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Summary

Since the discovery o f a stem cell phenotype in cancer, specific tum our cells w ith  this phenotype, 

often  called cancer stem cells (CSCs), are now  w idely accepted as the progenitors o f oncogenesis, 

proliferation, trea tm en t resistance and metastasis. For this reason a lot o f research is focused on 

the characterisation o f these cells and the ir exact roles in the stages o f cancer. M ost o f today's  

therapies focus on elim inating the tum our bulk, while frequently  missing a small subpopulation of 

CSCs, which engender the recurrence and fu rther propagation o f the disease. A growing  

consensus supports CSC-targeted therapy as a viable m ethod of fully eradicating cancer, while  

also elim inating the frequent incidence o f recurrence, dissemination and treatm ent-resistance o f 

the disease. The elim ination of CSCs is very challenging because of the extensive abilities of these 

cells to avoid detection and trea tm en t. The deliberate induction of CSC d ifferentiation is 

investigated as a possible therapeutic  mechanism, as it can decrease the proliferation o f CSCs and 

increase th e ir sensitivity to  trea tm en t. CSC d ifferentiation introduces a promising m ethod to  

control cancer and is the  main focus of this thesis.

MicroRNAs are short non-protein-coding oligonucleotides of approxim ately 21-22  nucleotides in 

length. Their dom inant function is the selective post-transcriptional repression of genes by 

binding to  the  3' untranslated region of th e ir mRNAs and subsequently preventing protein  

translation. Approxim ately 1500 microRNA sequences have been detected in the  human genom e, 

which have been estim ated to  regulate m ore than 60% of all protein-coding genes. This microRNA  

netw ork regulates crucial biological processes and th e ir aberrant expression has frequently  been  

attribu ted  w ith  potent oncogenic or tum our repressive characteristics.

In this study, tw o  human em bryonal carcinoma cell lines w ere used as CSC models; the nullipotent 

2102Ep and p luripotent NTera-2 cell lines. W hereas NTera-2 cells rapidly d ifferen tia te  upon the  

introduction o f morphogens, 2102Ep cells have an innate resistance to term inal d ifferentiation. 

Both ceil lines characteristically express a large num ber o f human em bryonic stem cell (hESC) 

markers, am ong which the th ree core pluripotency markers, 0CT4, S0X2 and NANOG. Both cell 

lines partially resem ble the hESC phenotype and have previously been suggested as alternative  

hESC models.

The aims o f this study w ere to find genes and microRNAs that had crucial and preferably specific 

roles in th e  differentiation programs o f 2102Ep and NTera-2 cells. Laboratory protocols w ere  

designed and optim ised for the  transient silencing of genes and transient overexpression of 

microRNAs. For functional analyses, six genes (S0X2, DPPA3, SHISA2, RBM47, AK3L1 and VSNLl) 

and five microRNAs (m iR-lO a, -99a, -184, -219 and m iR-335) w ere selected w ith  the criteria th a t



they w ere highly deregulated upon early differentiation o f NTera-2 cells and potentially had 

im portant functions pertaining to CSC or em bryonal carcinoma d ifferentiation.

The induced silencing o f S0X2 resulted in the  d ifferentiation o f both 2102Ep and NTera-2 cell 

lines, while the  induced upregulation of m iR-335 resulted in the  d ifferentiation  o f the la tter cell 

line. This was measured by a marked reduction o f mRNA expression o f the  th ree core 

pluripotency markers, 0C T4, S0X2 and NANOG, and, fo r S0X2 silencing experim ents, the  

reduction o f cell surface alkaline phosphatase activity. The expression of some early  

differentiation markers was measured in 2102Ep cells and these w ere found to  upregulated.

S0X2 and 0CT4 w ere also com putationally predicted targets o f m iR-335. The protein expression 

of these genes was measured in m iR-335-overexpressing NTera-2 cells. This showed a loss of 

S0X2 and 0C T4 protein. W hen In parallel to  protein expression, the transcript expression of 0C T4  

was dow nregulated compared to negative controls. Conversely, the transcript expression o f S0X2  

was upregulated in miR-335 overexpressing cells. Particularly for the la tter case, this finding 

suggested that S0X2 was post-transcriptionally regulated, possibly by m iR-335.

The S0X2-silenced 2101Ep and NTera-2 cells w ere profiled for differential w hole-genom e and 

whole-m icroRNAom e expression to fu rther elucidate the role o f the S0X2 regulatory netw ork in 

CSC differentiation. This revealed that in both these cell lines, S0X2 regulated a substantial 

num ber of genes related to the W n t and TGPP signalling pathways, tw o  crucial pathways to CSC 

biology. A large proportion of microRNAs w ere also deregulated by S0X2-silencing, am ong which  

the  most notable w ere the dow nregulation o f m em bers o f the oncogenic m iR -371-373 cluster in 

NTera-2 cells and the C19MC polycistron in 2102Ep cells. Besides these findings, several 

microRNAs that w ere validated, direct inhibitors o f S0X2 in other cell lines, w ere  d ifferentia lly  

expressed, suggesting the existence o f novel S0X2:m iRNA autoregulatory loops.

The findings in this study have highlighted novel m em bers o f the em bryonal carcinoma  

differentiation  netw ork and potential therapeutic  targets in this cancer and perhaps CSCs in 

general. This study has also fu rther detailed the differences betw een the 2102Ep and N Tera-2 cell 

lines and tested th e ir resemblance to  hESCs.
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CHAPTER ONE

INTRODUCTION



1 — Introduction

1.1 — The Stem Cell Theory of Cancer

Pierce (1974) pointed out that many cancers are caricatures of their tissues of origin.^ Tumours 

seemed to contain all the normal characteristics of cell proliferation and cell differentiation, albeit 

in a highly aberrant and uncontrolled manner. During the evolution of the tumour, this level of 

disorganisation increases. However, the tum our tissue still retains a degree of heterogeneity and 

complexity similar to that of normal tissues. The development of tum our tissue has frequently 

been observed to be similar to the hierarchical manner of normal tissue development.

Research performed in the past two centuries has gradually culminated into the current stem cell 

theory of cancer.^ While studying teratocarcinomas, 19"^-century pathologists, such as Virchow, 

Paget and Recamier first noticed the histological similarities between cancer cells and cells of an 

embryonic o r i g i n . L a t e r ,  pathologists such as Cohnheim and Durante proposed that these 

cancers could possibly arise from dormant embryonic remnants in adult tissue, which were 

reactivated.®'^ However, by the beginning of the 20'^ century, this "embryonic rest theory of 

cancer" was generally discredited, as can be exemplified by Bainbridge in 1914, who stated, "The 

congenital or embryonic theory of the origin of cancer has received no support whatever from the 

experimental and comparative investigations of recent times".®'® In the 1950s, the first successful 

human teratocarcinoma xenografts were performed in hamsters by Pierce et al.^° This work also 

initiated a cascade of research, which would ultimately lead to the discovery and establishment of 

mouse embryonic stem cells (mESCs) and human embryonic stem cells (hESCs). By 

subcutaneously grafting cancer patients with cells from their own disseminated cancer, Southam 

& Brunschwig discovered in 1961, that tum our cells had a tumour initiating abilities in humans.

In 1963, Bruce et al. showed that only 1-4% of murine lymphoma cells transplanted in mice would 

form colonies on the recipients' spl eens . Si mi l ar  studies, performed not long after, showed 

similar results to this.^ '̂^  ̂ Concurrently, with similar techniques, McCulloch & Till created the first 

clonal method to identify stem cells by injecting normal bone marrow cells into 

immunocompromised mice and observing the growth of small colonies on the spleen. They 

proposed that these were derived from the original cells and in 1963, their research containing 

the first outlined criteria of stem cells was p u b l i s h e d . L a t e r ,  McCulloch also contributed to  

research that would lead the establishment of "mouse myeloma tum our stem cells [sic]" in semi

solid m e d i a . T h e  simultaneous and often related discoveries of stem-like cells in normal and 

cancerous tissue during this period seeded the field of stem cell research. Starting in the late 

1960s extensive research was performed on embryonal carcinoma cell (ECC) cultures, which were
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a m alignant subpopulation o f cells isolated from  teratocarcinom as. From w ork that began in 

1953, Stevens was able to  produce testicular teratocarcinom as in the 129 mice strain by grafting  

normal germinal cells from  the genital ridge o f inbred 129 mice that had a disposition to  

teratocarcinogenesis.“  Not long after, Stevens managed to induce the growth o f tera tom as— 

benign and m ore d ifferentiated  counterparts o f teratocarcinom as— by intratesticular 

transplantation o f prim ordial germ cells into th e  129 mouse strain/® Similarly, Kleinsmith & Pierce 

transplanted single ECCs, harvested from  "neoplastic em bryoid bodies", into mice and found that 

11% of these single cells gave rise to  teratocarcinom as consisting o f various differentiated tissue 

t y p e s . T h u s ,  it was concluded that these ECCs w ere the m ultipotential stem cell com ponent o f 

teratocarcinomas.^^ These discoveries and others created the  foundation upon which later the  

fields o f cancer stem cell (CSC), adult stem cell and em bryonic stem cell (ESC) research w ere  

established. During the late 1960s and early 1970s, the first m urine ECC (mECC) lines w ere  

established in culture by Finch &  Ephrussi and Kahan & Ephrussi.^^'^^ O ther researchers follow ed  

soon after, which led to  the establishm ent o f many experim ental benign and m alignant mECC 

lines of mixed d ifferentiation  potential, such as NF-1, P19, SIKR, F9 and many o t h e r s . S o o n  

after, the  first hum an ECC (hECC) lines w ere established in vitro, such as the TER A l, TERA2 and 

SuSa c e l l s . L a t e r ,  the w idely used NTera-2, 2102Ep, GCT27 and NCCIT cells w ere established, of 

which some w ere used for the investigation o f ECC pluripotency, a property earlier ECC lines 

e ither lacked or was mistakenly overlooked during earlier research.^®”''̂  The p luripotent NTera-2  

cell line, capable o f extensive d ifferentiation , and the nullipotent 2102Ep cell line, capable o f only 

lim ited d ifferentiation , w ere both used as m odel cell lines fo r this thesis. The research into ECCs 

la ter contributed to  the original isolation o f mESCs in 1981 by Evans & Kaufm an— also achieved 

separately by M a rtin — and the original isolation of hESCs by Thomson et al in 1998.'*^“̂  From the  

1950s to  the 1990s, research into ECC lines was predom inantly focussed on uncovering the  

mechanisms of stem cell pluripotency and the  ESC mechanisms during em bryonic developm ent. 

How ever, the huge body o f research into em bryonal carcinoma and the established cell lines 

continue to provide much insight into stem cell com ponent o f carcinogenesis, the  role of stem  

cells in the  tu m our m icroenvironm ent and in tu m o u r proliferation, invasion and metastasis.

W hile much research was perform ed on the 'stemness' o f teratocarcinom as and ECCs, o ther  

groups w ere focussing on the CSC hypothesis. During the 1960s, Potter, Pierce and others built on 

the previously m entioned em bryonal-rest hypothesis by describing cancer as an arrest o f stem  

cell m aturation during tissue determ ination . During this tim e a consensus was beginning to form  

around a theory form ulating th a t "undifferentiated  stem cells which play [...] an im portant role in 

tissue renewal and which lack the  overt m anifestation o f the d ifferentiated  tissue are the target in 

carcinogenesis" and th a t "oncogeny is blocked ontogeny" i.e. the com bination o f aberrant cell
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proliferation and  d ifferentiation , rather than proliferation a l o n e . B a s e d  on these notions, a 

general hypothesis was proposed that m alignant stem cells should contain all the  genomic 

attributes o f normal stem cells, but th a t the fo rm er had capacity to  self-renew  at the expense of 

the  capacity to d ifferentia te . It was fu rther postulated th a t due to  the sim ilarity o f normal and 

neoplastic stem cells, the la tter w ere the causative agent o f a tum our's ability to  "usurp the 

logistics o f the host" fo r the  purpose of invasion and metastases in a sim ilar m anner in which 

norm al em bryo's usurp the logistics o f the m aternal organism, at her expense.'*^ During this 

research the  notions w ere  form ed th a t heterogeneous tum ours contained populations of stem  

cells in small m inorities and th a t perm anent tum our regression could possibly be achieved if 

focused on elim inating the  CSC com ponent.''^'’  ̂ This was partially based on the discovery that 

tum our malignancy was rem oved when squamous cell carcinoma stem cells w ere d ifferentiated  

into benign, w ell-d iffe rentia ted  squamous cells w ith  the  incapacity o f form ing tumours."*® 

Embryonal carcinoma is a relatively rare disease, how ever, from  the research in the field 

teratocarcinom as and the ir progenitors, ECCs, the  hypothesis was form ed that CSCs are perhaps 

the  progenitors o f carcinogenicity in general.'*^'’® Teratocarcinom as and ECCs w ere considered an 

aberrant form  o f embryogenesis and perhaps an intrinsically abnorm al form  o f parthenogenesis, 

which could be unique to  certain types o f germ cell tumours.^® The discovery o f cancer progenitor 

cells w ith  stem cell-like features as the  carcinogenic factors o f o ther cancer types was required to  

solidify the  CSC theory. As m entioned previously, the studies perform ed by Southam & 

Brunschwig and Bruce et al. showed a cell colony initiating ability o f a only small fraction from  a 

larger population o f transplanted cancer cells. Further conjecture on the existence of CSCs was 

supported by the establishm ent o f mouse m yelom a and hum an m yelom a cell cultures in vitro, 

which suggested 0.001%  to  0.1%  of all m yelom a tum our cells w ere clonogenic.^^'^^'“  Almost 

tw en ty  years later, as technology developed to  b e tte r characterise cells based on the  expression 

of defined cell surface markers, the  first conclusive evidence was produced for the  existence of 

CSCs. In 1994, Lapidot e t al. isolated m urine leukaem ic stem cells (LSCs) w ith a cell-surface 

phenotype o f norm al, uncom m itted haem atopoietic  stem cells (HSCs) (CD34-h/CD38-).^^ They 

successfully showed th a t these cells could reinitiate and m aintain malignancy in 

im m unocom prom ised mice, which w ere  histologically similar to those o f the  donor, but that m ore  

differen tia ted  cells w ith  a surface phenotype of CD34+/C D38+ could not do this.^^ N ot long after, 

this experim ent was repeated and it was shown th a t these tum our-in itia ting  cells had the capacity 

fo r d ifferen tia tion , proliferation and self-renewal.^'' A fter these discoveries, m any researchers 

fo llow ed on by isolation and characterising CSCs from  m ultip le d iffe ren t cancers, such as cancers 

o f the breast (first CSCs derived from  a solid tum our), central nervous system (CNS), colon, head 

and neck, skin, ovaries and pancreas.^^”®̂  In some m alignant tissues, such as prostate cancer, it
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has proven m ore d ifficu lt to  isolate CSCs. However, w ith  novel im provem ents in cell and 

m olecular bio logy and researcher's understanding o f CSCs, huge progress is being made in search 

fo r stem cell com ponents in these cancers.®'*'®^

Histological similarities 
between cancer cells and cells 
o f an embryonic origin.

Joseph Recamier

Rudolph Virchow

Julius Conheim

Embryonic rest theory:
Cancer emerges from  the 
reactivation o f otherwise 
dorm ant embryonic remnants 
in adult tissue.

1 Francesco Durants

Stephen Paget

Embryonic rest theory 
generally discredited. William Bainbridgel

First successful human 
teratocarcinoma xenografts 
performed in hamsters. Barry Pierce

.........  Tillm;in ft M rru lln rh

Existence o f stem cells 
established.

Small population o f ECCs 
form ed tera tocarcinom as 
in mice.

Klelnsmlth & Pierce 

Foeh & Hoean

First hECC lines established.

First non-ECC CSCs isolated 
from  leukaemia.
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Lerov Stevens

Southam & 
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o.
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kz-l James Thomson
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Figure 1.1—Timeline of important discoveries linked to cancer stemness, CSCs and ESCs. The
individual lines represent a single year or short period along the tim eline.
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1.2 — The Role of Cancer Stem Cells in Carcinogenicity

M any researchers, such as Potter, have taken a holistic or "organistic" approach to  cancer, by 

recognising that the disease is resultant from  the interaction of cells and tissues w ithin the 

proximal milieu o f the tum our as well as being influenced by signals from  m ore distal tissues. 

Others, such as Hunter, argued a reductionist view, which describes cancer as a consequence of 

intrinsic intracellular regulatory f a i l u r e . E v e r  since these approaches first evolved, researchers 

have produced much evidence to  support both. For exam ple, a reductionistic approach in 

m olecular cell biology and genetics has revealed the num erous somatic m utations, epigenetic 

changes and oncogenic in tracellular signalling pathways which contribute to an individual cell's 

m alignant phenotype, while an organistic approach in pathology, physiology and tu m o u r biology 

has yielded an understanding of th e  role o f tissue homeostasis and the immunological, 

haem atological and endocrinological roles in malignancy. This perspective is reflected in the  

developing theories on CSCs.^®

From the beginning of CSC research, it was suggested th a t the biology of CSCs was sim ilar to  that 

o f th e ir normal stem cell counterparts (i.e. those which share the same developm ental origin). 

CSCs are isolated from  tissues based on the  phenotype o f the ir normal counterparts.^'®® The most 

obvious similarities betw een these cell types are the ability to self-renew  and proliferate, and the  

ability to  d ifferen tia te  into d ifferen t cell types. Self-renewal and proliferation alone are not a valid 

argum ent fo r the existence o f CSCs; malignancies in general rely on this ability. M any of the  

underlying mechanisms th a t govern the processes of self-renew al and d ifferentiation  are shared 

by norm al stem cells and CSCs. Consequently, these mechanisms are considered to  be im portant 

fo r carcinogenicity and have been th e  dom inant focus of m olecular research in the  interest of 

understanding CSCs and in th e  in terest o f cancer therapy.

Phenotypically, normal stem cells and cancer stem cells are quite similar. A com m on m ethod of 

isolating CSCs is w ith  the aid o f cell sorting techniques based o f cell surface m arker signatures. 

These signatures can comprise o f one or m ultip le cell surface proteins, depending on the tissue of 

origin. These markers are m ostly selected based on w hat is known about the  developm ent o f the  

tissue type and they can be found to  be expressed on the  surface o f norm al stem cells from  these 

tissues.®®'^° The tw o  most com m only used surface markers used to  identify CSCs are CD133 and 

CD44. Some of these cell surface markers are now potential targets o f CSC-based cancer 

therapy.^^

Both norm al stem cells and CSCs share intracellular "stemness" pathways, many o f which have 

been the  focus o f research into CSC-targeted therapy. Much o f the research in the intracellular
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pathways th a t govern normal and CSC behaviour has come from  the study into HSCs and their 

m alignant counterparts, LSCs.  ̂ Examples o f im portant cancer sternness pathways and potential 

targets of CSCs-based cancer trea tm en t are the Hedgehog/GLI, Notch, FGF, TGPP/BMP, W n t and 

PI3K/Akt signalling pathways/^'^^

Besides intracellular signal transduction, common mechanisms o f gene transcription can be found 

in norm al stem cells and CSCs. M any transcriptional factors are, in fact, dow nstream  targets o f the  

aforem entioned signalling pathways. Examples of these are the  SMAD fam ily, c-M yc and the P- 

catenin/LEF/TCF-related fa m ily /^ ” '̂ '' In addition, cell cycle regulators such as p63 and the  p53- 

related factors and the activation o f te lom ere elongating factors (genes traditionally im plicated in 

m any cancer types) have been linked to the ability o f CSCs to  m aintain self-renev>/al and ignore 

senescent signals/^'^® An im portant fam ily o f genes in ESCs and ECCs are the pluripotency factors. 

Highly characterised key regulators o f pluripotency, self-renewal and ESC m aintenance are 

P0U 5F1 (0C T4), S0X2 and NANOG, but c-Myc, KLF4 and LIN28 am ong a core group are also 

considered i m p o r t a n t . T h e  m em bers of this core pluripotency netw ork directly co-regulate  

each o ther and autoregulate themselves to m aintain a fine-tuned  and balanced expression in 

the ir undifferentiated  host cells.” '®® This maintains the und ifferentiated , self-renewing and, 

im portant fo r all hESCs and some CSCs, p luripotent state. The im portance of these genes to 

pluripotency was highlighted during the production o f the first induced p luripotent stem cells 

(iPSCs) from  mouse and hum an somatic skin cells, which w ere  alm ost indistinguishable from  

ESCs.® ’̂ ®̂  In these studies, a com bination of these pluripotency factors w ere upregulated in 

somatic cells, producing iPSCs, which could d ifferen tia te  in m ultiple d ifferen t tissues. 

Interestingly, on some occasions, these cells produced cancerous lesions w hen injected into mice 

and the  potential tum ourgenicity o f these cells is an im plication fo r the ir use in regenerative  

medicine.®^ Histologically, poorly d ifferentiated  tum ours (i.e. those w ith a high pathological 

tum our grade) show an overexpression of genes which are typically enriched in ESCs.“  The 

aforem entioned pluripotency factors are included in this set and they have been frequently  

im plicated in cancer and CSC biology. The research perform ed on the  functions o f pluripotency  

factors in cancer, CSC biology and iPSC tum ourgenicity have contributed to the idea that 

carcinogenicity and the  generation o f CSCs m ight involve the progressive reactivation o f an ESC- 

like program proportionate to the  aggressiveness of the disease.
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1.3 — Cancer Stem Cells and Metastasis

A characteristic fea ture  o f cancer is the ability to metastasise. This is the ability o f cancer cells to 

undergo a m etaplastic transition followed by a spread and invasion to  other tissues, either 

proximal to  the prim ary site or to a distant organ of the host. Cancer metastasis is responsible for 

90%  of cancer-associated mortality.®* Briefly, the m etastatic process of carcinomas consists o f two  

phases: the first phase consists o f the physical translocation o f cancer cells by the lymph and 

blood vasculature to  local or anatom ically distant tissues, w hile during the  second phase these 

cancer cells colonise these tissues and generate secondary m etastatic lesions. During these 

phases, cancer cells undergo various transform ations, which enables them  to  acquire an invasive 

phenotype and an adaptability to  the  d ifferent environm ents. The first such transform ation is 

necessary fo r cells to  break aw ay from  the prim ary tum our and gain th e  ability to  migrate. 

Subsequent transform ations enable the cells to invade local or distant tissues. The reason why 

some cancer cells do this so readily is still unclear. However, tw o  possible working models have 

been suggested, both o f which are not m utually exclusive. One m odel, the  som atic-m utation  

theory o f metastasis, describes cancer cells to acquire a sequence o f m etastatic and invasive traits 

by a Darwinian process, involving accumulation o f somatic m utations, which increases the  cancer 

cells' fitness w ith  each clonal s u c c e s s io n .A  m ore recent model suggests m etastatic and invasive 

behaviour to  be the effects o f a local advantage fo r the cancer cell's survival. In o ther words, an 

epigenetically regulated "m etastatic signature" can be found in the prim ary tu m our and is linked 

to  a cancer cell's o ther m alignant properties such as uncontrolled self-renew al and proliferation.®^ 

Interestingly, gene expression studies have suggested that the predisposition of a tum our to  

metastasise could even be ingrained at its inception, possibly emphasising the im portance of 

extrinsic signals in m etastatic behaviour (i.e. the interaction o f the m etastatic cancer cell w ith the  

tu m our microenvironment).®^

For both these models, research is increasingly revealing the  roles o f CSCs in every step of 

metastasis. The ability o f cancer cells to  metastasise and in itiate tu m our growth is therefore  

associated w ith  carcinogenesis, to  which the som atic-m utation theory or epigenetic theory can 

apply. The ability o f CSCs to  se lf-renew  and d ifferen tia te  in to  cells o f d ifferen t types gives them  

the  preferential traits considered to  be essential for the morphological transform ations required  

fo r m etastatic behaviour. Cells in both prim ary and secondary tum ours have been shown to  

express stem cell markers from  the tissue o f o r i g i n . E x p e r i m e n t a l l y ,  the  m etastatic ability of 

CSCs becomes apparent w hen they  are transplanted into an organism and allowed to reinitiate  

tu m o u r grow th. This also occurs w hen tum our-in itiating  cells are injected intravenously, showing 

th e  ability to  survive in the circulatory system.® '̂®® How ever, as most o f these experim ents are
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perform ed in organisms w itli a compromised im m une system, it has been argued that the  

m icroenvironm ent created by the active im m une system of the original host, might, in reality  

show/ d ifferen t in vivo results.®^ O ther studies showed that cancer cells expressing particular cell 

surface markers associated w ith  stem cells initiate tum ours th a t themselves are m ore m etastatic  

than those th a t do not. The self-adaptation o f CSCs to survive an ectopic environm ent and gain 

the ability to  invade dissimilar tissues, either those of the CSC donor or a d ifferent host, is a strong 

indicator th a t CSCs probably have the ability to  do this during the  second phase o f metastasis. The 

fo llow ing paragraphs will briefly describe research into the roles o f CSC metastasis as published 

until the  w riting o f this thesis.

Based on th e ir research w ith  colon cancer, Brabletz et al. (2005) proposed the existence o f a 

subset o f CSCs, which they called migrating cancer stem cells (MCSCs).®® W hile most CSCs in the  

tu m our are stationary, these MCSCs, located at the tum our-host interface are m igratory and can 

metastasise. MCSCs have been characterised by the ir im m unophenotype and by an alteration in 

global gene expression.^®'®® Although both stationary CSCs and MCSCs share typical stem cell 

markers, gene expression in stationary CSCs generally has an epithelial enrichm ent, while in 

MCSCs genes typically involved in the maesenchymal phenotype are enriched. Im portant for 

metastasis, the CSC phenotypes are readily interchangeable, enabling a transition and reversal of 

phenotypes necessary for dissemination and tissue invasion. Since this hypothesis was first 

proposed, various supporting papers have been published which describe the isolation o f MCSC- 

like cells based on the ir im m unophenotype, despite an apparent lack of specific migrating  

markers.^°' '̂°®

Epithelial-m esenchym al transition (EMT) is w idely recognised as an im portant step for efficient 

metastasis. This process is characterised by the trans-differentiation  of cancer cells from  an 

epithelio id to  a meschymal or fibroblastoid morphology. EMT includes an array o f processes, from  

cell-cell junction disassembly, actin cytoskeleton reorganisation, increasing cell m otility and 

invasion o f the basem ent m em brane, which are governed by a regulatory change in specific 

cellular pathways, such as W n t/p -ca ten in , Notch and TGF(3.®® In 2007 and 2008, it was proposed 

to  classify EMT as a process tailored to three distinct biological c o n t e x t s . T y p e  1 EMT occurs 

during im plantation , embryogenesis and organ developm ent. Type 2 EMT is associated w ith  tissue 

regeneration and wound healing and Type 3 EMT is associated w ith  cancer progression and 

metastasis. In the interest o f this study, only Type 3 EMT will be discussed in this section, as it is 

relevant to  this thesis.

The activation and inactivation o f a num ber o f im portant signalling pathways execute the  EMT 

process. As discussed previously, the activation o f W n t/3 -ca ten in , Notch and TGF|3 is im portant
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for EM T and can result in tlie  transcription and repression of a large variety o f genes. A much 

investigated step of EMT is the repression of the  transm em brane cell-cell adhesion protein, E- 

cadherin, by Snail and Slug.®® The consequential loss o f cell-cell adhesion and the acquisition o f a 

m obile state enables the morphogenically altered cancer cells to  invade local tissues (local 

invasion) or to transform  to circulating tum our cells (CTCs), w/hich lympatically or 

hem atogeneously travel to distant sites o f invasion in the o r g a n i s m . T h e  existence of circulating 

m alignant cells has been known for many years, but the clinical significance of detecting individual 

disseminated cells was questioned due to  th e ir inefficiency to seed secondary tumours  

(m etastatic  inefficiency), in contrast to circulating tum our residues (m inim al residual disease), 

which are frequently  detected and readily metastasise.“ ® However, recently small subpopulations 

of CTCs have been discovered w ith potent m etastatic a b i l i t i e s . T h e s e  cells can be o f much 

sm aller size than tum our residues, enabling deep tissue invasion by means of the microvascular 

system.®* Up till now, the discovery o f these cells was exceedingly difficult due to th e ir extrem e  

rarity com pared to normal cells in the circulatory s y s t e m . M o d e r n  technology and improved  

isolation o f CTCs orientated on the ir im m unophenotype has facilitated the  developm ent and 

com m ercialisation o f CTC-based clinical procedures, which show a substantial diagnostic 

potential.

