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Abstract 

Emerging evidence suggests that cancer stem-like (CS-like) cells are 

responsible for cancer progression and relapse. The identification and 

characterisation of CS-like cells is therefore important to reveal potential targets 

that could be used to design more effective personalised treatment to improve 

outcomes. The cell surface marker prominin-1 (CD133) has been used to 

identify Ewing sarcoma (ES) CS-like cells (ES-CS-like), however some primary 

ES cells are devoid of CD133 and may be down-regulated by the 

microenvironment in cell culture. Therefore, alternative approaches are required 

to identify ES-CS-like cells. Two approaches were compared to enrich for 

putative ES-CSCs from ES cell lines; isolation of ES-CS-like cells by CD133 

expression and using a functional single cell self-renewal assay. The second 

approach was more reliable for studying the miRNA and mRNA expression 

profiles in ES-CS-like spheroids compared to ES cells grown as monolayers. In 

ES-CS-like spheroids, the expression of the stem cell marker EBAF (q<0.03), 

miR-210-3p (q<0.12) and the ABC transporter protein ABCG1 (q<0.14) were all 

significantly increased. The phenotypic significance of ABCG1 was investigated 

using knock-in and knock-out experiments. Overexpressing ABCG1 protein 

using a lentiviral vector was unachievable as a result of the increased 

expression of the E3 ligase; NEDD4-1. This ligase prevented the post 

translational overexpression of ABCG1 mRNA. Interestingly, knock-down of 

ABCG1 mRNA appeared to stabilise ABCG1 protein and decrease viable 

number of ES cell line (SK-N-MC), suggesting ABCG1 may have a cell cycle or 

survival function. 

In conclusion, growth of ES spheroids from single cells enriches for cells which 

express stem cell markers, suggesting that the single cell self-renewal assay 

can be used to enrich for ES-CS-like cells. Furthermore, ABCG1 and miR-210-

3p may be drivers of the ES-CS-like phenotype and might be used to select 

patients at greatest risk and inform design of targeted treatments. These 

observations require validation using functional assays and confirmation in 

patient derived cells and tumours. Whether CDKN1A-interacting zinc finger 

protein 1 (CIZ1) plays a role in the ES-CS-like phenotype is yet to be 

investigated.  
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  Chapter 1

Main introduction 

 Ewing’s sarcoma (ES) family of tumours  1.1

 ES biology and diagnosis 1.1.1

Ewing’s sarcoma (ES) family tumours (ESFT) is a group of cancers defined 

by the presence of non-random chromosomal translocation between 

chromosome 22q12 (the 5’-end of the EWS gene) with 3’-end of a member 

of transcription factors known as ETS gene family, consequently EWS-ETS 

fusion proteins are considered as the main genetic signature for ES family 

tumours (Burchill, 2003; Burchill, 2008). This family has been renamed by 

the World Health Organisation (WHO) and the new terminology is ‘Ewing 

Sarcoma’ (ES), which doesn’t reflect the variety of tumours within the family 

but refers to James Ewing who first described this type of tumour (Ewing, 

1921; Francis et al., 2013). The ES family include tumours that arise outside 

of the bone and they can frequently invade into the bones of the patient and 

are named Ewing sarcoma (Ewing, 1921), whereas if the initiation of tumour 

was in the soft tissue surrounding bones they’re known as extraosseous 

Ewing tumour (EOE) (Angervall and Enzinger, 1975). The third type of 

tumour that is included in the ES family  is the peripheral primitive 

neuroectodermal tumour (pPNET), which can occur in bone or soft tissue 

(Stout, 1918). Where tumours arise in the chest wall they are also known as 

Askin tumour (Askin et al., 1979). Also, pPNET arise in soft tissue or bone 

(Armbruster et al., 2008). In the United Kingdom (UK), approximately 13 per 

million cases of ES arise between the ages of 10 to 24 years old per year 

(Cotterill et al., 2000). ES can also occur in adults although this is rare 

(McNally et al., 2012). ES commonly arise in specific bony sites (Table 1.1) 

and are marginally, more common in males than females (McNally et al., 

2012). EWS-FLI1 fusion is the most frequently described translocation and 

has been found in 85% of ES family tumours, 60% of these cases have a 

translocation between exon 7 of EWS and exon 6 of FLI1 known as EWS-
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FLI1 type I. The remaining cases (25%) have translocation between exon 7 

of EWS and exon 5 of FLI1 known as EWS-FLI1 type II (van Doorninck et 

al., 2010). The remaining 15% of ES cases have a translocation between 

EWS with the ERG gene (10%; chromosome 21q22), or with ETV1 (<1%; 

chromosome 7p22), or E1AF (<1%; chromosome 17q12) or FEV (<1%; 

chromosome 2q33) (Delattre et al., 1992; Burchill, 2008). 

 

Location of tumour Reference Frequently 

Bone 

Pelvis 

Bernstein, m. et al. (2006) 

26% 

Femur 20% 

Chest wall 16% 

Extraosseous 
sites 

Small intestine Shek et al. (2001) 

Grier 
(1997) 

15% 

Stomach Kim, H.S. et al. (2012) 

Kidney 
Maeda et al. (2008), Chu, W.C. et al. 

(2008) 

Uterus Park et al. (2007) 

Liver Huang, S. et al. (2011) 

Other rare 
sites 

Tanida et al. (2000), Colovic et al. (2009) 

Shibuya et al. (2015), Peng, L. et al. 
(2015) 

Table  1.1 Organs and tissues in which ESs can arise 

 

The ES cells are small round, poorly differentiated cells. They have large 

nuclei and scant cytoplasm and 90% of ES cells express the cell surface 

membrane protein known as MIC-2 which is a single-chain type-1 

glycoprotein also known as Cluster of differentiation 99 (CD99) (Ambros et 

al., 1991). Membrane expression of CD99 is used as a marker to diagnose 

and distinguish ES from other small round cell tumours (Weidner and Tjoe, 

1994) (Figure 1.1). 

In over 80% of ES cases, secondary genetic abnormalities such as gain or 

loss of chromosomes occur in addition to the EWS-ETS fusion (Burchill, 

2008). The gain of chromosomes is the most frequent event after EWS-ETS 

fusion, particularly chromosome 8, 12 and 1q comparing with loss of 1p 

(Maurici et al., 1998; Hattinger et al., 2002; Roberts et al., 2008). 

Interestingly, a low rate of somatic mutation has been identified consistent 
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with the hypothesis that tumours in children and young people arise through 

different mechanism. For example, cyclin-dependent kinase Inhibitor 2A 

(CDKN2A) deletions (12%) and Stromal Antigen 2 (STAG2) mutations (17%) 

(Tirode et al., 2014). Other mutations that have been described at lower 

frequency include the tumour protein p53 (TP53), Enhancer of zeste 

homolog 2 (EZH2), BCL-6 corepressor (BCOR), and Zinc Finger MYM-Type 

Containing 3 (ZMYM3) (Tirode et al., 2014). 

 

Figure  1.1 Diagnostic features of ES. A) Haematoxylin and eosin stained sections of ES 

located in the bone and in the soft tissue show the small round cells with sparse 

cytoplasm characteristic of ES. B) Glycogen is identified in the cytoplasm of ES cells 

by PAS staining (pink cytoplasmic staining). ES cells express MIC-2 protein, detected 

by immunohistochemistry (membrane specific brown stain). C) G-banding of 

metaphase chromosomes identifies exchange of material between chromosome 11 

(Ch 11) and chromosome 22 (Ch 22), arrows denote exchange of chromosomal 

material. D) Fluorescence in situ hybridisation (FISH) identifies the EWS-FLI1 fusion 

transcript using a probe on chromosome 11q23 (green) and a probe on chromosome 

22q12 (red).  The arrow indicates an EWS-FLI1 gene rearrangement. 
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 Prognostic factors and outcome of patients with ES 1.1.2

Poor prognosis and outcome is mainly associated with patient age (≥ 20 

years), the location of the primary tumour within the pelvic region, size of 

primary tumour (>10 cm), the presence of metastatic disease (to the lung, 

bone or bone marrow) at diagnosis and poor response to treatment 

(i.e.>90% necrosis after treatment of tumour) (Duchman et al., 2015). The 

survivors of ES are at increased risk of developing second cancer including 

thyroid (Navid et al., 2008), breast (van den Berg et al., 2009) and sarcoma 

(Fuchs et al., 2003; Goldsby et al., 2008; Wasilewski-Masker et al., 2009; 

Sultan et al., 2010). Also, it has been reported that the metastasis was not 

associated with the time of diagnosing ES (Brasme et al., 2014). Therefore 

understanding the biology of ES, especially the cells responsible for initiation 

and progression is essential in order to develop more selective, effective 

agents to improve outcome. 

 

 Treatment type depends on whether patients have localized or 1.1.3

disseminated disease     

Treatment for patients with disseminated diseases includes surgery, 

radiotherapy and chemotherapy. Systemic therapy (chemotherapy), is 

almost always the first step of the treatment. This is usually followed by 

localised therapy (surgery and/or radiotherapy) used as the second stage of 

treatment followed by an additional dose of chemotherapy. Randomized 

trials are ongoing for localized ES and are assessing the current 

chemodrugs combination with respect to the toxicity before and after the 

localised therapy (Gaspar et al., 2015). In the Euro-Ewing 2012 trial, in 

Europe, a combination of vincristine, ifosfamide, doxorubicin and etoposide 

(VIDE) is used at the first stage of treatment (induction), whereas vincristine, 

doxorubicin and cyclophosphamide altered with ifosfamide and etoposide 

(VDC-IE) is used in North America (Gaspar et al., 2015). Also, the North 

America trial (COG AEWS1031) evaluated the addition of cyclophosphamide 

and topotecan to VDC-IE combination, whereas the first Euro-Ewing 

Consortium (EEC) study for recurrent ES (rEECur) is focusing on identifying 

the best regimen out of the four regimens that have shown promising 
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responses: topotecan plus cyclophosphamide (Hunold et al., 2006), 

temozolomide plus irinotecan (Casey et al., 2009), gemcitabine plus 

docetaxel (Fox et al., 2012) and high-dose ifosfamide (Ferrari et al., 2009). 

The third treatment offered is high-dose chemotherapy and autologous stem 

cell transplantation (HDCT/auto-SCT) (Choi et al., 2016). Chemotherapy 

normally damages the cells of the bone marrow, increasing the drug-dose 

leading to a shortage of white blood cells (so causes neutropenia). 

Therefore, stem cell transplant is needed for these patients to replace the 

cells destroyed by chemotherapy. It has been hypothesised that HDCT/auto-

SCT might benefit patients that retune ES after the standard treatment or 

patients with metastatic disease. This is feasible for patients in complete 

remission (CR) or partial remission (PR) prior to HDCT/auto-SCT. Also, 

HDCT/auto-SCT required maximal effort to reduce tumour burden prior to 

the treatment to improve the outcomes (Choi et al., 2016). Despite these 

trials and intensive treatment, the survival rate for patients with ES has 

remained the same for the last 30 years. Therefore, biomarkers that can 

predict and classify ES patients’ risk to relapse at the time of diagnosis are 

needed. 

 

 ES expression profile  1.1.4

Gene expression profile can be used to classify patient risk and it has been 

evaluated and validated in several human cancers (Erho et al., 2013; 

Trinquand et al., 2013), including neuroblastoma (Stricker et al., 2014), 

rhabdomyosarcoma (Missiaglia et al., 2012; Wilson et al., 2013), and 

leukaemia (Cleaver et al., 2010; Kang et al., 2010). In ES, several profiling 

studies have been reported, and biomarkers were identified (Ohali et al., 

2004; Schaefer et al., 2008; Scotlandi et al., 2009; Bennani-Baiti et al., 2010; 

Volchenboum et al., 2015; Huertas-Martínez et al., 2017). Furthermore, 

EWS-FLI1 protein is expressed in the majority of ES cases (Section 1.1.1). 

This protein has been reported to be transcriptional activator or repressor for 

important target genes (Table 1.2) and also considered to be a biomarker. 

Alongside EWS-FLI1 protein, multiple mutations are required to cooperate in 

the development of ES (Funes et al., 2007; Lin, P. et al., 2011). Mutated p53 
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is unlikely to be essential in ES, since p53 mutations are found only in about 

10% of ES patients (Huang, H. et al., 2005). Even though several prognostic 

gene signatures and TP53 mutational studies have shown promise as 

prognostic biomarkers, none have yet been successfully validated in 

independent cohorts of equivalently treated patients (Shukla et al., 2013; 

Volchenboum et al., 2015). 

 

Role of  EWS-FLI1 
Gene 

symbol 
Full name reference 

Promote cell survival 
and proliferation 

genes 

IGF1 Insulin-like growth factor 1 Cironi et al. (2008) 

MYC-C Myc proto-oncogene protein 
Sollazzo, M. et al. 

(1998) 

TOPK T-cell-originated protein kinase 
Herrero-Martin et al. 

(2009) 

NKX2.2 Homeobox protein Nkx-2.2 Smith et al. (2006) 

ID2 DNA-binding protein inhibitor Fukuma et al. (2003) 

DAX1 
DSS-AHC critical region on the 

X chromosome protein 1 
Garcia-Aragoncillo et 

al. (2008) 

GLI1 Glioma-associated oncogene Zwerner et al. (2008) 

EZH2 Enhancer of zeste homolog 2 (Richter et al., 2009) 

MK-STYX 
Serine/threonine/tyrosine-
interacting-like protein 1 

(Siligan et al., 2005) 

PLD2 Phospholipase D2 (Kikuchi et al., 2007) 

Represses cell cycle 
arrest and apoptosis 

genes 

TGFB2 
Transforming growth factor 

beta-2 
(Hahm et al., 1999) 

p21 
Cyclin-dependent kinase 

inhibitor 1 
(Nakatani et al., 

2003) 

p57kip 
Cyclin-dependent kinase 

inhibitor 1C 
(Dauphinot et al., 

2001) 

IGFBP3 
Insulin-like growth factor-

binding protein 3 
(Prieur et al., 2004) 

Upregulates genes 
that are involved in 
cell differentiation 

SOX2 Transcription factor SOX-2 (Riggi et al., 2010) 

EZH2 Enhancer of zeste homolog 2 (Richter et al., 2009) 

Table  1.2 Summary of genes that regulated by EWS-FLI1 protein. 
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 Putative cancer stem-like cells (CS-like cells) 1.2

The terminology CS-like cells represents cancer cells that display some of 

normal stem cell features such as self-renewal ability, differentiation into the 

cell types observed in tumors and also might  acquire additional features 

such as migration and drug resistance.  

The vast majority of cells in tumours are non-tumorigenic, tumour growth 

and progression resulting from a small population of cells. These cells have 

intrinsic resistance to treatment, metastasis and self-renewal ability 

(Hanahan and Coussens, 2012; Visvader and Lindeman, 2012). This rare 

population is referred to as cancer initiating cells (CICs), or tumour initiating 

cells (TICs) also known as cancer stem cells (CSCs) or cancer stem-like 

(CS-like) cells. The term "TIC" and "CIC" reflect functional definitions that 

represent cancer cells with capability to form tumour in xenotransplantation 

studies. However, the term "CSC" is widely used by many researchers and it 

reflects a characteristic term as it represents the existence of a subset of 

poorly differentiated cell with stem cell feature within tumours. CSCs are not 

true stem cells because they are only able to contribute to tumour initiation. 

Furthermore, it was hypothesized that the currently available cancer 

treatments are not completely effective, as CSCs might be resistant to 

therapy (Koren and Fuchs, 2016). After treatment, CSCs might regenerate 

CSCs, initiate tumour growth and/or differentiate to produce tumours. So, 

CSCs-targeted therapy is needed alongside the currently available cancer 

treatments to ensure cure (Figure 1.2). 
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Figure  1.2 The potential of targeted CSCs therapy to improve outcome 

-8
- 
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In my opinion the majority, if not all tumours contain a heterogeneous subset 

of cells that contribute to tumour initiation. Tumour cells need to be 

supported by stromal cells, tumour bulk and CSCs (Hanahan and Coussens, 

2012). There are three classes of stromal cells; endothelial cells, infiltrating 

immune cells and pericytes that are organized within the vasculature of 

primary tumours (Calabrese et al., 2007) and metastatic tumours (Psaila and 

Lyden, 2009). The cancer-associated fibroblasts (CAFs) cells, which are 

characterized as mesenchymal stem cells (MSC) differentiated into 

myofibroblasts, as well as similar stem cell niche-forming cells (Kidd et al., 

2009; Liu, S. et al., 2011; Hanahan and Coussens, 2012). Even with the 

current advance studies in CSC biology, the optimal method for isolation and 

identification of CSCs still remains incompletely established.  

 

 Putative CSCs in ES 1.2.1

Prominin-1 (CD133) has been used as a putative CSCs marker (See 

section 1.3.1). Based on the expression of CD133, Suvàs group identify 

CSCs in ES (Suvà et al., 2009). Like MSC, these CSCs express stem cell 

markers and have the ability to differentiate to adipogenic, osteogenic and 

chondrogenic lineages (Suvà et al., 2009). However, it has been reported 

that the expression of CD133 was very heterogeneous in ES family and also 

the drug resistant feature was not consistently in CD133+ cells (Jiang et al., 

2010). Even with this confirmation, there is still controversy as to the perfect 

marker of CSCs of ES family tumours. Moreover, effluxion of Hoechst dye 

that is described in (Section 1.3.3.1) has been used as method to isolate 

putative CSCs known as side population (SP). In SK-ES-1 which is an ES 

cell line, the SP cells were 1.2% of the total cell population. These cells can 

regenerate both SP and non-SP cells suggesting they are capable of 

differentiating into the non-SP tumour cells that make up most of the tumour 

(Yang, M. et al., 2010). Identifying the ES-CSC is essential to prevent 

disease relapse and improve the outcome. 
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 Methods for the identification and /or enrichment of CSC 1.3

 Antigenic method 1.3.1

A number of cell surface markers have been described and used to isolate 

and identify CSCs from non-CSC cells within tumour and the normal 

surrounding tissues. These markers have been used to identify CSCs using 

immunohistochemistry (IHC), immunocytochemistry (IC) or flow cytometry. 

The first identified CSCs were in leukaemia using surface markers (CD34+ 

CD38-) (Lapidot et al., 1994). The identification of cell surface markers to 

detect CSCs in different solid tumours has been more controversial. Such 

markers include, CD20, CD34, CD44, CD90, CD117 and CD133 were used 

as individual marker or combination of markers to identify CSCs in solid 

tumours including brain (Singh et al., 2004), breast (Al-Hajj et al., 2003), 

colon (Ricci-Vitiani et al., 2007), liver (Yin, S. et al., 2007), lung (Eramo et 

al., 2007), melanoma (Fang et al., 2005), prostate (Collins et al., 2005) and 

sarcomas (Tirino et al., 2008). 

The microenvironment such as, cellular stress and hypoxia were reported to 

induce changes in CD133 expression in glioblastoma cells (Platet et al., 

2007). Also, in melanoma, down-regulating CD133 expression in terms of 

treatment applications affects cell proliferation and metastasis (Rappa et al., 

2008). Moreover, CD133 has been reported as a unique surface marker on 

CD34+ progenitor hematopoietic stem cells (Yin, A.H. et al., 1997). The 

capability of CD133+ cells to develop tumours in immune compromised mice 

has been confirmed in brain (Singh et al., 2004), liver (Suetsugu et al., 2006) 

pancreatic cancer (Hermann et al., 2007), melanoma (Klein et al., 2006), 

and lung tumours (Eramo et al., 2007). These findings suggest that CD133 

could be a suitable cell surface marker for the identification of sarcoma and 

ES CSCs as previously in (Section 1.2.1). However, other investigators have 

confirmed the expression of CD133 in several normal cells and tissues such 

as salivary glands, brain, kidney, bone marrow, liver, colon and mammary 

glands (Mizrak et al., 2008; Wu, Y. and Wu, 2009). Also, it has been 

revealed that colon and brain tumours can be produced following injection of 

CD133− cells into immune compromised mice (Ogden et al., 2008; 

Shmelkov et al., 2008; Wang, J. et al., 2008). Therefore, the use of a single 
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antigenic method (E.g. CD133, or indeed potentially any cell surface protein 

markers) to identify and isolate CSCs is not recommended because the 

expression is not stable and perhaps at present a combination of assays for 

the identification and isolation of putative CS-like cells would be more 

powerful. 

 

 Transplant method (animal models) 1.3.2

The consistent ability of a subpopulation of cancer cells to produce tumours 

when injected into immune compromised mice, especially after serial 

transplantation, continues to be the “gold standard” for detecting CICs 

(Clarke et al., 2006). Multiple factors control the expansion and reversion of 

CIC to original bulk tumour cells such as intrinsic alterations or micro-

environmental influences (hypoxia/reoxygenation, secretion of growth factors 

and inflammatory cytokines) may cause CIC to expand or revert to original 

bulk tumour cells (Chang, J.C., 2016).  

It has been reported that cells with self-renewal capacity in vitro are able to 

initiate tumour growth in immunodeficient mice (Li, C. et al., 2007; Quintana 

et al., 2008; O'Brien, C. A. et al., 2012). In leukaemia, cells with a CD34+ 

CD38- profile were believed to be the only subpopulation that could develop 

leukaemia in severe combined immune deficient (SCID) mice (Lapidot et al., 

1994; Civin et al., 1996; Bhatia et al., 1997). However, other studies have 

indicated that cells enriched in CD34+ CD38+ also have the capacity to 

produce tumours in SCID mice (Hogan et al., 2002; Taussig et al., 2008). 

Similarly, regardless of the expression of cell surface markers, serial 

transplantation of tumour cells from patients in SCID mice lead to an 

expression of CICs with 28% of cells obtained directly from patients capable 

of initiating tumours in melanoma (Quintana et al., 2010). 

Therefore, unlike hematologic cancers, the experimental procedures that are 

used for isolation of CSCs from solid tumours based on antigenic markers 

require numerous processes that probably has an effect on cell viability or 

behaviour (Rosen and Jordan, 2009). Furthermore, the micro/macro-

environment of CSCs that are isolated from human tissues is different to the 

xenograft environment even if orthotopic transplantation was used. For 
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example, tumour necrosis factor (TNF) is not cross-species reactive in mice 

(Bossen et al., 2006; Rongvaux et al., 2013). These variations between mice 

and human should be taken in consideration when using murine models to 

study human diseases as they could impart selective forces on tumour cells 

(Mestas and Hughes, 2004; Magee et al., 2012; Kreso and Dick, 2014). So 

far, it remains unclear whether the enriched population truly represents 

CSCs, or illustrates an ability to exploit the microenvironment of the mice to 

allow tumour growth. 

 

 Functional methods 1.3.3

 Side-population that efflux Hoechst dye 1.3.3.1

One of the frequently described functional characteristic of CSCs is the low 

level of Hoechst staining when identified by flow cytometry. The low level of 

Hoechst resulted from increased expression of the ATP binding cassette 

(ABC) family proteins, which are membrane proteins that have the ability to 

efflux various molecules such as cytotoxic drugs and dyes from the cells 

(Scharenberg et al., 2002). This subset of cells, known as the side 

population (SP) have been identified in a range of cancer cell lines and 

primary tumours including neuroblastoma (Hirschmann-Jax et al., 2004), 

leukaemia, breast, brain tumours (Patrawala et al., 2005), hepatocellular 

carcinoma (Chiba et al., 2006), ovarian (Szotek et al., 2006), lung (Ho et al., 

2007), mesenchymal neoplasms (Wu, C. et al., 2007) and Ewing’s sarcoma 

(Yang, M. et al., 2010). SP cells have been linked with enriched CSC 

properties such as clonogenicity and multipotent differentiation in cancers of 

the gastrointestinal system, Ewing’s sarcoma and colorectal cancer 

(Haraguchi et al., 2006; Yang, M. et al., 2010; Xu, X.T. et al., 2012), whereas 

others could not prove that SP cells contain an increased CSC fraction in 

gastrointestinal cancers (Burkert et al., 2008). It has been reported that ABC 

transporters are able to efflux a wide range of drugs for instance, 

doxorubicin, etoposide and vinblastine (Dean, 2009). Mainly, ABC 

transporters protect cells from toxic insults, whereas ATP binding cassette 

subfamily G member 2 (ABCG2), also known as BCRP or MXR, could be a 

driver for a part of the stem cell phenotype of SP cells in glioma (Wee et al., 
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2016). In human hematopoietic progenitors, in addition to drug efflux, the 

involvement of ABCG2 in maintaining pluripotent stem cells state has been 

described (Zhou et al., 2001; Scharenberg et al., 2002).  

Recommendation for the identification of CSCs using the SP have been 

developed and standardize reporting (Golebiewska et al., 2011). Several 

differentiated cells in adult tissue were observed to have the SP phenotype 

(Mayer et al., 1996; Smit et al., 1998; Schinkel, 1999). Consequently, in 

tumours and stromal cells, caution is essential whilst applying the SP assay 

for CSC identification since flow cytometry analysis varies from research 

group to another (Golebiewska et al., 2011). 

 

 Treatment resistance capacity 1.3.3.2

The CSCs are predicted to be resistant to apoptosis and escape 

chemotherapy induced DNA damage by decreasing the production of 

reactive oxygen species (ROS) and enhancing DNA checkpoint activity (Bao 

et al., 2006; Diehn et al., 2009). Furthermore, CSCs seem to maintain high 

expression of the ABC transporter that can excrete anticancer drugs and 

contribute to the development of treatment resistance (Ho et al., 2007; 

Matsui et al., 2008; Collura et al., 2013; Hashimoto et al., 2014). Resistance 

to treatment by effluxing chemotherapy from within the cells is the basic 

principle of the SP assay that has been described in (Section 1.3.3.1). 

However, it is difficult to distinguish between the expression of ABC 

transporter proteins that have a role in the intrinsic phenotype of CSCs or 

those cells that have acquired drug resistance during tumorigenesis. Thus, 

focusing on the functional drug resistance capacity in isolation might not be 

a good method for the identification of CSCs. 

 

 Population that hold the fluorescent lipophilic dyes  1.3.3.3

The first fluorescent lipophilic dye, PKH3, was reported for the first time in 

1989 (Slezak and Horan, 1989). Other lipophilic dyes such as PKH2 (Zeine 

and Owens, 1992), PKH26 (Lansdorp, 1993), and PKH67 (Boutonnat et al., 

2000) were subsequently designed to increase stable labelling and decrease 
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cell-to-cell transfer. These dyes were used as cell tracers and also for cell 

localization application (Avnet et al., 2013). However, the retention 

characteristic of these dyes are the same as PKH3 (Li, P. et al., 2013). 

Furthermore, these dyes were used in proliferation analysis and 

identification of quiescent or slowly dividing cells of mammary stem cells 

(Cicalese et al., 2009). The label retention approach is used to identify CSCs 

based on the assumption that CSCs are quite quiescent, proliferate slowly 

and use asymmetric division (Dick, 2008). As result of CSC quiescent traits 

and slow division, CSCs can retain the dyes such as lipophilic dyes or 

bromodeoxyuridine (BrdU) for longer periods than differentiated cells (Pece 

et al., 2010). So far, this methodology has been used to identify CSC in the 

human colon (Chu, P. et al., 2009; Pastò et al., 2012), breast cancer 

(Fillmore and Kuperwasser, 2008), colorectal cancers and intestinal 

inflammation (Buczacki et al., 2013) and prostate (Ceder et al., 2017).  

 

 Autofluorescence  1.3.3.4

In 2014, a novel strategy to isolate and identify CSC from different types of 

human epithelial cancers including colorectal carcinoma (CRC) was 

described (Miranda-Lorenzo et al., 2014). This approach focused on the 

autofluorescent cells which showed critical properties such as self-renewal 

capacity, and ability to form tumours in immune compromised mice 

consistent with the CSCs phenotype. These cells autofluoresce because 

they concentrate riboflavin, which is a fluorescent vitamin. The accumulation 

of riboflavin was in intracellular vesicles which are covered with an ATP-

dependent transporter known as ABCG2 (Miranda-Lorenzo et al., 2014). 

The accumulation of riboflavin in autofluorescent vesicles could help to 

identify CSCs (Sainz et al., 2015). However, this needs to be confirmed in 

other studies. It has been reported previously that riboflavin-derived 

molecules are also the likely cause of autofluorescence within macrophages 

(Aubin, 1979; Thorell, 1983; Njoroge et al., 2001), which may limit the use of 

this approach for identifying or isolating CSC. 
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 Three dimension (3D) spheroids assays 1.3.3.5

In various cancer types, CSCs have been identified by exploiting their self-

renewal capacity and ability to form spheroids in anchorage independent 

culture (Hermann et al., 2007; Ricci-Vitiani et al., 2007; Chung et al., 2015). 

Spheroid formation can be used to enrich for CSCs whereas differentiated 

cells such as non-malignant cells and fibroblasts undergo anoikis as result of 

the lack of adherence (Weiswald et al., 2015; Qureshi-Baig et al., 2016; 

Dubash et al., 2016). The spheroids grown in anchorage independent 

culture retain the key characteristics of the original tumour such as relevant 

mutations and might be helpful tools to identify a gene expression signature 

leading to the identification of targets for the development of more effective 

therapeutic strategies (Lee, J. et al., 2006; Mori et al., 2009; Lee, S. et al., 

2015). As to whether the applied growth conditions select for CSCs or drive 

cancer cells to adopt a CSCs phenotype, some studies have used growth 

media to select cells that are capable of producing spheroids in the 3D 

assay (Dontu et al., 2003; Ponti et al., 2005). However, in the 3D assay, 

there are some factors that need to be taken into consideration such as the 

use of specific culture media and where multiple cell populations are 

combined to generate spheroids, which may lead to molecular 

heterogeneity, including inter- and intra-variability in marker expression 

(Vermeulen, L. et al., 2008; Pastrana et al., 2011; Smart et al., 2013).  

 

 Gene signalling pathways 1.4

There are several signalling pathways play essential roles in gene regulation 

capacity such as Wnt, Notch, phosphatidylinositol 3-kinase/phosphatase and 

tensin homolog, (PI3K/PTEN) and nuclear factor-κB (NF- κB) signalling 

pathways. As yet the precise functional CSC signalling pathways have not 

been clarified. 

 

 miRNA biogenesis 1.4.1

MiRNAs are small (19-23 nucleotides) non-protein-coding RNA (Lagos-

Quintana et al., 2001). The first miRNA known as Lineage-4 (lin-4) was 



- 16 - 

discovered  in Caenorhabditis elegans (C. elegans) over two decades ago 

(Lee, C. et al., 1993). By 2016, more than 2578 mature miRNA sequences 

had been reported in miRNA data base (http://www.mirbase.org). However, 

the functions of many miRNAs remain to be elucidated (Peng, Y. and Croce, 

2016).  

Usually, miRNAs are transcribed by RNA polymerase II into primary 

transcripts (pri-miRNA). These primary transcripts are several kilobases long 

and contain a region in which the sequences are imperfectly complementary 

forming a hairpin.  (Lee, Y. et al., 2004; Borchert et al., 2006). In the nucleus, 

the hairpin structure is recognised by the ribonuclease enzyme Drosha and 

its partner DiGeorge syndrome critical region gene 8 (DGCR8) protein. 

Together Drosha and DGCR8 form a large complex (around 650kDa) known 

as the microprocessor complex that mediates cleavage of the pri-miRNA at 

the stem of the hairpin structure, releasing a small hairpin termed the 

precursor miRNA (pre-miRNA). Pre-miRNA is then transferred out the 

nucleus to the cytoplasm by the nuclear transporter receptor protein 

exportin-5 (Lee, Y. et al., 2003; Bohnsack et al., 2004) (Figure 1.3). 

Following nuclear export, the pre-miRNA is further cleaved by the 

ribonuclease Dicer 1 in conjunction with its interacting partner Trans-

activation-responsive RNA-binding protein (TARBP2) to form a double-

stranded miRNA of approximately 22 nucleotides which consists of a 

passenger strand and a guide strand (Bernstein, E. et al., 2001; Knight and 

Bass, 2001). When this duplex is unwound, the guide strand is loaded onto 

an argonaute (AGO) protein and incorporated into the RNA-induced 

silencing complex (RISC). Upon incorporation into the RISC complex the 

miRNA can now target mRNA sequences and modulate gene expression 

(Mourelatos et al., 2002; Valencia-Sanchez et al., 2006; Vasudevan et al., 

2007; Vasudevan, 2012). Although the exact mechanism of miRNAs in the 

regulation of the human transcriptome is not fully understood, increasing 

studies support the association of miRNAs in the regulation of gene 

expression. 
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Figure 1.3 miRNA biogenesis in human cells. primary transcripts (pri-miRNA), ribonuclease enzyme Drosha (Drosha ), DiGeorge syndrome 

critical region gene 8 (DGCR8), precursor miRNA (pre-miRNA), nuclear transporter receptor protein (exportin-5), cofactor of exportin-5 (Ran-

GTP), Trans-activation-responsive RNA-binding protein (TARBP2), ribonuclease Dicer 1 (Dicer), argonaute (AGO), massengar RNA (mRNA), 

open read frame (ORF)  

-1
7

- 
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 Impact of the altered miRNA expression in cancer 1.4.2

Large-scale dysregulation of miRNAs plays a critical role in cancer 

development and progression. Some miRNAs function as oncogene or 

tumour suppressor under certain conditions. The abnormal expression of 

miRNA has been found to be the responsible for the uncontrolled growth and 

division in cancer cells by targeting cell cycle components as well as 

signalling pathways. For example, deletion of Dicer-1 in Drosophila germline 

stem cells leads to block the cells in the G1/S transition and also increased 

expression of one of the p21/p27 family of cyclin-dependent kinase (Cdk) 

inhibitors known as Dacapo (Hatfield et al., 2005). In non-small-cell lung 

cancer it has been reported that the downregulation of miRNA, which target 

insulin-like growth factor 1 (IGF1), IGF1 receptor (IGF1R), and 

phosphoinositide-3-kinase, regulatory subunit 1 (alpha) (PI3KR1, or p85a), 

increases the PI3K signalling pathways (Peng, Y. et al., 2013). 

Furthermore, circumvention of apoptosis is believed to be regulated by 

miRNAs which have the ability to protect p53 from degradation by directly 

supressing the expression of mouse double minute 2 protein (Mdm2) 

(Pichiorri et al., 2010). Overexpression of p53 target miRNA leads to escape 

from cell death (Yan et al., 2009). Moreover, there are some miRNAs which 

target anti-apoptotic regulators such as B-cell lymphoma 2 (Bcl-2) and B-cell 

lymphoma-extra-large (Bcl-xL) as well as proapoptotic factors Bax, Bim and 

Puma which have essential role in cell death (Zhang, H. et al., 2011; Nie et 

al., 2012; Denoyelle et al., 2014). MiRNAs can also regulate mechanisms of 

the extrinsic (death receptor mediated) apoptotic pathway, included the Fas 

ligand/receptor, which play an essential role in the cancer progression and of 

the immune system regulation (Shaffiey et al., 2013; Wang, P. et al., 2013). 

Growing evidence has confirmed the involvement of miRNAs in activating 

invasion and metastasis as well as inducing angiogenesis (Kong et al., 2008; 

Ghosh, G. et al., 2010; Liu, L. et al., 2011; Lou et al., 2012).  

According to the genome-wide profiling, the association of the expression 

signatures of miRNA with tumour type, grade and clinical outcomes has 

been proven (Vychytilova-Faltejskova et al., 2016). Therefore, miRNAs could 

be potential diagnostic and prognostic biomarkers and also might be reveal 
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targets and pathways for the development of more effective treatments. 

However, more studies are required to screen and validate the miRNA 

candidates in more patient samples. 

 

 miRNA in Ewing’s sarcoma 1.4.2.1

Downregulation of miR-193b leads to inhibition of anchorage-independent 

growth in soft agar and metastasis, negatively regulating the expression of 

ErbB4 (Moore et al., 2017), which is reported to promote metastasis 

(Mendoza-Naranjo et al., 2013). Furthermore, miR-199b-5p, which is 

downregulated in ES cell lines, is suggested to be  a tumour suppressor and 

also directly targets cyclin-L1 (CCNL1) (Li, W. et al., 2015). The expression 

and amplification of CCNL1 in head and neck squamous cell carcinoma is 

associated with the survival rate of these patients. It is also reported as cell 

cycle regulatory protein and suggested to be a potential oncogene (Redon et 

al., 2002; Sticht et al., 2005). An increase of miR-301a expression in ES 

compared with MSC has been reported, miR-301a has a direct inhibitory 

effect on phosphatase and tensin homolog (PTEN) mRNA translation in ES 

(Kawano et al., 2016) and breast cancer (Ma, F. et al., 2014). PTEN is a 

tumour suppressor often mutated in human cancers and leads to increased 

survival and oncogenesis by activation of the phosphoinositide 3-kinase 

(PI3K)/ protein kinase B (Akt) pathway (Podsypanina et al., 1999; Di 

Cristofano et al., 2001). TAp73β, which is a p53-family protein, is inhibited by 

miR-193a-5p and implicated in Cisplatin chemoresistance of osteosarcoma 

and ES (Jacques et al., 2016). The miR-17-92 cluster is associated with the 

TGFB/BMP pathway (Schwentner et al., 2017). The increased expression of 

miR-34a at diagnosis was associated with better outcome in ES (Nakatani et 

al., 2012) and the correlation of miR-34a with cyclin D1 and Ki-67 was also 

reported in ES (Marino et al., 2014). In EWS knockout mice, the upregulation 

of DROSHA was reported and that led to increased miR-125a and miR-351, 

which decreased UV radiation resistance-associated gene protein (UVRAG) 

mRNA. As result, the UVRAG-dependent autophagy pathway was 

deregulated (Kim, Y. et al., 2015).  
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 miRNA regulation of CSC 1.4.3

The expression of miRNA has an effect on multiple genes (targets) and their 

involvement in tumorigenesis might result from their regulation of some 

specific targets. Identifying these specific targets is a critical step to clarify 

the role of miRNAs in cancer development. While the self-renewal 

mechanism and differentiation remain unclear in normal stem cells (SC) as 

well as CSCs, it has been proven in Dicer1 and DGCR8 null mouse models 

that changing the expression of miRNA leads to abnormalities in murine 

embryonic SC differentiation (Kanellopoulou et al., 2005; Wang, Y. et al., 

2007). It is believed that miRNA can regulate a panel of transcription factors 

(Table 1.3) that modulate the self-renewal and differentiation processes. 
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Table 1.3 Summary of miRNAs that regulate specific genes in CSCs.  List  of miRNAs 

that are drivers of genes that regulate self-renewal and differentiation of CSCs. ND (Not 

determined) adopted from (Wang, Z.M. et al., 2013). 

 

Classification 
 

miRNAs 
Target genes  

References 
Full name  Symbol 

Pluripotent 

miR-137 Mind bomb 1 Mib1 
(Smrt et al., 2010) 

(Mahmoudi and 
Cairns, 2017) 

miR-184 Numblike Numbl (Liu, C. et al., 2010) 

miR-200 
Zinc finger E-box 

binding homeobox 
ZEB1; ZEB2 

(Wang, G. et al., 
2013) 

miR-290 
Cyclin-dependent 

kinase inhibitor 1a 
CDKN1a 

(Wang, Y. et al., 
2008) 

(Wang, G. et al., 
2013) 

miR-302 

 Cyclin D1 

(Greer Card et al., 
2008) 

Lysine-specific 
demethylase 1B 

AOF1 

Lysine-specific 
demethylase 1A 

AOF2 

Methyl CpG binding 
protein 1-p66 beta 

component 
MECP1-p66 

Methyl CpG binding 
protein 2 

MECP2 

miR-9 
Leukemia-associated 
phosphoprotein p18 

Stathmin 
(Zheng et al., 2013) 

(Fenger et al., 
2016) 

Pro-
differentiation 

let-7 

lin-28 homolog A Lin28 

(Peter, 2009) 
(Li, X. et al., 2012) 

(Yu et al., 2007) 
(Shimono et al., 

2009) 

lin-28 homolog B Lin28B 
Insulin-like growth 

factor 2 mRNA 
binding protein 1 

IMP-1 

v-Ha-ras Harvey rat 
sarcoma viral 

oncogene homolog 
HRAS 

High mobility group 
AT-hook 2 

HMGA2 

miR-122  ND (Deng et al., 2014) 

miR-134 

Homeobox protein 
NANOG 

Nanog 

(Tay et al., 2008) 
Nuclear receptor 

subfamily 5, group A, 
member 2 

LRH1 

Sex determining 
region Y-box 2 

Sox2 

miR-145 

Octamer-binding 
transcription factor 4 

Oct4 
 

(Xu, N. et al., 2009) 
 Sox2 

Kruppel-like factor 4 KLF4 

miR-181  Lin28 
(Li, X. et al., 2012) 

(Ji et al., 2009) 
miR-296  Nanog (Tay et al., 2008) 

miR-470  
Nanog and 

Oct4 
(Tay et al., 2008) 
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Furthermore, some transcription factors such as Myc-c can regulate the 

expression of miRNA that can affect the signalling pathways linked to self-

renewal and differentiation (Greer Card et al., 2008; Lin, C. et al., 2009; 

Wang, G. et al., 2013).  Also, MYC-C can be considered as regulator for 

many processes such as cell cycle progression, metabolism, epithelial–

mesenchymal transition (EMT), metastasis, stemness, angiogenesis and 

assisting tumour initiation and progression (Jackstadt and Hermeking, 

2015).The expression and activity of MYC-C are under the control of 

miRNAs and MYC-C itself directly regulate expression of some miRNA. 

These miRNAs are listed in the following Table  1.4. 

 

The role of MYC-C 

MYC-induced miRNAs MYC-repressed miRNAs miRNAs targeting MYC-C 

miRNA References miRNA References miRNA References 

miR-9 
(Ma, L. et al., 

2010) 
Lin28/let-7 

(Friedman et 

al., 2009), 

(Schulte et al., 

2008) 

let-7 
(Liao and Lu, 

2011) 

miR-17 

(O'donnell et 

al., 2005), (He 

et al., 2005) 

miR-15a/ 
16-1 

(Schulte et al., 

2008), (Zhang, 

X. et al., 2012) 

miR-24 

(Kress et al., 

2011), (Lal et 

al., 2009) 

miR-18a 

(Tanzer and 

Stadler, 2004), 

(Ventura et al., 

2008) 

miR-23a 
(Lee, Y.S. and 

Dutta, 2007) 
miR-34b/c 

(Yamamura et 

al., 2012) 

miR-19a 

(O'donnell et 

al., 2005), (He 

et al., 2005) 

miR-23b 
(Lee, Y.S. and 

Dutta, 2007) 
miR-145 

(Sachdeva et al., 

2009) 

miR-19b-1 

(O'donnell et 

al., 2005), (He 

et al., 2005) 

miR-26a 

(Hermeking, 

2012), (Suzuki 

et al., 2009) 

miR-148a 
(Yang, J.D. and 

Roberts, 2010) 

miR-20a 
(O'donnell et 

al., 2005), (He 
miR-29a/b 

(Hermeking, 

2012), (Mott 
miR-184 

(Liao and Lu, 

2011) 
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et al., 2005) et al., 2010) 

miR-22 
(Hermeking, 

2012) 
miR-34a 

(Hermeking, 

2012) 
miR-185 

(Han et al., 

2013) 

miR-25 
(Kumar et al., 

2013) 
miR-148a 

(Yang, J.D. and 

Roberts, 2010) 
miR-196b 

(Sampson et al., 

2007) 

miR-92a-1 

(O'donnell et 

al., 2005), (He 

et al., 2005) 

miR-185 
(Han et al., 

2013) 
miR-449c 

(Zhen et al., 

2013) 

miR-93 
(Kumar et al., 

2013) 
miR-363 

(Yang, J.D. and 

Roberts, 2010) 
miR-494 

(Sander et al., 

2008) 

miR-106b 
(Kumar et al., 

2013) 

 

miR-130a 
(Mestdagh et 

al., 2010) 

miR-214 (Mestdagh et 

al., 2010) 

miR-378 (Feng et al., 

2011) 

Table 1.4 List of miRNAs induced/repressed by MYC or targeting c-MYC 

 

 Cancer development and cell cycle regulation 1.5

It is now accepted that most cancers arise following accumulation of 

mutations in deoxyribonucleic acid (DNA), which can be inherited through 

cancer progeny and/or acquired with progression. The most commonly 

observed mutations found in cancer cells occur in tumour suppressor genes 

(TSG) and oncogenes. Loss of TSG expression such as p53, retinoblastoma 

protein (pRB) and phosphatase and tensin homolog (PTEN) frequently lead 

to cancer development (Friend et al., 1987; Lane and Crawford, 1979; Li, J. 

et al., 1997). Additionally, mutations in oncogenes or overexpression of 

proto-oncogenes result in increased proliferation and/or prevention of 

apoptosis contributing to cancer development and progression (Chang, E.H. 

et al., 1982; Payne et al., 1982). Initially, it was proposed that cancer 
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development required at least two genetic mutations (Knudson, 1971), more 

recently it has been estimated that 10 or more mutations are necessary for 

cancers to occur (Tomlinson, I.P. and Bodmer, 1995; Stoler et al., 1999; 

Tomlinson, I.P. et al., 2002) although this is likely cancer type dependent. 

Paediatric cancers have lower rates of mutations due to the developmental 

origins of these cancers, which differs from the  accumulation of 

abnormalities with time in adult cancers (Vogelstein et al., 2013).   

