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ABSTRACT 

Glioblastoma multiforme (GBM) is one of the most aggressive tumours and has poor 

survival rate. The expression of the embryonic stem cell factor Crypto-1 has been 

documented in most cancer types. More specifically, Cripto-1 expression has recently 

been correlated with low survival rate of young glioblastoma patients. It has been 

demonstrated that Cripto-1 controls cell survival and stemness, as well as proliferation 

and epithelial to mesenchymal transition (EMT). The contribution of Cripto-1 to tumour 

vascularisation was also reported. Even though Cripto-1 expression and signalling in 

most cancers has been well characterised, its involvement in controlling glioblastoma 

cells is poorly studied. The aim of this thesis was to interrogate the contribution of 

Cripto-1 to multiple processes mediating gliomagenesis and further to understand the 

underlying signalling pathways impacted upon by Cripto-1. 

 

The findings of the current study are in line with those reported for other tumour 

models. Moreover, this study provides further evidence on the important roles Cripto-1 

plays in tumourigenesis, particularly, its role in de-differentiating cancer cells. This was 

shown by confirming its effect on the activation of factors known to maintain cancer 

cells in an undifferentiated state like OCT4, NANOG and SOX2. Most significantly, 

this study has unravelled for the first time the positive effect of ectopic Cripto-1 

expression on CD44, a cell surface marker known for its involvement in maintaining 

GBM stem like cells in their undifferentiated phenotype. We also show that Cripto-1 is 

indispensable in controlling the infiltrative phenotype of glioma cells via regulating 

EMT. Ectopic Cripto-1 expression also regulates the proliferation of this GBM cell 

model by increasing levels of the proliferation markers Ki-67 and cyclin D1. This led to 

a significant increase in cellular growth rate over time. These findings suggest that 

Cripto-1 might control cellular proliferation in GBM. 

 

High vascularisation is also a feature of GBM. It has been reported that Cripto-1 co-

localises the endothelial marker CD31-expressing cells in GBM in vivo. This study 

provides supportive evidence that Cripto-1 preferentially labels tumour blood vessels. 

Moreover, it has strikingly found that Cripto-1 expressing GBM cells have a higher 

capacity to form tubes in vitro indicating Cripto-1 might contribute to GBM tumour 

vascularisation. 
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The current study also presents evidence of Cripto-1 involvement in controlling GBM 

celluar processes through the activation of multiple signalling pathways. Control of 

proliferation may be mediated through the activation of MAPK regulatory mechanisms 

by Cripto-1. A possible mechanism of Cripto-1 regulation of proliferation, survival, 

invasion, migration and angiogenesis may be due to its effect on the ErbB and focal 

adhesion pathways. 

 

In conclusion, findings of the current study are promising and shed light on some of the 

possible roles of Cripto-1 during gliomagenesis. Further assessment is warranted to 

more precisely determine the role of Cripto-1 in gliomagenesis, especially in vivo, that 

might in turn lead to more targeted therapies to diminish GBM cells’ ability to survive 

and invade into surrounding tissues. 
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AIMS AND OBJECTIVES 

1. In vitro characterisation of a newly established colorectal cancer ‘stem’ cell line 

(CSC480) using stemness and label-retaining markers. 

Hypothesis of the study: 

Since this model has not been studied previously and was commercialised as a CSC model, 

I used known stem cell markers to address its stemness properties in vitro.  

2. Studying the effect of Cripto-1 on U87 glioma cells de-differentiation.  

Hypothesis of the study: 

Cripto-1 is known as an embryonic stem cell marker and for its involvement in maintaining 

stem-like properties of multiple cancer types. Thus, I hypothesised that its ectopic 

expression might enhance or restore stem cell-like properties in U87 glioma cells.  

3. Assessing the effect of enhanced Cripto-1 expression on the epithelial 

mesenchymal transition (EMT) of U87 glioma cells. 

Hypothesis of the study: 

As reported, Cripto-1 is a modulator of EMT, which is characterised by enhanced 

invasiveness and migration, in ESCs and cancer. I hypothesised that increased Cripto-1 

expression would enhance the invasion and migration in U87 cells.  

4. Investigating the influence of increased Cripto-1 expression on U87 cell 

proliferation. 

Hypothesis of the study: 

Several studies have reported that Cripto-1 promotes cancer cell proliferation. 

Therefore, I hypothesised that U87 glioma cells might acquire enhanced cellular 

proliferation upon Cripto-1 overexpression. 

5. Investigating the Cripto-1 contribution to glioma cell neovascularisation. 

Hypothesis of the study: 

It was reported that Cripto-1 contributes to breast cancer cell mediated angiogenesis and 

it was found that Cripto-1 overexpressing cells co-localise with CD31 labeled cells in 

vivo. Thus, I hypothesised that Cripto-1 might have a role in glioma cell mediated 

angiogenesis. 

6. Identifying novel signalling pathway circuitry that might be regulated by Cripto-1 

in a U87 glioma cell line model. 

Hypothesis of study: 
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Numerous studies have reported that Cripto-1 controls stemness, proliferation and EMT 

in different cancer models through a network of signalling pathways. Thus, I 

hypothesised that Cripto-1 might control glioma cellular processes through known or 

novel signalling pathways.  

 

THESIS FORMAT 

The thesis starts with a literature review (Chapter 1) which consists of three parts. Part I 

reviews the current knowledge about cancer stem cells generally and covers the aspects 

discussed in chapter 2 of this thesis. Part II focuses on Glioblastoma Multiforme 

heterogeneity as an effector on tumour progression and the rationale behind why it was used 

as a model in the current study. Part III discusses the known role of Cripto-1 development 

and covers the material reported in chapters 3 and 4 of this thesis. 

 

There are two studies included in this thesis that discuss two main aspects. Chapter 2 

represents a small in vitro study on colorectal cancer stem cells. Chapters 3 and 4 are the 

main studies of this thesis with the aim of investigating the role(s) of the embryonic stem 

cell factor, Cripto-1, in GBM cells.  The human U87 glioma cell line was used as a model 

for the investigations reported in chapters 3 and 4. 

 

Each chapter has a complete materials and methods section and each chapter has its own 

discussion section that highlights and discusses the experimental data. 
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CHAPTER 1 

LITERATURE REVIEW   
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PART I - CURRENT KNOWLEDGE ABOUT CANCER STEM-LIKE CELLS 

1.1.0 Introduction 

Cancer is the second leading cause of death worldwide, and was the first disease 

causally linked to genes (Morita et al., 2010). In the last 50 years, billions of dollars per 

annum have been devoted to treat and find solutions to eradicate cancer of all tissue 

origins. However, poor prognosis is the outcome in many cases as a result of metastasis 

and recurrence. It was reported in 2008 by GLOBOCAN, that of the 12.7 million cancer 

cases diagnosed, 7.6 million confirmed cases would result in death due to cancer cells 

spreading throughout the body (Jemal et al., 2011).  

 

Recent reports have demonstrated that the recurrence of cancer from a range of tissue 

origins is due to self-renewing cells called cancer stem cells (CSCs) (Thomas et al., 

2009). Such cells have also been referred to as cancer initiating cells (CICs). Both in 

vivo and in vitro experiments indicate that these cells do not respond to traditional 

therapeutic approaches (Yang and Wechsler-Reya, 2007). They were found to have 

characteristics similar to those of normal adult and embryonic stem cells. Moreover, the 

pluripotency markers of embryonic stem cells such as Nanog, Oct3/4 and Sox-2 are 

expressed by some of the cancer stem cells. One of the main roles of these transcription 

factors is to help maintain the undifferentiated stem cell state (Gagliardi et al., 2013). 

Therefore, these factors may not be limited to embryonic stem cells but also linked to 

the origin of tumour stem cells arising from somatic tissues. The current review will 

investigate updates in the cancer stem cell field starting from their origin to the 

assessment of the current methodologies for their identification and isolation. 

 

1.1.1 The origin of Cancer Stem Cells 

Notwithstanding the fact that some of the unresolved tumour biology problems are 

addressed by the CSC theory, it has given rise to new, critical questions. One of the 

most interesting, and also most difficult, remaining questions is identifying the origin of 

CSCs. Most research describes CSC differentiation based upon existing knowledge of 

embryonic and normal adult stem cell differentiation. Some researchers have 

hypothesised that cancer stem cells differentiate into partially self-renewing cells 

(progenitor cells) in a fixed one-way process and the differentiated cells would therefore 

lack the ability to de-differentiate into stem cells (Federici et al., 2011). 
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CSCs express some of the markers of normal stem cells from the tissue from which they 

arise. For example, CD34+CD38- and CD34+CD38+ are cell surface markers that 

identify normal hematopoietic stem cells and differentiated hematopoietic cells, 

respectively. It was found that CD34+CD38- expressing leukaemic cells were capable 

of initiating tumours in xenografts while the CD34+CD38+ labelled cells were not 

(Tsvee et al., 1994, Bonnet and Dick, 1997). Similarly, neural CSCs express some 

markers, such as nestin, which are expressed by normal neural stem cells (Singh et al., 

2003, Singh et al., 2004, Ricci-Vitiani et al., 2007, Collins et al., 2005, Hemmati et al., 

2003).  

 

It might be suggested that partially-differentiated cells, upon exposure to strong 

pressure by the process of transformation, undertake the requisite epigenetic changes to 

regain the stemness properties. Such reversion of progenitors to a stem cell fate has 

been observed in hair follicle stem cells following injury (Hsu et al., 2011). It is feasible 

that the de-differentiation mechanism is controlled by epigenetic reprogramming (Lister 

et al., 2011). Cell populations that are genomically unstable are most likely to be 

affected by the transformation process and as a result lose their differentiated state 

(Federici et al., 2011). In addition exposure to hypoxia can also revert differentiated 

cancer cells to stem-like cells (Li et al., 2013). 

 

Furthermore, the advent of induced pluripotent stem cells (iPSCs) has clearly 

demonstrated that differentiated cells can be reprogrammed to regain stem cell 

properties (Takahashi and Yamanaka, 2006). This cloning technique has demonstrated 

the reprogramming of adult fibroblasts, and other differentiated somatic cells, to a 

totipotent state, which has the capability to give rise to a viable embryo. To some 

extent, this supports the idea that de-differentiation is a possible contributing factor 

behind the origin of CSCs (Nuria et al., 2013) Previously, development and 

differentiation were viewed as unidirectional, where increased differentiation came at 

the cost of diminished potency or stemness properties. In a landmark experiment, it was 

proven that adult fibroblasts could give rise to pluripotent stem cells when transduced 

with specific stemness signature of only four factors, viz., c-MYC, SOX2, OCT3/4 and 

KLF4 (Takahashi and Yamanaka, 2006). Others have suggested a synergistic process 

between NANOG and LIN28 for generating pluripotent stem cells from human dermal 

fibroblast that share phenotypic features with embryonic stem cells (Yu et al., 2007). 

However, reprogramming requires very high expression of the exogenous factors and 
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so, it is difficult to generalise the findings to cover the origin of CSCs. Nonetheless, the 

potential role of the transcription factors in driving the generation of CSCs cannot be 

ignored. Distinct transcriptional regulatory circuits have been identified during the 

reprogramming process that allows for the inter-conversion to the proliferative and de-

differentiated state (Marzi et al., 2013). Sox2 has also been implicated in the 

reprogramming process to engender a CSC phenotype (Herreros-Villanueva et al., 

2013). Recently, it was also found that the transformation of cancer cells with 

oncogenes, such as ras and myc, can drive them to a de-differentiated state (Ischenko et 

al., 2013). Conversely, the transcription factor Gata4 represses Nanog to inhibit the de-

differentiation process (Serrano et al., 2013). 

 

In epithelial cancers, EMT (epithelial-mesenchymal transition) is a process whereby 

cells revert from a differentiated to a partially de-differentiated state (Hugo et al., 2007). 

During EMT, expression of the epithelial cell adhesion molecule E-cadherin is lost 

while N-cadherin and vimentin (mesenchymal cells markers) expression is enhanced 

(Myong, 2012). It is proposed that epithelial transformed stem like cells use EMT to 

undergo metastasis and invade adjacent tissues. It was found that cancer cells 

undertaking EMT, as a result of migration, have the ability to revert to their epithelial 

phenotype through a process called mesenchymal-epithelial transition (MET) once they 

have settled at a site distant from the primary tumour. The transcription factors snail and 

twist, and secreted bone morphogenesis proteins (BMPs), that belong to the TGF-β 

family, were found to be master regulators of the EMT program (Yang et al., 2006). 

EMT may also be involved in initiating angiogenesis, which involves tumour cells 

acquiring an endothelial phenotype (Hendrix et al., 2003). Recent evidence suggests that 

oncostatin-M stimulates EMT (West et al., 2013) to promote the regaining of a stem-

like phenotype in breast cancer. Treatment of the cells with oncostatin-M resulted in 

increased invasion due to induction of slug and snail expression and a concomitant loss 

of membranous E-cadherin. A concerted mechanistic role for Stat3, Lin28, HMGA2, 

Let7, miR200 and ZEB1 was revealed in the maintenance of oncostatin-M mediated 

EMT (Guo et al., 2013). Similarly, loss of Mel-18 polycomb family protein initiates 

EMT through the enhanced expression of ZEB1 and ZEB2 and a concomitant reduction 

in miR-205 expression (Lee et al., 2014). 

 

Another theory has raised the possibility that CSCs could originate from immature 

progenitor cells rather than tissue stem cells. These immature progenitor cells normally 
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serve as a transient step towards the fully differentiated phenotype and share, with stem 

cells, the capacity of self-replication. However, they lack the capacity to self renew over 

the long term (Fig. 1.1). Lei et al. (2011) has shown in mice Glioblastoma Multiforme 

(GBM) models that brain tumours can be formed from glial progenitor cells residing in 

the white matter by recapitulating both the phenotypic and genomic profiles seen in 

human GBM subtype. 

 

 
 

Figure 1.1: Origin of cancer stem-like cells.  There may be various sources that can 

give rise to the CSCs. According to the theory of reprogramming (de-differentiation), 

indicates that normal selfrenewing cells are not the only source of cancer stem like cell. 

A differentiated normal or cancer cell can revert back (Red arrows) to the cancer stem 

like cell under a given set of conditions [Adapted from (Federici et al., 2011)]. 
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1.1.2 Cancer stem cell characteristics 

The identification of true CSC populations relies on the validation of several biological 

characteristics including tumourigenicity, self-renewal and the ability to histologically 

recapitulate the tumour of origin. A deeper understanding of these properties will help 

the identification, characterisation and isolation of these cells. 

 

1.1.2.1 Tumourigenicity 

CSCs can be defined by their ability to form tumours. The tumourigenicity of CSCs has 

been demonstrated through the use of immuno-deficient nude mouse models or the non-

obese diabetic/severe combined immuno-deficient (NOD/SCID) mouse. The main 

feature of this mouse model is that it lacks both T- and B-lymphocytes and also lacks 

natural killer cells and antigen-presenting cells (Gatlin et al., 2001) thereby lacking the 

capacity to reject grafts due to its functional immunodeficiency.  

 

Previously, it was accepted that the inoculation of large numbers of cells was required 

to form a tumour. This belief was a founding tenet of the cancer initiation hypothesis 

until a group of researchers tested it using harvested recurrent cancer cells from patients 

directly transplanted into NOD/SCID mice. The tumours formed were mostly 

adenocarcinomas and developed only upon the injection of at least one million cells 

(Chester and Alexander, 1961). According to these findings, some researchers re-

framed the hypothesis so that tumours are initiated and maintained by only a small 

percentage of cells within the tumour, the tumour initiating cells. In theory, implanting 

even a single CSC could generate the entire tumour. It has subsequently been 

demonstrated that some tumours could be generated using low cell densities enriched 

for proposed CSCs. For example, as few as ten CD44+ cells, sorted from prostate 

cancer cell line LAPC-9, were able to generate tumours in mice (Patrawala et al., 2006) 

(Fig. 1.2).  
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Figure 1.2: Schematic representation of cancer stem-like cells tumourigenicity. 

Cancer stem cells are cells that have the capability to self renew and re grow tumours 

compared to their differentiated offsprings. This figure shows that tumour re growth is 

based on cells that divide to recapitulate their original tumour (heterogenous cell 

distribution) by assymetric division [Adapted from  (O'Brien et al., 2010)]. 

A number of genes have been found which regulate the tumourigenic potential of CSCs. 

Kinases such as EphA2 drive tumourigenicity in GBM while the transcription factor 

Bmi-1 has been implicated in this role in pancreatic adenocarcinoma (Binda et al., 2012, 

Proctor et al., 2013). It has been observed that EphA2 expression is significantly 

correlated with tumour size and propagating ability of GBM CSCs. The knock down of 

EphA2 resulted in reduced self-renewal potency of the GBM CSCs (Binda et al., 2012). 

Similarly, overexpression of Bmi-1 in pancreatic cells resulted in enhanced in vitro 

invasion, proliferation, increased number of metastases and large sized in vivo tumours 

(Proctor et al., 2013). Concomitantly, the cancer stem cells from the pancreatic 

adenocarcinoma showed higher expression of Bmi-1. Recently, it was observed that the 

tumourigenicity of the triple negative breast cancer (estrogen negative [ER-], 
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progesterone negative [PR-] and Her2/Neu-) cell line, MDA-MB 231 was decreased 

remarkably by the application of analogues of azide sugar. It was subsequently revealed 

that glycosylation influences the tumourigenicity of CSCs. Interestingly, the 

glycosylation status of CSC self-renewal genes can perturb the way they control 

tumourigenicity (XinRui et al., 2013). In this study, treatment of breast cancer cells with 

an analogue of N-acetylgalactosamine (GalNAz) led to reduction in the CSC sub-

population as evidenced by significant reduction in their mammosphere and soft agar 

colony forming ability. The alteration of signalling cascades involving PI3K, AKT, β-

Catenin and CBP can also impart tumourigenic properties such as stem cell-like 

plasticity and drug resistance to breast and bladder cancer cells (He et al., 2014). The 

molecules in these pathways when interrupted through genetic disruption or 

pharmacological inhibition can drastically reduce the phenotypic plasticity of these cells 

in vitro. 

 

1.1.2.2 Self-renewal capacity 

Self-renewal (self-replication) is amongst the most important features that the CSCs 

should possess. The loss of this feature would result in the loss of tumourigenicity and 

the ability to recapitulate the original tumour. The process whereby a CSC gives rise to 

another CSC following mitosis is called self-renewal. This process maintains the CSC 

reservoir when they undergo either asymmetrical or symmetrical cell division (Huntly 

and Gilliland, 2005).  The process by which a stem cell divides producing a stem cell 

and a differentiated cell is referred to as asymmetric division while symmetrical division 

will result in the formation of either two differentiated cells or two CSCs (Wang et al., 

2010a). These processes underpin tumour growth. 

 

The strategies used to confirm CSC self renewal capacity include transplantation of 

tumours into animal mouse models in vivo or in vitro by testing the capability of CSCs 

to initiate spheres or colonies in soft agar over multiple generations (O'Brien et al., 

2010). In particular, the self-renewal of glioma stem cells takes place through 

asymmetric and symmetric cell divisions as suggested by the distribution of the surface 

marker CD133 (Lathia et al., 2011). A number of genes, in an ever-expanding list, have 

been identified in connection with the maintenance of the self-renewal capacity of 

CSCs. Some play an activating role while others are repressive in nature. For example, 

the polycomb family of genes carry out epigenetic silencing of developmental genes to 

blockade the differentiation progress and allow for self-renewal of mammary stem cells 
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(Orford and Scadden, 2008). Similarly, multiple signalling pathways such as Wnt/β-

Catenin, EGFR, Hedgehog, STAT3 and Notch have been implicated in tissue-specific 

regulation of CSCs of solid tumours (colon, breast and brain) (Dreesen and Brivanlou, 

2007, Christina and Laurie, 2013). 

 

1.1.3 Metastasis & CSCs  

It is now established that a metastasising tumour cell leaves the site of origin to be 

intravasated into lymph or blood vessels where it must survive the passage. The cell is 

arrested at another site called the secondary site, leaves that circulatory system to be 

extravasated and continues growth in this new microenvironment (Chambers et al., 

2002). The inefficiency of the metastatic phenomenon can be deduced from the fact that 

the cancer cell cannot falter at any of the above-mentioned steps if it is to form a 

successful metastatic tumour. In an experimental model of metastasis more than 80% of 

the hematogenous cancer cell populations successfully extravasate and seed the lungs 

after efficiently completing the circulatory phase of metastasis within 24 hours (Luzzi et 

al., 1998). However, only a small number of cells eventually succeed to form large 

vascularised metastases (Luzzi et al., 1998, Koop et al., 1995). This might be because 

the large number of cells extravasated into secondary sites remain dormant, as it occurs 

in several metastatic models (Luzzi et al., 1998). Hence, ineffective initial metastasis is 

not only due to the loss of cells by apoptotic process but also as a result of the cells 

remaining in a prolonged dormant state. 

 

It has been suggested that metastasised cells have three possible fates after their 

secondary organ extravasation. They may start to divide and create a new tumour, 

remain in a dormant state or be subjected to apoptosis (cell death) (Holmgren et al., 

1995). The commencement of proliferation does not necessarily prove that the cells will 

turn into vascularised metastases. This uncertainty of their progression is partly due to 

the long period of dormancy or dying off at the micro-metastases stage. 

 

1.1.4 Dormancy and quiescence of CSCs 

It is believed that the quiescent cells give rise to the dormant metastatic cells. Such cells 

are characterised by their restricted proliferation and apoptotic capacity. In addition, 

they are characterised by their ability to retain markers and inert fluorescent dyes which 

otherwise are diluted and lost with sequential normal cellular division (Naumov et al., 

2006). A number of theories have been proposed regarding the stages of dormancy 



Page | 
 

10

including the slower balanced proliferative stage and the succeeding metastatic stages 

(Yu and Zhu, 2013). According to recent studies while the dormant stage is absolutely 

necessary for the long-term survival of the CSCs in extreme conditions, there exists a 

fine balance between this stage and the decision to drive forward into a proliferative 

state (Wells et al., 2013). Hence, there are mechanisms that act as the driving force 

behind the entry-exit switchovers from the quiescent state (Kleffel and Schatton, 2013). 

The understanding of the behavioural pattern of these cells is absolutely necessary as 

they have remained elusive from detection and may contribute significantly to the 

complexities of CSC characterisation. 

 

1.1.5 Creation of tumour heterogeneity 

It has been reported that CSCs also have the capacity to differentiate to recapitulate 

tumour heterogeneity (Al-Hajj and Clarke, 2004) and they are now believed to be 

behind the maintenance and generation of the heterogeneity of cancer cell populations 

as stated above. This phenomenon was further assessed and proved by examining 

tumours derived from CSCs isolated from patient primary tumours in xenografts (Al-

Hajj et al., 2003). The other approach is to assess the CSC’s capabilities to differentiate 

in heterogeneous populations in vitro. CSCs are able to differentiate into multiple cell 

types through a mechanism called plasticity. Furthermore, the differentiation process in 

culture occurs in the presence of serum with or without other factors known to induce 

differentiation. However, tumour cells grown under serum-free conditions were found 

to harbour a high percentage of differentiated cells, further evidence of the nature of 

tumour heterogeneity. Even though prostate cancer differentiated cells grown in vitro 

lost markers of CSCs, they still exhibited the capacity to generate tumours (Tang et al., 

2007). 

 

1.1.6 CSCs and tumour vascularisation 

Recent studies (Ricci-Vitiani et al., 2010, Wang et al., 2010) have demonstrated that 

tumour vasculature can also have a cancer stem cell origin. Both studies used GBM cell 

lines and tissues. They found that when GBM stem cells (GSCs) were cultured in vitro 

in endothelial medium, a unique cell population with endothelial cell-like functional and 

phenotypic properties was generated. In addition, both studies found that the injection 

of human GSCs, orthotopically or subcutaneously, into immuno-compromised mice 

produced tumour xenografts that contained vessels of human origin. The GSC generated 

mouse xenograft models showed deterioration and reduction of the tumours when the 
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endothelial cells were selectively targeted. This is primary evidence of the significance 

of endothelial vessels of GSC origin and their functional relevance to tumour generation 

and maintenance. Under in vivo conditions, Chiao et al. (2011) has established that 

CD133+ glioblastoma stem cells can lead to induction of vascular mimicry and as a 

result the tumour cells with high cellular plasticity can form vessel-like structures. 

 

1.1.7 Current methods for Cancer Stem Cell characterisation and isolation 

1.1.7.0 Introduction 

To identify and isolate CSCs from cancer cells and tissues, several methods are 

employed. These methods include the use of flow cytometry to identify and sort CSCs 

made possible through the use of cell surface markers. Non-adherent sphere culture and 

ALDH1 activity are other methods routinely employed for separating CSCs. Recently, 

label -retaining cell (LRC) markers have also been used to discriminate between 

different cancer cell populations. 

 

1.1.7.1 Cell surface markers 

A large amount of research uses cell surface markers as the prime methodology for 

identifying and isolating CSCs. Most of the markers used to date are based on 

knowledge of stem cells in the tissue of origin or are derived from studies on 

hematopoietic or embryonic stem cells. The surface markers CD133 and CD44 were 

extensively used to identify CSCs from different tissue origin and were functionally 

analysed for their role in cancer stem cell origin.  

 

Prominin-1 (CD133) started to attract attention from a study conducted on rat 

neuroepithelial stem cells (Weigmann et al., 1997). Despite not knowing the cellular 

function of prominin-1, it is a marker for many CSCs, including those from gliomas 

(Singh et al., 2003), colon (O'Brien et al., 2007), lung (Eramo et al., 2008), and prostate 

cancer (Collins et al., 2005). Even though prominin-1 marks a tumour-initiating 

population in many solid tumours, it does not have a significant role in maintaining the 

properties of CSCs. Knockdown of prominin-1 in colorectal tumour cells isolated from 

patients, did not result in any significant decrease in their tumourigenic capacity (Du et 

al., 2008).  

  

However, the knockdown of CD44 was found to inhibit tumour formation in the same 

cells ((Du et al., 2008)). CD44 is a glycoprotein receptor for hyaluronan (HA), a major 
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component of the extracellular matrix (Misra et al., 2006b). The binding of HA to CD44 

activates many receptor tyrosine kinases including EGFR and ERBB2 in many cancer 

types (Ghatak et al., 2005). The consequence of this is increased proliferation and 

survival via activation of the MAPK and PI3K/AKT pathways, respectively (Misra et 

al., 2006b). CD44 was also found to play a crucial role in the invasion of a variety of 

tumour cells, including breast (Sheridan et al., 2006), prostate (Omara-Opyene et al., 

2004) and mesotheliomas (Li and Heldin, 2001) and has been demonstrated to be 

positively correlated with the number of circulating prostate cancer cells in the 

bloodstream (Paradis et al., 1998). CD44 either alone or in combination with other 

surface markers has been used to mark and isolate cells with stem cell properties from 

multiple tumour types including breast (Al-Hajj et al., 2003, Dontu et al., 2003), 

prostate ((Patrawala et al., 2006, Hurt et al., 2008), colon (Dalerba et al., 2007), head 

and neck squamous cell carcinomas (Prince and Sivanandan, 2007) and glioma (Anido 

et al., 2010). 

 

Other cell surface markers used for the identification of CSCs tend to be more organ 

specific, and the choice is generally gleaned from knowledge of how that tissue 

develops. For instance, CD138 is a marker for terminally differentiated B cells 

(plasma), and multiple myeloma (a plasma cell malignancy) and CSCs are CD138− 

cells (Matsui et al., 2004). Similarly, CSCs from acute myelogenous leukaemia are 

CD34+CD38− cells (Bonnet and Dick, 1997), the same markers used to identify normal 

early hematopoietic progenitor cells. The cell surface markers like SSEA4 and TRA-1-

81 provide several added advantages over the existing markers and have been used in 

the efficient characterisation of CSCs from different origins (Abujarour et al., 2013, 

Virant-Klun et al., 2013). In fact, SSEA4 has gained such significance that efforts are 

being carried out to identify the SSEA4 binding proteins and their role(s) in CSCs 

(Hung et al., 2013). 

 

Combining multiple surface markers is a more efficient way to identify a purer 

population of self-renewing cancer cells. For instance, CD44+CD24− and 

CD133+EpCAM+CD90+ cells can be utilized in the identification of breast and 

hepatocellular CSCs (Podberezin et al., 2013). Cripto-1 (CR1) is another cell surface 

marker that is highly expressed in slow dividing malignant melanoma cells but not in 

progenitor cells (committed cells) (Strizzi et al., 2013).   
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1.1.7.2 Non- adherent sphere formation 

Neurospheres of glioma cells contain an increased percentage of CICs (Singh et al., 

2003). Generally, the sphere forming abilities of CSCs are detected in a soft agar colony 

assay (Pastrana et al., 2011). If derived from CSCs, there is an increased number of 

larger colonies compared to those from non-CSCs. In this assay the sphere forming 

capacity of breast cancer cells were enhanced and the stem cell population defined by 

CD44+CD24- (which is a surface marker phenotype associated with breast CSCs) was 

enriched when cells were exposed to low-adherent sphere-forming conditions. 

Furthermore, increased tumourigenicity of breast tumorspheres was confirmed in 

immune compromised mice (Ponti et al., 2005). Investigators have enriched CSCs from 

brain and colon in a similar manner (Singh et al., 2003, Singh et al., 2004, Ricci-Vitiani 

et al., 2007) from single cells by using sphere culture conditions to test the clonal 

capacity of CICs. Recent studies have shown that the sphere forming cells demonstrate 

a directed and polarised migration pattern (Yoon et al., 2013). 

 

1.1.7.3 Aldehyde Dehydrogenase activity (ALDEFLUOR assay) 

ALDH (aldehyde dehydrogenase) is an enzyme involved in detoxification. This enzyme 

consists of multiple isoforms, which mediate the formation of weak acids from 

aldehydes. This enzymatic assay is based on ALDH1 activity that produces biologically 

active substances such as retinoic acid via retinol oxidation. It was demonstrated 

recently that the ALDH1 activity in a viable cell could be measured using a new flow 

cytometry method. Initially, the method found application in the isolation of 

hematopoietic stem cells that show increased ALDH activity (Hess et al., 2004). Based 

on its successful utilization in the isolation of normal haematopoietic stem cells, it was 

applied in the identification of leukaemic and multiple myeloma CSCs from patients. 

The CSCs identified in this way show high tumourigenicity when engrafted into SCID 

mice (Matsui et al., 2008). ALDH1 expression has even been used as an early predictor 

of tumour relapse in ductal carcinoma of the breast (Zhong et al., 2013). Recent 

advances suggest that other isoforms such as ALDH1A3 also play crucial roles in GSC 

maintenance (Mao et al., 2013).  

 

1.1.7.4 Label-retaining cell markers 

Recent developments in methodology exploit the property of the CSCs such as 

quiescence and slower proliferation rates, to design isolation protocols. As mentioned 

earlier, CSCs can undergo asymmetric division resulting in the formation of a stem-like 
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daughter and a differentiated cell. Lipophilic dyes such as PKH6 and PKH26 have been 

developed which label the plasma membrane and distribute equally within the daughter 

cells. Highly proliferating daughter cells go on to lose the dye, by dilution, while it is 

retained by the stem cells that remain quiescent (Deleyrolle et al., 2012). Other 

compounds used for the detection of proliferation, like BrdU and EdU, have also been 

used for this purpose (Deleyrolle et al., 2012, Cervelló et al., 2007). This technique has 

been applied to CSC isolation across a range of cancer types.  

 

1.1.7.5 Limitations of the current methods of characterisation 

There are a number of caveats that have made the use of a single method to successfully 

isolate and characterise cancer stem cells increasingly difficult. Cell surface markers 

more accurately identify cell populations compared to other methodologies but also 

have some limitations. Firstly, the number of CSCs isolated is almost always relatively 

low, thus, a large number of starting cells might be required to be sorted. Moreover, 

experimental conditions, such as enzymatic dissociation of tissue, greatly influence the 

ability to detect specific surface markers as it can damage some of the surface antigens 

(Stingl et al., 2006). In addition, some studies suggest markers of CSCs such as CD133, 

CD44, CD166, CD24, Lgr5 and CD29 might be non-specific (Shmelkov et al., 2008, 

Chu et al., 2009, Vermeulen et al., 2008). 

 

The main weakness of sphere formation as a method to enrich CSCs in culture is that 

the spheres still harbour a high degree of cell heterogeneity. Even though spheres 

contain a relatively high percentage of self-renewing stem cells, the percentage of non-

self renewing cells cannot be ignored (Ponti et al., 2005, Patrawala et al., 2006). 

Another drawback is the use of different protocols and methodologies, which generate 

inter-experimental variability (Chen et al., 2012). Finally, variations in technique, 

passage number, culture media and sphere size in neurosphere cultures have an impact 

on the identification process (Jensen and Parmar, 2006). Not surprisingly CSCs purified 

via sphere culture display a great degree of variation in a mixed population containing 

differentiated cells (Visvader and Lindeman, 2008). It is also a lengthy process, 

requiring long cell enrichment, and expensive due to the use of purified growth factors.  

 

The ALDH assay comes with its own set of disadvantages when applied to the isolation 

of CSCs particularly with regard to tumour tissues of diversified origin. In one 

experiment ALDH-low and ALDH-high populations of lung carcinoma showed no 
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difference in their ability to give rise to tumours when xenografted into NOD/SCID 

mice (Ucar et al., 2009). This questions the ability of stem cell enrichment by the 

ALDH method as it might result in the isolation of a heterogenous population. In breast 

cancer cell lines, the ALDH-positive populations have been divided and tested using 

CD44, CD24 and CD133. The populations with ALDH-high CD44+/CD133+ and 

ALDH-high CD44+/CD24- showed the highest degree of tumour forming and 

metastasising abilities (Croker et al., 2009). Since, it is now clear that markers other 

than ALDH1A1 may be involved in the assay depending on the tissue type, a more 

tissue-specific and context-dependent design of the assay (based on the specificity of the 

isoforms concerned) is required. 

 

The data on the phenomenon of CSC quiescence and dormancy is very scarce at 

present. With such limited information, the set up of precise protocols for the isolation 

and characterisation of CSCs using label-retaining cell markers becomes difficult. Also, 

the information about the markers involved in such distinction is not very clear and it 

may happen that the targeting of dormant CSCs may end up targeting normal resting 

cells. The development of the proper dyes required for this method is yet another 

challenge. 

 

Therefore, there is scope for the development of improved methods and technologies for 

the identification and characterisation of CSCs. Currently the use of more than one way 

to isolate the CSCs might be a better option than relying upon a single method of 

isolation. 

 

1.1.8 The necessity of creating CSC models 

It is now established that CSCs possess greater tumourigenic potential in comparison to 

other cells of the same neoplastic origin (La Porta, 2012). Tumourigenicity is usually 

verified using serial dilution assays with the isolated CSCs under in vitro conditions 

such as sphere forming ability. However, in order to more precisely mimic the 

conditions prevalent in human cancer patients, the development of specific animal 

models with the CSCs is a necessity. Several animal models have been generated 

including leukaemia (Bonnet and Dick, 1997) and breast cancer (Al-Hajj et al., 2003), 

which have employed immuno-deficient mice (NOD/SCID) for the xenotransplantation 

of the CSCs. But a major issue with these models is that they do not actually represent 

the carcinogenic conditions present under real time, including the immune response or 
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the tumour microenvironment and there exists significant differences in the tumour 

development between normal immunogenic and immuno-compromised animals 

(Quintana et al., 2008). 

 

According to recent advances, efforts have been made to develop better animal models 

through the introduction of human cytokines that resemble the patient conditions more 

closely (Pearson et al., 2008). This has been achieved through advances in genetic 

engineering of mice (Walrath et al., 2010). 

 

A number of organ specific animal models have been developed to study CSCs isolated 

from the corresponding cancer type. In particular, generation of breast tumour mice 

models using a standardised technique have been easier as the mammary CSCs are easy 

to isolate and also available in larger numbers (Stingl et al., 2006). Different animal 

models have been used to study prostate CSCs that has even allowed for the observation 

of specific signalling mechanisms (Aytes et al., 2013). A rapid turnover rate has been 

observed in animal models with colonic and intestinal tumourigenic epithelial cells 

(Radtke and Clevers, 2005). Medulloblastoma and glioma are the two common brain 

tumour types. Various brain tumour models have been developed which give a vivid 

histological and phenotypic picture of those in human cancers (Huse and Holland, 2009) 

through the use of genetically engineered Wnt, Pten and Ras pathways and other gene 

mutations. 

 

Animal models developed with induced pluripotent stem cells (iPSCs) to study the 

oncogenic properties of cancer have become increasingly prevalent. Yamanaka and his 

group (Kazutoshi et al., 2007) successfully generated a mouse model through the 

induction of iPSCs, that included GFP fused to the NANOG gene to study its activation 

in cancer. The iPSC-based technology to develop novel animal disease models has great 

potential for advancing medical therapy through clinical testing and research (Ebben et 

al., 2011). It is thought that the iPSCs, like their embryonic counterparts, are stimulated 

to progenitor cells which can turn into different phenotypes dependent upon signals 

from the niche (Ramos-Mejía et al., 2012). 

 

Recent research has made significant inroads into the identification, isolation and 

targeting of CSCs of different human cancers. The basic questions regarding 

pathophysiology of various cancer types, role of CSCs in the initiation of cancer, effects 
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of tumour microenvironment and immune responses, related to the molecular 

mechanisms of CSCs, are just now starting to be addressed. Apart from 

immunocompromised NOD/SCID mice and other animal models, advances in 

modelling and genetic engineering have resulted in the generation of models that more 

closely resemble human patients, particularly in terms of the immune system and the 

tumour microenvironment (Pearson et al., 2008). The application of these animal 

models has greatly facilitated the CSC research in the last decade.  

 

It is beyond doubt that the tumour microenvironment plays a crucial role in cancer 

progression and development. In addition, the tumour cells with stem-like properties 

can cause fast and reversible phenotypic changes. These cancer characteristics are very 

hard to delineate using newly isolated cells or existing in vivo models. Therefore there is 

a place for in vitro models using cell lines established under different culture conditions 

(Gedye and Ailles, 2013). Different approaches could be undertaken to develop in vitro 

CSC models. 

 

Ideally, the approach to develop CSC models in vitro that recapitulate characteristics 

seen in vivo, is to genetically modify a normal cell (either stem or differentiated cell) or 

a differentiated cancer cell. A defined set of gene(s) can be introduced into the cells to 

make them immortal. In one such work, it was shown that the transformation of the 

existing cell lines with genes involved in EMT like SNAIL1 and TWIST can induce 

stemness characteristics (Ince et al., 2007, Mani et al., 2008). Recently, several groups 

have tried to form transformed cell lines through ectopically expressing Piwil2 that is 

known to maintain self-renewal (Shahali et al., 2013). These genetically created lines 

can provide good insights into the role of CSCs in cancer development. Induced 

pluripotent stem cell (iPSC) technology has been applied to generate in vitro CSC 

models mimicking the features that exist in cancer patients. A lung cell tumour model 

has been developed through NANOG induced pluripotent stem cells. The cells also 

expressed Eras, Rex1, Cripto-1 and Esg1 that promoted stem-like characteristics (Pan et 

al., 2012). 

 

Therefore, the in vitro tumour models possess the potential to be used in understanding 

the role of CSCs in cancer progression. Despite this promise progress has however been 

slow (Pollard et al., 2009). 
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1.1.9 Concluding remarks 

Only well established and validated methods of stem cell characterisation should be 

used to identify and isolate CSCs. Some of the aforementioned CSC isolation 

techniques hold heightened promise but need to be properly validated. A combination of 

more than one procedure for this purpose might be an effective choice for the 

identification of a truly pure CSC population. Finally, more specific markers are needed 

to improve the understanding of the mechanisms that cells use to drive cancer 

development and tumourigenesis.  
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PART II - GLIOBLASTOMA MULTIFORME AS A MODEL OF INTRICACY 

1.2.1 Introduction 

In the previous part of the review, I covered some of the most frequently asked 

questions about cancer stem cell in most cancer models. In light of the knowledge 

discussed earlier, this section will take a closer look at Glioblastoma Multiforme (GBM) 

as a model to address the aims of the current study. GBM is one of the most aggressive 

and malignant forms of brain tumour affecting adults and as the term multiforme 

indicates it displays marked intratumoural heterogeneity (Inda et al., 2014). 

Heterogeneity in GBM was found to be either typically regional or intensely intermixed 

heterogeneity lacking any specific structural hierarchy (Snuderl et al., 2011). Four 

subgroups have been identified in GBM including: Classical, Mesenchymal, Neural and 

Proneural, with the latter further subdivided into two other classes; G-CIMP (Glioma- 

CpG Island Methylator Phenotype) and non-G-CIMP (Bonavia et al., 2011). An 

explanation to the heterogenic nature of GBM is that cooperative interactions act to 

generate a mosaic pattern of cells with varying phenotye variability that gives rise to 

different clones and subpopulations. This possibly indicates that cells create a niche that 

sustains the growth of other clones in the same tumour mass (Bonavia et al., 2010). 

 

1.2.2 Effect of heterogeneity on glioblastoma multiforme progression 

The pattern of heterogeneity in most cases of GBM is linked typically to the presence of 

specialised sub-domains within the tumour mass and heterogeneous expression of 

proteins such as Ang-2 (angiopoietin-2), MGMT (O-6-Methylguanine-DNA 

Methyltransferase), MMP-2 (Matrix Metalloproteinase-2), and integrins (Sottoriva et 

al., 2013). Bo and colleagues have demonstrated that Ang-2 is implicated in the 

increased invasiveness of GBM cells. Moreover, they showed that MMP-2 is a regulator 

of Ang-2 positive cells’ acquisition of invasiveness. Depletion of MMP-2 suppresses 

Ang-2 and as a result the cellular invasiveness and progression of GBM is limited (Hu 

et al., 2003).  

 

Several groups have claimed a fundamental role for MGMT in GBM cells resistance to 

therapeutic intervention. Esteller & colleagues (2000) and Hegi & colleagues (2004) 

have shown that MGMT gene silencing by promoter specific methylation would 

improve GBM patient survival for those receiving alkylating chemotherapy (Esteller et 

al., 2000, Hegi et al., 2004). In 2009, a study conducted by Kitange and collaborators on 

GBM xenografts has shown further evidence that elevated MGMT expression is 
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associated with temozolomide, a standard drug commonly used concurrently with 

radiotherapy to treat GBM, treatment resistance (Kitange and Carlson, 2009). Integrin 

proteins have shown to be crucial modulators of GBM development and progression. 

