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ABSTRACT  

The induced pluripotent stem cells (iPSCs) technology has revolutionized 

disease modelling by enabling the generation of patient -specific 

pluripotent stem cells for  the study of complex disorders such as cancer. 

Somatic cell reprogramming  through iPSCs  induces global epigenetic 

reconfiguration of the chromatin which converts  cancer cells to an 

embryonic stem cell - like state with potential reversion of  tumorigenicity. 

Therefore, reprogramming can be used to answer the question as to 

whether epigenetic alterations alone can be sufficient to induce 

carcinogenesis, independent of gen etic defects.  In addition, it can used to 

dissect the relative contribution of genetics and epigenetics and 

epigenetics to tumorigenicity.  In this study, the triple n egative breast 

cancer (TNBC) cell line  BT-549 and oestrogen receptor positive (ER + ) cell 

line MCF7  were successfully reprogrammed by using the non - integrative  

episomal vectors expressing OCT4, SOX 2, L -MYC, KLF4, LIN28 , EBNA1, 

shRNA against TP53 , and microRNA -302/367  cluster together with 

treatment of sodium butyrate . Pluripotency of cancer -der ived iPSCs w as 

confirmed by RT -PCR, RT-qPCR and immunofluorescence staining for  

expression of pluripotency markers . Differentiation potential of iPSCs was 

also assessed by using in vitro  differentiation either spontaneous or 

directed to the mammary lineage . Functional assays indicated potential 

loss of tumorigenicity in re -differentiated cells derived from cancer iPSCs. 

The same approach was applied to study an immortalised, non -malignant 

mammary epithelial cell line MCF10A and two of its derived isogenic l ines 

harbouring the two most frequent mutations in breast cancer , PIK3CA H1047R 

(+/ - )  and TP53 ( - / - ), created by using CRISPR -Cas9 gene editing. 
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Reprogramming induced a tumorigenic  phenotype  in iPSCs ( PIK3CA H1047R 

(+/ - )  isogenic line only) and re -differentia ted progenies (in both wild type 

MCF10A and PIK3CA H1047R (+/ - )  cell lines ), suggesting the contribution of 

PIK3CA  mutation in  enhanc ing  malignant transformation. Results in this 

study suggested that epigenetics alone and/ or its interaction with genetic 

defects (e.g. PIK3CA  mutation) has significant impact on breast cancer 

carcinogenesis. The dissection of the molecular mechanisms underlying 

the loss and gain of tumorigenicity using the iPSC models generated in this 

study c ould provide general understandings on breast carcinogenesis, 

which in turn could have important clinical implications.  
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1.  INTRODUCTION  

1.1  THESIS RATIONALE  AND  HYPOTHESIS  

Epigenetic dysregulation has  been associated with cancer (Berdasco and 

Esteller, 2010 ) . In contrast to  genetics, epigenetic landscape  of cells is 

generally reversible and some of the stable epigenetic marks are 

inheritable mitotically and/ or meiotically, thus making epigenome an 

interesting target for cancer pathological studies and anticancer therapies  

(Hatzimichael and Crook, 2013 ) . The basis of epigenetic treatments is to 

effectively and permanently reprogram and remodel the epigenetic marks 

characteristic of cancer cells to normal somatic cells, reverting malignan t 

properties of cancer cells and  leading to complete cure of the disease  

(Blancafort et al., 2013 ) .  

 

Global -wide r econfiguration of cancer cell epigenome through 

epigenetic reprogramming  represents a valuable opportunity to investigate 

the impacts of epigenetic alterations on  malign ant transformation 

independent of genetic aberrations (Semi et al., 2013 ) . Thr ough various 

approaches, such as somatic cell nuclear transfer (SCNT) (Gurdon, 1962 ) , 

cell fusion (Harris and Watkins, 1965 , Harris et al., 1969 ) , exposure to  ESC 

microenvironment (Postovit et al., 2006 , Hendrix et al., 2007 , Postovit et 

al., 2008 )  and oocyte extracts (Allegrucci et al., 2011 )  and the iPSC 

technology  (Stricker et al., 2014) , cells of different cancer types  have been 

successfully reprogrammed. IPSC technology represents the most widely 

used method for cancer cell reprogramming due to the involvement of 
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defined transcription factors, high reproducibility as well as being less 

technical challenging. The m ajority of  cancer cell reprogramming studies 

reported  reduced or complete loss of malignan cy, suggesting the 

importance of epigenetic alterations in cancer  (Hendrix et al., 2007 , Zhang 

et al., 2013 ) . In a ddition,  the use  SCNT and iPSC technology  have led to 

acquisition of pluripotency  and  restoration of differentiation potential  in 

canc er cells , permitting the derivation and study of differentiated 

progenies from cancer -derived pluripotent stem cells . Therefore, these 

approaches allow  questions pertaining cancer research such as cellular 

origin  of cancer, mechanisms of cancer initiation and progression as well 

as the discovery and development of effective anticancer therapies  to be 

addressed (Kim and Zaret, 2015 ) .  

 

In  a comprehensive review, Powers and Pollack (2016)  elaborated  

the idea of tumour reversion, suggesting malig nant transformation is a 

bidirectional process  (tumour progression and reversion)  instead of 

unidirectional  (tumour progression) . Early  evidence  of tumour reversion 

includes  ovarian teratomas, embryonal carcinoma and an epithelial tumour  

(Askanazy, 1907 , Pierce and Dixon, 1959 , Kleinsmith and Pierce, 1964 ) , 

from which  benign  cells/ tissues were  generated through induction of 

differentiatio n. These studies suggested normal growth control can be 

restored in tumour cells despite the presence  of transforming  genetic and 

epigenetic  alteration s. Telerman and Amson (2009)  proposed three mod els  

through which tumour cells re -acquire normalcy. First, a direct reversion 

through repair, inhibition or loss of major carcinogenic event/s. This is 

exemplified by the loss of oncogenic virus or alterations of the oncogenic 
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foreign material (at molecula r or  protein levels) in virally - transformed cells 

(Fischinger et al., 1972 , Wyke et al., 1980 ) . Imatinib (a BCR -ABL inhibitor) 

t reatment targeting the BCR -ABL, a w ell - characterised driver of chronic 

myeloid leukaemia (CML), is also thought to follow this model  (Druker et 

al., 1996 , Ren, 2005 ) . Second, tumour reversion takes an alter native path 

which comprises multistep  and only intersects with the transformation 

pathway at some points. For example, Noda et al. (1989)  reported the 

suppression of malignancy through  KREV1 (or RAP1)  over expression  in 

Ras-mutant. La stly, the third model suggests that events leading to 

malignant transformation , such as activation/loss of oncogenes/ tumour 

suppressor genes , operate in concert with other pathways involving genes, 

such as SIAH1 , STEAP3, PSEN1 and TCTP, to bring about tum our reversion. 

For example, SIAH1 and STEAP3 encode effectors of p53. Their 

overexpression in tumour revertants compensated the effect of p53 loss 

leading to suppressed malignancy  (Tuynder et al., 2002 , Telerman and 

Amson, 2009 ) .  
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Figure 1 .1   Models of tumour reversion  

Model A: reversion can be achieved by direct targeting of the major event 

leading to malignant transformation. Model B: reversion takes an 

alternative path , which involves  multiple steps and intercepts with the 

transformation pathway at some points. Model C: reversion occurs throug h 

a comprehensive process which involves interaction between various 

oncogenic events and pathways regulated by genes such as SIAH1, 

STEAP3, PSEN1 and TCTP. Figure derived from (Telerman and Amson, 

2009 )  (Licence number :  4292611399315 ) .  

 

Based on the above findings, this project hypothesised that 

tumorigeni city of breast cancer cells can be reversed through epigenetic 

reprogramming by using the iPSC approach. In addition , this project aimed 

to evaluate the relative contribution of genetics and epigenetics in breast 

carcinogenesis by utilizing cancer -derived iPSCs as disease models.  
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1.2  CANCER: AN OVERVIEW  

Despite continuous effort and investment of significant  resources in cancer 

research, the disease remains a leading cause of death worldwide, with 

approximately 8.8 million death s reported in year 2015 accordin g to the 

World Health Organization (WHO) (WHO, 2017 ) . Cancer has previously  

been regarded as a genetic disease characterized by the presence of 

mutations primarily  in tumour suppressor genes, oncogenes and genes 

associated with the maintenance of genome integrity and DNA repair 

(Garraway and Lander, 2013 , Shen and Laird, 2013 ) . A variety of genetic 

mutation mechanisms have been identified, including aberrant nucleotide 

sequences (caused by point mutation, inse rtion and deletion), abnormal 

DNA and chromosomal copy number, DNA rearrangement and the 

integration of foreign DNA materials (Stratton et al., 2009 ) . However , 

increasing evidence shows that epigenetic abnormalities play a crucial role  

in cancer initiation and development (Feinberg and Tycko, 2004 , Esteller, 

2007 , Chin and Gray, 2008 , Hanahan and Weinberg, 2011a ) . The 

dysregulation of epigenetic mechanisms, including DNA methylation, 

histone modification and non -coding RNA regulation has been associated 

with  cancer initiation, maintenance , progression, treatment resistance as 

well as recurrence  (Jones and Baylin, 2002 , Jaenisch and Bird, 2003 ) . 

Through extensive genome -  and epigenome -wide studies, it is now clear 

that genetic and epigenetic alterations work complemen tarily (to enhance 

genes silencing/ activating effect) and/or cooperatively (at a stepwise 

manner to silent/ activate  genes) to drive  cancer (Brena and Costello, 2007 , 

Shen and Laird, 2013 ) .  
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Cancer is described as  an evolutionary process (Greaves and Maley, 

2012 , Vogelstein et al., 2013 ) . Cells accumulate mutations intrinsically 

(such as from errors during DNA replication) and extrinsically (via the 

exposure to mutagens) throughout lifetime (Stratton et al., 2009 ) . Cells 

harbouring  mutations are either repaired (through various biological 

mechanisms) or destro yed via apoptosis or activation of immune response 

if repair is not possible (Svejstrup, 2010 ) . In rare occasion, cells bypass 

these safeguard mechanisms and continue to accum ulate more damaging 

mutations, resulting in the expression of a mutator phenotype 

characterized by an exponential mutation rate (predominantly caused by 

the impairment of genome stability) (Loeb, 2011 ) . The accumulative 

effects of multiple stably established mutations confer cells with growth 

advantages, disrupt normal cellular functions such as cell proliferation, 

apoptosis and differentiation, eventually give rise to cancer exhibiting the 

six biological hallmarks described by Hanahan and Weinberg (2011b) , 

namely proli ferative signalling maintenance, growth suppressors evasion, 

cell death resistance, replicative immortality, angiogenesis, and invasion 

and metastasis  activation (Svejstrup, 2010 , Hao et al., 2016 )  (Figure 1.2) . 
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Figure 1 .2   The accumulation of mutations throughout lifetime lead to cancer.  

Intrinsic mutations  resulted from normal cell division and exposures to exogenous mutagens  contribute to mutations in cells. 

Passenger mutations do not alter cell normal phe notype. The first driver mutation/s, such that affects DNA repair, initiate the 

carcinogenesis process. Accumulation of more driver mutations confer cell with mutator phenotype characterised by remarkably 

high mutation rate. Chemotherapy may select  resista nt clones which go on to harbour more mutations leading to cancer  

relapse. Figure derived from (Stratton et al., 2009 )  (Licence number: 4292621042501 )
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1.2.1  Breast Cancer  

1.2.1.1  Classification of breast cancer  

Breast cancer is the fifth deadliest cancer worldwide contributing to 

571000 deaths in year 2015 (WHO, 2017 ) . It is the most common cancer 

in women with an estimated 1.67 million new cases diagnosed in 2012. 

Breast cancer is a heterogeneous disease whereby intra -  and inter - tumoral 

heterogeneities contributed significantly to the complexity and failure of 

breast cancer  treatment (Stingl and Caldas, 2007 , Polyak, 2011 , Schmitz 

et al., 2016 ) . Therefore , the establishment of an in -depth classification 

system plays a crucial role to ensur e accurate diagnosis, prognosis and 

drug response predictions as well as effective treatment of breast cancer 

(Ali et al ., 2014 ) .  

 

Different approaches exist for human breast cancer classification. 

According to the World Health Organisation (WHO), breast cancers are 

commonly classified based on histopathological diagnosis complemented 

by epidemiology, macroscopy, geneti cs and clinical, prognostic and 

predictive factors (Sinn and Kreipe, 2013 ) . Histopathological classification 

groups breast cancer according to various morphological features of the 

tumours. Tumour subtypes classifi ed based on this system include invasive 

carcinoma of no special type (NST), special subtypes of invasive breast 

carcinoma, lobular neoplasia, intraductal proliferative lesions, 

micr oinvasive carcinomas and others (Lakhani, 2012 ) . Each of these 

subtypes can be further classified into other breast cancer types. For 

example, special subtypes of invasive breast carcinoma consist of more 
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than ten other breast cancer  types, including the invasive lobular 

carcinoma (ILC). While the identification of different minor subtypes has 

provided significant clinical implications, the refining power of the 

histopathological classification is considered low as a vast majority (~7 0 ï 

80%) of all breast cancers are classified as ILC and Invasive ductal 

carcinomas of NST (Viale, 2012 ) . On the other hand, the staging and 

grading systems are also u sed to classify breast cancers. The tumour, node 

and metastases (TNM) system developed by the American Joint Committee 

on Cancer (AJCC) assign a stage (from 0 to IV) to breast cancer based on 

the size of the tumour, lymph node involvement, and metastases (Edge 

and Compton, 2010 ) . One of the most commonly used grading systems, 

the Nottingham Histologic Scoring system, grades breast tumours (from 3 

to 9) based on glandular/tubular  differentiation, nuclear features and 

pleomorphism and mitotic (Frierson et al., 19 95 ) . 

 

In recent years, gene expression profiling classification has become 

increasingly important to refine the se stratification system s and better 

categorise breast cancers for effective treatments as well as providing 

insights into tumour heterogeneity and cellular origin of breast cancers 

(Schnitt, 2010 , Prat et al., 2013 , Yao et al., 2015 , Russnes et al., 2017 , 

Bayani et al., 2017 , Sotiriou and Piccart, 2007 ) . The molecular 

stratification system breaks breast cancer down into five ñintrinsicò 

subtypes, namely luminal A, luminal B, basal - like, HER2 -enriched and 

normal - like, based on global mRNA expression (Perou et al., 2000 , Prat et 

al., 2013 , Bayani et al., 2017 ) . In addition, subsequent gene expression 

studies have also identified rare subtypes such as the claudin - low and 
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molecular apocrine subt ypes (Herschkowitz et al., 2007 , Lehmann -Che et 

al., 2013 ) . Studies indicated  different molecular subtypes exhibit distinct 

incidence, survival rates and responsiveness to therapies ( Table 1.1) 

(Perou, 2011 , Prat et al., 2013 ) . In routine clinical practice, multigene 

predictors, such as PAM50 (Dowsett et  al., 2013 )  and 70 -gene signatures 

(Drukker et al., 2014 )  are  extensively used to  classify breast cancer, 

bypassing the prohibitive cost required for genome -wide analyses such as 

microarray and whole genome sequencing. Studies show ed that the 

addition of multigene predictors to clinical risk prediction algorithms 

accurately classifies breast cancer molecular subtypes and significantly 

improves the prediction of risk of relapse, prognosis and probability for 

pathological response (Malhotra et al., 2010 , Drukker et al., 2014 ) , 

indicating the clinical relevance of gene expression ïbased classification . 
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Table 1 .1  Breast cancer molecular subtypes and their characteristics.      

* Based on (Kim et al., 2006 , Carey et al., 2007 , Cheang et al., 2009 , Banerji et al., 2012 , Cancer Genome Atlas, 2012 , Sweeney et al., 

2014 , Yersal and Barutca, 2014 , Pereira et al., 2016b , Serrano -Gomez et al., 2016 , Russnes et al., 2017 ) . Variation exist s between ethnic 

groups

Molecular 

subtypes  

Frequency*  ER/PR/HER2 status 

(profile of the majority 

was shown)  

Proliferation (as 

indicated by 

Ki67)  

Histological grade  Prognosis  

Luminal A  50 -70%  ER+, PR+, HER2 -  Low  Low  Excellent  

Luminal B  10 -20%  ER+/ - , PR+/ - , HER2 - /+  High  Intermediate/ High  Intermediate/ Bad  

HER2-enriched  5-15%  ER- , PR- , HER2+  High  High  Bad  

Normal breast - like  1-10%  ER- /+, PR+/ - , HER2 -  Low  Low  Intermediate  

Basal - like  10 -20%  ER- , PR- , HER2 -  High  High  Bad  

Claudin - low  7-14%  ER- , PR- , HER2 -  High  High  Bad  
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Luminal  A breast cancer accounts for 50 -70% of all breast cancers 

(Fan et al., 2006 , O'Brien et al., 2010 , Voduc et al., 2010 , Perou and 

Borresen -Dale, 2011 ) . In general, luminal A breast cancer expresses both 

oestrogen receptor ( ER)  and progesterone receptor ( PR)  but not human 

epidermal growth factor receptor 2 ( HER2) , thus ER+ , PR+ and HER2 +  

tumours are susceptible  to hormone therapies such as tamoxifen  and 

aromatase inhibitors (Early Breast Cancer Trialists' Collaborative et al., 

2011 , Early Breast Cancer Trialists' Collaborative et al., 2015 ) . Luminal A 

breast cancer has low histological grade, high survival rate and the best 

prognosis in comparison with other intrinsic subtypes (Perou et al., 2000 , 

Sorlie et al., 2001 , Blows et al., 2010 , Perou and Borresen -Dale, 2011 ) . 

However, luminal A is subdivided into five integrative cluster subtypes 

(IntClust 2, 3, 4, 7, and 8, a classification system based on copy number 

alterations), with each subtype harbouring distinct copy numbe r driver and 

slightly different clinical outcomes , suggesting heterogeneity within the 

intrinsic subtype itself (Curtis et al., 2012 ) . PIK3CA  (38 ï 58%) is 

consistently reported as the most frequently mutated gene in luminal A 

breast cancer (Cancer Genome Atlas, 2012 , Zang et al., 2016 , Pereira et 

al., 2016a ) . 

 

In contrast, t riple -negative (TNBC) breast cancer is a subtype that 

neither express es ER, PR or HER2. It accounts for approximately 12 -17% 

of all breast cancers (Shah et al., 2012 , Nik -Zainal et al., 2016 ) . Women 

of Hispanic and African descents are predisposed to TNBCs as compared 

to other ethnic groups (Carey et al., 2007 ) . Absence of hormone receptors 

results in the unresponsiveness of TNBC to hormone therapies, making 
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systemic therapies, such as chemotherapy (very effective for early  stage 

TNBC) and radiotherapy, the sole treatment options for TNBC (Koboldt et 

al., 2012 ) . However, due to the high prevalence of BRCA1/2  germ line 

mutations (~10 ï 40%, associated with DNA repair defects and increased 

breast cancer susceptibility (Ford et al., 1994 , Fong et al., 2009 , Hartman 

et al., 2012 ) ), TNBC is susceptibl e to PARP inhibitors treatment , a cytotoxic 

synthetic lethal therapeutic strategy targeting cancers with specific DNA -

repair defects (Fong et al., 2009 ) . Approximately 75% of TNBCs are basal -

like (Perou, 2011 ) . TP53  (60 ï 82%) and PIK3CA  (10 ï 22%) have 

consistently been reported as the most significantly mutated genes in 

TNBC (Perou, 2011 , Cancer Genome Atlas, 2012 , Koboldt et al., 2012 , 

Shah et al., 2012 , Pereira et al., 2016 a) . TNBC is often associated with 

early metastatic spread, high histological grade, high recurrence rate and 

poor prognosis (Perou, 2011 , Tate et al., 2012 ) .  
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1.2.1.2  Cell - of - origin of breast cancer  

Stepwise malignant progression from normal , pre -malignant to  malignant 

cancer cells  has been extensively studied in attempt to dissect the 

molecular mechanisms underlying cancer initiation and progression as well  

as to identify the cellular origin of cancer. As discussed in Section  1.2 , the 

acquisition of driver mutations provide cells with selective growth 

advantage and may cause pre -malignant lesion such as dysplasia and 

hyperplasia (Yokota, 2000 , Stratton et al., 2009 , Du and Elemento, 2015 ) . 

Further accumulation of genetic and epigenetic alterations coupl e with 

aberr ant cellular signalling responses and interaction with the 

microenvironment result s in the formation of primary tumours and 

eventually highly malignant and invasive tumour capable of metastasis 

(Stratton et al., 2009 ) .  

 

It has been proposed that this multistage process commences with 

the cell -of -origin of can cer or cancer - initiating cell, which is defined as the 

normal cell that receives the first drive mutation/s and proceeds to form 

tumour capable of triggering diagnosis (Visvader, 2011 , Blanpain, 2013 , 

Rycaj and Tang, 2015 ) . Therefore, the i dentification of the cell -of -origin 

can allow the early detection of cancer, better prediction of treatment 

outcome and the development of preventive therapies (Blanpain, 2013 ) . 

It is worth mentioning that the cell  of  origin is different from a cancer stem 

cell (CSC) (also called cancer -propagating cell), which itself is a product of 

cell -of -origin capable of giving rise to a tumour during serial 

transplantation owing to its acquired self - renewal capability (White and  
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Lowry, 2015 ) . The study of the cellular origin of cancer is closely related 

to the concept of line age -specific variation in mutations, whereby cells of 

different lineages possess distinct prevalence to different driver mutations, 

harbour mutations at distinct locations/alleles of a given gene and are 

differentially affected by the same mutation (Chang et al., 2016b ) . One of 

the most common approaches used to identify cell -of -origin of cancer is 

genetic lineage tracing, w hereby conditional activation/ silencing of 

oncogenes/ tumour suppressor gene is induced by the Cre-Lox system 

containing a lineage -specific promoter.  Formation of tumour by a specific 

lineage upon the introduction of driver mutation/s indicate cancer -

ini tiating potential (Blanpain, 2013 , Rycaj and Tang, 2015 ) . Through this 

approach, cell s-of -origin have been reported in various cancers including 

skin, brain, gut, lung, prostate and breast (Blanpain, 2013 ) . 

 

Human breast tissue comprises of du cts and lobules organized in a 

branching network embedded in a stromal matrix ( Figure 1.3a). The 

mammary epithelium is made up of epithelial cells deri ved from luminal 

(forming the inner layer) and basal/myoepithelial (the outer layer) 

lineages ( Figure 1.3b & c) (Lim et al., 2009 ) . Despite m ajor efforts made 

to dissect the mammary epithelial differentiation hierarchy, the exact 

identity  of the different cell populations present remains  debatable. 

According to Skibinski and Kuperwasser (2015) , the multipotent mammary 

stem cell (MaSC) sits at the top  of  the differentiation hierarchy and capable 

of giving rise to luminal stem cell and basal/myoepithelial stem cell, both 

of which subsequently differentiate into progenies making up the breast 

tissue ( Figure 1.4).  
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Figure 1 .3   Schematic diagrams of human breast tissues.  

(a)  Human breast tissue structure. (b) Cross -sectional view of mammary duct. (c) Longitudinal view of lobule. Figure derived 

from Visvader (2009) . 

b ca
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Lim et al. (2009)  identified and functionally characterized four 

subpopulations, namely the mammary stem cells/ bipotent progenitors 

(MaSC/BiPs), luminal progenitors (pLs), mature luminal cells (mLs) and 

stromal cells in human mammary tissue via in vivo  transplantation stu dies 

and in vitro  cellular assays, from which an epithelial differentiation 

hierarchy (MaSC/BiP Ą pL Ą mL) was proposed (Lim et al., 2009 , Prat et 

al., 2013 )  (Figure 1.5) . It has been suggest ed that each of these distinct 

cell types could potentially initiate tumorigenesis (being the cell -of -origin) ,  

giving rise to breast tumours of different subtypes (Blanpain, 2013 ) . 

Indeed, by comparing the expression profiles between these normal 

subpopulations to the existing six intrinsic molecular breast cancer 

subtypes, claudin - low and normal - like subtypes were found best 

resembled MaSC/BiP, basal - like subtype to pL, luminal A and B subtype to 

mL  and  HER2-enriched subptype was found between pL and mL and 

thought to be induced by HER2 amplification in a luminal lineage -

committed cell (Prat et al., 2013 )  . In support to the above findings, by 

using Cre -LoxP system to induce conditional deletion of Brca1 and p53 in 

the mice basal/ myoepithelial stem cells (K14 + ) and luminal progenitor cells 

(beta lactoglobulin, Blg + ) , Molyneux et al., 2010 demonstrated that 

tumours similar to human BRCA1 basal - like breast cancers and majority 

of the sporadic basal - like breast tumours were initiated by luminal 

progenitors and not basal/  myoepithelial  stem cells (Molyneux et al., 2010 ) . 

All the above findings have provided important insights into the cell -of -

origin of breast cancer and the possible mechanisms underlying tumour 

heterogeneity.  



18  
 

  

 

Figure 1 .4   Schematic diagram of mammary differentiation 

hierarchy  

Multipotent mammary stem cell (MaSC) tops the hierarchy and give rise 

to luminal stem cell and basal/myoepithelial stem cell, both of which could 

further differentiate  to generate progenies making up the breast tissue. 

The position of alveolar progenitor in the hierarchy remains debatable. 

(Figure created based on Skibinski and Kuperwasser (2015) ).  
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Figure 1 .5   Mammary differentiation hierarchy and cell - of -

origin of breast cancers proposed by Lim et al. (2009)  and Prat et 

al. (2013) . 

Each subpopulation in the mammary epithelial differentiation hierarchy 

were  associated with different i ntrinsic breast cancer subtypes based on 

gene expression profiles. Figure created based on Lim et al. (2009)  and 

Prat et al. (2013) . 

 

1.2.1.3  Breast cancer heterogeneity  

Tumour heterogeneity has a significant impact on diagnosis, prognosis, 

therapeutic resistance and treatment failure (Marusyk et al., 2012 , Burrell 

et al., 2013 ) . The presenc e of different cell populations within a tumour 

contributes to intra - tumour  heterogeneity. These distinct tumour cell 

populations differ genetically, phenotypically and have different spatial and 

temporal existences (Marusyk et al., 2012 ) . On the other hand, the 

conc ept of inter - tumo ur  heterogeneity has also been proposed (Burrell et 

al., 2013 ) , suggesting the existence of genetic and phenotypic variation 

between the same tumour type in  different individuals. As mentioned in 
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Section 1.2.1.2 , the existence of various subpopulations making up the 

breast tissues and their cancer - initiating potential might contribute to 

breast cancerôs intra-  and inter - tumo ur  heterogeneity (Stingl and Caldas, 

2007 , Skibinski and Kuperwasser, 2015 ) . Two models, namely the clonal 

evolution and cancer stem cells (CSCs) models, have been proposed to 

explain tumour heterogeneity.   

 

Cells harbouring different  mutations throughout the course of 

tumorigenesis are conferred with distinct phenotypes. The cl onal evolution 

model proposes that the ñfittestò (cancer cells with growth advantage as a 

result of mutation) is selected for by a Darwinian - like evolution process 

and constitutes a major part of the tumour (Greaves and Maley, 2012 , 

Marusyk et al., 2012 ) . Burrell et al. (2013)  suggested  that  genomic 

instability contributes significantly to the overall diversity of subclones 

within a tumour. In addition to genetic and epigene tic (Meacham and 

Morrison, 2013 )  mutations, the tumour microenvironment also exerts 

significant selecti ve pressure on tumour growth and progression, thus 

affecting the overall tumour phenotype (Marusyk et al., 2012 ) . 

Furthermore, therapeutic intervention can induce selection against drug -

sensitive clones and  concurrently promote the expansion of resistant 

tumour cells. Such ñclonal sweepò could result in a homogenous tumour 

cell population but  render the subsequent treatments more challenging 

(Greaves and Maley, 2012 ) . 
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In breast cancer, next generation sequenc ing of single tumour cells 

from two triple negative patient indicated similar copy number alternations 

(CNAs) profiles between primary and metastatic tumour s. In addition, 

tumour progression was found adopted a ñpunctuated clonal evolutionò (as 

opposed to the gradual clonal evolution model), whereby few/no 

intermediate populations were detected and each tumour subpopulation 

was genetically distinct from the original clone (Navin et al., 2011 ) . A 

subsequent study using the same genome -wide study of single nuclei 

derived from an oestro gen receptor positive (ER + ) breast cancer and a 

triple -negative ductal carcinoma revealed each tumour cell was genetically 

unique (Wang et al., 2014 ) . Consistently , chromosomal rearrangements  

(a source of copy number alteration (CNAs) was identified as an early 

event of tumorigenesis which remained largely unchanged throughout 

clonal expansion and adopted a punctuated evolution model. On the 

contrary, point mutations  (a result of DNA repair or replication machinery 

defects )  was found gradually evolved and intensified clonal diversity. Point 

mutations adopted gradual clonal evolution whereby increased mutation 

rates (a mutator phenotype) wa s conferred by previous mutations, leading 

to mutation accumulation and eventually genetic and phenotypic 

diversities in tumour subclones.  

 

In an effort to elucidate the molecular history of 21 breast cancer 

tumours (starting from normal mammary epithelia l cells to tumour capable 

of triggering diagnosis), Nik -Zainal et al. (2012b)  reported the 

accumulation of thousands of mutations and minimal clonal expansion of 

normal cells before giving rise to the most recent common tumour ancestor  
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(with minimal clonal diversity) , which subsequently underwent dramatic 

subclone diver sification leading to a genetically -diverse tumour ( Figure 

1.6). The requirement for hundreds to thousands of mutations before 

extensive sublone expan sion suggested a long - lived, quiescent cell lineage 

as the cell -of -origin of breast cancer. In addition, the most recent common 

ancestor appeared early (around 40% of the ñmolecular timeò) suggesting 

much time (the rest 60%) during tumorigenesis was spent on subclonal 

diversification, supporting the notion of breast cancer being a 

heterogeneous disease. Furthermore, a dominant subclone comprising 

more than 50% of tumour cells was consistently detected in each tumour, 

implicating the ñfittestò population that survived the Darwinian - like 

selection (Nik -Zainal et al., 2012b ) .  
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Figure 1 .6   The clonal evolution model of breast cancer.   

(a) A phylogenetic tree created from in -depth sequencing data of one 

tumour PD4120a. (b) A proposed clo nal evolution model of breast cancer 

over molecular time. Figure derived from (Nik -Zainal et al., 2012b ) .  