Alternatively, translocations between chromosomes, known as gene fusions, 

can drive cancer development and were reported for the first time in 

leukaemia (Rowley, 1973). Currently, high-resolution sequencing 

technologies such as next generation sequencing have enabled exploration 

of more fusion genes in tumours (Fonseca et al., 2017) revealing BRAF, 

NTRK3, and RET gene fusions in colorectal cancer (Kloosterman et al., 

2017).  

These mutations and fusions lead cancer cells to obtain more capabilities 

defined as the hallmarks of cancer. The development of cancer is extremely 

complex and has been considered a heterogeneous disease (Hanahan and 

Weinberg, 2000). Early research has focused on the development and 

cause of drug resistance in cancer, and studying the genetic and 

biochemical mechanisms that drive this phenomena to identify potential 

strategies to improve outcome (Hanahan and Weinberg, 2000). More 

recently, the intra-tumoral heterogeneity and microenvironment have been 

taken into consideration (Hanahan and Weinberg, 2011) and the 

mechanisms driving heterogeneity in cellular function remain uncertain. Non-

genetic factors are also responsible for the maintenance of cancer stem cells 

(CSCs) hierarchies and also the development of neoplasm. Although the 

hierarchical organisation of tumours and how best to identify and isolate 

CSCs are not clear. The CSCs seem to have properties that make them 

clinically relevant (Kreso and Dick, 2014). Strong evidence suggests that a 

number of non-genetic factors essential in developmental pathways and 

epigenetic modifications, including DNA methylation, histone modification, 

chromatin openness, microRNA (miRNA), and expression of noncoding RNA 

are also essential in cancer development (Dick, 2008; Meacham and 

Morrison, 2013). Also, abnormal cell cycle activity is common in cancer as a 
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result of mutations or genetic lesions in genes encoding cell cycle proteins 

(Esteller, 2000). 

 

 The role of cell cycle proteins 1.6

The cell cycle is regulated by numerous cellular proteins known as cyclin-

dependent kinases (CDKs) and their partner cyclins, and cell cycle inhibitors 

such as CDK inhibitors (CDKI) and CDK4 inhibitor (INK) (White and Dalton, 

2005). These act together at different stages of the cell cycle to promote 

and/or restrain proliferation dependent on external cues. 

During G1 phase, CDK4 and CDK6 work with cyclin D to promote entry into 

the cell cycle, while CDK2 acts with cyclin E to control progression from G1 

to S phase (Sherr, 1994). CDK2 then complexes with cyclin A throughout S 

phase. Cyclin A also acts with CDK1 in late G2 and early mitosis to promote 

mitosis (M). CDK1-Cyclin B complex regulates M phase. Throughout the cell 

cycle, the levels of CDK proteins remain steady but the cyclin levels fluctuate 

to activate CDKs (Peng, J. et al., 1998).  

 

 Cell cycle factors in cancer 1.6.1

The accumulation of abnormalities in proto-oncogenes and tumour 

suppressor genes (TSGs) (E.g.; p53, p16, pRB, topoisomerase II, Chk1, 

MAD2, Cdc20 and breast cancer 1 (BRCA1) proteins) led to loss of cell 

cycle maintenance. In addition, overexpression of oncogenes (E.g. RAS 

family that involved in cell cycle maintenance), are common in cancer cells. 

These abnormalities result in cells pushed into a highly proliferative state 

with uncontrolled cell cycle (Hanahan and Weinberg, 2000). Moreover, the 

upregulation of selected anti-apoptotic proteins, for instance, B-cell 

lymphoma protein 2 (BCL-2), BCL-2 antagonist of cell death (BCL-xl) and 

BCL-2 like protein (BCL-w) and also downregulation of the pro-apoptotic 

proteins such as Bcl-2-associated X protein (BAX), BCL-2 homologous 

antagonist killer (BAK), BD3-interacting domain death agonist (BID) and 
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BCL-2 like protein 11 (BIM) increased the ability of cancer cells to evade 

apoptosis (Hanahan and Weinberg, 2000). 

 

 Involvement of CDKN1A-interacting zinc finger protein 1 (CIZ1) 1.6.2

in cell cycle regulation 

It has been shown that CIZ1 plays a central role in coordinating at least 

some of the key cell cycle transitions, CIZ1 interacting directly with the CDK 

inhibitor p21 (Mitsui et al., 1999), CDK2 (den Hollander et al., 2006), cyclin E 

and cyclin A (Copeland et al., 2010) (Figure 1.4).  

 

 

Figure 1.4 Cell cycle regulators and inhibitors. Cell cycle regulation by Cdk-Cyclin 

complexes and cell cycle inhibitors (Adapted from (Vermeulen, K. et al., 2003)). 

Kinase inhibitor protein (KIP), CDK inhibitors (CdkIs) and CDK interacting protein 

(CIP). 

 

CIZ1 occupies sub-nuclear foci coincident with DNA replication foci in early 

S-phase, and was found to promote initiation of S-phase in a p21 
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independent manner (Coverley et al., 2005; Ainscough et al., 2007). These 

studies also determined that DNA replication activity is driven through N-

terminal regions of the protein, while interaction with the dynamic sub-

nuclear scaffold (nuclear matrix) is encoded within the C-terminus 

(Ainscough et al., 2007). Also, the existence of binding sites for the pre-

replication complex (pre-RC) protein cell division cycle 6 (Cdc6) and cyclin 

A-CDK2 in the N-terminus has been confirmed (Copeland et al., 2015). 

Importantly, the CIZ1-matrix interaction is strong in differentiated cells, but 

relatively weak in stem cells, providing a means for alteration in nuclear 

activities, including transcription and DNA replication, as the cell undergoes 

the process of changing identity (Ainscough and Coverley, unpublished 

observations). More likely that the matrix itself is more dynamic (less fixed) 

in stem cells. CIZ1 is most likely part of the matrix. 

 

 CIZ1 in development and disease including cancer  1.6.3

CIZ1 has been associated with a growing number of disorders in which cell 

identity is deregulated (den Hollander et al., 2006; Rahman et al., 2007; 

Higgins et al., 2012) or involves altered control of proliferation (Judex et al., 

2003; Dahmcke et al., 2008). Also, loss of CIZ1 associated with leukemia 

(Nishibe et al., 2013) and  lymphoma (Ridings-Figueroa et al., 2017) 

(Table 1.5).  

 

Cancer type Role of CIZ1 References 

Lung cancer 
Knocking down of b-variant of 
CIZ1 lead to reduced tumour 

growth 
Higgins et al. (2012) 

Colorectal 
carcinoma 

(CRC) 

Silencing of CIZ1 lead to 
reduced proliferation, and 

colony formation 
Yin, J. et al. (2013) 

Gall bladder 
carcinoma 

(GBC) 

Knocking down of CIZ1 lead to 
reduced tumour growth and cell 

migration 
Zhang, D. et al. (2015) 

Prostate 
cancer 

Silencing of CIZ1 lead to 
reduced tumour growth, reduced  

cell proliferation and affect G1 
checkpoint activation 

Liu, T. et al. (2015) 
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Cancer type Role of CIZ1 References 

Breast cancer 

Knocking down of CIZ1 lead to 
reduced proliferation and 
anchorage dependence 

Overexpressing CIZ1 lead to 
increased oestrogen sensitivity 

and tumour size 

den Hollander and Kumar (2006) 

 

(den Hollander et al., 2006) 

Hepatocellular 
carcinoma 

The present of CIZ1 increased 
proliferation and migration 

Knocking down of CIZ1 lead to 
reduced growth and metastasis 

Lei et al. (2016) 

Wu, J. et al. (2016) 

Leukaemia 
The present of CIZ1 has anti-

tumorigenesis effects 
Nishibe et al. (2013) 

Ewing’s 
sarcoma 

family tumours 

The role of overexpression of 
variant CIZ1ΔE8-12 and 
CIZ1ΔE4 remain unclear 

Rahman et al. (2007) 

Rahman et al. (2010) 

Lymphoma 
The present of CIZ1 has anti-

tumorigenesis effects 
Ridings-Figueroa et al. (2017) 

Table 1.5 Summary of the confirmed association of CIZ1 in several types of cancers 

Adapted from (Wu, J. et al., 2016; Pauzaite et al., 2017) 

 

Different disorders appear to be associated with specific splice variants of 

the protein, some of which are expressed during normal mammalian 

development (Greaves et al., 2012) and in cultured stem cells (Greaves et 

al., 2012). Like cells and the embryonic or germ cell lineages, Ewing 

sarcoma (ES) family tumours lack exon 4 which affects the formation of CIZ1 

foci as well as DNA replication (Rahman et al., 2007).  

Full length CIZ1 is the most predominant form expressed in somatic adult 

tissues, including heart and lung, whereas CIZ1 splice variants are highly 

represented in differentiating male germ cells, with at least 7 variants found 

in the testis (Greaves et al., 2012). Also, a novel cancer-associated variant 

(CIZ1 delta 8-12) has been identified and validated in a range of cancer cell 

lines such as ES and primary lung tumours (Rahman et al., 2010). 

While the relative roles of the individual splice forms still remains to be 

elucidated, it was recently demonstrated that overexpression of full length 

CIZ1 exclusively in cardiomyocytes of transgenic mice causes enlargement 

of the heart due to hyperplasia, without affecting cardiac function (Bageghni 

et al., 2017). The differences in CIZ1 variant expression and behavior in 

stem and differentiated cells, and observations of the loss of identity with 
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inappropriate variant expression, are consistent with a role in modulating the 

differentiation or malignancy process. 

 

 Thesis hypothesis and objectives 1.7

 CIZ1 hypothesis 1.7.1

CIZ1 might plays a role in cancer development and regulation of 

pluripotency and differentiation and the loss of CIZ1 being sufficient to give 

rise to high frequency malignancy without introduction of additional 

oncogenic stimuli. Towards answering this hypothesis, I generated and 

characterized a CIZ1 null mouse. This work has been published (Ridings-

Figueroa et al., 2017). 

 

  ES-CS-like hypothesis 1.7.2

Three-dimensional (3D) spheroids arising from a single cell will enrich for 

cells that have cancer stem-like properties and may be a useful in vitro tool 

to identify factors that contribute to tumour initiation and development. This 

may identify targets for the development of novel therapeutics. 

 

The objectives of this part of my thesis have therefore been to; 

 Enrichment for ES-CS-like 1.7.2.1

Three methods (antigen expression, spheroid formation and selected growth 

in stem cell media) were investigated as methods to identify and enrich 

putative CS-like from ES cell lines. 

  

 Profiling the mRNA and miRNA signature in putative ES-CS-like 1.7.2.2

The spheroids produced from single cells (putative CS-like) were profiled 

using Taqman low density arrays for drug resistance and stem- and 

differentiation mRNAs, and selected miRNAs to identify the molecular 

drivers of putative CS-like in ES. 
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  Chapter 2

Identification of the ES Family Tumours Cancer Stem-like Cells 

(CS-like) 

 Introduction 2.1

In 1976, Peter Nowell proposed the clonal evolution model of cancer 

development whereby cancer cells developed from normal cells which had 

accumulated a series of mutations, which result in proliferative advantage 

and tumour growth initiation at primary and secondary (metastatic) sites 

(Nowell, 1976). Furthermore, the hierarchical or cancer stem cells (CSC) 

model was developed in 1977 (Hamburger and Salmon, 1977). The CSC 

model, which showed that a small subpopulation of cells within the tumour, 

acquired a tumour initiating mutation which leads to increased capability for 

self-renewal and clonal expansion (Hamburger and Salmon, 1977). 

According to the CSC model, cancer cells derived from a mutated stem cell 

inherited self-renewal features from the stem cells, differentiation ability, 

clonal expansion and the expression of surface markers such as prominin-1 

(CD133) (Zhu et al., 2009). Therefore, it is more accurate to term them 

cancer stem-like cells (CSCs) or cancer initiating cells (CIC), as they do not 

represent true stem cells since they are specialised; and they can give rise to 

various tumour populations similar to primary tumours. 

In 1997, the presence of CSCs have been confirmed for the first time by 

transplantation assays using acute myeloid leukaemia cells (Bonnet and 

Dick, 1997). Also, CSCs have been verified in solid tumours in the breast (Al-

Hajj et al., 2003), brain (Singh et al., 2003), prostate, pancreas (Li, C. et al., 

2007) and colon (O'Brien, C. A. et al., 2007) . In 2009, CSCs were identified 

in the Ewing's sarcoma (ES) family of tumours (ESFT), by sorting cells for 

expression of the cell surface marker human prominin-1 (CD133) (Suvà et 

al., 2009). Some ES tumours are devoid of CD133 expressing cells (Jiang et 

al., 2010), consistent with the hypothesis that CD133 fails to identify all ES 

CSCs. Furthermore, CD133 expression may be down-regulated by the 

cellular microenvironment, such that the ES CSC becomes elusive. 
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Furthermore, Nestin protein has been proposed to represent a powerful 

prognostic marker and its expression has been evaluated in osteosarcoma 

(Zambo et al., 2012), whereas it remains uncertain in ES (Evola et al., 2017). 

Nestin-positive cells were detected in all of the examined high-grade 

osteosarcomas and it has been proposed that the high expression of nestin 

was associated with poorer clinical outcomes. However, their conclusion was 

that nestin is not an ideal marker to be used in conventional methods 

(Zambo et al., 2012). It would be interesting to check the expression of nestin 

in ES CD133 +ve/-ve population and the specify for CSC.  

MYC-C, a proto-oncogene, is often upregulated in cancer, and it is highly 

expressed in ES cell lines (Sollazzo, M.R. et al., 1998). It has been 

suggested that the activation of the MYC-C promoter occurs through an 

indirect mechanism by the EWS-FLI1 gene (Bailly et al., 1994). MYC-C plays 

an important role in stem cell maintenance and nuclear reprogramming and 

also promotes stem cell properties. Moreover, it can regulate the expression 

of miRNA that can affect the signalling pathways linked to self-renewal and 

differentiation. Thus, it would be useful to evaluate the expression of MYC-C 

in ES cell lines as well as the putative ES-CS-like cells. 

In the early 70s, the spherical cancer model had been developed (Inch et al., 

1970; Sutherland et al., 1971). This three-dimensional (3D) model has been 

used at present under different terminologies and various preparation 

protocols. Due to the rapid development in CSC studies and the lack of 

exclusivity of CSC surface markers, CSCs have been identified and studied 

on the basis of functional criteria such as self-renewal capacity as well as 

migration ability. In human sarcoma cell lines, the 3D spheroids model 

enriches for key markers of normal stem cells more than cells in two-

dimensional (2D) monolayer culture (Fujii et al., 2009). This has also been 

supported in lung cancer (Chung et al., 2015). Moreover, the morphology, as 

well as the proliferative index of spheroids generated from ES cell lines, have 

been confirmed to be more closely related to primary cells and to cell–cell 

junctions, and kinase activation (Lawlor et al., 2002). 
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The spheroid formation feature is specific for CSCs (Pastrana et al., 2011; 

Tirino et al., 2013; Martínez-Serrano et al., 2015). Several scientific groups 

have used serum-free medium containing one or both of the exogenous 

mitogens epidermal growth factor (EGF) and basic fibroblast growth factor 

(bFGF) to culture CSCs as spheroids (Fujii et al., 2009; Pastrana et al., 

2011; Tirino et al., 2013; Chung et al., 2015). On the other hand, bFGF 

induces cell death in ES cell lines (Sturla et al., 2000). In glioma as well as 

lung cancer, the CSCs have the ability to form spheroids in the absence of 

exogenous mitogenic stimulation (Rafiee et al., 2015; Kelly, J.J.P. et al., 

2009; Yakisich et al., 2016). In several murine and human cancer cell lines, 

the 3D culture can induce an enrichment in CSCs but only in a cell line 

manner, and spheroids occasionally show lower tumorigenic potential than 

2D cells (Calvet et al., 2014). However, primary ES cells that cultured in 

serum-free medium showed no differences in the phenotype of the 2D cells 

and 3D spheroids, stating that the 3D culture does not enhance the self-

renewal ability to generate secondary spheroids and the in-vivo 

tumorigenicity of primary ES cells (Leuchte et al., 2014). 

I have sought to confirm that functional assay would be better approach than 

use cell surface markers (i.e. CD133) or stem cells media to enrich for ES-

CS-like. The functional assay expected to enrich cells with self-renewal 

capacity with reduce migration that might be responsible for tumour relapse 

or progression. To help us test this hypothesis we need to: 

1- Characterise the ES cell line capacity for migration, self-renewal and 

check the expression of CD133 and MYC-C. 

2- Isolate/enriching the putative CS-like cells from ES cell lines using two 

different approaches: sorting cells for the putative CSC marker CD133 

and identifying ES-CS-like cells exploiting self-renewing capacity in 3D 

cultures 

3- Test the effect of two different stem cell media on the growth of ES 

cell lines and putative CSCs. 

4- Characterise the putative ES CSCs capacity for migration, self-

renewal and check the expression of CD133 and MYC-C. Also, check 

the morphology using immunohistochemistry.  
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 Methodology 2.2

All reagents in this chapter were purchased from Sigma-Aldrich Ltd and all 

plastic ware from Corning® unless otherwise stated. 

 ES family tumours cell lines 2.2.1

There are six substrate adherent ES family tumours cell lines available in 

Professor S. Burchill group. Each cell line was cultured in a specific medium 

(Table 2.1) supplemented with 10% foetal calf serum (v/v; FCS, BioSera, 

Labtech International Ltd, East Sussex, UK) and 2mM L-glutamine (w/v). 

Cells were screened for mycoplasma contamination every four months by Ms 

Kimberley Cass (Leeds institute of Cancer and Pathology (LICAP); Clinical 

Trials Assistant, The University of Leeds) using the EZ-PCR mycoplasma 

test (Geneflow Ltd, Fradley, UK). 

Table 2.1 Characteristics and growth conditions of ES family tumours cell lines and 
other cell lines used as control.  All cell lines are human origin unless otherwise stated. All 
media was purchased from Invitrogen™ unless otherwise stated. Details of the origin of the 
ES cell line as well as EWS-ETS fusion type are given. DMEM = Dulbecco’s Modified 
Eagle’s Medium, pPNET = peripheral primitive neuroectodermal tumour, WT = wild type, FS 
= frameshift mutation, MS = missense mutation, * = mutation has caused loss of protein 
expression, ATCC = American Type Culture Collection, yr = years old, N/A= not applicable 
and Colon cancer = colorectal adenocarcinoma 

Cell Line Medium Origin Fusion type P53 
Tumour 
source 

Cell line 
source 

ES 
family 

tumours 

SK-N-MC 
DMEM + F12 HAM + 

10% FCS+ 2mM 
Glutamine 

pPNET 
EWS-FLI1 

Type 1 
Del* 14yr female ATCC 

TC-32 
RPMI 1640 + 10% 

FCS + 2mM 
Glutamine 

pPNET 
EWS-FLI1 

Type 1 
WT 17yr female 

Gift from Dr 
Toretsky 

TTC-466 

10% Conditioned 
RPMI 1640 + 10% 

FCS + 2mM 
Glutamine 

Ewing’s 
Sarcoma 

(extra 
osseous) 

EWS-ERG MS 
Female 

Metastatic 

Gift from Dr 
Paul 

Sorenson 

A673 
DMEM+ 10% FCS + 

2mM Glutamine 
pPNET 

EWS-FLI1 
Type I 

FS* 15yr female ATCC 

RD-ES 
RPMI + 10% FCS + 
2mM Glutamine 

Ewing’s 
sarcoma 

EWS-FLI1 
Type II MS 19yr male ATCC 

SKES-1 
McCoy’s 5a + 15% 

FCS + 2mM 
Glutamine 

Ewing’s 
sarcoma 

EWS-FLI1 
Type II MS 18yr male ATCC 

Colon 
cancer 

Caco-2 
RPMI 1640 + 10% 

FCS + 2mM 
Glutamine 

N/A N/A N/A N/A 
Gift from Dr 
Sandra Bell 
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 Cell culture 2.2.2

All procedures were carried out in a class II microbiological safety cabinet 

(Envair Ltd, Lancashire, UK). All cell lines were cultured on Primaria™ 75 

cm2 plastic tissue culture flasks (BD Biosciences, Oxford, UK) at 37°C in 5% 

CO2 in air (CO2 incubator, SANYO Gallenkamp PLC, Leicestershire, UK). 

Cells were checked using a light microscope (Olympus CKX41 microscope, 

Southend-on-Sea, UK) and passaged when they were approximately 80% 

confluent.  Phosphate buffered saline (PBS; w/v), 1xTrypsin (v/v) (10x 

Trypsin diluted in PBS), 0.1% (w/v) ethylenediaminetetraacetic acid (EDTA) 

and medium were pre-warmed to 37°C in a water bath prior to use. 

To passage the cells, the medium was removed and cells washed with 5mL 

of pre-warmed PBS and then incubated with 0.1% EDTA (5mL) for 2 min. 

The EDTA was removed and cells were then incubated in 5mL of trypsin for 

2 min at room temperature; the flask was tapped gently to and checked using 

a light microscope to ensure the majority of cells had detached. Cells were 

harvested into 5mL of medium and then pelleted in a tube by centrifugation 

for 5 min at 402g. The cell pellet was gently re-suspended in the splitting-

ratio-growth medium for each cell line, using a fine tip strippette (StarLab Ltd, 

Milton Keynes, UK). 

 

 Determination of viable cell number 2.2.3

Viable cell number was determined using the trypan blue exclusion assay. 

Briefly, 10 µL of the cell suspension was mixed with an equal volume of 

trypan blue (0.4%; v/v); the cells were gently mixed and loaded into the 

chamber of a Neubauer haemocytometer (Hawksley, Sussex, UK). The total 

number of clear viable cells in the 16-box-grid was counted. Cells which take 

up the dye and appear blue are dead and were therefore excluded from the 

counts. The obtained value was multiplied by 104 to give the number of cells 

per mL. Alternatively, the Vi-CELL™ XR Cell Counter (Beckman Coulter, 

High Wycombe, UK) was used to determine cell viability. This instrument 

automates the manual trypan blue exclusion assay. Cell suspension (1mL) 
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was transferred to a sample cup and placed on the Vi-CELL™ XR Cell 

Counter. The cell suspension is taken up by the instrument, trypan blue dye 

added, and the number of viable cells is counted automatically. The 

calculated value of the viable cell number x 106/mL is provided. All viable cell 

numbers were performed in triplicate. 
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Figure 2.1 Different culture system that used to setup experiments in this chapter. 

-3
6

- 
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 Isolation and enrichment methods for putative CS-like cells 2.2.4

 Selection of ES family tumours cells in stem cell medium 2.2.4.1

ES family tumours cell lines (SK-N-MC, TTC-466 and TC-32) were seeded in 

either standard ES family tumours medium (Table 2.1), AggreWell™ medium 

or mTeSR™1 basal medium (STEMCELL Technologies Inc. Manchester, 

UK), supplemented with 100 mL of mTeSR™1 5X supplement, in non-coated 

or matrigel™ hESC-qualified matrix (BD Biosciences, supplied by VWR) pre-

coated wells. The matrigel™ hESC-qualified matrix was aliquoted in 

cryovials according to the manufacturer’s protocols (standard volume range 

= 270-350μl in each cryovial) as a single use. All aliquots were stored at -

20°C and thawed on ice at 4°C overnight prior to use. To coat the wells of a 

24 well flat-bottomed plate with matrigel™ solution, an aliquot of the thawed 

matrigel™ was added to a pre-chilled 50mL tube containing 25mL of cold 

DMEM/F12 medium. The mixture was mixed very well by pipetting up and 

down, and used immediately to coat the wells (200µL per well). Plates were 

incubated for 1 h at room temperature to allow the matrigel™ to solidify. 

Medium (1mL) was added to each well prior to use.  

Cell suspensions (5 x104 cells /mL) were prepared in the three different types 

of medium. Cell suspension (1 mL/well) was seeded into three wells of a 24 

for each condition; 1 mL of PBS was added into empty wells to maintain 

humidity. The plate was incubated at 37°C in 5% CO2 in air for 24h, 48h or 

72h. Each day, cells were harvested and the viable cell number was counted 

using Vi-CELL™ XR (Section 2.2.3). 

 

 Single cell (Self-renewing) assays 2.2.4.2

2.2.4.2.1 Hanging drops assay 

Self-renewal ability was determined using the hanging drop method. A single 

cell suspension of 5 x 103 cells/mL was prepared (Section 2.2.3). This 

suspension was serially diluted in medium to achieve a dilution of one cell 

per 20 µL. The lid of a 100x20 mm tissue culture dish (BD Biosciences) was 

removed and 10mL of PBS was placed in the bottom of the dish to humidify 
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the dish. The lid was inverted and 20μl drops (each containing a single cell) 

were pipetted onto the bottom of the lid. In each dish, 40 drops of 20 µL were 

placed sufficiently apart so as to not touch. The lid was carefully inverted 

onto the PBS-containing bottom (Figure 2.2). The dish was carefully replaced 

into the incubator at 37°C, 5% CO2 in air. The drops were monitored weekly 

using a light microscope for up to six weeks 

 

 

Figure  2.2 Schematic diagram of the layout of the hanging drop assay. 

 

 

2.2.4.2.2 A single cell in low-adherent or flat Primaria plate 

Cells were harvested (See section 2.2.3) and serially diluted to produce a 

single cell suspension in 200µL; initially, cells were diluted to 104 cells/mL. 

From this, a cell suspension (100µL) was added to 900µL of medium (1:10 

dilution) to produce a 103 cells/mL cell suspension. Then 100µL of this 

suspension was added to 20mL of medium to get one cell per well (200µL). 

A single cell suspension (200µL) was added to all wells of a 96-well (Costar® 

Ultra- Low attachment multiwall or flat Primaria  plates (Corning, supplied 

by SLS)). The plate was placed in an incubator at 37°C, 5% CO2 in air for 

three to six weeks. Each week, spheroids were assessed and imaged by 

using a light microscope. 

2.2.4.2.3 Colony formation assay 

Two concentrations of noble agar solution in distilled water (3% and 5%; w/v) 

were prepared by dissolving agar powder 3mg and 5mg, respectively, in 

100mL distilled water. These agar solutions were autoclaved and stored at 

room temperature prior to use. Cell line specific medium was pre-warmed to 

37°C. Then medium (4.5 mL) was aliquoted into 15mL falcon tubes. The 5% 
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stock agar was heated in a microwave to melt the sterile-solid-agar and then 

placed in a water bath at 40°C. In the hood, 0.5mL of 5% agar was mixed 

with 4.5mL of medium and agitated quickly to ensure a uniform solution 

(without lumps of agar). The mixture (5mL of 0.5% agar) was poured into a 

60mm tissue culture dish (Falcon, BD Biosciences, Oxford, UK) and allowed 

to set within the hood for 1h. This first layer of agar was used to prevent cells 

from attaching to the plastic. To set up the second layer of agar, the 3% agar 

was liquefied in the microwave and cooled in the water bath (40°C). While 

the 3% agar was cooling to 40°C, cells were harvested (Section 2.2.2), 

counted (Section 2.2.3) and re-suspended at a concentration of 1.8 x 105 

cells in 4.5mL medium. The cell suspension was mixed with 0.5mL of 3% 

agar. Then the uniform mixture (0.3% agar) was poured over the 0.5% agar 

layer and the petri dishes were left in the hood at room temperature until the 

agar solidified. Agar dishes were then placed into a square dish 

(120x120mm) (Gosselin) containing an open dish (size of the dish= 60x15 

mm; Falcon) containing 2mL of PBS to maintain humidity in the larger dish. 

The dishes were incubated at 37°C, in 5% CO2 in air for nine days. After nine 

days, 0.2% (w/v) 2(4-lodophenyl)-3 –(4-nitrophenyl)-5 – phenyltetrazolium 

violet (Tet-violet) was prepared by dissolving Tet-violet powder (100 mg) in 

distilled water (dH2O;50 mL) and then filtering the dye into a sterile bottle.  

Tet-violet (500 µL) was layered onto the surface of the agar plate, and then 

the plates were returned to the incubator, 37°C, in 5% CO2 in air for 24 h. 

The excess of Tet-violet dye was aspirated and the surface of the agar plate 

was washed with PBS (500 µL). The plate was examined using a light 

microscope at 10x magnification. The Tet-violet dye was used to distinguish 

between viable (dark pink or violet) and non-viable (clear) cells and colonies. 

Colony formation was calculated by counting the mean number of viable 

colonies in 16 fields of view (Figure 2.3). The resulting value was divided by 

the number of cells seeded in one field of view, and then multiplied by 100. 

To calculate the number of cells seeded into a field of view, the volume of a 

field of view (mm3) was divided by the volume of the plate (mm3), multiplied 

by the number of cells seeded; volume is equal to Pie multiplied by the depth 

of the agar, multiplied by the radius squared (v = π r2 h).  
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Colony forming efficiency (%)= Number of colonies formed in field of view
Number of cells seeded in field of view

×100 

 

 

Figure  2.3 Schematic diagram of colony formation assay 

 

 Antigenic isolation methods 2.2.4.3

2.2.4.3.1 Cell separation using Magnetic MACS® Separator 

Unless stated all reagents were purchased from Miltenyi Bio Ltd (Surrey, UK) 

and catalogue numbers in Appendix B.1. The cells were harvested and the 

total cell number was counted, as described previously (section 2.2.3 and 

section 2.2.3). Direct magnetic labelling was used; cells were centrifuged at 

402g for 5 min, supernatant aspirated and cell pellets were re-suspended 

with a labelling mixture, which is enough to label up to 108 cells, consisting of 

200 µL MACS buffer (0.5% BSA + 2mM EDTA in PBS), 100 µL FcR blocking 

buffer and 200 µL CD133 microbeads. If the total cell number exceeded 108 

the volume of reagents was adjusted accordingly. The re-suspended cells 

were incubated at 4 °C for 30 min. Cells were then washed with 2mL of 

MACS buffer, centrifuged for 5 min at 402g and supernatant aspirated. The 

resulting cell pellet was re-suspended in 500 µL of MACS buffer. Three 

MACS columns were placed into a magnetic MACS® Separator, as 

illustrated in Figure 2.4 and washed with 3mL of MACS buffer. 



- 41 - 

 

Figure 2.4 Magnetic MACS
®
 Separator that used to enrich for CD133 positive cell 

population. Cells were labelled with CD133 micro-magnetic-beads. LS columns were used 

in columns A & B to enrich for CD133 positive cells. The CD133 negative fraction was 

collected from column C using an LD column that is specially designed for the stringent 

depletion of unlabelled cells (negative fraction). 

 

 

The single cell suspension was loaded onto the first LS MACS column (LS 

column A) and washed three times with 3mL of MACS buffer. Cell flow 

through (negative fraction) was collected, centrifuged for 5 min at 402g and 

supernatant aspirated. The cell pellet was resuspended in 500 µL of MACS 

buffer and loaded onto LD column C. The LD column C was washed with 2 x 

1mL MACS buffer, and the cells in the flow through were collected; these are 

the CD133 negative cells. To elute the positive fraction, LS column A was 

placed in the upper chamber of a second LS column B. 5mL of MACS buffer 

was added to LS column A and a plunger used to elute the positive cells 

from column A to column B. LS column B was washed three times with 3mL 

MACS buffer and the washes were discarded. LS column B was taken off the 

magnetic stand and the positive cell fraction was eluted in 5mL MACS buffer 

using the plunger. The positive and negative cells were centrifuged for 5 min 

at 402g and the total viable cell number was determined (see section 2.2.3). 
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Cells were processed, as illustrated in Figure 2.5, and incubated at 37°C, 5% 

CO2 in the air. The flat bottom Primaria™ flasks were used to expand the 

sorted cells to be used for future downstream experiments. The purity of cells 

sort was checked by flow cytometry.  

 

 

 

Figure  2.5 ES family tumours culture pathway after MACS® separation 

 

2.2.4.3.2 Fluorescence Activated Cell Sorter (FACS) 

All reagents were purchased from Miltenyi Bio Ltd (Surrey, UK) and 

catalogue numbers in Appendix B.2. A serial cell sort was performed by Dr. 

Adam Davison and/or Mrs Liz Straszynski (LICAP, St. James's University 

Hospital, Leeds) on three different ES family tumours cell lines (SK-N-MC, 

TTC-466 and TC-32). The cells were harvested and counted, as previously 

described in section 2.2.2 and section 2.2.3. The cells were stained in three 

different batches to keep the majority of cells alive during the long period of 
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sorting. To label up to 107 cells/100ul, an FcR blocking buffer (1:10) was 

mixed with an isotype or CD133 antibody (1:11) in MACS buffer (0.5%BSA 

+2mM EDTA in PBS) and incubated for 10 min at 4°C. The cells were 

centrifuged and the supernatant aspirated. The cells were washed with 

MACS buffer and centrifuged, and the supernatant aspirated. The resulting 

pellet was resuspended in 1mL MACS buffer and sorted by the FACS (BD 

Influx 6 Way Cell Sorter; BD Bioscience, UK). A single cell from the parental 

cell line was sorted into each well of a total of 30 plated of 96-well plates 

from each cell line. Similarly, the CD133+ve population and the CD133–ve 

population were sorted into wells from a total of 30 plated on 96-well plates. 

The rest of the stained cells were separated into sterile tubes for downstream 

experiments, as illustrated in Figure  2.16. All plates and flasks were 

incubated at 37°C, 5% CO2 in the air. 

 

 Analytical methods 2.2.5

 Migration assay 2.2.5.1

The migration assay was adapted from a previously published method (Vinci 

et al., 2013). The cell number was counted (Section 2.2.3) and the cells were 

diluted to 5 x 103 cells/mL in medium. Cell suspension (1 x 103 cells in 200 

µL) was added to each well of a 96 well round bottomed Costar® Ultra- Low 

attachment multiwall plate (Corning,); 200µL of PBS was added into empty 

wells to prevent evaporation. The plate was incubated at 37°C, 5% CO2 in air 

for four days. On the fifth day, a 24 well, flat-bottomed plate (BD 

Biosciences) was coated with 200 µL of 0.1% gelatin (in sterile distilled 

water). The gelatin was allowed to set for 1 h in an incubator at 37°C, 5% 

CO2 in air. Growth medium (500 µL) was added to each well of the coated 

plate. Medium (100 µL) was removed and discarded from wells containing 

spheroids, taking care not to disrupt or move the spheroid. The remaining 

100 µL of medium containing the spheroids was transferred into the gelatine 

coated plate using a sterile tip which was then removed; one spheroid was 

placed into each well. The cell spheroids were allowed to adhere to the 

gelatine and imaged using a light microscope at 4x magnification on the 
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same day (0h) and after 24, 48 and 72 h. Images were analysed using 

Volocity software 6.3 (PerKin Elmer, Cambridge, UK). Spheroid core and 

migration zone were outlined using the freehand tool of Volocity (Figure 2.6). 

At each time point, the calculated pixel count was noted for each of these 

zones.  The migration value for each time point was calculated by using the 

following formula: 

Migration index (MI) = 
(migration zone -core at time point)

core at 0 hour
 

 

 

Figure 2.6 Schematic diagram of migration assay. Green = the edge of spheroid core and 

Blue = the edge of migration zone. 

 

 

 Protein analysis 2.2.5.2

Frozen cells pellets from human embryonic stem (hES) cells known as 

SHEF4 were used as control. These cells was gifted from Professor Peter 

Andrews (Department of Biomedical Science, The University of Sheffield) 

and cultured by Mrs Andrea Berry (Senior research technician, LICAP, The 

University of Leeds) using feeder-free culture conditions using Matrigel™ 

coated plastic and mTesR™1 medium. Additionally, frozen cell pellets from 

previously sorted cells based on their expression of CD133 by Mrs Berry as 

well as substrate adherent cells and a pool of three week spheroids (3-w-

spheroids) were used. The 3-w-SK-N-MC spheroids were resuspended and 

cultured as substrate adherent cells and passaged 3 times. At each time 

point, cells were pelleted and frozen for future use. 
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2.2.5.2.1 Protein extraction 

Medium was aspirated from ES family tumours cell lines and the cells were 

washed with PBS (5mL). The cells were scraped into 0.5mL PBS using a 

scraper (IWAKI, ASAHI Techna Glass, 9000-220, Japan) and then 

transferred to a 1.5mL centrifuge tube. Cells were pelleted at 1000 rpm for 5 

min and the excess PBS was aspirated. The cells were re-suspended in 

RIPA buffer (1% Nonidet P-40, 0.5% Sodium Deoxycholate and 0.1% 

Sodium dodecyl sulphate (SDS) in PBS) containing inhibitors (100 µL/mL 

phenylmethylsulfonyl fluoride (PMSF; 1mg/mL in isopropanol), 10 µL/mL 

Sodium Orthovanadate (100nM Stock), 30 µL/mL Leupeptin (10μg/mL 

stock), and 30 µL/mL Aprotinin) to lyse the cells. The lysate was incubated 

on ice for 30 min with vigorous mixing and then centrifuged at 1300 rpm for 

10 min at 4°C. Supernatants were used for the protein assay and western 

blotting, whereas the pellets were discarded. 

 

2.2.5.2.2 Bradford Protein-assay 

The concentration of the extracted protein was measured using Bio-Rad 

protein assay following the recommended protocol (Bio-Rad Laboratories 

Ltd., Hertfordshire, UK). Briefly, seven standard dilution series (0.1 to 2 

μg/μl) of Bovine Serum Albumin (BSA; 2mg/mL in 10% RIPA buffer) were 

prepared (Appendix A.1.2). Proteins were diluted with dH2O (5μl of protein 

into 45μl of dH2O). Each dilution out of the seven dilution series (5μl) was 

loaded into a row of a 96 well flat-bottomed plate (Corning) in triplicate. The 

test proteins were loaded in triplicate into remaining wells. SA reagent (25μl), 

which contained 20μl and 1mL of reagent S and A respectively, was added 

to each well. Then 200μl of reagent B was added to each well and mixed 

gently. The plate was incubated at room temperature for 15 min and then 

protein absorbance was measured at a wavelength of 690nm on a multi-scan 

microplate reader connected with ascent software (Titertek®, Titertek 

Instruments Ltd, Lancashire, UK). To calculate the protein concentration, the 

average absorbance value of the BSA standard triplicates was calculated, 

and the average protein concentration triplicates was also calculated. 
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Concentrations were plotted versus absorbance using a scatter plot with a 

trend-line, using Microsoft Excel to calculate the equation: y=mx + c. 

 

2.2.5.2.3 Western blot 

Proteins were mixed with an equal volume of 2x SDS-loading buffer 

containing 20% DTT, heated to 95°C for 5 min before cooling immediately on 

ice. To analyse the extracted proteins, a mini-protein® TGX Gel (4-20%) 

plate (Bio-Rad Laboratories, Inc., Hertfordshire, UK) was placed into a gel 

tank filled with 2x SDS running buffer (0.1% SDS (w/v), 25mM Tris-HCl 

pH8.3 (ICN Biomedicals Inc. Hampshire, UK) and 250mM Glycine). The 

samples (50μg) were loaded into each lane, and a Tris-Glycine molecular 

weight marker (3μl; Geneflow Ltd, Staffordshire, UK) was also loaded. Gel 

was run at 150 volts at room temperature to separate protein bands until the 

dye ran off the gel (≈ one h).  

Protein bands were transferred to a nitrocellulose membrane (Hybond™-C 

membrane; Amersham, Little Chalfont, Buckinghamshire, UK) by 

electroblotting. The gel was removed from the mini-protein® TGX Gel (4-

20%) plate and integrated into a sandwich with a filling of foam; a 7.5 x 10 

cm filter paper (Bio-Rad); a single sheet of nitrocellulose membrane; the gel; 

a 7.5 x 10 cm filter paper, and another foam. All sandwich components were 

pre-soaked in a cold transfer buffer (0.01% SDS (w/v), 25mM Tris-HCl 

pH8.3, 192mM Glycine and 20% methanol). The sandwich was placed into a 

western blotting tank (Bio-Rad) and run at 300 mA for 90 min at room 

temperature, with an ice pack and magnetic stirrer used to maintain a stable 

temperature.  

The membrane was then incubated in a Li-cor blocking buffer (5 mL; Li-cor 

Biosciences) and placed on a rotating platform at room temperature for 30 

min. Next, the blocking buffer was replaced with a 1° antibody at working 

strength (Appendix A.1.1) in 50:50 Blocking buffer: PBS, 0.1% Tween-20 

(TPBS) and incubated overnight at 4°C on a shaking platform (Heidolph 

Unimux 1010). The following day, the membrane was washed three times 

with TPBS (10 mL) over a period of 5 min to remove any unbound 1° 
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antibody. Next, the membrane was incubated for 1 hr with 50: 50 mixture 

supplemented with an HRP conjugated 2° antibody (1:5000) on a rotating 

platform at room temperature. Again, the membrane was washed with three 

changes of 10mL TPBS spanning a 5 min period, followed by two washes 

with PBS 5 min each. Finally, the membrane was scanned using Li-cor 

Odyssey infrared imaging system software (Li-cor Biosciences) in order to 

visualise the immunoreactive bands. To check the protein loading, Ponceau 

S Stain (Amresco, USA) was applied to the membrane and washed with tap 

water after 15 min incubation. The membrane was left to dry at room 

temperature and then imaged. 

 

 

 Molecular analysis 2.2.5.3

2.2.5.3.1 Total RNA extraction 

ES family tumours cell lines were pelleted and lysed in a 1.5mL tube using 

miRNeasy Micro Kit (Qiagen, Manchester, UK) by adding 700 µL of QIAzol 

Lysis Reagent and pipetting or vortexing. Homogenates were incubated at 

room temperature for 5 min to dissociate nucleoprotein complexes. Then 

chloroform (140µL) was added and the samples were shaken vigorously for 

15 s before being incubated at room temperature for 2-3 min. The samples 

were centrifuged at 4°C for 15 min at 12,000g. The upper aqueous RNA 

containing phase was transferred to a 1.5mL microfuge tube. Following the 

addition of 100% ethanol (525 μl) and thoroughly mixing, the solution was 

transferred into an RNeasy MinElute spin column in a 1.5 mL collection tube. 

RNA was separated by centrifugation for 15 s at 8000g at room temperature. 

The spin column containing total RNA was washed with 700 μl of RWT buffer 

(prepared with ethanol) and centrifuged for 15 s at 8000g. Then the spin 

column membrane was washed with 500 μl of RPE buffer (Salt prepared with 

100% ethanol) and centrifuged for 15 s at 8000g. The final wash was with 

80% ethanol and centrifuged for 2 min at 8000g. Then the collection tube 

was changed and the spin column was centrifuged with the lid open for 5 min 

at 8000g. Total RNA, including miRNA and other small RNA molecules, was 
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eluted in a new collection tube by adding 10-14 µL RNase-free water to the 

centre of the spin column membrane and centrifuge with the lid closed for 1 

min. 

 

2.2.5.3.2 NanoDrop® spectrophotometer 

The concentration of RNA samples was measured using a NanoDrop® 

spectrophotometer (NanoDrop 1000; labtech International Ltd, East Sussex, 

UK). The protein content was calculated at a wavelength of 280nm. The 

absorbance ratio at A260nm/A280nm was calculated to measure the amount 

of protein content in relation to RNA. Then total RNA was incubated for 5 min 

at 95°C, and then stored at -80°C until required. 

 

2.2.5.3.3 Preparation of complementary DNA (cDNA) 

Total RNA was reverse transcribed (RT) into first-strand cDNA using 

SuperScript™ III. RNA made up (120ng) in 15μl of RNase-free H2O and 

denatured by heating to 95°C for 5 min, cooled on ice for 5 min and then 

added to the RT reaction (5μl for each reaction). A total of 20 μl reaction was 

prepared for each target including RT positive (RT+ve; target gene and 

housekeeping gene) and an RT negative (RT-ve; housekeeping gene) to 

ensure that no genomic DNA contamination and the amplification detected is 

from the synthesised cDNA only. RT was prepared containing the following 

reagents in (Table 2.2). The reaction was heated to 25°C for 5 min, and then 

incubated at 50°C for 60 min and deactivated at 70°C for 15 min using the 

TC-500 (Techne, supplied by SLS). The cDNA was stored at -80°C until 

required.
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 RT+ve  

per sample 

RT-ve 

per sample 

Reagent Suppliers 
Volume 

(μl) 

Final 
concentration 

Volume 

(μl) 

Final 
concentration 

RNase-free H20  7.8  4.9  

1 x First-Strand Buffer Invitrogen
TM

 8 1X 4 1X 

deoxyribonucleotide 
triphosphate (dNTPs) 

Amersham 
Biosciences 

4 1mM 2 1mM 

Magnesium chloride 
(MgCl2) 

Invitrogen
TM

 3.2 8mM 1.6 8mM 

Random Hexamer 
Primers 

Invitrogen
TM

 2 0.3μg 1 0.3μg 

RNasin® Plus RNase 
Inhibitor 

Promega 1 16 units 0.5 16 units 

Dithiothreitol (DTT) Invitrogen
TM

 2 0.1M 1 0.1M 

Superscript
TM

 III 
Reverse Transcripase 

Invitrogen
TM

 2 200 units N/A N/A 

Total mix per sample  30  15  

Table  2.2 Reagents in RT+ve and RT-ve reactions 

 

2.2.5.3.4 Quantitative real-time polymerase chain reaction (RTqPCR) 

To determine gene expression levels relative to the housekeeping gene 

(PPIA), TaqMan® Gene Expression Assays (Life technologies) were used. 

The assay reaction contained cDNA (20μl) that was prepared as described 

previously (Section 2.2.5.3.3) and a mixture of reagents (Table 2.3). Samples 

(25μl/well) were loaded in triplicate in 96 well plates (Applied Biosystems). 

