do not. 

Understanding the factors that regulate this process are still under investigation, and the 

dysregulation could lead eventually to tumourigenesis by the transition of normal cells to 

tumour cells. For example, high expression of the NOTCH signaling pathway is thought as 

carcinogenic, and found in many cancers such as solid tumours and leukaemias (Lobry et 

al., 2011, Lobry et al., 2014, Yadav and Desai, 2019). Inhibition of NOTCH-3 that is highly 

expressed in lung cancer results in decreased proliferation and tumour mass 
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(Osanyingbemi-Obidi et al., 2011, Hassan et al., 2013). Targeting other pathways such as 

Wnt and Hedgehog (see Table 1.5) may also help in eradicating CSC and preventing 

chemo-radiotherapy resistance and improving cancer survival as the endpoint. 

1.14.4 CSC Targeting by Inhibition of ATP-Binding Cassette 
Transporters  
The role of ATP-BC was mentioned above in section 1.12.1.5. First and second generation 

inhibitors have bee tested, however, it is necessary to develop less toxicity and fewer side 

effects, selecting properties essential to CSC growth. The third generation of ATP-BC 

inhibitors (ABCC1, ABCG2 and ABCB1) are still under investigation (Thomas and Coley, 

2003, Yadav and Desai, 2019).   

1.14.5 CSC Oncogenes Targeting 
The usual approach is by RNA interference (RNAi); to suppress the gene, also known as 

gene silencing, and the siRNA binds with complementary mRNA to degrade it. For 

example, CSC were inhibited in cervical cancer using lentiviral short hairpin RNA by 

silencing gene E6 in the human-papilloma virus (Gu et al., 2011). Moreover, CD133 +ve 

CSC in colon cancer were targeted with knockdown of HMGA1 oncogene, which   restored 

normal stem cells characteristics, increasing p53 expression and reducing self-renewal 

(Puca et al., 2014). Repeated cytotoxic treatments were reported to make CSC quiescent 

(Francescangeli et al., 2012). The radio-chemo therapy usually target cells in the 

proliferating status (active cells) for apoptosis and the quiescent CSC used this pathways to 

protect them selves and resist conventional therapeutics. Using some therapies to target 

cell cycle such as vinorelbine, vincristine,  docetaxel and vindesine were found to be less 

effective because of the quiescent CSC (Viale et al., 2009). However, CD133+ 

Glioblastoma stem cells were shown to have quiescent gene expression profile, which may 

lead to more insight to knockdown these genes (Liu et al., 2009). 

1.15 HYPOTHESIS AND AIMS OF THE STUDY  

1.15.1 Hypotheses 
It has been hypothesized that CSC are stem cell-like cells that are responsible for the 

initiation and maintenance of the tumour. These cells are thought to have the properties of 

self-renewal, being able to differentiate into daughter cells, and being resistant to chemo-

radiotherapy. Understanding these specific subpopulations and confirming their existence 

can improve our knowledge of how to diagnose, treat and target them and push tumour 

treatment to the next level, which is the ultimate goal. Therefore, the hypothesis for this 
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project is that sarcomas contain CSC capable of driving their development and contributing 

to their resistance to treatment.   

1.15.2. Aims 
The initial aim is to study different sarcoma subtypes, and see is CSC can be identified in 

all sarcomas or certain subtypes, if so to isolate and characterize them.  A secondary aim, 

and leading to other studies is to understand their role in resistance to therapy and the 

ability to promote sarcoma development and metastasis. Therefore, the specific aims of this 

project are to: 

 

a) Investigate potential markers in sarcoma to see if they can identify a CSC sub 

population, using single and co –expression studies, and to determine if they are of 

relevance to all sarcomas or maybe certain subtypes.    

 

b) To explore and develop possible new methods to potentially isolate CSC using the 

so-called “stress assay”.  

 

c) To isolate and analyse potentially enriched CSC populations and characterize their 

behaviours, using a combination of flow cytometry, clonogenic and MTT assays, 

and to explore potential genetic differences using array CGH. 

 

d) To investigate whether CSC are diluted by continued culture; using a combination of 

short-term and established cell lines of sarcomas. 
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2.1 MATERIALS 

2.1.1 Disposable Materials and Laboratory Equipment 
Standard reagents and disposable plastic ware are detailed in table 2.1  

 

!

2.1.2 Buffers and Solutions for Tissue Culture and Staining 

Phosphate Buffer Solution 
Was purchased as a 500ml sterile solution of Dulbecco’s PBS from LONZA Biowhittaker to 

be stored in +4°C. 

Dimethyl Sulfoxide DMSO 
A 100ml DMSO BTL from Sigma Aldrich stored at room temperature. 

Trypsin/Ethylenediaminetetraacitate acid (EDTA) 
Purchased as 0.05% trypsin/EDTA from Invitrogen, aliquoted into 15ml polypropylene tubes 

(Fisher Scientific) and stored at -20C°. 

Trypan Blue 
Purchased as a 0.4% trypan blue solution from sigma and diluted in PBS. The staining 

solution made by 5ml of trypan blue added in 10ml of distilled water and filtered using a 

Items Manufacturer 
60 mm tissue culture dishes Becton Dickinson- Nunc 

25cm and 75cm tissue culture plastic flasks NUNC 
5ml, 10ml and 25ml pipets Fisher Scientific 

15ml and 50ml polypropylene tubes Fisher Scientific 
10µl, 200 µl and 1000 µl pipette tips Fisher Scientific 

0.6 x 30mm sterile needles Becton Dickinson 
Nitrile gloves Microflex- Supreno 

5ml and 10ml Plastic syringes Becton Dickinson 
Disposable needles Becton Dickinson 

Flow cytometry tubes Becton Dickinson 
1.5ml micro-centrifuge tube Eppindorf 

22x50 mm cover slips VWR International 
22x22 mm VWR International 

Sterile disposable scalps Swann morton 
Cryo vials 1.8ml Sarstedt-Nunc 

Beckman coulter tubes-sample cup Beckman Coulter 
Ethanol Analar Volumetric Solution 

Methanol Analar Volumetric Solution 
Acetone Fisher Scientific 

0.22 µm sterile filter Millipore 
Nunc flat bottom test tube NUNC 

Table 2. 1:  A list of Disposable Materials and Laboratory Equipment were used in this study. 
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syringe with a 0.22µm filter. The solution then dispensed into 15ml tubes and stored at 

room temperature.  

Crystal Violet 

Crystal violet (CV) powder from sigma and stored at room temperature. The stain was 

prepared by adding 50mg (0.05g) of CV powder to 5ml ethanol and 45ml of a distilled water 

(water filtered using Triple Red Laboratory Technology equipment- Barnstead). The 

solution was kept at room temperature in a 100ml bottle. 

Cells Fixative   
A 50ml of methanol mixed with 50ml of acetone and stored at room temperature. The 

fixative solution placed at 4°C for 10-15 minutes before use. 

2.1.3 Tissue Culture Media  

2.1.3.1 Established Cell Line Culture 

Established cell lines were cultured in sterile Dulbecco’s modified eagle medium (DMEM) 

from (LONZA Biowhittaker with 4.5g/L and glucose with L-glutamine CAT No. BE12-604F), 

supplemented with 10% fetal calf serum from Invitrogen, 10kU/ml penicillin/streptomycin 

(10kU/ml, LONZA) 1% amphotericin B (Lonza). The number of cells seeded in each flask 

(T75) was 0.4 - 1x106. The sarcoma established cell lines U2OS, SKUT-1, SKLMS-1 and 

SW1353 with the Prostate cell line PC3 were purchased from the American Tissue Type 

Collection (ATTC). In addition, Human epithelial retinal cells hTERT-RPE-1 was cultured 

and treated as an established cell line and purchased from S. Collis Institute for cancer.  

2.1.3.2 Primary Cell Lines (Sarcoma cell Lines) 

Sarcoma cell lines were cultured in Roswell Park Memorial Institute (RPMI) medium from 

LONZA Biowhittaker without L-glutamine CAT. No. BE12-167F supplemented with 20% 

fetal calf serum from Invitrogen, 10kU/ml penicillin/ streptomycin (10kU/ml, LONZA) 1% 

amphotericin B (Lonza), 200mMol glutamine in0.85% NaCl (LONZA) and 2.2ml 0.4% 

glucose (45% solution) from Sigma CAT. No. RNBC2785. The number of cells seeded in 

each flask (T75) was 0.4 - 1x106. 

2.1.3.3 Cancer Stem cells Medium, Serum-free 

Cancer Stem cells Medium, serum-free (CSCM) from Provitro (CAT. No. 2131001) and 

supplemented with L-glutamine, BIT-100 supplement and antibiotics according to the 



[IDENTIFICATION OF CANCER STEM CELLS IN SARCOMA] 
32"
!

!

! 32!

manufacturer instructions. Primary sarcoma cell lines were seeded in in T75 flasks at  0.5 - 

1x x106. 

2.1.4 FACS Analysis 

2.1.4.1 Albumin Bovine Serum (ABS) Blocking /Washing Buffer 

A blocking buffer or washing buffer was made by adding 0.25g ABS powder from sigma to 

50 ml PBS solution, and stored at 4°C and was used to wash cells after staining with 

antibodies. 

2.1.4.2 Antibodies 

Antibodies and their respective negative controls for the flow cytometry studies were 

purchased from different manufacturers (Table 2.2). For different experiments the 

fluorochrome dye labelling any given antibody may be altered to allow more combinations 

to be studied. The dilution of these antibodies and other details will be discussed in 

sections 2.2.5 and 2.2.7. Table 2.2.   

 
Antibodies Description Source 

Mouse IgG1 Isotype 
(Negative control) 

* Against CD44 conjugated to 
APC fluorescent dye. 

Miltenyi. Clone (130-095-177) 

Mouse IgG1 Isotype 
(Negative control) 

* Against CD133 recognized 
epitope 1, APC fluorescent 

dye. 

Miltenyi. Clone (130-090-826) 

Mouse IgG1 Isotype 
(Negative control) 

* Against CD133 conjugated 
to PE fluorescent dye. 

Miltenyi. Clone (130-095-400 

 

Mouse IgG1 Isotype 
(Negative control) 

* Against CD24 conjugated to 
PerCP fluorescent dye. 

Miltenyi. Clone (130-099-271) 

 
Mouse IgG1 Isotype 
(Negative control) 

* Against CD90 conjugated to 
FITC fluorescent dye. 

 

Miltenyi. Clone (130-095-403) 

 
Mouse IgG1 Isotype 
(Negative control) 

* Against CD71 conjugated to 
FITC fluorescent dye. 

 

Miltenyi. Clone (130-095-403) 

 
Mouse IgG1 Isotype 
(Negative control) 

* Against CD34 conjugated to 
APC fluorescent dye. 

Miltenyi. Clone (130-095-402) 

 
CD44 Anti human monoclonal 

antibody conjugated to APC 
florescent. The concentration 

was used at 1:50 

Miltenyi. Clone (130-095-177) 

CD133 Anti human monoclonal 
antibody conjugated to 

epitope 1 with APC florescent 
tag. The concentration was 

used at 1:10 

Miltenyi. Clone AC133 
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ALDEFLUOR (Aldehyde 
Dehydrogenase Based cell 

Detection) Kit 

A reagent kit used to identify 
human cells to express the 
level of ALDH enzyme in 
hematopoietic and non-

hematopoietic cells. 

Stemcell. Cat No.01700 

CD133 Anti human monoclonal 
antibody conjugated to 

epitope 1 with APC florescent 
tag. The concentration was 

used at 1:10 

Miltenyi. Clone (130-111-756) 
 

CD24 Anti human monoclonal 
antibody conjugated to PerCP 
florescent. The concentration 

was used at 1:11 

Miltenyi. Clone (130-097-914) 

 

CD90 Anti human monoclonal 
antibody conjugated to FITC 
florescent. The concentration 

was used at 1:11 

Miltenyi. Clone (130-095-403) 

CD34 Anti human monoclonal 
antibody conjugated to APC 

florescent. Ready to use 

Beckman Coulter Clone (IM2472U) 

CD71 Anti human monoclonal 
antibody conjugated to FITC 

florescent. Ready to use 

Beckman Coulter Clone (IM0483U) 

CD117 Anti human monoclonal 
antibody conjugated to APC 

florescent. Ready to use 

Beckman Coulter Clone (IM3638) 

CD154 (CD40L) Anti human monoclonal 
antibody conjugated to FITC 

florescent. Ready to use 

Beckman Coulter Clone (IM2216U) 

Table 2. 2: List of the antibodies and their isotypes used throughout the course of the FACS study, 
showing descriptions, manufacturing sources and clones of these antibodies. 

 
*All Mouse IgG1 Isotype (Negative controls) were monoclonal mouse IgG1 primary against (selected 
antibody). The Isotype antibody is already diluted in 22 µg/ml by the manufacturer. 

 
!
!
!
!
!
!
!
!
!
!
!
!
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2.2 METHODS  
All the cell lines used in this study are detailed in Table 2.3. In addition, angiosarcomas 

were established and studied with small panels of antibodies. These samples were the 

focus of another research team at the time, but were also included as part of this study.  

!

2.2.1 Patient Samples (Angiosarcomas) Short Term Sarcoma 
Cultures Established as Part of The Study 
Samples of angiosarcoma were obtained with ethical approval from patients treated at the 

Royal Hallamshire Hospital. The National Research Ethics Committee approval to use 

these tissues in research was under number 09/H1313/52. 

These fresh samples of tumours were taken from patients who received surgical treatment 

at the Royal Hallamshire Hospital. Tumours were taken to histopathology department and 

sampled by an experienced sarcoma’s histopathologist Dr Malee Fernando, who confirmed 

the sarcoma diagnosis. A small piece from the tumour then removed for culturing and 

placed in PBS.  

Tumours were dissociated manually, using a scalpel in a Petri dish in a small volume of 

fresh media, into small pieces approximately 10mm x10mm x5mm. The tissues pieces 

were transferred into two 15ml tubes (the first tube treated with RPMI media while the other 

tube treated with CSCM media). Then washed with each respective media by spinning for 

10 minutes at 1000rpm. The supernatant was removed and resuspended with fresh media 

and seeded into two T25 flasks and one Nunc flat bottom test tube (slopes). The amount of 

media is 5mls in the T25 and 1.5 in the slopes. Finally, the cultures were incubated at 37°C 

5% CO2. Cells were monitored regularly by an inverted microscope and were left to become 

confluent, changing media if required. Before, the cells in T25 flasks become almost 

confluent, there will be some cells not attached to the flasks or the slopes (alive floating 

cells). During the media being changed, instead of discarding these floating cells the media 

was placed in a centrifuge tube, spun for 10 minutes at 1000rpm and the supernatant was 

removed. The pellet was resuspended in new fresh media and cultured in T25 and 

incubated in 5% CO2 at 37°C. This sub-culture was called a wash (W). The cell count of 

seeded cells was not performed in this procedure. 

2.2.1.1 Routine Tissue Culture of Tumours Cell Lines of Sarcoma and Passaging 

All media mentioned was stored at 4°C and before use warmed to room temperature.   

 

Cell lines were cultured in tissue culture flasks T25 and T75 in 5% CO2 at 37°C and were 
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passaged when approximately 90% confluent. Cells were washed with RPMI media once 

and twice with sterile PBS. After that cells were trypsinized by adding 2-3ml of trypsin for 2-

5 minutes until they dissociated and placed in a 15ml universal tube. Cells were centrifuged 

for 5 minutes at 1000rpm in room temperature conditions. The supernatant then removed 

and the pellet resuspended with fresh RPMI media and cultured in T75 flasks. The number 

of cells seeded in each flask (T75) was between 0.3 - 1 x106. The amounts of media in 

these flasks are double (10mls). During cells seeding, the number of the flasks used varies; 

and depends on how the cells are growing. If cells are growing fast, then they are split into 

T75 flasks, and if not, T25 flasks will continue to be used.    

Established cell lines are usually passaged once-per-week, but primary cell lines take more 

time to grow as they are in the early passages and not adapted to the media. As a general 

guide, established cell lines proliferate faster and were split at a higher ratio i.e. between 

1:10 and 1:30. Primary cell lines (angiosarcomas) were spilt at 1:2 and were used in real 

time for the limited studies performed.  All established and Sheffield derived cell lines were 

bulked up and frozen stocks were prepared; so that all experiments could be performed 

within a limited passage range to ensure continuity. Cell lines were regularly tested for 

mycoplasma by the technical team. The majority of the cell lines were established by Dr 

Abdulazeez Salawu, and primary cultures were established by either Dr Karen Sisley or 

Meshal Alhajimohammed.  The characterization of the lines was previously undertaken and 

the data published (Salawu et al, 2016). 

Cell Line Sarcoma Type Supplier/Established in 
Culture 

Passage No. Used 

Established Cell Lines 
U2OS Osteosarcoma ATTC/1953 63-91 

102-110 
SW1353 Chondrosarcoma ATTC/1977 40-63 

69-71 
SKUT-1 Leiomyosarcoma ATTC/1972 66-71 

89-96 
SKLMS-1 Leiomyosarcoma ATTC/1971 134-152 

168-174 
PC3 Prostate cancer ATTC 25-83 

30-36 
hTERT-RPE-1 Human epithelial retinal 

cells 
S. Collis Institute for cancer 14-16 

20-30 
Sheffield derived Sarcoma Cell Lines 

02/11 W1 Leiomyosarcoma Sheffield patient, RTRG (Dr. 
A Salawi)/2011 

60-70 
 

02/11 WS Leiomyosarcoma Sheffield patient, RTRG (Dr. 
A Salawi)/2011 

61-78 

21/11 W2 Myxofibrosarcoma Sheffield patient, RTRG (Dr. 
A Salawi)/2011 

45-47 
50-57 

09/10 Dedifferentiated Sheffield patient, RTRG (Dr. 75-85 
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Liposarcoma A Salawu)/2010 
13/12W2 Pleomorphic NOS 

sarcoma 
Sheffield patient, RTRG (Dr. 

A Salawu)/2012 
13v-25v 

13/12 W1 Pleomorphic NOS 
sarcoma 

Sheffield patient, RTRG (Dr. 
A Salawu)/2012 

16-31 

09/11 Pleomorphic Sarcoma 
NOS 

Sheffield patient, RTRG (Dr. 
A Salawu)/2011 

38-41 

14/10 Pleomorphic Sarcoma 
NOS 

Sheffield patient, RTRG (Dr. 
A Salawu)/2010 

75-83 
104-114 

06/11 WS Pleomorphic Sarcoma 
NOS 

Sheffield patient, RTRG (Dr. 
A Salawu)/2011 

92-106 

06/11 W2 Pleomorphic Sarcoma 
NOS 

Sheffield patient, RTRG (Dr. 
A Salawu)/2011 

78-91 

06/11 Pleomorphic Sarcoma 
NOS 

Sheffield patient, RTRG (Dr. 
A Salawu)/2011 

81-99 

20/11 Dedifferentiated 
Liposarcoma 

Sheffield patient, RTRG (Dr. 
A Salawu)/2011 

23-35 

04/13 S Angiosarcoma of the 
breast 

Sheffield patient, RTRG 
(Meshal 

Alhajimohammed)/2013 

2-6 

04/13 Angiosarcoma of the 
breast 

Sheffield patient, RTRG 
(Meshal 

Alhajimohammed)/2013 

2-6 

08/13 W1 Sarcoma Sheffield patient, RTRG (Dr. 
K Sisley)/2013 

6-8 

07/13 Angiosarcoma of the 
breast 

Sheffield patient, RTRG (Dr. 
K Sisley)/2013 

4-6 

07/13SW1 Angiosarcoma of the 
breast 

Sheffield patient, RTRG (Dr. 
K Sisley)/2013 

4-6 

07/13S Angiosarcoma of the 
breast 

Sheffield patient, RTRG (Dr. 
K Sisley)/2013 

4-6 

05/13 Angiosarcoma of the 
breast 

Sheffield patient, RTRG 
(Meshal 

Alhajimohammed)/2013 

2-6 
 
 

Table 2. 3: A list of Sarcoma Cell lines used in this study, showing established cell lines 
(commercial), Sheffield derived sarcoma cell lines and primary cell lines. Supplier and passage 
ranges for each cell line is detailed. 

 

*h-TERT-RPE-1 is a retinal epithelial cell line donated from the Academic Unit of Molecular 
Oncology and could be maintained in both culture media described above.  
!
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!
Figure 2.1: An example of one of the Sheffield primary sarcoma cell lines (13/12W2) growing in 
culture showing a confluent monolayer of adherent cells. Photograph at x4 magnification taken by 
light microscope. 

!
!!!!!!!

!
Figure 2.2: An example of another Sheffield primary sarcoma cell line (02/11W1), grown in culture, 
showing adherent cells, confluency and spindle shape cells, photograph at x10 magnifications taken 
by light microscope.  
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2.2.2 Storage of Cell Lines  
Cell lines were frozen at -80°C to build up a cell lines stock. Cultured cells are trypsinized, 

washed and centrifuged. Following centrifuging, cells were resuspended in 1.8ml fetal calf 

serum. Finally, DMSO was added as 200ul (20% in the total volume). Also, they can be 

stored in liquid nitrogen if necessary for longer storage. 

2.2.3 Cells Counting 

 2.2.3.1 Manual 

Cells were trypsinized, washed (as mentioned in section 2.2.1.1), resuspended in 10ml of 

media and counted manually using a hemocytometer chamber from Scientific Laboratory 

Supplies SLS by counting viable (blue) cells. First, the trypan blue was added to the 

hemocytometer chamber carefully. After 1-2 minutes at room temperature, using a light 

microscope, cells were counted in four 1x1 mm squares of one chamber and the average 

number of cells was determined per square. (The chamber is divided into nine 1 mm2 

squares). The viability should be around 95% and calculated according to this equation.  

% of viable cells = (Number of blue cells ÷ Number of total cells) × 100.  

 

The number of viable cells per ml and the number of cells to be seeded in each dish, prior 

to the clonogenic assay, was calculated by using the two formulas below: 

 

1- !"#$%&#!!".!"!!"#$%&!!"##$!!!"
!/!"

!"!"!!"##$/!" !"#$%"&' !(∗!""!!"##$) = !!1000 = !"(!"#$%"&'!!"#$%&) 

 

2- ∗∗!"!" !"#$%&!!"!!"#$%!!!!"!!!!!!"##$!!"##!!"!!""#"!!"
!" = !"!!1000 = 

→∗∗∗ !l!(volume!of!cell!suspention!per!!l!added!to!20ml!media)! 
 

* DF calculation was determined based on this number of cells as a baseline. 

**This volume varies depending on cell proliferation and cell count. Preferably 10ml or 20ml 

used for dilution.   

*** Volume of a cell taken from the original cell suspension tube to be resuspended in 20ml 

new media. 
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2.2.3.2 Automated  

This was assessed by using an automated cell counter (Vi-cell XR Cell viability Analyzer) 

from Beckman Coulter will give an absolute Number of live cells x106). 

2.2.4 Clonogenic Assay 
Colony formation is governed by seeding cells at a low concentration. Cell lines were 

trypsinized and resuspended in media and centrifuged. Cells were counted either manually 

or by the automated cell counter with a concentration around 0.5 to 1x106 cell/ml prior to 

seeding. Cells were seeded into 60mm Petri dishes at different cell concentrations (250, 

500, 1000, 2000 and 3000 cells). This will allow the cells to form colonies (7 - 14 days) 

following incubation in 5% CO2 at 37°C and the different cell concentrations were used to 

determine the optimal plating number for each cell line.  

Following incubation, (colonies were stained by using CV), first, by removing media, 

washing twice with PBS, then 2mls of cell fixative was added and left for 10 minutes. After 

incubation cells were washed 1x with PBS and 2mls of CV stain added and incubated for 

30 minutes in the hood. Following incubation colonies were washed with distilled water and 

counted. Figure. 2.3. 

 

 !
Figure 2. 3: Example of a clonogenic assay performed on one of the commercial cell lines (SKUT-1) 
with different concentration of cells seeded (250- 500-1000-2000-3000) cells per petri dish. Each 
Petri dish was left between 7 to 14 days in 5% CO2 at 37°C to grow and to form colonies, each small 
blue dot represents a colony, colony numbers were counted for each petri dish. The optimal seeding 
density was then established for the clonogenic assays.  In this example a seeding density of 1,000 
cells was selected as optimal. 

2.2.5 ALDH Assay 

2.2.5.1 ALDH Assay (Aldefluor Kit), Optimization, Expression, and Gating Strategy 

The Aldefluor assay has a substrate called BODIPY aminoacetaldehyde (BAAA) 

metabolized by ALDH, which can enter the cells through passive diffusion and become 

aminoacetate (BAA), a fluorescent substance. This substance can be recognizable by flow 

cytometry. The kit also consists of an inhibitor to prevent any BBA loss. According to the 
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manufacturer instructions, the dry aldefluor from BODIPY-aminoacetaldehyde-diethyl 

acetate, (BAAA-DA), is provided as inactive, and must therefore be activated first. At room 

temperature, 25 µl of dimethylsulphoxide (DMSO) is added to the dry aldefluor vial mixed 

and left for 1 minute. Then a 25 µl of Hydrochloric acid 2N HCL was added, mixed and 

incubated for 15minutes. Finally, a 360 µl of aldefluor assay buffer was added to the same 

vial and mixed. During the use, the activated aldefluor should be stored at 2-8°C otherwise 

it should be stored at -20°C. The working concentration was 300 µM of the activated 

Aldefluor.  Cell lines were prepared and used at a concentration of 1x106  (see section 

2.2.3) and then transferred into a new tube, washed and centrifuged twice for 5 minutes. 

The supernatant was removed and 1ml of aldefluor buffer was added. The suspended cells 

were split into two tubes, each containing 5x105 cell concentration (control and test). Only 

the cells in the control tube were inhibited by adding 10 µl Diethylaminobenzaldehyde 

(DEAB) and incubated for 10 minutes at room temperature. This step is required to inhibit 

the ALDH activity of the cells in this tube to be considered as negative control.  Following 

10 minutes incubation, a 2.5 µl of aldefluor substrate was added to both control and test 

tubes and incubate for 20-35 minutes at 37°C. Cells were washed by adding 1ml of 

aldefluor buffer and centrifuged for 5minutes at 1000rpm. Cells were resuspended in 300µl 

-500µl aldefluor buffer and read by flow cytometry analyzer FACScalibur from Becton 

Dickinson. Prior to the acquisition of the cells, a dot plot of a Forward (FSC) and Side 

(SSC) Scatter were created and the voltage of the FSC and SSC were adjusted to create 

an R1 region. Following that fluorescence channel, 1 FL1 was created VS SSC based on 

the R1 FSC and SSC dot plot. Based on the DEAB control tube any shift is considered 

ALDH+. The laser wavelength is 488nm and the bane pass filter was 530/40. 

In addition, some cell lines were sorted based on ALDH+/- by FACS Aria (Becton 

Dickinson) and cultured for further investigations. Figure 2.4. Tables: 2.2, 2.5 and 2.6. 

2.2.6 Determining Clonogenicity Post- Sorting of ALDH+ve Cells 
Based on ALDH positivity, twelve cell lines were selected for sorting (five established – 

U2OS, SKLMS-1, SW1353, SKUT-1 and h-TERT-RPE-1) and (seven Sheffield derived 

primary cell lines – 13/12W1, 06/11, 09/10, 02/11W1, 21/11W2, 09/11 and 14/10). Due to 

the technical issues associated with using a large number of cell lines the number of cell 

lines was reduced.  Cell lines where no distinct ALDH+ population was detected were 

therefore not included. Cell lines used were U2OS, 06/11, 09/10, 09/11, 14/10, 02/11W1 

and 13/12W1. After the cell sorting by FACS Aria based on ALDH+. Cells were seeded in 

T25 flasks and then a clonogenic assay was performed in 60mm petri dishes. 
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A) 

 
 
B)    

 
 

!
Figure 2.4 A dot plot diagram of Forward (FSC) and Side (SSC) Scatter showing an example of 
the activated ALDH+ staining, expression and the gating strategies that were applied on one of the 
Sheffield primary sarcoma cell line 13/12W1. 

 R1 (all cells except the dead cells) represents all alive cells been gated; while R2 (right side) 
represents ALDH+ cells. The negative control lines were applied on cells stained with ALDH to 
count the positivity percentages using FACScalibur from Becton Dickinson. The total event on the 
machine software usually sets on 10000 events. In this example each tube contains 5x105 cell 
concentration prior reading and resuspended in 300µl -500µl; the total gated event for control (A) 
was 102421 events and 102583 total events for the ALDH +ve (B) showing 27% positivity. The 
reading time was around from 2 to 3 minutes.     

 
A) Illustrates DEAB (negative control), while B) shows ALDH+ expression which, count around 27% 

positivity.   
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Cont. DEAB 13/12W1, P31.011
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Cont. DEAB 13/12W1, P31.011

Region Statistics

File: Cont. DEAB 13/12W1, P31.011 Sample ID: Cont. DEAB 13/12W1, P31
Gate: G1 Gated Events: 102421
Total Events: 104768

Region Events % Gated % Total
R1 102421 100.00 97.76
R2 931 0.91 0.89
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ALDH+13/12W1, P31.012
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ALDH+

ALDH+13/12W1, P31.012

Region Statistics

File: ALDH+13/12W1, P31.012 Sample ID: ALDH+13/12W1, P31
Gate: G1 Gated Events: 102583
Total Events: 104906

Region Events % Gated % Total
R1 102583 100.00 97.79
R2 27570 26.88 26.28
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2.2.7 Standard Staining for Expression of CD Markers and Gating 
Strategy 
To measure the expression of CD marker cells were first stained with primary antibody 

(CD44, CD133, CD24, CD90) purchased undiluted from Miltenyi, while (CD71, CD34, 

CD117, CD154) were purchased diluted and ready to use from Beckman Coulter. Each 

antibody and its respective isotype antibody was conjugated to a fluorochrome dye.  CD44, 

CD133, CD34, CD154 and CD117 were conjugated to an Allophycocyanin APC.  CD133 

was also conjugated to R-phycoerythrin PE in other panels. CD24 was conjugated to 

Peridinin chlorophyll protein PerCP fluorochrome. CD90 and CD71 were conjugated to 

Fluorescein isothiocyanate FITC fluorochrome.  

 

Prior to staining the undiluted antibodies were diluted and aliquoted according to the 

manufacturer instructions. Then the CD marker antibody was added according to the 

manufacturers based on the dilution calculations. 

 

CD Marker Aliquots Experimental Use 

CD44 22 µg/ml 1:50 

CD133 22 µg/ml 1:10 

CD24 20 µg/ml 1:11 

CD90 20 µg/ml 1:11 

CD71 - Purchased diluted and ready to use 

CD34 - Purchased diluted and ready to use 

CD117 - Purchased diluted and ready to use 

CD154 - Purchased diluted and ready to use 

Table 2. 4: The list of monoclonal antibodies and dilutions require for use in this study. 

 

In addition, a fresh washing buffer (blocking buffer) of 0.5% ABS was prepared. Two tubes 

were labelled, the first tube was: 1. Isotype tube (control tube). And the second tube was: 2. 

Antibody tube (test tube).  Cells were prepared as in section 2.2.1.1. The media was 

discarded and the cell pellet washed for a second time to remove any residual trypsin. The 

supernatant was removed and 100 µl of the blocking buffer was added for 10-20 minutes. 

This step is to block any non-specific binding sites that might occur. Prior to incubation, the 

selected antibody was added to the test antibody tube and the isotype control added to the 
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control tube. Both tubes were directly incubated at room temperature for 15 minutes in the 

dark. Stained cells were washed by adding 1ml of the blocking buffer in each tube, and 

followed by centrifuging the cells for 5 minutes at 1000 rpm. The supernatant was removed 

and 1ml of blocking buffer was added as a second wash and centrifuged again.  Lastly, the 

supernatant was removed and the cells were resuspended in 300 µl -500 µl blocking buffer 

with around 0.5 - 1x106 cells in each tube and analyzed using flow cytometry 

(FACSCALIBUR) Becton Dickinson with 488nm wavelength laser. 

2.2.8 Expression of CD44 and Gating Strategy 
Cells were treated and stained as mentioned above in (section 2.2.7), and CD44 was used 

experimentally at 1:50 dilution. 

 

Dot plot of FSC vs. SSC was created and a gating strategy was made to detect the APC 

florescent through side scatter against FL4, with a 650 nm excitation (Ex) and 660 nm 

emission (Em) bandpass filter. This is to provide optimumal detection for the fluorescent 

dye and minimize the excitation of other sources and blocking light in the fluorescence 

emission band. Figures 2.5 and 2.6. Tables 2.2, 2.4, 2.5 and 2.6. 

2.2.9 Expression of CD133 and Gating Strategy 
Cells were prepared as in section 2.2.7, and CD133 was diluted and used at 1:10 dilution.    

 

Dot plot of FSC vs. SSC was created and the gating strategy was applied to detect the APC 

and PE fluorescent through side scatters against FL4 and FL3, respectively. As mentioned 

APC Ex was 650 nm, the Em was 660 nm, and for the PE Ex was 480, 565 nm and Em 

was 575 nm, bandpass filter excitation. Figure 2.5. Tables 2.2, 2.4, 2.5 and 2.6. 

!
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A) B) 

 
C) D) 

 
 

!
Figure 2.5: A dot plot diagram of Forward (FSC) and Side (SSC) Scatter showing an example of 
the CD44 and CD133 staining, expression and the gating strategies were applied on one of the 
commercial cell line (PC3). R1 represents all alive cells been gated while R2 represents positive 
cells. The negating control lines were applied on cells stained with antibodies to count the 
positivity percentages using FACScalibur from Becton Dickinson. The total event on the machine 
software usually sets on 10000 events. CD44 total events are 10773 (UR AND LR) on the dot plot 
with 93% positivity. CD133 total events are 10654 (UR AND LR) with 0.2% (negative). In this 

example each tube contains around 0.5 - 1x106 cell count prior reading and resuspended in 300µl 
-500µl. Reading time was around 2-3 minutes.  

 
A) This graph is showing the R1 region (population) gating all the alive cells PC3 cells. B) The negative control 
(isotype) showing no false positivity. C) and D) are the CD44 (93%) and CD133 (0.2%) expression with the 
percentages positivity sup-population. In this dot plot set any positivity should be seen on UR AND LR parts. 
 
 

!
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PC3,P26 IgG1 .001
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PC3,P26 IgG1 .001
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CD44

PC3,P26 CD44.002
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CD133

PC3,P26 CD133.003

File: PC3,P26 CD44.002 Sample ID: PC3,P26 CD44
Acquisition Date: 22-Nov-13 Gated Events: 9819
Total Events: 10773

Quad Events % Gated % Total
UL 0 0.00 0.00
UR 144 1.47 1.34
LL 631 6.43 5.86
LR 9044 92.11 83.95

File: PC3,P26 CD133.003 Sample ID: PC3,P26 CD133
Acquisition Date: 22-Nov-13 Gated Events: 9820
Total Events: 10654

Quad Events % Gated % Total
UL 63 0.64 0.59
UR 0 0.00 0.00
LL 9740 99.19 91.42
LR 17 0.17 0.16
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!!A) FSC/SSC dot plot format 

!  B) 
Control applied on different gates                           C) CD44 applied on different gates  
        based on the FCS/SSC dot plot                                    based on the FCS/SSC dot plot.!
              R3   R4                          R3 R4 

!
                 R5               R6                           R5                      R6 

Figure 2.6: A multiple dot plot diagram analysis of Forward (FSC), Side (SSC) Scatter and 
antibody positivity gating against SSC; showing different gates (dot plot platforms) based on the 
cells size.  

This example is of CD44 staining, expression and gating strategy on PC3 and observes the expression of 
CD44 on small and large cells on the same dot plot. A) R1 gate represents all the alive cells, R2 gate 
represent positive cells after the application of the negative isotype control reading for the respected gates 
in (B) (R3, R4, R5 and R6), using FACScalibur from Becton Dickinson. (C) The positive CD44 for each 
gates (R3, R4, R5 and R6). This analysis was performed to detect the intensity of CD44+ve cells compared 
to control on different dot-plot platforms and different gating based on cell sizes appearance. (C) The gates 
R5 and R6 show small cells with less brightness compared to large cells on R3 and R4 gates. The total 
event on the machine software usually sets on 10000 events. CD44 total events are 10773 (UR AND LR) 

on the dot plot with 93% positivity. In this example each tube contains around 0.5 - 1x10
6 

cell count prior 
reading and resuspended in 300µl -500µl. Reading time was around 2-3 minutes. 
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Technique Description 

Surface markers (e.g. CD133 and CD44) Cells incubated with fluorescent antibodies for 
specific surface markers. Flow cytometry used to 

isolate cells expressing the surface marker 

Aldehyde Dehydrogenase (ALDH) Cells incubated with a reagent that was activated 
to a fluorescent state by ALDH. Flow cytometry 

used to isolate the cells with the most ALDH 
activity 

Side population analysis (dye exclusion) Cells incubated with a fluorescent dye. Flow 
cytometry used to select a population that 
excludes the dye. Referred to as the “side 

population” because of its location on the left-most 
portion of the flow-plot 

Table 2. 5: Techniques used to isolate sarcoma-initiating cells (CSC) reported in the literature. 
Adapted from (Trucco and Loeb, 2012). 

!
2.2.9.1 Determining Clonogenicity Post- Sorting of CD133+ve cells 

CD133 positivity for five established lines – U2OS, SKLMS-1, SW1353, SKUT-1 and h-

TERT-RPE-1, and seven Sheffield derived primary cell lines – 13/12W1, 06/11, 09/10, 

02/11W1, 21/11W2, 09/11 and 14/10 was established.  Only Seven-sarcoma cell lines were 

selected for determining clonogenicity post cell sorting (U2OS, 06/11, 09/10, 09/11, 14/10, 

02/11W1 and 13/12W1) due to the issues discussed previously. After the cell sorting by 

FACS Aria based on CD133+ve. Cells were seeded in T25 flasks and then a clonogenic 

assay was performed in 60mm Petri dishes.!

2.2.10 Expression of CD24 and Gating Strategy 
A dot plot of FSC vs. SSC was created and a gating strategy was made to detect the 

PerCP florescent through side scatter against fluorescence-3 FL3. The PerCP 

fluorochrome Ex was 490 nm and the Em was 675 nm bandpass filter. Tables: 2.2, 2.4 and 

2.6. 

2.2.11 Expression of CD90 and Gating Strategy 
See (section 2.2.9) for more details. CD90 was diluted and aliquoted and prepared at 1:11 

(10 µl added to 100 µl in the blocking buffer). A dot plot of FSC vs. SSC was created and a 

gating strategy was made to detect the FITC fluorescent through side scatter against 

fluorescence-1 FL1.  The FITC fluorochrome Ex. was 494 nm and the Em was 518 nm 

bandpass filter. Tables: 2.2, 2.4 and 2.6. 
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2.2.12 Expression of CD71 and Gating Strategy 
See (section 2.2.7) for more details for preparation and staining. CD71 was purchased 

diluted and ready to use. A dot plot of FSC vs. SSC was created and a gating strategy was 

made to detect the FITC fluorescent through side scatter against fluorescence-1 FL1.  The 

FITC fluorochrome Ex. was 494 nm and the Em was 518 nm bandpass filter. Tables: 2.2, 

2.4 and 2.6. 