Cells with increased expression of these molecules are more invasive (Giovanna and 

Kaye, 2007). Specifically, β8 integrin differential regulation was implicated in 

controlling glioblastoma angiogenesis and invasion (Tchaicha et al., 2011). In high-

grade gliomas, cells with significantly elevated α5β1 integrin expression exhibit higher 

resistance to Temozolmide treatment resulting from α5β1inhibiting the p53 pathway 

(Janouskova et al., 2012). GBM tumour growth depletion was also observed in another 

study as a result of combined treatment targeting integrins which directly deactivated 

angiogenic and inhibited tumour activity (Oliveira-Ferrer et al., 2013). 

 

A heterogeneous pattern of  (Receptor Tyrosine Kinase (RTK) amplification in separate 

regions throughout the tumours has also been observed in GBM. The most commonly 

amplified RTKs include EGFR and PDGFRA (Szerlip et al., 2012). Distribution of 

EGFR and PDGFRA amplified clones were observed in GBM tumour masses where 

PDGFRA amplified cells were found to be restricted to the cells of endothelium while 

the EGFR amplified cells were usually found in the poorly vascularised regions (Szerlip 

et al., 2012) and preferentially at the invading edge of regional heterogeneous GBM 

(Snuderl et al., 2011).  

 

One of the major hallmarks linked with GBM heterogeneity can be attributed to the 

differential expression of constitutively active receptor EGFRvIII whose expression is 

limited to a very small subset of cells among EGFR positive cells (Vecchio et al., 2013). 

Several studies claimed that overexpression of both EGFR and EGFRvIII indicates a 

worse prognosis in patients with glioblastoma (Shinojima et al., 2003, Heimberger et 

al., 2005). In addition, EGFRvIII secretes many soluble factors such as IL-6 and LIF 

and thereby promotes the proliferation of cells expressing wild type EGFR (Bonavia et 

al., 2010). 

 

1.2.3 GSCs and tumour vascularisation: dual sources of complexities in GBM  

GBM is characterised by its robust angiogenesis and property of necrogenesis, its ability 

to infiltrate throughout the brain parenchyma, as well as its intense resistance to 

apoptosis (Giannopoulou et al., 2015). 
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Glioma-initiating cells (GBM CSCs) were suspected to be the main culprits behind 

tumour regrowth after therapy as they display increased resistance to treatment, and 

have a much higher DNA repair rate, compared with differentiated glioma cells (Bao et 

al., 2006). This was demonstrated experimentally in tissue culture and in xenograft, 

where GSCs survived exposure to ionizing radiation while non-GSCs did not. It was 

found that CD133+ cells activate the DNA damage checkpoint preferentially in 

response to radiation as observed in primary glioblastoma tissues (Bao et al., 2006).  

 

Concerning the high vascularisation of GBM, it can be speculated that GSCs might also 

have a niche dependence similar to neural stem cells. In glioblastoma, the vascular 

endothelial cells are capable of maintaining brain tumour cells in a stem-like state and 

promote their tumourigenicity (Borovski et al., 2013). The CSCs and tumour 

vasculature interact in a complex and bidirectional manner. The CSCs promote both 

angiogenesis and vasculogenesis by secreting VEGF (Xu et al., 2013). Inhibition of 

angiogenesis and depletion of blood vessel cells reduce the CSC pool and subsequently 

inhibit tumour growth (Calabrese et al., 2007).  

 

The vascular microenvironment is associated with the enhanced resistance to 

therapeutics of GBM CSCs (McCarty, 2013). Similarly, glioblastoma cells induce up-

regulation of various survival genes in the endothelial cells thereby protecting them 

from irradiation-induced apoptosis. This challenging and complex interplay may be 

explained via the involvement of notch signalling, fundamental pathway that regulate 

response to angiogenesis. Notch inhibition led to the detachment of GBM CSCs from 

their vascular niche and resulting in increased efficacy of radiotherapy on the CSCs 

(Lino et al., 2010). Likewise, application of anti-angiogenic therapy to glioblastomas 

and complete destruction of tumour vasculature results in a much higher susceptibility 

of the GBM CSCs to cytotoxic agents.  

 

Additionally, the presence of GSCs in the highly vascularised tumour niche and their 

resistance to conventional therapies are not the only challenges. GBM cells increased 

proliferation and their capacity to infiltrate the surrounding tissues to evade harsh 

microenvironment conditions such as therapy to disrupt physical barriers like basement 

membranes, extracellular matrices and cell junctions are further obstacles for 

conventional treatment. Moreover, CSCs have the ability to re-program themselves to 

compensate for a particular deficiency in the cancer niche. GBMs have also been 
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reported to harbour the  ability to de-differentiate (acquiring a more self-renewing 

cellular phenotype) (Friedmann-Morvinski et al., 2012, Kang et al., 2006) and trans-

differentiate (acquiring another cellular niche phenotype like endothelial cells) 

(Borovski et al., 2013). However, the underlying molecular pathways that control these 

recently reported processes are yet to be identified. 

 

1.2.4 GBM and Cripto-1 

As detailed in the following section, Cripto-1 is an early embryonic stem cell factor that 

is actively involved in embryonic development but, its expression disappears in the 

adult. However, it has been found to act as an oncogene involved in the activation and 

regulation of multiple oncogenic processes and pathways of almost all tumours. Cripto-

1 has been associated with aggressive and clinicopathologic features and poor prognosis 

in these tumours. Despite this knowledge in multiple tumour types, its involvement in 

controlling processes like the de-differentiation, proliferation, invasion, migration and 

trans-differentiation of GBM cells is poorly studied. Only two recent studies have 

investigated the expression of Crpito-1 in GBM at the clinicopathological level. As yet, 

the underlying molecular and cellular processes regulated by Cripto-1 in GBM cells are 

still a hidden world, which is the main focus of the current study. 
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PART III - CRIPTO-1: AN EMBRYONIC STEM CELL GENE WITH 

IMPORTANT ROLES IN CANCER 

1.3.1 Introduction 

Cripto-1 belongs to the family of EGF-CFC (Epidermal Growth Factor Cripto/FRL-1/ 

Cryptic) proteins (Bianco et al., 2010, de Castro et al., 2010). It acts as the TGFβ family 

(growth and differentiation factor, GDF1 and 3 and Nodal) co-receptor in the early 

stages of vertebrate development. Together with these ligands it forms a complex in the 

plasma membrane involving ALK4 (Activin type I and type II serine threonine kinase). 

There are a number of reports establishing the role of Cripto-1 in embryogenesis. 

Deletion of the Cripto-1 gene in mouse resulted in the severe impairment of axial 

organization, mesoderm formation and cardiomyocyte development resulting in 

embryonic lethality (Ding et al., 1998, Xu et al., 1998). The expression of Cripto-1 also 

regulates the pluripotency and self-renewal of both mouse and human embryonic stem 

cells (Wei et al., 2005a, Assou et al., 2007, Bianco et al., 2010). Increased Cripto-1 

expression is observed in various cancers such as colon, breast, lung, prostate, testis, 

stomach, pancreas and ovary (de Castro et al., 2010). Therefore, there exists a 

differential Cripto-1 expression pattern during embryogenesis, adult homeostasis and in 

tumourigenesis (Fig. 1.3).   
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Figure 1.3: The differential expression pattern of Cripto-1. Cripto-1 is highly 

upregulated during embryogenesis and tumourigenesis. Conversely, its level is very low 

or negligible in adult tissues. Cripto-1 expression is lost during the ES cell 

differentiation into the three germ layer cells and is only shown at higher levels in the 

tumour cells. ES/ICM: Embryonic stem cell/Inner cell mass; Red: Higher Cripto-1 

level; Green: Lower Cripto-1 level [Adapted from (de Castro et al., 2010)]. 
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Both in vitro and in vivo studies have confirmed that Cripto-1 overexpression enhances 

the migration, invasion as well as angiogenesis of various human mammary epithelial 

cells (Nagaoka et al., 2012, Rangel et al., 2012). Cripto-1 expressing transgenic mice 

illustrated the effects of the gene on inducing papillary adenocarcinoma and mammary 

hyperplasias (Wechselberger et al., 2005).  

 

In association with heat shock protein GRP78, Cripto-1 has also been found to regulate 

stem cell self-renewal in hypoxic bone marrow (Miharada et al., 2011). Therefore, 

Cripto-1 is a typical example of a gene commonly overexpressed at both developmental 

stages and in tumourigenesis. Recently, it has been established that Cripto-1 is an 

integral part of the major critical signalling pathways related to the differentiation and 

stem cell maintenance (Hough et al., 2009). However, the driving force behind Cripto-1 

re-expression in cancer cells is yet to be fully established. There are however some 

reports that indicate the presence of Nanog and Oct4 binding sites in the promoter 

region of Cripto-1 as revealed by chromatin immunoprecipitation (ChIP) assay (Loh et 

al., 2006). Hence, these transcription factors could directly regulate Cripto-1 

transcription through the modulation of its promoter activity. In addition, major 

signalling pathways such as Notch, Wnt/β-catenin, TGFβ and hypoxia, which regulate 

embryonic processes such as differentiation and proliferation seem to cross talk with 

Cripto-1 (Bianco et al., 2010). Conversely, Cripto-1 gene expression is repressed in 

human embryonal carcinoma cells undergoing retinoic acid mediated differentiation by 

GCNF (Germ cell nuclear factor). GCNF has a DR0 binding motif in the promoter 

region of Cripto-1 (Hentschke et al., 2006). Cripto-1 is regulated by a number of 

different factors as shown in Table 1.1. 
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Table 1.1 Various regulatory factors of Cripto-1 

Regulator Type of Regulator Sample type Reference 

Positive    

HIF-1α Transcription factor Cardiomyocyte (Bianco et al., 2009) 

Netrin-1 
Chemotropic growth 

factor 
Mammary epithelia (Strizzi et al., 2005b) 

TGF-β Growth factor 
Embryonal carcinoma, 

colon cancer 
(Mancino et al., 2008) 

Wnt/β-catenin Growth factor 
Hepatoma, colorectal 

cancer 
(Hamada et al., 2007) 

Caveolin-1 Scaffolding protein Breast and mammary (Bianco et al., 2008b) 

LRH-1 Nuclear receptors 
Breast, embryonal 

carcinoma 
(Bianco et al., 2013) 

Oct4 Transcription factor Embryonic stem cells (Loh et al., 2006) 

Nanog Transcription factor Embryonic stem cells (Loh et al., 2006) 

Msx2 Transcription factor Mammary epithelia (di Bari et al., 2009) 

Negative    

GCNF Nuclear receptors 
Breast, embryonal 

carcinoma 
(Bianco et al., 2013) 

BMP-4 Growth factor 
Embryonal carcinoma, 

colon cancer 
(Mancino et al., 2008) 

 

Cripto-1 can modulate signalling mediated by the TGFβ family members that activate 

Smad2/3 signalling, which partly explains the physiological roles of Cripto-1 (Gray et 

al., 2006). Besides this modulation of Smad2/3, Cripto-1 in its soluble form leads to the 

activation of the crucial oncogenic pathways such as PI3K/Akt and MAPK through c-

Src (Bianco et al., 2003, Strizzi et al., 2005). It is noteworthy that Cripto-1 and similar 

genes involved in embryogenesis which control the functions of stem cells are highly 

overexpressed in various human tumours (Bianco et al., 2010, de Castro et al., 2010). 

Since the expression of Cripto-1 is differentially upregulated in subpopulations of 

various human cancer cells with stem-like characteristics, it may provide clues to solve 

the issue of cancer relapse (Watanabe et al., 2010). This review deals with the role of 

Cripto-1 in the maintenance of cancer stem cells and in the regulation of EMT including 

the regulatory mechanisms it controls during embryogenesis. The effect of Cripto-1 

over-expression, under in vitro and in vivo conditions, in enhancing the cancer 

progression is also covered. Accordingly, the role of different anti-Cripto-1 therapeutic 

strategies that have shown significant promise in tumour regression is discussed. 
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1.3.2 Structural analysis of Cripto-1 

The human Cripto-1 gene belongs to the well-known developmental gene family of 

EGF-CFC and is also called TDGF-1 (teratocarcinoma-derived growth factor-1) 

(Saloman et al., 2000). The members of the EGF-CFC gene family contain a short 

hydrophobic stretch at the C-terminus with recognition sequences for GPI attachment 

and cleavage, an EGF-like domain, a cysteine containing conserved region (CFC) and a 

signal peptide at the N-terminus (Minchiotti et al., 2000). Contained within the EGF-

like domain is a conserved O-linked fucosylation site that imparts on Cripto-1 the 

ability to act as a co-receptor for Nodal, GDF1/Vg1 or TGFβ associated proteins 

(Schiffer et al., 2001, Yan et al., 2002). The majority of EGF-CFC family members are 

small glycoproteins (18-21 KDa) (Fig. 1.4). A peptide containing a portion of the CFC 

and EGF domains of Cripto-1 is sufficient for full activity (Minchiotti et al., 2001, Yan 

et al., 2002). Finally, Cripto-1 can exist in both cell-tethered and soluble forms, 

although the functional difference, if any, is unclear. Both forms can function as either 

ligand or co-receptor (Yan et al., 2002). 

 

 Figure 1.4: Schematic representation of Cripto-1 structure. Several glycosylation 

sites are present on Cripto-1 sequence. Activation of Nodal-dependent signalling 

pathway depends on Thr88, a residue constituted on EGF like domain, mediated Cripto-

1 regulation. The acitivity of GPI-phospholipase D (GPI-PLD) enzyme would result in 

releasing Cripto-1 from cell membrane into supernantant of cells by cleaving GPI site. 

Abriviations contained in the figure: EGF, epidermal growth factor, CFC: Cripto-FRL-

1-Cryptic, GPI: glycosylphosphatidylinositol, Ser: Serine, Asn: Asparagine, Thr: 

Threonine. [Adapted from (Strizzi et al., 2005)]. 

 

1.3.3 Role of Cripto-1 in embryogenesis 

The epithelial-mesenchymal transition (EMT) has a crucial role to play during 

embryogenesis, particularly during the formation of the three definitive germ layers at 

gastrulation (Nakaya and Sheng, 2008, Chuai et al., 2012). Nodal/TGFβ signalling 

coordinates the regulation of tissue morphogenesis (Heisenberg and Solnica-Krezel, 

2008). In mouse, Cripto-1 is expressed during pre-implantation stages of embryogenesis 
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in the trophoblast cells and the inner cell mass of the blastocyst (Bianco et al., 2010, de 

Castro et al., 2010). In the early gastrulation stage, Cripto-1 localises at the nascent 

primitive streak and subsequently spreads to the mesoderm. Around the same time 

Cripto-1 expression is markedly decreased in the initial lateral neural plate. Hence, 

Cripto-1 knock-out mice are embryonic lethal due to their inability to form definitive 

endoderm and mesoderm (Bianco et al., 2010, de Castro et al., 2010). The expressions 

of the downstream target genes of Cripto-1 and Nodal are under intricate regulation by 

Wnt/ β-catenin during the lateral plate development and gastrulation stage (Morkel et 

al., 2003).  

 

Cripto-1 has been implicated even in the development of the first organ of 

embryogenesis, the heart, which arises from the mesoderm. A number of reports suggest 

a critical involvement of Wnt/β-catenin and Cripto-1 in the differentiation of 

cardiomyocytes. Accordingly, embryonic cells without Cripto-1 (Cripto-1-/-) do not 

possess the capacity to form active cardiomyocytes but this is regained after the knock-

in of Cripto-1 in these cells (Xu et al., 1998, Parisi et al., 2003). In addition, the potent 

cardiomyocyte forming agents angiotensin type 1 receptor and apelin are Cripto-1 

targets which instruct embryonic stem (ES) cells to differentiate into heart cells 

(D'Aniello et al., 2009).  

 

Contrary to its role in the development of the heart, the work conducted by Liguori and 

colleagues (2003) demonstrated that there is no effect on neural regionalization in 

Cripto-1-/- embryos. It was a matter of great interest that the Cripto-1-/- embryos had 

the ability to give rise to neural stem cells that were fully functional and differentiated 

into neural phenotypes both in vitro and in vivo (Liguori et al., 2009). Furthermore, in 

the absence of retinoic acid, Cripto-1-/- embryonic stem cells differentiated 

spontaneously into neuronal cells indicating a negative role of Nodal and Cripto-1 in the 

differentiation of neuroectoderm (Parisi et al., 2003). Inhibition of Cripto-1 expression 

in mouse ESCs also enhanced the formation of midbrain dopaminergic neurons, along 

with an overall improvement in neurogenesis, in vitro. Transplanting the resultant 

dopamine cells into rat models of Parkinson’s disease led to behavioural and anatomical 

recovery. Interestingly the rats receiving the transplants were tumour free.  (Parish et al., 

2005, Sonntag et al., 2005). The findings proved that Cripto-1 is a major contributor in 

the control of neural induction signalling pathway in ESCs. Moreover, Cripto-1 is a 

indispensable factor in ESCs mediating teratoma formation. 
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The extent of Nodal dependent activities of Cripto-1 during embryo development have 

not been fully resolved. For example, null mutants of Nodal and Cripto-1 display a great 

degree of phenotypic variation (Bianco et al., 2010, de Castro et al., 2010). It is also 

suggested that during embryogenesis Cripto-1 loss might be compensated by its 

ortholog Cryptic or GDF1/3, confounding studies of Cripto-1 in development. On the 

other hand there are striking phenotypic similarities between ES cells mutant for Nodal 

and Cripto-1 and Cryptic double mutant which suggest a dependence of Cripto-1 

functioning on Nodal during embryogenesis (Chu and Shen, 2010). However, other 

studies propose Nodal-independent roles of Cripto-1 in embryogenesis. In one such 

study involving mouse embryos, it was shown that the Cripto-1 point mutant F78A 

(inefficient in activating Smad2/Alk4/Nodal pathway) could efficiently initiate 

gastrulation movements including posterior/anterior pattern speciation, where Cripto-1-

/- mice fail to do so (D'Andrea et al., 2008).  

 

It was also observed that a signalling mechanism different from Nodal is used by 

Cripto-1 to induce the differentiation of anterior visceral endoderm (AVE) and the 

visceral endoderm (VE). AVE and VE differentiation can be brought about in vitro in 

endodermal stem cells by treatment with Cripto-1. SB431542, a potent inhibitor of 

Alk4/Alk5/Alk7, disrupts Nodal-mediated differentiation during embryogenesis without 

affecting Cripto-1 dependent AVE and VE differentiation confirming the activity of 

Cripto-1 irrespective of the presence of Nodal (Kruithof-de Julio et al., 2011). 

Therefore, during embryogenesis, Cripto-1 renders its activities in both a Nodal-

dependent and independent manner. Another study showed that Cripto-1 is expressed 

along with other self renewal regulators OCT3/4, NANOG, SOX2 in the nestin-positive 

leptomeninges-derived neurospheres, cells known to contribute to the correct cortex 

development and function (Befari et al., 2009). 

 

1.3.4 Role of Cripto-1 in oncogenesis 

There are significant similarities between the pathways for oncogenic cellular 

transformation and embryogenesis. Accordingly, a number of pathways common to 

both have been identified which suggests a possible reactivation of developmental 

pathways that leads to oncogenic transformation and progression (Bianco et al., 2010). 

Cripto-1 is a critical developmental player that displays re-expression in human adult 



Page | 
 

30

tissues associated with oncogenic cell proliferation, invasion, migration and 

angiogenesis. 

 

1.3.4.1 Cripto-1 and the activation of cancer signalling pathways 

The functioning of Cripto-1 during embryogenesis is mainly dependent on Nodal. But 

there are studies that demonstrate its Nodal-independent activities in stimulating 

survival, proliferation, EMT and migration that promote tumour development 

(D'Andrea et al., 2008, Bianco et al., 2002, Bianco et al., 2008). Cripto-1 

phosphorylates and activates the cytoplasmic form of Src (c-Src) when it gets linked to 

the GPI-associated heparin sulphate proteoglycan Glypican-1. This turns on key 

oncogenic pathways including MAPK (Mitogen-Activated Protein Kinase) and (PI3K) 

Phophatidyl Inositol 3 Kinase/Akt (Bianco et al., 2005b) (Fig. 1.5).  

 

 

Figure 1.5: Cripto-1 cross-talk with the key signalling pathways of embryogenesis 

and cancer progression. Cripto-1 is involved in the regulation of critical tumourigenic 

pathways such as PI3K/Akt, MAPK, C-Src, Wnt/β-catenin, and TGF-β. These pathways 
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also regulate embryogenesis, EMT as well as cancer stem cells through cross-talk. On 

the other hand, the stem cell transcription factors Oct4, Nanog, etc… regulate and in 

turn get regulated by Cripto-1 [Adapted from (Rangel et al., 2012)]. 

The MAPK pathway in the main opposes malignant transformation. However, a number 

of cancer cases contain mutations in MAPK pathways resulting in abnormal signalling 

impinging on several processes necessary for a cancer cell to gain tumourigenic 

potential. In addition, oncogene stimulated senescence avoidance and acquisition of 

drug resistance are also facilitated by deregulated MAPK signalling (Dhillon et al., 

2007, Boutros et al., 2008).  

 

The PI3K/Akt signalling pathway mediates critical cancerous cellular functions 

including the initiation and progression of tumour, as well as outcomes associated with 

tumourigenesis including proliferation, growth, metabolism, angiogenesis, motility, 

invasion, migration, autophagy and survival (McAuliffe et al., 2010, Dobbin and 

Landen, 2013). The deregulation and increased activation of the pathway has also been 

implicated in the development of anti-tumour immunity and immune evasion by the 

cancer cells (Dituri et al., 2011).  

 

Dysregulation of the Wnt/β-catenin pathway has been linked to several cancers and β-

catenin (the transcriptional co-activator) stabilisation is considered a critical hallmark of 

some cancer development. β-catenin regulates the tumour associated gene expression 

profile by binding to the TCF/LEF-1 DNA-binding transcription factor family members. 

β-catenin is also an essential part of cell adhesion complexes, in association with 

cadherins, and as such plays an important role in regulating EMT (Polakis, 2012, van 

der Zee et al., 2013, Kypta and Waxman, 2012). Recently it has been found that Cripto-

1 directly modulates Wnt/β-catenin signalling. Nagaoka et al. (2013) demonstrated that 

Cripto-1 can bind to LRP5 and LRP6 (low density lipoprotein receptor related protein 5 

and 6), and facilitates the binding of Wnt3a to LRP5/6, its co-receptors. This induces 

Wnt/β-catenin signalling. 

 

Bianco et al. (2002) showed, in their study of ALK4-/- and/or Nodal-/- cells, that the 

activation of the above pathways by Cripto-1 are independent of both genes. Similarly 

Nodal- and ALK4- independent activities of Cripto-1 in mice epithelial mammary cells 

were demonstrated during its activation of c-Src, that is critical to its oncogenic activity 
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(Bianco et al., 2003). Cripto-1 mediated MAPK signal transduction is also dependent in 

large part on its ability to bind an endoplasmic reticulum based heat shock protein 

GRP78 that is highly up-regulated on the surface of some cancer cells (Shani et al., 

2008). In fact, any interference in this GRP78-Cripto-1 interaction significantly 

compromises the tumourigenic activity of Crypto-1 as it hampers the Akt/MAPK 

pathway activation. It is noteworthy that GRP78 is also essential for Nodal-dependent 

activities of Cripto-1 such as the induction of Smad2/3 signalling cascade that interferes 

with the pathways proliferative activity (Kelber et al., 2009). In addition, GRP78 

stimulated Akt/MAPK/c-Src signalling activation through Cripto-1 in breast cancer 

cells results in their decreased adhesion and enhanced proliferation. Upon analysis, the 

cells displayed reduced expression of E-cadherin (Kelber et al., 2009, Nagaoka et al., 

2012). The Cripto-1-GRP78 complex has also been associated with a number of EMT 

regulatory pathways including Notch, TGFβ, Wnt/β-catenin in addition to those 

mentioned above thereby playing a role in the control of EMTs (Rangel et al., 2012, 

Nagaoka et al., 2012, Gray and Vale, 2012). 

 

1.3.4.2 Cripto-1 as a possible inducing factor for cancer  

The tumourigenic activities of Cripto-1 first came to light when it was demonstrated 

that its in vitro overexpression transforms diverse cell types such as NOG-8, NIH-3T3 

and CID9 (Ciccodicola et al., 1989, Ciardiello et al., 1991, Niemeyer et al., 1998). 

Furthermore, across a variety of cells including cervical carcinoma, mammary epithelial 

and breast cancer cells, Cripto-1 has been linked with the enhancement of invasion and 

migration suggesting its potential in the progression of tumourigenesis (Ebert et al., 

2000, Normanno et al., 2004a, Wechselberger et al., 2001).  

 

The angiogenic potential of Cripto-1 has also been established under both in vivo and in 

vitro conditions, which could enhance proliferation, invasion and migration of vascular 

endothelial cells. It also induced them to differentiate into vascular structures. 

Subsequently, the neovascularization of MCF7 xenografts was promoted by Cripto-1 

overexpression further confirming the role of Cripto-1 in the regulation of tumour 

angiogenesis (Bianco et al., 2005b). The hypoxia inducible factor 1α (HIF-1α) binds to 

the promoter of Cripto-1 and up-regulates its expression. Therefore, it is highly possible 

that the hypoxic conditions prevalent in the tumour microenvironment enhances the 

expression of Cripto-1 sustaining tumour growth via the formation of new vessels 

(Bianco et al., 2009).  
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Overexpression of Cripto-1 (under WAP or MMTV promoter control) in the mammary 

glands of mice resulted in the development of mammary tumours (Sun et al., 2005, 

Wechselberger et al., 2005). The majority of such MMTV-Cripto-1 (nulliparous) 

transgenic mice were observed with increased intra ductal hyperplasias, ductal 

branching and hyperplastic alveolar nodules. However, papillary adenocarcinoma and 

multifocal hyperplasias also developed in 30-40 % of the multiparous mice 

(Wechselberger et al., 2005). During a two-year period, 20% of the transgenic mice had 

leiomyosarcoma development in the uterus. Enhanced expression of Cripto-1, AKT, 

GSK3β, phosphor-c-Src and dephosphorylated β-catenin were observed in the dissected 

uterine tumours of the transgenic mice (MMTV-Cripto-1) (Strizzi et al., 2007). This 

suggests that Cripto-1 has an important role in the tumourigenesis of the uterus via 

crosstalk with Wnt/β-catenin or through the Akt and c-Src activation. The WAP, but not 

the MMTV, promoter remains active during pregnancy or lactation. Multifocal 

hyperplasias of the intra ducts and mixed subtypes of mammary tumours as well as 

papillary, glandular, undifferentiated, adenosquamous carcinoma and myoepithelioma 

were observed in ~50% of aged WAP-Cripto-1 (nulliparous) mice (Sun et al., 2005). 

MMTV-Wnt-1 transgenic mice with perturbed Wnt/β-catenin signalling presented with 

similar mixed type tumourigenic phenotypes. The significance of the Wnt/β-catenin in 

combination with Cripto-1 in mammary tumour formation in vivo came to light when a 

Wnt/β-catenin hyperactivation was detected in WAP-Cripto-1 transgenic mice with 

mammary tumours (Miyoshi et al., 2002a, Miyoshi et al., 2002b, Sun et al., 2005).  

 

Cripto-1 is highly overexpressed at the transcript and protein levels in a plethora of 

human cancers that includes gastric, breast, pancreatic, colorectal, lung, nasopharynx, 

endometrium, and ovarian carcinomas in addition to its oncogenic functions under in 

vitro and in vivo conditions. However, the expression of Cripto-1 is negligible in normal 

adult tissues (de Castro et al., 2010).  

 

1.3.4.3 Cripto-1 in Cancer Stem Cell maintenance 

CSCs have the unique ability of giving rise to different cell types in tumour tissues 

(tumour heterogeneity) and hence are also sometimes referred to as cancer initiating 

cells (CICs). Therefore, CSCs share functional characteristics with ES and other stem 

cells. CSCs were first discovered in the hematopoietic cells, but have now been 

identified in almost all types of solid cancers including lung, colon, breast, brain, head 
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and neck, pancreas and prostate (Lobo et al., 2007, Seton-Rogers, 2013, Chen et al., 

2013a). CSCs are also considered to be mainly responsible for tumour relapse as they 

consist of a distinct population of radio- and chemo- resistant cancer cells (Martin-

Padura et al., 2012, Yu et al., 2011). In addition, the implantation of CSCs into 

immunodeficient NOD/SCID mice recapitulates the tumour of origin demonstrating 

their ability to self-renew (Visvader and Lindeman, 2008).  

 

As discussed above significant similarities exist between the pathways leading to 

oncogenesis and embryogenesis. Therefore, it is highly possible that the reactivation of 

developmental pathways contributes to the development and progression of 

tumourigenesis of adult tissues (Bianco et al., 2010). Cripto-1 represents a classical 

example of a gene having similar significance in both cancer and embryogenesis. It is 

enriched in the subpopulations of cancer cells that display stem cell characteristics. 

Watanabe and colleagues (2010) demonstrated the existence of two distinct patterns of 

Cripto-1 expression (high and low) in embryonal carcinoma (EC) suggesting that the 

expression of the gene is heterogenous. The EC cells are of teratocarcinoma origin and 

are pluripotent and malignant in nature. It was a matter of great interest that the 

variation in Cripto-1 gene expression in the subpopulations correlated with in vivo and 

in vitro tumour forming capabilities. The EC subpopulation with high Cripto-1 

expression gave rise to spheres, even in serum free medium and the efficiency of sphere 

formation by such cells were significantly higher compared to those with low Cripto-1 

expression. Introduction of the EC cells with high Cripto-1 levels into NOD/SCID mice 

generated large tumours with a much shorter latency period compared to the low Cripto-

1 expressing cells. Above all, a cross regulatory network of signalling and transcription 

factors including Nodal/Activin, Oct4 and Nanog involved in the maintenance of 

Cripto-1 was evident in the EC cells with higher Cripto-1 expression (Loh et al., 2006). 

However, the knock-down of Cripto-1 did not influence the expression pattern of the ES 

pluripotency genes Sox2, Nanog, Lefty and Oct4. Cripto-1 has been used as a potential 

marker in the identification of human melanoma stem cells (Strizzi et al., 2008). In this 

study, a FACS based subpopulation that displayed stem cell like characteristics from a 

melanoma cell line was isolated using Cripto-1 as the marker for sorting the cells. The 

isolated subpopulation was a markedly small sized population, the cells were spindle 

shaped with enhanced expression of Nanog and Oct4.  
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Others have found the co-existence of Cripto-1 with other pluripotency markers like 

SUZ-12 and Oct4 in small stem cell like populations isolated from prostate tumour cells 

(both from hormone refractory and responsive types) (Cocciadiferro et al., 2009). 

Hence, Cripto-1 has been successfully used in the isolation of cancer cell 

subpopulations with stem-like characteristics.  

1.3.4.4 Cripto-1 and Epithelial-Mesenchymal Transition (EMT) 

During tumour migration and metastasis, there are dynamic morphological changes in 

epithelial cells to acquire mesenchymal like properties via a process known as the 

epithelial-mesenchymal transition (EMT). A high Cripto-1 level is detected in the 

epiblast cells of the embryo that undergo EMT to ingress through the primitive streak to 

give rise to the endoderm and mesoderm (Strizzi et al., 2005). During the progression of 

tumourigenesis, critical EMT genes need to be expressed in order to obtain a 

mesenchymal phenotype, which is critical to escape the primary tumour site and invade 

locally to establish metastases (Micalizzi et al., 2010). It has been established that 

Cripto-1 plays a significant EMT regulatory role in collaboration with Twist, Snail, 

Six1 and Slug to maintain the plasticity of the tumour cells (Micalizzi et al., 2010). 

Similarly, it was observed that MMTV-Cripto-1 mediated mouse mammary tumours 

and hyperplasias expressed significantly higher levels of markers characteristic of EMT 

(Strizzi et al., 2004). The findings of these studies are crucial as EMT and stem cells 

have now been intricately linked (Hollier et al., 2009). Indeed, in breast cancer cells the 

induction of EMT gave rise to enhanced stem cell marker expression as well as in vitro 

mammosphere forming abilities. Hence, EMT is critical in the generation of stem cell 

characteristics in breast tumours (Mani et al., 2008). As Cripto-1 promote EMT in 

mammary epithelial cells, it is likely that Cripto-1 might regulate metastasis, invasion as 

well as self-renewal in cancer stem cells (Strizzi et al., 2004). 

 

1.3.4.5 Cripto-1 in cancer prognosis, diagnosis and therapeutics 

Cripto-1 is highly overexpressed in a number of human cancers but barely detectable in 

normal adult tissue homeostasis. It is also enriched in stem cell-like populations in 

various carcinomas. These findings strongly support the targeting of Cripto-1 in 

potential cancer therapeutics. In order to interfere with the high Cripto-1 expression in 

cancer cells, two distinct approaches have been undertaken: (i) use of antisense 

oligonucleotides against Cripto-1; (ii) anti-Cripto-1 monoclonal neutralizing antibodies. 

Both approaches have met with success (Adkins et al., 2003, Hu et al., 2007, Normanno 

et al., 1996, Normanno et al., 2004b).  
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Due to its unique expression pattern of high and near negligible in tumour and normal 

human tissues, respectively, Cripto-1 has found increased application in cancer 

detection. Cripto-1 has been established as a novel biomarker in colon and breast cancer 

due to its significant presence in the plasma of such cancer patients as compared to the 

normal volunteers (Bianco et al., 2006, Bianco et al., 2008c). Other groups have found 

significantly high levels of Cripto-1, both at the transcript and protein levels, in different 

cancers including ovarian, colon, breast, and lung carcinoma (de Castro et al., 2010, 

Normanno et al., 2004b). The expression and role of Cripto-1 in different human 

tumours is listed in Table 1.2. 

 

Likewise, Strizzi and his colleagues (2013) have successfully used Cripto-1 in the 

isolation of stem-like cells from melanoma. Therefore, the use of Cripto-1 in cancer 

detection can be extended to other tumour types. Such findings augur well for the future 

of cancer diagnostics that has been an Achilles heel in the treatment of cancer as its 

detection has been very difficult in most of the cases. 

 



Page | 
 

37

Table 1.2 Cripto-1 effect and expression in different human tumours 

Cancer type Clinical relevance Reference 

Cervical carcinoma 

Increased size of tumour, enhanced 

expression of vimentin and other EMT 

markers, metastasis of lymph node, 

parametrial and endometrial extension. Its 

blockade enhances apoptosis. 

(Ebert et al., 2000, 

Ebert et al., 1999, 

Ertoy et al., 2000). 

Endometrial 

carcinoma 

Myometrial invasion, advanced surgical 

stage, peritoneal washing stage positive, 

high histological grade. 

(Ertoy et al., 2000, 

Niikura et al., 1996). 

Colon cancer 

Lympho vascular involvement, metastasis 

metachronous in nature, advanced tumour 

stage, poor prognosis and reduced survival 

expectancy. 

(Bianco et al., 2006). 

Breast cancer 
Invasive lobular or ductal carcinoma, high 

histological grade, reduced survival 

expectancy. 

(Bianco et al., 2006, 

Gong et al., 2007) 

Nasopharyngeal 

cancer 

Advanced tumour stage, distant metastasis, 

metastasis of the lymph node. 
(Wu et al., 2009) 

Esophageal cancer Increased expression of EMT markers, 

enhanced metastasis 
(Chen et al., 2013b) 

Glioma 

High in patient plasma, 

Shorter overall survival, 

Expressed in perivascular cancer cells and 

endothelial cells. 

(Pilgaard et al., 2014) 

Ovarian cancer Advanced stage of tumour. (D'Antonio et al., 

2002) 

Gastric cancer 

Differentiation of tumour moderate, 

advanced stage of tumour, lymph node and 

distant metastasis, poor prognosis and 

increased tumorigenesity 

(Saeki et al., 1994, 

Zhong et al., 2008, 

Hong et al., 2009) 

Pancreatic cancer Advanced stage of tumour and increased 

tumorigenesity 
(Hong et al., 2009) 

Melanoma 

Expressed in both non-invasive and 

aggresive uveal melanoma, negative in 

primary uveal melanocyte. Marks 

subpopulation that expresses high OCT3/4 

and NANOG (self-renewing cells). 

Contributes to invasion and proliferation of 

melanoma cells. Highly expressed in cells 

that are resistant to therapy and contribute 

to disease recurrence 

 

(Mallikarjuna et al., 

2007, Strizzi et al., 

2008, De Luca et al., 

2011, Strizzi et al., 

2013) 

Gallbladder 

carcinoma 

High in well differentiated and papillary 

tumours than poorly differentiated. 

(Fujii et al., 1996) 

Prostate Identifies cancer stem like cells populations 
(Cocciadiferro et al., 

2009) 
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The treatment of different cancer cells derived from colon, breast and ovarian 

carcinoma in vitro with antisense oligonucleotides against Cripto-1 produced major 

growth inhibitory effects on the cells. Such oligonucleotides became all the more potent 

in their activity when used in combination with anti-TGFβ oligonucleotides. This 

suggests that multiple growth factors are cooperatively involved to induce the 

proliferation in tumourigenesis (Casamassimi et al., 2000, Normanno et al., 2004b). 

Similar effects have been found using different monoclonal antibodies designed against 

Cripto-1 that could easily target and neutralise the overexpressed protein (Adkins et al., 

2003, Hu and Xing, 2005). These monoclonal antibodies have the added advantage of 

being designed against specific domains of Cripto-1 that could inhibit its activity in a 

series of human cancer cell lines. They are also highly effective under in vivo 

conditions. For example, the monoclonal antibodies against the CFC domain mainly 

interfere with the interaction of Cripto-1 with ALK4 and activin B via the CFC region 

(Adkins et al., 2003). Recently, Kelly et al. (2011) have chosen the NH2-terminus end 

of Cripto-1 to design antibodies against due to the large range of interaction with 

various Cripto-1 binding partners that this domain shows in human tumours. A 

monoclonal antibody against the N-terminal domain of Cripto-1 (BIIB015) which has 

induced significant tumour regression both in vivo and in vitro is currently under phase I 

clinical trial (Kelly et al., 2011). These results signify the importance of Cripto-1 in 

tumour development, maintenance and progression and suggest that it can be a critical 

target in cancer therapy.  

 

1.3.9 Conclusion 

Cripto-1 has emerged as a key regulatory player of oncogenesis in addition to its 

significance in embryonic development. This review has summarised the important 

roles of Cripto-1 in tumour development and progression. In particular, it has been 

established that Cripto-1 can modulate the EMT through its interaction with signalling 

pathways such as Wnt/β-catenin, Notch-1 and others in a Nodal dependent and 

independent manner. Cripto-1 has also been used as a critical marker for the isolation of 

small subpopulation of cancer cells that possessed stem-like characteristics. In addition, 

Cripto-1 can play a definite role in the self-renewal process for the maintenance of the 

cancer stem cells. In a cross section of human tumours, Cripto-1 has been found to be 

highly upregulated as compared to normal adult tissues, which further enhances its role 

as an important player of tumourigenesis. Accordingly, Cripto-1 has been targeted in 

cancer therapeutics with successful outcomes. Further research into the regulatory 
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aspects of Cripto-1 should be carried out keeping in mind the significant potential that 

this protein shows in controlling cases of cancer relapse.  
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CHAPTER 2 

ASSESSING STEMNESS AND PROLIFERATION 

PROPERTIES OF A NEWLY ESTABLISHED 

COLON CANCER ‘STEM’ CELL LINE, CSC480, 

AND NOVEL APPROACHES TO IDENTIFY 

DORMANT CANCER CELLS  
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2.0 ABSTRACT 

Two questions that remain unanswered regarding cancer are, (i) how is it initiated, 

and (ii) what is the role that cancer stem cells (CSCs) play in the disease process? 

Understanding the biology of CSCs and how they are generated is pivotal for the 

development of successful treatment regimens. To date, the lack of a representative 

cell model has prevented the successful identification and eradication of CSCs in vivo. 

 

The current methods of CSC identification are dependent on the protocol used to 

generate these cells. This has introduced variation and made the identification process 

more complicated. Moreover, the list of possible markers is increasing in complexity.  

This is further confounded by the fact that there is insufficient information to 

determine whether the cells these markers detect are truly self-renewing stem cells or, 

instead, progenitor cells (partially self-renewing). Here, we investigate a novel cell 

line model, CSC480, which can be employed to assess CSC markers and for testing 

novel therapeutic regimens. CSC480 cells have been shown to express markers of 

CSCs; CD44, ALDH1 and Sox2, that are not expressed in the parental cell line, 

SW480. CSC480 cells also express higher levels of the cancer resistance marker, 

ABCG2, and have higher proliferative and growth capacity than SW480. In this 

study, we also tested a novel approach to identify different cell types present in 

heterogeneous cancer cell populations according to their proliferative ability using the 

proliferation marker EdU (5-ethynyl-2'-deoxyuridine). 

 

Furthermore, using EdU, we were able to identify dormant cells with a modified 

label-retaining cell (LRC) protocol. Via this novel LRC method, we can assess newly 

discovered markers of stemness to ascertain their capability to identify quiescent from 

dividing CSCs. In conclusion, the CSC480 cell line is an important model to be used 

in unravelling the underlying mechanisms that control fast-dividing and partially self-

renewing SCs that may give rise to cancer.  
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2.1 INTRODUCTION 

As indicated in the literature review chapter, one of the main aims of the current thesis 

is to study the factors that regulate the CSCs of GBM. This aim has been restricted by 

the availability of valid CSC models that could provide a better understanding of these 

factors. Fortunately, a novel putative CSC model (CSC480) recently became available. 

The CSC480 model will be assessed using specific techniques to identify and 

characterise CSCs of different origins. 

 

It has recently been demonstrated that the recurrence of cancer in vivo is attributable to 

the self-renewal capacity of so called cancer stem cells (CSCs) or cancer initiating cells 

(CICs) (Thomas et al., 2009). It has also been shown that resistance to conventional 

therapeutic regimens in vitro and in vivo is a feature of these cells (Yang and Wechsler-

Reya, 2007). Thus, it is cruicial to assess the self renewal of CSC480 cells. A particular 

set of genes,including ALDH1A1 and CD44 are known for their role in maintaining the 

self renewal of CSCs.  

 

CD44 is one of the most common surface markers used to identify CSCs (Shen et al., 

2013).  The CD44 glycoprotein is a receptor for a major component of the extracelluar 

matrix, hyaluronan (HA) (Misra et al., 2006a). In many cancers, binding of HA to CD44 

activates multiple receptor tyrosine kinases, including epidermal growth factor receptor 

(EGFR) and ERBB2 (Ghatak et al., 2005).  HA binding to CD44 leads to activation of 

the MAPK and PI3K/AKT pathways, resulting in increased proliferation and survival 

(Misra et al., 2006a). Inhibition of CD44-HA binding prevents tumour formation in 

colorectal cancer (Kim et al., 2004).  CD44, either alone or in combination with other 

surface markers, has been used to identify and isolate cells with stem cell properties 

from colon cancer tissue (Du et al., 2008). 