As m entioned previously, EMT is not unique to cancer and has initially been discovered to be a 

crucial process during em bryonic developm ent, during which epithelial cells are highly plastic and 

frequen tly  alternate betw een epithelioid and mesenchymal states via EMT and m esenchym al- 

epithelia l transition (M ET).“ °'“  ̂The transition and reversal o f these phenotypes are im portant for 

the  m etastatic process to  com plete, as a transform ation back to an epithelial phenotype is 

required for the initiation o f secondary tum ours. Current hypotheses hold the broad notion that 

w hile  EMT leads to  the expression o f stem cell markers, this cannot alone explain the phenotypic  

plasticity needed for optim al m alignant behaviour, and that therefore EMT is m ore intrinsically 

linked to stem cell-like properties.®^ The convergence o f MCSC-enabled metastasis and the  

process of cancer cell EMT is now a im portant topic o f research, yielding a m ore com plete picture  

o f th e , still quite elusive, m etastatic cascade.
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1.4 — Cancer Stem Cell-targeted Cancer Therapy and Its Implications

The CSC hypothesis states that a fraction of the  total tum our cell population o f a cancer consists 

of stem cell-like cells which fuel the propagation o f the disease. This hypothesis also predicts that 

after the trea tm en t o f cancer w ith conventional therapies such as chem oradiotherapy, 

im m unotherapy or surgery, a small population o f CSCs can rem ain in the host, which can reinitiate  

tum our g r o w t h . C u r r e n t  generation cancer therapies prim arily focus on the elim ination of 

tum ours and cancer cells in an indiscriminate, non-targeted fashion. Surgery, im m uno-, chem o- or 

radiotherapy are applied w ith the aim o f com pletely rem oving m alignant tissue from  the  body. 

They are often successful in removing a bulk, w ith in  a degree o f probability, sufficient to avoid a 

relapse of the disease. Frequently however, a fte r a period o f tim e, the cancerous tissue can re

appear, som etim es m ore aggressively and often  with an increased resistance to the therapeutic  

methods used.“  ̂The concept o f cancer recurrence and resistance fits the CSC hypothesis well as 

tum our heterogeneity endows different cells w ith  d ifferent abilities o f resisting trea tm en t and re

initiating tum our growth. The resistance o f CSCs to com m on chem otherapeutic treatm ents  is 

being supported by an increasing body o f evidence and, besides the ir ability to  re-in itiate  tum our 

growth, contributes fu rther to  th e ir tum origenicity .” ^

The natural ability to  sequester somatic m utations by th e ir high m itotic rate might give CSCs an 

evolutionary advantage to  gain resistance to  traditional chem otherapy or radiotherapy. How ever, 

recent research has shown th a t also the plasticity o f CSCs and the nature o f th e ir stem cell 

phenotype endow them  with a boosted ability to  do th is .”  ̂ In addition, normal stem cells and 

CSCs are able to  avoid therapies that target fast-dividing cells, by tem porarily residing in a 

quiescent state.” ® Chem otherapeutic drugs are often designed to  selectively target fast dividing 

cells. CSCs fall w ith in  this category. How ever, they em ploy a num ber o f m ethods to resist 

chem otherapy. From relatively early on it was known th a t CSCs express high levels o f ATP-binding  

cassette drug transporters, enabling CSCs to  rapidly pump drugs o u t.“  ̂ Besides this, CSCs exhibit 

an active D NA-repair system and resistance to  apoptosis.” ® Furtherm ore, signalling pathways  

involved in stemness, such as W n t/p -caten in  and Notch have been im plicated w ith chem o- and 

radioresistance by e.g. providing tolerance to DNA d a m a g e . R e c e n t  research has shown that 

CSCs thrive in an hypoxic environm ent by the transcriptional activity o f the hypoxia inducible 

factors, which can prom ote the CSC p h e n o t y p e . A  tu m o u r environm ent contains hypoxic 

regions in which CSCs thrive. Chem o- or radiotherapy can prom ote these hypoxic regions by 

creating a necrotic environm ent, in which, as a result, the  CSC phenotype can be strongly 

p r o m o t e d . T h e  hypoxic environm ent is one exam ple o f the  m icroenvironm ental niches which 

can contribute to  CSC m aintenance and resistance. These aforem entioned mechanisms inhibit
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the  efficacy of tre a tm e n t that target these mechanisms and increases the ability o f CSCs to 

survive chem o- and radiotherapy.

One of the hallmarks o f cancer is its ability to  evade destruction by the host's im m une system. 

CSCs have been recently shown to play a critical role in this. The adaptation of the immune 

system to the tum our m icroenvironm ent facilitates the survival o f the cancer.®^ Evidence has even 

shown th a t tum our cells can em ploy certain parts o f the  im m une system fo r the ir own benefit, 

such as the recruitm ent o f im m une inflam m atory cells to  prom ote angiogenesis, proliferation and 

in v a s iv e n e s s .T h e re  seems therefore  to be tw o  main provisions by which CSCs can function 

w ithin the  environm ent o f the im m une system. The first, and probably most im portant, is the 

ability of CSCs to  avoid destruction by the im m une system. The second is the CSC's ability to 

actively recruit the  im m une system for its own malicious purposes. Some mechanisms have been 

found by which CSCs can "hide" from  the im m une system. It has been known that cancer cells use 

"m olecular mimicry" to  hide th e ir phenotype from  the im m une system by expressing a particular 

phenotype that mimics th a t o f non-cancerous cells. In the  past four years researchers have 

detected the presence o f im m unom odulatory cell surface markers on CSCs, such as CD200, which 

could possibly contribute to  im m une e v a s i o n . R e c e n t l y ,  LSCs have been found to overexpress 

the  cell surface m aker, CD47, to  mimic the phenotype of norm al HSCs and hide them  from  

macrophages, indicating that CSCs can use the  mechanism of m olecular mimicry.^^^ This research 

suggests th a t the  innate stem cell phenotype o f CSCs can possibly be responsible for im m une  

system evasion. An increasing body of evidence is also suggesting th a t cells undergoing EMT 

display an increased ability fo r im m une evasion and an increased resistance to im m unotherapy  

based on the expression o f certain proteins th a t facilitate this a b i l i t y . O t h e r  m ethods of 

im m une evasion and suppression have been associated w ith  CSCs. Cancer cells can produce a 

w ide variety o f immunosuppressive molecules and recent research has found this phenom enon in 

CSCs.^^  ̂ CSCs' ability to  recruit the im m une system has been less well characterised, but much 

progress is being m ade. It has been shown th a t interaction o f breast cancer cells w ith  the im m une  

system can stim ulate tum our EMT and appearance of cancer cells w ith  stem cell-like phenotypes  

and it was found th a t CDS T-cells could induce these cells to  undergo EMT.^^® CSC im m une evasion 

and the ability to  recruit the im m une system for carcinogenic purposes has severe im plications fo r 

immunotherapy.^^'* For fo rty  years, blood-platelets have been known to facilitate cancer 

metastasis.^”  This phenom enon has been recently been revisited in the  context o f CSCs and the ir  

vascular adaptations, CTCs. These cells can interact w ith  various haem atological constituents, 

such as coagulation factors and blood p l a t e l e t s . C T C s  can recruit and activate these platelets  

and factors to avoid th e ir e lim ination by the im m une system w hile in the  b l o o d s t r e a m . T h e  

expression o f CD142 (tissue factor) enables CTCs to bind platelets, aiding im m unoevasion and
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even diagnostic evasion by using platelets to  'cloak' th e ir cell surface m arker antigens.*® This 

laboratory has shown a significant correlation betw een the extent of p latelet recruitm ent and the  

m etastatic potential o f CTCs.^^  ̂ In addition to  this function, various factors secreted by activated  

platelets and haem ostatic factors can aid in the  m aintenance o f a m etastatic and pro-survival CTC 

m icroenvironm ent, while shielding CTCs from  the  otherw ise hostile m icroenvironm ent of the  

b lo o d s tre a m .H a e m o s ta t ic  factors and platelets have been shown to  be involved in nearly every 

com ponent of the m etastatic program , including tum our extravasation and tissue invasion, and 

are therefore  highly researched therapeutic  targets.

The abilities o f CSCs to  resist com m only used forms o f therapy and even m odern molecular 

therapies originate from  th e ir plasticity, signalling redundancy and th e ir dexterity to  reinitiate the  

growth of resistant tum ours. These are believed to  be the prim ary reasons why trea tm en t has 

been relatively unsuccessful fo r m any d ifferent cancer types. Ideal cancer trea tm en t regimen  

would eradicate both the  bulk o f d ifferentiated  cells as well as target the CSC com ponent of the  

tum our, to  avoid recurrence and resistance. Current research is focussed on CSC elim ination and 

CSC differentiation  or a com bination of both as CSC targeted trea tm en t. The first focuses on the  

elim ination of CSCs them selves, w hile the second focuses on rem oving aspects o f the CSC 

phenotype which contribute to  cancer. For a large part, research is focussed on methods of 

identification of CSCs in d ifferen t cancer types so a specific trea tm en t can be ta ilored to target 

these cells. CSCs w ith  prognostic relevance can be found by the  expression o f th e ir m olecular 

signature in much the same w ay as they characterised experim entally.®  Overlap exists in 

trea tm en t strategies fo r CSC elim ination and CSC differentiation  as the mechanisms o f stemness 

m aintenance in CSCs overlap w ith  th e ir survival. A recent review proposes four strategies for 

eradicating liver CSCs, which probably can be adapted to CSC trea tm en t in g e n e r a l . T h e s e  are: 

the blocking o f CSC pathways, ablation of prospective markers, disruption o f the  

m icroenvironm ent and disruption o f self-protection (see Figure 1.2 fo r a sum m ary). Overlap  

exists am ong these strategies; self-protection (resistance) mechanisms o f CSCs are linked to the  

pathways responsible fo r th e ir phenotype (discussed earlier), the  m icroenvironm ent is partially  

responsible for the preservation o f self-protection mechanisms and regulation o f CSC pathways 

and vice versa. Ablation therapy towards prognostic cell surface markers by e.g. medicinal 

antibodies targeting these markers or by targeting specific signalling events im portant to  CSCs 

with a particular im m unophenotype is a possible strategy and potential therapies targeting cells 

with CSC markers such as CD133 and EpCam are in d e v e l o p m e n t . F o r  this therapy to be 

specific, the  CSC phenotype has to  be unique. Unfortunately, current m ethods cannot yet 

guarantee CSC phenotype specificity in vivo, although promising advances are being m ade.“  ̂ In
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th e  in te res t  of this study, th e  following paragraph  will only focus on blocking CSC pathw ays and 

th e  rem oval of th e  CSC pheno type .

L i\ cr cancer stem

Disruption o f self-prolection 
A nti-Im m une evasion 
A nti-M ultiple drug resistance 
A nti-R adioresistance

Disruption o f  Microenvironment
A nti-A ngiogenesis
A nti-V asculogenesis
A nti-Invasion
A nti-M igration
A nti-H ypoxia

Ablation o f prospective markers 
A nti-EpCA M  
A nti-C D  133 
A nti-C D  44 
Anti-CD  13

Blockade o f  CSC pathways 
A nti-Self-renew al 
A nti-Tum or grow th 
A nti-Survival 
D iflerentiation

Figure 1.2—Four the rapeu tic  m e thods  for CSC-specific t r ea tm e n t .  (Ref. Oishi and Wang.^^'^)

Targeting key CSC pathw ays is an app roach  th a t  has garnered  much in terest.  The focus lies on th e  

removal o f  th e  CSC p heno type ,  resulting in 'benign ' cells with no capacity to  p ropaga te  tu m o u r  

grow th  and  spread . The targeting  of th e s e  pathw ays can result in th e  removal of a particular 

p roperty  o f  CSCs, such as the ir  ability to  self-renew, or  can result in a m ore  broad morphological 

ev en t  such as differentiation. The Wnt/(3-catenin is an im portan t  pa thw ay  for th e  m ain tenance  of 

norm al s tem  cell and CSC self-renewal and proliferation. This pa thw ay  has been  proposed  as a 

th e ra p e u t ic  ta rg e t  and recently, s tudies  have b een  perform ed in which th e  inhibition of ups tream  

regula tors  of th e  pathw ay, such as th e  Frizzled family of recep to rs  or  inhibiting or  degrading m ore  

d o w n s tre a m  e lem en ts ,  such as |3-catenin lead to  th e  reduction of c a r c i n o g e n i c i t y . A l s o  

included as a t r e a tm e n t  option is th e  induced upregulation of en d o g en o u s  inhibitors of the  

W n t/3 -ca ten in  pa thw ay, such as The H edgehog pa thw ay  has also been  suggested  as a

poten tia l  th e ra p e u t ic  t a r g e t . T h e  inhibition of th e  Hedgehog pa thw ay  by th e  induced 

m odula tion  of its regulatory  factors has been  shown to  sensitise cancer cells to  drug-induced 

a pop tos is  and sessility.^'*®'^'’̂  The implication o f  targeting  specific pa thw ays is th a t  no t all pa thw ays 

a re  regu la ted  in similar ways in all cancers.^"’* T rea tm en t  options have also b een  explored with th e  

focus on  CSC differentia tion, a m ore  d ram atic  morphological a ltera tion  which could be a b roader  

m e th o d  o f  rendering  th e m  benign. This is possibly a p o te n t  m e th o d  by which malignancy could be
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eradicated. This is exem plified by recent research which showed th a t the potassium ionophore, 

salinomycin, could d ifferentiate breast cancer CSCs, leading to  cell-cycle arrest rather than the  

induction o f cyto tox ic ity /®  Salinomycin proved to be >100-fo ld  m ore effective in removing 

breast cancer CSCs in mice than the com m on chem otherapeutic drug, paclitaxel. The TGPP- 

related pathways, which are im portant fo r stem cell fa te , are often underexpressed in CSCs and 

the induction of this pathway has been postulated to be an im portant contribution to 

differentiation  trea tm en t o f cancer.^'*’  However, other studies have suggested the inhibition of 

particular TGFp pathway elem ents can contribute to  a reduction o f metastasis, indicating that this 

pathway has diverse roles in cancer/'^® Retinoic acid is a potent morphogen which has long been 

known to be able to induce d ifferentiation  in ESCs and ECCs/“  Retinoic acid has also been shown 

to  d ifferentiate cancer cells expression CSC phenotypes and is currently the most examined and 

clinically tested compound for d ifferentiation  trea tm en t in cancer. D ifferentiation therapy by 

retinoic acid and its molecular analogues has already led to  varied success being applied to trea t 

acute promyelocytic leukaem ia (AML), squamous cell carcinoma, adenocarcinom a o f the prostate, 

neuroblastom a and hepatocellular carcinoma.® Because o f its ability to  stim ulate d ifferentiation, 

retinoic acid has also been proposed as a chem opreventative drug against cancer. Some research 

shows that retinoic acid could change w hat is otherwise a m icroenvironm ent that stimulates pre- 

malignant cells to an environm ent th a t encourages the ir differentiation.® M o re  recent research 

has dem onstrated how retinoic acid affects CSCs. Retinoic acid is investigated as a trea tm en t for 

glioblastoma as it has the ability to  reduce the expression of neural stem cell markers in 

glioblastoma stem cells, such as CD133, M S Il, nestin and S0X2 and d ifferen tia te  these cells into 

senescent a s t r o c y t e s . S i m i l a r  m odulatory perform ance of retinoic acid has also been show in 

breast cancer stem c e l l s . A n o t h e r  reported advantageous effect o f CSC differentiation is the  

potential subsequent exposure o f previously hidden CSCs to  the im m une system, fu rther ensuing 

the ir eradication.

Figure 1.3—Three approaches to cancer treatment.
The tu m o u r contains a bulk o f d iffe ren tia ted  cells 

(orange) w ith  a t th e  ro o t a small population  o f CSCs 

(black) (A -ll). Conventional cancer tre a tm e n t  

elim inates th e  bulk o f tu m o u r, w h ile  failing  to  

com plete ly  erad icate  th e  CSC population  (B -lll). The 

CSC rein itiates a tu m o u r and a m ore resistant and 

m alignant tu m o u r recurs. A lternative ly , targeted  

therap y  can focus on th e  erad ication  or induced  

d iffe ren tia tio n  o f th e  tum ou r's  CSC com ponent (B-l 

and B-ll respectively). This can result in a p erm anent 

reduction or com ple te  e lim in ation  o f the  tu m o u r  

mass (C-l and C-ll).
II III
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1.5 — The Origins of Cancer Stem Cells and the Heterogeneous versus Stochastic 

Model of Cancer

Despite the large number of publications referring to CSCs, a full consensus has not yet been 

reached on whether experimental evidence gained, such as that from CSC xenografting, reflects 

the real mechanisms of cancer as a d i s e a s e . T h i s  possibly questions the reliability of some CSC 

models and also questions the congruity of CSCs as a defined subclass itself. Although theory is 

progressing towards consensus about the heterogeneous nature of tumours containing stem-like 

cells, the theories on the origin and ultimate definition of these cells as CSCs in vivo are still 

controversial.^^® Two main hypotheses exist on the origin of CSCs, both of which could be correct. 

One hypothesis holds that cancerous cells with a stem-like phenotype originate from normal stem 

cells that have, by microenvironmental or intrinsic changes, such as oncogenic mutations, 

acquired a malignant phenotype. Another hypothesis holds that microenvironmental or intrinsic 

changes promote the stem-like phenotype to the much more abundant non-stem-cells or 

committed progenitor cells, which subsequently climb the hierarchy of cell potency and become 

malignant to produce heterogeneous t u m o u r s . T h e s e  hypotheses are frequently called the 

hierarchical and stochastic models of cancer respectively. A recent review positions the 

hierarchical cancer stem cell model against the stochastic clonal evolution model and tries to 

clearly define the differences between these two models.^”  Table 1.1 describes the differences as 

defined here, however the reviewers do concede that both models are not mutually exclusive in 

cancers that follow a stem cell model. Based on recent discoveries, many of which are described 

in this introduction, a reconciliation of these two models seems to be occurring as an increasing 

number of cancer types are found to have a stem cell component while the potential neoplasticity 

of seemingly more differentiated tum our cells is further elucidated and the cancer stem cell 

exclusivity is increasingly put into q u e s t i o n . F o r  both models, convincing experimental 

evidence exists; CSCs have been shown to share large number of cell surface markers with their 

non-malignant counterparts and NSCs can adopt a malignant phenotype in vivo}^^  On the other 

hand, committed progenitors have also been shown to acquire a plastic, malignant phenotype by 

specific oncogenic transformations.^^® Strong evidence comes from the field of melanoma 

research. The tumour-initiating component of malignant melanoma was observed to be 

comparatively very large from which the hypothesis was held that the component of stem-like 

cancer cells in melanoma is maintained at a dynamic equilibrium, which can vary depending on 

environmental c o n d i t i o n s . A  third, less commonly held hypothesis is that CSCs are the 

product of a rare fusion event between stem cells and other cell t y p e s . I t  is possible that CSCs 

originate from this event or that this occurs after first-line treatm ent, producing recurring
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CSCs.“ '̂̂ *̂ It  was postu la ted  th a t cell fusion provides th e  re su lta n t CSCs w ith  th e  ab ility  to  acquire  

a p h e n o typ e  necessary fo r  oncogenic p ro life ra tio n  and fo r  resistance to  tre a tm e n t. Ind irec t 

e x p e rim e n ta l ev idence supports th e  cell fusion hypothesis as a fac ilita tin g  ev e n t fo r in itia l CSC 

fo rm a tio n  as fo r CSC recurrence.

Table 1.1—Cancer stem cell model versus stochastic cancer model, (adapted from  Shackleton et
I 157,al. )

Cancer Stem Cell Model (Stochastic) Clonal Evolution 
Model

F requ en cy o f cancer cells w ith  

tu m o rig e n ic  p o ten tia l

Rare to  m o d e ra te High

P h en o typ e  o f cancer cells H etero g en eo us H e tero g en eo u s  o r hom og en eo u s

T u m o r o rg an iza tio n H ierarch ical N o t necessarily h ierarchical

Intrinsic d iffe ren ces  b e tw ee n  

tu m o rig e n ic  and  

n o n -tu m o rig e n ic  cells

S tab le, ep igenetic U n stab le , ep ig e n e tic  o r gen etic

R ational approach  to  th e ra p y Possible to  ta rg e t on ly  

tu m o rig e n ic  cells

T arg et m ost o r all cells

C o m pelling  clinical ev idence G erm  lineage cancers H igh-grade B cell lym phoblastic  

leukem ia

C h ap ter O n e  —  In t r& d . j i  t io n  j 17



1.6 — MicroRNA

MicroRNA (miRNA) are short RNA molecules w ith an average length of 21-22  nucleotides and are 

endogenous to  eukaryotic organisms. MiRNAs are members o f a superfam ily o f non-coding RNAs 

(ncRNAs). These RNAs in this superfam ily, although dissimilar in length, share the a ttrib u te  which  

is th e ir incapability to  undergo translation into proteins. Besides miRNA, some o ther m em bers of 

this fam ily include ribosomal RNA, small nucleolar RNA, small interfering RNA (siRNA), long 

ncRNA, transfer RNA and Piw i-interacting RNA. These RNA molecules have diverse cell regulatory  

or m etabolic functions. The predom inant function o f miRNA in the cell is the post-transcriptional 

repression of mRNA translation (this is described in Section 1.7). The first miRNA was discovered 

in 1993 by Ambros, w ho revealed th a t a short anti-sense RNA expressed in C. elegans , dubbed  

lin-4, could post-transcriptionally dow nregulate its target gene, lin-14, w ith o u t showing a 

reduction o f this gene's mRNA expression.^®® In 2000, a second miRNA, let-7, was found in C. 

elegans by Reinhart et al. fo llow ed by the  Since then, thousands o f miRNAs have been 

discovered in m any d ifferen t organisms and, currently, the Sanger MicroRNA Database holds 

approxim ately 1500 hum an miRNA sequences, although the num ber o f unique m ature miRNA  

sequences is lower.^®® MiRNAs are expressed in all cells o f the body, how ever the miRNA profile is 

often  cell type-specific.

18 C hapter One — Introduction



1.7 — Biosynthesis and molecular processing of MicroRNA

About 40% of all mlRNA loci in the  human genome are located in the intronic regions of protein  

coding genes and are often  transcribed as a single polycistronic transcription units (PTUs). A much 

sm aller num ber is located in the  exonic regions o f protein-coding genes; how ever this depends on 

alternate  splicing patterns. Approxim ately 50% o f all miRNAs are thought to  be clustered in PTUs, 

either coding or non-coding, and are often governed by a single prom oter region. In some cases, 

how ever, these miRNAs also have their own prom oters.

The biogenesis o f m ature miRNAs is fairly straightforward and starts with the transcription o f an 

miRNA precursor RNA by RNA polymerase II, although in some cases RNA polymerase III adopts 

this role for miRNAs associated with Alu r e p e a t s . T h i s  prim ary miRNA (pri-m iRNA) can be 

several kilobases in length and form s double-stranded RNA (dsRNA) stem -loop structures 

containing a 5' cap and a poly-A tail which can contain the  precursors o f m ultip le m ature  

m i R N A s . T h e  pri-m iRNA is cleaved in the single-stranded RNA (ssRNA) flanking regions of the  

stem -loop structures. This is perform ed in the cell nucleus by the Microprocessor complex, which 

contains Drosha, an RNase Ill-type protein, and Pasha, which assists Drosha in cleaving ssRNA 

segments approxim ately 11 base pairs away from  th e  ssRNA-dsRNA j u n c t i o n . T h i s  liberates a 

stem -loop constructs o f approxim ately 60-70 base pairs called pre-miR.^”  The Microprocessor 

com plex can cleave intronic pre-miRNAs w ithout negatively affecting normal mRNA splicing, 

indicating an intricate regulatory link betw een this complex and the spliceosome. In some cases 

the Microprocessor is bypassed and intronic pre-miRNAs are produced by the spliceosome. These 

are som etim es called mitrons.^^^ W ith  the aid o f a Ran protein, the pre-miRNA is subsequently  

exported into the cytoplasm by the  nuclear transport receptor, exportin 5, which recognises stem - 

loop and 3' overhang o f the  pre-miRNA.^^^ In the  cytoplasm the  term inal loop o f the pre-miRNAs 

are cleave by the cytoplasmic RNase III, Dicer, which also contains a PAZ domain th a t binds to the  

3' protruding end of the  miRNA. The length of the dsRNA m iRNA:m iRNA* product depends on the  

overall stem -loop length and loop size, as well as any im perfect pairing in the stem. In some cases, 

as w ith mRNA isomers, a reference sequence can produce m ultip le m ature variants o f a single 

miRNA by post-transcriptional editing. These miRNAs are som etim es referred to as isomirs.^^® The 

m ature miRNA:m lRNA* duplex undergoes fu rther processing as described in Section 1.8.
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1.8 — Post-Transcriptional Regulation of Protein Synthesis by MiRNA

1.8.1 — The RNA-induced Silencing Complex

The prim ary cellular apparatus responsible for gene repression by miRNA is the RNA-induced 

silencing com plex (RISC). This generic complex is a loose heterogeneous quaternary structure o f a 

diverse composition of interchangeable proteins, which can load specific short regulatory dsRNAs 

fo r the specific silencing of genes at the transcript or genom e level/^® Although the mechanisms 

o f the RISC and types o f small RNA it can load are quite diverse, this Section will focus on RISC- 

m ediated silencing of mRNA by miRNA. The RISC contains a num ber of d ifferent proteins with  

specific functions. The catalytic centre o f the RISC are the evolutionary ubiquitous Argonaute  

proteins. This fam ily o f proteins can be arranged in th ree  subgroups: the AGO group, the  Piwi 

group and the W AGO g r o u p . F o r  m lRNA-m ediated silencing in mammals, the AGO group are 

im portant and specifically A G O l and A G 02 (from  a to ta l of A G O l-4 ). Both A G O l and A G 02 load 

miRNA, how ever, generally, only A G 02 loads both siRNA and miRNA and is capable of target 

mRNA c l e a v a g e . T h e r e f o r e ,  A G O l is generally responsible for mRNA translation inhibition  

and A G 02 for mRNA degradation or processing, although exceptions to  this exist as shown in D. 

m elanogaster c e l l s . T h e  sequence of RISC assembly depends on the configuration o f proteins 

used. The miRNA loading process into the RISC is still quite obscure and differs depending on the  

RISC configuration (e.g. A G O l or A G 02). Perfectly m atched hybrids (miRNA or siRNA) are 

preferentially loaded in A G 02 and duplexes w ith central bulges (mostly miRNA) are loaded into 

AG01.^*°'^*^ In both cases the miRNA is loaded as a cleaved pre-m iR dsRNA consisting o f a guide 

strand and a passenger strand, a fte r which the passenger strand is discarded and degraded in a 

RISC type-dependent manner.^^^'^^ In some cases, the passenger strand (denom inated w ith a 

suffixal asterisk) escapes degradation and remains biologically a c t i v e . T h e  loading o f A G 02- 

RISC is dependent on a protein complex containing Dicer-2, how ever the AGOl-RISC loading 

mechanism is probably D icer-independent, but is still rather o b s c u r e . B o t h  A G O l and A G 02  

contain a PAZ dom ain, which interacts w ith  th e  3' end o f the guide strand and a PIWI dom ain, 

which interacts w ith  the 5' end o f the  guide strand, orientating the miRNA for mRNA targeting. 