2.2.13 Expression of CD34 and Gating Strategy 
See (section 2.2.7) for more details for preparation and staining. CD34 was purchased 

diluted and ready to use. A dot plot of FSC vs. SSC was then created and a gating strategy 

was made to detect the APC fluorescent through side scatter against fluorescence-4 FL4.  

The APC fluorochrome Ex. was 650 nm and the Em was 660 nm bandpass filter. This is to 

provide optimal detection for the fluorescent dye and minimize the excitation of other 

sources and blocking light in the fluorescence emission band. In addition, the compensation 

was high 61.4 (FL3) and detector/amplifier 690 (FL4).  Tables: 2.2, 2.4 and 2.6. 

 

No Fluorochrome Excitation Ex (nm) Emission Em (nm) 

1 Fluorescein isothiocyanate FITC 494 518 
 

2 R-phycoerythrin PE 480, 565 
 

575 
 

3 Peridinin chlorphyll protein PerCP 490 
 

675 
 

4 Allophycocyanin APC 650 
 

660 
 

Table 2. 6: Summary list of all the fluorochromes, excitations and emissions used in this study. 

!

2.2.14 Expression of CD117 and Gating Strategy 
See (section 2.2.7) for more details for preparation and staining. CD117 was purchased 

diluted and ready to use.  

A dot plot of FSC vs. SSC was created and a gating strategy was made to detect the APC 

fluorescent through side scatter against fluorescence-4 FL4.  The APC fluorochrome Ex. 

was 650 nm and the Em was 660 nm bandpass filter. The compensation was high 61.4 

(FL3) and detector/amplifier 690 (FL4).  Tables: 2.2, 2.4 and 2.6. 
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2.2.15 Expression of CD154 and Gating Strategy 
See (section 2.2.7) for more details in terms of preparation and staining. CD154 was 

purchased diluted and ready to use. A dot plot of FSC vs. SSC was created and a gating 

strategy was made to detect the APC fluorescent through side scatter against fluorescence-

4 FL4.  The PE fluorochrome Ex. was 480, 565nm and the Em was 575 nm bandpass filter. 

In addition, the compensation was high 61.4 (FL3) and detector/amplifier 690 (FL4).  

Tables: 2.2, 2.4 and 2.6. 

2.2.16 Co-expression of The Antibodies 

2.2.16.1 Optimization for Co-expression of The Antibodies 

To measure the co-expression of antibodies in one tube, cells were prepared as previously 

detailed and the same dilutions of isotypes and primary antibodies was used as detailed in, 

sections 2.2.5 to 2.2.15. To increase the accuracy of the reading, the first two tubes were 

the control tubes (no staining only the cells in the first tube and in the second tube was 

negative control-isotype). The rest of the controls tubes were isotype only with one 

fluorescent dye. The antibodies panel used for each cell lines was as follows: 

1- Control-1 (cells without staining). 

2- Control -2 (cells stained with isotype contain the four fluorescence 

FITC/PE/PerCP/APC). 

3- Isotype FITC only. 

4- Isotype PE only. 

5- Isotype PerCP only. 

6- Isotype APC only. 

7- Antibody tube FITC. 

8- Antibody tube PE. 

9- Antibody tube PerCP. 

10- Antibody tube APC. 

11- Antibody tube FITC. 

12- CD 90/133/24/34. 

13- CD 90/133/24/44. 

14- CD 71/133/24/44. 

15- ALDH/CD 133/24/44. 

16- CD 71/154/19/34 (performed only once on 13/12W2 cell line). 

17- 71/154/19/117 (performed only once on 13/12W2 cell line). 
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In all instances use was according to the manufacturer instructions and a fresh washing 

buffer (blocking buffer) of 0.5% ABS was prepared. 

 

To ensure there was sufficient stocks (within the same passage range) of all cell lines for 

the FACs analysis sufficient stocks of each line were prepared in advance. As mentioned in 

sections 2.2.1.1 and 2.2.2.   Cells were prepared as detailed in sections 2.2.7 and 2.2.5. 

However, the ALDH staining is different from the rest of the antibodies see section 2.2.5. In 

order to obtain the maximum excitation of the antibodies and ALDH require incubation at 

37°C and this result may affect the other antibodies excitations. The co-expression was 

performed in two attempts. Tables: 2.2 and 2.5. 

  

Dot plots of FSC vs. SSC were created and a gating strategy assessed all through side 

scatter against fluorescence-1, 2, 3 and 4 FL1, FL2, FL3 and FL4 respectively.  The 

detection was made firstly for each control and antibody separately and then the co-

expression was performed. This is to calibrate the FACS machine properly. 

2.2.16.2 Co-expression Staining with ALDH  

As ALDH staining follows a different protocol and may affect the other antibodies the effect 

of staining with antibodies first or second was explored.  Cells were trypsinized, dissociated 

and stained with antibodies and ALDH as described in section 2.2.5 up to section 2.2.13. 

The ALDH used was Fluorescein isothiocyanate FITC so the rest of the antibodies used R-

phycoerythrin PE (CD133) and Allophycocyanin APC (CD44). The flow cytometry set up 

voltage (detector/ amplifier) was 580 and 1.8 compensation (low). This co-expression 

experiment was performed on 13/12W2, P20v cell line.   The only difference was whether 

the cells with stained first with ALDH or the other antibodies. 

  

The results show that when cells were stained with antibodies and then ALDH, the 

antibodies lost some of their intensity and the expression was less when compared with the 

second experiment. In the second experiment (ALDH then antibodies) there was excellent 

excitation and the expression was no different when the antibodies were stained alone. 

There were however some cells that seemed to have shrunk (based on flow cytometry dot 

plot readings) as a result of this protocol, but the staining was still robust and significant. 

2.2.17 Cell Proliferation Assay (MTT) 

2.2.17.1 MTT Solution Preparation 

MTT stock (thiazolyl blue tetrazolium bromide) 5mg/ml from sigma with Catalogue Number 
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M5655-1G stored at 2-8°C was diluted with sterile PBS, wrapped in foil to protect from 

direct light and stored at 4°C. The working solution was 1ml of the MTT stock added to 

4mls of sterile PBS.  

2.2.17.2 MTT Assay 

The MTT ((4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) is a colourimetric 

assay used to assess cell metabolic activity or proliferation. It is based on the principle that 

only the viable cells can metabolize tetrazolium to form blue (or purple colour) crystals of 

insoluble formazan. In brief, cells were seeded in equal numbers into a 96 well plate with 

MTT added to the cultures. Any formazan crystals built up will be dissolved after DMSO has 

been added. Cultured cells were compared with the control and read by spectrophotometer 

to obtain the absorbance and as a result, the number of viable cells that remain in the 

culture. This equation was used to calculate the density of the cells been added to each 

well.  

= !"##!!"#$% ∗ 1,000,000 ∗ (!"#$%&!!"!!"!#$%&$&!!"##$!!""#"(!l)!!"!!10!"!!"#!!"#$%)
50,000/!l  

Triplicates were set up of around 50,000 cells in 100µl of media in each well of a 96 well 

plate. Three 96 well plates were one for each of the time points (24hours, 48hrs and 72 

hours). At each time point 100µl of MTT was added to each well and the plate incubated 

wrapped in foil in an incubator at 5% CO2 / 37°C for two hours. Then, the mixture (media 

and MTT) was removed completely from each well by a multi-pipette aspirator and 100µl of 

99.9% DMSO was added. Plates were incubated for 30 minutes wrapped in foil and placed 

on a shaker with a gentle agitation at room temperature. The measurement of the optical 

density absorbance was performed for both control (only MTT no cells were added) and 

test cells by a spectrophotometer at 570nm. The spectrophotometer was adjusted to suit 

the experiment. The parameters Emission filters (white) and excitation (red) were put in 

place. Then FLUO star galaxy software for reading was used, and excel sheets of the 

absorbance results were produced. The calculation of the absorbance ratio was performed 

and an average of three replicate wells was obtained. Statistics for significant results 

(p<0.05) were done by t-test, using GraphPad Prism® software v7.0. 

2.2.18 Stress Assay (SA) 
The Stress Assay used in this study was developed in three phases. Briefly, cells were 

seeded in flasks and left to become completely confluent. Then cells were left in a “stressed 

status”, without feeding or changing media. Cultures were observed regularly by an 
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inverted microscope and pictures were taken to monitor which cells can survive the stress 

and what changes could happen to the cells. Both established (adapted) and Sheffield 

derived cell lines were tested. 

2.2.18.1 Stress Assay (SA)/ Phase One 

This was the initial exploratory phase. For each cell line T75 flasks were used.  Double the 

usual amount of media was used (10mls) and the number of cells seeded was low, around 

0.3-0.5x x106to allow observation of the cells ability to form colonies. Cultures were 

incubated in 5% CO2 at 37°C for 8-9 months and monitored by an inverted light microscope 

once a week. At the end of the 8-9 months period, cells were pictured and then washed –off 

and the wash retained in a new flask.  Both the original flask and the washes were re-feed 

and incubated in 5%CO2 at 37°C and any growth / recovery was regularly monitored. 

2.2.18.2 Stress Assay (SA)/ Phase Two 

In phase 2 the number of cells seeded in each flask was 1x x106 and the period of their 

stress was shortened to 2 to 3 months without changing the media. Cells were monitored 

and pictured on the 7th day, 14th day, 21st day, at confluency and when they appeared dead. 

For each cell lines nine flasks were set up, three T75 flasks for the stress assay (triplicate) 

three flasks to be grown to monitor confluency and provide the maximum viable cell number 

at the point of the stress assay. Three T75 flasks were set up one for DNA extraction, 

continued culture and last flask for back up and freezing down. When the cells were 

confluent, RPMI media was changed and left for 24-72 hours to give the cells more room to 

grow. Cell counting (maximum viable cell number MVCN) was performed, to determine the 

average of live cells in each flask using an automated cell counter (Vi-cell XR Cell viability 

Analyzer) from Beckman Coulter. After the period of stress (2-3 months), the old media was 

removed and transferred into a universal tube and centrifuged for 5 minutes at 1000rpm in 

room temperature conditions. Cells then were resuspended in a new media and cultured in 

T25 flasks as a wash-off of the post-stress assay (WPOST-SA). Culture flasks were then 

monitored to observe any growing cells and pictures were taken. Cells that proliferated and 

become confluent were subsequently cultured in new flasks and maintained for other 

assays. The originally stressed flasks were rinsed with fresh RPMI media and re-fed with 

new media. Flasks labelled as post-stress assay (POST-SA). Cells observed for any growth 

and left to become confluent and then cultured and maintained for other assays. Figure 2.7. 

2.2.18.3 Stress Assay (SA)- Phase Three 

In the final phase three adjustments were made based on the findings of the 2 earlier 

phases, shown in Figures 2.8 and 2.9.  
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In phase three cells were stressed for 4-months. To minimize drift as a result of a different 

starting population one flask was used to bulk up the number of flasks required for all 

aspects of the study (to be performed in triplicate). The starting population flask was then 

passaged into four T75 flasks, three of these flasks were then split to a further three flasks 

in preparation for the assay and fourth was maintained in culture to assess for genetic drift 

as a result of extended culture. From each of these sets one was selected to establish the 

MVCN using the MTT assay, and Clonogenic assay, array CGH and flow cytometry were 

all performed to establish the characteristics prior to stress recovery and compare 

populations. 

The flasks for stressing were monitored and pictured on the 7th day, 14th day, 21st day, 

when confluent and when they appeared dead. Stage E is the period where the cells had 

been stressed for 4 months and stage F was for post-stress assay (POST-SA). Each flask 

had the media changed (POST-SA) and the washes retained WPOST-SA). Pictures were 

taken before and after the media were changed. Cells then monitored for any growth and 

pictures were taken. Cells that proliferated and become confluent were cultured in new 

flasks and maintained for other assays. The same Assays were performed before the 

stress assay was repeated on the POST-SA cells.  

2.2.19 Determining Proliferation for Pre and Post Stress Assay and 
Expression of ALDH+ and CD44+ Cells 
Two sarcomas cell lines were selected (SKUT-1 and 02/11W1) for co-expression staining 

for ALDH and CD44 cell sorting of pre and post-stress assay populations. Other antibodies 

were not selected based on their low expression and because of time constraints the study 

was limited to just the two lines. Cells from pre and post-stress assay’s populations were as 

described in sections (2.2.4, 2.2.5, 2.2.7 2.2.8, 2.2.10, 2.2.11 and 2.2.13). After the sorting 

by FACS Aria based on ALDH+ve and CD44+ve; Cells were seeded in T75 flasks and then 

a clonogenic assay was performed in 60mm Petri dishes.   
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Stress Assay Diagram 
!
! 9 T75 flasks with 1X10^6 cells seeded in each flask!
!
!!!!!!!!!!3 flasks Stressed for 2-3 months.!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!
!!!!!!!!!!T75!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!2!!!!!!!!!!!!!!!!!!!!!!!!!!!3!!!!!!!!!!!!!! ⇓ !

!* ! !!  Photograph 0 day, 7th day, 14th day, 21st day, 100% confluent, dying date, dead day, …(every week)!! re-
feed dead cells!!Photograph (every week).!
!!!!!!!!!!
!
!!!!!!!!!!3 flasks Left to be confluent, media changed, Cell counting (maximum viable cell number).!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!4!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!5!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!6!

!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!! !!!fully confluent!!media changed!!left for 24-72hrs!counting viable cells.!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!7!

!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!! !!!(DNA). 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!8!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!! !! !!!(Split + maintenance). 
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!9!

!!!!!!!!!!!!!!!!!!!!!!!!!!!! ! !!!Backup (freeze down).!
!
!!
!!

Cell lines tested: 
-06/11ws 
-02/11w1 
-09/10 
-02/14 
-07/13 
-21/11w2 
-SKUT-1 
-U2OS 
-SKLMS-1 
-SW1353 
-H-tert 
-PC3!

Figure 2.7: A diagram shows in details, the flow work was performed and developed on cell lines during the stress assay experiments in the second phase. 

 

!
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Stress Assay Diagram 
 
- 1X10^6 cells were seeded in each flask.!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !
A!Stage!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!B!Stage!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!C!stage!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!D!stage!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!E!stage!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1)!

T75!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!! A!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Stress!assay!(1A,!2A,!3A)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Stress!Assay!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! B!(DNA)! !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! C!(MVCN)!
! !
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!2)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!! A!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! B!(DNA)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! C!(MVCN)!
!
!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!3)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!! A! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! B!(DNA)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! C!(MVCN)!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!4)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!! !split!maintenance!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Cell!maintenance!!
NB.! !means:Photograph!0!day,!7th!day,!14th!day,!21st!day,!100%!confluent,!dying!date,!dead!day,!…(every!week)!
MVCN:!maximum!viable!cell!number.!!fully!confluent!!media!changed!!left!for!12U24hrs!counting!viable!cells.!

Figure 2.8: A diagram shows in details the amended version of the flow work were performed and developed on cell lines during the stress assay 
experiments in phase two  (was amended later see next page).  

 
!
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   Stress Assay (SA) Diagram: 1X10^6 cells were seeded in each flask.!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!!!!!!! !

A!Stage!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!B!Stage!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!C!stage!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!D!stage!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!E!stage!!!!!!!!!!!!!!!!!!!!!!!!!F!stage!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Passage!No.!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Viability!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Day!(0,!7,!14,!21!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(dyeing,!dead)!!!!!!!!!!!!!!!!(Before!&!after!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!1)!P,!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!conf.)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!media!changing)!

T75!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!!!! A!(P,!!!!!)!!!!!!!!!!!!!!!!!!!!!Stress!assay!(1A,!2A,!3A)!!!!!!!!!!!!!!!!!Stress!Assay!!!!!!!!!!!!!!!!!!!!ReUfeed!POSTUSA!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! B!(DNA)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(SA)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Viability!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! C!(MVCN)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!2)!P,!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!! A!(P,!!!!)!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! B!(DNA)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! C!(MVCN)!

!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!3)!P,!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!!!!!!!!!!!!!!! A!(P,!!!!)! !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! B!(DNA)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! C!(MVCN)!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!4)!P,!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !!!!! split!maintenance!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!Cell!maintenance!
NB.! !means:Photograph!0!day,!7th!day,!14th!day,!21st!day,!100%!confluent,!dying!date,!dead!day!and!before!and!after!media!change(POSTUSA)…(every!

week)!

MVCN:!maximum!viable!cell!number.!!fully!confluent!!media!changed!!left!for!12U24hrs!counting!viable!cells.!

SA=stress!assay.!POSTUSA=post!stress!assay.!

Figure 2.9:  A diagram shows in details, the last amended flow work that was performed and developed on cell lines during the stress assay experiments in 
phase three.  
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!!!CELL LINES: __________________________________                                            Cells were stressed 
for________________ 

EXPERIMENTS LIST SUMMARY (Established cell lines) 
 Cell lines Stressed 

date 
Cell 
count 

Volume(mls)= 
No.of 
cells(50,000cells
) will be seeded 
in this volume  

Stress 
assay  
1x10^6 in 
each flasks 
& Date of 
stress 
assay start 

Viability 
(trypan 
blue) 
before 
SA 

Cell 
count 
flasks 
for 
stress 

DN
A 

MVC
N 

Pic 
Before 
changin
g the 
media 

Viability 
after SA 

Date of 
re-feed 

Pic After 
changin
g the 
media 
day 1, 3, 
7, 14. 

Pics of the 
maintaine
d cells 
7,14,21,  

Comments 

1                
2                
3                
4                
5                
6                
7                
8                
9                
10                
11                
12                
13                
14                
15                
16                
17                
18                

!

Table 2. 7: This table shows in details, the flow work of monitoring established (commercial) cell lines during stress assay experiments in phase three. 
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!!!CELL LINES: ___________________________              Cells were stressed for________________ 
EXPERIMENTS LIST SUMMARY (Primary cell lines) 

 Cell lines Stressed 
date 

Cell 
count 

Volume(mls)= 
No.of 
cells(50,000cells
) will be seeded 
in this volume  

Stress 
assay  
1x10^6 in 
each flasks 
& Date of 
stress 
assay start 

Viability 
(trypan 
blue) 
before 
SA 

Cell 
count 
flasks 
for 
stress 

DN
A 

MVC
N 

Pic 
Before 
changin
g the 
media 

Viability 
after SA 

Date of 
re-feed 

Pic After 
changin
g the 
media 
day 1, 3, 
7, 14. 

Pics of the 
maintaine
d cells 
7,14,21,  

Comments 

1                
2                
3                
4                
5                
6                
7                
8                
9                
10                
11                
12                
13                
14                
15                
16                
17                
18                

!

Table 2. 8: A table shows in details the flow work of monitoring Sheffield primary cell lines during stress assay experiments in phase three. 
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2.2.20 DNA Extraction (Isolation and Purification from Cultured 

Cells) 

The DNA from cultured cells was extracted by using Qiagen DNeasy® Blood and 

Tissue Kit. In summary, the kit performs on the principle of lysing alkaline (protease), 

protein digestion, DNA releasing, washing, elution, and DNA purification by loading it 

on a silica-based membrane; which contain the ability of DNA selection in the presence 

of chaotropic salt in high concentrations.  The content was then centrifuged followed by 

two washes to remove any contaminants, and then the pure DNA was eluted.  

Cells were obtained from confluent flasks; trypsinized, dissociated, resuspended and 

centrifuged as shown in section 2.2.2. Cells were resuspended in 200µl of sterile PBS 

in an Eppendorf tube (1.5ml), then 20µl of proteinase K was added with 200µl of AL 

buffer (lysing buffer). The mixture was vortexed and incubated on a heat block (56°C) 

for 30 minutes. Usually, the mixture becomes clear after this time, if not either 

additional proteinase K was added or the time of incubation was increased to facilitate 

lysing.  200µl of absolute ethanol was added and vortexed and the mixture transferred 

into a single labelled DNeasy® mini spin column placed inside a collection tube and 

centrifuged for 1minute at 8,000 rpm. 500µl of washing buffer 1 (AW1) was added, and 

a new collection tube was placed underneath and centrifuged for 3 minutes at 14,000 

rpm. The step was repeated but washing buffer 2 (AW2) was used instead. DNA from 

cultured cells was eluted in elution buffer (AE) 

After the second wash, the mini spin column was placed in a new-labelled Eppendorf 

tube (1.5ml) and centrifuged for 1 minute at 8,000 rpm. Then, the mini spin column was 

discarded and the tube with DNA was stored in the fridge at 4°C. 

2.2.20.1 Quantification and Purity Assessment of The DNA 

The DNA concentration and purity were acquired by using UV/VIS spectrophotometry 

as NanoDrop®  ND-1000 (Thermo Fisher Scientific, USA). It was set up and used to 

measure double-stranded DNA. The amount of DNA concentration was Auto-

calculated by loading only 1µl and using Beer-Lambert modified equation:  

! = (! ∗ !)/! 

 

Where c represents the concentration in ng/µl; A for absorption at 260nm, e for 

wavelength-dependent absorbance coefficient (50ng· cm/µl for double-stranded DNA) 

and b is path length obtained in cm. The Absorbance ratio was at 260nm/280nm to 
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acquire DNA purity that indicates the absence of any protein contamination. The other 

parameter 260nm/230nm indicate the absence of other organic complex contamination 

such as salt. The importance of obtaining ideal DNA concentration is because; it is a 

critical element in terms of having to array CGH excellent labelling and data in a later 

stage.   

 NanoDrop®  optical surface was cleaned with special lint-free wipes, then 2 µl of 

initializing nuclease-free water. Then the instrument was blanked with 2 µl AE buffer 

and then DNA samples were loaded at the same amount, the optical surface was 

cleaned between samples to avoid any contaminations. The absorbance ratio was 

within the acceptable range (1.8-2). DNA Samples then stored at 4°C or -20°C or -80°C 

(for tissues). 

2.2.21 Genome Analysis by Array-based Comparative Genomic 

Hybridisation (aCGH) 

2.2.21.1 aCGH Array 

Oligonucleotide Array-based Comparative Genomic Hybridisation considered being a 

recent powerful molecular technique is used to examine the whole genome to 

distinguish copy number aberrations in tumour DNA. In brief, both matched reference 

DNA (control) and cell line sample DNAs were labelled with two different fluorescent 

dyes Cyanine 5 (Cy5TM ) and Cyanine 3 (Cy3TM). They were hybridized together on 

an off-shelf microarray slide on 180,000-oligonucleotide probes array that screen in 

high resolution the whole genome. The next step was washing the array and scanning. 

Then quantifications of both DNAs samples ratio were obtained by a digital analysis 

system. The main steps, in general, are exhibited in Figure 2.10. 
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!
Figure 2.10: A diagram shows the steps of the Genome Analysis by Array-based Comparative 
Genomic Hybridisation (aCGH) performed in this study. 

Start with labelling then hybridization, washing and then loading the slid inside the laser 
scanner. Finally, data were assessed and analyzed. (Laser scanner image was imported from 
http://www.agilent.com). 

 

2.2.21.2 DNA Labelling by (Random Priming with Exo-Klenow)  

Extracted DNA from the sarcoma cell lines was compared against commercial 

reference DNA. Both were labelled by using an enzymatic method, random priming 

with Exo-Klenow, which contain different fluorescence that labels nucleotides. Then 

Cot-1 was used for blocking any repetitive binding before the hybridisation of the DNAs 

to the genomic array was carried out. The ratio of the fluorescent signals for both DNAs 

samples detected.  For an Ideal array experiment amount of 0.5 - 1µg should be 

labelled separately for both DNA samples (test and reference). As described in section 

2.2.22 DNAs quality were obtained. 
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2.2.21.3 Restriction Digestion on The DNA 

An amount of 1µg DNA for 4 x 180k microarray slide needed for eight samples (4 

tumours and 4 reference DNA) were added in 0.2 cleaned PCR tubes, and made up to 

a final volume of 20.2µl with nuclease-free water.  

The first step was DNA digestion into smaller strands for all samples.  The master mix 

was prepared as detailed in Table 2.9. Each sample (5.8µl in total) contains nuclease-

free water (2µl), restriction buffer 10x buffer RE (2.6µl), Acetylated BSA (10µg/µl) for 

stabilizing the reaction, Alu-1 (0.5µl) and RSA-1 (0.5µl), Alu-1 and RSA-1 must be 

placed on ice. Each tube received a 5.8µl of the master mix added to the previous 

amount of 20.2µl gDNA, which makes a total of 26µl. PCR tubes then placed on a PCR 

instrument (Eppendorf Mastercycler Thermal Cyclers, USA) figure 2.7, incubated for 

two hours at 37°C. then 20 minutes at 65°C lastly, hold at 4°C. Samples were kept in a 

-20°C freezer overnight for the next step (labelling). 

 Per tube (µl) *For 9 samples (µl) 

Nuclease free water 2.0 18 

10x duffer RE 2.6 23.4 

Acetylate BSA (10µg/µl) 0.2 1.8 

Alu-1 (10µg/µl) 0.5 4.5 

RSA-1 (10µg/µl) 0.5 4.5 

Total 5.8 52.2 

Table 2. 9: Master mix components for DNA digestion in preparation for array CGH. 

!
2.2.21.3.1 Enzymatic Labelling Reaction  

5µl of the random primer was added to all 8 tubes, mixed by pipetting to reach a total 

volume of 31µl. Tubes were then incubated on PCR instrument figure 2.11, for 3 

minutes at 95°C, and held at 4°C whilst preparing the master mix. 

The labelling master mix was prepared by using Cy-3 dUTP and 5Cy5 dUTP in 

different tubes each placed on ice and covered from direct light, Table 2.10. 
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 Per tube (µl) *For 5 samples (µl) 

Cy-3dNTP (Reference 

DNA) 

*For 5 samples (µl) 

Cy-5dNTP 
(Tumour DNA) 

5 x reaction buffer 10 50 50 

10 x dNTB 5 25 25 

Cyanine-3 dUTP 3 15 - 

Cyanine-5 dUTP 3 - 15 

Exo-Klenow fragment 1 5 5 

Total 19 95 95 

Table 2. 10: Master mix of Exo-Klenow Labelling for array CGH. 

!
19µl of the master mix was added to each tube (makes a 50µl total volume), mixed by 

gently pipetting. Tubes were placed on the PCR instrument for 2 hours at 37°C to allow 

the labelling reaction to take place, then inactivating the enzyme reaction at 65°C for 

10 minutes. Samples were held at 4°C.  

2.2.21.3.2 Clean-up of Exo-Klenow Labelled DNA  

The labelled genomic DNAs were cleaned using Amicon® 30kDa filters. These filters 

are designed to trap DNA fragments based on their size. Each labelled sample was 

transferred to the Amicon filters and washed by adding TE buffer 430µl (PH 8), mixed 

gently by pipetting and centrifuged for 10 minutes at 14,000 rcf. Then the collection 

tube was discarded and the filter placed in a new collection tube and 480µl of the TE 

buffer was added, mixed gently by pitting and centrifuged at 14,000 rcf for 10 minutes. 

Filters then inverted and placed in new tubes centrifuged for 1 minute at 1,000 rcf in 

room temperature conditions.  The harvested volume was usually around 21µl of 

labelled DNA. Samples foiled and stored in -20°C freezer overnight. 

2.2.21.4 Measurement of DNA Labelling Efficiency  

Prior to determining the fluorescent activity of the labelled DNA, samples were thawed 

out and placed in Speed Vac for 30 minutes to evaporate any liquid and obtain a 

consistent volume. Then samples were resuspended with TE buffer in 21µl.  
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NanoDrop® ND-1000 UV-VIS Spectrophotometer was used to measure the fluorescent 

activity of each labelled DNA sample. Based on the absorbance the 

Spectrophotometer calculates DNA concentration, Cy-3 and Cy-5 dyes at specific 

wavelengths and corresponds with each element at 260, 550 and 650nm, respectively. 

Array software was set up on double-stranded DNA 50ng·cm/µl (DNA-50) to determine 

the absorbance coefficient. Prior to loading, the samples spectrophotometer was 

blanked with 1.5-2µl of nuclease-free water then with TE buffer, 1.5µl of each sample 

was loaded. The gDNA yield and dye amount per microgram collected to calculate dye 

specific activity by applying the equation stated below with the ideal values table 2.11: 

!"#!!"#$%! !l = !"#!!"#!$#%&'%("#! (!" !l) ∗ !"#$%&!!"#$%&(!l)
1000!!"/!l  

 

!"#!!"#$%&%$!!"#$%$#& = !"#!!"#!$#%&'%("#!(!"#$ !l) ∗ 1000
!"#$!!"#!$#%&'%("#!(!g !l)  

 

 Cyanine-3 

(pmol/µg) 

*Cyanine-5 

(pmol/µg) 

Dye Specific Activity 

(pmol/µg) 

25-50 20-40 

DNA Yield (µg) 5.0-10.0 5.0-10.0 

Input gDNA (µg) 0.5-1.0 0.5-1.0 

Table 2. 11: DNA labelling efficiency values for dye specific activity and yield. 

!
 If labelling was ideal, both DNA samples (tumour and reference DNA) were combined 

in a new 0.2 microfuge PCR tube with a 19.5µl each, in preparation for the 

hybridisation step. 

2.2.21.5 Pre Hybridisation Blocking 

An aliquot of 10 x blocking agent was prepared  (nuclease-free water (1350µl) 

containing lyophilized 10x blocking agent), left for 60 minutes at room temperature 
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condition. Agilent Oligo aCGH Hybridisation Kit was used according to the 

manufacturer’s instruction to block the repetitive DNA sequence by Cot-1DNA. 

Tumour and reference DANs were combined as mentioned before were transferred to 

a new 0.2ml PCR tube. The master mix for the hybridisation was prepared as shown in 

table 2.12. A 71µl of the master mix was added to each PCR tube, mixed gently by 

pipetting to a final volume of 110µl. PCR tubes then pulsed by centrifugation for a few 

seconds and placed on PCR instrument Figure 2.7, for 3minutes at 95°C, then for 30 

minutes at 37°C, and held at the same temperature whilst waiting for the hybridisation 

master mix to be prepared. 

 Volume in (µl ) per tube 

(sample)  

Volume x 5 tubes 

Human Cot-1 DNA 5 25 

10 X aCGH Blocking Agent 11 55 

2 X 111-RPM Hybridisation 

buffer 

55 275 

Total 71 355 

Table 2. 12: Hybridisation Master mix preparation components used on labelled samples for 
array CGH. 

2.2.21.6 Hybridisation for Array CGH 

A clean 4 x microarray gasket slide was placed inside a SureHyb®  chamber base and 

the gasket label facing up and aligned with the rectangular part of the chamber. 

Samples were very slowly loaded inside the gasket. With care a microarray slide was 

placed on with the Agilent labelled side facing down on the gasket slide. The 

SureHyb®  chamber was fitted over and sandwiched together and the slide carefully 

clamped and tightened. Then the assembly was rotated to make sure that trapped air 

bubbles would move freely over the slide when rotated. The next step was placing the 

chamber assembly inside a hybridisation oven at 65°C, which contain a rotator rack 

that rotates 20 rpm, and the samples were rotated for exactly 24 hours. Figure 2.11. 
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Figure 2.11: Some of the instruments and tools were used in the aCGH Experiment. 

A) Washing step. B) PCR instrument used (Eppendorf* Mastercycler* Thermal Cyclers, USA). C) 

SureHyb
® 

 chamber base. D) Plastic slide holder can be fitted into array scanner for reading. E) 
Hybridisation oven.  

  
 

 2.2.21.7 Post Hybridisation Washing and Scanning 

Prior to washing all the glass dishes, racks, magnetic stir and bottles used were rinsed 

with high-quality Milli-Q ultrapure water.  Washing was prepared before removing the 

hybridisation assembly from the oven. The first wash basically, contains a glass dish 1 

and a second glass dish (2) filled with an aCGH Buffer 1 at room temperature.  The 

glass dish 2 contains a rack and a magnetic stirrer. Glass dish 3 contains stirrer filled 

with Agilent Oligo aCGH/Chlp- on -Chip Wash Buffer 2 pre-warmed at 37°C a day 
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before in a sterile bottle and placed on a magnetic stirrer. After the 24 hours 

hybridisation the slide assembly was collected from the oven and observed for the 

presence of the air bubbles. The SureHyb® chamber was placed horizontally and the 

clamp unscrewed very gently.  The slide was removed and placed in glass dish 1; to 

separate the array gasket sandwich plastic forceps were used.  The array gasket was 

left in glass dish 1 and the array slide immediately removed into glass dish 2 on the 

rack and left to wash for 5 minutes at room temperature. The rack was then transferred 

into glass dish wash 3 and left only for 1 minute at 37°C. Next, the rack was removed 

very slowly to avoid any droplet formation on the slide. The slide was placed carefully 

on a plastic holder and scanned immediately. The slide was scanned using Agilent 

Surescan® high-resolution technology with control software (version 10.5.1), a 

configuration of Agilent was performed according to manufacturer recommendations. 

The data were saved in a TIFF format file to determine any damages or artifacts during 

the hybridisation. See Figure 2.11. 

2.2.21.8 Microarray Data Processing 

2.2.21.8.1 Quality Assessment and Feature Extraction for Array   

Feature Extraction software version 11.0.1.1 was used to analyze images scanned at 

high resolution (3µm). Fluorescent intensity was normalized and the ratio for both dyes 

was also, calculated by the software, to produce a logarithmic scale (probe log2-ratio). 

The logarithmic scales then exported as a Text (.txt) form. Quality control was 

constructed by the FE software to examine, the reproducibility and reliability of the 

array experiment. Many parameters such as threshold values and statistical metric 

were accessed in order to accept the array data as valid.  Derivative Log Ratio Spared 

DLRS is considered as the most effective parameter in order to obtain microarray 

reliability. The log2  Standard deviation between consecutive oligonucleotide probes 

was measured. A small SD value means low background noise. While other elements 

such as signal to noise S/N, and average background noise ratio, were examined 

throughout to calculate the mean signal intensities of all genomic probes for both dyes, 

by comparing them to non-hybridised control probs.       
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Signal Intensity to noise SNR 
(both dyes) 

Determined by dividing 
signal intensity over 

background noise and 
detect the real signal 

>30-100 

Derivative Log2 Ratio SD 
(both dyes) DLRSD 

Determined by calculate 
SD and assess the noise 

array measurement  

<0.2-0.3 

Background noise To calculate SD on 
negative control probes 

<5-10 

Table 2. 13: QC Metric thresholds for Array CGH Experiment. 

!
2.2.21.8.2 Micro-array Data Analysis 

The Data were analysed by Agilent Genomic Workbench software v7.0.4.0 license and 

the download was obtained from the Agilent web site. Specific format files were 

imported and used to perform the data. They were Agilent Feature Extraction (*.Txt) 

data files. Then, the algorithm was imposed to calculate the data QC metric table 2.12. 

Then the data were analysed by using the Aberration Detection Method (ADM-2) 

algorithms and threshold set up to 6. Finally, a genomic viewer with chromosome 

ideograms exhibited the genomic data. 

2.2.22 Statistical Analysis, Linear Regression and Correlations 
The linear regression is a descriptive statistic to calculate variable that are not linearly 

related, and transfer this relationship into a linear form, by an equation to predict some 

variables, through plotting line graphs with one X-axis (independent variable) and other 

one with Y-axis (dependent variable) against each other. The analysis was performed 

using Microsoft Excel version 2011 to find equations that fit the data.  The prediction 

could be made based on that model. When the data shows the correlation coefficient of 

determination (R²) that predicts the future outcome, a scatter plot will form a straight 

line. The equation has the form Y’=a + b X, usually calculated automatically by the 

excel program and the data were interpreted. This will explain if there are any 

associations between the two variables. The range for R² from -1 to 1. A value close to 

1 shows a positive or strong association. 

 

After inserting the data into the columns in Excel with no blank cell, two columns of 

choice (dependent and independent) were highlighted, click on chart layout then chose 

to scatter and then marked scatter a chart will appear. The chat format is adjusted by 

clicking on chart quick layout and then click on f x layout to give a more descriptive 
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layout on the chart to be filled with other variable information. This will create a linear 

regression line. Then the equation for the slop (the linear line) will appear with the 

calculated coefficient of determination (R²). Then line estimation was used to calculate 

and to make sure that the slop line and the association given is correct, by choosing to 

calculate regression and regression statistic that appears under the scatter chart. To 

highlight the regression enter =, then highlight dependent and independent variables, a 

comma between each segment, then entered the number one for true (for statistics) 

and another number one lastly click on enter. The Excel will give the regression 

calculation showing that the slop equation calculation is correct and allowing 

correlation coefficient (R) to be calculated with error in m, coefficient of det (R sqt), F 

stat and regression sums of squares.   

 

 Therefore this study tried to find a relation or correlation between different variables of 

the suggested CSC markers, considering new markers single expression and co-

expression with different gating strategies on pre-SA and POST-SA cell lines. The first 

column was the name of the cell lines used; the rest of the columns were the CD 

markers percentage’s single expression (CD44, CD133, CD24, CD90, CD34, CD71 

and ALDH) and co-expression columns of (CD44/CD71, CD44/ALHD, and 

CD44/CD34). Lastly, detecting the correlation between the suggested CSC markers 

and the new markers, was determined by choosing the CD marker percentage 

columns required to find their relationship to each other on all cells and large cells, as 

well as pre-SA and POST-SA. After the data was filled the designated column were 

selected, and the chart layout was selected as mentioned above.   
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CHAPTER THREE 
INVESTIGATION OF PUTATIVE STEM CLL MARKERS IN 

SARCOMA SUBTYPES  
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3.1 INTRODUCTION  
The identification of markers for cancer stem cells is a challenge for most cancers, and 

no more so than for sarcomas, where the large numbers of subtypes mean markers for 

these cells remains elusive. Generally, for sarcoma, because of the large number of 

sarcoma subtypes, the reported expression of any antibody in the literature is highly 

variable. Sometimes, cells with a high proportion of a specific marker do not 

necessarily have high tumorigenicity or are enriched with CSC (Skoda et al., 2016). 

Moreover, not all sarcoma subtypes have been studied, which makes it complicated to 

find /reach a definite conclusion. 

 

The individual and co-expression of CD markers for CSC, found to be of use in other 

cancers, are still under investigation for their value to sarcoma, where their relevance is 

disputed (Abbaszadegan et al., 2017, Akbarzadeh et al., 2019). For sarcomas, one of 

the most studied of these markers, CD133, is expressed by many cancers and 

considered to identify CSC (Tirino et al., 2008, Di Fiore et al., 2009, Tirino et al., 2011,  

He et al., 2012 ). Naturally, CD133 (glycoprotein) is found in the plasma membrane, 

but reports claim in some sarcomas that it is, also found in the cytoplasm and the 

nucleus (Nunukova et al., 2015). The role of CD133 is still not fully understood, which 

makes it controversial and difficult to consider as a true CSC marker. It has been 

suggested that CD133 is an inadequate marker for all sarcoma subtypes, but that it 

may be of relevance to some (Tirino et al., 2008, Di Fiore et al., 2009, He et al., 2012). 