The plates were covered with MicroAmp Optical Adhesive Film (Applied 

Biosystems) and centrifuged for 1-2 min, before being analysed using a ABI 

PRISM™ 7500 Sequence detector under the following conditions: 50°C for 2 

min, 95°C for 10 min and then 40 cycles of 95°C for 15 s and 60°C for 1 min. 

The results were analysed using 7500 System SDS software version 1.2.3. 

The fold change in the target gene expression was normalised to the 

expression of an endogenous control (PPIA) and relative to a reference 

sample and calculated by the formula:  

% Relative to PPIA = 2-ΔΔCt x 100. 

Where; ΔCtforgene = Ct gene – Ct housekeeping gene 

ΔΔCt =ΔCttestsample- ΔCtreference sample 
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 Reagents 
Volume 

(μl, per sample) 

Final 
concentration 

Target 
Mix 

TaqMan Universal PCR Master Mix 50 1X 

20X Assay-on-Demand™ primer/probe mix 

(Applied Biosystems; Appendix D.1.1) 
5 1X 

RNase free H2O 25  

PPIA 
Mix 

TaqMan Universal PCR Master Mix 50 1X 

PPIA forward primer (10μM) 

5’-GGACCCAACACAAATGGTTCC-3’ 
2 200 nM 

PPIA reverse primer (10μM) 

5’-CTTTCACTTTGCCAAACACCA-3’ 
2 200 nM 

PPIA probe (20μM) 

5’-ATGCTTGCCATCCAACCACTCAGTCTTG-3’ 
0.5 100 nM 

RNase free H2O 22.5  

Table 2.3 RTqPCR reagents using Assay-on-Demand™andPPIAashousekeeping

gene 

 

 Flow cytometry 2.2.5.4

All catalogue numbers of antibodies and isotypes can be found in Appendix 

B.2. Cells were seeded at a concentration of 5 x 105 cells/well into 

Primaria™ 6-well plates and incubated at 37°C, 5% CO2 in air for 24 h to 

allow the cells to adhere. Cells were then harvested and counted (as 

described previously in section 2.2.2 and 2.2.3), stained, and fixed for flow 

cytometric analysis. Two different procedures were used depending on the 

cellular localisation of the target protein and the epitopes to which the 

antibodies were bound. For extracellular epitopes, all centrifugation steps 

were carried out at 402g for 5 min. When labelling intracellular epitopes, all 

centrifugation steps were carried out at 200g for 5 min. All data analyses 

were performed in triplicate and analysed on an Attune®cytometer 

(ThermoFisher Scientific, UK). 
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2.2.5.4.1 Labelling extracellular epitopes 

Cell pellets were re-suspended in 50 µL a primary antibody (CD133-PE) at 

the dilution of 1:10 (Personal communication) with an FcR blocking buffer 

(1:10; Miltenyi Biotec Ltd.) in MACS buffer (0.5%BSA +2mM EDTA in PBS) 

and incubated for 10 min at 4°C. The cells were centrifuged and the 

supernatant aspirated, and then they were washed with 0.5mL MACS buffer 

before being centrifuged and the supernatant aspirated. The cells were fixed 

with freshly prepared 1% paraformaldehyde (PFA) in PBS for 15 min at room 

temperature. The resulting pellet was resuspended in 1mL MACS buffer and 

analysed. An isotype matched (IgG2b-PE) control was used to assess the 

non-specific binding of the secondary antibody. A total of 10,000 events for 

each sample were analysed and all experiments performed in triplicate. The 

fold change in expression was calculated as the fluorescence of the target 

stained cells divided by the fluorescence of cells stained with the isotype 

matched control antibody. 

 

2.2.5.4.2 Labelling the intracellular epitopes 

The harvested cells were permeabilised on ice with 500μl 0.1% Triton X-100 

(Amersham, GE Healthcare; in 5% FCS/PBS) for 30 min followed by a wash 

in 0.5mL FACS buffer (10%FCS in 1x PBS), then centrifuged and the 

supernatant aspirated. Cell pellets were suspended in 50 µL conjugated 

antibody (c-Myc or Isotype Control) at a serial dilution of 1:25 -1:400 in FACS 

buffer and incubated for 30 min at 4°C in the dark. The cells were washed 

with FACS buffer, centrifuged at 200g for 5 min and the supernatant 

aspirated. The resulting cell pellets were fixed with freshly prepared 1% PFA 

in PBS for 15 min at room temperature, washed and then analysed as 

described above (section 2.2.5.4.1). The optimal concentration of 1:25 was 

used to stain ES family tumours cell lines as three replicates per experiment, 

and three biological repeats were performed. 
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2.2.5.4.3 Double staining 

Cells have been stained with CD133 antibody as described in 

Section 2.2.5.4.1. After fixation cells were permeabilised then stained with 

MYC-C antibody as described in Section 2.2.5.4.2. ES family tumours cell 

lines stained as three replicates per experiment and three biological repeats 

were performed. 

 

  Histology 2.2.5.5

2.2.5.5.1  Cells and spheroids processing and sectioning 

Cells were harvested as described previously (Section 2.2.2). Blunted 1mL 

pipette tips were used to protect the spheroids’ shape when they were 

collected. Cell pellets and spheroids were fixed with 10% neutral buffered 

formalin (CellPath Ltd, UK) overnight. The fixative was aspirated and 

replaced with 70% ethanol before embedding. The spheroids were 

embedded in 2% agar (2g of agar in 100 mL PBS); the mixture was heated in 

the microwave until it became homogenous, and then cooled prior to use. 

Solidified cell pellets and spheroids-in-agar were placed in histological 

cassettes and kept in 70% ethanol before processing. 

Cassettes were processed on a Leica ASP200 tissue processor (Leica 

Microsystems (UK) Ltd, UK) using a routine protocol. Briefly, cassettes were 

dehydrated in a series of ethanol solutions, starting with 70% and completing 

with 100%. Cassettes were cleared from ethanol by using multiple changes 

of xylene, and finally infused with paraffin wax (The protocol details; 

Appendix C.1.1). Then agar embedded cells pellet and spheroids were 

embedded in paraffin wax (CellPath Ltd, UK) and the paraffin blocks were 

stored at 4˚C until sectioning. 

The paraffin blocks were sectioned at 4µm using a rotatory microtome 

(AS325 retraction Thermo Shandon; Thermo Scientific, UK). Sections were 

placed in a water bath (Leica HI1210; Leica Microsystems (UK) Ltd, UK) at 

45˚C and, carefully, one section was placed onto superfrost® plus glass 

slides (Thermo Scientific, UK). The slides were dried overnight in an oven 
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(Galaxy B; Scientific Laboratory Supplies Ltd (SLS), UK) at 37˚C. Prior to 

staining, the slides were heated for 20 min at 60˚C on a hot plate (SH3, 

Stuart Scientific, Bibby Scientific Limited (Group HQ), UK). 

 

2.2.5.5.2 Haematoxylin and Eosin (H&E) Staining 

The slides were dewaxed in two changes of xylene for 5 min each and 

rehydrated in three changes of graded ethanol (100%, 90% and 70%) for 2 

min each. The slides were washed with running tap water for 5 min. Cell 

nuclei were stained with Meyer’s haematoxylin (Appendix C.1.2) for 15sec. 

The slides were rinsed in running tap water for 1 min. Sections were 

immersed in Scott's solution (sodium hydrogen carbonate (0.35%; w/v), 

magnesium sulphate (2%; w/v) in dH2O) for 1 min and then rinsed in tap 

water for 1 min. The cells were stained with eosin (Eosin Y-solution 0.5% 

aqueous) for 2 min and then rinsed in tap water for 1 min. 

The slides were dehydrated for 1 min in two changes of graded ethanol (70% 

and 90%) and 2 min in 100% ethanol. The slides were transferred in two 

changes of xylene for 2 min each, and then permanently mounted in DPX 

(Distrene, Plasticizer, Xylene or Dibutyl, Phthalate, Xylene) mounting 

medium. The slides were imaged using the Axioplan two light microscope 

(Zeiss, Cambridge, UK). 

 

2.2.5.5.3 Detection of antigens using three-stage peroxidase method 

The slides were dewaxed and rehydrated, as described in Section 2.2.5.5.2. 

Antigen retrieval was performed submerging the slides in a citric acid buffer 

(10mM Citric acid, pH6, Sigma) and heating in a microwave for 12 min. The 

slides were transferred onto ice for cooling. Sections were rinsed in running 

tap water for 5 min. To reduce endogenous peroxidase activity, the sections 

were incubated in 3% hydrogen peroxide in PBS for 5 min; this was followed 

by submersion for 5 min in two changes of PBS. To block biotin-binding 

proteins or endogenous biotin, the Avidin/Biotin blocking kit (Invitrogen, UK) 

was used. The sections were incubated with Avidin (2 drops; 50 µL/drop from 
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the stock) for 10 min then washed twice in TPBS (0.1% Tween in PBS). 

Then the sections were incubated with Biotin (2 drops; 50 µL/drop from the 

stock) for 10 min before being washed twice in TPBS. To block non-specific 

secondary antibody binding sites, the sections were incubated for 1 h with a 

diluted normal serum (1:10; in TPBS) enriched from the same species as the 

secondary antibody (Dako, Cambridgeshire, UK). The sections were 

incubated with 100 µL of a diluted primary antibody (Appendix C.1.3) in 

antibody diluent for 1 h then washed twice in TPBS. An optimised 

concentration (1:200; diluted in antibody diluent) of secondary antibody (100 

µL; Dako) was applied to sections and incubated for 30 min then washed 

twice in TPBS. Sections were incubated with 100 µL Streptavidin-Peroxidase 

(Abcam) for 10 min then washed twice in TPBS. Sections were covered with 

3, 3’diaminobenzidine (DAB) substrate (one drop of DAB chromogen per mL 

of the substrate buffer; Dako) and incubated for 5-15 min, allowing a brown 

precipitate to develop. The sections were rinsed in running tap water for 5 

min then counterstained with Haematoxylin for 15 s and sections were then 

washed in running tap water for 1 min. Then the sections were submersed in 

Scott's solution for 1 min and rinsed in tap water for 1 min. The sections were 

dehydrated and mounted as described previously (Section 2.2.5.5.2). The 

slides were imaged using a Zeiss Axioplan light microscope. 

 

2.2.5.5.4 Cytospin 

Cells were harvested and counted as described in Section 2.2.2 and 2.2.3. 

Superfrost® plus glass slides were placed in the bottom of a cytospin-carrier. 

A filter card was added on top of the slides, and a funnel chamber was 

secured with the fastening ring. Cell suspension (500 µL) was loaded into the 

cytospin funnel, and the top covering was secured to the cytospin chamber 

and placed in a Hettich Rotorfix 32A centrifuge. The slides were centrifuged 

for 3 min at 1000 rpm. The supernatant, and then the funnel were removed. 

The slides were centrifuged for a further minute at 3000 rpm before being air-

dried overnight at room temperature. The slides were wrapped in aluminium 

foil and stored at -80˚C in the freezer until they were stained. 
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2.2.5.5.5 Immunofluorescence staining 

Cytospin slides were defrosted at room temperature for 20 min. Once the 

slides were dried, two fixatives were investigated: slides were immersed in 

4% PFA in PBS or fresh 0.3% w/v 1,4-benzoquinone in 1X DPBS for 10 min. 

The slides were rinsed with PBS for 1 min, and then the slides with a 

Shandon Coverplate™ were placed on a Shandon Sequenza™ Slide Rack 

(Thermo scientific, UK). Blocking buffer (100µL; 10%; v/v goat serum in 

Tween-PBS) was applied and slides incubated at room temperature for 30 

min. In CD133/2 (293C3) pure optimisation, 100 μl of a diluted primary 

antibody (Appendix C.1.4) in the blocking buffer was applied and allowed to 

sit for 10 min at 4°C. Whereas, for Nestin optimisation, the slides were 

incubated for 30 min at 4°C with a primary antibody (Appendix C.1.4) in the 

blocking buffer.  Then the slides were rinsed four times with TPBS for 1 min 

each. The secondary antibody was added (100 μl; 1:500 in blocking buffer) 

and incubated for 30 min at room temperature. The negative control slide for 

each antibody was stained with the secondary antibody alone. Then the 

slides were rinsed four times with TPBS for 1 min each, then once in PBS for 

1 min before being mounted permanently onto superfrost microscope slides 

(Thermo Scientific) using a drop of Dako Faramount Aqueous Mounting 

Medium Ready-to-use (Dako). The mounting medium was allowed to set 

overnight in the dark at room temperature before imaging using a Nikon 

Eclipse Ti-E Inverted Microscope System (Nikon Instruments, Nikon UK 

Limited UK).  

In a separate experiment, slides were stained with the CD133/2 (293C3) 

pure antibody in the optimised concentration (1:10) for 10 min at 4°C. Then 

the slides were rinsed. Next, the secondary antibody was added and washed 

as described above. Following the washing step, Nestin antibody was added 

to the slides at a 1:200 dilution and slides were rinsed, mounted and imaged 

as described above (Section 2.2.5.5.5). 
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 Statistical methods 2.2.6

Analyses were undertaken using GraphPad prism 7 software. When 

comparing more than 3 cell lines, data were analysed by ANOVA with 

Tukey's multiple comparisons test as post-hoc test. The difference between 

cell lines was assessed using a two-tailed unpaired t test with Welch’s 

correction. The differences were considered significant when p<0.05.  
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 Results 2.3

 Characterization of ES cell lines 2.3.1

In this section, three cell lines from the original panel of six were selected 

based on the expression of p53 that remains a promising prognostic 

biomarker (Section 1.1.4, for more details). TC-32 expresses wild-type p53, 

whereas TTC-466 expresses mutated p53 (missence mutation) and deletion 

of p53 occurs in SK-N-MC. Like TTC-466, RD-ES and SKES-1 express 

mutated p53. Thus, they were excluded from the study. On other hand, 

frameshift mutation is occurring in A673 and caused loss of protein 

expression (Brownhill et al., 2007).  In addition, the karyotyping result 

showed multiple-copies of chromosomes in A673 (Brownhill, personal 

communication), thus it was excluded from the study.      

 

 Migration capability of ES 2.3.1.1

Migration indexes (MI), which is the area covered by at least 70% of cells 

‘migration zone’ minus the area of the core, of ES cell lines were determined 

as described (Section 2.2.5.1). SK-N-MC and TTC-466 showed no difference 

(29.3 ± 1.4 and 29.5 ± 1.3, respectively), whereas TC-32 cells migrated less 

than SK-N-MC and TTC-466 cells at 72 h (MI = 19.5 ± 1.6). The difference 

between SK-N-MC and TC-32 was significant (ANOVA, Tukey's multiple 

comparisons tests; p = 0.0016); and there was also a significant difference 

between TTC-466 and TC-32 (p = 0.0003; Figure 2.7).  

 

Figure 2.7 Summary of migration results of ES cell lines. Migration of ES cell lines (SK-

N-MC, TTC-466, and TC-32). Independent experiments (n = 3 experiments, with 3 replicates 

in each experiment) were combined and grouped into three different time points. 
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Although there was no significant difference in the maximum migration of SK-

N-MC and TTC-466 cells, there were substantial differences in the migration 

phenotypes. The cores of TTC-466 cells disappeared after 24 h, and the 

majority of cells migrated as a sheet with a defined edge. This was in 

contrast to the migration of the TC-32 cells in which case individual cells 

seemed to migrate from the spheroid core, which increased in size over 72 h 

(fold change: 6.2 ± 0.6). The SK-N-MC cells, however, maintained a distinct 

spheroid core (fold change: 2.2 ± 0.2), while most of the cells had migrated 

as a sheet with a defined edge (Figure 2.8). 

 

 

Figure 2.8 Phenotype of ES cell spheroid migration. ES cell lines grown as spheroids for four 

days then plated onto gelatine (0.1%)-coated plastic and imaged at 72 h. 

 

 Self-renewing capacity of ES in soft agar 2.3.1.2

ES cell lines formed colonies of different sizes (five to 50+ cells) in soft agar. 

SK-N-MC cells formed the largest colonies, and there was a trend for the 

largest colonies to sit in the top layer, whereas the smaller colonies were in 

the lower layer of the agar. However, there was no difference between the 

colony size of TTC-466 and TC-32 cells (Figure 2.9). The colony formation 

assay was repeated three times. The cells had the ability to form colonies in 

soft agar in all the three cell lines. SK-N-MC cells had the highest capability 

to form colonies (8.3% ± 0.15) in soft agar. TTC-466 cells had a colony-

forming efficiency of 6.8% ± 0.05; TC-32 cells had the lowest colony-forming 

efficiency (4.1% ± 1.15; Figure 2.10). The majority of TC-32 cells were single 

cells; therefore, TC-32 cells have the lowest number of colonies compared to 

SK-N-MC and TTC-466 cells. The colony-forming efficiency was significantly 
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higher in SK-N-MC and TTC-466 cells than in TC-32 cells (p<0.0001). SK-N-

MC and TTC-466 cells also showed a significant difference between them 

(p=0.0003; Figure 2.10). 

 

Figure 2.9 Phenotype of clonogenic assay results of ES cell lines. Clonogenic assay 

shows the ability of ES cell lines (SK-N-MC, TTC-466, and TC-32) to form colonies from 

single cells in soft agar. Dark pink/violet colonies are viable (see arrows), whereas clear cells 

are non-viable. 

 

Figure 2.10 Summary of clonogenic assay results of ES cell lines. Colony-formation 

efficiency in ES cell lines (SK-N-MC, TTC-466, and TC-32). Summary of three independent 

experiments, two repeats in each experiment. 
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 Expression of a putative stem cell marker, prominin-1 (CD133) 2.3.1.3

In ES cell lines, the percentages of CD133+ve populations in 10,000 events 

were 1.7%±0.6, 14.5%±0.7, and 4.9%±1.9 in SK-N-MC, TTC-466, and TC-32 

cells, respectively (Figure 2.11 B). 

 

 The expression level of MYC-C 2.3.1.4

MYC-C, a proto-oncogene, is often upregulated in cancer, and it also 

promotes stem cell properties. MYC-C is expressed intracellularly, thus cells 

required permeabilisation step before staining. The dilution of the MYC-C 

antibody was optimized using serial dilutions ranging from 1:25 to 1:400, and 

the optimization was performed in triplicate (Figure 2.12). The optimal dilution 

(1:25) was used to investigate the expression of MYC-C in ES cell lines. For 

the double staining experiment, an additional control (strongly positive for 

CD133) are required. CaCo-2 is an ideal positive control for CD133, but it 

was available toward the end of my project. 
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Figure  2.11 Protein expression of CD133 in ES cell lines and CaCo-2 determined by flow cytometry. A) Representative fluorescence plots of cell lines 

stained with an isotype control (Red) and a CD133 antibody (Purple). B) Shows the calculated percentage of CD133 expression relative to the isotype control. 

Results are presented as the mean of three independent replicates. 

-6
1

- 



- 62 - 

 

Figure  2.12 Titration of MYC-C antibody in TC-32 cell lines determined by flow cytometry.  A) Representative cell scatters show gated, intact cellular 

bodies by using the back-gating tool for each concentration. This tool was used to determine which cells would fall into the analysis: isotype or negative cells 

(Black) and positive cells (Green). B) Representative fluorescence plots of cells stained with serial dilutions of isotype control and MYC-C antibody (Red 

[unstained], purple [1:25], blue [1:50], yellow [1:100], green [1:200], and brown [1:400]). C) Displays the percentage of the positive population that was stained 

with the isotype control and MYC-C. Results are presented as the mean of three independent replicates. 
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Figure 2.13 MYC-C expression in ES cell lines determined by flow cytometry.  A) 

Representative fluorescence plots of cells stained with 1:25 dilutions of the isotype control 

(Purple) and the MYC-C antibody (three repeats: blue, yellow and green). The unstained 

cells used to confirm the negativity (Red). B) Displays the percentage of the positive 

population that normalized using an isotype control. C) The expression level of MYC-C in ES 

cell lines. Results are presented as the mean of three independent replicates. 

 

 

ES cell lines highly express MYC-C (Figure 2.13 A). The percentage of MYC-

C in SK-N-MC, TTC-466, and TC-32 cells analysed by FACS was 

87.96%±3.4, 90.17% ± 2.8, and 90.96% ± 4.0, respectively (Figure 2.13 B, 

left). There was no significant difference in the level of MYC-C expression 

across all three ES cell lines: SK-N-MC, TTC-466, and TC-32 (median 

fluorescence: 1.4 ± 0.18, 1.19 ± 0.07, and 1.4 ± 0.15, respectively; 

Figure 2.13 C). In ES cell lines, the majority of CD133-ve cells are strongly 

positive for MYC-C. In CD133+ve cells, 35.4% of SK-N-MC, 27.3% of TC-32 

and 34.6% of TTC-466 were expressing CD133 only, whereas, 64.6%, 

72.7% and 65.4% were co-expressing CD133 and MYC-C in SK-N-MC, TC-

32 and TTC-466 respectively (Figure 2.14). 
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Figure  2.14 Expression of CD133 and MYC-C analysis by flow cytometry. Results 

demonstrate the percentages of CD133 MYC-C +ve/-ve cells in ES cell lines. Averages of 

cells are normalised to the matched isotype. This figure is representative of three 

experiments with a total of three repeats in each cell line. 
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MYC-C expression was also checked by western blot in all the ES cell lines. 

The expression of MYC-C was homogeneous in ES cell lines. MYC-C 

expression was slightly lower in A-673 and very low in SHEF-4 compared to 

the other ES cell lines (Figure 2.15). The antibody detects a band between 57 

and 65 kDa that may include several isoforms of MYC-C. This may be a 

possible reason for seeing additional bands for MYC-C. 

 

 

 

Figure  2.15 Protein expression of MYC-C. ES cell lines (TC-32, TTC-466, SK-N-MC, 

SKES-1, A-673, and RD-ES) and embryonic stem cells (SHEF-4) expressed MYC-C 

normally (upper band), as well as Beta-actin (loading control; lower band). 

 

 

 Isolation of putative ES-CSCs 2.3.2

 Antigenic method using prominin-1 (CD133) 2.3.2.1

Two different methods were used to enrich and to isolate CD133+ve 

population. The first method used was magnetic cell separation via manual 

MACS® cell separation.  The percentages of CD133+ve viable cells after 

sorting the ES cell line were 0.8% ± 0.5, 1.5% ± 0.8 and 2.9% ± 2.5 in SK-N-

MC, TTC-466 and TC-32, respectively. Some of CD133-ve population were 

used as a negative control. The purities of the separated population were 
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60% for CD133+ve cells and 12% for CD133-ve cells. The optimised 

antibody concentration was increased to improve the separation efficiency; 

however, the number of cells, recovered from the separation, was very small 

and we could not run a purity check on flow cytometry or 

immunofluorescence. 

The second technique used for positive and negative selection was a FACS; 

BD Influx 6-Way Cell Sorter (BD Biosciences). To sort the CD133 

populations the CD133+ve cells region is designated the positive events, and 

the CD133-ve region is designated the negative events (Figure 2.17 A). After 

sorting the cells an aliquot from the positive and negative populations was 

analysed by FACS to check the purity of the two populations then culture as 

illustrated in Figure  2.16. Some of the CD133+ve/-ve fractions were cultured 

in flat bottom Primaria™ flasks for future downstream experiments, whereas 

cytospin used to confirm the purity of the sorted cells using IF technique. 

Also, to check the ability of CD133+ve and –ve cells to self-renewal and to 

generate spheroids/clones, cells were sorted as single cell in each well of 96-

well plates.      

 

Figure 2.16 ES family tumours culture pathway after the FACS sort 
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The FACS showed that all sorted ES cell lines were highly pure (Figure 2.17 

B). In TC-32, the purity for the CD133+ve population was 99.07%, whereas 

CD133-ve was 98.63% pure. The sorted TTC-466 cells were 98.67% 

CD133-ve and 96.91% CD133+ve. In SK-N-MC cells, the purity of the 

CD133+ve cells was not checked due to the small number of sorted SK-N-

MC-positive cells; however, the CD133-ve was 99.37% pure.  

To confirm the purity of the sorted cells the cells were stained by 

immunofluorescence (Figure 2.18). Two fixatives, 0.3% 1,4-benzoquinone 

and 4% PFA, were used to identify the ideal fixative and then CD133 

antibody was optimized using dilutions at 1:5 and 1:10 as described 

(Section 2.2.5.4.1, Figure 2.18, the dilution of CD133 was 1:5 and 1:10; other 

dilutions data not shown). Some staining was identified in the 4% PFA-fixed 

cells at all concentrations, whereas the 0.3% 1,4-benzoquinone fixative 

resulted in reproducible staining for CD133 (Figure 2.18). Like CD133, Nestin 

antibody was optimized using the ideal fixative for CD133 (method described 

in Section 2.2.5.4.3, data not shown). The positive population of sorted ES 

cell lines showed a high positivity for CD133, whereas the negative 

population was completely negative. All ES cell lines expressed Nestin 

protein, whether CD133+ve or CD133-ve. In ES cells, the positive population 

showed a co-localization between CD133 and Nestin (Figure 2.19). 
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Figure 2.17 The setup of the cell sort and purity check of ES cell lines that labelled with CD133 antibody. A) Illustrative TTC-466 cell line 

fluorescence plots show the collection regions of the negative (Blue) and positive (Green) cells of CD133 primary antibody. B) Representative cell 

scatter and fluorescence plots show the purity of the sorted cells. The majority of TTC-466 CD133-ve cells were in the CD133-ve region (Blue), 

whereas the majority of TTC-466 CD133+ve cells were in the CD133+ve region (Green). 
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Figure  2.18 Optimization of CD133 and identifying the best fixative to be used for 

immunofluorescence staining. CD133 used to stain TC-32 CD133+ve cells, sorted 

previously by Ms Andrea Bury. Two fixatives (1,4-benzoquinone and 4% PFA) and two 

concentrations of CD133 antibody (1:5 and 1:10) were tested. CD133 antigen is in red, and 

the cell nucleus is in blue. The negative control was stained with the secondary antibody 

only. Scale bar = 50µm. 
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Figure  2.19 Expression of CD133 and Nestin in sorted ES CD133+ve and CD133-ve 

cells using immunofluorescence staining. ES CD133+ve and CD133-ve cells, sorted 

previously by Dr Adam Davison, were fixed using 1,4-benzoquinone and then stained with 

CD133 antibody (1:10) and Nestin (1:100). CD133 antigen is in red, Nestin is in green, and 

the cell nucleus is in blue. Scale bar for all images (50µm). 
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To examine the self-renewal capability of CD133+ve and CD133-ve cells, a 

single cell was seeded into each well of a flat Primaria™ plate using FACS 

sorter. The CD133+ve and CD133-ve populations grown in medium 

supplemented with antibiotic to reduce the risk of contamination. Cells grown 

as extraordinary shapes in flat bottom plates, as well as in the parental cell 

line, at three weeks ( 

Figure  2.20: SK-N-MC cell line; other cell lines’ images not shown). As 

previously mentioned (Section 1.1.1), ES is characterized by a gene fusion 

that involves the Fli-1 gene, specifically expressed by endothelial cells. As 

result of that, ES cells gain characteristics normally restricted to endothelial 

cells such as formation of a circulatory system (vasculogenic mimicry) that is 

stimulated by hypoxia (Schaft et al., 2006). This explanation clarifies the 

reason behind the interesting structures generated from the spheroids.  

The sorted cells were scored at three weeks and when the well was 

confluent they were split into 24 well plates and then split into T25 flasks. 

The percentages of successfully expanded colonies were 10.2% for SK-N-

MC CD133+ve cells and 17.1% for CD133-ve. In TTC-466, 0.7% for 

CD133+ve and 4.6% for CD133-ve survived. TC-32 has the lowest 

percentage of clone formation. There was no statically difference between 

CD133+ve and CD133-ve (0.3% and 1.1% respectably) (Figure 2.21).



- 72 - 

 

 

 

Figure  2.20 Morphological variances within the same population of the sorted ES cell lines. The first row represents the sorted unstained SK-N-MC cell 

line. The second and third rows illustrate cells stained with CD133 antibody and then sorted into positive and negative populations using FACS. The 

generated clones from a single cell in a flat Primaria™ plate were imaged at week three. 
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Figure  2.21 The percentage of clone formation using ES CD133 populations. ES cell 

lines were labelled with CD133 antibody then a single cell was sorted into each well in 

Primaria plates. 

 

 

 Functional method using a 3D or 2D culture 2.3.2.2

The experiment, which proved the accuracy of single cell assay, was 

performed by Mariona Chicón Bosch (PhD student, LICAP, University of 

Leeds) and the resulted data was analysed by Dr. Alastair Droop (Visiting 

Research Fellow, School of Molecular and Cellular Biology, University of 

Leeds). The summary of the performed experiment is single cell assay was 

setup as described in (Section 2.2.4.2.2). Wells were fixed the following day 

and stained with DAPI. The resulted data from scanning wells was analysed 

using Poisson distribution (Data not shown). The realistic possibilities for 

occurrence per well was no higher than one cell (Mariona Chicón Bosch, 

personal communication). 

 

2.3.2.2.1 Optimisation of method to enrich self-renewing ES-CS-like cells from a 

single cell 

ES cell lines (SK-N-MC, TTC-466, and TC-32) were capable of generating 

colonies from a single cell using two different 3D cultures (Figure 2.22) and a 
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2D culture (Figure 2.23). Unlike hanging drop, in low-adherent plates, the 

morphology of ES spheroids changed over time, with the spheroids being 

observed between one and six weeks. In 2D culture using flat bottom plates, 

the single cell of SK-N-MC grew as a spheroid and these spheroids either 

maintained their shape or started to generate tails or cells migrated from the 

edge of spheroid at week three. TTC-466 cells also showed different 

morphology; the cells grew as a group of individual cells in one zone or as 

spheroids or as cells migrated from a sphere as sheet of cells. Furthermore, 

TC-32 cells appear as a distinct core of cells surrounded with some 

individual cells or with a small colony of cells. Also, some TC-32 cells grew 

as an expanded sphere and as a sheet without a distinct core (Figure 2.23). 

The spheroids of ES cell lines, generated from single cells using the hanging 

drop assay, appeared as small cellular clumps after one week and then grew 

into spherical and healthy colonies in weeks two and three. They then started 

to disaggregate in week four, and they exploded and lost their shape 

completely and became cell debris by week six (Figure 2.24).  

In low-adherent plates, the spheroid started to become detected at week 

three. The spheroids looked healthy with a spherical shape in week two, by 

week three, the spheroids could be seen by the naked eye, and some 

spheroids started to develop a small tail of non-viable cells possibly. Three-

week-old spheroids could easily be pipetted for transportation into a 

collection tube. The four-week-old spheroids generated multiple large tails. 

When spheroids reached weeks five and six, their shapes became irregular, 

and they disaggregated easily; therefore, they were not easily pipetted into a 

collection tube (Figure 2.25). 
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Figure  2.22 Compare the morphological differences in spheroid formation from a 

single cell using two techniques. SK-N-MC, TTC-466, and TC-32 cells were used in this 

assay  A) the hanging drop method (HD) and B) low-adherent plates. Spheroids were 

imaged at week three. 

 

 

Figure  2.23 Morphological differences in ES cell lines’ clones within the third

technique of spheroid formation from a single cell. Clones generated from a single cell 

in a flat Primaria plate and imaged at week three. 
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Figure  2.24 Comparison of spheroid formation in ES cell using the hanging drop assay (HD). ES cell lines’ (SK-N-MC, TTC-466, and TC-32) spheroid 

formation from a single cell using the hanging drop assay (HD). Spheroids were imaged at different times (from one to six weeks). 
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Figure  2.25 Morphological changes in SK-N-MCspheroids’low-adherent plate from one to six weeks.
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The percentage of spheroid formation per experiment at week three was 

calculated in five biological repeats, and 80 drops or wells were carried out 

per experiment. In the hanging drop assays, the percentage of spheroid 

formation was 6.75 (± 4.30, n = 5) in the SK-N-MC cell line, while TTC-466 

and TC-32 cells formed 0.75 (± 0.75, n = 5) and 1.00 (± 1.00, n = 5), 

respectively. Furthermore, this assay was repeated five times and it was not 

reproducible (Figure 3.26 B). In contrast, the frequency of spheroid formation 

following the seeding of a single cell into a low-adherence plate was 48.5 (± 

2.10, n = 5) for SK-N-MC cells, while TTC-466 and TC-32 cells formed 12.25 

(± 2.30, n = 5) and 0.25 (± 0.25, n = 5), respectively (Figure 2.26 A).  

Furthermore, ES cell lines were sorted as a single cell into one well of a 96-

well flat Primaria™ plate by FACS. This assay was done in 10 plates per cell 

line. The percentage of cellular growth was 41.25% (± 2.07, n = 10) in the 

SK-N-MC cell line, while TTC-466 and TC-32 cells formed 3.13% (± 0.88, n 

= 10) and 3.13% (± 0.64, n = 10), respectively (Figure 2.26 C). 

The SK-N-MC cell line showed the highest percentage of spheroid formation 

from a single cell in both assays, using hanging drop (HD) and low-adherent 

plates. In the HD assay, there were no significant differences between the 

self-renewing capacities of the three ES cell lines (p = 0.3 – 0.9). However, 

in the low-adherence plate assay, there was a statistically significant 

difference between the number of spheroids formed from SK-N-MC, TTC-

466, and TC-32 cells. SK-N-MC compared to TTC-466 (p = < 0.0001), and 

SK-N-MC compared to TC-32 (p = < 0.0001). Furthermore, TTC-466 and 

TC-32 showed a significant difference between them (p = 0.0013). TC-32 

does not produce spheroids from a single cell (Figure 2.26). 
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Figure  2.26 Comparison of the three techniques that used for spheroid formations 

from a single ES cell. Spheroid formations from a single ES cell (SK-N-MC, TTC-466, and 

TC-32) in A) low-adherent plates, B) the hanging drops, and C) the flat Primaria plate 

assays. The difference between cell lines within each assay was assessed using one-way 

ANOVA, and the post-hoc was Tukey's multiple comparisons test. 
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Because the hanging drop assays could not be reproduced, the focus was 

on comparing the low-adherent plates with the flat Primaria™ plate. The 

95% confidence interval for the difference in the mean percentage of 

spheroid/cellular formation between the low-adherent plates and the flat 

Primaria™ plate was 1.167 to 13.33 in SK-N-MC and 3.042 to 15.21 in TTC-

466. The flat Primaria™ plate has a lower mean percentage of 

spheroid/cellular formation than the low-adherent plates. The difference 

between the two different plates was statistically significant (p = 0.0159 in 

SK-N-MC and p = 0.0019 in TTC-466). Using a flat Primaria™ plate slightly 

improved the self-renewal ability in TC-32. That improvement by using the 

2D culture was not statistically significant compared with the 3D culture 

(Table 2.4). Consequently, the low-adherence plates were the best plates to 

enrich self-renewing ES-CS-like from a single cell. 

 

  Tukey's multiple comparisons test 

 Methods comparisons 
Mean of 

difference 
95% CI of 
difference 

Adjusted P 
Value 

Summary 

SK
-N

-M
C

 

Low-adherent plate vs. Hanging 
drop 

41.75 34.73 to 48.77 < 0.0001 **** 

Low-adherent plate vs. Flat 
Primaria™ plate 

7.25 1.167 to 13.33 0.0159 * 

Hanging drop vs. Flat Primaria™ 
plate 

-34.5 -40.58 to -28.42 < 0.0001 **** 

TT
C

-4
6

6 

Low-adherent plate vs. Hanging 
drop 

11.5 4.476 to 18.52 0.0007 *** 

Low-adherent plate vs. Flat 
Primaria™ plate 

9.125 3.042 to 15.21 0.0019 ** 

Hanging drop vs. Flat Primaria™ 
plate 

-2.375 -8.458 to 3.708 0.6162 Ns 

TC
-3

2
 

Low-adherent plate vs. Hanging 
drop 

-0.8 -7.824 to 6.224 0.9592 Ns 

Low-adherent plate vs. Flat 
Primaria™ plate 

-2.925 -9.008 to 3.158 0.4818 Ns 

Hanging drop vs. Flat Primaria™ 
plate 

-2.125 -8.208 to 3.958 0.6781 ns 

 

Table 2.4 Comparison of 3D- and 2D-culturing methods using ES cell lines. Results 

were from the two-way ANOVA test, and the post-hoc test was a Tukey's multiple 

comparisons test. CI = Confidence Interval; ns = not significant 
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 Enhance the growth of CSCs by using different formulations of 2.3.3

stem cell medium 

The experiment was done in two different stages (Figure  2.27). The first 

stage (ended by yellow box in Figure  2.27) was growing ES cells in stem cell 

medium then calculating the viable cells number and percentage to know the 

effect of the medium on ES cells. The second stage (ended by blue box in 

Figure  2.27) was repeating the first stage then setup of single cell assay 

based on the viable cell number to check the self-renewal ability of viable 

cells in stem cells medium. 

  

 

Figure 2.27 The flow diagram illustrates the experimental design of using stem cell 

medium 

 

ES cell lines (SK-N-MC, TTC-466, and TC-32) were cultured in three 

different types of culture medium (ES medium, mTeSR™1 and AggreWell™ 

medium). SK-N-MC, TTC-466, and TC-32 cultured in ES medium attached 

to the bottom of the tissue culture plates, while in stem cell medium 
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(mTeSR™1 with or without Matrigel™ and AggreWell™ medium), the cells 

were clumped together and detached from the dish (Figure 2.28). 

Furthermore, the number of viable cells in the ES cell lines almost remained 

stable over time in the three conditions (Figure 2.28, right).  

The percentages of viable cells after 72 h of incubation in ES medium were 

93.9% ± 0.3, 94.4% ± 0.4, and 97.2% ± 0.4 in SK-N-MC, TTC-466, and TC-

32, respectively (Figure 2.29). In SK-N-MC, 34.4% ± 0.7 of the cells remained 

viable after 72 h of incubation in mTeSR™1 medium, and coating tissue 

culture plates with Matrigel™ did not increase the percentage of viable cells 

(33.4% ± 2.5). A slightly higher percentage of TTC-466 and TC-32 cells 

managed to stay alive in mTeSR™1 medium with Matrigel™ (51% ± 3.6 and 

58% ± 6.3, respectively) and without (49% ± 5.5 and 57.2% ± 5.1, 

respectively). At 72h, there was no change in the percentage of viable cell 

cultured in mTeSR™1, with or without Matrigel™, in any of the three ES cell 

lines (Figure 2.29). Furthermore, 35% ± 1.6, 48.6% ± 2.6, and 62.9% ± 2.7 of 

SK-N-MC, TTC-466, and TC-32 cells, respectively, were viable after 72 h of 

incubation in AggreWell™ medium, which is normally used to differentiate 

stem cells and to generate embryoid bodies (Figure 2.29). 
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Figure  2.28 The affect of three different types of media on viability of ES cell lines. Cells were seeded in three different types of media and imaged before 

harvesting at 72 h. The viable cells were counted at each time point using the trypan blue exclusive assay (Vi-CELL™ XR)
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Figure  2.29 The percentage of viable cells of ES cell lines seeded in three different 

types of media. Cells were harvested and counted at 72 h using Vi-CELL™ XR. The 

percentages were calculated using the following formula (%) = (viable cell number/total cell 

number)x100  
 

 

Since only a small population of viable cells remained after 72 h, it was 

decided to repeat the selection of SK-N-MC cells in AggreWell™ and 

mTeSR™ 1 media to harvest cells after 48 h and to investigate whether 

these cells are ES CSCs, using a single-cell self-renewal assay in low-

adherent 96-well plates. Unlike ES media, the majority of cells that seeded 

into mTeSR™ 1 media and AggreWell™ media were non-viable. There was 

no difference between the number of viable cells seeded into mTeSR™ 1 

media and AggreWell™ media.  The number of viable cell at 48h was very 

high in ES media comparing with mTeSR™ 1 media (p = 0.0001) and 

AggreWell™ media (p<0.0001; Figure 2.30). These experiments clearly 

demonstrate that using different media results in a different number of viable 

cells. However, the viable cells that survived in the stem cell media were not 

able to self-renew or generate a spheroid from a single cell, whereas cells 

that had been grown in their specific ES media generated spheroids from a 

single cell (Figure 2.31). 
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Figure  2.30 Selection of a cell population using stem cell media. SK-N-MC cells were 

seeded into stem cell media and into its normal medium. Cells were harvested after 48 h, 

and the viable cells were counted using the trypan blue exclusive assay. Since the 

anticipated number of cells was small in these experiments, viable cells were counted using 

a haemocytometer to achieve accurate cell numbers. 

 

 

 

Figure  2.31 Spheroid formation in three different media using the selected population 

from stem cell media. ES media is the most suitable medium that allows ES cells to 

generate spheroids from a single cell, whereas stem cell medium killed the cells.. 
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 Characterisation of ES spheroids enriched using low-adherent 2.3.4

plates 

 Spheroids’ size and viable cell number with time 2.3.4.1

According to the spheroid morphology described in Section 2.3.2.2;  

Figure 2.25, spheroids from week four and above have been excluded from 

the study. To determine the appropriate incubation time at which to collect 

ES spheroids, spheroid sizes were measured at one, two and three weeks 

using light microscopy. ES spheroids from a single cell start to become 

visible after a week of culture. The sizes of TTC-466 spheroids were 74.52 

µm (± 5.30, n=8) and 229.1 µm (± 27.88, n=8) at weeks one and two, 

respectively. SK-N-MC spheroids were 107.2 µm (± 5.96, n = 8) at week one 

and 358.0 µm (± 34.22, n = 8) at week two. These spheroids were very small 

in size and were not be used for any downstream experiments. SK-N-MC 

spheroids were twofold larger than TTC-466 spheroids. The diameter of 

three-week-old spheroids for SK-N-MC and TTC-466 were 779.6 µm (± 28.0, 

n = 8) and 457.5 µm (± 51.6, n = 8), respectively. However, there was no 

significant difference between the growth rate of SK-N-MC and TTC-466. On 

average, SK-N-MC grew by 95.03% ± 4.9(n=8) each week, whereas TTC-

466 grew by 81.87%± 4.8(n=8) per week. 

At three weeks, a number of SK-N-MC spheroids were transferred as a 

whole spheroid to a well in 24-well plates or dissociated physically by 

pipetting cells up and down and then seeding them into wells as a single 

clone per well. Since the predicted number of cells was small in this 

experiment, the viable cells were counted at different time points (0 -168 h) 

using a haemocytometer to obtain accurate cell numbers. The ratio of viable 

to non-viable cells was 0.94:1 at 0 h. In the transferred whole spheroid, this 

ratio was increased slightly from 0.98:1 to 1.32:1 at 24 to 72 h, respectively. 

Afterwards, the ratio decreased to 0.62:1 at 120 h. At 168 h, the whole 

spheroid contained extensive cell debris, and the ratio become 1.05:1. 

However, the dissociated spheroids showed an increase in the ratio of viable 

to non-viable cells by time. At 24h, the ratios of viable to nonviable cells was 

2.12:1 and 2.90:1 at 72h. After that the ratio increased to 5:1 at 120h and 

22.8:1 at 168 h (Figure 2.32). 
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Figure  2.32 The total cell number and ratio for spheroids with time 

-8
7

- 
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 Histology of spheroids with time 2.3.4.2

2.3.4.2.1 Optimization of Glut-1, a marker of hypoxia, and Ki67, a proliferation 

marker in ES 

SK-N-MC spheroids grown under hypoxic conditions were used as a positive 

control. The spheroid cells were quiescent and characterised by hypoxia in 

their cores. A gradient of hypoxic rim extended to the outer layer, which 

consisted of proliferating cells. The primary antibodies were diluted from 

1:50 to 1:200. Glut-1 antibody dilutions of 1:50 and 1:100 showed strong 

positivity in the hypoxic areas of spheroid sections. The dilution 1:200 

showed a clear outer rim with a small number of positive cells (Figure 2.33, 

right). However, the first two dilutions of Ki-67, 1:50 and 1:100, showed 

some non-specific staining, whereas the dilution 1:200 showed specific 

staining only (Figure 2.33, left). 

 

 

Figure  2.33 Optimization of the hypoxic marker (Glut-1) and proliferation marker 

(Ki67) in SK-N-MC hypoxia-spheroids. Three antibody dilution were used (1:50 – 1:200). 

Red arrows represent positive cells  
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The SK-N-MC spheroid sections at a different time point were stained with 

H&E, Glut-1, and Ki-67 at a 1:200 concentration to assess the proportion of 

proliferating cells over time (Figure 2.34). SK-N-MC spheroids at three weeks 

developed intense Glut-1 staining and a number of proliferations, as 

measured by Ki-67 staining. Over time, the number of proliferating cells 

decreased, and those spheroids developed a more concentrated Glut-1 

staining that correlates with hypoxia. 

 

 

Figure  2.34 Expression of hypoxic and proliferation markers in SK-N-MC spheroids. 

SK-N-MC spheroids, generated from a single cell using low-adherence plates, stained with 

H&E, Glut-1, and Ki-67 at week three up to week six. The green arrows demonstrated Ki-67-

positive cells. The black arrows demonstrated the edge of spheroids. 
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 The migration capacity of 3-w-spheroids and dissociated spheroids 2.3.4.3

In this section, the multicellular spheroids that formed using parental cell line 

were termed as SK-N-MC cell line (Red box in Figure 2.35). ES spheroids 

collected at week 3 (Blue box in Figure 2.35) and termed as 3-w-old 

spheroids. The other multicellular spheroids were generated using the 

dissociated spheroids (Yellow box in Figure 2.35), which were grown as 

substrate adherent cells and collected at passage number two (3-w-

dissociated spheroids P2).  All spheroids were transferred to coated wells 

and imaged at different time point to access their migration ability. 