 

On the other hand, a different but not mutually exclusive model 

claims that the diverse cell types within a tumour are originated from 

cancer stem cells (CSCs) (Pardal et al., 2003 , Reya et al., 2001 , Lobo et 

al., 2007 ) . CSCs are  defined as a small subset of multipotent cancer cells 

reside within the tumour that possess indefinite self - renewal properties 

and can differentiate to generate various cancerous progenies  (at different 

developmental stages) forming an entire heterogeneous tumour (Jordan 

et al., 2006 , Pattabiraman and Weinberg, 2014 ) . CSCs have been  

implicated in tumour initiation, progression, metastasis and recurrence 

a b
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(Batlle and Clevers, 2017 ) . In addition, increasing evidence shows that 

CSCs can evade standard chemo -  and radio - therapies, by achieving 

quiesce nce, expressing ABC drug pumps and anti -apoptotic proteins or 

preventing DNA damage (Dean et al., 2005 , Bao et al., 2006 ) . Studies 

demonstrated that CSCs express high level of pluripotency - related factors 

commonly detected in pluripotent stem cells (PSCs), including  OCT3/4  and 

SOX2 (Suva et al., 2014 ) . In addition, CSCs and PSCs share  various 

common signalling pathways, including Wnt/ȁ-catenin signalling (Tetteh et 

al., 2016 )  and Notch signalling (Sato et al., 2011 ) , important for the 

maintenance of their stem cells properties. Despite being largely elusive, 

the origin of CSCs is thought to be from stem cells niche, de differentiated 

progenitor cells or differentiated cells present in the organs affected by 

oncogenic mutations (Bjerkvig et al., 2005 , Medema, 2013 ) . Various CSC 

markers have been reported for effective identification of CSCs in different 

solid tumours ( Table 1.2).  
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Table 1 .2  CSC markers reported for  different solid tumour types. Table derived from Medema (2013) . 

Breast  Colon  Glioma  Liver  Lung  Melanoma  Ovarian  Pancreatic  Prostate  

ALDH1  ABCB5 CD15  CD13  ABCG2 ABCB5 CD24  ABCG2 ALDH1  

CD24  ALDH1  CD90  CD24  ALDH1  ALDH1  CD44  ALDH1  CD44  

CD44  ȁ-catenin activity  CD133  CD44  CD90  CD20  CD117  CD24  CD133  

CD90  CD24  Ŭ6- integrin  CD90  CD117  CD133  CD133  CD44  CD166  

CD133  CD26  nestin  CD133  CD133  CD271   CD133  Ŭ2ȁ1- integrin  

Hedgehog -Gli activity  CD29       c-Met  Ŭ6- integrin  

Ŭ6- integrin  CD44       CXCR4 Trop2  

CD49f  CD133       nestin   

CD61  CD166       Nodal -Activin   

 LGR5        

Breast  References   

CD44 + /CD24 - /low /Lin - Al-Hajj et al. (2003a)   

CD44 + /CD49f high /CD133/2 high  Meyer et al. (2010)  

CD44 + /CD24 -/CD133  Wright et al. (2008)  
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The first identification of CSCs in solid tumour was in human breast 

cancer (Al-Hajj et al., 2003a , Al-Hajj and Clarke, 2004 , Kreso and Dick, 

2014 ) , whereby a subset of CD44 + /CD24 ī tumour cells was shown capable 

of being serially passaged and generated a histologically heterogeneous 

tumour, mimicking the parental tumour in immune -deficient mice. Since 

then,  other breast CSCs (BCSCs) markers have also been identified ( Table 

1.2) and different combinations of these markers, such as 

CD44 + /CD24 ī/low /ALDH high  have also been used to further enrich CSCs. 

I solation by surface markers is commonly complemented by functional 

assays such as in vitro tumour spheres formation and in vivo  

transplantation assay to confirm the identity of CSCs (Charafe -Jauffret et 

al., 2009 , Batlle and Clevers, 2017 ) . The successful identification of CSCs 

has streamlined CSCs studies  and  Table 1.3 illustrates  pathways and 

factors that have been associated with CSCs regulation.  
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Table 1 .3  Mechanisms and factors associated with cancer stem 

cells regulation ( adapted from  by Guo (2014) ).  

Regulation 
mechanisms  

Description  

Epithelial -mesenchymal 
transition (EMT)  

¶ Itself regulated by multiple pathways.  
¶ The activation of EMT by transforming growth factor ȁ 

(TGF-ȁ) was shown to promote formation of 

CD44 high CD24 low  cells and tumour initiating ability  
¶ The overexpression of Slug  (or Snail2 ), a key EMT 

transcription factor, has also been associated with CSCs 
properties (Guo et al., 2012 )  

Wnt signalling  ¶ Associated with cellular plasticity and stem cell 

maintenance (Reya and Clevers, 2005 ) . 
¶ Loss of the epithelial adhesion molecule E -cadherin lead 
to redistribution or elimination of ȁ-catenin and activation 
of Wnt signalling, which has been associated with cancer 

stem cell maintenance and tumo ur metastasis (Reya et 
al., 2001 ) 

Hippo pathway  ¶ Activation of the Hippo pathway effectors YAP/TAZ has 
been associated with enhanced mammosphere - forming 
ability,  in vivo  tumorigenicity, and metastasis (Cordenonsi 
et al., 2011 , Chen et al., 2012 ) .  

microRNA  ¶ MiR-200 family regulate EMT and stem cell properties. 

Inhibition of miR -200 increased breast CSCs ( Iliopoulos et 
al., 2010 ) 

SOX Family 
Transcription Factors  

¶ Sox2 expression is associated with embryonic stem cell -
like gene expression signatures in breast cancer and 
contribute to CSCs properties (Leis et al., 2012 ) 

Cytokine Networks  ¶ Colony -stimulating factor -1 (CSF -1) secreted by 
carcinoma cells promote cancer cell invasion  

¶ Cytokines, such as Interleukin -6 ,  -8, and -1ȁ, promote 
BCSC self - renewal and survival (Korkaya et al., 2011 )  

 

 

At present, more studies are required to fully elucidate the cellular 

and molecular mechanisms underlying BCSCs generation and maintenance. 

Several limitations impeding BCSC studies s hould be circumvented, 

including inadequateness of samples as CSCs only make up a very small 

part of the tumour, difficulty in isolating homogenous CSCs population 

from clinical samples and the lack of optimal cell culture conditions in vitro  

for CSCs maintenance (Calvet et al., 2014 , Nishi et al., 2014a ) . In addition, 

approaches such as, lineage tracing assay, tumour orga noids and intravital 

imaging, should be exploited to investigate CSCs in their intact tumour 

microenvironments (Guo, 2014 , Batlle and Clevers, 2017 ) . Collectively, 
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these efforts could contribute to the development of selective therapeutic 

strategies against CSCs and thus cancer itself.  

 

 

Figure 1 .7   Schematic diagram of t umour heterogeneity in 

breast cancer.  

The c lonal evolution model proposes cancer cells conferred with  growth 

advantage s by  mutation s are  selected for through a  Darwinian - like 

evolution process and constitutes a major part of the tumour . Cancer stem 

cell model s uggests the presence of a small subset of multipotent cancer 

cells capable of indefinite self - renewal within the tumour. The CSCs can 

differentiate to gener ate various cancerous progenies, representing 

different developmental stages, to form  an entire hete rogeneous tumour . 

BCSC = breast cancer stem cell. Figure derived from Shah and Allegrucci 

(2012)  (Licence number: 4292630834137).  

1.2.2  Cancer genetics  

Cancer genetics has revolutionised oncology from providing general and 

in -depth understandings to effective treatment of cancers (Ciriello et al., 

2013 ) . Comprehensive pan -cancer sequencing studies involving large 

samp le size and a variety of tumour types  have provided important 

insights into commonality and variability  across cancer types . These 
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findings are crucial to fully elucidate the molecular landscape of cancer, 

which in turn has significant impact on the dev elopment of targeted 

therapies (Zack et al., 2013 ) . For example, common genetic alterations  

have been consistently reported i n different studies  suggesting the 

prospect of expansion of approved molecularly targeted therapies across 

different  cancer types  (Cancer Genome Atlas Research  et al., 2013 ) . A 

recent  pan -cancer studies  highlight ed the importance of understanding 

cancer genetics  for  clinical applications (Zehir et al., 2017a ) .   

 

By utilising a hybridization capture ïbased deep coverage NGS 

(MSK -IMPACT),  Zehir et al. (2017a)  analyse d a cohort of 10,945 tumours  

from 10336 patients, encompassing a wide range of  advanced (with 43% 

samples isolated from metastatic sites) solid tumour  types  (62 principle 

and 361 detailed tumour types). A comp rehensive view on protein -coding 

mutations, copy number alterations (CNAs) and selected promoter 

mutations and structural rearrangements in 341 (2809 or 26% tumours) 

and 410 (8136 or 84% tumours) cancer -associated genes have been 

reported. A total of 78 066  nonsynony mous mutations, 22 98 9 CNAs and 

1875 rearrangements were detected. MSK-IMPACT identified 

approximately 69% of somatic mutations not previously reported in the 

Catalog of Somatic Mutations in Cancer (COSMIC) database (v78)  but were 

consistent with TCGA data for 16 common tumour types , including  tumour 

identities and cancer mutations frequencies of different lineages . However, 

in the MSK - IMPACT cohort, more mutations were detected in  significantly 

mutated genes previously reported in TCGA. For exampl es,  TP53 

(associated with tumour aggressiveness) and genes associated with 
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hormone therapy resistance such as AR and ESR1 in prostate and breast 

cancer, in line with the metastatic stat us of all specimens used in the  study.  

 

TP53  was reported as the most commonly mutated gene with 41% 

of patients or >10% incidence  in 43 of the 62 principal tumour types  (Zehir 

et al., 201 7) . It was  followed by KRAS mutation s (detected in 15% of 

patients )  which also harboured the most frequently mut ated codon (G12) 

contributing to 80% of all KRAS mutations and 12% of all tumours. 

Pancreatic adenocarcinoma (90%) and colon adenocarcinoma (44%) were 

most susceptible to KRAS mutations . KRASG12  was followed by PIK3CA H1047 , 

PIK3CA E545  and BRAFV600  as next few most frequently mutated codon, 

having prevalence  in > 20 principal tumour  types . On the other hand, data 

also indicated  lineage -specificity of cancer mutations (Chang et al., 2016b ) , 

whereby different mutational locations were detected within the same 

genes across different cancer types. For example,  prevalence of mu tations 

within extracellular N - terminal domain and kinase domain of EGFR were 

observed in glioma and lung cancer respectively. In addition, some genes 

were more frequently mutated in certain cancer types than the other such 

as VHL, APC and IDH1  as we ll  as rearrangements such as TMPRSS2-ERG 

in prostate cancer.  

 

Genomic rearrangements  were detected in 1 597 or 15% of tumours  

and n on-coding mutations  in TERT promoter  was also reported , both 

showing high cancer type -specificity. Based on base substitution data, the 

authors assigned tumours  to a set of 30 mutational signatures reported 
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elsewhere (Alexandrov et al., 2013 ) . It is far from surprising, distinct 

signatures were assigned to different tumour types, for example lung to 

smoking, melanoma to UV exposure and glioma to prior radiotherapy. 

Lastly, the cl inical utility of MSK- IMPACT data was evaluated through  

identification of clinical actionability of mutations identified. Results 

indicated 36.7% or 3792 patients harboured  at least one actionable 

mutation and gastrointestinal stromal tumour (76%), thyroid  cancer 

(61%), breast cancer (61%) and melanoma (58%) were having the 

highest actionable alterations, suggesting the significance of tumour 

molecular profiling in the discovery and development of targeted therapies 

(Zehir et al., 2017a ) .  

1.2.2.1  Genetic Dysregulation in Breast Cancer  

Some breast cancers are hereditary. Germline mutation of cancer 

susceptibility genes signif icantly increase the risk of breast cancers (Meindl 

et al., 2010 , Sun et al., 2017 ) . BRCA1 and BRCA2 genes are two tumour 

suppressor genes associated with transcriptional regulation and DNA repair 

(Turner and Reis -Filho, 2006 , Atchley et al., 2008 ) . Women inherited with 

mutated BRCA1 and BRCA2 genes have a strong predisposition (as high as 

80 %) to breast cancer (Ford et al., 1994 ) . In addition, TP53  (Malkin et al., 

1990 ) , PTEN, ATM  (Renwick et al., 2006), BRIP1  (Seal et al., 2006), CHEK2 

(Walsh et al., 2006), MAP3K1 (Glubb et al., 2015) and ATM (Goldgar et al., 

2011) have also been identified as breast cancer susceptibility genes. A 

recent genome -wide association studies (GWAS) study have also 

implicated 19 known and 4 novel breast cancer risk loci, namely two loci 
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at 13q22 near KLF5, a 2p23.2 locus near WDR43  and a 2q33 locus near 

PPIL3  in ER -  breast cancer (Couch et al., 2016 ) .  

Large -scale genome -wide studies have provided important insights 

into the mutational landscapes of breast cancer. Major findings from 

several such studies are  summarised in Table 1.4. In general, breast 

cancer has a relatively low somatic mutation prevalence of 0.19 per Mb in 

comparison with other cancer types, including lung, gastric and ovarian 

cancers (Greenman et al., 2007 ) . A comprehensive study by The Cancer 

Genome Atlas in 2012 integrated exo me sequencing with epigenome, 

transcriptome, proteome analyses and microRNA profiling of 510 tumours 

from 507 patients revealed a total 30626 somatic mutations encompassing 

28319 point mutations, 4 dinucleotide mutations and 2302 indels 

(insertion and dele tion) in four breast cancer subtypes. PIK3CA, PTEN, 

AKT1, TP53, GATA3 and  MAP3K1 , genes previously implicated in breast 

cancer, along with other novel genes such as TBX3, RUNX1, CBFB, AFF2, 

PIK3R1, PTPN22, PTPRD, NF1, SF3B1  and CCND3  have been reported as 

significantly mutated genes (SGMs) (genes with somatic mutation rate 

higher than the stochastic rate and believed to be the drivers of cancer) 

(Cancer G enome Atlas, 2012 , Goncalves et al., 2014 ) . Breast cancer 

represents one of the most heterogeneous cancer with each subtype 

harbouring remarkably distinct somatic mutations, copy number 

alterations and epigenetic configu rations. Indeed, only three genes ( TP53, 

PIK3CA  and GATA3 ) were identified as having >10% incidence across all 

subtypes. Furthermore, luminal A and B tumours were found harbouring 

more diverse and recurrent SMGs. Luminal A has the lowest overall 

mutation r ate (but the most SMGs) and basal - like and HER2 -enriched 
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subtypes the highest. PIK3CA  is the most frequent SMG for luminal A (45%) 

and B (29%, same frequency as TP53). In stark contrast, 80% of basal -

like tumours acquired TP53  mutations and possesses SMGs that rarely, if 

ever , present in the luminal SMG list (except for PIK3CA ). On the other 

hand, remarkably low SMG frequency but high prevalence of TP53  (72%) 

and PIK3CA  (39%) mutations were detected in the HER2-enriched subtype. 

In addition to distinct SMGs , different subtypes exhibit distinct mutation 

types, further highlighting breast cancer heterogeneity. For example, 

nonsense and frameshift mutations are most commonly found in TP53  of 

basal - like tumour, while missense mutation are predominantly detected in 

luminal A and B tumours (Cancer Genome Atlas, 2012 ) .
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Table 1 .4  Large - scale genome - wide studies of breast cancers.  

References & scope of study  Mutational landscape  Possible driver genes  Other findings  

Curtis et al. (2012)  
¶ Genomic & transcriptomic analyses 

of a  discovery and validation set of 
997 and 995 primary breast 
tumours  

¶ Germline copy number variants 
(CNVs)  

¶ Acquired somatic copy number 
aberrations (CNAs)  

¶ Inherited CNVs and SNPs, and 
CNAs affected the expression 
of > 39% genes (11198/28609), 

the latter has the most effect on 
expression profiles  

¶ Inherited CNVs and SNPs 
accounted for 2.9% and CNAs 
85.2%  

¶ Total Cis- acting and trans - acting 
genes were 5942 and 5947.  

¶ Possible drivers with cis-acting 
mutations in: ZNF703, PTEN, MYC, 
CCND1, MDM2, ERBB2, CCNE1  and 
pu tative drivers MDM1, MDM4, 
CDK3, CDK4, CAMK1D, PI4KB, 
NCOR1 

¶ Trans - acting aberration hotspots 
(affecting >30 mRNAs)  can be 
grouped into seven pathway 
modules: for example, two 
hotspots of T -cell - receptor (TCR) 
loci on chromosomes 7 (TRG) and 
14 (TRA) modulated 381 and 153 
mRNAs respectively and co -
modulated 19 mRNAs, affecting T -
cell activation and proliferation, 
dendritic cell presentation, and 
leukocyte activation  
 

¶ Integration of copy number and 
gene expression data revealed 10 
novel subgroups (IntClust 1 ï10) 
with distinct copy number profiles, 
pathway deregulation and clinical 
outcomes .  

¶ IntClust subgroups also correlated 
with intrinsic subgroups  

¶ ER-positive enriched with regions 
with heterozygous and homozygous 
deletions PPP2R2A (8p21, region 
11), MTAP (9p21, region 15) and 
MAP2K4  (17p11, region 33)  

Banerji et al. (2012)  
¶ Exome sequencing (targeting 

189980 exons) of 103 tumours 54 
from Mexico and 49 from Vietnam 
patients  

¶ Mutation rate was 1.66 per Mb 
(0.47 ï10.5)  

¶ Non -silent mutation rate was 1.27 
per Mb (0.31 ï8.05)  

¶ 4985 candidate somatic mutations, 
including 3153 missense, 1157 
silent, 242 nonsense, 97 splice 
site, 194 deletions, 110 insertions 
and 32 other mutations, in the 
protein -coding sequences and the 
adjacent splice sites  

¶ Mutations ranging fr om 14 to 307 
per tumour  
 

¶ Six recurrent somatic mutations in 
PIK3CA (27%) , TP53 (27%) , AKT1, 
GATA3  and MAP3K1  and a novel 
gene CBFB 

¶ Rearrangement rate: 30 in luminal A 
tumour (0 ï218), 237 and 246 in 
basal - like and Her2 -enriched 
tumours respectively  

¶ MAGI3 ïAKT3 fusion resulted from 
rearrangement was enriched in 
triple -negative subtype  leading to 
constitutive activation of AKT kinase  

Stephens et al. (2012)  
¶ Analyses of somatic copy number 

changes, exon sequences of 21416 
protein -coding genes and sequences 

¶ 7241 somatic point mutations: 6964 
single -base substitutions (4737 
missense, 422 nonsense, 158 splice 
site, 8 stop codon read - through and 
1637 silent changes).  

¶ 40 cancer genes identified, including 
AKT1, BRCA1, CDH1, GATA3, 
PIK3CA, PTEN, RB1  and TP53  and 
new breast cancer genes including 
AKT2, ARID1B, CASP8, CDKN1B, 

¶ Mutation number was associated 
with age of diagnosis and tumour 
histological grade  

¶ Multiple mutational signatu res 
identified, such as mutations of 
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of 1664 microRNAs in 100 tumours 
(79 ER +  and 21 ER -)  

¶ Two sub stitutions in microRNAs.  
¶ 277 small indels (231 frameshifts 

and 46 in - frame)  
¶ Copy number variations: 1712 

homozygous deletions and 1751 
regions amplification  

¶ Maximum 6 drivers per tumour with 
20 tumours  harbouring only one 
driver  

 

MAP3K1, MAP3K13, NCOR1, 
SMARCD1  and TBX3  

¶ TP53, PIK3CA, ERBB2, MYC, 
FGFR1/ZNF703, GATA3  and CCND1  
had >10% incidence, contributing to 
58% driver mutations  

¶ 73 different combinations of 
mutated cancer genes suggesting 
intertumoral heterogeneity  

cytosine at TpC dinucleotides (in 
10% of tumours)  

Nik -Zainal et al. (2012a)  
¶ Whole -genome sequencing of 21 

tumours integrated with mRNA 
expression data of 17 tumours  

¶ 183916 somatically acquired base 
substitutions  

¶ In protein coding regions, there 
were 1372 missense, 117 nonsense, 
2 stop - lost, 37 essential splice -site, 
and 521 silent mutations in protein 
coding regions  

¶ Of the 2869 indels identified, 2233 
were deletions, 544 insertions and 
92 complex  

¶ 21 coding indels , of which 15 were 
predicted to result in a translational 
frameshift and six were in - frame. In 
addition, 1192 structural variants 
(rearrangements), 16 homozygous 
deletions, and 14 regions of 
increased copy number 
(amplifications) were identified  
 

¶ Cancer ge nes with possible driver 
substitutions and indels: TP53, 
GATA3, PIK3CA, MAP2K4, SMAD4,  
MLL2, MLL3,  and NCOR1 

¶ Five signature A -E based on base 
substitution  

¶ BRCA1 or BRCA2 mutations closely 
related to specific substitution 
mutation signatures and deletion 
profiles  

¶ Identified ñkataegisò, localised 
base -substitution hypermutation  

¶ Base substitutions in kataegis 
regions were predominantly 
cytosine at TpC dinucleotides and 
associated with somatic 
rearrangements   

¶ The APOBEC family of cytidine 
deaminases may be associated with 
kataegis  

Pereira et al. ( 2016a)   
¶ Exome sequencing of 173 genes in 

2,433 breast tumours  

¶ 32476 somatic mutations: 13084 
protein coding sequences, 
including 11006 SNVs (10,193 
missense, 808 nonsense, 5 read -
through) and 1635 indels (1315 
frameshift & 320 in - frame)  

¶ Average 13 in each tumour  
¶ 131 tumours harbouring at least 30 

mutations  
¶ 76 devoid of coding mutations  
¶ 38 tumours devoid of any 

mutations  

¶ 40 mutati on driver genes  
¶ Most frequently mutated genes: 

PIK3CA  (40.1%), TP53 (35.4%), 
MUC16  (16.8%), AHNAK2  (16.2%), 
SYNE1 (12.0%), KMT2C  (or MLL3, 
11.4%) and GATA3  (11.1%)  

¶ Germ line mutations: BRCA1 and 
BRCA2 (1.36% and 1.64%), CHEK2 
(2.22%), TP53 (0.82%)  

¶ Major pathways affected by 
mutation driver genes: AKT 
signalling cell cycle regulation, 
chromatin function, DNA damage 
and apoptosis MAPK signalling 
tissues organisation and 
transcription regulation and 
ubiquitination  
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¶ Significant intertumoral 
heterogeneity betwe en IntClust 
groups  was observed in terms of 
driver mutations distribution, clinical 
and pathological characteristics of 
tumours, prognosis and degree of 
intratumoral heterogeneity  

 

Nik -Zainal et al. (2016)  
¶ Whole -genome sequences of 560 

breast cancers  
 

¶ 3,479652 somatic base 
substitutions, 371993 small indels 
and 77695 rearrangements  

¶ 93 protein -coding drivers (31 
dominant, 60 recessive, 2 
uncertain)  

¶ Ten most frequently mutated genes 
accounted for 62% of all drivers: 
TP53, PIK3CA, MYC, CCND1, PTEN, 
ERBB2, ZNF703/FGFR1  locus, 
GATA3, RB1  and MAP3K1   

¶ Possible driver -substitutions and 
indels identified in several non -
coding regio ns: promoter of 
PLEKHS1, TBC1D12 WDR74  as well 
as two long ncRNAs MALAT1  and 
NEAT1  

 

¶ Five novel breast cancer genes: 
MED23, FOXP1, MLLT4, XBP1, 
ZFP36L1  

¶ Mutational signature identified: 
two indel signatures , twelve base 
substitution and six rearrangement  

¶ Kataegis (localised base -
substitution hypermutation)  
observed in 49% breast cancers  

*abbreviation:  ER = oestrogen receptor, indels = insertion & deletion, ncRNA  = non -coding RNA
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1.2.3  Epigenetics in cancer  

Epigenetics is defined  as the stud y of the mitotically and/or meiotically 

heritable change s in gene expression which occ ur  independent of DNA 

sequence alteration (Weinhold, 2006 , Moutinho and Esteller, 2017 ) . 

Despite being a relatively young branch of science, the pivotal role of 

epigenetic s in all biological processes has been widely recognized 

(Waddington, 2012 ) . Four epigenetic regulation mechanisms, namely DNA 

methylation (Jin et al., 2011 ) , histone modification (Banni ster and 

Kouzarides, 2011 ) , chromatin remodelling  (Narlikar et al., 2013 )  and non -

coding RNA (ncRNA) regulation (Mattick and Makunin, 2006 ) , have been 

extensively studied (Jang and Serra, 2014 ) . These  mechanisms are 

responsible for the formation of two chromatin states, heterochromatin 

(condensed and inactive areas) and euchromatin (loosely packed and 

actively transcribed areas), which  regulat e normal gene expression 

(Gilbert et al., 2004 , Zakrzewski et al., 2011 ) . Epigenetic dysregulation 

has been implicated in various human diseases, ranging from autism to 

cancer (Berdasco and Esteller, 2010 , Portela and Esteller, 2010 , Sandoval 

and Esteller, 2012 ) . 

1.2.3.1  DNA methylation  

DNA methylation is a stable epigenetic mark responsible for biological 

processes such as  gene silencing, imprinting and X -chromosome 

inactivation (Law and Jacobsen, 2010 ) . During the methylation process a 

methyl group ( -CH3) is covalently added , from S -adenosyl -L-methionine 

(SAM), predominantly ( ~ 98%) to the 5 th  position of cytosine residues of 

cyt osine -phosphate -guanine (5ô-CpG-3ô) dinucleotides (Jin et a l., 2011 ) . 
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This process is mediated by three members (DNMT1, DNMT3a and 

DNMT3b) of the DNA methyltransferases (DNMTs) family. No 

methyltransferase activity has been reported in the other two of the five 

members, DNMT2 and DNMT3L (Jin et al., 2011 , Lyko, 2017 ) . Interestingly, 

DNA methylation can also occur in non -CpG sites as demonstrated in 

approximately 25% of the methylation sites in embryonic stem cells 

(ESCs), which have bee n identified as CHG and CHH sites ( where H = A, 

C or T) (Lister et al., 2009 ) .  

 

CpG islands (CGIs) are areas (ranging from 0.2 to 3 kb) enriched 

with most commonly unmethylated CpG dinucleotides ( Illingworth and Bird, 

2009 , Deaton and Bird, 2011 ) . CGIs are found within majority (60%) of 

human gene promoters and are normally unmethylated (Portela and 

Esteller, 2010 ) . Considering it s location, it is not surprising that most, if 

not all, CGIs are responsible for transcriptional regulation (Deaton and Bird, 

2011 ) . In general, h yp er -  and hypo -methylation of CGIs suppresses and 

activates gene expression respectively (Portela and Esteller, 2010 ) . In 

addition, the CpG island shores (a region located within ~2kb from the 

CGIs and characterized by a lower CpG density) is also a target of 

methylation. On the other hand, DNA methylation can also be detected at 

the gene body and repetitive sequence (Portela and Esteller, 2010 ) .  

 

Genome -wide hypomethylation (overall 5 -methyl -cytosine reduced 

by 20 ï60%) and local hypermethylation of CpG islands are well - known 

epigenetic hallmarks of cancer (Rodriguez -Paredes and Esteller, 2011 ) . 
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The methylation in gene bodies are associated with increased gene 

expression. Gene body DNA hypomethylati on has been implicated in 

various cancers (Kulis et al., 2012 ) . In addition, genome -wide 

hypomethylation re -activates repetitive sequences such as long 

interspersed element -1 (LINE -1) and contribute s to genome instability, 

drug resistance and poor prognos is in different cancers (Daskalos et al., 

2009 , van Hoesel et al., 2012 , Criscione et al., 2014 , Burns, 2017 ) . Besides, 

hypomethylation  activation of cancer - related genes have also been 

identified in various cancers including prostate (Cytochrome P450 1B1 ), 

pancreatic ( MASPIN  and S100P ), breast ( CDH3 ) and ovary ( SNCG) cancers 

(Wilson et al., 2007 ) . On the contrary, the aberrant DNA hypermethylation 

in cancer occurs at specific CGIs and CpG island shores, predominantly 

affecting tumour suppressor genes, genes responsible for DNA repair and 

differentiation as well a s microRNAs (Jones et al., 2016 ) . The 

hypermethylation silencing of tumour  suppressor genes was deemed to be 

cancer specific. A study investigating promoter hypermethylation changes 

in 12 genes ( p16INK4a, p15INK4b, p14 ARF, p73, APC5, BRCA1, hMLH1, 

GSTP1, MGMT, CDH1, TIMP3  and DAPK) from ~600 primary tumour 

samples encompassing 15 tumour types revealed that despite having 

several common gene alterations, each cancer type investigated exhibited 

a unique promoter hypermethylation profile. As a result, a panel of 3 ï 4 

markers was generated to accurately  (70 ï 90%) define abnormality in 

each cancer type, suggesting aberrant DNA methylation can serve as 

biomarker for the detection of different human cancer (Esteller et al., 

2001 ) . In addition, cancers with positive CpG island methylator phenotype 

(CIMP) are characterised by high degrees of C pG-rich promoters 
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hypermethylation silencing of tumour suppressor or tumour suppressor -

related genes and epigenetic instability ( Issa, 2004 , Fu et al., 2016 ) . The 

CIMP has also provided a valuable approach for diagnosis and prognosis of 

cancer patients based on DNA methylation (Sato et al., 2010 , Flavahan et 

al. , 2016 ) . 

1.2.3.2  Histone modification s  

Chromatin is made up of nucleosome units, whose core particle consists of 

DNA wrapped around histone octamers (comprising two copies of the four 

different types of histones subunits: H2A, H2B, H3 and H4) (Lennartsson 

and Ekwall, 2009 ) . Each nucleosomal core particle is wrapped around by 

approximately 146 base pair of DNA and is linked to the adjacent 

nucleosome by linker DNA (around  10 -60 base pair) forming a ñbeads on 

a stringò structure. The presence of the linker histone H1 binding to the 

core particle around the DNA entry and exit (~10 bp) sites forms a 

chromatosome. H1 functions to stabilise the nucleosome s and support 

higher -or der chromatin structure (Fyodorov et al., 2017 ) . The N - terminal 

tail of each histone (histone t ails) protrudes from the surface of 

nucleosome and subject to at least 16 classes of post - translational 

modifications, including methylation, acetylation, phosphorylation and 

ubiquitination (Kouzarides, 2007 , Bannister and Kouzarides, 2011 , 

Dawson and Kouzarides, 2012 ) . Distinct modifications act sequentially or 

in concert to generate a specific histone code, which affects different 

downstream processes through induction of structural changes ( such as 

chromatin decondensation) or by re cruiting/inhibiting the binding of 

effector proteins such as remodelling enzymes, chromatin modifiers and 
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transcription factors (Strahl and Allis, 2000 , Bannister and Kouzarides, 

2011 , Fullgrabe et al., 2011 , Lawrence et al., 2016 ) . For instance, 

transcriptionally active gene promoters are normally associated with lysine 

acetylation (H3K12ac,  H3K9ac and H3K18ac) and lysine trimethylation 

(H3K4me3), while lysine methylation such as H3K9me2, H3K8me3 and 

H4K20me2 are frequently detected in inactive promoter regions (Cao et 

al., 2015 ) . On the other hand, different amino acid residue s in histones 

are subject to different modifications. For instance, 13 modification sites 

for methylation, acetylation, phosphorylation and ubiquitination have been 

found in histone H2A (Lennartsson and Ekwall, 2009 ) . Histone 

modification s are  known to regulate chromatin compaction, nucleosome 

dynamics, gene expression, DNA repair, replication and recombination. 