RISC contains o ther im portant com ponents, such as helicases, RNA binding proteins, deadenylases 

and regulatory proteins. An exam ple o f another critical com ponent o f RISC is the G W 182 (D. 

m elanogaster) fam ily o f proteins, which recruit the RISC com ponents and mRNA to  P-bodies for 

miRNA-induced silencing of g e n e s . R e c e n t  research has im plicated G W 182 with additional tasks 

w ith in  the  RISC.^®  ̂The loaded RISC is called the m ature miRISC. Although not the only mechanism  

o f mRNA repression, the most studied m ethod of m iRISC-mediate mRNA repression is by binding 

th e  3'UTR of the m ature mRNA.^®* This process is described in m ore detail in Section 1.8.2. The
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intracellular location and general m ethod of mRNA repression has been debated. Evidence has 

shown that mRNA repression can occur before, during or a fter the initiation stage of mRNA  

translation/®* Furtherm ore, mRNA degradation or storage can occur in defined cytoplasmic 

locations, called P-bodies, or can remain at the polysomal level, or even both simultaneously. The 

RISC and m ature miRNAs have even been found in the  nucleus, suggesting a possibility of pre-

189 190mRNA repression or transcriptional repression. '

1.8.2 — Targeting mRNAs

The main function of miRNA is the post-transcriptional repression of mRNA. MiRNAs are believed 

to  target up to 60% o f expressed m am m alian protein coding g e n e s . S u p p o r t e d  by target 

prediction software and microarray analysis studies, miRNAs are w idely accepted to each target 

tens to hundreds o f g e n e s . I n  addition, it has been experim entally confirm ed th a t one mRNA  

can be targeted by m ultip le miRNAs simultaneously.^®^ The silencing o f mRNA translation by 

miRNA is governed by a complex mechanism th a t is not fully understood. Over the past ten years 

a few  "rules" that som ew hat elucidate this mechanism have been discovered. The perfect 

Watson-Crick base pairing of seed sequence o f the  miRNA, a sequence betw een positions 2-7  

from  5' end, is considered to  be very im portant fo r target specificity and stable alignm ent, 

although exceptions do exist and, as of yet, no solid mechanistic theory explains this 

i m p o r t a n c e . A l s o ,  effic ient form ation o f the miRNA-.mRNA duplex depends on the  

therm odynam ic stability o f the resulting hybrid, rather than perfect complementarity.^®^ M ore  

recently it was confirm ed that the therm odynam ic binding process is slightly m ore complex, as 

miRNA target specificity also depends on the therm odynam ic stability of any intram olecular 

hybridisation of the mRNA near the binding site.^®^ This means that to ta l free-energy change of 

miRNA:mRNA binding depends on both the free-energy gain o f miRNA:mRNA hybridisation and 

the free-energy cost o f opening the mRNA secondary structure.^®* Beyond the seed sequence 

im perfect com plem entarity can exist, but the  degree o f this can affect mRNA repression. 

Reasonable com plem entarity in the 3' region of the miRNA is required (especially in the 13-16  

nucleotide region) and some mismatches or bulges are perm itted. It has been shown that an 

adenosine across from  position 1 of the miRNA or an adenosine or uracil across from  position 9 

improves site efficiency even if base paring does not occur.^®* Initially, it was thought that only 

sequences w ithin the 3'UTR o f the mRNA was targeted  by the 5' end o f the  miRNA. However, 

recent research showed that also the coding region and the  5' untranslated region (5'UTR) could 

be targeted for mRNA s i l e n c i n g . S i m i l a r  to  the function of siRNA, the silencing o f mRNA by 

miRNA can occur by cleavage often resulting in the  irreversible degradation of the mRNA. Some of 

the cleavage products have been shown to be biologically stable, suggesting that they m ight have
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fu rther functions in the cell.^®® The initially discovered and connmon function mlRNA is the  

tem poral repression o f the mRNA, w ith the absence of degradation. In this case, only protein  

translation is repressed and the mRNA could possibly be reactivated for translation at a later tim e  

point. This has been theorised to be a transcriptional tim ing mechanism that could be reversed 

over tim e or during a cellular e v e n t . I t  has been shown that a bulge or mismatch w ithin the  

central region o f the miRNA:mRNA hybrid generally precludes the cleavage o f the mRNA, but this 

is not always the  case.^®® The miRNA and their 3'UTR miRNA binding regions of mRNA are often  

evolutionary conserved; this is not a prerequisite for in vivo  mRNA silencing by miRNA, increased 

conservation has been shown to  positively im pact apparent repression effictiveness.^“  

Nonetheless, some studies showed th a t among experim entally validated binding regions, alm ost 

half w ere  not c o n s e r v e d . A  generally accepted rule is that the degree o f mRNA repression by a 

specific miRNA increases proportionally to the num ber o f its target sites found on the mRNA  

3 ' U T R . S o  far, the rules th a t have been discovered to govern mlRNAimRNA hybridisation 

produce hundreds o f potential targets fo r a single miRNA. W hen exceptions to these rules are 

included, this num ber will grow exponentially. The num ber o f targets might not reflect miRNA  

function in vivo. Results from  miRNA target validation experim ents in cell cultures often show an 

expected phenotypic change associated w ith  the dow nregulation of a single or handful of miRNA  

targets when the  expression of a specific miRNA is artificially changed. From this, one can infer 

th a t perhaps an experim ental justification exists fo r the idea th a t a single miRNA might 

predom inantly target few er genes than predicted by prediction algorithms that abide by the  

current rules, as only a few  targets are needed fo r the desired or expected phenotypic change. 

The dynamics of miRNA:mRNA hybridisation are very complex and much is still unclear. Currently, 

research in the role o f secondary structures and site accessibility o f miRNA and mRNA and their  

complexes is clarifying some of additional methods by which miRNAs 'pick' the ir targets. Another 

im portant field o f investigation is the transcriptional and post-transcriptional regulation of 

miRNAs themselves. This is discussed briefly in Section 1.9.
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1.9 — Regulation of MicroRNA

Like genes, miRNA are regulated by a variety of epigenetic and post-transcriptional processes. As 

described in Section 1.7, nniRNA loci exist in intergenic and intragenic (predom inantly intronic) 

regions o f the  genome. Of these miRNA m ost intergenic miRNA are autonom ously regulated by 

th e ir own promoters, while intragenic miRNA are generally regulated by the prom oter regions of 

th e ir host genes, as is evident from  the ir correlated expression p a t te r n s . In te re s t in g ly , gene 

ontology has shown that co-expressed intronic miRNA and host genes cooperatively regulate 

similar cell processes.™ The prom oter regions o f autonom ously expressed (m ostly intergenic) 

miRNAs are highly similar to those o f protein-coding genes, w ith the presence o f CpG islands, 

TATA box sequences, initiation elem ents and histone modifications.^”  These miRNA are therefore  

controlled in a similar m anner. P53 is an im portant transcription factor and cell cycle regulator 

and its gene TP53 is m utated or deleted in over 50% o f all c a n c e r s . T h e  reduction o f p53 

function is also well docum ented in CSCs and regulates the  transcription o f im portant tum our 

suppressor miRNAs, with often critical functions in CSCs, such as the m iR-200 fam ily  (further 

details on miR-200 function in CSCs are described in Section 1 .12 ).“ ® A uto-regulatory loops also 

exist, in which miRNAs are transcribed or repressed by the transcription factors they  

sim ultaneously regulate. A good example o f this is the direct repression o f pluripotency factors, 

0C T4, S0X2 and KLF4 by m iR-145 in hESCs and the  coexisting repression o f m iR-145 by 0CT4, 

which binds its prom oter.^^ As a consequence, miRNA expression can be carefully regulated by 

epigenetic mechanisms, such as m ethylation patterns and histone m odification. An example 

discussed in more detail in Section 1.11, describes the  silencing o f m iR-27 by hyperm ethylation in 

bladder cancer, which promotes the disease.

Regulation o f miRNA expression can also be governed by the  miRNA processing machinery, such 

as the Microprocessor complex. The regulation o f the com ponents o f this complex, Drosha and 

DGCR8, are intim ately linked w ith one-another. It has been shown th a t DGCR8 stabilises the  

Drosha protein through protein-protein  interaction and th a t Drosha mRNA can be reciprocally 

cleaved by M ic ro p ro c e s s o r .T h e s e  interactions will u ltim ately have an effect on global miRNA 

expression. Global miRNA regulation can also occur at the pre-m iRNA processing level. For 

example, the  stability of TRBP, an im portant protein in Dicer-m ediated pre-m iRNA processing, is 

positively regulated by the MAPK/ERK pathway.^”  Thus miRNA m aturation is regulated by this 

pathway. M ore  specific regulation o f miRNAs by proteins also exist. The best exam ple o f this is 

the regulation of the let-7 fam ily by LIN28. This protein can regulate these miRNAs at multiple  

levels by binding to both pri-let-7 and pre-let-7 , inhibiting the ir fu rther processing to  m ature  let-7, 

a feature im portant for ESC m aintenance.^”  Interestingly, LIN28 mRNA is itself a ta rget o f the let-
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7 fam ily. O ther similar examples exist and are often regulated by upstream pathways. In Section 

1.7, isomirs w ere  described to  be m ultiple d ifferent miRNAs derived from  a single reference  

sequence. This is an exam ple o f miRNA editing, a regulatory m ethod which can have an im pact on 

miRNA ta rge t specificity. Another exam ple o f this is conversion of adenosine bases to inosine by 

adenosine deaminases.^”  Pri-miRNAs and pre-miRNAs can be edited by this mechanism, which 

can u ltim ately affect dow nstream  miRNA m aturation.

At the  functional level, miRNAs can be regulated as com ponents o f the miRISC. Am ong the  

com ponents o f the miRISC, AGO and G W 182 proteins are shown to  be heavily targeted  for 

regulation.^”  The regulated levels o f AGO protein in the cell have been shown to not only affect 

m iRN A-m ediated target repression quantitatively, but possibly also qualitatively as d ifferent 

miRNAs may d iffer in the ir intrinsic ability to be loaded into the  miRISC.^”  In m am m als, m ultiple  

splice variants o f G W 182 proteins are expressed and the regulation by (de)phosphorylation of 

these proteins have been suggested to be a regulatory mechanism for miRNA function.^”  MiRNA  

regulation independent from  RISC exist, such as (tem porary) recruitm ent by RNA-binding proteins 

and by RNA sequences, such as pseudogenes, that can function as endogenous miRNA  

s p o n g e s . E v e n  the direct inhibition of a miRNA by another miRNA has been s h o w n . T h e  

existence o f these alternate functions and the possible existence o f others, indicates the miRNA  

netw ork to  be m ore complex than initially thought.
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1.10 — Additional Functions of miRNA

Although the role o f post-transcriptional gene suppression remains dom inant, a com prehensive  

collection other functions have been attributed  to  miRNAs. These functions can prom ulgate  

beyond the cytosol and m ature miRNAs have been found to exert the ir influence in the  nucleus of 

the cell, but also in the extracellular dom ain. Besides th e ir role to suppress protein translation, 

miRNAs have been found to activate gene expression, both at the transcriptional level, by binding 

to  gene prom oter regions, as at the  post-transcriptional level, by binding to  the 5'UTRs of 

mRNAs.^^^'^^^ Furtherm ore, transcriptional inhibition o f genes by miRNA has also been 

r e p o r t e d . M i R N A s  can transverse the  plasma m em brane and extracellular dom ain and en ter 

other cells, by exosomal s e c r e t i o n . T h i s  may represent a novel in tercellular signalling 

mechanism.
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1.11 — MicroRNA and Cancer

Shortly a fte r th e  characterisation o f miRNA in 2000, the implications of these short 

oligonucleotides in cancer biology w ere suggested and these roles o f miRNA in cancer have been  

a highly investigated subject s i n c e . I t  is estim ated that approxim ately half o f known miRNAs in 

th e  genome are located w ithin or close to genomic fragile sites and regions involved in cancer.^^® 

It is now well known th a t miRNAs play im portant parts in carcinogenicity, tum our proliferation, 

metastasis and m any o ther biological processes th a t can e ither directly or indirectly affect cancer. 

How ever, still relatively unknown is how crucial the  role o f miRNAs are in the creation o f the  

carcinogenic state, as many o ther cell regulatory processes beyond miRNA regulation are 

involved. Interestingly, global miRNA expression in cancer has been dem onstrated to be lower 

than th a t in norm al t i s s u e . S i m i l a r  to  protein coding genes, miRNAs can be deregulated in a 

m anner th a t is often  characteristic to the cancer type and sometimes can be associated w ith  the 

prognosis and progression of the d i s e a s e . O n e  o f the first miRNAs to be discovered to have a 

defined role in cancer was miR-21, which was upregulated in breast cancer and regulates the  

expression of BCL2.^^° Since then, hundreds of miRNAs have been associated w ith regulation of 

known and potential oncogenes and tum our suppressor genes. MiRNA which have a tum our 

suppressive function are often called tum our suppressor miRNA and those w ith an oncogenic 

function are called oncomirs. A typical a ttribu te  of many cancers is the often specific 

dow nregulation o f tum our suppressor miRNAs and upregulation o f oncomirs. As w ith other 

genes, the loss o f tum our suppressor miRNA function can be due to  various mechanisms such as 

genomic deletion, m utation, epigenetic silencing, altered transcription factor function and 

alterations in the miRNA processing m a c h i n e r y . A  com m on exam ple o f this is the deletion of 

the  1 3 q l4 .3  region in chronic lymphocytic leukaem ia (CLL), which contains miR-15a and miR-16, 

resulting to an accelerated proliferation o f CLL due to  the ir loss and subsequent upregulation of 

th e ir targets, BCL2 and c-MYB o n c o g e n e s . F e w e r  miRNAs have been classified as oncomirs than  

tu m our suppressor miRNAs, how ever those that have been defined are well researched. Since 

m iR-21 gained its oncom ir status in CLL, this miRNA has been associated w ith  many other types of 

cancer, such as cancer o f the gastrointestinal tract, lung, bladder, cervix, pancreas, breast, head 

and neck, liver, prostate and leukaem ia, lym phom a and m e l a n o m a . A m o n g  its validated  

targets are im portant tum our suppressors, fo r exam ple PDCD4, TGFBR2, PTEN and TIMP3.^^^“^̂ ‘’

As described in Section 1.9, miRNAs can be regulated in various ways, w ith the most prom inent 

being the  regulation of the ir transcription by various transcription factors. MiRNAs play a role at 

every level o f cellular signalling pathways, including those that play a role in cancer. Through 

miRNAs, transcription factors can exert an additional layer o f influence on cell signalling.
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Transcription factors w ith  innportant roles in cancer have been found to  transcribe oncomirs or 

tum our suppressor miRNAs. A good exam ple of this is the active repression of the le t-7  and mlR- 

29 fam ilies o f tum our suppression miRNAs by the oncogene c-Myc.^^^ Specific hyper- or 

hypom ethylation o f CpG islands in miRNA prom oter regions have been shown to  be a com m on  

m ethod o f regulating miRNA expression. In cancer, m ethylation patterns are dram atically altered  

and as a consequence, this can lead to the upregulation of oncomirs by prom oter 

hypom ethylation or, m ore o ften, the  transcriptional silencing of tum our suppressor miRNAs by 

hypermethylation.^^® For exam ple, m iR-127 was one of the first miRNAs discovered to  be silenced 

by hyperm ethylation in cancer, specifically bladder cancer. This miRNA was fu rther validated to 

target BCL6, a confirm ed oncogene.™  Examples o f o ther tum our suppressor miRNAs that have 

been found to  be silenced by prom oter hyperm ethylation in various cancers are m iR-124a and, 

m ore recently, miR-152.^^®'^^^ Consequently, th e ir induced upregulation resulted in reduced  

malignancy and the suppression o f th e ir ta rget oncogenes. Some oncomirs have been found to  be 

upregulated due to p rom oter hypom ethylation. An exam ple o f this is le t-7a-3 , whose prom oter 

was hypom ethylated in lung adenocarcinom as and subsequently was highly overexpressed in this 

c a n c e r . T h i s  unusually oncogenic miRNA (m ost let-7 m em bers are tum our suppressor miRNAs), 

has regulatory functions in the  Ras pathw ay based on microarray data, although target validation  

still has to be perform ed. Very recently, in NTera-2 ECCs the hyperm ethylation o f gene introns 

have been shown to contribute to the  dow nregulation o f the tum our suppressor, mlR-199a.^^®

The association o f the  deregulation of specific miRNAs w ith cancer is generally perform ed  

empirically, by first isolating the sought cancer phenotype and subsequently evaluating the  

expression of miRNAs in the experim ental (cancer) phenotype w ith a control phenotype (non- 

cancerous counterparts). A difference in expression o f some or many aberrantly expressed 

miRNAs are subsequently inferred to  contribute to the cancer phenotype and often this 

presum ption is validated by returning the cancerous phenotype to  th a t o f a (m ore) normal 

phenotype by induced deregulation o f these miRNAs. In some cases an alternative, more  

hypothetical approach to  elucidating miRNA function in cancer is taken in the form  o f a functional 

screening assay o f miRNA. This generally involves the systematically induced deregulation of 

specific miRNAs in cells fo llow ed by the subsequent association o f expected cancerous 

phenotypes w ith specific exogenously influenced m i R N A s . T h e  discovery o f the  tum our 

suppressive properties o f m iR-21 is an exam ple o f an miRNA found by this a p p ro a c h .F u n c tio n a l 

miRNA screening assays are often perform ed w ith  a large num ber o f miRNAs and is sometimes  

combined in modified form  w ith the em pirical approach when the results o f the la tte r m ethod  

yield a large quantity o f deregulated miRNA. The functional screening assay is not unique in
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cancer research and is also used in the detection of innportant genes that can contribute to  

certain exam ined phenotypes/'’^

The specificity o f miRNA expression profiles to  certain types of cancers at certain stages o f the  

disease has m ajor diagnostic and prognostic values. M iRNA profiling has even been suggested to  

be m ore accurate and consistent than gene profiling as a m ethod to  determ ine malignancy. 

G enom e-w ide miRNA expression profiling techniques, such as miRNA microarrays and 

quantitative real-time-PCR (qRT-PCR) arrays, have the ability to  d ifferentiate cancer tissues from  

th e ir normal counterparts. M iRNA expression remains quite stable in cancer tissue storage 

conditions, such as fresh frozen tissues and fixed-form alin paraffin em bedded tissues, expediting  

th e ir use as diagnostic m a r k e r s . M i R N A s  have also been found to be stably expressed in body 

fluids and recent research has shown the expression profiles in these fluids can be altered by 

c a n c e r . M a n y  cancers have now been associated w ith  specific body fluid miRNA expression 

profiles and com m ercial developm ent o f sensitive diagnostic tools is in its early stages.

Because o f the im portant implications o f miRNA w ith cancer, the therapeutic value o f miRNA- 

based trea tm en t has also been investigated. A key advantages of miRNA-based therapy is the  

ability o f miRNAs to sim ultaneously and efficiently regulate the  expression of oncogenic or 

tum our suppressive genes and signalling pathways exogeneously.^''^ W ith  this, a precise com m and  

of these genes is possible. As miRNAs are involved in malignancy and trea tm en t resistance, 

miRNA-directed trea tm en t could potentially rem ediate the causal aberrancies.^'*^ The often-subtle  

and tem poral nature o f m iRNA-m ediated gene repression can potentially reduce undesirable side- 

effects, which could otherwise appear w ith m ore aggressive approaches. Also, miRNA-based  

therapy is not lim ited to  restoring aberrant miRNA expression to  non-cancerous levels, but can 

also be targeted  at miRNAs which are norm ally expressed, but could still contribute to  resolving 

the  disease.^'’® T reatm ent which revolves around employing miRNA's therapeutic potential can be 

categorised into direct and indirect miRNA regulation. In the first category, most current research  

in m iRNA-based trea tm en t is broadly directed at the  developm ent and delivery o f molecules that 

mimic miRNAs or antagonise th e ir expression.

Table 1.2 shows a selection o f d ifferent, potentially therapeutic methods that can achieve these 

functions. Indirect methods of miRNA-based trea tm en t involve targeting the mechanisms that 

govern miRNA expression. As discussed in Section 1.9, many upstream signalling pathways can 

regulate miRNA expression. The upstream  receptors or m ore dow nstream  factors o f these 

pathways could be targeted to indirectly control the expression of specific miRNAs. As w ith  o ther  

m olecular-based therapies, this probably relies quite heavily on sufficient knowledge about the  

pathway's signalling and transcriptional destinations, so to  im pede unw anted side-effects and
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facilitate specific signalling. A recent exannple showed that the upregulation of anti-metastatic 

miR-335 in breast cancer could be induced by the modulation of the nuclear aryl hydrocarbon 

receptor by its ligands, TCDD and MCDF, resulting in the downregulation of the metastatic gene, 

S0X4.^'*^ As described in the earlier, a loss of miR-15a and miR-16 in CLL resulted in the 

overexpression of anti-apoptotic factor, BCL2. In a different variant of leukaemia, AML, the 

expression of these miRNA can be restored in AML cells and patients by administering all-trans 

retinoic acid (ATRA), resulting in the repression of BCL2/'’® The development of direct miRNA- 

based therapeutics is complicated. As with other RNA interference (RNAi)-based therapies, in vivo 

delivery of miRNA mimics or antagonists can be problematic due to the size of the molecules. 

However, miRNA-targeted delivery is considered easier than siRNA delivery due to the smaller 

size of the oligonucleotides (or a n a lo g u e s ).V a rio u s  viral and non-viral strategies have been 

devised to overcome the problems of oligonucleotide degradation, immunogenicity, tissue and 

cellular uptake and non-specificity. The use of viral vectors for in vivo DNA delivery is a well- 

researched method for gene therapy and recently it has been used for in vivo miRNA delivery in 

murine liver cancer. "̂*® Viral vectors could additionally be used to deliver miRNA inhibiting 

sequences such as miRNA sponges (antisense oligonucleotides with multiple miRNA binding sites). 

Non-viral vectors are also being tested, such as cationic lipids, nanoparticles and polymers. 

Indirect targeting might be easier as small-molecule inhibitors, which can potentially inhibit the 

miRNA transcription and processing machinery, and drugs affecting upstream signalling pathways 

show less difficulty in penetrating tissues and, if necessary, entering the cytosol and nucleus. 

The potentially lower specificity of this type of treatm ent can be favourable, if target diversity is 

desired, or potentially disadvantageous if adverse off-target effects are not expected.

The exponential increase in miRNA research has firmly established the roles of miRNA in cancer, 

although much is yet to be uncovered. W ith the continued development of experimental tools to 

analyse miRNA regulatory networks in cancer, the increased application of such tools to cancer 

diagnosis and the potentials of miRNA-directed therapy, the attention to miRNA in molecular- 

based medicine is becoming increasingly accepted.
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Table 1.2—Structural characteristics miRNA-base therapeutics and delivery methods. (Adapted fro m  
Bader et

Gene therapy mlRNA mimics sIRNAs miRNA antagonists
Small-molecule
inhibitor

Therapeutic

Type of 
therapeutic Protein Short ssRNA Short ssRNA Short ssRNA

Small organic 
compound

Application Replacement Replacement Inhibition Inhibition Inhibition
Status o f drug 
target Loss o f function Loss o f function Gain o f function Gain of function

Gain o f 
function

Recognition by 
body as Native Native Foreign Foreign Foreign

Delivery

Structure o f API
Large DNA 
vector Short ds RNA Short ds RNA Short ss RNA

Small organic 
compound

Molecular weighta -2 2  000 kDa -15  kDa -15  kDa ~7 kDa -0 .5  kDa

Delivery route Local Local/systemic Local/systemic Local/systemic Systemic
Endogenous 
processing into 
final therapeutic

Transcription
translation RISC RISC None None

1.12 — MiRNA regulation in Cancer Stem Cells and Embryonal Carcinoma

MiRNAs are very im portant in virtually every aspect o f self-renewal, proliferation and 

differen tia tion  processes of stem cells. This role has have been found in ESCs, germ line stem cells 

and somatic tissue stem cells and has been validated e.g. by the  deletion o f Microprocessor 

proteins, causing a reduction in ESC proliferation and a stalling o f these cells in the  G1 phase of 

the  cell-cycle and also severe defects in ESC d ifferentiation in mice.^^°“^̂  ̂ Between d ifferentiated  

em bryoid bodies and ESCs, m ore than 100 miRNAs are d ifferentially e x p r e s s e d . O n l y  very  

recently are the  roles o f miRNAs in CSCs beginning to em erge. Due to th e ir com parable  

phenotype, miRNA regulation is probably quite similar in normal stem cells and CSCs. Gene 

regulation and cell signalling in norm al stem cells is to  some extent m irrored in CSCs. As discussed 

earlier in this introduction, m any of the  com m on regulatory mechanisms that govern stem cell 

m aintenance, proliferation and d ifferentiation  have been linked to  m alignant behaviour. Global 

miRNA expression in poorly d ifferentia ted  tum ours is low er than in m ore d ifferen tia ted  ones.^^^ 

This m ight suggest th a t miRNA expression is suppressed in CSCs com pared to  m ore or fully 

d ifferen tia ted  cells as m ore und ifferentiated  tum ours are likely to contain a higher proportion o f 

cancer cells w ith  a stem -like phenotype. This is also a feature o f ESCs, which, in the ir  

undifferen tia ted  state, generally express relatively few  m i R N A s . T h e  low expression o f let-7  and 

m lR-200 fam ily m em bers in m any d ifferen t cancer types have previously been linked to  ESCs and 

now also associated to CSCs.̂ '̂*~̂ ^® For let-7 , this was fu rther validated by the induction o f this 

miRNA in breast CSCs, which resulted in a suppression of tum our initiation in a mouse model.
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Interestingly, LIN28, a pluripotency factor, is strongly linked with negatively regulating let-7 

expression, further substantiating the overlap between CSCs, sternness and miRNA/^® 

Interestingly, when miR-200c was introduced to both breast CSCs and ECCs, this reduced the 

expression of B M Il, a gene critical for stem cell self-renewal, and resulted in the suppression of 

the breast CSCs and the differentiation of ECCs.^̂ '* Another example is the c-Myc-activated miR- 

17-92 cluster of miRNAs, which has been shown to be an oncogenic polycistron in various 

c a n c e r s . T h e  expression pattern of this miRNA cluster is shared between CSCs and ESCs and has 

important functions in both.̂ ®̂ '̂ ®̂  A significant discovery is the ability of miR-17-92 miRNAs to 

promote self-renewal and differentiation evasion of LSCs by post-transcriptionally suppressing the 

potent cyclin-dependent kinase inhibitor, p21.^®  ̂ In P19 and NTera-2 ECCs, the miR-302 cluster 

was linked to the undifferentiated state of these cell l i n e s . I t  was shown that the members of 

this cluster downregulated upon the differentiation of these cells and that they are important for 

the maintenance of their stemness.^®^ Shortly after these discoveries, the association of miR-302 

with the undifferentiated state of hESCs was established and the miR-302 miRNAs were shown to 

be regulated by the OCT4/SOX2 dimer.“ ® Very recent research has functionally linked other 

aberrantly expressed miRNAs the CSC phenotype, such as the CSC inhibiting miRNAs, miR-199-5p, 

-150, -451 and miR-34a, but also CSC stimulating miR-21, -9 /9 *, -17 and miR-181.^̂ '*'̂ ®®'̂ ®̂ ’ ”  ̂ In 

fact, the epigenetic regulation of miR-34a has even been experimentally targeted in pancreatic 

CSCs for potential therapeutic purposes by restoring its expression with demethylating agents.^®® 

Further potential links between CSCs and miRNAs are currently being i nves t i ga t ed. As  of yet, no 

miRNAs that differentiate between CSCs and normal stem cells have been found, however the 

therapeutic potentials for CSC-targeted, miRNA-based treatments are promising.