 

Aldeflour is a new flow cytometer methodology that measures ALDH activity in viable 

cells. This method was initially used to sort hematopoietic cells (Jones et al., 1995, 

Armstrong et al., 2004). ALDH1 activity was combined with CD34 expression to 

identify distinct hematopoietic stem and progenitor cell subpopulations (Storms et al., 

2005). Based on its role in the identification of haematopoietic stem cells, it has been 

hypothesised that ALDH1 is plausibly useful to identify CSCs from multiple myeloma 

and leukaemia patients. This is supported by the fact that isolated ALDH bright cells 

show high tumourigenicity when inoculated into NOD/SCID mice (Matsui et al., 2004, 
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Pearce et al., 2005). These ALDH bright cells also exhibit the traditional features of a 

stem cell such as a slow proliferation rate. 

 

Dormancy is one process that CSCs use to evade the immune system before or after 

metastasis. It is believed that dormant metastatic cells originate from a pool of quiescent 

cells. Being non-proliferative, resting in the quiescent state and loss of apoptotic 

potential as well as retention of label-retaining cell (LRC) markers or expressing stem-

like markers are defining features of these cells (Naumov et al., 2006). Research 

hypotheses have been developed to investigate the interchangeable state between slow 

and fast proliferating cancer cells. One of the major research questions was to address 

this process in dormant cancer cells after metastasis to determine if it is restricted to 

metastasis or can also occur in the primary tumour (Yu and Zhu, 2013). CSCs survive 

extreme micro-environmental conditions long-term by being dormant. However, the 

decision to remain dormant or to proliferate is coordinated by extracellular conditions 

including immune reactions to antitumour treatment and variations in angiogenic 

processes (Quesnel, 2013, Wells et al., 2013). Key intracellular checkpoints controlling 

the entry-exit from quiescence include modifications in cell cycle (Kleffel and Schatton, 

2013). Understanding the behaviour of ‘dormant’ CSCs and unravelling approaches to 

identify them are critical in the treatment of cancer.  

 

Several studies have claimed that proliferation markers like BrdU can be used as label-

retaining markers for the identification of slow dividing SCs (Duvillié et al., 2003). We 

exploited the properties of the proliferation marker 5-Ethynyl-2’-deoxyuridine (EdU), 

which is incorporated into the DNA of actively dividing cells in the same manner as 

BrdU. Upon cell division, it distributes equally to both daughter cells.  Therefore, EdU 

fluorescence decreases with each round of DNA synthesis and cell division but is 

retained at original levels in non-dividing cells (Diermeier-Daucher et al., 2009).  

 

The rationale of the study is that a new putative cancer stem cell model was just 

released. These cells are established and promoted by a company called Biomedicure 

(San Diego, USA) but no information is available about their generation either through 

the company or in the literature (Appendix I). Thus, these claims need to be verified 

independently. As mentioned in the literature review, CSCs are supposed to display 

defining characteristics and these were investigated accordingly. 
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Here, we assess the stemness properties and proliferative capacity of CSC480 cells 

using in vitro techniques. Moreover, this study presents a new approach for identifying 

different populations in heterogenous cancers. Finally, we hypothesised that we could 

assess the utility of EdU for the characterisation of an infrequently cycling (i.e. EdU 

retaining), tumour-initiating, sub-population in human colon cancer cells. FHC (normal 

fetal human colon epithelial cell line) cells and SW480 cells were used as controls in 

this study as they most closely represent normal fetal colon cells and early grade 

tumours, respectively.  

 

2.2 MATERIALS AND METHODS 

2.2.1 Cell Culture 

Three colon cancer cell lines were used: FHC (normal fetal human colon epithelial cell 

line; ATCC, Manassas, USA), SW480 (an early stage cancer cell line; ATCC, 

Manassas, USA) and CSC480 (Cancer Stem Cell line; Biomedicure, San Diego, USA). 

The SW480 and CSC480 cells were maintained in DMEM-high glucose media (Gibco, 

Life Technologies, Carlsbad, USA) supplemented with 10% (v/v) fetal bovine serum 

(FBS) (Gibco, Life Technologies, Carlsbad, USA), 100 g/ml streptomycin, 100 U/ml 

penicillin and cultured in a humidified atmosphere of 5% CO2 at 37ºC. The FHC cell 

line was propagated using DMEM/F12 (Gibco, Life Technologies, Carlsbad, USA) 

supplemented with 25 mM HEPES, 10 ng/ml cholera toxin, 0.005 mg/ml insulin, 0.005 

mg/ml transferrin, 100 ng/ml hydrocortisone (Sigma Aldrich, St. Louis, USA) and 10% 

FBS (Gibco, Life Technologies, Carlsbad, USA). 

 

2.2.2 Flow cytometry  

2.2.2.1 ALDH Activity Assessment 

ALDH activity was analysed using the ALDEFLUOR assay according to the 

manufacturer’s instructions (STEMCELL Technologies, BC, Canada). Approximately 

1x106 cells were used for analysis. Firstly, cells were detached using Accutase 

dissociation reagent (Innovative cell technologies, CA, USA). Cells were then washed 

three times with PBS, and centrifuged at 1400 rpm for 2 minutes for each wash. Cell 

concentration was determined via trypan blue exclusion.  Cells were then resuspended 

using ALDEFLUOR activated reagent (BAAA, 1 µmol/l per 1×106 cells). Half of the 

cell suspension was transferred to another tube containing DEAB 

(diethylaminobenzaldehyde) solution (50mmol/L) and incubated for one hour at 37°C to 

de-activate the ADLEFLUOR activated reagent. Cells were then pelleted by 
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centrifugation at 1400 rpm for 2 minutes, the supernatant was removed and the cells 

were resuspended in 200 µL of 1% BSA/ALDEFLUOR buffer.  

 

2.2.2.2 CD44 Flow Cytometric Analysis 

For analysis of CD44 expression, cells were detached using Accutase dissociation 

reagent (Innovative cell technologies, CA, USA). The cell suspension was washed twice 

with PBS and centrifuged at 1400 rpm for 2 minutes for each wash. Cells were 

incubated with mouse anti-human CD44-FITC primary antibody (Life Technologies, 

Carlsbad, USA) or mouse isotype matched control (eBIOSCIENCE, USA) on ice and in 

the dark for 30 minutes. Cell suspensions were then centrifuged for 10 minutes at 800 

rpm at 4°C, the supernatant were removed, the cells were resuspended in 1% BSA in 

PBS and incubated with 7-AAD (eBIOSCIENCE, USA) on ice for 5 minutes. Cells 

were then analysed via flow cytometry. 

 

2.2.2.3 Flow Cytometric Analysis  

The flow cytometric analysis was performed on a FACSAria flow cytometer (BD 

Biosciences). The rate of acquisition was set to fewer than ten thousand events per 

second. The logarithmic amplification was used for EdU fluorescence. For the detection 

of EdU with Alexa Fluor 647, 633/635nm excitation with the red emission filter 

(660/20nm) was used, while for the detection of CD44 with FITC, 488nm excitation 

with a green filter emission filter (530/30nm) was used. A whole cell gate on forward 

versus side scatter was constructed to exclude debris, doublets and aggregates.  This 

gate was used for all subsequent analyses. 

 

2.2.3 Immunofluorescence staining 

SW480 and CSC480 cells were seeded into 8-well chambers at a density of 10,000 

cells/well. Cells were pulsed with 10µM EdU for 2 hour (Life Technologies, Carlsbad, 

USA). Then, they were fixed with 4% formaldehyde and stained using Click-iT 5-

ethynyl-20-deoxyuridine (EdU) Imaging Kit (Life Technologies, Carlsbad, CA, USA) 

following the manufacturer’s protocol. Cells were washed three times with 1xPBS and 

were blocked in 1% BSA in 1XPBS. Then, they were incubated with mouse anti-human 

CD44 monoclonal antibody (1:100 dilution) (Cell signalling, MA, USA) or mouse 

isotype matched control (eBIOSCIENCE, CA, USA) at room temperature and in the 

dark for 30 minutes. The primary antibody was withdrawn and cells were washed three 

times as mentioned above. Then, cells were incubated with Donkey anti-mouse alexa 
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flour 594 (AF594) secondary antibody (1:1000) (abcam, MA, USA).  They were 

washed as above and counter stained with vectashield DPAI. 

 

2.2.4 Image Acquisition and Analysis 

Immunofluorescence images were acquired using an Axio Imager Z1 fluorescence 

microscope (Zeiss, USA) and an AxioCam camera (Zeiss). Images were processed 

using AxioVision 4.6.3 (Zeiss) digital image editing software and adjusted for 

brightness and contrast only using Adobe Photoshop software. 

 

2.2.4 RNA Extraction 

Cells in T75 flasks (Corning, NY, USA) were washed twice with 4mL Dulbecco’s 

phosphate buffered saline (PBS) and incubated with 3-4mL trypsin (Gibco, Life 

Technologies, Carlsbad, USA) for 3-5 minutes at 37°C. Once detached, the trypsin was 

inactivated by the addition of an equal amount of fresh media containing serum, and the 

cells were pelleted by centrifugation at 1400 rpm for 5 minutes. The cells were washed 

with 2-3mL PBS (depending on the pellet size) and pelleted in a 1.5mL Eppendorf tube 

by centrifugation at 1500 rpm for 5 minutes at 4°C. Cell pellets were stored at -80°C 

until processing. 

 

Total RNA was extracted using the mRNeasy kit (Qiagen, Valencia, USA) according to 

the manufacturer’s instructions. Cell pellets (typically ~1x106 cells) were resuspended 

in 350µL lysis buffer and disrupted by vortexing vigorously for 15 seconds. 350µL of 

70% ethanol was added before each sample was transferred to an RNeasy spin column. 

Following wash steps, the RNA was eluted in 30µL RNase/DNase free water. The 

amount and purity of the RNA was determined by measuring absorbance at 260 nm 

(A260) and 280nm (A280) on a NanoDrop spectrophotometer (Thermo Fisher 

Scientific, DE, USA). An A260/A280 ratio of 1.8-2.0, indicating RNA free of 

contaminating protein or phenol, was obtained for all samples. RNA was stored at -

80°C. 

 

2.2.5 cDNA Synthesis 

cDNA was synthesized with miSript reverse transcription kit (Qiagen, Valencia, USA) 

according to the manufacturer’s instructions. Briefly, to perform the cDNA synthesis, 

up to 1µg of RNA was mixed with 5X miScript RT buffer, 1µL of miScript Reverse 

Transcriptase Mix and adjusted with water to a total of 20µL. The reaction was mixed 
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and incubated at 37ºC for 60 minutes, then incubated at 95ºC for 5 minutes to inactivate 

the miScript Reverse Transcriptase Mix. cDNA samples were then stored at -20ºC. 

 

2.2.6 Real Time Quantitative PCR 

Quantitative real time PCR was performed using iCycler iQ5 real-time PCR system 

(Bio-Rad, USA). Quantitative gene expression was determined for ABCG2, CD44, 

Ki67, EpCAM, ALDH1A and SOX2 (Origene, USA).  The primer sequences are shown 

in Table 1.   

 

Results were normalized to the housekeeping gene GAPDH (Origene, USA). Real time 

PCR was performed according to the following cycling protocol: 1 cycle 95ºC for 10 

minutes, followed by 42 cycles of 94ºC for 10 seconds, and 60ºC for 10 seconds. 

 

Table 2.1 Primer sequences 

Gene name Forward sequence Reverse Sequence 

ABCG2 GTTCTCAGCAGCTCTTCGGCTT TCCTCCAGACACACCACGGATA 

CD44 CCAGAAGGAACAGTGGTTTGGC ACTGTCCTCTGGGCTTGGTGTT 

Ki67 GAAAGAGTGGCAACCTGCCTTC GCACCAAGTTTTACTACATCTGCC 

EpCAM GCCAGTGTACTTCAGTTGGTGC CCCTTCAGGTTTTGCTCTTCTCC 

ALDH1A CGGGAAAAGCAATCTGAAGAGGG GATGCGGCTATACAACACTGGC 

SOX2 GCTACAGCATGATGCAGGACCA TCTGCGAGCTGGTCATGGAGTT 

NANOG CTCCAACATCCTGAACCTCAGC CGTCACACCATTGCTATTCTTCG 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

 

2.2.7 5-Ethynyl-20’-Deoxyuridine (EdU) Incorporation  

Cells were exposed to a 2 hour pulse of 10µM EdU (Life Technologies, Carlsbad, 

USA). Retention was measured in SW480 and CSC480 lines at different time points 

post-labelling (24, 48, 72 and 96 hour) after a 24 hour EdU exposure (10µM). Labelling 

was performed according to the manufacturer’s instructions (Click-iTTM EdU, (Life 

Technologies, Carlsbad, USA)). 

 

2.2.8 MTT Proliferation Assay 

Three hours before each of the time points, 20µL of MTT solution (5 mg/mL in PBS) 

(Sigma Aldrich, St. Louis, USA) was added into each well and cells were incubated at 
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37°C for a further 3 hours. The medium was removed and 100µL of DMSO was added 

into each well. The plate was gently rotated on an orbital shaker for 10 minutes to 

completely dissolve the precipitate. The absorbance was detected at 570 nm with a 

microplate reader (POLARstar Omega, BMG Labtech, Offenburg, Germany). 

 

2.2.9 Statistical Analysis 

Graphpad Prism 6 software suite was used to perform statistical analysis using student’s 

t-test. Experiments were conducted in triplicate and data is presented as means with 

standard error of mean. Results were considered significant when p<0.05 was obtained. 

 

2.3 RESULTS  

2.3.1 Phenotypic and molecular assessment of CSC480 cells compared to SW480  

Using well-characterised biomarker assays, the stem cell-like characteristics of the 

CSC480 cell line were assessed compared to the parental cell line, SW480. It was found 

that these markers vary in their expression between the two cell lines. CSC480 

expressed significantly higher CD44 protein (90.5%) than SW480 cells (42.4%) (Fig. 

2.1A). Moreover, CSC480 cells expressed twice the amount of CD44 mRNA than 

SW480 cells while FHC “normal” colon epithelial line expressed little if any, CD44 

(p<0.001) (Fig. 2.1B). CSC480 cells also expressed higher ALDH1 activity (45.5%) 

compared with SW480 cells (10.08%) (Fig. 2.1C). We also found that CSC480 

expressed 3 times more ALDH1 mRNA (p<0.05) (Fig. 2.1D) and 4 times more ABCG2 

(p<0.01) (Fig. 2.1E) than SW480 cells. CSC480 cells expressed an approximately two-

fold increase in Sox2 mRNA than SW480 cells (p<0.001) (Fig. 2.1F). 

 

Interestingly, EpCAM, a marker for isolating self-renewing colorectal cancer cells, 

showed approximately 2-fold higher expression in SW480 compared to CSC480 (top 

panel). The embryonic stem cell gene, NANOG, was more highly expressed in both cell 

types compared to FHC cells (lower panel). Both were significantly different from FHC 

cells (p<0.001) (Fig. 2.2).  
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Figure 2.1: Phenotypic and molecular characterisation of the CSC480 cancer cell 

line. A. Flow cytometry analysis of CD44 in CSC480 cell line. The scatter plots on top 

row represents isotype-FITC labelled control group and on bottom row represent CD44-

FITC group. The CD44-FITC fluorescence intensity in CSC480 cell lines was 

compared to SW480, an established cancer cell line. There was considerable increase in 

CD44-FITC intensity in CSC480 cell lines as compared to the control cancer cell line.  

B. Expression of CD44 mRNA levels in CSC480 cells. The CD44 mRNA levels were 

measured in CSC480 cells and compared against SW480 cancer cell line and normal 

colon cell line, FHC as controls. Data are mean ± SEM, n=3; statistical analysis, one-

way ANOVA, ***p<0.001 to FHC. C. Analysis of ALDH1 in CSC480 cells. Scatter 

plots on the left show flow cytometry analysis of ALDH1 using Aldefluor assay. Area 

under dotted line represents Aldefluor treated cells while area under solid line represents 

ALDH1 Aldefluor treated cells. D. Bar graph on the right show ALDH1 mRNA 

expression levels in CSC480 cell line and compared against SW480 control cell line. 

Data are mean ± SEM, n=3, statistical analysis, Student’s t-test, *p<0.05. E. Expression 

of ABCG2 and Sox2 mRNA levels in CSC480 cells. Bar graph on left represents 

ABCG2 mRNA levels in CSC480 cells compared to control SW480 cells, data are 

mean ± SEM, n=3, statistical analysis, Student’s t-test, **p<0.01. F. Bar graph on right 

represents expression of SOX2 mRNA levels in CSC480 cell lines and compared 

against cancer cell line, SW480 and normal colon cell line, FHC as controls.  Data are 

mean ± SEM, n=3, statistical analysis, one-way ANNOVA, ***p<0.001 compared to 

FHC. Abbreviations used, FHC, fetal human colon cell line; CD44, CD44 antigen; 

ALDH1, Aldehyde dehydrogenase family 1 member A1; ABCG2, ATP-binding 

cassette sub-family G member 2; SOX2, Transcription factor SOX-2. 
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Figure 2.2: Expression analysis of EpCAM and NANOG mRNA levels in CSC480 

cancer cell line. Top bar graph represents expression of EpCAM mRNA levels and bar 

graph in the bottom row represents expression of NANOG mRNA levels in CSC480 

cancer cells as compared to SW480 cancer cells and FHC normal colon cells. Data are 

mean ± SEM, n=3, statistical analysis one-way ANNOVA, ***p<0.001 compared to 

FHC. Abbreviations used, FHC, foetal human colon cell line; EpCAM, Epithelial cell 

adhesion molecule; NANOG, Homeobox transcription factor Nanog.  
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2.3.2 Comparing CSC-480 cells with SW480 tumour sphere cells 

To determine if the established cell line, CSC480, showed similar expression of CD44 

marker as compared to conventional method, I used an established method for enriching 

cancer cells into a stem-like phenotype (Wang, 2012). SW480 cells were exposed to an 

enrichment medium in low adherent culture to form tumour spheres and analyzed for 

CD44 expression. Flow Cytometer analysis showed that following tumour-sphere 

formation, SW-480 cells expressed CD44 to a similar degree as CSC480 cells  (Fig.2.3) 

(to be compared with Fig. 2.1A).  

 

 

Figure 2.3: Assessing tumour-sphere enrichment using CD44 stem-like/progenitor 

marker in SW480 cells. SW480 tumour-spheres generated using a conditioned medium 

were subjected to flow cytometry analysis. Graphical presentation of CD44-FITC 

fluorescence intensity is shown. Area under dotted line represents isotype-FITC 

fluorescence intensity as control while area under solid line represents CD44-FITC 

fluorescence intensity.   
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 2.3.4 Assessing the proliferation of CSC480 cells compared to SW480 

CSC480 cells have enhanced proliferative capacity compared to SW480. Ki67, a well-

established proliferation marker, was used to assess the proliferative capacity of the cell 

lines. It was found that CSC480 express Ki67 at 160% of SW480 levels (p<0.001) (Fig. 

2.4A). Moreover, using MTT assays to measure the cell growth rate over a five-day 

period, showed that CSC480 cells grow 10%-15% faster than SW480 cells (Fig. 2.4B). 

There was significant increase in cell growth of CSC480 in day 3, 4 and 5 (p<0.001). 
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Figure 2.4: Assessing the proliferation capacity of CSC480 cancer cells. A. Bar 

graph of expression analysis of cell proliferation marker, Ki67 mRNA level. The mean 

Ki67 mRNA levels in CSC480 cancer cells were compared to SW480 cancer cells and 

FHC fetal colon cells as controls. Data are mean ± SEM, n=3, statistical analysis, one-

way ANOVA, Brown-Forsythe test, ***p<0.001. B. Graphical presentation of MTT 

assay for cell growth and viability in CSC480 cells compared to SW480 cells. Data are 

mean ± SEM, n=3, statistical analysis, one-way ANOVA, Brown-Forsythe test, 

***p<0.001. Abbreviations used, FHC, fetal human colon cell line.  

 

2.3.5. EdU can identify different populations of cells in the CSC480 cell line  

EdU is a well-studied marker for labelling cells in the S phase. Several reports have 

shown different utilities for this marker, including the use of EdU incorporation to 

identify cells subsequently residing in a quiescent state (dormancy) (Deleyrolle et.al. 

2011). Exposing CSC480 cells to EdU for two hours showed that cells were divided 

into five different populations according to their EdU fluorescence intensity and CD44 

expression. Four CD44 stained populations were labelled with EdU, while only a minor 

population was positive for CD44 alone. This EdU-negative and CD44-positive 

population might represent the ‘true’ stem-like cell population. We observed that EdU 

was able to divide SW480 cells into similar populations ratios as well (Fig. 2.5A). 

Immunofluorescence staining demonstrated a similar trend when EdU was combined 

with CD44. It has shown that EdU will stain CD44 positive population with variable 

intensities. The highly expressing EdU population were lower in CD44 expression. 

Conversely, highly CD44 expressing cells showed low to diminished EdU labeling 

intensity (Fig. 2.5B). This indicates that EdU may be used to identify different 

populations in a heterogeneous cancer population according to their division state.  
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Figure 2.5: Identifying CD-44 positive populations in SW480 and CSC480 cancer 

cell lines. A. Flow cytometry analysis of CD44 positive populations using thymidine 

analogue EdU in SW480 (scatter plot on left) and CSC480 cells (scatter plot on right) is 

presented. Q1, EdUhigh/CD44low; Q2, EdUhigh/CD44high; Q3, EdUlow-mid/CD44high; Q4, 

EdU low/CD44high; Q5, CD44high. B. Identification of CD44 and EdU positive cell 

populations. Immunofluorescence images of CD44+ve and EdU+ve cell populations in 

CSC480 and SW480 cell lines are shown. Anti-CD44 (red), EdU+ve (green) and cell 

nucleus (DAPI, blue), right panel, merged images. Top row, SW480 cells; bottom row, 

CSC480 cells, images captured at 63X magnification.   
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2.3.6 FHC cell line for assessing quiescence markers and the resistance to 

therapeutic regimens in cancer compared to normal cells 

We used FHC gene expression to calibrate stem cell-like characteristics in CSC480 

cells compared to SW480 cell line. FHC cells are very slow in division, which might be 

an indicator that they are resting at the quiescence stage. The gene expression of 

markers normally associated with stem cell-like properties were analysed in FHC cells.  

 

To our surprise, we found that the FHC cells express high levels of known stem cell 

marker ALDH1, whereas the CSC480 and SW480 cells express low levels. FHC cells 

expressed 1000 fold more ALDH1 than SW480 cells (p<0.01) and around 400 fold more 

than CSC480 cells (p<0.001) (Fig. 2.6A and B) This indicates that FHC could be used 

for assessing markers of slow cycling cancer cells and that ALDH1 may be a marker of 

quiescence. Moreover, ABCG-2, a cancer resistance marker, was also up regulated in 

FHC compared to both CSC480 and SW480. FHC were associated with 80 fold more 

ABCG-2 mRNA than SW480 cells (p<0.001) and 30 fold more AGCG-2 mRNA than 

CSC480 cells (p<0.01) (Fig. 2.7A and B). Combining this observation with data from 

other studies suggests that this approach may be utilised for identifying quiescent cells. 
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Figure 2.6: Assessing self-renewal capacity of cancer cells using ALDH1 as a 

marker. A. The expression of ALDH1 mRNA levels in FHC cells compared to SW480 

as a marker for self-renewal capacity for cancer cells. B. The expression of ALDH1 

mRNA levels in FHC cells compared to CSC480 cells.  Data are mean ± SEM, n=3, 

statistical analysis, Student’s t-test, **p<0.01, ***p<0.001, respectively. Abbreviations 

used, FHC, foetal human colon cell line.  
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Figure 2.7: Assessing the ABCG2 mRNA expression as an indicator to cancer 

resistance in cancer cell lines. A. Bar graph represents expression of ABCG2 mRNA 

levels in FHC cells and SW480 cancer cells. B. Bar graph represents expression of 

ABCG2 mRNA expression levels in FHC cells and CSC480 cancer cells. Data are mean 

± SEM, n=3, statistical analysis, Student’s t-test, **p<0.01, ***p<0.001.   
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2.3.7 CD44-positive/EdU label retaining cells are the colon cancer slow dividing 

cells 

EdU is incorporated into the DNA of cells actively undergoing DNA synthesis in the S-

phase of the cell cycle. Upon cell division, it distributes to both daughter cells by 

mitosis; therefore EdU fluorescence decreases with cell proliferation but would be 

retained in the slow dividing cells (Diermeier-Daucher et al., 2009).  

 

Based on our initial data and a previous report of EdU usage in a glioma primary cell 

line (Deleyrolle et al., 2011a), we hypothesised that EdU could be used as a label-

retaining marker. In the glioma study, glioma cells were derived from patient samples 

and dosed for 4 h. After EdU withdrawal, cells were collected at different time points 

ranging from 24 hours to three days. The investigators found that EdU was retained in 

glioma slow dividing cells. 

 

To identify the actively dividing cells from non-dividing cells, CSC480 and SW480 

cells were exposed to EdU for 24 hours and harvested at different time points. Four 

distinct populations of cells were observed (Fig. 2.8). CSC480 cells collected at 24 and 

48 hours showed a high retention of EdU and more CD44 expression (85.85% and 

85.25%) than SW480 cells (74% and 77%). At both time points, CSC480 cells 

expressed more CD44 than SW480 cells (±91.41% and ±78.98%, respectively). EdU on 

the other hand was retained in the cells harvested at two days, showing similar ratios of 

labeled cells in both cell lines (SW480 cells; 92.51% and CSC480 cells; 93.88%). Both 

cell types harvested after 72 hours showed a significant loss of EdU in the CD44-

positive population (SW480; 60.80% and CSC480; 66.36%). SW480 cells collected 

after 96 hours in culture showed CD44-positive cells had retained more EdU than 

CSC480 cells at the same time point (65.48% & 38.89%, respectively). 
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Figure 2.8: Label retaining cell assay for identifying dormant cancer cells. Scatter 

plot represents both CD44 and EdU fluorescence staining on SW480 and CSC480 

cancer cell lines. SW480 and CSC480 cells were pulsed with EdU and were collected at 

day 1, 2, 3 & 4 post pulse. Cells were then subjected to click chemistry for detection of 

EdU followed by incubation with anti-CD44 antibody. Cells were analysed for label 

retention of EdU versus CD44 fluorescence immunostaining. The cell proliferation 

marker, EdU combined with stemness marker CD44 assist in identifying dormant cells i 

in their resting stage.  
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2.4 DISCUSSION 

In recent years, it has become apparent that CSCs are one of the main factors 

contributing to tumour development and metastasis and there has been considerable 

effort invested in understanding and characterising this enigmatic cell population. 

However, these efforts have been restrained by several factors. The lack of a cancer 

stem cell model that recapitulates the actual CSC population present in the cancer 

tissues is considered one of the main obstacles. Moreover, the absence of a specific 

biomarker that unarguably identifies a pure CSC population has made in vivo 

characterisation difficult. The method of identifying and purifying CSCs in different 

organs depends largely on their surface phenotype and use of flow cytometry.  

 

Adequate number of CSCs that have stable phenotypes and similar backgrounds are 

required to perform reliable functional assays. However, CSCs isolated from patients 

are generally rare and readily differentiate in culture, and as a consequence, a shortage 

in material for functional assessment or for screening new drugs specific to CSCs 

persists (Rao et al., 2013). Most CSC assays depend on the enrichment of CSCs from 

freshly isolated tumours, and the efficiency of cell sorting and the varied genetic 

background can also hinder the research into CSCs. Moreover, freshly isolated cancer 

stem-like cells can be contaminated with lymphocytes or stromal cells that affect the 

down-stream assessment. Thus, the establishment of human CSC lines is a desirable 

strategy to investigate the mechanisms of tumour initiation, resistance to novel 

treatment regimens, metastasis and recurrence (Rao et al., 2013). 

 

Therefore, efforts to establish CSC lines have been a landmark in cancer research. 

These efforts varied from transient enrichment using specific growth factors as non-

adherent spheres, to using iPSC technology to reprogram gastrointestinal cancer cells by 

introducing embryonic stem (ES) cells transcription factors (Miyoshi et al., 2010). 

 

The main aim of the current study was to analyse and characterise the novel putative 

cancer ‘stem’ cell line CSC480. These cells have not been studied previously and very 

limited information is available about their behaviour. Moreover, it is not clear how 

these cells were enriched and no information is available about the conformation of 

their stemness. To address these gaps in knowledge and to unravel the nature of 

CSC480 cells, they were subjected to thorough analyses using cellular and molecular 

assays. We used CD44 and ALDH1A1 markers to assess the stemness/progenitor-like 
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properties of these cells. CSC480 showed increased expression of CD44 and ALDH1 

compared to SW480 cancer cell line. CD44, a highly heterogeneous glycoprotein 

encrypted by a single gene, is involved in multiple cellular mechanisms including 

cellular migration, adhesion and proliferation. Moreover, it is pro-oncogenic and acts as 

a regulator of multiple pathways as demonstrated in breast cancer (Smith and Cai, 

2012). CD44 is represented by two isoforms. The standard isoform, which is expressed 

by the mesenchymal and hematopoietic cells, while epithelial cells express the variant 

isoform. CD44 variant overexpression in head and neck squamous cell carcinoma is 

associated with invasion, clinical stage, therapeutic resistance, and relapse (Wang et al., 

2009). Thus, CD44 might be a reliable marker for tumour progression assessment. 

CD44 has also been used to mark and isolate cancer stem cells from a range of 

malignant tumours, including breast (Al-Hajj et al., 2003) and colon (Dalerba et al., 

2007) cancers. However, it is insufficient to use CD44 as a stand-alone marker of CSCs 

as sometimes CD44 positive populations are heterogeneous (Ricardo et al., 2011). 

 

Our study has demonstrated that almost all CSC480 cells express CD44 marker. Thus, 

we have used 5-Ethynyl-20’-Deoxyuridine (EdU) to identify the different CD44-

positive populations using flowcytometer. It was also used to assess their proliferation 

capacity and their quiescence status. Assessing the proliferation and identifying cells 

resting in dormant state were reported previously (Buck et al., 2008, Deleyrolle et al., 

2011b). EdU is a nucleoside analog of thymidine that would be incorporated into DNA 

during DNA synthesis phase (Buck et al., 2008). We utilised this feature in our study to 

identify different populations present in CSC480 cells based on the DNA division state. 

This technique unravel that EdU labels CSC480 CD44+ cells with different intensities 

according to DNA division rate. Four CD44 stained populations were labelled with 

EdU, while only a minor subset of cells was positive for CD44 alone. This EdU-

negative and CD44-positive population may represent the non or slow-dividing cells. 

We observed that EdU was able to segregate SW480 cells into similar populations as 

well. This indicates that EdU may be used to identify different populations in a 

heterogeneous cancer population. This may have an impact on identifying cancer cell 

populations based on their division status, which may help in deciding therapeutic 

regimens and percentage of actively dividing cells compared to dormant cells. 

Furthermore, based on the reported findings by Deleyrolle and collegues (Deleyrolle et 

al., 2011a), we hypothesised that EdU could be used as a label-retaining cell (LRC) 

marker. Cells that are actively dividing will dilute the label during multiple rounds of 
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divisions. After a certain period of time (chase period), cells will end up having no 

detectable label. Cells in slow division conversely retain the label (Hsu and Fuchs, 

2012). Thus, the CSC480 dormant population was analysed by combining CD44 with 

EdU after exposing cells to EdU for 24 hours. Our hypothesis implies that cells 

retaining EdU would be CD44-positive. After subjecting pulsed cells for the analysis 

after collecting them at different time points, we found that cells lost their EdU content 

according to their number of divisions. However, not all cells that retained EdU were 

CD44-positive. Moreover, more SW480 cells retained EdU at day 4 than CSC480 cells. 

This raises the question whether label-retaining assays are good enough to identify 

dormant stem cell populations, even though they provide a valuable tool to delineate the 

cycling properties within a given population. However, caution should be taken in 

consideration when designing and interpreting the experimental results. First, although 

many stem cells are slow cycling, label-retention on its own does not indicate 

'stemness'. In some cases, cells dividing during the pulse period and withdrawn from the 

cell cycle and differentiate will also appear as LRCs (Hsu and Fuchs, 2012). The more 

“differentiated” cell line, SW480 has been found to have some LRC that were not 

CD44-positive. Furthermore, the extremely slow cycling cells may not incorporate EdU 

during pulse window and as a result might be missed during the assessment process 

(Hsu and Fuchs, 2012). To accurately assess the cycling status of a given cell, EdU 

should be combined with a cell cycle kinetic marker in addition to CD44.  

 

CSC480 cells showed increased expression of ABCG2 (ATP-binding cassette sub-

family G member 2), a cancer resistance protein, compared to SW480 cells. Resistance 

to chemotherapy has been the most important characteristic feature of CSCs and the 

main reason for cancer metastasis and recurrence (Ding et al., 2010). Enrichment of 

breast CSCs post-chemotherapy has been reported as an indicator of resistance to 

chemotherapy (Lee et al., 2011).  

 

CSC480 cells were found to equally express NANOG compared to the SW480 parental 

cell line. This might be an indicator that CSC480 cell line represents partly self-

renewing progenitor cells. NANOG has been shown as an indispensable component in 

transforming gastrointestinal cancer cells into pluripotent stem cells (Miyoshi et al., 

2010). 

 

Epithelial cell adhesion molecule (EpCAM) showed 1000-fold increased expression in 
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SW480 cells compared to CSC480 cells. A previous study has demonstrated that 

EpCAM regulates self-renewal in colon initiating cells. It was also delineated in the 

same study that the persistence of EpCAM expression is linked with increased 

invasiveness in vitro and tumour initiating capacity in vivo. Furthermore, its increased 

expression is correlated with increased expression of stemness markers like OCT4, 

NANOG and c-Myc in colon cancer (Lin et al., 2012). 

 

The current study has also shown the fetal human colon cell line, FHC, highly 

expressed ALDH1 in comparison to SW480 and CSC480 cancer cell lines. FHC cells 

are featured by their extremely slow division as observed in the current study. Thus, the 

increased expression of ALDH1 in FHC cells might be evidence that it marks slow 

(dividing) cycling cells. Furthermore, elevated expression of ABCG2 was also observed 

in FHC cells as compared to SW480 and CSC480 cells. This might confirm the reported 

feature that dormant cells resist chemotherapy (Souček et al., 2010). FHC cells 

exhibited resistance to apoptosis after geno-toxic treatment (Souček et al., 2010). When 

FHC cells were pulsed with EdU, none of the cells showed EdU labelling (data not 

shown). This finding suggests that many FHC cells may reside in a dormant state. 

Assessing FHC cells in terms of tumourigenicity, have revealed that these cells are 

capable of growing in semisolid media under anchorage-independent growth conditions 

in vitro and have exhibited a capacity to form solid tumours in vivo (Souček et al., 

2010). 

 

Based on these findings, we analysed SW480 and CSC480 cells gene expression using 

ALDH1 and ABCG2 and observed that the CSC480 cell line shows elevated expression 

compared to SW480 cells. This implies CSC480 cells might contain more cancer stem-

like cells that are resistant to chemotherapy in comparison to SW480 cells. This would 

need to be determined experimentally. Collectively, FHC cells could be considered as 

an indispensable experimental model for assessing quiescence markers for identifying 

dormant cancer stem-like cells and as a positive control for examining 

chemotherapeutic drugs. 

 

In conclusion, CSC480 cells are composed of a high percentage of transiently dividing 

and self-renewing cells and CD44 appears to be a marker for these partially self-

renewing precursor cells. Thus, this gives several indications about cancer stem cell 

biology that would be taken further to be tested in the following chapters. Firstly, the 
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importance and validity of CD44, as a marker of cancer stem cell phenotype is given 

special consideration. Moreover, the relationshipship between proliferation and self-

renewal as important processes that control poorly differentiated cancer cells is 

addressed. Furthermore, the underlying molecular mechanisms that modulate these 

processes is also investigated. The next chapter focuses on one factor, CRIPTO-1, 

known for its role in maintaining embryonic and cancer stem cells in their 

undifferentiated states. This includes investigating its effect on cancer cellular processes 

in general and its effect on CD44 is mainly addressed at the molecular level.  

 

2.5 LIMITATIONS OF THE STUDY: 

In this study, we looked at a number of putative CSC characteristics in CSC480 cells as 

compared to SW480 cell line. Based on these characteristics, we propose that CSC480 

cells are perhaps more stem-like, but contradiction to these characteristics arise from 

figure 2.2 and figure 2.8. Therefore, it is not clear that the CSC480 cell line is a “true” 

cancer stem-like or a more cancer stem cell model than SW480 cell line. This has been 

claimed for some aspects but not for the others. This kind of model might be good for 

some studies but research should be conscious when using them despite the fact that the 

company has claimed it as a CSC model. Another concern is that the method of these 

cells’ creation is not disclosed by the company. Therefore, further consideration should 

be given for additional characterisation of these cells. Also, this work has been 

conducted in vitro, so the results cannot be generalised to cover behaviour of cells in 

vivo. 

 

2.6 FUTURE DIRECTIONS: 

2.6.1 Identifying CSC480 cells  

Since CSC480 is a newly reported cell line and the current analysis was the first, further 

characterisation at the in vitro level should be considered to define these cells. 

Moreover, at least five colon cell lines of different colon cancer origin (early stage, late 

stage lymph node metastasis, etc…) should be included in this analysis to expand the 

knowledge about this cancer cell line. Assessing the molecular and phenotypic profile 

of particular known colorectal stemness signature like Lrg5, BIM-1and c-MYC should 

be undertaken. Moreover, identifying the self-renewal capacity using clonal limited 

dilution assay should also be pursued, as should in vivo growth assessment by 

inoculating a limited number of cells subcutaneously as compared with other cancer cell 

lines. Cancer resistance to ABCG-2 could be tested using a range of drugs that is shown 



Page | 66  

 

to be effluxed by ABCG-2 like mitoxantrone and methotrexate (Doyle & Douglas 

2003). 

 

2.6.2 Screening normal FHC cell line for dormant cell markers 

Since these cells show unique expression of ALDH1 and ABCG2, these cells could 

further be analysed for identifying cell surface markers that could be used for 

identifying dormant cancer cells. Specific drug regimens could be developed for the 

purpose of eradicating drug-resistant cells selectively. Cells will be harvested for cell 

surface protein extraction using Cell Surface Protein Isolation Kit. Then, changes in 

protein expression would be quantitatively measured using iTRAQ technology by 

utilising mass-spectrometry. Altered markers will then be confirmed at the RNA and 

protein levels. Using this method, we might be able to identify and characterise novel 

markers of dormant cells. 

 

2.6.3 EdU a marker that is controlled by cell cycle kinetics 

To properly understand the cycling status of a cell, EdU must be combined with 

antibodies of different cell cycle checkpoints to identify cycle kinetics. Alternatively, 

cells could be pulsed with EdU, then, cells might be isolated by Vybrant live cell cycle 

stain using FACS. Isolated cell populations that have nucleotide-exposed ethynyl 

residue as a result of EdU incorporation in their DNA will be derivatised by a copper-

catalysed cycloaddition reaction (Click chemistry coupling) and detected using azide 

probe. Finally, laborious lineage-specific tracing assays could be employed to 

demonstrate that a cell is a stem cell or an actively dividing cell. 
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CHAPTER 3 

INVESTIGATING THE ROLE OF CRIPTO-1 

(TDGF-1) IN GLIOBLASTOMA MULTIFORME 

CELLS (U87 CELL LINE)  
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3.0 ABSTRACT 

Cripto-1 has been implicated in a number of human cancers. Although there is high 

potential for a role of Cripto-1 in GBM pathogenesis and progression, only two 

studies have tried to define its role in GBM. These studies were limited in that Cripto-

1 expression was not studied in detail in relation to markers of cancer initiation and 

progression. Therefore these correlative studies allowed limited interpretation of 

Cripto-1's effect on the various aspects of GBM development using the U87 GBM 

cell line. In this study, we have tried to delineate the detailed role of Cripto-1 in 

facilitating pathogenesis, stemness, proliferation, invasion, migration and 

angiogenesis in GBM. I show here that upon treating U87 GBM cells with Cripto-1, 

the stemness markers Nanog, Oct4, Sox2 and CD44 increased expression. Similarly, 

an increase in Ki-67 was observed demonstrating Cripto-1’s potential to induce 

cellular proliferation. Likewise I show for the first time an increase in the expression 

of the markers of migration and invasion, vimentin and twist, correlated with 

upregulation of Cripto-1. Moreover, Cripto-1 exposure led to VEGFR-2 

overexpression along with higher tubular formation under conditions promoting 

endothelial growth. All these results demonstrate that Cripto-1 plays a dominant role 

in the initiation, development, progression and maintenance of GBM pathogenesis in 

this cell model. Cripto-1 has been linked with reduced survival in GBM patients. The 

data presented here are consistent with a role for Cripto-1 in the regrowth and 

invasive growth in GBM. This highlights its potential as a predictive and diagnostic 

marker in GBM as well as a therapeutic target.   
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3.1 INTRODUCTION 

Cripto-1 belongs to the EGF-CFC (Epidermal Growth Factor Cripto/FRL-1/Cryptic) 

family of proteins (Bianco and Salomon, 2010, de Castro et al., 2010) and is a critical 

regulator of embryonic stem cell maintenance in many organisms including humans 

(Assou et al., 2007, Wei et al., 2005b). Cripto-1 renders most, but not all, of its 

embryogenic functions in coordination with its ligand, Nodal. In the early stages of 

vertebrate development, Cripto-1 acts as a co-receptor of the TGF-β family ligands 

(Nodal, TGF, GDF1 and GDF3) (Bianco et al., 2010, Nagaoka et al., 2012). In 

addition to binding these ligands, Cripto-1 is involved in a plasma membrane complex 

that also includes ALK4 (Activin type I and type II serine threonine kinase) (Gray et 

al., 2003). After embryogenesis the expression of Cripto-1 is severely reduced in adult 

tissues  (de Castro et al., 2010). With regard to cancer, high Cripto-1 expression has 

also been observed in a number of human cancers including breast, colon, lung, testis, 

prostate, pancreas, stomach, ovary and glioma (de Castro et al., 2010, Lee et al., 2010, 

Tysnes et al., 2013, Bianco et al., 2010, Pilgaard et al., 2014). Moreover, Cripto-1 has 

been found to be associated with cancer stem cell maintenance, proliferation, 

angiogenesis and invasion (Bianco and Salomon, 2010). Thus, Cripto-1 has been 

implicated in the regulation and progression of tumourigenesis. Accordingly, a variety 

of signalling mechanisms related to Cripto-1 have been identified that are common to 

both developmental stages and tumour progression suggesting that some of the 

pathways involved in development are reactivated leading to tumourigenic 

transformation and progression (de Castro et al., 2010). 