Besides, it has also been shown crucial for cell differentiation and more 

recently somatic cell reprogramming (Apostolou and Hochedlinger, 2013 , 

Theunissen and Jaenisch, 2014a , Lawrence et al., 2016 ) .  

 

 Alteration of global histone modification patterns c an compromise 

the structure and integrity of the genome, leading to aberrant gene 

expression, DNA repair, cell cycle checkpoints and e ventually cancer 

(Esteller, 2007 , Fullgrabe et al., 2011 ) . Several histone marks, including 

histones H3 and H4 deacetylation, loss of histone  H3 lysine 4 (H3K4) 

trimethylation and gain of H3K9 methylation and H3K27 trimethylation, 

have been associated with promoter hypermethylation in cancer (Esteller, 

2007 ) . In addition, DNA repetitive sequence hypomethylation in cancer 

has been associated with the global losses of K16 acetylation and K20 

trimethylation in histone H4 (Fraga  et al., 2005 , Esteller, 2007 ) . Two 
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independent studies on breast and liver cancers supported these findings 

and further emphasized the key roles of other modifications , such as 

H3K9me3 , in tumorigenesi s (Pogribny et al., 2006 , Tryndyak et al., 2006 ) . 

Increase in H3K36 methylation and a decrease in global K27 methylation 

have also been associated with open chromatin structure in multiple 

myeloma (Martinez -Garcia et al., 2011 ) .  

 

In addition to histone marks, tumours cells exhibited distinct 

histone -modifying enzymes expression patterns from their normal 

counterparts. These discrepancies could be used to distinguish different 

human solid cancers (Ozdag et al., 2006 , Fullgrabe et al., 2011 ) . On the 

other hand, the alteration of histone modifying enzymes, such as histone 

deacetylase (HDAC) 1 and 2 (HDAC1 and HDAC2), histone 

acetyltransferases (HATs such as hMOF and EP300) and histone 

methy ltransferases (HMTs, such as EZH2) have been closely associated 

with cancers (Gayther et al., 2000 , Song et al., 2005 , Pfister et al., 2008 , 

Simon et al., 2012 ) . The disruptor of telomeric silencing 1 like (DOT1L) 

belongs to the family of lysine methyltransferases (KMTs) which catalyses 

the methylation of histone H3 lysine (K) 79 (H3K79) in mammals (Kim et 

al., 2012 ) . Binding of DOL1T to MLL1 fusion proteins in acute leukaemia  

was shown to induce H3K79me2 hypermethylation of MLL1 - regulated 

genes, increase  their  expression, leading to hematopoietic cell 

differe ntiation blockage  (a hallmark of many blood cancers )  (Okada et al., 

2005 , Mueller et al ., 2007 ) . In addition, reduced proliferation, self - renewal, 

malignancy were also reported through drug inhibition of DOL1T in breast 

cancer cells (Zhang et al., 2014a ) . 
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1.2.3.3  Non - coding RNAs (ncRNAs)  

All biolog ical functions and phenotypes in organisms were thought to be  

governed only by genes that encode for specific proteins. However, a n 

effort to map functional elements across the human genome by using data 

collected from sequencing -based studies  indicates that approximately 80.4% 

of the human DNA is biochemically functioning and only 2.94% could give 

rise to  proteins  (Consortium, 2012 ) . Many of th ese non -coding regions, 

such as cis - regulatory el ements (e .g.  introns and intergenic sequences) 

and antisense sequences, are expressed, giving rise to different  classes of 

small (20 ï 30 nucleotide) and long (>200 nucleotide) non -coding RNAs 

(ncRNA) (Mattick and Makunin, 2006 , Holoch and Moazed, 2015 ) . These 

ncRNAs can be broadly classified into infrastructural and regulatory 

ncRNAs. Ribosomal, transfer, small nuclear and sma ll molecular RNAs are 

constitutively expressed infrastructural ncRNAs. Regulatory ncRNAs can be 

further classified into different subgroups, namely microRNA (miRNAs), 

Piwi -associated small RNAs (piRNAs), small interfering RNAs (siRNAs), 

long ncRNAs (lncRNA s), transcription initiation RNAs, (tiRNAs), miRNA -

offset RNAs (moRNAs) , promoter -associated RNAs (PARs)  and so on  

(Kaikkonen et al., 2011 , Batista and Chang, 2013 , Cech and Steitz, 2014 ) . 

NcRNAs play key role in various biological processes, including gene 

regulation, chromosome remodelling, RNA editing, translational inhibition 

and mRNA destruction (Mattick and Makunin, 2006 , Kaikkonen et al., 2011 , 

Ling et al., 2017 ) . MicroRNAs (miRs) is evolutionary conserved ncRNAs of 

18 -25 nucleotides in length (Garzon et al., 2010 ) . Through its canonical 

pathway, miRs regulate gene expression via complementary binding 

between its seed sequence (position 2 -8 fro m the 5' miRNA) with the 3' 
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untranslated region (3' UTR) of target mRNAs, leading to their destruction 

or translation inhibition depending on the degree of complementarity 

(Hayes et al., 2 014 , Romano et al., 2017 ) .  

 

MiRs ha ve  become a major focus in cancer research over the past 

decade (Hayes et al., 2014 ) . The availability of genome -wide data has 

permitted the identification of miR signatures which facilitate cancer 

classification, detection, prognosis and drug response predictions (Hayes 

et al., 2014 , Li et al., 2015a ) . Early study using bead -based flow cytometric 

m iR expression profiling revealed a global downregulation of miRs in 

tumours as compared to normal tissues (Lu et al., 2005 ) . These miR 

profiles more accurately classified poorly differentiated tumours in 

comparison to mRNA profiles, a notion also supported by subs equent 

studies (Gommans and Berezikov, 2012 , Yang et al., 2012 , Krell et al., 

2013 , Ng et al., 2013 ) . Downregulation of miR has potentially 

compromised the cell division inhibition and promotion of termination 

differentiation abilities of miR leading to generation and maintenance of 

cancer stem cells (Lu et al., 2005 ) . In agreement, many miRs targets have 

been as sociated with tumour growth, invasion and metastasis, 

angiogenesis, metabolic reprogramming, evasion of cell death and immune 

destruction (Kasinski and Slack, 2011 , Stahlhut and Slack, 2013 , Ling et 

al., 2017 ) .  

1.2.4  Breast cancer e pigenetics  

Epigenetic studies in breast cancer provided important insights into 

mechanisms, prevention, prognosis and treatment of the disease 
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(Stefansson and Esteller, 2013 ) . Alteration of the three epigenetic 

regulation mechanisms mentioned earlier have been widely associated 

with breast cancer. Aberrant silencing by DNA methylation of genes 

responsible for DNA repair (BRCA1), cell - cycle regulation ( p16 ) and other 

tumour suppressor genes ( APC and CDH1 ) have been reported in breast 

cancer (Hoque et al., 2009 , Chik and Szyf, 2011 , Lustberg and 

Ramaswamy, 2011 , Fleischer et al., 2017 ) . Besides, dysregulations of 

post - translational histone modifications (such a s H3K4 acetylation, H3K9 

acetylation and H3K27 methylation) and non -coding RNA (such as miR -21, 

miRNA -497 and miR -155) have also been implicated in different breast 

cancer subtypes (Margueron and Reinberg, 2011 , Li et al., 2015c , Judes 

et al., 2016 , Karsli -Ceppioglu et al., 2017 , Mekala et al., 2018 ) .  

 

On the other hand, a host of e pigenetic biomarkers have been 

proposed by many studies  to refine the detection, prognosis and treatment 

outcome prediction for breast cancer. For example, Hoque et al. (2009)  

reported methylation alterations in APC, CDH1  and CTNNB1  as highly 

specific and sensitive markers for the detection of early stages of breast 

cancer. In addition, the hypermethylation of TWIST, RASSF1A, CCND2 , 

HIN1 , APC, CDH13 , GSTP1 BIN1, BMP6, ESR2, CDKN2A, CDKN1A, TIMP3,  

and CST6 have all been demonstrated as potential diagnostic biomarkers 

of breast cancers in different studies (Toyooka et al., 2001 , Fackler et al., 

2004 , Feng et al., 2007 , Jeronimo et al.,  2008 , Sunami et al., 2008 , 

Radpour et al., 2009 ) . Furthermore, RASSF1A  promoter methylation has 

been suggested as a good predictor for breast cancer hormone (oestrogen 

and progesterone r eceptors) status, which in turn inform breast cancer 
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prognosis (Kajabova et al., 2013 ) . On the other hand , promoter 

hypermethylation silenc ing of BRCA1 can predict  breast tumour sensitivity 

to platinum -derived drugs (Stefansson et al., 2012 )  and poly(ADP - ri bose) 

polymerase (PARP) inhibitors (Veeck et al., 2010 ) . Widschwendt er et al. 

(2004)  also reported that high ESR1 gene methylation is a good survival 

predictor of breast cancer patients after Tamoxifen treatment and 

Tamoxifen - treated patients with positive CYP1B1 methylation are  also 

predicted to have better survival. Recently, circulating cell - free DNA, 

mRNA and miRNA have come into the limelight as being valuable 

biomarkers for breast cancers. For example, cell - free DNA harbouring 

promoter hypermethylation at genes such as ITIH5, DKK3,  and RASSF1A,  

SFN, CDKN2A, MLH1, HOXD13, PCDHGB7  and PITX2  have all been 

implicated in breast cancer (Gobel et al., 2011 , Kloten et al., 2013 , Jezkova 

et al., 2016 , Shan et al., 20 16 , Hamam et al., 2017 )   

 

Considering the importance of epigenetic alterations in breast 

cancer, e fforts have also been put forth to classify the disease  into distinct 

epigenetic subtypes based on DNA methylation (Holm et al., 2010 , 

Stefansson et al., 2015 , Holm et al., 2016 ) , histone modification s (Karsli -

Ceppioglu et al., 2017 )  as well as miRNAs (Chuang and Jones, 2007 )  

corresponding to the molecular intrinsic subtypes  (Eroles et al., 2012 ) . For 

example, t wo epigenetic subtypes, the Epi -LumB and Epi -basal, have been 

described by Stefansson et al. (2015) . The Epi -LumB comprises all luminal 

B and rarely luminal A and HER2 -enriched subtype while Epi -basal is made 

up of most, but not all, bas al subtype. Interestingly, no unique  DNA 

methylation pa tterns were detected in HER2 and Luminal  A breast tumours, 
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indicating biological heterogeneity within these subtypes. When DNA 

methylation data was validated against The Cancer Genome Atlas (TCGA) 

cohort, 254 and 202 overlapped CpGôs specific for luminal B and basal - like 

subtypes were identified and only one and none for HER2 and luminal A 

breast cancers, respectively. Finally, DNA sequence element analysis 

revealed that enriched CpG methylation in the promoter sequences and 

hypomethylation  in gene body reg ions were detected predominantly in 

luminal B and basal - like. Despite the discrepancies in DNA methylation 

patterns, both epi -subtypes were associated with poor prognosis and 

survival (Stefansson et al., 2015 ) .   

 

 In a separate study using whole -genome DNA methylation analysis, 

three distinct DNA methylation patterns were described between basal, 

luminal B and luminal A breast tumours, with  the first two being the least 

and the most frequently methylated subtypes , respectively  (Holm et al., 

2010 , Holm et al., 2016 ) . Interestingly, no distinctive methylation  patterns 

were  detected in HER2 -enriched and normal - like subtypes. The same study  

also reported s even epigenetic subtypes (epitypes) with  distinct gene 

expression levels, chromatin states, genetic mutations, DNA copy number 

aberrations as well as clinicopa thological features (Honeth et a l., 2008 ) . 

Therefore, t he interesting correlations between the epigenetic and gene 

expression in breast cancer subtypes co uld help refining the existing 

classification system and providing insights into the biological basis 

underlying breast cancer heterogeneity .  
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1.3  EPIGENETIC REPROGRAMMING  OF BREAST 

CANCER   

1.3.1  Epigenetic therapies (chemical approach)   

In contrast to genetic mutations, epigenetic alterations are  reversible and 

thus represent an interesting target for anti - cancer therapies  

(Hatzimichael and Crook, 2013 ) . The basis of epigenetic treatments is to 

effectively and permanently reprogram and re model the epigenetic marks 

characteristic of cancer cells, reverting the malignant properties of cancer 

cell s (Blancafort et al., 2013 ) . Pfister and Ashworth (2017)  described the 

four major roles of epigenetic therapies in cancer, namely inhibition (by 

small molecule inhibitors  against gain -of - function mutations), synthetic 

lethality (against loss -of - function mutations), immune modulation (to 

enhance efficacy of immunotherapies) and reducing drug - resistance (by 

epigenetic inhibitors). In recent years, numerous FDA appr oved epigenetic 

drugs, in particular  demethylating agents and histone deacetylase 

inhibitors (HDACi) have been used singly or in combination  with other 

targeted treatment or systemic therapies to treat  cancers  (Dawson and 

Kouzarides, 2012 , Pfister and Ashworth, 2017 ) . Despite showing promising 

clinical and preclinical results against haematological malignancies, 

epigenetic therapies for  solid tumours are relatively less efficient due to 

several factors, including hypo xia , drug penetration and tumour 

heterogeneity (Ramachandran et al., 2015 , Pfister and Ashworth, 2017 ) . 

In breast can cer, the DNA methyltransferase inhibitors (DNMTis) 5 -

azacytidine (5 -aza) and 5 -aza-2ô-deoxycytidine (decitabine) are the two 

most commonly studied epigenetic drugs (Tsai et al., 2012 ) . However, 

DNMTis alone have been shown insufficient to eradicate breast tumour 
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cells partly due to the concurrent re -activation of tumour suppressor genes 

and oncogenes through non -specific demethylation (Radpour et al., 2011 ) . 

In  addition, tumour cells within hypoxic region of tumour were shown 

harbouring distinct epigenetic profiles conferring tumour resistance to 

DNMTis (Ramachandran et al., 2015 ) . These observations prompted the 

inclusion of other agents, such as HDACi (Connolly et al., 2011 )  and 

cytotoxic agents (Mataga et al., 2012 )  for enhanced specificity and efficacy 

(Byler et al., 2014 ) . Indeed, recent studies have provided promising 

evidences on the efficacy of combination treatment of DNMTi with poly 

(ADP- ribose) polymerase (PARP) inhibitors (PARPi) (Muvarak et al., 2016 ) , 

tranylcypromine (histone demethylase inhibitor) (Katz et al., 2014 ) , 

butyrate (HDACi) (Pathania et al., 2016 )  and Trichostatin A (HDACi) (Al-

Rayyan et al., 2014 , Liao et al., 2014 , Menschikowski et al., 2015 ) . 

Interestingly, a  phase II trial is currently testing the combination 

epigenetic therapy of 5-aza (DNMTi) and e ntinostat  (HDACi)  in  patients  

with advanced hormone - resistant or triple -negative breast cancer  (Li et al., 

2015b , Huang and Davidson, 2016 , Kala and Tollefsbol, 2016 , Tomita et 

al., 2016 , Connolly et al., 2017 ) . 

1.3.2  Epigenetic  reprogramming using biological 

approaches  

In addition to the use of epigenetic drugs  mentioned earlier, different 

biological approaches have been used to reprogram epigenetic states in 

cancer. The latter often induces a more extensive (e .g. epigenome -wide) 

rather than mechanisms -specific (such as DNA methylation and histone 

modifications)  changes. Biological approaches, including somatic cell 
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nuclear transfer (SCNT) (Gurdon, 1962 ) , cell fusion (Harris and Watkins, 

1965 , Harris et al., 1969 ) , exposure to ESC microenvironment (Postovit et 

al., 2006 , Hendrix et al., 2007 , Postovit et al., 2008 )  and oocyte extracts 

(Allegrucci et al., 2011 )  and the iPSC technology  (Stricker et al., 2014)  

have been utilised to induce widespread epigenetic resetting in cancer cells 

in an attempt to suppres s and eliminate tumorigenicity ( Table 1.5).   
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Table 1 .5  Different approaches used for epigenetic reprogramming of cancer cells.  

Methods  Type of cancers  Major finding s  References  

SCNT ¶ Frog renal tumours   ¶ Tumour nuclei became pluripotent and gave rise to swimming 

tadpoles with no evidence of malignancy  

McKinnell et al. 

(1969)  

SCNT ¶ Mouse medulloblastoma (primary 
culture, mouse, Ptc1 
heterozygous)  

¶ Medulloblastoma nuclei gave rise to embryos and underwent 
early stages of organogenesis  

¶ Tumorigenic properties were suppressed in recipient mice  

Li et al. (2003)  

SCNT ¶ Mouse p53 - / -  lymphoma, moloney 
murine leukaemia  virus induced 

leukaemia , PML-RAR transgene -
induced leukaem ia, 
hypomethylated Chip/c 
lymphoma, p53 - / -  breast cancer 

cell line and ink4a/Arf - / - , RAS -
inducible melanoma cell line  

¶ Leukaemia , lymphoma, and breast cancer cells failed to acquire 
pluripotency  

¶ A RAS- inducible melanoma nucleus generated blastocyst and 
ESCs capable of in vivo differentiation  

¶ Chimeras generated suffered from cancer of more aggressive 
form   

Hochedlinger et al. 
(2004)  

SCNT ¶ Embryonal carcinoma (EC)  ¶ EC nuclei gave rise to blastocyst and ESCs with unchanged 
developmental and tumorigenic potential  

Blelloch et al. 
(2004)  

Embryonic 
environment  

¶ Metastatic melanoma (C8161), 
breast cancer (MDA -MB-231)  

¶ Presence of Lefty, an inhibitor of Nodal signalling , within the 
hESCs microenvironment suppressed tumorigenic phenotype  

Postovit et al. 
(2008)  

Oocyte extract  ¶ Breast cancer cell lines (MCF -7 & 
HCC1954)  

¶ Oocyte extracts, in particular f rom axolotl, induced DNA 
demethylation, histone mark remodelling , re -activation of 
tumour  suppressor genes and thus malignancy suppression in 
vitro and in vivo  

Allegrucci et al. 
(2011)  

iPSC reprogramming  

Retrovirus  ¶ Myeloproliferative disorders 
(MPDs) with JAK2 -V617F somatic 
mutation: polycythemia vera (PV) 
and primary myelofibrosis (PMF)  

¶ PV iPSCs-derived hematopoietic progenitor (CD34 + CD45 + ) cells 
exhibited increased erythropoiesis (a disease hallmark) and 
expression  of specific genes characteristic of the primary CD34 +  
cells of PV patient  

Ye et al. (2009)  

Retrovirus  ¶ R545 (aneuploid mouse 

melanoma cell line)  

¶ Sox2 was dispensable to generate germline -competent iPSCs 

from melanoma cells  
¶ No evidence of malignancy was observed in chimeras  

Utikal et al. (2009a)  

Retrovirus  ¶ Chronic myeloid leukaemia  (CML)  ¶ iPSCs lost addiction to BCR -ABL oncogene (a hallmark of the 
disease) and became  resistant to BC R-ABL inhibitor imatinib.  

Carette et al. 
(2 010)  
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Retrovirus  ¶ HuCC-T1 (colon), DLD -1 (colon), 
PLC (liver)  

¶ Persistence of c-MYC expression was observed in differentiated 
derivatives, which exhibited increase proliferation and resistance 
to 5 - fluorouracil  

Nagai et al. (2010)  

Retrovirus & 

lentivirus  

¶ Gastrointes tinal cancer  cell lines  ¶ Differentiated cells derived from iPSCs showed high sensitivity 

to anticancer drug and differentiation - inducing chemicals.  
¶ Suppression of malignancy was also observed in vivo  

Miyoshi et al. 

(2010a)  

Lentivirus  ¶ Lung (A549 cell line)  ¶ Hypoxia - inducible factor (HIF) enhanced reprogramming 

efficiency with OSLN factors of A549 (lung cancer cell line)  
¶ Partially - reprogrammed A549 generated highly aggressive 

tumours in vivo   
¶ HIF induces iPSC genes and hESC signature implicated in various 

cancers  

Mathieu et al. 

(2011)  

Episomal vector  ¶ Chronic myeloid leukaemia  (CML)  ¶ CML iPSCs retained the complex karyotype with a 4 -way 

translocation between chromosomes 1, 9, 22, and 11 and serves 
as a valuable tool for mechanistic study and drug screening  

Hu et a l. (2011)  

Retrovirus & 
Sendai virus  

¶ Chronic myeloid leukaemia  (CML)  ¶ Treatment with i matinib, a BCR-ABL oncogene inhibitor, did not 
affect CML - iPSCs and immature CD34 + 38ī90 + 45 +  cells, 
indicating resistance  

¶ Sensitivity recapitulated in more differentiated CD3 4īCD45 + 

cells, indicating cells of different epigenetic states exhibit distinct 
dependences on BCR -ABL 

Kumano et al. 
(2012)  

Lentivirus  ¶ Non -small cell lung cancer cell 
lines (H358 and H460)  

¶ Aberrantly methylated promoters and commonly upregulated 
genes were reversed in iPSCs  

¶ DNA demethylation - induced oncogenes and tumour suppressor 

genes expression changes contributed to reduced malignancy  

Mahalingam et al. 
(2012)  

Retroviru s ¶ Colorectal cancer cell line, HCT116 
and its TP53 - / -  mutant  

¶ IPSC in hypoxia have reduced proliferation, invasiveness and 
tumourigenicity, TP53 - / - mutant iPSCs exhibited higher 
tumourigenicity  

¶ Hypoxia and loss of TP53  increase reprogramming efficiency  

Hoshino et al. 
(2012)  

Lentivirus  ¶ Sarcomas (SAOS, HOS, MG63, 
SW872 and SKNEP)  

¶ Cells were reprogrammed to a mesenchymal stem cell 
differentiation stage, whereby terminal differentiation potential 
was restored to give rise bone and fat tissues with simultaneous 
loss of malignancy  

¶ Global DNA promoter methylation and gene expression analyses 
revea led significant  epigenetic remodelling of oncogenes and 

tumour suppressors  

Zhang et al. (2013)  
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PiggyBac 
transposase  

¶ Glioblastoma (GBM) (brain 
tumour )  

¶ Global epigenetic reconfiguration suppressed reduced infiltrative 
behaviour and reactivated tumour suppressors in cancer - iPSCs-
derived non -neural cell types but not neural progenitors, 

suggesting an association between th e epigenome of 

developmental lineage with manifestation of tumorigenicity  

Stricker et al. 
(2013)  

Retrovirus & 
lentivirus  

¶ Non -small cel l lung cancer 
(NSCLC): H3581 and H460  

¶ iPSC generated lost the hallmark mutation: homozygous 
deletion of  TP53  and CDKN2A  in H358 and H460 respectively, 
suggesting the selective reprogramming of cells from the earlier 

stages of tumorigenesis (which have yet experienced such 
damaging mutations) in the heterogeneous culture  

¶ These aneuploidy but ñmutation-freeò populations were  more 
susceptible to reprogramming owing to the stability of genome, 
suggesting cancer cell reprogramming follows an Elite but not 
Stochastic model.  

Lai et al. (2013)  

Lentivirus  ¶ Juvenile myelomonocytic 

leukaemia  (JMML)  

¶ Cancer - iPSCs-derived myeloid cells recapitulated phenotypes of 

primary JMML patient -derived cells, providing a patient -specific 
drug testing platform  

Gandre -Babbe et al. 

(2013)  

Lentivirus  ¶ Gastrointestinal cancer (invasive 
pancreatic ductal 

adenocarcinoma)  

¶ iPSCs exhibited differentiation propensity toward endodermal 
lineage, indicating the presence of epigenetic memory of i ts 

somatic origin  
¶ The teratoma -derived pancreatic ductal tissues recapitulated 

pancreatic intraepithelial neoplasia (PanIN), a precursor state of 
PDAC, allowing the generation of early stage cancer model for 
the identification of early stage biomarkers an d investigation of 
cancer progression  

Kim et al. (2013)  

Retrovirus  ¶ MCF7 breast can cer cell line  ¶ Partially reprogrammed cells obtained, which  overexpressed 
SOX2 and SSEA -4  

¶ High proportion of CD44 +  and ALDH bright cells than parental cells, 
indicating CSC properties  

¶ The suppression of mTOR repressors was found responsible for 
the acquisition of CSC phenotypes  

Corominas -Faja et 
al. (2013)  

Lentivirus  ¶ Hematopoietic cells of óall-iPSô 
mice carrying four OSKM factors 
under the control of doxy cycline 
(Dox) and harbouring human MLL -

AF9 fusion gene  

¶ iPSC contributed to chimera formation  
¶ Chimeric mice spontaneously reactivated MLL -AF9 and 

developed leukaemia  
¶ Whole -exome sequencing of iPSCs versus leukaemia cells did not 

reveal more genetic mutatio ns, suggesting that epigenetics is 

Liu et al. (2014b)  
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responsible for the development of MLL leukaemia in chimeric 
mice  

TFs (POU3F2, 
SOX2,  

SALL2, and 
OLIG2) 

overexpression  

¶ Glioblastoma (GBM)  ¶ Reprogram differentiated GBM cells to óóinducedôô tumour -
initiating cells (TPCs), recapitulating the epigenetic landscape 

and phenotype of native TPCs  

Suva et al. (2014)  

Retrovirus  ¶ Osteosarcoma cell lines (Saos -2, 
MG-63, G -292 and U -2 OS)  

¶ Reprogrammed cell lines exhibited different reprogramming 
efficiency, differentiation potential and stability under long term 
culture owing to intrinsic differences  

Choong et al. 
(2014)  

Retrovirus  ¶ Non - tumorigenic mammary 
epithelial cell line, MCF10A  

¶ iPSC reprogramming and subsequent partial differentiation of 
MCF10A resulted in the generation of cancer stem cell (CSC) - like 
cell characterized by expression of CSC markers, significant 

tumour  forming ability and sensitivity to CSC -specific drugs  

Nishi  et al. (2014b)  

Sendai virus  ¶ Pancreatic cancer cell line, PANC -
1 

¶ CSCs are more suscep tible to reprogramming than non -CSCs Noguchi et al. 
(2015)  

Retrovirus  ¶ Chronic myeloid leukaemia (CML) 

cell line K562 and KBM7 and 
primary bone marrow cells from a 
BCR-ABL+ CML patient  

¶ The BCR -ABL fusion protein can initiate DNA methylation 

changes that could serve as a secondary event and le ad to 
leukaemia  

¶ Both genetic and epigenetic mutations contribute to 
maintenance of leukaemia potential and thus demethylating 
agent could potentially be used as adjuvant treatment in 
leukaemia  

Amabile et al. 

(2015)  

Excisable 
lentivirus  

¶ del(7q) -Myelodysplastic 
syndromes (MDS)  

¶ Deletion of chr7q renders MDS phenotypes via dosage effect  
¶ Haploinsufficiency of EZH2 , a gene located with in a critical ~20 

Mb region of the deleted chr7q, is partially responsible for the 
hematopoietic defects in MDS  

Kotini et al. (2015)  

Sendai virus  ¶ Li-Fraumeni syndrome (LFS)  ¶ Recapitulation of osteosarcoma (OS) characteristics and 

tumorigenicity in LFS iPSC -derived osteoblasts (OBs), which 
serves as a model for early stage of OS development  

¶ Various p53 mutants suppress the expression of imprinted gene 
H19 via an unknown mechan ism and contribute to OS.  

¶ The activation of H19 and its downstream regulator DCN could 
prevent and/or provide treatment to the development of OS  

Lee et al. (2015)  

Retrovirus  ¶ Human fibroblasts  ¶ Generation of wild - type iPSCs and p53 -knock down - iPSCs from 

healthy human fibroblasts.  

Sancho -Martinez et 

al. (2016)  
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¶ Differentiation of wild - type iPSCs and p53KD ïiPSCs into neural 
progenitor cells (NPCs) and generation of different mutant NPC 
lines Ras/EGFR/SrciNPCs and p53KD -Ras/EGFR/SrciNPCs via 

lentivirus -mediated overexpression of Ras, EGFR and Src.  

¶ Mutant NPC lines contributed to the formation of tumour  
resembling glioblastomas and facilitated the screening of anti -
cancer drugs  

Lentivirus  ¶ HepG2 (hepatocellular carcinoma 

cell line )  

¶ Xenograft transplanted iPSCs generated CSC - like cells with 

higher malignancy  
¶ Persistence of OCT3/4  expression that formed positive feedback 

loo p with c-JUN contributed to the CSC properties, including 
chemoresistance and high invasiveness.  

Kuo  et al. (2016)  

Many different 
approaches 

tested  

¶ MLL-rearranged human B cell 
acute leukaemia  (ALL)  

¶ Cells harbouring the mixed - lineage leukaemia 1 ( MLL1) gene 
rearrangement (MLL - rearranged B -ALL)  were refractory to iPSC 

reprogramming  

¶ Various methods and strategies to improve reprogramming 
efficiency were tested  

¶ Global transcriptome and DNA methylome analyses suggested 
that the intrinsic differentiation blockage of MLL - rearranged B -
ALL resulted in its refractoriness to acquire pluripot ency.  

Munoz -Lopez et  al. 
(2016)  

Excisable 
lentivirus  

¶ Bone marrow or peripheral blood 
mononuclear cells from patient 
carrying mutations  specific for 
pre - leuk aemic, low risk MDS, high 
risk MDS, MDS/AML stages.   

¶ Generated a collection of patient -derived iPSCs recapitulating 
distinct stages of myeloid malignancy to layout a phenotypic 
roadmap of disease progression leading to leukaemia  

¶ Mode lled disease progression and reversion by using 
CRISPR/Cas9 -mediated gene mutation/ correction   

¶ Identified therapeutic effects of drugs in a stage -specific manner   

Kotini et al. (2017)  

In vivo reprogramming  

In vivo 
reprogramming  

¶ Primary human colon cancer cells 
engrafted in mice  

¶ Overexpression of OSKM in primary colon cancer cells, CC14 
engrafted in NUDE mice enhanced metastatic properties of 
cancer cells accompanied by NANOG  

¶ High GLI2/ low AXIN2 was identified as prognostic of poor 

disease outcome.  