Some research has been conducted to establish links between miRNAs and embryonal carcinoma. 

This laboratory has performed differential whole-miRNAome analysis studies in pluri- and 

nullipotent ECC lines exposed to retinoic acid, revealed the contribution of miRNA to the 

resistance of 210Ep cells to differentiation.”  ̂ Similar experiments in NTera-2 and P19 ECCs 

showed that the ESC-related miR-302 cluster downregulated during differentiation and the neural 

miR-124 upregulated.^®'' Another study showed that the co-culture of ECCs with normal prostrate 

stromal fibromuscular cells contributed to the appearance of a cancerous miRNA and mRNA 

profile in these latter c e l l s . T h e  regulation of the miR-302 cluster by crucial pluripotency factor, 

0CT4, has established another link of this gene to mECC self-renewal.” ® The low expression of 

0CT4 and mlR-106b has been associated with high p21 and high cisplatin resistance in human 

nullipotent 2102Ep hECCs.”  ̂ The downregulation of miR-383 and miR-199a promotes 

proliferation of human pluripotent NTera-2 ECCs and a restoration of miR-199a expression led to 

the suppression of cell growth, cancer migration, invasion and m e t a s t a s i s . C h a p t e r  3 of this
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thesis aims to  contribute to fu rther elucidating the function o f miRNA regulation in em bryonal 

carcinoma.
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1.13 — The Cancer Stem Cell Model of this Study

The cancer stem cell nnodels used for this study are two hECC lines, 2102Ep and NTera-2. The 

2102Ep cell line was derived from a testicular germ cell tum our (TGCT).'*^ This cell line is resistant 

to ATRA-induced differentiation and will show truncated trophectodermal differentiation when 

cultured at low d e n s i t y . T h e  parental cell-line of the NTera-2 cell line was obtained by Peter 

Andrews from the University of Sheffield from a nude mouse xenograft of the Tera-2 ce l l s . Th i s  

cell line undergoes differentiation along neuroectodermal lineages when grown at low density, 

which can be assisted by ATRA.^® As detailed in previous Sections, hECCs are the CSCs of 

teratocarcinomas and it can be said that these cells are the archetype CSC, because of the 

extensive characterisation of their carcinogenicity and stem cell phenotype.^”  These cell lines 

have been previously used as cancer stem cell models. As described earlier, they also have much 

resemblance with hESCs and they express common undifferentiated hESC surface markers such as 

alkaline phosphatase, SSEA3, SSEA4, TRA-1-60 and TRA-1-81.^®°'^®  ̂ They, furthermore, express 

crucial pluripotency markers, 0CT4, S0X2 and NANOG.^®'^^° In many types of germ line cancer 

cells, such as ECC, pluripotent capacity is reactivated, which distinguishes these cells from their 

normal germ cell counterparts.^*^ These properties make hECCs good models to study the overlap 

of CSCs, hESCs and pluripotency. Additionally, 2102Ep and NTera-2 cells do not require feeders to 

grow, which other are generally required by h E S C s . I n  addition, NTera-2 cells differentiate  

extensively to distinct cell fates in response to ATRA, HMBA and the bone morphogenetic 

proteins.^® These properties make 2102Ep and NTera-2 cells relatively easy to culture and 

facilitate differentiation experiments. 2102Ep and NTera-2 growth patterns are quite similar to 

hESCs; they tend to grow in tightly packed colonies containing many small cells with large nuclei.^® 

Both 2102Ep and NTera-2 cells, but in particular the former cell line, have a highly aneuploid 

chromosomal complement.^^^ Interestingly, relatively recent research has shown some hESCs to 

contain aneuploid chromosomes and phenotypically resemble hECC lines, among which 2102Ep 

c e l l s . T h i s  observation further supports the close similarities of hESCs and hECCs.

Table 1.3—The two CSC models used in this study.

NTera-2 2102Ep

Pluripotent cells with a capacity to 
differentiate into different tissue types

Nullipotent with a limited ability to 
differentiate

Sensitive to ATRA-induced differentiation Do not differentiate upon exposure to ATRA
Mostly forms well-differentiated tumours in 
mice

Forms highly undifferentiated tumours in 
mice
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1.14 — Hypotheses

Based on pre-existing research, the premises o f this study is that CSCs form  the hierarchical apex 

underlying the genesis and malignancy o f cancer and th a t the  malignancy o f cancer is inversely 

proportional to the differentiated state o f its CSCs. CSC differentiation therapy has successfully 

been used before and the presupposition o f this study is that CSC d ifferentiation is a key m ethod  

fo r elim inating malignancy. The hypotheses o f this study hold th a t, as abnorm al regulation of 

genes and miRNAs can contribute to  the aberrant undifferentiated state o f CSCs, targeting these 

mechanisms can cause CSCs to d ifferentiate by which potentially therapeutic  targets could be 

revealed.

The aims o f this study were:

To induce differentiation in ECCs by induced deregulation o f specific miRNAs.

To induce differentiation in ECCs by induced deregulation o f specific genes.

To elucidate the genes and miRNAs regulated by key pluripotency factors.
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CHAPTER TWO

MATERIALS AND METHODS



2 — Materials and Methods

This Section lays out the general methods used throughout the thesis. Methods of similar 

application are grouped into Sections. For most methods, the background methodology is 

described before the exact protocol is explained.

2.1 — Cell Culture

2.1.3 — Cell Lines

Two testicular embryonal carcinoma cell lines were used for this study:

1. 2102Ep: a human adherent, malignant nullipotent ECC line. The cell passage numbers of 

the 2102Ep cells used in this study were kept within the 35-50 range. The 2102Ep cells 

used in this study were a kind gift from Peter Andrews.

2. NTera-2 cl.Dl or NT2/D1; a human, adherent, malignant, pluripotent ECC line. The 

passage numbers of NTera-2 cells used in this study were kept within the 40-50 range. 

The NTera-2 cells used in this study were a kind gift from Peter Andrews.

2.1.4 — Initial Cell Seeding

For both cell lines, frozen 1 mi samples from a passage number between 40 and 50, with a total 

cell number of approximately 10® to 1.5x10® cells were thawed at 37°C for < 1 minute and 

transferred directly to a 25 cm^ cell culture flask (83.1810.002, Sarstedt AG & Co.) containing 6 ml 

of hEC medium at 37°C. hEC medium was prepared from Dulbecco's Modified Eagle Medium  

(DMEM; BE12-604F, Lonza Group Ltd.) with 4.5 g/L glucose and L-glutamine (BE12-604F, Lonza 

Group Ltd.) supplemented with 10% foetal bovine serum (FBS) (DE14-801FG, Lonza Group Ltd.) 

and 2% Penicillin-Streptomycin (Pen-Strep) (DE17-602E, Lonza Group Ltd). After an overnight 

culture the medium was refreshed and the cells were left to grow to full confluence in humidified 

conditions at 37°C and 5% CO2, replenishing with pre-warmed hEC medium every 1-2 days.

38 ' Chapter Two — Materials and Methods



2.1.5 — Cell Culture Maintenance

Both cell lines w ere m aintained at high density (>67 ,000  cells/cm^) in 75 cm^ cell culture flasks 

(83 .1813 .002 , Sarstedt AG & Co.) in hum idified conditions at 37°C and 5% CO2. W hen the cells 

w ere  at full confluence, they w ere passaged at no low er than 1:3. Cells w ere passaged by the  

following m ethod:

NTera-2 cells w ere  passaged by scraping w ith  a cell scraper (83 .1830  or 83 .1832, Sarstedt 

AG & Co) in hEC m edium . The cell suspension transferred to  a 15 ml falcon tube. The 

rem aining cells w ere  washed o ff the flask surface w ith IX  phosphate buffered saline (PBS) 

(BE17-516F, Lonza Ltd). A fter a 3-m inute  centrifugation at 1000 x g, the supernatant was 

rem oved and th e  cell pellet was resuspended in a volum e o f pre-w arm ed hEC m edium . A 

desired fraction o f cell suspension was transferred to a 75 cm^ cell culture flask.

2102Ep cells w ere  washed w ith  IX  PBS and detached by incubation in pre-w arm ed 0.25%  

trypsin-EDTA (25200072 , Invitrogen, Life Technologies) fo r 5-10 minutes. The cell 

suspension was transferred to  a falcon tube and an equivalent volum e of hEC medium  

was used to collect the rem aining cells and transfer them  to the tube. A fter a 3-m inute  

centrifugation at 1000 ■ g, the  supernatant was rem oved and the cell pellet was 

resuspended in a volum e of pre-w arm ed hEC m edium . A desired fraction of cell 

suspension was transferred to  a 75 cm^ cell culture flask.

Cells cultured on a 6-w ell cell culture plate w ere split 1:2 at defined tim e-points. Cells w ere  

washed w ith  1 ml IX  PBS (37°C). NTera-2 cells w ere split by scraping and suspending on-plate  

in 1 ml hEC m edium  (37°C). 0 .5  ml suspension was subsequently transferred to a new  plate 

containing 2.5 ml hEC m edium  (37°C). 2102Ep cells w ere detached by 1 ml 0.25%  trypsin- 

EDTA and transferred to  a 1.5 ml m icrotube. 0.5 ml hEC m edium  was used to wash down 

rem aining cells and this was also transferred to  the same tube. The suspension was 

centrifuged at 1000 • g and the supernatant was rem oved. The cell pellet was resuspended in 

1 ml hEC m edium  (37°C) and 0 .5  ml was transferred to a new 6-w ell plate with 2.5 ml hEC 

m edium  per well.
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2.1.6 — Long-Term Cell Storage

Cell freezing and storage was perform ed in similar m anner fo r both cell lines. Cells w ere grown to  

full confluence in a 75 cm^ flask. They w ere washed, harvested and pelleted as described in 

Section 2.1.5 . The cells w ere subsequently resuspended in 6 ml Recovery™ Cell Culture Freezing 

m edium  (12648-010 , Invitrogen, Life Technologies) and 1 ml aliquots w ere transferred to  

cryogenic storage vials (368632, Nunc, Thermo Fisher Scientific). The cell suspensions w ere frozen  

overnight at -80°C under controlled conditions and subsequently stored in liquid nitrogen for long 

te rm  storage.

2.1.7 — Cell Counting

For cell counting confluent NTera-2 and 2102Ep cells w ere harvested by scraping and 

trypsinisation respectively as described in Section 2.1 .5 . The cells w ere pelleted by centrifugation  

and diluted in 4 ml hEC m edium . Full resuspension was effected by pipetting the cells with a 

sterile 3.5 ml Pasteur pipette. In tw o  sterile 1.5 ml microtubes the cells w ere diluted further; 2 x 

10 nl NTera-2 cell suspension was diluted in 10 nl hEC m edium  (37°C) or 2 x 10 |il 2102Ep cell 

suspension was diluted in 30 pil hEC m edium  (37°C). To the diluted cell suspensions an equivalent 

am ount o f sterile Trypan blue dye (15250-061 , Gibco, Invitrogen) was added. This yielded tw o  

m icrotubes containing an NTera-2 cell dilution o f 1:4 or tw o  microtubes containing a 2102Ep cell 

dilution o f 1:8. The cells w ere incubated fo r th ree minutes at room tem perature  and 10 |il from  

each m icrotube was added to  each of tw o  counting chambers of a haem ocytom ter (Z35, 962-9, 

Sigma-Aldrich). Cells w ith in  four o f the nine 1 mm^ squares o f the haem ocytom eter w ere  counted 

in both chambers using a light microscope at lOOX m agnification. The total num ber of cells in 

counted in both chambers was averaged and subsequently m ultiplied by the dilution factor 

divided by the volum e of the cham ber counted, which is 4 x 10'^ cm^. This yielded the  

concentration cells expressed as cells per mi in the original suspension.

2.1.8 — Cell Viability Assay

All cell viability and proliferation testing was perform ed w ith the M TT Cell Proliferation I kit 

(11465007001 , Roche Applied Science). The kit contains dim ethyl thiazolyl diphenyl tetrazolium  

salt (M TT) solution (5 m g/m l) in IX  PBS and an acidic sodium dodecyl sulphate (SDS) solution (10%  

in 0 .01 M  HCI).

This colorim etric assay is based on the cleavage o f the tetrazolium  ring of yellow  M TT by 

m itochondrial reductase, producing a purple form azan derivative of a quantity th a t is linearly 

correlated to  the  num ber o f viable cells. The water-insoluble form azan crystals are subsequently
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dissolved in the acidic SDS solution and the absorbance of the resulting fornnazan solution is 

measured by spectrophotom etry.

This m ethod was applied to  cells grown for a predeterm ined period on a 96-w ell or 24-w ell cell 

culture p late (269787, Nunc, Thermo Fisher Scientific o r 83.1836, Sarstedt AG & Co.). To the  

original cell media in the  wells, 1.21 m M  M TT was added and the  plate was incubated in 

hum idified conditions at 37°C and 5% CO2 fo r four hours. A fter incubation, SDS solution was 

added in a volum e equal to  that o f the original media and the plate was incubated overnight in 

hum idified conditions at 37°C and 5% CO2 . Following incubation, the  wells w ere checked under 

the microscope for com plete crystal solubisation and a fte r 1 m inute o f shaking, the absorbance 

was measured at \  = 596 nm with a reference wavelength of \  = 690 nm on a Sunrise Remote 

m icroplate scanner (F039300, Tecan Group Ltd).

2.1.9 — Alkaline Phosphatase Activity Assay

Alkaline phosphatase expression is high in undifferentiated ECCs (including 2102Ep and NTera-2 

cells) and can be used as a m arker for the undifferentiated state o f the cell, as this activity reduces 

upon differentiation.^*^ The application of this m ethod to  in vitro cell cultures provides a simple 

and sem i-quantitative tool to  assess the d ifferentiation state o f these cells.

Alkaline phosphatase (AP) activity was measured using the  Alkaline Phosphatase Detection kit 

(SCR004, Merci< M iilipore). This kit contains a Fast Red Violet (FRV) solution (0.8 m g/m l) and 

naphthol AS-BI phosphate solution (4 m g/m l) in AM PD buffer (2 M ). These compounds undergo a 

reaction catalysed by AP to  produce a intensely red-coloured azo-dye. This can be detected by 

microscopy.

For the  assay, cells w ere  seeded on a 96-w ell cell culture plate (269787, Nunc, Thermo Fisher 

Scientific) and incubated fo r a specified length o f tim e. Im m ediately before use, a sufficient 

measure o f staining solution was prepared by combining FRV, Naphthol AS-BI and deionised 

w ater (dH20) in a m icrotube at a 2:1:2 ratio respectively. The media w ere  rem oved from  the plate 

and the cells w ere fixed a fixing buffer, composed of 10% paraform aldehyde in IX  PBS. A fter no 

more than tw o  minutes the  fixing buffer was rem oved and the cells w ere  washed carefully with  

100 |il IX  PBS-0.05% Tw een (PBST) while ensuring the cells did not detach or dry out. 50 nl 

staining solution was added to each well and the plate was kept in dark conditions for 15 minutes 

at room tem perature . The staining solution was rem oved and the cells w ere carefully washed 

with 100 ul PBST. A second 100 |il volum e o f PBST was added and the cells w ere inspected under 

the microscope.
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2.1.10 — Mycoplasma Contamination Testing

The cells were periodically tested fo r the presence o f nnycoplasma contamination. Mycoplasma, a 

genus o f bacteria, are one o f the most prolific contaminants o f laboratory cell cultures worldwide. 

This is because mycoplasma are too small to  be easily detected by light microscope, the visible 

signs o f the ir contamination are often absent and they are unaffected by common antibiotics. It is 

estimated tha t 11-15% of all laboratory cell cultures in the USA are contaminated w ith 

mycoplasma, but his might be higher in other countries or in laboratories where routine 

mycoplasma testing is not p e rfo rm e d .M yco p la sm a  sometimes have cytopathic effects, but can 

also cell function in more subtle, less noticeable ways.^®^ This introduces undesirable cofactors to 

an experiment, making mycoplasma detection crucial laboratory practice.

For the cell lines used in this study, mycoplasma testing was performed w ith  the Mycoplasma 

Detection kit (11296744001, Roche Applied Science). This ELISA-based kit is designed to detect the 

four most common mycoplasma species {IVI. arginini, M. hyorhinis, A. laidlaw ii, M. orale). Testing 

was performed prior to cryogenic cell storage as per manufacturer's protocol.
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2.2 — Transfection of Nucleic Acids

Various methods fo r the introduction of nucleic acid sequences into cells exist, such as chemical 

transfection, e lectroporation and viral transduction. All these methods have the ir benefits and 

disadvantages and the ir utilisation is generally based on a variety o f factors which can, for 

example, be polynucleotide type and length specific, target type specific (cells, tissue or whole 

organisms) or, in the case o f cell cultures, cell line specific. In this study modified short RNA 

polynucleotides and DNA plasmid vectors are transfected into adherent cell cultures. In most cell 

lines, the transfection method o f choice fo r the transfection o f these constructs is by cationic 

lipid-based transfection agents.

2.2.1 — Methodology

2.2.1.1 — Nucle ic A c id  Constructs

1. Pre-miR® miRNA Precursors (AM17100, Ambion, Applied Biosystems, Life Technologies) 

are synthetic mimics o f endogenous miRNA. They consist of double-stranded RNA of 

which one strand mimics the known mature miRNA. They are chemically modified to 

resist rapid degradation. Upon transfection o f Pre-miRs, the upregulated expression o f a 

specific endogenous mature miRNA is mimicked in v itro  and subsequent functional 

studies or/and target validation studies can be performed.

For a non-targeting control, Pre-miR® Negative Control #1® (pmNC#l) and Pre-miR® 

Negative Control #2 can be transfected into cells to assess or cancel out any biological 

changes directly related to the process o f transfection.

The Pre-miRs for functional upregulation of specific miRNAs were chosen fo r a number of 

reasons. The laboratory group had positive experiences using Pre-miRs fo r cancer 

research in a variety o f cell lines. Pre-miRs have also been frequently and rigorously used 

in previous experiments involving hESCs and hECCs.“ '̂̂ ®̂ '̂ “ ' “̂

2. Silencer® Select siRNA (4427037, Ambion, Applied Biosystems, Life Technologies) was 

used fo r gene silencing. SiRNA-mediated knock-down of specific gene expression is the 

dominant method to  transiently silence genes in vitro. This method is usually employed to 

study the phenotypic function of particular genes o f interest. More information on the 

underlying mechanism o f gene silencing can be found in Sections 1.8 and 4.1. The 

Silencer® Select siRNAs succeed the w idely used Silencer range (AM16708A, Ambion, 

Applied Biosystems, Life Technologies). According to the manufacturer Silencer Select 

siRNAs offer higher specificity and potency than the ir previous generation due to an 

improved design algorithm and additional chemical modifications. For a non-targeting
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control, the scrambled Silencer® Select Negative Control #1 (ssN C#l) or Silencer® 

Negative Control #2 can be transfected into the  cell line used.

2 .2 .1 .2  —  T ran sfec tion  A gen ts

In this study, constructs w ere transfected chemically by cationic lipid-based transfection agents. 

These agents form  structures called liposomes in an aqueous environm ent. These structures have 

a positive charge and can incorporate negatively charged nucleotides. The positive charge o f the  

liposom e/nucleotide complex, called the  transfection complex, aides in the fusion o f the complex 

w ith  the  negatively charged cell plasma m em brane (P M ), releasing its contents into the  cytosol. 

This m ethod o f transfection was used as it had successfully been used on the  cell lines in this 

study before. In addition, the m ethod does not require additional equipm ent besides basic plastic 

ware.

The transfection agents used fo r Pre-miR® transfection optim isation w ere  Lipofectamine 

RNAiMAX (13778075 , Invitrogen, Life Technologies), Lipofectamine™ 2000 (11668019 , Invitrogen, 

Life Technologies), siPORT NeoFX (A M 4510, Am bion, Applied Biosystems, Life Technologies) and 

DharmaFECT 4 (T-2004-01, Dharm acon, Thermo Fisher Scientific). These w ere  chosen based on 

th e ir previous successful use by m em bers of the  lab and th e ir previous successful use w ith  2102Ep  

and NTera-2 c e l l s . F u r t h e r m o r e ,  Lipofectam ine RNAiMAX is, as was claimed by Invitrogen, an 

im proved version and less cytotoxic o f Lipofectam ine 2000, a transfection agent w idely used for 

both cell lines as well as hESCs and o ther hECCs.^“ '̂ ®®“^̂ ^

2 .2 .1 .3  —  T ran sfection  M e th o d s

Two m ethods o f transfection are generally used in com bination w ith  transfection agents: reverse 

transfection and forw ard transfection. In the fo rm er m ethod, the transfection agent, transfection  

vector and cells are mixed in one m edium  and jo in tly  added to  a plate. The la tter m ethod involves 

plating cells in growth medium fo r a selected period of tim e previous to  transfection to  allow  

them  to  grow and adhere before exposure to  transfection m edia. The suitability o f each m ethod  

depends on the cell line and on the  constructs to be transfected. The advantages and 

disadvantages are shown in Table 2.1.

Reverse transfection was the initially chosen transfection m ethod as it was a previously proven 

technique fo r transfecting siRNA into NTera-2 cells. How ever, this m ethod has not previously 

been tested w ith  2102Ep at the tim e o f this study.

As Pre-miRs and siRNAs share a sim ilar structure, chemical m ake-up and length, a suitable 

transfection agent should be sufficient fo r transfecting both constructs.
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Table 2.1—The advantages and disadvantages of different transfection methods.

Reverse Transfection Forward Transfection

Advantages Disadvantages Advantages Disadvantages
Transfection occurs 
during cell seeding, 
thus saving tinne.

Does not provide the 
opportunity to inspect cell 
culture conditions and 
density prior to 
transfection

Cell culture can be 
inspected prior to 
transfection, thus 
potentially reducing 
errors.

Cells are seeded and 
require time to adhere 
prior to transfection, 
resulting in a longer 
protocol

A possible 
improvement to 
transfection efficiency 
due to higher PM 
exposure to 
transfection

1 295complex.

A possible increase in 
cytotoxicity and reduced 
cell viability.

A possibly lower 
cytotoxicity and higher 
cell viability.

A possible reduction in 
cell transfection 
efficiency. This is cell 
line-dependent.

2.2.1.4 — Transfection Conditions

Tlie cells are grown in standard hEC growth mediunn, but during the transfection complex 

form ation and transfection process Opti-MEM® I (31985-047, Invitrogen, Life Technologies) is 

used. This is a serum-free medium and is used because FBS can possibly interfere w ith the 

transfection. It is the most widely used medium for nucleotide transfection and has been applied 

fo r this purpose to hEC and hESC cells b e f o r e . D u r i n g  reverse transfection optim isation 

OptiMEM I was supplemented w ith 6% FBS as the cells are maintained in this medium fo r a longer 

period of time. During this study an initial assessment was undertaken to study the effect o f this 

medium w ith 2102Ep and NTera-2 cell lines.

As transfection optim isations and experimental transfections had to be adapted cell culture 

vessels o f d ifferent surface sizes, transfections have been tested w ith 96-, 24- and 6-well cell 

culture plates and a prelim inary or concluding assessment o f transfection efficiency was 

performed.

The transfection agent or the transfection process can be potentially cytotoxicity to  the cells, 

leading to reduced cell v iability or proliferation. This can depend on the type and concentration of 

both the transfection agent and/or the construct used. The effect o f the transfection process on 

cell viability was assessed as detailed in Section 3.3.5.3.
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2.2.2 — Methods

2.2.2.1 — Cell M edia

During transfection 2102Ep and NTera-2 cells were subjected to a variety o f media at d ifferent 

volumes on d ifferent plate sizes. These are detailed in Table 2.2. The media during both 

transfection types additionally contained transfection agent and constructs, both at very low 

concentrations.

Table 2.2—Different volumes of media used during the transfection experiments.

Cell Culture Plate 
type

Reverse Transfection Forward Transfection Excluding
Transfection

96-well 100 ^l Opti-MEM® 1 + 
6% FBS

100 III Opti-MEM® 1 100 pil hEC Medium

24-well 600 \i\ Opti-MEM® 1 + 
6% FBS

600 ^l Opti-MEM® 1 600 |il hEC Medium

6-well 2.85 ml Opti-MEM® 1 -i- 
6% FBS

2.85 ml Opti-MEM® 1 2.85-3 ml hEC 
Medium

FBS has been suggested by manufacturers' protocols to interfere w ith  transfection. Thus, the aim 

was to reduce FBS in the media by combining the serum-free medium Opti-MEM I {Invitrogen, 

31985-047), containing specific growth factors, w ith 6% FBS instead o f using standard hEC 

medium containing 10% FBS. Antibiotics (Pen-Strep) are cytotoxic during transfection so they 

were removed.
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1.2.2.2 — Reverse T ransfection O ptim isa tion  on 9 6 -w e ll Cell Culture Plates

For both cell lines, reverse transfection o f Pre-miR® precursors was perfornned w ith  three 

transfection agents, Lipofectamine™ RNAiMAX (13778075, Invitrogen, Life Technologies), siPORT™ 

NeoFX™ (AM4510, Ambion, Applied Biosystems, Life Technologies) and DharmaFECT 4 (T-2004-01, 

Dharmacon, Thermo Fisher Scientific).

Transfection agent volumes were determined in accordance w ith ranges recommended by the 

manufacturers. Three volumes were used for each transfection agent; the lowest recommended 

volume, the highest volume and the mean volume. For ease, the volumes were named Low, High 

and Medium respectively. Volumes were adapted proportionally to 96-well plate well-size and 

thus, the cell density used. The tota l volume of media in each well o f a 96-well plate was 100 |il. 

Table 2.3 shows the volumes o f transfection agents used.

Table 2.3—Different transfection agents used at different volumes on 96-well plates.

Lipofectamine™ RNAiMAX siPORT™ NeoFX™ DharmaFECT 4
Low 0.1 Hi 0.15 0.05 |il
Medium 0.2 Hi 0.675 \x\ 0.275 Hi
High 0.3 nl 1.2 Hi 0.5 h I

The stock Pre-miR™ precursors were prepared by diluting 5 nmol Pre-miR™ in 800 1̂ dH20, 

yielding a concentration o f 6.25 |iM .

The first step o f reverse transfection optim isation was performed by harvesting NTera-2 and 

2102Ep cells as described in Section 2.1.5 resuspended in Opti-MEM® I + 7.2% FBS. The cells were 

counted by the method described in Section 2.1.7 and resuspended in Opti-MEM® I + 7.2% FBS at 

a specified concentration. Official protocols fo r the d ifferent transfection agents were similar to 

each other and any differences were incorporated into the protocol of this experiment. All 

transfection agents expire w ith in  30 minutes after incubation in medium, so strict punctuality was 

kept to ensure incubation times were not exceeded. 10% overage was maintained where 

necessary and three biological replicates fo r each transfection agent dilution were maintained on 

96-well plates. Each transfection agent was optimised separately on a separate plate at a separate 

time.

Pre-miR™ solutions were prepared w ith Opti-MEM® I (RT°) from  the original 6.25 piM stocks. 

Specified volumes o f transfections agents were mixed w ith Opti-MEM® I (RT°) at dilutions o f 10 x 

final dilutions on the 96-well plate as mentioned in Table 2.3. A transfection master mix was 

prepared for each transfection agent dilution by combining previously prepared Pre-miR™ 

solution w ith  previously prepared lOX transfection agent solution and this transfection master 

mix was incubated at room temperature as shown in Table 2.4.
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Table 2 .4— Different incubation times for transfection agents.