 

Cripto-1's implied role in cancer pathogenesis has led to efforts to use it as a 

biomarker of tumour progression. It was found that glioma progression may be 

controlled by Nodal, via activated Smad mediated Cripto-1 and leukaemia inhibitory 

factor (LIF) induction (Lee et al., 2010). But the role of Cripto-1 in GBM has not 

been studied in detail. So far, a study has shown that Cripto-1 protein and mRNA 

transcript levels were higher in GBM compared to lower grade gliomas and normal 

tissue samples (Pilgaard et al., 2014). In another work, it was observed that higher 

Cripto-1 scores were linked with reduced survival in younger GBM patient (Tysnes et 

al., 2013).  
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Cripto-1 is enriched in cancer cell subpopulations showing stem-like cell 

characteristics. For example, in embryonal carcinoma (EC), Cripto-1 exists in two 

distinct subpopulations (low and high) (Watanabe et al., 2010). The cells expressing 

higher Cripto-1 showed greater sphere forming efficiency in serum free medium. 

Such Cripto-1 "high" cells also gave rise to large sized tumours when introduced into 

NOD/SCID mice. Cripto-1 has also been used as a marker for the isolation of stem 

like cells from C8161 metastatic melanoma cell line (Strizzi et al., 2008). The isolated 

cell subpopulation was small sized, slow in growth , formed spheres and expressed 

higher levels of pluripotency factors inlcuding Oct4, Nanog and MDR1 compared to 

the Cripto-1 negative population. In yet another study, Cripto-1 expression co-existed 

with other stemness markers such as Oct4 and SUZ-12 in prostate tumour derived 

stem-like cells (Cocciadiferro et al., 2009). NODAL has been also reported to control 

and maintain glioma stem-like cell self-renewal through Cripto-1/smad2 pathway 

(Lee et al., 2010). However, it was surprisingly suggested that there is no significant 

association between Cripto-1 and Nodal in GBM and therefore no need to investigate 

any functional link between these molecules in GBM (Tysenes 2014). The study 

conducted by Pilgaards and colleagues however showed that Cripto-1 positive cells 

dominate hypoxic regions of GBM tumours where GBM cancer initiating cells are 

proposed to reside (Pilgaard et al. 2014). But the precise role of Cripto-1 in GBM 

stem cell self-renewal is yet to be elucidated. 

 

Cripto-1 has been linked with enhanced cellular proliferation in different contexts 

(Bianco et al., 2005). In particular, it was found that treating embryonal carcinoma 

cells with human recombinant Cripto-1 enhanced their DNA synthesis and 

proliferation (Baldassarre et al., 1997). Others have reported the inhibition of cellular 

proliferation in HCT-8 human colon adenocarcinoma cells by alantolactone, which 

interrupts activin receptor type IIA and Cripto-1 interaction (Shi et al., 2011). Yoon et 

al. (2011) demonstrated Cripto-1-dependent increased proliferation of oral squamous 

carcinoma cells. Cripto-1 expressing cells have been identifed in rapidly growing 

regions of the tumour, suggesting a possible link between GBM cell proliferation and 

Cripto-1 expression level (Pilgaard et al., 2014). Therefore, multiple lines of evidence 

indicate that Cripto-1 has a role in GBM cell proliferation and maintenance.  
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Cripto-1 has also been implicated in EMT (Rangel et al., 2012). In this process an 

epithelial cell de-differentiates and converts into mesenchymal-like phenotype and is 

augmented by regaining the expression of specific stem cell markers signature 

(Medema, 2013). The mesenchymal cells have similar phenotypic chararterstics to 

invasive cancer cells. Evidence has accumulated that acquiring the capacity to invade 

surrounding tissues specifically involves the EMT program and this process has been 

consistently linked to the acqusition of a CSC phenotype (Chaffer and Weinberg, 

2011, Dang et al., 2011, Gupta et al., 2009, Mani et al., 2008, Polyak and Weinberg, 

2009, Santisteban et al., 2009). CSC subpopulations are predominantly enriched with 

cells with an EMT phenotype (Mani et al., 2008, Santisteban et al., 2009). EMT is 

also undertaken by cancer cells to evade microenvironment stresses including 

therapeutic treatment regimens or hypoxia (Dave et al., 2011, Zhu, 2014). The 

underlying regulatory molecular mechanisms linking stem cell genes and EMT is 

however, poorly studied. Over-expression of Cripto-1 has been documented in 

multiple cancers including colon, breast, and cervical carcinoma, within cells 

undergoing an EMT transition. Moreover, Cripto-1 overexpression correlates with 

overexpression of invasion markers, like vimentin, and by the absense of epithelial 

markers such as E-cadherin (Rangel et al., 2012). However, none of the studies have 

elucidated the effect of altering Cripto-1 levels on invasive cells of glioma and how 

these cells are controlled at the molecular level.  

 

Human umbilical vein endothelial cells (HUVEC) induced by Cripto-1 show 

increased invasion and migration along with angiogenic properties, such as 

differentiation into vascular-like structures on Matrigel (Bianco et al., 2005b). These 

activities were significantly inhibited by Cripto-1 monoclonal antibody under in vivo 

conditions. Cripto-1 induces endothelial cells to form tubes via the 

Nodal/ALK4/Smad-2 or c-Src/MAPK/PI3-K/AKT pathways (Bianco et al., 2005b). 

However, co-expression of VEGF and Cripto-1 could not produce an additive 

angiogenic effect suggesting that these molecules may act in similar signalling 

pathways. In order to define the role of Cripto-1 in angiogenesis, Pilgaard et al. 

analyzed GBM tissues for the presence of Cripto-1 (+) cells along with CD-31, the 

endothelial marker (Pilgaard et al., 2014). It was found that Cripto-1 (+) cells were 

present in distinct locations within the GBM tissues mainly around the vasculature in 

areas of high cell density. Tysenes et al. reported the increased expression of Cripto-1 
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in the animal angiogenic phenotype, which might be an indication of a possible 

Cripto-1 role in vasculature formation in GBM (Tysenes et al. 2013). However, they 

were not able to prove the association between Cripto-1 and tumour angiogenesis on 

human tissue sample cohort as it was already intensively vascularised. 

 

Bianco et al. have established that the overexpression of Cripto-1 has a prominent 

influence on the formation of microvessels and tumour growth (Bianco et al., 2005b). 

This finding is corroborated by the observation that the human vascularisation 

inducer, angiogenin, is a direct interacting partner of Cripto-1. The finding of Cripto-1 

in GBM microvasculature is a promising result highlighting the significance and 

versatility of the protein in GBM that demands further research. 

 

This study investigates the effect of Cripto-1 on de-differentiation, proliferation, 

EMT-mediated invasion and migration in glioma cells. Also, it has studied the 

possible effect of Cripto-1 enhanced expression on the trans-differentiation of glioma 

into vascular cells.  
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3.2 MATERIALS AND METHODS 

3.2.1 Cell culture and transfection 

U-87 MG human glioblastoma astrocytoma cancer cells (Cell Bank Australia, Sydney, 

Australia) were cultured in Modifed Eagle's Medium (MEM), withEarle's Balanced Salt 

Solution (MEM- EBSS) and with 2mM Glutamine (Sigma Aldrich, MO, USA), 1% 

MEM Non-Essential Amino Acids Solution (Gibco Life Technologies, NY, USA), 

1mM Sodium Pyruvate (Sigma Aldrich, MO, USA), 10% Fetal Bovine Serum (FBS) 

(Gibco Life Technologies, NY, USA). 10µg of Myc-DDK-tagged ORF clone of human 

teratocarcinoma-derived growth factor 1 (TDGF1), transcript variant 1 or empty vector 

as transfection-ready DNA (Origene, MD, USA). Transfection of U-87 MG cells was 

performed using Lipofectamine® 2000 Transfection Reagent (Life Technologies, NY, 

USA) according to manufacturer’s directions. Transfected cells were selected using 

Geniticin (1g/ml) (Gibco Life Technologies, NY, USA). 

 

3.2.2 Flow cytometry  

3.2.2.1 CD44 Flow cytometric analysis 

For analysis of CD44 expression cells were detached using Accutase dissociation 

reagent (Innovative cell technologies, CA, USA). Cells were washed twice with ice-cold 

1x Dulbecco’s phosphate buffered saline (DPBS) and centrifuged at 1400 rpm for 2 

minutes for each wash in a refrigerated centrifuge. Cells were fixed with 4% 

paraformaldehyde (PFA) on ice. They were washed three times with ice-cold 1xPBS. 

They were incubated with mouse anti-human CD44 monoclonal antibody (1:100 

dilution) (Cell signalling, MA, USA) or mouse isotype matched control 

(eBIOSCIENCE, CA, USA) on ice and in the dark for 30 minutes. The primary 

antibody was removed by centrifuging the cells suspension for 10 minutes at 800 rpm at 

4°C. Cells were then washed three times as above. Then, cells were incubated with 

Donkey anti-mouse alexa flour 594 (AF594) secondary antibody (1:1000) (Abcam, 

MA, USA). Cells were washed three times as described above before being suspended 

in 1% BSA in PBS and analysed using flow cytometry. 

 

3.2.2.2 Flow cytometric analysis  

The flow cytometric analysis was performed on a FACSAria flow cytometer (BD 

Biosciences). The rate of acquisition was set to fewer than ten thousand events per 

second. For the detection of CD44 with Alexa Fluor (AF594), 594nm excitation with a 

red filter emission filter (617 nm) was used. 
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3.2.3 RNA extraction 

Cells in T75 flasks (Corning, NY, USA) were washed three times with 4mL of ice-cold 

1x DBPS on ice. Cells were then detached with a TPP cell scraper (Trasadingen, 

Switzerland). Cells were pelleted by centrifugation at 1400 rpm for 5 minutes at 4°C in 

refrigerated centrifuge. The cells were washed with 2-3mL of ice-cold PBS (depending 

on the pellet size) and pelleted in a 1.5mL Eppendorf tube by centrifugation at 1500 

rpm for 5 minutes at 4°C. Cell pellets were stored at -80°C until processing. 

 

Total RNA was extracted using the RNeasy kit (Qiagen, Valencia, USA) according to 

the manufacturer’s instructions. In brief, cell pellets (typically ~1x106 cells) were 

resuspended in 350µL lysis buffer and disrupted by vortexing vigorously for 15 

seconds. 350µL of 70% ethanol was added before each sample was transferred to an 

RNeasy spin column. Following wash steps, the RNA was eluted in 30µL RNase/DNase 

free water. RNA samples were stored at -80°C. 

 

3.2.4 cDNA synthesis 

cDNA was synthesized with SuperScript® III First-Strand Synthesis SuperMix (Life 

Technologies, NY, USA) according to the manufacturer’s instructions. Briefly, to 

perform the cDNA synthesis, up to 5µg of total RNA was mixed with Primer (50 µM 

oligo(dT)20), 1µL of Annealing Buffer and adjusted with water to a total of 8 µL. The 

reaction was mixed and incubated in a thermal cycler at 65°C for 5 minutes, and then 

immediately placed on ice for at least 1 minute. Tube contents were collected by brief 

centrifugation. 10µL of 2X First-Strand Reaction Mix was added to the tube. Then, 2 

µL of SuperScript III/RNaseOUT Enzyme Mix was added. Tube contents were briefly 

mixed and collected by a brief centrifugation. Reaction mix was incubated at 50ºC for 

50 minutes followed by incubation at 85°C for 5 minutes to terminate the reaction. 

cDNA samples were then stored at -20ºC. 

 

3.2.5 Real Time quantitative PCR 

3.2.5.1 qPCR expression analysis for selected gene profile  

Quantitative real time PCR was performed using Rotor gene real-time PCR system 

(Qiagen, USA). Quantitative gene expression of Cripto-1, OCT4, NANOG, SOX2, 

CD44 and Ki67 (Origene, MD, USA) was assessed using Rotor-Gene SYBR® Green 

PCR Kit (Qiagen, USA). The primer sequences are listed in Table 3.1 



Page | 75  

Results were normalized to the housekeeping gene GAPDH (Origene, MD, USA). Real 

time PCR was performed according to the following cycling protocol: 1 cycle 95ºC for 

10 min, followed by 40 cycles of 94ºC for 10 seconds, and 60ºC for 10 seconds. 

 

Table 3.1 Primer sequences 

Gene name Forward sequence Reverse Sequence 

Cripto-1 GACGGAACTGTGAGCACGATGT AATGCCTGAGGAAAGCAGCGGA 

OCT4 CCTGAAGCAGAAGAGGATCACC AAAGCGGCAGATGGTCGTTTGG 

NANOG CTCCAACATCCTGAACCTCAGC CGTCACACCATTGCTATTCTTCG 

SOX2 GCTACAGCATGATGCAGGACCA TCTGCGAGCTGGTCATGGAGTT 

Id1 GTTGGAGCTGAACTCGGAATCC ACACAAGATGCGATCGTCCGCA 

CD44 CCAGAAGGAACAGTGGTTTGGC ACTGTCCTCTGGGCTTGGTGTT 

Ki67 GAAAGAGTGGCAACCTGCCTTC GCACCAAGTTTTACTACATCTGCC 

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 

 

3.2.5.2 Cell adhesion molecule qPCR array 

Cell adhesion molecule qPCR array (Clonetech, CA, USA) was performed to 

simultaneously analyse 88 biological pathway-related genes known for their role in cell 

adhesion. Eight housekeeping genes were included in the analysis to normalise the data. 

Gene expression analysis was conducted on a Roche Light Cycler 480 instrument 

(Roche, IN, USA) according to the qPCR array manufacturer’s instructions using 

KAPA SYBR FAST qPCR Master Mix (2X) (Kapabiosystems, MA, USA) optimised 

for the LightCycler 480. 

 

3.2.6 Protein extraction 

Cells were grown to 80% confluence in T125 flasks (Corning, NY, USA) then media 

removed and adherent cells were washed three times with ice cold 1x DPBS. Cells were 

then detached with a TPP cell scraper while flasks were on ice (Trasadingen, 

Switzerland) and cells were collected in 2 mL ice-cold 1xDPBS. PBS containing cells 

was transferred to pre-cooled 15 mL Corning tubes and pelleted at 3000 rpm for 5 

minutes in a refrigerated centrifuge. Supernatant was removed. The cell pellet was lysed 

using 400µL of lysis buffer (Thermo Fisher Scientific Inc, MA USA) containing 

protease inhibitors (Thermo Fisher Scientific Inc, MA USA). Then, it was mixed by 

vortexing and incubated on ice for 2 hrs followed by centrifugation at 14,000 rpm for 15 

mins at 4°C. The supernatant was collected and protein estimation was carried out using 
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Pierce BCA Protein Assay Kit (Thermo Fisher Scientific Inc, MA USA) on a 

Microplate Reader (POLARstar Omega, BMG Labtech, Offenburg, Germany). Protein 

samples were stored at -80°C. 

 

3.2.7 Western Blot analysis 

For immunoblotting, equal amounts of lysates (20 µg) were prepared for SDS-PAGE by 

incubating the lysates with equal volume of SDS sample buffer (62.5mM Tris-HCl, 

pH6.8, 2% SDS, 10% glycerol, 0.025% bromophenol blue) containing 5% β-

mercaptoethanol for 5 minutes at 95°C. Then, proteins were separated on 4-15% 

polyacrylamide gel (Mini-PROTEAN TGX-BioRad).  Subsequently, the resolved 

proteins were transferred onto polyvinylidene difluoride (PVDF) membrane (Trans-Blot 

Turbo Transfer 0.2 µm PVDF-BioRad). Membranes were blocked with 1% BSA  in 

Tris buffered saline (TBS), pH 8.0 (Sigma Aldrich). Membranes were washed and 

incubated with primary antibodies overnight at 4°C. After extensive washing with TBS 

plus 0.1% Tween 20 (TBST), the membranes were incubated with appropriate 

horseradish peroxidase-conjugated secondary antibody (Cell Signaling, MA, USA). 

Following 1h incubation, membranes were washed with TBST and proteins of interest 

detected by using SuperSignal West Pico Substrate (Thermo Fisher Scientific Inc, MA 

USA). Bands from immunoreactive proteins were visualised by Versa Doc (Bio-Rad) 

imaging system. Antibodies that were used for detecting the proteins were as follows: 

Mouse anti-DDK (Origene), Rabbit anti-Cycline D1 (Cell Signalling), Mouse anti-

CD44 (Cell Signalling), Mouse anti-vimentin (Dako), Mouse anti-Twist-1 (Santa Cruz), 

Rabbit anti-α Tubulin (Cell Signalling), Mouse anti-Calinexin (Santa Cruz). 

 

3.2.8 Proteome profiler array 

A human pluripotent stem cell array kit (R&D Systems, Minneapolis, MN, USA) was 

used to determine the expression levels of 15 known stem cell markers. 

 

To assess the expression of stem cell markers, cells were seeded onto 100 mm tissue 

culture dishes before lysates were prepared. Cells were harvested when they were at 

around 80% confluent using an array kit lysis buffer containing 1×protease inhibitor. 

Arrays were hybridized with 175 µg of total protein and were processed according to 

the manufacturer’s protocol. Protein dots were visualised using WestPico Super signal 

enhanced chemiluminescence substrate (Pierce) as per the manufacturer’s instructions. 

Histogram profiles for select analytes were generated by quantifying the mean spot 
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pixel densities from the array membrane using ImageJ software (U. S. National 

Institutes of Health, MD, USA). 

 

3.2.9 In-vitro invasion assay 

In-vitro invasion assay were performed using the Cultrex Cell Invasion Assay kit (R&D 

Systems, MN, USA) according to the manufacturer’s instructions. In brief, cells were 

starved for 24 hours at 37°C in a 5% CO2 incubator. Serum-starved cells in 50µL 

serum-free medium were placed on the top of Boyden chamber coated with BME and 

allowed to invade for 24 hour. The lower chambers (assay chamber) were filled with 

10% FBS medium. After incubation, cells that have invaded the coated chamber 

membrane were dissociated at 37°C for 1 hour by adding cell dissociation solution 

containing Calcein AM to the bottom chamber and reading of the bottom of the plate at 

488 nm excitation and 520 nm emission using POLARstar Omega Microplate Reader 

(BMG Labtech, Offenburg, Germany). 

 

3.2.10 Wound healing migration assay 

Cells were cultured to 90% confluence in BD Falcon Tissue Culture Dish 35x10mm 

(BD Biosciences, MA, USA). Then a thin scratch (wound) was made in the central area 

using a 1-ml pipette tip. Detached and damaged cells were carefully removed with PBS 

and the medium was replaced with serum-free medium. Wound closure was observed 

using Olympus CKX41 light microscope (Olympus, PA, USA). Three representative 

images were captured and cells in the wound area were counted at 0, 12, 24 and 36 hrs. 

This experiment was repeated three times.  

 

3.2.11 Cell adhesion assay 

A 96-well plate was coated with 30µL Matrigel per well (BD Biosciences, MA, USA) 

and incubated at 37°C for 1 h. Cells were then plated at 5×104 cells/well in serum-free 

medium and the plate was incubated for 30 minutes at 37°C, followed by a gentle rinse 

with PBS to remove non-adherent cells. The cells were then incubated with Calcein AM 

in PBS at 37°C for 1 hour and rinsed twice with PBS. The absorbance of the test 

samples and blank controls was measured at 488 nm excitation using POLARstar 

Omega Microplate Reader (BMG Labtech, Offenburg, Germany). The OD value of the 

test sample was designated the measured value and that of the blank was designated the 

blank value was utilized as a method to normalize the values. The final value = 

measured value - blank value. 
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3.2.12 MTT proliferation assay 

The cell proliferation potential was measured using the MTT assay, which is based on 

the ability of live cells to convert tetrazolium salt into purple formazan. Briefly, cells 

were seeded as eight replicates in 96-well microplates (2.5 × 103 cells per well) in 100 

µL edia overnight. The cell growth was monitored over three time points. Three hours 

before each of the desired time points, 20 µL of MTT solution (5 mg/mL in 1xPBS) 

(Sigma Aldrich, MO, USA) was added into each well and cells were incubated at 37°C 

for another 3 hours. The medium containing MTT solution was removed, and 100  µL 

DMSO was added to each well to solubilize the water-insoluble purple formazan 

crystals. The absorbance was detected at wavelength 570 nm with a POLARstar Omega 

Microplate Reader (BMG Labtech, Offenburg, Germany). 

 

3.2.13 Growth starvation assay 

Starvation assays were performed both in the presence and absence of serum. In both 

experiments, cells were seeded as eight replicates in 96-well microplates (2.5 × 103 cells 

per well) over four-day time points. Cell growth for each time point was assessed using 

MTT solution as described earlier. 

 

3.2.14 Tube-like formation assay 

A 96-well plate was coated with 30 µL Matrigel per well (BD Biosciences, MA, USA) 

and incubated at 37°C for 1 h. Cells were then plated at 1×104 cells/well in Endothelial 

Growth Culture Medium (EGCM, Sigma-Aldrich, MA, USA) and incubated at 37°C. 

Following 16 hours incubation, tube formation was visualized under an inverted light 

microscope, and cultures were photographed. The experiment was repeated three times, 

with eight replicate samples. 

 

3.2.15 Mouse Xenograft model, perfusion, fixation and cryosectioning of mouse 

brain 

Mice were anaesthetized with controlled isoflurane inhalation. A suspension of 500,000 

cells in 5 µL of PBS solution was injected into the right striatum of the Nod SCID 

mouse. A stereotactic frame was used to stabilize the mouse head, and allow precise and 

reproducible injection sites. Bregma was used as a reference for the surgery coordinates. 

The used surgery coordinates were 0.5 mm anterior and 2 mm lateral from the bregma 

and at a depth of 3 mm. Mice were sacrificed 2 or 3 weeks after injection of cells. This 

Experiment has been conducted by using 3 mice for each cell type. 
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Mice were injected with anesthetic drugs ketamine and xylazine in the ratio of 4:1.  The 

ventral surface of the animal was moistened with 70% ethanol and a medial-sagital 

incision was carried out to expose the viscera. The needle was then inserted into the left 

ventricle of the heart and 0.9% saline was passed through the heart till all the blood was 

washed out of the body. After perfusing with saline mice were fixed with modified 

Zambonie’s fixative reagent (2% PFA, 0.2% picric acid, 0.1M PBS, pH 7.2). The 

fixative reagent was perfused through the left ventricle in order to fix all the tissues and 

whole brain was removed. The whole brain was fixed in Zambonie’s fixative in vacuo 

overnight. The following day brains were washed in PBS (1X), 3 times for 30 minutes 

each wash followed by washing with PBS azide (sodium azide, 0.1% w/v, 1X PBS, pH 

7.4) 3 times for 15 minutes each and stored in PBS azide at 4°C until further processed. 

Post fixed brains were washed twice with PBS, 0.1M for 30 minutes each and then 

placed in 30% sucrose prepared in PBS-azide overnight at 4°C. On the following day 

whole brains were then placed in a series of graded OCT solution (20%, 30%, 50%, 

70% OCT prepared in 30% sucrose PBS- azide solution) for 60 minutes each. The 

brains were placed in moulds containing 100% OCT solution and stored in -80°C until 

sectioned. Brains were sectioned coronal (30 µm thickness) using a cryostat (Leica CM 

3050s). Sections were placed in 24-well plate containing PBS-azide and stored at 4 °C 

until further processed.  

 

3.2.16 Immunohistochemistry (IHC) staining of brain tissues 

Tissue microarray slides from human samples containing 80 tissue cores, corresponding 

to 40 cases, were obtained from U.S. Biomax. The cases included glioma grades IV, as 

well as normal brain tissues. IHC was performed firstly de paraffinized in xylene and 

rehydrated through graded ethanol, then the slide was boiled in citrate buffer (0.01 M, 

pH 6.0) for 15 minutes in a microwave at power 3 for antigen retrieval. After 

endogenous peroxidase activity was blocked with 3% H2O2 in PBS, the sections were 

further incubated with 10% normal goat serum for 30 minutes, and followed by 

incubation with a rabbit polyclonal anti-Cripto-1 antibody (Abcam Inc., MA, USA) at a 

dilution of 1:150 at 4˚C overnight. The following day, the sections were washed three 

times with PBS and incubated with secondary antibodies with a Dako LSAB+ System-

HRP Detection Reagent (HRP) kit (Dako North America, Inc., CA, USA) according to 

manufacturer's instructions. Color development was performed using DAKO DAB+ 

Chromogen; (Dako North America, Inc., CA, USA) and counterstained with 

Hematoxylin Solution, Mayer’s (Sigma Aldrich, MO, USA). 



Page | 80  

 

Selected mouse brain sections were placed in a 12 well plate and were washed in 

washing solution (1X PBS, pH 7.4 and 0.1% Triton X-100). The washing step was 

carried out by placing the plate containing washing solution in a rocker for 5 minutes in 

vacuo. At the end of 5 minutes the washing solution was aspirated and replaced with 

fresh solution and this step was repeated 3 times. The sections were then processed in 

vacuo for permeabilization in DMSO for 20 minutes followed by washing as mentioned 

above. The sections were then blocked for 60 minutes in blocking solution (10% normal 

donkey serum, 1X PBS, pH 7.4) and incubated with appropriate primary antibody 

(diluted in 1X PBS, pH 7.4) overnight at room temperature in vacuo. On the following 

day, the sections were washed in the washing solution 5 times as mentioned above. 

Sections were then placed in appropriate secondary antibody solution (diluted in 1X 

PBS, pH 7.4) for 3hrs at room temperature in vacuo. At the end of the incubation time 

the sections were washed again 5 times in the similar manner as mentioned above and 

were mounted on a clean glass slide using a bend needle. A drop of Vectorshield 

mounting media containing DAPI was placed on the sections and covered with clean 

glass cover slip.  

 

3.2.17 Microscopy and image analysis 

Images were captured using an Axio Imager Z1 fluorescence microscope (Zeiss, USA) 

and AxioCam camera (Zeiss) for mouse brain sections and using Leica Aperio CS2 

scanoscope (Leica Microsystems, IL, USA) for human brain sections. For the Z-stack 

images an ApoTome module was used to capture images of a certain thickness across 

the sections and were then processed using AxioVision 4.6.3 (Zeiss) digital image 

editing software. Images were modified for brightness and contrast only using Adobe 

Photoshop software. 

 

3.2.18 Statistical analysis 

Graphpad Prism 6 software suite was used to perform statistical analysis using student’s 

t-test or two-way ANOVA and data is presented as means with standard error of mean. 

Experiments were conducted in triplicate, unless indicated. Results were considered 

significant when p<0.05 was obtained. 
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Table 3.2 List of antibodies 

Antibody name Cat# Source Species Method Concentration 

Cripto-1 Ab19917 abcam Rb 
IF 1:200 

IHC 1:150 

DDk TA50011 Origene Ms WB 1:2000 

OCT4A 2840 Cell signalling Rb WB 1:1000 

CD44 3570 Cell signalling Ms 
WB 1:1000 

IF 1:400 

Vimentin M7020 Dako Ms 
WB 1:1000 

IF 1:400 

TWIST sc-81417 Santa Cruz Ms WB 1:1000 

Cyclin D1 2922 Cell signalling Rb WB 1:1000 

Human nuclear marker MAB1281 Chemicon Ms IF 1:500 

TOMM22 Ab179826 abcam Rb IF 1:200 

Calnexin sc-23954 Santa Cruz Ms WB 1:1000 

α-Actin ab5694 abcam Rb WB 1/500 

2°Ab AF488  Ab150073 abcam Dk α Rb IF 1:1000 

2°Ab AF594 Ab150108 abcam Dk α Ms IF 1:1000 

 

3.3 RESULTS 

3.3.1 Generation of U87 overexpressing Cripto-1 (TDGF-1) clones 

U87 human glioblastoma cells were transfected with either a pCMV6 mammalian 

expression vector containing the ORF of the human TDGF1/Cripto-1 gene with a C-

terminal Myc-ddk tag or with the pCMV6 empty vector. Following 4 weeks of selection 

with G418, two-stable U87-Control (U87-C) and five stable U87-Cripto-1 (U87-Cr1) 

cell lines were obtained. Western blot analysis of whole cell extracts detected a 17 kDa 

DDK- tagged protein in U87-Cr1 cells but not in U87-Control cells (Fig. 3.1B). 17kDa 

is consistent with the predicted size of DDK-tagged Cripto-1 protein. Significantly 

higher Cripto-1 mRNA was also detected, by qRT-PCR, in U87-Cr1 cells compared 

with U87-C cells (Fig. 3.1C). Ectopic Cripto-1 protein expression was maintained in 

xenografts implanted using stereotactic intracranial implantation into NOD/SCID mice 

with U87-Cr1 (right panel) (Figure 3.1D). Immunohistochemistry of sections harvested 

from U87-Cr1 xenografts showed significantly higher levels of Cripto-1 protein, which 

co-localised with human nuclear marker, identifying the donor cells or their derivatives 

as indicated previously (Murrell et al., 2008) (Fig. 3.1D). After confirming the 
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expression of ectopic Cripto-1, we next evaluated the functional and biological effects 

of its overexpression in U87 cells. 

 

 

Figure 3.1: Expression and localization of Cripto-1. A. Localisation of Cripto-1 in 

human tissue. Black and red arrows indicate Cripto-1 protein staining. B. 

Overexpression of Cripto-1 in U87 cell lines. The U87 cell line was transfected with 

pcMV-Cripto-1 (U87-Cr1) or pcMV empty vector (U87-C). Western blot analysis of 

anti-DDK antibody was carried out to confirm transfection of Cripto1 in U87 cells. C. 

Bar graph represents expression analysis of Cripto-1 mRNA levels in U87-C and 

Cripto-1 overexpressing U87-Cr1 cells. D. Immunodetection of Cripto-1 in brain 

sections of mouse xenograft models - U87-C and U87-Cr1. Top panels, anti-cripto-1 

antibody (green), cell nucleus (DAPI, blue); middle panels, anti-human nuclear 

antibody (red). Co-localisation of anti-Cripto-1 antibody with anti-human nuclear 

antibody is shown in merged images (white arrows). Images captured at 63X 

magnification. Abbreviations used, NB, normal brain; GBM, glioblastoma multiforme; 
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U87-C, U87 control cells; U87-Cr1, U87 Cripto-1 overexpressing cells.  

3.3.2 CR-1 de-differentiates GBM cells 

The mRNA of pluripotency markers normally associated with ES cells (Nanog, Oct4 & 

Sox2) (Boyer et al., 2005) were expressed five- to twenty-fold higher in U87-Cr1 cells 

(p<0.001) (Fig. 3.2A). In addition markers of putative glioma stem cells, CD44 and ID1 

(Anido et al., 2010) also exhibited enhanced mRNA expression in U87-Cr1 cells (Fig. 

3.2A). OCT4, NANOG, SOX2 protein was also increased in U87-Cr1 cells, as detected 

by proteome profiler, though to a lesser extent than the mRNA (Fig. 3.2B). Only 

NANOG was significantly different according to the pixel density reading (p<0.05). 

Furthermore, we observed enhanced OCT4A protein expression, a de-differentiation 

marker (Wang and Dai, 2010) and the glioma stem-like marker, CD44 overexpression 

by immunoblotting (Fig. 3.2C) as a result of ectopic Cripto-1 expression. Increased 

CD44 expressing cells were further confirmed using FACS analysis.  The analysis 

showed that 96% of U87-Cr1 cells were marked with the CD44 antibody compared to 

only 65% U87-C (Fig. 3.2D). CD44 expression was also assessed on tissue sections 

harvested from U87-C and U87-Cr1 xenografts. Both displayed similar localisation of 

CD44 staining. However, substantially more CD44 was observed on U87-Cr1 sections 

than in U87-C (Fig. 3.3), which confirms the findings of the in vitro experiments. 

Tom22, a mitochondrial marker, was used to distinguish the grafted human cells from 

mouse cells (Murrell et al., 2008). The ability of cells to grow under starvation 

conditions has been nominated as a hallmark of glioma stem-like cells (Ilkhanizadeh 

and Weiss, 2013). We assessed this feature and found that U87-Cr1 cells displayed 

higher growth rate under both starvation and serum-containing conditions, over a period 

of 3 days. The growth rate increase was statiscally significant on day two and day three 

*p<0.01, p<0.001, respectively) under both conditions (Fig. 3.4 A and B).  

 



Page | 84  

 

Figure 3.2: Effect of Cripto-1 overexpression on stemness. A. Bar graph represents 

mRNA expression analysis of the stem cell related genes NANOG, Oct4, Sox2 and 

CD44 in U87-Cr1 and U87-C cell lines. Data are mean ± SEM, n=3, statistical analysis, 

two-way ANOVA, ***p<0.001. B. Bar graph represents Proteome profiler array of 

OCT4, Nanog and Sox2 proteins in U87-C and U87-Cr1 cell lines. Data are mean ± 

SEM, n=2, statistical analysis, two-way ANOVA, **p<0.05, p>0.05 considered not 

significant (ns). C. Western blot analysis of OCT4 isoform A and CD44 in U87-C and 

U87-Cr1 cell lysates. D. Flow cytometer analysis of CD44 in U87-C and U87-Cr1 cell 

lines. Grey area represents CD44-AF594 fluorescence intensity while clear area 

represents isotype-PE fluorescence intensity as control.   
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Figure 3.3: Immunodetection of stemness marker CD44. Immunofluorescence 

images of mouse brains of U87-C and U87-Cr1 xenograft models detecting CD44 (cell 

surface) and TOM22 (cell surface and cytoplasmic) markers for stemness and cells of 

human origin, respectively are shown. Top panels, anti-CD44 antibody (red), cell 

nucleus (DAPI, blue); middle panels, anti-TOM22 antibody (green); bottom panels, 

merged images; images were captured at 63X magnification.  
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Figure 3.4: Starvation and Growth Assay. A. Cell proliferation of U87-C and U87-

Cr1 cells starved of fetal bovine serum (FBS) was measured on day 1, 2 and 4 using 

MTT assay. Data are mean ± SEM, n=8, statistical analysis, two-way ANOVA, 

**p<0.01, ***p<0.001. B. Cell proliferation of U87-C and U87-Cr1 supplemented with 

10% FBS was measured on day 1, 2 and 4 using MTT assay. Data are mean ± SEM, 

n=8, statistical analysis, two-way ANOVA, **p<0.01, ***p<0.001. 
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3.3.3 CR-1 overexpression boosts the proliferation of Glioma cells 

The increased growth rate suggested that Cripto-1 might have an effect on proliferation. 

Thus, the effect of Cr-1 overexpression on the proliferation of U87 cells was assessed 

using the proliferation index marker, Ki-67. U87-Cr1 cells showed around a nine-fold 

increase of Ki-67 as compared to U87-Control cells at the mRNA level (Fig. 3.5A). 

Furthermore, we examined cyclin D1 (marker of S phase) levels by immunoblot. 

Increased levels of cyclin D1 protein were detected in U87-Cr1 cell lysate than in U87-

C (Fig. 3.5B). The proliferation index marker PCNA showed no difference when tested 

using the protein lysate from U87 Control and Cr1 cells (Data not shown).  

 

 

Figure 3.5: Effect of Cripto-1 overexpression on GBM cell proliferation. A. Bar 

graph represents expression of cell proliferation marker – Ki67 mRNA levels in U87-C 

and U87-Cr1 cell lines. Data are mean ± SEM, n=3, statistical analysis, Student’s t-test. 

B. Western blot analysis detecting Cyclin D1 protein a marker for DNA sysnthesis at S-

phase in U87-C and U87-Cr1 cell lysate is shown.  
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3.3.4 CR-1 overexpression enhances invasion migration and adhesion of GBM cells  

A recent study has indicated that the p130CAS pathway is involved in regulating glioma 

cell invasion and migration (Barrett et al., 2014). The current study has confirmed that 

Cr-1 overexpression activates P130CAs phosphorylation-mediating invasion and 

migration of glioma cells as elaborated in the next chapter (Table 4.2). This finding was 

confirmed using a phsopho array that covers over 1300 well-characterised site-specific 

antibodies. The current study also investigated the expression of indicators of EMT 

induction as a result of overexpressing Cripto-1 in glioma cells. U87-Cr1 cells 

expressed increased levels of vimentin and twist (EMT markers) (Fig. 3.6A) compared 

to U87-C cells. U87-C and U87-Cr1 cells were also subjected to cell invasion and 

migration assays, using Boyden chambers and wound healing assays, respectively. For 

the invasion assay, cells were cultured overnight in serum free medium prior to the 

assay. In the presence of 10% FBS as chemo-attractants in the bottom chamber, the 

invasion ability of U87-Cr1 cells was significantly higher (74%) than that exhibited by 

U87-C cells (59%) (p<0.001) (Fig. 3.6B). U87-Cr1 cells also showed enhanced ability 

to migrate over time. The number of cells migrating in the wound area at three time 

points, 12, 24 and 36 hours, were assessed (p<0.05, p<0.001) (Fig. 3.6C). In agreement 

with the invasive and migration capabilities, U87-Cr1 cells showed a significantly 

higher ability to adhere to Matrigel coated surface as compared to U87-Control cells 

(p<0.001) (Fig. 3.6D). Also, less time was needed to detach U87-C adhered cells 

compared to U87-Cr1 cells with accutase dissociation reagents (data not shown).  

 

To confirm the in vitro findings in vivo, the EMT marker vimentin was examined on 

tissue sections harvested from xenografts implanted with either U78-Cr1 and U87-C 

cells. U87-Cr1 exhibited higher intensity of vimentin staining compared to U87-C cells 

(Fig. 3.7). 
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Figure 3.6: Effect of Cripto-1 overexpression on EMT. A. Western blot analysis of 

EMT markers vimentin and twist in U87-C and U87-Cr1 cell lysates. Calnexin is a used 

as a loading control. B. Invasion assay for U87-C and U87-Cr1 cells measuring the 

number of cells labelled with calcein AM invading the BME coated chamber towards 

serum enriched medium. Data are mean ± SEM, n=9, statistical analysis, Student’s t-

test, ***p<0.001. C. Wound healing migration assay was performed on U87-C and 

U87-Cr1 cells and cells were counted in the wound area for 0, 12, 24 and 36 hrs. Data 

as mean ± SEM for U87-Cr1 was compared against U87-C (n=3). Statistical analysis 

(two way ANOVA) showed significant changes between U87-Cr1 over U87-C cells to 

migrate and seal the wound area over 12, 24 and 36 hrs (*p<0.05, ***p<0.001). D. 

Adhesion assay was performed to assess the capacity of U87-Cr1 and U87-C cells to 

adhere to matrigel coated surface. The calcein-labelled fluorescent cells were measure. 

Data are mean ± SEM, n=8, statistical analysis, student’s t-test, ***p<0.001. 

Abbreviations used, EMT, epithelial to mesenchymal transition; Vim, vimentin. 
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Figure 3.7: Immunodetection of the mesenchymal marker vimentin on sections of 

mouse brains of U87-C and U87-Cr1 xenograft models. Top panels, anti-vimentin 

antibody (red); mid panels, anti-TOM22 antibody (green), cell nucleus (DAPI, blue); 

bottom panels, merged images; images were captured at 63X magnification. 

Abbreviations used, VIM, vimentin  
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To further identify the Cripto-1 effect on invasion, migration and adhesion, we studied 

the mRNA expression of cell adhesion molecules in U87-Cr1 cells by employing a 

qPCR array that covers a set of 88 well characterised cell adhesion molecules. These 

genes have been implicated in the control of cancer cell adhesion, migration and 

invasion across multiple cancers. Only the genes that have shown difference in their 

expression as a result of Cripto-1 ectopic expression and have been implicated in 

controlling glioma cell motility and adhesion were selected. Eleven genes were 

upregulated or downregulated as a result of Cripto-1 over-expression in U87 cells. U87-

Cr-1 cells exhibited increased expression in CD276 (CD276 molecule), NCAM1 (neural 

cell adhesion molecule 1), ITGA6 (integrin, alpha 6), L1CAM (L1 cell adhesion 

molecule) and CD40 (CD40 molecule, TNF receptor superfamily member 5) with 3-49 

fold increases as shown in Figure 8A. Conversely, expression of six genes was 

suppressed as a consequence of Cripto-1 including, CADM1 (cell adhesion molecule 1), 

ITGB2 (integrin, beta 2), MPZ (myelin protein zero), CDH1 (cadherin 1, type 1, E-

cadherin (epithelial)), CDH4 (cadherin 4, type 1, R-cadherin (retinal)) and CADM3 (cell 

adhesion molecule 3). Expression varied from -2 to -85 fold compared with U87-C cells 

(Fig. 3.8A). Fig. 3.8B shows the involvement of different genes affected in the qPCR 

array and their role in cancer processes as reported in the literature.  
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Figure 3.8: Adhesion molecules QPCR array analysis of cripto-1 overexpressing 

U87 cells. A. Bar graph represents normalized mRNA expression of up-regulated and 

down-regulated genes in U87-Cr1 cells. A qPCR array for 88 genes was conducted out 

of which 5 genes i.e., CD40, L1CAM, ITGA6, NCAM1 and CD276 were up regulated 

and 6 genes i.e., CADM3, CDH4, CDH1, MPZ, ITGB2 and CADM1 were down-

regulated. Data are mean ± SEM, n=3. B. Schematic representation of the involvement 
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of various genes affected by Cripto-1 overexpression in different oncogenic cell 

processes. The down-regulated genes (indicated in red hexagons) CADM3, CDH4, 

MPZ and CADM1 are known as tumour suppressor genes in normal cells. The gene 

CDH1 (E-cadherin) is a hallmark for epithelial cells and its down-regulation is 

indicative of EMT process. The ITGB2 gene down-regulation is essential for GBM 

stem cell maintenance. The up-regulated genes (indicated by green hexagons) L1CAM, 

ITGA6 and NCAM1 maintain GBM stem like cells. The genes CD40 and CD276 are 

involved in GBM cell proliferation and suppression of NK-mediated cell lysis, 

respectively. These two genes are also involved in neo-vascularisation of GBM. The 

fold increase or decrease in mRNA expression is indicated underneath the respective 

genes. Abbreviations used, CD40, Tumor necrosis factor receptor superfamily member 

5;L1CAM, Neural cell adhesion molecule L1; ITGA6, Integrin alpha-6; NCAM1, 

Neural cell adhesion molecule 1; CD276, CD276 antigen; CADM3, Cell adhesion 

molecule 3; CDH4, Cadherin-4; CDH1, Fizzy-related protein homolog; MPZ, Myelin 

protein P0; ITGB2, Integrin beta-2; CADM1, Cell adhesion molecule 1. 