Singovski et al. 
(2016)  
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1.3.3  Induced Pluripotent Stem Cell Technology  

Induced pluripotent stem cell (iPSC) was first reported by (Takahashi and 

Yamanaka, 2006 , Takahashi e t al., 2007 )  as embryonic stem cells (ESCs) -

like cells generated via  epigenetic reprogramming of differentiated cells 

through ectopic expression of four transcription factors ( OCT3/4, SOX2, C -

MYC and KLF4, or OSKM) . The first report successfully derived iPSCs from 

adult mouse tail - tip fibroblasts through retrovirus -mediate d transduction 

of OSKM (Takahashi and Yamanaka, 2006 ) . A year later, derivat ion of iPSC  

was reported from  human fibroblast using OSKM (Takahashi et al., 2007 )  

and OS + NANOG + LIN28 (Yu et al., 2 007b )  by two different groups . 

IPSCs exhibit  strong  similarities to ESCs in numerous aspects including 

morphology, proliferation, transcriptional  and  epigenetic profiles as well as  

differentiation potential (Takahashi et al., 2007 , Wernig et al., 2007 , 

Mikkelsen et al., 2008b ) . This Noble prize -winning breakthrough 

circumvents several limitations inherent to the other  reprogramming 

approaches  mentioned in Table 1.5, including the use of defined factors, 

ease of experimental procedure and free from ethical concern (Ma et al., 

2014 ) . Since its discovery, t he iPSC technology has been utilised in a  wide 

range of research areas, including embryonic development, cell 

differentiation, drug discovery and development, disease modelling , and 

othe r medical applications (such as  regenerative and  cell -based therapies) 

(Yamanaka, 2012a , Ma et al., 2014 ) .  
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1.3.3.1  Similarities between ESCs and iPSCs  

iPSC exhibit s high degree of similarity to ESCs and capable of passing all 

tests commonly used to characterise PSCs including pluripotency markers 

expression, in vitro  differentiation, teratoma formation (the most stringent 

test for pluripotency so far for human PSCs) and chimera formation ( gold 

standard for mouse PSCs) (Okita et al., 2007a , D'Antonio et al., 2017b ) . 

However,  several studies have identified a series of intrinsic and functional 

differences between ESCs and iPSCs. Chin et al. (2009)  suggested iPSCs 

as a unique subtype of pluripotent cells after comparing five  iPSC lines with 

three  human ESC lines using high - resolution array p rofiling and uncovered 

hundreds of differentially expressed genes  and miRNA  as compared to 

ESCs. Besides, residual donor cell gene expression was detected through 

global gene expression study  and iPSCs of different origins were shown to 

exhibit  varied ñclosenessò to ESCs (eg. fibroblast -derived iPSC s displayed 

highest similarity to ESC followed by adipose - , neonatal fibroblast -  and 

keratinocyte - iPSCs) (Ghosh et al., 2010 ) . With respect to epigenetics, DNA 

methylation differences between ESCs and iPSCs were reported by Deng 

et al. (2009)  (high er  global methylation was observed in iPSCs) and Doi et 

al. (2009)  (71 differentially methylated regions  were identified , including  

51 hypermethylation and 20 hypomethylation in iPSCs) . In addition, Kim 

et al. (2011)  and Ohi et al. (2011)  identified DNA methylation 

discrepancies and varying  differentiation potential among iPSC lines of 

diffe rent somatic origin s, partly due to somatic epigenetic memory 

retention, and thus distancing themselves from ESCs.  
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Despite the discrepancies , based on a reference map generated 

from DNA methylation and gene expression data, Bock et al. (2011)  

suggested ESC s and iPSCs sho uld not be considered as two entities but 

two partially overlapping point clouds in the cellular space , as  at least one 

iPSC line was found  ind istinguishable from ESC lines. I n addition, the 

presence of cell l ine specific signatures was detected among iPSCs as well 

as among ESC lines  (an observation also supported by (Osafune et al., 

2008 ) , although the former was more prevalent. Furthermore, the authors 

argued that similarity to ESCs do es not fully represents  the utility of iPSC 

lines , warranting a thorough chara cterisation and suggesting the 

importance to select the best cell line well - suited for  specific application.  

In agreement, Boulting et al. (2011)  demonstrated despite showing 

efficiency  discrepancies among iPSC lines, iPSCs exhibited average 

differentiation potential as good as ESCs. Lastly, s everal studies suggested  

the quality differences between  iPSC lines are not due to reprogramming 

process itself but various technical variabilities, including starting cell types, 

transcription factor combination s, gene delivery methods and culture 

conditions (Carey et al., 2011 ) .  

1.3.3.2  Different reprogramming approaches  

The original iPSC reprogramming approach rely on retrovirus -mediated 

transduction  of OSKM TFs into somatic cells (Takahashi and Yamanaka, 

2006 ) . Several caveats of this approach have  limited its wider use, which 

include low efficiency and kinetic, risk of insertional mutagenesi s and  

potential risk of tumorigenesis due to re -expression of TFs  (each of which 

has been individually implicated in different cancers ) (Bilousova and Roop, 
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2014 ) . To circumvent these limitations, a wide range of reprogramming 

methods have been established since the dis covery of iPSCs  (Gonzalez et 

al., 2011 ) . These methods can be broadly categorised into three groups,  

namely integrative (require the integration of transgene into host genome), 

non - integrative (require only transient expression of transgenes) and TF-

independent ( do not require the overexpression of OSKM TFs )  (Table 1. 6).  

 

Table 1 .6  Different methods used for iPSC generation. Table was 

created based on Bayart and Cohen -Haguenauer (2013) . 

Methods  Advantages  Disadvantages  Citations  

Integrative  

Retroviruses  ¶ Stable integration of 
transgene into host 
genome.  

¶ Transgenes delivered 
silenced via naturally 
occurring mechanism 
when pluripotency is 
achieved.  

¶ Gammaretroviral Mo -MLV 
(Moloney murine Leukemia 
Virus) -based vectors such 
as pMXs or pMSCV provide 
a signific antly high 
transgene delivery 
efficiency (up to 90% in 
actively dividing cells)  

¶ Lower efficiency in slowly - 
or non -dividing  cells such as 
neurons  

¶ Insertional mutagenesis 
causing genomic 
aberrations (aneuploidy, 
and trisomy 8) and 
epigenetic abnormalities  

(Takahashi 
and 
Yamanaka, 
2006 ) 

Lentivirus  ¶ Lower risk of insertional 
mutagenesis  

¶ Effective for both  dividing 
and non -dividing cells.  

¶ Broader cloning capacity 
and higher efficiency than 
retrovirus  

¶ Doxycycline inducible 
lentivectors could  prevent 
transgene ñleakageò after 
reprogramming  

¶ Repression o f vector occur 
to a lesser extent at the end 
of reprogramming resulted 
in unwanted expression of 
the TFs  

(Blelloch et 
al., 2007 , 
Maherali et 
al., 2007 , Yu 
et al., 
2007a )  

Polycistronic 
retro -
/lentivirus  

¶ Utilizing a combination of 
2A peptide and internal 
ribosome entry site (IRES) 
technology  

¶ Enhance chances of cells 
acquire all transgenes  

¶ Reduced vector copy 
number integration per cell 
expected to reduce r isk of 
insertional mutagenesis  

¶ To a lesser extent but same 
of described for retroviruses 
and lentiviruses  

(Carey et 
al., 2009 ) 

loxP -Cre 
recombinase   

¶ LoxP sites flanking 
integrated transgene 
cassette allow later 
excision by targeted and 
transient expression of Cre 
recombinase.  

¶ Possesses risk of non -
specific excision and can 
result in integration site 
sequence modifications 
after removal from the 

(Soldner et 
al., 2009 )   
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¶  genome (t ermed genomic 
scar)  

Piggyback 
transposon  

¶ High efficiency (up to 
2.5%)  

¶ Precise excision without 
genomic scars  

¶ Induces microdeletion of 
genomic DNA (Santostefano 
et al., 2014)  

(Kaji et al., 
2009 ) 
 

Non - integrative  

Adenovirus  ¶ Non - integrating 
adenoviruses transiently 
expressing OSKM  

¶ Provide high transgene 
expression for a limited 
amount of time;  

¶ Reduced with each cell 
division results in low 
efficiency rates  

¶ Not known to work on 
human cells (Bayart & 
Cohen -Haguenauer, 2013)  

¶ Formation of tetraploid cells 
reported  

(Stadtfeld et 
al., 2008b )  

F-deficient 
Sendai viral 
vector  

¶ A negative -sense, single 
stranded RNA virus that 
replicates in the cytoplasm 
without DNA intermediates 
or stable integration into 
genome  

¶ Easy removal of viruses 
after reprogramming  
either by expos ure to  high 
temperature , treatment 
with siRNA against L -gene 
of virus or by microRNA -
302L nat urally produced 
by pluripotent cells 
developed  

¶ Expensive and requires 
stringent biosafety 
containment measures.  

(Fusaki et 
al., 2009 )   

Episomal 
vector  

¶ oriP/Epstein -Barr nuclear 
antigen -1-based 
(oriP/EBNA1) episomal 
vector capable of 
extrachromosomal 
expression of transgene  

¶ Loss of episomes (~5% 

per cell cycle ) owing to 
defects in plasmid 
synthesis and partitioning  

¶ Single transfection of 
polycistronic e pisomal 
vector improves overall 
efficiency (Chou et al., 
2011)  

¶ Multiple transfections 
required to sustain 
reprogramming factors 
expression.  

(Yu et al., 
2009 , Okita 
et al., 2011 )   

Minicircles  ¶ Reduced size episomes 
devoid of bacteria 
backbone sequence  

¶ Longer factors expression 
by reducing potential 
silencing through 
methylation  

¶ Efficiency still low and the 
production and purification 
methodology is complex 
and time -consuming  

(Narsinh et 
al., 2011 ) 

Synthesized 
RNAs 

¶ Continuous, transient 
transfection of modified 
mRNAs, which translated 
by host machinery  

¶ Modified mRNA and the 
use of interferon inhibitor 

significantly reduce 
cytotoxicity  

¶ Easy manipulation of 
factors expression levels 
by altering mRNA dose.  

¶ Multiple transf ections 
required. But can be 
improved by using 
polycistronic  self - replicating 
Venezuelan equine 
encephalitis (VEE) virus 
RNA replicon.  

¶ Severe cytotoxicity 

reported but can be reduced  
by  modified mRNA and use 
of interferon inhibitor  

 

(Yoshioka et 
al., 2013 ) 

Proteins  ¶ Direct transduction of  
recombinant proteins or 
cell extracts containing 
proteins tagged with cell -
penetrant polyariginine 
sequence  

¶ Slow kinetic, inefficient, low 
reproducibility and high cost  

¶ Multiple tran sfections 

required  

(Kim et al., 
2009a ) 
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¶ Easy manipulation of 

factors expression levels 
by altering protein dose.  

TFs - independent  

Small 
molecules  

¶ Generation of mouse iPSCs 
with A combination of 
seven small molecules 
forskolin (FSK), valproic 
acid sodium salt (VPA), 
CHIR99021, 616452, 
Tranylcypromine (Tranyl), 
3-deazaneplanocin A 

(DZnep) and TTNPB  

¶ Highly controllable  

¶ Easy synthesis, 
preservation and 
standardization  

¶ Low efficiency  (improved by 
later study)  

¶ Mechanisms are largely 

unknown  

(Hou et a l., 
2013 ) 

MicroRNA 
(miRNA)  

¶ Direct transfection of 
mature  micr oRNA from 
mir -200c, mir -302s and 
mir369s family  

¶ Mechanisms are not well 
understood  

(Lin et al., 
2011 , 
Miyoshi et 
al., 2011 ) 

1.3.3.3  Mechanisms o f  iPSC reprogramming  ï as 

revealed by genetic studies  

Acquisition of a specific cell identity is an epigenetic process , whereby cells 

of different lineages obtain specific epigenetic configurations during 

embryonic development enabli ng cell - specific gene expression/ 

suppression  (Liang and Zhang, 2013a , Theunissen and Jaenisch, 2014a ) . 

The conversion of fibroblasts to myo blasts  through  MyoD  (a mammalian 

transcription factor) overexpression is one of the classical exa mples which  

demonstrate s cell fate is determined and can b e induced by  master 

regulator /s  (Davis et al., 1987). Likewise, i PSC generation is defined as an 

epigenetic  process involving  a series of epigenetic events, leading  to the 

abolishment of somatic epigenetic marks and formation of new epigenetic 

configuratio n and transcription profile characteristic of PSCs via ectopic 

expression of pluripotency factors  OSKM (Brambrink et al., 2008 , Stadtfeld 

et al., 2008a , Theunissen and Jaenisch, 2014b ) . In agreement, 

accumulating evidence indicates reprogramming efficiency is significantly 

affected by  various epigenetic modulators (Liang and Zhang, 2013a )  
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 Liang and Zhang (2013a)  describe d iPSC generation as two 

sequential events (mes enchymal -epithelial transition or MET  and 

activation of pluripotency circuitry) followed by a maturation/correction 

stage involving  progression of nascent to  bona fide  iPSCs. Each event 

involves a series of epigenetic barriers. Somatic cells procure epithelial 

properties through MET at the early  stage of reprogramming (Li et al., 

2010 ) . This proc ess involves upregulation and downregulation of epithelial 

genes (including Cdh1, Epcam ) and mesenchymal genes ( Snai1/2  and 

Zeb1/2 ) , respectively (Sridharan et al., 2009 , Sam avarchi -Tehrani et al., 

2010 )  Factors promoting MET (TGF -ȁ inhibitors , BMPs, m iR-200 and miR -

302/367 and Cdh1 ) have been shown to significantly enhance 

reprogramming efficiency. The acquisition of epithelial features has been 

widely used to predict the iPSC -destined cells (Smith et al., 2010 ) . 
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Figure 1 .8   The stages of iPSC generation process as 

proposed by Liang & Zhang (2013).  

(1) Early stage involves mesenchymal to epithelial transition (MET) . (2) 

Activation of pluripotency circuitry allow s reprogramm ed cell to express 

pluripotency  genes independent of exogenous factors. (3) Several barriers, 

including elimination of epigenetic memory of somatic origin, need to be 

overcome before generation of bon a fide  iPSCs. Figure derived from Liang 

and Zhang (2013a)  (licence number: 4292631332964 ).  

 

The  molecular mechanisms leading to  MET remain elusive. 

Samavarchi -Tehrani et al. (2010)  suggested  OSKM induces BMP signalling -

dependent induction of miR -205 and miR -200 family (key regulators of 

MET), which in turn stimulate MET  (Figure 1.9) . In support to this finding, 

Hu et al. (2014)  demonstrated Tet and TDG induce DNA demethylation 

and thus expression of the miR -200 clusters  during MET . On the other 

hand, actin cytoskeleton reorganization is prerequisite  for  MET and 

reprogramm ed cells which successfully complete MET have reduced cell 

size and tight cell - cell interaction (Smith et al., 2010 ) . By knock ing down 
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two kinases linked to integrin signalling  ( tesk1 and limk2 ), Sakurai et al. 

(2014)  reported  destabi lization of actin cytoskeleton (through decreased 

cofilin  phosphorylation), which potentially induce alteration of biophysica l 

environment and thus histone acetylation and methylation (Downing et al., 

2013 ) , eventually lead ing  to enhan ced reprogramming efficiency (Sakurai 

et al., 2014 ) . In the same study, ILK and TGF -ȁ pathway crosstalk was 

found responsible for cytoskeletal remodelling. In a thorough review on 

EMT, Lamouille et al. (2014)  acknowledged the co operative effective of 

multiple signalling pathways (regulated by diverse extracellular signals) 

and highlighted TGF -ȁ family proteins (such as SMADs) as major players 

in EMT regulation. In agreement, small -molecule inhibitor of TGF -ȁ 

signalling can replac e Sox2 in iPSC reprogramming ( Ichida et al., 2009 ) . 

 

 

Figure 1 .9   Cellular and molecular mechanisms underlying 

mesenchymal - to - epithelial Transition (MET) during early stage of 

reprogramming.  

Various regulators have been identified in different studies responsible for 

MET regulation. MET represents initial phase of reprogramming followed 

by iP SC maturation and stabilisation. Figure derived from David and Hirsch 

(2014)  (licence number: 4292631509455 )  
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Cascades of escape  from cell cycle arrest,  increased proliferation 

rate, resistance to apoptosis and senescence have been detected 

simultaneously with epithelial properties acquisition. Repression of 

pathways (p53 / p21  pathway ) and factors promoting cell proliferation  

( Ink4a /Arf locus)  has been shown  to promote iPSC generation (Hong et al., 

2009b , Li et al., 2009 ) . In addition, a ccelerated proliferation is also 

accompanied  by transition from oxidative phosphorylation to glycolysis -

dependent energy metabolism which is characteristic of pluripotent stem 

cells (Panopoulos et al., 2012a ) . 

 

Next, t he second event described by Liang and Zhang (2013a)  

involves  pluripotency circuitry  activation . Recent studies  demonstrated the 

up - regulation of va rious pluripotency genes  after epithelial gene activation, 

suggesting these genes may act as pioneer factors in initiating the 

pluripotency circuitry ( Ichida et al., 2009 , Onder et al., 2012 ) . Through 

single -cell study of 48 genes in approximately 7000 cells, Buganim et al. 

(2012)  reported a specific set of pluripotency genes including Esrrb, Utf1, 

Lin28  and Dppa2 were expressed prior to  pluripotency circuitry activation 

in iPSC -destined cells. Results  suggested  the presence of an activation 

hierarchy of  pluripotency factors . Based on this observation, Buganim et 

al. (2012)  proposed an activation hierarchy  of gene activation  comprises  

an early stochastic probabilistic phase and a late deterministic hierarchical 

phase  (Figure 1.10 ) .  
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Figure 1 .10   A model of pluripotency network activation.  

The activation process involves two stages, a stochastic (A & B) and deterministic phase  (C) . The former is subdivided into two 

paths, one  complete probabilistic (A) and  another  initial probabilistic late sequential  (B) . Both lead to the activation of Sox2 , 

whose expression marks the beginning of the latter.  Figure derived from Buganim et al. (20 12)  (Licence number: 

4292640171745 ).
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The early stochastic phase  can be explained by two sub -models, a 

complete probabilistic model or an initial probabilistic late sequential gene 

activation model, both lead to the activation of the Sox2 locus. During the 

stochastic phase, great gene expression variation between cells is observed.  

Esrrb, Utf1, Lin28  and Dppa2  are among the genes capable of  predict ing 

reprogramming success . Besides, the activation hierarchy also suggests 

generation of iPSC can be achieved through different combinations of 

reprogramming factors (such as a combination of Lin28, Sall4, Esrrb  and 

Dppa2 ), implicating  pluripotency circuitry can be turned on at multiple entry 

points (Buganim et al., 2012 ) . Indeed, various combinations of 

reprogramming factors have been proposed and demonstrated efficacy on 

driving iPSC generation (Yu et al., 2007b , Feng et al., 2009 , Heng et al., 

2010 , Ho et al., 2011 , Festuccia et al., 2012 ) . The p robabilistic phase is 

followed by a deterministic phase that  begins with the activation of 

endogenous Sox2 , which  subsequently induces ac tivation of downstream 

factors, including Sall4, Esrrb and Lin28 ,  and eventually the whole 

pluripotency circuitry. Results  suggested Sox2 is important to generate 

permissive chromatin state , which  in conjunction with exogenous factors, 

allows the activation of the pluripotency network. In agreement, the 

expression of Nanog  (an important marker for pluripotency) has been shown 

to occur after rad ical chromatin reorganization (Mattout et al., 2011 ) . 

However, the molecular determinants that drive the epigenetic changes 

during the two phases remain largely elusive . These epigenetic barriers 

might be the non -permissive gl obal and/or the inherent chromatin 

configuration at the pioneer pluripotency genes  (Buganim et al., 2012 ) . 

After MET and pluripotency circuitry activation, nascent iPSCs progress to 
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achie ve a bona fide  iPSC state. At this stage,  despite their capability for  

exogenous factor - independent self - renewal , the reprogrammed cells carry 

remnant of somatic memory in the form of  gene expression and/or 

epigenetic configuration (Polo et al., 2010 , Kim et al., 2011 ) . The removal 

of somatic memory is prerequisite to acquire ESCs- like pluripotency and it 

can be achieved /promoted  through cell passaging  and  chemical -mediated 

DNA methylation and histone deacetylation inhibitions (Kim et al., 2011 , 

Liang and Zhang, 2013b ) .  

 

In a comprehensive review o n reprogramming molecular mechanisms, 

different kinetic models have been proposed in addition to the activation 

hie rarchy (an early stochastic and late deterministic model)  described  by 

Buganim et al. (2012)  (Theunissen and Jaenisch, 2014a )  (Figure 1.11 ) . 

Hanna et al. (2009)  suggested reprogramming is a stochastic event 

whereby reprogramming cells overcome  one or more rate - limiting steps 

before acquiring pluripotency, contributing to the presence of different  

latencies. However, reprogramming can be accelerated by cell division rate -

dependent (such as inhibition of p53 -p21 pathway) or - independent 

modificat ions (overexpression of Nanog ). On the other hand, a deterministic 

model defines reprogramming as a process that involves a series of specific 

events and progress with fixed latency  (Di Stefano et al., 2014 , Guo et al., 

2014 , Rais et al., 2015 ) . Lastly , the biphasic model advocates 

reprogramming consists of two waves of gene activity sandwiching a 

predominantly stochastic phase (Polo et al., 2012b ) .   
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Figure 1 .11   Different kinetic models of iPSC generation.  

Kinetic models described by (a) Hanna et al. (2009) , (B)  Di Stefano et al. 

(2014) , (C)  Buganim et al. (2012) and (D) Polo et al. (2012). Figure derived 

from  Theunissen and Jaenisch (2014a)  (Licence number: 4292640348079 ).  

1.3.3.4  Mechanisms of  iPSC reprogramming ï as 

revealed by epigenetic studies  

While various genetic mechanisms have been elucidated, the  epigenetic 

mechanisms underlying iPSC generation remains largely elusive  (Polo et al., 

2012b , Theunissen and Jaenisch, 2014a ) . According to Polo et al. (2012b) , 

early stages of reprogramming are  associated with histone modification 

changes, while DNA methylation alterations occur at later stage of  

reprogramming indicated by up - regulation of DNA methylation and 

demethylation genes ( Dnmt3a  and Dnmt3L , Apobec and Tet1 ). In addition, 

global redistribut ion of H3K4me2, characteristic of eurochromatin, at 
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numerous gene loci is also observed at the early stage (Koche et al., 2011 ) . 

Repression of fibroblast genes is associated with the presence of H3K27me3 

(a silencing mark) marks. During reprogramming, l ocalized depletion of 

H3K27me3 has been reported at promoters that acquired pre -existing  

H3K4me3 (an activation marker). In addition, the loss of H3K27me3 and 

gain of H3K4me3 have also been associated with pluripotency genes 

activation  (Polo et al., 2012b ) .  

 

Recent efforts focusing on transcription factors (TFs) binding and 

chromatin remodelling  have provided important  insight s in to epigenetic  

events underlying  iPSC reprogramming (Soufi et al., 2015 , Chen et al., 2016 , 

Chronis et al., 2017 , Knaupp et al., 2017 , Li et al., 2017 ) . Soufi et al. (2012)  

reported OSK act as pioneer factors for c -Myc and bind to distal elements 

(e .g. enhancer) with closed chromatin features, independent of pre -existing 

histone modifications. Initial binding of OSK is facilitated, although not 

necessary, by c -Myc and allows c -Myc to gain access to its target sites 

subsequently. However, failure of initial OSKM binding to megabase -scale 

chromatin domains harbo uring H3K9me3 marks which encompass many 

pluripotency genes  was observed, warranting further study to investigate 

loss of  H3K9me3 marks during reprogramming. I n the same study, 

downr egulation of enzymes catalysing H3K9me3 deposition was shown to 

enhance  reprogramming efficiency.  A subsequent study by the same group 

suggested by using different classes of  DNA binding domains, Oct4  (POU 

domain) , Sox2  (HMG box)  and Klf4  (zinc finger)  recognize and bind partial 

motifs exposed on nucleosomes . This allows OSK to  gain access to their 

target si tes in closed/silent chromatin. Based on the above findings, both  
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studies proposed a  pioneer factor model stating OSK are the first /pioneer  

factors  to  initiate  cell - fate switch  from somatic to pluripotent stem cells  

(Soufi et al., 2012 , Soufi et al., 2015 ) . 

 

Knaupp et al. (2017)  described reprogramming as three phases , an 

ear ly global chromatin remodelling, a middle stage with  minimal 

remodelling activity and a second wave of chromatin reconfiguration prior 

to pluripotency acquisition. The early  stage involv es binding of Oct4/Sox2 

(acting as pioneer factors) predominantly to methylated /inaccessible  

regions. In addition, Oct4/So x2 is recruited by Klf4 to open and unmethylat e 

chromatin (~30% of sites bound by Oct4/Sox2) in MEFs. Failure to replace 

somatic TFs by Oct4/Sox2 in constitutively open chromatin result s in partial 

maintenance of MEF chromatin pattern as observed in refractory cells. The 

second widespread reconfiguration increases  enhancer chromatin 

accessibility induced by  OSK triggering the pluripotency program. In 

addition t o loss of MEF identity  (as indicated by early accessible chromatin 

regions in ME Fs which  become progressively inaccessible during 

reprogramming )  and gain of iPSC characteristics  (early inaccessible regions 

which acquire accessibility later), (Knaupp et al., 2017 )  described the 

importance of a group of  transiently accessible regions (TARs) which 

become accessible immediately after OSKM induction and revert back to 

somatic state (inaccessible) after iPSC state is retained . These TARs are 

opened by somatic TFs binding recruited by Oct4/Sox2, through a process 

called somatic TF redistribution (Knaupp et al., 2017 ) .  
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 On the other hand, using assay for transposase -accessible chromatin 

sequencing (ATAC-seq)  profiling, (Li et al., 2017 )  described two major 

events occur during iPSC reprogramming, namely dynamic chromatin state 

shifts  from open to closed (OC) and closed to open (CO) , occurring at early 

and later stage of reprogramming respectively. The former consists 

predominantly of genes associated with somatic state and the latter 

pluripotency. Enrichment of OSK motifs in CO loci and not OC was reported  

suggesting  chromatin closi ng occurs through alternative mechanisms  

instead of OSK binding . Indeed, Sap30 (a Sin3A corepressor complex 

component) was found responsible for downregulation of H3K27ac 

deposition at OC loci leading to OC shift (Li et al., 2017 ) . In addition, 

overexpression of factors governing somatic cell fate, including c - JUN, ETS, 

TEAD, RUNX  and MAD families , were found negatively associated with iPSC 

generation primari ly by affecting OC shift.  On the other hand, Chronis et al. 

(2017)  proposed that a t early stage of reprogramming, OSK bind primarily 

to open somatic enhancers  leading to immediate silencing via three different 

mechanisms, namely induction of somatic TFs redistribution (from somatic 

enhancers to other sites bound by OSK), recruitment of Hdac1 and 

repressing Fra1 (together with Jun protein make up the transcription factor 

AP-1 responsible for cell differentiation). Activation  of pluripotency 

enhancers begins early and culminate s at later stage mediated by OS K and 

other pluripotency TFs. Co llectively, interactions among OSK  and between  

stage -specific TFs facilitate  somatic enhancer inactiv ation and pluripotency 

enhancer activation  during reprogramming. Both of these studies 

highlighted the involvement of other factors during early stage of 

reprogramming, Sap30 (Li et al., 2017 )  and stage -specific TFs  (Chronis et 
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al., 2017 ) , thus rejecting the pioneer factor model proposed and supported 

by Soufi et al. (2015)  and Knaupp et al. (2017) , respectively.  
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1.4  IPSCS  AND CANCER  

As mentioned in Section 1.3.3.3  & 1.3.3.4 , epigenetic reprogramming 

results in the establishment of pluripotency via global epigene tic 

reconfiguration, an incidence also observed in cancer (Ramos -Mejia et al., 

2012 ) . Cancer cell reprogramming represents a valuable a pproach to 

investigate the impacts of epigenetic alterations on malignant 

transformation (Semi et al., 2013 ) . As illustrated in Table 1.5, generally, 

not all cancer cells are amendable to reprogramming as some are found 

refractory to the reprogramming process. Successful reprogramming  often 

result s in the restoration of ESC - like proliferation and differentiation 

potential (chimera and/or ter atoma formation) and most notably, reduced 

or complete loss of malignant properties (Dewi et al., 2012 , Kim and Zaret, 

2015 ) . 

 

Comparison s have  long been made and astounding similarities 

reported between the iPSC reprogramming and the process of malignant 

transformation. Among these similarities, the global reconfiguration of the 

epigenome (and thus transcriptional profile), acquisition of self - renewal and 

unlimited proliferation (Ben-Porath et al., 2008 , Ohnishi et al., 2014 )  and 

metabolic switch (Folmes et al., 2011 , Panopoulos et al., 2012b , Kida et al., 

2015 , Mathieu and Ruohola -Baker, 2017 , Nishimura et al., 2017 )  have been 

highlighted. Indeed, several studies have identified numerous common 

pathways in oncogenesis and somatic cell reprogramming, suggesting 

mechanisms involved in both processes might be overlapping (Ben -Porath 

et al., 2008 ) . In addition to the implications of OSKM factors in cancer 
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(discussed in detail in Section  7.3) , t he inhibition of tumour suppress or 

pathways, including p53, p16 INK4a -RB, p19 ARF or p21 CIP1  (Krizhanovsky and 

Lowe, 2009 , Banito and Gil, 2010 , Kareta et al., 2015 ) , a  phenomena widely 

observed in human cancer, has been  shown to significantly enhance 

reprogramming efficiency (Hong et al., 2009a , Kawamura et al., 2009 ) . On 

the other hand, the most stringent test to evaluate the quality of iPSC and 

ESCs rely on the ability of these cells to i nduce the formation of teratoma  

(a benign germ cell tumour ) in immunocompromised mice. According to the 

cancer stem cells hypothesis  (discussed in Section 1.2.1.3 ) , the formation 

and heterogeneity of tumours are resulted from a small population CSCs 

which harbour self - renewal potential and are multi potent (Reya et al., 2001 , 

Pardal et al., 2003 ) . Several s tudies  suggested the formation of CSCs is a 

result of alterations arising in terminally differentiated cells via 

dedifferentiation  mimicking the iPSC reprogramming (Reya et al., 2001 ) . In 

addition, the iPSC technology have been used to generate cancer and CSC 

models by immature termination of reprogramming factors (Ohnishi et al., 

2014 ) , co -culture of iPSC with tumour -derived extracellular vesicles 

secreted from Lewis lung carcinoma cells (Yan et al., 2014 )  or partially 

differentiation of iPSCs (Nishi et al., 2014b ) . 