 

Other markers have also been proposed as identifying CSC in different sarcoma 

subtypes, including CD90, CD24, CD117, CD34, SSEA4, CD49f, ALDH and CD57 

(Harris et al., 2009, Abbaszadegan et al., 2017, Brown et al., 2017, Skoda and 

Veselska, 2018,). Noticeably, some of these markers are found in normal stem cells or 

progenitor cells ( Akbarzadeh et al., 2019), but for sarcomas, their investigation was 

either focused on one sarcoma subtype or the results were contradictory. Placing 

reliance on the expression of a single marker could therefore make identification of 

CSC challenging. Combining two markers, or more could however enhance the 

identification of CSC. Nestin, for example, is known to be positive in some sarcoma 

tissue samples, and co-expression with CD133 was found to give promising results in 

sarcoma, not only for diagnosis but also in terms of the prognosis of the disease (Sana 

et al., 2011 He et al., 2012, Zambo et al., 2016,). ALDH, widely reported to be CSC 

marker for many types of cancer, as well as for stem cells and progenitor cells (Silva et 

al., 2011), is also expressed by some sarcomas subtypes. For instance, Ewing’s and 
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synovial sarcomas both express a high level of ALDH activity (Nakahata et al., 2015, 

Lohberger et al., 2012). The expression however is variable even, for the same cell 

line, and this maybe as a result of heterogeneity of the CSC, or due to the different 

ALDH isoforms (Zhou et al., 2019). As mentioned previously (1.11.1.3), the use of 

ALDH on its own (like the single-use of CD133) is controversial and should be 

considered as being a poor CSC marker.  However, as ALDH is strongly expressed in 

some sarcoma subtypes, its potential as a CSC marker may therefore be of relevance 

to some sarcomas. Alternatively, and potentially more reliable is ALDH co-expression 

with SOX2, found recently to be of values in Ewing’s sarcoma and rhabdomyosarcoma, 

possibly associated with increased tumorigenicity (Nakahata et al., 2015, Zambo et al., 

2016).  

 

In this study, cell lines from different types of sarcoma (both commercial and those 

established in Sheffield as cell lines or short term cultures), were investigated to see if 

the presence of CSC could be reliably determined using either single markers or 

combinations.  Initially, CSC markers previously thought of as of relevance to sarcoma 

were investigated on their own, leading to a second phase that included expansion of 

the markers’ panel and their use in combination.  In this chapter, the characterization of 

sarcomas by flow cytometry analysis with a single expression, co-expressions and the 

study of cell hierarchy was undertaken, and an overview of the workflow is shown in 

Figure 3.1. Furthermore, sarcoma subpopulations expressing different markers were 

specifically selected and studied for their ability to form colonies as a measure of the 

capacity for self-renewal.  
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!
Figure 3. 1: Overview of Chapter 3 work-flow, 

The initial phase of the studied looked at markers previously proposed as of relevance to sarcoma and 
studied a wide range of subtypes to see if the expression was subtype-specific. In the second phase, an 
expanded number of emerging markers were investigated, including their co-expression. Finally, the ability 
to form colonies was compared between populations highly expressing either CD133 or ALDH and those 
non-expressing cells.  
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3.2 RESULTS  

3.2.1 Sarcoma Cell Lines and Selection of Markers  
In this study, two groups of cell lines were used to investigate the expression of various 

CD markers using flow cytometry as an analytical tool (see section 2.2.). Established 

cell lines comprise both; commercial STS and other sarcomas and cell lines used as 

controls. The aim of using these commercial cell lines was to compare the findings with 

more recently established cell lines and primary STC that had been developed as 

cultures in Sheffield (Table 2.3). The majority of samples were set up and cultured by 

Dr Abdulazeez Salawu, but STC of angiosarcomas were established as part of this 

investigation. The CD markers used were CD44, CD133, ALDH, CD90, CD34, CD71 

and CD24. CD117 and CD154 (CD40L) were also used, but the analysis was only 

performed on one cell line (13/12W2) due to the limited time. The gating method for 

flow cytometry dot plots was to include all cells except the debris (arising due to the 

mechanical processing of the cells) and dead cells (usually shrunk cells). These 

accumulate in the lower-left LL of the dot plot area, and can be easily differentiated by 

comparing to controls or positively stained cells. Staining was carried out in two stages 

as described below, and cells lines were cultured as in section 2.2. 

3.2.2 Stage One: Single Expression of CD44, CD133 and ALDH 
In this stage, only a certain number of monoclonal antibodies were investigated for a 

single expression.  The antibodies used were (CD44, CD133 and ALDH); and had all 

been suggested as possible CSC markers for sarcoma.  As a starting point, it was 

hoped to provide an overview of putative CSC in sarcomas of different subtypes, 

latterly additional CD markers were proposed as putative CSC markers became 

available and were included in phase 2.  All experiments were carried out in triplicate 

on three different passages unless otherwise stated. The expression of certain markers 

by one distinct homogenous population was found for the sarcomas, meaning that the 

cells have the same size and complexity, and these cells are in the same proliferation 

stage Figure 3.2. 

3.2.2.1 SKUT-1 (Human Uterus Leiomyosarcoma (GIII)) 

This cell line was supplied by ATTC/1971 as a grade 3 leiomyosarcoma from the 

uterus of a 75-year-old lady and was derived in 1972. Expression of CD44 was high, 

around 57% positive, and appears to identify one distinct homogenous population. 

CD133 was very low to negative at 0.4%.  ALHD activity shows a high-level of 
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expression, approximately 68% positivity Figure 3.3. 

 

 

                        
 

             
Figure 3. 2: These figures show examples of CD44 and CD133 expressions and analysis on 
one of the primary sarcoma cell lines (09/10) using flow cytometry staining. 

 
These expressions were based on one distinct cell population. The CD44 expression was 99.3% ± 6% 
(n=3 SEM) and CD133 was 0.3% ±0.1 (n=3 SEM). The data correspond to mean ± SEM from three 
independent experiments unless otherwise stated.    
 

 

3.2.2.2 SW1353 Chondrosarcoma 

This cell line was supplied by ATTC/1977 and was chondrosarcoma taken from the 

right humerus of a 72 years old lady and derived in 1977. A very high level of CD44 

expression (99.9% positive) was found and associated with one distinct homogenous 

population. CD 133 expression was very low to negative (0.4%), and ALDH activity 

expression was also low at 2% (Figure 3.3). 
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Figure 3. 3: Overall, summary of The Established Cell lines, PC3 and Normal Cell line h-TERT expression of CD44, CD133 and ALDH.  

The expression of CD44 was highly positive (57%-99.9%) ±2% (n=3 SEM). The CD133 shows very week expression (0.1%-2.1%) ±0.1% (n=3 SEM). The ALDH expression is 
varied  (1%-99%) ±3% (n=3 SEM). The data correspond to mean ± SEM from three independent experiments unless otherwise stated.
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3.2.2.3 SKLMS-1 Leiomyosarcoma 

This cell line was supplied by ATTC/1971 and was a Leiomyosarcoma from the vulva 

of a 43-year-old lady derived in 1971. In this cell line, the expression level of CD44 was 

again very high (99.9% positive) and appeared to be expressed in one distinct 

homogenous population. CD 133 expression was very low to negative at 0.1%, and 

ALDH activity was also very low at 1% (Figure 3.3). 

3.2.2.4 U2OS Osteosarcoma 

This cell line was supplied by ATTC/1953 as osteosarcoma from the bone of a 15 year 

old girl, and was originally cultured in 1953. Again, a very high level of CD44 

expression (99.8 % positive) was expressed by one distinct homogenous population. 

CD133 was very low to negative (0.3 %), but in contrast to the STS cell lines, ALHD 

showed a very high level of activity, with expression at approximately 99% positivity 

(Figure 3.3). 

3.2.2.5 Prostate Cancer Cell Line PC3 

Supplied by ATTC, and derived from a prostate cancer this line has been used 

extensively as a model representative of CSC behaviour; and was therefore included in 

this study as a positive control for the expression of CSC markers. CD44 expression 

was very high (95.6 % positive) and as has been consistently observed, appears to be 

expressed by one distinct homogenous population. CD133 was very low to negative at 

0.2 %, and again in contrast to the commercial STS lines, ALHD showed moderate 

activity, with expression approximately 35% positivity Figure 3.3. 

3.2.2.6 Human Epithelial Retinal Cells hTERT-RPE-1 

This cell line was supplied; by S. Collis (Department of Oncology and Metabolism) and 

was used as a normal human control cell line. hTERT-RPE-1 was immortalized by 

transfection with human telomerase making the cells capable of renewing themselves 

(Bodnar et al., 1998, Yang et al., 1999). Early passages were used for this study, as 

there was a drift in responses over the extended passages. As with the other 

commercial lines, a very high level of CD44 expression (85.7 % positive) in one distinct 

homogenous population was observed. CD133 was very low to negative at 0.7 %, and 

ALHD showed a low level of activity to negative expression at 4% Figure 3.3. 
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3.2.2.7 STS (13/12) Pleomorphic NOS Sarcoma 

The cell line was derived in Sheffield, and the tumour tissue (13/12W); was kindly 

donated by an 80-year-old man with a grade 3 (GIII) pleomorphic NOS sarcoma, which 

is considered to be a sub-type of undifferentiated sarcoma (Fletcher, 2014, Jo and 

Fletcher, 2014). This sarcoma was very aggressive and metastasized to the lung. The 

cell line was established and cultured in 2013 in our laboratory with two variants 

13/12W1 and 13/12W2 developed and both were tested. As found previously for all 

lines CD44 expression was very high on both cell lines, 13/12W1 and 13/12W2, at 99.8 

% and 99 % respectively, and expressed in one distinct homogenous population. 

CD133 expression was very low to negative 0.3 % for 13/12W1 and 0.2 % for 

13/12/W2, and ALDH activity was moderate around 32 % for 13/12W1 and 28 % for 

13/12W2 positivity.  An example of the gating and analysis for ALDH is shown in Figure 

3.4, and the results are tabulated in Figure 3.5. 

3.2.2.8 STS (09/10) Dedifferentiated Sarcoma 

This tumour tissue; was kindly donated by a 68-year-old lady who sadly passed away 

in 2012. The diagnosis was grade 3 (GIII) retroperitoneal dedifferentiated liposarcoma. 

The cell line was developed in 2011. CD44 expression was very high (99.9%) positive 

with one distinct population. CD133 expression was very low to negative 0.5 %, and 

ALHD had a low level of activity at 9% positivity only Figure 3.2 and Figure 3.5. 

3.2.2.9 STS (14/10) Pleomorphic NOS Sarcoma 

This tumour tissue was kindly donated by a 54-year-old lady with pleomorphic sarcoma 

NOS; from the left thigh and the cell line was developed in 2010. CD44 expression was 

very high (99.9%) positive with one distinct population, and CD133 expression was 

very low to negative 0.2 %, whilst ALHD shows a moderate level of activity at 23% 

positive Figure 3.5. 
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Figure 3. 4: These figures show examples of ALDH expression, gating and analysis on one of 
the primary sarcoma cell lines (13/12W1) using flow cytometry staining. 

!
The expression was based on one distinct cell population. The ALDH expression was 31.99% ± 4% (n=3 

SEM) based on DEAB negative control. The data correspond to mean ± SEM from three independent 

experiments unless otherwise stated.   
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Figure 3. 5: CD44, CD133 and ALDH average expression on all Sheffield derived primary sarcoma cell lines. 

 

The expression of CD44 was highly positive (99.8%-99.9%) ±1% (n=3 SEM). The CD133 shows very week expression (0.1%-2.1%) ±0.1 (n=3 SEM). The ALDH expression is 
varied  (6%-31.99%) ± 5% (n=3 SEM). The data correspond to mean ± SEM from three independent experiments unless otherwise stated. The ALDH for 02/11W1 cell line was 
not performed.
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3.2.2.10 STS (02/11) Leiomyosarcoma 

This tumour tissue was kindly donated by a 62-year-old lady with a grade 3 (GIII) 

vaginal leiomyosarcoma. The cell line was established and cultured in 2011 in our 

laboratory with two variants 02/11W1 and 02/11WS developed. CD44 expression was 

very high on both cell lines 02/11W1 and 02/11WS 99.9 % and 100 % respectively, 

and appears to be expressed in one distinct homogenous population. CD133 

expression was very low to negative 0.1 % for 02/11W1 and 0.7 % for 02/11/WS, and 

ALDH expression was moderate, around 21% for 02/11WS. Unfortunately, ALDH 

activity on 02/11W1 was not performed due to technical issues Figure 3.5. 

3.2.2.11 STS (20/11) Dedifferentiated Liposarcoma 

This tumour tissue was kindly donated by a 70-year-old lady who was diagnosed with 

dedifferentiated liposarcoma from the right thigh. The patient received radiotherapy 

treatment prior to the operation. The cell line was established and cultured in 2011 in 

our laboratory. Unfortunately, due to repeated fungal infection and slow growth, only 

the clonogenic assay was performed on this cell line. 

3.2.2.12 STS (09/11) Pleomorphic NOS Sarcoma 

This tumour tissue was kindly donated by a 66-year-old lady patient who was 

diagnosed with pleomorphic NOS sarcoma from the right thigh. The cell line was 

established and cultured in 2011. The patient sadly passed away after only 3 months 

with evidence of lung metastasis. CD44 expression was very high, 99.8% positive with 

one distinct population. CD133 expression was very low 2.1 %, and ALHD had low-

level activity at 8% positive Figure 3.5. 

3.2.2.13 STS (06/11) Pleomorphic NOS Sarcoma 

This tumour tissue was kindly donated by a 76-year-old man who was diagnosed with 

pleomorphic NOS sarcoma from the right thigh. The cell line was established and 

cultured in 2011 with three different clones 06/11, 06/11WS and 06/11W2. The patient 

sadly passed away a year later.  

CD44 expression was very high on all three-cell lines 06/11, 06/11WS and 06/11W2 

were 99.8%, 99.9% and 99.9% positive respectively. One distinct homogenous 

population expressed the marker. CD133 expression was very low to negative 0.1% for 

06/11, 0.1 % for 06/11W2 and 0.6% for 06/11WS. ALDH activity expression was also 

low at 5%, 6% and 4% for 06//11, 06/11WS and 06/11W2 respectively. Figure 3.5 and 

Figure 3.6. 



[IDENTIFICATION OF CANCER STEM CELLS IN SARCOMA] 
81#
#

!

! 81!

3.2.2.14 STS (21/11) Myxofibrosarcoma 

This tumour tissue was kindly donated by a 75-year-old man who was diagnosed with 

myxofibrosarcoma grade 3 (GIII) from the left arm. The cell line was established and 

cultured in 2011. CD44 expression was very high 99.9% positive, with one distinct 

population.  CD133 expression was very low to negative at 0.4 %. ALDH shows a 

moderate level of expression and was 19% positive Figure 3.5. 

3.2.2.15 STS (04/13) Angiosarcoma 

This tumour tissue was kindly donated by a 42-year-old lady who was diagnosed with 

angiosarcoma of the breast. No other information was provided for the patient. The cell 

line was established and cultured in 2013, two clones were cultured 04/13 and 04/13S. 

CD44 expression was very high on both cell lines 04/13 and 04/13S were 95.8% and 

99.6% positive, respectively and one distinct homogenous population expressed.  

CD133 expression was very low to negative 0.3% for 04/13 and 0.2% for 04/13S. 

Unfortunately, ALDH activity was not tested because the cell lines were growing very 

slowly. In later stages, these cell lines were excluded from this study Figure 3.6. 

3.2.2.16 STS (07/13) Angiosarcoma 

This tumour tissue was kindly donated by a lady who was diagnosed with 

angiosarcoma of the breast. No other information was provided for the patient. The cell 

line was established and cultured in 2013 and two clones were cultured 07/13 and 

07/13SW1. Both cell lines express 99% positivity of CD44 with one distinct population. 

CD133 was negative on both 07/13 and 07/13SW1. ALDH shows a low level of activity 

at 7% positive on both cell lines. In later stages, these cell lines were excluded from 

this study due to the long time taken to reach confluency Figure 3.6. 

3.2.2.17 STS (05/13) Angiosarcoma 

This tumour tissue was kindly donated by a lady who was diagnosed with 

angiosarcoma of the breast. No other information was provided for the patient. The cell 

line was established and cultured in 2013. CD44 expression was very high 99% 

positivity. One distinct population was analyzed. CD133 was negative 0% and ALDH 

expression was at a low level of 4% positive. In later stages, the cell line was excluded 

from this study because the cell line failed to proliferate Figure 3.6. 

 

!
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3.2.2.18 STS (08/13W1) Angiosarcoma 

This tumour tissue was kindly donated by a lady who was diagnosed with 

angiosarcoma of the breast. No other information was provided for the patient. The cell 

line was established and cultured in 2013. CD44 expression was very high 87% 

positivity, and one distinct population was analyzed. CD133 was negative 0% and 

ALDH expression was low at 7% positive. This experiment was performed once, and 

this cell line was excluded from this study because the cell line was unable to 

proliferate Figure 3.6. 
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Figure 3. 6: CD44, CD133 and ALDH average expression on all Sheffield derived primary sarcoma cell lines. 

The expression of CD44 was highly positive (87%-99.9%)±1% (n=3 SEM). The CD133 shows very week expression to negative (0%-0. 3 %) ±0.1% (n=3 SEM). The ALDH 
expression is varied  (3%-7%)±1% (n=3 SEM). The data correspond to mean ± SEM from three independent experiments unless otherwise stated. Some Angiosarcoma cell 
lines were not tested for ALDH, because cells were unable to proliferate.  
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3.2.3 Summary of Findings from The Single Expression of 

CD44, CD133 and ALDH 
The original marker selection was based on reports at the start of the project that 

suggested CD44, CD133 and ALDH may be the most promising markers for the 

identification of putative CSC in sarcoma ( Al-Hajj et al., 2003, Tirino et al., 2008, Di 

Fiore et al., 2009, Silva et al., 2011, He et al., 2012). Universally all cell lines, including 

controls and non-sarcoma lines, had very high expression of CD44, and either weak 

expression or were negative for CD133. The expression of ALDH was the most 

variable with the osteosarcoma line having the highest.  

3.2.4 Stage Two: Single Expanded Screening for CSC Markers  
In this stage, some primary cell lines were eliminated due to time pressures and the 

inability of some cell lines to proliferate quickly enough, such as the Angiosarcoma cell 

lines.  The same commercial cell lines were used as controls, but only 5 of the 

sarcoma lines developed in Sheffield were selected and included representation of 

different types of sarcoma (13/12W2, 09/10, 14/10, 02/11W1 and 21/11W2). New 

markers suggested to identify and label CSC were added to this study (CD90, CD71, 

CD24 and CD34 Section 2.2.16).  In addition, to a single expression of an expanded 

panel of putative CSC markers, co-expression of markers was also performed but was 

restricted to the suitability of available dyes for the antibodies to be used in the co-

expression studies. As mentioned in section (2.2.16) the panel combination was used 

to detect any co-expression between the newly added markers and the markers 

already tested in stage one. As CD44 was highly positive for all lines it was used a 

baseline or as a pan-cancer marker and the other combination of markers used to 

detect any sub-population or side population (SP), which could stain CSC and isolate 

them. It was also hoped that it may be possible to see if there was any hierarchy 

between these cells and the role they played in determining their fate. The co-

expression aria is demonstrated in the dot plot upper right (UR) Figure 3.7). The panel 

of combinations were: 

CD90/CD133/CD24/CD34,  

CD90/CD133/CD24/CD44,  

CD71/CD133/CD24/CD44,  

ALDH/CD133/CD24/CD44  
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Figure 3. 7: These figures show the dot plot analysis of different CD markers expression and 
co-expression on a commercial cell line (SKUT-1) using flow cytometry staining. 

The expression was based on one distinct cell population. The CD44 mean expression was 83.7% ± 0.3% 
(n=3 SEM); CD34 mean expression was 13.7% ±0.3 (n=3 SEM) and ALDH mean activity was 49.7% ± 
0.3% (n=3 SEM). Co-expression was CD44/ALDH=49.7% ±0.3. The data correspond to mean ± SEM from 
three independent experiments unless otherwise stated. SEM fitting and calculated was done using Graph 
Pad® Prism software (version 7).   
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3.2.4.1 SKUT-1 (Human uterus Leiomyosarcoma (GIII)) 

The percentage of the gated and analyzed cells was R1= 78% cells (as shown in figure 

3.7). The expression results of CD44, CD133 and ALDH activity were almost the same 

as previously presented in stage one, CD44 (84%), CD133 (0%) and ALDH (52%). The 

extra markers CD34, CD90, CD24 and CD71 were 14%, 0%, 0% and 0% respectively. 

Co-expression for CD90, CD133, CD71 and CD24 was not significant because they 

were negative. All 52% of positive cells of ALDH were co-expressed with CD44. With 

regards to CD34 (14%) it is presumed that the whole population was all co-expressed 

with CD44, as this expression was high anyway (84%). As CD44 and CD34 had the 

same fluorochrome dye colours (APC) they were stained in a different test tube (UR in 

dot plot) Figure 3.7 and Table 3.1. 

3.2.4.2 Rest of Established and Sheffield Derived Primary Cell Lines Flow 

cytometry Screening  

Gating percentages were above 50% for all the cell lines (established and Sheffield 

derived). The expression results of CD44 and CD133 were almost the same as 

previously tested in stage one for all cell lines. The exception was for ALDH activity 

which was had more variability and positivity than in stage one: observed to be in 

highest for 02/11W1 (99%) and negative for SW1353. This could possibly be due to 

passage numbers differences and adaptation to culture. The extra markers such as 

CD24 and CD90 showed no significant outcome because they were negative on all cell 

lines tested. Moreover, CD34 was also variable, the highest result was found on 

21/11W2 (52%) and negative on four cell lines (SKLMS-1, U2OS, h-TERT-RPE-1 and 

14/10). In addition, CD71 expression results were also variable and positivity was only 

observed for the Sheffield derived and the PC3 cell lines. The highest was for 13/12W2 

(Figure 3.9).  Co-expression for CD71 and ALDH with CD44 was also found. CD34 and 

CD44 markers had the same fluorochrome dye colours (APC), hence impossible to 

stain them in the same test tube).  Hypothetically as all cell lines were highly positive 

for CD44 it can be assumed that there is a similar positive co-expression for these two 

markers. As was shown in section (2.2.16), the co-expression panel was limited due to 

fluorochrome dyes. Also, some negative co-expression results were not included in the 

table due to indeterminate outcome Figure 3.8, Figure 3.10 and Table 3.1. 

 

!
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Figure 3. 8: These figures show the dot plot analysis of different CD markers expression and 
co-expression on a primary cell line (13/12W2) using flow cytometry staining. 

The expression was based on one distinct cell population. The CD44 mean expression was 96.3% ± 0.3% 
(n=3 SEM); CD34 mean expression was 6.7% ±0.3 (n=3 SEM), CD71 mean expression was 22.7% ±0.3 
(n=3 SEM) and ALDH mean activity was 53.7% ± 0.3% (n=3 SEM). Co-expression was 
CD44/ALDH=44.7% ±0.3 and CD44/71=21.7% ±0.3. The data correspond to mean ± SEM from three 
independent experiments unless otherwise stated. SEM fitting and calculated was done using Graph Pad® 
Prism software (version 7).   
!
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        Cell line  

 
(Gated Cells) 
Out of 100% 

 
CD44 

 
ALDH 

 
CD71 

 
CD34 

 
CD133 

 
CD90 

 
CD24 

 
CD44 / 
ALDH 

 
CD71 / 
CD44 

 
CD24 / 
CD34 

 
CD90 / 
CD34 

 
ALDH/ 
CD133 

 
CD90 / 
CD44 

SKUT-1 
(Leiomyosarcoma) 
     

 

 
78% 

 
84% **** 

 
52% **** 

 
0% (N) 

 

 
14% ** 

 

 
0% (N) 

 

 
0% (N) 

 
0% (N) 

 
52% **** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

SW1353 
(Chondrosarcoma) 

 
55% 

 
91% ***** 

 
1% * 

 
1% * 

 
8% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
1% * 

 
1% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

SKLMS-1 
(Leiomyosarcoma) 

 
41% 

 
96% ***** 

 
64% **** 

 
0% (N) 

 
1% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
64% **** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

U2OS 
(Osteosarcoma) 

 
81% 

 
90% ***** 

 
19% *** 

 
0% (N) 

 

 
1% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
19% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

PC3 
(Prostate cancer) 
 

 
78% 

 
94% ***** 

 
91% ***** 

 
7% ** 

 
32% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
91% ***** 

 
7% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

h-TERT-RPE-1 
(Human epithelial 
retinal cells) 

 
71% 

 
95% ***** 

 
 43% *** 

 
0% (N) 

 
1% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
43% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

13/12W2  
(Pleomorphic NOS 
sarcoma) 

 
93% 

 
96% ***** 

 
54% **** 

 
23% *** 

 
7% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

  
45% *** 

 
22% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

09/10 
(Dedifferentiated 
Liposarcoma) 

 
81% 

 
99% ***** 

 
31% *** 

 
20% *** 

 
30% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
30% *** 

 
20% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

14/10 
(Pleomorphic NOS 
sarcoma) 

 
79% 

 
95% ***** 

 
95% ***** 

 
23% *** 

 
1% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
92% ***** 

 
22% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

02/11 W1 
(Leiomyosarcoma) 

82%  
99% ***** 

 
99% ***** 

 
16% *** 

 
12% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
99% ***** 

 
16% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

21/11W2 
(Myxofibrosarcoma) 

57%  
99% ***** 

 
56% **** 

 
4% * 

 
52% **** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
56% **** 

 
4% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

02/11 W1 (POST-SA2) 
(Leiomyosarcoma) 

82%  
99% ***** 

 
99% ***** 

 
17% *** 

 
13% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
99% ***** 

 
17% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

06/11WS 
(Pleomorphic NOS 
Sarcoma) 

 
56% 

 
100% ***** 

 
6% ** 

 
N/A 

 
N/A 

 
1%  

 
N/A 

 
N/A 

 
N/A 

 
N/A 

 
N/A 

 
N/A 

 
N/A 

 
N/A 

Table 3.  1:!A summary of CD markers expressions and gating percentages out of 100% for all cell lines, gating all cells on some selected commercial and primary (Sheffield 
derived) cell lines. (Gating strategy - phase one). N/A = not available, N= 0% Negative,  *(1%-5% = very weak (negative), **(6%-15%) = weak, ***(16%-49% = moderate, ****(50%-89 = strong, 
*****(90%-100% = very strong. Markers expression percentage given is ± 0.3% (n=3 SEM). The data correspond to mean ± SEM from three independent experiments unless otherwise stated. SEM 
fitting and calculated was done using Graph Pad® Prism software (version 7).   
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Figure 3. 9: These bar charts summaries different CD markers expression and co-expression results on commercial cell lines using flow cytometry staining. 
The expression was based on one distinct cell population. 

The data correspond to mean ± SEM from three independent experiments unless otherwise stated. SEM fitting and calculated was done using Graph Pad® Prism software 
(version 7).  
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Figure 3. 10:!These bar charts summaries different CD markers expression and co-expression results on primary cell lines using flow cytometry staining. 
 

The expression was based on one distinct cell population. The data correspond to mean ± SEM from three independent experiments unless otherwise stated. SEM fitting and 
calculated was done using Graph Pad® Prism software (version 7). 
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3.2.5 Clonogenic Assay 
This method was used to detect the ability of these cell lines to produce colonies from 

single cells. Initially, as detailed in the method section, several different concentrations 

were tested to find the optimum density of cells, so that a low-density seeding could be 

determined, and as such each colony was therefore most likely to arise from one single 

cell. (See section 2.2.4). Examples of these initial studies are presented in table 3.2. 

 

Number of cells 
seeded 

Number of 
colonies for 
U2OS, P63 

Clonogenic 
efficiency No. 

for U2OS 

Number of 
colonies for 

06/11W2, P78 

Clonogenic 
efficiency No. for 

06//11W2 
250 154 0.616 159 0.636 
500 213 0.426 283 0.566 

1000 467 0.467 513 0.513 
2000 575 0.288 714 0.357 
3000 616 0.205 1184 0.395 

Average 
Clonogenic 
efficiency 

 0.400  0.493 

Table 3.  2: shows an example of U20S (established) and 06/11W2 (primary) sarcoma cell lines 
with different numbers of cells seeded, the colonies counted and the clonogenic efficiency at 
each density and the average density in numbers. 

 

Images of colonies formed as a result of low seeding are shown in figure 3.11 

 

 
 

  !
Figure 3. 11:  An example of colony formation from an established and a primary sarcoma cell. 

A) Photograph x4 magnification taken by light microscope of a U2OS cell line showing a distinct colony. 
B) Photograph x4 magnification taken by light microscope of a 06/11W2 cell line showing a distinct colony. 
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The clonal efficiency, which is the calculated percentages of proliferation or survival of 

colony numbers divided by the number of cells seeded grown in culture, is presented in 

Table 3.3.  

Cell lines Type of Cancer % of average Clonal 
Efficiency of all densities  

SKLMS-1 Leiomyosarcoma 32.3 
U2OS Osteosarcoma  40 

SKUT-1 Human uterus leiomyosarcoma (GIII) cell 
line 

84.4 

SW1353 Chondrosarcoma 34.8 

02/11 W1 Leiomyosarcoma 24.5 
02/11 WS  Leiomyosarcoma 47.2 

09/10 Dedifferentiated Liposarcoma 40.4 
13/12W2 Pleomorphic NOS sarcoma 9.8 

09/11 Pleomorphic Sarcoma NOS 28.4 
14/10 Pleomorphic Sarcoma NOS 54.3 

06/11 WS Pleomorphic Sarcoma NOS 23 
06/11 W2 Pleomorphic Sarcoma NOS 49 

06/11 Pleomorphic Sarcoma NOS 33.6 
04/13 Angiosarcoma of the breast 2 

Table 3.  3: This table shows a list of sarcoma cell lines with an average % of clonal efficiency 
of the cells that were seeded in all densities (500, 1000 and 2000). 

The established cell lines, and higher primary passage number, show a higher percentage clonal efficiency 
compared to the low passages. The data correspond from three independent experiments unless 
otherwise stated.    
 

For all cell lines, the preferable cell seeding density was determined to be between 500 

and 1000 cells (Figures 3.11 and 3.12). At 3000 cells, a monolayer formed and 

colonies were uncountable. All cell lines formed colonies, but early passages of the 

Sheffield primary cell lines took on average seven days longer than later passages. 

!
Figure 3. 12: An example of an established and primary sarcoma cell lines clonogenic assay 
colony counting shows the number of colonies counted in several different densities. 

A) U2OS established cell line.                                 B)     06/11W2 primary cell line. 
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3.2.5.1 CD133+ve Cells Have Variable Clonogenicity, but ALDH-Hi Cells Have 

High Clonogenicity 

In order to determine whether sorted CD133+ve and ALDH +ve primary and 

established cell lines had higher clonogenicity, cell lines were cultured from 7 to14 

days immediately post sorting using FACS.  The CD133 and ALDH +ve sorted cells 

and matched unsorted cells were then grown in Petri dishes for 7-14 days depending 

on the cell line.  Some of the CD133 +ve post sorted cell lines had a significantly higher 

clonogenicity rate, in comparison to unsorted cell lines.  For example Pleomorphic 

NOS sarcoma cell line (06/11) and one of the established cell lines U2OS 

(Osteosarcoma). The ALDH +ve post sorted cells however had for most cell lines (5/7) 

significantly more colonies than the unsorted controls (figures 3.13 and 3.14). As stated 

in sections 2.2.6 and 2.2.9.1 only seven cell lines were selected out of twelve cell lines 

due to technical issues in handling so many lines and the time constraints. Cell line 

(09/11) was excluded from the ALDH staining due its slow-growing. Also, for the cell 

line (02/11W1) CD133 was not detected in post sorting, due to background similarity 

between the control and test tube Table 3.4. Sorted cells were obtained from U2OS 

and 06/11 had noisy background and some difficulty, but manageable was faced 

during sorting and drawing the line between the negative control and the actual positive 

cells. This was one of the reasons that some cell lines were excluded.  
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Figure 3. 13: A photograph showing clonogenic assay of a post sorting sarcoma cell lines 
(06/11 primary and U2OS established) compared with unsorted for the same cell lines based on 
ALDH expression. The number of cells being sorted for 06/11 cell line based on ALDH positivity 
was 33,000 cells and U2OS cell line was 24,000 cells. 

 

 

Cell 
lines 

No. of cells after Sorting based on 
CD133 +ve 

No. of cells after Sorting based on 
ALDH +ve 

U2OS 24,000 90,000 
06/11 33,000 100,000 
09/10  100,000 60,000 
14/10 4,800 30,000 
09/11 20,000 30,000 

02/11W
1 

- 50,000 

13/12W
1 

20.000 20,000 

Table 3.  4: This table shows a list of sarcoma cell lines being sorted based on CD133 and 
ALDH antibodies positivity with the number of cells been sorted. Cell count prior cell sorting was 

between 0.4 and 2 x106, sorting time for all cell lines was varies around 15 to 25 minutes, 
depending on the cell count in the suspended solutions and markers positivity. Test tubes cell 
suspensions were around 0.5 ml on all of them, and cell concentration was adjusted around 1 

x106.    
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Figure 3. 14:!Clonogenic assay comparisons of sarcoma cell lines post sorting based on ALDH and CD133 expression using flow cytometry.!
  
The cell lines post-sorted based on ALDH expression shows a significantly higher ability to form colonies. While the cell lines post sorted based on CD133 expression were variable. 
Sorting based on ALDH for 09/11 cell line and sorting based on CD133 on 02/11W1 cell line were not performed due to technical issues. See Table 3.4. showing in details the number 
of cell being sorted for each cell line in this experiment.  
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3.3 DISCUSSION 

3.3.1 CD44 Expression as a Possible CSC Marker for Sarcoma  
CD44 was considered as the main CD marker in many solid tumours such as breast, 

head and neck, pancreas, prostate and other ( Al-Hajj et al., 2003, Yuce et al., 2011, 

Cruz et al., 2012, Joshua et al., 2012, Mannelli and Gallo, 2012, Trapasso and Allegra, 

2012,) however, few studies have investigated sarcoma. In this study, PC3 was used 

as a positive control because it has been reported to express high levels of CD44 (Tu 

and Lin, 2012), and h-TERT (Normal Retinal cells) was used to observe the expression 

on normal cells. No previous studies have investigated CD44 expression on h-TERT. 

The high levels of CD44 expression in one distinct homogenous population, was found 

for all cell lines between 87% and 99%. The CD44 gating strategy was based against 

isotype control and by using the forward scatter and side scatter dot plot.  By 

comparing the findings, CD44 flow data suggest that CD44 is also associated not only 

with cancer cells but found to be highly expressed on normal cells as well (Figure 3.3 

and Figure 3.9).  These findings suggest that CD44 expression is not significant for 

CSC in sarcoma and cannot be used singly, and as such was not deemed of value for 

the assessment of colony-forming ability post sorting. As CD44 has been clearly 

identified as a marker for mesenchymal stem cells its high expression in sarcomas is 

not altogether surprising (Ullah et al., 2015). It is however surprising that the normal 

retinal cells also expressed CD44. These normal retinal cells have become 

immortalized by HTERT and recent evidence however suggests that TERT interacts 

with stem cell markers and hence immortalization using TERT could switch on 

expression. The correlation between CD44 and TERT, although not reported may still 

exist. Markers such as CD24, CD133, ALDH1A2 and ALDH1A1 were found to 

correlate with TERT (Wazir et al., 2019). 

 

For CD44 a number of studies have linked its high expression to poor prognosis; using 

Immunohistochemistry of tumour samples and correlating patient survival with CD44 

expression pre and post-treatment (Fonseca et al., 2001; Wang et al., 2009, Kokko et 

al., 2011).  Other studies have found no relationship (Carinci et al., 2002, Rajarajan et 

al., 2012), and in contrast,(Humphrey et al., 1999) indicated that low CD44 expression 

in rhabdomyosarcoma associated with a poor outcome and according to (Peiper et al., 

2004) patients with low or negative CD44 expression correlated with the risk of 

metastasis and relapse. All sarcomas in this study had high expression of CD44 (Table 

3.1) but some of the patients had already developed metastatic disease, seemingly 
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indicating that low expression of CD44 for the tumours in this series cannot be 

considered as a prognostic indicator. This raises the question of the real role of CD44 

as CSC marker. There is no clear evidence in the literature linking CD44 with self-

renewal or pluripotency. On the other hand, it is linked to regulated gene activation in 

stem cells, adhesion, dormancy and metastatic properties (Zoller, 2011) and this may 

explain the correlation between CD44 and metastasis: or it could be related to the 

CD44 standard and different isoform used. More studies are required on a bigger scale 

to verify these outcomes and compare with flow cytometry results. In this investigation 

CD44 was used as a possible pan CSC marker to check this expression on a variety of 

sarcomas and to observe if CD44 was switched on in co-expressed populations.  CD44 

is however not of value for sarcoma by itself. It is possible that by only selecting some 

cell lines for further investigation that there is bias in the findings.  The selection of the 

cell lines was based on their proliferative ability and to provide representations of 

different types of sarcomas.  Therefore, slower growing cell lines such as the 

angiosarcomas were either too slow, or as short term cultures had started to die 

around passage 5.  It is therefore possible that by selecting faster growing cell lines the 

results were biased, or that different versions of the same tumour / and subtypes may 

have different expressions.  For CD44 however this seems unlikely as it was 

ubiquitously highly expressed even for the short term and much slower growing 

angiosarcomas.  

3.3.2 CD133, CD90 and CD24 as Possible CSC Markers for 

Sarcoma  
Previously some positivity for CD133 in sarcoma has been reported (Tirino et al., 

2011). In this study, the results showed universally very low positivity to negative (0.1% 

to 2.1%) for the majority of the cell lines, and the positive percentages did not 

represent a distinct population due to the low expression levels (Figure 3.3, Figure 3.5, 

Figure 3.6, Figure 3.9 and Figure 3.10). The finding suggests that the CD133 is also 

expressed at a similar level by the normal cell line (h-TERT). Reports of CD133 

expression in sarcoma are variable, with some positive expression in osteosarcoma 

(immunohistochemistry), while by flow cytometry negative expression was found (He et 

al., 2012).  Other studies were more consistent with the findings reported here, and 

one of them used osteosarcoma MG-63 cell line (Tirino et al., 2008, Di Fiore et al., 

2009, Tirino et al., 2011).  It is therefore difficult to rely on CD133 by itself because of 

this very-low expression seen in most lines, although this could in theory represent a 

very low number of cells with CSC characteristics present in sarcoma. 
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CD90 has been reported as a positive human embryonic stem cells surface marker   

(hESC’s) (Xu et al., 2001, Draper et al., 2002, Skottman et al., 2005), and for 

hematopoietic stem cells, involved with neuron differentiation and T-activation cells and 

playing a role in their classification (Yin et al., 1997, Adewumi et al., 2007). Cells that 

express CD90 in hepatocellular carcinoma tend to display more tumorigenic 

capabilities, and co-expression with CD45 associated with the production of tumour 

nodules (Yang et al., 2008). Furthermore the few cells that were isolated and that co 

expressed CD90 and CD24 were metastatic (Malanchi et al., 2012), but the preliminary 

data isolating the CSC dot plot of CD24+ve / CD29 +ve high or CD24+ve /CD49f +ve, 

could not be verified as it was not included in the article.   