 

 

Figure 2.35 Clarification of the original cells that used to form spheroids used in 

migration experiments. Red box= spheroids from parental cell line grown as 

monolayer. Blue box= whole spheroids at week 3. Yellow box= dissociated 

spheroids that grown as monolayer and passaged twice then used to form 

spheroids. 

 

 

The MI of SK-N-MC cell lines were compared with the dissociated spheroids 

at passage two (P2) and with the three-week-old spheroids at 72 h. The 

difference of the mean of the MI between SK-N-MC and P2 was significant 
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(MI = 22.2 ± 0.61 and 17.8 ± 0.62, respectively; p=0.0005); there was also a 

significant difference between the mean MI of SK-N-MC and the three-week-

old spheroids (p<0.0001). Furthermore, the three-week-old spheroids 

migrated less than P2 at 72 h (MI=2.5 ± 0.83; p<0.0001; Figure 2.36). 

 

 

Figure  2.36 Evaluation of migration results using three different clones of SK-N-MC 

cells. Cells from SK-N-MC cell lines, dissociated three-week-old spheroids at P2 and 

transferred whole spheroids at week three were used to setup this experiment. Independent 

experiments (n= three experiments, with three replicates in each experiment) were 

combined and grouped into three different time points. Data were analysed by ANOVA with 

Tukey's multiple comparisons post hoc tests. 

 

 

Although there were substantial differences in the maximum migration of SK-

N-MC and P2 cells there were no considerable differences in the migration 

phenotypes. Both SK-N-MC and P2 maintained a distinct spheroid core, 

while most of the cells had migrated as a sheet with a defined edge (Figure 

3.35). On the other hand, few individual cells or a very narrow sheet of cells 

seemed to migrate from the spheroid core in three-week-old whole 

spheroids, which increased in size by 72 h (Figure 2.37). 
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Figure  2.37 Migration phenotype of the three SK-N-MC clones. SK-N-MC cell lines, 

dissociated P2, and three-week-old spheroid  were used. SK-N-MC cell lines and 

dissociated P2 grew as spheroids for four days and were then plated onto gelatin (0.1%)-

coated plastic. The three-week-old spheroids were transferred as a whole spheroid onto 

gelatin (0.1%)-coated plastic and imaged at 0 h to 72h. 

 

 

 The proliferative capacity of dissociated spheroids 2.3.4.4

A number of three-week-old spheroids (n=40) were pooled and dissociated 

physically and then seeded in a T75 plate. To quantify the rate of growth for 

the dissociated spheroids in different passages, cells were counted at 0, 24, 

48, and 72 h using Vi-CELL™ XR. Due to the positive correlation between 

the growth rate and the viable cell number at 72 h (Figure 2.38), the cells 

were compared at 72 h. 
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Figure  2.38 Correlation between the growth rate and the viable cell number at 72 h for 

all dissociated spheroids in different passages. 

 

 

 

 

Figure  2.39 Comparison of cell viability between the dissociated spheroids in 

different passage and the SK-N-MC cell line. A) Represents the gradient of cells’ growth 

(slope). B) Shows the viable cell number at 72 h. Data was analysed using one-way ANOVA 

with Tukey's multiple comparison post hoc tests. 
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Overall, the growth rate showed a slight increase from dissociated spheroids 

at passage zero (P0) to passage one (P1). This increase plateaued between 

P1 and P2 and was then rapidly raised towards passage three (P3). The 

growth rate of SK-N-MC was greater than P0, P1, and P2. Furthermore, P3 

demonstrated a minor difference in the growth rate compared with SK-N-MC 

(Figure 2.39 A). The difference in the number of viable cells at 72 h was in a 

similar pattern as the growth rate. There was a significant difference 

between P0 and the parental cells (SK-N-MC; p=0.0023) and also P3 

(p<0.0001). There was no difference in the number of viable cells of P0, P1, 

and P2. Cells at P3 showed a higher number of viable cells than at P1 and 

P2 (p-value=0.0048 and 0.0086, respectively; Figure 2.39 B). 

 

 Self-renewing capacity of dissociated spheroids in soft agar, 2D and 2.3.4.5

3D culture 

In the agar-based colony formation assay, the percentage of spheroid 

formation was 8.21% (± 0.33, n=3) in the SK-N-MC cell line and 10.54% (± 

0.11, n=3) in the P2 cells. The difference between these cells was significant 

(Figure 2.40). Furthermore, seeding a single cell of P2 into flat Primaria™ 

plates presented a high frequency of spheroid formation compared with low-

adherence plates (52.60% ± 1.7 and 15.83% ± 4.8, n=10, respectively), 

(p<0.0001) (Figure 2.41). 

 

Figure  2.40 Comparison of colony formation between SK-N-MC cell line and the 

dissociated spheroids at P2.  A two-tailed unpaired t test with Welch’s correction was 

used to assess the difference. 
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Figure  2.41 Spheroid formation from a single cell of dissociated spheroids at P2. 

Twenty 96-well plates (10 low-adherent plates and 10 flat Primaria™ plates) were used to 

grow a single cell in each well. The difference between cell lines was assessed using a two-

tailed unpaired t test with Welch’s correction. 

 

 

 Expression of CD133 in 3-w-spheroids and monolayer 2.3.4.6

The expression of CD133 in a human colon epithelial cancer cell line 

(Caco2) was reported and it has been found that Caco2 highly express the 

glycoslyated form of CD133 (AC133) (Jaksch et al., 2008). Caco2 is 

therefore a good positive control for CD133 that could be used instead of 

human stem cells (hSC) because it is much easier and cheaper to culture 

compared with hSC. It is very difficult to check the CD133 expression in 

spheroid by FACS because a single spheroid has a very small cell number 

that includes necrotic cells which can give false positive results. Pooling a 

large number of spheroids might increase the false positivity rate. Therefore, 

the protein level of CD133 and structural protein (GRP75) were detected 

using immunoblotting using cell lysates (50 µg) from cells that were grown 

as a monolayer, the 3-w-sphereoids and the positive control (Caco2). The 

blot showed a very clear band of CD133 in Caco2 and a very faint band for 

CD133 in SK-N-MC cells and nothing detected in SK-N-MC spheroids as 

well as TTC-466 and its spheroids (Figure 2.42). 
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Figure  2.42 Protein expression of CD133 in ES cell lines and spheroids. A) ES cell 

lines that grew as monolayer (SK-N-MC and TTC-466), 50 pooled 3-w-spheroids and CaCo-

2 (as positive control for CD133) lysates were blotted with CD133 antibody. B) GRP75 used 

as loading control. 

 

 

 Expression of MYC-C in CD133+ve/-ve, 3-w-spheroids and 2.3.4.7

dissociated spheroids 

ES cell lines (TC-32 and A-673) were sorted depending on the expression of 

CD133, which is expressed in cancer stem cells. MYC-C and Beta-actin 

were detected using immunoblotting using cell lysates (25 µg) from ES cell 

populations (CD133+ve and CD133-ve). The MYC-C expression was higher 

in CD133-enriched sarcoma cell lines compared with the embryonic stem 

cell (positive control: SHEF-4) and CD133-ve population (Figure 2.43). 

However, when compared to the SK-N-MC, the expression of MYC-C was 

reduced twofold in the three-week-old spheroids and the dissociated 

spheroids at P0. The expression increased again with the passaging the 

dissociated spheroids at P2 and then dropped again at P3 (Figure 2.44). 
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Figure  2.43 Protein expression of MYC-C in ES and other cell lines. ES cell lines (TC-

32, TTC-466, SK-N-MC, SKES-1, A-673, and RD-ES) and embryonic stem cells (SHEF-4) 

expressed MYC-C normally (upper band), as well as Beta-actin (loading control: lower 

band). 

 

 

 

 

 

 

Figure  2.44 Protein expression of MYC-C in whole or dissociated spheroids 

comparing with substrate adherent cells. SK-N-MC, three-week-old spheroids, and 

dissociated spheroids at P0, P2, and P3 expressed MYC-C in different intensities (upper 

band), as well as Beta-actin (loading control: lower band).  
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 Discussion 2.4

In this chapter, the most reliable method to enrich for putative ES-CSCs was 

by identification of cells with self-renewing ability and the capability of cells to 

generate spheroids from a single cell in 3D cultures was also evaluated. 

Seeding single cells in low adherent plates was a useful tool to enrich the 

possible ES-CS-like cells. These cells showed an ability to divide from a 

single cell in medium containing 10% FCS. On the other hand, the 

commercially available stem cell media, which used for culturing stem cells 

and expected to enhance the growth of ES-CS-like cells, induced cell death 

of the majority of the ES cells. However, a small population, which might be 

the putative CS-like cells, remain viable and might enter quiescence status 

in the stem cell media. The enriched putative ES-CS-likes (3D spheroids) 

maintained the ability to self-renew for two passages, but they did not have 

the capacity to migrate. The expression of CD133 protein was not detected 

in the spheroids and there was a reduction in the expression of MYC-C 

protein. 

The cell sorting method (antigenic method) using a single marker (CD133), 

which is not specific for ES-CS and its expression may be down-regulated 

by the cellular microenvironment, is not an ideal method to study ES-CS. 

The colony formation assay can access the self-renewal capacity in a semi-

sold environment but the generated clones are difficult to be isolated and 

used in further experiments. On the other hand, a single cell sphere/clone 

formation using a single cell characterized to be able to form a floating 3D 

spheroid or a clone of attached cells in 2D monolayer culture is promising to 

be the golden standard to characterize CS-like cells potential. Single cell 

used leads to the lack of autocrine and/or paracrine signals that are released 

into the medium by co-cultured cells (Pastrana et al., 2011). The low 

adherent condition (3D culture: hanging drops or using low adherent plates), 

unlike the traditional 2D monolayer culture (flat Primaria plates), can more 

closely mimic the in vivo tumour microenvironment since it contains areas of 

necrosis and hypoxia in addition to viable cells. Also, it is very important to 

consider two important points when performing the 3D culture: firstly, the 

inability to distinguish the spheroids from aggregates at higher cell densities; 
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secondly, the difficulty to detect quintessential CSCs in aggregated cells 

(Pastrana et al., 2011). Seeding a single cell and assessing the ability of this 

cell to form primary and secondary spheroids are the logical ways to 

overcome these points (Tirino et al. 2013). In contrast to hanging drops, the 

low adherent plates were easy to maintain, score and give reproducible 

results. Using ES cell lines it was possible to identify spheroids from a single 

cell, which have normal stem cells properties, such as self-renewal in SK-N-

MC and TTC-466 lines, but not in TC-32 cells. In addition, compared to 

hanging drops and flat bottom plates, the spheroids formation efficiency was 

very high in low adherent plates. The low adherent plate was reproducible 

and beneficial to enrich possible CS-like cells from ES cell lines.  

Similar to solid tumours, cells in 3D spheroids are exposed to different levels 

of nutrients, oxygen and other stresses that might affect the cells consistent 

with an inhibitory effect on the cell cycle. Cells from the spheroids were less 

proliferative than the parental cells and cells from dissociated spheroids that 

were cultured through two passages. This may be due to a slow rate of 

division of the cells that form spheroids, or reflect the impact of cells being in 

the spheroid (i.e. areas of necrosis, hypoxia affecting oxygen and nutrient 

gradients). More investigations are needed to determine the cell cycle status 

of the cells that produce spheroids and of the cells in the spheroids. The cell 

cycle analysis for the proliferative cells could be done using flow cytometry.  

It was also found that the majority of cells in the three-week-old spheroids 

were unable to migrate, whereas cells from the dissociated spheroid 

regained the ability to migrate. The reason for the lack of migration after 

three weeks may be that the hypoxic environment affects the proliferated 

cells. Furthermore, the dissociated spheroids showed a lower efficiency to 

generate second colonies from a single cell in low adherent plates compared 

to parental, whereas the flat bottom plates showed a greater efficiency 

compared to parental. The percentage of colony formation in soft agar for 

the passaged cells was significantly higher compared with the parental cell 

line. These observations suggest that the proportion of self-renewing cells 

within the ES cell line culture is maintained, even after being generated from 

a single self-renewing cell selection. These spheroids were able to self-
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renew from a single cell, adopt the 2D conditions and a small population 

maintains the capacity to generate spheroids in 3D conditions. This may be 

due to changes in the epigenetic profile of these cells. 

SK-N-MC spheroids at three weeks showed the typical zones that were 

previously described in other studies (Lin, R. and Chang, 2008). These 

zones are affected by the diffusion of oxygen and nutrients in a 3D model. 

The outer rim ‘zone’ of approximately 200µm (Groebe and Mueller-Klieser, 

1996; Grimes et al., 2014), represents the proliferating zone followed by the 

quiescent viable cell zone (hypoxic rim) and in the middle of the spheroid is 

the necrotic core. It has been found in glioblastoma that the hypoxic 

environment promotes self-renewing ability and inhibits differentiation (Li, Z. 

et al., 2009). The reduction in the oxygen level in the 3D spheroids increases 

the expression level of CD133 and up-regulates other stem cell-like markers 

such as Oct4, Sox2 and Nestin (McCord et al., 2009). Furthermore, the 

hypoxia-inducible-factor (HIF), especially HIF-2α, is assumed to have a 

unique expression pattern and a role in CSC maintenance, whereas HIF-1α 

is expressed in CSC and non-CSC in hypoxic conditions (Li, Z. et al., 2009; 

Myszczyszyn et al., 2015). Future studies might look at HIF-1α, HIF-2α and 

HIF-1β in spheroids. 

MYC-C plays an important role in stem cell maintenance and nuclear 

reprogramming and is highly expressed in ES cell lines (Sollazzo, M.R. et 

al., 1998). It has been suggested that the activation of the MYC-C promoter 

occurs through an indirect mechanism by the EWS-FLI1 gene (Bailly et al., 

1994). Like the Suva group, it was shown that the majority of CD133-ve cells 

are highly positive for MYC-C. Although the percentage of ES cells that 

express CD133 was low, all these cells were positive for MYC-C. 

However, western blotting showed CD133 enriched ES cell lines express 

MYC-C at higher levels than the embryonic stem cell (SHEF-4) and CD133-

ve population. Also, the expression of MYC-C was reduced two-fold in the 

3D spheroids and the dissociated spheroids at P0 compared with the SK-N-

MC cell line. However, the MYC-C protein expression increased again when 

cells from the spheroids were disaggregated and passaged consistent with 

the hypothesis that the increase in MYC-C expression was due to the 3D 
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culture environment. 

The decrease in the expression of the MYC-C protein in 3D spheroids and 

dissociated spheroids at P0 might be attributed to the hypoxic environment 

and changes in expression of the HIF genes, which interact with MYC-C. 

HIF-1α decreased MYC-C driver pathways leading to inhibition of 

proliferation (cell cycle arrest) in clear-cell renal cell carcinoma (Gordan et 

al., 2007) as well as colon carcinoma (Koshiji et al., 2004). On the other 

hand, HIF-2α is reported to stimulate MYC-C activity and increase the 

proliferation rate (Gordan et al., 2008). In ES cell lines (Leuchte et al., 2014) 

and glioblastoma cells (Kelly, J.J.P. et al., 2009), cells showed the ability to 

aggregate in serum-free medium. Like other cancer cells, brain tumour stem 

cells (BTSCs) have the ability to grow in serum-free medium in the absence 

of bFGF (Kelly, J.J.P. et al., 2009). Also, the lung epithelial cancer cell line 

successfully aggregated and expanded without the addition of exogenous 

mitogenic stimulation (Yakisich et al., 2016).  

The serum-free medium containing 10ng/mL EGF and bFGF has been used 

to investigate the sphere formation ability in sarcoma cells such as 

osteosarcoma cells (Fujii et al., 2009), ES cell lines (Cornaz-Buros et al., 

2014) and freshly dissociated ES tumour samples that formed spheroids 

from single cells sorted in a number of 96-well plates (Suvà et al., 2009). In 

this chapter, ES cell lines were cultured in two different commercial serum-

free stem cell media to enrich for putative CSCs. The possibility of using 

AggreWell™ and mTeSR™1 medium was investigated, both of which are 

designed to culture stem cells. AggreWell™ medium contains a lower level 

of bFGF compared with mTeSR™1 medium. After 48 h, in both media, the 

majority of ES cells were non-viable and the cells that survived were not able 

to self-renew and generate a spheroid from a single cell. 

The concentration of bFGF is not stated clearly in the manufacturer 

information sheet because the final medium formulations are company 

proprietary. However, Ludwig’s group modified the first serum-free medium, 

known as TeSR1, and established the mTeSR1, which includes BSA and 

cloned zebra fish basic fibroblast growth factor (zbFGF) at a final 

concentration of 100µg/mL (Ludwig, T.E. et al., 2006). The reason behind 
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the use of the high concentrations of bFGF in mTeSR1 is the instability of 

bFGF in serum-free medium (Levenstein et al., 2006; Ludwig, T.E. et al., 

2006). The currently available mTeSR1 medium contains components based 

on Ludwig’s group published formulation and human bFGF was used 

instead of zebrafish bFGF. In previous studies, 20ng/mL bFGF has been 

shown to induce cell death of ES cell lines, including the SK-N-MC and TC-

32 cells which were studied in this thesis (Sturla et al., 2000). This may 

explain why the ES cells did not survive in the mTeSR1 media. 

Many research groups used the terminology of spheroids to refer to cells 

which have the ability to aggregate.  The resultant spheroids formed from 

aggregating unknown numbers of cells have the ability to generate 

secondary spheroids in low adherent condition (Cornaz-Buros et al., 2014). 

Fujii group managed to aggregate cells (1x105cells/well) with very low 

spheroid formation frequencies; 1/400 for MG63, 1/128 for HT1080 and 

1/180 for HTB166. Addition of a fresh mitogenic factor such as bFGF and 

EGF both at 10ng/mL every other day to the serum-free medium in a 

spheroid formation assay was confirmed to upregulate the expression of 

stem cell markers on human sarcoma cell lines (Fujii et al., 2009). Others 

have used serum-free medium supplemented with a higher concentration of 

bFGF and EGF (20ng/mL) to assess the efficiency of the spheroid formation 

in lung cancer cells (5 cells/µL) (Chung et al., 2015) as well as glioblastoma 

(≤20,000 cells/mL) (Kelly, J.J.P. et al., 2009). In this study, none of the ES 

cell lines were able to generate spheroids from a single cell; 0/96 in each cell 

line, possibly due to the high concentration of bFGF in medium. ES cell lines 

were shown to have the ability to generate spheroids from a single cell in the 

standard medium that contains 10% serum, the presence of serum might not 

affect the self-renewing capability of the possible CSCs. It has been reported 

that FACS sorting ES cell lines into wells containing 10% serum medium or 

serum-free medium had no effect in self-renewing ability (Jiang et al., 

2010).Prominin-1 also known as CD133, is a pentaspan transmembrane 

glycoprotein, which has been described as a CSC surface marker in several 

cancer types including ES (Suvà et al., 2009; Jiang et al., 2010). CD133+ve 

population was capable of recapitulating tumours when cells were injected 

into immunodeficient mice (Suvà et al., 2009). CD133 was used first the first 
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time as a marker to isolate the stem-like cells of brain tumours (Singh et al., 

2004), and subsequently, for  other solid tumours such as colon (O'Brien, C. 

A. et al., 2007), melanoma (Monzani et al., 2007) and prostate (Collins et al., 

2005). In future studies, it will be important to confirm the ability of putative 

ES-CSCs to produce tumours in mice. 

The frequency of the CD133+ve population in ES is reported to be 4%–8% 

(Suvà et al., 2009) and 2.3% to 98.7% (Jiang et al., 2010). However, in this 

chapter, 1.7% to 14.5% of ES cell lines expressed CD133.  

Several tools have been manufactured to isolate putative CSCs exploring 

cell surface expression of CD133. One of the most popular methods is the 

immunomagnetic cell separator known as MACS® cell separator enriching 

for CD133+ve and CD133–ve cell populations. Using ES cells the laboratory 

have successfully isolating CD133+ve populations that are 95% positive and 

the CD133–ve populations that are less than 5% positive (Berry, personal 

communication). Others have found that the purity of CD133+ve cells 

enriched from ES tumour samples to be 82% (Suvà et al., 2009). However, 

the purity of CD133 populations isolated from brain tumour samples using 

MACS® separator was reported to range from 70 to 91% for CD133+ve cells 

(Singh et al., 2004). CD133-ve cells were also found to contain 0.5% to 

12.5% of CD133+ve cells (Singh et al., 2004). 

Three different ES cell lines were used in this study and the separation was 

carried out once for each cell line. Despite following the manufacturers’ 

protocol, the purity of the separated populations were 60% for CD133+ve 

cells and 12% for CD133-ve cells. In an attempt to increase the separation 

efficiency, more antibody was used; however, it was impossible to run a 

purity check on the flow cytometer due to the very small number of cells 

recovered from the separation. The difficulty of isolating pure CD133+ve 

cells from cord blood using the MACS separator have been previously 

reported (Pelagiadis et al., 2012). This group compared the purity of cells 

separated using the CD34 and CD133 markers. The purity of CD133+ve 

cells varied between samples (10–85%), whereas CD34+ve cells were 

consistent (~93%). To increase the purity of CD133+ve population, 

researchers tried different labelling methods such as direct labelling, extra 
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labelling with CD133 microbeads, erythrocyte removal and indirect additional 

binding of CD133 antigen. None of these methods improved the purity of 

CD133+ve cells. They concluded that the reproducibility of a pure CD133+ve 

cells was not achievable. Also, they stated that the commercially available 

CD133 clones do not cross-block the antigen and this cannot be the reason 

for the difference in the purity of the CD133+ve cells. Glycosylation could 

also perhaps affect the purity of the CD133 population (Pelagiadis et al., 

2012). The use of flow cytometry as an alternative method to separate the 

CD133 population was then investigated. The isolated CD133 population 

from the ES cell lines was pure (97–99%) and the purity of cytospun isolated 

cells was confirmed using IF. Jiang groups used the MACS separator to 

enrich the CD133 population in ES cell lines with less than 20% CD133+ve 

cells and thus improved the FACS sorter efficiency, and the sorted cells 

were cultured in medium containing antibiotics (Jiang et al., 2010). FACS 

cells should be grown in medium containing antibiotics to minimise the risk 

of contamination, but since the addition of antibiotics affects the gene 

expression profile (Roundhill, personal communication), this is not an ideal 

method to enrich cells that require expression profile analysis (Chapter 3).  

However, unlike CD133-ve, the purified CD133+ve displayed spheroid 

formation capacity in adherent plates from a single cell isolated from fresh 

tumours as well as a high proliferation rate in medium containing 20 % 

knockout serum replacement and 10 ng/mL of bFGF and EGF (Suvà et al., 

2009). Unlike ES cell lines, the majority of CD133+ve cells that were isolated 

from tumours have shown a higher ability (5-fold) to generate spheroids in 

low adherent plates than CD133-ve cells (Jiang et al. 2010). In contrast, flat 

bottom primaria adherent plates were used to culture the sorted CD133 from 

ES cell lines in this study. It was found that CD133-ve cells have a higher 

ability to grow as clones (1.1%–17.1%) than CD133+ve cells (0.3%–10.2%). 

Furthermore, the spheroids, derived from a single CD133+ve cell, expressed 

CD133 (6.9%), the same as the expression level in the parental tumours and 

xenografts (Suvà et al., 2009). Moreover, the expression of CD133 in 

spheroids generated from a single primary ES cells in low adherent plates 

ranged from 2.7% to 40% at 2–3 weeks (Cornaz-Buros et al., 2014). This 
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proves that CD133+ve cells give rise to +ve and –ve populations, which 

dilutes the expression level of CD133. Additionally, the 2D cells and the 3D 

spheroids that resulted from aggregating 2,000–10,000 cells per well in a 

low adherent plate shared almost the same percentage of CD133. Also, 

there was no difference in the expression of neural crest stem cell marker 

(CD57, also known as HNK-1), which has previously been reported to 

increase in cells that are growing as spheroids and with increased 

tumorigenicity in vivo (Leuchte et al., 2014). In this chapter, expression of 

CD133 in the clone derived from the sorted ES cell lines needs to be further 

investigated.  

In conclusion, there is no specific marker or culture method to accurately 

identify CSCs. The majority of spheroid studies in the literature are 

generated from cell aggregation. The aggregated spheroids represent cell-

cell interaction and not true CSCs because of the lack of evidence of self-

renewal capacity. In this current study, isolation of possible CSCs that have 

the ability to self-renew from a single cell have been achieved. Whereas, the 

ES spheroids need to be investigated in depth to confirm that these are 

indeed CSCs. 

 

The key finding: 

1- The putative ES-CS-like cells grown better in 3D, whereas stem cell 

medium led to cell death. 

2-  The putative ES-CS-like cells do not have the ability to migrate. 

3- The putative ES-CS-like cells have low expression level of MYC-C 

and probably not expressing CD133.  
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  Chapter 3

Transcriptional drivers of the CSC phenotype 

 Introduction 3.1

ES cells are poorly differentiated and highly express stem cell markers 

(Enrique and William, 2000; Ludwig, J.A., 2008). The phenotypic 

characteristics of other cancer types that are poorly differentiated have been 

found to be fairly similar to stem cells (Curry et al., 2015; Tang et al., 2015). 

The CSC phenotype characterised by self-renewal and resistance to 

treatment is considered to be critical for ES progression and relapse (Suvà 

et al., 2009; Jiang et al., 2010). Understanding the drivers of transformation 

and gain of the cancer stem-like cells phenotypes is therefore essential to 

improve outcomes and design new treatments (Garvalov and Acker, 2011), 

yet the fundamental molecular mechanisms for the functional differences 

between CSC and non-CSC remain unclear recent studies suggest that 

miRNAs play a role in the regulation of gene expression to maintain stem 

cell features. miRNAs are short noncoding RNAs capable of negatively 

and/or positively regulating gene expression post transcriptionally (Bartel, 

2009). The downregulation of a wide number of miRNA in tumours seems to 

be responsible for their malignancy and stemness (Ventura and Jacks, 2009; 

Melo and Esteller, 2011). Furthermore, several studies indicate miRNA 

involvement in cancer especially in CSC establishment (De Vito et al., 2012; 

Takahashi, R. et al., 2013; Garofalo and Croce, 2015). In 2011, it was 

determined that TARBP2-dependent miRNA expression enhanced CSC self-

renewal ability and improved tumour maintenance (De Vito et al., 2012).  

 

Having enriched for putative ES-CS-like (Chapter 2), in this chapter, the 

hypothesis was that ES-SC-like express driver pathways which may be used 

to select patients for more personalised medicine to improve outcome.  
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The aim of this chapter was to identify pathways by comparing the 

expression of stem cells markers, ABC and miRNA of ES-CS-like with 

substrate adherent cells. The following specific objectives were needed to 

help us test this hypothesis: To help us test this hypothesis we need to 

1- Characterise the RNA and miRNA profiles of spheroids and substrate 

adherent cells using Taqman gene expression arrays (TLDA) for stem 

cells and ABC transporter mRNA and selective miRNAs. 

2- Validate selected targets from arrays using RTqPCR and western 

blot. 

3- Find interactions between the highly expressed genes and investigate 

miRNA involvement in pathway. 
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 Methodology 3.2

 Samples details  3.2.1

In this chapter, substrate adherent cells, a pool of three week spheroids (3-

w-spheroids) and passaged 3-w-SK-N-MC spheroids, which were grown as 

substrate adherent cells, at passage number 2 were used. Also, frozen cell 

pellets including MCF7, HEK-293, n2012, SHEF4, U206, K562 and Caco-2, 

were used as positive controls. Moreover, RNA was extracted from a 

collection of ES family tumour derived spheroids (n=8) at different time 

points in addition to substrate adherent cells. Extracted RNAs were 

assessed using three different methods to ensure accurate representation of 

gene expression in subsequent experiments. All arrays and RTqPCR 

reagents were purchased from Life Technologies unless otherwise stated. 

 

 Extraction and assessment of RNA 3.2.2

 Total RNA extraction  3.2.2.1

Total RNA was extracted as described previously in (Section 2.2.5.3.1). 

 NanoDrop® Spectrocytometry  3.2.2.2

The concentration of RNAs was measured as described previously in 

(section 2.2.5.3.2). 

 Bioanalyzer (Agilent 2100)  3.2.2.3

The Agilent RNA 6000 Pico Kit was used to determine the quality of RNA, 

quantity as well as the size of samples such as nucleic acid, proteins and 

cells. This system is microfluidics based and is essentially a tiny version of 

acrylamide and agarose gels that are commonly used to separate nucleic 

acids and proteins by size. Briefly, all reagents and the entire procedure 

must be at room temperature. At the beginning, RNA gel matrix (550 μL) 

was pipetted into a spin filter and then centrifuged for 10 min at 4000 rpm. 

The filtered gel was aliquot into 65 μl and RNA dye concentrate (1 μL) was 

added to the filtered gel and tube was spin for 10 min at 14000 rpm. An RNA 

chip was placed on the chip priming station (Figure 3.1). The mixture of RNA 
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gel-dye (9 μl) was pipetted into three wells, as shown in the diagram. The 

plunger of the chip priming station was positioned at 1 mL and then the chip 

priming station was closed. The plunger was pressed until it held by the clip 

and then released after 30 s. The chip priming station was opened and the 

RNA conditioning solution (9 μL) and RNA marker (5 μL) were loaded into 

the wells, as labelled in the diagram. The diluted ladder and denatured (70 

°C, 2 min) RNA samples from substrate adherent cells and spheroids (1 µL; 

5ng/µL) were loaded into the chip and then the chip was centrifuged for 1 

min at 2400 rpm. The chip was run in the Agilent 2100 Bioanalyzer 

instrument within 5 min. The quality of samples is displayed as a RNA 

Integrity Number (RIN). This number is calculated by the instrument software 

using an algorithm method, which takes into account the ratio of 28S and 

18S rRNAs as well as the entire electrophoretic trace of the RNA (Wieczorek 

et al., 2012). 

 

 

Figure  3.1 Agilent RNA chip that used to check RNA quality. The Agilent station (left) 

was used to load the RNA on the chip. RNA pico chip used to determine the quality of the 

extracted RNA (right) (Adapted from Agilent website 

http://www.genomics.agilent.com/literature.jsp?crumbAction=push&tabId=AG-PR-

1172&contentType=User+Manual) 

http://www.genomics.agilent.com/literature.jsp?crumbAction=push&tabId=AG-PR-1172&contentType=User+Manual
http://www.genomics.agilent.com/literature.jsp?crumbAction=push&tabId=AG-PR-1172&contentType=User+Manual
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 RNA profiles using TaqMan® Low-Density Array (TLDA) 3.2.3

 mRNA TLDA 3.2.3.1

The total RNA (concentration; 1000 ng/µL) from substrate adherent cells and 

also spheroids was used to prepare cDNA as previously described in 

(Section 2.2.5.3.3) and loaded into two different TLDA platforms that 

wereused to explore gene expression. TLDA is a RTqPCR assay that 

measures the expression level of each listed gene in duplicate (Human Stem 

Cell Pluripotency array; HSCPA; 4385225) or triplicate (ABC transporter 

array; ABCTA; 4378700). Each cDNA sample (40μL) was added to 220μL of 

TaqMan® Universal PCR Master Mix and the volume adjusted to 440μL with 

RNase-free water. The mixture was loaded into the ports of the TLDA plate.  

3.2.3.1.1 Loading and processing TLDA 

TLDA plate was centrifuged for 1 min x 2 at 1000 rpm, then run in the 

7900HT Fast real-time PCR System, under the following thermal conditions 

were: 50°C for two min, 95°C for 10 min and then 40 cycles of 95°C for 15 

sec and 60°C for 1 min. Results were exported to RQ Manager 1.2.1 and a 

manual threshold was set above the background signal, which indicates a 

single Ct for each gene, at 0.2 for ABC arrays and 0.25 for SC arrays. 

 

 miRNA TLDA 3.2.3.2

3.2.3.2.1 cDNA preparation 

The total RNA (concentration; 400 ng/µL in a total volume of 3.2µL) from 

substrate adherent cells and also spheroids was used to prepare cDNAs 

using the TaqMan MicroRNA Reverse Transcription Kit and MegaPlex 

Primers Pool A v2.1. Volumes in (Table 4.1) and RT was performed on a 

TC500 thermal cycler TC500 under the following  conditions (40 cycles); 

16°C 2 min; 42°C 1 min; 50°C 1 sec followed by hold 85°C 5 min and finally 

holding at 4°C. The cDNA was stored at -80°C until used. 
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Reagent 
Volume 

(µL) 
Final 

concentration 

MegaPlex RT Primers (10x) 0.8 1.06x 

dNTPs with dTTP (100mM) 0.2 2.6mM 

MultiScribe Reverse Transcriptase (50U/μL) 1.5 75U 

10X RT Buffer 0.8 1.06x 

MgCl2 (25mM) 0.9 3mM 

RNase Inhibitor (20U/μL) 0.1 2U 

Total RNA in RNase free water 3.2 - 

Total volume 7.5 - 

Table  3.1 List of reagents used to convert total RNAs to cDNA to be analysied by 

TLDA. Reagents used to convert total RNA to cDNA using TaqMan MicroRNA Reverse 

Transcription Kit. The resulted product analysed using TLDA array 

 

3.2.3.2.2 loading and processing miRNA TLDA 

The microRNA card (TLDA; 4398965) contains 377 microRNA. The 

prepared cDNA sample (section 4.2.4.2.1; 6 μL) was added to 450μL of 

TaqMan® 2✕ Universal PCR Master Mix, No AmpErase® UNG; the total 

was adjusted to 444μL with the RNase-free water. After that, samples were 

processed as described in (Section 3.2.3.1.1). The threshold was set at 0.2 

as suggested in (Viprey et al., 2012). 

 

 Validation of significant targets from TLDA 3.2.4

 Primers and probe design for EBAF 3.2.4.1

UCSC genome browser (http://genome.ucsc.edu/) was used to identify 

EBAF isoforms. RNA sequences were obtained using NCBI (National Centre 

for Biotechnology Information) RefSeq accession numbers and aligned using 

Clustal Omega (The European Bioinformatics Institute website 

(www.EBI.ac.uk)). Forward and reverse primers of 19-23 nucleotides in 

length were selected to span Exon 3 and 4 (Figure 3.2). The predicted 

specificity of each primer to the EBAF sequence was checked using the 

Basic Local Alignment Search Tool (www.ncbi.nlm.nih.gov/BLAST) and In 

silico PCR program in the UCSC website (www.genome.ucsc.edu/). The GC 
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content of the primers was 57-68% and melting temperature (Tm) was 68% 

(as calculated by Primer express, ThermoFisher software). The primers 

were designed to minimize dimer or hairpin formation. 

 

 

 

Figure  3.2 RNA sequence of the full length EBAF gene (variant 1). Exons were 

highlighted in red/black and primers located between exon 3 and 4 

 

 

 RTqPCR 3.2.4.2

The cDNA was prepared as described in (section 2.2.5.3.3). EBAF volume in 

(Table 3.2) and RTqPCR was performed as described in (section 2.2.5.3.4). 

The housekeeping gene selected to normalise results was PPIA and Assay-

on-Demand™ primer/probe were listed in (Appendix D.1.1).  
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Reagents 

Volume 

(μL, per sample) 
Final 

concentration 

EBAF 
Mix 

TaqMan Universal PCR Master Mix 50 1X 

 Forward primer (10μM) 

5’-GCACACCCTGGACCTCAGG-3’ 
1 100 nM 

Reverse primer (10μM) 

5’-TGGTGCTTCAGGGTCACAGTC-3’ 
1 100 nM 

Probe (20μM) 

5’-ACTATGGAGCTCAGGG-3’ 
0.5 100 nM 

RNase free H2O 25 - 

Table  3.2 List of reagents used to amplify EBAF using RTqPCR 

 

 

 RTqPCR for miRNA  3.2.4.3

RNA was diluted with RNase-free water to contain 10ng total RNA in a 

volume of 5μl. TaqMan MicroRNA Reverse Transcription Kit and RT Primers 

were added in quantities listed in Table 3.3. Tubes were processed as 

described in (section 3.2.4.2). The cDNA (4.8 μL) then was added to 36μL of 

TaqMan® Universal PCR Master Mix II, no UNG; 3.6μL of primers 

(TaqMan® Small RNA Assay (20✕)) and finally the total was adjusted to 

72.01μL with RNase-free water. Primers used are listed in Appendix D.1.2. 

The samples were analysed in triplicate in 96 well plates. The plates were 

covered, processed and analysed as described in (Section 2.2.5.3.4) 

 

Reagent 
For each sample 

Volume (µL) 
Final 

concentration 

dNTPs with dTTP (100mM) 0.15 1 mM 

MultiScribe Reverse Transcriptase (50U/ul) 1 3.3U 

10X RT Buffer 1.5 1x 

Rnase Inhibitor (20U/ul) 0.19 0.25U 

Nuclease -free water 4.16 - 

5 X RT primer 3 1x 

Diluted total RNA 5 - 

Total 15  

Table  3.3 List of components for conversion of RNA to cDNA to be analysed by 

Taqman RTqPCR. miRNA analysed using Taqman RTqPCR 
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 Protein extraction and western blot 3.2.4.4

The protein extraction, calculation of concentration and western blot were 

performed as described in (Section 2.2.5.2). Details of antibodies used are 

described below (Appendix A.1.1). 

 

 Analysis of TLDA 3.2.5

 Identification of optimal normalization method for TLDA arrays and 3.2.5.1

reference RNAs for validation experiments 

After removing all Ct values ≥35 within each array. The Ct values from the 

TLDA array analysis were normalised against the global mean, each 

individual reference control on the array, all possible combination of 

reference controls and against the average of the reference controls to give 

the delta Ct (ΔCt). Normalised values were presented as logRQ values, 

which were plotted in GraphPad prism 7 software as box plots.  

ΔCt = Ct (of mRNA or miRNA) - Ct (normalisation method)  

logRQ = log
10

2
-ΔCt

 

 

Moreover, the miRNA values were sorted into normalised against the global 

mean group or un-normalised group. The variation of each miRNA in both 

groups across all arrays was determined (Standard deviation; SD) using 

Microsoft excel. The miRNA then were sorted from lowest SD to high. The 

top 10 miRNA from each group and the common miRNA in both top 10 list 

were applied to NormFinder software. 

 

 Clustering analysis 3.2.5.2

Normalised array data were visualised as a heat map using Cluster 3.0 and 

Tree views 3.0 (Saldanha, 2004). The samples were clustered hierarchically 

for all arrays (mRNA and miRNA) according to expression (D'Haeseleer, 

2005). 
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 Linear Models for Microarray (LIMMA) 3.2.5.3

LIMMA is a Bioconductor package for differential expression analysis of 

microarray data as well as any experiments involving comparisons between 

several genes at the same time. LIMMA fits a linear model to the expression 

data for each gene and uses shrinkage methods, which keeps all the 

variables in data and shrinks the numbers towards zero. In LIMMA, 

Empirical Bayes (eBayes) was used as shrinkage method to stabilise the 

analyses and improve power in small sample size. The main idea of the 

eBayes function is to get reasonable multiple t-tests and to borrow 

information between genes. With guidance and support from Dr Helene 

Thygesen (Lancaster University), the normalized data generated from arrays 

uploaded into R software (version 3.3.1; https://www.r-project.org/) and then 

analysed using LIMMA software (http://www.bioconductor.org/biocLite.R). 

Two models were used to analysis data. The first model (Model A) was 

comparing two samples: spheroids with substrate adherent cells.  Model B 

compares four samples: two spheroids with two substrate adherent cells 

from two different ES family tumours cell lines. The command for Model A 

and B is as described in (Appendix E.1.1 and E.1.2). Differences were 

considered significant when the adjusted p value (q<0.2). 

 

 Analysis of validation experiments  3.2.6

All analyses were undertaken using GraphPad prism 7 software. When 

comparing spheroids with substrate adherent cells in the validation 

experiments, data were analysed by ANOVA with Tukey post hoc test.  

  

https://www.r-project.org/
http://www.bioconductor.org/biocLite.R
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 Results 3.3

In this chapter, the parental cell line that was grown as a monolayer (Red 

box in Figure  3.3) is termed as substrate adherent cells, a pool of ES 

spheroids collected at different time points (Blue box in Figure  3.3) is termed 

as week number-name of cell line-spheroids (e.g. 3-w-SK-N-MC spheroids) 

and the dissociated spheroids (Yellow box in Figure  3.3) is a terminology 

used for the passaged 3-w-SK-N-MC spheroids, which were grown as 

substrate adherent cells and collected at passage number two. All spheroids 

analysed by TLDA arrays were collected at week 3 (3-w-spheroids). 

 

 

Figure 3.3 Clarification of reference to cells that used in experiments. Red box= 

parental cell line grown as monolayer. Blue box= whole spheroids. Yellow box= 

dissociated spheroids that grown as monolayer. 

 

 RNA quality and yield extracted from ES spheroids and 3.3.1

substrate adherent cells 

The A260/A280 ratio of all extracted RNA samples (1.9- 2.0) was consistent 

with high quality (Wilfinger et al., 1997) (Table 3.4). The difference in cell 

number between substrate adherent cells and ES spheroids in part explains 
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the variations in the RNA yield, and differences in the spheroid size may 

explain the variance between repeats. 

In ES spheroids, the average RNA yields (ng) were 6004.4, 5777.8, 2701.8 

and 3505.8 at week 3, 4, 5 and 6 respectively. Yields are reduced at week 5 

and 6 compared to week 3 and 4. The difference between the RNA yield at 

week 3 and 4 is only 226.6ng, yet there is a huge reduction (14.6 fold) when 

comparing the difference between the yield of week 3 and week 5 

(3302.6ng) with the difference between the yield of week 3 and week 4 

(226.6ng). Also, there is an 11-fold change between the difference in yield 

between week 3 and week 6 (2498.6ng) compare with the difference in yield 

between week 3 and week 4 (226.6ng). This reduction most likely reflects 

the loss of viable cell number on spheroids, increase in size and the 

hypoxic/necrotic core increases at late time points (Section 2.3.4.2.1, 

Figure 2.34 in Chapter 2). 

 

 
Substrate 

adherent cells 
SK-N-MC spheroids derived from a single cell in low 

adherent plates (mean ± SEM; n=2) 

 
SK-N-MC 

adherent cells 
Week 3 Week 4 Week 5 Week 6 

RNA concentration 
(ng/µL) 

2600± 258 500 ± 97 482 ± 91 225 ± 52 292 ± 41 

RNA yield (ng) 77988±7743 6004±1158 5778±1089 2702± 625 3506± 489 

A260/ A280 2.03± 0.02 2.03 ± 0.03 1.99 ± 0.03 2.02 ± 0.07 1.90 ± 0.00 

RIN (n=1) 9.9 8.6 7.7 3.8 2.9 

Table  3.4 RNA yield, concentration and quantity from substrate adherent cells and ES 

spheroids. RNA concentrations (ng/µL), yield (ng) and purity (A260/280 ratio) have been 

measured by spectrophotometer. RIN= RNA Integrity Number. Results are presented as a 

mean± standard error of the mean for two different biological repeats (mean± SEM; n=2). 

  

 

High-quality RNA was extracted from SK-N-MC cells and spheroids at week 

3 with distinct 18S and 28S peaks with RIN values between 8.3 and 9.8. 

Also, TTC-466 cells and spheroids have RIN 10 and 9.7 respectively 

(Table 3.5). The SK-N-MC spheroids from week 4 exhibited distinct 18S and 

28S peaks and has RIN > 7, indicating that the integrity of the RNA extracted 

was acceptable (Viljoen and Blackburn, 2013). However, week 5 and week 6 
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samples showed a sharp decrease in RIN number (2.60 – 3.80) and smaller 

peaks of 18S and 28S RNA (Figure 3.4 A). 

To determine the level of degradation, Agilent 2100 showed gel 

electrophoresis images for each sample (Figure 3.4 B). The 28S and 18S 

fragment should be very clear when the RNA is good quality as is evident in 

the substrate adherent cells and ES spheroids at weeks 3 and 4. The 

appearance of shorter fragment sizes can be observed with progressing 

degradation as it appears in ES spheroids at weeks 5 and 6.  These results 

are constant with the histology of spheroids (Section 2.3.4.2.1, Figure 2.34 

in Chapter 2). The small decrease in RIN number of spheroids at weeks 3 

and 4 weeks could be due to the hypoxia, whereas the huge drop could be 

due to increased necrosis, the death of cells and destruction of spheroids at 

weeks 5 and 6. 