Transfection Master Mix Incubation
Lipofectamine™ RNAIMAX 15 m inutes

siPORT™ NeoFX™ 20  m inutes

DharmaFECT 4 20  m inutes

To each w ell o f  a 9 6 -w e ll cell cu ltu re  p la te , 20  nl tran s fec tio n  m a s te r m ix w as ad d ed . This w as  

o verla id  w ith  8 0  |il o f th e  p rev iously p rep ared  cell suspension. T he p la te  w as incubated  fo r 24  

hours in a h u m id ified  e n v iro n m e n t a t 37°C  and 5%  CO 2, a f te r  w hich  th e  m ed ia  w e re  changed to  

hEC m e d iu m  and a n o th e r 24  incub atio n  in th e  sam e conditions fo llo w e d . In ad d itio n  to  th e  

tra n s fec ted  cells, Pre-miR™  contro ls  w e re  also added  co n ta in in g  Pre-m iR® precursors, but 

su b stitu tin g  th e  tra n s fec tio n  ag en t w ith  an equal vo lu m e o f O p ti-M E M ®  I m e d iu m . F u rth e rm o re , 

n o n -tra n s fec te d  contro ls w e re  added  to  th e  9 6 -w e ll cell cu ltu re  p la te . These co n ta ined  

u n tran s fec ted  cells cu ltured  in O p ti-M E M ®  I + 6%  FBS fo r  2 4  hours a fte r  w hich  th e  m ed iu m  w as  

changed to  hEC m e d iu m  fo r a n o th e r 2 4  hours. Figure 2 .1  visualises th e  e n tire  reverse trans fec tio n  

process.

Cell Seeding 

Day 1

Cell Transfection 

Day 1

V Incubation Cell Harvesting 

Day 3

Figure 2 .1—The reverse transfection w ork-flow .

2 .2 .2 3  —  Forw ard  Transfection O ptim isation on 9 6 -w e ll Cell Culture Plates

The basic te c h n iq u e  o f fo rw a rd  trans fec tio ns are  th e  p re-seed in g  o f  cells to  th e  cell cu ltu re  p la te  

and p ro ceed in g  w ith  tra n s fec tio n  a fte r  a period  o f incub atio n  during  w hich  th e  cells are  a llow ed  

to  a d h e re  and p ro life ra te . Cell h ea lth  can th e re fo re  be rough ly  asserted  w ith  a light m icroscope  

b e fo re  tra n s fec tio n  takes place. In ad d itio n , as th e  cells are  sub jected  to  tra n s fec tio n  conditions  

fo r  a s h o rte r period  o f  tim e , fo rw a rd  tran s fec tio n  has th e  ad van tag e o f p o te n tia lly  being less 

cytotoxic , th u s  ensuing in m o re  re liab le  tran s fec tio n  results. Figure 2 .2  visualises th e  en tire  

fo rw a rd  tra n s fec tio n  process.

Cell Seeding 

Day 1

Cell 
Transfection 

Day 2

Incubation

Day 2 + 6 
hours

Cell
Harvesting

Day 4

Figure 2 .2 — The forw ard transfection worl<-flow. 
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For forward transfections, 2102Ep and NTera-2 cells were harvested by the nnethod detailed in 

Section 2.1.5 resuspended in hEC medium. The cells were counted as per Section 2.1.7, diluted in 

hEC medium and seeded to  wells on a 96-well cell culture plate in 100 )il aliquots. The plates were 

incubated for 24 hours in humidified conditions at 37°C and 5% co2 to  allow the cells to  adhere 

and proliferate. For NTera-2 cells, transfection master mixes fo r three dilutions of Lipofectamine™ 

RNAiMAX were prepared in the same manner as described in Section 2.2.2.2. During the 

incubation of transfection master mixes the cells on the plate prepared 24 hours before were 

washed w ith 100 |il IX  PBS (37°C). 80 iil Opti-MEM® I (RT°) was added to each well. To this 20 jil 

transfection master mix was added. 100 lal hEC medium was added to non-transfected controls 

instead o f Opti-MEM® I and transfection master mix. Compared to reverse transfections (Section 

2 . 2 . 2 2 ) , the incubation period for the transfection complexes to form  was extended to  20 

minutes. Additional non-transfected controls were added to the plate, which included the 6-hour 

incubation step in Opti-MEM® I, excluding any o f the transfection components. The plate was 

incubated for 6 hours in humidified conditions at 37°C after which the media were replaced w ith 

hEC medium and the plates were incubated for a specified period.

For forward transfections in 2102Ep cells, transfection master mixes for three dilutions of 

Lipofectamine™ 2000 were prepared. These dilutions were determined, as w ith  the other 

transfection agents, w ith in  the range o f concentrations recommended by the manufacturer, w ith 

Low being the lowest. Medium being the average and High being the highest recommended 

concentration w ith in this range. The volumes used for 96-well plates can be found in Table 2.5.

Table 2.5—Different volumes of Lipofectamine™ 2000 
transfection agent for 2102Ep on 96-wells.

Lipofectamine™ 2000

Low 0.125 nl
M edium 0.25 ^l
High 0.375 Hi

2102Ep cells were transfected in sim ilar manner to NTera-2 cells. However the manufacturer 

recommends a five m inute pre-incubation o f Lipofectamine™ 2000 immediately after d ilution in 

Opti-MEM® I and before adding the transfection constructs. A fter the pre-incubation, the Pre- 

miR™ miRNA precursors were added and the complexes were allowed to form  during a 15 minute 

incubation at room temperature. As w ith  NTera-2 forward transfections, hEC and Opti-MEM® I 

non-transfected controls were included. The cell culture plate was incubated fo r 6 hours in 

humidified conditions at 37°C after which the media were replaced w ith  hEC medium and the 

plates were incubated fo r a specified period.
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2 .2 .2 .4  — Forw ard  Transfections on 9 6 -w e ll Cell Culture Plates

Cells were pre-seeded at 6000 cells/well (approx. 1.810'* cells/cm^). Only plates which contained 

cells at an approximate 30-50% density were used for transfections. Transfections of nucleic acid 

constructs in 2102Ep cells were performed with High (0.375 nl/well) Lipofectamine™ 2000. 

Transfections in NTera-2 cells were performed with Medium (0.2 nl/well) or High (0.3 |il/well) 

Lipofectamine™ RNAiMAX, where stated. The forward transfection protocol described in Section 

2 .2 .23  was used, substituting Pre-miR-1 for functional nucleic acid constructs used for functional 

studies. Depending on the application, pm NC#l or ssNC#l was used as a negative transfection 

control. Non-transfected controls containing hEC and vehicle controls, containing only 

transfection agent, were used to assess any impact of the transfection process on the expression 

of studied genes/miRNA and on cell viability. All transfections were performed in triplicate.

2 .2 .2 .5  — Forw ard  Transfections on 2 4 -w e ll Cell Culture Plates

Forward transfection methods as described in Section 2.2.2.4 were used for nucleic acid 

transfection in 2102Ep and NTera-2 cells on 24-well cell culture plates (83.1836, Sarstedt AG & 

Co.), with a per-well surface area of 2 cm^. All volumes used for transfections on 96-well plates 

were scaled up to 24-well plates accordingly. Cells were pre-seeded at approximately 36,000 

cells/well, which equates to approximately 1.8-10'’ cells/cm^. Plates which contained 30%-50% 

confluent cells were used for transfections. Cells were washed with 1 ml IX  PBS (37°C) prior to 

transfections. Nucleic acid construct transfections in 2102Ep cells were performed with High (2.21 

Hl/well) Lipofectamine™ 2000. Transfections in NTera-2 cells were performed with Medium (1.2 

Hl/well) or High (1.81 nl/well) Lipofectamine™ RNAiMAX, where stated. The forward transfection 

protocol described in Section 2.2.2.3 was used. Non-transfected controls containing hEC were 

included. In addition to these, vehicle controls were included, which excluded any constructs from 

the transfection media. Total volume of media in the wells during transfection was 600 [jl. All 

media were replaced with 600 jil hEC medium (37°C) after transfection. All transfections were 

performed in triplicate.
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2 .2 .2 .6  — Forw ard  Transfections on 6 -w e ll Cell Culture Plates

Forward transfection methods as described in Section 2.2.2.4 were used for nucleic acid 

transfection in 2102Ep and NTera-2 cells on 6-well cell culture plates. Each well of the 6-well cell 

culture plates used (83.1839, Sarstedt AG & Co.) has a surface area of 9.5 cm  ̂ and all volumes 

used for 96-well plate transfections were scaled accordingly to keep concentrations constant. 

Cells were pre-seeded at approximately 171,000 cells/well (approx. 1.8x10'' cells/cm^). Plates 

which contained 30%-50% confluent cells were used for transfections. Cells were washed with 1 

ml IX  PBS (37°C) prior to transfections. Nucleic acid construct transfections in 2102Ep cells were 

performed with High (10.5 iil/well) Lipofectamine^“ 2000. Transfections in NTera-2 cells were 

performed with Medium (5.7 nl/well) or High (8.6 |il/well) Lipofectamine™ RNAiMAX, where 

stated. The forward transfection protocol described in Section 2.2.2.3 was used. Non-transfected 

controls containing hEC were included. In addition to these, vehicle controls were included, which 

excluded any constructs from the transfection media. Total volume of media in the wells during 

transfection was 2.85 ml. All media were replaced with 3 ml hEC medium (37°C) after 

transfection. All transfections were performed in triplicate.
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2.3 — Total RNA Isolation and Purification

Total RNA isolation included the isolation of all RNA species in the sample. Besides rRNA and 

mRNA, the RNA isolation methods used were able to also isolate miRNA. In some cases further 

purification of RNA was necessary to remove impurities which could inhibit down-stream  

applications. For the same reason, enzymatic DNA digestion was applied to remove residual DNA 

contamination from all samples.

2.3.1 — Methodology

2 .3 .1 .1  — RNA Isolation w ith TaqM an®  Cells-to-Ct™ Gene Expression Kit

The TaqMan® Gene Expression Cells-to-Ct™ Kit (4399002 or AM1729, Ambion, Life Technologies) 

is a combined solution to cell lysis, DNA digestion, complementary DNA (cDNA) synthesis and qRT- 

PCR. The kit provides a workflow which excludes a RNA purification step and combines cell lysis 

and DNA digestion in one procedure. This kit is suitable for downstream applications used in this 

study for a number of reasons:

1) The protocol significantly economises on time and cost, enabling a high throughput 

method for gene analysis.

2) The kit furthermore provides an easy solution to obtaining RNA from cells grown on a 96- 

well cell culture plate as the cells are lysed directly on the plate.

3) According to the manufacturer the kit has higher sensitivity than most other similar 

products offered as no RNA is lost due to purification and a large volume of cell lysate can 

be used in the reverse transcription step. This was considered useful to the 96-well plate- 

based experiments conducted with low cell numbers.

2 .3 .1 .2  — T aq M an ^  Cells-to-Ct ™ Control Kit

According to the manufacturer's manual the Cells-to-Ct™ kit can be incompatible with certain cell 

lines due to inhibiting factors in the cell lysate that can hamper downstream applications in the 

protocol. For this reason, the TaqMan Cells-to-Ct™ Control Kit (4386995, Ambion, Applied 

Biosystems, Life Technologies) is provided to test compatibility. This kit was used with both NTera- 

2 and 2102Ep cell lines. It comprises of a TaqMan® Gene Expression Assay for ACTB ((3-actin), a 

widely used endogenous control. This control is added to assay to determine whether any 

reduction in qRT-PCR efficiency is present.

The kit also contains a Xeno RNA control, a synthetic RNA transcript with a non-biological 

sequence and a TaqMan assay for this RNA. Xeno RNA is added to the samples after cell lysis in
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equal quantities. Determining Xeno RNA expression can determ ine whether the reduction o f qRT- 

PCR efficiency is due to inefficient cell lysis or due to inhib itory factors present in the lysate.

The Cells-to-Ct™ Control Kit tests fo r inhibitory factors in the cell lysate which can interfere w ith 

downstream processes such as reverse transcription or PCR.

The precise protocol fo r the Cells-to-Ct™ Control kit is described in Section 3.3.2.1.

2.3.1.3 — Kits f o r  RNA P urifica tion

Total RNA purification was performed in experiments fo r which the Gene Expression Cells-to-Ct™ 

l<it was unsuitable. Two types o f RNA purification were used w ith three d ifferent kits, the 

m/rVana™ miRNA Isolation kit (AM1560, Ambion, Applied Biosystems, Life Technologies), the 

m/rVana™ PARIS k it (AM1556, Ambion, Applied Biosystems, Life Technologies) and the MagMax™- 

96 Total RNA Isolation kit (AM1830, Ambion, Applied Biosystems, Life Technologies). Each o f these 

kits were chosen fo r different applications. Further details are described in Table 2.6.

Table 2.6—RNA purification kits used in this study.

Properties m/RVana™ miRNA 
Isolation kit

m/RVana™ PARIS kit MagMax™ -96 Total 
RNA Isolation kit

Isolation Method Column-based 
purification w ith initial 
acid-phenol;chloroform 
extraction

Column-based 
purification w ith initial 
acid-phenol;chloroform 
extraction

Magnetic nucleic 
acid-affinity binding 
beads

Application NTera-2 and 2102Ep 
cells grown on 24-well 
and 6-well plates

NTera-2 and 2102Ep 
cells grown on 6-well 
plates

2102Ep cells grown 
on 96-well plates

Additional
functions

Protein isolation and 
RNA purification in one 
kit

DNA digestion step 
included in kit

DNA contamination can significantly alter the results from  downstream experiments such as qRT- 

PCR or Affym etrix microarray analysis. This is especially true if downstream methods cannot 

discriminate RNA from DNA. To avoid this, DNA cleanup was performed on all RNA samples used 

in this study. A fter initial RNA purification w ith the m;/?Vana™ miRNA Isolation or m//?Vana™ 

PARIS kit, a DNA cleanup was performed w ith  the TURBO DHA-free™ kit (AM1907, Ambion, 

Applied Biosystems, Life Technologies). This was unnecessary for RNA purified w ith the 

MagMax™-96 Total RNA Isolation kit, as a DNA digestion step was included in the protocol. The 

TURBO DNA-free™ kit uses an engineered version o f DNase I, rendering it more efficient and 

stable than its w ild type counterpart. To stop the DNase reaction, the TURBO DNA-/ree™ kit uses a 

polysaccharide-base Inactivation Agent to inactivate the enzyme and remove contaminants. This 

is easier and sacrifices less RNA than approaches involving precipitation or organic extraction. One

Chapter Two — ivi.v and Methods 53



consequence from  the use of this kit is a lower apparent purity o f the RNA as measured by 

A260/A 280 and A260/A 230 ratios. According to the m anufacturer, this does not affect downstream  

experim ents such as qRT-PCR or m icroarray analysis.

2.3.2 — Methods

2 3 .2 .1  —  T a q M a n ®  C e lls -to -C t G ene Expression K it

The Gene Expression Cells-to-Ct™ kit contains Lysis Solution, DNase I and Stop Solution fo r the cell 

combined lysis and DNA digestion stage o f the protocol. It fu rtherm ore  contains 2X RT Buffer and 

20X RT Enzyme mix fo r the cDNA synthesis stage and TaqM an® Gene Expression M aster M ix for 

the  qRT-PCR stage. The TaqM an® Gene Expression M aster M ix solution is identical to  TaqMan®  

Universal M aster Mix, No Amperase® UNG (4324018  or 4364341 , Apfjiied Biosystems, Life 

Technologies) and the  la tter solution is occasionally used as a substitute in this study.

In an aseptic environm ent, cells cultured fo r a predeterm ined period on a 96-w ell cell culture 

plate (269787, Nunc, Ttiermo Fisher Scientific) (<10^ cells/w ell) w ere  washed with 50 |il IX  PBS 

(4°C) after the media w ere discarded. Per well 50 1̂ Lysis Solution (4°C) was prepared w ith 0 .04  

U /|jl DNase I im m ediately before the cell lysis step. 50 |il o f this solution was used as per 

m anufacturer's protocol w ith slight modifications; the plate was incubated at room tem perature  

fo r 12 m inutes while m anually shaking. This slightly differs from  the m anufacturer's protocol, 

which defines an 8 m inute incubation, w ithout specifying any agitation o f the  samples. 

D ownstream  qRT-PCR results confirm ed the absence o f DNA contam ination after this modified  

step, whereas an 8 m inute incubation was insufficient to  guarantee DNA-free samples. The 

samples w ere e ither used im m ediately for dow nstream  qRT-PCR or stored at -80°C until fu rther 

use.

2 .3 .2 .2  —  nniRVana™  m iR N A  Iso la tio n  k it

The m/rVana™ miRNA Isolation kit employs spin column-base RNA purification a fter an initial RNA 

isolation step by PhenohChloroform extraction. The kit comprises o f Lysis/Binding buffer and 

miRNA hom ogenate additive fo r initial lysis. It fu rtherm ore contains an acid-phenol:chloroform  

emulsion fo r RNA extraction. For RNA binding and purification glass fibre filte r cartridges are 

included w ith tw o  wash solutions, previously constituted w ith  ethanol and an elution solution (0.1  

nM  EDTA) for RNA elution.

Adhered cells w ere washed w ith  500 nl (24-w ell plates) or 1 ml (6-w ell plates) o f IX  PBS (0°C) and 

pelleted cells w ere washed w ith  4  ml o f IX  PBS (0°C) prior to lysis. Cells w ere lysed on-plate or in 

suspension by the addition o f 600 nl Lysis/Binding Buffer (R F C ) and overnight storage at -80°C.
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Freezing the  cells aids their lysis due to the disruption o f cell m em branes by ice crystals. RNA 

purification was perform ed as per m anufacturer's protocol, w ith the addition of rolling the tube  

horizontally a fte r the addition o f wash solutions in order to enhance washing. Also, the ethanol 

evaporation stage was expanded by leaving the tubes open at room tem perature  for five minutes. 

RNA samples w ere eluted in e ither 50 nl (24-w ell plates) or 100 nl (6-w ell plates) elution solution 

(95°C) and kept on ice fo r im m ediate use or at -S O X  for long term  storage.

2 .3 .2 .3  -  m iR V ano™  PARIS k it

The m/7?Vana™ PARIS kit is very similar to  the m/7?Vana™ miRNA Isolation kit. The main difference  

is th a t initial cell lysis is separated in a cell disruption step and denaturing step. Adhered cells on a 

6-w ell plate w ere washed with 1 ml of IX  PBS (0°C) and pelleted cells w ere washed w ith 4 ml of 

IX  PBS (0°C) prior to  lysis. 300 |jl Cell Disruption Buffer (0°C) supplem ented w ith  1% v /v  protease  

inhibitor cocktail (P8340, Sigma-Aldrich Co. LLC) and 1% v /v  phosphatase inhibitor cocktail (P5726, 

Sigma-Aldrich Co. LLC) was added to  the samples on ice. This buffer preserves the protein and the  

protein structure fo r downstream  proteomics and avoids protein denaturing and reduction. 

Besides the addition o f protease and phosphatase inhibitors, it is critical to  perform  cell disruption  

on ice as to reduce protease and phosphatase activity. The cell lysates w ere stored at -80°C  

overnight to  com plete disruption. A fraction of cell lysate allocated to downstream  protein  

analysis was stored at -80°C until fu rther use. At room tem peratu re , 2X Denaturing Solution (RT°) 

was supplem ented w ith 1.5% v /v  P-m ercaptoethanol (M -7154 , Sigma-Aldrich Co. LLC) and was 

added in a volum e equal to  the fraction of the cell lysate used fo r RNA purification. RNA 

purification proceed as per m anufacturer's protocol, w ith the addition o f rolling the tube  

horizontally a fte r the addition of wash solutions in order to enhance washing. Also, the ethanol 

evaporation stage was expanded by leaving the tubes open at room tem peratu re  for five minutes. 

RNA samples w ere eluted in 100 pil elution solution (95°) and w ere kept on ice for im m ediate use 

or at -S O T  for long term  storage.
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2 3 .2 .4  —  M agM ax™ -96 Total RNA Isolation kit

The MagMax™-96 Total RNA Isolation kit was used for RNA purification o f 2102Ep cells grown on 

96-well cell culture plates. The manufacturer's protocol was substantially modified to  improve 

RNA yield and purity. The kit contains a Lysis/Binding Solution (reconstituted w ith  100% 

isopropanol) fo r initial cell lysis and RNA Binding Beads diluted in Lysis/Binding Enhancer before 

use are used for nucleotide binding. Two wash solutions (reconstituted w ith respected 100% 

isopropanol and 100% ethanol) are used during the wash stages. For the DNA digestion step, 

TURBO™ DNase w ith its buffer are included and RNA Rebinding Solution (reconstituted w ith  %100 

isopropanol) is used for the rebinding o f RNA to  the magnetic beads. Finally the Elution Buffer is 

included fo r RNA elution. The pure RNA was stored on ice fo r immediate use or kept at -80°C for 

long-term storage.

Initial yield and purity o f RNA was low so upon advice from  the manufacturer and the experience 

from  other laboratories, several modifications were introduced to  the manufacturer's protocol:

1. The samples were frozen at -20°C after addition of Lysis/Binding Solution. This was 

considered to improve cell lysis due to the added disruption o f cell membranes by ice 

crystals.

2. RNA-binding to the beads was improved by extra mixing by pipetting. This was 

performed because the beads are heavier than the solutions used and have a tendency to 

accumulate at the bottom  o f the well during orbital mixing. Extra mixing resulted in 

higher RNA yields.

3. The washing steps and elution steps were improved by facilitating bead dissolution by 

pipetting after orbital mixing. The RNA-bound beads remained clumped after orbital 

mixing and sometimes adhered to  the bottom  of the plate. Facilitating bead dissolution 

improved the removal o f contaminants from the final purified RNA sample.

4. Proper DNA digestion was ensured by extending the incubation time from 15 minutes 

to 20 minutes. This was performed because trace DNA could still be detected in Minus RT 

controls during qRT-PCR. Extending the incubation tim e resolved this problem.

5. Final ethanol contaminants were kept to a minimum by extending the drying step to 

four minutes. Ethanol contaminants dramatically decreased the RNA yield and purity. 

Additional drying removed any residual ethanol and improved yield and purity.

6. RNA yield was increased by incubating the samples in 50 |il Elution Solution and 

incubating them in a 37°C oven for five minutes prior to orbital mixing. Additional 

drying, described in modification 5, decreased RNA elution and could be resolved by this 

additional modification.
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2 .3 .2 .5— DNA Removal

For the  rem oval o f DIMA contam ination from  RNA samples, the TURBO DNA-/ree™ kit was used for 

routine or rigorous DNA digestion w here applicable. The m ethod was perform ed as per 

m anufacturer's protocol.
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2.4 — RNA Quantification and Qualification

A fter RNA purification and prior to  any dow n-stream  applications, the  concentration and quality  

of all purified RNA in this study was assessed i.e. the  RNA isolated w ith Cells-to-Ct™ Gene 

Expression kit was excluded from  this as these samples did not undergo purification.

2.4.1 — Methodology

2 .4 .1 .1  —  N a n o D ro p  2 0 0 0

To assess the quantity and quality o f RNA in samples, the NanoDrop 2000 (Thermo Fisher 

Scientific) spectrophotom eter was used. The NanoDrop 2000  is a m icro-volum e  

spectrophotom eter w ith  190 -  840 nm wavelength range, which can measure the quantity and 

purity o f nucleic acid or protein at low sample volumes, producing absorbance curves at high 

spectral resolution. It uses a patented sample retention system to  lim it the sample volume  

needed to  1-2 |il by holding the sample in place by surface retention alone and can measure 

nucleic acid concentration w ithout the necessity to  dilute samples, given the concentrations are < 

15 ng/nl. The softw are autom atically calculates, besides sample concentration, the A 260/A 280  and 

A260 /A 2 30  ratios fo r the presence of protein or organic contam inants respectively.

2 .4 .1 .2  —  2 1 0 0  B io a n a ly ze r

To assess the quality o f RNA used for A ffym etrix m icroarray analysis, 2100 Bioanalyzer (Agilent 

Technologies) was used. This is a micro fluidics-based solution to  sizing, quantification and 

qualification o f nucleic acids, proteins and cells. It is a lab-on-chip m ethod of electrophoretic  

separation and gel analysis, which requires a low er sample volum e and provides m ore qualitative  

results than traditional gel electrophoresis techniques. A gel image is created from  the results 

which can be visually inspected for RNA degradation products. A secondary, autom ated m ethod  

fo r assessing RNA quality is perform ed by the 2100 Expert (Agilent Technologies) softw are. From 

the entire  pseudo-electrophoretic trace (electropherogram ) the softw are can calculate an RNA 

integrity num ber (RIN). RNA quality can qualitatively and com paratively be assessed w ith  the  RIN, 

which has a value betw een 1 and 10 w ith a higher num ber indicating higher integrity. The RIN is 

autom atically in terpreted  from  key elem ents o f the electropherogram  such as 18S and 28S rRNA 

bands and the  presence o f RNA degradation products. In this study, the 2100 Bioanalyzer was 

used for quality control o f the RNA destined for A ffym etrix microarrays. This has now becom e the  

industry standard for RNA evaluation prior to  m icroarray experim ents.
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2.4.2 — Methods

2 .4 .2 .1  —  N a n o D ro p  2 0 0 0

For RNA quantity and quality assessment the pedestals o f the NanoDrop 2000 w ere initially 

washed by mounting 5 |il o f nuclease-free and wiping it off. A blank m easurem ent was perform ed  

w ith  1.5 |il nuclease-free w a te r or the solution type similar to that in which the experim ental 

samples w ere diluted. 1.5 nl sample was measure and the tw o  pedestals w ere wiped clean in 

betw een measurements. The determ ined quantity, A260M 280 and A260/A 230 ratios w ere recorded by 

the softw are. For both A260/A 280 and A260M 230 ratios the value o f 2.1 was considered ideal.

2 .4 .2 .2  —  2 1 0 0  B io an a lyze r

For RNA integrity analysis on the 2100 Bioanalyzer the RNA Nano 6000 kit (5067-1511 , A gilent 

Technologies) is used. This kit contains Nano Gel M atrix  and Nano dye concentrate for staining 

and preparing the RNA. This is loaded on the included RNA Nano chips w ith the aid o f the  chip 

prim ing station (5065-4401 , A gilent Technologies) and the IKA vortex mixer (MS2-S8, IKA-Werke 

Gm bH & Co. KG). The kit also contains a reference ladder and a Nano M arker for calibration. 

Finally tw o  electrode cleaners are included to wash the electrodes w ith  RNaseZap® (A M 9780, 

Ambion, Applied Biosystems, Life Technologies) and deionised w ater before and a fter use.

The protocol was perform ed as per m anufacturer's instructions. Visual assessment and the RINs 

w ere  used to determ ine the integrity o f the RNA.
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2.5 — RNA Expression Analysis

RNA expression analysis was conducted on RNA samples in this study by relative quantification, 

i.e. the RNA quantity in an experimental sample relative to a control sample.

2.5.1 — Methodology

2.5.1.1 — TaqMon® Q uantita tive  Real-Time PCR

Ever since the conception of PCR, the uses of this technique have been diversified far beyond its 

original purpose. QRT-PCR is a modification of PCR which is widely used as an in vitro method of 

accurately quantifying the amount of DNA of a certain sequence and length in a given sample. 

Although, in purpose, comparable to Northern or Southern blot, the chemistry of qRT-PCR is 

vastly different. Instead of labelled probes to detect unique DNA sequences, qRT-PCR employs 

nucleotide primer pairs which can hybridise to unique DNA sequences in a highly specific manner. 