 

3.3.5 U87-Cr-1 cells form tube like structures in-vitro after exposure to Endothelial 

Cell Growth Medium (ECGM) 

To explore the ability of CR-1 to induce angiogenesis, we evaluated the formation of 

vascular tube-like structures in Matrigel. In regular culture medium, U87-C and U87-

Cr1 cells did not form any tube-like structures but remained round and isolated on the 

Matrigel bed (Data not shown). Addition of ECGM, which is supplemented with growth 

factors optimised for maintaining endothelial cells in vitro, induced the formation of 

distinct rings and cords in U87-Cr1 cells, visible after 16 hours (Fig. 3.9A). Conversely, 

tube formation in U87-C cells was barely detectable. Moreover, counting fully formed 

tube like structures revealed that U87-Cr1 generated a significantly higher number of 

"vascular structures" than U87-C cells (p< 0.05) (Fig 3.9A). Immunohistochemical 

staining of human tissues demonstrated that Cripto-1 is strongly expressed and mainly 

localised in the nuclei and cytoplasm of the blood vessel cells (Fig. 3.9B). In support of 

these findings, VEGFR-2 protein was enhanced in the U87-Cr1 cells by 4.59 fold 

compared to U87-C cells. Furthermore, Cripto-1 was also found to activate VEGFR-2 

phosphorylation at tyrosine residue 1054 by around 3 fold compared to U87-cells 

(Table 4.2). This finding will be further confirmed using specific antibodies against 

native VEGFR2 and phosphorylated form of Tyrosine1054. It could be hypothesised 

based on current findings combined with other studies that Cripto-1 is a possible 
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stimulator of trans-differentiation of glioma cells to vascular endothelium cells. The 

possible molecular mechanism of Cripto-1 control of the complex of signalling 

pathways is discussed in the next chapter.  

 

 

 

Figure 3.9: Angiogenesis in Cripto-1 overexpressing U87 cells. A. Tube-like 

formation assay in U87-C and U87-Cr1 cells. The formation of tube-like structures 

(indicated with black arrows) in the presence of EGCM media was quantitated in U87-

Cr1 and compared to U87-C cells. Bar graph represents number of tube-like structures, 

mean ± SEM, n=3, statistical analysis, Student’s t-test *p< 0.05. B. Representative 

images of immunodetection of Cripto-1 in human GBM tissues. Localization of Cripto-

1 stained cells has been detected in the blood vessels as indicated by black arrows 
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(nucleus) and red arrows (cytoplasm). Images were captured at 40X magnification using 

Olympus CKX41 microscope.  

 

3.4 DISCUSSION 

The diagnosis and treatment of glioma, particularly grade IV glioma, Glioblastoma 

Multiforme (GBM) has proven to be somewhat of an Achilles’ heel in the cancer field. 

With very little progress in the diagnosis and treatment of this deadliest cancer form, 

prognosis has remained very poor with most patients dying within a short time 

following diagnosis. In fact, the detection of GBM is possible only at a very late stage. 

(Lee et al., 2010). Cripto-1 is rarely detectable in normal adult tissues but is highly 

upregulated across a number of human cancers. It is also enriched in the stem-like cell 

populations of embryonal, melanoma, prostate, and pancreatic carcinomas (Watanabe et 

al., 2010, Strizzi et al., 2013, (Miceli et al., 2011), (Lonardo et al., 2011). In this study, I 

have attempted to delineate the role of Cripto-1 in de-differentiating and maintaining 

U87 GBM cells. Its role in controlling proliferation, angiogenesis and invasion were 

also investigated. 

 

3.4.1 Cripto-1 might influence glioma genesis by maintaining glioma stem cells 

Cripto-1 is an important regulator of embryonic development and also highly implicated 

in cancer progression (Strizzi et al., 2005), Bianco et al., 2010). Accordingly, Cripto-1 

is enriched in sub-populations with stem-like characteristics in a number of cancers 

(Strizzi et al., 2008, Cocciadiferro et al., 2009 , Watanabe et al., 2010, Strizzi et al., 

2013). We found increased stem-like characteristics in U87 cells upon the 

overexpression of Cripto-1. This included the enhanced expression of the pluripotency 

genes OCT4, NANOG and SOX2 transcription factors, that maintain self-renewal in 

ESCs and cancer stem cells alike (Watanabe et al., 2010). This is in agreement with 

studies showing CSCs isolated from melanoma and prostate cancers also display high 

expression of Nanog, OCT4 and SUZ12 (Strizzi et al., 2008, Cocciadiferro et al., 2009). 

The Cripto-1 enriched population isolated from embryonal carcinoma cells also showed 

high expression of pluritpotency markers, OCT4, SOX2 and NANOG (Watanabe et al., 

2010). Pancreatic CSC self-renewal and tumourgenicity is maintained by enhanced 

Critpo-1 expression along with pluripotency markers, in tumourspheres compared to 

adherent parental cells ((Lonardo et al., 2011).  The de-differentiation marker, OCT4a, 

was shown in the same study to be enhanced in pancreatic tumoursphere which is 

consistent with our finding that Cripto-1 enhances the self-renewal of GBM cells.  
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Further evidence of the de-differentiating effect of Cripto-1 on glioma cells came from 

the enhanced expression of CD44 as a result of overexpression. CD44 has been claimed 

to be not only a marker of CICs of different organs but also to have a role in controlling 

cancer-related cell processes such as adhesion, migration and invasion (Zöller, 2011). 

More specifically, it has been shown that the aggressiveness of glioma growth and CSC 

phenotypes are controlled by CD44 (Pietras et al., 2014). Taken together, the enhanced 

expression of CD44 as a result of exogenous Cripto-1 expression may indicate a novel 

pathway regulating GBM cells aggressiveness. 

 

Cripto-1 overexpressing cells also increased cell survival and proliferation rate under 

serum-deprived environment. It is well established that the growth of CSCs requires an 

environment, or niche, lacking factors mediating differentiation that are mainly present 

in serum containing medium (Tavaluc et al., 2007). Our finding strengthens the case 

that Cripto-1 cells might have acquired a cancer stem-like phenotype. 

 

Our results define for the first time the role of Cripto-1 in GBM stem cell maintenance 

by its direct effect on the expression of stemness markers. It is of great necessity to 

identify the upstream pathways that control Cripto-1 mediated stemness regulation. This 

could have significant implications on the design of novel therapeutic strategies 

targeting the GBM stem-like cells.  

 

3.4.2 The induction of glioma cellular proliferation is a prime feature of Cripto-1 

Like the other embryonic genes implicated in the initiation, development and 

progression of different human cancer types, Cripto-1 also induces cell proliferation. 

Cripto-1 protein expression has been detected in the regions of high cellular densities in 

GBM samples as suggested by enhanced Ki-67 staining (Pilgaard et al., 2014). Along 

similar lines, increased cellular proliferation and growth as a consquence of Cripto-1 

overexpression was detected in the U87 cells. U87-Cr1 cells showed higher Ki-67 

expression at the mRNA level. Cripto-1 is associated with significantly increased 

glioma cell proliferation in the presence of Nodal (Lee et al., 2010). To confirm our 

initial finding, we employed another proliferation index marker, PCNA (McCormick 

and Hall, 1992). Assessing its protein expression by immunoblot showed that it is 

highly expressed in both U87-C and U87-Cr1 samples with no difference between them. 

Enhanced PCNA expression is associated with cells undertaking DNA repair and/or 
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DNA synthesis (Sawtell et al., 1995), so it might be of limited usage as a proliferation 

marker (McCormick and Hall, 1992). Moreover, cyclin D1, a marker of DNA systhesis, 

was increased at the protein level suggesting that Cripto-1 might have an effect on cells 

at the S-phase stage. Previous work conducted on keratinocytes showed that Cripto-1 

increased DNA synthesis (Shukla et al., 2008). The current findings support those 

previous that Cripto-1 might have a regulatory role in controlling cancer cellular 

proliferation and tumour growth. 

 

3.4.3 Cripto-1 overexpression increases GBM cell invasiveness and migration 

Accumulated evidence from several studies on multiple cancer models have linked 

increased invasiveness and migration to Cripto-1 activity (Rangel et al., 2012). 

Expression of EMT markers, vimentin and twist, were elevated in U87-Cr1 cells while 

epithelial markers were lost, undertaking a mesenchymal phenotype, consistent with 

multiple studies. Our current study has show that vimentin and twist are elevated at the 

protein level. We also showed that xengrafted U87-Cr1 cells overexpresses vimentin as 

compared to U87-C cells. This finding is in line with the reported function of Cripto-1 

in controlling the expression of EMT markers. Cripto-1 overexpression in cervical 

cancer cells increases vimentin expression (Ebert et al., 2000). Cripto-1 also enhances 

the migration and invasiveness of cells in several cancer models. Our in vitro data 

shows that Cripto-1 overexpression significantly enhances the invasiveness and 

migratory properties of U87 glioma cells. The cells also demonstrated high adhesive 

characteristics. They also found that Cripto-1 enhances invasiveness and migration of 

treated cervical cancer cells (Ebert et al., 2000).  

 

Our results present for the first time the direct influence of Cripto-1 on the expression of 

the EMT markers vimentin and twist in GBM cells that confirms its critical role in the 

progression of cancer.  

 

3.4.4 qPCR analysis of cell adhesion molecules revealed unique functions of 

Cripto-1 in maintaining glioma cell growth, invasiveness, migration, adhesion and 

survival  

We assessed the underlying molecular regulatory mechanism controlling invasiveness, 

migration, adhesion, cell survival and growth by assessing a gene signature profile. This 

signature of known cell adhesion molecules have been reported to regulate these cellular 

mechanisms. U87-Cr1 cells clearly enhanced and repressed the expression of a specific 
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set of these genes as shown in Fig. 3.8A. The following text discusses the reported roles 

for each gene along with a possible implication for the findings in this study. 

 

The first cell adhesion molecule found to be enhanced as a result of Cripto-1 ectoptic 

expression is CD40. Its enhanced expression has been reported in human glioma tissues 

and cell lines, where it is proposed to maintain glioma cell proliferation. Furthermore, 

CD40 induced expression in glioma tissues significantly correlates with tumour size, 

expression of VEGF and density of micro-vessels (Xie et al., 2010). Targeting Cripto-1 

might serve as an attractive treatment for killing glioma cells by inhibiting CD40. Since 

Critpo-1 and CD40 shares similar characteristics, they could be used as combined 

biomarkers for assessing the risk of developing a glioma (Xie et al., 2010). 

 

The neuronal cell adhesion molecule, L1CAM, is another gene with enhanced 

expression in U87-Cr1 cells. This molecule is highly expressed on glioma stem cells. 

More specifically, it co-segregates with the CD133+ glioma cell population. Targeting 

L1CAM suppresses glioma growth and enhances the survival of tumour-bearing 

animals (Bao et al., 2008).  

 

Cripto-1 was found in the current screen to enhance the mRNA expression of Integrin 

α6 (ITGA6). ITGA6 was reported to be involved in the maintenance of GBM 

malignancy by regulating cellular plasticity (Berezovsky et al., 2014). It was found that 

down regulating SOX2, a pluripotency marker, reduces the expression of ITGA6 in 

GBM stem like cells. SOX2 expression was reported in our current study to be up 

regulated as a result of Cripto-1 enhanced expression (Fig. 2 A and B). This raises the 

possibility that ITGA6 is an important regulator of cancer stem-like maintenance. 

Integrin, β2 (complement component 3 receptor 3 and 4 subunit) (ITGB2), has been 

shown to be conversely regulated by Cripto-1 in our study. This was evident by its 

increased expression along with down regulation of SOX2 in GBM cells (Berezovsky et 

al., 2014). This confirms that Cripto-1 exerts similar functions as those of SOX2 in 

maintaining cancer stem-like cells.  

 

NCAM-1 was also found in our current study to be enhanced by Cripto-1 expression. 

This was demonstrated by a positive correlation between NCAM-1 and CD133 

expression in maintaining glioma stem cells showing immunosuppressive roles and 

indicates the late stage of cancer (Schwartzbaum et al., 2010). 
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Cripto-1 over expression also enhanced the expression of the CD276 adhesion 

molecule. CD276 has been reported to preferentially label cancer endothelial cells 

compared with normal endothelial cells in GBM tissues (Kraan et al., 2014). Its 

enhanced expression in our study further supports the role of Cripto-1 in tumour 

vascularisation. CD276 was also reported in another study to function as a pro-invasive 

and immunosuppressive factor in GBM cells (Lemke et al., 2012).  

 

On the other hand, Cripto-1 drastically suppresses the neural tissue-specific 

immunoglobulin-like cell–cell adhesion molecule, CADM3, as shown in Figure 10A. 

CADM3 is reported to have a tumour suppressor role in glioma (Gao et al., 2009). Thus, 

Cripto-1 targeted immunotherapies may reactivate the CADM3 mediated 

immunosuppression function. 

 

Our results further show that Cripto-1 overexpression down regulates the expression of 

epithelial molecules (CDH1 and CDH4) E and R-cadherin. E-cadherin suppression has 

been demonstrated along with the acquisition of an invasive mesenchymal phenotype. 

Its suppression also reflects increased tumourigenicity and unrestricted proliferation of 

GBM stem cells. In addition, it confers enhanced resistance to tumour therapy (Yu et 

al., 2012). E-cadherin has been shown to signal through Connexin 43 (Cx43). Thus, 

transducing Cripto-1 mediated Cx43 up-regulation may reverse the tumourigenic 

phenotype of GBM stem like cells by controlling E-cadherin. Our results also indicate 

that Critpo-1 increased expression mediates the down-regulation of R-cadherin. The 

role of R-cadherin has never been studied in GBM cells. It has been shown previously, 

in a functional study conducted on nasopharyngeal carcinoma that its enhanced 

expression suppresses cellular proliferation, colony formation, migration and stimulates 

cell-cell communication (Du et al., 2011). It has been proposed as a tumour suppressor 

gene. Cripto-1 suppression might enhance its expression and thereby mediate tumour 

suppression activity. 

 

Myelin Protein Zero (MPZ) expression is reported to be suppressed in fast dividing C6 

GBM cells (Tatenhorst et al., 2005). This is consistent with our results, which show 

diminished MPZ expression in U87-Cr1 GBM cells. MPZ down-regulation might 

induce single cell dispersion leading to diffusive invasion (Tatenhorst et al., 2005). It 

might be up-regulated by Cripto-1 down-regulation in a novel therapeutic regimen to 

treat invasive GBM. 
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The last adhesion molecule analysed in this analysis was the neural tissue-specific 

immunoglobulin-like cell–cell adhesion molecule, CADM1. It was found in our study to 

be down-regulated when Cripto-1 was  enhanced. CADM1, also known as SynCAM, 

has been recognized for its role in suppressing GBM tumour cell growth and 

invasiveness (Zhang et al., 2013). The enhanced invasiveness of glioma cells might 

reflect the deactivation of the tumour suppressor CADM1. Again therapeutic mediated 

Cripto-1 suppression might activate the CADM1-mediated suppression, and retard 

tumour growth as a consequence.  

 

We identifed here a novel complex, molecular based pathway by which Cripto-1 seems 

to control multiple processes relevant to GBM, at least in U87 cells. Figure 8B shows a 

schematic depicting the possible processes controlled by Cripto-1. The hypothesised 

processes still need confirmation using functional assays. 

 

3.4.5 Cripto-1 could be an indispensible target of glioma vasculature 

High angiogenic and invasive properties are hallmarks of glioblastoma tumours (Blouw 

et al., 2003). The roles of Cripto-1 in inducing survival and proliferation of endothelial 

cells have been documented in a breast cancer model (Bianco et al., 2005b). This 

suggests the potential role of Cripto-1 as a main modulator of vascular formation within 

tumours, acting as an angiogenic molecule (Bianco et al., 2010). Cripto-1 

overexpression has a profound impact in microvessel formation leading to the growth of 

the tumour. The role of Nodal in brain tumour angiogenesis has previously been 

established [45]. However, the implication of Cripto-1 in GBM was not studied thus far. 

The presence of Cripto-1 and its co-localisation with the endothelial marker CD-31 was 

studied by Pilgaard et al. (2014) to demonstrate the potential role of Cripto-1 in GBM 

angiogenesis. It was found through this study that Cripto-1 was localised within specific 

locations in the GBM samples. Our results support a role of Cripto-1 in angiogenesis 

since it can lead to increased expression of the angiogenesis marker VEGFR-2. 

Furthermore, the U87-Cr1 cells showed higher tube forming capacity under endothelial 

conditions. Distinct characteristic phenotypes could be further studied in the animal 

GBM xenograft model. It was observed in a related study conducted on a breast cancer 

animal model, that Cripto-1 promotes the prolferation, migration and invasiveness of  

endothelial cells (Bianco et al., 2005b). This suggests that Cripto-1 can be a major 

contributory factor in glioblastoma angiogenesis. It would be a matter of great interest 
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to find out the exact stage of glioblastoma tumour angiogenesis where Cripto-1 

contributes as this is highly difficult to dissect given the fact that the available tumour 

samples are already highly vascularised.  

 

The aim of this study was to clearly define the funtional role of the protein, Cripto-1 in 

GBM using a cell model. Accordingly, here we present for the first time a direct role of 

the potent CSC maintenance factor Cripto-1 in different aspects of GBM pathogenesis. 

The influence of overexpression of the protein on various markers of the different stages 

of GBM was carried out through careful analysis of the markers as well as cell based 

functional assays. Although a few other studies have been previously carried out to 

understand the role of Cripto-1 in GBM, none analysed the aforementioned aspects of 

Cripto-1 in this cancer type. In comparison to other cancer types, the studies of Cripto-1 

in GBM is still in its infancy. However, our data demonstrate that Cripto-1 has a 

dominant and significant role to play, in the initiation, development, progression and 

maintenance of GBM. This could be a significant indication towards the potential 

involvement of Cripto-1 in cases of GBM relapse. Since, late diagnosis and recurrence 

are the two most critical threats in the fruitful treatment of GBM; these findings could 

be of high significance and pave the way for future studies that clearly define the role of 

Cripto-1 as a potential therapeutic target in the treatment of GBM. 

 

3.5 FUTURE DIRECTIONS 

The work presented here has identified avenues that need to be addressed in future 

studies on Cripto-1. The results have added further evidence that Cripto-1 is an 

important factor controlling tumour formation and progression. We provide evidence 

that the embryonic stem cell factor, Cripto-1, modulates and controls important factors 

that are crucial for four important processes in cancer. For example, the current work 

showed that Cripto-1 ectopic expression enhances the expression CD44 cell surface 

marker in vitro and in vivo. Thus, this novel finding should be taken in consideration for 

further examination of the underlying molecular mechanisms which might serve as 

potential clinical target in GBM. Taking in consideration the report by Tysenes (2013) 

that the GBM of younger patients are more prone to higher plasticity as a result of 

increased Cripto-1 expression, examining the correlation between Cripto-1 and other 

factors should be primarily restricted to this cohort of patients. In addition, it is 

important to dissect the molecular pathways controlling different biological mechanisms 

affected as a result of Cripto-1 expression on multiple primary GBM cell lines. 



Page | 102  

Functional studies, such as silencing Cripto-1 in overexpressing GBM cells, is 

warranted to confirm the findings of our study. Since GBM tumour vacularisation is a 

hallmark of GBM, further studies should consider creating animal models that reflect 

GBM tumour angiogenesis. Disrupting Cripto-1 expression and downstream pathways 

could help solve the puzzle. Furthermore, it is crucial to investigate Cripto-1 control of 

different biological mechanisms of glioma in vivo and in other cancers.  

 

Cripto-1 mediating miRNA regulation is another aspect that is crucial for the 

understanding of Cripto-1 regulation of cancer cells. There is only one study that has 

investigated this aspect of Cripto-1 control. It has been reported that Cripto-1 expression 

is controlled by mir-205 in non–small cell lung cancer (Park et al. 2014). Identifying 

miRNA that control or are controlled by Cripto-1 will help advance our knowledge 

about the role of Cripto-1 in cancer. 

 

Cripto-1 has increasingly been used as a prognostic and diagnostic marker. Using 

proteins that undergo increased phosphorylation by Cripto-1 as additional prognostic 

markers would be an excellent approach to identify the pathway controlling this 

particular cancer. Recently, approaches to target Cripto-1 in cancer cells through 

antibodies have been described (Adkins et al., 2003). 
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CHAPTER 4 

PHOSPHOPROTEOME ANALYSIS OF U87 

GLIOBLASTOMA CELLS IN RESPONSE TO 

CRIPTO-1 OVEREXPRESSION  
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4.0 ABSTRACT 

Discovering the underlying signalling pathways that control cancer cells is crucial for 

understanding their biology and to develop therapeutic regimens. Thus, the aim of this 

project was to unravel the effect of Cripto-1 on pathways controlling GBM cell 

function. To this end, changes in protein phosphorylation in cells overexpressing 

Cripto-1 were analysed using KEGG pathway analysis tool, as well as the Uniprot 

resource to identify the functions of Cripto-1 dependent phosphorylated proteins. This 

revealed that proteins affected by Cripto-1 overexpression are involved in multiple 

pathways. Only pathways that were highly enriched affecting multiple proteins were 

selected for further analysis. The MAPK, Focal Adhesion (FA) and ErbB pathways 

were found to be enriched by Cripto-1 overexpression with 35%, 27% and 24% of 

pathway proteins phosphorylated, respectively. These pathways control important 

cellular processes in cancer cells that correlate with the observed functional changes 

described in earlier chapters. This study has identified novel putative signalling 

cascades that Cripto-1 might impact upon to control multiple cellular processes. More 

specifically, Cripto-1 may regulate MAPK cellular proliferation pathway by 

activating EFR(Ser1070) or FGFR1 (Tyr654). Its effect on cellular proliferation could 

be mediated through src (Tyr418), FAK (Tyr396), p130CAS (Tyr410) c-Jun (Ser63) 

of the FA pathway. Cripto-1 might regulate cellular survival through the same 

pathway via the signalling cascade Src (Tyr418), FAK (Tyr396), p130CAS (Tyr410) 

BCL2 (Thr69). Cripto-1 may also control cellular motility and invasion by activating 

Src (Tyr418), FAK (Tyr396) and PXN (Tyr118) of the FA pathway. Cripto-1 

regulation of cellular invasion and migration might be not limited to FA pathway 

however. It might also control these cellular mechanisms through signalling via 

EGFR (Ser1070)/Her2 (Tyr877) mediating Src (Tyr418), FAK (Tyr396) cascade 

activation of the ErbB pathway. Angiogenesis could be mediated by Cripto-1 by 

activating c-Jun (Ser63) through EGFR (Ser1070)/Her2 (Tyr877) of the ErbB 

pathway. To conclude, this study has augmented and enriched the knowledge about 

crucial roles that Cripto-1 might play to control different cellular mechanisms in 

GBM cells.    
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4.1 INTRODUCTION 

As shown in the previous chapter, Cripto-1 might have a regulatory role in promoting 

stemness, proliferation, invasion, migration, and angiogenesis in human GBM cells 

(U87 cell line). This chapter investigates the possible underlying molecular 

mechanisms using phosphoproteome analysis.  

 

It has been reported by several groups that Cripto-1 modulates multiple important 

pathways in normal and cancer cells (Bianco et al., 2005). The unique structure of 

Cripto-1 allows its binding to various ligands (Castro et al., 2011). Cripto-1 is known 

to signal either dependently or independently of TGF-beta family members Nodal, 

GDF1 and GDF3. Its binding to Nodal/GDF1/GDF3 enhances cellular proliferation 

by triggering heteromeric receptor complex formation composed of activin receptor 

typeI and type II (ALK4) mediating SMAD2/3 phosphorylation that subsequently 

binds to SMAD4 resulting in translocation of the transcriptional complex to the 

nucleus (de Castro et al., 2010). Critpo-1 has been shown to control migration and 

proliferation of tumorous endothelial cells by its binding to glypican-1 mediating 

Nodal-independent c-src/MAPK/Akt activation (Bianco et al., 2005). Furthermore, it 

has been reported to enhance cellular proliferation in breast cancer through its binding 

with GRP78 that subsequently activates the MAPK/Akt signalling pathway. 

Disruption of cell-cell adhesion, confirmed by the decreased E-cadherin expression, 

has also been demonstrated by Cripto-1 signalling through the same pathway (Kelber 

et al., 2009). GRP78 when bound with Cripto-1 also activates SMAD2/3 

phosphorylation and mediates increased proliferation. Pathways that are affected by 

Cripto-1 are described in Table 4.1.  

 

Extending current knowledge by identifying novel signalling pathways, or further 

characterisation of interactions in known pathways, may advance our understanding 

of Cripto-1 functions and, in turn, might be translated to become cancer therapeutic 

targets. For this purpose, we conducted a large-scale phospho-protein screen analysis, 

using a phospho-array containing over 1300 specific antibodies, on the effect of 

Cripto-1 overexpression on U87 glioma cells. Subsequent use of the DAVID 

bioinformatics resources (Huang et al., 2009, Huang et al., 2009b) in our initial 

analysis uncovered a novel regulatory circuitry activated by Cripto-1 in U87 glioma 

cells potentially regulating proliferation, survival, and invasiveness.  
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4.2 MATERIALS AND METHODS 

4.2.1 Phospho-specific protein microarray analysis: 

The Phospho Explorer Antibody Microarray consists of 1,318 phospho-specific 

antibodies was supplied by Full Moon BioSystems Inc (CA, USA). In brief, whole-

cell lysates from U87-C and U87-Cr1 cells were harvested using Protein Extraction 

Buffer (Full Moon BioSystems Inc., CA, USA). Proteins were labelled with biotin 

and placed on pre-blocked microarray slides. After washing, detection of total and 

phosphorylated proteins was conducted using Cy3-conjugated streptavidin. Slides 

were transferred at room temperature to Full Moon BioSystems Inc., for scanning. 

spot intensities were extracted from the scanned array images using GenePix 5. 

Background readings from each array were subtracted for each spot and the average 

median signal was used for the subsequent analysis. The array was normalised against 

the average intensity of the total spots on the array. To calculate fold change in 

phosphorylation, the intensity of the phosphorylated spot was divided by the 

corresponding non-phospho spot for each protein. Differential expression between the 

samples was calculated by dividing the phosphorylation ratio of the Cripto-1 cell line 

with the control cell line. Significant expression was taken as greater than 2 or less 

than 0.5 fold. This experiment was carried out once and the array contained duplicate 

spots for each antibody. 

 

4.2.2 Pathway Mapping 

 UniProt ID was ascribed to each target of an anti-phospho antibody based on the 

antibody information, while the records in UniProt were linked to the information in 

the KEGG pathway. The KEGG pathway database was used to analyse the 

enrichment of biological pathways for the selected molecules.  
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4.3 RESULTS 

4.3.1 Enhanced Cripto-1 expression affects the phosphorylation of proteins in 

U87 glioma cells  

Cripto-1 expression has been found to affect several signalling pathways (Nagaoka et 

al. 2012). Thus, the current study aimed to unravel pathways affected by Cripto-1 

overexpression in U87 glioma cells. For this purpose, a phospho array explorer 

microarray, with over 1300 probed antibodies, covering a range of pathways, in their 

native and phospho format of multiple residues was used. 

 

After screening the array we found approximately 15% (90 out 582) of the 

phosphorylation sites under investigation to be activated or suppressed 

(Supplementary Table#1). We considered 2-fold as the base line of the enhanced 

phosphorylation. The base line for suppressed phosphorylation was considered 0.5-

Fold (-2 Fold). Using these criteria, the analysis identified 69 proteins with enhanced 

phosphorylation and 21 proteins with suppressed phosphorylation in U87-Cr1 cells 

compared with U87-C cells. Due to time restrains, only proteins with enhanced 

phosphorylation were included in the analysis (Table 4.2).   
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Table 4.2 Effect of Cripto-1 on phosphorylation status 

Protein Name 
Ratio pU87-

Cr1/pU87-C
UniProt ID 

BCL-2 (Phospho-Thr69) 9.79 P10415 

PPAR-r (Phospho-Ser112) 6.48 P37231 

STAT5A  (Phospho-Ser780)  6.07 P42229 

BRCA1 (Phospho-Ser1457) 6.05 P38398 

BCL-XL (Phospho-Thr47) 5.69 Q07817 

ACTIN Pan (a/b/g) (Phospho-Tyr55/53) 5.38 
P68032/P63261 

/P63267/P68133 

MAPKAPK2 (Phospho-Thr334) 5 P49137 

WASP (Phospho-Tyr290) 4.66 P42768 

Src (Phospho-Tyr418)  4.65 P12931 

HSF1 (Phospho-Ser303)  4.51 Q00613 

Src (Phospho-Ser75) 4.5 P12931 

PKC delta (Phospho-Thr505) 4.33 Q05655 

Paxillin (Phospho-Tyr118)  4.15 P49023 

Tau (Phospho-Ser356)  4.02 P10636 

RSK1/2/3/4 (Phospho-Ser221/227/218/232) 4 
Q15418/P51812 

/Q15349/Q9UK32 

Caveolin-1 (Phospho-Tyr14)  3.89 Q03135 

ATF4 (Phospho-Ser245)  3.84 P18848 

mTOR (Phospho-Ser2481) 3.61 P42345 

P70S6K (Phospho-Ser418) 3.6 P23443 

p130Cas (Phospho-Tyr410) 3.58 P56945 

PKC theta (Phospho-Thr538) 3.51 Q04759 

P70S6K (Phospho-Ser371) 3.48 P23443 

GluR2 (Phospho-Ser880)  3.36 P42262 

PKD1/PKCmu (Phospho-Ser910) 3.31 Q15139 

Chk2 (Phospho-Thr383) 3.3 O96017 

Dok-1 (Phospho-Tyr398)  3.29 Q99704 

PEA15 (Phospho-Ser116) 3.27 Q15121 

ATRIP (Phospho-Ser68/72) 3.13 Q8WXE1 

p53 (Phospho-Ser15)  3.06 P04637 

PKC alpha/beta II (Phospho-Thr638) 3.02 P17252 

PKC alpha  (Phospho-Tyr657) 2.99 P17252 

ATPase (Phospho-Ser16) 2.9 P05023 

IKK-beta (Phospho-Tyr188) 2.85 O14920 

Cyclin E1 (Phospho-Thr395) 2.83 P24864 

Tyrosine Hydroxylase (TH) (Phospho-Ser8) 2.82 P07101 

VEGFR2 (Phospho-Tyr1054)  2.81 P35968 

P70S6K (Phospho-Ser411)  2.8 P23443 

FAK (Phospho-Tyr397) 2.78 Q05397 

EGFR (Phospho-Ser1070)  2.74 P00533 

LAT (Phospho-Tyr171) 2.73 O43561  

PLCG1 (Phospho-Tyr783) 2.61 P19174 



Page | 110  

 

Table 4.2 (Continued) 

Protein Name Ratio pU87-Cr1/pU87-C UniProt ID 
MKK6 (Phospho-Ser207) 2.58 P52564 

   PKR (Phospho-Thr451) 2.57 P19525 

GAB1 (Phospho-Tyr659) 2.57 Q13480 

AKT (Phospho-Thr308)  2.54 P31749 

ATF2 (Phospho-Thr69/51)  2.54 P15336 

Myc (Phospho-Ser373)  2.52 P01106 

PTEN (Phospho-Ser380/Thr382/Thr383)  2.52 P60484 

NF-kB-p105 (Phospho-Ser927) 2.51 P19838 

Rel (Phospho-Ser503)  2.49 Q04864 

Zap-70 (Phospho-Tyr292) 2.49 P43403 

Ras-GRF1 (Phospho-Ser916) 2.44 Q13972 

AKT1 (Phospho-Tyr474) 2.4 P31749 

HER2 (Phospho-Tyr877)  2.38 P04626 

Lamin A/B(lamin A/C) (Phospho-Ser392) 2.37 P02545 

FGFR1 (Phospho-Tyr654) 2.34 P11362 

Ezrin (Phospho-Tyr478) 2.32 P15311 

JunD (Phospho-Ser255)  2.32 P17535 

STAT4 (Phospho-Tyr693)  2.32 Q14765 

B-RAF (Phospho-Ser446) 2.26 P15056 

Fos (Phospho-Thr232) 2.24 P01100 

B-RAF (Phospho-Ser601) 2.2 P15056 

CD19 (Phpspho-Tyr531) 2.18 P15391 

c-Jun (Phospho-Ser63)  2.12 P05412 

Connexin 43 (Phospho-Ser367)  2.1 P17302 

Stathmin 1(Phospho-Ser24)  2.09 P16949 

PAK1/2/3 (Phospho-Ser141) 2.04 

Q13153 

/Q13177 

/O75914 

Dab1 (Phospho-Tyr232)  2.03 O75553 

RyR2 (Phospho-Ser2808) 2.01 Q92736  
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The list of proteins was initially analysed using the DAVID bioinformatics tool 

(Huang et al., 2009, Huang et al., 2009b) to identify the pathways involved. Pathways 

were also analysed according to KEGG pathway and confirmed by using the Uniprot 

website source (http://www.uniprot.org/) that allow free access to protein sequences 

and their functional information. Table 4.3 shows results obtained using the KEGG 

pathway database. Forty-seven (47) signalling pathways showed significant changes 

in protein phosphorylation following Cripto-1 stimulation. In particular, the ErbB 

(p<1.4E-15) and MAPK (p< 6.70E-16) signalling pathways, as expected, and Focal 

Adhesion (p<7.6E-12) were affected. Other pathways affected include several (12) 

implicated in cancer, including glioma, as well as cell adhesion (Tight and Adherens 

junctions) and migration (Focal adhesion, Leukocyte transendothelial migration). 

Others of possible direct relevance to glioma include, Regulation of actin 

cytoskeleton, and the mTOR signalling pathway, (p<0.05) (Table 4.3). 

Table 4.3 Enriched KEGG pathways 

Pathway name Count % P-Value 

MAPK signalling pathway 25 35.2 6.70E-16 

Focal adhesion 19 26.8 7.60E-12 

ErbB signalling pathway 17 23.9 1.40E-15 

Neurotrophin signalling pathway 16 22.5 7.50E-12 

Prostate cancer 13 18.3 3.40E-10 

T cell receptor signalling pathway 12 16.9 4.10E-08 

Regulation of actin cytoskeleton 12 16.9 3.90E-05 

Small cell lung cancer 10 14.1 5.10E-07 

Chemokine signalling pathway 10 14.1 3.40E-04 

mTOR signalling pathway 8 11.3 2.20E-06 

Acute myeloid leukaemia 8 11.3 4.70E-06 

Glioma 8 11.3 8.20E-06 

Long-term potentiation 8 11.3 1.40E-05 

Pancreatic cancer 8 11.3 2.00E-05 

VEGF signalling pathway 8 11.3 2.60E-05 

Chronic myeloid leukaemia 8 11.3 2.60E-05 

Colorectal cancer 8 11.3 5.50E-05 

Fc gamma R-mediated phagocytosis 8 11.3 1.20E-04 

Endometrial cancer 7 9.9 3.10E-05 

Non-small cell lung cancer 7 9.9 3.80E-05 

Epithelial cell signalling in Helicobacter 

pylori infection 7 9.9 1.40E-04 

Renal cell carcinoma 7 9.9 1.70E-04 

GnRH signalling pathway 7 9.9 1.00E-03 
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Table 4.3 (Continued) 

Pathway name Count % P-Value 

Leukocyte transendothelial migration  7 9.9 2.70E-03 

Tight junction 7 9.9 5.10E-03 

Melanoma 6 8.5 1.50E-03 

B cell receptor signalling pathway 6 8.5 1.90E-03 

Adherens junction 6 8.5 2.10E-03 

Fc epsilon RI signalling pathway 6 8.5 2.30E-03 

Progesterone-mediated oocyte maturation 6 8.5 3.50E-03 

Apoptosis 6 8.5 3.70E-03 

Toll-like receptor signalling pathway 6 8.5 6.90E-03 

Natural killer cell mediated cytotoxicity 6 8.5 2.10E-02 

Bladder cancer 5 7 1.50E-03 

Amyotrophic lateral sclerosis (ALS) 5 7 3.50E-03 

Adipocytokine signalling pathway 5 7 8.20E-03 

Oocyte meiosis 5 7 4.20E-02 

Vascular smooth muscle contraction 5 7 4.50E-02 

Insulin signalling pathway 5 7 7.80E-02 

Thyroid cancer 4 5.6 4.80E-03 

Pathogenic Escherichia coli infection 4 5.6 3.00E-02 

p53 signalling pathway 4 5.6 4.70E-02 

Arrhythmogenic right ventricular 

cardiomyopathy (ARVC) 4 5.6 6.20E-02 

Hypertrophic cardiomyopathy (HCM) 4 5.6 8.10E-02 

Gap junction 4 5.6 9.00E-02 

Dilated cardiomyopathy 4 5.6 9.80E-02 
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4.3.2 Analysis of enriched genes of the MAPK, Focal Adhesion and ErbB 

signalling pathways 

As noted above these three important signalling pathways are the most affected by 

increased Cripto-1 expression at the phosphorylated protein level (Fig. 4.1 and Table 

4.4). According to the KEGG pathway analysis tool, the main cellular functions 

regulated by these pathways include cell motility, invasion, adhesion, migration, 

survival, and inflammation. All three pathways have regulatory roles in cellular 

proliferation and differentiation. As shown in Fig. 4.1, although seven (7) proteins are 

common to all three pathways, the majority do not overlap, suggesting Cripto-1 

expression has unique effects on each. Each pathway will be analysed in detail in the 

following subsections. 

 

Figure 4.1: Overlap in numbers of enhanced phosphorylated proteins as a result 

of Cripto-1 increased expression in U87 cells enriched in MAPK, FA and ErbB 

signalling pathways are shown in the Venn diagram. The identified enhanced 

proteins were subjected to a pathway enrichment analysis using the KEGG database. 

The percentages represented based on the total number of proteins that have shown 

enhanced phosphorylation. Only the three significantly enriched KEGG pathways 

(MAPK, FA and ErbB) (p < 0.05) are described here according to their p-value (-log 

10 (p-value)).   
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Table 4.4 Overlap between pathways 
 

MAPK signalling 

pathway 

Focal adhesion signalling 

pathway 

ErbB signalling 

pathway 

FGFR-1 
  

MAPKK 6 
  

PKC alpha/beta II  

Protein kinase C alpha 

type 

PKC alpha/beta II  

Protein kinase C alpha type 

PKC alpha/beta II  

Protein kinase C alpha 

type 

IKK-beta 
  

RSK2 
  

MYC 
 

MYC 

JunD 
  

Fos 
  

b-Raf b-Raf b-Raf 

Tau 
  

MAPKAP-K2 
  

ATF4 (CREB-2) 
  

PAK1/2/3 PAK1/2/3 PAK1/2/3 

RSK1/2/3/4 
  

RASGRF1 RASGRF1 
 

ATF-2 
  

PAK1/2/3 PAK1/2/3 PAK1/2/3 

NF-kB-p105 
  

p53 
  

RSK1/ 2/3/4 
  

c-Jun c-Jun c-Jun 

STMN1 
  

EGFR EGFR EGFR 

AKT AKT AKT 

 
SRC SRC 

  
P70S6K  

  
PLCG1 

  
STAT5A 

  
GAB1 

 
FAK FAK 

 
HER2 HER2 

  
mTOR 

 
PAK1/2/3 PAK1/2/3 

 
bcl2 

 

 
Caveolin-1 

 

 
p130Cas 

 

 
VEGFR2 

 

 
Paxillin 

 

 
ACTIN Pan (a/b/g) 

 

 
PTEN 
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Table 4.4. (Continued) 

Functions 

Proliferation 

Differentiation 

Inflammation 

Cellular proliferation and 

survival 

Cell Motility 

Proliferation 

Survival 

Angiogenesis 

Adhesion 

Migration 

Invasion 

 

4.3.3 MAPK signalling pathway 

The most enriched pathway, in terms of number of proteins affected, was MAPK 

(Figure 4.1, Table 4.4). It constitutes around 35% of total proteins included in the 

analysis. These affected proteins of the MAPK pathway are interspersed throughout 

all levels of this complex signalling pathway (Fig. 4.2). As shown in the schematic, 

the MAPK kinase pathway is activated by multiple mechanisms to deliver diverse 

cellular responses. Classically the MAP-kinase pathway involves EGF (Epidermal 

growth factor) and FGF (Fibroblast growth Factor) binding to their respective 

receptors to activate RSK2 (Ribosomal protein S6 Kinase, 90kDa, polypeptide 2) 

mediated CREB (activating transcription factor 4 (tax-responsive enhancer element 

B67)) phosphorylation and, as a consequence, control cell proliferation. The same 

ligand-receptor binding may also activate c-Myc (v-myc myelocytomatosis viral 

oncogene homolog (avian)) that, in turn, initiates downstream c-fos (v-fos FBJ murine 

osteosarcoma viral oncogene homolog) transcription factor mediated cell 

proliferation. This mechanism also recruits RasGRF (Ras protein-specific guanine 

nucleotide-releasing factor 1), PKC (protein kinase C), B-Raf (v-raf murine sarcoma 

viral oncogene homolog B1), Tau (microtubule-associated protein tau) and STMN1 

(Stathmin-1) proteins in the proliferation process. 

 

The second mechanism of MAPK signalling, in which phospho-proteins were 

enriched by Cripto-1 involves the JNK / p38 MAP kinase pathway. In this signalling 

mechanism, PAK1/2 (p21 protein (Cdc42/Rac)-activated kinase 1) initiates a 

phosphorylation cascade leading to c-JUN (jun oncogene) /JunD (jun D proto-

oncogene) mediated proliferation or ATF-2 (Activating Transcription Factor 2) / p53 

(tumour protein p53) mediated p53-signalling through the phosphorylation of JNK. 
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AKT (v-akt murine thymoma viral oncogene homolog 1) has a central role in 

controlling this mechanism by phosphorylating MKK6 (Mitogen-activated protein 

Kinase Kinase 6), which in turn mediates control of proliferation through p38. 