 

 

SK-N-MC 

adherent cells 

(n=4) 

3-w-SK-N-MC 

spheroids (8 pooled 

spheroids; n=5) 

TTC-466 

adherent cells 

(n=4) 

3-w-TTC-466 

spheroids (8 pooled 

spheroids; n=14) 

RIN 9.8± 0.2 8.3± 0.2 10± 0.0 9.7± 0.1 

Yield (ng) 86817± 9765 6413± 1191 45552± 8293 1567± 178 

 

Table  3.5 RIN values and RNA yields of different biological RNA extracts from 

substrate adherent cells and ES spheroids. Two cell lines have been used (SK-N-

MC and TTC-466) to generate spheroids. ES spheroids collected at week three 

(mean ± SEM). 
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Figure  3.4 Quality of RNAs extracted from ES spheroids collected at 4-time points and substrate 

adherent cells . RNA analysed by the Bioanalyzer Agilent 2100.  A) Electropherograms of 

RNA extracted from spheroids and adherent cell RNA. There are four peaks in the 

electropherograms: 28S and 18S are ribosomal RNA whereas, 5S illustrate small or 

degraded RNA and also a small peak for the marker (ladder), which is a molecular weight 

used to the size the RNA products. B) Densitometry plot producing an electrophoresis of the 

extracted RNA samples that separate depending on size and show a specific band for 18S 

and 28S as well as gDNA contamination and small or degraded RNA. W= week, gDNA= 

genomic DNA. 
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Furthermore, the quality of RNA for analysis was evaluated by performing 

RTqPCR for the housekeeping gene, PPIA. Ct values of PPIA (n = 6; from 2 

independent experiments), all SK-N-MC spheroids from the different time 

points expressed PPIA at similar levels when compared with SK-N-MC 

substrate adhere cells (Figure 3.5). This is inconsistent with the results from 

the Bioanalyzer, which demonstrated loss of total RNA quality in week 5 and 

6 spheroids. PPIA showed a high stability in low quality RNAs extracted from 

formalin-fixed, paraffin-embedded samples from sarcoma patients 

(Aggerholm-Pedersen et al., 2014). Also, PPIA recommended to be used as 

reference genes when comparing the expression between cancer stem-like 

cell (CSC) and parental cells (Lemma et al., 2016).  

 

 

Figure  3.5 The expression level (Ct values) of a housekeeping gene (PPIA) in SK-N-

MC adherent cells and spheroids. PPIA mRNA expression was determined by RTqPCR. 

RNA was extracted from SK-N-MC substrate adherent cells and ES spheroids, RT 

performed and expression of PPIA determined by RTqPCR using PPIA. Data presented as 

cycle threshold (Ct) values of the mean of triplicate wells in four experiments. 
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 Analysis of TLDA results 3.3.2

 Normalisations 3.3.2.1

The SC array contained 90 target mRNAs and six reference genes included; 

18S, CTNNB1, GAPDH, RAF1, β-actin and EEF1A1 whilst the  ABC array 

contained 50 target mRNAs and 13 reference genes included: 18S, β-actin, 

β2M, TBP, GUBS, GAPDH, HMBS, HPRT1, PGK1, YWHAZ, POLR2A, PPIA 

and RPLPO. Reference genes common to both TLDA were 18S, β-actin and 

GAPDH. It was essential to first define the optimal way to normalise the 

expression of SC and ABC components in substrate adherent cells and ES 

spheroids. In subsequent analyses the most suitable single reference gene 

against which to normalise the expression of SC and ABC components in 

substrate adherent cells and ES spheroids was sought. This was 

investigated by normalised to an individual reference gene as well as to the 

average of these reference genes and the global mean of all targets 

including or excluding reference genes. The standard deviation (SD) was 

calculated to examine the stability of expression across the replicates and 

results presented as box plots (Figure 3.6 and Figure 3.7). Furthermore, the 

TaqMan Human MicroRNA card A consist of 377 miRNAs, three snRNA 

controls (U6, RNU44 and RNU48) and one negative control that is not 

expressed in human tissues (ath-miR159a). Total RNA (400 ng) extracted 

from substrate adherent cells and spheroids (n=3 from each sample) was 

analysed as described in (Section 3.2.5).  Defining the best method to 

normalise miRNA data is essential in addition to selecting the most suitable 

reference miRNA to normalise against when performing the validation using 

RTqPCR. 

 

3.3.2.1.1 mRNA TLDA 

Taking into consideration the SD across the replicates, the smallest variation 

was observed when data was normalised using the global mean (Figure 3.6 

and Figure 3.7). In the SC array, the SD of data normalised to the global 

mean including or excluding reference genes were 1.62E-15 and 1.84E-15, 

respectively. The SD of normalising ABC data using the global mean 

including and excluding reference genes was 1.65E-15 and and 2.05E-15, 
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respectively. The excuser or inclusion of the reference genes had no 

significant effect on normalisation of either arrays (ABC and SC). 

Consequently, we decided to normalise the array data using the global mean 

including reference genes.  

To identify the most suitable single or multiple reference genes, in both 

arrays (ABC and SC), the smallest SD was observed when data was 

normalised to the average of 13 reference genes in the ABC array. However, 

using 13 genes as references in each RTqPCR validation experiment would 

be prohibitively expensive and time consuming. It is standard practice to 

validate array data using RTqPCR with a single reference gene to which 

genes of interest can be normalised. It is essential that great care is taken 

when selecting the most appropriate gene as a reference gene as it can 

impact upon the results obtained. The array data indicated that PPIA (SD: 

0.09) was the best single reference gene that included as a reference gene 

in mRNA arrays.  

Out of 90 genes, SK-N-MC spheroids and substrate adherent cells 

expressed 55% (±0.3) of SC genes. In the other cell line, 58% (±2.1) of SC 

genes were expressed in TTC-466 spheroids and 59% (±1.2) in TTC-466 

cells grown as monolayers. ABC genes were expressed in SK-N-MC (out of 

50 genes; 75%±1.1) and TTC-466 (67%±1.1) spheroids, monolayer SK-N-

MC and TTC-466 cells expressed 76%±0.9 and 67%±0.5 of ABC genes, 

respectively. Two-way hierarchical clustering of SC and ABC expression 

demonstrate that the SK-N-MC and TTC-466 cells cluster together 

regardless of whether they were grown as monolayers or spheroids 

(Figure 3.8). 
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Figure  3.6 Finding the best way to normalise SC array data. Data when normalised to 

an individual reference gene, an average of reference genes, global mean including or 

excluding reference genes. Each boxplot represents a single sample; each sample has 

been analysed 3 times on 3 separate arrays. Light blue= SK-N-MC 3-w-spheroids. Dark 

blue= SK-N-MC substrate adherent cells. Light pink = TTC-466 3-w-spheroids. Dark pink = 

TTC-466 substrate adherent cells. Green= dissociated SK-N-MC spheroids. SD= standard 

deviation. Red boxes= the best normalization target/way with lowest SD value. 
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Figure  3.7 Finding the best way to normalise ABC array data. Data when normalised to an individual reference gene, an average of reference genes, global 

mean including or excluding reference genes. Each box plot represents a single sample; each sample has been analysed 3 times on 3 separate arrays. Light 

blue= SK-N-MC 3-w-spheroids. Dark blue= SK-N-MC substrate adherent cells. Light pink = TTC-466 3-w-spheroids. Dark pink = TTC-466 substrate adherent 

cells. Green= dissociated SK-N-MC spheroids. SD = standard deviation. Red boxes= the best normalization targets/way that showed the lowest SD value. The 

green box= the best housekeeping gene to be used in validation experiments.  
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Figure  3.8 Heat map of expression of SC and ABC genes in ES cell lines and spheroids. The dendrograms of cell types using complete linkage were 

carried out according to expression of all target genes only as determined by the Taqman® SC and ABC array. Data are presented as Log scale of mRNA 

expression relative to the global mean. Red shows high relative expression and green demonstrations low relative expression. Heatmap shown are 

representative of 3 independent experiments. 
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3.3.2.1.2 miRNA TLDA 

Data were normalised against individual snRNA controls (U6, RNU44 and 

RNU48), average of the three controls, different combinations of controls 

and the global mean of all expressed miRNAs on the array. The stability of 

expression across the replicates was examined by taking in consideration 

SD values after normalisation; results are presented as box plots 

(Figure 3.9). The optimal normalisation was accomplished using the global 

mean, with a SD of the median values 3.0E-15. Un-normalized data 

illustrated a smaller variation (SD; 0.10) compared with normalisation to 

individual proposed snRNA controls with SD’s that vary from 0.21 to 0.28. 

When normalised to different combinations or the average of snRNAs, the 

variation of the data was 0.19-22 (Figure 3.9). The global mean was found to 

be the optimal method for normalisation of miRNA expression profiles. 

Out of 377 miRNA, SK-N-MC spheroids and substrate adherent cells 

expressed 37% (± 0.3) and 46% (± 1.8) of miRNA respectively. In the other 

cell line, 46% (± 2.5) of miRNA were expressed in TTC-466 spheroids and 

44% (± 0.9) in TTC-466 cells grown as monolayers. Two-way hierarchical 

clustering of miRNA expression demonstrate that the SK-N-MC and TTC-

466 cells cluster together regardless of whether they were grown as 

monolayers or spheroids (Section 2.2.4.2.2)). 

To identify the optimal reference miRNA that is expressed in ES cell lines 

regardless of the culture methods (substrate adherent cells or spheroids), all 

miRNA that had Ct values <35 were sorted according to the selecting criteria 

presented in Figure 3.11. Three groups (A, B and C) were identified 

(Figure 3.11). Group A represent a list of top 10 reference miRNA with 

smallest SD between Ct values. Group B include top 10 reference miRNA 

with smallest SD between normalised values. However, group C takes in the 

common miRNA from the top 10 list of the smallest SD between Ct values 

and normalised values. Two miRNA (miR-130 and miR-20a) were identified 

as possible references from group A with SD of 0.18. In group C, miR-30b 

appears to be the most stable miRNA (SD; 0.12) and in group B, miR-30c 

with a SD of 0.14 (Figure 3.12). These miRNA are also appeared to be 

stable miRNAs on NormFinder software (stability value; miR-30c = 0.17 and 



- 127 - 

 

miR-30b = 0.21) when group B and group D were applied to the software 

(Figure 3.13 A). Furthermore, from NormFinder, miR-16 from group C and 

miR-454 from group A were suggested as references (stability value; 0.20 

and 0.26 respectively). Taking into consideration the stability values that 

resulted from NormFinder, miR-454 was excluded because it has the highest 

value, which represents less stability, compared with the rest of the miRNA 

(miR-16, miR-30b and miR-30c). These three miRNAs were examined in 

more detail. Though it looks as though any of these miRNA would be good 

(SD; 0.10 to 0.13). However, a combination of miR-16 + miR-30b (SD; 0.10) 

was used as a reference in the validation experiments (Figure 3.13 B). 

 

 

Figure  3.9 Finding the best way to normalise Human miRNA array data. Data when 

normalised to an individual proposed reference miRNA, an average of reference miRNAs, 

all possible combination of reference miRNA and the global mean of all miRNA that are 

expressed with <35 Ct. Each boxplot represents a single sample; each sample type has 

been analysed thre times. Light blue= SK-N-MC 3-w-spheroids. Dark blue= SK-N-MC 

substrate adherent cells. Light pink = TTC-466 3-w-spheroids. Dark pink = TTC-466 

substrate adherent cells. Green= dissociated SK-N-MC spheroids. SD = standard deviation. 

Red box= the best normalization targets/way that showed the lowest SD value. 
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Figure 3.10 Heat map of expression of miRNA in ES cell lines and spheroids. The dendrograms of cell types using complete linkage were carried out 

according to expression as determined by the Taqman® miRNA array. Data are presented as Log scale of miRNA expression relative to the global mean. 

Red shows high relative expression and green demonstrations low relative expression. Heatmap is representation of three independent experiments and 

miRNA names are expanded next to the heatmap. 
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Figure  3.11 Strategy for selecting the best reference miRNA to be used in 

downstream validation using RTqPCR. Two different steps were used to sort miRNA 

(Box 2 and Box 3). After sorting miRNAs, four lists (Box A, B, C and D) were used for 

boxplot analysis and applied to NormFinder software. 
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Figure  3.12 Normalisation of Human miRNA array data using potential optimal miRNA identified by selection strategies shown in (Figure 4.10). Light 

blue= SK-N-MC 3-w-spheroids. Dark blue= SK-N-MC substrate adherent cells. Light pink = TTC-466 3-w-spheroids. Dark pink = TTC-466 substrate adherent 

cells. Green= dissociated SK-N-MC spheroids. Each sample type has been profiled 3 times using TLDAs. 
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Figure  3.13 Identification of the optimal reference miRNA to be used in validation studies. Sorted miRNA were applied to NormFinder software. A) 

Summary of miRNAs selected on different criteria. miRNA that has lower stability value was suggested to be a reference (highlighted in yellow). B) Box plot 

analysis using three stable miRNA. Data normalised to individual, average and all possible combination of miRNA. Light blue= SK-N-MC 3-w-spheroids. Dark 

blue= SK-N-MC substrate adherent cells. Light pink = TTC-466 3-w-spheroids. Dark pink = TTC-466 substrate adherent cells. Green= dissociated SK-N-MC 

spheroids. Each sample type was profiled 3 times using the TLDAs. Red boxes= the best combination of miRNA to be used in validation experiments. 
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 Expression of stem cells and differentiation genes 3.3.2.2

3.3.2.2.1 TLDA 

TLDA results have been analysed using two models (Section 3.2.5.3). Model 

A is focused on the identification of mRNA associated with self-renewal 

independent of cell type; two variables included are growth as spheroids 

compared to growth as substrate adherent cell lines. Model B takes into 

consideration the self-renewal feature (as in model A) plus differences due 

to the cell phenotype; four variables are included in the model, growth as 

spheroids, growth as substrate adherent cell lines, SK-N-MC phenotype and 

TTC-466 phenotype. 

Taking into consideration results from model A, the expression of 

Podocalyxin Like (PODXL) was decreased in SK-N-MC spheroids (n=3, q-

value; 0.02) with a 2.1 DCt difference, this was marginal (Appendix F). 

PODXL is not reflecting the self-renewal feature because it also appears as 

significant (n=3, q-value; 0.07 and DCt difference; 4.0) in model B in TTC-

466 spheroids. Other significant genes are common in both models (A and 

B) such as the decrease of the expression of Semaphorin 3A (SEMA3A; 

n=3, DCt = 2.8) in spheroids.  Regarding pluripotency, stemness and 

undifferentiated markers, in SK-N-MC spheroids, the majority of the 

significant genes in both models are increased with expression including 

endometrial bleeding associated factor (EBAF) known as Left-right 

determination factor 2 (LEFTY2), teratocarcinoma-derived growth factor 1 

(TDGF1), Left-right determination factor B (LEFTB) known as Left-right 

determination factor 1 (LEFTY1),  X-inactive specific transcript (Xist), Lin-28 

homolog A (LIN28) and POU domain, class 5, transcription factor 1 

(POU5F1) also known as octamer-binding transcription factor 4 (Oct-4) 

(Appendix F). 

On the other hand, TTC-466 spheroids increased the expression of EBAF, 

TDGF1, LEFTB and Sentrin-specific protease 2 (SERP2) (n=3, DCt; 4.2, 3.0, 

2.0 and 2.3 respectively) and decreased the expression of Septation protein 

imp2 (IMP2) (n=3, Dct; 2.4) in both models. In model B, Fibroblast growth 

factor 5 (FGF5) and PODXL are significantly decreased in TTC-466 

spheroids (n=3, q-value; 0.11 and 0.07 respectively) (Figure 3.14). 
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No differentiated gene was significantly associated with the self-renewal 

feature in both cell lines (SK-N-MC and TTC-466). The majority of 

differentiated genes were common in both models and were significantly 

decreased expression in SK-N-MC spheroids. However, Haemoglobin 

subunit zeta (HBZ) and Transcription factor SOX-17 (SOX17) were 

increased in SK-N-MC spheroids (n=3, DCt; 5.7 and 7.4 respectively). TTC-

466 spheroids also upregulated HBZ and SOX17 (n=3, DCt; 2.3 and 4.9 

respectively) as well as Wilms tumour protein (WT1; n=3, DCt; 3.4). Laminin 

Subunit Gamma 1 (LAMC1), GATA-binding factor 6 (GATA6), and Fms-like 

tyrosine kinase 1 (FLT1) were common in both models and their expressions 

were decreased in TTC-466 spheroids (n=3, DCt; 2.2, 3.9 and 5.5 

respectively). In model B, expression of Oligodendrocyte transcription factor 

2 (OLIG2: n=3, q-value: 0.13 and DCt: 2.9) was decreased in TTC-466 

spheroids compared to cells grown as substrate adherent monolayers 

(Figure 3.14). 

 

3.3.2.2.1 Validation of SC genes by RTqPCR and western blot 

To select targets for validation, targets with more than 2DCt difference and 

q-value <2 were sorted by the following criteria (Figure  3.11). Firstly, the 

expression of targets must be detectable at Ct <35 in substrate adherent 

cells and/or spheroids. Secondly, the difference in target expression 

between substrate adherent cells and spheroids must be ≥ 2 Ct. Some 

targets highlighted with asterisk (Ct difference < 2 in one cell line only; 

Figure  3.15) were included in the next sorting step. Finally, targets that were 

not differentially expression in SK-N-MC and TTC-466 cell lines and some 

targets with asterisk were excluded from validation.  Targets for validation 

are summarized (Table  3.6). 
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Figure  3.14 Volcano plot of analysed SC array data. Model A represents the self-renewal feature, whereas model B consider the self-renewal feature and the 

differences between cell lines when compared to the substrate adherent cells with 3-week-spheroids derived from a single cell. The data for all genes are plotted 

as Delta Ct differences versus the adjusted p-value (q-value). Thresholds are shown as blue dashed lines; for DCt = 2 and q-value = 0.2. Targets selected as 

significantly increased expression in the spheroids are highlighted as green dots, whereas red dots represent the significant decreased expression of targets in 

the spheroids. Targets not significantly increased or decreased expressions were represented as black dots. The light blue boxes represented specific significant 

targets in model B and the pink boxes represented significant targets appear in model A of one cell line and in model B of the other cell line. 
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 Do the validation techniques work? 
Do array results validate? 

Genes A) RTqPCR B) Western blot 

EBAF Yes Yes Yes by A and B 

SOX17 No Yes No by A and Yes by B 

TDGF1 - - Excluded 

LEFTB - - Excluded 

HBZ Yes Yes No by A and B 

Table  3.6 Summary of validation result of the significant SC genes. Two different 

techniques were used to validate array results. Some of the techniques used for validation 

worked nicely but did not validate the array results. Yes and no used in this table to illustrate 

the status of the validation. In the table, A referred to the RTqPCR, whereas B referred to 

western blot. 

 

From pluripotency, stemness and undifferentiated markers three genes: 

TDGF1, LEFTYB and EBAF passed the criteria for validation (Figure 3.15). 

Both LEFTYB and EBAF belong to the transforming growth factor beta 

(TGF-beta) family (Ulloa et al., 2001). Taking into considerations Ct and DCt 

difference, EBAF has the highest difference and was selected for validation. 

However, RTqPCR for TDGF1 mRNA was not performed as this is encoded 

by a single exon gene and multiple pseudogenes on chromosomes 2, 3, 6, 

8, 19 and X have been described limiting the specificity of RTqPCR assays 

for this mRNA (Hentschke et al., 2006). Furthermore, it has not been 

possible to confirm changes in TDGF1 at the protein level, as a suitable 

control has not been found. From the differentiated makers, two genes were 

selected for validation; SOX-17 and HBZ. 
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Figure  3.15 Selecting genes for validation. The expression of targets were increased (Green) or decreased (Red) in spheroids compared to the expression in 

substrate adherent cells. Targets that did not match the criteria were (Black) crossed out. Targets which passed the selected criteria in one cell line only are 

identified with black asterisk (*). A) Pluripotency, stemness and undifferentiated targets. B) Differentiated targets. Targets, which appear as significant, were 

sorted by three steps and ones that passed the three steps (1-3) were selected for validation. C) Summary of Ct, DCt and adjusted p-values generated using 

LIMMA model A and B. ▲= increased expression in spheroids compared to the expression in substrate adherent cells. 
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Figure  3.16 Validation of the increased expression of EBAF in spheroids comparing 

with substrate adherent cells.  A) The expression level of EBAF that resulted from the 

TLDA. B) Validation of EBAF using RTqPCR. PPIA used as reference gene and the 

significant difference demonstrated by p-value. C) Representative western blot 

demonstrating elevated EBAF protein expression in TTC-446 and SK-N-MC spheroids 

compared to the substrate adherent cells. GRP75 was used as a protein loading control. 

MCF7, HEK293, n2012 and SHEF4 cells extract were used as controls. 

 

 

The increased of expression of EBAF in SK-N-MC spheroids compared to 

substrate adherent cells was confirmed at the mRNA level by RTqPCR (n=3, 

each repeat in triplicate, p value: 0.02). The difference between TTC-466 

spheroids and adherent cells was very small and not significant at the RNA 

level (Figure 3.16 B). Despite, the multiple proteins detected by antibody on 

the membrane, EBAF protein was increased in the ES spheroids compared 

to adherent cells in both cell lines (Figure 3.16 C). Surprisingly, the protein 

difference is much more obvious in TTC-466 spheroids compared to SK-N-

MC spheroids. 

Despite using a gradient concentration of RNA from 10ng to 1000ng, cell 

lines; SHEF4 and OSCK3 used to validate array result were negative for 

SOX-17. At the end of this project a positive control for SOX-17 had been 

found and western blots were run by Mrs Berry. There was an increase 
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expression in ES spheroids comparing with substrate adherent cell lines. 

Expression of β-actin was examined to check the amount of protein on the 

membrane (Figure 3.17). However, the expected size of SOX-17 protein is 

44kDa. SOX-17 protein was detected in the control cell as a band higher 

than the expected that might be due to the co-operative binding of SOX-

17 and Oct4 (30-38kDa) (Chang, K. et al., 2017).  

 

 

Figure  3.17 Validation of the increased expression of SOX-17 in spheroids comparing 

with substrate adherent cells.  A) The expression level of SOX-17 that resulted from the 

TLDA. B) Fluorescence detection of SOX-17 using RTqPCR. PPIA used as reference gene. 

C) Representative western blot demonstrating elevated SOX-17 protein expression in TTC-

446 and SK-N-MC spheroids compared to the substrate adherent cells. β-actin was used as 

a protein loading control. K562 and U206 cells extract were used as controls. ng= nano-

gram 
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At the protein level, the HBZ antibody was optimised using serial dilution 

(0.02 -0.2 μg) (Figure 3.14). The K-562 cell line was used as a positive 

control. The size of the protein is very small (14 kDa). So, to avoid losing the 

protein, the gel was electrophoresed to 50% down the gel and the band 

identity is confirmed by the reduced intensity of signal as the antibody is 

dilution. The optimal concentration was 0.1 μg (Figure 3.18).  HBZ protein 

was detected as a band with a lower molecular weight than that expected 

from the literature and was not expressed in ES cell lines and spheroids 

protein extracts. Expression of β-actin was used to check the amount of 

protein on the membrane (Figure 3.19 C). On the other hand, 3-week-SK-N-

MC spheroids illustrated a significant increase in the RNA level by RTqPCR. 

However, in TTC-466, there was no difference between the RNA expression 

of HBZ in substrate adherent cells and spheroids (Figure 3.19 B).  

 

 

Figure  3.18 Optimisation of HBZ antibody. Total protein a control cell line (K-562) were 

prepared with DTT and expression of HBZ in 50 μg extract determined by western blot 

using serial dilution from 0.02 μg to 0.2 μg. 
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Figure  3.19 Validation of the increased expression of HBZ in spheroids comparing 

with substrate adherent cells. A) The expression level of HBZ that resulted from the 

TLDA. B) Validation of HBZ using RTqPCR. PPIA was used as reference gene and the 

significant difference demonstrated by q-value. C) Representative western blot 

demonstrating HBZ protein expression only in the positive control K-562. β-actin confirmed 

proteins were loaded in all the wells. 

 

 Expression of ABC transporter proteins 3.3.2.3

3.3.2.3.1 TLDA 

The same method as described in Section 3.3.2.2 above was used to 

identify significant differentially expressed targets for validation (Table 3.7). 

 

 Do the validation techniques work? 
Do array results validate? 

Genes A) RTqPCR B) Western blot 

ABCG1 Yes Yes Yes by A and B 

CFTR Yes Yes No by A and Yes by B 

Table  3.7 Summary of validation result of the significant  ABC transporter proteins. 

Two different techniques were used to validate array results. Some of the techniques used 

for validation worked nicely but did not validate the array results. Yes and no used in this 

table to illustrate the status of the validation. In the table, A referred to the RT qPCR, 

whereas B referred to western blot. 
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There were no significantly increased or decreased ABC transporter mRNA 

in TTC-466 cells and spheroids. However, two targets appear statically 

significant in model A and B when analysing SK-N-MC substrate adherent 

cells and spheroids (Figure 3.20). The first target is ATP Binding Cassette 

Subfamily G Member 1 (ABCG1) that was increased in SK-N-MC spheroids. 

The Ct difference between SK-N-MC and SK-N-MC spheroids is 2.3 (n=3, 

DCt; 2.6), whereas the difference is very small between TTC-466 and TTC-

466 spheroids (n=3, Ct: 0.6 and DCt: 0.5). The other target is Cystic Fibrosis 

Transmembrane Conductance Regulator (CFTR). This gene is 

downregulated in SK-N-MC spheroids (DCt: 4.6), with Ct difference lower 

than two (Table 3.10). CFTR expression was very low, below the level of 

detection of the array (> 35 original Ct; 39.5 and 39.6) in TTC-466 and TTC-

466 spheroids, respectively. Also, Ct difference was zero (Table 3.8)  

 

 

 

Table  3.8 Summary of ABC transpoter mRNA that passed the sorting criteria (Step 1-3 

in Figure 4.14).. The differences between Ct, DCt and adjusted q-values that resulted from 

model A and B are illustrated. Each gene showed an increase (▲) or decrease (▼) in the 

expression in the spheroids compared to the matched substrate adherent cell. 
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Figure  3.20 Volcano plots of analysed ABC transporter data. Plots represent 

significance versus DCt differences on the x-axes and adjusted p-values (q-values) on the 

y-axes, respectively. The cut-off of the DCt values is 2 and genes with q values less than 

0.2 were considered as significant, these thresholds are shown as blue dashed lines. 

Targets selected as significantly increased in the spheroids are shown as green dots, 

whereas red dots shown mRNA with decreased expression in the spheroids. Targets not 

significantly increased or decreased are presented as black dots. 

 

 

3.3.2.3.2 Validation of ABC transporter proteins by RTqPCR and western blot 

There were two targets that showed a significant difference in SK-N-MC 

only. Unlike CFTR, ABCG1 passed all criteria for validation. RTqPCR and 

western blot confirmed expression of ABCG1. The increased expression of 

ABCG1 in spheroids was clear but not statistically significant using RTqPCR 

(n=3; each repeat in triplicate). This most likely reflects the heterogeneity of 
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spheroid size (Figure 3.21 B). Conversely, the increased expression of 

ABCG1 protein was evident in the 3-w-SK-N-MC spheroids (the number of 

pooled spheroids (n=149-150)) compared to substrate adherent cells 

(Figure 3.21 C). 

 

 

Figure  3.21 Validation of the increased expression of ABCG1 in spheroids comparing 

with substrate adherent cells.  A) The expression level of ABCG1 that resulted from the 

TLDA. B) Validation of ABCG1 using RTqPCR with PPIA used as a reference gene. C) 

Validation of ABCG1 using western blotting. MCF7, HEK293 and n2012 were used as 

controls. β-actin and GRP75 were used to control for the amount of proteins on the blot. 
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At the protein level, I attempted to optimize the western blot conditions to 

examine CFTR expression. CFTR antibody was evaluated using a dilution of 

0.25 -2μg (Figure 3.22). The CaCo-2 cell line was used as a positive control. 

Multiple bands appear on the membrane which represents the full-length 

and cleaved forms of the CFTR protein (Tosoni et al., 2013). The optimal 

antibody concentration was 1 μg (Figure 3.22). The full length and cleaved 

forms of CFTR protein were both detected in the control cell lysates; 

however, ES cells did not express the full length isoform of CFTR. There 

was a clear reduction in both spheroids in the expression of the cleaved form 

of CFTR resulting from bearing different N- and C- terminal domains. 

Expression of β-actin was examined to check the amount of protein on the 

membrane (Figure 3.23 C). On the other hand, there was no difference 

between the RNA expression levels of CFTR by RT qPCR in both ES cell 

lines (Figure 3.23 B). 

 

 

Figure  3.22 Optimisation of CFTR antibody. Protein extract from control cell line (CaCo-2; 

50 μg) was used to optimize the concentration of CFTR using western blot using serial 

dilution of the antibody. 
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Figure  3.23 Validation of the increased expression of CFTR in spheroids comparing 

with substrate adherent cells. A) The expression level of CFTR that resulted from the 

TLDA. B) Validation of CFTR using RTqPCR with PPIA used as reference gene. C) 

Validation of CFTR using WB. 
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 Expression of miRNA 3.3.2.4

3.3.2.4.1 TLDA 

Unlike SK-N-MC, in 3-w-TTC-466 spheroids differentially expressed miRNA 

were all increased in expression. In contrast the majority of significant 

miRNAs that were differentially expressed in 3-w-SK-N-MC spheroids were 

decreased, with the exception of miR-210 which was increased in SK-N-MC 

and TTC-466 spheroids. In contrast to SK-N-MC, TTC-466 revealed 

significant miRNAs using Model A that emphasis the self-renewal 

characteristic (DCt; between 2.4 and 4.8). These miRNAs (miR-133b, miR-

376a and miR-411) were increased in 3-w-TTC-466 spheroids (n=3; q value: 

0.02, 0.12 and 0.04 respectively).  In model B, TTC-466 spheroids increased 

expression of miR-363 (DCt: 4.5, q value; 0.16) whereas SK-N-MC 

spheroids decreased expression of miR-495 (DCt; 4.5, q value; 0.17). 

Taking into consideration the common miRNAs resulted from Model A and 

B, TTC-466 spheroids increased expression of miR-31 and miR-376c, 

whereas SK-N-MC spheroids decreased expression of 13 miRNAs 

(Table 3.9).  

For the purpose of my studies potentally the most intresting miRNAs are 

those which are common in both models (A and B) and both ES cell lines; 

were miR-210, miR-323-3p, miR-138 and miR-134. One of the miRNA (miR-

210) was statistically increased in SK-N-MC and TTC-466 spheroids, 

whereas the Ct difference between SK-N-MC substrate adherent cells and 

spheroids was less that two (Ct; 1.8, DCt; 2.4). On the other hand, miR-323-

3p was regulated differently (upregulated in TTC-466 spheroids and 

downregulated in SK-N-MC spheroids). Like miR-323-3p, miR-138 and miR-

134 are regulated differently as they appear significant in the different model 

when looking at TTC-466 spheroids (Table 3.9). These three miRNAs are 

differentially changing, so unlikely to be related to growth as spheroid as 

significantly as miR-210. So, miR-210 was chosen for validation based on 

the DCt difference and the expression (increased in SK-N-MC and TTC-466 

spheroids). Furthermore, miR-138 and miR-134 were selected for validation 

because of the inconsistency changes in TTC-466 spheroids. 
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Table  3.9 Summary of miRNA expression in sheroids compared to cells grown as substrate adherent monolayers. RNAs from three biological repeats 

were profiled using Human miRNA A TLDA array. LIMMA analysis was performed using two models after normalising the data to the global mean to examine the 

differences between substrate adherent cells and 3-w-spheroids. The increased and decreased expression of miRNAs (miR) in 3-w-spheroids were presented as 

solid triangle SK-N-MC and TTC-466 presented (increased; ▲ and decreased; ▼). Common miR between SK-N-MC and TTC-466 appear significant when used 

model A and B were highlighted in Pink and Ct differences that were less than 2 were highlighted in Yellow. In the right, venn diagram summarized the 

information from the table in the left. The expression of TTC-466 presented as (increased; ▲ and decreased; ▼).In SK-N-MC, increase expression in spheroids 

presented as an arrows (increased; ↑ and decreased; ↓).
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3.3.2.4.2 Validation of miRNA by RTqPCR 

To confirm the results from TLDA, total RNA was extracted from substrate 

adherent cells and 3-w-spheroids (Section 2.2.5.3.1; n=3). The RTqPCR 

was performed in triplicate using 10ng total RNA and a combination of two 

miRNA (miR-16 and miR-30b) was used for normalisation. In Figure 3.24, 

the expression of miR-210 in SK-N-MC and TTC-466 was increased 

significantly in 3-w-spheroids and validated the array result (p value; 0.003 

and 0.04 respectively). RTqPCR showed a lower expression of miR-138 in 

3-w-TTC-466 spheroids compared with the array. The expression of miR-

138 was validated in 3-w-SK-N-MC spheroids only with significant 

decreased (p value: 0.07). However, there were no significant differences in 

the expression level of miR-134 in substrate adherent cells and spheroids. 

This miRNA was not validated by RTqPCR. Overall, the expression pattern 

of miR-210, miR-134 and miR-138 in the array and RTqPCR was almost 

identical except the expression of miR-138 (Figure 3.24). 

 

Figure  3.24 Validation of selected miRNAs. Total RNA were extracted from substrate 

adherent cells and 3-w-spheroids. After LIMMA analysis three miRNA: miR-210, miR-134 

and miR-138 were selected for validation. A) The TLDA expression level of the selected 

miRNA presented the expression pattern (n=3; biological repeats). B) Validation of miRNA 

using RTqPCR that performed in triplicate from three biological repeats. Two reference 

miRNAs (miR-16 and miR-30b) were used as references for normalisation and the 

significant difference demonstrated by p-value. 
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 Investigating if differentially expressed mRNA are induced by 3.3.3

growth as spheroids or if cells with increased/decreased 

expression of mRNAs produce spheroids 

 

The 3-w-SK-N-MC spheroids were dissociated and cultured as a monolayer. 

The attached cells of dissociated spheroids were passaged and at passage 

two were profiled using all TLDAs. In SC and ABC, SK-N-MC substrate 

adherent cells clustered with SK-N-MC dissociated spheroids, whereas SK-

N-MC spheroids clustered alone (Figure 3.25 A, B and C). Out of 90 genes, 

dissociated SK-N-MC spheroids expressed 54% (±0.5) of SC genes and 

ABC genes were expressed in dissociated SK-N-MC spheroids (out of 50 

genes; 75%±0.4). Unlike SC and ABC, in the miRNA TLDA, SK-N-MC 

adherent cells clustered separately than SK-N-MC spheroids and 

dissociated spheroids and 44% (±1.6) of miRNA targets were expressed in 

SK-N-MC dissociated spheroids (Figure  3.26).  
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Figure  3.25 Heat map of expression of SC and ABC genes in dissociated SK-N-MC spheroids, substrate adherent cells and spheroids. 

The dendrograms of cell types using complete linkage were carried out according to expression of all target genes only as determined by the 

Taqman® SC and ABC array. Data are presented as Log scale of mRNA expression relative to the global mean. Red shows high relative 

expression and green demonstrations low relative expression. Heatmap shown are representative of 3 independent experiments 
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Figure 3.26 Heat map of expression of miRNA genes in dissociated SK-N-MC spheroids, substrate adherent cells and spheroids. The 

dendrograms of cell types using complete linkage were carried out according to expression of all target genes only as determined by the 

Taqman® miRNA array (TLDA). Data are presented as Log scale of miRNA expression relative to the global mean. Red shows high relative 

expression and green demonstrations low relative expression. Heatmap shown are representative of three independent experiments and 

miRNA names are expanded next to the heatmap. 
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Taking into consideration results from model A, like SC marker, the 

expression of ABC markers in dissociated spheroids and substrate adherent 

cells were identical (Figure 3.27). The expression of PODXL, Mast/stem cell 

growth factor receptor Kit (Kit) and DNA (cytosine-5)-methyltransferase 3 

(DNMT3B) were increased in dissociated SK-N-MC spheroids (n=3, q-value; 

0.1432, 0.0168 and 0.0075 respectively). The expression of other 

pluripotency, stemness and undifferentiated targets including EBAF, TDGF1, 

LEFTB and LIN28 were significantly decreased in dissociated SK-N-MC 

spheroids comparing with 3w-SK-N-MC spheroids (Table 3.10). On the other 

hand, one of the differentiated targets, LAMA1, was increased expression, 

whereas SOX-17 and HBZ were significantly decreased in dissociated SK-

N-MC spheroids. Also, ABCG1 was decreased significantly in dissociated 

SK-N-MC spheroids comparing with non-dissociated spheroids (q-value= 

0.12) (Table 3.10).  

 
SK-N-MC 

(Dissociated spheroids - 3-w-pheroids) 
Expression in 
dissociated 

SK-N-MC 
spheroids 

 
Target Ct difference DCt 

difference q values (A) 

Pluripotantency, 
stemness and 

undifferentiated 
markers 

PODXL -3.5 -3.2 0.143 ▲ 
KIT -2.5 -2.2 0.017 ▲ 

DNMT3B -2.5 -2.1 0.007 ▲ 
EBAF 5.3 8.5 0.001 ▼ 

TDGF1 3.2 4.2 0.002 ▼ 
LEFTB 3.3 3.6 0.101 ▼ 
LIN28 4.2 4.8 0.107 ▼ 

Differentiated markers 
LAMA1 -1.4 -6.1 0.088 ▲ 
SOX17 3.9 8.8 0.001 ▼ 

HBZ 4.3 8.1 0.007 ▼ 
ABC transporter 

proteins ABCG1 2.9 3.1 0.115 ▼ 

Table  3.10 Summary of mRNA expression in dissociated SK-N-MC spheroids 

compare to non-dissociated spheroids. mRNAs from three biological repeats were 

profiled using SC and ABC TLDA array. LIMMA analysis was performed using models A 

only after normalising the data to the global mean to examine the differences between 

dissociate spheroids and non-dissociate (3-w-spheroids). The increased and decreased 

mRNAs in dissociated spheroids were presented as solid triangle (increased; ▲ and 

decreased; ▼). Q-values less that 0.2 considered as significant. 
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Figure  3.27 Profile of mRNAs in the dissociated spheroids compared to non-dissociated spheroids and substrate adherent cells. Total RNA was 

extracted from the dissociated spheroids and substrate adherent cells (n=3) and profiled using SC and ABC TLDA. Plots presented significance versus DCt 

differences on the x-axes and adjusted p-values (q-values) on the y-axes. A) The three graphs compare the expression level of genes of the dissociated 

spheroids with the adherent cells (SK-N-MC). B) The three graphs in the bottom illustrate the comparison between the dissociated spheroids with 3-w-spheroids. 

The cut-off of the DCt values is two and genes with q values less than 0.2 were considered as significant. 
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Table  3.11 Summary of miRNA expression in dissociated SK-N-MC spheroids compare to non-dissociated spheroids. miRNAs from three biological 

repeats were profiled using miRNA TLDA array. LIMMA analysis was performed using models A only after normalising the data to the global mean to 

examine the differences between dissociate spheroids and non-dissociate (3-w-spheroids). The increased and decreased miRNAs in dissociated 

spheroids were presented as solid triangle (increased; ▲ and decreased; ▼). Q-values less than 0.2 considered as significant.  
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 Discussion 3.4

Identification of the pathways which drive the self-renewal capacity of the ES 

cells that are responsible for disease progression and relapse remain to be 

elucidated. In this chapter, results revealed that ES spheroids are enriched 

for the ABC transporter protein, ABCG1, which is a protein associated with 

drug resistance (Bielicki et al., 1999; Gelissen et al., 2006). Interestingly, 

expression of miR-210-3p “miR-210”, which is associated with low oxygen 

concentrations, proliferation and survival (Chan, Y.C. et al., 2012), was also 

increased in ES spheroids compared to cells in 2D. Furthermore, increased 

expression of one of the stem cell targets EBAF was greater in the SK-N-MC 

spheroids that had a greater propensity to produce spheroids than the TTC-

466 cells. Importantly, after dissociating the spheroids and culturing them as 

a monolayer for two passages, the mRNA expression profile of the cells was 

reversed such that it more closely resembled that of the parental cells grown 

as a monolayer. According to the hierarchical or CSC model that was 

previously described in (Section 1.2, Figure 1.2), the putative CSCs might 

have given rise to non-CSCs, which divide faster and therefore dilute the 

expression levels of the identified targets in the putative CSCs.  

There is a paucity of data that links ABCG1 expression with cancer, although 

recently elevated expression of ABCG1 was reported in murine and human 

low-grade glioma cancer stem cells (LG-GSCs) (Chen, Y. et al., 2016). 

Moreover, knockdown of ABCG1 in glioblastoma cells leads to increased ER 

stress and cell death in vitro and also increased mouse survival in vivo 

(Chen, Y. et al., 2016). Interestingly, in this chapter, ABCG1 was increased 

in cells grown as spheroids compared to cells grown as monolayers; this 

was confirmed at both the mRNA and protein level. The phenotypic 

relevance of ABCG1 will be investigated in the next chapter (Chapter 4). 

The profile analysis of 3-w-SK-N-MC spheroids showed a significant 

increase of EBAF at the mRNA level whereas this increase was not 

apparent at the protein level. On the other hand, the increased expression of 

EBAF in TTC-466 spheroids was observed at the protein level only; and 

there was no difference at the mRNA level. The LEFTY family includes 
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LEFTY1 and EBAF proteins, which can negatively regulate the Nodal 

signalling pathway. It has been reported that LEFTY1 and EBAF form 

heterodimers that interact directly with the Nodal ligand and prevent binding 

to the TGF-β receptor complex (Chen, C. and Shen, 2004). Also, the 

LEFTY1/EBAF heterodimer binds to the EGF-CFC Nodal co-receptors, such 

as Cripto and Cryptic and inhibit their interaction with the TGF-β receptor 

complex (Chen, C. and Shen, 2004; Schier, 2009). In 2008, human 

embryonic stem cells (hESCs), like cancer cells were also shown to express 

Nodal and secrete Nodal inhibitors, whereas only hESCs up regulated 

LEFTY. In addition, the expression of LEFTY was not detected in other cell 

types such as, trophoblasts, other stem cell types or normal cells for 

instance myoepithelial cells (Hs 578 Bst) and primary human mammary 

epithelial cells (HMEpC) (Postovit et al., 2008). Perhaps, LEFTY stimulates 

reprogramming and suppression of the malignant cancer cell phenotype. 

However, this phenomena has been reported in hESC only (Postovit et al., 

2008). The lack of functional studies for LEFTY in human cells and unclear 

reason for the apparent inconsistency between the mRNA and protein level 

in ES spheroids in the present study warrants further investigation. 

Unfortunately, time limitations precluded further investigation into the 

functional significance of this gene in the current studies. 

Consistent with the development of a hypoxic rim in 3-w-spheroids of ES 

confirmed in the previous chapter (Chapter 2) there was an increase in miR-

210 expression in 3-w-spheroids compared to substrate adherent cells. To 

date a broad number of confirmed gene targets of miR-210 have been 

identified, whilst this miRNA is best known as a regulator of the hypoxic 

response (Chan, S.Y. and Loscalzo, 2010). This miRNA is also linked to 

proliferation of hypoxic cells (Huang, X. et al., 2009; Chan, S.Y. and 

Loscalzo, 2010). Overexpressing miR-210 leads to significant delay at the 

G1/S transition in hepatocellular carcinoma cells (Tan et al., 2015). 

Furthermore, decreased proliferation has been shown to correlate with cell 

cycle arrest at the G1/S transition in hypoxia (Goda et al., 2003; Gordan et 

al., 2007; Hammer et al., 2007). On the other hand, it has been reported that 

miR-210 induces, rather than supresses, the G1/S transition leading to a 

reduction in proliferation (Zhang, Z. et al., 2009). It therefore remains unclear 
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as to whether miR-210 controls cell cycle and proliferation positively or 

negatively in ES spheroids. The role of miR-210 could be cell type and 

microenvironment dependent (Huang, X. and Zuo, 2014; Suzuki et al., 

2015). In addition to miR-210 role in hypoxia, it has been shown to predict 

poor outcome in some cancers including osteosarcoma (Cai et al., 2013). 

Also, miR-210 has been described as having a role in differentiation of 

osteosarcoma CSCs induced by TGF-β1 and hypoxia (Zhang, H. et al., 

2017).  

Several targets of miR-210 are reported to have a profound effect on cell 

cycle and proliferation (Zhang, Z. et al., 2009; Huang, X. et al., 2009). 

Fibroblast growth factor receptor-like 1 (FGFRL1) and Homeobox protein 

Hox-A3 (HOXA3) are both downregulated by miR-210 (Huang, X et al., 

2009). This decrease in the expression of FGFRL1 and HOXA3 appears to 

reduce tumour initiation and growth (Huang, X. et al., 2009). Max-binding 

protein MNT (MNT) is a known antagonist to MYC-C and a confirmed target 

of miR-210. The increase of miR-210 expression is reported to downregulate 

MNT, which in turn leads to activation of the G1/S transition and increases 

cell cycle and tumour proliferation (Zhang, Z. et al., 2009). This is particularly 

interesting as ES cells have high levels of MYC-C which may be regulated 

by miR-210. It could be that miR-210 is a primary driver event in ES.  

Moreover, the transcription factor E2F3, which controls cell cycle 

progression and generates two isoforms (E2F3a and E2F3b) that share the 

same 3’UTR sequence recognized by miR-210, is confirmed as a target of 

miR-210 (Leone et al., 2000). E2F3a drives cells in G0 phase through the 

cell cycle to divide, whereas E2F3b maintains G0 cells in quiescence. Under 

hypoxia, the predicted effects of miR-210 on E2F3a and E2F3b are still 

under investigation (Chan, S.Y. and Loscalzo, 2010). Activin receptor type-

1B (ACVR1b) was also confirmed as a miR-210 target in primary 

osteoblasts. ACVR1b can influence proliferation and differentiation and is a 

member of the transforming growth factor-β (TGFβ) receptor superfamily 

(Mizuno et al., 2009). Mizuno and colleagues reported that miR-210 acts as 

a differentiation inducer as a result of inhibiting ACVR1b and leading to 

downstream TGF/activin signalling in osteoblasts (Mizuno et al., 2009). The 
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inverse correlation between proliferation and differentiation is likely important 

although further studies are required to conclude how these targets interact 

and affect proliferation of the hypoxic cell (Chan, S.Y. and Loscalzo, 2010). 