Amplification of the DNA Section between complementary sequences of the forward primer and 

reverse primer follows in a manner identical to conventional PCR. However, the addition 

fluorophores to the PCR process permits a highly sensitive technique to measure DNA 

amplification after each cycle, i.e. in real-time.

In general, two qRT-PCR approaches are commonly used, which, although based on similar 

chemistry, employ different mechanisms to achieve accurate quantification of DNA amplification:

1. Indiscriminate double-stranded DNA-binding dyes

With this method conventional, unmodified specific primers are used for PCR 

amplification of DNA. To the PCR mix, a dsDNA-binding fluorescent or absorbent dye (e.g. 

SYBR Green I) is added, which indiscriminately binds to any dsDNA present in the reaction. 

The dye-dsDNA complex can absorb and/or emit light at a specific wavelength and at a 

respective absorbance and/or intensity proportional to the amount of dsDNA present in 

the reaction. A post-cycle increase of dsDNA can be accurately tracked during the PCR 

process , enabling the determination of the concentration of dsDNA in reference to a 

standard dilution or another dsDNA sequence. The advantages of dsDNA DNA-binding 

dyes are high sensitivity, the relatively low cost of necessary materials and indiscriminate 

access to or design of specific primers, however, non-specific binding can deliver false 

positive results.
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2. Fluorescent probes

This technique utilises specific PCR prinners and probe, a short nucleic acid w ith  a specific 

sequence designed to target the am plification region o f the tem plate . The probe is 

chemically modified by the attachm ent o f a fluorescent reporter m olecule (e.g. 6- 

carboxyfluoresein) and matching quencher molecule to  each end o f the sequence. The 

proxim ity o f the reporter and quencher prevents fluorescence of the reporter, how ever 

w hen the prim er binds to a specific DNA sequence, the subsequent elongation by Taq 

polymerase cleaves the quencher from  the fluorescent reporter, which allows for 

fluorescence to occur. An accumulation of free fluorescent reporters occurs a fte r each 

PCR cycle, enabling proportional m easurem ent o f starting tem plate  in rea l-tim e. The 

advantages of using fluorescent probes are increased reliability as only the  specific PCR 

product is detected. The binding o f d ifferent types fluorescent reporter molecules enables 

multiplexing primers in the same reaction. The disadvantages are the running costs and 

the  need to synthesise a d ifferent probe for each target sequence.

In this study Applied Biosystems' TaqMan® qRT-PCR was used, which utilises m inor groove binder 

(MGB) fluorescent probe technology. MGB probes have a higher melting tem pera tu re  allowing  

shorter probes and higher specificity. In TaqMan® qRT-PCR ROX is used as an internal standard 

dye with which the overall emission intensity among reactions can be equilibrated.

TaqMan® qRT-PCR consists of tw o  parts:

1. cDNA Synthesis

In this study TaqMan® qRT-PCR is used fo r the  study of mRNA and miRNA expression. As 

qRT-PCR is functions only w ith DNA, the  RNA molecules have to be converted to  DNA. 

This is perform ed w ith an integral part o f the TaqM an® qRT-PCR m ethod, cDNA synthesis. 

This process involves the binding of primers to the tem plate  RNA and subsequent reverse 

transcription by reverse transcriptase (an RNA-dependent DNA polym erase) to  create 

cDNA.

In this study mRNA and miRNA are reverse transcribed w ith the High Capacity cDNA 

Reverse Transcription kit (4368814, Applied Biosystems, Life Technologies) and the  

TaqM an® MicroRNA Reverse Transcription kit (4366596, Applied Biosystems, Life 

Technologies) respectively. Both these kits em ploy a propriety recom binant M oloney  

m urine leukaemia virus reverse transcriptase, MultiScribe™, for the synthesis o f cDNA 

from  the mRNA and miRNA tem plate  strands. The tw o  kits d iffer by the ir application of 

primers. For mRNA reverse transcription random ly designed primers which bind and 

in itiate  reverse transcription o f all mRNA in the  sample. For the cDNA synthesis from
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miRNAs, conventional random primers are inadequate due to  the short length o f the 

miRNA molecule. To address this problem , specific stem -loop primers are used to extend  

the  length of the m ature miRNA m olecule, w hile com m itting only the desired miRNA  

sequence to  the  qRT-PCR process, avoiding additional noise in the expression data.

2. Relative Quantification with Endogenous Controls

Two m ethods o f quantifying gene expression w ith  qRT-PCR are w idely used: absolute  

quantification and relative quantification. In the  first m ethod, gene expression in 

experim ental samples is analysed alongside standard dilutions o f known DNA 

concentration or the analysis o f genom ic DNA o f the specified gene. Absolute 

quantification can reveal the specific gene copy num ber per sample or cell. In this study 

relative quantification is used, which measures the relative expression o f specified genes 

and miRNA to the expression o f endogenous control genes. This is useful w hen comparing  

gene expression change in a sample w ith  th a t o f a reference sample (usually an untreated  

control sample or d ifferent cell type) w ith o u t the need of knowing the  exact copy 

num ber. For comparing these expression changes, the ideal endogenous control gene is 

one that is invariantly and similarly expressed among all samples in the experim ent. Gene 

expression can be subtly normalised am ong all samples analysed. The normalised gene 

expression w ithin each sample (ACt) can then be com pared am ong samples (AACt), 

resulting in a relative fold-difference o f the  expression o f the studied gene.

Past research has produced a variety o f candidate genes which can function as 

endogenous controls. These genes are often involved in the  basic functions o f cells due to 

the invariant necessity o f such functions. Examples o f endogenous controls and their  

functions are (3-actin (structural support), GAPDH (core m etabolism ) and 18S 

rRNA(protein synthesis). Ideally, endogenous controls are o f sim ilar length and of similar 

abundance as the experim ental genes as to  overcom e inaccuracies due to differences in 

qRT-PCR reaction efficiencies. For miRNA, the  aforem entioned endogenous controls are 

often used fo r norm alisation, how ever due to  the  low expression o f miRNA relative to 

th a t o f mRNA, and the ir much shorter length, many studies, including this one, short 

nucleic acids such as o ther miRNA or small nuclear RNA (snuRNA), whose stable and 

invariant expression has been previously verified. This study uses— unless specified 

d ifferen tly— GAPDH and m iR-16 as endogenous controls fo r the  relative quantification of 

mRNA and miRNA respectively. The entire  TaqM an® miRNA qRT-PCR w ork-flow  and 

chemical process is summarised in Figure 2.3. The TaqM an® Gene qRT-PCR process is 

largely similar.
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Figure 2 .3—The miRNA TaqMan® qRT-PCR worl<-flow and chemical process, (ref. 

A pp lied  Biosystems, Life Technologies)
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2 .5 .1 .2  — T a q M a n ^  A rra y  H u m a n  m icroR N A

As an expansion on TaqMan® technology to its application for high-throughput analysis, Applied  

Biosystems developed TaqM an® Low Density Arrays (TLDAs) fo r gene and miRNA expression 

analysis. TLDAs w ere later renam ed to  TaqM an Arrays. These micro-fluidic arrays consist of 

TaqM an® prim er/p robe assays for single gene or miRNA targets lyophilised in an array o f 384  

protected reservoirs (see Figure 2.4). This provides a high-throughput solution to measuring the  

expression of m any d ifferent genes or miRNAs in a quantitative way. Each TaqMan® Array card 

contains 8 loading ports which enable the loading o f 48  reservoirs simultaneously w ith previously 

prepared cDNA-TaqMan® M aster Mix. qRT-PCR can subsequently be conducted in a tw o-step  

m anner w ith  a total reaction volum e o f 1 nl. In this study the  TaqMan® Array Human microRNA  

A+B Cards Set v3.0 (4444913, Applied Biosystems, Life Technologies) have been used to screen 

samples fo r the expression o f a total o f 754 unique miRNAs. The kit consists of tw o  card types, the  

TaqM an® Array Human MicroRNA Card A v2.1 and the TaqM an® Array Human MicroRNA Card B 

vS.O. These cards consist o f miRNA prim er/probe assays covering the broad m ajority o f the Sanger 

miRBase v l4  miRNA database.^®® Card A v2.1 contains miRNAs w ith previous dem onstrated  

interest to  miRNA research and many are well defined. Extensive optim isation of the  

p rim er/p robe assays in this pool provides good detection rates. The Card B v3.0 covers miRNAs 

which have been studied less and are considered to  have narrow er or low er expression. The 

lim ited optim isation of the p rim er/p robe assays on this card produces low er detection rates and 

increased background signal during qRT-PCR. The TaqMan® Array Human MicroRNA cards w ere  

used in conjunction w ith  the Megaplex™ Prim er Pools, Human Pools Set v3.0 (4444750, Applied  

Biosystems, Life Technologies), which contain pools of miRNA RT stem -loop primers covering all 

miRNAs found on the A and B cards. In addition, miRNA pre-am plification was perform ed w ith the  

included Megaplex™ PreAmp Primers, Human Pool v3.0. Pre-am plification of the miRNA cDNA 

products are com m only used and highly recom m ended to  enhance the expression signal of 

miRNAs during qRT-PCR, in particular th a t o f low er expressed miRNAs.

Fill Reservoir (1 of 8)
A reservoir for the cDNA  
sample or control before rt is 
centrifugal ly transferred into 
the wells.

I Array that contains the eight fill 
reservoirs. After the TaqMan  
Array is centrifuged and 
sealed, the fill consumable is 
trimmed off.

Fill consumable
The segment of the TaqMan

Figure 2 .4—TaqMan® Array card. (ref. Applied Biosystems, Life Technologies)
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2 .5 .1 .3  — A ffym etrix  Gene A rray

Advancing over nearly twenty years, latest generation DNA microarray technology has given 

researchers the tools to analyse the expression of the entire transcriptome in multiple organisms. 

Microarrays have become an invaluable method for the study of gene regulation and response by 

elucidating the differential expression of all genes in given pathways. In addition to gene 

expression profiling, the use of DNA microarrays has been greatly expanded to many other 

research domains such as chromatin immunoprecipitation on chip analysis, SNP detection, 

genome analysis, methylation studies, gene sequencing and the profiling of alternative splicing.

Comparable to Southern blot, but on a high through-put scale, microarray technology is generally 

based on the principle of labelled DNA hybridisation. A substrate, commonly fabricated from glass 

or silicon, is spotted with thousands of minute amounts of short DNA strands of known sequence 

called probes. Sample DNA (reverse transcribed from RNA for gene expression studies) is labelled 

with fluorescent dyes and hybridised to the microarray chip. A specific hybridisation and wash 

protocol ensures the correct hybridisation of samples sequences with perfectly complementary 

probes, while discarding any mismatches. The chip is subsequently scanned on a microarray 

scanner to produce an image of spots, which fluoresce at an intensity proportional the amount of 

specific transcripts present in the sample. These fluorescence intensities are converted into values 

which are background-adjusted and normalised and can be compared to the adjusted intensity 

values of control samples either hybridised on the same chip with different fluorescent dyes (as is 

with lllumina gene array technology) or hybridised on separate chips (as is with Affymetrix gene 

array technology).

For this study, Affymetrix's novel Human Gene 1.0 ST Arrays were used (901085, Affymetrix Inc.) 

to profile the differential expression of mRNA transcripts of known annotation. The Human Gene 

1.0 ST Arrays were adapted by Affymetrix from the Human Exon 1.0 ST Arrays and condensed 

down to include only genes and their isoforms of known annotation as documented by EnsembI 

(ver. 41.36c), RefSeq and putative complete CDS GenBank transcript databases (as of November 

3, 2006). The performance of the Human Gene 1.0 ST Arrays has been validated with the gold- 

standard GeneChip® Human Genome U133 Plus 2.0 Array, showing very high correlation among 

results.^°°

The Human Gene 1.0 ST array design is based on the March 2006 (UCSC hgl8, NCBI Build 36) 

human genome sequence assembly and is claimed by the manufacturer to cover >99% of 

sequences present in the RefSeq database. The Human Gene 1.0 ST Arrays consist of probe sets, 

pools of individual perfect match probes that target different Sections of the same
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oligonucleotide sequence along a w hole transcript. On average, four probes per transcript exon 

and 40 probes per gene are distributed across the chip. In to ta l, 28 ,132 transcripts with EnsembI 

support are covered by a to ta l num ber o f 764,885 25-m er probes. Also included on the chip are 

approxim ately 17 ,000 mismatch probes which have been designed to be antigenomic to any 

known sequences in the hum an genom e. These probes, which are designed to equally include all 

possible G/C counts in a 25-base oligonucleotide, are used fo r background signal adjustm ent after 

imaging. Also included are 1195 putative exon-level probe sets which target constitutively  

expressed genes and function as positive controls. O ther positive controls on the array are probe 

sets which target eukaryotic hybridisation controls (bioB, bioC, bioD and creX), 5' and 3' controls 

and poly-A controls (lys,phe, th r  and dap). These controls function as quality controls fo r the  

sample preparation stages and chip hybridisation. 2904 negative control probe sets are also 

added, which target intronic regions of constitutively expressed genes.

Before chip hybridisation, the samples purified w ith the m ethod described in Section 2.3.2.2  

underw ent preparation. For the synthesis o f sense strand cDNA from  tem plate  mRNA Ambion's 

W T Expression kit (4411973, Ambion, Applied Biosystems, Life Technologies) was used, the kit 

recom m end by Affym etrix fo r this purpose. This kit contains a m ethod based on propriety  

technology to am plify gene transcripts in the sample and to synthesise single-stranded cDNA  

containing unnatural dUTP nucleotides. W ith  the GeneChip® W T Term inal Labeling Kit (900670, 

A ffym etrix Inc.) the sscDNA was fragm ented, labelled and prepared for hybridisation. During the  

la tter stage, the B2 control oligonucleotide and hybridisation controls w ere added. The form er  

control is used fo r grid alignm ent during scanning, while the la tter controls are used for quality  

control o f the hybridisation process.

The quality control o f the images was perform ed w ith  Expression Console softw are (Affym etrix  

Inc.). The background adjustm ent, normalisation and analysis o f the  raw  expression data was 

perform ed w ith  the Bioconductor 2.9 package for R (CRAN) w ith  the limma plugin.^^* MS Excel 

2007 (M icrosoft Corporation) was used for fu rther analysis o f the processed results.

2.5.2 — Methods

2.5.2.1 — TaqMan® Quantitative Real-Time PCR of mRNA

qRT-PCR of mRNA is perform ed by the  tw o-step  TaqM an® m ethod. Purified, DNA-free RNA is 

diluted to  a specified concentration equal among all samples tested in the same experim ent. A fter 

this cDNA synthesis and quantitative RT-PCR are perform ed:

66 I Chapter Tw o — Materials and M ethods



1. cDNA synthesis is performed w ith the High Capacity cDNA Reverse Transcription kit 

(4368814, Applied Biosystems, Life Technologies), which contains lOX RT Buffer, lOX RT 

Random Primers, 25X dNTP Mix and MultiScribe™ Reverse Transcriptase. All these 

components are combined according to  the manufacturer's protocol to form  the RT 

Master Mix. Preparation o f the cDNA synthesis reaction mixes is conducted, as per 

manufacturer's instructions, in an pyrogen-free environment w ith  pyrogen-free plastic- 

ware. The total reaction volumes varied according to the amount o f cDNA product 

needed and the individual components o f the reaction were proportionally adjusted. The 

cDNA synthesis reaction is performed in standard 200 |il PCR tubes or on standard 200 nl 

PCR 96-well plates on a GeneAmp 2400 36-well thermocycler (Applied Biosystems, Life 

Technologies) or a GeneAmp 9600 (Applied Biosystems, Life Technologies) 96-well 

thermocycler. One cDNA synthesis reaction was performed per biological replicate. A 

negative RT-control was added to each setup by combining all RT components, w ith  the 

exception o f MultiScribe™, replacing it w ith nuclease-free water. Where deemed 

necessary', a cDNA positive control was added in the form o f RNA w ith previously 

validated expression results.

2. TaqMan® qRT-PCR of mRNA was conducted w ith 2X TaqMan® Universal Master Mix, no 

AmpErase® UNG (4324018, Applied Biosystems, Life Technologies), a mix containing all 

components necessary for the PCR reaction, except the specific prim er/probe mixes and 

the template cDNA. W ith a few added changes, qRT-PCR was performed as per 

manufacturer's protocol in pyrogen-free conditions w ith pyrogen-free plastic ware on the 

Prism® 7900HT Sequence Detection System (Applied Biosystems, Life Technologies) fo r 

384-well plates or the 7500 Real-Time PCR System (Applied Biosystems, Life Technologies) 

fo r 96-well plates. TaqMan® qRT-PCR was performed in technical trip licate reactions per 

sample and a negative no-template control, replacing cDNA sample w ith  nuclease-free 

water, was added. A few exceptions to the official protocol:

10 |il and 20 nl reaction volumes were used fo r runs performed in 384-well plates and 

96-well plates respectively. This differs from the manufacturer's protocol, which 

advices 20 |il and 50 |il fo r these plate sizes. The volume reduction was introduced to 

save materials and does not significantly affect accuracy.

For qRT-PCR reactions conducted on 96-well plates, 5 nl o f cDNA product was added 

to each 20 nl reaction instead of 4 |il. Conversely, the volume of nuclease-free water 

added was reduced from 5 nl to 4 nl.
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The PCR M aster M ixes w e re  prepared m anually and th e  M icroAm p® Optical 384 -W ell 

Reaction Plates (4343370 , A pplied Biosystems, Life Technologies) or MicroAnnp® 

Optical 96 -W e ll Reaction Plates (N 8010560 , Applied Biosystems, Life Technologies) 

w ere  e ith er setup nnanually or autom atically  w ith  the  Q IAgility liquid handling robot 

(Q iagen Ltd.). All plates w e re  sealed w ith  M icroAm p® Optical Adhesive Film (4311971 , 

A pplied Biosystems, Life Technologies) and briefly centrifuged before run on the  

aforem entioned  qRT-PCR therm ocyclers.

2 .5 .2 .2  — Cells-to-Ct® Gene Expression

This Section is a continuation of Section 2.3.1.1. Reverse transcription and qRT-PCR were 

conducted as per manufacturer's protocol. TaqMan® PCR was conducted in similar fashion as 

described in Section 2.5.2.1.
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2.5 .2 .3  — TaqMan® Q uan tita tive  Real-Time PCR o f  miRNA

As w ith  mRNA, qRT-PCR of miRNA is conducted in a two-step manner:

1. MiRNA cDNA synthesis is performed w ith  the TaqMan® MicroRNA Reverse Transcription 

kit (4366596, Applied Biosystems, Life Technologies), which is similar to the High Capacity 

cDNA Reverse Transcription kit. The form er kit includes RNAse inhibitors to prevent any 

rapid degradation o f low-abundance miRNA in the reaction. No random primers are 

included as miRNA-specific primers are used. All necessary components were combined 

according to the manufacturer's protocol (with a few adjustments) to form  the RT Master 

Mix. A total quantity o f 10 ng sample RNA was added to  each reaction. cDNA synthesis 

was conducted as per protocol in similar fashion to the method described in Section 

2.5.2.1.

A notable variation to the official protocol was the multiplexing o f the RT primers for the 

experimental miRNA and the endogenous control, miR-16. This was performed to  ensure 

greater reliability o f the results by elim inating difference in reaction performance of 

separate singular reactions. The resultant 3 pil extra volume to the to ta l reaction was 

compensated by a reduction o f nuclease-free water o f the same amount. The 10 pil 

Master Mix volume was plated prior to the addition of the samples RNA. The multiplexing 

o f RT primers was discussed w ith  the manufacturer and was concluded to be possible 

given the multiplex primers were not complementary and the ratios o f components in the 

reaction were not altered.

2. TaqMan qRT-PCR was performed as per protocol in sim ilar manner to Section 2.5.2.1. The 

qRT-PCR reaction volumes have been reduced to  10 nl and 20 nl fo r 384-well plates and 

96-well plates respectively. When the plate setup was performed on the Qiagility liquid 

handling robot, the cDNA product was diluted 1:2 to accommodate fo r the operational 

margin o f the robot. Volumes were adjusted to allow fo r the addition o f cDNA product at 

the same amount as described in the manufacturer's protocol. TaqMan® qRT-PCR was 

performed in technical triplicate reactions per sample and a negative no-template control 

was added.
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2 .5 .2 .4  — TaqM an®  A rray  H um an M icroRNA

The protocol of cDNA synthesis and qRT-PCR for the TaqMan® Array Human MicroRNA cards is 

slightly different than that for conventional miRNA qRT-PCR. Besides cDNA synthesis and qRT- 

PCR, a cDNA preamplification step is included. The protocol is described below:

1. cDNA synthesis for the TaqMan® Arrays was performed with the Megaplex® RT Human 

Pool A and RT Human Pool B in two separate reactions. These are RT primer pools for 

high-throughput miRNA reverse transcription and require a modified protocol compared 

with the use of specific RT primers. Reverse transcription is conducted with the TaqMan® 

MicroRNA Reverse Transcription Kit (4366596, Applied Biosystems, Life Technologies) with 

the 25 nM MgCl2, included with the Megaplex® RT Pools, as an added component. cDNA 

synthesis is performed as per manufacturer's protocol. The reactions were incubated in 

standard 200 |il 96-well plates on a GeneAmp 9700 thermocycler (Applied Biosystems, Life 

Technologies) with the Max ramp speed setting.

2. Preamplification of the cDNA product was performed with the Megaplex® PreAmp 

Primers, Human Pool A and Human Pool B. Also included in the protocol was the TaqMan 

PreAmp Master Mix (4391128, Applied Biosystems, Life Technologies). cDNA synthesis 

was performed as per manufacturer's instructions and the reactions were incubated in 

standard 200 |il 8-well strips on a GeneAmp 9700 thermocycler (Applied Biosystems, Life 

Technologies) with the 9600 ramp speed setting.

3. TaqMan® Arrays were loaded and analysed as per manufacturer's instructions. The cards 

were acclimatised to room temperature 30-60 minutes prior to loading. The Pool A and 

Pool B master mixes for each biological replicate were prepared simultaneously prior to 

use. While the Pool A card was run (approx. two hours), the Pool B master mix was kept 

on ice and the B card preparation and loading was timed to be completed upon the 

availability of the thermocycler. All cards were loaded, centrifuged and sealed with the 

required equipment detailed in the official manual. The cards were run on the Prism® 

7900HT Sequence Detection System (Applied Biosystems, Life Technologies), fitted and 

calibrated with the TaqMan® Array cycling block.
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2 .5 .2 .5  — A ffym etrix  GeneChip® Hum an Gene 1 .0  ST Arrays

The method for gene expression analysis using the Affynnetrix GeneChip® Hunnan Gene 1.0 ST 

arrays consists of a multistep protocol as described below:

1. Sample Preparation

Sample preparation with the WT Expression kit (4411973, Ambion, Applied Biosystems, 

Life Technologies) was performed as per manufacturer's instructions with some 

modifications. Prior to preparation the quantity and purity of RNA was measured by the 

method described in Section 2.4.2.1 and RNA integrity was evaluated with the method 

described in Section 2.4.2.2. The sample preparation was spread over a 3-day workflow. 

300 ng of RNA was spiked with poly-A controls at the correct dilution and was used for 

first-strand cDNA synthesis.

First-strand cDNA was synthesised from the template strands. Ambion engineered 

propriety primer sequences containing a T7 promoter, which selectively bind to mRNA 

while excluding rRNA present in the sample. Second-strand cDNA was produced by the 

simultaneous degradation of the original RNA template by RNase H, replacing it with a 

complementary DNA sequence with the aid of DNA polymerase. From this double

stranded template, cRNA was synthesised by in vitro transcription by T7 polymerase for 

16 hours and was purified using a magnetic bead-based method similar to what was used 

in Section 2.3.2.4. Similar modifications were made to the purification protocol:

The plate shaking was performed on an orbital shaker (S03, Stuart Scientific)

The beads were vigorously vortexed and mixed into the samples by pipetting as an 

addition to shaking at 500 rpm.

Shaking during the washing steps was performed at 800 rpm and during the drying 

step at 1100 rpm.

Dissolution of beads during washing and elution was boosted by pipetting, in addition 

to shaking.

Yield and purity of the cRNA was assessed with the NanoDrop 2000 using the method 

described in Section 2.4.2.1. Second-cycle cDNA was synthesised from the cRNA template, 

with the inclusion of dUTPs. The original antisense cRNA strand was digested by RNase H 

and the samples were stored overnight at -20°C. The following day, the cDNA was purified 

with the same magnetic bead-based method as used previously, however substituting 

100% isopropanol with 100% ethanol. Yield and purity were established with the 

NanoDrop 2000 as described in Section 2.4.2.1. 5.5 ng of cDNA subsequently underwent
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fragmentation with the use of the GeneChip® WT Terminal Labeling Kit (900670, 

Affymetrix Inc.) and it's protocol. This kit contains uracil DNA glycosylase and 

apurinic/apyrimidinic endonuclease 1 which recognise the dUTPs incorporated in the 

cDNA and cleave the strands at the location of these nucleotides. Terminal labelling of the 

cDNA fragments was performed with the use of terminal deoxynucleotidyl transferase 

and biotinylated DNA labelling reagent.

2. Hybridisation and Scanning

Prior to hybridisation, the hybridisation cocktail was prepared with volumes specific to 

the 169 format array and 27 |il of fragmented and labelled cDNA. The 20X Eukaryotic 

Hybridization Controls were preheated and added to the cocktail last. Each chip was 

loaded with 80 |il hybridisation cocktail ensuring the presence of an air bubble which was 

free to move in the chamber. Hybridisation was performed at 45°C for 17 hours in a 

GeneChip® Hybridization Oven 640 (Affymetrix Inc.).

Staining and washing was performed immediately before scanning with the GeneChip® 

Hybridization, Wash and Stain Kit (900720, Affymetrix Inc.) as per manufacturer's protocol 

on a primed GeneChip® Fluidics station 450 (Affymetrix Inc.). The chips were registered 

with the AGCC Fluidics Control Software (Affymetrix Inc.). The spent hybridisation was 

removed and stored at -80°C and 100 1̂ Wash Buffer A was injected into the chip. The 

fluidics station was loaded with appropriate amounts of Stain Cocktail 1, Stain Cocktail 2 

and Array Holding Buffer and the chip was stained and washed. After washing and 

staining the chips were checked for the presence of any air bubbles and they were 

scanned using a GeneChip® Scanner 3000 7G (Affymetrix Inc.). Figure 2.5 shows a 

summary of the workflow.
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Figure 2.5—General gene array workflow. The general stages o f the protocol are: 
cDNA synthesis, cDNA fragm entation, term inal labelling o f the fragments, array 
hybridisation, washing and scanning.

3. Computational Analysis

The signal intensitiy o f ndividual probes was measured by the GeneChip® Operating 

software and these values were forwarded to the Expression Console® (Affym etrix Inc.) 

software. W ith this software w ith which probe sets were summerised and quality control 

analysis was performed. The original probe intensity values were subsequently 

summarised again w ith the same method used fo r quality control. Probe intensities were 

also adjusted to background fluorescence and normalised to  internal controls.
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Subsequently, statistical analysis o f the normalised results was performed to  produce 

d ifferentia l gene expression results between the trip licate non-targeting and 

experimental controls. The quality control analysis o f the gene array experiment, the 

method o f background adjustment, normalisation and differentia l expression analysis is 

explained in greater detail in Sections 5.3.2.
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2.6 — Protein Expression Analysis

In this study, protein expression was used to determine gene silencing and to validate miRNA 

targets. The method used to test protein expression is the Western blot method. The whole 

method for this is described in the next Sections.