Proliferation might be controlled by MKK6 phosphorylation that uses p38 to enhance 

the MAPKAPK and CREB2 (ATF4) phosphorylation. Also, AKT is involved in JNK 

mediated c-JUN and JunD phosphorylation to control proliferation. This signalling 

mechanism also recruits AKT to phosphorylate IKK (inhibitor of kappa light 

polypeptide gene enhancer in B-cells, kinase beta) that facilitates NF-kB (nuclear 

factor of kappa light polypeptide gene enhancer in B-cells 1) control of proliferation, 

inflammation and anti apoptotic processes.   
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Figure 4.2: Enriched proteins in the MAPK signalling pathway. Twenty-five 

Cripto-1 positively regulated phosphorylated proteins involved in the MAPK 

signalling pathway are highlighted with red stars. It should be noted that the 

highlighted number is 22 proteins as in the diagram. Note also that PAK1/2 is 

highlighted as one while it represents two proteins, RSK highlighted once when it 

represent four polypeptides 1/2/3/6, and CREB (ATF4) appears twice in the figure 

(downstream of classical MAP kinase pathway and JNK and p38 MAP kinase 

pathway), 21 boxes are highlighted with red stars. As depicted in the figure, 

highlighted proteins appear to be implicated in the control of major cellular processes. 

The figure shows that downstream proteins of classical MAP kinase pathway such as 

EGFR, FGFR, RasGRF, PKC, RafB, Tau, STMN1, RASK2, CREB, c-Myc and c-fos 

are mainly involved in the control of cellular proliferation and differentiation. On the 

other hand, the downstream proteins of the JNK and p38 MAP kinase pathway like 

PAK1/2, AKT, MKK6, cJUN,JunD, IKK, NF-kB, ATF2, p53, MAPKAPK and 

CREB are involved in the regulation of proliferation, differentiation, inflammation 

and apoptosis through p53 signalling pathway and Wnt signalling pathway. 

Abbreviations used: MAPK, Mitogen-activated protein kinase 1; EGFR, Epidermal 

growth factor receptor; FGFR, fibroblast growth factor receptor 1; RasGRF, Ras 

protein-specific guanine nucleotide-releasing factor 1; PKC, protein kinase C, alpha; 

RafB, v-raf murine sarcoma viral oncogene homolog B1; Tau, microtubule-associated 

protein tau; STMN1, stathmin 1; RASK2, ribosomal protein S6 kinase, 90kDa, 

polypeptide 2; CREB, activating transcription factor 4 (tax-responsive enhancer 

element B67) activating transcription factor 4C; Myc, v-myc myelocytomatosis viral 

oncogene homolog (avian); c-fos, v-fos FBJ murine osteosarcoma viral oncogene 

homolog; PAK1/2, p21 protein (Cdc42/Rac)-activated kinase 1; AKT, v-akt murine 

thymoma viral oncogene homolog 1; MKK6, mitogen-activated protein kinase kinase 

6; cJUN, jun oncogene; JunD, jun D proto-oncogene; IKK, inhibitor of kappa light 

polypeptide gene enhancer in B-cells, kinase beta; NF-kB, nuclear factor of kappa 

light polypeptide gene enhancer in B-cells 1; ATF2, activating transcription factor 2; 

p53, tumour protein p53; MAPKAPK, mitogen-activated protein kinase-activated 

protein kinase 2; CREB, Cyclic AMP-dependent transcription factor ATF-4. 
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4.3.4 Focal adhesion (FA) signalling pathway 

This pathway was second in terms of number of enriched genes involving 26% of the 

genes that were positively regulated by Cripto-1. KEGG pathway analysis showed 

this pathway signals either through the extra-cellular matrix (ECM), which interacts 

with ITGA/ITGB that enhances SRC (v-src sarcoma (Schmidt-Ruppin A-2) viral 

oncogene homolog (avian)) or, PKC-mediated FAK (Focal Adhesion Kinase or PTK2 

protein tyrosine kinase 2) phosphorylation (Fig. 4.3). FAK phosphorylation plays a 

major role in a variety of cellular processes. It phosphorylates PXN (Paxillin) that 

mediates cellular motility through regulation of the actin cytoskeleton. Moreover, 

FAK activates p130CAS (Cas scaffolding protein family member 1) by 

phosphorylation, which in turn mediates the phosphorylation of downstream factor c-

Jun to control cellular proliferation through Cyclin D. FAK also modulates Bcl-2 (B-

cell CLL/lymphoma 2) phosphorylation indirectly through B-Raf, which enhances 

cellular survival. The FA pathway also signals through cytokine-cytokine receptor 

interaction. As shown in Fig. 4.3, growth factor receptor tyrosine kinase activation 

enhances Bcl-2 phosphorylation to mediate cellular survival. 
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Figure 4.3: Cripto-1 regulated phosphor proteins involved in the KEGG Focal 

Adhesion signalling pathway. Nineteen proteins included in the 69 cripto-1 activated 

regulated phosphor proteins list involved in the Focal Adhesion signalling pathway 

and are highlighted with red stars. Note that the downstream stream target of FAK, 

PAK has three different proteins and only mentioned as PAK in the figure. Moreover, 

EGF, ErbB and VEGFR2 (red framed boxes) are proteins have been suggested as part 

of FA pathway, but not located in the figure. Thus, only 15 boxes are highlighted with 

red stars. The figure shows that the proteins highlighted with stars are involved in 

controlling three cellular processes. PKC, Src, FAK, Paxillin and actin are involved in 

controlling cellular motility. PKC, Src, FAK, Paxillin, Akt/PKB, PTEN, p130Cas, c-

Jun are involved in controlling cellular proliferation. Lastly, cellular survival has been 

suggested to be regulated by FAK, p130CAS, b-Raf, or RTK through their effect on 

Bcl-2.  
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4.3.5 ErbB signalling pathway 

KEGG pathway analysis also revealed that the ErbB pathway constitutes around 24% 

of proteins with enhanced phosphorylation as a result of increased Cripto-1 

expression. The current analysis shows that ErbB-1 (EGFR) controls proliferation 

through the activation of the calcium signalling pathway target, PLC, which 

modulates the downstream target activity of PKC. STAT5 phosphorylation mediated 

cellular survival has also been found to be controlled by ErbB-1 signalling. Moreover, 

ErbB-1 facilitates the Src mediated FAK active phosphorylation that controls 

adhesion and migration. ErbB-1 signalling through Pak causes the activation of Jun at 

the transcriptional level to control angiogenesis. The KEGG analysis also shows that 

ErbB-2 (HER-2/Neu) signalling controls migration/invasion through Myc 

phosphorylation. The KEGG pathway analysis revealed that ErbB-1 and ErbB2 

signalling through PI3k-AKT pathway control protein synthesis through the mTOR 

signalling pathway. Also, they can regulate cell survival and cell cycle progression by 

their signalling through the PI3K-AKT signalling pathway (Fig. 4.4).  
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Figure 4.4: Cripto-1 regulated phosphor proteins involved in the KEGG ErbB 

signalling pathway. Sixteen proteins included in the Cripto-1 activated regulated 

phospho proteins list involved in the ErbB signalling pathway and are highlighted 

with red stars. Note that the ErbB1 and 2 are shown in the pathway to control 

downstream proteins signalling cascades either alone or combined mediating several 

cellular processes. Thus, 22 boxes are highlighted with red stars. ErbB1/ErbB1or 

ErbB1/ErbB2 signal through PKC and PLCG1 to control cellular proliferation. They 

control the cellular survival through STAT5a. The figure also shows that they also 

control migration and adhesion through src and FAK phosphorylation. ErbB1/ErbB1 

or ErbB1/ErbB2 signalling also activates Jun through PAK to control angiogenesis. 

Raf and Myc are also involved in the erbB pathway to control cellular adhesion. 

STAT5, GAB1, PKB/Akt, mTOR and p70S6K are also downstream targets of the 

ErbB pathway as shown in the figure. Abbreviations used: ErbB1 (EGFR), Proto-

oncogene c-ErbB-1; ErbB2, (Neu) Proto-oncogene c-ErbB-2; PLCG1, 

Phosphoinositide phospholipase C-gamma-1; STAT5a, Signal transducer and 

activator of transcription 5A; GAB1, GRB2-associated-binding protein 1; mTOR, 

Mammalian target of rapamycin; p70S6K, Ribosomal protein S6 kinase beta-1. 
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4.3.6 Possible mechanisms of Cripto-1 regulation of different cellular processes 

based on the analysis conducted on MAPK, FA and ErbB pathways 

By combining the findings from the KEGG pathway analysis tool with the changes in 

phosphorylation as a consequence of Cripto-1 exposure, a putative Cripto-1 signalling 

pathway in U87 cells has been constructed (Fig. 4.5). Cripto-1 binding leads to 

FGFR-1 phosphorylation, which is an indication that it might be involved in MAPK 

signalling mediated cellular proliferation. Cripto-1 has also shown a strong indication 

that it may have a role in the FA signalling pathway by controlling the 

phosphorylation of multiple critical proteins in this pathway. Cripto-1 overexpression 

enhances the expression of ITGA6 (Fig. 3.8) as shown in the analysis of cell adhesion 

molecule qPCR array in the previous chapter, which is an essential factor in 

maintaining the stemness of glioma cell. Moreover, Src is controlled by ITGA as 

mentioned earlier in the FA pathway description and we found that Src exhibits 4.65 

fold elevated phosphorylation at residue Tyr418 as a consequence of increased 

Cripto-1 expression (Fig. 4.5). Also, 2.78 fold-increased phosphorylation of FAK 

(Tyr397) was also detected as a result of increased Cripto-1 expression. FAK is 

downstream to Src in the FA pathway (Figure 4.5). In the FA pathway, FAK signals 

through Paxillin (PXN) and p130CAS. In the current study we found that increased 

expression of Cripto-1 enhances the phosphorylation of PXN (Tyr118) and p130CAS 

(Tyr410) by around 4.15 fold and 3.58, respectively. According to KEGG pathway 

analysis, the Src/ FAK/ PXN signalling pathway controls cellular motility through the 

regulation of the actin cytoskeleton. Its signalling is also involved in regulating 

PI3K/AKT signalling pathway mediated cellular survival. Moreover, pathway 

analysis by the KEGG analysis tool revealed that Src/FAK/p130CAS sustains cellular 

proliferation and DNA synthesis by activating JNK/c-Jun pathway that signals 

through cyclin D at the nuclear level. 

 

Cripto-1 overexpression also controls a considerable number of proteins that have 

central roles in controlling ErbB pathway. Cripto-1 enhances the phosphorylation of 

ErbB1 (EGFR) at Ser1070 by 2.74 fold. As seen in Figure 4.4, ErbB pathway 

activation at this residue may have an impact on regulating angiogenesis by signalling 

through the PAK/ JNK/Jun pathway. Also, Cripto-1 mediated ErbB1 activation may 

regulate cellular survival through the activation of STAT5A. Moreover, the ErbB 

pathway was also shown, by KEGG pathway analysis, to control cellular migration 
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and adhesion via the Src/FAK pathway. Cripto-1 may also maintain the cellular 

adhesion/migration/invasion through ErbB1-ErbB2(Her2neu)/Raf/Myc signalling 

pathway as depicted in Fig. 4.5.  

 

The current study has also revealed that Cripto-1 overexpression activates novel 

targets that may signal through the MAPK/FA/ErbB pathways. For instance, 

phosphorylation of Ser116 of PEA15 was increased 3.27 fold as a result of Cripto-1 

enhanced expression. This is an indication that Cripto-1 signalling might not be 

limited to the mentioned pathways. 
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Figure 4.5: Putative Cripto-1 targets in MAPK, FA and ErbB signalling 

pathways. Solid arrows and boxes represent the data observed in U87-Cr1 cells 

confirmed from the literature, while dotted arrows and boxes represent data based on 

KEGG pathway analysis but are not known if Cripto-1 signals through these cascades 

or directly regulate these putative targets. As shown in the figure, Cripto-1 

phosphorylates EGFR (Ser1070) or FGFR1 (Tyr654) that might be part of MAPK 

signalling pathway mediating cellular proliferation. In the Focal Adhesion pathway, 

Cripto-1 might regulate cell motility and invasion through binding to ITGA, 

mediating activation of the src signalling cascade (Tyr418), FAK (Tyr396) and PXN 

(Tyr118). Moreover, Cripto-1 might signal, through the same binding, to control 

cellular survival through src (Tyr418), FAK (Tyr396), p130CAS (Tyr410) and Bcl2 

(Thr69) or to regulate cellular proliferation through src (Tyr418), FAK (Tyr396), 

p130CAS (Tyr410) c-Jun (Ser63). This representative figure shows that Cripto-1 

might signal through ErbB pathway to control cell migration, invasion and adhesion 

or angiogenesis via the signalling cascade ErbB1 (EFGR)(Ser1070)/ErbB2 

(Her2)(Tyr877), src (Tyr418), and FAK (Tyr396) or ErbB1 (EFGR)(Ser1070)/ErbB2 

(Her2)(Tyr877), c-Jun (Ser63), respectively. 
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4.4 DISCUSSION 

The developmental gene, Cripto-1 has attracted attention due to its unique functions 

in normal embryogenesis and cancer. As a consequence, a large amount of research 

has indicated that this gene might be an ideal target for cancer therapies (Normanno et 

al., 2004b). For this purpose, understanding the mechanisms that Cripto-1 might 

follow in controlling cancer cells as a prime goal in this field. In this study we aimed 

to identify the signalling pathways that Cripto-1 might have an impact on by 

performing phosphoproteome analysis. The cancer model we used was the U87 cell 

line as an in vitro model of GBM. This study has only focussed on proteins with 

increased phosphorylation following Cripto-1 overexpression in U87 cells. 

 

4.4.1 Cripto-1 overexpression in glioma cells phosphorylates crucial proteins 

residues involved in major signalling pathways 

We identified several pathways controlling key cellular process affected by enhanced 

Cripto-1 expression (Table 4.5). Critpo-1 has been reported to bind to glypican-1 

independently of NODAL, which activates the c-Src/MAPK/Akt and mediates the 

EMT, proliferation, survival and cellular migration (Watanabe et al., 2007, Bianco et 

al., 2005). As part of FA signalling pathway, it has been demonstrated that Src plays 

major functions in maintaining invasion, motility and cell survival by its binding to 

FAK molecule. Furthermore, the interaction between the two molecules activates 

several other signalling molecules like p130CAS and PXN (Golubovskaya et al., 

2003). Neuropilin-1 (NRP1) signalling mediated phosphorylation of p130CAS at Tyr 

410 has been reported in another study to control cell motility and migration of GBM 

and endothelial cells (Evans et al., 2011). In our current study, Cripto-1 was found to 

activate the phosphorylation of FAK at Tyr397 and Src at Tyr418 site. 

Phosphorylation at these two sites is required for the high affinity binding between the 

two molecules (Golubovskaya et al., 2003). Cripto-1 ectopic expression has resulted 

in p130CAS and PXN enhanced phosphorylation at amino acids modification sites 

Tyr410 and Tyr118, respectively. Recent work on Src family kinase’s contribution to 

glioma cell invasion has revealed that Src phosphorylates p130CAS at Tyr410 and 

PXN at Tyr118 through FAK binding (Huveldt et al., 2013), which in turn mediates 

the invasiveness and migration of glioma cells. Thus, it could be concluded that 

Cripto-1 might be a critical regulator of FA signalling pathway mediated cell motility 

and invasion by activating major components of FA complex as indicated in Fig. 4.5.  
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On the other hand, Src has been reported to activate the Akt pathway by 

phosphorylating Akt at Thr308 site (Jiang and Qiu, 2003). It has been indicated that in 

the absence of Src, FAK alone is able to initiate the Akt pathway activation via PI3K 

pathway mediated cellular anti-apoptosis in GBM cells (Sonoda et al., 1999). It has 

also been revealed that Ca2+-permeable AMPA receptors/ Akt signalling pathway 

could activate Akt phosphorylation at Thr 308 inducing cellular growth and 

enhancing motility of glioma cells (Ishiuchi et al., 2007). Another study conducted on 

NSCLC has proved that the enhanced phosphorylation of Akt at residue (Thr308) is 

crucial for cell survival (Vincent et al., 2011). Our analysis showed that Cripto-1 

increased expression enhanced the phosphorylation of Akt at Thr308. Taken together; 

Cripto-1 might phosphorylate Akt at Thr 308 to mediate cell growth, survival and 

motility by activating one of following pathways, either by Src/PI3k/ Akt signalling, 

FAK/PI3K/ Akt or through Ca2+-permeable AMPA receptors/ Akt signalling pathway 

(Fig. 4.5; Table 4.5). It has also been discovered in Skove-cervical cancer cells that 

Akt phosphorylation at Thr308 is dependent on the phosphorylation of Tyr474 for its 

activation (Conus et al., 2002). In our current work, we found that Cripto-1 enhances 

the phosphorylation of Akt at Tyr474 site, which might be the controller of the Thr 

308 phosphorylation in the mentioned pathways. 
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Cripto-1 overexpression has been found in the present study to phosphorylate the EGFR 

at ser1070. Phosphorylation of ser1070 residue via MAPK signalling pathway has been 

shown to have key regulatory role in sustaining GBM cell growth, disperse invasion and 

metastasis (Huang et al., 2009, (Kesanakurti et al., 2012). It has been documented that 

dephosphorylating EGFR at ser1070 in glioma cells results in substantial inhibition of 

proliferation and invasion (Kesanakurti et al., 2012). Also, it has been shown that EGFR 

at ser1070 phosphorylation is accompanied by src and FAK de phosphorylation.  

 

The phosphorylation of the FGFR-1 at Tyr654 has also been reported as central to 

cellular proliferation. It is important for MAP kinases signalling and phosphorylates its 

substrate PLCG1 as well (Mohammadi et al., 1996). The findings of the current study 

show that the up-regulation of Cripto-1 induces the phosphorylation of FGFR1 at 

Tyr654. FGFR1 activates PLCG1 through tyrosine binding. PLCG1 phosphorylation at 

Tyr783 is responsible for breast cancer cell invasion and metastasis. It is implied that 

PLCG1 uses PI3K signalling to mediate these processes (Lattanzio et al., 2013). We 

found that the overexpression of Cripto-1 in glioma cells led to increased 

phosphorylation of PLCG1 at Tyr783.  

 

VEGFR2 displayed enhanced phosphorylated at Tyr1054 as a consequence of Cripto-1 

over-expression in U87 glioma cells in our study. The phosphorylation of this particular 

site has been implicated in multiple cellular processes. Tyr1054 phosphorylation has 

been reported to enhance the astrocytoma growth and radioresistance through PI3K/Akt, 

c-Raf/MAPK and PLCG1/PKC signalling pathways (Knizetova et al., 2008). VEGFR2 

phosphorylation at Tyr1054 has a regulatory function in maintaining tumour 

angiogenesis via the ephrin-B2/PDZ-signalling pathway (Sawamiphak et al., 2010). It 

also sustains the proliferation and migration of lymphatic endothelial cells through 

ERK1/2, PI3-K/Akt signalling (Dellinger and Brekken, 2011). Its signalling via 

VEGF/VEGFR2/NRP1 pathway is crucial for the viability self renewal and 

tumourigenicity of GSCs (Hamerlik et al., 2012). VEGFR2 active phosphorylation at 

Tyr1054 has also been reported to be crucial for endothelial proliferation motility and 

survival. This procedes through the signalling VEGFR-2/PLCG1/Akt pathway (Napione 

et al., 2012). It can be clearly seen that Cripto-1 might play multiple roles by inducing 

the ser1054 residue phosphorylation of VEGFR2.  
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The active CREB-2 (ATF4) phosphorylation at ser245 is an indicator of breast cancer 

development and progression (Fan et al., 2014). It signals through the PERK-ATF4 

pathway. Furthermore, ATF4 has been found to be essential for VEGFR mediated 

neovascularization (Roybal et al., 2005) CREB also implicated in the growth and 

proliferation of several cancers (Daniel et al., 2014). It was found in our current study 

that Cripto-1 phosphorylates ser245 site of ATF4 molecule.  

 

KEGG pathway analysis of the Cripto-1 dependent phosphorylated proteins showed that 

c-Jun is a downstream protein of the ErbB1 (EGFR) pathway that JNK enhances its 

phosphorylation at ser63 and as a result induces angiogenesis. This finding was 

confirmed in a study conducted on glioma cells that the phosphorylation of c-Jun at 

ser63 induces cellular invasion and neovascularisation (Tong et al., 2012) (Fig. 4.5, 

Table. 4.5).  

 

Phosphorylation of CAV1 (Caveolin-1) at Tyr14 has been reported to sustain migration 

of glioma cells.  Moreover, it contributes to focal adhesion pathway mediating 

maintenance of cellular survival (Parat and Riggins, 2012). Enhanced Cripto-1 

expression found in our study to induce the CAV1 phosphorylation at Tyr14. This 

suggests that Cripto-1 as essential modulator of FA pathway. 

 

Cripto-1 overexpression in U87 glioma cells enhanced the BCL2 phosphorylation at 

Thr69. It has been reported that Thr69 phosphorylation is important for sustaining 

Bcl2’s anti apoptotic role (Deng et al., 2006). This suggests that Cripto-1 induced Bcl2 

Thr69 phosphorylation may be required for glioma cell survival. A novel anti-apoptotic 

feature has also been confirmed by the enhanced phosphorylation of PEA15 mediating 

cellular survival (Renganathan et al., 2005). 

 

PEA15 (Phospho-Ser116) showed 3.27 fold increased phosphorylation after Cripto-1 

overexpression. It has been reported that PEA15 increased phosphorylation at Ser116 

augments glioma cell survival.  

 

4.4.2 Combining the findings of the in silico analysis with reported cellular 

mechanisms controlled by Cripto-1 

The findings reported in earlier chapters, on the mechanisms of Cripto-1 control of 

different cellular process in GBM cells, are consistent with those revealed by the in 
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silico analysis of Cripto-1 effect on phosphorylation (Fig. 4.5). More specifically, the 

stemness feature of maintaining tumour growth by surviving harsh environmental 

conditions has been supported by the enhanced phosphorylation of protein residues 

required for sustaining GBM cell survival. Notably, enhanced phosphorylation of 

members of the focal adhesion molecules FAK (Tyr397), SRC (Tyr418), p130CAS 

(Tyr410) and PXN (Tyr118) have added additional strength to our functional cellular 

data. This includes that Cripto-1 influences GBM mediated cell survival, boosted 

proliferation, enhanced invasion and migration. Lastly, active phosphorylation of 

VEGFR-2 (Tyr1054) and c-Jun (Ser63) also supports the proposed role of Cripto-1 in 

mediating neovascularisation formation. 

 

4.5 FUTURE DIRECTIONS 

The interaction of Cripto-1 with genes/proteins identified in this study and more 

specifically the phosphorylated proteins, needs further examination. In the first 

instances these findings need to be confirmed in at least another biological replicate. 

Moreover, screening downstream phospho proteins that are involved in the pathways 

controlled by Cripto-1 is another path to be explored. One method to achieve this is by 

coupling a chromatography-based phosphopeptide enrichment with a mass spectrometry 

(MS) approach which would give access to an understanding of Cripto-1 induced 

phosphorylation in GBM tumour.  More specifically, this method may identify the 

phosphorylated proteins that were restored as a result of Cripto-1 stable expression in 

the U87 cell line. This can be followed by stable isotype labeling with amino acids 

(SILAC) and quantitatively profiling them with Mass Spectrometry (MS) after 

enrichment with titanium dioxide (TiO2) to quantify the changes. Phosphoproteins 

affected by Cripto-1 overexpression could also be identified by label-free quantification 

(LFQ) mass spectrometry approach. 

 

Cripto-1 has increasingly become a prognostic and diagnostic marker. Therefore, using 

proteins that show increased phosphorylation in response to Cripto-1 would be an 

excellent approach to increase the sensitivity of prognosis and identify the type of 

pathway that control this particular cancer.   
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CHAPTER 5 

GENERAL DISCUSSION  
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5.1 GENERAL DISCUSSION 

This thesis addresses important aspects of cancer biology research. This chapter will 

discuss the results in relation to current knowledge and their potential impact on the 

field.  

 

5.1.0 Functional investigation of the role of stemness related factor, Cripto-1 

(TDGF-1) in U87 Glioblastoma Multiforme cell line 

 
5.1.1 Investigating the Hypothesis 

In this part of my thesis, I investigated the functional role of the stemness related factor 

Cripto-1 also known as Teratoma Derived Growth Factor 1 (TDGF1,), in the 

Glioblastoma Multiforme (GBM) cell line, U87. GBM is an aggressive primary brain 

tumour that has no clear etiology and is difficult to eradicate by resection (Giese et al., 

2003, Ohgaki and Kleihues, 2005). The roles of Cripto-1 have been addressed in other 

cancer models, however, less is known about its role in controlling GBM cells. The 

importance of investigating Cripto-1 in GBM cells was warranted as it had not been 

studied at the functional level. Two population studies have addressed the expression of 

Cripto-1 in human GBM tissues (Tysnes et al., 2013, Pilgaard et al., 2014). The two 

main findings from a study conducted by Tysones and colleagues (2013) are as follows. 

Firstly, it was shown that Cripto-1 might function independently of the Nodal-Lefty 

pathway primary in GBM. This has been demonstrated by Cripto-1’s elevated 

expression in GBM tissues, while Nodal and Lefty showed low expression in the same 

tissues. Even though Cripto-1 has been reported to act as a co-receptor of Nodal in 

different signalling pathways (Bianco et al., 2005), it has also been demonstrated to act 

as a growth factor independently of Nodal (Bianco et al., 2002, Bianco et al., 2008), to 

activate MAPK/Akt through its binding to Glypican-1 (Bianco et al., 2003) or GRP78 

(Kelber et al., 2009, Gray et al., 2003). The second main finding reported by Tysones 

and colleagues (2013), was that Cripto-1 is associated with age-dependent survival rate 

of patients with primary GBM. The second study (Pilgaard et al., 2014) revealed that 

Cripto-1 is expressed throughout the GBM tissues. Moreover, it showed that it is 

predominantly expressed in perivascular niches and more specifically on the endothelial 

cells. Most importantly, Pilgaard and colleagues reported that Cripto-1 protein level in 

GBM patients’ blood plasma significantly correlated with the shorter overall survival. 

This particular finding has also been demonstrated in breast and colon cancer patients 

(Bianco et al., 2006). Both studies suggested that Cripto-1 could be used as a diagnostic 
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and prognostic marker. Moreover, both studies identified Cripto-1 as a possible 

therapeutic target, specifically for younger GBM patients (Tysnes et al., 2013). Even 

though these have studies increased the knowledge about the possible roles of Cripto-1 

in GBM, I proposed that studying its functional role was required. In particular by 

dissecting its possible control on GBM cell de differentiation,, EMT, proliferation and 

angiogenesis. 

 

5.1.2 Significance of the study 

The current study used three different but integrated approaches to analyse Cripto-1’s 

role in GBM. I firstly aimed to overexpress Cripto-1 in a glioma cell line. After 

confirming the increased expression, I used the Cripto-1 overexpressing cells to study 

its effect at the cellular and molecular level. I also investigated Cripto-1’s effect on 

signalling pathways by in silico analysis of protein phosphorylation of particular sites. 

The in vivo findings provided an additional advantage and strong support to data 

retrieved from the in vitro experiments. 

 

The uniqueness of this project stems from the fact that it wasn’t limited to study only 

the effect of Cripto-1 on the expression of a particular gene signature, but rather to 

identify the effect of Cripto-1 on multiple processes that control GBM cells. This 

provides a clearer picture of Cripto-1 modulation of GBM cell. In silico analysis of cell 

signalling pathways was included to strengthen the findings at the cellular and 

molecular level. In addition, the cell-signalling study suggested novel pathways that 

might be controlled by Cripto-1 in GBM cells.  

 

5.1.3 Cripto-1 is critical for the preservation of EMT associated cancer stem cell-

like characters 

Stemness and EMT phenotypes are characteristics which a cell might acquire to 

successfully undertake a process such as metastasis. It has been suggested that a cancer 

cell that it is in the process of metastasis increases expression of some stemness factors 

(Medema, 2013). Cripto-1 has been reported in several studies to control EMT (Rangel 

et al., 2012, Klauzinska et al., 2014). Moreover, it has been revealed that Cripto-1 is 

involved in the maintenance of cancer stem-like cells of several cancers. It has been 

stated that EMT plays a cornerstone role in generating cancer stem cells. Thus, it is 

likely that Cripto-1 plays a role in EMT mediating cancer stem cell generation and 

maintenance (Bianco et al., 2010). 



Page | 139  

 

In this part of the thesis, I have shown that Critpo-1 affects a specific stemness 

signature, including OCT3/4, OCT4a, Nanog, SOX2 and CD44, that is commonly 

associated with a stemness phenotype. Also, Cripto-1 overexpression increased levels of 

the mesenechymal markers, vimentin and twist, while it repressed the epithelial marker, 

E-cadherin. This is consistent with Cripto-1’s dual role in controlling EMT mediated 

cancer stem-like generation. Several studies have indicated that stemness signatures 

included in this study play important roles in controlling EMT. NANOG, OCT3/4 and 

SOX2 are ESCs transcription factors which play roles in cancer stem-like cells 

maintenance and the initiation of EMT in several cancers. NANOG has a distinctive 

ability to induce EMT process through NODAL/SMAD3 pathway facilitating liver 

cancer invasion. In the same study NANOG control of Cripto-1 expression was reported 

(Sun et al., 2013). Another study has also reported that NANOG is a possible regulator 

of EMT, which induces invasion and migration of liver cancer while it disregulates the 

epithelial marker, E-cadherin (Siu et al., 2013). NANOG increases phosphorylation of 

FAK at Tyr397 site in different cancer cell lines of different organ origin mediating 

cancer invasion (Ho et al., 2012). We reported here that Cripto-1 activates the FA 

pathway by phosphorylating the Tyr397 residue of FAK protein.  It could be speculated 

from the results presented in this thesis, that Cripto-1 and NANOG cooperate to 

maintain self-renewal and induce the EMT process in cancer cells generally and 

specifically cancer stem-like cells in GBM. Furthermore, SOX2 and OCT3/4 have been 

demonstrated to play similar functions in controlling EMT. For instance, SOX2 

promotes EMT in laryngeal (Yang et al., 2014) and ovarian cancer (Wang et al., 

2014)through the Wnt/β-catenin and c-Src pathways, respectively. The Oct3/4 

transcription factor controls the invasion and migration of colorectal cancer cells (Dai et 

al., 2013).  

 

One of the most interesting findings of my study is that enhanced Cripto-1 expression 

had a positive impact on CD44 gene at the mRNA and protein level. The in vitro 

findings were confirmed in vivo which detected enhanced CD44 expression in sections 

of mouse xenografts of U87-Cr1 glioma cells compared to U87-C cells. The 

involvement of CD44 gene in the maintenance and generation of EMT and cancer stem 

like cells is well established in multiple cancers. A study conducted by Andio and 

colleagues (2010) demonstrated that CD44 is indispensable for human GBM stem-like 

cells regulation and that CD44 GBM stem-like expressing cells favour perivascular 

niche localisation. A recent study has identified that the CD44- osteopontin pathway 
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enriches the stemness phenotype of GBM cells present in the perivascular niche (Pietras 

et al., 2014). CD44’s regulatory role in controlling invasion and migration of GBM cells 

has been documented previously ((Okada et al., 1996, Radotra and McCormick, 1997). 

CD44 also controls EMT in colon cancer cells (Cho et al., 2012). 

 

Cripto-1 induction of mesenchymal markers, vimentin and twist, and down-regulation 

of the epithelial marker E-cadherin, was another landmark of the current study. These 

findings support other studies that demonstrate the Cripto-1 regulation of EMT related 

markers (Rangel et al., 2012, Klauzinska et al., 2014). Twist overexpression also 

enhances expression of the stemness factor, CD44 in breast cancer and cervical cancer 

cells (Li and Zhou, 2011).  

 

Taken together, our study shows that Cripto-1 controls EMT and cancer stem cells 

through the mediation of important genes that are key factors in these 

processes.Moreover, our findings support the feedback control between cancer stem-

like cells and EMT process. Further investigation is necessary to determine the 

molecular nature of this feedback process. 

 

5.1.4 Cripto-1 in GBM cell proliferation and neovascularisation 

Cripto-1 has been associated with proliferation and angiogenesis of breast cancer cells. 

However, its effect on GBM cellular proliferation and angiogenesis is still unclear. 

Here, I provided evidence that Cripto-1 might be an important regulator of cellular 

proliferation and angiogenesis. The Ki-67 proliferation marker gene expression was 

increased in U87-Cr1. Cripto-1 was also able to enhance the growth rate of U87-Cr1 

with or without serum. Concurrent with these findings, cell cycle analysis showed 

increased progression G1-S phase, which is an indication of enhanced DNA synthesis. 

Increased expression of cyclin D1, a marker of S-phase, in U87-Cr1 cells supported a 

positive effect of Cripto-1 on proliferation. The effect of Cripto-1 on proliferation and 

DNA synthesis has been demonstrated in other cells (Shukla et al., 2008). Whether 

cripto-1 is dependent on cyclin D1 for its proliferative effect, needs further 

investigation. Overall, these results indicate that Cripto-1 might promote proliferation of 

glioma cells. 

 

The effect of Cripto-1 on angiogenesis was addressed by testing its ability to promote 

tube formation when breast cancer cells were grown under endothelial cell medium 
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conditions (Bianco et al. 2005). Concurrently, I studied the ability of U87-Cr1 cells to 

undergo neovascularisation using the same protocol. I found that Cripto-1 GBM cells 

formed significantly more tubes compared with U87-C cells.  Cripto-1 co-localises with 

CD31, an endothelial cell marker, predominantly at the perivascular niche of human 

GBM tissue (Pilgaard et al. 2014). My results show that cells of GBM vascular 

endothelium were positive for Cripto-1. In addition, my results show that Cripto-1 

overexpression in GBM cells enhanced the expression of the CD275 cell adhesion 

molecule, which preferentially marks malignant endothelial cells (Kraan et al. 2014).  

 

Collectively, current findings show that Cripto-1 functions in GBM are not restricted to 

the induction of EMT and maintenance of cancer stem-like cells, but extend to the 

regulation of proliferation and angiogenesis. Thus, Cripto-1 might act as a major 

controller of these processes. 

 

5.1.5 Cripto-1 is a possible modulator of pathways mediated gliomagenesis and 

maintenance 

I have also provided evidence of the possible effect of Cripto-1 on signalling by 

studying the consequence of its overexpression on the phosphorylation status of 

particular protein sites known to control different pathways. Cripto-1 possibly controls 

several processes through the regulation of complex pathways as shown in Figure 4.5. 

The main pathways involved are MAPK, focal adhesion and ErbB pathways. Cripto-1 

signalling through these pathways could control different processes including cell 

proliferation, survival, invasion, migration and angiogenesis.  

 

Even though this data is  promising and cover some of the gaps in our knowledge about 

Cripto-1 control of GBM, they require confirmation and may open still more gaps to be 

addressed. 

 

5.2.0 New ‘stem’ cell model of colorectal cancer stem cells 

5.2.1 Investigating the Hypothesis 

Three hypotheses were tested in Chapter 2. Firstly, whether a newly established 

“Colorectal Cancer ‘stem’ cell line”, CSC480, displayed the features of cancer ‘stem-

like’ cells. By examining the hypothesis, I showed that CSC480 cells express higher 

levels of some reported stemness markers including CD44 and ALDH1A1 compared to 

an established colorectal cancer cell line, SW480 and normal Foetal Human Colon 
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(FHC) cells. I also found that these cells were highly proliferative as demonstrated by 

their increased expression of Ki-67, a proliferation marker, and cell growth rate and 

incorporation of a marker of DNA synthesis, EdU. CSC480 cells also highly express the 

cancer resistance marker, ABCG-2. Labeling CSC480 cells by combining CD44 and 

EdU segregated cells into five populations. All the populations were labeled with both 

of the markers, except a very minor population labeled with the CD44 marker only. 

These findings indicate that CSC480 cells partly display cancer stemness 

characteristics. 

 

The second hypothesis, I used EdU as a label-retaining marker to identify slow dividing 

cells in CSC480 cells and SW480 cultures. This experiment revealed that more SW480 

cells were marked with EdU than in the CSC480 cell line. Even though that label 

retaining markers might be an excellent approach to identify slow dividing cancer cells 

in vivo, its use in vitro may not be overly informative.  

 

5.2.2 The doubt about CSCs existence 

CSCs existence has been an area of debate since they were first “discovered”. Recent 

studies have provided strong evidence that CSCs exist in solid tumours. The first proof 

came from a study that used chemical agents to induce squamous-skin tumour in a 

carcinogenesis tumour model (Driessens et al. 2012). In this study they used clonal 

analysis to reveal that benign tumour cells have limited proliferation capacity compared 

to long term capacity of malignant cells, which had the ability to produce large numbers 

of progeny. The other evidence arises from a study that has used a genetically 

engineered glioblastoma model (Chen et al. 2012). The investigators of the study 

established that after treating mice with a chemotherapy agent, a subset of cells were 

resistant to the treatment and were able to propagate a new tumour. This verified the 

concept of tumour cell hierarchy that states that the more quiescent cancer stem-like cell 

produces actively dividing cells (transiently self-renewing cell). Lastly, the CSCs 

concept has been confirmed by a study that has used lineage tracking in primary 

intestinal mouse adenoma model (Schepers et al. 2012).  

 

5.2.3 The impact of establishing CSCs models on cancer research 

Isolating cancer stem cells from fresh human cancer tissues is difficult because of their 

rarity. Also, it is difficult to maintain them in vitro due to the loss of their niche and 

stemness phenotype, which limits their utility for drug screening and functional assays. 
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The main feature that an established Cancer stem-like cell line should exhibit is a stable 

phenotype by expressing a specific signature of stem cell markers. Moreover, it has to 

generate enough cells of a similar background for the purpose of conducting a 

consistent functional analysis (Gao et al. 2013). My analysis of CSC480 cell line 

revealed that it has a unique expression profile of elevated CD44 and ALDH1A1 

expression. This feature would suggest using this cell line for therapeutic regimen 

screening, which is the main aim of establishing such a cell line. Also, conducting 

studies for understanding the biology of these cells is another important reason to 

establish caner stem-like cell line models. 

 

5.2.4 CSCs markers: the unresolved maze 

Identification of CSCs have suffered from the lack of an appropriate stemness signature 

(Chiou et al. 2010). However, several studies have centred their analysis on the 

expression of particular normal stemness transcription factors like OCT3/4, NANOG 

and SOX-2 (Liu et al. 2013). I used NANOG and SOX2 for assessing the stemness of 

CSC480 cells, which displayed a perturbed expression profile as compared with SW480 

parental cancer cell line and normal FHC cells. Sox-2 expression was higher in CSC480 

than SW480 in cells. On the other hand, NANOG has shown high expression equally in 

both cancer cell types than in FHC cells. This raises the question about the real function 

of stemness transcription factors OCT4, NANOG and SOX2 in GBM CSCs in 

comparison to embryonic stem cells. Even though they similarly contribute to self-

renewal, in ESCs they specifically repress lineage-specific differentiation, while 

inhibiting apoptosis in cancer stem-like cells by modulating signalling pathways (Liu et 

al. 2013).  