 

CD24 is also associated with hESC’s (Bhattacharya et al., 2004, Skottman et al., 2005,  

Adewumi et al., 2007, Assou et al., 2007, Lian et al., 2007), and as a CSC surface 

marker with metastasizing ability (Malanchi et al., 2012,) potentially expressed by the 

CSC of many carcinomas with poor prognoses, such as breast, lung, liver, bladder and 

ovarian, colorectal and pancreas (Aigner et al., 1997,  Karahan et al., 2006, Gao et al., 

2010, Yeung et al., 2010,  Stratford et al., 2011, Yang et al., 2014, Rao and 

Mohammed, 2015). CSC subpopulations in breast cancer isolated based on a 

combination between CD44 and CD24 markers, that express CD44+ve / CD24 low/-ve 

were found to be chemotherapy and radiotherapy resistance ( Phillips et al., 2006, Lu 

et al., 2011). Although in this study CD133, CD90 and CD24 were considered to be 

negative to very low in all sarcoma cell lines been tested, the subpopulation 

percentages were however comparable to those previously reported in other cancers 

(Phillips et al., 2006, Lu et al., 2011, Tirino et al., 2011, Malanchi et al., 2012).  Further 

investigations are needed to validate this outcome.   

3.3.3 ALDH Activity as a Possible CSC Marker for Sarcoma  
ALDH activity could be a useful marker to investigate CSC due to the association with 

normal stem cell function. The expression level of ALDH was found to be variable and 

can be split into three groups accordingly. Group one: the established sarcoma cell 

lines like U2OS (Osteosarcoma) and SKUT-1 (Human uterus leiomyosarcoma (GIII) 

cell line) illustrate high ALDH +ve expression 99% and 68%, respectively. Also, PC3 

was 35% for ALDH. Group two: Sheffield primary cell lines Myxofibrosarcoma, some 

Leiomyosarcoma and some pleomorphic NOS sarcoma cell lines appear to show 

moderate ALDH positivity between 19% to 31.99%. Group three: the rest of the 
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sarcoma cell lines including the normal cell line, demonstrate week expression for 

ALDH from 1%to 9% (Figure 3.2, Figure 3.5, Figure 3.6, Figure 3.8 and Figure 3.10). 

ALDH activity or expression has been widely used in CSC research and measured in 

solid tumours and hematopoietic and neuronal cells (Adhikari et al., 2010). ALDH was 

found at a high level of about (45%) in some osteosarcoma (OS99-1, Saos-2, HuO9, 

and MG-63) cell lines as a distinct subpopulation (Wang et al., 2011), and similar levels 

were reported for liposarcomas (Stratford et al., 2011). In this study, expression was 

classified into three groups according to the expression intensity. ALDH high found in 

osteosarcoma (U2OS) 99% and (Human uterus leiomyosarcoma (GIII) (SKUT-1) 68%. 

ALDHmoderate expression was in Myxofibrosarcoma (21/11) 19%, some 

Leiomyosarcoma (02/11WS) 21% and some Pleomorphic NOS sarcoma (13/12W1) 

31.99%, (13/12W2) 28%, (14/10) 23%. ALDH low  was in angiosarcoma (05/13, 07/13 

and 07/13SW1) 4%, 3%, 7%, respectively. The other Pleomorphic NOS sarcoma 

(06/11, 06/11W2 and 08/13), Leiomyosarcoma (SKLMS-1), Chondrosarcoma 

(SW1353) Dedifferentiated Liposarcoma (09/10) cell lines also exhibit ALDHlow  

expression from1%to 9% (Figure 3.4). This outcome means that even with the same 

tumour (with different variants) 13/12W1(31.99%) and 13/12W2(28%) cell lines there 

were some differences. These differences could be due to more variation in some 

subtypes of sarcoma or may reflect changes over time in culture. Finally, All ALDH +ve 

were co-expressed with CD44 except the Chondrosarcoma SW1353. Table3.1. 

Interestingly, in this study it was noticed that when cell lines become more adapted to 

the culture (higher passages); the ALDH expression was found to be higher. Therefore, 

is ALDH expression linked more to cell proliferation and adaptation? Or linked more to 

CSC in later stages? Or is it because CSC populations were diluted in culture? Or it is 

not linked to the CSC as a marker?  This study, could not answer all these questions 

and more future work needs to be performed Table 3.5. Having said that as some of 

the slowly growing angiosarcomas expressed ALDH at the same levels as the much 

faster Sheffield derive lines (Table 3.5) the balance of probability it is about cultural 

selection when increase were found in higher passages.  
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Cell line ALDH expression Proliferation to be confluent as 

estimated 

Sheffield cell line  

02/11WS 21% 4-7 days 

21/11W2 19% 4-7 days 

09/10 9% 4-7 days 

13/12W2 28% 4-7 days 

13/12W1 32% 4-7 days 

09/11 8% 4-7 days 

14/10 23% 4-7 days 

06/11WS 6% 4-7 days 

06/11W2 4% 4-7 days 

06/11 5% 4-7 days 

Angiosarcoma  Around 3-4 weeks 

04/13S 0% Around 3-4 weeks 

04/13 0% Around 3-4 weeks 

05/13 4% Around 3-4 weeks 

07/13 3% Around 3-4 weeks 

07/13SW1 7% Around 3-4 weeks 

08/13W1 7% Around 3-4 weeks 

Table 3.  5: This table shows a list of sarcoma cell lines (established and primary Sheffield 
sarcoma cell lines) with ALDH expression and time for proliferation to be confluent as 
estimated. Data were extracted from table 3.1 and section 2.2. Markers expression percentage 
given is ± 0.3% (n=3 SEM). The data correspond to mean ± SEM from three independent 
experiments unless otherwise stated. SEM fitting and calculated was done using Graph Pad® 
Prism software (version 7).     

!

3.3.4 CD34 and CD71 as Possible CSC Markers for Sarcoma  
CD34 is widely known as a marker for hemopoietic progenitors cells, leukemic 

progenitor cells, as well as CSC surface marker and may play a role in cell fate and 

hierarchy (Dao and Nolta, 2000, Yang et al., 2015). CD34 and CD71 have never been 

investigated intensively before in sarcoma.  CD34 expression was generally lower in 

the established cell lines, between (1%-14%), while the Sheffield derived cell lines 

demonstrated higher expression (1% - 52%), as well as the prostate and h-TERT-RPE-

1 cell lines. 

 

CD71 (transferrin receptor-TFR) is known in the literature as an activate marker of 

progenitor cells and proliferating cells, and is also found to be positive on erythroid or 

erythroblast cells in the early stages (An and Chen, 2018, Acharya and Kala, 2019). 
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CD71 is often used to detect leukemic and lymphatic blast cells using flow cytometry 

(Della Porta et al., 2006, An and Chen, 2018, Acharya and Kala, 2019). The majority of 

hemopoietic progenitor cells detected as CD34+ve were co-expressed with CD71. 

However, the mean percentages isolated were around 4.6%±2.5 of CD34 +ve cells 

(Darena et al., 1996). Furthermore, normal hematopoietic stem cells and leukemic 

stem cells were CD34+ve but CD71 –ve (Blair et al., 1998, Blair and Sutherland, 2000, 

Bonnet, 2005). In addition, CD71 was investigated in cervical carcinoma cell lines in 

combination with other markers and showed weak expression in the isolated side 

population (Villanueva-Toledo et al., 2014). Interestingly, in gastric cancer cells with 

CD71-ve were tumorigenic, chemoresistant and more invasive than CD71+ve cells 

(Ohkuma et al., 2012). However, in colorectal adenocarcinoma putative CSC displayed 

positivity around 7% of co expressed CD71+ve/CD90+ve (Gisina et al., 2011).  

CD71 expression in this study appeared to be negative to weak on established cell 

lines (0%-7%) compared to the moderate primary cell lines expression (4%-23%). 

These findings again suggest there appear to be differences between more recently 

established cell lines and those many years previously, particularly when you consider 

that many of the lines were established in the 1970’s over 40 years ago. If this is the 

case both CD 34 and CD71 may have potential as markers of CSC for sarcomas, and 

repeated analysis overtime would indicate if there was a possible cultural dilution 

effect, or selection of sub populations and genetic drift.  It would also be worthwhile 

repeating some of the published studies using the Sheffield derived lines in comparison 

with the established lines, especially those with co-expression on different 

osteosarcoma cell line mentioned before (Wang et al., 2011). There are many possible 

variables, such as the gating strategy, whether it is FACs compared to IHC, as study 

suggest differences for CD133 depending on the method (He et al., 2012).  Off course 

in the end it could be done to the cell line used and the conditions it is cultured under. 

What is clear from this study is that sarcoma cell lines established over 40 years ago 

share some characteristics with the Sheffield derived lines, but there are distinct 

differences that implies that prolonged culture has effected the expression of some 

possible CSC markers.  
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3.3.5 ALDH high and CD133 +ve in Some Sarcoma Cell Lines 

are Significantly More Clonogenic and Possibly Enriched with 

CSC 
The sarcoma cell lines show varying abilities to form colonies. The proliferative rate for 

the sarcoma cell lines however varies, which means that the time to form colonies was 

quicker for some cell lines than others, and potentially more highly proliferative lines 

would have comparably higher clonogenicity. Lohberger et al., 2012 found that 

ALDHhigh chondrosarcoma (SW1353) cells demonstrated higher proliferation than 

ALDHlow and according to (Stratford et al., 2011), CD133high and ALDHhigh sorted 

cells were found to create more tumours than other subpopulations in mice.   Based on 

CD133 +ve and ALDHhigh in this study, seven-sarcoma cell lines were sorted and 

cultured for clonogenicity (Figure 3.2, Figure 3.5, Figure 3.6, Figure 3.8, Figure 3.10, 

Figure 3.14 and Table 3.4), and in general, post sorted ALDH had higher clonogenicity 

and formed colonies quicker, suggesting increased proliferation.  Findings were more 

variable for CD133 post-sorted sarcomas, but taken together the findings are broadly 

supportive of the limited previous reports for these markers in sarcoma. All work 

carried out in this study was restricted to comparable passage numbers for each 

individual cell line. Post sorting increases in clonogenicity and proliferation, may 

however by association correlate with these cell lines having slightly higher passage 

number such as (02/11W1, 13/12W1 and 09/10), even though the range of passage 

numbers were restricted as much as feasibly possible.  It would be interesting to see 

what effects extended culture of the Sheffield derived lines had on expression of ALDH 

and CD133 and repeat proliferation assays to more directly correlate increased 

proliferation with enhanced clonogenicity. 

3.3.6 SUMMARY 
The different findings of this study were broadly supportive of the limited information 

previously published on the use of markers to identify CSC in sarcomas.  Certainly, 

CD44 has no clear value, but CD133 and ALDH may have some impact. Equally, other 

markers were negative and so again of no value, but the expression of CD71 restricted 

to the Sheffield derived lines was of interest.  Co-expression analysis was restricted by 

the different dyes available for the combinations, but could be repeated based on the 

initial observations of this current study.  The use of a large panel of sarcoma cell lines 

does however demonstrate how variable the expression for some such as ALDH and 
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CD71 can be. The expressions of these markers in the normal cell line also suggest 

that there may be issues with the reliability of these markers. These findings need to be 

validated to confirm the importance of using these markers and methods in identifying 

CSC populations in sarcomas, and additional non-transformed normal cells should also 

be included. The evidence from post sorting and the expression of CD71, not found in 

the established lines, all helps to suggest that cultural adaption as expected over time 

may complicate issues. Given the findings of this study, the question arises as to 

whether the use of established cell lines is likely to identify markers as CSC, since they 

may be deselected over time in culture, and may explain why there are so many 

differences between reported data based on whether cell lines or tumour sections have 

been studied.  As the use of markers had not been successful, a different approach 

was taken to see if CSC populations could be identified in sarcomas. !
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CHAPTER FOUR 
DEVELOPMENT OF A FUNCTIONAL ASSAY TO ISOLATE AND 
ENRICH FOR CANCER STEM CELLS “THE STRESS ASSAY” 
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4.1 INTRODUCTION 
Stem cells are known as primitive cells with the ability of self-renewal to maintain 

status, and the capacity to differentiate into more cells in a hierarchy order. CSC have 

been suggested to be a small population of tumour initiating stem cells with SC 

properties, giving rise to CSC and differentiating into other cancer cells types (non-

CSC). Based on studies that show expression of putative markers the number of 

isolated cells claimed to be CSC is very low, not more than (7%)  (Malanchi et al., 

2008).  Other studies have suggested that the incidence of CSC in cancers is positive 

without stating any percentages (Brown et al., 2017, Dinavahi et al., 2019, Tarhriz et 

al., 2019). CSC are considered responsible for maintaining, relapsing and the 

metastasis of the tumours (Gupta et al., 2009, Ratajczak et al., 2018), which make 

them very important for investigation in cancer research.  In addition, CSC properties 

may differ depending on the malignancy stage and progression of the disease (Gupta 

et al., 2009, Harris et al., 2009, Ratajczak et al., 2018). 

Detecting CSC in tissues, cell suspensions or even circulating in the blood are 

emerging areas, but the identification and isolation of these cells is challenging due to 

the low number and lack of specific detection methods. In the previous chapter (three), 

markers were used to identify CSC in sarcoma without much reliability. Besides the 

use of markers, isolation of CSC by other methods have been proposed including 

targeting signalling pathways, such as Nanog, Stat3, and Wnt/β-catenin, as well as 

functional assays (Bekaii-Saab and El-Rayes, 2017, Akbarzadeh et al., 2019). The 

multitude of sarcoma subtypes and variable behaviour makes the identification of CSC 

even harder in sarcoma. (Skoda and Veselska, 2018); as markers were not of value it 

is possible therefore that functional assays may be more beneficial.  The ability of 

tumour cells to resist chemotherapy and radiotherapy is the main reason for relapse 

and metastasis and CSC are thought to be central to this ability ( Pinedo and Verweij, 

1986, Mackall et al., 2002, Ray-Coquard and Le Cesne, 2012, Ratajczak et al., 2018). 

Sarcomas however do not universally respond to either radiotherapy or chemotherapy 

so using either to potentially enrich for CSC in sarcomas is likely to be problematic 

although found to enrich in other cancers for CSC (Crawford et al., 2019). 

 

Hypoxia has also been shown to enrich CSC (Crawford et al., 2019).  A hypoxic 

microenvironment usually arises when the tumour becomes large in size and 

heterogeneous promoting cancer progression, and through hypoxia-inducible factor-1 

HIF1, maintaining differentiation and potentially enhancing CSC behaviour (Petrova et 
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al., 2018). In addition, HIF1 levels could be used as a prognostic marker and high-

levels associate with reduced disease period and affects the survival of the patients, 

such as has been shown in rectal tumours (Ullmann et al., 2019). In sarcoma, HIF1 

activation and increased expression correlates with invasion and metastasis (El-

Naggar et al., 2015, Ouyang et al., 2016) but may not be consistent for all subtypes 

due to their diversity. Alternatively, it has been known almost that deprivation of 

glucose and oxygen (the Warburg effect) in tumour cells results in cell death (Schwartz 

et al., 2017). 

 

Therefore, as this project is studying different types of sarcoma, starvation of the cells 

is a sure way to promote cell death in all sarcoma subtypes and to potentially mimic 

cancer relapse. In this chapter, an assay based on prolonged starvation, the so-called 

“stress assay” was developed. Initially, cell lines from different types of sarcoma (both 

commercial and those established in Sheffield), were set up in cultures and starved for 

prolonged periods to promote cell death.  The methodology was refined in the second 

and third phases, see section 2.2, and comparisons were undertaken of the tumour 

population before the stress assay and the population of surviving cells post-stress 

assay.    An overview of the workflow is shown in Figure 4.1. 

  

!
Figure 4. 1: Overview of Chapter 4 workflow 

The initial phase of the studied was about drawing the baseline of this starvation method (stress assay), in 
the second phase the stress assay was amended based on the initial findings. The last phase was more 
refined and based on the earlier findings and focused on fewer cell lines. Also, investigations were carried 
out prior to and after the stress assay, such as MTT, DNA extraction and picturing the cells during the 
process. Finally, the assays were documented to record timings and images of the re-culturing of  the 
post-stress assay surviving cells. 
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4.2 RESULTS 

 4.2.1 Stress Assay Phase One 
In this study 15 Sheffield derived cell lines and 6 commercial cell lines were initially 

studied. In total 21 cell lines in triplicate (around 61 flasks) were included.  This first 

phase was to observe the effect of prolonged culture without feeding, or supplementing 

the media with any supporting elements, and to see whether cells could survive 

following refeeding.  Cells were treated as mentioned in section 2.2.18.1. The period of 

this study was 8-9 months and the cells were observed once a week. Unfortunately, 

contaminations of some flasks occurred during this study and affected replicates. To 

ease the procedure cells lines used were separated into two groups. For each line 

three flasks with three different passages number (minimum) were set up for each cell 

line, except 04/13S, 04/13 and 04/13WS, which due to the very low proliferation rate of 

the cells made it difficult to passage the cells in adequate numbers. Table 4.1.  

 

After 8-9 months, all the flasks were examined under the light microscope and pictured. 

The observations of all cell lines at 8-9 months were consistent, with none surviving the 

so-called stress assay. The media was consumed (very bright yellow coloured), and 

floating single dead cells and sheets of dead cells and cell fragments were present.  

Furthermore, “Ghosts” or the remnants of cell shapes and colonies were also seen. At 

this point, floating cells were transferred to separate flasks and media was added to 

both the original and washed off cells. Refed cells were then monitored for three 

months but exhibited no sign of cell growth. For example, Figures 4.2. 
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 Commercial cell lines 

(Phase One SA) 

Group one (Phase 

One SA) 

Group two    (Phase 

One SA) 

Cell lines were set 

up 

SKUT-1 

U2OS 

SW1353 

SKLMS-1 

PC3 

hTERT-RPE-1 

06/11W2 P83, 
06/11W2 P84, 
06/11W2 P88 

06/11 P91, 06/11 
P92, 06/11 P94 

13/12W1 P17, 
13/12W1 P19, 
13/12/W1 P20 

20/11 P24, 20/11 
P25, 20/11 P26 

02/11WS P72, 
02/11WS P73, 
02/11WS P74, 
02/11WS P76, 

04/13 WS P2 

09/11 P38, 09/11 
P39, 09/11 P38  

04/13S P2 

04/13 P2 

14/10 P77, 14/10 
P78. 14/10 P79 

 

02/11W1 P64, 02/11W1 
P66, 02/11W1 P67 

06/11WS P95, 06/11WS 
P96, 06/11WS P97, 

06/11WS P100 

09/10 P76, 09/10 P77, 
09/10 P78, 09/10 P88 

13/12W2 P14v, 13/12W2 
P15v, 13/12W2 P19v, 

13/12W2 P40v 

21/11W2 P42, 21/11W2 
P43, 21/11W2 P44, 

21/11W2 P49 

Table 4. 1: Representing the entire commercial and primary cell lines used in the phase one 
stress assay experiment. 
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Figure 4. 2: Microscopic images (Phase-contrast) showing 02/11W1 Primary cell line cells in 
culture Post-stress assay (phase one) for 8-9 months pre-washed and post washed with new 
media. 

Cells shown are at passage 64 and were derived from the first wash (W1) from 02/11 tissue. A and D 
Images were captured at x4 magnification, showing dead colonies on the flasks’ surface. B and E 
Images were captured at x10 magnification, showing loose floating dead cells and dead cells on the 
flasks’ bottom. C and F Images were captured at x20 magnification, showing starved, floating dead cells 
and cell fragments with undefined cell shapes. Experiments were done in triplicate on three different 
passages. 

!
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4.2.2 Stress Assay Phase Two 
The stress assay was amended in the next attempt (phase two) and is described in 

sections 2.2.18 and 4.2.2 Figures 2.7, 2.8 and 2.9, Tables 2.7 and 2.8. There were two 

attempts in this phase. First variants of cell lines were excluded, and other lines were 

added. The newly derived angiosarcomas were also included as well as SKUT-1, 

U2OS, SKLMS-1, SW1353, h-TERT-RPE-1 and PC3, and Sheffield cell lines 

06/11WS, 02/11W1, 09/10, 02/14, 07/13 and 21/11W2.  It was thought that the direct 

comparison between commercial cell lines that had been established for many years 

and the newly developed lines could help in better understanding how best to isolate 

CSC.  In phase two, a specific number of cells were seeded into each flask for each 

cell lines (1x 10^6) prior to stress assay. The second amendment carried out was to 

shorten the period for the assay to 2-3 months.  Increased monitoring and imaging of 

the cells was also undertaken, to gain a better insight on the time to induce starvation 

of the entire cell population for each individual line. Monitoring took place on the 7th, 

14th, and 21st day, after lines were confluent and when they died. Three different 

passages (flasks) were seeded. In addition, three flasks were set up to be assessed 

later for the viable cell number when confluent, after changing the media and leaving 

for 24-72 hours, in order to determine the maximum viable cell number (MVCN) for 

each cell line at the point of stress. It was planned that this could act as an additional 

comparison for the number of cells with the capacity to recover post stress.  Finally, 

one flask was maintained and routinely passaged as a control to those that survived 

the stress assay. Additional flasks were grown also, for DNA extraction and as a back 

up (frozen down) for future tests and a reference point of zero time. See section 

2.2.18.2 and Figure 2.7.      

Some cell lines were problematic to work with, 02/14 stopped proliferating at early 

passages, and 07/13 was proliferating so slowly there were not enough cells to perform 

the assay. Both cell lines were excluded from this study, on the other hand, cell lines 

such as 02/11W1 had shown promising results after been stressed for around two 

months. Later this cell line was included in the stress assay phase three as 02/11W1 

POST-SA2 to compare it with the original cell line and to observe whether the cells will 

show the same results after repeated stress.  Other issues are raised in section 

2.2.18.2 and Figure 2.8, and due to infection issues, this phase entirely failed and was 

unsuccessful. 
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4.2.3 Stress Assay Phase Three 
 As phase 2 failed, the assay was repeated as phase 3, but with refinements based on 

observations made in the previous 2 phases Figure 2.9. The maintained flasks were 

set up for a comparison at the end of this study with the stressed flasks from each line 

tested Figure 2.9. This was to provide a comparison with genetic drift and 

heterogeneity of the cell lines. Unfortunately, due to health issues and time limits these 

were not analyzed. To ensure this final phase worked a dedicated incubator was 

purchased to avoid any contaminations and cross-contamination, and cells were 

monitored on a regular basis by phase-contrast microscope. 
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4.2.3.1 Commercial Established Cell Lines and Controls (Other than SKUT1).   

For all these lines (SW1353, h-TERT-RPE-1, PC3, SKLMS-1, SW1353, and U2OS), 

the MTT Proliferation assay, clonogenic assays, DNA extraction and the MVCN was 

determined in conjunction with the stress assay, but there were no surviving colonies 

post-stress (Figure 4.3).  

 

!!! !

!!! !

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! !
Figure 4. 3: Microscopic images (Phase-contrast) showing monitoring of (H-tert, P28, PC3, 
P34, SKLMS-1, P172, SW1353, P69, U2OS, P108) POST-SA commercial cell lines cells in 
culture post 4 months of stress assay (phase three) POST-SA.  

A- H-tert, P28, B-PC3, P34, C- SKLMS-1, P172, D- SW1353, P69 and E- U2OS, P108, Images were 
captured at x4 magnification showing no growth post-re-feed (after 2-3 months). Experiments were done in 
triplicate on three different passages. 
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4.2.3.2 SKUT-1 (Human Uterus Leiomyosarcoma (GIII)) 

Of the commercial long time established cell lines, only the SKUT-1 line worked in the 

stress assay. SKUT-1 was the same as all the commercial established cell lines, and 

they all had fast proliferation in culture and need passaging after 4-5 days. Based on 

the MTT proliferation assay, the doubling time was assessed at 38.73 hours. Figure 

4.4D. Cells grow as a mixture of fibroblast-like spindle-shaped and epithelial 

morphology and tend to grow in small compacted packed colonies with clear edges 

Figure 4.4 C.  

  

!!!!! !

!!!!!!! !
Figure 4. 4: Microscopic images (Phase-contrast) showing SKUT-1 Established cell line cells in 
culture and Pre-Stress Assay cell growth evaluated by MTT Proliferation Assay. 

Cells shown were at passage 89 and were supplied by ATTC/1971. A – Image was captured at x10 
magnification showing the pattern of growth in loose colonies. B- Image was captured at x20 magnification 
showing the mixture of fibroblast-like spindle-shaped morphology of most cells with more distinct nuclei. C- 
Image was captured at x4 magnification showing the pattern of growth and colonies shapes. D- Cell 
growth evaluated by MTT proliferation assay. Cells were at passage 94. Data is representative of 
experiments done in triplicate on three different passages. Curve fitting was done using Graph Pad® Prism 
software (version 7) and the doubling time calculated by using the same software and using Exponential 
Growth Equation as well. N.B For some points, the error bars would be shorter than the height of the symbol. In these 
cases, Prism simply does not draw the error bars. To see the error bars, make the symbols smaller. 
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Clonogenic assays were performed for all commercial cell lines at the point of the pre-

stress assay (Pre-SA) stage as a comparison with different concentrations. For the 

Clonogenic, colonies out of 250, 500, 1000 and 2000 cells seeded were 101(± 1.53), 

170 (±5.6), 220.7(±1.7) and 232.7(±2.3) respectively. Clonal efficacy CE based on the 

clonogenic assay colonies results was 27.15% (± 0.32) Figure 4.5 and Figure 4.6. 

 

!
Figure 4. 5: A bar chart representing a comparison of the colony-forming capacity of 
commercial cell lines seeded for 14 days prior to the pre-stress assay at different densities.   

Cell lines were seeded at different densities (250, 500, 1000, and 2000) cells per Petri dishes. SKUT-1 
Number of colonies out of 250, 500, 1000 and 2000 cells seeded were 101(± 1.53), 170 (±5.6), 
220.7(±1.7) and 232.7(±2.3) respectively. SKLMS-1 was 74(±5.9), 166(±31.2), 293(±35) and 493(±81.6) 
colonies. U2OS was 87(±37.3), 125(±43.8), 321(±73) and 483(±51) colonies. SW1353 was 66(±16.7), 
177(±19.9), 314(±47) and 545(±85.8) colonies for each cell concentration mentioned above (n=3 SEM). 
Data is representative of experiments done in triplicate on three different passages. Mean and SEM was 
done using Graph Pad® Prism software (version 7). 
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Figure 4. 6: A bar chart represents a comparison of average percentages for clonal efficiency 
(CE) at all densities for different commercial cell lines prior to the stress assay. 

Cell lines were seeded in different densities (250, 500, 1000, and 2000) cells per Petri dishes. SKUT-1 CE 
was 27.15% (± 0.32). SKLMS-1 CE was 29.2%(±4). U2OS CE was 29%(±8.2). SW1353 CE was 30%(±4), 
(n=3 SEM).. Data is representative of experiments done in triplicate on three different passages. Mean and 
SEM was done using Graph Pad® Prism software (version 7). 

 

DNA Extraction 

DNA extraction was performed as described in Section 2.2.20 using three different 

passages and was kept in the fridge at 4°C for future investigations. DNA purity and 

the absorbance ratio was within the acceptable range, DNA concentrations for SKUT-1 

were 87.42, 84.47 and 58.43 ng/µl, and absorbance ratios were 2.03, 1.92 and 2.1 

respectively. 

Stress Assay 

Cell lines were then set up for stress assay as in Figure 2.9. One million cells in each 

flask for each passage were seeded. Maximum viable cell number (MVCN) was 

determined after the flasks become fully confluent, media changed and left for 12-24 

hours, it was approximately 99% average. Cells then were pictured and monitored on a 

weekly basis. Cells start to show senescence after the 20th day (Figure 4.7 C and G). 

Cell lines were then observed until the cells were completely dead after approximately 

two months (Figure 4.7 D and H). The pictures show packed and rounded dead cells, 

cell fragments, undefined cell shapes and dead colonies, detached dead cells and 
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dead floating sheets of cells in a very distinct bright yellow media (consumed) Figure 

4.7.    

Post-Stress Assay (POST-SA) 
After 4 months, cells were washed and re-feed with new media. The wash-off was also 

cultured in a new flask. Both flasks were kept in culture and observed, some of the 

floating cells in the wash settled dawn. The viability test showed less than 2% viability 

from the wash-off. Cells start to grow after only 5 days post-re-feed and produced an 

average of 121 colonies out of 1 million cells had been seeded. The surviving cells 

could be seen under dead cells as larger in size compared to the original cells, and 

eventually grew out from the ghosts of the dead cells as colonies. Based on the 

formation of colonies that were assumed from the observations as arising from single 

cells, the percentage of cell survival was around 0.0121%, for all flasks (three original 

flasks and three wash-off flasks) that had produced colonies Figure 4.8.  

 
 
 
 
!



[IDENTIFICATION OF CANCER STEM CELLS IN SARCOMA] 
117#
#

!

! 117!

!!!! !

!!!! !

!!!! !

!!!! !
Figure 4. 7: Microscopic images (Phase-contrast), showing monitoring of SKUT-1 a commercial 
cell line during four months of stress assay (phase three). 

Cells shown are at passage 94. A and E- Images were captured at x4 and x20 magnification on the 7th-
day post-seeding day, showing around 90% confluent, healthy cells and a mixture of fibroblast-like spindle-
shaped morphology of most cells. B and F- Images were captured at x4 and x20 magnification on the 14th 
day post seeding day, showing 100 % confluency. C and G- Images were captured at x4 and x20 
magnification on the 21st day post-seeding day, showing over 100 % confluency and a formation of the 
second layer of cells. D and H- Images were captured at x4 and x20 magnification after few weeks, 
showing rounded dead cells, cell fragments and undefined cell shapes and colonies. Experiments were 
done in triplicate on three different passages. 
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Figure 4. 8: Microscopic images (Phase-contrast), showing monitoring of SKUT-1 POST-SA a 
commercial cell line post four months of stress assay (phase three) POST-SA. 

Cells shown are at passage 96. A and B- Images were captured at x4 and x20 magnification showing a 
single fibroblast-like spindle-shaped morphology cell under a layer of dead cells post-re-feed with new 
media. C and D- Images were captured at x20 and x4 magnification after few days of re-feed showing a 
few cells growing with stretched out protrusions.  E and F- Images were captured at x4 magnification 
representing the formation of colonies. Experiments were done in triplicate on three different passages. 
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4.2.3.3 Other Cell Lines Surviving The Stress Assay: The Sheffield Derived 

Lines 

As mentioned previously the other commercial long term established cell lines did not 

show colony recovery after the stress assay. The Sheffield more recently derived cell 

lines however mainly produced recoverable colonies post-stress. Cells in these cell 

lines grow as a mixture of fibroblast-like spindle-shaped and epithelial morphology 

Figure 3.11.   AS an example, the findings for STS (13/12W2) are presented below.  

 

The STS 13/12W cell line needs to be passaged around every 4-5 days, and cells grow 

as a mixture of fibroblast-like spindle-shaped and tend to grow in single cells and some 

small packed colonies with no clear-edges Figure 4.9 B and C. Based on MTT 

proliferation assay, the doubling time was assessed at 41.87 hours. Figure 4.9. 

 

For the clonogenic assay the number of colonies out of 250, 500, 1000 and 2000 cells 

seeded were 16(±2.9), 30(±6.4), 54(±15.9) and 75(±13.9), respectively. Clonal efficacy 

CE based on the clonogenic assay results was 5.3%(±1.2) Figure 4.11 and Figure 

4.12. DNA extraction of three different passages was performed and stored for future 

investigations. DNA purity and the absorbance ratio was within the acceptable range, 

DNA concentrations were (56.86, 106.21 and 63.91) ng/µl and absorbance ratios were 

(2.04, 2.13 and 1.96) respectively. 

Stress Assay 
Cell lines were set up for stress assay as in Figure 2.9. One million cells in each flask 

for each passage were seeded. The MVCN was determined after the flasks become 

fully confluent, media changed and left for 12-24 hours; it was approximately 99% 

confluent on average. Cells were pictured and monitored on a weekly basis and started 

to show senescence after the 14th day (Figure 4.20 B and F). Cells became senescent 

and were observed until the entire flask appeared completely dead, that was after 

approximately two months (Figure 4.10 D and H and Figure 4.10). 

 

Post-Stress Assay (POST-SA) 
After 4 months (post-stress assay) cells were washed and re-feed with new media. The 

wash-off was also cultured in a new flask. Both flasks were kept in culture and 

observed, some of the floating cells in the wash-off settled down. The viability test was 

less than 2% viability determined from the wash-off. Cells started to grow after only 15 
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days post-re-feed and produced an average of 149 colonies out of 1 million cells that 

had been seeded. The surviving cells were seen under dead cells and they were larger 

in size compared to the original cells. The percentage of cell survival was around 

0.0149%, all the three original flasks had produced colonies, but none from the wash-

off flasks Figure 4.13 and Table 4.2. 

!

!! !

! !
Figure 4. 9: Microscopic images (Phase-contrast) showing 13/12W2 Primary cell line in culture 
and pre-stress assay cell growth evaluated by MTT proliferation assay. 

Cells shown were at passage 14 and the variant (v) was derived from the second wash (W2) of the cell 
culture grown in the lab from the 13/12 tissue. A- Image was captured at x4 magnification showing the 
pattern of growth in loose colonies. B- Image was captured at x10 magnification showing the mixture of 
fibroblast-like spindle-shaped morphology of most cells. C- Image was captured at x10 magnification 
showing the pattern of growth and colonies shapes. D- Cell growth evaluated by MTT proliferation assay at 
passage 18. Data is representative of experiments done in triplicate on three different passages. Curve 
fitting was done using Graph Pad® Prism software (version 7) and the doubling time calculated by using 
the same software and using Exponential Growth Equation as well. N.B For some points, the error bars would be 
shorter than the height of the symbol. In these cases, Prism simply does not draw the error bars. To see the error bars, make 
the symbols smaller.!
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Figure 4. 10: Microscopic images (Phase-contrast), showing monitoring of 13/12W2 primary 
cell line in culture during the 4 months of the stress assay (phase three).  

Cells shown are at passage 18. A and E- Images were captured at x4 and x20 magnification on the 7th- 
day post-seeding day, showing around 50%-60% confluent cells and a mixture of fibroblast-like spindle-
shaped morphology of most cells. B and F- Images were captured at x4 and x20 magnification on the 14th 
day post-seeding day, showing 90%-100 % confluency. C and G- Images were captured at x4 and x20 
magnification on the 21st-day post-seeding day, showing the formation of a second layer of cell and some 
floating cells. D and H- Images were captured at x4 and x20 magnification after a few weeks, showing 
rounded dead cells, cell fragments and undefined cell shapes and colonies. Experiments were done in 
triplicate on three different passages. 

The ability of all cell lines to form colonies post stress, including the established SKUT-
1 line, are presented in Table 4.2. below. 
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      Cell line POST-SA 

Forming 
Colonies 
Duration 

after 
re-feed 

Average of 
Colonies No. 

Formation 
after 

re-feed 

No. of cells 
were seeded 
Pre-Stress 

Assay 

Percentage 
of Survived 

cells % 

No. of 
Flasks 

Survive the 
SA 

No. of Wash off Flasks 
growing cells (Floating 

cells) 

SKUT-1 
(Leiomyosarcoma) 
     

!

5!days! 121!colonies! 1,000,000!cells! 0.0121! 3!Flasks! 3!Flasks!

02/11 W1 
(Leiomyosarcoma)!

15!Days! 140!colonies! 1,000,000!cells! 0.014! 3!Flasks! 3!Flasks!

13/12W2  
(Pleomorphic NOS sarcoma)!

15!Days! 149!colonies! !
1,000,000!cells!

0.0149! 3!Flasks! !
0!

14/10 
(Pleomorphic NOS sarcoma)!

15!Days! 13!colonies! !
1,000,000!cells!

0.0013! 1!Flask! !
0!

09/10 
(Dedifferentiated Liposarcoma)!

30!Days! 72!colonies! !
1,000,000!cells!

0.0072! 1!Flask! !
0!

21/11W2 
(Myxofibrosarcoma)!

37!Days! 3!colonies! 1,000,000!cells! 0.0003! 3!Flasks! 0!
!

02/11 W1 (POST-SA2) 
(Leiomyosarcoma)!

15!Days! 103!colonies! 1,000,000!cells! 0.0103! 3!Flasks! 3!Flasks!

06/11WS 
(Pleomorphic NOS Sarcoma) 
 

!
No!Survival!

!
No!Survival!

!
1,000,000!cells!

!

! !!"!
!

No!Survival!
!

No!Survival!

Table 4. 2: The percentage of colonies formed post stress assay from each line that recovered. 

The period taken for each cell line to form colonies after being re-feed with new media is shown, along with the average colonies calculated, as a percentage of the original 
number of cells initially seeded. Experiments were done in triplicate on three different passages.
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Figure 4. 11: A bar chart representing a comparison of the colony-forming capacity of Sheffield derived cell lines seeded for 14 days pre-stress assay at 
different densities.  

Cell lines were seeded at different densities (250, 500, 1000, and 2000)/cells per Petri dishes. 02/11W1 Number of colonies out of 250, 500, 1000, 2000 cells seeded were 
40.7(± 1.2), 73 (±2.4), 98(±1.2) and 164(±2.6) respectively. 13/12W2 was 24(±2.3), 85(±2.7), 184(±2.7) and 204(±2.6) colonies. 14/10 was 62(±1.5), 123(±2.4) and 253(±2.3) 
colonies. 09/10 was 103(±2), 171(±1.9) and 250(±1.7) colonies. 21/11W2 was 10(±0.8), 28(±1.2), 59(±1.2) and 122(±1.2) colonies. 06/11WS was 77(±3.6), 161(±24.9), 
304(±54) and 472(±60) colonies. 04/13 was 7(±0.8), 12(±1.5), 20(±2.4) and 27(±1.9) colonies. 09/11 was 53(±6.6), 118(±1.5), 253(±26.3) and 480(±97.5) colonies. 02/11WS 
was 170(±1.5), 323(±28.4), 494(±22) and 953(±144) colonies. 06/11W2 was 189(±27), 283(±2.6), 536(±29.9) and 809(±116) colonies. 06/11 was 64(±3.8), 144(±17), 334(±76) 
and 400(±95) colonies. 20/11 was 21(±3.2), 38(±3.5), 60(±2) and 147(±11.9) colonies.13/12W1 was 16(±2.9), 30(±6.4), 54(±15.9) and 75(±13.9) colonies (n=3 SEM). Data is 
representative of experiments done in triplicate on three different passages. Mean and SEM was done using Graph Pad® Prism software. (14/10 and 09/10 cell lines) 2000 
cells seeded dish could not be counted due to the overgrowth. 
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Figure 4. 12: A bar chart representing the comparison of average percentages for clonal 
efficiency (CE) of all densities for different primary cell lines prior to stress assay.  

 
Cell lines were seeded in different densities (250, 500, 1000, and 2000) cells per Petri dishes. 02/11W1 
CE was 12.2%(± 0.3). 13/12W2 CE was 13.8%(±0.4). 14/10 CE was 25%(±0.3). 09/10 CE was 
33.5%(±0.4). 21/11W2 CE was 5%(±0.1). 06/11WS CE was 29%(±3.6). 04/13 CE was 2%(±0.3). 09/11 CE 
was 20.3%(±2.6). 02/11WS CE was 57.4%(±3.4). 06/11W2 CE was 56.6%(±5). 06/11 was 26.9%(±4). 
20/11 CE was 7%(±0.3). 13/12W1 CE was 5.3%(±1.2)  (n=3 SEM). Data is representative of experiments 
done in triplicate on three different passages. Mean and SEM was done using Graph Pad® Prism 
software. (14/10 and 09/10 cell lines) 2000 cells seeded dish could not be counted due to the overgrowth). 
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Figure 4. 13: Microscopic images (Phase-contrast), showing monitoring of Sheffield 
derived Primary cell lines POST-SA in culture post four months stress assay (phase 
three) POST-SA.  