2.6.1 — Methodology

2 .6 .1 .1  — W estern Blot

Western blot analysis is a widely-used protein immunoblotting method for the semi-quantitative 

investigation of protein expression and the estimation of their molecular weight in vitro. The 

method uses gel electrophoresis to separate proteins based on their molecular weight or 

structure which are then transferred to a membrane. The membrane-bound proteins are then 

probed with specific antibodies. These primary antibodies are subsequently made detectable by 

the binding of secondary antibodies with specificity to primary antibodies. The secondary 

antibodies are generally conjugated to a molecule which directly or indirectly allows detection by 

a plethora of different methods.

In this study, sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) is used for 

the separation of protein by molecular weight. This is performed after the denaturing of the 

tertiary protein structures by heat and the denaturing of the secondary structures by the 

reduction of disulphide bonds. Protein transfer to the membranes is performed with the wet 

transfer method. After blocking and sequential immunoblotting, the protein bands of specific 

molecular weight are visualised with enhanced chemiluminescence (ECL). This method utilises an 

enzyme-linked antibody for the enzymatic catalysis of a chemiluminscent substrate, which, after 

further oxidation by hydrogen peroxide, produces an excited carbonyl radical that emits light 

upon decay. This light can be detected and enables a highly sensitive method determining the 

expression of minute quantities of protein.
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2.6.2 — Methods

2 .6 .2 .1  —  P ro te in  E xtrac tio n

Protein extraction was perform ed w ith the Cell Disruption Buffer from  the m iRVana  PARIS kit 

(A M 1556, Ambion, Applied Biosystems, Life Technologies). In this study, protein was extracted  

from  cells cultured on 6-w ell plates. Im m ediately before use 300 |il/sam ple Cell Disruption Buffer 

(0°C) was prepared w ith 1% v /v  protease inhibitor cocktail (P8340, Sigma-Aldrich Co. LLC) and 

phosphatase inhibitor cocktail (P2745, Sigma-Aldrich Co. LLC). The old m edium  was taken o ff the  

cells and they w ere washed once w ith IX  PBS (0°C). 300 |jl Cell Disruption Buffer was added to  

each well and the plates w ere kept on ice for 15 m inutes before being frozen at -80°C to enhance  

cell m em brane disruption. The plates w ere then thaw ed on ice and the  lysate was collected by 

scraping and transferred to  standard 1.5 ml microtubes. The lysates w ere vigorously p ipetted and 

vortexed to  ensure full lysis. Remaining solid cell debris was rem oved by centrifugation at 

maxim um  speed at 4°C for tw o  minutes. The protein-rich supernatant was transferred to new  1.5 

ml microtubes and kept on ice fo r im m ediate use or stored at -80°C.

Alternatively, w here necessary, cells w ere harvested by means conventional fo r the cell type, 

washed w ith  IX  PBS (0°C) and pelleted by centrifugation at 1000-g. Pellets e ither proceeded  

im m ediately to cell lysis or w ere  stored at -80°C. 300 nl Cell Disruption Buffer, spiked w ith  

protease/phosphates inhibitor cocktails, was added directly to the fresh or frozen pellets on ice 

and the lysates w ere vortexed and p ipetted vigorously to ensure full lysis. The lysates w ere kept 

on ice for 15 minutes and subsequently frozen at -80°C to  enhance cell m em brane disruption. 

A fter thaw ing on ice the lysates w ere centrifuged at m axim um  speed at 4°C fo r tw o  minutes to  

rem ove cell debris. The supernatant was transferred to  new 1.5 ml microtubes and kept on ice for 

im m ediate use or stored at -80°C.

2 .6 .2 .2  —  P ro te in  Q u a n tific a tio n

Protein quantification was perform ed on all protein samples before fu rther experim entation. 

Quantification was perform ed w ith the BCA Protein Assay kit (23225, Pierce, Thermo Fisher 

Scientific). This kit uses the property o f Cu^* reduction by peptide bonds to  Cu^^at 37°C, which 

then chelates to bicinchoninic acid to produce a purple-coloured product th a t absorbs light at a 

wavelength of 562 nm. The kit includes tw o  reagents and bovine serum album in (BSA) standard 

ampoules o f 2 m g/m l. The protocol is perform ed as per m anufacturer's instructions with  

modifications to the BSA standard serial dilution in Cell Disruption Buffer to  reduce the  am ount of 

BSA wasted. On a 96-w ell plate, 200 |il working reagent was added on 10 [il samples diluted 1:5 

w ith  Cell Disruption Buffer and the standards. The plate was left to  incubate on in a 37°C oven for
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no longer than 30 nninutes. A polystyrene foam base was placed under the plate to ensure 

homogenous heating of all samples and standards. The plate was left to cool at room temperature 

for 10 minutes before scanning on a Sunrise Remote microplate reader (F039300, Tecan Group 

Ltd) at 562 nm. A linear standard curve was created from the standards with which the protein 

concentration in the samples was assessed.

2 .6 .2 3  -  SDS-PAGE

In this study, Bio-Rad's Mini-PROTEAN® 3 system (165-3301/165-3302, Bio-Rad Laboratories) was 

used for gel casting and SDS-PAGE. Gel casting is performed with a gel cassette assembly, which 

enables the casting of mini-gels with a thickness of 0.75 mm sandwiched between two glass 

plates. Two gel cassette sandwiches can be mounted in the electrophoresis unit, loaded and run 

together.

The electrophoretic separation of protein was performed with SDS-PAGE. This method uses the 

protein's electrophoretic mobility to separate proteins, resulting in a protein gradient of 

decreasing molecular weight. It is important for the proteins to be reduced and heat-denature 

before running them on the gel, as only peptide strands which have lost their tertiary and 

secondary structure will organise according to their length.

In this study, SDS-poiyacrylamide gels were cast at different specified polyacrylamide 

concentrations, depending on the molecular weight of the target protein. In general, increasing 

polyacrylamide concentration will inversely suit proteins of lower molecular weight. In this study 

most gels were cast at 12% polyacrylamide as most proteins researched lay within the 15-70 kDa 

range for which this gel provided adequate peptide separation. Each gel consisted of two parts: a 

smaller 5% stacking gel, containing the sample wells and a larger protein resolving gel. For a 12% 

gel see the components listed in Table 2.7 were combined.

Table 2.7—Components of a 12% resolving gel used for SDS-PAGE.

12% Resolving gel Stacking gel

4 ml acrylamide stock (30%) 1.3 ml acrylamide stock (30%)
2 .5 m ll .5 M T r is p H 8 .8 1m l 1 M TrispH  6.8
3.3 ml deionised water 5.5 ml deionised water
100 Hi 10% SDS 80 |il 10% SDS
100 nl 10% ammonium persulphate 80 nl 10% ammonium persulphate
4 nl Tetramethylethylenediamine 8 nl Tetramethylethylenediamine

Tetramethylethylenediamine and ammonium persulphate are responsible for the catalysis of 

acrylamide polymerisation to polyacrylamide. The anionic detergent, SDS, binds to proteins, 

causing them to denature and to gain a negative charge. This is crucial for protein fractionation
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according to mass as the acquired charge of peptides will be proportional to their length. The gels 

were precast >12 hours before electrophoresis and the gel cassette sandwiches were wrapped in 

wet tissue and stored at 4°C overnight to allow full polymerisation.

Accounting for differences in protein concentrations, 10-25 |il samples were diluted 5:6 in 6X 

reducing protein loading buffer (50 mM Tris-HCI, 0.05% v/v bromophenol blue, 10% w /v  SDS, 30% 

v/v glycerol and 5.5% v/v P-mercaptoethanol) and heated to 95°C for five minutes or otherwise 

specified to heat-denature the protein. The gels were mounted in the electrophoresis unit and 

were submerged in IX  Running Buffer (5mM Tris, 50m M  Glycine, 0.02% w /v  SDS). Although 

varied, depending on the experiment, on average 15-35 ng protein was loaded per lane in <30 nl 

loading mix. 10 (.il Prosieve Color Protein Marker (50550, Lonza Group Ltd.) was prewarmed to 

37°C and added to a lane. Electrophoresis was performed at 110 V with a power pack (105, VWR) 

until the blue dye reached the bottom of the gel.

2 .6 .2 .4  — Protein Transfer to M em branes

W et transfer stage followed immediately after SDS-PAGE with the Bio-Rad's Mini Trans-Blot® Cell 

system (170-3930/170-3935, Bio-Rad Laboratories). Two transfer assemblies (sandwiches 

constructed with a gel holder cassette holding fibre pads, filter paper, a membrane and the gel) 

can undergo electrophoretic transfer simultaneously. To construct the blotting sandwich, 

Immobilon-P™ polyvinylidene diflouride (PVDF) membrane (Millipore) was activated for 1 minute 

in 100% methanol and soaked in ice cold IX  transfer buffer (25m M  Tris-HCI pH8.0,0.2M glycine, 

20 % methanol). The filter pads and filter paper were soaked in ice cold IX  transfer buffer for <15 

minutes prior to assembly. The membrane and gel were sandwiched between two filter papers 

with two filter pads on the outside and placed in the gel holder cassette after any air bubbles 

present were pressed out. A diagram of this is shown in Figure 2.6. The assembly was placed 

between two electrodes in the transfer tank with an ice pack and stirrer to keep the setup cool. 

Transfer was conducted at lOOV for 75 minutes or 45V overnight in a 4°C cold room.

Fiber pad

Filter paper 
Membrane 
Gel
Filter paper 
Fiber pad 

Gel holder 
cassette

Figure 2.6—SDS-PAGE gel transfer sandwich.
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2 .6 .2 .5  —  M e m b r a n e  Blocking a n d  A n tib o d y  B inding

A fter transfer nnennbranes w ere kept in IX  TBST buffer (10 mlVl Tris, 0 .15 IVI NaCI, 0.05%  Tw een- 

20) a t 4°C or they  w ere im m ediately blocked in blocking buffer (5% w /v  fa t-free  milk (M arvel, 

Prem ier Foods)\n IX  TBST) fo r >1 hour at room tem peratu re  on an orbital shaker. Primary 

antibodies w ere diluted in blocking buffer at specified dilutions and replaced the  old blocking 

buffer fo r an overnight incubation on an orbital shaker in a 4°C cold room. A fter prim ary antibody 

incubation the  m em brane was washed three times w ith  IX  TBST on an orbital shaker fo r >5 

m inutes and a specified dilution o f horse-radish peroxidise (HRP)-conjugated secondary antibody  

in blocking buffer was applied. A fter >1 hour incubation at room tem perature  on an orbital shaker 

or an overnight incubation on an orbital shaker in a 4°C cold room, the m em brane was washed 

th ree tim es fo r >5 m inutes in IX  TBST.
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2 .6 .2 .6  —  A n tib o d y  In h ib itio n

W hen necessary, inhibition peptides w ere  used to  blocl< the  prim ary antibody in a polyclonal 

antibody solution. The prim ary antibody to  be blocked was diluted in 500 pil IX  PBS (RT°) at a 

specified dilution and the inhibition peptide was added at a dilution of 5 x [prim ary antibody]. The 

antibody-peptide mix was incubated on an orbital shaker at room tem peratu re  for tw o  hours and 

then diluted in blocking buffer before m em brane incubation.

2 .6 .2 .7  —  E nh an ced  C hem ilum inescence

ECL allows fo r the  visualisation of blotted proteins by the reaction o f hydrogen peroxide and 

luminal to  an exited state o f 3-am inophthalate, which fluoresces as it decays to low er energy  

levels. This reaction is catalysed by HRP that, when conjugated to the secondary antibody, 

provides chemiluminescence localised to  the bound prim ary antibody.

The m em branes w ere incubated fo r tw o  minutes in ECL solution prepared as described by Haan et 

al.^°^ The m em branes w ere subsequently exposed in an Im ageQ uant LAS 4000  digital imaging 

system (GE Healthcare, General Electric Company) set fo r chem ilum inescent imaging. The 

m em branes w ere exposed again to develop a visible-light image of the colour protein ladder. 

Images w ere fu rther processed w ith  Adobe Photoshop CSS (Adobe Systems Inc.).

2 .6 .2 .8  —  M e m b ra n e  S tripp ing

M em brane stripping was perform ed by incubating the blotted m em branes in Restore Plus 

W estern Blot Stripping Buffer (46430, Pierce, Thermo Fisher Scientific) fo r a defined period o f tim e  

at room tem perature . About 10 ml stripping buffer was used for large m em branes and about 6 ml 

fo r small m em branes. For prim ary antibodies that w ere considered to bind the ir targets weakly, 

m em branes w ere incubated for 10 m inutes in the stripping buffer on an orbital shaker. For strong 

prim ary antibodies, m em branes w ere incubated fo r 15 m inutes on an orbital shaker. A fter 

stripping, m em branes w ere washed 3 x 20 minutes in IX  TBST a fte r which they w ere blocked and 

probed as described in Section 2.6 .2 .5 .
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2.7 — Statistical Analysis

2.7.1 — Computational Statistical Analysis

W here relevant, statistical analysis was perform ed w ith the Prism ver. 5.0 (G raphPad Software  

Inc.) and SPSS ver. 19.0 (IB M  Corp.) statistical softw are packages. These packages provide 

extensive param etric and non-param etric statistical analysis and both contain a similar set of 

statistical tests. Prism was used as prim ary statistical tool, which was replaced by SPSS for tests 

which w ere  beyond the  scope o f possibilities o f Prism.

For the  batch statistical analysis o f Affym etrix Gene 1.0 ST microarrays CRAN statistical software  

(CRAN) was used w ith  the Bioconductor 2.9 package. For the batch analysis of TaqM an® Array 

Human M icroRNA data, DataAssist ver. 3.0 (Applied Biosystems, Life Technologies) was used.
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CHAPTER THREE

INDUCED UPREGULATION OF MIRNA 

IN 2102Ep and NTERA-2



3 — Induced Upregulation of miRNA in 2102Ep and NTera-2 Cells

3.1 — Introduction

CSCs are believed to be the causative agent o f most c a n c e r s . I n  the heterogeneous model of 

tum our biology, CSCs are believed to  be a subset o f cells, which fuel tumorigenesis, maintenance, 

proliferation and met as t as i s . Cur ren t  treatm ents for cancer, such as surgery, chemotherapy and 

radiotherapy, take an ubiquitous approach to elim inating malignancy by targeting the whole 

tumour, attem pting to elim inate all tum our cells. This type o f treatm ent is sometimes successful 

in curing the disease, but success is often related to  the type o f cancer and its pathological grade 

(the degree o f cell d ifferentiation present).®®'*® In certain types o f cancer which are inherently 

aggressive, relapse is common. Frequently, the cancer returns in a more malignant state and can 

acquire resistance to the treatm ent used.“  ̂ Poorly differentiated tumours have a higher CSC- 

signature and are associated w ith  a poor clinical p r o g n o s e s . T h e  cancer stem cell theory 

posits the cause o f tum our relapse to be a result o f an incomplete elim ination o f primary CSCs.^^  ̂

A fter treatm ent, a remainder o f CSCs can reinitiate tum our growth, frequently leading to a more 

malignant tum our w ith more CSCs and an increased resistance due to Darwinian selection.

This has severe complications for conventional therapy, as it fails to sufficiently discriminate 

between normal cells, non-proliferating tum our cells and CSCs. Although oncology drugs, due to 

the ir proportionally larger investment, are more likely to progress to late phases o f clinical trials 

compared to other types o f drugs, and enjoy, on average, shorter regulatory approval times, they 

have much lower chances o f reaching the marketing stage beyond phase III testing (USA data).^°^ 

The latter is most commonly caused by their high cytotoxicity, which due to  the ir failure to  focus 

on the aetiological component o f the malignancy, is a severe lim itation for medical treatm ent o f 

cancer patients. 90% o f cancer victims die from complications resulting from tum our metastasis.** 

As discussed in Section 1.3, the stem cell phenotype o f cancer and its inherent neoplasticity are 

crucial contributors to the metastatic process. An increasing number o f drugs, such as tamoxifen 

and trastuzumab, can fight metastatic disease, but they often fail to prevent r e l a p s e . O n e  

proposed reason for this is the diversity o f metastases resulting in a lack o f drug targeted

effectiveness. Although successful elim ination o f overt metastatic disease may be clinically 

established, secondary tumours may reappear from  single dormant (quiescent) CSCs or 

micrometastases, the latter o f which probably have CSCs at the ir root.“ ®

The cancer stem cell theory states, tha t to  successfully elim inate cancer completely, all CSCs must 

be completely e r a d i c a t e d . T h i s  requires the development o f CSC-targeted remedies. One such 

method, as discussed in Section 1.4, is to  induce CSC-specific d ifferentiation, thus halting their
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self-renewal capacity and resulting in cell senescence. To a linnited extent, differentiation therapy 

has already been combined with other chemotherapies in clinical settings of which the use of 

retinoic acid and other retinoid compounds as chemotherapy and chemoprevention has been 

most widely studied and used (see Section 1.4 for more details on this).^°* Although this therapy 

has showed good results, the promising in v itro  results do not often carry over to clinical results 

and retinoids can be toxic and possibly teratogenic in clinical d o s e s . I n  addition, the 

possibility that normal stem cells are affected by this method is quite high, although this has not 

been documented in vivo. Targeted CSC therapy has been proposed as an alternative to current 

methods (for more details, see Section 1.4). This could potentially eliminate the CSC component 

of cancer, which would, according to the CSC theory, result in tumour regression and suppression 

of metastasis.

The therapeutic potential of miRNA-based therapy is discussed in Section 1.11. MiRNAs have an 

important role regulating the stem cell features of normal stem cells and CSCs, such as self

renewal, proliferation and differentiation. Recently, some of the roles of miRNA in CSC 

differentiation have been characterised. This showed that various miRNAs with roles in stem 

cells were deregulated in CSCs, of which the miR-200 and let-7 families were the most common 

among different CSC types. Some of these miRNAs, such as the tumour suppressor miRNAs, miR- 

200c and miR-34a, were upregulated in CSCs, which resulted in these cells losing their stem cell 

phenotype or undergoing apoptosis.^^ '̂^^® Utilising the abilities of miRNAs to target multiple genes 

have been postulated to be of clinical relevance, even when the miRNAs for intended use are not 

deregulated in the specific cancer or CSC.̂ '*® An ideal treatm ent would focus on the CSCs, while 

ignoring normal tissue and normal stem cells. With increased discoveries of CSC markers, some of 

which may distinguish CSCs from normal stem cells, the possibility of CSC-focussed therapy could 

become reality. Vectors for in vivo  delivery for miRNA-based and other RNAi-based therapy are 

currently being developed. Antibody-conjugated nanoparticles containing anti-c-Myc, anti-M DM 2  

and anti-VEGF siRNA have been developed that specifically home in on lung metastases of murine 

melanoma and deliver the siRNA for targeted gene k n o c k -o u t.T h is  delivery agent can probably 

also be used with miRNA mimics or antagonists to target a broader spectrum of oncogenes or 

tum our suppressors.

The search for miRNAs which could potentially regulate crucial CSC processes is ongoing and past 

findings in cancer and stem cells are currently being directly associated to CSC function. In this 

chapter, studies were performed to try to find miRNAs with potentially novel roles in CSC and 

stem cell differentiation. For this two well characterised testicular ECC lines were used: the 

nullipotent 2102Ep cells and pluripotent NTera-2 cells. Both these cell lines were originally
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d erived  fro m  h u m an  tes tic u la r te ra to ca rc in o m as  and la te r subcloned by A n d rew s e t al.^ '̂^^ 

2102E p  cells have th e  inab ility  to  d iffe re n tia te  fu lly  in to  th e  th re e  germ  layers o f th e  early  

em b ryo , as is ch arac teris tic  fo r  m any ECCs. T hey show  little  sp o ntaneou s d iffe re n tia tio n  and are  

resistant to  re tin o ic  ac id-induced  differentiation.^^^ T hey do h o w ev er, p a rtia lly  d iffe re n tia te  

to w a rd s  a tro p h e c to d e rm a l p h e n o typ e  w h e n  cu ltu red  a t ve ry  low  d e n s i t ie s .2 1 0 2 E p  cells have a 

p h e n o typ e  th a t  closely resem bles th a t  o f  hESCs , but w h e n  th e y  are  xe n o g ra fte d  in to  n ude m ice  

th e y  fo rm  highly u n d iffe re n tia te d  te r a t o c a r c in o m a s .N T e r a - 2 ,  a subclone fro m  th e  T e ra -2  cell 

line, is a p lu rip o te n t cell line w ith  th e  capacity to  fu lly  d iffe re n tia te  in to  cells belonging  to  th e  

th re e  germ  layers w h e n  cu ltured  a t ve ry  low  density, b u t th e y  a have p re fe re n c e  to  d iffe re n tia te  

m ostly  in to  CNS neu ro na l and n eu ro na l precursor cells w h e n  exposed to  re tin o ic  acid.^^'’“^̂  ̂

N T era -2  cells fo rm  w ell d iffe re n tia te d  te ra to ca rc in o m as  w h e n  xen o g ra fted  in to  nude mice.^^ They  

resem b le  hESCs q u ite  closely, but fall outs id e  th e  range o f  v a ria tio n  o f hESC l i n e s . I n  a 

previous study p erfo rm ed  by this lab o ra to ry , b o th  cell lines w e re  exposed to  re tin o ic  acid fo r 

th re e  days and th e  d iffe re n tia l expression o f hundreds o f  m iRNAs w as m easured  w ith  qRT-PCR.” '* 

This study a im ed  to  ch art d iffe re n tia l m iR N A  expression during  ea rly  even ts o f  d iffe re n tia tio n . As 

expected , m o re  m iRNAs w e re  d iffe re n tia lly  expressed in N T era -2  cells co m p ared  to  2102E p  

c e l l s . I n  th e  c u rre n t ch a p te r th e  d ata  fro m  th is study is used to  select sets o f m iRNAs fo r  

overexpression  in N T era -2  and 2102E p  cell lines, w ith  th e  aim  o f inducing d iffe re n tia tio n . The  

crite ria  used fo r  th e  se lection  o f th ese  m iRNA can be fo u n d  in Section 3 .4 .4 . Five m iRNAs w e re  

chosen by th ese  crite ria : m iR -lO a , -9 9 a , -1 8 4 , -2 1 9  and m iR -3 35 . The first th re e  m iRNAs w e re  

u preg u lated  in b o th  N T era -2  and 21 02 E p  cells upon th e  incub atio n  o f  th ese  cells in ATRA fo r  th re e  

days. The last tw o  m iRNAs w e re  strongly u preg u la ted  in N T era -2  cells alone.

O ne o f th e  aim s o f th is ch ap te r w as to  p red ic t genes th a t  are  p o te n tia lly  ta rg e te d  by m iRNAs o f  

in te re s t— m iRNAs w hich  are  can re g u la te  hECC d iffe re n tia t io n — fo r p o s t-tran scrip tio na l 

regu la tion . T he p red ic tion  o f m iRN A ta rg e ts  can be p e rfo rm e d  co m p u ta tio n a lly , w ith  o r w ith o u t  

su p po rt fro m  p re-existing  o r acqu ired  results. T he  in silico  c o m p o n e n t o f m iRN A ta rg e t p red iction  

is u n d er m uch d e v e lo p m e n t and is rap id ly  changing and ad ap tin g  to  novel findings. Individual 

m iRNAs have b een  show n to  ta rg e t ten s  to  hundreds o f genes in c e l l s . M i R N A  can have q u ite  

d iverse crite ria  fo r g ene re g u la tio n , w hich  m ake accu ra te  c o m p u ta tio n a l ta rg e t p red iction  

d ifficu lt. Various d iffe re n t ap proaches have been  taken  to  co m p u ta tio n a lly  p red ic t m iR N A  targets . 

M o d e rn  co m p u ta tio n a l ta rg e t p red ic tio n  so ftw are  g en era lly  uses a co m b in a tio n  b io in fo rm atic  

a lgorithm s to  m axim ise re liab ility  o f ta rg e t p red ic tion  and can rank p red ic te d  ta rg e ts  by 

co n textu a l s c o r e s .T a r g e tS c a n ,  PicTar and D IA N A -m icroT  all use an a lg o rith m  w hich  focuses on 

seed sequence paring, a lthough  th ese  p red ic tion  too ls  d iffe r  in ta rg e tin g  s tra teg ies  and  

hybrid isation  s t r i n g e n c y . T a r g e t S c a n  is th e  m ost fre q u e n tly  used ta rg e t p red ic tio n  too l in
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this thesis, and its benefits and precise algorithm ic execution are described in Section 3.3.9. O ther 

types of miRNA target prediction algorithms are also used in a variety o f target prediction  

softw are programs. The miRanda algorithm  is base on highly com plem entary sequence alignm ent 

betw een the w hole miRNA and its targets. G:U wobbles and mismatches along th e  hybrid are 

allow ed, but seed pairing has a positive w eighted bias towards the  contextual s c o r e . I n  this 

thesis, miRanda is used as a secondary target prediction algorithm to com plem ent TargetScan 

results. O ther exam ples of algorithms are PITA, which combines the free energy gain o f miRNA- 

target hybridisation w ith  the free-energy cost o f target mRNA unfolding, thus taking into account 

the  accessibility o f the  target site for miRNA b i n d i n g . R N A 2 2  was developed to  provides a 

com bination o f therm odynam ic modelling of the mlRNA:mRNA heteroduplex w ith  a search for 

sequence patterns which are motifs that are significantly shared w ith m ature miRNAs and are 

likely to function as such.^^^ M ost target prediction tools search for target sites w ith in  the  3'UTR  

of mRNAs, how ever PITA and RNA22 can also search outside this region. Also, m any prediction  

algorithm s add a variety o f weighted factors to the  overall calculation o f a contextual score. W ith  

this, an estim ate o f target likelihood can be assessed. Examples of such weighted factors are the  

evolutionary conservation of the miRNA or target site sequences, the presence o f m ultiple target 

sites and the localised presence of specific bases and regressional ranking of m iRNA-target pairs 

based on previously validated results. Some target prediction algorithms predom inantly rely on 

the regressional analysis o f previous results. HOCTAR is a target prediction tool th a t analyses 

w hole-genom e expression data to find statistical anti-correlation betw een intronic miRNAs (their 

expression is often correlated w ith  that of the ir host genes) and potential target genes. 

O ther tools, such as m irW IP and starBase, rely on patterns found in validated in vivo m iRNA-target 

interactions based on the high-throughput analysis o f im m unoprecipitated RISC com ponents with  

which predictive algorithms or statistically qualified target databases can be c r e a t e d . N o  

conclusive verdict can be made about which com putational miRNA target prediction is most 

accurate as this field is rapidly advancing and new algorithms are continually being invented and 

older algorithms often updated. However, much is still unknown about miRNA function and, 

therefore , com putational target prediction in the biological context o f the experim ent is 

necessary.
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3.2 — Chapter Aims

As no system o f oligonucleotide transfection in 2102Ep and NTera-2 cells existed in this 

laboratory, the first aim of this chapter was to  optim ise a system fo r induced in vitro 

overexpression of miRNAs in these cells. This was perform ed w ith  modified miRNA precursor 

oligonucleotides as described in Section 3.3 .6 . The aim was to  perform  this w ithout substantially 

affecting cell viability. The second aim of this chapter was to functionally overexpress miRNAs 

w ith  the intention of inducing observable d ifferentiation  in the 2102Ep or NTera-2 cell lines. For 

any miRNAs which successfully induced the d ifferentiation  program, the third aim of this chapter 

was to find targets th a t facilitated this process.
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3.3 — Materials and Methods

In this Section, methods supplemental to the general methods described in Chapter 2 are 

provided. These methods are exclusive to this chapter and the referenced Sections in this 

subchapter supersede the methods described in Chapter 2. If no supplemental methods are given, 

the general methods are referenced to.