 

I found that ALDH1A1 and ABCG-2 markers are highly expressed in normal FHC cells 

compared to both cancer cell lines It has been reported in a study conducted on lung 

cancer cell line that ALDH1Bright cells were slower in forming tumours in vivo than 

ALDH1Dim cells (Ucar et al. 2009). Whether this finding confers a unique role of 

ALDH1 and ABCG2 or indicates the possibility that ALDH1 functions differently from 

cancer to another based on the organ, further assessment for this notion is warranted.  
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APPENDIX II 

Phospho Explorer Antibody Microarray (PEX100) 

ID Antibody Name Reactivity 

285 14-3-3 theta/tau (Ab-232) HM 

891 14-3-3 theta/tau (Phospho-Ser232) HM 

702 14-3-3 zeta (Ab-58)   HMR 

838 14-3-3 zeta (Phospho-Ser58) HMR 

1119 14-3-3 zeta/beta (Ab-184/186) HMR 

286 14-3-3 zeta/delta (Ab-232) HM 

892 14-3-3 zeta/delta (Phospho-Thr232) HM 

61 4E-BP1 (Ab-36)  HMR 

62 4E-BP1 (Ab-45)  HMR 

758 4E-BP1 (Ab-65) HMR 

759 4E-BP1 (Ab-70) HMR 

1221 4E-BP1 (Phospho-Ser65) HMR 

176 4E-BP1 (Phospho-Thr36)  HMR 

177 4E-BP1 (Phospho-Thr45)  HMR 

1222 4E-BP1 (Phospho-Thr70) HMR 

287 
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (PFKFB2) 
(Ab-483) 

HMR 

893 
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 2 (PFKFB2) 
(Phospho-Ser483)  

HMR 

289 A-RAF (Ab-301/302) HMR 

895 A-RAF (Phospho-Tyr301/302) HMR 

760 Abl1 (Ab-204) HMR 

1132 Abl1 (Ab-754/735) HMR 

407 Abl1 (Phospho-Thr754/735) HMR 

1224 Abl1 (Phospho-Tyr204) HMR 

1223 Abl1 (Phospho-Tyr412) HMR 

761 ACC1 (Ab-79) HMR 

594 ACC1 (Ab-80) HMR 

1225 ACC1 (Phospho-Ser79) HMR 

1056 ACC1 (Phospho-Ser80) HMR 

116 ACK1 (Phospho-Tyr284) HM 

288 ACTIN Pan(a/b/g) (Ab-55/53) HMR 

894 ACTIN Pan(a/b/g) (Phospho-Tyr55/53) HMR 

703 ADD1 (Ab-726)   HMR 

1038 AFX/FOXO4 (Ab-197)  HM 

998 AFX/FOXO4 (Phospho-Ser197)  HM 

206 AKT (Ab-308)  HMR 

442 AKT (Ab-326) HMR 

205 AKT (Ab-473)  HMR 

320 AKT (Phospho-Ser473)  HMR 

473 AKT (Phospho-Thr308)  HMR 

1067 AKT (Phospho-Tyr326) HMR 

763 AKT1 (Ab-124) HMR 

1287 AKT1 (Ab-129) HMR 

1286 AKT1 (Ab-246) HMR 

593 AKT1 (Ab-308) HMR 

762 AKT1 (Ab-450) HMR 

1285 AKT1 (Ab-474) HMR 

1288 AKT1 (Ab-72) HMR 

1227 AKT1 (Phospho-Ser124) HMR 

556 AKT1 (Phospho-Ser246) HMR 

1226 AKT1 (Phospho-Thr450) HMR 

557 AKT1 (Phospho-Thr72) HMR 
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555 AKT1 (Phospho-Tyr474) HMR 

1133 AKT1/2/3 (Ab-315) HMR 

931 AKT1S1 (Ab-246) HMR 

87 AKT1S1 (Phospho-Thr246) HMR 

1033 AKT2 (Ab-474)  HMR 

989 AKT2 (Phospho-Ser474)  HMR 

1141 ALK (Ab-1507) HM 

1142 ALK (Ab-1604) H 

117 ALK (Phospho-Tyr1507) HM 

118 ALK (Phospho-Tyr1604) H 

704 AMPK1 (Ab-174)   HMR 

839 AMPK1 (Phospho-Thr174) HMR 

422 AMPK1/AMPK2 (Ab-485/491) HMR 

1174 AMPK1/AMPK2 (Phospho-Ser485/491)  HMR 

764 AMPKbeta1 (Ab-182) HMR 

1228 AMPKbeta1 (Phospho-Ser182) HMR 

705 Amyloid beta A4 (Ab-743/668)   HMR 

840 Amyloid beta A4 (Phospho-Thr743/668) HMR 

692 Androgen Receptor (Ab-213)  H 

693 Androgen Receptor (Ab-650)  H 

833 Androgen Receptor (Phospho-Ser213)  H 

986 Androgen Receptor (Phospho-Ser650)  H 

932 Arrestin-1 (Ab-412) H 

88 Arrestin-1 (Phospho-Ser412) H 

863 ASK1 (Ab-83)  H 

866 ASK1 (Ab-966)  HM 

35 ASK1 (Phospho-Ser83)  H 

18 ASK1 (Phospho-Ser966)  HM 

469 ATF-1 (Ab-63) HM 

748 ATF-1 (Phospho-Ser63) HM 

51 ATF2 (Ab-112/94)  HMR 

47 ATF2 (Ab-62/44)  HMR 

48 ATF2 (Ab-69/51)  HMR 

49 ATF2 (Ab-71/53)  HMR 

50 ATF2 (Ab-73/55)  HMR 

166 ATF2 (Phospho-Ser112/94)  HMR 

162 ATF2 (Phospho-Ser62/44)  HMR 

163 ATF2 (Phospho-Thr69/51)  HMR 

164 ATF2 (Phospho-Thr71/53)  HMR 

165 ATF2 (Phospho-Thr73/55)  HMR 

204 ATF4 (Ab-245)  HR 

319 ATF4 (Phospho-Ser245)  HR 

1028 ATM (Ab-1981)  HM 

634 ATP-Citrate Lyase (Ab-454) HMR 

919 ATP-Citrate Lyase (Phospho-Ser454) HMR 

801 ATP1A1/Na+K+ ATPase1 (Ab-23) R 

1086 ATP1A1/Na+K+ ATPase1 (Phospho-Ser23) R 

471 ATPase (Ab-16) HMR 

751 ATPase (Phospho-Ser16) HMR 

290 ATRIP (Ab-68/72) HMR 

896 ATRIP (Phospho-Ser68/72) HMR 

969 AurA (Ab-342) HMR 

970 AurB (Ab-12) HMR 

968 AurB (Ab-232) HMR 

1253 AurB (Phospho-Thr232) HMR 

1254 AurB (Phospho-Tyr12) HMR 

971 AurB/C (Ab-202/175) HMR 
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967 AURORA KINASE (Ab-288) HMR 

1255 AURORA KINASE (Phospho-Thr288) HMR 

277 AXL (Phospho-Tyr691) HMR 

1134 B-RAF (Ab-446) HM 

294 B-RAF (Ab-598) HMR 

295 B-RAF (Ab-601) HMR 

408 B-RAF (Phospho-Ser446) HM 

900 B-RAF (Phospho-Ser601) HMR 

899 B-RAF (Phospho-Thr598) HMR 

346 BAD (Ab-112)  HMR 

444 BAD (Ab-134) HMR 

347 BAD (Ab-136)  HMR 

348 BAD (Ab-155)  HMR 

443 BAD (Ab-91/128) HMR 

485 BAD (Phospho-Ser112)  HMR 

1069 BAD (Phospho-Ser134) HMR 

486 BAD (Phospho-Ser136)  HMR 

487 BAD (Phospho-Ser155)  HMR 

1068 BAD (Phospho-Ser91/128) HMR 

291 BAX (Ab-167) HM 

343 BCL-2 (Ab-56)  H 

292 BCL-2 (Ab-69) HMR 

344 BCL-2 (Ab-70)  H 

483 BCL-2 (Phospho-Ser70)  H 

89 BCL-2 (Phospho-Ser87) HMR 

482 BCL-2 (Phospho-Thr56)  H 

897 BCL-2 (Phospho-Thr69) HMR 

1306 BCL-6 (Ab-333) HMR 

293 BCL-XL (Ab-47) HMR 

345 BCL-XL (Ab-62)  HMR 

484 BCL-XL (Phospho-Ser62)  HMR 

898 BCL-XL (Phospho-Thr47) HMR 

1206 BCR (Ab-177)  HM 

1147 BCR (Ab-360) HMR 

24 BCR (Phospho-Tyr177)  HM 

123 BCR (Phospho-Tyr360) HMR 

933 BID (Ab-78) HMR 

90 BID (Phospho-Ser78) HMR 

540 BIM (Ab-69/65)  HMR 

676 BIM (Phospho-Ser69/65)  HMR 

1143 BLNK (Ab-96) HM 

282 BLNK (Phospho-Tyr84) HM 

119 BLNK (Phospho-Tyr96) HM 

212 BRCA1 (Ab-1423)  H 

1307 BRCA1 (Ab-1457) H 

869 BRCA1 (Ab-1524)  HM 

327 BRCA1 (Phospho-Ser1423)  H 

583 BRCA1 (Phospho-Ser1457) H 

831 BRCA1 (Phospho-Ser1524)  HM 

124 Breast tumour kinase (Phospho-Tyr447) HM 

881 BTK (Ab-223)   HM 

1020 BTK (Phospho-Tyr223) HM 

1263 BTK (Phospho-Tyr550) HM 

1034 c-Abl (Ab-412)  H 

558 c-Abl (Phospho-Tyr245) HMR 

990 c-Abl (Phospho-Tyr412)  H 

41 c-Jun (Ab-170)  HMR 
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42 c-Jun (Ab-239)  HMR 

43 c-Jun (Ab-243)  HMR 

1178 c-Jun (Ab-63)  HMR 

1180 c-Jun (Ab-73)  HMR 

39 c-Jun (Ab-91)  HMR 

40 c-Jun (Ab-93)  HMR 

158 c-Jun (Phospho-Ser243)  HMR 

1 c-Jun (Phospho-Ser63)  HMR 

3 c-Jun (Phospho-Ser73)  HMR 

157 c-Jun (Phospho-Thr239)  HMR 

154 c-Jun (Phospho-Thr91)  HMR 

155 c-Jun (Phospho-Thr93)  HMR 

156 c-Jun (Phospho-Tyr170)  HMR 

210 c-Kit (Ab-721)  HM 

325 c-Kit (Phospho-Tyr721)  HM 

612 c-met (Ab-1003) HMR 

1240 c-met (Phospho-Tyr1003) HMR 

597 c-PLA2 (Ab-505) HMR 

1061 c-PLA2 (Phospho-Ser505) HMR 

131 c-Raf (Ab-296) HMR 

618 c-Raf (Ab-43) HMR 

561 c-Raf (Phospho-Ser296) HMR 

1246 c-Raf (Phospho-Ser43) HMR 

445 Calmodulin (Ab-79/81) HMR 

1070 Calmodulin (Phospho-Thr79/Ser81) HMR 

795 Calsenilin/KCNIP3 (Ab-63) HM 

111 Calsenilin/KCNIP3 (Phospho-Ser63) HM 

446 CaMK1-a (Ab-177) HMR 

1071 CaMK1-a (Phospho-Thr177) HMR 

1051 CaMK2 (Phospho-Thr305) HMR 

1135 CaMK2-beta/gamma/delta (Ab-287) HMR 

409 CaMK2-beta/gamma/delta (Phospho-Thr287) HMR 

447 CaMK4 (Ab-196/200) HMR 

1072 CaMK4 (Phospho-Thr196/200) HMR 

539 CaMKII (Ab-286)  HMR 

675 CaMKII (Phospho-Thr286)  HMR 

948 CASP1 (Ab-376) HM 

245 CASP1 (Phospho-Ser376) HM 

949 CASP2 (Ab-157) HM 

246 CASP2 (Phospho-Ser157) HM 

595 CASP6 (Ab-257) HMR 

1057 CASP6 (Phospho-Ser257) HMR 

428 CASP8 (Ab-347) HMR 

1058 CASP8 (Phospho-Ser347) HMR 

596 CASP9 (Ab-125) HMR 

1059 CASP9 (Phospho-Thr125) HMR 

449 Caspase 9 (Ab-144) H 

448 Caspase 9 (Ab-153) HMR 

450 Caspase 9 (Ab-196) H 

1074 Caspase 9 (Phospho-Ser144) H 

1075 Caspase 9 (Phospho-Ser196) H 

1073 Caspase 9 (Phospho-Tyr153) HMR 

451 Caspase-3 (Ab-150) HMR 

1076 Caspase-3 (Phospho-Ser150) HMR 

452 Catalase (Ab-385) HMR 

1077 Catalase (Phospho-Tyr385) HMR 

58 Catenin beta (Ab-37)  HMR 
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691 Catenin beta (Ab-41/45)  HMR 

453 Catenin beta (Ab-654) HMR 

425 Catenin beta (CTNNB) (Ab-33) HMR 

1120 Catenin beta (CTNNB) (Ab-489) HMR 

398 Catenin beta (CTNNB) (Phospho-Tyr489) HMR 

172 Catenin beta (Phospho-Ser33)  HMR 

173 Catenin beta (Phospho-Ser37)  HMR 

830 Catenin beta (Phospho-Thr41/Ser45)  HMR 

1078 Catenin beta (Phospho-Tyr654) HMR 

617 Catenin delta-1 (Ab-228) HMR 

1245 Catenin delta-1 (Phospho-Tyr228) HMR 

700 Caveolin-1 (Ab-14)  HMR 

658 Caveolin-1 (Phospho-Tyr14)  HMR 

753 CBL (Phospho-Tyr700) HMR 

752 CBL (Phospho-Tyr774) HMR 

470 CD19 (Ab-531) HM 

749 CD19 (Phospho-Tyr531) HM 

1094 CD22/BL-CAM (Phospho-Tyr807) H 

606 CD227/mucin 1 (Ab-1243) HM 

1079 CD227/mucin 1 (Phospho-Tyr1243) HM 

1080 CD28 (Phospho-Tyr218) HM 

1289 CD32 (FcgammaRIIb) (Ab-292) H 

934 CD3Z (Ab-142) HM 

91 CD3Z (Phospho-Tyr142) HM 

607 CD4 (Ab-433) H 

1233 CD4 (Phospho-Ser433) H 

1234 CD45 (Phospho-Ser1007) HMR 

1149 CD5 (Ab-453) HM 

126 CD5 (Phospho-Tyr453) HM 

214 CDC2 (Ab-15) HMR 

329 CDC2 (Phospho-Tyr15)  HMR 

608 CDC25A (Ab-124) HMR 

1121 CDC25A (Ab-178) HMR 

1039 CDC25A (Ab-75)  HMR 

1235 CDC25A (Phospho-Ser124) HMR 

999 CDC25A (Phospho-Ser75)  HMR 

429 CDC25B (Ab-323) HMR 

609 CDC25B (Ab-353) H 

1060 CDC25B (Phospho-Ser323) HMR 

1236 CDC25B (Phospho-Ser353) H 

1026 CDC25C (Ab-216)  H 

832 CDC25C (Phospho-Ser216)  H 

559 CDC25C (Phospho-Thr48) HR 

935 CDK1/CDC2 (Ab-14) HMR 

92 CDK1/CDC2 (Phospho-Thr14) HMR 

699 CDK2 (Ab-160)  HMR 

996 CDK2 (Phospho-Thr160)  HMR 

1314 CDK5 (Ab-15) HMR 

275 CDK5 (Phospho-Tyr15) HMR 

610 CDK7 (Ab-170) HM 

1237 CDK7 (Phospho-Thr170) HM 

853 Chk1 (Ab-280)  H 

611 Chk1 (Ab-286) HMR 

854 Chk1 (Ab-317)  HMR 

1027 Chk1 (Ab-345)  HMR 

1001 Chk1 (Phospho-Ser280)  H 

1238 Chk1 (Phospho-Ser286) HMR 
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560 Chk1 (Phospho-Ser296) H 

1239 Chk1 (Phospho-Ser301) HMR 

1002 Chk1 (Phospho-Ser317)  HMR 

987 Chk1 (Phospho-Ser345)  HMR 

296 Chk2 (Ab-383) HMR 

765 Chk2 (Ab-387) HMR 

857 Chk2 (Ab-516)  H 

523 Chk2 (Ab-68)  HM 

1159 Chk2 (Phospho-Ser516)  H 

901 Chk2 (Phospho-Thr383) HMR 

1229 Chk2 (Phospho-Thr387) HMR 

479 Chk2 (Phospho-Thr68)  HM 

802 CK1-A (Ab-321) HMR 

1089 CK1-A (Phospho-Thr321) HMR 

1092 CK1-A/A2 (Phospho-Tyr294) HMR 

640 CK2-b (Ab-209) HMR 

924 CK2-b (Phospho-Ser209) HMR 

1317 claudin 3 (Ab-219) H 

418 claudin 3 (Phospho-Tyr219) H 

419 claudin 6 (Phospho-Tyr219) HM 

1318 claudin 7 (Ab-210) HMR 

420 claudin 7 (Phospho-Tyr210) HMR 

1241 Coagulation Factor III (Phospho-Ser290) H 

1040 cofilin (Ab-3)  HMR 

1000 cofilin (Phospho-Ser3)  HMR 

359 Connexin 43 (Ab-367)  HMR 

494 Connexin 43 (Phospho-Ser367)  HMR 

372 Cortactin (Ab-421)  HM 

373 Cortactin (Ab-466)  HM 

507 Cortactin (Phospho-Tyr421)  HM 

508 Cortactin (Phospho-Tyr466)  HM 

882 COT (Ab-290)   HMR 

1021 COT (Phospho-Thr290) HMR 

541 CPI17α (Ab-38)  HMR 

677 CPI17α (Phospho-Thr38)  HMR 

1122 CREB (Ab-100) HMR 

936 CREB (Ab-121) HMR 

374 CREB (Ab-129)  HMR 

203 CREB (Ab-133)  HMR 

706 CREB (Ab-142)   HMR 

226 CREB (Phospho-Ser121) HMR 

509 CREB (Phospho-Ser129)  HMR 

318 CREB (Phospho-Ser133)  HMR 

841 CREB (Phospho-Ser142) HMR 

399 CREB (Phospho-Thr100) HMR 

883 CrkII (Ab-221)   HMR 

1022 CrkII (Phospho-Tyr221) HMR 

1023 CrkL (Phospho-Tyr207) HM 

1150 CSFR (Ab-561) HM 

127 CSFR (Phospho-Tyr561) HM 

1242 CXCR4 (Phospho-Ser339) HM 

430 Cyclin B1 (Ab-126) HM 

132 Cyclin B1 (Ab-147) HM 

1214 Cyclin B1 (Phospho-Ser126) HM 

562 Cyclin B1 (Phospho-Ser147) HM 

584 Cyclin C (Phospho-Ser275) HMR 

766 Cyclin D1 (Ab-286) HMR 
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613 Cyclin D1 (Ab-90) HMR 

1230 Cyclin D1 (Phospho-Thr286) HMR 

1308 Cyclin D2 (Ab-280) HMR 

767 Cyclin D3 (Ab-283) HMR 

1231 Cyclin D3 (Phospho-Thr283) HMR 

431 Cyclin E1 (Ab-395) HM 

133 Cyclin E1 (Ab-77) HM 

1044 Cyclin E1 (Phospho-Thr395) HM 

563 Cyclin E1 (Phospho-Thr77) HM 

614 Cyclin E2 (Ab-392) HM 

615 Cytokeratin 18 (Ab-52) H 

1243 Cytokeratin 18 (Phospho-Ser52) H 

616 Cytokeratin 8 (Ab-431) HMR 

1244 Cytokeratin 8 (Phospho-Ser431) HMR 

375 DAB1 (Ab-220)  HMR 

360 DAB1 (Ab-232)  HMR 

510 DAB1 (Phospho-Tyr220)  HMR 

495 DAB1 (Phospho-Tyr232)  HMR 

1151 DAPP1 (Ab-139) HM 

128 DAPP1 (Phospho-Tyr139) HM 

376 DARPP-32 (Ab-34)  HMR 

707 DARPP-32 (Ab-75)   HMR 

663 DARPP-32 (Phospho-Thr34)  HMR 

842 DARPP-32 (Phospho-Thr75) HMR 

768 DAXX (Ab-668) HM 

1232 DAXX (Phospho-Ser668) HM 

1152 DDX5/DEAD-box protein 5 (Ab-593) HM 

129 DDX5/DEAD-box protein 5 (Phospho-Tyr593) HM 

621 DNA-PK (Ab-2056) HM 

620 DNA-PK (Ab-2638) HM 

619 DNA-PK (Ab-2647) HM 

1248 DNA-PK (Phospho-Thr2638) HM 

1247 DNA-PK (Phospho-Thr2647) HM 

377 Dok-1 (Ab-362)  HM 

530 Dok-1 (Ab-398)  HM 

664 Dok-1 (Phospho-Tyr362)  HM 

665 Dok-1 (Phospho-Tyr398)  HM 

531 Dok-2 (Ab-299)  HM 

666 Dok-2 (Phospho-Tyr299)  HM 

769 DYN1 (Ab-774) HMR 

74 DYN1 (Phospho-Ser774) HMR 

770 E2F1 (Ab-433) HM 

75 E2F1 (Phospho-Thr433) HM 

598 EEF2 (Ab-56) HMR 

1215 EEF2 (Phospho-Thr56) HMR 

884 eEF2K (Ab-366)   HMR 

1176 eEF2K (Phospho-Ser366) HMR 

937 EGFR (Ab-1016) HMR 

622 EGFR (Ab-1069) HMR 

357 EGFR (Ab-1070)  HMR 

358 EGFR (Ab-1092)  HMR 

365 EGFR (Ab-1110)  HMR 

59 EGFR (Ab-1172)  HMR 

67 EGFR (Ab-1197)  HMR 

708 EGFR (Ab-678)   HMR 

709 EGFR (Ab-693)   HMR 

68 EGFR (Ab-869)  HMR 
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1123 EGFR (Ab-998) HMR 

648 EGFR (Phospho-Ser1070)  HMR 

843 EGFR (Phospho-Thr678) HMR 

889 EGFR (Phospho-Thr693) HMR 

227 EGFR (Phospho-Tyr1016) HMR 

1249 EGFR (Phospho-Tyr1069) HMR 

649 EGFR (Phospho-Tyr1092)  HMR 

500 EGFR (Phospho-Tyr1110)  HMR 

174 EGFR (Phospho-Tyr1172)  HMR 

182 EGFR (Phospho-Tyr1197)  HMR 

183 EGFR (Phospho-Tyr869)  HMR 

532 eIF2A (Ab-51)  HMR 

667 eIF2A (Phospho-Ser51)  HMR 

564 eIF4B (Phospho-Ser422) HMR 

72 eIF4E (Ab-209)  HMR 

187 eIF4E (Phospho-Ser209)  HMR 

134 eIF4G (Ab-1108) HMR 

565 eIF4G (Phospho-Ser1108) HMR 

1181 Elk-1 (Ab-383)  HMR 

4 Elk-1 (Phospho-Ser383)  HMR 

188 Elk1 (Ab-389)  HMR 

189 Elk1 (Ab-417)  HMR 

303 Elk1 (Phospho-Ser389)  HMR 

304 Elk1 (Phospho-Thr417)  HMR 

1197 eNOS (Ab-1177)  HMR 

961 eNOS (Ab-1179) HMR 

213 eNOS (Ab-495)  HMR 

960 eNOS (Ab-615) HMR 

1166 eNOS (Phospho-Ser1177)  HMR 

256 eNOS (Phospho-Ser615) HMR 

328 eNOS (Phospho-Thr495)  HMR 

810 EPB41 (Ab-418/660) HM 

1097 EPB41 (Phospho-Tyr418/660) HM 

641 EPHA2/3/4 (Ab-588/596) HM 

925 EPHA2/3/4 (Phospho-Tyr588/596) HM 

642 EPHB1/2 (Ab-594/604) HMR 

926 EPHB1/2 (Phospho-Tyr594/604) HMR 

463 Ephrin B (Ab-330) HMR 

844 Ephrin B (Phospho-Tyr330) HMR 

1096 Ephrin B1/B2/B3 (Phospho-Tyr324) HMR 

643 Ephrin-B1 (Ab-317) HM 

927 Ephrin-B1 (Phospho-Tyr317) HM 

796 Epo-R (Ab-368) HMR 

928 Epo-R (Phospho-Tyr368) HMR 

623 ERK3 (Ab-189) HMR 

1250 ERK3 (Phospho-Ser189) HMR 

1251 ERK8 (Phospho-Thr175/Tyr177) HM 

349 Estrogen Receptor-α (Ab-104)  HMR 

350 Estrogen Receptor-α (Ab-106)  HMR 

351 Estrogen Receptor-α (Ab-118)  HM 

352 Estrogen Receptor-α (Ab-167)  H 

488 Estrogen Receptor-α (Phospho-Ser104)  HMR 

489 Estrogen Receptor-α (Phospho-Ser106)  HMR 

490 Estrogen Receptor-α (Phospho-Ser118)  HM 

491 Estrogen Receptor-α (Phospho-Ser167)  H 

1144 ETK (Ab-40) HM 

1148 ETK (Ab-566) HM 
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120 ETK (Phospho-Tyr40) HM 

125 ETK (Phospho-Tyr566) HM 

682 Ezrin (Ab-353)  HMR 

1124 Ezrin (Ab-478) HMR 

1209 Ezrin (Ab-566)  HMR 

27 Ezrin (Phospho-Thr566)  HMR 

481 Ezrin (Phospho-Tyr353)  HMR 

400 Ezrin (Phospho-Tyr478) HMR 

979 FADD (Ab-194) H 

1260 FADD (Phospho-Ser194) H 

55 FAK (Ab-397)  HMR 

938 FAK (Ab-407) HMR 

771 FAK (Ab-576) HMR 

512 FAK (Ab-861)  HMR 

624 FAK (Ab-910) HMR 

1029 FAK (Ab-925)  HMR 

93 FAK (Phospho-Ser910) HMR 

888 FAK (Phospho-Tyr397) HMR 

228 FAK (Phospho-Tyr407) HMR 

76 FAK (Phospho-Tyr576) HMR 

477 FAK (Phospho-Tyr861)  HMR 

988 FAK (Phospho-Tyr925)  HMR 

777 FAS (Ab-291) HM 

1316 FER (Ab-402) HM 

278 FER (Phospho-Tyr402) HM 

209 FGFR1 (Ab-154)  HMR 

625 FGFR1 (Ab-654) HMR 

472 FGFR1 (Ab-766) HMR 

324 FGFR1 (Phospho-Tyr154)  HMR 

755 FGFR1 (Phospho-Tyr654) HMR 

754 FGFR1 (Phospho-Tyr766) HMR 

885 Filamin A (Ab-2152)   HMR 

1177 Filamin A (Phospho-Ser2152) HMR 

868 FKHR (Ab-256)  HM 

1037 FKHR (Ab-319)  HM 

829 FKHR (Phospho-Ser256)  HM 

997 FKHR (Phospho-Ser319)  HM 

1198 FKHRL1/FOXO3A (Ab-253)  H 

1167 FKHRL1/FOXO3A (Phospho-Ser253)  H 

983 FLT3 (Ab-599) HM 

279 FLT3 (Phospho-Tyr842) HM 

280 FLT3 (Phospho-Tyr969) H 

1304 Fos (Ab-232) HMR 

454 Fos (Ab-374) HMR 

77 Fos (Phospho-Ser362) HMR 

578 Fos (Phospho-Thr232) HMR 

778 FosB (Ab-27) HM 

94 FosB (Phospho-Ser27) HM 

939 FOXO1/3/4-PAN (Ab-24/32) HMR 

229 FOXO1/3/4-PAN (Phospho-Thr24/32) HMR 

940 FOXO1A (Ab-329) HMR 

230 FOXO1A (Phospho-Ser329) HMR 

231 FOXO1A/3A (Phospho-Ser322/325) HMR 

1095 FRS2 (Phospho-Tyr436) HM 

750 Fyn (Phospho-Tyr530) HM 

690 G3BP-1 (Ab-232)  HM 

650 G3BP-1 (Phospho-Ser232)  HM 
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543 GAB1 (Ab-627)  HM 

297 GAB1 (Ab-659) HMR 

679 GAB1 (Phospho-Tyr627)  HM 

902 GAB1 (Phospho-Tyr659) HMR 

455 GAB2 (Ab-623) HMR 

585 GAB2 (Phospho-Tyr643) HMR 

710 GABA-RB (Ab-434)   HMR 

845 GABA-RB (Phospho-Ser434) HMR 

534 GAP43 (Ab-41)  HMR 

669 GAP43 (Phospho-Ser41)  HMR  

192 GATA1 (Ab-142)  HMR 

193 GATA1 (Ab-310)  HMR 

307 GATA1 (Phospho-Ser142)  HMR 

308 GATA1 (Phospho-Ser310)  HMR 

362 GluR1 (Ab-849)  HMR 

363 GluR1 (Ab-863)  H 

497 GluR1 (Phospho-Ser849)  HMR 

498 GluR1 (Phospho-Ser863)  H 

544 GluR2 (Ab-880) HMR 

680 GluR2 (Phospho-Ser880)  HMR 

950 GRB10/Growth factor receptor-bound protein 10 (Ab-67) HM 

247 GRB10/Growth factor receptor-bound protein 10 (Phospho-Tyr67) H 

1305 GRB2 (Ab-159) HMR 

580 GRB2 (Phospho-Ser159) HMR 

78 GRF-1 (Phospho-Tyr1105) HMR 

779 GRK1 (Ab-21) HMR 

95 GRK1 (Phospho-Ser21) HMR 

941 GRK2 (Ab-29) HMR 

232 GRK2 (Phospho-Ser29) HMR 

582 GRK2 (Phospho-Ser685) HMR 

427 GSK3a-b (Ab-216/279) HMR 

890 GSK3a-b (Phospho-Tyr216/279) HMR 

1184 GSK3α (Ab-21)  HMR 

7 GSK3α (Phospho-Ser21)  HMR 

1179 GSK3β (Ab-9)  HMR 

2 GSK3β (Phospho-Ser9)  HMR 

951 GTPase activating protein (Ab-387) HM 

248 GTPase activating protein (Phospho-Ser387) HM 

1153 HCK (Ab-410) HMR 

130 HCK (Phospho-Tyr410) HMR 

298 HDAC1 (Ab-421) HM 

903 HDAC1 (Phospho-Ser421) HM 

1036 HDAC2 (Ab-394)  HM 

887 HDAC2 (Phospho-Ser394) HM 

780 HDAC3 (Ab-424) HM 

96 HDAC3 (Phospho-Ser424) HM 

870 HDAC4 (Ab-632)  HMR 

19 HDAC4 (Phospho-Ser632)  HMR 

772 HDAC5 (Ab-259) HM 

871 HDAC5 (Ab-498)  HM 

79 HDAC5 (Phospho-Ser259) HM 

20 HDAC5 (Phospho-Ser498)  HM 

781 HDAC6 (Ab-22) HM 

97 HDAC6 (Phospho-Ser22) HM 

1024 HDAC8 (Ab-39)  HM 

21 HDAC8 (Phospho-Ser39)  HM 

1125 HER2 (Ab-1112) HMR 
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355 HER2 (Ab-1221/1222)  HMR 

356 HER2 (Ab-1248)  HMR 

354 HER2 (Ab-877)  HMR 

646 HER2 (Phospho-Tyr1221/Tyr1222)  HMR 

647 HER2 (Phospho-Tyr1248)  HMR 

645 HER2 (Phospho-Tyr877)  HMR 

782 HER2/ErbB2 (Ab-686) HMR 

783 HER3/ErbB3 (Ab-1222) HMR 

784 HER3/ErbB3 (Ab-1289) HMR 

98 HER3/ErbB3 (Phospho-Tyr1222) HMR 

99 HER3/ErbB3 (Phospho-Tyr1289) HMR 

785 HER4/ErbB4 (Ab-1284) HMR 

100 HER4/ErbB4 (Phospho-Tyr1284) HMR 

369 Histone H2A.X (Ab-139)  HM 

504 Histone H2A.X (Phospho-Ser139)  HM 

867 Histone H3.1 (Ab-10)  HM 

34 Histone H3.1 (Phospho-Ser10)  HM 

194 HNF4α (Ab-313)  HMR 

309 HNF4α (Phospho-Ser313)  HMR 

1156 HRS (Ab-334) HM 

267 HRS (Phospho-Tyr334) HM 

364 HSF1 (Ab-303)  HM 

499 HSF1 (Phospho-Ser303)  HM 

773 HSL (Ab-552/563) HMR 

599 HSL (Ab-554) HMR 

80 HSL (Phospho-Ser552/563) HMR 

1216 HSL (Phospho-Ser554) HMR 

803 HSP 90-beta (Ab-226) HMR 

1090 HSP 90-beta (Phospho-Ser226) HMR 

1025 HSP27 (Ab-15)  H 

217 HSP27 (Ab-78)  HMR 

218 HSP27 (Ab-82)  HMR 

22 HSP27 (Phospho-Ser15)  H 

332 HSP27 (Phospho-Ser78)  HMR 

333 HSP27 (Phospho-Ser82)  HMR 

952 Hsp90 co-chaperone Cdc37 (Ab-13) HM 

249 Hsp90 co-chaperone Cdc37 (Phospho-Ser13) HM 

711 HSP90B (Ab-254)   HMR 

846 HSP90B (Phospho-Ser254) HMR 

694 ICAM-1 (Ab-512)  H 

651 ICAM-1 (Phospho-Tyr512)  H 

281 ICK (Phospho-Tyr159) HMR 

516 IGF-1R (Ab-1161)  HMR 

517 IGF-1R (Ab-1165/1166)  HMR 

655 IGF-1R (Phospho-Tyr1161)  HMR 

656 IGF-1R (Phospho-Tyr1165/1166)  HMR 

953 IGF2R (Ab-2409) HM 

259 IGF2R (Phospho-Ser2409) HM 

954 IGFBP-3 (Ab-183) HM 

862 IkB-alpha (Ab-32/36)  HMR 

1203 IkB-alpha (Ab-42)  HMR 

1164 IkB-alpha (Phospho-Ser32/36)  HMR 

250 IkB-alpha (Phospho-Tyr305) HMR 

1172 IkB-alpha (Phospho-Tyr42)  HMR 

774 IkB-beta (Ab-19) H 

847 IkB-beta (Phospho-Ser23) H 

81 IkB-beta (Phospho-Thr19) H 
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712 IkB-epsilon (Ab-22)   HMR 

848 IkB-epsilon (Phospho-Ser22) HMR 

962 IKK gamma (Ab-85) HM 

257 IKK gamma (Phospho-Ser85) HM 

776 IKK-a/b (Ab-176/177) HM 

775 IKK-a/b (Ab-180/181) HM 

82 IKK-a/b (Phospho-Ser180/181) HM 

1035 IKK-alpha (Ab-23)  HMR 

992 IKK-alpha (Phospho-Thr23)  HMR 

929 IKK-beta (Ab-188) HMR 

942 IKK-beta (Ab-199) HMR 

83 IKK-beta (Phospho-Tyr188) HMR 

233 IKK-beta (Phospho-Tyr199) HMR 

930 IKK-GAMMA (Ab-31) HM 

84 IKK-GAMMA (Phospho-Ser31) HM 

1309 IL-10R-A (Ab-496) HM 

268 IL-10R-A (Phospho-Tyr496) HM 

1310 IL-13R/CD213a1 (Ab-405) HM 

269 IL-13R/CD213a1 (Phospho-Tyr405) HM 

798 IL-2RA/CD25 (Ab-268) HM 

1082 IL-2RA/CD25 (Phospho-Ser268) HM 

1311 IL-4R/CD124 (Ab-497) HM 

270 IL-4R/CD124 (Phospho-Tyr497) HM 

982 IL3R (Ab-593) HM 

1264 IL3R (Phospho-Tyr593) HM 

271 IL7R/CD127 (Phospho-Tyr449) HM 

972 Integrin beta-1 (Ab-788) HMR 

973 Integrin beta-1 (Ab-789) HMR 

1256 Integrin beta-1 (Phospho-Thr788) HMR 

518 Integrin beta-3 (Ab-773)  HM 

535 Integrin beta-3 (Ab-785)  HM 

478 Integrin beta-3 (Phospho-Tyr773)  HM 

670 Integrin beta-3 (Phospho-Tyr785)  HM 

797 Interferon-alpha/beta receptor alpha chain (Ab-466) HM 

975 Interferon-gamma receptor alpha chain precursor (Ab-457) HM 

1081 
Interferon-gamma receptor alpha chain precursor (Phospho-
Tyr457) 

HM 

984 IR (Ab-1361) HMR 

1265 IR (Phospho-Tyr1355) HMR 

1266 IR (Phospho-Tyr1361) HMR 

207 IRS-1 (Ab-307)  HMR 

1042 IRS-1 (Ab-312)  HMR 

943 IRS-1 (Ab-323) HMR 

69 IRS-1 (Ab-636)  HMR 

70 IRS-1 (Ab-639)  HMR 

135 IRS-1 (Ab-794) HMR 

85 IRS-1 (Phospho-Ser1101) HMR 

322 IRS-1 (Phospho-Ser307)  HMR 

1004 IRS-1 (Phospho-Ser312)  HMR 

234 IRS-1 (Phospho-Ser323) HMR 

86 IRS-1 (Phospho-Ser612) HMR 

184 IRS-1 (Phospho-Ser636)  HMR 

185 IRS-1 (Phospho-Ser639)  HMR 

566 IRS-1 (Phospho-Ser794) HMR 

1312 ITGB4 (Ab-1510) HMR 

272 ITGB4 (Phospho-Tyr1510) HMR 

859 JAK1 (Ab-1022)  HMR 

1161 JAK1 (Phospho-Tyr1022)  HMR 
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861 JAK2 (Ab-1007)  HMR 

860 JAK2 (Ab-221)  HMR 

1163 JAK2 (Phospho-Tyr1007)  HMR 

1162 JAK2 (Phospho-Tyr221)  HMR 

944 JNK1/2/3 (Ab-183/185) HMR 

235 JNK1/2/3 (Phospho-Thr183/Tyr185) HMR 

45 JunB (Ab-259)  HM 

44 JunB (Ab-79)  HMR 

160 JunB (Phospho-Ser259)  HM 

159 JunB (Phospho-Ser79)  HMR 

46 JunD (Ab-255)  HMR 

161 JunD (Phospho-Ser255)  HMR 

713 Keratin 18 (Ab-33)   H 

849 Keratin 18 (Phospho-Ser33) H 

714 Keratin 8 (Ab-73)   HM 

850 Keratin 8 (Phospho-Ser73) HM 

985 KIT (Ab-936) HM 

1268 KIT (Phospho-Tyr703) HM 

1267 KIT (Phospho-Tyr936) HM 

432 KSR (Ab-392) HM 

1045 KSR (Phospho-Ser392) HM 

1313 Kv1.3/KCNA3 (Ab-135) HM 

273 Kv1.3/KCNA3 (Phospho-Tyr135) HM 

274 Kv2.1/Kcnb1 (Phospho-Tyr128) HMR 

814 Lamin A (Ab-22) HMR 

1252 Lamin A (Phospho-Ser22) HMR 

626 Lamin A/B(lamin A/C) (Ab-392) HMR 

756 Lamin A/B(lamin A/C) (Phospho-Ser392) HMR 

1301 LAT (Ab-161) H 

136 LAT (Ab-171) HM 

945 LAT (Ab-191) HMR 

567 LAT (Phospho-Tyr171) HM 

236 LAT (Phospho-Tyr191) HMR 

947 LCK (Ab-192) HM 

1195 LCK (Ab-393)  HMR 

946 LCK (Ab-504) HM 

1303 LCK (Ab-59) HMR 

577 LCK (Phospho-Ser59) HMR 

238 LCK (Phospho-Tyr192) HM 

1157 Lck (Phospho-Tyr393)  HMR 

237 LCK (Phospho-Tyr504) HM 

864 LIMK1 (Ab-508)  HMR 

991 LIMK1 (Phospho-Thr508)  HMR 

880 LIMK1/2 (Ab-508/505)   HMR 

138 LKB1 (Ab-189) HM 

1136 LKB1 (Ab-334) HM 

137 LKB1 (Ab-428) HM 

720 LKB1 (Phospho-Ser428) HM 

721 LKB1 (Phospho-Thr189) HM 

467 LYN (Ab-507) HMR 

744 LYN (Phospho-Tyr507) HMR 

1138 M-CSF Receptor (Ab-809) HMR 

1269 M-CSF Receptor (Phospho-Tyr809) HMR 

410 MAP3K1/MEKK1 (Phospho-Thr1381) HMR 

805 MAP3K7/TAK1 (Ab-187) HMR 

806 MAP3K7/TAK1 (Ab-439) HMR 

807 MAP3K8/COT (Ab-400) HMR 
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722 MAPKAPK-2 (Phospho-Thr222) HMR 

456 MAPKAPK2 (Ab-272) HMR 

587 MAPKAPK2 (Ab-334) HMR 

586 MAPKAPK2 (Phospho-Ser272) HMR 

1052 MAPKAPK2 (Phospho-Thr334) HMR 

545 MARCKS (Ab-158) HMR 

366 MARCKS (Ab-163)  H 

681 MARCKS (Phospho-Ser158)  HMR 

501 MARCKS (Phospho-Ser163)  H 

1100 MDM2 (Ab-166) HM 

239 MDM2 (Phospho-Ser166) HM 

739 MDM4 (Phospho-Ser367) HMR 

190 MEF2A (Ab-312)  HM 

191 MEF2A (Ab-319)  HM 

715 MEF2A (Ab-408)   HMR 

851 MEF2A (Phospho-Ser408) HMR 

305 MEF2A (Phospho-Thr312)  HM 

306 MEF2A (Phospho-Thr319)  HM 

457 MEF2C (Ab-396) HM 

740 MEF2C (Phospho-Ser396) HM 

240 MEF2D (Phospho-Ser444) HMR 

1185 MEK-2 (Ab-394)  HMR 

8 MEK-2 (Phospho-Thr394)  HMR 

1212 MEK1 (Ab-217) HMR 

1202 MEK1 (Ab-221)  HMR 

546 MEK1 (Ab-291)  HMR 

139 MEK1 (Ab-298) HMR 

140 MEK1 (Ab286) HMR 

30 MEK1 (Phospho-Ser217)  HMR 

1171 MEK1 (Phospho-Ser221)  HMR 

723 MEK1 (Phospho-Ser298) HMR 

724 MEK1 (Phospho-Thr286) HMR 

834 MEK1 (Phospho-Thr291)  HMR 

1093 MER/SKY (Phospho-Tyr749/Tyr681) HMR 

804 Merlin (Ab-10) HMR 

367 Merlin (Ab-518)  HMR 

1091 Merlin (Phospho-Ser10) HMR 

502 Merlin (Phospho-Ser518)  HMR 

66 Met (Ab-1234)  H 

208 Met (Ab-1349)  HMR 

181 Met (Phospho-Tyr1234)  H 

323 Met (Phospho-Tyr1349)  HMR 

1270 Met (Phospho-Tyr1356) HMR 

627 MITF (Ab-73) HM 

757 MITF (Phospho-Ser73) HM 

856 MKK3 (Ab-189)  HM 

1158 MKK3 (Phospho-Ser189) HM 

1137 MKK3/MAP2K3 (Ab-222) HMR 

411 MKK3/MAP2K3 (Phospho-Thr222) HMR 

423 MKK6 (Ab-207) HM 

886 MKK6 (Phospho-Ser207) HM 

1290 MKK7/MAP2K7 (Ab-271) HMR 

412 MKK7/MAP2K7 (Phospho-Ser271) HMR 

413 MKK7/MAP2K7 (Phospho-Thr275) HMR 

955 MKP-1 (Ab-359) HM 

251 MKP-1 (Phospho-Ser359) HM 

458 MKP-1/2 (Ab-296/318) HMR 
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741 MKP-1/2 (Phospho-Ser296/318) HMR 

811 Mnk1 (Ab-385) HMR 

1098 Mnk1 (Phospho-Thr385) HMR 

141 MSK1 (Ab-360) HM 

1207 MSK1 (Ab-376)  HM 

142 MSK1 (Ab-581) HM 

414 MSK1 (Phospho-Ser212) HM 

725 MSK1 (Phospho-Ser360) HM 

25 MSK1 (Phospho-Ser376)  HM 

726 MSK1 (Phospho-Thr581) HM 

415 MSK2 (Phospho-Thr568) HM 

635 Mst1/Mst2 (Ab-183) HM 

920 Mst1/Mst2 (Phospho-Thr183) HM 

963 mTOR (Ab-2446) HMR 

60 mTOR (Ab-2448)  HMR 

143 mTOR (Ab-2481) HMR 

175 mTOR (Phospho-Ser2448)  HMR 

727 mTOR (Phospho-Ser2481) HMR 

258 mTOR (Phospho-Thr2446) HMR 

53 Myc (Ab-358) HMR 

54 Myc (Ab-373)  HMR 

52 Myc (Ab-58)  HMR 

716 Myc (Ab-62)   HMR 

302 Myc (Phospho-Ser373)  HMR 

852 Myc (Phospho-Ser62) HMR 

168 Myc (Phospho-Thr358)  HMR 

167 Myc (Phospho-Thr58)  HMR 

636 Myosin regulatory light chain 2 (Ab-18) HMR 

921 Myosin regulatory light chain 2 (Phospho-Ser18) HMR 

910 MYPT1 (Phospho-Thr696) HMR 

911 MYPT1 (Phospho-Thr853) HMR 

808 MYT1 (Ab-83) H 

459 NFAT3 (Ab-168/170) HM 

1101 NFAT3 (Ab-676) HM 

1102 NFAT4 (Ab-165) HM 

241 NFAT4 (Phospho-Ser165) HM 

252 NF-kB-p100 (Phospho-Ser872) HM 

1192 NF-kB-p100/p52 (Ab-865)  HM 

1193 NF-kB-p100/p52 (Ab-869)  HM 

15 NF-kB-p100/p52 (Phospho-Ser865)  HM 

16 NF-kB-p100/p52 (Phospho-Ser869)  HM 

588 NF-kB-p105 (Ab-927) HM 

1053 NF-kB-p105 (Phospho-Ser927) HM 

1194 NF-kB-p105/p50 (Ab-337)  HM 

36 NF-kB-p105/p50 (Ab-893)  HM 

37 NF-kB-p105/p50 (Ab-907)  H 

221 NF-kB-p105/p50 (Ab-932)  HMR 

150 NF-kB-p105/p50 (Phospho-Ser337)  HM 

151 NF-kB-p105/p50 (Phospho-Ser893)  HM 

152 NF-kB-p105/p50 (Phospho-Ser907)  H 

336 NF-kB-p105/p50 (Phospho-Ser932)  HMR 

1187 NF-kB-p65 (Ab-254)  HM 

1188 NF-kB-p65 (Ab-276)  HM 

1126 NF-kB-p65 (Ab-281) HMR 

361 NF-kB-p65 (Ab-311)  HM 

1189 NF-kB-p65 (Ab-435)  HM 

1190 NF-kB-p65 (Ab-468)  HM 
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1103 NF-kB-p65 (Ab-505) HMR 

57 NF-kB-p65 (Ab-529)  HM 

1191 NF-kB-p65 (Ab-536)  HM 

11 NF-kB-p65 (Phospho-Ser276)  HM 

496 NF-kB-p65 (Phospho-Ser311)  HM 

13 NF-kB-p65 (Phospho-Ser468)  HM 

171 NF-kB-p65 (Phospho-Ser529)  HM 

14 NF-kB-p65 (Phospho-Ser536)  HM 

10 NF-kB-p65 (Phospho-Thr254)  HM 

12 NF-kB-p65 (Phospho-Thr435)  HM 

264 NMDA NR2A/B (Phospho-Tyr1246/1252) HMR 

547 NMDAR1 (Ab-897)  HMR 

835 NMDAR1 (Phospho-Ser897)  HMR 

1139 NMDAR2B (Ab-1472) HMR 

112 NMDAR2B (Phospho-Tyr1472) HMR 

717 Opioid Receptor (Ab-375)   HMR 

1005 Opioid Receptor (Phospho-Ser375) HMR 

637 p130Cas (Ab-165) HMR 

464 p130Cas (Ab-410) HMR 

922 p130Cas (Phospho-Tyr165) HMR 

745 p130Cas (Phospho-Tyr410) HMR 

1030 p21Cip1 (Ab-145)  HMR 

31 p21Cip1 (Phospho-Thr145)  HMR 

1031 p27Kip1 (Ab-10) HM 

1032 p27Kip1 (Ab-187) HMR 

32 p27Kip1 (Phospho-Ser10)  HM 

33 p27Kip1 (Phospho-Thr187)  HMR 

1104 p300 (Ab-89) HM 

424 P38 MAPK (Ab-180) HMR 

222 P38 MAPK (Ab-182)  HMR 

299 P38 MAPK (Ab-322) HMR 

337 P38 MAPK (Phospho-Thr180)  HMR 

338 P38 MAPK (Phospho-Tyr182)  HMR 

904 P38 MAPK (Phospho-Tyr322) HMR 

215 p44/42 MAP Kinase (Ab-202)  HMR 

216 p44/42 MAP Kinase (Ab-204)  HMR 

330 p44/42 MAP Kinase (Phospho-Thr202)  HMR 

331 p44/42 MAP Kinase (Phospho-Tyr204)  HMR 

521 p53 (Ab-15)  HMR 

522 p53 (Ab-18)  HMR 

1105 p53 (Ab-20) HMR 

527 p53 (Ab-315)  HR 

524 p53 (Ab-33)  H 

525 p53 (Ab-37)  H 

1128 p53 (Ab-376) HMR 

1129 p53 (Ab-378) HMR 

1127 p53 (Ab-387) H 

1106 p53 (Ab-392) HMR 

526 p53 (Ab-46)  H 

519 p53 (Ab-6)  HM 

520 p53 (Ab-9)  H 

662 p53 (Phospho-Ser15)  HMR 

242 p53 (Phospho-Ser20) HMR 

819 p53 (Phospho-Ser315)  HR 

816 p53 (Phospho-Ser33)  H 

401 p53 (Phospho-Ser366) H 

817 p53 (Phospho-Ser37)  H 
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402 p53 (Phospho-Ser378) HMR 