A and B - 13/12 W2, P18 POST-SA, C and D- 02/11W1, P65 POST-SA, E and F- 09/10, P81 POST-SA 
and E and F- 14/10, P112 POST-SA, Images were captured at x4 and x20 magnification for each cell line, 
and shows fibroblast-like spindle-shaped morphology cells emerging and growing under a layer of dead 
cells in the post-re-fed flasks. Experiments were done in triplicate on three different passages.
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4.3 DISCUSSION 
In this study sarcoma cell lines were set up in a stress assay, a method developed to 

challenge cell survival and enriched for possible CSC, and based on the requirement 

for tumours cells to have nutrients (Ratajczak et al., 2018, Skoda and Veselska, 2018). 

Various amendments were made to the procedure; and there were also problems 

arising due to contamination with the need to keep cultures for the extended period of 

the assay. Despite the harsh conditions of starvation for up to four months, six cell lines 

had cells that retained the capacity to survive and were able to give rise to colonies. 

The number of surviving cells that produced colonies were between (3-149), and the 

duration after being re-fed was between (15-37) days for the Sheffield primary cell lines 

and 5 days for the only established cell line (SKUT-1). 

 

The established cell lines, having been derived mainly in the 1970s had comparable 

clonal efficiencies (27% - 30%) CE (Figure 4.6), whereas the Sheffield primary cell 

lines were more variable (2%-57%) CE (Table 4.2, Figure 4.12) There was an 

association between higher passage number and an increased colony-forming abilities 

of these cell lines, possibly reflecting becoming more adapted to the culture.  The 

ability to form colonies pre-stress was not however related to the ability to produce 

colonies after starvation since only one of the established commercial cell lines 

managed to retain cells post-stress.  As the assay was only developed to it full in the 

final phase, it is possible that cell survival may not have been accurately determined in 

all cases, and potentially explains why SKUT-1 alone amongst the commercial lines 

was capable of producing colonies post-stress. The SKUT-1 cell line had around the 

same doubling time as the same commercial established lines used in this study, so it 

is unlikely that there were any differences due to the depletion of media.  Indeed, the 

control lines (PC3 and HTERT) also had comparable doubling times (data not shown). 

In addition, the ability to proliferate, and the potential to use up nutrients does not 

appear to relate to the potential to have cell populations capable of surviving post-

stress.    

 

It is certain that the Sheffield derived cell lines, in terms of length of time since 

establishment, were newly derived.  It is possible that the commercial cell line SKUT -1 

that was capable of forming colonies post-stress was actually from stocks that were 

more newly derived, i.e. lower passages. On the whole, the passages for the 

established lines were all around 100 or above, but it cannot be assumed that the 

passage numbers are as relatable as those from the Sheffield derived lines.  Certainly, 
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there is clear evidence of cell drift following extended and prolonged culture, and also 

adaption to different cultural environments that may exist between laboratories (Ben-

David et al., 2018). 

 

It is therefore possible that any CSC population within cell lines will become effectively 

diluted to levels far lower than capable of detection in this study.  These findings 

presented here, however, suggest that within some sarcoma cell lines a small 

subpopulation retain the ability to recover from starvation, and could as an 

approximation be responsible for relapse post-treatment.  Certainly, the levels found in 

this study capable of producing colonies (ranging from 3 – 149 per million (Table 4.2), 

are comparable to the incidence reported in some studies for CSC, but lower than 

others, and may represent dilution following culture ( Tirino et al., 2011, Malanchi et al., 

2012a, , Veselska et al., 2012). The ability of sarcomas to recover post stress was not 

subtype specific.  It was of interest that all the UPS (NOS) parental cell lines were all 

capable of recovery, but not all variants.  These sarcomas are inherently the most 

dedifferentiated and potentially stem cell-like, and it is possible that the variants 

became differentiated in such a manner as to lose this stem cell like characteristic (F. 

Farshadpour  and R. Otter 2005). 

 

Although the findings presented here need to be validated to confirm the importance of 

using a stress assay as a method to identify CSC populations in sarcomas, the findings 

do provide evidence for functional characteristics that are associated with CSC, namely 

the ability to self renew (Ratajczak et al., 2018, Skoda and Veselska, 2018).  Certainly 

the findings were more encouraging than the use of markers alone.  In order to 

understand a little more about these populations, in the next chapter, an in-depth 

comparison between pre and post-stress assay for the cell lines that survive was 

undertaken.   

4.4 SUMMARY 
In this chapter sarcoma cell lines were set up for the stress assay, a method developed 

to challenge cell survival and enrich for possible CSC. The methodology was amended 

during the course of the study, and refined to more accurately establish the timings 

required to effectively stress the cell lines. Increased monitoring and photography was 

undertaken to image the key points, and additional tests for changes in behavior such 

as colony forming ability were included. Prior to the stress assay, cell lines were 

documented by pictures, MTT, DNA extraction and clonogenic assay. Only six cell 
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lines were able to survive the extended period of nutrient depletion (four months) and 

give rise to colonies. The number of cells to give rise to colonies was between 3-149, 

and the duration after refeeding to give rise to colonies was between 15-37days for the 

Sheffield primary cell lines and only five days for the established cell line. Colony 

forming ability for the established cell lines were almost the same, between 27% - 30% 

CE, while the Sheffield derived cell lines were more variable 2%-57% CE. As the 

passage number increased, a correlation with an increased CE was observed.  As cell 

lines become more adapted to culture there will be drift which could complicate the 

ability to detect such cells in long established cell lines as was found here. 

 

These findings suggest that a subpopulation within tumour cell lines could be 

responsible for the evolution of the lines in culture as they were capable of recovery in 

a manner akin to tumour relapse, and that these cells may possess the characteristics 

of CSC. These findings need to be validated to confirm the importance of using the 

stress assay as a method for identifying CSC in sarcomas. In order to understand this 

in more depth, in the next chapter comparisons were made between the pre and post-

stress populations of the cell lines to investigate the changes that might happen. Given 

the findings of this study the question arises as to whether these cells hold CSC 

characteristics or not and how they escape apoptosis? Also, based on the observations 

in this chapter of the larger cell morphology of recovering cells, the gating strategy for 

FACS was refined to potentially target any CSC subpopulation, since the use of 

markers by gating all cells had not been successful as discussed in chapter 3. 
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CHAPTER FIVE 
COMPARISON OF PRE AND POST STRESS SURVIVAL CELL 

POPULATIONS FOR ENRICHMENT OF CANCER STEM CELLS 



!130!

5.1 INTRODUCTION  
Although there have been many advances made in the development of cancer therapies 

and diagnosis, more advances are required and the improvements have not been equal, 

with some cancers, such as sarcomas still lagging behind and therapeutic options limited 

(Van Hoeck et al., 2019). Methods to identify and then eradicate CSC offer new hope for 

many cancers, but for sarcomas with so many subtypes this hope may be elusive (Ray-

Coquard and Le Cesne, 2012, Skoda and Veselska, 2018). A common method that may 

help in the identification of CSC relies on the use of potential markers for stemness 

specifically and looking for distinct subpopulations that possibly contain CSC. 

Hematopoietic adults stem cell and non-hematopoietic cancer both shared expression of 

CD133 (Miraglia et al., 1997, Yin et al., 1997, Sana et al., 2011).  Also, cells with CD71 and 

CD44 positive expression are more likely to possess adhesive and metastatic 

characteristics (Zoller, 2011, Ohkuma et al., 2012). Despite co-expression of these potential 

CSC markers isolating this rare population is still problematic due to cell heterogeneity and 

sample quality ( Yang et al., 2014b, Gokhale et al., 2015, Lee, 2018), and when studying 

cell lines it has been reported that prolonged culturing of cells has a direct effect and 

changes the characteristics of the cells. (Engelholm et al., 1985, Vonhoff, 1988, Fridborg et 

al., 1999, Kim et al., 2019).  

 

In this chapter, cell lines from different types of sarcoma that survived the stress assay (see 

chapter four section 4.2 assay development and chapter two section 2.2.18), were 

investigated to see if the surviving colonies capable of regrowth had differences to the 

parental population and had been enriched for markers of CSC; either of single markers or 

combinations (co-expression). Comparison of the pre and post-stress assay populations 

was undertaken, see sections 2.2.5-2.2.19 for more details. Initially, proliferation by MTT 

assay was performed, followed by clonogenicity assays and aCGH. In this chapter, the 

detection methods for marker characterization were changed to include different FACS 

gating strategies and was based on the results of chapter 3 (Figure 2.6 see section 2.2.8). 

Linear regression was performed to detect possible correlations and finally a cell hierarchy 

assessment was undertaken based on the results expressions. Furthermore, two sarcoma 

subpopulations expressing different markers were specifically selected and studied for their 

ability to form colonies, as a measure of the capacity for self-renewal. Also, a limited side 

flow cytometry experiment (pilot study) was carried out to study possible new markers for 

sarcoma. An overview, of the workflow is shown in Figure 5.1. 
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Figure 5. 1: An overview of Chapter 5 workflow, summarizing the methodology used to assess the 
differences between Pre-SA and POST-SA in this study. 

Initially, commercial and Sheffield derived cell lines that survived the stress assay were set up for comparison 
testing between pre-SA and Post-SA at the same passages number. These populations were studied by MTT, 
clonogenicity, array CGH, four flow cytometry gating strategies, followed by a side experiment on only one cell 
line (13/12W2, due to the time limit).  Linear regression was undertaken to investigate if there was any 
correlation between CD’s marker expressions and the different gating for pre and post-stress assay populations. 
Finally, limited clonogenicity assay was carried out on two cell lines to assess pre and Post-SA differences 
sorting of two monoclonal antibodies (CD44 and ALDH). 
   

 

 
!
!
!
!
!
!
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5.2 RESULTS 

5.2.1 MTT (Pre-SA vs Post Stress Assay POST-SA) 
In this section, MTT proliferation (cell growth and doubling time) was assessed only on cell 

lines that survived the stress assay, a comparison between pre-SA and post-stress assay 

(POST-SA) results were then compared. All cell lines were cultured, maintained, harvested 

and re-cultured in the same conditions as mentioned in section 2.2.3.1 and 2.2.17. Stress 

assay (phase three) was performed on the selected cell lines for four months without 

changing the media after seeding 1 x106 as described in section 2.2.18.3. The number of 

cells seeded in each flask (T75) for cell maintenances and culturing was between 0.3 - 1 

x106 prior to MTT assay, for both pre and post-stress assay  (section 2.2.18). In the MTT 

assay 50,000 cells in each well were added, and 100µl of DMSO was added as a fixative in 

the final step before reading see section 2.2.17. The MTT results for the pre stress assay 

populations were obtained prior to the stress assay phase three setup, as mentioned in the 

protocol in chapter two and in chapter four. Each cell line was treated in triplicate for three 

different MTT assays; the results presented were an average of three individual 

experiments out of three runs (n=3). The same passage number, or as close to, was used 

for the pre and post stress assay populations, with pre stress populations analysed whilst 

the stress assay was underway.  The post stress assay populations were then passaged to 

the same number for comparison, rather than freezing and thawing the pre stress 

populations, which may recover different populations. Due to the enormous amount of 

graphs for all cell lines, only SKUT-1 detailed graphs were presented below as an example.   
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Cell line Pre-SA 

Doubling time 

In hours 

POST-SA 

Doubling time 

In hours 

Absorbtion Incubation 

period 

(Significance) 

SKUT-1 38.73  42.95      (Higher POST-SA DT) 
24, 48 and 72 

13/12W2 41.87  56.17      (Higher POST-SA DT) 
24, 48 and 72 

09/10 40.15  42.62      (Higher POST-SA DT) 
24, 48 and 72 

14/10 47.02  51.82      (Higher POST-SA) 
24, 48 and 72 

02/11W1 37.86 46.55     (Higher POST-SA DT) 
24, 48 and 72 

21/11W2 62.97 52.54 24, 48 and 72 

Table 5. 1: Comparison between Pre and Post-Stress Assay (POST-SA), cell growth (doubling time) 
by MTT Proliferation Assay for Established and Sheffield derived cell lines. 

Data is representative of experiments done in triplicate on three different passages (n=3). The analysis was 
done using Graph Pad® Prism software (version 7) and the doubling time calculated by using the same 
software and using Exponential Growth Equation as well.  

 

5.2.1.1 SKUT-1 (Human Uterus Leiomyosarcoma (GIII)) 

Based on the MTT proliferation assay, the doubling time was assessed at 38.73 hours for 

pre-SA, section 4.2.3.2 and 42.95 hours for POST-SA. Analysis of the t-test showed the P-

value was < 0.05 in 24hours and 72 hours, indicating slower proliferation and longer 

doubling time in the POST-SA Figure 5.2, Figure 5.3 and Table 5.1. 

5.2.1.2 STS (13/12W2) Pleomorphic NOS Sarcoma 

The doubling time was at 41.87 hours for pre-SA, as showed in section 4.2.3.3 and 56.17 

hours for POST-SA. The data demonstrated a clear difference in the doubling time 

measured between pre-SA and POST-SA. Analysis of the t-test showed P-value was < 

0.05 in 24hours and 72 hours, indicating slower proliferation and longer doubling time in the 

POST-SA Figure 5.4 and Table 5.1. 

5.2.1.3 STS (09/10) Dedifferentiated Sarcoma 

The doubling was 40.15 hours for pre-SA and 42.62 hours for POST-SA (MTT data 

analysis not shown). According to the t-test, analysis data demonstrated no significant 

difference in the doubling time measured between pre-SA and POST-SA. P-value was > 

0.05 in all Figure 5.4 and Table 5.1. 
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5.2.1.4 STS (14/10) Pleomorphic NOS Sarcoma 

The doubling time was 47.02 hours for pre-SA and 51.82 hours for POST-SA. The data 

demonstrated a clear difference in the doubling time measured between pre-SA and POST-

SA (MTT data analysis not shown). Analysis of the t-test showed P-value was < 0.05 in 

24hours and 48 hours, showing slower proliferation and longer doubling time in the POST-

SA Figure 5.4 and Table 5.1. 

5.2.1.5 STS (02/11W1) Leiomyosarcoma 

The doubling time was 37.86 hours for pre-SA and 46.55 hours for POST-SA. The data 

demonstrated a clear difference in the doubling time measured between pre-SA and POST-

SA (MTT data analysis not shown). Analysis of the t-test showed P-value was < 0.05 in 48 

hours and 72 hours, showing slower proliferation and increased doubling time for the 

POST-SA. Also, the 02/11W1 POST-SA2 cell line was included in this study and the P-

value was < 0.05 in all readings (24, 48 and 72) Figure 5.4 and Table 5.1. 

5.2.1.6 STS (21/11W2) Myxofibrosarcoma 

The doubling time was 62.97 hours for pre-SA and 52.54 hours for POST-SA (MTT data 

analysis not shown). According to the t-test analysis, data showed no significant difference 

in the doubling time measured between pre-SA and POST-SA. P-value was > 0.05 in all 

Figure 5.4 and Table 5.1. 

In conclusion, all the pre-stress cell lines being tested for MTT had a higher proliferation 

compared to the post-stress except for on cell line (21/11W2) that showed no significant 

proliferation results between pre and post-stress Table 5.1 and Figure 5.2. However, this 

slight elevation in the proliferation results for pre-stress has to be treated with care as the 

MTT assays were not performed at the same time so experimental differences may have 

caused the variations seen in pre and post stress results.  The rationale however was that 

recovering cells from frozen to more directly compare at the same time point would 

potentially introduce another variable.  If time permitted a fuller comparison would be to 

compare analysis pre stress assay, and then recover stocks and perform analysis of the 

post stress assay population as well as the pre stress population at the same time using the 

same passages. The need to repeat these outcomes is necessity to validate these changes 

on the same cell lines and on different cell lines.!!!!!!
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Figure 5. 2: SKUT-1 Comparison of the growth of SKUT-1 established cell line Pre and Post-Stress 
Assay, evaluated by the MTT Proliferation Assay. 

A) Pre-Stress Assay. B) Post-Stress Assay. C) Pre and Post-Stress Assay. Cells were at passage 94 and 103 
in pre and post, respectively. Data is representative of experiments done in triplicate on three different passages 
(N=3) (passage range 94-103). Curve fitting was done using Graph Pad® Prism software (version 7) and the 
doubling time calculated by using the same software and using Exponential Growth Equation as well.  

N.B For some points, the error bars would be shorter than the height of the symbol. In these cases, Prism simply does not draw the 
error bars. To see the error bars, make the symbols smaller. 
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Figure 5. 3: Established cell lines doubling time comparison between Pre and Post-Stress Assay, 
and Cell Growth, evaluated by MTT Proliferation Assay previously.  

 
Cells were passaged as mentioned before in the previous MTT analysis (chapter 4). Data is representative of 
experiments done in triplicate on three different passages (N=3). The analysis was done using Graph Pad® 
Prism software (version 7) and the doubling time calculated by using the same software and using Exponential 
Growth Equation as well.  
!

!
Figure 5. 4: Comparison of Sheffield derived cell lines doubling time between Pre and Post-Stress 
Assay, Cell Growth evaluated by MTT Proliferation Assay previously. 

Cells were passaged as mentioned before in the previous MTT analysis. Data is representative of experiments 
done in triplicate on three different passages (N=3). The analysis was done using Graph Pad® Prism software 
(version 7) and the doubling time calculated by using the same software and using Exponential Growth 
Equation as well.!
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5.2.2 Clonogenic Assay (Pre vs. Post Stress Assay) 
The clonogenic assay (see section 2.2.6) was performed only on cell lines that survived the 

stress assay (section 4.2.3). Colonies and clonal efficiencies were counted on three 

independent experiments for each cell lines and an average was calculated for each result. 

A comparison then was made between the pre-SA and POST-SA for the cell lines to 

determine any changes that might occur. The results indicated that both pre and PS assay 

produced colonies from single cells. However, the post-stress assay appeared to show a 

reduction with fewer colonies produced, and this was reflected in the clonal efficiency 

percentages. The differences were more apparent for the Sheffield derived cell lines, when 

comparing the preliminary results of clonogenic assay (chapter three section 3.2.5) with 

these results, and cell lines with lower passage numbers tend to have lower clonal 

efficiency.  

5.2.2.1 Clonogenic Assay for SKUT-1 POST-SA (Human Uterus Leiomyosarcoma 

(GIII)) 

The number of colonies out of 250, 500, 1000 and 2000 cells seeded were 54.7(± 2.4), 73.7 

(±2.2), 126.7(±2) and 263.7(±2.3) respectively. Clonal efficacy CE based on the clonogenic 

assay colony results was 15.61% (± 0.341) SEM for POST-SA. Figure 5.5, Figure 5.6, 

Figure 5.7 and Figure 5.8 show colonies number differences and CE percentages between 

Pre-SA and POST-SA for this cell line in-group and individually.   
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Figure 5. 5: A): A bar chart representing the comparison of the colony-forming capacity of cells 
seeded for 14 days pre-stress assay in different densities for established and Sheffield derived cell 
lines.!
The numbers of colonies shown were for commercial cell line (SKUT-1) and some selected primary cell lines 
Pre-SA. Cell lines were seeded in different densities (250, 500, 1000, and 2000) cells per Petri dishes. SKUT-1 
Number of colonies out of 250, 500, 1000 and 2000 cells seeded were 101(± 1.53), 170 (±5.6), 220.7(±1.7) and 
232.7(±2.3) respectively, (N=3). 02/11W1 was 40.7(± 1.2), 73 (±2.4), 98(±1.2) and 164(±2.6) respectively, 
(N=3). 13/12W2 was 24(±2.3), 85(±2.7), 184(±2.7) and 204(±2.6) colonies respectively, (N=3). 14/10 was 
62(±1.5), 123(±2.4) and 253(±2.3) colonies respectively, (N=3). 09/10 was 103(±2), 171(±1.9) and 250(±1.7) 
colonies respectively, (N=3). 21/11W2 was 10(±0.8), 28(±1.2), 59(±1.2) and 122(±1.2) colonies respectively, 
(N=3).  N=3 SEM for all cell lines been tested. Data is representative of experiments done in triplicate on three 
different passages. Mean and SEM was done using Graph Pad® Prism software (version 7). 
!

Figure 5. 6: B): A bar chart representing the comparison of the colony-forming capacity of cells 
seeded for 14 days post-stress assay at different densities for the established line and Sheffield 
derived cell lines. 

The numbers of colonies shown were for one commercial cell line and some selected primary cell lines Post-
SA. Cell lines were seeded in different densities (250, 500, 1000, and 2000) cells per Petri dishes. SKUT-1 
Number of colonies out of 250, 500, 1000 and 2000 cells seeded were 54.7(± 2.4), 73.7 (±2.2), 126.7(±2) and 
263.7(±2.3) respectively, (N=3). 02/11W1 was 35(± 1.5), 56 (±1.7), 85.7(±1.5) and 153(±2.4) respectively, 
(N=3). 13/12W2 was 9.7(±0.8), 22(±2), 52(±1.8) and 73.7(±2) colonies respectively, (N=3). 14/10 was 
51.7(±1.7), 119(±1.2) and 227(±1.2) colonies respectively, (n=3). 09/10 was 32(±1.5), 132(±2.2) and 163(±2.4) 
colonies respectively, (N=3). 21/11W2 was 3(±0.9), 7(±0.8), 12(±0.8) and 30(±1.2) colonies respectively, (N=3). 
N=3 SEM for all cell lines tested. Data is representative of experiments done in triplicate on three different 
passages. Mean and SEM was done using Graph Pad® Prism software (version 7). N.B (14/10 and 09/10 cell 
lines at 2000 cells seeded Petri dish could not be counted due to the overgrowth.  
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Figure 5. 7: A bar chart representing the comparison of the colony-forming capacity of cells seeded 
for 14 days pre and post-stress assay at different densities for SKUT-1. 

Cell lines were seeded in different densities (250, 500, 1000, and 2000) cells per Petri dishes for both. SKUT-1 
Pre-SA Number of colonies out of 250, 500, 1000 and 2000 cells seeded were 101(± 1.53), 170 (±5.6), 
220.7(±1.7) and 232.7(±2.3), respectively, (N=3). SKUT-1 POST-SA colonies were 54.7(± 2.4), 73.7 (±2.2), 
126.7(±2) and 263.7(±2.3), respectively, (N=3). Data is representative of experiments done in triplicate on three 
different passages. Mean and SEM was done using Graph Pad® Prism software (version 7). 
!

!
Figure 5. 8: A bar chart representing the comparison of average percentages for the clonal 
efficiency (CE) of all densities for the different cell lines that survived the stress assay (commercial 
and Sheffield derived). 

 
Cell lines were seeded in different densities (250, 500, 1000, and 2000) cells per petri dishes. SKUT-1 Pre-SA 
CE was 27.15% (± 0.32) (N=3) and POST-SA CE was 15.61% (± 0.341) (N=3). 02/11W1 Pre-SA CE was 
12.2%(± 0.3) (N=3) and POST-SA CE was 10.39% (± 0.298) (N=3). 13/12W2 Pre-SA CE was 13.8%(±0.4) 
(N=3) and POST-SA CE was 4.373% (± 0.169) (N=3). 14/10 Pre-SA CE was 25%(±0.3) (N=3) and POST-SA 
CE was 22.4%(± 0.33) (N=3). 09/10 Pre-SA CE was 33.5%(±0.4) (N=3) and POST-SA CE was 18.5% (± 0.41) 
(N=3). 21/11W2 Pre-SA CE was 5%(±0.1) (N=3) and POST-SA CE was 1.4% (± 0.17) (N=3). N=3 SEM for all 
cell lines tested. Data is representative of experiments done in triplicate on three different passages. Mean and 
SEM was done using Graph Pad® Prism software (version 7).!
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5.2.2.2 Clonogenic Assay for STS (13/12W2 POST-SA) Pleomorphic NOS 

Sarcoma 

For 13/12W2 POST-SA cell line the number of colonies out of 250, 500, 1000 and 2000 

cells seeded were 9.7(±0.8), 22(±2), 52(±1.8) and 73.7(±2) colonies respectively. CE based 

on the clonogenic assay colonies results was 4.373% (± 0.169) SEM. Figures 5.5, 5.6, 5.8 

and 5.9 show colony number differences and CE percentages between Pre-SA and POST-

SA.  

 

!
Figure 5. 9: A bar chart representing the comparison of the colony-forming capacity of cells seeded 
for 14 days pre and post-stress assay at different densities for a Sheffield derived cell line 13/12W2. 

Cell lines were seeded at different densities (250, 500, 1000, and 2000) cells per petri dishes. 13/12W2 Pre-SA 
number of colonies out of 250, 500, 1000 and 2000 cells seeded were 24(±2.3), 85(±2.7), 184(±2.7) and 
204(±2.6), respectively (N=3). 13/12W2 POST-SA colonies were 9.7(±0.8), 22(±2), 52(±1.8) and 73.7(±2), 
respectively (N=3). Data is representative of experiments done in triplicate on three different passages. Mean 
and SEM was done using Graph Pad® Prism software (version 7). 
!

5.2.2.3 Clonogenic Assay for STS (09/10 POST-SA) Dedifferentiated Sarcoma 

The number of colonies out of 250, 500 and 1000 cells seeded were 32(±1.5), 132(±2.2) 

and 163(±2.4) colonies respectively. Due to overgrowth 2000 colonies was uncountable. 

CE based on the clonogenic assay results was 18.5% (± 0.41) SEM. Figures 5.5, 5.6, 5.8 

and 5.10 show colony number differences and CE percentages between Pre-SA and 

POST-SA.  
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Figure 5. 10: A bar chart representing the comparison of the colony-forming capacity of cells seeded 
for 14 days pre and post-stress assay at different densities for Sheffield derived cell line 09/10. 

Cell lines were seeded at different densities (250, 500, and 1000) cells per petri dishes. 09/10 Pre-SA the 
number of colonies out of 250, 500 and 1000 cells seeded were 103(±2), 171(±1.9) and 250(±1.7), respectively 
(N=3). 09/10 POST-SA colonies were 32(±1.5), 132(±2.2) and 163(±2.4), respectively (N=3).  Data is 
representative of experiments done in triplicate on three different passages. Mean and SEM was done using 
Graph Pad® Prism software (version 7). 
!

5.2.2.4 Clonogenic Assay for STS (14/10 POST-SA) Pleomorphic NOS Sarcoma 

The number of cells been seeded in each dish were 250, 500 and 1000 cells and colonies 

out of seeded cells were 51.7(±1.7), 119(±1.2) and 227(±1.2) colonies respectively. Due to 

the overgrowth of the 2000 petri dish colonies were uncountable. CE based on the 

clonogenic assay results was calculated at 22.4% (± 0.33) SEM. Figures 5.5, 5.6, 5.8 and 

5.11 show colony number differences and CE percentages between Pre-SA and POST-SA. 

Figure 5. 11: A bar chart representing the comparison of the colony-forming capacity of cells seeded 
for 14 days pre and post-stress assay at different densities for Sheffield derived cell line 14/10. 

Cell lines were seeded at different densities (250, 500, and 1000) cells per petri dishes. 14/10 Pre-SA number 
of colonies out of 250, 500 and 1000 cells seeded were 62(±1.5), 123(±2.4) and 253(±2.3), respectively (N=3). 
14/10 POST-SA colonies were 51.7(±1.7), 119(±1.2) and 227(±1.2), respectively (N=3). Data is representative 
of experiments done in triplicate on three different passages. Mean and SEM was done using Graph Pad® 
Prism software (version 7). 

09/10 Pre SA

 (D
ediffe

rentiated Liposarcoma)

09/10 PSA

 (D
ediffe

rentiated Liposarcoma)

0

100

200

300

       Colony Forming Capacity Comparisons of cells seeded for 14 days 
09/10 Pre & Post Stress Assay

cell lines

No
. o

f c
olo

nie
s

No.of colonies been seeded (250)

No.of colonies been seeded (500)

No.of colonies been seeded (1000)

14/10 Pre SA

 (Pleomorphic NOS sarcoma)

14/10 PSA

 (Pleomorphic NOS sarcoma)

0

100

200

300

       Colony Forming Capacity Comparisons of cells seeded for 14 days 
14/10 Pre & Post Stress Assay

cell lines

No
. o

f c
olo

nie
s

No.of colonies been seeded (250)

No.of colonies been seeded (500)

No.of colonies been seeded (1000)



[IDENTIFICATION OF CANCER STEM CELLS IN SARCOMA] 
142$
!

!

! 142!

5.2.2.5 Clonogenic Assay for STS (02/11W1 POST-SA) Leiomyosarcoma 

The number of cells seeded in each dish were 250, 500, 1000 and 2000 cells and colonies 

out of seeded cells were 35 (±1.5), 56 (±1.7), 85.7(±1.5) and 153 (±2.4) respectively. CE 

based on the clonogenic assay results was calculated at 10.39% (± 0.298) SEM. Figure 

5.5, 5.6, 5.8 and 5.12 show colony number differences and CE percentages between Pre-

SA and POST-SA. 

!
Figure 5. 12: A bar chart representing the comparison of the colony-forming capacity of cells seeded 
for 14 days pre and post-stress assay at different densities for Sheffield derived cell line 02/11W1. 

Cell lines were seeded at different densities (250, 500, 1000, and 2000) cells per petri dishes. 02/11W1 Pre-SA 
number of colonies out of 250, 500, 1000 and 2000 cells seeded were 40.7(± 1.2), 73 (±2.4), 98(±1.2) and 
164(±2.6) respectively (N=3). 02/11W1 POST-SA colonies were 35(± 1.5), 56 (±1.7), 85.7(±1.5) and 153(±2.4) 
respectively (N=3). Data is representative of experiments done in triplicate on three different passages. Mean 
and SEM was done using Graph Pad® Prism software (version 7).!
 

5.2.2.6 Clonogenic Assay for STS (21/11W2 POST-SA) Myxofibrosarcoma 

The number of cells seeded in each dish were 250, 500, 1000 and 2000 cells and colonies 

out of seeded cells were 3(±0.9), 7(±0.8), 12(±0.8) and 30(±1.2) respectively. CE based on 

the clonogenic assay results was calculated at 1.4% (± 0.17) SEM. Figure 5.5, 5.6, 5.8 and 

5.13 show colony number differences and CE percentages between Pre-SA and POST-SA. 

This cell line was the clearly the lowest compared to the rest of the other cell lines for both 

colonies counted and CE.  
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Figure 5. 13: A bar chart representing the comparison of the colony forming-capacity of cells seeded 
for 14 days pre and post-stress assay at different densities for Sheffield derived cell line 21/11W2. 

Cell lines were seeded at different densities (250, 500, 1000, and 2000) cells per petri dishes. 21/11W2 Pre-SA 
number of colonies out of 250, 500, 1000 and 2000 cells seeded were 10(±0.8), 28(±1.2), 59(±1.2) and 
122(±1.2) respectively (N=3). 21/11W2 POST-SA colonies were 3(±0.9), 7(±0.8), 12(±0.8) and 30(±1.2) 
respectively (N=3). Data is representative of experiments done in triplicate on three different passages. Mean 
and SEM was done using Graph Pad® Prism software (version 7).!
!
 

In summary, at this stage of the project the differences between pre and post stress cell line 

populations seem to be showing a consistent pattern when the results of the MTT and 

clonogenic assay are considered.  Cells after the stress assay were found to have slower 

proliferation taking longer to become confluent, around 3-4 days longer, and the colony 

forming-capacity and CE was also significantly less than the pre-stressed cell lines.     
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5.2.3 aCGH Array (Pre vs. Post Stress Assay) 
In this section array CGH was performed on cell lines that survived the stress assay, to 

provide an estimate of global differences in the genetics of pre and post stressed 

populations. Array CGH was performed as described in section 2.2.20. Firstly, the pre and 

post-stress cell lines were compared against control reference DNA, and secondly, the pre 

and post lines were compared directly against each other to identify any differences in 

global genetic changes.    

5.2.3.1 SKUT-1 (Human Uterus Leiomyosarcoma (GIII)) 

Array CGH was performed using SKUT-1’s DNA extracted from cells at passage 94 for pre-

SA and passage 98 for POST-SA against non-sex match commercial DNA. Then they were 

tested against each other using SKUT-1 Pre-SA cell line’s DNA as reference. Both pre-SA 

and POST-SA showed identical partial amplification in chromosomes 5p and 8q, and some 

minor insignificant deletions and amplifications on other chromosomes. Pre-SA DNA 

against POST-SA DNA was found to be an exact match (Figure 5.14). 

5.2.3.2 STS (13/12W2) Pleomorphic NOS Sarcoma 

DNA was extracted from cells at passage 18 for pre-SA and passage 21 for POST-SA 

against sex match commercial DNA. Then they were tested against each other, using 

13/12W2 pre-SA cell line’s DNA as reference. Pre-SA cells showed aberrations in almost 

all chromosomes. However, POST-SA cells showed some remarkable differences; with 

some of the deletions or gains lost. These changes affected 1q, 2q, 3q, 4q, 8(p and q), 11q, 

12p, 13q, 17(p and q), 18q, 19(p and q) and 22q. When pre-SA and POST-SA cells were 

tested against each other, the major genomic regions found to be significant were in 1q, 2q, 

4(p and q), 8(p and q), 9(p and q), 12(p and q), 14(p and q), 18(p and q), 19q and 22q. 

There were also, some minor insignificant deletions and amplifications found on other 

chromosomes Figure 5.15. 

!
!
!
!
!
!
!
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A) SKUT-1, P94 Pre-SA 

B) SKUT-1, P98 POST-SA 

C) SKUT-1, (P94 Pre/P98 POST-SA) 

 
Figure 5. 14: Array CGH ideograms of chromosomal aberration SKUT-1 comparing pre-SA and 
POST-SA. 

A: Genomic ideogram view exhibits chromosomal aberrations for SKUT-1 pre-SA at passage 94 showing, 5p 
and 8q amplification. B: Genomic ideogram represents chromosomal aberrations for SKUT-1 POST-SA at 
passage 98, showing 5p and 8q amplification. C: The whole genomic ideogram shows no significant differences 
for pre-SA and POST-SA when tested against each other, using pre-SA as reference DNA. Aberrant areas are 
represented as blue or red colour bars, and the black vertical line (zero lines) express the mean log ratio on the 
chromosome. Left colour regions identify deletions and right colour regions for amplification (gain). All images 
were obtained from Agilent Genomic workbench version 7.0.4   
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A) 13/12W2, P18v Pre-SA 

B) 13/12W2, P21v POST-SA 

 
C) 13/12W2, (P18v Pre/P21V POST-SA) 

 

Figure 5. 15: Array CGH ideograms of chromosomal aberration in primary cell line 13/12W2 
comparing pre-SA and POST-SA. 

A: Genomic ideogram view exhibits chromosomal aberrations for 13/12W2 pre-SA at passage 18 showing 
abnormalities on all the chromosomes. B: Genomic ideogram view represents chromosomal aberrations for 
13/12W2 POST-SA at passage 21 showing differences of 12 chromosomes compared to pre-SA cells. C: whole 
genomic ideogram shows the main aberrant areas for pre-SA and POST-SA when tested against each other 
using pre-SA as reference DNA. Aberrant areas are represented as brown or red colour bars and the black 
vertical line (zero lines) express the mean log ratio on the chromosome. Left colour regions exhibit deletions 
and right for amplification (gain). All images were obtained from Agilent Genomic workbench version 7.0.4 
 

5.2.3.3 STS (09/10) Dedifferentiated Sarcoma 

DNA was extracted from cells at passage 82 for pre-SA and passage 84 for POST-SA 

against sex match commercial DNA. Pre-SA cells showed aberrations in almost all 

chromosomes. However, POST-SA cells showed close similarity in their profile compared 
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to pre-SA cells profile even in complex aberrations for example those on 9p. There were 

however some difference and these changes mainly affected chromosomal regions 2q, 15q 

and 18q. Comparison of the aCGH of the pre-SA and the POST-SA showed some minor 

insignificant deletions and amplification in some chromosomes Figure 5.16. 

5.2.3.4 STS (14/10) Pleomorphic NOS Sarcoma 

DNA was extracted from cells at passage 112 for pre-SA and passage 114 for POST-SA. 

Pre-SA cells showed high instability with aberrations of all chromosomes. POST-SA cells 

showed some close similarity in their profile to the pre-SA profile for some regions, but 

there were clear differences, for example those on chromosomes 2, 11 and 14. 

Comparison of the aCGH of the pre-SA and the POST-SA cells when they tested against 

each other showed no significant deletions or amplifications Figure 5.17. 

5.2.3.5 STS (02/11W1) Leiomyosarcoma 

DNA was extracted from cells at passage 65 for pre-SA and passage 67 for POST-SA. Pre-

SA cells showed aberrations in almost all chromosomes and POST-SA had a similar profile 

even for complex aberrations, for example those on 9p and 11p and q. In addition, there 

were some differences mainly changes found for 4q, 7q, 8p and 17p. Comparison of the 

aCGH of the pre-SA and the POST-SA cells when they tested against each other showed 

changes in 7q, 12p and 18q. and insignificant changes found in terms of deletions and 

amplification for some chromosomes Figure 5.18. 
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A) 09/10, P82 Pre-SA 

 
B) 09/10, P84 POST-SA 

 
C) 09/10, (P82 Pre/P84 POST-SA) 

 
Figure 5. 16: Array CGH ideograms of chromosomal aberration for 09/10 comparing pre-SA and 
POST-SA. 

A: Genomic ideogram view exhibits chromosomal aberrations for 09/10 pre-SA at passage 82, 
showing abnormalities on all chromosomes. B: Genomic ideogram view represents chromosomal aberrations 
for 09/10 POST-SA at passage 84 showing, with differences compared to pre-SA cells of 3 chromosomes. C: 
whole genomic ideogram shows the main aberrant areas for pre-SA and POST-SA when tested against each 
other using pre-SA as reference DNA. Aberrant areas are represented as dark blue or red colour bars and the 
black vertical line (zero lines) express the mean log ratio on the chromosome. Left colour regions signify 
deletions and right are for amplifications (gain). All images were obtained from Agilent Genomic workbench 
version 7.0.4 
 
 

!
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A) 14/10, P112 Pre-SA 

 
B) 14/10, P114 POST-SA 

C) 14/10, (P112 Pre/P114 POST-SA) 

 
Figure 5. 17: Array CGH ideograms of chromosomal aberration of 14/10 comparing pre-SA and 
POST-SA. 