1.4.1  Cancer Cell Reprogramming using iPSC 

technology  

Studied have reported the successful derivation of iPSCs from a wide range 

of cancers, including blood, gastrointestinal, lung, liver, breast and brain, 

Cancer iPSCs have allowed the investigation of  questi ons  pertaining cancer 

research, for example the cell -of -origin of cancer, mechanisms of cancer 

initiation and progression as well as the discovery and development of 
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effective anticancer therapies (Kim et al., 2013 , Zhang et al., 2013 , Iglesias 

et al., 2017 ) . These studies  have demonstrated the capa bility of  

reprogramming to restore  pluripotency and differentiation potential in 

cancer -derived iPSCs , and in most cases,  accompanied by the suppression 

or elimination of malignancies (Stricker and Pollard, 2014 ) . Zhang et al. 

(2013)  reported the successful derivation of iPSCs from sarcoma cell lines. 

Sarcoma -deri ved iPSCs restored differentiation potential and capable of 

giving rise to terminally differentiated cells such as connective tissues and 

red blood cells. Irreversible loss of uncontrolled proliferation and 

tumorigenicity through epigenetic reconfiguration  predominantly at 

oncogenes and tumour  suppressors were observed as revealed by global 

DNA promoter methylation and gene expression analyses (Kim et al., 2013 , 

Zhang et al., 2013 ) .  

 

 

Using the same approach, Kim et al. (2013)  successfully generated 

iPSCs from invasive pancreatic ductal adenoca rcinoma (PDAC). PDAC -

derived iPSCs exhibited skewed differentiation propensity toward 

endodermal lineage, giving rise to a large proportion of DBA lectin -positiv e 

ductal structures in teratoma , indicating somatic epigenetic memory 

retention  (Bar -Nur et al., 2011 ) . The teratoma -derived pancreatic ductal 

tissues recapitulated pancreatic intraepithelial neoplasia (PanIN ), a 

precursor state of PDAC. Through analysis of proteins secreted by PanIN -

like cells, the HNF4Ŭ network was found responsible for cancer progression 

and might serve as an important marker for early stages of the disease. In 

this regard, the iPSC technol ogy allow ed the generation of early stage 
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cancer model for the identification of biomarkers for early detection and 

investigation of pancreatic cancer progression (Bar -Nur et al., 2011 , Kim et 

al., 2013 ) .  

 

 

The concept of cell - type specific carcinogenesis proposes cancer -

related mutations initiate malignant transformation in a tissue -  or cell -  type 

specific manner. In other words, despite their presence in all cell type s, the 

effects of such mutations are significantly influenced  by cell - type specific 

contexts (such as dev elopmental or differentiation stages) and 

environments (such as the activity of cell - cell signalling) (Sieber et al., 

2005 ) . Reprogramming of cancer cells to iPSCs followed by subsequent 

differentiation into different cell types can  provide insight into the 

mechanisms and molecular basis governing cell - type specific car cinogenesis. 

By reprogramming glioblastoma (GBM) -derived neural stem (GNS) cells and 

subsequent re -differentiation into different cell lineages, Stricker et al. 

(2013)  reported a widespread cancer -specific DNA hypermethylation , most 

notably at the promoter regions of testis -derived transcript ( TES, a cell 

motility regulator), cyclin -dependent kinase inhibitor 1C ( CDKN1C , a tumour  

sup pressor) and numerous polycomb - repressive complex 2 (PRC2) target 

genes. Interestingly, widespread epigenetic changes led to the suppression  

of infiltrative behaviour  and elimination of malignant properties in all 

lineages  via reactivation of tumour suppre ssors , except for the neural 

lineage. Results indicated that in the context of GBM, the manifestation of 

malignant properties was lineage -dependent  and these properties can 
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potentially be suppressed by the epigenome of a different developmental 

lineage (Stricker et al., 2013 ) .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



79  
 

1.5  CRISPR - Cas9 gene editing  

The clustered, regularly interspaced, short palindromic repeat s (CRISPR) -

Cas9 technology is a useful gene editing tool of mammalian cells (Cong et 

al., 2013 ) . CRISPR  are adaptive immune systems used by many bacteria to 

provide resistance against the invasion o f foreign nucleic acids (Barrangou 

et al., 2007 ) . The CRISPR -Cas9 gene editing technology mimics the Type II 

CRISPR systems in bacteria, whereby foreign DNA sequences are 

incorporated betwe en CRISPR repeat sequences within the host genome. 

This CRISPR repeat arrays  are transcribed and processed into multiple 

CRISPR RNAs (crRNAs), containing short sequence of the foreign material 

(the protospacer sequence) and part of the CRISPR repeat. Each crRNA 

hybridizes with the transactivating CRISPR RNA (tracrRNA)  before forming 

complex with the Cas9 enzyme and leading to the recognition and cleavage 

of  foreign DNA  sequence  complementary to the protospacer sequence and 

located immediately upstream of a protospacer adjacent motif (PAM )  (5ô-

NGG for Streptococcus pyogenes  derived Cas9) . Notably, PAM sequence is 

absent in the  CRISPR locus in the host genome therefore self - targeting by 

crRNA-guided Cas9 is not possible (Sander and Joung, 2014 , Wang et al., 

2016 ) . This defence mechanism of bacteria was adapted to create a gene 

editing system by including two components, the Cas9 nuclease and a single 

guide RNA (sgRNA) containing the crRNA and tracrRNA  sequences. The first 

20 nucleotides of the crRNA serves as the protospacer sequences in bacteria 

system and manipulated to target different regions in the genome adjacent 

to  the PAM sites  (Wang et al., 2016 ) . PAM sequence recognition is bacteria -

dependent  and  different PAM sequences have been reported  such as  3' NGAN 

or NGNG in Staphylococcus aureus  (Kleinstiver et al., 2 015 ) .  
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To facilitate gene editing, the sgRNA -guided Cas9 nuclease creates 

double stranded breaks (DSBs) at specific genomic loc i triggering the 

activation of DNA repair pathways  nonhomologous end joining (NHEJ) or 

homology -directed repair (HDR) . The NHE J is efficient but error -prone while 

HDR has high fidelity but less efficient. DSBs repaired via NHEJ often results 

in random mutations (predominantly insertion and deletions, indels) leading 

to gene knockout. On the other hand, HDR is often utilised to in troduce 

targeted mutations or gene correction by providing a donor DNA template, 

containing the desired sequence changes, in addition to the Cas9 and sgRNA 

to the system (Wang et al., 2016 )  (Figure 1.12 ). In recent years, the 

application of CRISPR -Cas9 system has been expanded from gene knockout 

and targeted editing to gene repression and activation as well as 

chromosomal loci labelling (Sander and Joung, 2014 ) .  
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Figure 1 .12   The CRISPR -Cas9 gene editing.  

(top left) The system consists of Cas9 endonuclease and single guide RNA 

(sgRNA), which contains a 20 nucleotide (nt) sequence crucial for target site 

recognition. (top right) Target site should locate immediately 5ô upstream 

of a protospacer adjacent motif (PAM) sequence (NGG is the PAM site f or 

Streptococcus pyogenes  derived Cas9). (bottom) Cas9 cleavage creates 

double stranded break. DNA repair occurs through non -homologous end 

joining (NHEJ) or homology -directed repair (HDR). The former is error prone 

and results in random indels. The latter  is specific and donor DNA harbouring 

the desired mutation is required to induce HDR -mediated mutagenesis. N1 -

N20 = the 20 nt upstream of the PAM site in the genome. Figure adapted 

from Khatodia et al. (2016) . 

 

 

Homology-Directed Repair
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1.6  AIM AND OBJECTIVE S  

The aim of this project was to identify the contribution of genetic and 

epigenetic events to breast carcinogenesis and the potential effect of their 

epigenetic alteration reversal on suppression of malignancy using the iPSC 

technology. Therefore, the objectives of this study were:  

1.  To reset  epigenetic configuration of  breast cancer cells with iPSC 

technology and generate pluripotent breast cancer -derived iPSCs as 

cancer models to study the molecular e vents underlying breast 

carcinogenesis (Chapter 3, 4, 5).  

2.  To re -differentiate  breast cancer  iPSCs into cells of different lineages to 

study potential elimination of tumorigenicity in differentiated progenies 

(tumour reversion) (Chapter 6).  

3.  To evaluate out comes, identify limitations and discuss the potential 

significance and future directions  of the present study (Chapter 7).  
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2.  METHODOLOGY  

2.1  CELL CULTURE  

2.1.1  Culture of continuous cell lines  

Breast cancer cell lines MCF7 (ATCC, HTB -22), BT -549  (ATCC, HTB -122) 

and MDA-MB-231  (ATCC, HTB -26) were cultured  in Roswell Park Memorial 

Institute (RPMI)  medium 1640 (Invitrogen, 31870 -025) supplemented with 

10% foetal calf serum (FCS) (Sigma -Aldrich, F7524) , 1% 

penicillin /s treptomycin (pen/strep) (Invitrogen, 15070063 ), 1% L -

glutamine (Invitrogen, 21051040), 1% sodium pyruvate (Invitrogen, 

11360039)  and  1% non -essential amino acids (NEAA) (Invitrogen, 

11140035). The immortalised human mammary epithelial cell line MCF10A 

(ATCC, CRL -10317 ) was cultured  in either human ma mmary epithelial cell 

(HuMEC)  ready medium (Gibco, 12752 -010) (composed of HuMEC basal 

serum free medium, HuMEC supplement, bovine pituitary extract) 

supplemented with 1% pen/strep  and 100 ng/ml  cholera toxin  (Sigma -

Aldrich, C8052 ); or DMEM -F12 (Invitrogen , 11330 -032)  supplemented with 

5% horse serum ( Invitrogen  16050 -122) , 1% pen/strep , 20  ng/m L 

epidermal growth factor (EGF) (PeproTech,  AF-100 -15 ), 0.5 mg/m L 

hydrocortisone, 100 ng/m L cholera toxin and 10  ȉg/mL insulin. At 70 ï 80% 

confluence, cells were pa ssaged by first washing with sterile p hosphate -

buffered saline  (PBS) and treatment with the dissociating enzyme 

0.25%Trypsin -EDTA-phenol red  (Gibco , 25200072 ) for 5 -10 mins at 37 °C. 

Culture vessels were gently tapped to facilitate dissociation. The enzyme 

was deactivated by adding an equal volume of complete RPMI medium  or 

trypsin inhibitor (for MCF10A) (Sigma -Aldrich, 10109886001 ). Cells were 
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collected in a 15 mL Falcon tube and centrifuged at 400 xg for 4 min at 

room temperature. Lastly, cells were resusp ended in media and plated at 

an appropriate density. All cell lines were grown at 37°C and 5% CO 2.  

2.1.2  Cell Counting  

Cell counting was performed on haemocytometer . Upon dissociation with 

enzyme and enzyme neutralisation with medium/ enzyme inhibitor, 10  ȉL 

of cell suspension was loaded onto  haemocytometer. Cells located within 

the 4 sets of 16 corner  square were counted (cell count = x). To estimate 

the cell density,  cell count was divided by four (x ÷ 4 = y) and multiplied 

by 10 4. Cell density (y) was expresse d as number of cells per 1 mL of 

medium (y = number of cell/mL). Total number of cell w as determined by 

multiplying y with total volume of mixture where 10  ȉL of cell suspension 

was derived from. Desired seeding densities  for various experiments were 

achieved by adjusting the volume of cell suspension plated.  

2.1.3  Cryopreservation of Cells  

Cell were dissociated and spun as described above, cell pellet was 

resuspended with  1:1 ratio of respective media and 20% sterile dimethyl 

sulphoxide (DMSO) ( Sigma -Aldrich , D2650 ) in FCS and transferred into 

sterile cryovials . Cryovials were placed into Mr Frosty freezing container and 

kept at  -80°C overnight before long - term storage in liquid nitrogen ( -179°C).  

2.1.4  Thawing of Cells  

Frozen cells stored in cyrovials from liquid nitrogen were thawed at 37°C in 

a water bath  until a small bit of ice left in the vial . Pre-warm culture medium 

was added to cryovial dropwise to prevent osmotic shock . Mixture was spun 
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at 400 ×g for 4 min  and the cell pellet  was resuspended in culture medium 

and plated onto culture vessels.  

2.1.5  Stem cells culture  

All stem cells, including embryonic stem cells (ESCs) H9 (WiCell, WA09) and 

induced pluripotent stem cells (iPSCs) were cultured in Essential 8 (E8) 

medium (Gibco, A15 17001 ) on vitronectin (Gibco, A14700 ) -coated plate 

(Chen et al., 2011). Medium  was changed every day and cells were 

passaged at 80 ï 90% confluence. To passage, medium was removed, cells 

were washed with sterile PBS and treated with UltraPure 0.5 mM EDTA 

pH8.0 solution (Invitrogen, 15575020 ) for 5 min at 37 °C (Beers et al., 

2012). EDTA solution was aspirated, cells were dissociated by gently 

flushing culture vessel surface with E8 medium. Cells were collected in a 15 

mL Falcon tube and centrifuge at 400 xg for 4 min. The cell pellet was 

resuspended with E8 medium and plated at appropriate ratio on culture 

vessel coated with vitronectin. Rho-associated protein kinase  (ROCK) 

inhibitor  (ROCKi) Y -27632 (Selleckchem, S1049 ) was added to newly plated 

cells to redu ce cell death. The next day, medium was changed and ROCKi 

treatment stopped.  

 

Vitronectin coating was performed by diluting the vitronectin stock 

with PBS to 5 µg/ mL. An appropriate volume of the diluted vitronectin was 

distributed (eg. 1 mL for one well of 6 -well plate) onto culture vessel and 

incubate at room temperature for 1 hour (h). Coated plates can be stored 

at 4 °C for as long as two weeks by topping up with excess PBS to prevent 

drying. Coated plates stored at 4 °C were first incubated at 37 °C for 1 h 
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before use. The vitronectin solution was the discarded and fresh medium 

was added.  

2.2  IPSC REPROGRAMMING  

2.2.1  X- tremeGEN 9 DNA Transfection Reagent  

(XG9) (Roche, 06365779001 )  

Cells were plated 24 h before transfection and medium was changed an hour 

befo re transfection. XG9 reagent was left to equilibrate to room temperature 

for 15 min and briefly vortexed before use. For transfection experiment on 

one well of a 6 -well plate containing 2 mL medium, the reaction mix was 

prepared as below.  

Reaction mix c om ponents  Quantity  

XG9 reagent  3 µL  

Episomal vectors (made up of equal amount of each 

episomal plasmid)  

1 µg  

OptiMEM  reduced -serum medium (Gibco, 31985062)  100 µL  

 

The mixture was  incubated at room temperature for 15 min and then added 

int o medium in a dropwise manner. The plate was swirled and shake n to 

ensure even distribution.  

 

For iPSC generation, cells were transfected with four episomal vectors 

encoding OCT3/4  and shRNA against TP53  (Addgene #27077), SOX2/KLF4  

(Addgene #27078), L-MYC/LIN28  (Addgene #27080) and EBNA1  (Addgene 

#37624) (Okita et al., 2011) or five vectors with an additional vector 

encoding the microRNA -302/367 (miR -302/367) cluster (Addgene #31310)  

(Figure S2 -1 ï 5) . Cells were plated the day before transfection on a 6 -well 

plate pre -coated with vitronectin. On the day of the first transfection (Day 



87  
 

0), culture medium was changed to E8 medium (supplemented with 1 µM 

hydrocortisone) before switching to Essential 6 medium (Gibco, A1516401 )  

(supplemented with 100 ng/mL human basic fibroblast growth factor (bFGF) 

(PeproTech, 100 -18C) on  Day 7.   Four consecutive transfections (each time 

with all episomal vectors )  were performed every other day with the last 

ended on day 6. From Day 20 -30, potential iPSC colonies were manua lly 

passaged  and transferred into a new culture vessel with E8 medium 

supplemented with 10 µM RCOKi. ROCKi was removed the following day and 

medium was changed every day . Manual passaging was carried using stem 

cell cutting tool (H-190 -210 S,  Vitrolife AB ) . ESC- like colonies were first cut 

into smaller pieces before scraped off the culture vessel surface. Floating 

pieces of ESC - like colonies were then aspirated with the stem cell cutting 

tool  and transferred to a new culture vessel pre -coated with vitronect in.  

2.2.2  Amaxa® Cell line Nucleofector kits (Lonza) 

transfection  

Cells were trypsin ised and appropriate number of cells was pelleted. For 

each reaction, cells were resuspended in 100 µL nucleofector solution (made 

up of  82 ȉL of  nucleofector  solution plus 18 ȉL of supplement ). A total of 1 

µg of plasmid was added to the cell suspension. The mixture was transferred 

to cuvette and cuvette was closed with cap. Cells were transfected with the 

appropriate program in Nucleofector 2b device . A total of 500 µL medium 

was added to the cuvette and the mixture was transferred immediately into 

culture vessel.  
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2.2.3  Fate - reprogramming & fate - maintenance 

media (FRM & FMM)  

Medium composition was as described by  (Valamehr et al., 2014) and 

illustrated in Table 2.1. Traditional feeder -dependent medium composition 

was also listed for comparison.  

Table 2 .1  Composition of fate - reprogramming (FRM) and fate -

maintenance (FMM) media described by Valamehr et al. (20 14) as 

compared to traditional hESC medium.  

 
Feeder - layer  

Valamehr et al., 2014  

Feeder - free  

Conventional hESC 
medium  

Fate - reprogramming 
medium (FRM)  

Fate - maintenance 
medium (FMM)  

DMEM/F12  DMEM/F12  DMEM/F12  

20% KSR  20% KSR  20% KSR  

 1x N2   

 1x B27   

1x Glutamine  1x Glutamine  1x Glutamine  

1x Non -EAA 1x Non -EAA 1x Non -EAA 

100 ÕM ȁ-mercaptoethanol  100 ÕM ȁ-mercaptoethanol  100 ÕM ȁ-mercaptoethanol  

100 ng/mL bFGF  100 ng/mL bFGF  100 ng/mL bFGF  

 10 ng/mL LIF  10 ng/mL LIF  

 5.0 µM Thiazovivin  5.0 µM Thiazovivin  

 0.4 µM PD0325901  0.4 µM PD0325901  

 1.0 µM CHIR99021  1.0 µM CHIR99021  

 2.0 µM SB431542   
*Abbreviations: KSR = Knockout serum replacement, non -EAA = non -essential amino acids, bFGF = 

basic fibroblast growth factor, LIF = leukaemia inhibitory factor.  

** PD0325901 = non -ATP-competitive MEK inhibitor, CHIR99021  GSK3 inhibitor/WNT activator, 

SB43 1542 = Activin/BMP/TGF -ȁ pathway inhibitor.  

 

The protocol for iPSC reprogramming using FRM/FMM system was similar to 

what described in Section 2.1.1, whereby cells were cultured in FRM medium 

for the first seven days and transfected four consecutive times  every other 

day (last transfection was on day 6). On day 7, medium was switched to 

FMM and changed every other day until iPSC colonies emerged. Colonies 

were isolated and expanded on FMM medium. Cells were passaged using 

EDTA and ROCKi as described earlie r.  
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2.2.4  Small molecule treatment  

When indicated , 5-aza-2' -deoxycytidine ( decitabine )  and  sodium butyrate 

(NaB)  were used at 0.5 mM  and 0.5 mM , respectively.  

2.3  IN VITRO  DIFFERENTIATION   

2.3.1  Embryoid body (EB) formation  

Cells were grown to 60 ï 80% confluence befor e being  dissociated with 0.5 

mM EDTA solution. EDTA was neutralised by E8 medium and mixture was 

centrifuged to collect cell pellet s. Cell count was performed to enumerate 

cell density. Cells was resuspended in appropriate volume of E8 medium 

supplemented with 4 mg/ml poly(vinyl alcohol) (PVA) (Sigma -Aldrich, 

341584). A total of 5000 ï 8000 cells were plated onto each well of ultra -

low attachment 96 -well plates (Greiner Bio -One GmbH, 650970).  EBs were 

left to form for 2 days before being transferred to free - floating culture in 

poly(2 -hydroxyethyl methacrylate) (poly -HEMA)  (Sigma -Aldrich, P3183 ) -

coated T25 or T75 flask for 4 days. At this stage and onwards, EBs were 

culture in standard EB medium  containing: Dulbecco's Modified Eagle 

Medium (DMEM) (Gibco, 41965039 ), 20% FCS, 1% glutamine, 1% NEAA 

and 0.01 mM 2 -Mercaptoethanol  (Gibco, 31350 -010 ).  EBs were then 

cultured as free - floating culture or transferred onto gelatin -coated ( Sigma, 

G1890) 24 -well plate (one EB per well) for attachment and expansion as 

monolayer culture for 20 days.  

2.3.2  Mammary organoid formation  

The mammary differentiation protocol  was derived from Qu et al. (2017)  

with little modification. All media used are listed in Table 2.2.  
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Table 2 .2  Composition of media used for generation of mammary 

organoid  (Qu et al., 2017) . 

Media  Composition  

Mammosphere 
medium 
(mEB)  

DMEM/ F12 medium (Invitrogen, 11330 -032) supplemented with 20 
ng/mL epidermal growth factor (EGF, R&D Systems), 20 ng/mL basic 
fibroblast growth factor (bFGF) (R&D Systems), 5 ȉg/mL insulin, 1% 
pen/strep, B27, 4 ȉg/mL heparin, and 5 ȉg/mL hydrocortisone 
 

pTHrP  MCF10A medium described in Section 2.1.1  (DMEM/F12 -based)  plus 
100 ng/mL parathyroid hormone (pTHrP)  
 

B+A  MCF10A medium with 1 µg/mL hydrocortisone and 10 µg/mL insulin 
plus 50 ng/mL FGF10, and 50 ng/mL HGF  

 

Prolactin  MCF10A medium with 1 µg/mL hydrocortisone, and 10 µg/mL insulin 
plus 10 µg/mL prolactin and 10% FCS  
 

* Abbreviation: FGF10 = fibroblast growth factor 10, HGF = hepatocyte growth factor, FCS 

= foetal calf serum  
**pTHrP  (100 -09) , FGF10  (100 -26) , HGF  (100 -39H)  and proclactin  (100 -07)  were all 
purchased from PeproTech.  

 

Embryoid body of pluripotent stem cells (PSCs) were prepared as described 

earlier but w ith mEB plus PVA instead of E8 and PVA. EBs formed after two 

days were cultured in suspension with mEB (without PVA) for 10 days. EBs 

were embedded in mixed gel (containing 2.5  mg/mL Matrigel  (BD 

Biosciences, 354230 ) and 1 mg/mL Collagen I  (Invitrogen, A10 64401 )) 

prepared by mixing 3 portions of 10.1 mg/m L Matrigel with  1 portion of 4 

mg/m L Collagen I. Mixed gel containing EBs was cultured first  in p THrP 

medium for 5 days  (to induce mammary commitment), B+A medium for 20 

days (t o induce branch and alveolar differentiation) and  lastly prolactin  

medium for 5 days  (to  induce milk protein expression ).   

 

To harvest organoids for RNA extraction, the medium was removed 

and well was washed with PBS. Cells were treated with equal volume of 

Dispase (1 U/mL ) (StemCel l Technologies, 07923 ) and Collagenase IV (1 

mg/mL) (Gibco, 17104019 ) for about 1 h. When all gel dissolved, the 
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mixture was centrifuged for 4 min at 400 xg. The pellet was collected for 

RNA extraction.  

2.4  SOFT AGAR COLONY FORMATION ASSAY  

Cells were seeded in 1 m L of 0.5% noble agar in respective culture media 

overlaying 1 m L 1% agar in the same medium. After 2 weeks culture, cell 

colonies were stained with 0.0 05% crystal violet in 10% ethanol  (in PBS) 

for 1 hour and colonies Ó100 ȉm were counted under a ste reomicroscope. 

Results were presented as mean ± s tandard deviation , n = 3. A total of 

25000 cells (MCF10A, MCF7 and MCF10A_PIK3CA (+/ - )) or 5000 cells (BT -549) 

were seeded per well in 6 well  plate .  

2.5  CHEMOTHERAPY DRUG SENSITIVITY TEST  

Cells were seeded  at 6 0000 cells per well onto a 24 -well plate. A day after 

plating, cells were treated with p aclitaxel at concentrations ranging from 

0.001 to 10 nM for 24 hours. Cell viability was evaluated  by MTT  cell 

proliferation  assay.  MTT (0.5 mg/ml final concentration) was added to the 

cells and incubated for 3 hours in the incubator. The medium was then  

removed and the converted dye was dissolved by incubation with acidic 

isopropanol (isopropanol containing 0.04N HCl) for 20 minutes at room 

temperatu re. Absorbance was measured in a spectrophotometer (Varioskan) 

using  a wavelength of 570nm with background subtraction at 650nm .  IC 50 

was calculated by using  GraphPad Prism version 7.03 .  
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2.6  IMAGING  

Bright - field/phase contrast and some GFP images were taken by inverted 

microscope (Leica, DFC490) . I mmunofluorescence  and 

immunohistochemistry  staining images were taken by  upright microscope 

(Leica, DFC350).  

2.7  I MMUNO LOGICAL TECHNIQUES  

2.7.1  Fixation  

To prepare cell for immunofluorescence staining, cells were grown as 

monolayer on coverslips in 24 -well plate. At 80 ï 90% confluence, cells were 

washed with PBS and fixed with 4% paraformaldehyde (PFA) for 30 min. 

PFA was prepared by 4 g of PFA powder in 83 mL of sodium dihydrogen 

phosphate monohydrate (NaH2PO4.H2O) solution (2 g/100 mL in water) and 

17 mL of NaOH solution (2.5 g/ 100 mL in water). The mixture was heated 

at 60°C until dissolved. Wells were washed with PBS twice and stored at 

4°C in PBS unt il the immunostaining was performed.  

2.7.2  Immunofluorescence (IF) staining  

I mmunofluorescence  staining was performed on cells fixed on coverslips. 

Coverslips were washed with PBS and cells blocked by 3% bovine serum 

albumin (BSA) (Sigma -Aldrich, A9418) (plus 0.1 % Triton x100 (Sigma -

Aldrich, T8787) for nucleus - localised proteins) for 30 min at room 

temperature. BSA was removed and cells were incubated with primary 

antibodies diluted with 3% BSA solution (with or without Triton x100) for 1 

h. The primary antibo dy was then removed and coverslips washed with 0.1% 
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Tween 20 solution in PBS thrice and 10 min each time. Cells were incubated 

with the secondary antibody for 45 min at room temperature followed by 3 

washed with PBS -0.1% Tween 20 solution. Cells were stain ed with 4',6 -

Diamidino -2-Phenylindole, Dihydrochloride (DAPI) and mounted on 

microscopic slide and sides were sealed with nail varnish. Cells were 

visualised as described in Section 2.7.  All antibodies used are listed in Table 

S2-3.  

2.7.3  Fluorescence activate d cell sorting (FACS) 

analysis  

For green fluorescence protein (GFP) -expressing cells, a total of 1 x 10 5 cells 

was pelleted and resuspended in 250 µL fresh medium before subjected to 

FACS analysis. For pluripotency marker staining, a total of 1 x 10 5 cells  was 

pelleted in 1.5 mL tubes. Cells were resuspended with 50 µL primary 

antibody diluted with culture medium and incubated for 1 h at 4°C. A total 

of 500 µL medium was added and cells were centrifuged for 4 min at 400 

xg. Cell pellet was resuspended with 50 µL secondary antibody diluted with 

culture medium and incubated for 45 min at 4°C. A total of 500 µL medium 

was added and cells were centrifuged for 4 min at 400 xg. Cell pellets were 

resuspended in 250 µL medium and analysed by FACS machine (BD FACS 

Canto). All FACS data was analysed by Weasel version 3.4.2.  All antibodies 

used are shown in Table S2 -4.  
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2.8  MOLECULAR TECHNIQUE AND ANALYSIS  

2.8.1  DNA extraction  

Genomic DNA was extracted from frozen cell pellets  using the NucleoSpin® 

Tissue  kit (Macherey -Nagel, 74 0952 ) according to manufacturerôs 

instruction. First, cells were lysed with  proteinase K at 56 °C. DNA was bound  

to the  silica membrane in the NucleoSpin Tissue Columns . Subsequently, 

impurities  were  removed by washing with two different  buffers  and p ure 

genomic DNA was eluted with RNase/DNase - free water. Concentration and 

purity of the DNA samples was determined by using  NanoDrop  8000 

Spectrophotometer  (Thermo Scientific, ND-8000 -GL) . DNA with a 260/280 

ratio between 1.8 and 2.1 was deemed  to be of  good quality.  

2.8.2  RNA extraction  

RNA extraction was performed using NucleoSpin RNA kit (Macherey -Nagel, 

740955)  according to the manufacturerôs instruction . Cells were  lysed by  

lysis buffer  which immediately inactivate d RNases . Lysate viscosity was 

reduced and clear ed from unwanted components  by filtration through  

NucleoSpin Filter . RNA was then adsor bed  to the  silica membrane  in the 

NucleoSpin® RNA  Column and DNA was removed by rDNase treatment. Two 

different buffers were used to remove remaining salts, meta bolites and 

macromolecular cellular  components. Lastly, pure RNA was  eluted with 

RNase- free  water before storing at - 80 °C for long - term  storage. 

Concentration and purity of RNA was determined using NanoDrop  8000 

Spectrophotometer  as described above.  
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2.8.3  cDNA synthesis  

Rever se- transcription was performed using the Super Scrip IV First -Strand 

Synthesis System  kit (Invitrogen, 18091050) according to manufacturerôs 

instruction .  For  <5 µg of total RNA, 1  µL of 10  mM dNTP  mix  (Invitrogen, 

18427 -013) and 1  µL 50 µM random hexamers (Applied Biosystems, 

M12897) were added and made up to a volume of 13  µL with nuclease - free 

water. The mixture was heated to 65°C for 5 minutes incubated  on ice for 

at least 1 minute. Subsequently, 4 µL of 5x SSIV  buffer, 1µL of 0.1  M DTT, 

1 µL SuperScrip t IV  Reverse Transcriptase and 1µL of RNaseOU T (Invitrogen, 

10777 -019) were added to the mixture and incubated at 2 3°C for 10  m in, 

50 -55 °C for 10  min  and 80 °C for 10 min  in a thermocycler.  

2.8.4  RT- PCR 

Reverse transcription polymerase chain  reaction (RT -PCR) was used for 

gene expression detection and amplification  of gene of interest for 

downstream analyses such as sequencing . REDTaq ReadyMi x PCR reaction 

m ix (Sigma -Aldrich, R2523) was used. In a volume  of 20  ȉL reaction, 10 ȉL 

of REDTaq mix , 0.5ȉL of each 10 ȉM forward and reverse primers, 1 to 5ȉL 

of template DNA and ddH2O were mixed in sterile PCR tube s. The tube s 

were transferred into a thermocycler , PCR run with the following conditions  

and t he PCR products were separated on agarose gels  before visualised 

under UV light  with ImageQuant Capture 300 (GE Healthcare , 63 -0056 -52 ) . 