243 p53 (Phospho-Ser392) HMR 

818 p53 (Phospho-Ser46)  H 

660 p53 (Phospho-Ser6)  HM 

661 p53 (Phospho-Ser9)  H 

815 p53 (Phospho-Thr18)  HMR 

728 p53 (Phospho-Thr81) H 

729 p63 (Phospho-Ser455) HMR 

1107 P70S6K (Ab-229) HMR 

1108 P70S6K (Ab-371) HMR 

370 P70S6k (Ab-411)  HMR 

1109 P70S6K (Ab-418) HMR 

426 P70S6k (Ab-421) HMR 

537 P70S6K (Ab-424)  HMR 

1291 P70S6K (Ab-427) HMR 

378 P70S6K (Phospho-Ser371) HMR 

505 P70S6K (Phospho-Ser411)  HMR 

380 P70S6K (Phospho-Ser418) HMR 

672 P70S6K (Phospho-Ser424)  HMR 

244 P70S6K (Phospho-Thr229) HMR 

379 P70S6K (Phospho-Thr389) HMR 

1050 P70S6k (Phospho-Thr421) HMR 

1292 P70S6k-beta (Ab-423) HM 

568 P70S6k-beta (Phospho-Ser423) HM 

511 P73 (Ab-99) H 

476 P73 (Phospho-Tyr99)  H 

1110 P90RSK (Ab-359/363) HMR 

1111 P90RSK (Ab-380) HMR 

1112 P90RSK (Ab-573) HMR 

382 P90RSK (Phospho-Ser380) HMR 

381 P90RSK (Phospho-Thr359/Ser363) HMR 

383 P90RSK (Phospho-Thr573) HMR 

342 P95/NBS1 (Ab-343)  HMR 

475 P95/NBS1 (Phospho-Ser343)  HMR 

1293 PAK1 (Ab-204) HMR 

1113 PAK1 (Ab-212) HMR 

569 PAK1 (Phospho-Ser204) HMR 

384 PAK1 (Phospho-Thr212) HMR 

956 PAK1/2 (Ab-199) HMR 

253 PAK1/2 (Phospho-Ser199) HMR 

1115 PAK1/2/3 (Ab-141) HMR 

1114 PAK1/2/3 (Ab-423/402/421) HMR 

386 PAK1/2/3 (Phospho-Ser141) HMR 

385 PAK1/2/3 (Phospho-Thr423/402/421) HMR 

1294 PAK2 (Ab-192) HMR 

1295 PAK2 (Ab-197) HMR 

570 PAK2 (Phospho-Ser192) HMR 

730 PAK2 (Phospho-Ser20) HMR 

1296 PAK3 (Ab-154) HMR 

571 PAK3 (Phospho-Ser154) HMR 

144 PAK4/PAK5/PAK6 (Ab-474) HM 

695 Paxillin (Ab-118)  HMR 

1208 Paxillin (Ab-31)  HMR 

657 Paxillin (Phospho-Tyr118)  HMR 

26 Paxillin (Phospho-Tyr31)  HMR 

978 PDGF R alpha (Ab-849) HMR 

1259 PDGF R alpha (Phospho-Tyr849) HMR 
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974 PDGF R beta (Ab-1009) HM 

977 PDGF R beta (Ab-1021) HM 

976 PDGF R beta (Ab-740) HM 

65 PDGF R beta (Ab-751)  HMR 

1258 PDGF R beta (Phospho-Tyr1021) HMR 

1257 PDGF R beta (Phospho-Tyr740) HM 

180 PDGF R beta (Phospho-Tyr751)  HMR 

1182 PDK1 (Ab-241)  HMR 

5 PDK1 (Phospho-Ser241)  HMR 

1116 PEA15 (Ab-116) HMR 

731 PEA15 (Phospho-Ser104) HMR 

387 PEA15 (Phospho-Ser116) HMR 

1140 PECAM-1 (Ab-713) HM 

113 PECAM-1 (Phospho-Tyr713) HMR 

261 PI3-kinase p85-alpha (Phospho-Tyr607) HMR 

964 PI3-kinase p85-subunit alpha/gamma (Ab-467/199) HMR 

260 PI3-kinase p85-subunit alpha/gamma (Phospho-Tyr467/Tyr199) HMR 

1145 Pim-1 (Ab-309) HMR 

121 Pim-1 (Phospho-Tyr309) HMR 

1087 PIP5K (Phospho-Ser307) HMR 

1117 PKA CAT (Ab-197) HMR 

388 PKA CAT (Phospho-Thr197) HMR 

101 PKA-R2B (Phospho-Ser113) HMR 

905 PKC alpha  (Phospho-Tyr657) HMR 

300 PKC alpha (Ab-657) HMR 

145 PKC alpha/beta II (Ab-638) HMR 

732 PKC alpha/beta II (Phospho-Thr638) HMR 

1297 PKC beta/PKCB (Ab-661) HMR 

572 PKC beta/PKCB (Phospho-Ser661) HMR 

906 PKC delta  (Phospho-Tyr52) HMR 

146 PKC delta (Ab-505) HMR 

548 PKC delta (Ab-645)  HMR 

836 PKC delta (Phospho-Ser645)  HMR 

733 PKC delta (Phospho-Thr505) HMR 

734 PKC delta (Phospho-Tyr313) HMR 

573 PKC delta/PKCD (Phospho-Tyr64) HMR 

301 PKC epsilon (Ab-729) HMR 

907 PKC epsilon (Phospho-Ser729) HMR 

435 PKC pan activation site HMR 

908 PKC pan activation site (Phospho) HMR 

147 PKC theta (Ab-538) HM 

701 PKC theta (Ab-676)  HMR 

837 PKC theta (Phospho-Ser676)  HMR 

735 PKC theta (Phospho-Thr538) HMR 

718 PKC zeta (Ab-410)   HMR 

436 PKC zeta (Ab-560) HMR 

1006 PKC zeta (Phospho-Thr410) HMR 

909 PKC zeta (Phospho-Thr560) HMR 

148 PKD1/2/3/PKC mu (Ab-744/748) HMR 

437 PKD1/PKC mu (Ab-205) HM 

438 PKD1/PKC mu (Ab-463) HMR 

1062 PKD1/PKC mu (Phospho-Ser205) HM 

1063 PKD1/PKC mu (Phospho-Tyr463) HMR 

149 PKD1/PKCmu (Ab-910) HMR 

736 PKD1/PKCmu (Phospho-Ser910) HMR 
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439 PKD2 (Ab-876) HM 

1064 PKD2 (Phospho-Ser876) HM 

533 PKR (Ab-446)  H 

542 PKR (Ab-451)  H 

668 PKR (Phospho-Thr446)  H 

678 PKR (Phospho-Thr451)  H 

433 PLC beta (Ab-1105) HMR 

1046 PLC beta (Phospho-Ser1105) HMR 

283 PLC beta3 (Ab-537) HMR 

737 PLC beta3 (Phospho-Ser537) HMR 

465 PLCG1 (Ab-771) HMR 

466 PLCG1 (Ab-783) HMR 

912 PLCG1 (Phospho-Tyr1253) HMR 

743 PLCG1 (Phospho-Tyr771) HMR 

746 PLCG1 (Phospho-Tyr783) HMR 

628 PLCG2 (Ab-1217) HMR 

468 PLCG2 (Ab-753) HMR 

913 PLCG2 (Phospho-Tyr1217) HMR 

747 PLCG2 (Phospho-Tyr753) HMR 

1146 PLD1 (Ab-561) HMR 

122 PLD1 (Phospho-Ser561) HMR 

421 PLD2 (Phospho-Tyr169) HMR 

629 PLK1 (Ab-210) HM 

638 PP1-alpha (Ab-320) HMR 

923 PP1-B485alpha (Phospho-Thr320) HMR 

1118 PP2A-alpha (Ab-307) HMR 

389 PP2A-alpha (Phospho-Tyr307) HMR 

630 PPAR-beta (Ab-1457) HM 

914 PPAR-beta (Phospho-Thr1457) HM 

631 PPAR-gamma (Ab-112) HM 

915 PPAR-gamma (Phospho-Ser112) HM 

353 Progesterone Receptor (Ab-190)  H 

644 Progesterone Receptor (Phospho-Ser190)  H 

341 PTEN (Ab-370)  HM 

1186 PTEN (Ab-380)  HM 

340 PTEN (Ab-380/382/383)  HM 

480 PTEN (Phospho-Ser370)  HM 

9 PTEN (Phospho-Ser380)  HM 

474 PTEN (Phospho-Ser380/Thr382/Thr383)  HM 

114 PTPRA (Phospho-Tyr798) HMR 

56 Pyk2 (Ab-402)  HMR 

601 Pyk2 (Ab-580) HMR 

600 Pyk2 (Ab-881) HMR 

170 Pyk2 (Phospho-Tyr402)  HMR 

581 Pyk2 (Phospho-Tyr579) HMR 

1047 Pyk2 (Phospho-Tyr580) HMR 

1217 Pyk2 (Phospho-Tyr881) HMR 

1210 Rac1/cdc42 (Ab-71)  HMR 

28 Rac1/cdc42 (Phospho-Ser71)  HMR 

812 RAD51 (Ab-309) HM 

1083 RAD51 (Phospho-Tyr315) HM 

799 RAD52 (Ab-104) HM 

1084 RAD52 (Phospho-Tyr104) HM 

1183 Raf1 (Ab-259)  HMR 

1298 Raf1 (Ab-289) HMR 

1211 Raf1 (Ab-338)  HMR 

1271 Raf1 (Ab-341) HMR 
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1272 Raf1 (Ab-621) HMR 

6 Raf1 (Phospho-Ser259)  HMR 

29 Raf1 (Phospho-Ser338)  HMR 

390 Raf1 (Phospho-Tyr341) HMR 

391 Raf1(Phospho-Ser621) HMR 

254 RapGEF1 (Phospho-Tyr504) HM 

284 Ras-GRF1 (Ab-916) HMR 

738 Ras-GRF1 (Phospho-Ser916) HMR 

1130 Rb (Ab-608) HMR 

698 Rb (Ab-780)  HMR 

696 Rb (Ab-795)  HMR 

697 Rb (Ab-807)  HMR 

440 Rb (Ab-811) HMR 

403 Rb (Phospho-Ser608) HMR 

995 Rb (Phospho-Ser780)  HMR 

993 Rb (Phospho-Ser795)  HMR 

994 Rb (Phospho-Ser807)  HMR 

1065 Rb (Phospho-Ser811) HMR 

1066 Rb (Phospho-Thr821) HMR 

441 Rb-like-2 (RBL2) (Ab-952) HM 

38 Rel (Ab-503)  H 

153 Rel (Phospho-Ser503)  H 

223 RelB (Ab-552)  HM 

339 RelB (Phospho-Ser552)  HM 

536 Ret (Ab-905)  HM 

671 Ret (Phospho-Tyr905)  HM 

262 RGS16 (Phospho-Tyr168) HM 

965 Rho/Rac guanine nucleotide exchange factor 2 (Ab-885) HM 

263 Rho/Rac guanine nucleotide exchange factor 2 (Phospho-Ser885) HM 

1273 RhoA (Ab-188) HM 

1299 RSK1/2/3/4 (Ab-221/227/218/232) H 

574 RSK1/2/3/4 (Phospho-Ser221/227/218/232) HM 

1274 RyR2 (Ab-2808) HM 

392 RyR2 (Phospho-Ser2808) HM 

71 S6 Ribosomal Protein (Ab-235) HMR 

186 S6 Ribosomal Protein (Phospho-Ser235)  HMR 

219 SAPK/JNK (Ab-183)  HMR 

220 SAPK/JNK (Ab-185)  HMR 

334 SAPK/JNK (Phospho-Thr183)  HMR 

335 SAPK/JNK (Phospho-Tyr185)  HMR 

865 SEK1/MKK4 (Ab-261)  HMR 

462 SEK1/MKK4 (Ab-80) HM 

17 SEK1/MKK4 (Phospho-Ser80)  HM 

1175 SEK1/MKK4 (Phospho-Thr261)  HMR 

800 SEK1/MKK4/JNKK1 (Ab-257) HMR 

1085 SEK1/MKK4/JNKK1 (Phospho-Ser257) HMR 

719 Shc (Ab-349)   HMR 

589 Shc (Ab-427) H 

1007 Shc (Phospho-Tyr349) HMR 

1008 Shc (Phospho-Tyr427) H 

1009 SHP-1 (Phospho-Tyr536) HM 

872 SHP-2 (Ab-542)   HMR 

873 SHP-2 (Ab-580)   HMR 

1010 SHP-2 (Phospho-Tyr542) HMR 

1011 SHP-2 (Phospho-Tyr580) HMR 

1302 SLP-76 (Ab-128) HMR 

576 SLP-76 (Phospho-Tyr128) HMR 
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786 Smad1 (Ab-187) HM 

590 Smad1 (Ab-465) HMR 

102 Smad1 (Phospho-Ser187) HM 

1054 Smad1 (Phospho-Ser465) HMR 

790 Smad2 (Ab-220) HMR 

789 Smad2 (Ab-245) HMR 

788 Smad2 (Ab-250) HMR 

787 Smad2 (Ab-255) HMR 

591 Smad2 (Ab-467) HMR 

103 Smad2 (Phospho-Ser250) HMR 

1055 Smad2 (Phospho-Ser467) HMR 

104 Smad2 (Phospho-Thr220) HMR 

791 Smad2/3 (Ab-8) HMR 

105 Smad2/3 (Phospho-Thr8) HMR 

792 Smad3 (Ab-179) HMR 

793 Smad3 (Ab-204) HMR 

794 Smad3 (Ab-213) HMR 

592 Smad3 (Ab-425) HMR 

107 Smad3 (Phospho-Ser204) HMR 

108 Smad3 (Phospho-Ser208) HMR 

109 Smad3 (Phospho-Ser213) HMR 

1012 Smad3 (Phospho-Ser425) HMR 

106 Smad3 (Phospho-Thr179) HMR 

1205 SMC1 (Ab-957)  HM 

23 SMC1 (Phospho-Ser957)  HM 

211 SP1 (Ab-739)  HMR 

326 SP1 (Phospho-Thr739)  HMR 

855 Src (Ab-418)  HMR 

1196 Src (Ab-529)  HMR 

1300 Src (Ab-75) HMR 

575 Src (Phospho-Ser75) HMR 

579 Src (Phospho-Tyr216) HMR 

659 Src (Phospho-Tyr418)  HMR 

1165 Src (Phospho-Tyr529)  HMR 

460 SREBP-1 (Ab-439) HR 

742 SREBP-1 (Phospho-Ser439) HR 

1131 SRF (Ab-77) HM 

602 SRF (Ab-99) HMR 

404 SRF (Phospho-Ser77) HM 

1218 SRF (Phospho-Ser99) HMR 

1315 STAM2 (Ab-192) HM 

276 STAM2 (Phospho-Tyr192) HM 

195 STAT1 (Ab-701)  HMR 

1204 STAT1 (Ab-727)  HMR 

1173 STAT1 (Phospho-Ser727)  HMR 

310 STAT1 (Phospho-Tyr701)  HMR 

603 STAT2 (Ab-690) HMR 

1219 STAT2 (Phospho-Tyr690) HMR 

196 STAT3 (Ab-705)  HMR 

197 STAT3 (Ab-727)  HMR 

312 STAT3 (Phospho-Ser727)  HMR 

311 STAT3 (Phospho-Tyr705)  HMR 

198 STAT4 (Ab-693)  HM 

313 STAT4 (Phospho-Tyr693)  HM 

199 STAT5A  (Ab-694)  HMR 

200 STAT5A  (Ab-780)  HMR 

315 STAT5A  (Phospho-Ser780)  HMR 
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314 STAT5A  (Phospho-Tyr694)  HMR 

110 STAT5A (Phospho-Ser725) HR 

434 STAT5B (Ab-731) HMR 

1048 STAT5B (Phospho-Ser731) HMR 

201 STAT6 (Ab-641)  HM 

202 STAT6 (Ab-645)  HM 

317 STAT6 (Phospho-Thr645)  HM 

316 STAT6 (Phospho-Tyr641)  HM 

73 Stathmin 1(Ab-15)  HMR 

63 Stathmin 1(Ab-24)  HMR 

64 Stathmin 1(Ab-37)  HMR 

321 Stathmin 1(Phospho-Ser15)  HMR 

178 Stathmin 1(Phospho-Ser24)  HMR 

179 Stathmin 1(Phospho-Ser37)  HMR 

980 Survivin (Ab-117) HM 

1261 Survivin (Phospho-Thr117) HM 

604 SYK (Ab-348) HMR 

605 SYK (Ab-525) HMR 

393 SYK (Phospho-Tyr323) HMR 

1049 SYK (Phospho-Tyr348) HMR 

1220 SYK (Phospho-Tyr525) HMR 

1275 SYN1-Synapsin1 (Ab-62) HMR 

394 SYN1-Synapsin1 (Phospho-Ser62) HMR 

368 Synapsin (Ab-9)  HMR 

503 Synapsin (Phospho-Ser9)  HMR 

875 Synaptotagmin (Ab-202)   HMR 

874 Synaptotagmin (Ab-309)   HM 

1013 Synaptotagmin (Phospho-Ser309) HM 

1014 Synaptotagmin (Phospho-Thr202) HMR 

224 Synuclein alpha (Ab-125)  HMR 

538 Synuclein alpha (Ab-133)  HMR 

492 Synuclein alpha (Phospho-Tyr125)  HMR 

673 Synuclein alpha (Phospho-Tyr133)  HM 

674 Synuclein alpha (Phospho-Tyr136)  HMR 

957 TAK1 (Ab-184) HMR 

255 TAK1 (Phospho-Thr184) HMR 

684 Tau (Ab-181)  H 

685 Tau (Ab-205)  HMR 

225 Tau (Ab-212)  HMR 

686 Tau (Ab-214)  HMR 

687 Tau (Ab-231)  HMR 

683 Tau (Ab-235)  HMR 

688 Tau (Ab-262)  HMR 

528 Tau (Ab-356)  HMR 

529 Tau (Ab-396)  HMR 

689 Tau (Ab-404)  HMR 

371 Tau (Ab-422)  HMR 

825 Tau (Phospho-Ser214)  HMR 

822 Tau (Phospho-Ser235)  HMR 

827 Tau (Phospho-Ser262)  HMR 

820 Tau (Phospho-Ser356)  HMR 

821 Tau (Phospho-Ser396)  HMR 

828 Tau (Phospho-Ser404)  HMR 

506 Tau (Phospho-Ser422)  HMR 

823 Tau (Phospho-Thr181)  H 

824 Tau (Phospho-Thr205)  HMR 

493 Tau (Phospho-Thr212)  HMR 
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826 Tau (Phospho-Thr231)  HMR 

115 TFII-I (Phospho-Tyr248) HMR 

958 TGFBR1 (Ab-165) HM 

959 TGFBR2 (Ab-250) HM 

916 TIE2 (Phospho-Tyr1108) HM 

813 TIF-IA (Ab-649) H 

1099 TIF-IA (Phospho-Ser649) H 

639 TLK1 (Ab-764) HM 

981 TOP2A/DNA topoisomerase II (Ab-1106) HM 

1262 TOP2A/DNA topoisomerase II (Phospho-Ser1106) HM 

1276 Trk A (Ab-496) HMR 

406 Trk A (Phospho-Tyr680/681) HMR 

405 Trk A (Phospho-Tyr701) HMR 

1015 Trk A (Phospho-Tyr791) H 

876 Trk B (Ab-515)   HMR 

1016 Trk B (Phospho-Tyr515) HMR 

1043 Trk B (Phospho-Tyr705) HMR 

461 Tuberin (Ab-981) HMR 

1278 Tuberin/TSC2 (Ab-1462) HMR 

1277 Tuberin/TSC2 (Ab-939) HMR 

395 Tuberin/TSC2 (Phospho-Ser939) HMR 

396 Tuberin/TSC2 (Phospho-Thr1462) HMR 

858 TYK2 (Ab-1054) HM 

1160 TYK2 (Phospho-Tyr1054)  HM 

877 Tyrosine Hydroxylase (Ab-19)   HMR 

878 Tyrosine Hydroxylase (Ab-31)   HMR 

879 Tyrosine Hydroxylase (Ab-40)   HMR 

1017 Tyrosine Hydroxylase (Phospho-Ser19) HMR 

1018 Tyrosine Hydroxylase (Phospho-Ser31) HMR 

1019 Tyrosine Hydroxylase (Phospho-Ser40) HMR 

1279 Tyrosine Hydroxylase(TH) (Ab-8) MR 

549 Tyrosine Hydroxylase(TH) (Phospho-Ser8) MR 

1213 VASP (Ab-157)  HM 

1199 VASP (Ab-238)  HM 

169 VASP (Phospho-Ser157)  HM 

1168 VASP (Phospho-Ser238)  HM 

1280 VAV1 (Ab-160) HM 

1041 VAV1 (Ab-174)  HMR 

1003 VAV1 (Phospho-Tyr174)  HMR 

966 VAV2 (Ab-142) HM 

397 VAV2 (Phospho-Tyr142) HM 

416 VE-Cadherin (Phospho-Tyr731) HM 

1281 VEGFR1 (Ab-1333) HM 

550 VEGFR1 (Phospho-Tyr1333) HM 

1154 VEGFR2 (Ab-1054) HMR 

1282 VEGFR2 (Ab-1059) HMR 

513 VEGFR2 (Ab-1175)  HMR 

514 VEGFR2 (Ab-1214)  HMR 

515 VEGFR2 (Ab-951)  HM 

265 VEGFR2 (Phospho-Tyr1054) HMR 

551 VEGFR2 (Phospho-Tyr1059) HMR 

652 VEGFR2 (Phospho-Tyr1175)  HMR 

653 VEGFR2 (Phospho-Tyr1214)  HM 

654 VEGFR2 (Phospho-Tyr951)  HM 

1155 Vinculin (Ab-821) HMR 

266 Vinculin (Phospho-Tyr821) HMR 

1283 WASP (Ab-290) HM 
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552 WASP (Phospho-Tyr290) HM 

632 WAVE1 (Ab-125) HM 

917 WAVE1 (Phospho-Tyr125) HM 

809 WEE1 (Ab-53) HMR 

1088 WEE1 (Phospho-Ser642) HMR 

417 WWOX (Phospho-Tyr33) HM 

633 XIAP (Ab-87) HMR 

918 XIAP (Phospho-Ser87) HMR 

1284 Zap-70 (Ab-292) HM 

1200 Zap-70 (Ab-319)  HM 

1201 Zap-70 (Ab-493)  HM 

553 Zap-70 (Phospho-Tyr292) HM 

554 Zap-70 (Phospho-Tyr315) HM 

1169 Zap-70 (Phospho-Tyr319)  HM 

1170 Zap-70 (Phospho-Tyr493)  HM 
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APPENDIX III 

Phospho array Image for U87-C and U87-Cr1 

 

 

 

  

U87-C U87-Cr1 
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APPENDIX IV 

Table of protein residues downregulated as a result of Cripto-1 overexpression 

Protein Name 
Ratio pU87-

Cr1/pU87-C 
Fold change UniProt ID 

IGF-1R (Phospho-Tyr1165/1166)  0.53 -1.9 P08069 

Smad1 (Phospho-Ser465) 0.52 -1.9 Q15797 

GABA-RB (Phospho-Ser434) 0.48 -2.1 P18505 

VEGFR2 (Phospho-Tyr951)  0.48 -2.1 P35968 

STAT2 (Phospho-Tyr690) 0.48 -2.1 P52630 

HDAC5 (Phospho-Ser259) 0.44 -2.3 Q9UQL6 

merlin (Phospho-Ser10) 0.41 -2.4 P35240 

SHP-2 (Phospho-Tyr580) 0.41 -2.4 Q06124 

SEK1/MKK4/JNKK1 (Phospho-Ser257) 0.38 -2.6 P45985 

Smad3 (Phospho-Ser204) 0.36 -2.8 P84022 

IR (Phospho-Tyr1361) 0.35 -2.9 P06213 

Androgen Receptor (Phospho-Ser650)  0.34 -2.9 P10275 

Histone H3.1 (Phospho-Ser10)  0.33 -3.0 
P68431 / Q71DI3 / 

P84243 

VAV2 (Phospho-Tyr142) 0.32 -3.1 P52735 

HER3/ErbB3 (Phospho-Tyr1222) 0.30 -3.3 P21860 

IL-2RA/CD25 (Phospho-Ser268) 0.28 -3.6 P01589 

p27Kip1 (Phospho-Ser10)  0.27 -3.7 P46527 

Tau (Phospho-Thr231)  0.27 -3.7 P10636 

Opioid Receptor (Phospho-Ser375) 0.22 -4.5 P35372 

DNA-PK (Phospho-Thr2647) 0.22 -4.5 P78527 

IKK-a/b (Phospho-Ser180/181) 0.22 -4.5 O15111/O14920 

14-3-3 zeta (Phospho-Ser58) 0.21 -4.8 P63104 

Caspase-3 (Phospho-Ser150) 0.07 -14.3 P42574 
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APPENDIX V 

Table of pathways and uniprot numbers of enriched proteins in these pathways 

U87-Cr1 compared to U87-C cells 

Term Genes 

hsa04012:ErbB 

signalling 

pathway 

Q13153, P12931, P23443, P17252, P19174, Q13177, P05771, P42229, 

Q13480, P05412, Q05397, P16885, P04626, P45985, P21860, P01106, 

P42345, P00533, O75914, P31749, P46527, P15056 

hsa05200:Path

ways in cancer 

Q13043, P11362, P17252, O14920, P84022, P35222, P42229, O15111, 

P10275, P04626, P16885, P01106, P42345, P37231, P01100, P07949, 

P10415, P15056, P06400, P24864, P19174, P19838, P05771, P04637, 

P08069, P05412, Q07817, Q05397, P98170, P42574, P60484, P00533, 

P46527, P31749 

hsa04010:MAP

K signalling 

pathway 

Q13043, P11362, P52564, P17252, O14920, Q15349, O15111, P01106, 

P17535, P01100, P15056, P49137, P10636, P18848, Q13153, P51812, 

Q13972, P15336, Q13177, P19838, P05771, P04637, Q15418, P05412, 

Q06413, P16949, Q9UK32, P45985, P42574, P00533, P31749 

hsa05215:Pros

tate cancer 

P06400, P18848, P11362, O14920, P24864, P19838, P35222, O15111, 

P04637, P08069, P10275, P04626, P42345, P60484, P00533, P31749, 

P46527, P15056, P10415 

hsa04510:Foca

l adhesion 

Q13153, P12931, P17252, Q13972, P52735, P05771, Q13177, P35222, 

Q03135, P08069, P05412, P56945, P35968, P49023, Q05397, P04626, 

P63261, P98170, P60484, P00533, O75914, P31749, P15056, P10415 

hsa04722:Neu

rotrophin 

signalling 

pathway 

P49137, P18848, P51812, O14920, Q15349, P19174, P19838, Q05655, 

P04637, Q15418, Q13480, P05412, P16885, Q06124, Q9UK32, 

P31749, P63104, P15056, P10415 

hsa05222:Smal

l cell lung 

cancer 

P06400, O14920, P24864, P19838, O15111, P04637, Q07817, Q05397, 

P98170, P01106, P60484, P31749, P46527, P10415 

hsa05220:Chro

nic myeloid 

leukaemia 

P06400, O14920, P19838, P84022, P42229, O15111, P04637, Q07817, 

Q06124, P01106, P31749, P46527, P15056 

hsa05214:Glio

ma 

P06400, P04637, P08069, P16885, P17252, P19174, P05771, P42345, 

P60484, P00533, P31749, P15056 

hsa05120:Epit

helial cell 

signalling in 

Helicobacter 

pylori infection 

P05412, P12931, Q13153, P16885, O14920, Q06124, P19174, P45985, 

P42574, P19838, P00533, O15111 

hsa05223:Non

-small cell lung 

cancer 

P06400, P04637, Q13043, P16885, P04626, P17252, P19174, P05771, 

P00533, P31749, P15056 

hsa04660:T 

cell receptor 

signalling 

pathway 

Q13153, O14920, P52735, P19174, P19838, Q13177, O43561, 

O15111, Q04759, P05412, P43403, P01100, O75914, P31749 

hsa05210:Colo

rectal cancer 

P04637, P08069, P05412, P42574, P01106, P84022, P00533, P01100, 

P35222, P31749, P10415, P15056 

hsa05212:Panc

reatic cancer 

P06400, P04637, Q07817, P04626, O14920, P19838, P84022, P00533, 

P31749, O15111, P15056 

hsa04666:Fc Q92558, P42768, Q13153, P23443, P16885, P17252, P52735, P19174, 
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gamma R-

mediated 

phagocytosis 

P05771, Q05655, O43561, P31749 

hsa04520:Adh

erens junction 

P08069, Q92558, P42768, P12931, P11362, P04626, P63261, P06213, 

P84022, P00533, P35222 

hsa04662:B 

cell receptor 

signalling 

pathway 

P05412, P16885, O14920, P52735, P15391, P05771, P19838, P01100, 

P31749, O15111 

hsa04370:VEG

F signalling 

pathway 

P49137, P35968, P12931, Q05397, P49023, P16885, P17252, P19174, 

P05771, P31749 

hsa05221:Acut

e myeloid 

leukaemia 

P23443, O14920, P01106, P19838, P42345, P42229, P31749, O15111, 

P15056 

hsa04670:Leuk

ocyte 

transendotheli

al migration 

P56945, P15311, Q05397, P49023, P16885, P17252, Q06124, P52735, 

P63261, P19174, P05771, P35222 

hsa04664:Fc 

epsilon RI 

signalling 

pathway 

P16885, P52564, P17252, P52735, P19174, P45985, P05771, Q05655, 

O43561, P31749 

hsa04720:Long

-term 

potentiation 

Q15418, P18848, P51812, P17252, Q15349, Q9UK32, P05771, P42262, 

P15056 

hsa04062:Che

mokine 

signalling 

pathway 

Q13153, P42768, O14920, P52735, P19838, P05771, Q05655, O15111, 

P56945, Q05397, P52630, P49023, P31749, P15056 

hsa04150:mTO

R signalling 

pathway Q15418, P51812, P23443, Q15349, Q9UK32, P42345, P31749, P15056 

hsa05213:End

ometrial 

cancer P04637, P04626, P01106, P60484, P00533, P35222, P31749, P15056 

hsa04810:Reg

ulation of actin 

cytoskeleton 

Q13153, P42768, P11362, P52735, Q13177, P56945, Q92558, P15311, 

Q05397, P49023, P63261, P00533, O75914, P15056 

hsa04650:Nat

ural killer cell 

mediated 

cytotoxicity 

Q13153, P43403, P16885, P17252, Q06124, P52735, P19174, P42574, 

P05771, O43561, P15056 

hsa05216:Thyr

oid cancer P04637, P01106, P37231, P35222, P07949, P15056 

hsa04210:Apo

ptosis 

P04637, Q07817, O14920, P98170, P42574, P19838, P31749, O15111, 

P10415 

hsa05211:Ren

al cell 

carcinoma Q13480, P05412, Q13153, Q06124, Q13177, O75914, P31749, P15056 

hsa05218:Mel

anoma P06400, P04637, P08069, P11362, P60484, P00533, P31749, P15056 

hsa04912:GnR P05412, P12931, P18848, P52564, P17252, P45985, P05771, Q05655, 
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H signalling 

pathway 

P00533 

hsa04114:Ooc

yte meiosis 

P08069, Q15418, P10275, P51812, Q15349, Q9UK32, P24864, 

O14965, P63104 

hsa05219:Blad

der cancer P06400, P04637, P04626, P01106, P00533, P15056 

hsa04920:Adip

ocytokine 

signalling 

pathway Q04759, O14920, Q06124, P19838, P42345, P31749, O15111 

hsa04110:Cell 

cycle 

P06400, P04637, P24864, O96017, P01106, P84022, P46527, P78527, 

P63104 

hsa04620:Toll-

like receptor 

signalling 

pathway P05412, P52564, O14920, P45985, P19838, P01100, P31749, O15111 

hsa05014:Amy

otrophic 

lateral 

sclerosis (ALS) P04637, Q07817, P52564, P42574, P42262, P10415 

hsa04530:Tigh

t junction 

Q04759, P12931, P17252, P63261, P05771, Q05655, P60484, P35222, 

P31749 

hsa05130:Path

ogenic 

Escherichia 

coli infection P15311, P42768, P17252, P63261, P35222, P63104 

hsa04914:Prog

esterone-

mediated 

oocyte 

maturation P08069, Q15418, P51812, Q15349, Q9UK32, P31749, P15056 

hsa04360:Axo

n guidance P54764, P29317, Q13153, Q05397, Q13177, P29320, O75914, P98172 

hsa05110:Vibri

o cholerae 

infection P16885, P17252, P63261, P19174, P05771 

hsa04630:Jak-

STAT signalling 

pathway Q07817, P52630, Q06124, Q14765, P01589, P01106, P42229, P31749 

hsa04115:p53 

signalling 

pathway P04637, P24864, P42574, O96017, P60484 

hsa04730:Long

-term 

depression P08069, P17252, P05771, P42262, P15056 

hsa04960:Aldo

sterone-

regulated 

sodium 

reabsorption P17252, P05771, P06213, P05023 

hsa04020:Calci

um signalling 

pathway P16885, P04626, P17252, P19174, P21860, P05771, P00533, Q92736 
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hsa04070:Phos

phatidylinosito

l signalling 

system P16885, P17252, P19174, P05771, P60484 

hsa05412:Arrh

ythmogenic 

right 

ventricular 

cardiomyopath

y (ARVC) P02545, P17302, P63261, P35222, Q92736 

hsa04930:Type 

II diabetes 

mellitus O14920, P06213, P42345, Q05655 

hsa04270:Vasc

ular smooth 

muscle 

contraction Q04759, P17252, P05771, Q05655, P63267, P15056 

hsa04310:Wnt 

signalling 

pathway P04637, P05412, P17252, P01106, P05771, P84022, P35222 

hsa04540:Gap 

junction P12931, P17302, P17252, P05771, P00533 
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APPENDIX VI 

Abstracts of talks and presentations  

TDGF-1 (CRIPTO-1) effect on cellular de-differentiation of human 

glioma cells 

Alowaidi, F*, Hashimi, S.M, Nguyen, MN, Cavanch, B, Alqurashi, N, Bellette, B, 

Meedenyia, A, Ivanovski, S, Mackay-Sim, A ,Wood, S. 

Objective of the study: 

The current study investigates the role of cripto-1 overexpression in modulating the de-
differentiation of human glioblastoma cells.  
 
Methods: 

Cripto-1 was stably over expressed in U87 cells, a human glioblastoma cell line. Cells 
were harvested for functional analysis. RNA and Protein were extracted from cripto-1 
clone and the control clone. Then, RNA was used for QPCR analysis of specific 
signature genes’ expression known to be over expressed in the undifferentiated 
phenotype. Western blot and proteome profiler were used to study the protein 
expression for OCT-A, NANOG, SOX-2 & CD44. FACS analysis was used to assess 
the different population between the different clones using CD44 and EdU 
incorporation. Cells from both of the clones were also tested for their ability to grow 
under starvation conditions, using MTT reagents. Propidium iodide was also utilised to 
assess the differences between clones in regard to their cell cycle checkpoints. Tumour 
sphere and limited formation assays were used to assess the ability of cells to self renew 
and grow in spheres under ultra low attachment conditions. 
 
Results: 

RNA expression analysis showed significant increase in OCT4, NANOG, SOX2, 
CD44, & Id1 gene expression in Cripto-1 clones compared to control clones. 
Furthermore, MTT analysis indicated that cripto-1 over expressing clones were 
significantly faster growing under starvation conditions compared to the control clones. 
Cell cycle analysis showed elevated levels of cells in all check points of the cell cycle 
with a significant increase in percentage of cells in S phase of cripto-1 clone compared 
to the control clone. Moreover, cripto-1 clone cells had higher expression of OCT4A, 
NANOG, SOX2 & CD44 compared to control clones at the protein level. Finally, the 
number of spheres produced by the cripto-1 clones were significantly higher than the 
ones produced by the control clones.  
 
Conclusion: 

It can be concluded that cripto-1 over-expression increases the self renewal capacity of 
glioma cells. 
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EdU discriminates CD-44 +ve population in CSC480, a new colon 

cancer stem cell line 

 
Alowaidi, F, Cavanagh, B, Hashimi, S.M, Alqurashi, N, Alhulais, R, Meedenyia, A, 
Ivanovski, S, Wood, S, Bellette, B. 
 

Objective of the study:  

The aim of this study was to evaluate the capacity of 5-ethynyl-2'-deoxyuridine (EdU) 
marker in discriminating CD44 positive populations in a newly established colon cancer 
stem cell line, CSC480.  
Methods: 

The stemness of CSC480 cells was assessed by labelling the cells with a specific 
antibody against CD44, a known stemness marker, and analysed using a Flow 
cytometry. For the purpose of assessing the proliferation the capacity and identifying 
CD44 positive populations of CSC480 cells, cells were dosed with 10uM EdU for 2 
hours. Then, they were washed three times with PBS and dissociated with Accutase 
dissociation reagent. Cells were pelleted and washed three times with PBS.  CSC480 
cells were incubated with CD44 conjugated antibody for 30 minutes on ice (in dark). 
Subsequently, the cells were washed and exposed to EdU click reaction mix for 30 
minutes. Finally, the cells were washed thrice with PBS and analysed using FACS and 
Fluorescence microscopy. 
Results: 

Our data showed that CSC-480 cells highly over-express CD44 (a well-known 
stemness/ progenitor marker) and are active in division at the S-phase of cell cycle, 
where EdU is incorporated, compared to SW480, a parental colon cancer cell line. 
Combining EdU with CD44 showed that EdU has exceptional capacity to identify 
CD44-positive populations in four different populations.   These populations are as 
follow: CD44-high & EdU-low, CD44-mid & EdU- mid, CD44-low & EdU high. These 
finding were also confirmed using immunofluorescence analysis. 
Conclusion: 

We conclude that the EdU proliferation marker could be used not only to assess the 
proliferation capacity of a specific cell population but also could identify the different 
populations according to their proliferation rate. Our results indicate that EdU is also 
excellent in identifying the quiescent (dormant) cells from the dividing cells. Thus, it 
could be also used in assessing the current or new markers of stemness as shown in the 
current study. 
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