During hypoxic stress, miR-210 appears to be an important regulator of 

cellular survival during hypoxic-induced cellular adaption (Chan, S.Y. and 

Loscalzo, 2010). Therefore, miR-210 has been reported as an inhibitor of 

apoptosis in different cell types including nasopharyngeal carcinoma cell 

lines (Hua et al., 2006), breast and colon cancer (Kulshreshtha et al., 2007; 

Camps et al., 2008). It is also a regulator of the angiogenic response to 

ischemia (Fasanaro et al., 2008). The mechanism by which miR-210 

controls cell survival is still not fully understood, although validated targets of 

miR-210 which likely influence the apoptotic machinery have been identified. 

For example, miR-210 directly suppress the iron-sulfur cluster proteins 1 and 

2 (ISCU1/2), which control mitochondrial respiration and electron transport. 

This appears to enhance ATP levels in the hypoxic cell and decreases 

creation of reactive oxygen species (ROS) as well as reducing cellular 

apoptosis (Semenza, 2007; Chan, S.Y. et al., 2009; Chan, S.Y. and 

Loscalzo, 2010). Furthermore, Kim and colleagues have reported another 

direct target of miR-210 that influence cell survival. This target, caspase-8 

associated protein-2 (CASP8AP2), is a FLICE-associated protein (FLASH) 

that interacts with the death-effector domain (DED) of caspase-8 and leads 

to apoptosis (Kim, H.W. et al., 2009). The activation of caspase-8 results in 

activation of effector caspases, such as caspases-3, 6 and 7 (Imai et al., 

1999). Unlike ISCU1/2 and CASP8AP2, other identified miR-210 direct 

targets, which are involved in survival pathways, remain to be fully 

characterized (Chan, S.Y. and Loscalzo, 2010). The interaction between 

miR-210 and the genes mentioned earlier is summarized in Figure 3.28. 
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Figure  3.28 Summary of the both directly and indirectly cellular processes affected by miR-210, possible targets involved in each event are shown 
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The link between miR-210 and hypoxia inducible factor 1-alpha (HIF-1α) is 

well studied. The increase of miR-210 leads to increased HIF-1α and results 

in inhibition of cell apoptosis (Greijer and van der Wall, 2004; Kilic et al., 

2007). In normoxia, glycerol-3-phosphate dehydrogenase 1-like (GPD1L) 

enzyme stimulates prolyl hydroxylase (PHD) activity that leads to HIF-1α 

degradation. Whilst, during hypoxia, the increase of miR-210, associated 

with a reduction in PHD through downregulation of GPD1L enzyme and 

thereby prevented HIF-1α degradation (Kelly, T.J. et al., 2011; Grosso et al., 

2013).  

Since hypoxia is important in maintaining some aspects of the cancer cell 

phenotypes including invasion and metastasis, miR-210 dependant 

regulation of HIFs has been exploited therapeutically and a small molecule 

inhibitor known as Targapremir-210 has been developed in breast cancer 

(Costales et al., 2017). This small molecule inhibits the production of mature 

miR-210 by binding to the Dicer site of the miR-210 hairpin precursor, which 

activates GPD1L, leading to a deceased HIF-1α to induce apoptosis under 

hypoxic conditions. To date, Targapremir-210 is reported to specifically 

inhibit mature miR-210 and showed a reduction in tumour size. A single 

injection of the component was capable of reaching the tumour and was 

sustained for 21 days (Costales et al., 2017).  

The techniques used to analyse gene expression in this chapter only require 

a small amount of RNA, but the quality of the initial RNA used in this type of 

analysis is extremely important. Techniques have been developed to 

evaluate the quantity and quality of DNA and RNA, such as the 

spectrophotometer (Evans, 1990). However, some have suggested that 

spectrophotometry that relies on the absorbance at a particular wavelength 

lacks specificity and sensitivity (Wieczorek et al., 2012). For example, 

reagents such as phenol, which are commonly used to isolate DNA affect 

the absorbance measurement. A ratio of 1.8 to 2.0 is generally accepted as 

a pure sample of nucleic acids. Outside this range nucleic acid is 

contaminated with phenol or proteins etc. Furthermore, the 

spectrophotometry does not distinguish between RNA and DNA. This may 

be a particular problem when analysing small amounts of RNA without using 
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DNase treatment and removal reagents. Furthermore, the quality of the RNA 

is not reflected in the spectrophotometer measurement (Wieczorek et al., 

2012). Regardless of these disadvantages the spectrophotometer is still 

useful as it has a wide detection range (dsDNA; 2-15,000 ng/µL) and it is 

useful to estimate the quantity of RNA in samples before loading into the 

Bioanalyzer, which has a much smaller quantitative range (dsDNA; 0.05-

5ng/µL). However, the advantage of the Bioanalyzer is that it has the ability 

to distinguish between total RNAs and small RNAs and calculate the RNA 

integrity number (RIN) based on the quality of the total RNA, not isolated 

miRNA. Some authors believe this is a good method to assess the quality of 

miRNA (Nolan et al., 2006; Wieczorek et al., 2012). 

The decrease in RIN number is associated with the degradation of RNA and 

visibility of rRNA. The RNA extracted from substrate adherent cells showed 

the highest RIN number compared to that from spheroids and the time point 

at which the spheroids were collected had a strong impact upon the quality 

and quantity of RNA. This decrease in RNA quality was reflected in the 

gross appearance of the spheroids which deteriorated over time. The 

observed RIN suggested that 3-w-spheroids were less intact or more 

degraded compared to the substrate adherent cells. Perhaps the slight 

reduction in RIN number of 3-w-spheroids compared to week 1 or 2 

spheroids was due to the appearance of necrotic core and hypoxic rim in 3-

w-spheroids.  

RTqPCR, is one of the most robust methods used today for the analysis of 

gene expression due to its high sensitivity, efficiency and good 

reproducibility (Wang, T. and Brown, 1999; Bar et al., 2003). RTqPCR is 

frequently used to validate data obtained from microarrays which are at best 

considered to deliver semi-quantitative data (Pfaffl, 2001) and can be used 

to analyse samples where the RNA is partially degraded (Schoor et al., 

2003; Fleige et al., 2006). The value of RTqPCR data is largely determined 

by the suitability of the normalisation method used. Software such as 

NormFinder and GeNorm have been used to identify the most stable 

reference gene to use for normalisation results obtained from RTqPCR 

(Lemma et al., 2016). Normalisation to a gene which is stably expressed 
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across cell types and experimental treatments is crucial to obtain meaningful 

results. Although, there are fifteen commonly used reference genes they are 

not all suitable across all cell types (Lemma et al., 2016). Identifying a stable 

reference gene in respect to the cancer type to correct sample-to-sample 

variation is necessary (Pfaffl, 2001; Lemma et al., 2016).  

The geometric mean of PPIA and TATA-box-binding protein (TBP) has been 

suggested as the optimal normalisation method for substrate adherent cells 

isolated from human rhabdomyosarcoma (RS), osteosarcoma (OS), Ewing’s 

sarcoma (ES), breast carcinoma (BC) and renal carcinoma (RC) (Lemma et 

al., 2016). After deep analysis for sarcoma cells only, the Lemma group 

found that GAPDH and YWHAZ were the most stable reference genes for 

the parental cells and CSC that aggregate and form floating spheroids 

(Lemma et al., 2016). GAPDH is not useful as it has lots of pseudogenes 

(Sun et al., 2012). On the other hand, YWHAZ is on chromosome 8 which is 

often multiplied (i.e. several copies of chromosome 8) in ES (Tarkkanen et 

al., 1999; Hattinger et al., 2002). So, it is unlikely to be universally useful. In 

this chapter, the optimal method to normalise mRNA/miRNA arrays was to 

use the global mean; in agreement with others (Murray et al., 2015). 

Furthermore, PPIA displayed the least variation of a single RNA across the 

different arrays. Also, the stability of PPIA mRNA has been reported to be 

one of the most stable mRNAs, even when RNAs are of low quality 

extracted from formalin-fixed, paraffin-embedded samples (Aggerholm-

Pedersen et al., 2014). Likewise, in this study, the expression of PPIA 

across all SK-N-MC spheroids that were collected at different time points (3, 

4, 5, and 6 weeks) was homogeneous. PPIA, which had been suggested as 

a stably expressed transcript (Brownhill, personal communication), showed a 

very high stability and less variation between cells grown as spheroids or 

substrate adherent cells. Across a panel of different cancer types, PPIA has 

been reported as one of the four most stable reference genes and its use 

recommended when comparing the expression between cancer stem-like 

cell (CSC) and parental cells (Lemma et al., 2016). Therefore, PPIA was 

used as reference mRNA reporting the expression of selected targets 

mRNAs for validation. 



- 163 - 

 

In conclusion, the results in this chapter support the proposed hypothesis 

that ES spheroids derived from a single cell are useful tools to identify 

putative drivers of the CSC phenotype. Since miR-210 is increased in 

putative ES-CSCs it would be interesting to investigate the role of miR-210 

in ES-CSCs using overexpression and knockdown studies. It would also be 

very interesting to evaluate the small molecule inhibitor of miR-210, 

Targapremir-210, on ES cells. Since this has interesting preclinical activity 

and selectivity in several cancer type (Costales et al., 2017). Functional 

studies are needed to validate the drivers of ES self-renewing ability to 

create a more informative biomarker panel to identify ES-CSCs. 

 

The limitation and key finding: 

Unlike RNA sequence, TLDA arrays consist of a limited number of PCR 

probes (Targets) and it is not possible to choose or change the targets which 

are included because it is pre-made commercial array. The key finding: 

1-  The expression of EBAF, ABCG1, miR-210 were confirmed in the 

putative ES-CS-like cells using RTqPCR and WB.  



- 164 - 

 

  Chapter 4

The expression and role of ATP-Binding Cassette, Sub-Family G 

(WHITE), Member 1 (ABCG1) in ES family tumours 

 Introduction  4.1

ABCG1 also known as ABC8 or WHITE 1, controls cellular cholesterol 

homeostasis, which is essential for cellular functioning and survival (Ikonen, 

2008; Tarr et al., 2009). The size of the full length of ABCG1 protein is 75-

110 kDa (678 amino acids) (Tarr and Edwards, 2008). ABCG1 forms a 

homodimer to function (Gelissen et al., 2006; Kerr et al., 2011). However, 

ABCG1 can also form heterodimers with ABCG4 as these proteins sharing 

72% of amino acids (Cserepes et al., 2004; Hegyi and Homolya, 2016).   

ABCG1 is expressed in many different cell types, such as endothelial cells, 

lymphocytes and myeloid cells (Tarr et al., 2009). It is localized in the 

endoplasmic reticulum (ER) and Golgi (Wang, F. et al., 2013) and also 

predominantly in the plasma membranes in macrophages and other cell 

types (Vaughan and Oram, 2005). Moreover, ABCG1 is expressed at the 

cell surface where it regulates efflux of cholesterol from the cells (Wang, N. 

et al., 2006) and within intracellular vesicles that control cholesterol 

distribution inside the cell (Tarr and Edwards, 2008). More recently, ABCG1 

has been identified in the cortical filaments (Pandzic et al., 2017). 

In the human body, ABCG1 is involved in reverse cholesterol transport from 

tissues to the liver via the plasma. ABCG1 also effluxes the additional 

unneeded cholesterol from cells to high-density lipoprotein (HDL) particles 

(Wang, N. et al., 2004; Kennedy et al., 2005). Additionally, it can promote 

efflux of the excess cholesterol to low-density lipoprotein (LDL) and also to 

cyclodextrin (Wang, N. et al., 2004). ABCG1 is crucial for intracellular 

cholesterol transport (Sturek et al., 2010; Tarling and Edwards, 2011). 

On other hand, ATP Binding Cassette Subfamily A Member 1 (ABCA1) and 

ABCG1 co-operate synergistically in the cellular efflux of cholesterol. 

According to the literature, it has been proposed that ABCA1 helps loading 

of lipid-poor apoA-I with cholesterol, as a result forming HDL, which is 
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removed by the ABCG1-dependent cholesterol efflux (Vaughan and Oram, 

2006; Gelissen et al., 2006; Jessup et al., 2006; Oram and Vaughan, 2006). 

In ABCG1 deficient mice, subcutaneous growth of B16-melanoma and 

MB49-bladder carcinoma cells are repressed and survival time was 

prolonged (Sag et al., 2015). Others studies have confirmed, in ABCG1-/- 

mice, that pulmonary macrophages store high levels of cholesterol and 

sterol esters as result of losing the function of ABCG1 (Kennedy et al., 2005; 

Out et al., 2006; Baldan et al., 2006; Baldan et al., 2008). The accumulation 

of cholesterol possibly produced a toxic effect that promoted apoptosis in 

lung cancer cells (Wojcik et al., 2008). 

In addition to its role in regulating cellular lipid homeostasis, ABCG1 is 

reported to have several additional biological effects. For example, it was 

shown to be a migration and invasion promoter in lung cancer (Tian et al., 

2017) and induces apoptosis in macrophages and other cell types (Seres et 

al., 2008). It is also known that ABCG1 controls the function of immune cells 

such as macrophages and it acts as a mediator of tumour immunity (Sag et 

al., 2015). In lung cancer ABCG1 is reported to play a role in lung cancer 

stem cells since it upregulated CD133 and ALDH1 expression (Tian et al., 

2017). Also, overexpressing ABCG1 in HKULC4 lung cancer cells stimulated 

proliferation and upregulated the anti-apoptotic proteins such as BCL2 and 

MCL1 (Tian et al., 2017).  Moreover, ABCG1 has been reported as a 

modulator of proliferation, migration, invasion, apoptosis and microRNA 

regulation in lung cancer (Tian et al., 2017). However, to the extent of our 

knowledge, the role of ABCG1 has not previously been studied in ES. The 

hypothesis of this chapter is ABCG1 promotes the self-renewal ability of ES-

CS-like. It is expected to see decrease in self-renewal and CS-like 

phenotype when knock down ABCG1 or vice versa.  

To help us test this hypothesis we need to: 

1- Examine the expression level of ABCG1 protein in ES cell lines and other 

cell types. 

2- Determine the biological effect of ABCG1 using knock-down and knock-in 

experiment. 

3- Examine the consequence of hypoxia on the expression of ABCG1 protein.  
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 Methodology  4.2

 Cell lines and tissue culture 4.2.1

In this chapter, unless otherwise state all plastic ware were purchased from 

Corning®. ES family tumours cell lines including SK-N-MC, TTC-466 and 

were cultured, harvested and counted as described in (Section 2.2.1, 2.2.2 

and 2.2.3 respectively). HEK-293 cell line (Gift from Professor M Knowles, 

LICAP, University of Leeds) cultured as substrate adherent cells in DMEM 

supplemented with 10% FCS and 2mM glutamine. Also, after thawing, HEK-

293 were passaged at least twice before being used for the knockdown 

procedure. Hypoxic cells were prepared by incubation for 6 h in a hypoxic 

incubator (1.0% O2; RS Biotech Galaxy R, UK). The starting time which 

equivalent to 0h was 6h length of incubation then cells were collected in 

different time points (24, 48, 72 and 96 h). Spheroids were formed as 

described in (Section 2.2.4.2.2). 

 

 Western blot  4.2.2

Proteins were extracted from cell lines and measured as described in 

(Section 2.2.5.2). Western blots were performed for ABCG1, HIF1, Glut1, β-

actin and GRP-75 as described in (Section 2.2.5.2.3). For full details of 

antibody concentrations and suppliers see Appendix B.2. 

 

 RTqPCR 4.2.3

RNA was extracted from a panel of frozen cells pellets, substrate adherent 

cells and spheroids and then measured as described in (Section 2.2.5.3.1 

and 2.2.5.3.2, respectively). The extracted RNAs were converted to cDNA 

and RTqPCR were performed as described in (Section 2.2.5.3.3 

and 2.2.5.3.4, respectively) using ABCG1 as target gene and PPIA as 

housekeeping gene. 
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 Flow cytometry 4.2.4

Mrs. Andrea Berry (senior research technician, LICAP, The University of 

Leeds) performed this experiment. She used the following protocol: 

Cells were seeded at 2 x105 per well in 6 well plates. Following 48 h in 

culture, cells were harvested via trypsinisation as described in (Section 

3.3.2). Antibody labelling was carried out using the BD Cytofix/Cytoperm™ 

Fixation/Permeabilisation Solution Kit (BD biosciences, UK).  The cell pellet 

was re-suspended in 250µL of permeabilisation solution and incubated at 

4°C for 20 min. Following incubation, cells were centrifuged at 405g for 5 

min. Cells were then re-suspended in 1mL BD Perm/Wash™ Buffer and 

centrifuged at 405g for 5 min. The wash step was repeated then the cells 

were re-suspended in 100µL of normal goat serum (Sigma) diluted 1:10 in 

BD Perm/Wash™ Buffer and incubated at 4°C for 30 min. Following 

incubation, cells were centrifuged at 405g for 5 min. Cells were then re-

suspended in 1mL BD Perm/Wash™ Buffer and centrifuged at 405g for 5 

min. The wash step was repeated once then the cells were re-suspended in 

50µL ABCG1 rabbit polyclonal antibody (Cat number PA5-13462, Thermo-

Fisher Scientific), serial diluted from 100µg/mL to 400µg/mL were used for 

optimisation. The optimal concentration (400µg/mL) was used for analysis in 

BD Perm/Wash™ Buffer. Cells were incubated at 4°C for 1 h in the dark. 

Following incubation, cells were centrifuged at 405g for 5 min. Cells were 

then re-suspended in 1mL BD Perm/Wash™ Buffer and centrifuged at 405g 

for 5 min. The wash step was repeated once then the cells were re-

suspended in 50µL of secondary antibody diluted in BD Perm/Wash™ Buffer 

(Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, 

Alexa Fluor 488 diluted to 4µg/mL, Cat number A11034 for optimisation and 

Goat anti-Rabbit IgG (H+L) Secondary Antibody, Alexa Fluor 405 Cat 

number A31556 diluted to 2µg/mL for analysis, Thermo-Fisher Scientific). 

The cells were incubated with secondary antibody at 4°C for 30 min in the 

dark. Following incubation, cells were centrifuged at 405g for 5 min. Cells 

were then re-suspended in 1mL BD Perm/Wash™ Buffer and centrifuged at 

405g for 5 min. The wash step was repeated once then the cells were re-

suspended in 1mL FACS buffer and analysed on the Attune®cytometer. 
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 Examine the existence or absence of the internal 12 amino-4.2.5

acids (12aa) of ABCG1 in panel of cell lines 

 Reverse transcribed Polymerase chain reaction (RT-PCR) 4.2.5.1

Total RNA (1 μg) was reverse transcribed (RT) as previously described in 

(Section 2.2.5.3.3). The cDNA was combined with the reagents listed in 

(Table 4.1) below and analysed by RT-PCR. Published primers were used to 

span the internal 12 amino-acids (12aa) variable region as previously 

described (Gelissen et al., 2010; Burns et al., 2013) (Figure 4.1). The 

AmpliTaq gold was activated by one cycle at 95 °C for 10 min and cDNA 

amplified for 35 cycles of 95 °C for 30 sec, 60 °C for 30 sec and extension at 

72 °C for 1 min. This was followed by a further final extension at 72 °C for 7 

min. PCR products were separated by size (Table 4.2) using 2% agarose gel 

electrophoresis as described in (Section 4.2.5.2). 

 

 Reagent 
Volume 

(µL) 
Final 

concentration 

ABCG1 

mix 

AmpliTaq Gold DNA polymerase (1U) 5 0.1U 

AmpliTaq Reaction Buffer II (1x) 0.25 0.005x 

F-primer (10µM) 1 200nM 

R-primer (10µM) 1 200nM 

RNase-free water 32.75 - 

Product from RT reaction 10 - 

2-microglobulin 

mix 

AmpliTaq Gold DNA polymerase (1U) 5 0.1U 

AmpliTaq Reaction Buffer II (1x) 0.25 0.005x 

F-primer (40µM) 

5’- CTCGCGCTACTCTCTCTTTCT -3’ 
1 800nM 

R-primer (40µM) 

5’- TGTCGGATTGATGAAACCCAG -3’ 
1 800nM 

RNase-free water 32.75 - 

Product from RT reaction 10 - 

Table  4.1 List of components for amplifying ABCG1 (±12aa) using RT-PCR. F= 

Forward primer, R= Reverse primer and reverse transcription (RT). 
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Figure  4.1 Sequence Alignment of ABCG1 isoforms and primer location for 

amplification of the medial region (±12aa). 8F= forward primer on exon 8, 9F= forward 

primer on exon 9, 9/10F= forward primer spike exon 9 and 10, 11R= reverse primer on exon 

11 (Gelissen et al 2010), 10R= reverse primer on exon 10 (Burns et al 2013), Isoforms 

numbers between bracket: isoform (1) = full length of ABCG1 and other numbers refer to 

other isoforms.  

 

 

Primers Sequence 

Size of PCR products 
Base pair (bp) 

Full length 
(+12aa) 

All isoforms 
(-12aa) 

8F 
10R 

5’- GAGGGATTTGGGTCTGAAC -3’ 
5’-AGGCAGCTGGCAGAGAAGC -3’ 

278bp 242bp 

9F 
11R 

5’- AGACAAAACGATTAAAGGG -3’ 
5’-TGTCAGAACAGTAGGCATGAG -3’ 

300bp No 

9/10F 
11R 

5’- CTCTGAAGAGGACTCCTC -3’ 
5’-TGTCAGAACAGTAGGCATGAG -3’ 

No 279bp 

Table  4.2 Size of the amplify ABCG1 isoforms using RT-PCR 

 

 Gel electrophoresis 4.2.5.2

Unless otherwise stated all reagents were purchased from Sigma. PCR 

products were separated by agarose gel electrophoresis. One hundred and 

fifty mL of 1x Tris-Borate-EDTA (TBE) (90 mM Tris, 90 mM Orthoboric acid, 

2 mM EDTA, pH 8) were used to dissolve agarose (2%, w/v, Sigma-Aldrich). 

The mix was heated in a microwave and allowed to cool to 60°C before 

adding a DNA gel stain known as Nancy-520 (30µL of 5mg/mL). The 

agarose gel was mixed by swirling the flask gently and poured into a sealed 

ended tray (Horizon 20•25TM; Invitrogen). Combs were inserted into the gel 

and then the gel was allowed to set for 20-30 min at room temperature. 
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Before loading, 15 µL of sample was diluted in gel loading solution (6:1; 5.6 

mM Orange G, 17.3 mM SDS, 0.4 mM Ficoll (Type 400), 0.4 mM 

Bromophenol blue). The tapes and combs were removed and the tray 

inserted into a Horizon 20•25TM agarose gel electrophoresis tank 

(Invitrogen). The PCR products (20µL) were mixed with loading buffer (10µL 

of Bromophenol blue) and then loaded into the wells and the gel was run in 1 

x TBE at 80 V for approximately 2-3 h until the Bromophenol blue had 

migrated sufficiently through the gel. The gel was exposed to ultra-violet 

(UV) light on a Gel DOC XR (TM) Imaging System (Bio-rad; Hemel 

Hempstead, Hertfordshire) to visualise the PCR products. 

 

 Knockdown of ABCG1 experiments 4.2.6

 Using short hairpin RNA (shRNA) 4.2.6.1

All infected cells were cultured in GM class II conditions for 10 days. Virus 

stock contains 1.0 x 106 infectious units of virus (IFU) of 3 ABCG1-specific 

constructs that encode 19-25 nucleotides (nt) (plus hairpin) in Dulbecco’s 

Modified Eagle’s Medium with 25 mM HEPES pH 7.3. Whereas, Control 

shRNA Lentiviral contains a construct encoding a scrambled nucleotide 

sequence. All Lentiviral Particles were from Santa Cruz Biotechnology, Inc. 

This method was optimized previously by Dr. Elizabeth Roundhill (Research 

follow, LICAP, University of Leeds). Uninfected cells were used as a second 

control.  

4.2.6.1.1 Infection of cells with shRNA 

In 25 cm2 flasks, cells (SK-N-MC, TTC-466 and HEK-293) at 50% 

confluency were infected with 0.1 IFU of ABCG1 shRNA viral supernatant 

(20 μl; sc-41138V) or 0.05 IFU of control shRNA Lentiviral Particles (10 μl; 

sc-108080) in growth media containing 1 μg/mL hexadimethrine bromide 

(Polybrene®, Sigma-Aldrich). After 6h, the viral supernatant was discarded 

and replaced with normal growth medium. After overnight incubation in 

normal growth medium, the medium was replaced with medium containing 

puromycin (0.3μg/mL for SK-N-MC cells and 0.5μg/mL for HEK-293 and 

TTC-466 cells; Sigma-Aldrich) to select for cells transduced with the shRNA 
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vector. Cells were maintained in selection medium for at least a week. Cells 

were harvested for protein and RNA extraction after a minimum period of 

72h post selection to check for an early knockdown and also at week 1, 2, 

and 3 after selection. Western blot and/or RTqPCR were performed to check 

the level of ABCG1. 

 

 Small interfering RNA (siRNA)   4.2.6.2

All reagents were purchased from Dharmacon unless otherwise stated. Cells 

were harvested and counted as described in (Section 2.2.2 and 2.2.3 

respectively) and 5x103 cells seeded in normal growth media into wells of a 

96 well plate). A 100 μM siRNA solution was prepared in 1x siRNA Buffer by 

diluting 5x buffer using RNase-free water. The siRNA was supplied in 

lyophilised form and re-suspended according to the manufacturer’s 

instructions using 1x siRNA Buffer. Seeded cells were incubated overnight to 

allow them to adhere to the bottom of the flask. In order to determine the 

optimal concentration to be used, wells were treated with different conditions 

following removal of the ES medium: 

1) Cells grown in a normal ES medium 

2) Cells grown in Accell medium 

3) Cells infected with Accell Non-targeting Pool (1.5 µM each well in 

Accell media; D-001910-10-20) control.  

4) Cells infected with different concentrations (0.5-1.5 µM) of 1x 

SMARTpool ABCG1 siRNA (E-008615-00-0005) in Accell media. 

 

Cells were incubated at 37ºC in 5% CO2; 95% air for 72 h. To evaluate the 

level of cell death, cells were harvested and counted using trypan blue 

exclusion assay as described in (Section 2.2.3). To evaluate the RNA 

reduction, 3x wells for each condition were combined and then RNA 

extracted and RTqPCR performed for ABCG1 and PPIA as housekeeping 

control. Following optimisation of the concentration of ABCG1 siRNA to 

achieve maximum knockdown of ABCG1 with minimal cell death, 96 well 

plate were prepared as above using the optimal concentration (1 µM) of 
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ABCG1 siRNA. Cells were collected at different time points (48-96h) and the 

level of cell death was evaluated in addition to expression of ABCG1 RNA 

level as described above.  

 

 Overexpression of ABCG1 (Knock-in cells) 4.2.7

Cells overexpressing ABCG1 were generated by Dr. Roundhill. The details 

of the protocol used are described below (Section 4.2.7.1 – 4.2.7.4).   

 

 Synthesis of the ABCG1.Lenti7.3⁄V5-DEST™ and Lenti7.3⁄V5-4.2.7.1

DEST™ control plasmid. 

ABCG1.Lenti7.3/V5-DEST™ was generated by GeneArt™ Services 

(Thermo Fisher). Briefly, ABCG1 cDNA was synthesised and was 

surrounded upstream 5’-3’ by the attB1 site, the SalI restriction enzyme site 

and the Kozak consensus sequence (CCACC; immediately preceding the 

ATG start codon), and downstream by the XhoI restriction enzyme site and 

finally the attB2 site.  The ABCG1 cDNA was cloned into the Gateway®-

adapted ViraPower™ HiPerform™ lentiviral expression vector, pLenti7.3/V5-

DEST™ (Thermo Fisher) at the corresponding gateway 5' attL1 and 3' attL2 

sites. Successful sub-cloning of the ABCG1 sequence into pLenti7.3/V5-

DEST™ was confirmed by sequencing (GeneArt™ Services) (Figure 4.2).  

 

 

Figure  4.2 The vector map illustrates the elements of pLenti7.3/V5–DEST Gateway® 

vector that used to knock-in ABCG1 gene 
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To produce the Lenti7.3/V5-DEST™ plasmid only control, ABCG1 was 

released from the plasmid backbone by restriction enzyme digest at the SalI 

and XhoI sites (New England Biolabs Inc., MA, USA). The sticky ends of the 

plasmid were then blunted using DNA Polymerase I, Large (Klenow) 

Fragment (1µg of DNA dissolved in 1x NE Buffer supplemented with 33µM 

dNTPs and 1 unit of Klenow for 15min at 30oC; New England Biolabs Inc.) 

and the reaction terminated by adding EDTA (10mM for 20min at 75oC; 

Fisher Scientific). The plasmid was self-ligated using T4 DNA Ligase (50ng 

of DNA dissolved in 1x T4 DNA Ligase Buffer and 1µL of T4 DNA Ligase 

and DNase and RNase free water added to a total volume of 20µL; New 

England Biolabs Inc.). XL-1 Blue Competent Cells (Stratagene, CA, USA) 

were transformed with 1µg of vector DNA and plated onto Luria Bertani (LB) 

Agar Medium (MP-Biomedical) containing ampicillin (100µg/mL; Sigma-

Aldrich) overnight at 37oC to allow the growth of plasmid containing XL-1 

Blue Competent Cells. Colonies were picked by sterile plastic loop and 

individually incubated overnight at 37oC in LB Medium containing ampicillin 

(100µg/mL). To determine which colonies contained the Lenti7.3/V5-DEST™ 

ligated plasmid, DNA was isolated from cell colonies (QIAprep Spin Miniprep 

Kit, Qiagen), digested using the restriction enzyme NcoI (New England 

Biolabs Inc.), and the size of the resulting DNA products examined by 

agarose gel electrophoresis (section 5.2.5.3). As predicted, DNA extracted 

from cell colonies containing the Lenti7.3/V5-DEST™ digested with the NcoI 

enzyme generated DNA products of 5221bp, 1463bp, 894bp and 409 bp. 

Colonies identified as containing the plasmid in LB agar medium (100µL) 

were then incubated with 200mL of LB agar medium containing ampicillin 

(100µg/mL) overnight at 37oC and the DNA purified (HighSpeed Plasmid 

Maxi Kit, Qiagen) to generate a working stock of Lenti7.3/V5-DEST™ DNA. 

To confirm the complete Lenti7.3/V5-DEST™ plasmid sequence was 

retained following the removal of ABCG1, sequencing of the DNA was 

performed by Source Bioscience (analysing 500ng of DNA with Lenti7.3/V5-

DEST™ 5’ -3’ forward (AGTGTGGTGGAATTCTGCAG) and reverse primers 

(TAGGGATAGGCTTACCTTCG); Sigma-Aldrich). 
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 Production of lentiviral particles 4.2.7.2

All GM Class II work described in this thesis are carried out as described in 

the activity notification GM559/11.2. HEK293T cells were harvested (Section 

3.3.2), seeded at a density of 1.5 x106 cells per 75cm2 flask and incubated 

overnight to allow the cells to adhere. Following this, a transfection mix 

containing 1mL of serum free DMEM, 3µg of the target plasmid, 3µg of the 

lentiviral packaging plasmid pCMV-dR8.2dvpr and 600ng of the envelope 

plasmid pCMV-VSV-G (both a gift from Professor M Knowles) was prepared 

and mixed by gentle pipetting. TransIT®-293 (24µL; Mirus Bio, supplied by 

Fisher Scientific) was then added to the transfection mix and incubated at 

room temperature for 30 min. The transfection mix was then added dropwise 

to the HEK293T cells (at 50-70% confluency) and the cells incubated 

overnight (16 h). The medium was replaced with complete DMEM (13 mL) 

and the cells incubated for 24 h to allow lentiviral production. Following this, 

the medium containing lentiviruses was collected and replaced with a 

second 13 mL of complete DMEM for 24 h and the lentivirus collected once 

again. The lentiviral supernatants were then pooled (26 mL), filtered 

(0.45µm; Pall Corporation supplied by SLS), aliquoted (1.5mL) and stored in 

polypropylene 1.5mL tubes (Starstedt, Numbrecht, Germany) at -80oC under 

GM Class II conditions.  

 

 Infection of SK-N-MC cells with ABCG1.Lenti7.3/V5-DEST™ or 4.2.7.3

Lenti7.3/V5-DEST™ lentiviral particles 

SK-N-MC cells at 50% confluency were infected with lentiviral supernatant 

as previously described (Tomlinson, D.C. et al., 2005; Roundhill and Burchill, 

2012). Infected cells were cultured in GM class II conditions for 10 days. To 

confirm the uptake of ABCG1.Lenti7.3/V5-DEST™ or Lenti7.3/V5-DEST™, 

EmGFP expression was determined in infected SK-N-MC cells by flow 

cytometry using the Attune® Acoustic Focusing Cytometer (Applied 

Biosystems).  
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 Cell sorting of ABCG1.Lenti7.3/V5-DEST™ and Lenti7.3⁄V5-4.2.7.4

DEST™ infected SK-N-MC cells  

The positivity of EmGFP was assessed using flow cytometry as described in 

(Section 2.2.5.4) then sorted using FACS as described in (Section 2.2.4.3.2). 

The cells were sorted based on EmGFP expression and the observed 

number of cells was 1.5 x105 ABCG1 cells and 5 x 105 Lenti control cells. 

 

 Immunohistochemistry (IHC) 4.2.8

The generated spheres were processed and sectioned as described 

(Section 2.2.5.5.1). Sections were stained with ABCG1 antibody (detail 

Appendix C.1.3) at 1:50 dilution using three-stage peroxidase method 

described (Section 2.2.5.5.3). Slides were scanned using the Aperio AT2 

(Lieca biosystem, UK) which is one of the whole slide imaging (WSI) 

systems, which scan the glass slides in order to produce digital high 

resolution slides. The analysis step was carried out using the Aperio 

ImageScope™ viewer, which includes the positive pixel count algorithm. In 

Aperio ImageScope™ viewer, scanned slides were viewed and some 

spheroids were selected for analysis based on the shape of spheroids and 

the existing of the necrotic core which indicate that the selected spheroid 

was showing the middle section of the spheroid. The size of spheroids was 

measured by drawing a number of diameters (n=6) using ruler tool and then 

average them for accuracy. Regions were designated for analysis using the 

pen tool. The positive pixel count v9 was used for analysis. The analysis 

results were confirmed and exported as excel file. The diagram below 

illustrated the analysis steps (Figure 4.3).   

 

 Statistics 4.2.9

Analyses were undertaken using the GraphPad Prism 7 software. Data were 

analysed by ANOVA when comparing 3 or more conditions or cell lines. 

Variation between means of all conditions or cell lines were compared using 

Bonferroni’s post hoc multiple comparison test and differences were 

considered significant at p<0.05. 
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Figure  4.3 Method of IHC analysis of spheroids. Spheroids were analysis using Aperio 

ImageScope™ viewer following the steps as described from step 1-4. 
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 Results 4.3

 Expression profile of ABCG1 4.3.1

 Expression of ABCG1 mRNA by RTqPCR 4.3.1.1

The expression of ABCG1 mRNA was determined in three cell lines; SK-N-

MC, TTC-466 and SHEF4 (Figure 4.4). There was significant difference 

between expression in the TTC-466 cells and the other two cell lines 

(p<0.01). SK-N-MC cells expressed ABCG1 to approximately the same level 

as the positive control cells SHEF4. 

 

 

Figure  4.4 The expression of ABCG1 at mRNA level using RTqPCR. SK-N-MC and 

TTC-466, ES cell lines. SHEF4, neural crest cells (positive control). PPIA used as reference 

gene and the significant difference demonstrated by p-value. Data were analysed by 

ANOVA and error bars were stander deviation (SD). 

 
 
 

 Identification of ABCG1 isoforms in ES cell line and other tumour 4.3.1.2

and normal cell lines 

 

Two isoform of ABCG1 have been identified and confirmed at the RNA level. 

The main difference between the two isoforms is the length of exon 9. The 

isoform missing 12 amino-acids (12aa) at the end of exon 9, whereas the full 

length has the 12aa (Burns et al., 2013). Furthermore, five additional ABCG1 



- 178 - 

 

isoforms have been described and were freely available database at the 

NCBI. 

Three different primer sets (Section 4.2.5.1) have been used in SK-N-MC, 

TTC-466 and BE(2)C (Figure 4.5; one primer set is presented other not 

shown). Then these primer sets have been used to confirm the presence or 

absence of the 12aa in a panel of cell lines (Figure 4.6). All ES cells express 

the full length and the 12aa missing isoforms which would be isoform 2, 3, 4, 

5 or 6. The expression of the full length of ABCG1 and its isoforms were 

detected at low level in RD-ES and SK-ES1 comparing to other ES cell lines. 

Like ES cell line, all NB cell lines expressing ±12aa isoforms higher than the 

expression in SK-N-SH cell line. Moreover, human rhabdomyosarcoma 

(RH30) and human promyelocytic leukemia cells (HL60) showed a low level 

of ABCG1 ±12aa isoforms isoforms comparing to the expression level in 

OST cell lines, MCF7 and HEK-293 cell lines (Figure 4.6). 

 

 

Figure  4.5 The existing and/or missing of 12aa using primer set (8F+10R). Contrasting 

to the full length, all ABCG1 isoforms missing the 12aa on exon 9. This primers set 

spike the end of exon 8 to exon 9 to show the presence or absence of both or either 

full length and/or isoforms. + = RT reaction that resulted in RT-PCR product. Two 

negative control used (-) and water (H2O). β2M= 2-microglobulin used as positive 

control for RT-PCR reaction. bp= base pairs. 
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Figure  4.6 Confirm the existing and/or missing of 12aa using three different primer sets.. The key important way to distinguish between the full length and 

ABCG1 splice variant is checking the middle part of the gene. Unlike the full length, all ABCG1 isoforms missing the 12aa. Three specific primers set have been 

used (Section 5.3.5.1; Table 5.2) to spike the end of exon 9 to show the presence or absence of both or either full length and/or isoforms. A) Specific primers (8F 

+10R) were used to confirm the full length and isoforms. B) To confirm the existence of the full length only 9F+11R were used. C) Isoforms were detected using 

9/10F +11R primers. bp= base pairs. 
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9
 - 
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 Expression of ABCG1 protein by western blot 4.3.1.3

Expression of ABCG1 protein has not previously been described in ES. A 

band of 100 kDa corresponding to the predicted size of the ABCG1 protein 

was detected in all ES cell lines, osteosarcoma and a number of other cell 

lines such as MCF7, HEK-293 and Human embryonal carcinoma (N2102EP) 

(Figure 4.7). Expression of β-actin and GRP75 were used to confirm equal 

loading of protein. The level of ABCG1 in MCF7, HEK-293 and N2102EP 

was low. In the ES cell lines, TTC-466, A673 and RD-ES ABCG1 was highly 

expressed compared with the other ES cell lines. ABCG1 expression was 

low in HOS comparing with U20S and MG63 in the osteosarcoma cell lines.  

 

 

 

Figure  4.7 ABCG1protein expression determined by western blot inES and other cell 

lines.. Total protein was extracted from ES, osteosarcoma (OST) and other cell lines.  The 

figure shows expression of ABCG1 in 50ng of protein extract determined by western blot. 

GRP75 and β-actin were used to check for equal amounts of protein (control). 

 

 

 Analysis of ABCG1 protein expression by flow cytometry 4.3.1.4

Antibody dilution optimisation for flow cytometry was carried out on the 

positive control cell line HEK293. The ABCG1 antibody was serially diluted 

from 50 to 400µg/mL and labelled using the protocol above (section 5.3.4). 

The level of fluorescence observed increased with increasing concentration 

of primary antibody. Minimal fluorescence was observed when the primary 

antibody was omitted. Dilution of antibody at 400µg/mL was chosen as the 

optimal dilution (Figure 4.8). 
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Figure  4.8 Titration of ABCG1 antibody in HEK-293 cell lines determined by flow cytometry. A) Representative fluorescence plots of unstained cells and 

cells stained with secondary only as well as serial dilutions of ABCG1 antibody (100-400µg/mL). B) Median fluorescence of cells in different conditions (as shown 

in A). Results are presented as the mean of three independent replicates. Error bars were stander deviation (SD). 
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The concentration of ABCG1 that was required for flow cytometry was 

optimized Mrs Andrea Berry (Figure 4.8). HEK-293 cells were used as a 

positive control and the expression of ABCG1 was examined on SK-N-MC 

cell lines because SK-N-MC spheroids showed an increase in ABCG1 

protein and RNA comparing with substrate adherent cells (Chapter 3; 

section 3.3.2.4). In agreement with results observed by western blot, flow 

cytometry result confirms that SK-N-MC cells express higher levels of 

ABCG1 protein than HEK-293 (Figure 4.9). 

 

 

Figure  4.9 ABCG1 expression in SK-N-MC and HEK293 cell lines determined by flow 

cytometry. The expression level of ABCG1 was calculated relative to the secondary 

only in ES cell lines. t-test was performed. Results are presented as the mean ± 

standard deviation of three independent replicates. 

 

 

 Knock-down of ABCG1 using two different approaches  4.3.2

The shRNA is a siRNA sequence expressed from plasmid DNA or from 

virus-derived constructs and delivered to the nucleus of cells. In 2002, the 

effectiveness of shRNA was reported for the first time (Paddison and 

Hannon, 2002). The beneficial effect of siRNAs is transient (few weeks 
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maximum), whereas, shRNAs expression is more sustained (months) 

(Tsujiuchi et al., 2014). The two approaches, shRNA and siRNA were used 

to knock-down ABCG1 protein. The knock-down using siRNA was used in 

SK-N-MC only. On the other hand, shRNA was performed in three different 

cell lines (2xTTC-466, 1xSK-N-MC and 1xHEK293) 

 

 Optimization and effect of ABCG1 knock down by siRNA 4.3.2.1

The SMARTpool siRNA against ABCG1 is provided with 4 individual 

molecules. The specificity of which were checked using BLAST database 

and location within ABCG1 protein of each siRNA was identified 

(Figure 4.10). 

 

 

Figure  4.10 The region of ABCG1 in which the four ABCG1 siRNA sequences bind. 

Each siRNA sequence, the blue and red text showing mRNA and protein sequence 

respectively in exon 7/8, 8 and exon 15. One of the shRNA bind against the 3' UTR of 

ABCG1. 

 

 

Incubation with increasing concentrations of siRNA (24-72h; 0.5-1.5μM) was 

not toxic for the cells (Figure 4.11). The number of dead cells was not high; 
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however, there was a reduction in cell proliferation (Figure 4.12). At 72 h, 

there was no significant different between the viable cell number that grow in 

ES media, which contains 10% serum and cells which grew in Accell 

medium, which is serum free. There was, however a significant reduction in 

viable cell number between cells infected with scrambled siRNA (-ve control) 

and cells incubated with 1μm of ABCG1 siRNA for 72h (p value = 0.02).
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Figure  4.11 Morphology of SK-N-MC in ES medium and Accell conditions. Like cells in ES media, cells in Accell medium and cells infected with different 

concentrations (0.5-1.5 μM of siRNA ABCG1) maintained a similar morphological appearance. The scale bar is 50 μm. 
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Figure  4.12 The total cell number after 72h incubations with siRNA. Cells were either 

gown in ES media or grown in Accell media (serum free media) or in the presence of siRNA 

control (1.5 µM) or siABCG1 at 0.5 µM, 1 µM and 1.5 µM. infected with –ve siRNA control 

and 3 different doses of siRNA ABCG1. Cells counted by haemocytometer. ANOVA was 

performed. Results are presented as the mean ± standard deviation of three wells. 

 

 

At 72h, the level of ABCG1 mRNA was checked (Figure 4.13). There was a 

reduction of ABCG1 mRNA in most conditions relative to –ve control. For 

example, incubating cells with –ve control led to an increase in ABCG1 

expression and the expression level of ABCG1 in SK-N-MC that grow in 

normal condition in ES media appear as reduced. There was a reduction in 

ABCG1 expression level in cells incubated in Accell media. This might have 

resulted from switching off ABCG1 because cells are growing in serum free 

media, that have low/zero level of lipid, and don’t need to efflux lipid from 

inside cells to the medium. The decrease of ABCG1 expression was similar 

when cells were incubated with 0.5 μM or 1.5 μM siRNA, although the 

greatest reduction was observed when the 1μm concentration was used for 

72h. This siRNA is not showing a concentration dependent effect.  
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Figure  4.13 RNA expression level of ABCG1 following transfecting cells with siRNA. 

Cells were grown in ES media, in Accell media, infected with –ve siRNA control in Accell 

medium and 3 different concentrations of siRNA ABCG1 in Accell medium. Cells incubated 

for 72h and then RNA extracted to perform RTqPCR using ABCG1 assay on demand. (n=1; 

each condition 3 wells). 

 

 

The optimal concentration (1 μM) was used and the effect of this 

concentration on the viable cell number was determined over time 

(Figure 4.14). Between 48-72h, there was a gradual increase in viable cell 

number in cells grown in ES media and the well was full of cells at 72h. At 

96h, cells were growth inhibited as they had reached confluency. This led to 

cell death and a decreased in viable cell number. When cells were 

maintained in Accell medium, the viable cell number remained almost the 

same at 48h and 72h, whereas the majority of cells died at 96h. Cells death 

at 96h might resulted from starvation as cells were grown in serum free 

media. The viable number of cells incubated with the –ve siRNA control 

followed a similar trend as cells cultured in Accell medium with a reduction in 

viable cell number and cell debris which was not count as dead cells at 96h. 