All primers used in this study are listed in Appendix Table S2 -1.  Amplicons 

generated were analysed by Sanger sequencing to confirm amplification of 

the right target genes (Appendix Figure S2 -8).  
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Steps  Temperature,  °C  Time  Cycles  

Initial denaturation  95  5 min  1 

Denaturation  95  30 s  35  

Annealing  45 ï 60  30 s  

Extension  72  30 s/kb  

Final extension  72  5 min  1 

Hold  4 Ð  

2.8.5  RT- qPCR  

Reverse transcription real - time polymerase chain reaction (RT -qPCR) was  

used to quantify gene expression. It was  performed using LuminoCt SYBR 

Green qPCR Ready Mix ( Singma -Aldrich, L6544). Each RT-qPCR reaction  

made up of 15 µ L mix: 7.5µ L SYBR green, 1 µ L Forward primer (5  µM), 1 µl 

Reverse primer (5  µM), 3.5 µ L ddH20 and 2 µl cDNA (0.5  ng/µ L). The RT -

qPCR running program was as follows; initial 95 °C for 5 min , 40 cycles of 

95 °C for 3 seconds (s), and 72°C ï 30 s (end cycle) followed by a melting 

curve.  To determine efficiency of each primer set, cDNA concentration of 

positive control ranging from 0.01 ng to 10 ng was  analysed. Standard curve 

(Ct against log(quantity of cDNA)) was cre ated on Microsoft Excel and 

primer efficiency was determined by using online qPCR efficiency calculator 

(provided by Thermo Fisher  Scientific , https://www.thermofisher.com/uk/en  

/home/brands/thermo -scientific/molecular -biology/molecular -biology -

learning -cen ter/molecular -biology - resource - library/thermo -scientific -web -

tools/tm -calculator.html ). Primers  with efficiency ranging from 90 ï 110% 

(or 1.8 ï 2.1) were considered acceptable. In addition, t he 2 -ææCt approach 

was used for normalising and calculating fold  change  (with primers 

demonstrating close efficiencies). All primers used in this study for RT -qPCR 

are shown in Appendix Table S2 -2. Primer meting curves and efficiency 

scatterplots are shown in Appendix Figure S2 -6 and S2 -7. Amplicons 
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generated were anal ysed by Sanger sequencing to confirm amplification of 

the right target genes (Appendix Figure S2 -8).  

2.8.6  Gel Electrophoresis  

Gel electrophoresis was performed to separate DNA products on agarose 

gel s. Varying concentrations of gel was used to separate  DNA prod ucts of 

different sizes (eg. 2% agarose gel was used  for 50 -150  bp DNA and 1% 

for DNA between 150 bp ï 2 kb ). Agarose gel  was prepared by dissolving 

agarose powder (Fisher, BPE1356) in  TAE buffer (0.04  M Tris -Acetate, 1  mM 

EDTA) in a conical flask and heated in a microwave until powder had 

completely dissolved. Mixture was cool ed down to ~50 °C before adding  

Nancy -520 (Sigma -Aldrich, 01494 ).  Mixture was poured into gel cassette 

with a comb and allowed to solidify . Solidifi ed gel  was transferred to gel 

tank  and submerged in  fresh TAE. A total of 1 -3 ȉL of DNA ladder  (1kB ( NEB, 

N3232S) , 100 bp (NEB, N3231S) or Low molecular weight DNA ladder ( NEB, 

N3233S) )  was used as size reference .  Gel tank was connected to PowerPa c 

basic power supply  (Bio -Rad, 1645050 )  and electrophoresis was performed 

at  100  ï 120  volts for 40 ï 70  min.  The gel was visualised using ImageQuant 

Capture 300 . PCR products appeared as bands, the sizes of which were 

determined by comparing with the DNA ladder.  

2.8.7  Growing & freezing bacteria  

To generate large amount of plasmids DNA for different experiments, 

bacterial cells containing desired plasmids were grown in Luria -Bertani (LB) 

nutrient agar  (OXOID, CM0003B) containing appropriate antibiotic (e.g. 50  

ȉg/mL ampicillin ) overnight . Individual colonies were picked and added to 

5 mL of LB nutrient broth  containing antibiotic  in a universal tube 
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(Barloworld Scientific LTD, 128A). The mixture was incubated at 37 °C and 

shaken at 150 -220 rpm overnight . Bacterial cell  pellets were collected by 

centrifugation for 5 min  at 6000 x g . Pellets were subjected to plasmid 

purification or stored at -20 °C. To keep  stock for plasmids, 800 ȉL of the 

bacteria cells was added to 200 ȉL glycerol and mixed. This mixture was 

kept  at -80°C for long - term storage . 

2.8.8  Plasmids purification  

The purification of plasmids from bacterial cultures was performed using a 

NucleoSpin Plasmid QuickPure ( Macherey -Nagel,  740615). Bacterial cell 

pellet  was re -suspended in 250  ȉL of Buffer A1. The mixture w as vortexed 

before adding 250 ȉL of Buffer A2 . Mixture was inverted 6 -8 times and  

incubated at room temperature for 5 min . A total of 300 ȉL of Buffer A3 was 

added and inverted 6 -8 times before  being centrifuged for 5 min at 11000 

xg . T he supernatant was l oaded on to a Nucleo Spin column and centrifuged 

for 1 min at 11,000 xg to bind the DNA to the column. The membrane was 

washed and dried before plasmid DNA was eluted with  50 ȉL ddH20 . 

Concentration and purity of plasmid was determined using  Nanodrop 

machin e described earlier. For larger scale plasmid purification, NucleoBond 

Xtra Midi  (Macherey -Nagel, 740410 ) was used.  

2.8.9  Restriction Enzyme Digest  

Restriction enzyme (RE) digest was performed in a 20  ȉL mix containing 

1ȉg of DNA, 2 ȉL of buffer , 1 ȉL (10 units )  of RE and ddH 2O. Mixture was 

incubated at 37 °C (varied depending on enzymes) for 1 h. Digested 

products were resolved  by gel electrophoresis on agarose gels .  
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2.8.10  Gel and PCR purification  

To purify PCR products from an agarose gel or directly from the PCR mix for 

downstream analyses or application, the NucleoSpin Gel and PCR clean -up 

kit (Macherey -Nagel, 740615) was used. For purification from agarose gel, 

PCR ban d containing the desired DNA was excised, mixed with buffer NTI 

(200  ȉL/100  mg) and incubated at 50 °C for 10 ï 20 min until the agarose  

had completely dissolved. For purification from PCR mix, two  volumes of 

buffer NTI was added to one  volume of PCR mix. The above mixtures were 

transf erred to a Nucleo Spin Gel and PCR clean -up column and spun at 11000 

xg for 30 s. The column was washed with  buffer NT3 and  dr ied  before DNA 

was eluted with 20  ȉL of ddH 20. Concentration and purity of plasmid was 

determined using  Nanodrop machine described earlier.  

2.9  CRISPR - CAS9 EXPERIMENTAL DESIGN  

2.9.1  SgRNA and ssODN design  

Short guide RNA (sgRNA) was designed by using the online CRISPR tool 

(http://crispr.mit.edu) . SgRNA (CAAATGAATGATGCA CATCA) with the 

highest quality score and lowest off - target sites was selected. A 141bp long 

single -stranded oligodeoxynucleotide (ssODN) template :  5ô-tgt  gtg  gaa  gat  

cca atc  cat  ttt  tgt  tgt  cca gcc acc atg  ATG tgc  atc  att  cat  ttg  ttt  cat  GAA ata  

ctc  caa agc  ctc  ttg  ctc  agt  ttt  atc  taa  ggc  tag  ggt  ctt  tcg  aat  gta  tgc  aat  gtc  

atc  aaa  aga -3ô, was designed based on PIK3CA  genomic DNA sequence 

(NG_012113.2 ) obtained from National Centre for Biotechnology 

Information (NCBI)  with SnapGene version 4.1 software.  
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2.9.2  Cloning  

2.9.2.1  Reannealing sgRNA & addition of 

5ôphosphate group 

Short  guide RNA (sgRNA) was inserted into a sgRNA expression vector 

(Addgene #41824) and transfected with Cas9 -GFP-containing plasmid 

(Addgene #44719) during CRISPR -Cas9 experiment. Sense and anti - sense 

strands of sgRNA containing overhang complementary to overhang cr eated 

by BsaI restriction digest in sgRNA expression vector were  purchased 

separately from Sigma -Aldrich:  

Sense  5ô accg CAAATGAATGATGCACATCA 3ô 

Antisense         3ô GTTTACTTACTACGTGTAGTcaaa  5ô 

* bold and small letter = overhang complementary to BsaI overhang in 41824 plasmid . 

 

Both strands were reannealed through reaction mix as follow :  

Components  Amount, µL  

sgRNA sense  (100 µM)  1 

sgRNA anti - sense  (100 µM)  1 

NEB buffer 2 (10x)  5 

ddH2O  43  

Total  50  

 

The mixture was i ncubate d for 4 min at 95°C, then 10 min at 70°C on heat 

block and cool ed down to room temperature for several hours. Before 

ligating sgRNA (the insert) to sgRNA expression plasmid, 5ôphosphate group 

was added. The following mixture was prepared:  

Components  Amount, µL  

Annealed sgRNA (from above)  1 

ATP (10Mm)  1 

TNK buffer (10x)  1 

T4 PNK  1 

ddH2O  6 

Total  10  
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The mixture was i ncubate d at 37°C for 30 min and then 65°C 20 min to 

inactivate enzyme.  

2.9.2.2  sgRNA expression  vector preparation  

The sgRNA expression plasmid vector (Addgene #41824) was treated with 

the RE BsaI. Excised plasmid was resolved with gel electrophoresis and 

purified as described earlier. Plasmid was dephosphoryla ted  using calf 

intestinal alkaline phosphatase  (CIP) :  

Compo nents  Amount, µL  

Digested plasmid  1.5 µg  

Cutsmart buffer  3 

CIP 0.75  

ddH2O  X 

Total  30  

 

The mixture was i ncubate d at 37°C for 1 h before purification using 

NucleoSpin Gel and PCR clean -up kit as described earlier.  

2.9.2.3  Ligation  

To ligate reannealed -sgRNA to excised plasmid, the following mixture was 

prepared:  

Components  Amount, µL  

CIP Plasmid  100 ng  

Oligo  10  

T4 ligase buffer  1.5  

T4 ligase  1 

ddH2O  X 

Total  15  

 

Mixture was i ncubate d at room temperature  for 20 min then at 17°C or 4°C 

overnight.  
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2.9.2.4  Bacterial transformation  

Competent E. Coli  cells  Stbl3  ( Invitrogen, C7373 -03) were thawed on ice. 

The ligation reaction was added to the bacteria and incubated on ice for 20 

min . The bacteria were then heat shoc ked at 42 °C for 45 seconds and then 

incubated on ice for 2 minutes.  A total of 200  ï 250 ȉL SOC outgrowth 

medium (Invitrogen, 15544 -034) was added to cells and the mixture was 

incubated at 37 °C and shaken at 150  rpm for 45 ï 60 min. This mixture 

was then spread onto LB agar plates containing 50ȉg/mL kanamycin 

(Sigma -Aldrich,  K1377 ) and incubated at 37 °C overnight. Kanamycin 

resistant colonies were formed on the plate as a result of successful 

transformation.  Single colonies were picke d and expanded in LB broth to 

generate sufficient plasmid DNA and bacterial stock as described earlier.  

2.9.3  SgRNA and Cas9 - GFP plasmids transfection  

A total of 5 x 10 4 MCF10A cells was pla ted onto one well of 24 -well plate 

one day before transfection. Used m edium was discarded and 400 µL fresh 

medium was added one hour before transfection. FuGENE 6 t ransfection 

reagent  (Roche, 11814443001 ) reaction mix was prepared as follow:  

Components  Volume, µL  

Cas9-GFP plasmid  0.275 µg  

SgRNA plasmid  0.275 µg  

FuGENE 6  1.95  

OptiMEM  25.5  

Total  30  

 

The mixture was incubated at room temperature for 15 min. The reaction 

mix was added to cells in a dropwise manner. After 24 h, transfection of 

ssODN was performed with Lipofectamine 3000 transfection r eagent  
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(Invitrogen, L3000001 ). The reaction mix was prepared by mixing solution 

A and B:  

Components  Volume, µL  

Solution A  

ssODN 1.0 µg  

P3000 Reagent  2.0  

OptiMEM  25  

Solution B  

Lipofectamine 3000  3.0  

OptiMEM  25  

 

The mixture was incubated for 15 min at room temperature  before added 

to cells. The next day, cells were trypsinised, trypsin was inactivated by 

equal volume of medium and centrifuged to collect cell pellet. The pellet was 

resuspended with medium to achieve 1 x 10 5 cells/ mL. GFP high  cells were 

sorted by Beckma n Coulter Astrios EQ  sorter (BD, B25982 ). Sorted cells 

were plated as single cells in 96 -well plate filled with fresh medium 

supplemented with ROCKi to improve cell viability. The next day, EGF was 

removed from MCF10A medium to facilitate selection for cel ls harbouring 

PIK3CA  mutation. At 70 ï 80% confluence, each clone passed into two 

different 96 well plates, one at 1:4 and the other 3:4. The latter was used 

for screening with BspH1 enzyme.   

2.9.4  DNA extraction  

DNA extraction was performed at 90% confluence a nd in 96 -well format 

with a custom -made  lysis  buffer :  

Component s Amount  

Tris pH 7.5 -8.0  10 mM  

EDTA 10 mM  

NaCl 10 mM  

Sarcosyl  0.5%  

Proteinase K (added fresh)  40 g/mL  
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Cells were washed twice with 150 µL PBS/ well. A total of  50 µL lysis buffer 

was added to each well . Plates were covered  with parafilm , lid  replaced and 

wrap ped  in parafilm . Plates were again  wrap ped  in a plastic bag  and 

incubated at 60°C overnight . DNA was precipitated by 100 µL /well  75 mM 

NaCl dissolved in cold 95% ethanol . Plate s were incubated at -80 °C for 2 h , 

spun for 5 min at 3000 rpm . Supernatant was decanted, wells were washed 

three times with 150 µL /well of  70% ethanol . Residual ethanol was 

evaporate d at room temperature  or 60°C . DNA was resuspended with 30 

µL/well ddH 2O overnight and store d at -20°C . 

2.9.5  Screening  

PCR reaction mix (20 µL) and PCR condition were described in Section 2.3.4. 

A total of  2.0 ï 3.0  µL DNA was used per reaction . 3 µL of the PCR reaction 

mix was digested with BspHI in a  20 µL reaction mix as described in Section 

2.3.9. Digested PCR products were resolved by gel electrophoresis.  

2.9.1  TP53  mutation transfection  

The Addgene plasmid 85559 carries  sgRNA sequence 

(GGGCAGCTACGGTTTCCGTC)  which targets exon 4 of TP53  and Cas9 

protein . A transfection was performed with FuGENE 6 transfection reagent 

as described earlier. TP53-null cells were selected by 10 µM Nutlin -3 (Sigma, 

N6287) treatment for two weeks before plated as single cells in 96 -well 

plate. To identify mutant clones, the ta rgeted region was amplified by PCR 

to generate a 418 bp product. The amplicons were subsequently denatured 

and re -annealed  with the following conditions:  
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Temperature, °C  Time  

95  5 min  

95 ï 85  Ramp rate: -2°C /s  

85 ï 25  Ramp rate: -0.1 °C/s  

10  Ð 

 

Mutants generate d a mixture of homoduplexes (from two complementary 

single stranded sequences, such as WT/WT or Mut/Mut) and heteroduplexes 

(products of two non -complementary single stranded sequences, such as 

WT/Mut)  as described in Figure 6.9 . These dupl exes were resolved by 15% 

polyacrylamide gel electrophoresis (PAGE)  prepared by mixing components 

as follow for 2 ï 3 h at 150 V .  

Components  Volume, mL  

30% acrylamide (w/v) (Sigma -Aldrich, A3699)  2.5  

5x TBE  1.0  

H2O 1.5  

10% APS (Sigma -Aldrich, A3678)  83.3 µL  

TEMED ( Fisher, CAS 110 -18 -9)  4.17 µL  

Total  ~5  
*APS = Ammonium Persulfate, TEMED = tetramethylethylenediamine, TBE = 
Tris/Borate/EDTA  

 

The gel was visualised by ImageQuant Capture 300 . Potential clones were 

subjected to Sanger sequencing (service provided by Source BioScience 

company) to identify mutations.  
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2.10  WE STERN BLOTTING  

2.10.1  Protein extraction  

Cells were trypsinised, pelleted in a 1.5 mL tube and dissolved in 150 µL of 

1 x RIPA buffer (20 mM Tris -HCl (pH 7.5), 150 mM NaCl, 1 mM Na 2EDTA, 1 

mM EGTA, 1% NP -40, 1% sodium deoxycholate, 2.5 mM sodium 

pyrophosphate, 1 mM ȁ-glycerophosphate, 1 mM Na 3VO4, 1 µg/ml leupeptin; 

New England Biolabs, 9806S) . Protease Inhibitor cocktail (Sigma -Aldrich, 

P8340) (1:200) was added to each sample for cell lysis . Tubes was vortexed 

and incubated on ice for 15  min. The solution was centrifuged and proteins 

were quantified with  the Qubit fluorometer  (Invitrogen, Q32866 ).  Protein 

solutions were stored at  -80°C for long - term use.  

2.10.2  Polyacrylamide Gel Electrophoresis of 

Protein Samples  

Polyacrylamide gel was made up of stacking gel (top) and resolving gel 

(bottom). Both gels were prepared as follow:  

Components  Stacking gel, mL  Resolving gel, mL  

H 2O 2.1  1.6  

30% acrylamide (w/v)  0.5  2.0  

SDS  0.03  0.05  

APS  0.03  0.1  

TEMED  0.003  0.002  

1.0 M Tris pH 6.8  0.38  -  

1.5 M Tris pH 8.8  -  1.3  

Total  ~3  ~5  

 

A total of 1-400µg of protein samples were mixed with 4x loading buffer (4x 

Laemmli Sample Buffer , 1610747 ) and 50µL/mL ȁ-mercaptoethanol . 

Samples were denatured at 100 ° C for 3 min and loaded onto polyacrylamide 
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gel  first resolved at  150  V for ~10 min and then at 180 V for 1 h . Broad 

Range  Protein Marker  (NEB, P7702 ) was used as a loading control.   

2.10.3  Western Blotting Transfer  

Proteins were transferred to p olyvinylidene difluoride (PVDF) membrane (GE 

Healthcare, 10600023 ) after being resolved in  poly acrylamide gel  using 

Fisherbrand Semi -Dry Blotters (Fisher, 12398556). The PVDF membrane 

was activated by wetting  it in 100% methanol  before incubating it in transfer 

buffer (39mM glycine, 48mM Tris -base, 0.037% SDS and 20% methanol) 

for 10 min.  The membrane was placed on the anode plate, with the gel on 

top of it. The membrane and gel were sandwiched between 3 Whatm an filter 

papers on each side pre -soaked in transfer buffer to allow the current to 

pass through. The layers were pressed down by rolling a 5mL pipette over 

to remove air bubbles. The transfer ran at 80  mA for 30  min.  

2.10.4  Membrane Blocking and Antibody 

Incubat ion  

PVDF membrane was blocked in 5% non - fat milk (Marvel) or 1% albumin 

from bovine serum (BSA; Sigma -Aldrich, A9418) in Tris -buffered saline  

(TBS) - tween  20 (TBST)  (TBS and 0.5% Tween 20)  for 1 hour at room 

temperature on a shaker . PVDF membrane was staine d with primary 

antibod y diluted in 5% milk overnight at 4°C on a roller. The membrane 

was then washed three  times (10 min  each)  with TBST. Horseradish 

peroxidase  (HRP)  secondary antibody diluted 5% milk was added to the 

membrane and incubated  for 1 hour at  room temperature on a shaker . The 

membrane was then washed three  times (10 min  each)  with TBST.  To 

perform chemiluminescence, the membrane was covered with  excess 
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mixture of  solution A and solution B at 1:1 ratio (Amersham GE Healthcare, 

ECL, RPN2235) and  incubated for  1 min at room temperature. The excess 

solutions were drained off on a paper towel and the membrane was wrapped 

in Saran Wrap film (Dow, SEL -360 -500Q). The membrane was visualised 

using the ChemiDocÊ MP Imaging System (Bio-Rad, 17001402) . All  

antibodies used are shown in Table S2 -5.  

2.11  STATISTICAL ANALYSIS  

All statistical analyses were performed on GraphPad Prism version 7.03. 

Unless otherwise stated, d ata were  expressed as mean ± standard deviation  

(SD) for biological replicates. For RT -qPCR an d soft agar colony forming 

assay,  data was analysed by one -way analysis of variance (ANOVA) test 

followed by Bonferroni correction. CD24 and CD44 marker expression was 

analysed by two -way ANOVA. Chemotherapy drug sensitivity test data was 

analysed by non - linear regression analysis.  
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3.  REPROGRAM MING OF CONTROL CELL LINE MCF -

10A  

3.1  INTRODUCTION  

The present study aimed to investigate the contribution of genetics and 

epigenetics to breast carcinogenesis. To achieve this goal, th is project aimed 

to reset the epigenome of breast cancer cell lines via reprogramming to 

iPSCs. The immortalised mammary epithelial cell line MCF10A was used as 

a non -malignant control to optimise the reprogramming conditions and 

subsequent iPSC characterisa tion protocols.  

 

The use of viruses (lentivirus and retrovirus) in iPSC reprogramming 

presents high risk of insertional mutagenesis and many other caveats, 

including incomplete silencing and reactivation of transcription factors thus 

prohibiting the trans lational applications of iPSCs (Yamanaka and Takahashi, 

2006 , Robinton and Daley, 2012 , Lu and Zhao, 2013 ) . Various non -

integrative and transgene - free metho ds have been developed to circumvent 

these drawbacks, striving for safer and more accessible reprogramming 

methods for iPSC generation (Theunissen and Jaenisch, 2014a )  (section 

1.3.3.2 ) . The introduction of reprogramming factors via transfection of  

oriP/EBNA1 -based episomal vectors is currently one of the most frequently 

used non - integrative reprogramming approach es (Yu et al., 2009 , Okita et 

al., 2010 ) . The first episomal -based  reprogramming report described the 

use of seven reprogramming factors ( OCT3/4, SOX2, KLF4, C -MYC, LIN28  

and NANOG, OSKMLN) in three different vector combinations (Yu et al., 

2009 ) . Subsequently, Okita et al. (2011)  proposed a modifie d version of the 
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reprogramming cocktail encompassing TP53  short -hairpin RNA (shRNA), 

four transcription factors (OSKL) and L-MYC instead of C-MYC in three 

separate episomal plasmids. Transient downregulation of TP53  has been 

linked to enhanced reprogrammin g efficiency by promoting cell proliferation 

and survival in previous studies (Zhao et al., 2008 , Hong et al., 2009a , 

Kawamura et al., 2009 , Marion et al., 2009 , Utikal et al., 2009b , Banito and 

Gil, 2010 ) . The replacement of C-MYC with less - transforming, more efficient 

and specific L-MYC has been shown to reduce the risk of tumorigenicity of 

iPSC reprogramming (Nakagawa et al., 2010 ) .  

 

The episomal vectors contain two components of the Epstein -Barr 

virus (EBV): a cis -acting oriP element and a trans -acting EBNA1  gene. The 

EBNA1 protein binds vector to the host genome via oriP, enabling 

extrachromosomal replication once per cell cycle by utilizing the host 

transcription machinery (Yates et al., 1984 , Yates et al., 1985 , Okita et al., 

2013 ) . The addition of an extra vector encoding the EBNA1 protein to the 

reprogramming cocktail has been shown to significantly improve 

reprogramm ing efficiency (Okita et al., 2013 ) . Upon transfection, episomal 

vectors reduce by approximately 5% per cell cycle owing to the plasmid 

synthesis defects and partitioning in the absence of drug selection, 

permitting the generation of transgene - free iPSC s (Nanbo et al., 2007 , 

Cheng et al., 2012 ) . Although rare incidences of genome integration have 

been reported, epis omal vector s remains one of the most widely used non -

integrative reprogramming methods (Schlaeger et al., 2015 ) .  
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In the present study, iPSC reprogramming was carried out wi th a 

combination of four episomal vectors encoding OCT3/4 ,  shRNA for TP53 , 

SOX2 , KLF4,  LIN28 , L-MYC and EBNA1  (Okita et al., 2011 , Okita et al., 

2013 ) . The first reprogramming experiment was performed with MCF10A 

cells. MCF -10A is a non - transformed, spontaneously - immortalised human 

mammary epithelial cell line that harbours a t( 3;9)(p14;p21) reciprocal 

translocation mutation. Fluorescence in situ  hybridisation (FISH) and 

comparative genomic hybridisation (CGH) studies revealed that the 

t(3;9)(p14;p21) mutation might play a role in the acquisition of the 

immortalised phenotype by disrupting the expression of the TAFA1 gene and 

causing homozygous loss of the p15/p16  genes (Cowell et al., 2005 ) . 

MCF10A has been widely used as an in vitro  model in mammary cell - related 

studies, most notably breast cancer research where it is used as a surrogate 

of ñnormalò non-tumorigenic mammary cell control (Cowell et al., 2005 , 

Konishi et al., 2007 , Marella et al., 2009 , Qu et al., 2015 ) .  

 

Di Nicolantonio et al. (2008)  reported the succ essful generation of 

knock - in MCF -10A lines harbouring single or multiple mutated oncogenes 

and tumour suppressor genes ( BRAF, EGFR, KRAS  and PIK3CA ). These cell 

lines serve as potential disease models to study cancer development and 

enable the discovery a nd development of anti - cancer therap ies (Di 

Nicolantonio et al., 2008 ) . In the present study, MCF -10A was used as non -

malignant control to be reprogrammed alongside its derived  isogenic lines , 

harbouring PIK3CA H1047R (+/ - ) alone or together with TP53 ( - / - )  mutation , and 

the breast cancer cell lines MCF7, BT-549 and  MDA-MB-231.  
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Therefore, the aim of this chapter was to optimise the conditions for 

episomal  vector  iPSC reprogramming by using the MCF10A cell line . The 

iPSC line  derived  was then used to optimi se different a ssays  to characterise 

PSCs, including RT -PCR, RT-qPCR and immunofluorescence staining for the 

expression of pluripotency markers  and serve d as the normal non -cancerous 

counterpart for comparative studies performed later in th is study . 
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3.2  RESULTS  

3.2.1  Optimisation of transfection conditions  

Zhao et al. (2015)  reported a highly optimised protocol to generate iPSCs 

from human lung adenocarcinoma (A549) and mouse melanoma (B16f10) 

cancer cell lines using episomal vectors and X - tremeGENE 9 D NA 

transfection reagent (XG9). The same study indicated initial seeding cell 

density as the most essential factor for successful cancer cell 

reprogramming (Zhao et al., 2015 ) . Therefore, the transfection efficiency of 

XG9  was first determined by transfecting MCF10A with the episomal v ector 

pCXLE-EGFP (expressing enhanced green fluorescence protein, EGFP; 

Addgene # 27082) followed by measurement of the GFP signal at different 

time points with fluorescence -activated cell sorting (FACS) analysis. Three 

cell densities (D1 = 1 x 10 5, D2 = 0. 5 x 10 5 and D3 = 0.25 x 10 5 cells per 

well of 6 -well plate) were used to determine the optimum cell density for 

iPSC generation.  

 

The highest GFP signal was recorded between 48 ï 72 h after 

transfection for three different densities and slowly decreased a t later time  

points . D1 resulted in confluent culture at 96 h and thus  was not selected , 

as high confluency could imped e the  emergence and expansion of iPSC 

colonies. Owing to their transient presence, episomal vectors are required 

to be transfected for four consecutive times every other day to maintain 

ectopic expression of transcription factors for successful iPSC generation.  

The transfection of MCF10A with XG9 resulted in pronounced cell death 

owing to the toxicity inherent to polymer reagents as previously reported 
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(Hunter, 2006 , Park et al., 2006 ) . Approximately 10 -15% of cells remained 

48 h after transfection for cells seeded at D3 (lowest cell density) ( Figure 

3.2). I t was deemed that D3  might be too low to provide a suitable number 

of cells for iPSC generation . Therefore , D2 was considered as the optimum 

density for MCF10A reprogramming.   
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Figure 3 .1   Optimization of MCF - 10A cell density with X -

tremeGENEÊ 9 DNA transfection reagent for reprogramming.  

Untransfected MCF10A was used as negative control.  Transfection 

efficiencies of three cell densities were assessed based on GFP signal. The 

highest GFP signal was detected in all three densit ies  at between 48 ï 72 h. 

Signal diminished overtime indicating loss of episomal vector. n = 1. SSC = 

side scatter.  
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Figure 3 .2   Representative images showing GFP +  cells at 

different time points after transfection under light (top) and 

fluorescence microscopes (bottom).  

Cell death was observed in all three densities. The effect was more 

pronounced in D3, as only approximately 10% confluence was observed at 

48 h aft er transfection. Cells seeded at D1 were close to 100% confluence 

at 96 h. D2 was therefore deemed the optimum starting cell density for 

MCF10A reprogramming. Scale bar = 200 µm.  
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3.2.2  Episomal vector - mediated reprogramming of 

MCF10A  

After optimising the seeding  density, iPSC reprogramming experiment was 

performed. MCF10A cells were transfected with four episomal vectors 

encoding OCT3/4  and shRNA against TP53  (Addgene #27077), SOX2/KLF4  

(Addgene #27078), L-MYC/LIN28  (Addgene #27080) and EBNA1  (Addgene 

#37624) (Okita et al., 2011 )  using the X -TremeGENEÊ 9 DNA (XG9) 

transfection reagent. Cells were plated the day before transfection on 100 

mm dishes pre -coated with vitronectin. On the day of the first transfection 

(Day 0), culture medium was changed to Essential 8 (E8) medium 

(supplemented with 1 µM hydrocor tisone) before switching to Essential 6 

medium (supplemented with 100 ng/mL human basic fibroblast growth 

factor, bFGF) on Day 7. Four consecutive transfections were performed 

every other day. From Day 20 -30, potential iPSC colonies were manually 

passaged  and transferred into a new culture vessel with E8 medium 

supplemented with 10 µM Y -27632 (Rho -associated protein kinase, ROCK 

inhibitor). The Y27632 was removed the following day and medium was 

changed every day ( Figure 3.3).  

 

A total of five sizable ESC - like colonies were successfully harvested  

from three 100 mm dishes seeded at 3.7 x 10 5 cells per dish (or equivalent 

to 0.6 x 10 5 cel ls per well of 6 -well plate), resulting in an efficiency of 

~0.0005% (without taking into consideration small and unhealthy colonies 

that could potentially give rise to iPSC lines). The five iPSC lines were similar 

to each other in term of growth rate and morphological characteristics, 

including a high nucleus - to -cytoplasm ratio and preferentially expanded as 
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compact colonies which exhibited well - defined edges, full - fuilling all 

morphological characteristics of  ESCs. Out of the five iPSC lines isolated, 

one was randomly selected for further characterisation. Early passages of 

the selected MCF10 -derived iPSC line (named 10AR) were heterogeneous, 

containing a mixture of reprogrammed (ESC - like) and non - reprogrammed 

or partially reprogrammed (MCF10A - like) cells. After about 4 -6 passages in 

E8 medium with EDTA -based passaging (which preferentially dissociate 

pluripotent stem cells while leaving more adherent differentiated cells 

behind) (Beers et al., 2012 ) , ESC- like cells became predominant in culture. 