A: Genomic ideogram view exhibits chromosomal aberrations for 14/10 pre-SA at passage 112, showing 
abnormalities of all chromosomes. B: Genomic ideogram represents chromosomal aberrations for 14/10 POST-
SA at passage 114, showing differences compared to pre-SA cells of all chromosomes. C: whole genomic 
ideogram shows no main significant aberration areas for pre-SA and POST-SA when tested against each other 
using pre-SA as reference DNA. Aberrant areas are represented as dark yellow or red colour bars and the black 
vertical line (zero lines) express the mean log ratio on the chromosome. Left colour regions indicate deletions 
and right side are for amplifications (gain). All images were obtained from Agilent Genomic workbench version 
7.0.4 
 
!
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A) 02/11W1, P65 Pre-SA 

 
B) 02/11W1, P67 POST-SA 

 
C) 02/11W1, (P65 Pre/P67 POST-SA) 

 
Figure 5. 18: Array CGH ideograms of chromosomal aberration for 02/11W1 comparing pre-SA and 
POST-SA. 

A: Genomic ideogram view exhibits chromosomal aberrations for 02/11W1 pre-SA at passage 65, showing 
abnormalities of all chromosomes. B: Genomic ideogram represents chromosomal aberrations for 02/11W1 
POST-SA at passage 67, showing differences compared to pre-SA cells for 4 chromosomes. C: whole genomic 
ideogram shows the main aberrant areas for pre-SA and POST-SA when tested against each other using pre-
SA as reference DNA, mainly for chromosomal regions 7q, 12p and 18q. Aberrant areas are represented as 
blue or red colour bars and the black vertical line (zero lines) express the mean log ratio on the chromosome. 
Left colour regions indicate deletions and the right coloured regions identify amplifications (gain). All images 
were obtained from Agilent Genomic workbench version 7.0.4!
!
!
!
!
!
!
!
!
!
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5.2.3.6 STS (21/11W2) Myxofibrosarcoma 

DNA was extracted from cells at passage 56 for pre-SA and passage 58 for POST-SA. Pre-

SA cells showed aberrations in almost all chromosomes, however POST-SA cells had a 

different profile. There were differences in most genomic regions and were noted on almost 

all chromosomes except chromosome 21. Comparison of the aCGH on the pre-SA and the 

POST-SA cells when tested against each other showed no significant differences Figure 

5.19.  
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A) 21/11W2, P56 Pre-SA 

 
B) 21/11W2, P58 POST-SA 

C) 21/11W2, (P56 Pre/P58 POST-SA) 

 
Figure 5. 19: Array CGH ideograms of chromosomal aberrations for 21/11W2 comparing pre-SA 
and POST-SA. 

A: Genomic ideogram view exhibits chromosomal aberrations for 21/11W2 pre-SA at passage 56, showing 
abnormalities on all chromosomes. B: Genomic ideogram represents chromosomal aberrations for 21/11W2 
POST-SA at passage 58, showing differences compared to pre-SA cells on almost all chromosomes. C: whole 
genomic ideogram shows no significant aberrations for pre-SA against POST-SA when tested against each 
other using pre-SA as reference DNA. Aberrant areas are represented as dark yellow or brown colour bars and 
the black vertical line (zero lines) express the mean log ratio on the chromosome. Left colour regions identify 
deletions and right colours are for amplification (gain). All images were obtained from Agilent Genomic 
workbench version 7.0.4.!
!
!
!
!
!
!
!
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5.2.3.7 Array CGH Results Discussion 

Sarcomas are known for their genetic instability that results from dysfunction of DNA repair. 

Chromosomal instability is often the main form of genetic instability in sarcomas and is 

manifested as changes in the structure and number of chromosomes (Martin et al., 1998, 

Amant et al., 2001, Verelst et al., 2004, Rucinska et al., 2005, Nakagawa et al., 2006, 

Ferreira et al., 2008, Nakano and Takahashi, 2018, Doyle et al., 2019, Liu et al., 2021).! 

Array CGH is a powerful tool to detect copy number changes of chromosomes (gaining or 

losses) and it is useful to sarcoma classification even with the complex karyotypes that 

sarcomas have (Burns et al., 2020). For instance, the combination of aCGH and IHC was 

able to define three different molecular subtypes of leimyosarcoma, one of these subtypes 

was found to have a distinct genomic aberrations and gene expression pattern that was 

linked to muscle differentiation (Beck et al., 2010, Lazar et al., 2017). Furthermore, IHC 

markers for the five most expressed genes for one of the groups was highly correlation with 

improved survival (Beck et al., 2010). Moreover, Skubitz et al., 2008, identified two major 

subsets of malignant fibrous histiocytoma, a form of undifferentiated pleomorphic sarcoma, 

as having distinct gene expression profiles that classified subgroups of pleomorphic STS 

for development of metastasis (Skubitz et al., 2012). These studies show the impact of 

aCGH in combination with biomarkers and other methods (FISH, RT-PCR next generation 

sequencing) to identify these rearrangements and to detect translocations; in order to 

enhance sarcomas diagnosis classification and prognosis particularly for complicated 

cases.  

 

A summary of the CGH results is presented below in Table 5.2, showing the main 

aberrations on each chromosomes for pre, post, and when tested against each other; each 

cell line has its own signature. Commercial cell line SKUT-1 had no differences for the pre 

and Post-SA results, with them being almost identical, possibly due to prolonged culture. 

The Sheffield derived primary cell lines on the other hand showed some interesting results, 

with aberrations that differ from each other and differences after the stress assay. 

Furthermore only two of the lines had differences when the pre and Post-SA were tested 

against each other. 
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Cell lines & Cancer 
Type 

Main 
Chromosomal 

abnormality Pre-
SA cell lines 

Main 
Chromosomal 

abnormality Post-
SA cell lines 

Main Chromosomal abnormality 
Pre against Post-SA cell lines 

SKUT-1 
Human uterus 

leiomyosarcoma 
(GIII) cell line 

Instability 
(Aberrations in 

some chr.) 

No significant 
deletions or 
amplification 

No significant deletions or 
amplification 

13/12W2 
Pleomorphic NOS 

sarcoma 

Instability 
(Aberrations in 
almost all chr.) 

1q, 2q, 3q, 4q, 8(p 
and q), 11q, 12p, 
13q, 17(p and q), 
18q, 19(p and q) 

and 22q 

1q, 2q, 4(p and q), 8(p and q), 9(p 
and q), 12(p and q), 14(p and q), 

18(p and q), 19q and 22q 

09/10 
Dedifferentiated 

Liposarcoma 

Instability 
(Aberrations in 
almost all chr.) 

2q, 15q and 18q Minor insignificant deletions and 
amplification 

14/10 
Pleomorphic 

Sarcoma NOS 

Instability 
(Aberrations in 
almost all chr.) 

Almost all chr. q 
arm and chr.2, 3, 

4, 5, 6 and 7 
(p&q). Clear 

differences seen 
in chr. 2, 11 and 

14 (p&q) 

No significant deletions or 
amplification 

02/11 W1 
Leiomyosarcoma 

Instability 
(Aberrations in 

almost all 
chromosomes) 

9p and 11(p &q), 
4q, 7q, 8p and 

17p  

7q, 12p and 18q 

21/11W2 
Myxofibrosarcoma 

Instability 
(Aberrations in 
almost all chr.) 

Instability 
(Aberrations in 
almost all chr.), 
With different 

profile from pre-
stress  

No significant deletions or 
amplification 

Table 5. 2: Summary of the aCGH results showing the main differences between pre and post-
stress assay cell lines   

Chr.=chromosome.!!
 

In Figure 5.20 an overall comparison of pre and post stress assay for chromosomal 

aberrations of all cell lines is presented. Both pre and post-stress assay cell lines showed 

deletion and gain for all the chromosomes, reflecting the instability of sarcoma in general. 

Overall it can be seen that most deletions happened on the pre-SA whilst most of the gains 

were found in the Post-SA, and there were some interesting results when they were tested 

against each other. The most frequently aberrant regions were for chromosomes 1, 2, 4, 6, 

7, 8, 9, 12, 14, 18, 19 and 22, but the most significant aberrations were noticed in 2q, 7 

(p/q), 8(p/q), 12(p/q), 18 (p/q) and 22 q. It is possible that these regions are directly 

correlated with selection through the stress assay and may play a role in stemness 

properties before adaptation to culture. Interestingly the aCGH results for Post-SA for 

Sheffield derived cell lines had a closer resemblance to the aCGH profiles performed on 

early passage numbers when the cell lines were first established (based on data from 
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previous research done by Dr Abdulazeez Salawu (data not shown here). For further 

information table 1.2 in chapter one shows common chromosomal translocations known in 

sarcoma. 

A) All Pre-SA 

 
B) All Post-SA 

 
C) All Pre and Post-SA 

 

Figure 5. 20: Combined Array CGH ideograms of chromosomal aberration for all cell lines tested in 
this study, comparing pre-SA and POST-SA and showing the most frequently aberrant regions. 

A: Genomic ideogram for chromosomal aberrations of all pre-SA cell lines, all chromosomes have 
abnormalities. B: Genomic ideogram view of chromosomal aberrations for all POST-SA cell lines with clear 
differences compared to pre-SA cells on almost all chromosomes. C: Genomic ideogram indicating the most 
common aberrations for pre-SA and POST-SA when tested against each other using pre-SA as reference DNA. 
Aberrant areas are represented as red or green colour bars and the black vertical line (zero lines) express the 
mean log ratio on the chromosome. Left colour regions (green) are deletions and the right side are for 
amplification/gain (red). All images were obtained from Agilent Genomic workbench version 7.0.4.!
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Leiomyosarcoma  (LMS) have characteristics consistent with smooth muscle differentiation, 

and spindle shape cells. There are no constant genetic aberrations, however frequent 

losses of the tumour suppressor genes RB1 (13q) and the phosphatase and tensin 

homolog (PTEN) at 10q have been identified in the literature (El-Rifai et al., 1998, Ul-

Hassan et al., 2009, Salawu et al., 2012). Copy number variation has also been found for 

other tumour suppressor genes such as TP53 and cadherin-1 (CDH1) (Agaram et al., 

2016). According to the Genome Atlas consortium, analysis conducted on 206 STS patient 

sample using genome sequencing, DNA methylation, messenger RNA and microRNA revel 

that LMS and uterine LMS (uLMS) were similar to each other when compared to other STS 

subtypes. In this study, there was no specific evidence to suggest that the regions 

harbouring these relevant tumour suppressor genes were implicated in the post stress 

assay survival of LMS.  In it however possible that RB1 may be relevant, as there appears 

to be a focal deletion of the region in the post stress cells compared to the line before 

(5.18).  Unfortunately, there was not time to conduct a deeper interrogation of the data to 

confirm this observation and whether cells with RB1 deletion are specifically able to survive 

prolonged stress.  It is also possible that if RB1 deletion is an early change driving LMS 

development, its greater evidence in the post stress populations may correlate to a earlier 

less culturally adapted population, as has been suggested by the comparison with the early 

passages of the cell lines (data not shown) but some information was published as part of 

the cell line publication (Salawu et al., 2016). 

 

Myxofibrosarcoma MFS, is a common STS subtype, and like most STS they can have a 

high level of genomic instability, but there are also variations within the subtype, with some 

MFS having an apparently normal karyotype whilst other have highly complex ones. The 

aCGH data shown in Figure 5.19 demonstrates how unstable they can be. Studies have 

suggested that many tumours suppressor genes may be important to MFS reflecting the 

high level of variability for this sarcoma. Specifically loss of chromosome 9, with deletion of   

the methylthioadenosine phosphorylase (MTAP) and CDKN2A/CDKN2B genes (9q21.3) 

has been linked to increased myxofibrosarcoma aggressiveness (Barretina et al., 2010, Li 

et al., 2014, Ogura et al., 2018). There was no evidence from this study to suggest this 

region may be important, as there were so many differences between the pre and post 

stress populations.  It is therefore difficult to suggest any region that may be important in 

this context specifically as only one MFS was studied here.  A more detailed analysis is 

required to see if there are any associations, but this was unfortunately not possible in the 

time frame. 
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Liposarcoma LPS, is also a common STS sarcoma subtype, and originate from malignant 

transformed adipocyte progenitor cells (Lee et al., 2018), with the most common subtypes 

being well-differentiated (WDLPS) and dedifferentiated liposarcoma (DDLPS).  There are 

also rare subtypes called myxoid liposarcoma (MLPS) and pleomorphic liposarcoma 

(PLPS). WDLPS is known as aggressive with no metastatic potential. While DDLPS is 

considered as a more aggressive subtype prone to recurrence and increased metastatic 

potential. However, both WDLPS and DDLPS share similar genetic aberrations profiles and 

have amplifications of 12q21-15. This region includes the MDM2 proto-oncogene (MDM2) 

and cyclin dependent kinase 4 (CDK4) oncogenes (Kanojia et al., 2015). Although sharing 

this aberration there are in addition clinical phenotyping differences between WDLPS and 

DDLPS, since DDLPS contain higher copy numbers of chromosome 12 and higher 

numbers of somatic copy number variations and fusion transcripts (Beird et al., 2018). 

Moreover, MLPS is characterized with a translocation t(12,16)(q13;p11) that produces a 

fusion transcription factor (FUS RNA binding protein) and in common with t(12,22) 

(q13;q12) the EWS binding protein-1 (EWSR1), these two transcription factors share roles 

in DNA damage and in combination with transcript-3 (DDIT3) on chromosome 12 can inhibit 

adipocyte differentiation (Powers et al., 2010). In this study only one liposarcoma was 

investigated (STS 9/10) and as seen in figure (5.16) the array profile for the pre and post 

stressed populations were fairly closely matched.  Both populations had clear evidence of 

amplification for chromosome 12 that included the MDM2 region, and had been reported 

previously (salawu et al).  This abnormality seems certainly to be a driver of liposarcomas, 

and is clearly retained in the post stress survival population, but it is difficult to conclude 

whether it relates to the ability to survive.  It was however noted that the post stress survival 

population did seem to have some focal deletions of chromosome 12q that were not 

present earlier, so there seems to have been in part some selective process.  Whether this 

is relevant requires further more detailed analysis and also confirmation with other cell 

lines. 

Finally Pleomorphic Sarcoma NOS are a relatively unstudied subtype but they are known to 

have very high levels of instability (Widemann and Italiano, 2018, Zheng et al., 2019). In 

this study there were variations in the level of instability (see figures 5.15, 5.17 and table 

5.2) and it was not possible to clearly relate any findings, or to suggest any regions of 

interest for post stress survival.   

 

To conclude, as only small numbers from each subtype of sarcoma was studied it was not 

possible to identify specific genetic changes associated with these subtypes that may be 
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related to enhance survival and stemness.  Overall the findings as mentioned above our 

may suggest regions of 2q, 7 (p/q), 8(p/q), 12(p/q), 18 (p/q) and 22q might be areas of 

interest for further investigation, in combination with other methods.  A more detailed 

analysis of the data is required, but was not possible during this investigation, and as yet 

there is no clear evidence for any copy number change that may be related to!enhanced 

stemness. 

5.2.4 STS Gating Strategy - Phase One Screening for CSC Markers 

(Gating All Cells/Pre-Stress Assay) 
This stage was discussed earlier in section 3.2.4. (CD44, CD133, ALDH, CD24, CD90, 

CD71 and CD34 antibodies were used for both single expression and co-expression on the 

cell lines tested.  The experimental analysis and results were discussed in detail in chapter 

three. Table 3.1 in chapter 3 section 3.2.4 summarized the expressions of every single 

marker, co-expression and gating percentages for each cell lines out of 100% live cells. 

5.2.5 STS Gating Strategy - Phase Two Screening for CSC Markers 

(Gating Large Cells Only / Pre-Stress Assay) 
In this stage, analysis of the same commercial and Sheffield derived cell lines was 

undertaken as in stage one (section 3.2.4), but the focus was on one distinct population 

(large cells) instead of gating for all cells. The reasoning behind this analysis was based on 

the observation that only large cells appeared to have the ability to resist long and hard 

conditions as mentioned in sections 4.2.3, 4.2.3.3 and 4.3, see also, figures 4.8 and 4.13. 

In addition, co-expression of markers was assessed for pre and post-stress assay, and the 

co-expression areas are demonstrated in the dot plot in the upper right (UR) (Figure 5.21).  

The analysis was also expanded to include the new markers suggested as possible 

markers for CSC (CD90, CD71, CD24 and CD34). Table 5.3 summarizes the expressions 

of every single marker as well as gating percentages for each cell lines out of 100% live 

cells as discussed previously (Chapter 3). Only SKUT-1 dot plots are shown as an example 

of the gating strategy.  
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Figure 5. 21: These figures show the dot plot analysis of different CD markers expression and co-
expression on SKUT-1 Pre-SA cell line using flow cytometry staining by gating large cells only. 

The expression was based on one distinct cell population (gating for large cells only). The CD44 mean 
expression was 71.7% ± 0.3% (n=3 SEM); CD34 mean expression was 62.7% ±0.3 (n=3 SEM); CD71=3.7% ± 
0.3% (n=3 SEM) and ALDH mean activity was 61.3% ±0.7 (n=3 SEM). Co-expression was CD44/ALDH=54.3% 
±0.3 and CD44/71=3.7% ±0.3. The data corresponds to mean ± SEM from three independent experiments 
unless otherwise stated. SEM fitting and calculated was done using Graph Pad® Prism software (version 7).   
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5.2.5.1 Flow cytometry Screening of Pre-SA Cell Lines Gating for Large Cells Only 

Gating percentages were between (26%-1%) for all the cell lines. The expression results of 

all cell lines for CD44 was almost the same as previously tested in stage one and two in 

chapter 3 section 3.2.3 and 3.2.4.  ALDH activity however showed higher, brighter and 

more constant positive activity results than previously (68%-100%). Furthermore, co-

expression of CD133 and CD90 showed increased positivity in STS 09/10 around 6%; and 

1% for SKUT-1 and 02/11W1. CD71 expression also was found to be brighter and the 

highest result was observed for 13/12W2 (65%) but was negative on SW1353, SKLMS-1, 

U2OS and h--TERT-RPE-1, but notably SKUT-1 showed 4% whereas previously it was 

negative (section 3.2.4.1 and table 3.1). CD34 was also variable again with a stronger 

expression than reported previously; the highest result was found on SKUT-1 (63%) but it 

was again negative for SKLMS-1, h-TERT-RPE-1, and also 14/10. CD24 showed no 

significant outcome because it was negative on all cell lines tested. Co-expression for 

CD90, CD133, CD71 and ALDH with CD44 was performed, and although CD34 and CD44 

markers had the same fluorochrome dye colours (APC, hence impossible to stain them in 

the same test tube), hypothetically as all cell lines were highly positive for CD44 it can be 

assumed that there is a similar positive co-expression for these two markers. As was 

shown in section (2.2.18), the co-expression panel was limited due to fluorochrome dyes 

Figure 5.21 and Table 5.3. 
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        Cell line  
 

(Gated Cells) 
Large cells out of 

100% gate 

 
CD44 

 
ALDH 

 
CD71 

 
CD34 

 
CD133 

 
CD90 

 
CD24 

 
CD44 / 
ALDH 

 
CD71 / 
CD44 

 
CD24 

/ 
CD34 

 
CD90 

/ 
CD34 

 
CD90 

/ 
CD44 

 
CD133/
CD44 

SKUT-1 
(Leiomyosarcoma) 
     

!

 
3% 

 
72% **** 

 
62% **** 

 
4% * 

 
63% **** 

 
    1% * 

 
1% * 

 
0% (N) 

 
54% **** 

 
4% * 

 
0% (N) 

 
1% * 

 
1% * 

 
1% * 

SW1353 
(Chondrosarcoma) 

 
26% 

 
67% **** 

 
0% (N) 

 
1% * 

 
12% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
1% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

SKLMS-1 
(Leiomyosarcoma) 

 
4% 

 
98% ***** 

 
98% ***** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
98% ***** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

U2OS 
(Osteosarcoma) 

 
7% 

 
100% ***** 

 
89% **** 

 
0% (N) 

 

 
4% * 

 
0%(N) 

 
0% (N) 

 
0% (N) 

 
89% **** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

PC3 
(Prostate cancer) 
 

 
18% 

 
94% ***** 

 
100% ***** 

 
11% ** 

 
28% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
94% ***** 

 
11% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

h-TERT-RPE-1 
(Human epithelial retinal cells) 

 
4% 

 
99% ***** 

 
99% ***** 

 
0% (N) 

 
1% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
99% ***** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

13/12W2  
(Pleomorphic NOS sarcoma)!

 
3% 

 
100% ***** 

 
98% ***** 

 
65% **** 

 
28% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

  
91% ***** 

 
65% **** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

09/10 
(Dedifferentiated Liposarcoma)!

 
2% 

 
100% ***** 

 
98% ***** 

 
64% **** 

 
59% **** 

 
6% ** 

 
6% ** 

 
0% (N) 

 
98% ***** 

 
64% **** 

 
0% (N) 

 
0% (N) 

 
6% ** 

 
6% ** 

14/10 
(Pleomorphic NOS sarcoma)!

 
1% 

 
98% ***** 

 
100% ***** 

 
42% *** 

 
1% * 

 
0% (N) 

 
1% * 

 
0% (N) 

 
99% ***** 

 
42% *** 

 
0% (N) 

 
1% * 

 
1% * 

 
0% (N) 

02/11 W1 
(Leiomyosarcoma)!

 
4% 

 
99% ***** 

 
99% ***** 

 
43% *** 

 
17% *** 

 
1% * 

 
1% * 

 
0% (N) 

 
99% ***** 

 
42% *** 

 
0% (N) 

 
1% * 

 
1% * 

 
1% * 

21/11W2 
(Myxofibrosarcoma)!

 
7% 

 
100% ***** 

 
97% ***** 

 
11% ** 

 
71% **** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
97% ***** 

 
10% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

02/11 W1 (POST-SA2) 
(Leiomyosarcoma) 

 
4% 

 
99% ***** 

 
99% ***** 

 
42% *** 

 
16% *** 

 
1% * 

 
1% * 

 
0% (N) 

 
99% ***** 

 
41% *** 

 
0% (N) 

 
1% * 

 
1% * 

 
1% * 

Table 5. 3: Gating strategy phase 2.A summary of CD markers expression and gating percentages out of 100% for Pre-SA cell lines based on gating large 
cells only. The gated cell percentages (large cells gate) were out of total gating events 10,000 events (cells) determent by the flow cytometry. 

N/A = not available, N= 0% Negative,  *(1%-5% = very weak (negative), **(6%-15%) = weak, ***(16%-49% = moderate, ****(50%-89 = strong, *****(90%-100% = very strong.  
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5.2.6 Phase Three Gating Strategy - Screening for CSC Markers 

by Gating All Cells of Post-Stress Assay Cell Lines  
In this stage only cell lines that survived the stress assay were assessed (one 

commercial and 6 Sheffield derived cell lines) and all cells were gated.  Single 

expression and co-expression analysis was performed, and Table 5.4 summarizes the 

expression of each marker, co-expression of markers and the gating percentages for 

each cell line out of 100% live cells. The analysis was performed to compare the 

outcome with pre stress assay cells lines, considering both all cells and when gating for 

large cells only. 

5.2.6.1 Flow cytometry Screening of Post Stress Assay Cell Lines Gating for All 

Cells 
Gating percentages were above 72% for all the cell lines. For all cell lines the 

expression results of CD44 and CD133 were almost the same as previously in phase 

one (Table 3.1). ALDH activity however showed variability and less activity than in 

phase one, highest was on 02/11W1POST-SA2 (99%) and lowest on SKUT-1 (12%), 

and the ALDH activity had dropped for SKUT-1, 14/10 and 02/11W1 compared with 

previous Pre-SA results (see Table 3.1). The extra markers, such as CD24 and CD90 

showed no significant change because as before they were negative on all cell lines. 

Moreover, CD34 was also variable and weaker than phase one, except for 21/11W2 

(63%) as the highest. CD71 expression results were also variable and positivity was 

observed for Sheffield cell lines only, highest was on 02/11W1POST-SA2. Co-

expression for CD71 and ALDH with CD44 was also found Table 5.4.  
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      Cell line  
POST-SA  

(Gating All 
Alive Cells) 

Out of 
100% gate 

 
 CD44 

     
ALDH 

 
CD71 

 
CD34 

 
CD133 

 
CD90 

 
CD24 

 
CD44 / 
ALDH 

 
CD71 / 
CD44 

 
CD24 / 
CD34 

 
CD90 / 
CD34 

 
CD90 / 
CD44 

 
CD133/
CD44 

SKUT-1 
(Leiomyosarcoma) 
     

!

 
74% 

 
74% **** 

 
12% ** 

 
0% (N) 

 
7% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
12% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

13/12W2  
(Pleomorphic NOS 
sarcoma) 

 
85% 

 
94% ***** 

 
52% **** 

 
7% ** 

 
2% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
52% **** 

 
7% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

09/10 
(Dedifferentiated 
Liposarcoma) 

 
86% 

 
94% ***** 

 
32% *** 

 
30% *** 

 
9% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
32% *** 

 
30% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

14/10 
(Pleomorphic NOS 
sarcoma) 

 
82% 

 
91% ***** 

 
25% *** 

 
4% * 

 
7% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
24% *** 

 
4% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

02/11 W1 
(Leiomyosarcoma) 

 
84% 

 
96% ***** 

 
52% **** 

 
12% ** 

 
5% * 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
50% **** 

 
11% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

21/11W2 
(Myxofibrosarcoma) 

 
72% 

 
98% ***** 

 
  53%  **** 

 
11% ** 

 
63% **** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
53%  **** 

 
11% ** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

02/11 W1 (POST-
SA2) 
(Leiomyosarcoma)!

 
87% 

 
99% ***** 

 
99% ***** 

 
27% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

  
99%***** 

 
26% *** 

 
0% (N) 

 
0% (N) 

 
0% (N) 

 
0% (N) 

Table 5. 4: Gating strategy - phase three. A summary of CD marker expression and gating percentages out of 100% for Post-SA cell lines based on gating all 
cells. The gated cell percentages (all cells gate) were out of total gating events 10,000 events (cells) by flow cytometry. 

N/A = not available, N= 0% Negative,  *(1%-5% = very weak (negative), **(6%-15%) = weak, ***(16%-49% = moderate, ****(50%-89 = strong, *****(90%-100% = very strong.  
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5.2.7 STS Gating Strategy - Phase Four screening for CSC 

Markers by Gating Large Cells Only on Post-SA Cell Lines 
In this stage only cell lines that survived the stress assay were assessed. The same 

methods were used (section 2.2.7 and Section 2.2.18), but the strategy was to gate 

only the large cells. Table 5.3 summarizes the expressions of each marker and the 

gating percentages for each cell line out of 100% live cells. Gating percentages were 

between (4%-8%) for all the cell lines. The expression results of CD44 were almost the 

same as previously tested (section 3.2.3, 3.2.4 and 5.2.6) for all cell lines.  ALDH 

activity however for all cell lines was consistently higher, brighter and more positive 

(85%-100%), than previously shown when gating all cells (section 5.2.6).  CD133 and 

CD90 showed weak expressions (1%-3%) except 21/11W2, which was negative. CD71 

expression was found to be brighter; the highest results were observed on 09/10 and 

02/11W1POST-SA2 (59%) and notably, 1% on SKUT-1. CD34 was also variable but 

had stronger expression than previously, the highest result was found on SKUT-1 

(58%) and negative/weak expression on 02/11W1POST-SA2 (2%). CD24 was 

negative on all cell lines. Co-expression for CD90, CD133, CD71 and ALDH with CD44 

was also detected Table 5.5. Some negative co-expression results were not included in 

the table. Figures 5.2 to 5.29) summarize the expression and co-expression 

differences of CD markers between pre and Post-SA cell lines. 
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      Cell line  
POST-SA  
(Gating 

Large Cells) 
Out of 100% 

gate 

 
 CD44 

     
ALDH 

 
CD71 

 
CD34 

 
CD133 

 
CD90 

 
CD24 

 
CD44 

/ 
ALDH 

 
CD71 

/ 
CD44 

 
CD24 

/ 
CD34 

 
CD90 

/ 
CD34 

 
CD90 

/ 
CD44 

 
CD133/
CD44 

SKUT-1 
(Leiomyosarcoma) 
     

!

 
5% 

 
91% ***** 

 
89% **** 

 
2% * 

 
58% **** 

 
1% * 

 
0% 
(N) 

 
0% 
(N) 

 
88% 
**** 

 
2% * 

 
0% 
(N) 

 
0% 
(N) 

 
0% 
(N) 

 
1% * 

13/12W2  
(Pleomorphic NOS 
sarcoma) 

 
4% 

 
99% ***** 

 
99% ***** 

 
37% *** 

 
12% ** 

 
0% (N) 

 
2% * 

 
0% 
(N) 

 
99% 
***** 

 
37% 
*** 

 
0% 
(N) 

 
2% * 

 
2% * 

 
0% (N) 

09/10 
(Dedifferentiated 
Liposarcoma) 

 
8% 

 
100% ***** 

 
85% **** 

 
59% **** 

 
17% *** 

 
1% * 

 
1% * 

 
0% 
(N) 

 
85% 
**** 

 
58% 
**** 

 
0% 
(N) 

 
1% * 

 
1% * 

 
1% * 

14/10 
(Pleomorphic NOS 
sarcoma) 

 
7% 

 
97% ***** 

 
93% ***** 

 
20% *** 

 
11% ** 

 
0% (N) 

 
1% * 

 
0% 
(N) 

 
91% 
***** 

 
19% 
*** 

 
0% 
(N) 

 
1% * 

 
1% * 

 
0% (N) 

02/11 W1 
(Leiomyosarcoma) 

 
7% 

 
98% ***** 

 
98% ***** 

 
43% *** 

 
19% *** 

 
1% * 

 
3% * 

 
0% 
(N) 

 
98% 
***** 

 
42% 
*** 

 
0% 
(N) 

 
3% * 

 
3% * 

 
1% * 

21/11W2 
(Myxofibrosarcoma) 

 
7% 

 
100% ***** 

 
90% ***** 

 
27% *** 

 
82% **** 

 
0% (N) 

 
0% 
(N) 

 
0% 
(N) 

 
90% 
***** 

 
24% 
*** 

 
0% 
(N) 

 
0% 
(N) 

 
0% 
(N) 

 
0% (N) 

02/11 W1 (POST-SA2) 
(Leiomyosarcoma)!

 
7% 

 
100% ***** 

 
100% ***** 

 
59% **** 

 
2% * 

 
0% (N) 

 
1% * 

 
0% 
(N) 

  
100% 
***** 

 
59% 
**** 

 
0% 
(N) 

 
1% * 

 
1% * 

 
0% (N) 

Table 5. 5: Gating strategy - phase four. A summary of CD marker expression and gating percentages out of 100% for Post-SA cell lines based on gating 
large cells only.  The gated cell percentages (large cells gate) were out of total gating events 10,000 events (cells) determent by the flow cytometry. 

 

 N/A = not available, N= 0% Negative,  *(1%-5% = very weak (negative), **(6%-15%) = weak, ***(16%-49% = moderate, ****(50%-89 = strong, *****(90%-100% = very strong.  
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Figure 5. 22: SKUT-1 cell line. A) Pre-SA. B) Post-SA. 

A comparison of different CD marker expression gating for all cell or large cells only, for cell line SKUT-1 
Pre and Post-SA populations using flow cytometry. The expression was based on one distinct cell 
population of each analysis. Averages and calculations for each marker are found in the previous dot plot 
graphs. The data corresponds to mean ± SEM from three independent experiments unless otherwise 
stated. SEM fitting and calculation was done using Graph Pad® Prism software (version 7).   

 
 
  

0

10

20

30

40

50

60

70

80

90

100

CD44
CD133

CD24
CD90

CD34
CD71

ALDH

CD44/CD71

CD44/ALDH

CD44/CD133

CD44/CD90

CD34/CD133

Pe
rc

en
ta

ge
 %

Antibodies

SKUT-1 Pre SA

All Cells

Large cells only

A)

0

10

20

30

40

50

60

70

80

90

100

CD44
CD133

CD24
CD90

CD34
CD71

ALDH

CD44/CD71

CD44/ALDH

CD44/CD34

CD34/CD133

Pe
rc

en
ta

ge
 %

Antibodies

SKUT-1 PSA

All Cells

Large cells only

B)



[IDENTIFICATION OF CANCER STEM CELLS IN SARCOMA] 
167$
$

!

! 167!

!

!
Figure 5. 23: 13/12W2 cell line. A) Pre-SA. B) Post-SA. 

A comparison of different CD marker expression gating for all cells or large cells only, for cell line 13/12W2 
Pre and Post-SA using flow cytometry. The expression was based on one distinct cell population of each 
analysis. Averages and calculations for each marker are found in the previous dot plot graphs. The data 
corresponds to mean ± SEM from three independent experiments unless otherwise stated. SEM fitting and 
calculation was done using Graph Pad® Prism software (version 7).    
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Figure 5. 24: 09/10 cell line. A) Pre-SA. B) Post-SA. 

A comparison of different CD marker expression gating for all cell or large cells only, for cell line 09/10 Pre 
and Post-SA populations using flow cytometry. The expression was based on one distinct cell population 
of each analysis. Averages and calculations for each marker are found in the previous dot plot graphs. The 
data corresponds to mean ± SEM from three independent experiments unless otherwise stated. SEM 
fitting and calculation was done using Graph Pad® Prism software (version 7).   
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Figure 5. 25: 14/10 cell line. A) Pre-SA. B) Post-SA. 

A comparison of different CD marker expression for gating all cells and large cells only, for cell line 14/10 
Pre and Post-SA populations using flow cytometry. The expression was based on one distinct cell 
population of each analysis. Averages and calculations for each marker are found in the previous dot plot 
graphs. The data corresponds to mean ± SEM from three independent experiments unless otherwise 
stated. SEM fitting and calculation was done using Graph Pad® Prism software (version 7).    
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Figure 5. 26: 02/11W1 cell line. A) Pre-SA. B) Post-SA. 

A comparison of different CD marker expression gating for all cells and large cells only, for cell line 
02/11W1 Pre and Post-SA populations using flow cytometry. The expression was based on one distinct 
cell population of each analysis. Averages and calculations for each marker are found in the previous dot 
plot graphs. The data corresponds to mean ± SEM from three independent experiments unless otherwise 
stated. SEM fitting and calculation was done using Graph Pad® Prism software (version 7). 
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Figure 5. 27: 21/11W2 cell line. A) Pre-SA. B) Post-SA. 

A comparison of different CD markers expression gating for all cells and large cells only, for cell line 
21/11W2 Pre and Post-SA populations using flow cytometry. The expression was based on one distinct 
cell population of each analysis. Averages and calculations for each marker are found in the previous dot 
plot graphs. The data corresponds to mean ± SEM from three independent experiments unless otherwise 
stated. SEM fitting and calculation was done using Graph Pad® Prism software (version 7).   
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Figure 5. 28: 02/1W1 cell line.  A) Pre-SA. B) Post-SA. 

A comparison of different CD marker expression gating for all cells and large cells only, for cell line 
02/11W1 Pre and Post-SA populations using flow cytometry. The expression was based on one distinct 
cell population of each analysis. Averages and calculations for each marker are found in the previous dot 
plot graphs. The data corresponds to mean ± SEM from three independent experiments unless otherwise 
stated. SEM fitting and calculation was done using Graph Pad® Prism software (version 7).   
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Figure 5. 29: Comparison for 02/11W1 cell line Pre-SA, Post-SA and Post-SA2 antibody 
expression. A) Gating all cells. B) Gating Large cells only.  

A comparison of CD marker expression gating all cells and large cells only for gates, for 02/11W1 for Pre 
Post stress assay phase two and three populations using flow cytometry. 02/11W2 Post-SA2 was the 
population of cells surviving the first SA and then recovered after another round of stress. The expression 
was based on one distinct cell population of each analysis. Averages and calculations for each marker are 
found in the previous dot plot graphs. The data corresponds to mean ± SEM from three independent 
experiments unless otherwise stated. SEM fitting and calculation was done using Graph Pad® Prism 
software (version 7).  
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5.2.8 Preliminary Analysis of Post-SA Cell Line 13/12W2 with 

New Potential Stem Cell Markers (CD19, CD154 and CD117) 
These extra markers CD19, CD117 and CD154 have not been tested before on 

different sarcoma subtypes. CD117 stains haemopoietic adult stem cells and 

osteogenic progenitor cells, and co-expression is a possible indicator for osteosarcoma 

(Adhikari et al., 2010, He et al., 2012). CD34 and CD19 also identify haemopoietic 

adult stem cells and may have value for some sarcoma subtypes (Harris et al., 2009, 

Abbaszadegan et al., 2017, Brown et al., 2017, Skoda and Veselska, 2018). In 

addition, CD154 (CD40L) was found positive (low level) in sphere forming cells (tumour 

sphere) from renal carcinoma which was rich in CSC and found to express on 

haematopoietic and non-haematopoietic cells. Also, CD154 is co-stimulation molecule 

of the tumour necrosis factor family (TNF), and involve in other pathological process 

related to the immune system development (Seijkens et al., 2010, Shen et al., 2018), a 

panel was constructed to cover these new markers, also considering their co-

expression with markers already tested, especially those not highly expressed.  

Unfortunately, due to technical challenges  (difficulty in finding the right conjugate 

colours) and time limits, the analysis could not performed as planned on all the cell 

lines that survived the stress assay. Therefore as an initial test only 13/12W2 was 

selected for this study, and it was found that CD154 and CD19 were negative (0%), but 

interestingly CD117 showed 6% positivity (weak) and was co-expressed at 4% with 

CD71. Furthermore, the cells were then analyzed by gating only the large cells and 

CD19 and CD154 were again negative, 1% for both. Notably, there was however a 

large increase in expression for CD117 at 36% and correspondingly co-expression with 

CD71 was also increased to around 10% positivity (Figure 5.30 and Figure 5.31). This 

experiment was performed only on one cell line due to the nature of this experiment, 

and the time limit, and although these results are interesting they are preliminary and 

so further modifications and adjustments would be ideal before repeating in order to 

achieve more reliability.   
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Figure 5. 30: These figures show the dot plot analysis of newly tested CD markers expression 
and co-expression on a Post-SA 13/12W2 using flow cytometry.  

 
The expression was based on one distinct cell population. The CD117 expression was 6%; CD19 and 
CD154 expression was 0%, CD34 expression was 2% and CD71 expression was 7%. Co-expression was 
CD71/CD34=2%%, and CD71/117=4%. Data presented was from only one experiment; due to the time 
limit technical issues. Data percentages were analysed and fitted by flow cytometry dot plot software.  
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Figure 5. 31: These figures show the dot plot analysis of new tested CD markers expression 
and co-expression on Post-SA 13/12W2 POST-SA whilst gating large cells only using flow 
cytometry staining. 