However, cells incubated with 1 μM of siRNA-ABCG1 displayed almost 

same viable cell number at 48h and 72h.  
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Figure  4.14 The total cell number of 48h to 96h post transfection. Cells were grown in ES media, in Accell media, infected with –ve siRNA control in Accell 

media and the optimal concentration of siRNA ABCG1 (1 μm) in Accell media. Viable cell number was counted using the trypan blue exclusion assay and 

neubauer haemocytometer.  Results are presented as the mean ± standard deviation of three wells for each time point. 
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 Permanent knockdown using shRNA constructs 4.3.2.2

Three target specific shRNA constructs were used. The sequence of each of 

the 3 constructs was checked for specificity and location within the ABCG1 

protein (Figure 4.15). When checking against the blast database, two of 

shRNA sequences were confirmed to be specific and to target ABCG1 only, 

however, the third shRNA, which was located in exon 6, targeted both 

ABCG1 and ABCG4. ABCG1 and ABCG4 in the region of siRNA in exon 6 

were 100% identical and the expected value (E-value) equal 0.28.   

In all cell lines tested (TTC-466, SK-N-MC and HEK293), there was no 

reduction in the level of ABCG1 protein after treatment with shABCG1 (TTC-

466; Figure 4.16 B). However, there was a reduction in ABCG1 mRNA at 

week 1 and 2 and then an increase of ABCG1 mRNA at week 3 (TTC-466; 

Figure 4.16 A). SK-N-MC that collected at week 3 as well as HEK-293 at 

week 1 illustrated a reduction in the expression of ABCG1 mRNA comparing 

to shControl (Figure 4.16 C).   

 

 

Figure  4.15 The region of ABCG1 in which the three ABCG1 shRNA sequences bind. 

Each shRNA sequence, the blue and red text showing mRNA and protein sequence 

respectively in exon 6 and exon 14. One of the shRNA bind against the 3' UTR of ABCG1. 
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Figure  4.16 The effect of shRNA on the expression level of ABCG1 in the TTC-466 cell 

line. Cells were transduced with shRNA targeting ABCG1 as well as a negative control 

(shControl). Cells collected at different time points, after selection with puromycin antibiotic, 

at week 2 and then week 3 after selection. A) RTqPCR for ABCG1 in TTC-466 cells 

transduced with shABCG1 or shControl siRNA at 1, 2 and 3 weeks. Results are shown as 

RQ(2
-DDCt

), were ABCG1 expression is normalized to the house keeping control β actin. B) 

Western blot for ABCG1 expression in TTC-466 cells transduced with shABCG1 or 

shControl siRNA at 1-3 weeks. β actin and GRP75 were used to confirm equal loading of 

protein. C) RTqPCR for ABCG1 in SK-N-MC at week 3 and HEK293 at week 1. Results are 

shown as RQ(2
-DDCt

), were ABCG1 expression is normalized to the house keeping control 

PPIA. 
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 ABCG1 knock-in study using SK-N-MC cell line 4.3.3

The expression of ABCG1 was quantified at the RNA and protein level using 

WB, flow cytometry and RTqPCR that included no-RT-enzyme control in all 

experiments to exclude the amplification of DNA. 

 Expression of ABCG1 at RNA  4.3.3.1

The fold increase of exogenous ABCG1 (p value = 0.0007) in SK-N-

MC.pLenti.ABCG1 cells was higher than the parental SK-N-MC and SK-N-

MC.pLenti.control. The RTqPCR primers for ABCG1 were designed to 

detected the full length ABCG1 mRNA that was endogenous (derived from 

the cells) and produced following infection with pLenti.ABCG1 (n=3 

biological repeats). The level of endogenous ABCG1 was detected in 

parental SK-N-MC and SK-N-MC.pLenti.control cells was the same; there 

was no significant difference between them (Figure 4.17). 

 

Figure  4.17 Expression of ABCG1 mRNA in knock-in cell lines compared to parental 

SK-N-MC and control cells. RNA was extracted from the generated knock-in cell lines to 

evaluate the overexpression and compare it with the parental SK-N-MC (n=3 biological 

repeats). ANOVA was performed. Results are presented as the mean ± standard deviation 

of three independent replicates. 

 

 Stability of ABCG1 in cells after sorting 4.3.3.2

The level of ABCG1 was determined by flow cytometry in SK-N-MC parental 

cells, and SK-N-MC cells infected with either the pLenti.control or 

pLenti.ABCG1 plasmid. The percent of cells containing the plasmid was 
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determined using flow cytometry to detect the GFP tag. The expression of 

ABCG1 protein has been lost as the vector has been lost with time 

(Figure 4.18).  

 

Figure  4.18 The expression of GFP.pLenti plasmid in transfected knock-in cell lines. 

Flow cytometry experiments were carried out 4 times to check the stability of ABCG1 

plasmid in knock in cell lines.  

 

After freeze thaw cells, HEK293 and SK-N-MC cells were used as a 

negative control for GFP. The proportions of cells expressing the pLenti 

plasmid were 8.3% and 13.6% in SK-N-MC.pLenti.control and SK-N-

MC.pLenti.ABCG1 respectively (Figure 4.19). 

 

Figure  4.19 The percentage of GFP positive cells to confirm the percentage of cells 

that have been injected with plasmid using flow cytometry). ANOVA was performed. 

Results are presented as the mean ± standard deviation of three independent replicates. 
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 Expression of ABCG1 at protein level 4.3.3.3

Using early passaged cells after FACS sorting, there was no increase in 

ABCG1 protein in SK-N-MC.pLenti.ABCG1 comparing to SK-N-

MC.pLenti.control and parental SK-N-MC (Figure 4.20). This experiment was 

performed three times using different biological repeats from different 

passages. None of the blots showed an increase in ABCG1 protein in SK-N-

MC.pLenti.ABCG1 and the detected band was the same in all cells. 

 

 

Figure  4.20 Expression of ABCG1 protein in SK-N-MC and cells infected with 

pLenti.control and pLenti.ABCG1. ABCG1 determined by WB. β-actin used as loading 

control. 

 

 

The median expression level of ABCG1 expressed relative to secondary 

antibody only in HEK293 cells was 7.1%, ABCG1 was expressed in 95.6%of 

cells (Figure 4.21 A and B). The median expression level of ABCG1 

expressed relative to secondary only in SK-N-MC, SK-N-MC plenti and SK-

N-MC plenti.ABCG1 was 8.2, 9.2 and 8.6 respectively (Figure 4.21 B). The 

percent of SK-N-MC, SK-N-MC plenti and SK-N-MC plenti.ABCG1 cells 

expressing ABCG1 was 98.4%, 99.1% and 98.9%, respectively (Figure 4.21 
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A). Although the level of plasmid expression was low, ABCG1 was not 

overexpressed in the SK-N-MC cells transfected with plenti.ABCG1. in both 

SK-N-MC.pLenti.control and SK-N-MC.pLenti.ABCG1, there was no 

difference in the expression of ABCG1 in cells positive and cells negative to 

GFP (Figure 4.22). 

 

 

Figure  4.21  ABCG1 expression in SK-N-MC, HEK293 and knock-in cell lines 

determined by flow cytometry. A) The percentage of cells that express the 

endogenous ABCG1 in the selected area for analysis B) The expression level of the 

endogenous ABCG1 was calculated relative to the secondary only in ES cell lines. 

Results are presented as the mean ± standard deviation of three independent 

replicates. 
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Figure  4.22 ABCG1 expression in SK-N-MC.pLenti.control and SK-N-

MC.pLenti.ABCG1 determined by flow cytometry. The expression level of the 

ABCG1 was calculated relative to the secondary only. Results are presented as the 

mean ± standard deviation of three independent replicates. Cells holding GFP 

constructs (GFP +ve) and cells without GFP construct (GFP –ve).  

 

 

 Self-renewal ability of knock-in cell lines with high level of ABCG1 4.3.3.4

mRNA 

4.3.3.4.1 Spheroids formation from a single cell 

Regardless of the low protein level of ABCG1 in the knock-in model, the self-

renewal capability was checked using low adherent plates (n=10 plates for 

each cell line) to examine the effect of high ABCG1 mRNA on self-renewal 

ability. There was a significant increase of spheroids number in SK-N-

MC.pLenti.ABCG1 (50% ± 1.293, n=10) comparing to SK-N-

MC.pLenti.control (36% ± 1.306, n=10) (Figure 4.23).  
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Figure  4.23 Spheroid formation from a single cell of knock-in cell lines. Low adherent 

96-well plates (10 plates for each cell line) were used to grow a single cell in each well using 

SK-N-MC.pLenti.control and SK-N-MC.pLenti.ABCG1 cells. The difference between cell 

lines was assessed using t-test. Significantly different (P value < 0.05)  

 

 

Distinguishing between the endogenous and exogenous ABCG1 mRNA was 

impossible using RTqPCR. Also, the existence of pLenti plasmid in the 

single cell that form spheroid was not confirmed. However, the expression of 

ABCG1 mRNA in SK-N-MC.pLenti.ABCG1 spheroids was reduced 

significantly compared with the SK-N-MC.pLenti.ABCG1 monolayer 

(p<0.0001, n=3), maybe because the expression level of ABCG1 as so high 

in SK-N-MC.pLenti.ABCG1 cells so can’t get the expression of ABCG1 to 

increase any more. However, SK-N-MC.pLenti.control spheroids illustrated 

an increase of ABCG1 mRNA compared with SK-N-MC.pLenti.control grown 

as substrate adherent (p<0.0001, n=3) (Figure 4.24). There was no 

difference in ABCG1 mRNA expression between spheroids generated from 

SK-N-MC.pLenti.control and SK-N-MC.pLenti.ABCG1. The freeze thaw has 

an effect on pLenti cells (Section 4.3.3.2). Also, the 3D culture has an effect 

on the expression of ABCG1 protein, data showed increased ABCG1 in 

spheroids compared to substrate adherent cells. In contrast with previous 

results, SK-N-MC.pLenti.control substrate adherent cells increased the 
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expression of ABCG1 protein as same level as SK-N-MC.pLenti.control 

spheroids. Also, in substrate adherent cells, there was a decrease in ABCG1 

protein in SK-N-MC.pLenti.ABCG1 comparing to SK-N-MC.pLenti.control. 

On other hand, there was an increase in ABCG1 protein, which might be the 

endogenous and/or exogenous ABCG1, in SK-N-MC.pLenti.ABCG1 

spheroids compared with substrate adherent SK-N-MC.pLenti.ABCG1 cells 

(Figure 4.25).  

 

 

Figure  4.24 ABCG1 RNA expression in knock in cell lines grown as substrate 

adherent cells and spheroids measured using RTqPCR. Cells were grown as substrate 

adherent cells and spheroids derived from a single cell in low adherent plates. Experiments 

performed in triplicate using different biological repeats (n=3). ANOVA was performed. 

Results are presented as the mean ± standard deviation of three independent replicates.   



- 198 - 

 

 

Figure  4.25 Expression of ABCG1 in knock in substrate adherent and spheroids. SK-

N-MC.pLenti.control and SK-N-MC.pLenti.ABCG1 substrate adherent cells and spheroids 

collected at 3 week from SK-N-MC.pLenti.control and SK-N-MC.pLenti.ABCG1 cells were 

used. β-actin was used to confirm equal protein loading. 

 

 

4.3.3.4.2 The effect of 3D culture on E3-ubiquitin ligases 

In 2015, it has been confirmed that E3 ligases have an effect on ABCG1 

protein expression (Aleidi et al., 2015). knock-down of these ligases; 

NEDD4-1 and HUWE1 led to increased and stabilized the expression of 

ABCG1 protein in knock in cell line (Aleidi et al., 2015). So, NEDD4-1 and 

HUWE1 were optimized for western blot assay. HUWE1 optimization does 

not give meaningful result on western blot, whereas NEDD4-1 worked at 

concentration (1:40.000). SK-N-MC parental, SK-N-MC.pLenti.control and 

SK-N-MC.pLenti.ABCG1 highly express NEDD4-1 (Figure 4.26). 
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Figure  4.26 Expression of NEDD4-1 in knock in substrate adherent cell lines and SK-

N-MC parental. NEDD4-1 expression in SK-N-MC parental, SK-N-MC.pLenti.control 

and SK-N-MC.pLenti.ABCG1 substrate adherent cells was illustrated using western 

blot. K562 cell line used as positive control for NEDD4-1 and β-actin was used to 

confirm equal protein loading. 

 

 

The expression of NEDD4-1 was low in 3-w-SK-N-MC spheroids, whereas 

the spheroids generated from a single cell from knock in cell lines illustrated 

a higher expression of NEDD4-1 protein comparing to 3-w-spheroids. 

NEDD4-1 expression was lower in knock in spheroids comparing to knock in 

cells grown as monolayer (Figure 4.27).  
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Figure  4.27 Expression of NEDD4-1 in knock in substrate adherent and spheroids. A) 

NEDD4-1 expression in spheroids collected at 3 week from SK-N-MC parental, SK-N-

MC.pLenti.control and SK-N-MC.pLenti.ABCG1 cells. B) SK-N-MC parental, SK-N-

MC.pLenti.control and SK-N-MC.pLenti.ABCG1 substrate adherent cells used to 

investigate expression of NEDD4-1. K562 cell line used as positive control for 

NEDD4-1 and β-actin was used to confirm equal protein loading. 
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 The expression of ABCG1 protein using IHC  4.3.3.5

IHC using ABCG1 antibody was optimized on 3-w-spheroids that were 

generated from SK-N-MC cells. The optimal concentration (1:50) was then 

used to stain the SK-N-MC.pLenti.control and SK-N-MC.pLenti.ABCG1s and 

the expression of ABCG1 was measured in the proliferating and hypoxic rim 

of 3-w-spheroids. The size of spheroids derived from SK-N-MC, SK-N-

MC.pLenti.control and SK-N-MC.pLenti.ABCG1 was 577± 34 µm, 503 ± 16 

µm and 580.3 ± 3.1 µm respectively (n=3; results are given as mean±SEM). 

The positivity of ABCG1 in SK-N-MC and SK-N-MC.pLenti.ABCG1 

spheroids was higher in proliferating rim in some spheroids or in hypoxic rim 

in others. The expression of ABCG1 was 6% ± 0.7 and 7%± 2.3 in the 

hypoxic and proliferating rim in SK-N-MC spheroids, respectively. In SK-N-

MC.pLenti.ABCG1 spheroids, the expression of ABCG1 was 13%± 2 in both 

proliferating and hypoxic rim. In SK-N-MC.pLenti.control, the majority of cells 

that express ABCG1 were in the hypoxic rim and some cells in the 

proliferating rim (Figure 4.28, A and B). The expression of ABCG1 in the 

hypoxic rim was 15% ± 3.8 and 9%± 2.6 in proliferating rim of SK-N-

MC.pLenti.control. 
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Figure  4.28 ABCG1 expression in spheroids analysed by IHC. Aperio Algorithms was 

used to measure the size of spheroids and the expression level of ABCG1 in 3-w-spheroids 

that were generated from SK-N-MC and knock-in cell lines.A) the three selected spheroids 

for analysis from each cell lines and in green regions were designated for analysis using the 

pen tool. B) The percentage of ABCG1 expression (%) in the proliferating or hypoxic rim for 

each cell line (n=3). 
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 The effect of hypoxia on the expression of ABCG1 protein 4.3.4

From the histology of spheroids (Section 2.3.4.1), spheroids have a clear 

necrotic core, hypoxic rim and outer proliferating rim. Furthermore, IHC of 

spheroids suggested that hypoxia might have an effect on ABCG1 

expression at protein level. To investigating the possibility that ABCG1 may 

be regulated by hypoxia, cells were incubated in a Hypoxic incubator (5% 

CO2 and 1% O2) (Section 4.2.1). The protein level of ABCG1 in these cells 

was analysed by western blot. Glucose transporter 1 (Glut-1) and Hypoxia-

inducible factor 1-alpha (HIF-1α) antibodies were used to confirm the 

hypoxic conditions (Figure 4.29 C and D). The protein level of endogenous 

ABCG1 increased after 24h in hypoxia (Figure 4.29 A). Unlike ABCG1, HIF-

1α decreased gradually with time, whereas Glut-1 expressed at high level in 

the first time points (6h-48h) and then a small reduction occur at 72h and 

96h (Figure 4.29 C and D). 

Similarly, ABCG1 protein expression increased gradually with time in SK-N-

MC.pLenti.ABCG1 and SK-N-MC.pLenti.control cells (Figure 4.30 A). There 

was no difference in ABCG1 expression between SK-N-MC.pLenti.ABCG1 

and SK-N-MC.pLenti.control cells. The increase over time might have 

resulted from the endogenous ABCG1 whilst the exogenous ABCG1 might 

remain as untranslated RNA. On the other hand, HIF-1α decreased 

gradually with time in both cell lines SK-N-MC.ABCG1 and SK-N-MC.control 

and Glut-1 expressed at high level through the all-time points (6h-96h) 

(Figure 4.30 C and D). 

The slope of trend line of cells growth within time was higher in normoxia 

comparing with hypoxia. It was expected to see a reduction in cell growth in 

hypoxia comparing with normal oxygen level. However, all cell lines had the 

ability to continue growing in the hypoxic environment for 96h (Figure 4.31). 

In normoxia, the slope of trend line of cells growth within time showed no 

difference between SK-N-MC, SK-N-MC.control and SK-N-MC.ABCG1. Also 

there was no difference between cell lines grown in hypoxic environment 

(Figure 4.32). SK-N-MC.pLenti.ABCG1 only illustrated a significant 

difference between cell grown in normoxia and hypoxia (Figure 4.32 B). 
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Figure  4.29 Protein expression of ABCG1, HIF1a and Glut-1 in SK-N-MC cells grown 

under hypoxic conditions. Cells collected for protein extraction at different time 

points. SK-N-MC cells extracted from cells incubated in normoxia (5% Co2 in 95% 

air|) were used as a negative control. SK-N-MC (N) = SK-N-MC cells extracted from 

cells in normoxia.  A) The expression of ABCG1 in normoxic and hypoxic cells. B and 

E) loading control β-actin. C) The expression of HIF-1α. D) Expression of Glut-1. SH-

SY-5Y was used as positive control for HIF-1α and Glut-1 
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Figure  4.30 Protein expression of ABCG1, HIF1a and Glut-1 in knock-in cells grown 

under hypoxic conditions. SK-K-MC.pLenti.control (L) and SK-N-MC.pLenti.ABCG1 

(G1) collected for protein extraction at different time points.Normoxic SK-N-MC were 

used as a control. SK-N-MC (N) = SK-N-MC cells extracted from cells in normoxia. A) 

The expression of ABCG1 in normoxic and hypoxic cells. B and E) loading control β-

actin. C) The expression of HIF1a D) the expression of Glut-1. 
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Figure  4.31 Morphology of cell growth in normoxia and hypoxia. SK-N-MC, SK-N-MC.pLenti.control and SK-N-MC.pLenti.ABCG1 were imaged by light 

microscope in different time point (6-96h).
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Figure  4.32 The viable cell number and slope of cells growth in normoxia and hypoxia 

environment for 24-96h. Viable cells number was counted using automated trypan 

blue exclusion assay. A) Viable cells number for each cell line from 24h to 96h in 

normoxia and hypoxia.  B) The growth slope for each cell line was calculated using 

excel and then plot using Prism. ANOVA was performed. Results are presented as 

the mean ± standard deviation of three independent replicates. 
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 Discussion  4.4

For the first time ES cell lines were examined for the expression of ABCG1 

protein. The expression level was variable between cell lines. In Chapter 3, 

3-w- SK-N-MC spheroids showed an increase of ABCG1 expression level at 

protein and RNA level. Like ES, this finding was confirmed in osteosarcoma 

stem cell-like (OSC). The expression of ABCG1 was high in OSC and in the 

sarcospheres derived from TGF-β1-stimulated residual adherent cells 

(iOSCs) compared with cells grown as a monolayer (Zhang, H. et al., 2013).  

In this chapter, the effect of knocking-out ABCG1 mRNA might lead to 

senescence. The SK-N-MC.pLenti.ABCG1 cell lines had increased the 

expression of ABCG1 mRNA compared to that in SK-N-MC.pLenti.control. 

However, this increase at RNA level did not result in an increased 

expression of ABCG1 protein; suggesting there is a posttranscriptional block 

of expression since expression of ABCG1 is regulated by the E3 ligases 

NEDD4-1 and HUWE1 (Aleidi et al., 2015). Knocking-down one or both of 

these ligases may lead to stabilized and increase the expression of ABCG1 

protein, as it has been confirmed in CHO-K1 cells (Aleidi et al., 2015). From 

western blot analysis in this chapter, NEDD4-1 is expressed in ES cell lines 

and may be an important regulator for ABCG1. In future studies, the 

expression level of HUWE1 will be assessed and whether knock-down of 

these ligases in ES cell lines resulted in increased expression of ABCG1. It 

has been reported that the high expression of human ABCG1 in 

macrophages, HEK-293 and HepG2 results in ER stress that leads to 

apoptosis. This finding assumes that increasing ABCG1 activity surpasses 

the cholesterol capacity of the cell, which leads to an increase in the free 

cholesterol in the ER (Seres et al., 2008). However, in mouse and human 

low-grade glioma stem cells (LG-GSCs), it has been proven that the high 

levels of ABCG1 expression is essential for protecting against ER-stress-

induced mouse LG-GSC apoptosis (Chen, Y. et al., 2015). 

Furthermore, It has been confirmed that overexpressing the short (isoform 4) 

and the full length variants of the human ABCG1 stimulated cholesterol 

efflux from cells (Gelissen et al., 2010) and also the apoptotic effect of 

ABCG1 was only confirmed by using the full length of the ABCG1 
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transporter (Seres et al., 2008). Moreover, it has been confirmed that the 

inactive mutant form of isoform 4 and the full length were able to functionally 

co-operate with one another. The reduction of apoptosis by the inactive 

isoform 4 was promoted by the full length isoform and inversely (Hegyi and 

Homolya, 2016). Examination of the expression of ABCG1 isoforms in ES 

cell lines and spheroids is a considerable undertaking which would be very 

interesting to be done in the future.  

Several studies proposed that abolition of ABCG1 expression either by 

generation of knockout mice models or by RNAi knockdown decreased 

cholesterol efflux to HDL (Wang, N. et al., 2006; Kennedy et al., 2005; 

Wang, N. et al., 2004; Wang, X. et al., 2007). However, in this chapter, 

knocking-down ABCG1 protein in ES cell lines, SK-N-MC and TTC-466 as 

well as HEK-293 cells was not successful suggesting that the construct is 

being silenced. It would be interesting to investigate the methylation status of 

ABCG1 in knock-out cell lines. Also, an alternative siRNA could be 

investigated such as the specific siRNA targeting ABCG1 (s18482) that has 

been used by Crouchet group. This group successfully knocked-down 

ABCG1 in hepatic cells to prove the role of ABCA1 and ABCG1 in inhibiting 

the replication of hepatitis C virus (HCV) (Crouchet et al., 2016). 

The decrease in HIF1-α protein may have resulted from increasing the 

expression of the hypoxia-associated factor (HAF) (Koh et al., 2008) and/or 

E3 ubiquitin-protein ligase (Hsp70/CHIP complex) (Luo, W. et al., 2010), 

which cause HIF-1α ubiquitination and degradation. However, under 

prolonged hypoxia (>24h) HAF and/ or Hsp70/CHIP complex have been 

reported to be a promoter for HIF-2α transactivation (Koh and Powis, 2012). 

Recently, a connection between activation of Liver X receptor alpha (LXRα) 

and induction of apoptosis was described, LXR agonists lead to increased 

pro-apoptotic gene expression and reactive oxygen species (ROS) 

production in neuroblastoma cells (Raina and Kaul, 2010). Therefore, 

ABCG1 and ABCG4, which are LXR-inducible gene products, might be 

linked with ROS production that leads to cell damage. However, this 

proposed explanation has yet to be proven (Hegyi and Homolya, 2016).     

Under normoxia, it has been reported that the HIF pathway remains 

functional and this oxygen-resistant function is critical in cancer biology and 
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immunology (Finlay et al., 2012; Doedens et al., 2013). In solid tumours, it 

has been confirmed that expression of HIF-1α and HIF-2α is regulated by 

the E3 ligases HAF and Hsp70/CHIP complex. The increase of these ligases 

in normoxia leads to decrease or degrade HIF1 family (Figure 4.33 A). The 

switch from HIF-1α to HIF-2α has been confirmed during chronic hypoxia 

(Koh and Powis, 2012). Acute hypoxia (< 24h, Figure 4.33 B) promotes 

induction of both HIF-1α and -2α; however, HIF-1α, which is the major driver 

of the acute response, promotes angiogenesis and/or reperfusion, or cell 

death (Kotch et al., 1999; Bento et al., 2010). Alternatively, chronic hypoxia 

(> 24h, Figure 4.33 C) is reported to increase expression of HAF and HIF-2α 

and also mediate a switch from HIF-1α to HIF-2α, which promotes tumour 

adaptation, proliferation and progression (Li, Z. et al., 2009; Wang, Y. et al., 

2011; Wang, Y. et al., 2014).  

High expression of miR-210 in spheroids compared to substrate adherent 

cells was confirmed previously (Chapter 3, section 3.3.2.4.2). It has been 

confirmed that miRNA transport from cell-to-cell by different transporters 

such as exosomes, microvesicles, apoptosis bodies, and RNA-binding 

proteins including  high-density lipoproteins (HDL) (Vickers et al., 2011), 

which normally efflux via ABCG1 and influx via scavenger receptor B1 (SR-

B1). Currently, there is no more evidence supporting HDL as a miRNA 

transporter and many questions about the HDL–miRNA complex formation 

still remain unanswered and recent research focus on exosomes has still not 

been fully explored (Valadi et al., 2007; Vickers and Remaley, 2012; Boon 

and Vickers, 2013; Mathiyalagan and Sahoo, 2017). A possible link for the 

observations from Chapter 3 and Chapter 4 are summarized in a 

schematic diagram (Figure 4.33). 
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Figure  4.33   Schematic diagram showing the association of different genes in 

substrate adherent cells and spheroids (oxygen diffusion rims; O2 levels). A) 

Normoxia; substrate adherent cells attempt to decrease the expression level of 

ABCG1, Glut-1, HIF family and miR-210. This also occurs in the outer layer of 

proliferative rim in spheroids. Cells in the inner layer of the proliferative rim in 

spheroids (cells very close to the hypoxic rim), might influx HDL-miR-210 that is 

transported from hypoxic cells. In the hypoxic rim, two different responses to low 

oxygen level appear (B and C). In general, cells attempt to increase the expression 

level of ABCG1, Glut-1, HIF family and miR-210. However, in B) the expression level 

of HIF-1a is higher than HIF-2a due to a decreased expression level of HAF and vice 

versa in C. In the hypoxic rim, the increase of glucose uptake helps with increasing 

the energy level (ATP) needed by ABCG1 for HDL-miR-210 efflux. Cell death occurs 

in the necrotic rim of spheroids. 

 

The key finding: 

1- Increase ABCG1 mRNA increase spheroid formation in SK-N-MC. 

2- Knock down ABCG1 using transient methods (siRNA) led to cell 

death, whereas permanent methods (shRNA) led to stabilized ABCG1 

protein
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  Chapter 5

Characterize mouse model null Cdkn1A Interacting Zinc finger 

protein 1 (CIZ1) 

 Introduction 5.1

CIZ1 interacts directly with the cdk inhibitor p21 (Mitsui et al., 1999), CDK2 

(den Hollander and Kumar, 2006), cyclin E and cyclin A (Copeland et al., 

2010). In early S-phase, CIZ1 inhabits sub-nuclear foci coincident with DNA 

replication foci and promotes initiation of S-phase in a p21 independent 

manner (Ainscough et al., 2007; Coverley et al., 2005). Furthermore, it has 

been reported that DNA replication activity is driven through N-terminal 

regions of CIZ1 protein, while the C-terminus interact with the dynamic sub-

nuclear scaffold (nuclear matrix) (Section 1.6.2). The CIZ1-matrix interaction 

is strong in differentiated cells, but relatively weak in stem cells (Figure 5.1). 

 

 

Figure  5.1 Interaction of CIZ1-matrix with cell cycle factors. The replication factory, 

which include CIZ1, CDK2 and cyclin E (E1) and cyclin A (A2), interact with the 

nuclear matrix in differentiated cells. This interaction is weak in stem cells.  

 

 

To begin to understand the potential role CIZ1 might play in regulation of 

pluripotentiality and differentiation two existing mouse models will be utilized. 

These have both been developed in the Ainscough laboratory at Leeds, with 

one that enables upregulation of CIZ1 expression (CIZ24 mouse), and the 

other loss of CIZ1 expression (CIZKO mouse). 
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The CIZ 24 mouse allows for conditional up-regulation of full length CIZ1 

expression as described in (Bageghni et al., 2017). This is a double 

transgenic model system that requires expression of a tetracycline 

regulatable transactivator molecule (tTA) to facilitate tissue and temporal 

specific expression. Bidirectional conditional promoters (mini CMV 

promoters flanking a tetracycline response element - TRE) are used to 

promote expression of mouse CIZ1 tagged with EGFP and a LacZ reporter 

gene (Figure 5.2). 

 

 

Figure  5.2 Breeding strategy used to obtain conditional double transgenic mouse 

model (CIZ 24) overexpressing CIZ1. Tetracycline transactivator (tTA), mouse CIZ1 

tagged with EGFP (EGFP-Ciz1), tetracycline response element (TRE), reporter gene 

(LacZ) and minimal Cytomegalovirus promoter (P-CMV). 

 

 

In previous experiments a cardiomyocyte specific transactivator mouse was 

used to limit expression to this cell type only (Bageghni et al., 2017). In this 

chapter, the activities of three ubiquitous promoters are going to be 

quantified and compared in mouse tissues. The first promoter is a viral 

promoter (cytomegalovirus; CMV). The second promoter is an artificial 

compound (The CMV enhancer fused to the chicken β-actin promoter/rabbit 

β-globin intron composite promoter; CAG) and ROSA26 locus 

(Gt(ROSA)26Sor), which became the preferred docking site for the 

ubiquitous expression of transgenes (Chen, C. et al., 2011). These 

promoters can be used to drive expression in all cell types. In addition, any 
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promoter can be used to drive tTA enabling expression in any cell type of 

interest. 

The CIZKO mouse does not express any CIZ1, in the homozygous state. In 

the heterozygous state expression is reduced to approximately 50%. This 

mouse was generated using a promoter trap mutational insertion of a NEO 

selectable marker, by the Texas Institute for Genomic Medicine (TIGM - ES 

cell clone IST13830B6). The mouse is fully viable and fertile, and develops 

normally during early life. 

By combining these two models to generate a triple transgenic mouse it 

should be possible to produce mice (and derived cultured cells) that are 

ROSA-rtTA and EGFP-CIZ1 positive on a CIZ1 deficient background. Thus 

these mice would not express CIZ1, but using tetracycline (or more 

commonly the analogue doxycycline) could be induced to express CIZ1 at 

levels far above normal. This mouse would provide an important source of 

cells in which the level of CIZ1 can be regulated (Figure 5.3), for generation 

of induced pluripotent stem (iPS) cells and their subsequent differentiation 

into any differentiated cell types. 

 

Figure  5.3 Isolate cells from two transgenic mouse lines (Ciz1 knockout and 

overexpression) and wild type mouse. Also, isolated cells from triple transgenic 

mouse will be studied before and/or after adding doxycycline (dox). Using dox will 

increase CIZ1 expression level in those cells from 0-50% to over 100%. 

 

Several lines of research led to the first report of iPS cells in 2006. In 1962, 

Sir John Gurdon provided the first indisputable evidence that somatic 

amphibian cells retain all the necessary information for generation of all cell 

types in the adult body (Gurdon, 1962). It took a further 35 years for 

Gurdons observations to be confirmed in a mammalian system, when Sir Ian 
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Wilmut reported the birth of Dolly the sheep, created by somatic cloning from 

mammary epithelial cells (Wilmut et al., 1997). These successes confirmed 

that differentiated cells contain all of the necessary genetic information 

required for the generation of a whole organism, and the oocytes provided 

the necessary environment to reprogram nuclei of somatic cells. In 2001, 

Takashi Tada and colleagues demonstrated that pluripotent ES cells could 

similarly provide the necessary factors for reprogramming somatic nuclei 

(Tada et al., 2001). In 2006 Shinya Yamanaka reported that as few as 4 

factors were sufficient for inducing pluripotency in differentiated mammalian 

somatic cells, which they named iPS cells (Takahashi, K. and Yamanaka, 

2006; Yamanaka, 2012; Graf, 2011). 

Yamanaka demonstrated that a cocktail of Oct4, Sox2, c-Myc, and Klf4 

transcription factors, introduced by retroviral transduction, could induce 

mouse fibroblasts to achieve pluripotency under ES cell culture conditions 

(Takahashi, K. and Yamanaka, 2006). The morphology, growth properties 

and marker gene expression profile of the reprogrammed (iPS) fibroblasts 

were similar to ES cells (Takahashi, K. and Yamanaka, 2006). Oct4 and 

Sox2 work together to co-regulate target genes involved in the management 

of pluripotency (Avilion et al., 2003). C-myc is an oncogene that regulates 

cell proliferation, differentiation, growth and apoptosis. In 2008, Werning 

group has shown that c-Myc is dispensable for reprogramming. However, its 

involvement does highly increase reprogramming efficiency (Wernig et al., 

2008). Klf4, which is highly expressed in undifferentiated ES cells, adult gut, 

lung, and testis functions to maintain proliferation, cell survival, prevent ES 

differentiation (Zhang, P. et al., 2010) and are involved in epithelial cell 

differentiation (Foster et al., 2005). 

When iPS cells are injected into mouse blastocysts, they contribute to 

development of all embryonic lineages (Takahashi, K. and Yamanaka, 

2006). However, a key problem associated with the use of viral vectors, and 

c-Myc in particular, is genetic mutations which can lead to tumour formation. 

To circumvent this Nakagawa reported a modified iPS cells protocol that 

reprogrammed mouse and human fibroblasts without c-Myc. However, 

efficiency of iPS cell induction was severely compromised (Nakagawa et al., 

2008). A further methodology that has been tested uses multi-protein 

plasmid based vectors to introduce the reprogramming factors by non-viral 

means, removing potential problems associated with viral integration into the 

mouse genome (Kaji et al., 2009). 
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Since many cell types can be generated from iPS cells, successful 

reprogramming of somatic cells from human patients, by whatever means, 

offer exciting possibilities for use in regenerative medicine, screening of 

drugs and the generation of novel disease models. Development of robust 

protocols for accurate cell differentiation from the iPS state would provide a 

significant hope of tissue regeneration to replace or repair the degenerated 

tissue (Zhang, F. et al., 2011). However, at this time the mechanisms that 

regulate induction of pluripotency, and methods for efficient differentiation 

into mature cell types that might be usefully applied to regenerative medicine 

remain poorly understood. 

The immediate goal of this project is to induce pluripotentiality in cells 

derived from mice lacking CIZ1 and mice with excess production of CIZ1. 

Transfection and transduction procedures will be developed further using 

Ds-Red reporter vectors available in the laboratory, until robust methodology 

has been established. If required an alternative plasmid based approach is 

available that eliminates the need for generation of virus. This approach has 

been successfully used by another group in LIGHT (Adam Odell, personal 

communication) and the techniques can be adapted to this project. It is 

possible that different levels of CIZ1 will have a fundamental impact on 

capacity for cells to reprogram. Indeed, this is a key point to be tested in this 

project. Based on our current understanding of CIZ1 and its role in regulating 

the cell cycle we are working towards testing the hypothesis that low levels 

of CIZ1 (as seen in stem cells) may have a positive impact on the cells 

ability to reprogram. 

 

The aim of this chapter, testing the hypothesis that low levels or loss of CIZ1 

may have a positive impact on the cells ability to reprogram or cancer 

development, without introduction of additional oncogenic stimuli. To help us 

test this hypothesis we need to: 

1. Generate a triple transgenic mouse model 

2. Phenotypic characterisation of CIZ24 and CIZKO mouse models 

3. Generate iPS cells from this mouse model and Test these cells 

directly for changes in their cell activity, DNA replication and 

proliferation.
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 Methodology 5.2

All reagents in this chapter were purchased from Sigma-Aldrich Ltd unless 

otherwise stated. 

 Breeding strategy 5.2.1

To generate triple transgenic mice, the ROSA-rtTA transgene was 

transferred onto the CIZ1 knockout (CIZKO) homozygous (Ciz1-/-) 

background (Ciz1-/-, ROSA+). At the same time, the Ciz24 transgene was 

also transfer onto the Ciz1-/- background. Selected CIZ1 knockout 

heterozygous (Ciz1+/-), Ciz24+ progeny was mate with Ciz1-/-, ROSA+ 

progeny. As a result, progeny were a mix of Ciz1-/- and Ciz1+/-, with or 

without ROSA and/or Ciz24. Finally, a breeding colony of ROSA+; Ciz24+; 

Ciz1-/- was establish and maintained. 

 

 Genotyping 5.2.2

 DNA extraction 5.2.2.1

Mouse ear biopsies were incubated in 0.5 mL of tail lysis buffer (TLB) 

with 3µL proteinase K (10mg/mL) at 37°C overnight. The following 

morning, 0.4 mL of 1 Phenol: 1 (Chloroform (24): iso-amyl alcohol (1)) 

was added and the samples were shaken vigorously at 10 minute 

intervals for one hour, and then centrifuged at 13,000g for 15 min. After 

centrifugation, 0.4 mL of the supernatant was transferred into a sterile 

1.5mL Eppendorf tube, 40ul of 3M NaCl and 0.44mL of isopropanol were 

added and mixed gently. Samples were left at room temperature for one 

hour to allow for complete preceipitation of the DNA. Following 

centrifugation at 13,000g for 30 min the supernatant was discarded, the 

DNA pellet washed with 70% ethanol, and residual ethanol removed by 

brief centrifugation. The pellet was re-suspended in 50µL Tris/EDTA (TE) 

buffer, vortexed briefly and left at 4°C for 24 h before complete 

resuspension by pipette. 
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  Genotyping PCR 5.2.2.2

Location and sequence of specific primers were illustrated in (Table 5.1 and 

Figure 5.4). A master mix was prepared containing 2.5µL 10x buffer, 0.5µL 

0.2mM dNTPs, 0.5µL forward sequence specific primers, 0.5µL reverse 

sequence specific primers, 0.25µL Taq DNA polymerase and water to make 

up the reaction volume to 24.7µL, followed by addition of 0.3μl DNA. DNA 

amplification was performed using an initial denaturation step of 94°C for 5 

min followed by 29 cycles of 94°C for 30 sec, 60°C for 30 sec and 72°C for 

45 sec. A final extension step of 72°C for 7 min ensured completion of 

products. PCR products were analysed by electrophoresis through 1% 

agarose gel. 

 

Primers Direction Sequence Size 

LacZ 4 Forward 5´ AATGGTCTGCTGCTGCTGAACG 3´ 

(225 bp) 

LacZ 5 Reverse 5´ GGCTTCATCCACCACATACAGG 3´ 

tTA 1 Forward 5´ CGCTGGGGGGCATTTTACTTTAG 3´ 

(450bp) 

tTA 2 Reverse 5´ CATGTCCAGATCGAAATCGTC 3´ 

Downstream reverse (VR) Reverse 5' CCAATAAACCCTCTTGCAGTTGC 3' Wild type 

(Ciz1+/+) 

(515bp) 

Ciz1-/- 

(360bp) 

Ciz1+/- 

(515bp & 

360bp) 

IST13830B6-F (IF) Forward 5' GTGGCGTTGGCTATATCTGC 3' 

IST13830B6-R (IR) Reverse 5' GTTGAACATGGTGGCTGAAG 3' 

Table  5.1 Primers sequences used for genotyping mice and size of RT-PCR products. 

 

 

Figure  5.4 Location of Ciz1 primers that used for genotyping PCR. Three primers; one 

forward (IF) and two reverse (VR and IR) used to distinguish between Ciz1-/-, Ciz1+/- 

and Ciz1+/+ mice.  
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 LacZ staining 5.2.3

The method used was adapted from (Ainscough et al., 1997). Briefly, cells 

and/or tissues were fixed for 5min at room temperature in 5% formaldehyde, 

0.8% glutaraldehyde, 0.02% detergent, 1mM MgCl2, 0.1mg/mL deoxycholate 

in PBS, then washed twice with PBS and incubated for 24 h in X-Gal 

staining solution (1 mg/mL X-Gal, 4 mM potassium ferrocyanide, 4 mM 

potassium ferricyanide, 2 mM MgCl2 in PBS). Samples were then fixed in 4% 

formaldehyde overnight. 

 

 RTqPCR 5.2.4

 RNA extraction  5.2.4.1

Mouse tissue samples and/or cells were homogenized and lysed in a 1.5mL 

tube by adding 1mL of TRI-reagent (Invitrogen) and gentle grinding. 

Homogenates were incubated at room temperature for 5 min to dissociate 

nucleoprotein complexes. Then 0.2mL chloroform was added and samples 

were incubated at room temperature for 5 min. The samples were 

centrifuged for 15 min at 12,000g. The upper aqueous RNA containing 

phase was transferred to a 1.5mL microfuge tube. Following addition of 

0.5mL isopropanol and gentle mixing, the solution was incubated at room 

temperature for 10 min. RNA was pelleted by centrifugation for 10 min at 

12,000g. The pellet was washed with 1mL 70% ethanol which had been 

prepared using DEPC treated water (Invitrogen). Residual ethanol was 

removed from the tubes after centrifugation. The RNA was re-suspended in 

30-50µL RNase-free water, incubated for 10 min at 55°C, and then stored at 

-80°C until required. 

 

 cDNA preparation 5.2.4.2

DNase–free RNA was reverse transcribed into first-strand cDNA using 

reverse transcriptase SuperScript™ III. A 20μl reaction was prepared, 

containing the following: 5μl DNase-free RNA (0.25μg-1μg), 1μl random 
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hexamers, 1μl (10mM) dNTPs and 6μl DNase-RNase-free water. The 

reaction was heated to 65°C for 5 min, and then placed on ice while adding 

the following: 4μl 5x first strand buffer, 1μl (0.1M) DTT, 1μl RNaseOUT™ 

(40U/μl) and 1μl (200U/μl) SuperScript™ III. The reaction was then 

incubated at 50°C for 60 min and deactivated by heating up to 70°C for 15 

min. The cDNA was stored at -80°C until required.  

 

 RTqPCR 5.2.4.3

To determine Ciz1 expression levels relative to GAPDH, TaqMan® Gene 

Expression Assays (Applied Biosystems), were used. The assay reaction, 

which contained 1µL cDNA, 10µL TaqMan Universal MasterMix, 1µL specific 

primers (GAPDH (Mm99999915-g1) or Ciz1 (N-terminal exon 10, 

Mm00503766-m1)), 1µL of TaqMan® probe and 6µL RNase free water, were 

loaded in triplicate in 96 well plates. The plates were covered and 

centrifuged for 5 min, then analysed using a 7500 Real Time PCR System 

under the following conditions: 50°C for 2 min, 95°C for 10 min and then 50 

cycles of 95ºC for 15 sec and 60°C for 1 min. Results were analysed using 

7500 System SDS software version 1.2.3. The formula: % Relative to 

GAPDH = 2-ΔCt x 100 was used to calculate expression level of Ciz1 

normalized against an endogenous control (GAPDH). 

 

 Histology 5.2.5

 Tissue processing  5.2.5.1

Following dissection, tissues were transferred immediately into histological 

grade formalin for 24h, then placed in histological cassettes and kept in 70% 

ethanol before processing. Cassettes were processed on a Leica ASP200 

tissue processor (Leica Microsystems (UK) Ltd, UK) using a routine protocol. 

Briefly, cassettes were dehydrated in a series of ethanol solutions, starting 

with 70% and completing with 100%. Cassettes were cleared from ethanol 

by using multiple changes of xylene, and finally infused with paraffin wax 

(The protocol details; Appendix C.1.1). Agar embedded cells pellet and 
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spheroids were embedded in paraffin wax (CellPath Ltd, UK) and the 

paraffin blocks were stored at 4˚C until sectioning. 

 

 Sectioning 5.2.5.2

The paraffin blocks were sectioned at 4µm using microtome (AS325 

retraction Thermo Shandon; Thermo Scientific, UK). Sections were placed in 

a water bath (Leica HI1210; Leica Microsystems (UK) Ltd, UK) at 45˚C and, 

carefully, one section was placed onto superfrost® plus glass slides (Thermo 

Scientific, UK). The slides were dried overnight in an oven (Galaxy B; 

Scientific Laboratory Supplies Ltd (SLS), UK) at 37˚C. Prior to staining, the 

slides were heated for 20 min at 60˚C on a hot plate (SH3, Stuart Scientific, 

Bibby Scientific Limited (Group HQ), UK). 

 

 Staining  5.2.5.3

5.2.5.3.1 Haematoxylin and Eosin (H&E) Staining 

The slides were dewaxed and stained, as described in Section 2.2.5.5.2. 

 

5.2.5.3.2 Immunostaining 

Immunostaining for CD antigens was performed by Mr Michael Shires 

(senior technician, LICAP, University of Leeds) using rabbit anti-CD3 for T 

cells (Abcam, ab16669) at 1:200 and goat anti-CD20 for B cells (Santa Cruz 

Biotechnology, sc7735) at 1:500. 