Sizable colonies were again manually passaged  and eventually a 

homogenous culture of 10AR was obtained. A control was set up and 

cultured with the same E8/E6 media system without being transfected with 

episomal vectors. The control continued to expand after medium was 

switched to E8 at D0 of reprogramming and attained c onfluency without 

signs of growth attenuation. However, cell death was observed when cells 

were passaged, proliferation was halted and cells eventually perished, 

indicating E8 did not support or favour the growth of MCF10A.
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Figure 3 .3   Generation of iPSCs from MCF10A.  

(top) Reprogramming timeline of MCF10A. On the day of first transfection (Day 0), culture medium was changed to E8 medium 

(supplemented with 1 µM hydrocortisone) before switching to E6 medium (supplemented with 100 ng/mL bFGF) on  Day 7. On 

day 20  ï 30, potential iPSC colonies were manually passaged  and expanded in E8 medium. (bottom) Morphologies of MCF -10A 

at differe nt stages of reprogramming. Early passage iPSCs were heterogeneous, consisting of both non - reprogrammed and 

ESC- like (black arrows) cells. Through EDTA and manual passaging of  ESC- like colonies, pure 10AR cultures were established.   
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3.2.3  Characterization of t he reprogrammed MCF -

10A line (10AR)  

3.2.3.1  Expression of pluripotency markers  

RT-PCR analysis was carried out to detect if episomal traces remained in 

10AR using three PCR primers described by Okita et al. (2011) . These 

primers , specific for the plasmids 27077 (pCXLE -hOCT3/4 -shP53 -F), 27078 

(p CXLE-hSOX/KLF4) and 27080 (pCXLE -hLIN28A/L -MYC), spanned part of 

the respective genes they carry and the episomal vector sequences , thus 

capable of identifying possible episomal vector leftover in the cells or 

exogenous gene integration into the host genom e. Cells of three different 

passages (12, 18 and 21) were subjected to analysis. Result indicated loss 

of all episomal  plasmid s in 10AR at around passage 18 (Figure 3.4).  

 

Figure 3 .4   Episomal traces in reprogrammed MCF10A ( 10AR ) .   

RT-PCR indicated the absence of all  episomal plasmids at as early as 

passage 18 in 10AR . RNaseP was used as a copy number reference. PC = 

positive control.  
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Subsequently, RT -PCR was performed to determine the expression of 

endogenous pluripotency markers, including REX1, NANOG , OCT3/4 , DPPA4, 

and DNMT3B . Detection of NANOG  expression at either transcriptional or 

translational levels can be problematic owing to the presence of eleven 

pseudogenes, ten processed ( NANOG P2 ï 11 ) and one duplicated ( NANOG 

P1), in the human genome (Booth and Holland, 2004 ) . Out of the eleven 

pseudogenes, NANOG P8 , despite having an amino acid mismatch  (Figure 

S3-1) , encodes an active protein functionally similar to NANOG (Booth and 

Holland, 2004 , Fairbanks and Maughan, 2006 )  The expressio n of NANOG P8  

has been reported in many tumours such as breast (Ezeh et al., 2005 , 

Alldridge et al., 2008 ) , brain (Zbinden et al ., 2010 ) , kidney (Bussolati et al., 

2008 ) , ovary (Zhang et al., 2008b )  and cervix (Ye et al., 2008 ) . Despite the 

fact that few tumours such as glioma stem cells express both NANOG  and 

NANOG P8 , only NANOG  has been detected in hESCs, indicating NANOG  

but not NANOG P8  is an important marker for ESC - like pluripotency 

(Ambady et al., 2010 ) . In this study, t hree  primer sets capable of 

discriminating NANOG from NANOG P8  were used. These primers take 

advantage of the 5ôUTR (N444 primer) and 3ôUTR (NF2R2 and NF2R3 

primers) mismatches between NANOG and NANOG P8  respectively (Zhang 

et al., 2006 , Jeter et al., 2009 )  (Appendix Figure S3 -2). The  N444 and 

NF2R2 primers were specific for NANOG while NF2R3 gave rise to two PCR 

products of different sizes, indicating expression of NANOG (467 bp) or 

NANOG P8  (446 bp). Only NANOG expression, but not NANOG P8 , was 

detected  in 10AR and H9 in this study. In addition, two forward OCT3/4  

primer, namely the OCT3/ 4 F1 and OCT3/ 4  F2 that  share the same reverse 

primer was derived from Liedtke et al. (2007) to specifically target OCT3/4  
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responsible for  pluripotenc y by excluding all other pseudogenes and 

transcript variants.  

 

All endogenous pluripotency markers spanned two or more exons and 

thus were capable of discerning cDNA template from possible genomic DNA 

(gDNA) contamination. The embryonic stem cell line H9 was used as a 

positi ve control. Negative control (NC) consisted of complete PCR mix 

without cDNA template. The housekeeping gene, Ǧ-ACTIN  (ACTB) was also 

included as an endogenous control. Result indicated that H9 and 10AR, but 

not MCF10A, expressed all pluripotency markers t ested ( Figure 3.5) . 
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Figure 3 .5   Representative RT -PCR of pluripotency markers in 

10AR.  

10AR expre ssed all pluripotency markers tested. RT -PCR using NF2R2, N444 

and NF2R3 primer s indicated 10AR  expressed only  NANOG but not NANOG 

P8. ACTB and reverse transcriptase negative (RT - ) were included as controls. 

MCF10A = passage 110 ï 117, 10AR = passage 17 ï 33 , H9 = passage 24 

ï 30 . (n > 3).   
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Next, real - time PCR ( RT-qPCR) was performed to quantify the 

expression levels of REX1, NANOG, DPPA4 and DNMT3B  in 10AR compared 

to MCF10A and H9 cells. The expression of REX1 (p<0.0005) , NANOG (p 

<0.05) (using NF2R2 prim er) , DPPA4  (p <0.005) and DNMT3B  (p <0.005) 

was significantly higher in 10AR as compared to MCF10A. However , higher 

expression of REX1 (p<0.0001) and NANOG (p <0.05) was observed in H9 

cells as compared to 10AR, suggesting a potential discrepancy in term o f 

pluripotency between the two. Nevertheless, results indicated that the 

expression of pluripotency genes in 10AR was similar to ESCs and 

significantly different from its non - reprogrammed counterpart MCF10A.  
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Figure 3 .6   Quantification of pluripotency markers expression 

in 10AR by real - time - PCR (RT - qPCR).  

Result were normalized to ACTB. Data was analysed by one -way ANOVA 

followed by Bonferroni correction.   * = <0.05, ** = <0.005, *** = <0.0 005, 

**** = < 0.0001 . MCF10A = passage 110 ï 117, 10AR = passage 17 ï 33 , 

H9 = passage 24 ï 30 . MCF10A, n = 5; 10AR, n = 5; H9, n = 4.   
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Next, five pluripotency protein markers (TRA -1-81, TRA -1-60, SSEA4, 

NANOG and OCT3/4) commonly used for PSCs characterisation were also 

analysed by immunofluorescence staining (Andrews et al., 1984 , Marti et 

al., 2013 )  (Figure 3.7). Negative controls consisting of 10AR stained by 

secondary antibodies only were also set up in parallel (Appendix  Figure S3 -

3). In additio n,  FACS analysis for TRA-1-81, TRA -1-60 and SSEA4 was also 

performed ( Figure 3.8) . Results indicated that 10AR, but not MCF10A, was 

positively stained  for all  pluripotency markers. Interestingly, consistent 

results were obtained from i mmunofluorescence staining and  FACS analysis 

that indicated a  relatively lower percentage of TRA -1-81 +  cells in 10AR  as 

compared to other pluripotency surface markers, such as  TRA-1-60  and  

SSEA-4.  
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Figure 3 .7   Immunofluorescence staining of pluripotency 

markers in 10AR.  

10AR cells were positively stained for all pluripotency markers tested ( SSEA-

4, TRA -1-81, TRA -1-60, NANOG and OCT3/ 4).  Scale bar = 100 µm.  Cell 

analysed was passage 22. Secondary antibody -only negative control is 

shown in Figure S3 -3. n = 1.   
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Figure 3 .8   FACS analysis of pluripotency markers in 10AR.  

The 10AR cells were positively stained for TRA -1-60, TRA -1-81  and  SSEA-

4. A relatively lower percentage of cells were TRA -1-81 positive as compared 

to other markers.  n = 1. SSC = side scatter, FSC = forward scatter. Cell 

was  passage 25.  

3.3  DISCUSSION  

Results in this chapter demonstrated the successful derivation of iPSCs from 

a non -malignant immortalised mammary cell line MCF10A  through 

transfection of a combination of four episomal vectors encoding OCT3/4 , 

shRNA for TP53 , SOX2, KLF4, LIN28, L -MYC and EBNA1 by using the XG9 

transfection reagent. A seeding density optimisation protocol as well as a 

series of analyses for PSC characterisation, including RT -PCR, RT-qPCR and 

immunofluorescence staining for pluripotency markers expression had also 

been established by using the MCF10A-derived iPSC line (10AR ) . 10AR was 

shown to have acquired ESC - like characteristics morphologically  and  
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molecularly , suggesting mammary cells are amendable to episomal -

mediated iPSC reprogramming.   

 

The present study was not the first attempt to reprogram MCF10A 

cell line. Nishi et al. (2014b)  has succeeded in deriving iPSC lines from 

MCF10A using the classical retrovirus approach. A total of eleven AP +  

colonies (out of 6 x 10 5 cells per 100  mm dish) were harvested  

(reprogramming efficiency was ~0.002%) and eventually four clones were 

randomly selected for further analyses. Partial differentiation of MCF10A -

iPSC generated cancer stem cell (CSC) - like (iCSCL -10A) cells which 

exhibited malignant properties of tumour -derived CSCs . In addition, the 

iCSCL-10A cells acquired a CD44 + /CD24 low  CSC marker profile, expressed 

ALDH1A1  and SOX2  genes (previously reported in breast CSCs) (Ginestier 

et al., 2007 , Khoury et al., 2012 ) , became resistant to anticancer 

chemotherapeutic compounds (Taxol and Actinomycin D) and sensitive to 

CSC-specific drugs Salinomycin and Juglone (Nishi et al., 2014b ) .  

 

It was suggested that the transformation of MCF10A - iPSC to iCSCL -

10A facilitated by the pre -exiting loss of p16 INK4a  gene caused by the 

t(3;9)(p14;p21) reciprocal translocation, a mutation allegedly conferred 

MCF10A cell line its immortality. The p16 INK4a  is a major component of the 

tumour suppressor pathway p16 INK4a /Rb. Its downregulation has been 

shown to enhance  reprogramming efficiency (Li et al., 2009 ) . P16 INK4a  is also 

responsible for the stability of p53 , whose downre gulation is beneficial for 

iPSC reprogramming (see Section 3.3.3 for detail) . Nishi et al. (2014b)  

described iCSCL -10A as a precious model for CSC study and could facilitate 
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the developme nt of specific treatment targeting CSCs. Its amenability to 

reprogramming indicated MCF10A is the pertinent cell line to deploy to 

optimise the episomal vector reprogramming condition as well as an 

appropriate control for this study. However, the inclinati on of malignant 

transformation of MCF10A -derived iPSCs and its differentiated derivatives 

should be closely monitored .  

3.3.1  Optimum cell density for reprogramming  

The gradual loss of GFP +  in MCF10A cells overtime after initial transfection 

of the episomal vec tor pCXLE -EGFP indicated transient presence of episomal 

vector  (Yu et al., 2009 , Okita et  al., 2011 ) . Approximately 48 h (where GFP 

signal was the highest) was required for the episomal vector to generate 

GFP protein. The overall low transfection efficiency at D1 can be explained 

by the high confluence of cells wh ich formed compact colonies and 

potentially impeded the accessibility of the transfection reagent -plasmid 

complexes to cells located within the colonies. In addition, it is well - known 

that high cell density causes growth inhibition and slowly dividing cell s are 

shown to exhibit poor uptake of foreign materials during transfection 

(Kunath et al., 2003 , Dalby et al., 2004 ) . However, the pers istence of GFP  

signal  in cells at D1 at 120 h after transfection was likely due to slow cell 

division caused by highly confluent culture, which in turn resulted in a lower 

rate of episomal vector loss. In addition, seeding density D1 resulted in high 

cell confluency  (~ 90% at 96 h after transfection ), which could potentially 

restrict the emergence and expansion of iPSCs impeding the  isolation and 

clonal expansion of iPSCs (Zhao et al., 2015 ) .  
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Zhao et al. (2015)  suggested transfection can potentially attenuate 

cancer cells proliferation and expansion rates. Considering the lengthiness 

of cultur ing  time during iPSC reprogramming  (30 days generally), it is highly 

possible that a subset of non - transfected population  can dominate the 

culture over time, obstructing the emergence and expansion of iPSC 

colonies and potentially initiating cell layer lifting. The same study concluded 

that seeding cell density was the most crucial factor for successful iPSC 

derivation from cancer cells among other criteria, including time (number 

and t iming) of transfection and the transfection reagent concentration ratio. 

In addition, the authors also emphasised proliferation rate discrepancies, 

warranting the need for optimisation to identify the optimum seeding 

density for different cancer cell lines  (Zhao et al., 2015 ) .  

 

Cell death inflicted by toxicity of XG9 had dramatic effect on cells 

seeded at D3, leaving the culture with sparsely attached cells which could 

compromise the reprogramming process  as well as  viability and healthy 

growth of cells due to loss of cell - cell intera ction (Kunath et al., 2003 ) . As 

four  consecutive transfections and transfection of multiple plasmids are 

requi red for sustained ectopic expression of transcription factors (TFs), it 

was decided that D3 was unable to generate a suitable cell number for iPSC 

derivation. Therefore , D2 was eventually selected to proceed with the 

reprogramming of MCF10A. Overall, the s ignificance of this optimised 

experimental workflow  as well as selection criteria for the identification of 

optimum seeding density has been translated into successful iPSC derivation 

from MCF10A.  
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3.3.2  Loss of episomal vectors  

At present, the episomal vector r eprogramming method is the second (to 

Sendai virus) most widely used non - integrating reprogramming approach 

(De Sousa et al., 2017 ) . It has been wide ly demonstrated that random 

integration and subsequent ectopic expression of the reprogramming TFs 

can result in insertional mutagenesis and carcinogenesis (Okita et al., 2007b , 

Yu et al., 2007a ) . A mutation - teeming genome harbouring various genetic 

mutations ranging from chromosomal to single base aberrations is one 

characteristic of cancer (Stratton et al., 2009 , Vogelstein et al., 2013 , Sima 

and Gilbert, 2014 ) . Therefore , it is conceivable that, in the context of a 

cancer genome, the integration of TFs co uld induce further genome 

alternations and result in unpredictable genomic and phenotypic effects, 

complicating downstream analyses. Therefore, a non - integrating or possibly 

an excisable approach (Kotini et al., 2015 , Kotini et al., 2017 )  was the best 

option for cancer cell reprogramming (De Sousa et al., 2017 ) . 

 

In this study, the loss of episomal vectors with time was 

demonstrated by the gradual decrease of GFP signal as indicated by FACS 

analysis ( Figure 3.1). Besides, all episomal vectors were lost in 10AR as 

early as passage 18, consistent with Okita et al. (2011)  and Yu et al. (2009) , 

both reported the complete loss of episomal traces at passage ranging from 

8 ï 20 and 11 ï 26, respectively. However, it is worth mentioning that rare 

incidences of genome integration have been reported in many studies. 

Three of the pioneer reports have identified incidences of episomal 

integration: (1) Okita et al. (2010)  reported 1/3  of the ESC - like colonies 

with possible transgene integration; (2) Okita et al. (2011)  identified 1/7 
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iPSC clones having plasmid integration into the genome; (3) a nd Yu et al. 

(2009)  reported 2/3  of the subclones of one iPSC line with possible genome 

integration. In addition, Schlaeger et al. (2015)  also reported the 

persistence of episomal vectors at passag e 9  ï 11 in approximately 40% of 

iPSC lines. In the present study, only one out of five iPSC lines was subjected 

to characterization. Therefore, it was not possible to calculate the 

integration rate. Nevertheless,  it is advisable that in future experiment,  

more iPSC colonies should be analysed to increase the possibility of isolating 

transgene - free iPSC lines.   

3.3.3  Reprogramming efficiency  

Despite harbouring mutations (most notably in  tumour suppressor genes 

such as TP53) that have been proven beneficial for iPSC reprogramming and 

expressing pluripotency genes that might or might not be part of the 

reprogramming cocktail (thought to enhance reprogramming efficiency), 

cancer cells are found, in majority of  the studies , mor e refractory to iPSC 

reprogramming as compared to their normal counterparts (Stadtfeld and 

Hochedlinger, 2010 , Gonzalez et al., 2011 , Ramos -Mejia et al., 2012 ) .  

 

Low efficiency and slow emergence of iPSC colonies  are major 

drawbacks of the episomal vector reprogramming method  (Schlaeger et  al., 

2015 ) . Modifications have been made since its first use almost a decade ago 

to circumvent these limitations. Modifications include reducing the number 

of plasmids (to less than two ) carrying all essential TFs to increase the 

number of cells taking up and expressing all the transgenes, the addition of 

extra plasmids that encode extra factors known to enhance reprogramming 
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efficiency (such as EBNA1 , SV40TL  and shRNA for TP53) and the addition of 

epigenetic modifiers (such as sodium butyrate) or small molecules ( such as 

GSK-3 inhibitor  CHIR99021) at different t ime points of  reprogramming. For 

comparison, Table 3.1 summarises the efficiency in different studies that 

used eipsomal vector method  for iPSC reprogramming . However, i t is worth 

to bear in mind that all studies in Table 3.1 used different metho ds to 

calculate reprogramming efficienc y and at different  time points  during the 

process .  

 

Table 3 .1  The reprogramming efficiency of episomal vector 

approach.   

Factors  Efficiency  Cell type  Reference  

OSKML on three plasmids  0.013%  HDF- f fibroblasts, NuFF 
and BJ fibroblasts  

Schlaeger et al. 
(2015)  

OSKMLN and SV40LT on 

three plasmids  

0.0006%  Human new -born 

foreskin fibroblasts  
(CRL-2097)  

Yu et al. (2009)  

OSKM on one plasmid, BM 
stem cell co -culture 
system and 

supplementation of 

hematopoietic growth 
factors  

1.  13.0 ï 
20.4%  

2.  50%  

1.  Mature Lineage -
committed Myeloid 
Prog enitors 

(CD34+CD38+)  

2.  Episome -
transfected 
CD45+CD34 -  
lineage -committed 
CB cells  

Park et al. (2012)  

OSKMLN and SV40LT on 3 
plasmids  

0.035%  BM mononuclear cells 
(MNCs)  

Hu et al. (2011)  

OSKMLN and SV40LT  on 3 
plasmids  

0.4 ï 3.6%  CD34+ CB cells  Burridge et al. 
(2011)  

ON on two plasmids  0.1 ï 1%  Human fetal neural 
stem cells  

Marchetto et al. 
(2009)  

OSKML on one plasmid 
with NaB  

0.05%  Newborn CB MNCs  Chou et al. 
(2011)  

OSKML shRNA for TP53  

and EBNA1  

0.06%  CD34+ CB cells and 

from PB  

Okita et al. 

(2013)  

OSN- fused wit h VP16 
(synthetic factor) and K 

on one plasmid  

0.13%  Human fetal fibroblasts  Wang et al. 
(2011)  

OSKMLN and SV40LT with 
PD0325901, CHIR99021, 
A-83 -01, ROCK inhibitor  
HA-100 and human LIF  

0.1%  Human skin fibroblasts 
and post -expansion CB 
cells  

Yu et al. (2011b)  

OSNL SV40LT 
PD0325901, CHIR99021, 

0.12%  Human adult adipose 
tissue -derived cells  

Yu et a l. (2011b)  
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A-83 -01, ROCK inhibitor 

HA-100 and human LIF  

OSKMLN and SV40LT on 
three plasmids, mRNA for 
EBNA1 and NaB  

0.02%  Primary fibroblast cells  Chen et al. 
(2011a)  

OS. Improved 
oriP/EBNA1 -based 

episomal vectors using a 
SFFV LTR promoter  

1-2%  CB CD34+ cells  Meng et al. 
(2012)  

Improved oriP/EBNA1 -
based episomal vectors 
using a SFFV LTR 
promoter.  

1.  OS + BCL -XL (in 
lentiviral vector)  

2.  OSKM + BCL -XL  
3.  OSKM + BCL -XL  
4.  OSKM + BCL -XL. 

Cultured for 4 ï6 days 

under conditions that 
favour n on- lymphoid 
cell expansion  

1.  3-6%  
2.  10 

colonies in 
1 mL PB  

3.  10 -20 
colonies in 
1 mL PB  

4.  18 -35 
colonies in 

1 mL PB  

1.  CB CD34+ cells  
2.  PB MNCs 
3.  T/B -depleted cells 

PBMNCs 

(CD3ī/19ī cells) 
4.  T/B cell depleted 

PBMNCs 

Su et al. (2013)  

OSKMLN on 3 plasm ids  1.  0.04 ï 
0.1%  

2.  0.0017%  

1.  BM MNCs  
2.  CB MNCs 

Hu et al. (2011)  

1.  OSKMLN and SV40LT 
on three plasmids  

2.  OS SV40LT  or OSN 
SV40LT  

1.  1.8 ï 
41.2%  

2.  0.5% -  
4.0%  

1.  Fibroblast cells  
2.  Fibroblast cells  

Valamehr et al. 
(2014)  

* Abbreviations: O = OCT3/4 , S = SOX2 , K = KLF4, M = C-MYC, L = LIN28 , N = NANOG, 
BM = bone marrow, MNCs = mononuclear cells, CB = cord bloo d, NaB = sodium butyrate, 
PB = peripheral blood, LIF = leukaemia inhibitory factor, SFFV = strong spleen focus forming 
virus, LTR = long terminal repeat.  

 

The inhibition of tumour suppressor s such as p53, p16 INK4a /Rb, p19 ARF 

or p21 CIP1  (phenomena widely observed in various human cancers) has been 

shown to significantly enhance reprogramming efficiency (Hong et al., 

2009a , Kawamura et al., 2009 , Krizhanovsky and Lowe, 2009 , Banito and 

Gil, 2010 , Kareta et al., 2015 ) . TP53  is a tumour suppressor gene 

responsible for the maintenance of tissue homeostasis (Fridman and Lowe, 

2003 ) . In normal circumstances, p53 protein  is activated via post -

translational modifications (Kruse and Gu, 2008 , Krizhanovsky and Lowe, 

2009 )  by intrinsic and extrinsic stress signals that could potentially disrupt 

genome stability/integrity, cell division and DNA repl ication.  The activation 

of p53 protein and its network of genes initiate various positive -  and 
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negative -autoregulatory feedback loops in concert with other signal 

transduction pathways eventually leading to cell cycle arrest, cellular 

senescence or apopto sis (Krizhanovsky and Lowe, 2009 ) .  

 

In cancer, the inactivation of p53 by mutation compromises this 

regulatory mechanism and prevents the elimination of cells that sustain DNA 

damage and cellular stresses , eventually leading to uncontrolled gro wth and 

carcinogenesis (Brooks and Gu, 2010 ) . Studies indicated that the p53 

pathway is activated during reprogramming  potentially by DNA damage 

signal induced by the OSKM transgenes  and this represents  a barrier by 

restricting cell proliferation (via the indu ction of p21 ) and promoting 

apoptosis (Kawamura e t al., 2009 ) . The downregulation of TP53 , its target 

gene p21  and genes responsible for its stability ( p19 Arf  and p16 Ink4a ) as well 

as the prevention of th e degradation of its negative regulators, Mdm2 and 

Mdmx (Wade et al., 2013 )  enhance reprogramming efficiency. Furthermore , 

Kawamura et al. (2009)  demonstrated that p53 knockdown can replace 

KLF4 and C-MYC in the OSKM cocktail to generate germline -competent 

iPSCs. 

 

Different approa ches have been used to determine the iPSC 

reprogramming efficiency. For example, efficiency was identified as the 

percentage of SSEA -4, TRA -1-81 and CD30 triple positive cells ( analysed by 

FACS) during reprogramming (from day 16 ï 22) by Valamehr et al. (2014) . 

On the other hand, Schlae ger et al. (2015)  determined reprogramming 

efficien cy through immunological staining with an anti -TRA-1-60 kit of cells 

at approximately day 16. In addition, Okita et al. (2007b)  calculated the 
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efficiency by dividing the number of GFP +  colonies (b y Nanog  reporter) by 

the cells initially seeded. None of the above techniques were used in this 

study. Instead, the efficiency of MCF10A reprogramming (~0.0005%) were 

expressed as the number of iPSC lines isolated and expanded divided by the 

number of star ting cells. Therefore , this figure had definitely 

underestimated the real efficiency as numerous small and unhealthy iPSC-

like colonies that could potentially give rise to iPSC lines were observed but 

not expanded  during reprogramming. Nevertheless, the re programming 

efficiency of MCF10A was similar to figure reported by Yu et al. (2009)  but 

was ~ 4 times and ~ 120 times less than that of Nishi et al. (2014b)  ( the 

MCF10A reprogramming study) and (Okita et al., 2011 )  (the study where 

the reprogramming cocktail used in this study was derived) respectively.  

3.3.3.1  The E8 and E6 media system  

A xeno - free and chemically -defined medium system (Essential 8 and 

Essential 6 media)  was used in this study for iPSC reprogramming and the 

propagation of stem cells (Chen et al., 2011a ) . Culture medium plays a vital 

role in mimicking the in vivo  growth conditions to maintain the identity and 

support the growth of specific cell types (Kim and Hayward, 2012 , Kim et 

al., 2014 ) . However, owing to the complexity of in vivo biochemical (such 

as endocrine and paracrine signalling) and biophysical conditions (cell - cell 

interaction, spatial  organization and cell morphology), the development of 

suitable culture media can be extremely challenging (Kim and Hayward, 

2012 , Kim et al., 2014 ) .  
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Despite being  derived from the inner cell mass (ICM) of 

preimplantation embryos, the human embryonic stem cells (hESCs), when 

cultured in the traditional hESCs medium, exhibit a primed  PSC state instead 

of a naïve state  that resembles the ICM . The primed state hESCs shows 

limited pluripotency in vivo  and fail  to give rise to germline chimeras (Huang 

et al., 2012 ) . It has been suggested that the hESCs continue to differentiate 

after being deriv ed from the ICM and acquire stability at the primed  state 

due to the dissimilarity of the in vitro  to in vivo  environment (O'Leary et al., 

2012 , Wu and Izpisua Belmonte, 2015 ) . Recent efforts have contributed to 

the development of vari ous culture conditions that promote and maintain 

the naïve pluripotency in hESCs, which include the introduction of various 

inhibitors and growth factors (Huang et al., 2014 , Theunissen et al., 2014 ) .  

 

The traditional hESC medium  requires the use of  feeder  layer  and 

knockout serum replacement (KOSR). The KOSR is a chemically -defined 

substitute for serum developed by Price et al., (1998) , however,  the exact 

formulation has not been disclosed. I t has been demonstrated that KOSR 

exhibit significant lot - to - lot variability (Chaudhry et al., 2008 , Tamm et al., 

2013 )  and more differentiated cells has been  observed around hESC 

colonies cultured with KOSR, indicating its limitation in maintaining 

consistency and pluripotency (Li et al., 2005 ) . Feeder - layer  is a monolayer 

of growth -arrested but viable cells (Xu et al., 2001b , Llames et al., 2015 )  

used to provide substratum for the attachment of hESCs in culture and 

generate a variety of growth factors essential for the maintenance of 

pluripotency and stem cell survival. However, like KOSR, feeder cells exhibit 

remarkable batch variability (Tamm et al., 2013 ) . Moreover, the presence 
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of feeder cells, generally a xenograft (derived from other animals) or 

allograft (from the same organism) in culture might compromise the 

experimental outcomes due to the production of undefined biological 

products (Lu et al., 2006 ) . In addition, it also limits the clinical applications 

of hESCs, such as transplantation, by potentially eliciting immunological 

response or contaminating hESCs with pathogens carried by the feeder cells 

(Xu et al., 2001a , Lu et al., 2006 , Chin et al., 2010 , Zou et al., 2016 ) .  

 

Chan et al. (2009)  suggested the use of a feeder - free and chemically -

defined medium syste m favoured the generation of bon a fide  iPSCs, an 

observation also supported by subsequent studies (Chen et al., 2011a , 

Beers et al., 2012 ) . In addition, it has also been widely proven that E8 

medium specifically improves the efficiency of episomal  vector  

reprogramming (Chen et al., 2010a , Chen et al., 2014 ) . Therefore, E6/E8  

system used in this study provides various benefits f or reprogramming and 

stem cell propagation as well as circumvent caveats inherent to the 

traditional feeder  layer -  and KOSR -dependent culture system (Badenes et 

al., 2016 ) .  

3.3.4  Pluripotency of 10AR  

3.3.4.1  The expression of pluripotency markers  

Human pluripotent stem cells (hPSCs) are characterized by indefinite 

proliferation, self - renewal and pluripotency  and differentiation potential 

(Thomson et al., 1998 , Yu and Thomson, 2008 , De Los Angeles et al., 2016 ) . 

Like  all different cell types in the human body, hPSCs have a distinct 

transcriptional profile that maintains its identity (Au and Sebastiano, 2014 ) . 
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Molecularly, numerous pluripotency markers exclusively expressed in PSCs 

have been reported and widely used to isolate, characterize and distinguish 

hPSCs from differentiated cells. (Kim et al., 2008a , Orkin et al., 2008 , 

Theunissen et al., 2011 ) . The REX1 gene, also known as zinc finger protein -

42 ( ZFP42 ) was first found in mouse F9 teratocarcinoma cells and 

subsequently in other mouse and human pluripotent and multipotent stem 

cells (Hosler et al., 19 89 , Rogers et al., 1991 , Ramalho -Santos et al., 2002 , 

Brivanlou et al., 2003 , Abeyta et al., 2004 , Baal et al., 2004 ) . Recent studies 

demonstrated that REX1 marks a specific subpopulation of the most 

pluripotent hESCs a nd can be used as a marker to distinguish fully 

reprogrammed from partially reprogrammed iPSCs (Chan et al., 2009 ) .  