The expression was based on one distinct cell population. The CD117 expression was 36%, CD19 and 
CD154 expression was 1%, CD34 expression was 12% and CD71 expression was 37%. Co-expression 
was CD71/CD34=12%, and CD71/117=10%. Data presented was from only one experiment; due to the 
time limit and technical issues. Data percentages were analysed and fitted by flow cytometry dot plot 
software. 
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5.2.9 Statistical Analysis Using Linear Regression and 

Correlations 
In chapter three and in this chapter (sections from 5.2.4 to 5.2.7) the expressions and co-

expressions of potential CSC markers were investigated ( Al-Hajj et al., 2003, Adhikari et 

al., 2010, Cruz et al., 2012, Joshua et al., 2012,  Malanchi et al., 2012, Mannelli and 

Gallo, 2012, Trapasso and Allegra, 2012, Yang et al., 2015,! Yuce et al., 2011). The 

expression of each marker was displayed as a dot plot individually or when co-expressed 

with other markers, and two gating strategies were applied on pre-SA and Post-SA cell 

lines. In order to better understand the relationship, statistical analysis of all antibodies 

tested on the sarcoma cell lines in this study was performed using linear regression (see 

section 2.2.24). It was hoped that this analysis could better explain some of the findings 

and differences when gating large cell only as opposed to all cells, and would assist if 

finding if any antibodies are correlated and linear to each other representing the same 

state. Initially, the focus was on cell lines that survived the stress assay, but the other cell 

lines were included later in the analysis and the linear regression analysis was also 

performed on PC3 as the positive control and h-TERT as the negative control. The overall 

findings of these results detailed below showed that strong correlations were detected 

between the new markers used in this study and the more standard ones CD44, CD133 

and ALDH. Interestingly, these correlations were however diluted when gating all cells 

instead of gating only large cells. Also, the correlations of these markers were variable 

and so each cell line had it’s own signature. The results were consistent with the previous 

gating analysis results of all cells and large cells only in sections 5.2.4, 5.2.5, 5.2.6 and 

5.2.7. It is however important to remember that only single expression of the CD markers 

was performed in this preliminary statistical analysis. Pre and Post-SA expression levels 

were treated as one set of data, one as all cells gate and the second as large cells only. 

The correlations for pre and Post-SA separately and against each other (to look for any 

differences between them) in terms of all cells gate and large cells gate only showed 

stronger correlations in Post-SA large cells gates (data not shown here). However, pre 

and Post-SA percentages were treated as one set when the correlations analysis was 

carried out as shown below. The co-expression analysis was not carried out due to time 

limits and the enormous amount of data that would be generated and the difficulty to 

analyze and understand especially given that antibodies conjugation (colour) in co-

expression limited the ability to do complete co expression analysis, so the decision was 

made to leave the in-depth analysis for future work and focus at this study on the single 

expression only.    



[IDENTIFICATION OF CANCER STEM CELLS IN SARCOMA] 
178$
!

!

! 178!

5.2.9.1 SKUT-1 (Human Uterus Leiomyosarcoma (GIII)) 

SKUT-1 Strong Positive Correlations (R² from 1-0.8) 

By selecting all gates data based on the R squared value reveals that CD34 correlates 

strongly with CD71, CD71 with CD133 and CD34 with CD133, respectively 0.8, 0.8 and 

0.98. While gating large cells only, there are strong correlations between CD44 with 

ALDH; CD44 with CD34 and ALDH with CD34, R² results were 0.99, 0.95 and 0.9, 

respectively (Figure 5.32).  

SKUT-1 Medium Positive Correlations (R² from 0.7-0.5) 

Based on all gates R² results was 0.6 for ALDH with CD34. Gating large cells only found 

medium correlations for CD44 with CD71, ALDH with CD71 and CD34 with CD71. R² 

were 0.6, 0.6 and 0.5, respectively (Figure 5.32). 

 

SKUT-1 Weak Positive Correlations (R² from 0.4-0) 

Based on all gates CD44 weakly correlated with ALDH, CD44 with CD34, CD44 with 

CD71, ALDH with CD71 and CD133 with CD90 and R² values were 0.4, 0.02, 0.4 and 0.3, 

respectively. No week correlations were detected when gating for large cells (Figure 5.32). 
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Figure 5. 32: Linear regression analysis of correlations between the expression of different CD 
markers  (percentages) for SKUT-1 cell line. Data represent correlations for Pre and Post-SA 
single expression results as they treated as one set to roll out (all gates) and (large cells only) 
differences and the possible dilution of the CD marker expressions between the two gates.  

A) and B) show correlations based on all gates, while C) and D) show correlations based on gating large cells 
only. Data were based on the R squared value (R²). All calculations were done using Microsoft Excel (version 
2011).. 

5.2.9.2 STS (13/12W2) Pleomorphic NOS Sarcoma 

13/12W2 Strong Positive Correlations (R² from 1-0.8) 

Gating for all cells showed strong correlations for CD44 with ALDH, CD34, and CD71, R² 

values were 0.9, 0.8 and 0.8. ALDH correlation with CD71 was also strong =0.96.  

Gating for large cells only similarly had strong correlations for CD44 with ALDH, CD34 

and CD71, R² values were 0.8, 0.99 and 0.996, respectively. ALDH also correlated 

strongly with CD34 and CD71, R² values were 0.8 and 0.8, respectively. In addition, CD34 

was found to be strongly correlated with CD71, R² was 0.97 (Figure 5.33). 
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13/12W2 Medium Positive Correlations (R² from 0.7-0.5) 

Medium correlations were detected only when gating for all cells and CD34 correlated with 

ALDH and CD71, and R² values were 0.6 and 0.7 respectively. No medium correlations 

were detected when gating for just large cells, and it is important that these medium 

correlations found when gating for all cells were strong correlations on large cells only as 

mentioned above (Figure 5.33). 

13/12W2 Weak Positive Correlations (R² from 0.4-0) 

No weak correlations were detected on both gates (all gates and large cells) for this cell 

line (Figure 5.33). 

  

 

Figure 5. 33: Linear regression analysis of correlations between the expression of different CD 
markers  (percentages) for 13/12W2 cell line. Data represent correlations for Pre and Post-SA 
single expression results as they treated as one set to roll out (all gates) and (large cells only) 
differences and the possible dilution of the CD marker expressions between the two gates. 

A) and B) show correlations based on all gates, while C) and D) show correlations based on gating large cells 
only. Data were based on the R squared value (R²). All calculations were done using Microsoft Excel (version 
2011). 
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5.2.9.3 STS (09/10) Dedifferentiated Sarcoma 

09/10 Strong Positive Correlations (R² from 1-0.8) 

Gating all cells had strong correlations between ALDH and CD71 and CD133 with CD90 

R² values were 0.97 and 1 respectively. Gating large cells only showed strong correlations 

for ALDH with CD34 and CD71 R² values were 0.99 and 0.9 respectively. Also CD71 was 

correlated with CD34 and CD133 R² values were 0.9 and 0.8 respectively and CD133 

correlated with CD90 R² value was 1 (Figure 5.34). 

09/10 Medium Positive Correlations (R² from 0.7-0.5) 

Gating all cells produced medium correlations for CD44 with ALDH and CD71 with 

CD133, R² values were 0.5 and 0.6 respectively. No medium correlations were detected 

when gating for large cells only as they were already strongly correlated (Figure 5.34). 

09/10 Weak Positive Correlations (R² from 0.4-0) 

No weak correlations were detected on both gates (all gates and large cells only gate) for 

this cell line (Figure 5.34). 

5.2.9.4 STS (14/10) Pleomorphic NOS Sarcoma 

14/10 Strong Positive Correlations (R² from 1-0.8) 

Gating all cells produced strong correlations between CD44 and ALDH with a 0.9 R² 

value. Remarkably when gating just large cells strong correlations were found for all 

antibodies, ALDH was correlated with CD34 and CD71, R² values were 0.9 and 0.95 

respectively and CD34 with CD71 R² = 0.99 (Figure 5.35). 

14/10 Medium Positive Correlations (R² from 0.7-0.5) 

Medium correlations for ALDH with CD34 and CD71 had R² values of 0.7 when gating for 

all cells and no correlations were found for large cells gates (Figure 5.35). 

14/10 Weak Positive Correlations (R² from 0.4-0) 

There were weak correlations when gating for all cells results between CD44 with CD34, 

CD44 with CD71, CD34 with CD71 and R² values were 0.02, 0.1 and 0.3. Large cells only 

gating had weak correlations for CD44 with ALDH, CD44 with CD34 and CD44 with CD71 

with R² values of 0.3, 0.1 and 0.2 respectively (Figure 5.35). 
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Figure 5. 34: Linear regression analysis of correlations between the expression of different CD 
markers  (percentages) for 09/10 cell line. Data represent correlations for Pre and Post-SA single 
expression results as they treated as one set to roll out (all gates) and (large cells only) differences 
and the possible dilution of the CD marker expressions between the two gates. 

A) and B) show correlations based on all gates, while C) and D) show correlations based on gating large cells 
only. Data were based on the R squared value (R²). All calculations were done using Microsoft Excel (version 
2011). 
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Figure 5. 35: Linear regression analysis of correlations between the expression of different CD 
markers  (percentages) for 14/10 cell line. Data represent correlations for Pre and Post-SA single 
expression results as they treated as one set to roll out (all gates) and (large cells only) differences 
and the possible dilution of the CD marker expressions between the two gates. 

!
A) and B) show correlations based on all gates, while C) and D) show correlations based on gating large cells 
only. Data were based on the R squared value (R²). All calculations were done using Microsoft Excel (version 
2011). 

 

5.2.9.5 STS (02/11W1) Leiomyosarcoma 

02/11W1 Strong Positive Correlations (R² from 1-0.8) 

No strong correlations were found when gating for all cells. However, just gating large 

cells had strong correlations for all antibodies, CD44 was correlated with ALDH, CD44 

with CD34, ALDH with CD34, CD44 with CD71, ALDH with CD71 and CD34 with CD71, 

R² values were 1, 0.8, 0.8, 0.8, 0.8, 0.97, respectively (Figure 5.36). 
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02/11W1 Medium Positive Correlations (R² from 0.7-0.5) 

The only medium correlation found was when gating for all cells and that was between 

CD133 and CD90 with a value of 0.6 R² (Figure 5.36). 

02/11W1 Weak Positive Correlations (R² from 0.4-0) 

When gating for all cells weak correlations were found for CD44 with ALDH, CD44 with 

CD34, ALDH with CD34, CD44 with CD71, ALDH with CD71, CD34 with CD71 and CD71 

with CD133, R² values were 0.4, 0.01, 0.3, 0.04, 0.3, 0.01 and 0.2 respectively. In 

addition, CD133 with CD90 was also weak with R² value of 0.2 (Figure 5.36). 

 

 

Figure 5. 36: Linear regression analysis of correlations between the expression of different CD 
markers  (percentages) for 02/11W1 cell line. Data represent correlations for Pre and Post-SA 
single expression results as they treated as one set to roll out (all gates) and (large cells only) 
differences and the possible dilution of the CD marker expressions between the two gates. 

A) and B) show correlations based on all gates, while C) and D) show correlations based on gating large cells 
only. Data were based on the R squared value (R²). All calculations were done using Microsoft Excel (version 
2011). 
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5.2.9.6 STS (21/11W2) Myxofibrosarcoma 

21/11W2 Strong Positive Correlations (R² from 1-0.8) 

When gating for all cells strong correlations were found for CD44 with ALDH and CD34 

with CD71 with R² equals of 0.8 and 0.9 respectively. On the other hand gating for just 

large cells had strong correlations between ALDH with CD34, ALDH with CD71 and CD34 

with CD71 with R² values of 0.9, 0.9 and 0.97 respectively (Figure 5.37). 

21/11W2 Medium Positive Correlations (R² from 0.7-0.5) 

The only medium correlation found when gating for all cells and was between ALDH with 

CD34 with a 0.6 R² value  (Figure 5.37). 

21/11W2 Weak Positive Correlations (R² from 0.4-0) 

Weak correlations were detected between CD44 with CD34, ALDH with CD71 and CD44 

with CD71 with 0.4, 0.3 and 0.3 R² values respectively but only when gating for all cells. 

No weak correlations were observed in the large cells gates (Figure 5.37). 
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Figure 5. 37: Linear regression analysis of correlations between the expression of different CD 
markers  (percentages) (percentages) for 21/11W2 cell line. Data represent correlations for Pre 
and Post-SA single expression results as they treated as one set to roll out (all gates) and (large 
cells only) differences and the possible dilution of the CD marker expressions between the two 
gates. 

A) and B) show correlations based on all gates, while C) and D) show correlations based on gating large cells 
only. Data were based on the R squared value (R²). All calculations were done using Microsoft Excel (version 
2011). 
 

5.2.9.7 Overview of Correlations for All Sarcoma Cell Lines 

It is important to bear in mind there was a consistent pattern across the sarcoma cell lines 

to have more strong correlations when just gating for just large cells.  Furthermore, often 

correlations that were weak when gating for all cells were seen to be strong when just the 

large cells were gated for, and this was a consistent pattern for individual sarcoma cell 

lines. 
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Strong Positive Correlations for All Sarcoma Cell Lines (R² from 1-0.8) 

When gating for all cells the only strong correlations found across all sarcoma cell lines 

was between CD34 with CD71 with a 0.8 R² value. However, when gating just large cells 

strong correlations were found between CD133 with CD90 and CD44 with ALDH, 0.8 R² 

values for both (Figure 5.38). 

All Sarcoma Cell Lines Medium Positive Correlations (R² from 0.7-0.5) 

No medium correlations were detected on both gates (all gates and large cells) (Figure 

5.38). 

All Sarcoma Cell Lines Weak Positive Correlations (R² from 0.4-0) 

When considering all sarcoma cell lines together there were mostly weak correlations.  

Gating for all cells had weak correlations for CD44 with ALDH, CD44 with CD34, ALDH 

with CD34, CD44 with CD71, ALDH with CD71, CD133 with CD90 and CD71 with CD133; 

R² values were 0.4, 0.0, 0.03, 0.2, 0.3, 0.0 and 0.2 respectively. Large cell only gating 

also displayed weak correlations for ALDH with CD71, CD44 with CD34, CD44 with 

CD71, CD34 with CD71 and CD71 with CD133; with R² values of 0.2, 0.01, 0.3, 0.02 and 

0.1 respectively. No correlation was detected for ALDH VS CD34 (Figure 5.38). 

 



[IDENTIFICATION OF CANCER STEM CELLS IN SARCOMA] 
188$
!

!

! 188!

 

Figure 5. 38: Linear regression analysis of correlations between the expression of different CD 
markers  (percentages) for all sarcoma Pre-SA and Post-SA cell lines. Data represent correlations 
for Pre and Post-SA single expression results as they treated as one set to roll out (all gates) and 
(large cells only) differences and the possible dilution of the CD marker expressions between the 
two gates. 

A) and B) show correlations based on all gates, while C) and D) show correlations based on gating large cells 
only. Data were based on the R squared value (R²). All calculations were done using Microsoft Excel (version 
2011). 
 

5.2.9.8 Prostate Cancer Cell Line (PC3) 

Gating for all cells had only one strong correlation between ALDH with CD34; the R² value 

was 0.9. Interestingly the large cells gates analysis also only had one strong correlation 

between CD44 with CD71 and the R² value was 1. No medium correlations were detected 

on both gates (all gates and large cells).! Gating for all cells had weak correlations for 

CD44 with ALDH, CD44 with CD34 and CD44 with CD71; and R² values were 0.0, 0.01 

and 0.05 respectively. Large cells only gating found weak correlations for CD44 with 
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ALDH, CD44 with CD34 and ALDH with CD34; R² values were 0.3, 0.3 and 0.3 

respectively (Figure 5.39). 

5.2.9.9 Human Epithelial Retinal Cells (hTERT-RPE-1) 

The only strong correlation detected was between CD44 with ALDH; the R² value was 

0.97 and this was gating for all cells. No correlations were measured when gating for in 

large cells only, as there were no large cells to gate (Figure 5.39). 
 

 

  

Figure 5. 39: Linear regression analysis of correlations between the expression of different CD 
markers (percentages) for PC3 and h-TERT Pre-SA cell lines (both used as a control for this 
study). 

A) and B) show correlations for PC3 based on all gates and large cells only, while C) and D) show 
correlations for h-TERT based on gating all and large cells only, respectively. Data were based on the R 
squared value (R²). All calculations were done using Microsoft Excel (version 2011). 
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In conclusion, linear regression correlation analysis was performed to try to better 

understand their relationship and indicate how reliably they may be able to identify a CSC 

subpopulation. Linear regression as a statistical method can be used to assess the 

coefficient of determination and correlation coefficient between two variables; if there are 

any associations, this descriptive method aims to show data (independent and dependent 

variables) not linear to each other and convert into linear relation. The variables in our 

case were the known CSC and the suggested CSC markers. However, these correlations 

do not mean that these results were final and conclusive in this preliminary stage of 

analysis. Undoubtedly, more in depth statistical analysis is needed to have a better 

understanding. Due to the enormous amount of data that will be generated, the time limit 

and other reasons mentioned at the beginning of this section a full analysis could not be 

performed in this PhD study. In general, more strong correlations were found when just 

gating for large cells only, but there was variability between different sarcoma cell lines, 

and this may suggest that certain potential CSC markers are of relevance for some 

sarcoma cell types only.  The same outcome was found when this analysis was applied to 

combined analysis of all sarcoma cell lines and PC3. Also, it suggested that the relevance 

of the new markers used in this study could be considered as a new tool in detecting CSC 

subpopulations. The analysis also showed (data not included) a notable difference 

between Pre and Post-SA sarcoma cell lines when gating for large cells only between 

CD34, CD44, CD71 and ALDH with R² values of 1.  In other words POST-SA had stronger 

correlations between these markers, and the CD44 and ALDH correlations were 

increased, which could indicate the same cell state. Also, Post-SA populations gated for 

large cells only had stronger relations (R² =1) between CD44, ALDH and CD34 on SKUT-

1. 

 

Ultimately, the importance of using the more commonly known CSC markers and more 

newly identified markers in terms of detecting CSC populations is very dependent on 

correctly identifying and gating for the relevant population.  Here is suggested that gating 

for large cells is associated with increased expression of many of these putative markers. 

As there large cells were observed to be the ones that gave rise to recovered populations 

Post-SA it is suggestive that the enrichment for these markers correlates with the ability to 

survive, and potentially suggests these are putative CSC.  A finding that is also supported 

by the observation that the Post-SA population had comparably higher expression and 

more associations when large cells only were gated. In addition, these remarks also 

reflect the observation of the shift from medium and weak R² values to a strong correlation 

when gating for large cells was applied as summarized in Table 5.6.  
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Cell line Strong R² Value 

(0.8-1) 

Single expression 

Medium R² Value 

(0.5-0.7) 

Single expression 

Weak R² Value 

(0-0.4) 

Single expression 

SKUT-1 

All gates 

   CD34 vs. CD71 
CD71 vs. CD133 
CD34 vs. CD133 

 
 

ALHD vs. CD34 

CD44 vs. ALDH 
CD44 vs. CD34 
CD44 vs. CD71 
ALDH vs. CD71 
CD133 vs. CD90 

SKUT-1 

Gating Large cells 

CD44 vs. ALDH 
CD44 vs. CD34 
ALDH vs. CD34 

CD44 vs. CD71 
ALDH vs. CD71 
CD34 vs. CD71 

 
- 

13/12W2  

All gates 

CD44 vs. ALDH 
CD44 vs. CD34 
CD44 vs. CD71 
ALDH vs. CD71 

CD34 vs. ALDH 
CD34 vs. CD71 

 
- 
 

13/12W2  

Gating Large cells 

CD44 vs. ALDH 
CD44 vs. CD34 
CD44 vs. CD71 
ALDH vs. CD34 
ALDH vs. CD71 
CD34 vs. CD71 

 
 
- 

 
 
- 

09/10 

All gates 

ALDH vs. CD71 
CD133 vs. CD90 

CD44 vs. ALDH 
CD44 vs. CD71 

 
- 

09/10 

Gating Large cells 

ALDH vs. CD34 
ALDH vs. CD71 
CD71 vs. CD34 

 
- 

 
- 

14/10 

All gates 

 
CD44 vs. ALDH 

 

 
ALDH vs. CD34 
ALDHC vs. D71 

 

CD44 vs. CD34 
CD44 vs. CD71 
CD34 vs. CD71 

 
14/10 

Gating Large cells 

ALDH vs. CD34 
ALDH vs. CD71 
CD71 vs. CD34 

 
- 

CD44 vs. ALDH 
CD44 vs. CD34 
CD44 vs. CD71 

02/11W1 

All gates 

 
 
 
 
- 
 

 
 
 

CD133 vs. CD90 
 

CD44 vs. ALDH 
CD44 vs. CD34 
ALDH vs. CD34 
CD44 vs. CD71 
ALDH vs. CD71 
CD34 vs. CD71 

CD71 vs. CD133 
     CD133 vs. CD90 

 
 

02/11W1 

Gating Large cells 

CD44 vs. ALDH 
CD44 vs. CD34 

ALDHCD34 
CD44 vs. CD71 
ALDH vs. CD71 
CD34 vs. CD71 

 

 
 
 
- 

 
 
 
- 

21/11W2 

All gates 

CD44 vs. ALDH 
CD34 vs. CD71 

 
ALDH vs. CD34 

CD44 vs. CD34 
ALDHC vs. D71 
CD44 vs. CD71 

21/11W2 

Gating Large cells 

ALDH vs. CD34 
ALDH vs. CD71 
CD34 vs. CD71 

 
                - 

 
- 
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All sarcoma cell lines 

All gates 

 
 
 

CD34 vs. CD71 

 
 

 
 

   - 

CD44 vs. ALDH 
CD44 vs. CD34 
ALDH vs. CD34 
CD44 vs. CD71 
ALDH vs. CD71 
CD133 vs. CD90 

    CD71 vs. CD133 
 

 
All sarcoma cell lines 

Gating Large cells 

 
 

CD133 vs. CD90 
CD44 vs. ALDH 

 
 

   - 

ALDH vs. CD71 
CD44 vs. CD34 
CD44 vs. CD71 
CD34 vs. CD71 

CD71 vs. CD133 
 

PC3 

All gates 

 
ALDH vs. CD34 

 
- 

CD44 vs. ALDH 
CD44 vs. CD34 
CD44 vs. CD71 

PC3 

Gating Large cells 

 
CD44 vs. CD71 

 
   - 

CD44 vs. ALDH 
CD44 vs. CD34 
CD34 vs. ALDH 

h-TERT-RPE-1 

All gates 

 
CD44 vs. ALDH 

 
- 

 
- 

h-TERT-RPE-1 

Gating Large cells 

 
- 

 
- 

 
- 

Table 5. 6: Summary of the results of linear regression performed in this study, showing the 
correlation between different CD markers for established and Sheffield sarcoma cell lines that 
survived the stress assay. In addition, PC3 and h-TERT-RPE-1 also used cancer (positive control) 
and non-cancer (negative control).  The data were transformed into linear relation divided into three 
R² value groups (strong, medium and weak). All calculations were done using Microsoft Excel 
(version 2011). *All gates = all cells gated +large cells gated (two different gating strategies). 
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5.2.10 Clonogenic Assay Performed Post-sorting for CD44 and 

ALDH Co-expression Using Pre and Post-Stress Populations 
In this preliminary experiment the markers time limitations restricted the number or pre 

and Post-SA lines that could be tested so only two lines were studied, the commercial 

SKUT1 and 02/11W1.  Equally a restricted number of antibodies were tested and   CD44, 

CD34, CD90, CD24 and ALDH were selected. The suggested panel is given below.  

- Unlabeled (for each cell line). 

- Controls (for each cell lines and each colour). 

- CD90/CD34/CD24/CD44. 

- ALDH/CD34/CD24/CD44. 

There was however an immediate complication, because the number of cells to be sorted 

would be expected to be present only in very low numbers (2.2.19) and the flow machine 

took much longer than expected to sort the co-expression.  The results are therefore less 

reliable for this initial study and following advice by the lead FACS technician it was 

decided to sort based only on CD44 and ALDH co-expression. Table 5.7 is based on the 

findings of the previous studies of CD marker expression (see sections 5.2.4 to 5.2.7), and 

explains the percentages of each cell line gate and the CD markers expression in each 

gate. As shown below CD34 and CD90 gates were between 7% and 3%, which is 

considered as being very low and hard to isolate (Figure 5.40), on and based the previous 

(sections 5.2.4 and 5.2.7) the gates that supposedly enriched for CD90 and CD34 were in 

a different area. This experiment was performed only once due to the nature of this 

experiment and the time limit and needs to be repeated with some modifications in order 

to achieve a better understanding.    
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                      Cell line  

 
  CD44 

 
 ALDH 

 
  CD34 

 
  CD90 

SKUT-1 Pre-SA 
            (Leiomyosarcoma) 

     Gating All cells (78%)!

 
84% 

 
52% 

 
14% 

 
0% 

SKUT-1 Pre-SA 
            (Leiomyosarcoma) 

     Gating large cells (3%) 

 
72% 

 
62% 

 
63% 

 
1% 

SKUT-1 POST-SA 
            (Leiomyosarcoma) 

     Gating All cells (74%) 

 
74% 

 
12% 

 
7% 

 
0% 

SKUT-1 POST-SA 
            (Leiomyosarcoma) 

     Gating large cells (5%) 

 
91% 

 
89% 

 
58% 

 
0% 

02/11W1 Pre-SA 
            (Leiomyosarcoma) 

     Gating All cells (25%)!

 
99% 

 
99% 

 

 
12% 

 
0% 

02/11W1 Pre-SA 
            (Leiomyosarcoma) 

     Gating large cells (4%) 

 
99% 

 
99% 

 
17% 

 
1% 

02/11W1 POST-SA 
            (Leiomyosarcoma) 

     Gating All cells (84%) 

 
96% 

 
52% 

 
5% 

 
0% 

02/11W1 POST-SA 
            (Leiomyosarcoma) 

     Gating large cells (7%) 

 
98% 

 
98% 

 
19% 

 
3% 

Table 5. 7: Summary of CD marker expression for SKUT-1 and 02/11W1 (Pre-SA and POST-SA) 
when gating for all cells or large cells only. 

  
 

!
!
!
!
!
!
!
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Figure 5. 40: Dot plots show the gating strategy used to sort SKUT-1 and 02/11W1 pre and Post-
SA based on CD44 and ALDH positivity (gating all cells and only co-expression cells were sorted). 

Sorting was conducted prior to the clonogenic assay experiment. E) SKUT-1 Pre-SA number of cells sorted 
was (406,356 cells) and F) SKUT-1 Post-SA was (633,534 cells). While G) 0211W1 Pre-SA was (93,741 
cells) and H) 02/111W Post-SA was (317,824 cells). Sorting was done using flow cytometry sorter BD 
FACSDiva 8.0.1 
 

SKUT-1 (Pre-SA and POST-SA) 
Cell lines were sorted and the number of cells post-sorting was 406,356 cells for SKUT-1 

Pre-SA and 633,534 cells for SKUT-1 Post-SA. Then the isolated cells were kept in media 

and transported to the hood in preparation for the clonogenic assay; (extra precautions 
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were taken to avoid contamination). Cell lines were then seeded at different densities 

(250, 500, 1000, 2000 and 3000 cells) per Petri dish. SKUT-1 Pre-SA unsorted colonies 

numbers were 101, 171, 221 and 233 out of 250, 500, 1000, 2000 and 3000 cells seeded 

respectively. The SKUT-1 pre-SA sorted colony numbers counted were 24, 50, 99, 162 

and 220. SKUT-1 Post-SA unsorted colonies numbers were 55, 74, 127 and 264 and 

SKUT-1 Post-SA sorted colonies numbers were 45, 109, 142, 266 and 334. There was a 

clear difference in the colony forming ability between unsorted Pre and Post-SA (Figure 

5.41). Unsorted Pre-SA cells formed between 100 – 230 regardless of the cell seeding 

density.  Sorting based on CD44 and ALDH reduced the number of colonies for pre- SA at 

all densities and was similar to Post-SA at the lower densities.  Post-SA however had 

more colonies arising from the higher densities and this was increased for the sort 

population 

!
Figure 5. 41: The colony-forming capacity of SKUT-1 pre and post-stress populations comparing 
unsorted with sorted cells based on the co-expression of CD44 and ALDH.  The flow cytometry 
sorter BD FACSDiva 8.0.1 was used to sort.  

Cell lines were seeded at different densities (250, 500, 1000 and 2000 cells).  Using 3000 created issue with 
counting, as it was uncountable in the petri dish after seeding the cells in some experiments, the cells were 
confluent. SKUT-1 Pre-SA unsorted, colony numbers were 101, 171, 221 and 233, and SKUT-1 pre-SA 
sorted, were 24, 50, 99 and 162, respectively. SKUT-1 Post-SA unsorted colony numbers were 55, 74, 127 
and 264 and SKUT-1 Post-SA sorted, colonies were 45, 109, 142 and 266. This experiment was performed 
only once. Diagrams were done using Graph Pad® Prism software (version 7). 
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02/11W1 (Pre-SA and POST-SA) 
Cell lines were sorted and the number of cells post-sorting was 93,741 cells for 02/11W1 

Pre-SA and 317,824 cells for 02/11W1 Post-SA. Then the isolated cells were placed in 

media and transported to the hood in preparation for clonogenic assay (extra precautions 

were taken to avoid any contamination). Cell lines then were seeded at different densities 

(250, 500, 1000, 2000 and 3000 cells) per Petri dish. 02/11W1 Pre-SA unsorted colonies 

were 41, 73, 98 and 164 out of 250, 500, 1000 and 2000 cells seeded and for 02/11W1 

Pre-SA sorted the number of colonies were 50, 94, 162 and 209 respectively. 02/11W1 

Post-SA unsorted were 35, 56, 86 and 153 and for the sorted 55, 99, 180, 265 and 334. 

Interestingly, there were clear differences in the colony forming ability of Pre and Post 

based on co-expression of CD44 and ALDH with an increase in the colony forming ability 

post sorting (Figures 5.42). The pattern was more consistent here but did mirror the 

overall trend see for SKUT-1 

 

 

!
Figure 5. 42: The colony-forming capacity of cells seeded for 14 days for pre and Post-SA 
02/11W1 and comparing the ability when sorted for CD44 and ALDH using flow cytometry sorter 
BD FACSDiva 8.0.1 

Cell lines were seeded in different densities (250, 500, 1000 and 2000 cells). 02/11W1 Pre-SA unsorted, 
numbers of colonies were 41, 73, 98 and 164 and for 02/11W1 pre-SA sorted, the number of colonies out of 
250, 500, 1000 and 2000 cells seeded were 50, 94, 162 and 209 respectively. 02/11W1 Post-SA unsorted 
colonies numbers were 35, 56, 86 and 153 and for 02/11W1 Post-SA sorted 55, 99, 180, 265 and 334. This 
experiment was performed only once. Diagrams were done using Graph Pad® Prism software (version 7). 
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5.3 DISCUSSION 
The stress assay exploited the essential nutritional requirement for all cells to metabolize 

and survive and capitalized on the Warburg effect, defined as the network of metabolic 

alterations that occur to neoplastic cells (regulated by genetic and/or epigenetic 

mutations) (Pacini and Borziani, 2014). These changes happen to all neoplastic cells 

whether epithelial or mesenchymal and affect glycolysis, decrease the mitochondrial 

functions and oxidative phosphorylation and collectively are called the Warburg effect 

(Warburg et al., 1927). 

 

Stem cells are governed by different conditions related to the microenvironment and share 

common features such as low oxidative phosphorylation, reactive oxygen species (ROS), 

increased glycolysis and the intracellular ATP level is reduced (Siggins et al., 2008). 

These metabolic features have also been identified in adult stem cells and embryonic 

stem cells, and when these cells start to differentiate these metabolic features change, 

with the recovery of oxidative phosphorylation and mitochondrial biogenesis and the 

elevation of ROS. Chen et al. investigate these changes in hESCs, in myotubes and 

myoblasts during differentiation (Chen et al., 2008). Glucose oxidation as a result of 

glycolysis happened in aerobic conditions, leading to partial pressure of O2 inside the 

cells and this low oxygenation as seen with cancers is related to  Warburg effect (Tennant 

et al., 2010).   

 In cancers the imbalance in the ratio of NADH/NAD
+

 as a result of energy metabolism 

with glycolysis is important to maintain NADH storage and prevent lactic acid production 

(Kim and Dang, 2006). Excessive production of lactic acid is as a result of pH decreases 

and will promote neo-angiogenesis through hypoxia-inducible factor-1 (HIF-1) stimulation 

(Goetze et al., 2011). Elevation of the lactate dehydrogenase-5 (LDH-5) isoform is 

correlated with most cancers and inhibition of LDH-5 affects proliferation (Li et al., 2012). 

Furthermore, neoplastic cells have high expression of an enzyme protein NADPH/NADH-

oxidase (NOX) that is regulated by the rat sarcoma oncogene. Increased activity of both 

enzymes in cancer cells forms large amounts of superoxide anion and hydrogen peroxide 

(Kawahara and Lambeth, 2007) and NOX activity is necessary to maintain the strong 

glycolytic flux and adjust alterations of NADH/NAD
+ 

ratio and is responsible for increasing 

ROS (Lu et al., 2012).  It is important to bear in mind that EMT is associated to the 

Warburg effect and to citrate synthase deregulation (Lin et al., 2012). In malignancy there 

is a link between EMT and intracellular ATP levels and the reactivation of specific ATP 

levels activates p53 and suppresses EMT (Lin et al., 2012). All these observations 
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suggest that the Warburg effect plays a role in the undifferentiated state of the cells, and 

as such stemness with hypoxic conditions is particularly employed to investigate and 

isolate CSC. In osteosarcoma cell putative CSC CD133+ve cells were sorted under 

hypoxic conditions and had a high level of ATP and LDH and low glucose uptake 

compared to ATP levels. In addition, both CD133+/-ve cells had high levels of ATP and 

LDH and less glucose uptake, meaning that metabolism uses another fuel to maintain 

cells (Koka et al., 2018). Investigation of these cells revealed that there was also 

expression of other stem cell markers, including c-Myc, SOX2, Oct4 and TERT with HIF-

1α, and other markers such as CD44 (as metastasis marker) and ABCG2 (as a drug 

resistance marker) were also highly expressed. Most importantly, the CD133+ve CSC 

cells under normoxic condition did not show the Warburg effect and a higher proliferation 

rate was observed for CD133+/-ve under hypoxic condition (Koka et al., 2018). All these 

complex Warburg effect interactions open a new avenue to understand CSC roots and the 

changes that happened to the cells post-stress assay.  

 

5.3.1 Does The Stress Assay Select for Potential CSC by 

Identifying Cells Capable of Recovery? 
In this study the cells recovered after the stress assay were compared with the parental 

non-stressed version of the cell line.  A number of trends were apparent, and it was seen 

that Post-SA cell lines consistently had slower proliferation, that is increased doubling 

times, (figures 5.2, 5.3, 5.4 and table 5.1), although this was not highly significant.  

Furthermore, Post-SA cell lines had lower clonogenicity with less clonal efficiency (figures 

from 5.5 to 5.13) a finding that was highly significant for some cell lines such as the 

myxofibrosarcoma (figure 5.13 and 5.8). These observations at first seem at odds when 

CSC are considered as driving cancer development, it might therefore be expected that 

these recovered Post-SA lines would have higher proliferative rates with greater 

clonogenicity and clonal efficiency.  So, it is therefore possible that these recovered 

populations are not CSC but instead are quiescent cells amongst the heterogeneous 

population of the cell line?  If so as quiescent cells it would be reasonable to expect that 

growth rate, clonogenicity and clonal efficiency may be less as the cells slowly recover 

(Zeuner et al., 2014, Lin et al., 2015, Alves et al., 2018). However, Otte et al. in their study 

found changes as part of extended culture, with observations of MSC in long-term culture 

for more than 190 days compared to umbilical cord-MSC (UC-MSC) (Otte et al., 2013). 

Identical doubling and cell cycle results were seen until passage 10 by both Mesenchymal 
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stem cells (MSC) and UC-MSC, but thereafter changes ensued and it seemed that here 

the absence of umbilical cord tissue microenvironment resulted in the MSC having a 

reduction in population doubling, cell cycle, greater senescence and absent MSC CD 

markers, suggesting that cells lost their stemness ability. 

An alternative theory is that these Post-SA cell lines are more reminiscent of the original 

tumour population, and as potentially less heterogeneous they are consequently less 

likely to have shown drift specifically through adaption to culture.  Certainly in contrast to 

Otte et al., there is evidence that suggests that cell lines grown in culture change and 

adapt and have increased proliferation and clonogenicity (Jiang et al., 2012, Froelich et 

al., 2013, Danisovic et al., 2017, Stepniewski et al., 2019).  These changes sometimes 

happened after a few passages, Danisovic et al. found changes in morphology, 

proliferation kinetics and cell cycle after long-term culture (30 passages) of adipose tissue 

derived stem cells (hADSCs). Furthermore, the cell –to- cell extracellular interactions were 

lost, and mesenchymal markers were negative, such as CD34, CD45 and CD20. 

Significantly they notice that the expression started to decrease after passage 25 

(Danisovic et al., 2017). This observation is consistent with other studies, with MSC from 

bone marrow losing their immunophenotye after only the 12th passage (Pogozhykh et al., 

2015) and tonsil derived MSC after the 15th passage (Yu et al., 2014). Other 

transformations were also reported by Danisovic, with morphological differences observed 

after passage 7; cells become larger and there was a reduction of telomerase activity after 

long culture (Danisovic et al., 2017). That said, the long-term modifications of cells as they 

adapt to culture and the development of increased heterogeneity are poorly understood, 

but there does seem to be consistency for a loss of putative stem cell markers over 

extended culture (Jiang et al., 2012, Froelich et al., 2013, Burton and Faragher, 2015, 

Danisovic et al., 2017, Stepniewski et al., 2019). 

  

Here, the primary angiosarcomas cell lines (sections 3.2.2.15- 3.2.2.18 and table 3.3) only 

grew for a limited period of time and rarely reach more than passage 6, and were very 

slow in terms of proliferation. Furthermore they also had much lower CE (section 3.2.5). In 

contrast the higher passage number of the Sheffield derived cell lines correlated to greater 

clonal efficiency and proliferation. (Figure 3.12, tables 3.3 and 3.2) These observations 

may indeed suggest that Post-SA cell lines are more like the original tumour when the 

cells were first established in the media. Certainly there was increased CD marker 

expression for the post -SA cell lines; suggesting that the Sheffield derived lines had lost 

some expression for putative CSC markers (as mentioned above).  Potentially more 

important was the observation from the aCGH results (section 5.2.3) that suggested the 
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genetic changes of the recovered cell lines more closely matched the original tumours, 

supporting the theory of genetic drift over time in culture (Wagner, 2012, Nickkholgh et al., 

2014, Stepniewski et al., 2019, Halliwell et al., 2020). How quickly this drift happens may 

vary with some phenotypic changes, such as morphological, occurring quickly since cells 

that survived the stress assay were larger in size (chapter 4), but reverted to the size of 

the cells before the stress assay.  These observations all seemingly suggesting that 

cultural adaption for some aspects can ensue quickly. It could therefore be that extended 

time in culture dilutes any potential CSC population that is present within the original 

tumour, and hence the established cell lines derived in the 1970’s would be highly unlikely 

to retain such a population as indeed was found in this study (sections 5.2.1, 5.2.2, 5.2.3 

and 5.2.6). 
 

5.3.2 If The Stress Assay Does Enrich for CSC What Markers 

Could Be of Value for Sarcomas? 
In this study cell lines that survived the stress assay were investigated for potential 

differences to those of the Pre-SA parental population in order to see if the assay could 

serve as a biological method to enrich and identify sarcoma CSC. In chapter 3 the use of 

these potential CSC markers failed to provide evidence for their relevance to sarcoma.  