 

5.2.5.3.3 Histological assessment  

The histological assessment was performed by Dr Jo-an Roulson (Urological 

Pathology, LIMM, University of Leeds). 



- 222 - 

 

 Results 5.3

 Transgenic mice and breeding strategy 5.3.1

In the Ainscough laboratory at Leeds, there are two transgenic mouse 

models that are relevant to this project, as described in the Introduction. 

CIZ24 mice provide potential for expressing CIZ1 at high levels under 

doxycycline control (Bageghni et al., 2017). Homozygous CIZ1 knockout 

(Ciz-/-) mice do not express CIZ1, while heterozygous animals express CIZ1 

at approximately 50% of wild type level (Ridings-Figueroa et al., 2017). A 

key objective of this project is to generate triple transgenic mice in which 

expression of CIZ1 can be upregulated from 0% to very high using 

doxycycline. The homozygous Ciz-/- mice have been mated with 

ubiquitously expressing ROSA-rtTA mice. Progeny from the first generation 

have been genotyped and confirmed as CIZKO heterozygous (Ciz1+/-) and 

ROSA-rtTA positive. These progeny are currently being interbred to 

generate Ciz1-/-; ROSA-rtTA progeny. Breedings have also been 

established between Ciz1-/- mice and CIZ24 positive mice. Once Ciz1+/-; 

CIZ24 progeny are confirmed they will be bred with Ciz1-/-; ROSA-rtTA mice 

to generate a mix of Ciz1-/- and Ciz1+/- mice, with or without ROSA-rtTA 

and/or CIZ24. Finally, a ROSA-rtTA; CIZ24; Ciz1-/- breeding colony were 

established for continued use in this project (Figure 5.5). 
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Figure  5.5 Breeding strategy used to obtain conditional triple transgenic mouse 

model expressing CIZ1 in the presence of doxycycline. tetracycline transactivator 

(tTA)  Ciz1 gene trap IST13830B6 (NEO), mouse CIZ1 tagged with EGFP (EGFP-

Ciz1), tetracycline response element (TRE), reporter gene (LacZ), Minimal 

Cytomegalovirus promoter (P-CMV) and doxycycline (dox). 

 

 

 Progeny characterisation 5.3.2

To identify appropriate progeny, a reliable genotyping PCR strategy was 

used that had been developed previously. DNA was extracted (Methodology; 

section 5.2.2.1); from mouse ear biopsies taken for identification purposes 

and PCR amplification performed with forward and reverse primers 

(Section 5.2.2.2). Knockout line specific primer set (IF, IR and VR) can be 

used to distinguish between homozygous (-/-), heterozygous (+/-), and wild 

type (+/+) mice. The LacZ primers set verify the presence of CIZ24 

transgene, and the tTA primers set verify the presence of the transactivator 

transgene. Band size and gel electrophoresis pattern were used to confirm 
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identity of each mouse (Figure  5.6). Mice of all expected genotype 

combinations have been produced with no evidence of lethality. 

 

 

Figure  5.6 Genotyping of Ciz1-/- mice. A) IF, IV, VR primers were used. Lanes 1 & 4 

heterozygous (+/-), Lane 2 wild type (+/+) and lane 3 homozygous (-/-) progeny. B) tTA and 

LacZ primers were used to identify single transgenic (Lane 1-3 & 5) and double transgenic 

(Lanes 4&6) mice. 

 

 Evaluation of CIZ1 and LacZ expression 5.3.3

Following confirmation of the presence of the CIZ24 and ROSA-rtTA 

transgenes in the same animal it is possible to evaluate tissue specificity of 

CIZ1 activation using the LacZ reporter gene as a marker. To test this 

system, cells and/or tissues were fixed in a mild fixative and then incubated 

in staining solution overnight in the dark. Figure 5.7 shows that within a 

single tissue type, such as the kidney, different transactivator lines will drive 

transgene expression in entirely different sub-sets of cells. The ROSA-tTA 

transgene provides reasonably widespread expression in kidney (and other 

tissues – data not shown), but not equally in all cell types. Compared to the 

endothelial expression observed through using the Tie1 promoter, 

expression in endothelium appears weak from the ROSA promoter 

(Figure  5.7). The CMV promoter appears to drive less stable expression and 

is therefore less suitable for use as a ‘ubiquitously’ expressing line. Clearly 

these issues can have a significant impact on phenotypic differences 

between animals, associated with gene overexpression. Examination of 
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LacZ expression provides an excellent means of assessing this. Transgenes 

are also often susceptible to inactivation by epigenetic mechanisms, 

sometimes throughout the tissue, but often in a more unstable mosaic 

fashion. LacZ monitoring at regular intervals also enables potential shut 

down to be identified in a transgenic line at a very early stage. At this time 

the CIZ24 line shows good activity that is controllable with Doxycycline and 

thus suitable for further use in this project. 

 

 

 

Figure  5.7 LacZ staining of kidney tissues from different transgenic lines. Tie1-tTA is 

specific for endothelial cells, CMV-rtTA and ROSA-rtTA are reported to be expressed 

in most cell types but clearly show a high degree of variability, visualised by the broad 

range of LacZ activity.  

 

 

 

 CIZ1 expression level in transgenic mice 5.3.4

In addition to monitoring LacZ expression it is extremely important to confirm 

that the CIZ1 transgene is also expressed. A range of tissues (including 

kidneys) from ROSA-rtTA; CIZ24 and control mice were homogenized and 

lysed for RNA extraction. The controls were rtTA negative and therefore 

should express CIZ1 at normal levels. All mice received doxycycline in their 

drinking water for 2 weeks prior to tissue isolation. Dox activation and tissue 

extraction were performed previously by J Ainscough, and the tissue 

samples stored at -80°C. CIZ1 expression was examined by quantitative 

RTqPCR (Figure 5.8). 
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Figure  5.8 Expression of Ciz1 in kidneys from ROSA-rtTA;CIZ24 mice using RTqPCR. 

Values were normalized relative to the housekeeping gene (GAPDH). ROSA-rtTA + 

;CIZ24 - and ROSA-rtTA - ;CIZ24 - are negative controls, two ROSA-rtTA + ;CIZ24 + 

are overexpressing Ciz1. 

 

 

The experiment was repeated twice and gave the same results, indicating 

that individual experimental mice express Ciz1 at different levels within the 

same tissue. This might be because their level of exposure to doxycycline 

cannot be accurately controlled resulting in different levels of activation. 

More likely is the genetic status i.e. zygosity for transactivator and Ciz1 

transgenes affecting expression. Mice homozygous for both might be 

expected to express 2x heterozygous for Ciz1, (even if homozygous for tTA), 

and heterozygous for both could be lower. All depends on relative dynamics 

of number of TA molecules available, for which no data is available. 

Alternatively, the tissue samples contain different proportions of individual 

cell types of the kidney, some of which are ROSA promoter active and 

others not. These issues must again be considered throughout this project. 
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However, at this stage I have confirmed the suitability of the CIZ24 and 

ROSA-rtTA transgenes for this project. 

 

 Phenotypic characterisation of Ciz1-/- mouse models 5.3.5

Viable Ciz1-/- mice showed no difference in growth rate up to 160 days 

(Figure 5.9 A) and had no significant differences body weight defects 

(Figure 5.9 B). This is demonstrating that CIZ1 is not essential for 

embryogenesis, early post-natal development, or cell viability ex vivo. 

Notably, in all Ciz1-/- adult females, there were some enlarged organs such 

as spleen, liver and lungs, in comparison to wild type (Ciz1+/+), whereas 

kidneys and heart were not affected (Figure 5.10). Lungs have thickened 

vessels and liver has nodular outgrowths (Figure 5.11). Also, lymph nodes in 

the body cavity were enlarged, whereas brain was normal (Figure 5.11).    

 

 

 

Figure  5.9 Growth profiles of knockout (-/-) compared to wild type (+/+) mice. A) 

Growth of Ciz1+/+ (n = 5) and Ciz1−/− (n = 8) mice between 20 and 160 days after 

birth. B) Compare the body weight at 15–18 month old in Ciz1+/+ (n = 8) and Ciz1−/− 

(n = 7) females. Adapted from (Ridings-Figueroa et al., 2017). 

 

 



- 228 - 

 

 

Figure  5.10 OrgansweightofCiz1−/−females. Weight in grams (g) of spleens (n = 8 

Ciz1+/+; n = 6 Ciz1−/−), livers (n = 6 Ciz1+/+; n = 4 Ciz1−/−), and lungs (n = 5 

Ciz1+/+; n = 5 Ciz1−/−). Other organs, including the kidney and heart. Adapted from 

(Ridings-Figueroa et al., 2017). 

 

 

Figure  5.11 Gross anatomy of Ciz1-/- mice, Enlarged organs such as lung, liver and 

lymph nodes and other normal tissues such as brain were imaged by Nikon D70S, 

attached to Zeiss SV6 binocular scope.
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Secondary lymphoid tissues such as spleen, enlarged in Ciz1−/− (fivefold; 

181–3679 mg) comparing to Ciz1+/+ (88–167 mg) mice (Figure 5.12 A). In 

the secondary lymphoid sites, B and T lymphocytes interact with each other 

and non-lymphoid cells in search of antigens. The lymph node and spleen 

architecture were abnormal (Figure 5.12 A and C), with abnormal B (CD20 

+ve) and reactive T (CD3 +ve) lymphocytes in all affected tissues 

(Figure 5.12 B and C).  

 

 

Figure  5.12  Spleen histology in Ciz1+/+ and Ciz1-/- mice, A) represent the gross 

anatomy and H&E staining. B) immunostaining of spleen using T cell marker (CD3) and B 

cell marker (CD20). C) Lymph node, liver, and lung histology. In the left, H&E staining of 

Ciz1+/+ organs, followed by H&E of Ciz1-/- organs then immunostaining using CD3 and 

CD20. At the far end to the right, gross anatomy for the organs. Bar, 200 μm. Adapted from 

(Ridings-Figueroa et al., 2017).
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 Discussion 5.4

In mouse model (Ciz1-/-), the histology indicated that lack of CIZ1 lead to 

tumour formation though deregulated proliferation within lymphoid lineages 

in females. In aging mice, it has been found at the cellular level 100% (8/8) 

of female mice developed non-Hodgkin follicular type lymphomas. Three out 

of eight mice  resembled high-grade transformation with large B cell 

lymphoma (Ward, 2006). Currently, this mouse model was used to prove 

that CIZ1 localize with Xist long non-coding RNA that coats the inactive X 

chromosome in female cells ((Ridings-Figueroa et al., 2017); see Appendix 

G). Due to circumstances beyond my control, I was unable to continue this 

line of research and commenced a new project with a different supervisor, 

focussing on Ewing sarcoma. 
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  Chapter 6

Conclusion and future directions  

The main hypothesis of the ES family tumour project was to prove the 

existence of ES-CSCs and to identify the key molecular signature. The 

objectives were: firstly to validate the currently available CSCs surface 

marker ‘CD133’. Secondly, to determine whether 3D spheroids formed from 

a single cell could be utilised as a beneficial in vitro tool to enrich for cells 

with CSCs properties as well as to aid in the identification of factors that 

contribute to tumour development and progression. Additionally, it was 

important to testify the preliminary data and to optimize and validate 

methods using established ES cell lines. 

ABCG1 and miR-210 were identified as drivers of putative ES-CSCs. The 

advantage of using the functional self-renewing spheroid assay over cell 

surface markers such as CD133 is to identify a key molecular signature 

based on self-renewal ability. MYC-C and EBAF were also identified and 

validated and were shown to increase in ES spheroids compared to cells 

grown as substrate adherent cell lines; MYC-C is known to be expressed at 

high levels in ES (regulated by EWS-FLI1) whereas EBAF was a novel 

observation. The key findings are summarised in Figure 6.1. 
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Figure  6.1 Summary of key finding of this project. The expression level of MYC-C is high 

in substrate adherent cells compared to spheroids, whereas other genes including 

HIF-1a, ABCG1 and EBAF as well as miR-210 are lower than in spheroids. The EBAF 

is secreted from the cell and then activated allowing its binding to the complex of 

activin receptors type I and II (ActR-I and ActR-II) combined with cripto to inactivate 

the nodal pathway. The increased expression of ABCG1 in spheroids inhibits the 

apoptosis through the inhibition of the ER stress. In addition, the increase in miR-210 

and HIF-1a due to low oxygen levels results in inhibition of MYC-C expression. 
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 Isolation of ES-CSCs  6.1

Similar to normal SC, CSCs have the capacity to self-renew and differentiate 

to different cancer phenotypes. However, they are not capable of developing 

truly multi-lineage progeny. Although it has been reported that CSCs are 

resistant to the current cancer treatments and express proposed SC 

markers, there is heterogeneity in the expression of these markers and no 

specific maker has been described is reliable on multiple cancer types. 

Therefore, there remains a real need for the identification of a new molecular 

factor that could serve as a biomarker for the self-renewing CSC population. 

Focusing on SC genes only and the extracellular markers to discover novel 

markers are not beneficial because ES is poorly differentiated and highly 

express the majority of SC markers (Berry, personal communication). One of 

the general limitations of the approach I used was that the antigenic profile 

would be affected by many factors such as media condition. 

The CSCs surface marker ‘CD133’ which is frequently used to isolate the 

putative ES-CSCs (Suvà et al., 2009; Jiang et al., 2010) was used in this 

study. The enrichment isolation of a pure CD133+ve cell population using 

FACS (97-99%) was more reproducible, however cells sorted by FACS have 

to be maintained in culture medium which contains antibiotics to minimise 

the risk of contamination. Since antibiotics are known to have an effect on 

the gene expression profile, the isolated cells were not used for more 

experiments. On other hand, the purity of isolated CD133+ve cell population 

using magnetic cell isolation technology (MACS®) (purity 60%) was not 

extremely high, and might have been due to protein glycosylation 

(Pelagiadis et al., 2012). Cells sorted by MACS® were also not used since 

the high purity was required for more accurate results. To overcome this 

issue, a functional method ‘3D spheroids assay’ was used to enrich putative 

ES-CS-like cells. Even then, it was very difficult to measure the expression 

level of CD133 in putative ES-CS-like cells, which were enriched using 

functional methods ‘3D spheroid assay’ or using FACS, however WB 

analysis showed no CD133 expression in spheroids, which means that the  

population expressing the CD133 marker was very small or non existent. 
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Therefore, further methods needed to be explored such as in situ, 

immunocytology, localization and/or IHC in spheroids.  

Based on the 3D spheroid assay, two out of three ES family tumours cell 

lines reproducibly contained a self-renewing CSCs population and were 

capable of generating 3D spheroids in low adherent culture without a 

requirement for a specific stem cell medium frequently used to maintain 

stemness. The non-stem cell media was used to compare the monolayer 

cells with spheroids for two reasons. Firstly, it was used to reduce the 

variation and to standardize the culture conditions that might have an effect 

on the expression of cell markers. Secondly, the currently available 

commercial stem cell media contains a high level of bFGF that as the 

undesired effect of inducing ES cells to quiescence. 

In other reports the spheroids are aggregates of cells grown in 3D culture 

methods (Fujii et al., 2009; Kelly, J.J.P. et al., 2009; Cornaz-Buros et al., 

2014). These ‘3D spheroids’ are commonly used for studies of drug 

screening, proliferation of tumours and immune interactions, whereas 

spheroids embedded in a matrix are used for studies of invasion and 

angiogenesis (Mueller-Klieser, 1987; Gottfried et al., 2006; Hirschhaeuser et 

al., 2010; LaBarbera et al., 2012). Spheroids are a more physiological 

research tool than adherent cell lines as they are able to recapitulate 

interactions between cells, multicellular spheroids and the microenvironment 

(Fennema et al., 2013) in addition to enabling the study of transport 

properties of drugs, oxygen and nutrients (Mehta et al., 2012). Like poorly 

vascularized tumours with intra-tumoral hypoxia, large spheroids form 

proliferation zones including an intra-spheroids hypoxia ‘necrotic core’ which 

result from developing gradients of oxygen and nutrients (Mueller-Klieser, 

1987; Hirschhaeuser et al., 2010).   

The size of the spheroids will impact on their suitability for different 

investigations; including cell function besides drug penetration and transport. 

It has been proposed that the most acceptable spheroid size for the study of 

drug testing is 200 μm whereas larger spheroids between 200 and 500 μm 

are sufficient to study cell functions including recapitulate cell–cell 

interactions (Friedrich et al., 2009). In this project, the 3-week spheroids that 

were generated from ES cell lines were an ideal model based on the size of 
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spheroids of between 400 and 700 µm. The spheroids at 3 weeks were also 

intact and so the quality of RNA and protein extracted was good for 

downstream analyses. Furthermore, tumour vascularization may be 

assessed by the migration of endothelial cells into spheroids or the formation 

of small vasculature within spheroids (Timmins et al., 2004). This is 

achievable in vitro by formation of spheroids from a mixture of tumours cells 

and endothelial cells (Timmins et al., 2004; Ghosh, S. et al., 2007; Upreti et 

al., 2011). The 3D spheroids in this project were generated from ES cells 

only and they seemed to alleviation of hypoxia through generating a 

sheet/tube of cells which looked like tails (Section 2.3.2.2.1, Figure 2.25 ).  

 

 Expression of significant drivers in ES-CSCs 6.2

EBAF was significantly increased in ES-CSCs compared with substrate 

adherent cells. The high expression of EBAF mRNA and protein were 

confirmed in this thesis. The activated EBAF protein, which is normally 

secreted outside the cells as preprotein, was reported to function as an 

inhibitor of the Nodal-signalling pathway in metastatic cancer cells and may 

abrogate cell tumorigenicity (Postovit et al., 2008). However, many cancer 

cells reactivate the Nodal pathway as a result of the absence of its negative 

regulator EBAF (Postovit et al., 2008; Lawrence et al., 2011). Like embryonic 

stem cells (ESC), in this project EBAF was highly expressed at protein and 

RNA level in putative ES-CSCs spheroids compared with adherent cells. 

The un-methylated status of the EBAF gene leads to high-level expression 

of EBAF in ESC. However, in melanoma cells, the existence of methylated 

status of EBAF could explain their inability to produce this inhibitor (Costa et 

al., 2009). Moreover, it has been reported that miR-302 targets EBAF 

directly resulting in a negative variation of its expression in ESC. In contrast, 

in this project miR-302 was not expressed in substrate adherent cells or 

spheroids, which highly expressed EBAF. This phenomenon may be critical 

for the stability of EBAF in pluripotency and germ layer (Barroso-delJesus et 

al., 2011; Cavallari et al., 2013). The methylation status as well as the effect 

of EBAF on Nodal-signalling pathway has not been assessed in this project 
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and it would be interesting to do a functional study such as knock-in and 

knock-out on EBAF in ES family tumours. 

The comparison between the substrate adherent cells and 3-w-spheroids 

identified three statistically significant intracellular drivers: MYC-C, miR-210 

and ABCG1. The expression of miR-210 and ABCG1 was highly 

upregulated, whereas MYC-C expression was decreased in the putative 

CSCs population of the 3D spheroids. Overexpressing miR-210, which 

regulate expression of HIF-1α and HIF-2α, leads to bypass cell cycle ‘G1’ 

arrest in hypoxic condition and changes the hypoxic gene expression 

signature (Zhang, Z. et al., 2009).  High expression of miR-210 has also 

been correlated with tumour metastases (Zhang, Z. et al., 2009). This finding 

supports a possible oncogenic role for miR-210, which may facilitate 

adaptation of cancer cells to the hypoxic microenvironment, as well as target 

the MYC-C antagonist known as Max-binding protein MNT (MNT) (Zhang, Z. 

et al., 2009). It is known that antagonizing MYC-C transcriptional activity 

inhibits canonical Wnt signalling through miR-210 and its regulator HIF-1α 

leads to reduced tumour cell proliferation; arguably it has been proven that 

this phenomenon helps tumour cell survival under hypoxic stress (Koshiji et 

al., 2004; Kaidi et al., 2007). It has been suggested that increased miR-210 

expression promotes tumour initiation which could be responsible for the 

opportunity of tumour cells to overcome the stressful microenvironment 

(Huang, Xin et al., 2009). Also, HIF-2α regulates miR-210 expression to 

promote cell proliferation (Gordan et al., 2007).  

The generation of the necrotic area is due to size of spheroids. As size 

exceeded 100um then O2 and nutrients cannot pass into spheroids and so 

areas of hypoxia arise and then cells die giving raise to necrosis. With the 

existence of intra-spheroids hypoxia and increased miR-210 as well as 

decreased MYC-C, cells in the 3-w-spheroids survive and continue growing 

for a week then the majority of the cells start the apoptotic process. 

Elucidation of this would clarify whether cells with self-renewal capacity are 

more likely to keep their self-renewal ability for a long period or are merely 

trying to survive under the hypoxic stress. 
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Moreover, it has been noticed in this project that some of the 3-w-spheroids 

started to form a tube which resembles a tail and it is possibly a sheet of 

cells. This phenomenon occurred in almost all spheroids from week 4 

onwards. Possibly, the intra-spheroids hypoxia stress might stimulate the 

tubule formation to oxygenate cells and provide nutrients. In tumours, cells 

induce angiogenesis to deliver nutrients and oxygen as well as clear 

metabolic waste and carbon dioxide to sustain the tumour cells. Also, this 

phenomenon facilitates metastasis (Hanahan and Weinberg, 2011). Many 

miRNAs have been reported to be involved in angiogenesis including miR-

210 (Donnem et al., 2012). Overexpression of miR-210 prompted the 

formation of capillary-like structures and migration and it is also essential for 

the endothelial cell response to hypoxia (Fasanaro et al., 2008). It has been 

reported that hypoxia can increase the expression of Ephrin-A3 (EFNA3) 

mRNA and miR-210 can suppress EFNA3 mRNA directly which allows 

angiogenesis to occur (Fasanaro et al., 2008; Hu et al., 2010). Although the 

involvement of EFNA3 in the inhibition of angiogenesis is reported through 

the inhibition of the formation of new blood vessels, its specific role and the 

unpredictable effects of miR-210 on its expression is still unidentified 

(Fasanaro et al., 2008; Pulkkinen et al., 2008).  

According to the data in this thesis, ABCG1 was highly expressed at the 

RNA and protein level in putative ES-CSCs. However, little is known about 

ABCG1 function in ES and other cancers. Like ABCG2, ABCG1 is known as 

director for lipid transport (Klucken et al., 2000; Kennedy et al., 2005). 

Furthermore, it has been reported that ABCG1 (666) known as isoform 4 is 

located in the plasma membrane of HeLa cells and also encodes a 

functional variant (Engel et al., 2006). To functionally validate the role of 

ABCG1 in ES-CSCs, I have tried to knock down and overexpress the full 

length of this protein, however, these approaches were unsuccessful 

suggesting that the cells somehow managed to stabilize the protein level of 

ABCG1, even when there was a decrease in RNA level. The viable cell 

number was reduced in knock down cells compared to negative control at 

48h. In this regard, cancer cells grow and survive using adaptive pathways 

to avoid the cellular stress situations such as hypoxia, low glucose levels, or 

chemo-drug exposure (Luo, B. and Lee, 2013). However, other studies 
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proposed that downregulation of ABCG1 can encourage apoptosis (Tarling 

et al., 2010; Yvan-Charvet et al., 2010). This phenomena occurs as a 

response to intracellular lipid mass and subsequent endoplasmic reticulum 

(ER) stress (Tarling and Edwards, 2011; Xue et al., 2013; Chen, Y. et al., 

2015). So far, ABCG1-dependent mechanisms for inducing ER stress still 

remain unclear. 

The overexpressing ABCG1 cell line generated for this project expressed 

high level of ABCG1 at the RNA level only. Currently, the molecular 

mechanism that regulates ABCG1 expression is known, it has been reported 

in CHO cells that E3-ubiquitin ligases (HUWE1 and NEDD4-1) is involved in 

the post-translational regulation of ABCG1 protein, stability and also 

cholesterol export (Aleidi et al., 2015). Interestingly, NEDD4-1 protein was 

expressed at the same level in overexpressing ABCG1 cell line, control and 

parental cells which normally express a low level of ABCG1 compared to 

spheroids. However, the expression level of HUWE1 remained untested in 

this project. Possibly HUWE1 and NEDD4 regulated the expression of 

ABCG1 in ES and ES-CSCs. It would be interesting to determine whether 

knockdown of one or both E3-ubiquitin ligases in the overexpressing ABCG1 

cell line could regulate ABCG1 protein expression. In HKULC4 lung cancer 

cells, overexpressing ABCG1 promotes cell proliferation and also 

upregulates the anti-apoptotic proteins; BCL2 and MCL1 (Tian et al., 2017). 

Furthermore, it has been indicated that ABCG1 is a regulator of CD133 and 

ALDH1 in lung cancer stem cells lung cancer cell lines with ABCG1 

overexpression (Tian et al., 2017). The possible involvement of ABCG1 in 

transporting HDL-miR-210 between cells has been described in Section 4.4, 

Figure 4.33.   

 

 Future directions 6.3

In conclusion, the results in this thesis have provided interesting data to 

designate that the putative ES-CSCs have a molecular signatures that could 

possibly serve as important biomarkers. These data could provide further 

understanding of how to target ES-CSCs as well as develop new treatments 
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 Future directions: 6.3.1

 The effect of 3D spheroids in expression of CIZ1 6.3.1.1

The initial aim of CIZ1 project was to understand the potential role of CIZ1 in 

cancer development and regulation of pluripotency and differentiation.  The 

main objective was the generation and characterization of a CIZ1-null 

mouse. Interestingly, it has been confirmed that the loss of CIZ1 lead to 

dispersal of X-inactive specific transcript (Xist) in somatic cells, which results 

in the loss of the ability to reactivate inactive X chromosome (Xi), which can 

give rise to female-specific lymphoma (Ridings-Figueroa et al., 2017). It was 

unfortunate that for reasons beyond my control I was unable to continue this 

work for the duration of my PhD but the outcome from my work has been 

published (Ridings-Figueroa et al., 2017). However, in ES family tumours, it 

is worth to mention that one of the substrate adherent cells, TTC-466, was 

highly expressing Xist at RNA level. There was no statistical difference 

between TTC-466 and 3-w-TTC-466 spheroids.  On the other hand, there 

was no expression detected in SK-N-MC substrate adherent cells and the 

expression of Xist was increasing in 3-w-SK-N-MC spheroids. This gene 

‘Xist’ does not match the proposed criteria to be selected as a target for 

validation. So, the current result needs to be validated using RTqPCR. 

Moreover, the expression of CIZ1 and its isoforms has not been investigated 

yet in the putative ES-CSCs. So, the effect of 3D model on CIZ1 role in 

cancer development remains to be explored. 

 

 Enriching CS-like cells from patient-derived cells 6.3.1.2

Identify the ideal functional methods to enrich CS-like cells based on their 

self-renewal capacity. Then generate spheroids from a single cell.  

 

 Establishing an ideal matched control for patient-derived cells 6.3.1.3

Compare patient-derived spheroids from ES family tumours with tumour-

associated normal bone tissue, which supports the testing of a variety of 

therapeutic combinations in a patient-relevant model. 
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 Transplant ES-CSCs into mouse model 6.3.1.4

Examine the ability of putative ES-CS-like cells enriched from ES family 

tumour cell lines and also patient-derived cells to generate tumours by 

transplant spheroids to severe combined immune deficient (SCID) mice.   

 

 Examine the effect of Targapremir-210 on ES family tumour cell 6.3.1.5

lines and also patient-derived cells 

Targapremir-210 has the ability to minimize tumour size (Costales et al., 

2017). The outcome of this component on self-renewal ability as well as the 

expression level of ABCG1 has not yet been investigated.  

 

 Investigate the N-terminus region of ABCG1    6.3.1.6

Relying on the freely available database at the NCBI for designing specific 

primers that detect and distinguish between ABCG1 isoforms is not 

accurate. Also, finding a positive control for each isoform was essential to 

optimize the PCR condition and then screen a panel of cancer cell lines. The 

only tool that could help in identifying controls for each isoform was RNA 

sequence (RNAseq). A high quality of ES RNA samples were prepared and 

then sent to RNAseq, which was performed by Mrs. Sally Harrison (Senior 

Technical Specialist, Sequencing Facility, University of Leeds). RNAseq data 

was analysis by Dr. Alastair Droop (Visiting Research Fellow, School of 

Molecular and Cellular Biology, University of Leeds) and Dr. Roundhill. 

Briefly, looking back over the RNAseq data we didn’t identify a single cell 

line that expressed all the published ABCG1 isoforms. BE(2)C cells express 

high levels of a couple of isoforms (1 and 6). RDES express high levels of 4 

and 10, SK-N-MC high levels of 7 and 9 (unpublished observations).  

To optimise and complete qPCR for the different ABCG1 isoforms, examine 

expression in ES cell lines and tumours is a considerable undertaking which 

would be very interesting to be done in the future. Also, identification of the 

ABCG1 isoforms that are highly expressed in 3-w-spheroids would be very 

important to know which isoform is linked to the self-renewal capability or 

survival in ES cell lines. It would be interesting to dissect 3-w-spheroids to 
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isolate cells from each rim (proliferating and hypoxic) and determine whether 

each rim expresses a different ABCG1 isoform. Thus we would be able to 

classify isoforms to two groups; proliferating and survival group of ABCG1 

isoforms. 

 

 Knockdown E3-ubiquitin ligases in overexpressing ABCG1 cell line 6.3.1.7

The protein level of HUWE1 needs to be determined in overexpressing 

ABCG1 cell lines to know wither NEDD4-1 or HUWE1 or both block the post-

translation of ABCG1. Also, knockdown one or both E3-ubiquitin ligases in 

overexpressing ABCG1 cell line is needed to regulate ABCG1 protein and 

then determine if the high expression of ABCG1 protein would enhance the 

self-renewal ability. 
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BD Biosciences  BD Biosciences  
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www.bibby-scientific.com   

Bio-Rad  Bio-Rad Laboratories Ltd.  
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CellPath Cell Path Ltd 
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Powys, SY16 4LE, UK 
www.cellpath.com  
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Dako Part of Agilent Technologies 
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Cambridgeshire, CB7 4EX, UK 
http://www.agilent.com/en-gb/dako-products  
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Fisher Scientific  Fisher Scientific UK Ltd  
Bishop Meadow Road, Loughborough, LE11 
5RG, UK  
www.fisher.co.uk   

GE Healthcare  GE Healthcare UK  
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Buckinghamshire, HP8 4SP, UK  
www.gehealthcare.com/uken   

Geneflow  Geneflow Ltd Fradley Business Centre Wood 
End Lane, Fradley Staffordshire WS13 8NF  
www.geneflow.co.uk   

Hawksley Hawksley 
Marlborough Road, Lancing Business Park, 
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www.hawksley.co.uk  

Hettich  Hettich UK ltd 
200 Broadway, Salford M50 2U, UK 
www.hettich.com  

Invitrogen™  Part of Life Technologies Ltd  
Labtech  Labtech International Ltd. 

Acorn House, The Broyle Ringmer, East 
Sussex, BN8 5NN, UK  

www.labtech.co.uk   

Leica Microsystems  Leica Microsystems UK Ltd 

Lothbury House, Newmarket Rd, Cambridge 
CB5 8PB, UK 

www.leica-microsystems.com/  

LI-COR Biosciences  Supplied by VWR  

Life Technologies  Life Technologies Ltd  

Inchinnan Business Park Paisley, PA4 9RF, 
UK  

www.lifetechnologies.com/uk   

Miltenyi Biotech Ltd Miltenyi Biotech Ltd 

Almac House, Bisley, Woking GU24 9DR, UK 

www.miltenyibiotec.com  

Nikon Instruments Division of Nikon Corporation  

www.nikoninstruments.com  
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KeyMed House, Southend-on-Sea Essex, 
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www.olympus.co.uk   

PerkinElmer  PerkinElmer  

Saxon Way, Cambridge, Cambridgeshire, 
CB23 8SL, UK  

www.perkinelmer.co.uk   

Qiagen  QIAGEN Ltd.  

QIAGEN House, Fleming Way Crawley, West 
Sussex, RH10 9NQ, UK  

www.qiagen.com   

R&D Systems  R&D Systems Europe, Ltd.  

Abingdon Science Park Abingdon, OX14 
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www.sanyo-biomedical.co.uk   
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www.sigma-aldrich.com   
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  Appendix A

A.1 Western blotting 

A.1.1 Antibodies 

Antibody concentrations were determined empirically. All primary antibodies 

were incubated overnight at 4°C, secondary antibodies were incubated for 1 

h at RT unless a statement to the contrary is made. N/A = not applicable. 

 

Antibody 
Antibody 
species 

Dilution 

(Optimised 
concentration) 

Positive 
control 

Supplier code and name 

EBAF 
(LEFTY) 

Rabbit 
monoclonal 

1:2000 
Panel of 

cells 
Ab88088; Abcam 

HBZ 
Mouse 

monoclonal 
0.2μg/mL K562 MAB7708; R&D systems 

ABCG1 
Rabbit 

monoclonal 
1:2500 

(191μg/mL) 
HEK-293 Ab52617; Abcam 

CFTR 
Mouse 

monoclonal 
5:1000 

(1μg/mL) 
CaCo-2 MAB25031; R&D systems 

CD133 
Mouse 

monoclonal 
1:100 CaCo-2 

W6B3C1, Miltenyi,  

(130-092-395) 

SOX17 
Mouse 

monoclonal 
1: 200 K562 Ab84990; Abcam 

NEDD4-1  1:40.000 K562  

Myc-c 
Rabbit 

monoclonal 
1:2000 TC-32 

D84C12; Cell Signaling 
Technology 

ABCG1 
Rabbit 

monoclonal 
1:1000 

(191μg/mL) 
HEK-293 Ab52617; Abcam 

HIF1 
Mouse 

monoclonal 
1:500 SK-SY-5Y 

610958; BD Transduction 
Laboratories™ 

Glut1 
Rabbit 

polyclonal 
1:400 SK-SY-5Y Ab15309; Abcam 

GRP-75 
Mouse 

monoclonal 
1:10000 N/A Ab2799; Abcam 

ß- actin 
Rabbit 

Polyclonal 
1:1000 N/A ab8227; Abcam 

Secondary 
antibodies; 
anti-mouse 

N/A  1:1000 N/A 170-6516; BioRad 

Secondary 
antibodies; 
anti-rabbit 

N/A 1:1000 N/A 4010-05; SouthernBiotech 
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A.1.2 Bradford assay 

Dilution series of Bovine Serum Albumin in 10% RIPA buffer used to 

measure protein concentration 

 

 concentration BSA (2mg/mL) 10% RIPA buffer 

1 0.1 μg/μL 5 μL 95 μL 

2 0.25 μg/μL 12.5 μL 87.5 μL 

3 0.5 μg/μL 25 μL 75 μL 

4 0.8 μg/μL 40 μL 60 μL 

5 1 μg/μL 50 μL 50 μL 

6 1.5 μg/μL 75 μL 25 μL 

7 2 μg/μL 100 μL 0 μL 
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  Appendix B

B.1 Columns and microbeads for Magnetic MACS® Separator 

from Miltenyi  

 

 

 

 

 

 

B.2 Antibodies for Flow cytometry 

 

Antibodies 
Catalogue 

number 
Supplier 

CD133-PE; clone 293C 130-090-853 Miltenyi 

IgG2b-PE; 130-098-875 Miltenyi 

c-Myc (D84C12) 5605 Cell Signaling Technology 

Rabbit (DA1E) mAb IgG 

XP® Isotype Control 
3900 Cell Signaling Technology 

ABCG1 PA5-13462 Thermo-Fisher Scientific 

Secondary antibody 

(Goat anti-Rabbit IgG 

(H+L) 

Alexa Fluor 488, 

A11034 
Thermo-Fisher Scientific 

Alexa Fluor 405, 

A31556 
Thermo-Fisher Scientific 

 

 

  

Items  Supplier code 

CD133 microbeads  (Cat# 130-050-801) 

LS columns  (Cat # 130-042-401) 

LD column  (Cat # 130-042-901) 
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  Appendix C

C.1 Histology 

C.1.1 Leica ASP200 Tissue Processor: routine processing 
protocol 

 

Reagents Duration (Time) Temperature (°C) 

70% ethanol 30 min 37°C 

80% ethanol 30 min 37°C 

90% ethanol 30 min 37°C 

95% ethanol 30 min 37°C 

100% ethanol 1:00h 37°C 

100% ethanol 1:00h 37°C 

100% ethanol 1:30h 37°C 

xylene 1:00h 37°C 

xylene 1:30h 37°C 

xylene 1:30h 37°C 

paraffin wax 1:00h 65°C 

paraffin wax 1:00h 65°C 

paraffin wax 1:00h 65°C 

 

 

 

C.1.2 Meyer’s haematoxylin 

To prepare a litre of Meyer’s haematoxylin, 3g of haematoxylin (0.3%; w/v) 

was dissolved in 20mL of ethanol (2%; v/v), then mixed with 0.3g of sodium 

iodate (0.03%; w/v), 1g of citric acid (0.1%; w/v), 50g of choral hydrate (5%; 

w/v), 50g of aluminium potassium sulphate (5%; w/v) and 120mL of glycerol 

(12%; v/v) in distilled water (dH2O; 850mL). All the chemicals from Sigma 

and the dye were filtered and stored at room temperature. 
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C.1.3 Antibodies used to detect antigens using three-stage 
peroxidase method 

 

Antibody 
name 

Stock 
concentration 

Optimised 
working 

condition 
Species 

Supplier and 
catalogue 
number 

Ki67 0.046 mg/mL 1:200 
Monoclonal 
mouse IgG1 

Dako 

Cat # IS626 

Isotype 0.5 mg/mL 1:2173.9 Mouse IgG1 
Abcam 

Cat # ab18443 

Secondary 
Antibody 

0.73 mg/mL 1:200 
Polyclonal 

Rabbit Anti-
Mouse 

Dako, E0413 

Glut-1 

0.2 mg/mL 

= 

200 µg/mL 

1:200 
Polyclonal 
Rabbit IgG 

Abcam 

Cat # ab15309 

Isotype 0.5µg/mL Neat Rabbit Ig Mix 
Invitrogen 

Cat # 086199 

Secondary 
Antibody 

0.82 mg/mL 1:200 
Polyclonal Goat 

Anti-Rabbit 
Dako, E0432 

 

 

C.1.4 Immunofluorescent antibodies  

Antibodies Catalogue number  Supplier  

CD133-PE; clone 293C 130-090-853 Miltenyi 

Nestin  6994 Cell Signaling Technology 

DAPI 0.2μg/mL Sigma-Aldrich 
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  Appendix D

D.1 Assay-on-Demand™ primer/probe 

 

D.1.1 mRMA primers  

 

Primer/ Probe  catalogue number  of Assay-on-Demand™  

MYC-C Hs00153408_ml 

SOX17 Hs00751752_s1 

HBZ Hs00744391_s1 

ABCG1 Hs00245154_m1 

CFTR Hs00357011_m1 

 

 

 

 

D.1.2 miRNA primers 

 

 

 

 

Assay ID Assay Name Assay Target Sequence 

miRBase ID (v21) 

or NCBI Name 

(for Controls) 

miRBase Alias Used as  

000391 hsa-miR-16 UAGCAGCACGUAAAUAUUGGCG hsa-miR-16-5p, hsa-miR-16(17), R 

000602 hsa-miR-30b UGUAAACAUCCUACACUCAGCU hsa-miR-30b-5p, hsa-miR-30b(17), R 

001186 hsa-miR-134 UGUGACUGGUUGACCAGAGGGG hsa-miR-134-5p, hsa-miR-134(19), T 

002284 hsa-miR-138 AGCUGGUGUUGUGAAUCAGGCCG hsa-miR-138-5p, hsa-miR-138(17), T 

000512 hsa-miR-210 CUGUGCGUGUGACAGCGGCUGA hsa-miR-210-3p, hsa-miR-210(19), T 



- 252 - 

 

  Appendix E

E.1 LIMMA command  

E.1.1 Model A 

source("http://www.bioconductor.org/biocLite.R") 
biocLite('limma') 
library(limma) 
design<-model.matrix(~0+factor(rep(1:2,each=3))) 
colnames(design)<-c("Sample A","Sample B") 
fit <- lmFit(data[,2:7], design) 
contrast.matrix<-makeContrasts(Sample A - Sample B,( Sample A - Sample 
B),levels=design) 

fit2<-contrasts.fit(fit,contrast.matrix) 
fit2<- eBayes(fit2) 
data$limma. Sample A.vs. Sample B.p =data$limma.Sample A.vs. Sample B.q = 
rep(NA,nrow(data)) 

data$limma.Sample A.vs.Sample B.p=fit2$p.value[,1] 
data$limma. Sample A.vs.Sample B.q =p.adjust(data$limma. Sample A.vs.Sample 
B.p,method="BH") 

write.csv(data,c("TLDA-Sample A .vs. Sample B-results.csv")) 

 

E.1.2 Model B 

source("http://www.bioconductor.org/biocLite.R") 
biocLite('limma') 
library(limma) 
design<-model.matrix(~0+factor(rep(1:4,each=3))) 
colnames(design)<-c("Sample A"," Sample B"," Sample C"," Sample D") 
fit <- lmFit(data[,2:13], design) 
contrast.matrix<-makeContrasts(Sample A- Sample B, Sample C- Sample D,( Sample A- 
Sample B)-( Sample C- Sample D),levels=design) 

fit2<-contrasts.fit(fit,contrast.matrix) 
fit2 <- eBayes(fit2) 
data$limma. Sample A.vs. Sample B.p =data$limma. Sample A.vs. Sample B.q = 
rep(NA,nrow(data)) 

data$limma. Sample C.vs. Sample D.p =data$limma. Sample C.vs. Sample D.q = 
rep(NA,nrow(data)) 

data$limma.combined.p =data$limma.combined.q = rep(NA,nrow(data)) 
data$limma. Sample A.vs. Sample B.p=fit2$p.value[,1] 
data$limma. Sample C.vs. Sample D.p=fit2$p.value[,2] 
data$limma.combined.p=fit2$p.value[,3] 
data$limma. Sample A.vs. Sample B.q =p.adjust(data$limma. Sample A.vs. Sample 
B.p,method="BH") 

data$limma. Sample C.vs. Sample D.q =p.adjust(data$limma. Sample C.vs. Sample 
D.p,method="BH") 

data$limma.combined.q =p.adjust(data$limma.combined.p,method="BH") 
write.csv(data,c("name-file-results.csv")) 
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  Appendix F

 

SK-N-MC 

(Spheroids – substrate adherent cells) 
TTC-466 

(Spheroids – substrate adherent cells) 
Expression in 

SK-N-MC 
spheroids 

Expression in 
TTC-466 

spheroids 
 

Target Ct difference DCt difference 
q values 

(A) 
q values 

(B) 
Target Ct difference 

DCt 
difference 

q values 
(A) 

q values 
(B) 

Specific for Model 
A 

- - - - - - - - - - - - 

Specific for Model 
B 

- - - - - FGF5 1.2 3.9 - 0.1118 - ▼ 

- - - - - OLIG2 0.7 2.9 - 0.1268 - ▼ 

Common between 
model A and B 

PODXL 2.4 2.1 0.0223 - PODXL 4.3 4.0 - 0.0719 ▼ ▼ 

EBAF -5.3 -6.3 0.0009 0.0001 EBAF -3.8 -4.2 0.0255 0.0035 ▲ ▲ 

TDGF1 -3.2 -3.9 0.0014 0.0001 TDGF1 -2.6 -3.0 0.0182 0.0027 ▲ ▲ 

LEFTB -3.6 -3.9 0.0033 0.0008 LEFTB -1.7 -2.0 0.1046 0.0604 ▲ ▲ 

POU5F1 -2.0 -2.3 8.9E-02 3.4E-02 - - - - - ▲ - 

LIN28 -3.6 -3.8 2.2E-02 4.1E-03 - - - - - ▲ - 

Xist -1.4 -4.8 2.2E-02 4.9E-03 - - - - - ▲ - 

- - - - - SERP2 -1.9 -2.3 0.0598 0.0092 - ▲ 

SOX17 -3.9 -7.4 0.0022 0.0014 SOX17 -2.7 -4.9 0.0875 0.0267 ▲ ▲ 

HBZ -4.3 -5.7 0.0048 0.0003 HBZ -1.9 -2.3 0.0255 0.0937 ▲ ▲ 

- - - - - WT1 -3.0 -3.4 0.0303 0.0035 - ▲ 

SEMA3A 1.8 2.8 9.8E-02 4.1E-02 - - - - - ▼ - 

- - - - - IMP2 2.7 2.4 0.0182 0.0038 - ▼ 

LAMA1 1.1 5.9 3.9E-04 5.4E-05 - - - - - ▼ - 

COL2A1 1.1 5.0 4.2E-03 2.7E-04 - - - - - ▼ - 

ACTC 2.0 4.7 1.7E-02 1.1E-02 - - - - - ▼ - 

GCG 3.2 3.0 1.7E-02 1.8E-02 - - - - - ▼ - 

CDX2 0 2.0 7.0E-02 7.1E-02 - - - - - ▼ - 

- - - - - GATA6 4.2 3.9 0.0182 0.0027 - ▼ 

- - - - - LAMC1 2.6 2.2 0.0255 0.0056 - ▼ 

- - - - - FLT1 5.8 5.5 0.0182 0.0038 - ▼ 

-2
5

3
- 
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