 

The human NANOG gene encodes a DNA binding ANTP class 

homeobox trans cription factor (Booth and Holland, 2004 ) . NANOG plays a 

centre role in self - renewal and pluripotency maintenance of hESCs. However, 

the regulation of NANOG expression is not fully understood. OCT4 and SOX2  

promote NANOG expression through binding to NANOG promoter (Rodda et 

al., 2005 , Pan and Thomson, 2007 ) . In addition, other transcription factors 

such as FoxD3 and p53 and signalling pathways ( such as BMP and Wnt) also 

contribute to the maintenance of pluripotency and self - renewal through 

regulation of pluripotency genes including NANOG (Pan and Thomson, 2007 ) . 

Studies have been focusing on the cooperation of OCT4, SOX2  and NANOG, 

which activates a core transcriptional regulato ry circuitry made up of 

autoregulatory and feedforward loops to regulate pluripotency, self - renewal 

and inhibition of cellular differentiation (Boyer et al., 2005 ) . It has been 

shown that  OCT3/ 4, SOX2  and NANOG share a significant number of target 
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genes. For instance, Player et al. (2006)  reported the co -occupancy of the 

three transcript ion factors on SOX2, OCT 3/ 4, TDGF1, GJA1, SET  and DPPA4 

genes. Besides, Boyer et al. (2005)  discovered more than 350 target genes 

shared between OCT4, SOX2  and NANOG. Howev er, while expression of 

NANOG facilitates pluripotency, high level of OCT3/ 4 initiates differentiation 

(Rodda et al., 2005 , Jung et al., 2010 , Zeineddine et al., 2014 ) . Therefore, 

NANOG is deemed to be a more stringent marker for pluripotency than 

OCT3/4  and SOX2 .  

 

The  detection of NANOG  expression at either transcriptional or 

translational levels can be problematic owing to the presence of eleven 

pseudogenes, ten  processed ( NANOG P2 ï 11 ) and one duplication ( NANOG 

P1), in the human genome (Booth and Holland, 2004 ) . Out of the eleven 

pseudogenes, only NANOG P8  encodes  an active protein functionally similar 

to NANOG (Booth and Holland, 2004 , Fairbanks and Maughan, 2006 ) . 

NANOG P8  contains a complete open reading frame with one amino acid 

mismatch (in the C - terminal transactivation domain), and an Alu  element in 

the 3ôUTR resembling NANOG (Booth and Holland, 2004 , Zhang et al., 2006 , 

Zbinden et al., 2010 )  (Appendix Figure S3 -1). The expre ssion of NANOG P8  

has been reported in different  tumours such as the breast (Ezeh et al., 2005 , 

Alldridge et al., 2008 ) , brain (Zbinden et al., 2010 ) , kidney (Bussolati et al., 

2008 ) , ovary (Zhang et al., 2008b )  and cervix (Ye et al., 2008 ) . Despite the 

fact that few cancer stem cells, such as glioma stem cells, express both 

NANOG and NANOG P8 , onl y NANOG has been detected in hESCs. This 

indicates that NANOG but not NANOG P8  is an important marker for ESC -

like pluripotency (Ambady et al., 2010 ) .  
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Kohler et al. (2011) , Ling et al. (2012)  and Han et al. (2012)  reported 

the detection of NANOG expression by RT -PCR and/or immuno -

chemistry/fluorescence staining in MCF7. However , the PCR primers used in 

the three studies were not able to differentiate NANOG from NANOG P8   

based on the University of California Santa Cruz Genome Browser in -silico 

PCR result  (Appendix Figure S3 -2) (Karolchik et al., 2012 ) . Moreover, 

despite th e availability of anti -NANOG and anti -NANOG P8 antibodies, it is 

unknown if the former (most widely used for NANOG detection) can 

differentiate NANOG from NANOG P8. As opposed to the above findings, Leis 

et al. (2012)  demonstrated the lack of NANOG expression in MCF7 through 

immunohistoch emistry while Lu et al. (2014)  reported a minimal NANOG 

expression in MCF7 by comparing its mRNA expression level with  Hues9 

(ESC line). Furthermore, by using a universal indiscriminating NANOG 

primer, Jeter et al. (2009) amplified and subsequently analysed the PCR 

amplicons generated from MCF7 by Sanger sequencing. Results indicated 

the presence of only NANOG P8 (the pre sence of CAG759 Ą CAC759  

mismatch) but not NANOG in MCF7 cells. subsequently, Jeter et al. (20 09) 

proposed  the use of two PCR primers, the NF2/R2 and NF2/R3 used in this 

study , to differentiate NANOG from  NANOG P8  expression  (however, the 

primers were not tested on MCF7 in that particular study) (Jeter et al., 2009 ) . 

Similarly , IHC staining indicated that the expression of NANOG protein in 

MCF7 was rarely nucleus - localised, suggesting possible NANOG P8 but not 

NANOG expression (Jeter et al., 2009). However, contrasting results in the 

same study indicated knockdown of NANOG with shRNA inhibited MCF7 -

induced tumour growth in vivo . Nevertheless, based on sequence alignment 
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analysis done in this pro ject (Appendix Figure S3 -2), the  NF2R2 and NF2R3 

were selected  for PSC characterisation . Sanger sequencing was performed 

on amplicons generated using these primers to verify the credibility of the 

PCR results  (Appendix Figure S2 -8) . In total, three NANOG PCR primers 

were used in this study and they take advantage of the 5ôUTR (N444 primer) 

and 3ôUTR (NF2R2 and NF2R3 primers) mismatches between NANOG and 

NANOG P8, respectively , to discriminate both genes  (Zhang et al., 2006 , 

Jeter et al., 2009 ) . The N444 and NF2R2 primers are specific for NANOG 

while NF2R3 can give rise to two PCR products of different sizes indicating 

NANOG (467 bp) or NANOG P8  (446 bp) (Appendix Figure S3 -2).  Consistent 

with  other reprogramming studies, 10AR expressed only NANOG but not 

NANOG P8,  as shown  in Section 3.2.3.1 .  

 

In addition, the iPSCs derived from MCF10A were similar to ESCs in 

various aspects, including morphology, expression level of key pluripotency 

markers at molecular and protein levels. However, quantitative data as 

determined by RT -qPCR indicated that the e xpression levels of REX1 and 

NANOG in 10AR were significantly lower (p < 0.0001 and p <0.05 

respectively) than H9. REX1 and NANOG have been shown to be the 

essential markers of authentic iPSCs and partially reprogrammed cells do 

not or rarely express these  markers (Chan et al., 2009 , Plath and Lowry, 

2011 , Theunissen et al., 2011 ) . Several studies in the mouse demonstrate 

the vital role of Nanog  in the reprogramming process. Okita et al. (2007b)  

demonstrated that Nanog -expressing mouse iPSCs exhibited gene 

expression, DNA methylation profile and germline potential distinct from 

iPSCs selected for Fbx15  (despite both capable of forming teratoma) but 
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similar to mouse ESCs (mESCs). In a different study, Nanog has been shown 

to play a vital role at the final stage of reprogramming. Its overexpression 

synergized with DNA methylation inhibition promoted the t ransition of 

partially reprogrammed iPSCs to naïve pluripotent stem cells in 2i/LIF 

culture medium (Theunissen et al., 2011 ) . In addition, the overexpression 

of Nanog also enabled the reprogramming of epiblast -derived stem cells to 

naive pluripotency even under pluripotency unfavourable culture c onditions 

(Theunissen et al., 2011 ) . Last ly, Plath and Lowry (2011)  described Nanog  

overexpression as the defined requirement  for the generation of bon a fide  

iPSCs at the late phase of a proposed reprogramming  model . This model is 

also supported by other similar studies (Polo et al., 2012a , Apostolou et al., 

2013 , Buganim et al., 2013 ) .  

 

However, in a human context, Chan et al. (2009)  identified three 

types (type I, II and III) of iPSCs based on colony morphology, live 

immunofluorescence staining (for CD13, SSEA -4, TRA -1-60 and NANOG) 

and degree of transgene silencing (indicated by  the strength of GFP signal). 

Gene expression and epigenetic profiling revealed type III as  bona fide 

iPSCs characterised by having ESC - like morphology (small, compact cells 

and well -defined colony edges), a CD13 -/ SSEA -4+ / TRA -1-60 + / GFPdim/ī/ 

NANOG+  prof ile (TRA -1-60 was exclusive to type III, absence of GFP 

indicated transgene silencing), and selective expression of ABCG2, DNMT3B  

and REX1. The fact that alkaline phosphatase, SSEA -4, GDF3, hTERT and 

NANOG were also detected in type II and/or type I iPSCs suggested that 

they may not be stringent markers for real iPSCs. Interestingly,  type III 

iPSCs expressed the same level of NANOG and REX1 as compared to the 
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ESC line H1OGN in the same study (Chan et al., 2009 ) . Considering the 

discrepancy observed  in NANOG and REX1 expressions between 10AR and 

H9, it is suggested that despite having acquired pluripotent state of true 

iPSCs (indicated by high REX1 and DNMT3B  expressions  and  TRA-1-60 

expression ), the 10AR did not achieve an ESC - like pluripotency . How ever, 

differentiation potential (an important hallmark of pluripotency) of 10AR 

should also be taken into consideration and the exact closeness or 

remoteness of 10AR from ESC - like pluripotent state can only be determined 

by genome wide analyses such as glo bal gene expression and DNA 

methylation profiling.      

 

On the other hand, i n the present study, immunofluorescence 

staining indicated 10AR expressed all markers tested but had a relatively 

lower level of TRA -1-81 as shown in ( Figure 3.8) and result was supported 

by FACS analysis. Lowry et al. (2008)  suggested  that TRA -1-81 +  cells 

identified during reprogramming mark a population that exhibited ESC - like 

features morphologically and molecularly and will normally result in either 

partially or faithfully  reprogrammed iPSCs at the end of the process. Despite 

the fa ct, the authors emphasised there was no sufficient evidence to 

conclude that TRA -1-81 -  cells will not result in meaningful iPSC clones 

(Lowry et al., 2008 ) . This finding was supported by D'Antonio et al. (2017a) , 

who suggested TRA -1-81 is a crucial marker to differentiate high -quality 

iPSC from inferior ones. Therefore, low level of TRA -1-81 expression in 10AR 

compared to H9 could also indicate a degree of inferior ity  in terms of 

pluripotency as previously discus sed. These findings also warranted the 
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expansion and characterisation of more iPSC clones for identification of the 

best to proceed with downstream analyses.  

3.3.4.2  The retention of MCF10A epigenetic 

memory and exogenous OCT3/4 expression 

in 10AR  

Early culture o f 10AR  was heterogeneous, containing a combination of ESC -

like and MCF10A - like cells . Homogenous culture  only achieved after several 

passages with EDTA and repeated manual colony passaging . This incidence 

was likely caused by several factors: 1) contaminat ion by MCF10A or 

partially - reprogrammed MCF10A cells during manual passaging  and;  2) 

retention of MCF10A epigenetic memory in 10AR and extensive spontaneous 

differentiation of iPSCs resulted from stress of passaging . During the 

reprogramming of  MCF10A, a c ontrol was set up and cultured with the same 

E8/E6 media system without being transfected with episomal vectors. The 

control continued to expand after medium was switched to E8 at D0 of 

reprogramming and attained confluency without signs of growth attenuat ion. 

However, cell death was observed when cells were passaged, proliferation 

halted and cells eventually perished. This observation indicated that the E8 

medium, despite not being implicated as selective medium, does not 

support or favour the growth of no n- reprogrammed MCF10A. Therefore, it 

was very unlikely that the heterogeneous culture of early passage 10AR was 

due to the contamination of MCF10A, but possibly partially - reprogrammed 

MCF10A which might be able to survive and propagate in E8 medium during 

manual passaging .   
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It has been shown that iPSCs retain epigenetic memory of its cellular  

origin after the attainment of pluripotency, making newly -derived iPSCs 

prone to spontaneous differentiation into its original cell type  (Nashun et 

al., 2015 , Hore et al., 2016 , Ivanov et al., 2016 , Zambidis et al., 2016 ) . 

However, recent findings suggested insignificant differences in DNA 

methylation (known to be responsible for epigenetic memory) and gene 

expression l evel between iPSC lines generated from different cell types of 

the same individual (Burrows et al., 2016 , Kyttala et al., 2016 ) . On the 

contrary, DNA methylation and gene expression level s as well as 

differentiation potential and functionality differences were only detected 

across iPSCs derived from different individuals, potentially resul ted from 

pre -existing genetic variations (Nawy, 2016 ) . Nevertheless, according to 

previous reports, epigenetic memory of iPSCs can be gradually eliminated 

by cell passaging (Kim et al., 2010 , Polo et al., 2010 ) . In this project, the 

retention of epigenetic memory coupled with the stress of passaging might 

have promoted the spontaneous differentiation of 10AR into MCF10A - like 

cell s, thus contributing to the formation of the heterogeneous culture. 

Differentiation was less profound at higher passage potentially due to the 

elimination of such memory and establishment of an ESC - like epigenetic 

and gene expression profile.  

 

In conclusi on, in this chapter, an experimental workflow  for the 

determination of optimum seeding cell density for iPSC reprogramming was 

established. In addition, it has been shown that cells of the mammary 

lineage can be reprogrammed by using the episomal vector re programming 

method. In addition, iPSC characterisation analyses, including RT -PCR, 
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immunofluorescence staining and RT -qPCR for pluripotency marker 

expression, have also been optimised. However, characterisation of 10AR 

suggested that further optimisation o f the reprogramming condition might 

be required  or perhaps more iPSC clones should be screened in order to 

identify the best clone more closely resemble ESCs for downstream analysis.     
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4.  REPROGRAMMING OF BREAST CANCER CELL LINES  

4.1  INTRODUCTION  

In this chapter, seeding density of different breast cancer cell lines was 

optimised by using the experimental workflow  established in Chapter 3. The 

optimum seeding density was used for reprograming under the same 

condition as previously described for MCF10A. IPSC lines isolated were 

subjected to characterisation, including RT-PCR, RT-qPCR and 

immunofluorescence staining for pluripotency marker expression.  

 

As mentioned in Section 1. 2.4 , epigenetic alterations play an 

important role in breast cancer  and e pigenetic studies have provided 

important insights into the classification , detection, prevention and 

prognosis of the disease  (Rodriguez -Paredes and Esteller, 2011 ) . The 

reversibility of epigenetic  modifications  repres ents  interesting target s for 

breast cancer treatment (Hochedlinger and Jaenisch, 2006 , Brower, 2011 , 

Tompkins et al., 2012 ) . As described in Section 1.3, both  chemical agents  

and  biological approaches have been employed to suppress and reverse 

tumorigenicity through the induction of widespread epigenetic 

reconfiguration in cancer cells. Of all the biological approaches, t he induced 

pluripotent stem cells (iPSC) reprogramming technology  is most widely used  

(Lee et al., 2015 ) . Many studies have reported the successful derivation of 

iPSCs from a wide range of cancers, including blood, gastrointestinal, lung, 

liver, breast and brain, to address important questions pertaining cancer 

research, for e xample the cell -of -origin of cancers, mechanisms of cancer 

initiation and progression as well as the discovery and development of 
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effective anticancer therapies (Kim et al., 2013 , Zhang et al., 2013 , Iglesias 

et al., 2017 ) . 

 

The present study aimed  to investigate the contribution of epigenetic 

and genetic factors to breast carcinogenesis. To achieve this goal, the 

epigenome of breast cancer cells was reset to an ESC - like state through 

iPSC reprogramming  (results presented in this Chapter)  followed b y the re -

differentiation of cancer -derived iPSCs into various lineages and the 

assessment of tumorigenicity in these differentiated derivatives  (results 

presented  in Chapter 6 ) . Three breast cancer cell lines of two different 

subtypes, namely triple negati ve/basal (BT -549 and MDA -MB-231) and 

oestrogen receptor positive/luminal A (ER + ) (MCF7) , were reprogrammed.  

As described in Section 1.2.1.1, the former represents the most aggressive 

breast cancer subtype and the latter the most prevalent. Therefore, 

unde rstanding the cause of both breast cancer subtypes  can provide 

significant clinical contribution. 
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4.2  RESULTS  

4.2.1  Optimisation of X - tremeGENE 9 DNA 

Transfection Reagent (XG9) transfection 

conditions  

To determine the optimum condition for breast cancer cell reprogramming, 

the transfection efficiency of XG9 was determined by transfecting three 

breast cancer cell lines MCF7 , BT-549 and MDA -MB-231 with the episomal 

vector pCXLE -EGFP (expressing green fluorescence protein, GFP; Addgene 

# 27082) followed by measure ment of the GFP signal at different time points 

by FACS analysis. Three cell densities (D1 = 1 x 10 5, D2 = 0.5 x 10 5 and D3 

= 0.25 x 10 5 cells per well of 6 -well plate) were used to determine the 

optimum cell density for iPSC generation.  

 

The highest GFP s ignal was recorded at 96 h after transfection in all 

three breast cancer cell lines ( Figure 4.1 -  Figure 4.6). Both BT -549 and 

MCF7 had similar efficiency (the highest at ~60.6% and ~59.5% 

respectively) and were higher than MDA -MB-231  (~14.8%) . The GFP signal 

diminished after the highest point in al l three cell lines. Five time points 

were analysed for MCF7, namely 24 h, 48 h, 72 h, 96 h and 120 h. The 

highest GFP signal was observed at 96 h for all three densities ( Figure 4.1). 

After initial transfection, cells at D1 and D2, but not D3, recovered over the 

course of time and resulted in suitable number of cells at 120 h ( Figure 4.2). 

Therefore, any cell densities within the range of 0.5 ï 1.0 x 10 5 would be 

optimum for reprogramming.  
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Figure 4 .1   Optimization of MCF7 cell density with X-

tremeGENEÊ 9 DNA transfection reagent for reprogramming. 

Untransfected MCF7 was used as negative control. Transfection efficiencies 

of three cell densities were assessed based on GFP signal. Highest GFP 

signal was detected in all three groups at 96 h. Si gnal diminished afterwards 

indicating loss of episomal vector. n = 1. SSC = side scatter.  
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Figure 4 .2   Representative images of GFP +  MCF7 cells seeded 

at different densities and different time points after transfection.  

Cells at D1 and D2, but not D3, recovered well over the course of time and 

resulted in suitable number of cells at 120 h. n = 1. Scale bar = 200 µm.  
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Only three time points were analysed for BT -549 and MDA -MB-231. 

The BT -549 cell line achie ved its highest 96 h in all three densities ( Figure 

4.3). D1 and D2 resulted in highly confluent culture after 96 h, a condition 

unfavourable for iPSC emergence and isolation ( Figure 4.4). Therefore, only 

0.25 x 10 5 or a slightly lower seeding density was suitable for BT -549 

reprogramming. Lastly, MDA -MB-231 was the least amendable breast 

cancer cell line to XG9 transfection. The highest GFP signal was recorded at 

96 h for D1 and D2 ( Figure 4.5). A  density between D2 and D3 was deemed 

optimum for reprogramming based on culture  confluenc e shown  in Figure 

4.6.    
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Figure 4 .3   Optimization of BT - 549 cell density with X -

tremeGENEÊ 9 DNA transfection reagent for reprogramming. 

Untransfected BT -549 was used as negative control. Transfection 

efficiencies of three cell densities were assessed based on  GFP signal. 

Highest GFP signal recorded at 96 h. Signal diminished over time indicating 

loss of episomal vector. n = 1. SSC = side scatter.  
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Figure 4 .4   Representative images of GFP +  BT - 549 cells 

seeded at different densities at different time points after 

transfection.  

Cells seeded at D1 and D2 became over confluent after 96 h. The D3 was 

deemed the most suitable seeding density for reprogramming. n = 1. Scale 

bar = 200 µm.  
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Figure 4 .5   Optimization of MDA - MB - 231 cell density with X -

tremeGENEÊ 9 DNA transfection reagent for reprogramming. 

Untransfected MDA -MB-231 was used as negative control. Transfection 

efficiencies of three cell dens ities were assessed based on GFP signal. 

Highest GFP signal recorded at 96 h in D1 and D2. Signal diminished over 

time, except for D3, indicating loss of episomal vector. n = 1. SSC = side 

scatter.  
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Figure 4 .6   Representative images of GFP +  MDA - MB - 231 cells 

seeded at different densities at different time points after 

transfection.  

Cells seeded at D2 resulted in moderate confluent culture and deemed to 

be most suitable as seeding density for reprogramming. n = 1. Scale bar = 

200 µm.  
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Considering the low reprogramming efficiency of MDA -MB-231, 

another transfection platform, namely the Amaxa Cell line Nucleofector TM 

kits (Lonza), was used to see if the overall efficiency for all three breast 

cancer cell lines c ould be improved. Two manufacturer -optimised protocols  

were followed, the  Nucleofector TM kit V (for MCF7 and MDA -MB-231 ) and 

Nucleofector TM kit T (for BT-549 ) . All nucleofection experiments were carried 

out using the Nucleofector TM 2b device according to m anufacturer instruction, 

including the use of cell density. Results indicated that the overall efficiency 

for all cell lines were lower as compared to the XG9 (Appendix Figure 4S -1 

& 4S -2). Th erefore, the XG9 method was chosen to reprogram the breast 

cancer cell lines.  

4.2.2  Reprogramming of BT - 549, MCF7 and MDA -

MB - 231  

The overexpression of reprogramming genes in the three breast cancer cell 

lines was induced by XG9 transfection reagent -mediated tra nsfection of 

episomal plasmids  encoding  OCT3/4  and shRNA against TP53  (Addgene 

#27077), SOX2/KLF4  (Addgene #27078), L-MYC/LIN28  (Addgene #27080) 

and EBNA1  (Addgene #37624) (Okita et al., 2011). Cells were seeded at 

density previously optimised: MCF7, BT -54 9 and MDA -MB-231 at 0.8 x 10 5, 

0.25 x 10 5 and 0.5 x 10 5,  respectively. Cells were plated the day before 

transfection on a 6 -well plate pre -coated with vitronectin. On the day of the 

first transfection (Day 0), culture medium was changed to Essential 8 (E8)  

medium (supplemented with 1 µM hydrocortisone) before switching to 

Essential 6 medium (supplemented with 100 ng/mL human basic fibroblast 

growth factor, bFGF) at Day 7. From Day 20 -30, potential iPSC colonies 
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were manually passaged  and transferred into a new culture vessel with E8 

medium supplemented with 10 µM Y -27632 (ROCK inhibitor). The Y27632 

was removed the following day and medium was changed every day ( Figure 

4.7). Defined iPSC colonies were observed and isolated from BT -549 but not  

from MCF7 and MDA -MB-231. Nevertheless, the reprogrammed cells were 

passaged to establish lines that could be stably expanded in the E8 medium 

(Figure 4.7). One reprogrammed cell line was obtained from MCF7 and 

named MCF7R. Cells underwent dramatic morphological changes from 

epithelial - like to irregularly -shaped ce lls exhibiting distinct cell - cell junction 

and less -shiny and -smooth appearance. On the other hand, no notable 

phenotypic changes were observed in two reprogrammed MDA -MB-231 cell 

lines named MDA R1 and MDA R2.  

 

A total of eight iPSC colonies were manuall y passaged  and four were 

successfully expanded from BT -549 as individual lines named BT -1, BT -2, 

BT-4 and BT -8 ( Figure 4.8). The other four colonies were discarded as cells 

reacquired BT -549 - like morphology after 2 -4 passages in E8 medium. 

Significant morphological changes were observed in the four reprogrammed 

cell lines. Cells became more epithelial - like, organized and grow n as 

compact colonies.  
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Figure 4 .7  Reprogramming of 

breast cancer cell lines  

(a) The reprogramming timeline 

of BT -549, MCF7 and MDA -MB-

231. (b) Representative images of 

MCF7, MDA -MB-213 and BT -549 

before and after reprogramming. 

Only BT -549 gave rise to iPSC - like  

colonies (red arrow). 
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Figure 4 .8   Morphology of reprogrammed BT - 549 cell lines cultured in Essential 8 medium.  

Pronounced morphological differences  were observed between BT -549 and the reprogrammed cell lines  BT-1 (passage 

12) , BT -2 (passage 10) , BT -4 (passage 8)  and BT -8 (passage 12 ). Scale bar = 50 µm.  
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4.2.2.1  Expression of pluripotency markers  

RT-PCR was performed to determine the expression of endogenous 

pluripotency markers, including REX1, NANOG, OCT3/4, DPPA4 , and 

DNMT3B . All endogenous pluripotency markers primers used spanned two 

or more exons and thus capable of discerning cDNA template from possible 

genomic DNA (gDNA) contamination. The embryonic stem cell line H9 was 

used as a positive control. Negative control (NC) consisted of complete PCR 

mix without cDNA template. The housekeeping gene, Ǧ-ACTIN  (ACTB) was 

also included as an endogenous control. Weak NANOG expression was only 

detected in BT -8 and not BT -549 or other reprogrammed cell lines. On the 

other hand, both MCF7 and MCF7R expressed DNMT3B and the expression 

of  DPPA4 and OCT3/4  were only detected after reprogramming. Likewise, 

MDA-MB-231, MDA R1 and R2 weakly expressed DNMT3B . The expression 

of DPPA4 and OCT3/4  was induced after reprogramming in MDA R1 and onl y  

DPPA4 in MDA R2 ( Figure 4.9). These results suggested that despite the 

morphological changes, the propagated cell line failed to express important 

pluripotency markers. Therefore, a different re programming approach was 

tested.  
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Figure 4 .9   Representative RT -PCR of pluripotency markers in reprogrammed MCF - 7, BT - 549 and 

MDA - MB - 231.   

(left) Pluripotency markers expression by MCF7 and its reprogrammed cell line MCF7R. (middle)  Pluripotency markers 

expression by BT -549 and its reprogrammed cell lines (BT -1, BT -2, BT -4 and BT -8). (right) Pluripotency markers 

expression by MDA -MB-213 and  its reprogrammed cell lines MDA R1 and R2. MCF7 = passage 10 ï 20, BT -549 = 20 ï 

30 , MDA -MB-231 = passage 20 ï 33, MCF7R = passage<10, BT -1, BT -2 and BT -8 = passage 4 ï 15, MDA R1 and MDA 

R2 = passage <10, H9 = passage 24 ï 30.  (nÓ3). 
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4.2.3  Reprogramming of BT - 549 using the 

FRM/FMM media system  

The last section suggested that the  reprogramming of the  breast cancer cell 

lines using the E8/E6 media system failed to generate bon a fide iPSCs but 

partially reprogrammed cells  which expressed only some pluripotency 

markers were isolated. Thus,  a new media system  consisting of the fate -

reprogramming and fate -maintenance medium (FRM/FMM) , as described by 

Valamehr et al. (2014) , was used. FMM is composed of conventional hESC 

medium supplemented with a combination of small molecules proven to be 

beneficial for reprogramming and the survival of PSCs. FRM consists of FMM 

plus the cell culture supplements B -27 and N2, in addition to SB431542 (an 

Activin/BMP/TGF -ȁ pathway inhibitor) ( Section 2. 2.3 ).  The FRM/FMM 

system has been shown to enhance the eff iciency of episomal vector -based 

reprogramming and support iPSC reprogramming with minimal gene 

combination  (OCT4, SOX2  and SV40LT ) (Valamehr et al., 2014 ) . Therefore, 

this highly efficient system was initially used to reprogram BT -549 as it  

demonstrated higher reprogramming efficiency with the E6/E8 media as 

compared to MCF7 and MDA -MB-231. Two iPSC colonies were isolated and 

expanded as individual cell lines named FMM_BT1 and FMM_BT2. In contrast 

to the fibroblast - like and sparsely distributed morphology observed in 

parental BT-549, FMM_BT1 and FMM_BT2 were epithelial - like , organized 

and  formed compact colonies. However, only  DPPA4 expression was 

identified by RT -PCR analysis in both reprogrammed cell lines , but not other 

pluripotency genes (Figure 4.10 ).   
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Figure 4 .10   Reprogramming of BT - 549 using the FRM/FMM 

media system.  

(a) The reprogramming timeline. (b) Morphology of BT -549, reprogra mmed 

BT-549 colony observed during reprogramming and the reprogrammed BT -

549 cell line (FMM_BT1). BT -549 and FMM_BT1 exhibited distinct 

morphologies. (c) Representative RT -PCR for pluripotency genes expression 

in FMM_BT1 and FMM_BT2. Both cell lines expres sed DPPA4 but not other 

pluripotency markers. The presence of 1081 bp bands indicated primer used 

spanned exons and capable of differentiating gDNA contamination (red 

arrow) from cDNA. FRM = fate - reprogramming medium, FMM = fate -

maintenance medium . BT-549 = 20 ï 30, FMM_BT1 and FMM_BT2 = 

passage <10. Scale bar = 50  µm , nÓ3. 
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4.2.4  Conversion of partially - reprogrammed iPSCs 

(pre - iPSCs) to bon a fide  iPSCs.  

Partially - reprogrammed iPSCs (pre - iPSCs) are cells generated during iPSC 

reprogramming whose identities are incompletely reverted to resemble 

ESCs and only exhibit a few but not all  ESCs hallmarks (Mikkelsen et al., 

2008a , Theunissen et al., 2011 ) . Pre - iPSCs can be isolated and expanded 

as stable cell lines in various stem cell media and characterized by the 

reactivation of specific subset of pluripotency  genes, incomplete elimination 

of DNA methylation in pluripotency loci and the partial repression of lineage -

specific genes (Mikkelsen et al., 2008a ) .  Studies reported that treatment 

of potent DNA demethylating agents, such as 5 -azacytidine ( 5-aza) and 

vitamin C, facilitates the conversion of pre - iPSCs to bon a fide  iPSCs. 

FMM_BTR1 and FMM_BTR2 cell lines exhibited several features of pre - iPSCs, 

including the expression of some pluripotency markers ( DPPA4) but not 

genes of the core pluripotency netw ork ( REX1 and  NANOG) and the 

acquisition of ESC - like morphology. Therefore, attempt was made to convert 

FMM_BTR1 to bon a fide  iPSCs by treating cells with 5-aza, as described in 

Theunissen et al. (2011) . FMM_BTR1 cells were cultured to 80 -90% 

confluence before the treatment of 0.5 m M 5-aza for 48 hours. Treated cells 

were passaged at least five times, which lasted for about 16 days, before 

being harvested for analysis. After 5-aza treatment, no significant 

morphological changes were observed . RT-PCR indicated  the activation of  

REX1 and  DNMT3B expression, but not NANOG and OCT3/4 .  
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Figure 4 .11   Conversion of FMM_BTR1 to bon a fide  iPSCs by 5 -

Azacytidine (AZA) treatment.  

(a ) Timeline for 5-aza  treatment of FMM_BTR1. (b ) Representative RT -PCR 

analysis of pluripotency markers expression by 5-aza- treated FMM_BTR1 

(FMM_BTR1_AZA). NC = negative control , AZA = 5 -aza. BT-549 = 20 ï 30, 

FMM_BTR1_AZA = passage <10.  (nÓ3).  
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