Here following analysis of the Post-SA population and comparison with the Pre-SA cell 

line, it was possible to develop a hierarchy for sarcoma CSC based on the CD markers 

analysed in this study (Figure 5.43), accounting for observations that large cells seem to 

initiate post survival and thus gating for them.  
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Figure 5. 43: A possible hierarchy in order to detect and identify a sarcoma CSC subpopulation 
based on single and co-.expression of potential CSC markers.  The basis comes from the findings 
of this study considering the heterogeneity of sarcoma and the possibility to enrich by selective 
gating for large cells and is supported by published studies. Each colour represents a CD marker 
and is based only on the strategy of gating for large cells.   

 

In general Post-SA cells and particularly when gating for large cells showed a greater 

expression of putative CSC markers that had only been expressed at low levels in the 

parental population (table5.5, and figures from 5.22 to 5.28).  As found earlier CD44 and 

ALDH positivity was highly expressed and consistent for all subtypes of sarcoma and thus 

the findings here suggest that used on their own they have no relevance to the 

identification of sarcoma CSC; although could be considered a pan CSC marker for 

sarcomas to be used in combination and for hierarchal analysis. CD44 is the most 

common marker investigated in the literature for CSC and it increased expression is often 

associated with poor survival (Wei et al., 2016, Yang et al., 2016, Abbaszadegan et al., 

2017, Najafi et al., 2019b, Sonbol et al., 2019, Atashzar et al., 2020,). Equally higher 

expression of ALDH1 in single expression studies is thought to associate with poor 

survival (Liu et al., 2015, Horimoto et al., 2016, Zhao et al., 2018), as does CD133 used in 

combination with other markers (He et al., 2012, Zambo et al., 2016).  High expression of 

ALDH has also been considered to identify more tumourigenic sarcoma cells (Awad et al., 

2010, Honoki et al., 2010, Lohberger et al., 2012b, Nakahata et al., 2015, Martins-Neves 

et al., 2016).  Due to the small number of sarcomas studied here it was not possible to 

draw such conclusions.  
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The results of ALDH in this study also need careful consideration when interpreting them, 

because of the different isoforms that can be related to CSC phenotype, and ALDH 

activity could indicate heterogeneity, as has been found in osteosarcoma (Honoki et al., 

2010). The variability for the expression of ALDH as found in this study (Sections 3.2.3, 

3.2.4.2 and 5.2.6.1) is possibly related to heterogeneity or the effect of culture, since all 

angiosarcoma in this study only had low ALDH expression ranging from 4% to 7% (figure 

3.6).  This could be subtype specific associations, but the later passages of the other 

sheffield sarcoma derived cell lines had higher ALDH expression. Equally this may be 

cultural adaption either through selection of subpopulations or increased heterogeneity, 

but alternatively the constituents  could promote ALDH activity over prolonged culture. It is 

of interest that most sarcoma reported to have high ALDH expression are associated with 

the overexpression of the transcription factor Sox2 (Wang et al., 2011, Lohberger et al., 

2012b, Nakahata et al., 2015, Martins-Neves et al., 2016a). Sox2 (embryonic stem cell 

pluripotency factor) is known for playing an important role in the maintenance of the stem 

cell state and determination of cell fate, and high levels indicate poor prognosis and 

tumour recurrence (Wang et al., 2011, Lohberger et al., 2012b, Nakahata et al., 2015, 

Martins-Neves et al., 2016). In sarcoma Sox2 is also known for CSC phenotype 

maintenance and other factors such as Nanog and Oct4 in association with Sox2 also 

play the same role (Wuebben and Rizzino, 2017). Sox2 is also suggested to be acting as 

an oncogene as well (Skoda et al., 2016, Wuebben and Rizzino, 2017). As this study was 

started at a point when there was little information available on possible CSC markers for 

sarcoma, particularly STS, the assessment centered on those markers commonly of value 

in more mainstream cancers. There are now more studies and the relationship between 

CSC markers and sarcomas are seen in Figure 5.44 and Table 5.8.  It is however 

important to bear in mind that much of this work comes from the study of bone sarcomas, 

and STS may have an entirely different pattern.  Furthermore, Synovial sarcomas are 

translocation driven unlike STS which are characterized by their high instability and 

confirmed by this study (figures from 5.14 to 5.19). 
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Figure 5. 44: A diagram showing overlapping of CSC markers in different sarcomas. Note the 
central position of core embryonic stem cell pluripotency factors (dashed circle), out of which Sox2 
is shared among all reviewed sarcoma subtypes. * Cell surface (membrane) proteins; † proteins 
that are not well understood with complex subcellular localization. Adapted from (Skoda and Veselska, 
2018). 

!
!

CSC markers 

& 

some sarcoma 

subtype 

Supporting evidence  Opposing evidence 

Osteosarcoma 
ABCG (Tirino et al., 2008, Adhikari 

et al., 2010, Martins-Neves et 
al., 2016b) 

(Skoda et al., 2016, Zhang et 
al., 2015) 
 

ALDH (Honoki et al., 2010, Martins-
Neves et al., 2016a) 

 

CD49f (Ying et al., 2013) (Penfornis et al., 2014) 

CD117 (c-kit) (Adhikari et al., 2010) 
 

(Yang et al., 2011, Zhang et 
al., 2015)  

CD133 ( Tirino et al., 2008, Veselska 
et al., 2008) 
 

(Tirino et al., 2011, Yang et al., 
2011, Saini et al., 2012, 
(Zhang et al., 2015, Skoda et 
al., 2016)  

CXCR4 (Adhikari et al., 2010)  

Nanog (Tirino et al., 2011, Wang et 
al., 2011)  

(Skoda et al., 2016) 
 

Nestin (Veselska et al., 2008, Tirino 
et al., 2011) 

(Skoda et al., 2016) 
 

Oct4 (Tirino et al., 2011, Wang et 
al., 2011)  

(Skoda et al., 2016) 
 

Sox2 (Tirino et al., 2011) 
(Wang et al., 2011, Basu-Roy 
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et al., 2012, Martins-Neves et 
al., 2016a, Skoda et al., 
2016, Wang et al., 2017) 

SSEA-4 (Zhang et al., 2015)  

Stro-1 (Adhikari et al., 2010) (Zhang et al., 2015) 

Ewing’s sarcoma 
ALDH (Awad et al., 2010)  

CD57 (Wahl et al., 2010) (Leuchte et al., 2014) 

CD133 (Suva et al., 2009, Riggi et 
al., 2010)  

(Jiang et al., 2010, Leuchte et 
al., 2014, Skoda et al., 2016) 

Lgr5 (Yu et al., 2021)  

Nanog (Suva et al., 2009, Riggi et 
al., 2010) 

(Skoda et al., 2016) 
 

Oct4 (Suva et al., 2009, Riggi et 
al., 2010) 

(Skoda et al., 2016) 
 

Sox2 (Riggi et al., 2010, Ban et 
al., 2011, Ren et al., 2016a, 
Skoda et al., 2016)  

 

Rhabdomyosarcoma 
ALDH (Nakahata et al., 2015)  

CD133 (Sana et al., 2011, Pressey 
et al., 2013) 

(Hirotsu et al., 2009, Skoda et 
al., 2016)  

FGFR3 (Hirotsu et al., 2009)  

Nanog (Walter et al., 2011) (Skoda et al., 2016) 

Nestin Sana et al., 2011 (Skoda et al., 2016) 

Oct4 (Walter et al., 2011) (Skoda et al., 2016) 

Sox2 (Walter et al., 2011, 
Nakahata et al., 2015, 
Skoda et al., 2016, 
Slemmons et al., 2017) 

 

Synovial sarcoma & others 
ALDH (Lohberger et al., 2012b)  

CXCR4 (Kimura et al., 2016)  

Sox2 Lohberger et al., 2012b, 
(Kadoch and Crabtree, 
2013) 

 

Table 5. 8:! The most common CSC markers (single expression) considered of relevance to 
sarcomas subtypes. Amended and adapted from (Skoda and Veselska, 2018). 

As indicated in Figures 5.43 and 5.44 some of the putative CSC markers appear subtype 

specific and do not overlap with other markers. The overlapping of markers reflects their 

location, with those of the cytoplasm demonstrating overlapping, but not for markers 

expressed on the surface, a finding that has been reported previously but could indicate 

the ability to identify CSC in different subtypes of sarcomas (Skoda and Veselska, 2018). 
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At the opposing end the most dedifferentiated and potentially pluripotent subtype, 

pleomorphic NOS, were enriched for all putative CSC markers.  The findings suggest that 

it is possible that these cells in pleomorphic NOS are more primitive cells because of their 

dedifferentiated status, and thus could inherently hold CSC properties and hence will be 

inclined to express CSC markers. The finding however that the population capable of 

regeneration post stress for all sarcoma subtypes (or when gating for large cells) has 

increased putative CSC expression, suggests that the number of cells are increased using 

this strategy, and that this maybe a way of enriching for CSC.  Some markers were of 

particular interest for example CD117, relevant to hematopoietic stem cells and known to 

stain mesenchymal cells (Foster et al., 2018, Bellio et al., 2019, Hatina et al., 2019, Li et 

al., 2019), showed interesting results when co-expressed with CD71 and CD34 and may 

offer a strategy for CSC selection. 

 

CD71 was positive only on Sheffield derived cell lines, and although there are no studies 

for CD71 usage in any of these sarcoma subtypes, the findings here could link CD71 

expression to primary cell lines only and not the established cell lines that are more 

adapted to the culture. By comparing the results of CD71 in this study between pre and 

Post-SA gating large cells, the expression level of CD71 in cell lines (14/10, 13/12W2 and 

09/10) Post-SA was lower by few percentages (between 5%-29%). These results appear 

to suggest that the stress assay does not enrich for CSC or that CD71 is not a useful 

marker for sarcoma.  However, the 21/11W2 cell line Post-SA had, double the expression, 

from 11% to 27% and markers unsurprisingly may be subtype specific.  CD117 

expression (pilot study section 5.2.8) showed some promising results in terms of co-

expressing with CD34 and CD71 on 13/12W2, and the expression was increased when 

large cells were gated in this pilot study. Although not conclusive enrichment for CSC 

markers was consistently found in this study post stress, and markers such as CD71 and 

CD117 in combination or by themselves may be of value to the identification of CSC in 

sarcomas. 

5.4 SUMMARY 
In this study, sarcoma cell lines pre and post-stress assay were screened using a variety 

of assays to explore the differences and see if the stress assay could provide a possible 

method of enriching for sarcoma CSC. The findings showed significant differences and a 

small subpopulation was identified that could contain cells that possess CSC 

characteristics; based on the findings in chapter four (0.0003% to 0.121%) percentage 

survival out of 1 million cells, which is considered to be very low and from FACS (markers 



[IDENTIFICATION OF CANCER STEM CELLS IN SARCOMA] 
207$
$

!

! 207!

expression) around 1%-3% positivity staining putative markers out of 4%-8% gated large 

cells which is also very low.  FACS, results and CD markers co-expression showed the 

importance of not relying on single markers to investigate and isolate these cells.  The 

stress populations were however seemingly enriched for CSC markers and this could be 

further enhanced by gating for the larger cells that were observed to initiate colony 

development post stress.  In particular CD117 showed promising potential results in this 

pilot study as it was co-expressed with other monoclonal antibodies. MTT, clonogenic and 

linear regression results support the findings of this possible CSC subpopulation and 

aCGH showed notable differences in cell lines between pre and post-stress assay. Some 

regions may be of particular relevance and require further study (2q, 7(p/q), 8(p/q), 

12(p/q), 18 (p/q) and 22 q), and more in depth interrogation of the data to fully explore this 

aspect of the study. 
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Figure 6. 1: A summary of the approach used in this PhD study, and the methodology for each aspect of the investigation research.
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6. FINAL DISCUSSION  

6.1 STUDY SUMMARY TO APPROACH AND OBJECTIVE 
There are many different sarcoma subgroups (Jundt, 2018) but overall they account for 

around 1% of all tumours and specifically account for 15% of pediatric tumours.  In terms 

of therapy sarcomas are a challenge, as they can be highly aggressive, relapsing and 

metastasizing ( Dancsok et al., 2017, Sandler et al., 2019). The CSC subpopulation is a 

group of cells within tumours that have the property of self-renewal and differentiation to 

both progenitor cells and more mature cells forming a heterogeneous population. These 

cells can initiate and be responsible for tumour recurrence, progression and metastasize, 

and are known for their chemo-radiotherapy resistance. These stemness properties are 

governed by many pathways that could be detected by biomarkers. This PhD tries to 

explore the presence of this subpopulation and what implication and impact their 

identification may have to patient treatment (Dick, 2008, Bomken et al., 2010, Fanali et al., 

2014, Baba and Akashi, 2015). 

 

There has been intensive study of CSC and their importance for epithelial cancers, but far 

less is known about CSC in sarcoma, or their existence, and most work has been on 

pediatric bone sarcomas (Todorova, 2014, Genadry et al., 2018, Skoda and Veselska, 

2018,,Hatina et al., 2019b, Martinez-Delgado et al., 2020). This study looked to reliably 

identify CSC in STS acting as a starting point for future investigation to target and 

eradicate them.  A summary of the approach and methodology used in this PhD is 

illustrated in Figure 6.1. Initial work focused on the use of markers that have been shown 

as useful CSC markers for other cancers (chapter 3).  As the use of markers had not been 

successful, a different approach was taken to see if CSC populations could be identified in 

sarcomas through the development of a functional assay, to isolate and enrich for CSC 

(chapter 4). Following the so called stress assay, the next step was to compare the 

outcome of surviving post recovery cells lines with their matched non-stressed parental 

cell lines, to see what differences existed and whether the findings were consistent with 

the enrichment for CSC. 

 

6.2. ARE THERE RELIABLE CSC MARKERS FOR SARCOMA?  
One of the biggest challenges to the identification of CSC in sarcoma is the sheer number 

of subtypes. Most work has been done on a small subset of pediatric bone cancers and 

even then there are conflicting findings CD133 and CD117 were suggested as CSC 

markers in osteosarcoma and CD133 in Ewing’s sarcoma but not all investigations could 
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confirm their potential (Jiang et al., 2010, Yang et al., 2011).  The initial approach at the 

start of this investigation many years ago was to focus on those markers considered at the 

time as most relevant to cancers in general, and specifically to sarcomas, although as 

mentioned most of this work centered on bone cancers.  

 

Tumor Markers References 

Colon CD44+, CD133+, CD166+, CD24+, 

EpCAM+, ESA+, ALDH1+ 

Botchkina (2013); Tseng et al. (2015) 

Esophagus CD44+, CD24+, CD133+, ABCG2+, 

CXCR4+, ALDH1+ 

Qian et al. (2016) 

Stomach CD44+, CD44V8‐10+, CD133+, 

CD24+, CD54+, CD90+, CD49f+, 

CD71+, EpCAM+, ALDH1+ 

Brungs et al. (2016) 

Pancreas CD44+/CD24+, CD133+, ESA+, 

ALHD1+ 

Li et al. (2007); Zhan, Xu, Wu, Zhang, 

and Hu (2015) 

Breast CD44+/CD24−, ALDH1+ Carrasco et al. (2014) 

Brain CD44+, CD133+ Jackson, Hassiotou, and Nowak, (2015) 

Lung CD44+, CD133+, CD166+, ALDH1+ Lundin and Driscoll (2013) 

Ovarian CD44+, CD133+, CD24+, CD117+, 

EpCAM+, ALDH+ 

Zhan, Wang, and Ngai (2013) 

Prostate CD44+/CD24−, CD133+, α2β1high, 

ALDH1+ 

Collins, Berry, Hyde, Stower, and 

Maitland (2005); Sharpe, Beresford, 

Bowen, Mitchard, and Chalmers (2013) 
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Liver CD44+, CD133+, CD90+, CD13+, 

EpCAM+ 

Sun, Luo, Liu, and Song (2016) 

Melanoma CD20+, CD133+, CD271+ Lang, Mascarenhas, and Shea (2013) 

HNSCC CD44+, CD133+, ALDH+ Krishnamurthy and Nor (2012) 

AML CD34+/−, CD38+/−, CD90‐/+, CD123+, 

CD45RA+, CD33+, CD13+, CD44+, 

CD96+, CD47+, CD32+, CD25+, CLL‐

1+, TIM3+ 

Horton and Huntly (2012) 

MM CD138‐, CD19+, CD27+ Matsui et al. (2008) 

Table 6. 1: Overview of suggested markers for cancer stem cells for different cancers. Adapted from 
(Abbaszadegan et al., 2017). 

 

In this study PC3 a reliable prostate cell line used for many CSC studies was used as a 

positive control and a normal retinal cell line as the negative. The most studied markers 

are CD44, CD133 and ALDH.  As CD44 has been identified as a marker for mesenchymal 

stem cells its high expression in sarcomas is not altogether surprising (Ullah et al., 2015). 

CD44 appears to be a pan-cancer antibody and was the most commonly investigated 

marker in literature, but even for CD44 there are conflicting findings on colorectal cancer 

that indicate is not a pan-CSCs marker, and similar issue also apply to CD133 and ALDH 

(Al-Hajj et al., 2003, Hernandez-Vargas et al., 2011, Karamboulas and Ailles, 2013,  

Fanali et al., 2014, Woodward et al., 2014). Despite the possible controversy it was still 

important to exclude /confirm their importance in this investigation. CD44 may have a 

value as shown here for hierarchal studies (figure 5.43) and ALDH may relate to cultural 

adaption, either increases heterogeneity and or proliferation (sections 3.3.4.2, 3.3.3 and 

5.3.2), whilst CD133 may be of relevance to subtypes of sarcoma (figure 5.43). For other 

markers less is known and the pattern is more variable such as CD71 (Villanueva-Toledo 

et al., 2014), but there can be consistency with most cell lines being negative for CD24 

(Aigner et al., 1997,  Karahan et al., 2006,  Phillips et al., 2006, Gao et al., 2010, Yeung et 

al., 2010, Lu et al., 2011, Stratford et al., 2011, Tirino et al., 2011, Malanchi et al., 2012, 

Yang et al., 2014, Rao and Mohammed, 2015), as indeed was found in this study (table 

5.4 and 5.5). Certainly, as suggested here CD44 has no clear value but CD34, CD71, 
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CD133 and potentially ALDH may have some impact, depending on subtype or as part of 

the enrichment for CSC as was discussed and investigated in chapters three and five. 

Pilot data also suggest that other markers specifically CD117 are of interest for sarcoma 

(section 5.2.8) Overall, this study suggest there is substantial variability for the relevance 

of CSC markers to STS, and the expression of these markers in the normal cell line also 

calls into question the reliability of these markers. It is however important to bear in mind 

that the retinal normal cell line was not indeed entirely normal, since the cells had become 

immortalized through hTERT, and as TERT is a putative CSC marker (El-Badawy et al., 

2018), it may be expected that this could also impact on the expression of other markers 

associated with CSC and hence account for some of the findings as presented here. 

 

This study found interesting results for CD71 and the positivity of CD71 noted for Sheffield 

cell lines has not been reported before.  It was of interest that this was not expressed by 

the commercial lines. Also, the data on CD117 from the pilot study may serve to identify 

these 2 markers of relevance to STS, specifically the subtypes such as NOS.  However as 

NOS are highly dedifferentiated the question arises as to whether the marker identifies 

CSC, or just associates with this subtype as part of the deregulation exhibited by them.  

CD71 protein is the transferrin receptor, and regulates through iron accumulation the 

stemness of cancer derived CSC like cells (Xiao et al., 2020). As part of recovery from the 

stress assay the uptake of iron would be essential and hence CD71 may be a critical 

marker for CSC ability to recover, or it could still relate to quiescent cells (Fryknas et al., 

2016). The transferrin receptor is located at chromosome 3q29, and in this study there 

was no indication to specifically suggest that the region was important, but comparison of 

all STS did suggest that the region was certainly retained Post-SA and possibly amplified 

(figures 5.15, 5.16, 5.17, 5.20 and table 5.2).  CD117 protein (mast stem cell growth factor 

receptor) is a transmembrane tyrosine kinase growth factor receptor, and strong staining 

is found in gastrointestinal stromal sarcomas (GISTS) (Parfitt et al., 2008, Novelli et al., 

2010, Riddle et al., 2011, Yulianti and Hernowo, 2015).  Although not specifically related 

to other STS its expression may therefore be part of a recovery process and therefore 

identify it as a useful marker.  The gene is located at 4q12, and although greater 

interrogation of the data is required there was evidence to suggest that at the very least 

this region was retained if not enriched in the Post-SA cell lines (figure 5.20 and table 5.2).  

Ultimately further work is required, but these markers show potential as CSC for STS. 
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6.3 IS THE STRESS ASSAY A USEFUL FUNCTIONAL APPROACH 
TO ENRICH AND ISOLATE CSC IN SARCOMA?  
The stress assay was designed to be of value for all STS, since chemotherapy targets 

rapid cell division and non-activated CSCs are slow in general; therefore it might not be 

effective on those types of cells (Kim et al., 2015, Kurtova et al., 2015). Also, sarcomas 

with the many subtypes would not necessarily respond in a similar manner. Radiotherapy 

also increases stemness properties for non-stem cancer cells by upregulation of stemness 

pathways and resulting in CSCs that resist radiotherapy treatment (Ghisolfi et al., 2012, 

Kim et al., 2015, Kurtova et al., 2015). This approach was also considered, but again 

different sarcoma subtypes have variable responses.    

 

Certainly, cell starvation (the stress assay) as used here increases the number of 

functional assays that could be employed to investigate CSC. The results of this study are 

encouraging and the findings of this study provides clear evidence that the assay 

identifies a population capable of recovery; but whether this is a CSC population or a 

quiescent population is unclear. The number of recoverable cells from a million seeded 

ranged from 3 – 149 cells per million (section 4.2.3.3 and table 4.2) is in order with the 

reported frequencies of CSC ( Tirino et al., 2011, Malanchi et al., 2012a,  Veselska et al., 

2012) and suggests that the assay identifies the CSC population within sarcomas. The 

enrichment for CSC markers found in this study in the Post-SA cell lines may also tend to 

indicate that the functional assay can identify CSC.  Equally many of the markers that 

were enriched, CD71 for example, are also potentially of relevance to quiescent cells. The 

observation from the aCGH that recovered populations match more closely the original 

uncultured STS, leads to the theory that these recoverable cells become diluted over 

extended culture and where thus absent from commercial lines derived in the 1970’s.  

Again evidence for both enrichment of CSC but equally quiescent cells, since as 

discussed before, CSCs tend to grow slowly when they have not activated in a quiescent 

stage of their cell cycle (Zeuner et al., 2014, Lin et al., 2015, Alves et al., 2018). This 

inactive CSC state may explain why the Post-SA populations had slower proliferative 

rates, and lower CE, but again it could just be quiescent cells. Tumour initiating or innate 

resistance pathways such as the notch, JAK/STAT and PI3K/ Akt, and Wnt/β-catenin 

would be worth investigating for these cells post-stress assay. Moreover, these pathways 

are also involved in the epithelial-mesenchymal transitions (EMT) and mesenchymal-

epithelial transitions (MET) seen in metastasis (Yao et al., 2011, Fabregat et al., 2016). 

However, because of tumour heterogeneity, the involvement may vary within different 

tumour types (Keysar and Jimeno, 2010, Chen et al., 2013). Ultimately at this stage it is 
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unclear whether the functional assay developed here is of value for the identification of 

CSC, potentially mimicking tumour relapse, it does however offer interesting avenues for 

the future. 

6.4 STUDY LIMITATIONS 
One major constraint to this study was the time taken for cells to be set up and recover 

from the stress assay, and specifically due to infections a whole set of data was lost.  

Although the findings of this study serve as a compelling start for future investigations of 

CSC in sarcoma, repeat analysis would help iron out some of the issues. It is also 

important to bear in mind that for some subtypes of STS there was only one line 

investigated, for example myxofibrosarcoma. Therefore, although findings show some 

consistency for STS as a whole it is difficult to estimate what impact subtype variability 

may have.  Other limitations arose because of the use of dyes to label in combination the 

markers for the co expression studies, which meant not all combinations could be fully 

investigated and restricted the analysis.  There were also substantial personal issues that 

impacted on aspects of the study, meaning certain areas could not be explored in depth.  

In particular, the linear regression investigation and the data from the initial aCGH studies. 

It would certainly be of value to undertake further exploration and analysis of the data 

obtained here. 

 

6.5 FUTURE WORK 
This study showed some potential and interesting results regarding the enrichment and 

isolation of a CSC subpopulation in STS.  It can only however be considered as a starting 

point. Monoclonal antibodies such as CD71 and CD34, CD117 were of potential interest 

as identified in the pilot study performed. This study needs to be repeated and additional 

lines included. Furthermore, the normal method of analyzing CD markers in the dot plot 

platform and for the enriched CSC’s populations were improved during this investigation. 

In future studies this method could be expanded so as to construct the dot plot platform 

prior to reading the samples, and hence use it as a filtering method specifically to detect 

only those cells with potentially positive markers by isolating and sorting. The functional 

stress assay could then be performed to see if increased numbers are retrievable. 

 

Also, a full linear regression analysis should also be undertaken on all the findings of this 

study (co-expression) in order to provide a strong basis for future work. A more intensive 

analysis of the aCGH comparing the pre and Post-SA cell lines should be performed, and 



[IDENTIFICATION OF CANCER STEM CELLS IN SARCOMA] 
216#
!

!

! 216!

the information gained could again inform future investigations, possibly identifying new 

targets that could be used a potential CSC markers for STS. Furthermore as additional 

potential markers are identified, a FACS study could be constructed to give more insight. 

For example, markers like (SSEA3, SSEA4, TRA-1-81, TRA-1-60s, AA11, BE12, BF4, 

DA9, B159, TRA-2-49, CC9, CHB, AG10 and EF12) ( Enver et al., 2005, Wright et al., 

2011, Skoda and Veselska, 2018). Finally it would be of value to explore whether the 

Post-SA cell lines after repeated culturing have dilution of the putative CSC’s population 

as hypothesized from the findings of the commercial sarcoma lines, and whether they can 

give rise to a more heterogeneous cell line.   

 

The findings demonstrated in this PhD study are promising and encouraging for more 

future research in sarcoma. They are very much a starting point. 
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APPENDIX 1  
This table shows the commercial sarcoma cell lines were used in this study all assays were performed Pre and Post Stress Assay. 

No
. 

Cell line STS Subtype Gen
der 

Age Date Set 
Up in 

Culture 

Cloning 
Assay 

Flow  
CD44 

Flow 
CD13

3 

Flow 
ALDH 

Flow 
CD71 

Flow 
CD90 

Flow 
CD24 

Flow 
CD34 

Stress 
Assay  

aCGH MTT 

1 U2OS Osteosarcoma  F 15 
Years 

Establishe
d in 1964 

Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

2 SK-
LMS-1 

leiomyosarcoma F 43 
years 

1971 Yes Yes  Yes Yes Yes Yes Yes Yes Yes Yes Yes 

3 SW1353 chondrosarcoma F 72 
years 

1977 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 

4 SKUT-1 Human uterus 
leiomyosarcoma 

(GIII) cell line 

F 75 
years 

1972 Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 
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APPENDIX 2. This table shows the primary sarcoma cell lines were used in this study. Not all assays were performed on 
them. 

No. Column1 STS No. STS Subtype Tissue 
Type 

Bate 
of 

Birth 

Age Ethnicty Gen
der 

Date of 
Presentati

on 

Date of 
Diagnosis 

Tumour Site Tumour 
Size 

Grade 

1 Clone 1 STS 02 / 11 w1 Leiomyosarcoma Both 
Fresh & 
FFPE 

18-
Nov-
48 

6 5 Caucasian F 22/07/10 N/A Vagina 50 3 

  Clone 2 STS 02 /11 ws                       

2 One clone STS 14 / 10 Pleomorphic 
Sarcoma NOS 

Both 
Fresh & 
FFPE 

07/12/
56 

5 7 Caucasian F 24/06/10 10/08/10 left adductor 
compartmen

t 

230mm 3 

3 Clone 1 STS 09/10                       

  Clone 2 STS 09 / 10 w2 Dedifferentiated 
Liposarcoma 

Fresh 21/01/
42 

7 0 Caucasian F   19/03/10 Retroperiton
eal 

300 X 230 
X 150 

3 

4 One clone STS 10/12 W1 P4 Fibroblastic 
Reticular Cell 

Sarcoma 

? 27/08/
39 

73 Year N/A M   N/A N/A N/A N/A 

5 Clone 1 STS 13/12 WS P3 Pleomorphic NOS 
sarcoma 

FFPE 02/09/
32 

80 year  N/A M   N/A Lower limb N/A N/A 

  Clone 2 STS 13/12 W2 P8                       

  Clone 3 STS 13/12 W1                       

  Clone 4 STS 13/12 W2 
P7V 

    !! !! !!     !!       

6 One clone STS 20/11 P21 Dedifferentiated 
Liposarcoma 

Fresh 24/07/
41 

70 Year N/A F   N/A Lower limb/ 
Left thigh 

N/A 3 

7 One clone STS 15/12 P2 myxofibrosarcoma Fresh 29/08/
25 

87 year  N/A M   N/A N/A N/A N/A 

8 One clone STS 16/12 W1 P3 Dedifferentiated 
Liposarcoma waiting 
2 grow/ infected 

? 10/08/
30 

  N/A M   N/A N/A N/A N/A 

9 One clone STS 21/11 Myxofibrosarcoma Fresh 13/04/
38 

  N/A M   16/09/11 Upper limb/ 
Left arm 

N/A 3 

10 One clone STS 09/11 Pleomorphic 
Sarcoma NOS 

Both 
Fresh & 
FFPE 

26/06/
44 

  N/A F   15/05/11 Right thigh N/A 3 

11 Clone 1 STS 06/11 P96 Pleomorphic 
Sarcoma NOS 

Fresh 22/01/
1939 

?? 

7 4 Caucasian M 07/01/11 19/01/11 Lower limb/ 
Right thigh 

170mm 3 
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$$ Clone 2 STS 06/11 W2 
P82 

!! !! !! !! !! !! !! !! !! !! !!

$$ Clone 3 STS 06/11 WS 
P93 

!! !! !! !! !! !! !! !! !! !! !!

$$ Clone 4 !! !! !! !! !! !! !! !! !! !! !! !!

14 One clone STS 11/11 Leiomyosarcoma Both 
Fresh & 
FFPE 

? ? ? M ? ? Intraabdomi
nal 

95 3 

15 One clone STS 18/11 Leiomyosarcoma Both 
Fresh & 
FFPE 

? ? ? F ? ? Ischirectal 
fossa 

85 1 

16 One clone STS 01/11 Mlignant Periphereal 
Nerve Sheath 

Tumour 

Fresh ? ? ? F ? ? ? ? ? 

17 One clone STS 08/11 Myxofibrosarcoma Fresh ? ? ? M ? ? Lower limb 105 3 

18 One clone STS 16/10 Myxofibrosarcoma Fresh ? ? ? M ? ? Lower limb 35 3 

19 One clone STS 07/10 Pleomorphic 
liposarcoma 

Fresh ? ? ? M ? ? Lower limb 190 ? 

20 One clone STS 03/11 Pleomorphic 
liposarcoma 

Fresh ? ? ? M ? ? Pelvic ? ? 

21 One clone STS 04/11 Pleomorphic  NOS Fresh ? ? ? F ? ? ? ? ? 

22 One clone STS  15/11 Pleomorphic  NOS Fresh ? ? ? F ? ? ? ? ? 

23 One clone STS 06/10 ALT/WDLPS Fresh ? ? ? M ? ? Trunk 280 1 

24 One clone STS 11/10 ALT/WDLPS Fresh ? ? ? M ? ? Trunk 62 1 

25 One clone STS  14/11 ALT/WDLPS Fresh ? ? ? M ? ? Retroperiton
eal 

195 1 

26 One clone STS 19/10 ALT/WDLPS Fresh ? ? ? F ? ? Limb 105 1 

27 One clone STS 12/10 Alveolar 
Rhabdomyosarcoma 

Fresh ? ? ? M ? ? Limb 42 3 

28 One clone STS 01/11 Alveolar Soft Part 
Sarcoma 

Fresh ? ? ? F ? ? Limb 92 ? 

29 One clone STS 15/10 Alveolar Soft Part 
Sarcoma 

Fresh ? ? ? M ? ? Trunk 38 3 

30 One clone STS 05/10 Angiosarcoma Fresh ? ? ? F ? ? Trunk 70 3 

31 One clone STS 10/11 Angiosarcoma Fresh ? ? ? M ? ? Trunk 120 3 

32 One clone STS 21/10 Angiosarcoma Fresh ? ? ? M ? ? Limb 60 3 

33 One clone STS 17/11 Dedifferentiated 
Liposarcoma 

Fresh ? ? ? M ? ? Retroperiton
eal 

80 3 

34 One clone STS 19/11 Dedifferentiated Fresh ? ? ? F ? ? Retroperiton ? 3 
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Liposarcoma eal 

35 One clone STS 18/10 Dedifferentiated 
Liposarcoma 

Fresh ? ? ? F ? ? Retroperiton
eal 

210 3 

36 One clone STS 13/11 Ewings' Sarcoma Fresh ? ? ? M ? ? Pelvis ? ? 

37 One clone STS 02/10 Extraskeletal Myxoid Fresh ? ? ? M ? ? ? ? ? 

38 One clone STS 17/10 Solitary Fibrous 
Tumour 

Fresh ? ? ? F ? ? Lower limb ? ? 

39 One clone STS 04/10 Synovial Sarcoma Fresh ? ? ? F ? ? Trunk 40 3 
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APPENDIX 3 This table shows the primary sarcoma cell lines were used in this study. Not all assays were performed on them. 
No
. 

STS No. Treatment Relevent 
Previous/Patient 
Medical History 

(PMHx) 

Status Date of Death Surgery Date Date of 
Metastases 

R0 Date of 
Metastases 

Date Set Up in 
Culture 

1 STS 02 / 11 w1 N/A   Alive N/A 18/01/11 N/A R1 N/A Jan-11 

  STS 02 /11 ws                   

2 STS 14 / 10 Adjuvant 
radiotherapy after 

surgery, 60 gy in 30 
fractions then 6 gy in 

3  fractions. 

  Alive N/A 05/08/10 N/A R1 N/A Aug-10 

3 STS 09/10                   

  STS 09 / 10 w2 N/A   Dead 13/06/12 10/06/10 N/A R0 N/A Jun-10 

4 STS 10/12 W1 P4 N/A   ? ? 11/10/12 ? ? ? Oct-12 

5 STS 13/12 WS P3 N/A   Alive N/A 18/10/12 N/A R1 N/A Oct-12 

  STS 13/12 W2 P8                   

  STS 13/12 W1                   

  STS 13/12 W2 P7V       !! !!      ! !!

6 STS 20/11 P21 Neoadjuvant 
radiotherapy before 

surgery, before 
taking the sample 

  Alive N/A 27/10/11 13/01/13 R1 13/01/13 Oct-11 

7 STS 15/12 P2 N/A   ? ? 26/10/12 N/A ? N/A Oct-12 

8 STS 16/12 W1 P3 N/A   ? ? 13/11/12 N/A ? N/A Nov-12 

9 STS 21/11 N/A   Alive N/A 01/11/11 24/08/12 R1 24/08/12 Nov-11 

10 STS 09/11 N/A   Dead 26/09/11 N/A N/A R1 N/A ? 

11 STS 06/11 P96 N/A Renal cell 
carcinoma 

Dead 15/02/2013 17/02/11 N/A R1 N/A Feb-11 

$ STS 06/11 W2 P82! !! !! !! !! !! !! !! !! !!

$ STS 06/11 WS P93! !! !! !! !! !! !! !! !! !!

$$ !! !! !! !! !! !! !! !! !! !!
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14 STS 11/11 ? ? Alive N/A ? 01/01/12 R1 01/01/12 ? 

15 STS 18/11 ? ? Alive N/A ? N/A R1 N/A ? 

16 STS 01/11 ? ? Alive N/A ? N/A R1 N/A ? 

17 STS 08/11 ? ? Alive N/A ? N/A R1 N/A ? 

18 STS 16/10 ? ? Alive N/A ? N/A R0 N/A ? 

19 STS 07/10 ? ? Dead 11/07/11 ? 08/01/11 R2 08/01/11 ? 

20 STS 03/11 ? ? Dead 16/08/2011 ? ? R0 ? ? 

21 STS 04/11 ? ? Alive N/A ? ? R1 ? ? 

22 STS  15/11 ? ? Dead 29/03/2012 ? N/A R1 N/A ? 

23 STS 06/10 ? ? Alive N/A ? N/A R1 N/A ? 

24 STS 11/10 ? ? Alive N/A ? N/A R1 N/A ? 

25 STS  14/11 ? ? Alive N/A ? N/A R2 N/A ? 

26 STS 19/10 ? ? Alive N/A ? N/A R1 N/A ? 

27 STS 12/10 ? ? Alive N/A ? N/A R0 N/A ? 

28 STS 01/11 ? ? Alive N/A ? 03/01/11 R1 03/01/11 ? 

29 STS 15/10 ? ? Alive N/A ? N/A R0 N/A ? 

30 STS 05/10 ? ? Alive N/A ? N/A R1 N/A ? 

31 STS 10/11 ? ? Alive N/A ? 01/01/13 R0 01/01/13 ? 

32 STS 21/10 ? ? Alive N/A ?   R0   ? 

33 STS 17/11 ? ? Dead 11/01/11 ? N/A R2 N/A ? 

34 STS 19/11 ? ? Alive N/A ? ? R1 ? ? 

35 STS 18/10 ? ? Alive N/A ? ? R1 ? ? 

36 STS 13/11 ? ? Alive N/A ? ? R1 ? ? 

37 STS 02/10 ? ? Alive N/A ? ? R1 ? ? 

38 STS 17/10 ? ? Alive N/A ? ? R1 ? ? 

39 STS 04/10 ? ? Alive N/A ? ? R0 ? ? 
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APPENDIX 4. Table was made to monitor the work flow and experiments. 

 
 

2ed!RUN!

Cell lines MTT!
!

!

Stress!Assay!
!

1million!(1x10^6)!cells!will!be!seeded!

DNA!Extraction!

Stress!Assay!(3!flasks)!
Maximum!viable!number!

(Cell!counted)!
(3!flasks)!
Photograph!

1+Leave!the!flasks!for!24+72!hrs!after!they!fully!confluent.!2+!change!the!media!before!counting.!
Seeding!
day!

7th,!14th,!21th!
day(!every!week)!
!

!100%!
confluent!day!

Dying!
day!

Dead!day! After!re+
feed!
dead!
cells!7th!
day!and!
every!
week!

! !

Early!
passage!

Late!passage!

06/11WS! ! ! ! ! ! ! ! ! ! !

09/10! ! ! ! ! ! ! ! ! ! !
02/14! ! ! ! ! ! ! ! ! ! !
02/11W1! ! ! ! ! ! ! ! ! ! !
07/13! ! ! ! ! ! ! ! ! ! !
21/11W2! ! ! ! ! ! ! ! ! ! !
2/14! ! ! ! ! ! ! ! ! ! !
13/12W2! ! ! ! ! ! ! ! ! ! !
14/10! ! ! ! ! ! ! ! ! ! !
SKLMS+1! ! ! ! ! ! ! ! ! ! !
U2OS! ! ! ! ! ! ! ! ! ! !
SW1353! ! ! ! ! ! ! ! ! ! !
SKUT+1! ! ! ! ! ! ! ! ! ! !
PC3! ! ! ! ! ! ! ! ! ! !
H+tert! ! ! ! ! ! ! ! ! ! !