3.3.1 — Cell Culture

W ith the exception o f reverse transfection experiments, 2102Ep and NTera-2 cells were seeded 

on 96-well plates and 6-well plates as per the method outlined in Section 2.1.4. Cell suspensions 

were diluted according to the experiment performed and plated on sterile cell culture plates at 

the desired cell density. Cells were maintained as described in Section 2.1.5. Cells were counted 

as described in Section 2.1.7.

3.3.2 — Cells-to-Ct™ Gene Expression

The Cells-to-Ct™ Gene Expression kit was used fo r isolation o f RNA and qRT-PCR as described in 

Section 2.3.2.1 and Section 2.5.2.2.

3.3.2.1 — Cells-to-Ct™ C ontro l K it

The Cells-to-Ct™ Control kit was used to test the com patibility o f the Cells-to-Ct™ Gene Expression 

kit w ith  the NTera-2 and 2102Ep cell lines. As described in Section 2.3.1.2, this kit contains the 

non-biological transcript, XenoRNA™ and its associated TaqMan® Gene Expression assay. It 

furtherm ore contains a TaqMan® Gene Expression assay for endogenous P-actin. To test 

com patib ility w ith the Cells-to-Ct™ Gene Expression kit tw o suspensions (2x10^ cells/pl ) o f 

2102Ep and NTera-2 cells were prepared in ice cold IX  PBS (BE17-516F, Lanza) in microtubes and 

serially diluted as shown in Table 3.1.

Table 3.1—2102Ep and NTera-2 serial cell dilutions for the Cells-to-Ct™ Control Kit.

Cells IX  PBS(nO Concentration (cells/|il) Final Cell Count
A 5 pi from  2x10^ cells/nl stock 45 2x10'' 10^
B 5 nl from  A 45 2000 10"
C 5 |il from  B 45 200 1000
D 5 |il from  C 45 20 100
E 5 |il from D 45 2 10

For both cell lines, 5 |il o f cell suspension was added to  separate 95-well plates in trip licate and 

kept on ice. Cell lysis was performed by preparing a master mix w ith a 1:100 ratio o f DNase l:Cell 

Lysis Solution and subsequently adding 50 iil o f this master mix to  each well o f the plate. The
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lysate was mixed by pipetting up and down five times and was incubated at room tem perature for 

five minutes. The Stop Solution was spiked w ith  XenoRNA™ to  produce a 1:6 ratio of 

XenoRNA™:Stop Solution and, subsequently, 6 [il o f this solution was mixed into each lysate by 

pipetting five times. The lysates were incubated at RF fo r tw o  minutes and subsequently stored 

at -80°C until fu rther use.

For cDNA synthesis a reverse transcription (RT) master mix was prepared on ice w ith  a per-sample 

content of 25 |il 2X RT Buffer, 2.5 |jl 20X RT Enzyme Mix and 12.5 pil nuclease-free water. For both 

cell lines, 40 (il aliquots o f master mix were distributed in the wells o f a single heat-resistant 96- 

well plate well (AB-0600, ABgene) and 10 nl cell lysate was mixed in. To test qRT-PCR sensitivity 

fo r any undigested DNA contamination, minus RT control master mixes were added to  the plate 

by substituting the enzyme mix in the RT master mix w ith an equal volume o f water. For both cell 

lines 10 1̂ lysate from Sample A was added to the minus RT control wells (see Table 3.1). The 

plate was sealed w ith adhesive film  (4306311, Applied Biosystems) and incubated on a GeneAmp® 

9600 thermocycler (Applied Biosystems, Life Technologies), configured w ith the program found in 

Table 3.2.

Table 3.2—GeneAmp® 9600 thermocycler program for reverse transcription of
sample RNA with the Cells-to-Ct™ Gene Expression kit.

Stage Reps Temperature Time Volume
Reverse Transcription 1 1 37°C 60 min

50 \x\RT Inactivation 2 1 95°C 5 min
Hold 3 1 4°C OO

As there was insufficient TaqMan® Gene Expression Master Mix included in the Cells-to-Ct™ Gene 

Expression kit fo r the number of 50 |il qRT-PCR reactions required, single replicates were used for 

the qRT-PCR step. Also, as the samples were already distributed in biological trip licate on the 

same plates, data reliability was considered sufficient to exclude technical replicates.

W ith qRT-PCR, (3-actin and XenoRNA™ expression was determined. PCR master mixes were 

prepared containing, per sample, 10 nl 2X TaqMan® Gene Expression Master Mix, 1 |il p-actin or 

XenoRNA™ TaqMan® Gene Expression assay and 5 nl nuclease-free water. 16 |il aliquots o f the 

master mixes were distributed on a 96-well plate (N8010560, Applied Biosystems, Life 

Technologies) and 4 nl o f the respective samples were mixed in. The plate was sealed w ith  optical 

adhesive film  (4311971, Applied Biosystems) and the reaction was run on an Applied Biosystems 

7500 Real-Time PCR System configured w ith  the program in Table 3.3.
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Table 3.3—GeneAmp® 9600 thermocycler program for qRT-PCR with the Cells-to-
Ct™ Gene Expression kit.

Stage Reps Temperature Time Volume
Pre-incubation 1 1 S O T 2 min
Enzyme Activation 2 1 95°C 10 min

20 Hi
PGR 3 50 95°C

60°C
15 sec 

1 min

3.3.3 — Pre-miR™ Starter Kit

For transfection optim isation of Pre-miR™ miRNA Precursors, Ambion offers a Pre-miR™ miRNA  

Precursor Starter Kit (A M 1540, Ambion, Applied Biosystems, Life Technologies). This kit contains a 

Pre-m iR-1 precursor, pm N C #l and a TaqM an® Gene Assay fo r PTK9. This gene is a validated target 

of miR-1 and this miRNA has been shown to  actively degrade PTK9 at the transcript level, which 

can be measured w ith  q R T - P C R . A s  miR-1 expression remains constant in 2102Ep and NTera-2 

cells upon exposure to  retinoic acid, this miRNA was considered unlikely to a lter the cells in a 

m anner which would be undesirable fo r transfection optim isation. M iR-1 was therefore  

considered a good candidate for this experim ent. Optimising transfection efficiency by measuring 

PTK9 expression included, besides the efficacy o f the transfection of the Pre-miR™ precursor, the  

efficacy o f an increase in miRNA function, which was more im portant. Besides the  Pre-miR™ 

precursor molecules, the Pre-miR™ Starter kit also contained the transfection agent siPORT 

NeoFX. This transfection agent was included in the  Pre-miR™ transfection optim isation stages of 

this study.

3 .3 .3 .1  —  B aseline PTK9 Expression Analysis

To determ ine the baseline level o f PTK9 expression in unm odified 2102Ep and NTera-2 cells, an 

initial assessment was perform ed on GAPDH-normalised PTK9 expression in NTera-2 and 2102Ep  

cells growing in hEC m edium . Three separate 96-w ell plates w ere seeded w ith a trip licate o f each 

cell line at 3.2x10'’ cells/cm^ in HEC m edium  at d ifferen t tim e points and incubated fo r 48  hours. In 

2102Ep cells, qRT-PCR was perform ed w ith purified RNA as described in Section 2 .3 .2 .4  and 

Section 2.5.2 .1 . In NTera-2 cells qRT-PCR was perform ed w ith  the Cells-to-Ct Gene™ Expression kit 

as described in Section 2.3 .2 .1  and Section 2.5 .2 .2 .

3.3.4 — Reverse Transfection Optimisation

The first stage o f transfection optim isation o f Pre-miR™ miRNA precursors was perform ed with  

the reverse transfection technique. The underlying principles, benefits and disadvantages of this 

m ethod is described in more detail in Section 2.2.2.2.
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3 .3 .4 .1  — O ptim isation o f  Experim ental IVIedio

As described in Section 2.2.2.1, the medium chosen to be used during reverse transfection was 

Opti-IVIEIVl® I supplemented with 6% FBS. The reduced serum content compared to hEC medium  

was selected so as to minimise any negative effects serum could have on transfection efficiency. 

To test the compatibility of Opti-MEM® I + 6% FBS medium with the 2102Ep and NTera-2 cell 

lines, the following experiment was conducted.

On a 96-well plate {Nunc, 269787) NTera-2 cells were grown parallel in 100 nl Opti-MEM® I + 6% 

FBS and hEC medium (DMEM + 10% FBS + 2% Pen-Strep (Lonza, DE17-603E) for 48 hours at three 

different densities (2xlO^ 5x10'' and 1x10^ cells/cm^). Cell viability was subsequently measured 

using the MTT method, as described in Section 2.1.8. In total, two experiments were performed in 

biological triplicates and the results were combined.

3 .3 .4 .2  — O ptim isation o f  Reverse Transfections

The optimisation of reverse transfections of Pre-miR® precursors in 2102Ep and NTera-2 cells 

were performed on 96-well cell culture plates using the methods described in Section 2.2.2.2.

3.3.5 — Forward Transfection Optimisation

W ith the forward transfection technique an attem pt was made to increase transfection efficiency 

while reducing cytotoxicity caused by the transfection process. The benefits and disadvantages of 

forward transfection are described in Section 2.2.1.3. For the optimisation of forward 

transfection, some individual components were optimised first as described in Section 3.3.5.1 to 

Section 3.3.5.3.

3 .3 .5 .1  — O ptim isation o f  Experim ental IVIedia

The media used for forward transfection was serum-free Opti-MEM® I medium (RT°). Transfection 

in 2102Ep and NTera-2 cells was planned to be conducted for 6 hours with this medium before 

being replaced by hEC medium (37°C). Before transfection optimisation was conducted, cell 

viability in the serum-free conditions of Opti-MEM® I was tested.

2102Ep and NTera-2 cells were harvested as detailed in Section 2.1.5 and resuspended in hEC 

medium. The cells were counted as per Section 2.1.7 and diluted to a concentration of exio'* 

cells/ml. From this stock dilution 100 nl was seeded in triplicate to wells on a 96-well cell culture 

plate and they were incubated for 24 hours in humidified conditions at 37°C and 5% CO2. After 

incubation, the cells were washed with 100 [il IX  PBS (37°C) and 100 |il Opti-MEM® I (RT°) was

92 , Chapter Three — Induced Upregulation of mlRNA in 2102Ep and NTera-2 Cells



added to six wells. To another six wells hEC medium (37°C) was added to function as negative 

controls. The plates were incubated for 6 hours in humidified conditions at 37°C and 5% CO2, after 

which the old media were replaced with hEC medium (37°C). The cells were incubated for 48 

hours, with a medium refresh after 24 hours. Cell viability was assessed as described in Section 

2 . 1.8 .

3 3 .5 .2  — O ptim isation o f  Forw ard Transfections

The optimisation of forward transfections of Pre-miR® precursors in 2102Ep and NTera-2 cells was 

performed on 96-well cell culture plates using the methods described in Section 2.2.2.3.

3 .3 .5 .3  — Cell Viability

The impact of the forward transfection process on cell viability of 2102Ep and NTera-2 cells was 

assessed by the transfection of ssNC#l using the forward transfection method. For 2102Ep cells 

the Low (0.125 |il/w ell), Medium (0.25 |il/well) and High (0.375 nl/well) Lipofectamine™ 2000 

volumes were applied. This was similar for NTera-2 cells which used Low (0.1 |il/w ell), Medium  

(0.2 |il/w ell) and High (0.3 jil/wel!) volumes of Lipofectamine™ RNAiMAX. Transfection was 

performed in triplicate using 50 nM pm NC#l for both cell lines. For transfection, the method 

described in Section 2.2.2.3 was applied. Negative controls were prepared by preseeding cells in 

Opti-MEM® I and incubating them for 6 hours on the same plate. As with the experimental 

cultures, the medium was replaced with hEC medium (37°C) and the cells were incubated for 

another 48 hours, with a medium refresh after 24 hours. Cell viability was assessed for all cells on 

the plate by the protocol described in Section 2.1.8.

3.3.6 — Functional Pre-miR^“ Transfections

The transfection of experimentally functional Pre-miR™ precursors and pm NC#l controls in 

2102Ep and NTera-2 cells grown on 96-well cell culture plates were performed as described in 

Section 2.2.2.4. The method of transfection of these molecules into cells grown on 6-well plates is 

described in Section 2.2.2.5. For both plate sizes, cells were transfected with 50 nM Pre-miR™ 

precursor. Details on the Pre-miR™ precursors used in this chapter are found in Table 3.4.

For gene and protein expression analysis, these constructs were transfected into 2102Ep and 

NTera-2 cells pre-seeded on 6-well cell culture plates. The plate layout is shown in Figure 3.1. On 

96-well cell culture plates, all transfections were performed simultaneously on the same plate. 

MiR-lOa, miR-99a and miR-184 were transfected with High Lipofectamine™ 2000 and with 

Medium Lipofectamine™ RNAiMAX™ in NTera-2 cells. After transfection the cells were left to 

grow for three days with new hEC every 24 hours. After 48 hours following transfection 2102Ep
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cells w ere split 1:2 using the m ethod described in Section 2.1.5. 2102Ep cells double very rapidly 

(doubling tim e: 21 hours), so a split was perform ed to aid phenotypic visualisation of cells, which 

would otherw ise be hindered by the ir high confluence on the third day of incubation. During the  

post-transfection incubation period images w ere taken at d ifferent magnifications w ith  a light 

microscope.

The transfection experim ents w ith m iR-219 and m iR-335 w ere perform ed once the transfections  

w ith  m lR-lOa, m iR-99a and m iR-184 w ere com pleted. For the transfection o f m iR-219 and miR- 

335 certain modifications w ere introduced as to im prove the contrast and reliability o f the  results. 

Initial miRNA expression results from  transfections w ith these miRNA showed poor mlRNA  

upregulation in NTera-2 cells (data not shown). The decision was taken to adjust the  

Lipofectamine™ RNAiMAX™ volum e upwards to High volumes (8.6 |il/w e ll) fo r NTera-2 cells. This 

was because concurrent transfections w ith  o ther construct types perform ed by colleagues in the  

laboratory showed improved transfection efficiencies at these Lipofectamine™ RNAiMAX  

concentrations fo r NTera-2 cells grown on 6-w ell plates. A fter transfection the cells w ere  left to 

grow for 6 days w ith new hEC every 24 hours. The cell culture plate layout is shown in Figure 3.1 

and details about the  Pre-miR™ precursors used are listed in Table 3.4. Three days post

transfection, the cells w ere split 1:2 using the m ethod described in Section 2.1.5. One split was 

cultured overnight for photographic imaging w ith  a light microscope.

Table 3 .4 — Product type and sequence of Pre-miR’" precursors for 
functional miRNA overexpression.

miRNA Product ID Mature Sequence
hsa-miR-lOa PM 10787 UACCCUGUAGAUCCGAAUUUGUG
hsa-miR-99a P M 10719 AACCCGUAGAUCCGAUCUUGUG
hsa-m iR-184 P M 10207 UGGACGGAGAACUGAUAAGGGU
hsa-miR-219 P M 10664 UGAUUGUCCAAACGCAAUUCU
hsa-miR-335 P M 10063 UCAAGAGCAAUAACGAAAAAUGU

vc

-335
Pre-mIR 

<219 ^
NTC

pmNC#l

VC
'Pre-r
-184

'Pre-mlK 
<99a V

NTC

PM NC#1

VC

vlOa >

NTC

pmNCffl

Figure 3 .1— Cell culture plate layout for functional transfections of Pre-miR™ precursors. Pre-miR- 
10a and Pre-miR-99a/Pre-miR-184 w ere transfected on different plates. Pre-miR-219 and Pre-miR- 
335 were transfected on the same plate. Each plate included negative controls: pm N C #l, vehicle 
control (VC) and non-transfected control (NTC). This image represents a single biological replicate.
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3.3.7 — Analysis of miRNA and Gene Expression

A fter transfection and incubation, the cells w ere lysed and RNA purification was perform ed in 

accordance with the protocols fo r 6-w ell plates detailed in Section 2 .3 .2 .3 . DNA digestion was 

perform ed prior to qRT-PCR using the m ethod described in Section 2 .3 .2 .5 . RNA was quantified  

w ith  the NanoDrop™ 2000 as described in Section 2 .4 .2 .1  and the  RNA concentrations of the  

samples w ere normalised by dilution w ith dhi20. MiRNA expression was measured using the  

protocols found in Section 2.5.2 .3 . The miRNA expression assays used fo r TaqMan® PCR are listed 

in

Table 3.5. All expression results w ere normalised to  m iR-16 and relative quantitation was applied 

w ith  the m ethod. Previous studies perform ed by this laboratory extensively dem onstrated a 

constant expression of m iR-16 in differentiated and undifferentiated 2102Ep and NTera-2 cells, 

making it a good normalisation control for miRNA qRT-PCR.

Table 3.5— Product codes of TaqMan® primer/probe 
assays used for miRNA expression analysis.

miRNA AB Assay ID

hsa-miR-lOa 000387
hsa-miR-99a 000435
hsa-miR-184 000485
hsa-miR-219 000522

hsa-miR-335 000546
hsa-miR-16 000391

The expression o f key pluripotency markers and d ifferentiation markers was measured using the  

original RNA used for measuring miRNA expression. RNA was diluted to the  required am ount for 

all samples and qRT-PCR was perform ed as described in Section 2 .5 .2 .1 . Gene expression results 

w ere normalised to GAPDH and the  relative expression was calculated using the 2'**''* m ethod. 

The TaqMan® gene expression assays used are listed in Table 3.6.

Table 3.6—Product IDs of TaqM an* primer/probe assays 
used for pluripotency and differentiation marker analysis.

Gene Assay ID
0CT4 HS01654807 s i

S0X2 H s00602736 s i
NANOG H s02387400_g l

EN03 H s00266551_m l

N C A M l HS00169851 m l
GATA6 HS00232018 m l
GAPDH 4331182
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3.3.8 — Protein Expression Analysis

Protein concentration was assessed w ith  the BCA method described in Section 2.6.2.2. Sample 

replicates were run on separate 12% gels using SDS-PAGE as described in Section 2.6.2.3. A lane 

w ith  10 nl Prosieve colour marker (50550, Lonza Ltd.) was included. A 75 minute transfer to  PVDF 

membrane was performed as described in Section 2.6.2.4. Subsequent blocking and overnight 

probing in primary antibody was performed as described in Section 2.6.2.5. Primary and 

secondary antibodies used at specific dilutions can be found in Table 3.7. The anti-mouse 

secondary antibody from Jackson Immunoresearch (115-165-062) was only used for binding to 

the anti-GAPDH primary antibody. For all other mouse antibodies, the antibody from Santa Cruz 

(sc-2314) was used. A fter a 3 x 5 minute wash in IX  TBST buffer the membranes were exposed as 

described in Section 2.6.2.7. All membranes were stripped as and reprobed as described in 

Section 2.6.2.8.

Methods o f computational miRNA target prediction have been constantly evolving from  basic 

mismatch seed-target based pairing to a plethora o f d ifferent methods, which often maintain 

d ifferent criteria w ith  the aim to most closely reflect the in vivo processes of miRNA-enabled post- 

transcriptional regulation. Numerous software tools have been released to apply these methods 

to  miRNA target prediction in silico. Examples o f the criteria and considerations made in the 

methods which these tools apply to are miRNA-mRNA hybridisation energies, phylogenetic 

conservation o f miRNA target sites, seed-sequence or whole-miRNA incomplete complementarity 

and mRNA region-accessibility. Although accuracy differs among the various tools available, no 

ideal software package exists which predicts in vivo miRNA-target binding w ith perfect accuracy.

Table 3.7—Primary antibodies for Western blot.

Gene Predicted
MW

1** Antibody 
ID

Clone
Type

1"* AB 
Host

Dilution 2"** Antibody 
ID

Dilution

S0X2 34.3 kDa ab75485 Mono Mouse 1:500 sc-2314 1:2000
0CT4 38.6 kDa sc-5279 Poly Rabbit 1:500 SC-2313 1:5000
GAPDH 36.1 kDa ab8245 Mono Mouse 1:25,000 115-165-062 1:2000

3.3.9 — Computational miRNA Target Prediction

In this study, the TargetScan v5.1 software tool was chosen for the prediction o f miRNA 

t a r g e t s . T a r g e t S c a n  is one o f the most frequently used target prediction tools and has 

been frequently praised fo r its relatively high accuracy (estimated >50-60% o f predicted genes are 

targeted in i/;Vo).^“ This online tool performs thermodynamics-based imperfect seed-sequence 

matching to the 3' UTRs o f mRNA sequences found in the NCBI RefSeq database, accessing 17821
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different genes in this database. TargetScan requires an exact match o f >7 bases in the seed 

s e q u e n c e . W h e n  a gene has multiple mRNA isomers, TargetScan selects the RefSeq 

accession w ith the longest 3' UTR. The software selects mature miRNA sequences from the Sanger 

miRBase miRNA database, however some sequences are modified to  better reflect recent 

findings. The seed sequence is defined by the software as the region between the 2-8 nucleotides 

from the 5' end o f the miRNA and a minimum 6 nucleotide match o f the seed sequence w ith the 

3' URT region is required. The software filters and ranks the target mRNAs based on the 

evolutionary conservation o f miRNA target sites w ith in the ir 3' UTR. The software checks for 

target-site conservation in the genomes o f 23 d ifferent organisms and categorises the target in a 

ranking according to  phylogenetic proxim ity to humans. In this study, targets o f poor conservation 

(i.e. not conserved in vertebrates) were excluded. TargetScanHuman also has some disadvantages 

i.e. the seed-sequence flanking regions and mRNA target site accessibility are not included in the 

algorithm.
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3.4 — Results

In this Section, the results o f the transfection optim isations w ith Pre-miR™ miRNA precursors and 

the functional Pre-miR™ transfections are shown. All transfection optim isations and functional 

transfections w ere  perform ed w ith 2102Ep and NTera-2 cells.

3.4.1 — Pre-optimisation Control Experiments

3.4.1.1 — Optimisation o f the Cells-to-Ct™ Gene Expression Kit

The Cells-to-Ct™ Gene Expression kit was used fo r cell lysis and qRT-PCR during transfection  

optim isation experim ents fo r reasons described in Section 2.3 .1 .2 . At the tim e o f this study, no 

published research dem onstrated the use of the Cells-to Ct™ Gene Expression kit w ith the  2102Ep  

and NTera-2 cell lines, thus the com patibility o f this kit for this study had to  be established. This 

experim ent was perform ed as described in Section 3.3.2 .1 .

The Ct values of the |3-actin m arker and the XenoRNA™ m arker, obtained during qRT-PCR, w ere  

plotted against the cell num bers given in Table 3.1. The curves fo r NTera-2 and 2102Ep cells can 

be found in Figure 3.2. As the Ct values increase or decrease by the exponent o f tw o, the  ideal Ct 

values for the P-actin m arker would logarithmically and inversely correlate to cell numbers. As an 

equal am ount o f this synthetic nucleic acid was added to each sample, the  ideal Ct values for 

XenoRNA™ should be exactly equal for each cell num ber. If inhibitory factors are present in the  

lysates, and consequently in the qRT-PCR reactions, w e would expect the p-actin m arker Ct values 

fo r the higher cell num bers to lose th e ir logarithmic consistency w ith  the o ther results and 

gradually skew to low er exponents. The XenoRNA™ m arker Ct values would lose the  linear 

consistency at the higher cell num bers and would skew to higher values. To determ ine the "non- 

linearity" o f the  results after log-transform ation of the cell num ber values, the significance of 

deviation from  a linear regression tre n d — this is the  only expected trend fo r both p-actin and 

XenoRNA™ values against log-transform ed cell num bers— was calculated using the  replicates test 

lack-of-fit m ethod as described.

Results show th a t for NTera-2 cells, P-actin expression obtained w ith qRT-PCR is linearly 

proportional to  the cell numbers used in each sample tested as the results do not significantly 

deviate from  a linear regression m odel (P=0.5528). The picture is d ifferent fo r results obtained  

from  2102Ep cells, in which P-actin expression steadies at the higher cell numbers. This non-linear 

change digresses significantly from  a linear regression (P<0.0001).
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XenoRNA™ expression trend shows no significant change fo r increasing NTera-2 cell nunnbers 

(P=0.3903), how ever fo r 2102Ep cells, XenoRNA™ expression progressively reduces w hen tested  

in th e  presence of higher cell numbers (P<0.0001).

These results clearly showed that NTera-2 cells w ere com patible w ith  the Cells-to-Ct™ Gene 

Expression kit at the  cell numbers used, whereas 2102Ep cells w ere clearly incom patible w ith this 

kit. For 2102Ep cells, the M agM ax™ -96 Total RNA Isolation kit was therefore  used for RNA 

isolation and the High Capacity cDNA Reverse Transcription kit was used fo r cDNA synthesis (see 

Section 2 .3.2 .4 . and Section 2.5 .2 .2).
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Figure 3.2—Ct expression values of P-actin and XenoRNA™ versus cell numbers in 2102Ep and 
NTera-2 cells. Both cell lines were serial diluted and mixed with XenoRNA™. A linear trend in 
expression of 3-actin and XenoRNA™ indicates cell line compatibility with the Cells-to-Ct™ Gene 
Expression kit. In 2102Ep cells, the p-actin and XenoRNA™ marker values both deviate significantly 
from a linear trend (both P < 0.0001) whereas in NTera-2 cells these values do not significantly 
deviate from this trend (P = 0.5528 and P = 0.3903 respectively). Biological triplicates were used for 
all dilutions. Values are mean Ct expression. A lack-of-fit test was used to determine significant 
deviations from linearity.
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3 .4 .1 .2  — D eterm in ing  Baseline PTK9 Expression in Both Cell Lines

The Pre-miR™ Starter kit utilises the expression of the gene, PTK9, to assess successful 

transfection of Pre-miR-1. Before Pre-miR™ transfection optimisations could be commenced, 

baseline PTK9 expression had to be determined in 2102Ep and NTera-2 cell lines. This assessment 

was performed in unmodified 2102Ep and NTera-2 cells as described in Section 3.3.3.1. The raw 

expression values expressed in Ct were normalised with the endogenous control, GAPDH, 

resulting in 6Ct values as displayed in Figure 3.3.

In both cell lines PTK9 is sufficiently expressed with raw Ct values of approximately 26 in 2102Ep 

and 27 in NTera-2 cells. This is within the ideal 15-35 Ct range of reliable expression detection 

with qRT-PCR. Also, little variance between replicates in both cell lines exists. From these results 

the conclusion was drawn that PTK9 was a successful control for transfection optimisation.
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Figure 3.3—The comparison of PTK9 expression normalised to GAPDH expression in 2102Ep and 
NTera-2 cells. Normalised PTK9 expression was measured in both cell lines during their normal, 
proliferative state. In 2102Ep cells, the average 6Ct of PTK9 among all sets and replicates is 9.95. No 
significant difference in relative expression between sets {P = 0.2014). In NTera-2 cells, the average 
6Ct of PTK9 among all sets and replicates is 8.37. Here, ANOVA shows significant difference among 
sets (P = 0.0174) and Tukey's post-hoc tests show that Set 3 differs significantly from the other sets in 
NTera-2 cells. Values are normalised mean expression ± SD of biological triplicates.
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3.4.2 — Reverse Transfection Optimisation of Pre-miR™ miRNA Precursors

As no p ro toco l fo r  th e  tran s fec tio n  o f nucleic acids in to  21 02 E p  cells w as estab lished  in th e  

lab o ra to ry , th e  tra n s fec tio n  o f Pre-m iR™  m iR N A  Precursors had to  be o p tim ised  fo r  th is cell line. 

T he firs t stage o f  o p tim isa tio n  w as p e rfo rm e d  by reverse tra n s fec tio n , as th is w as considered  to  

im p ro ve  tra n s fec tio n  effic ienc ies a t th e  cell densities re q u ire d  fo r  th ese  cell lines, w h ile  resu lting  

in s ignificant t im e  savings on th e  tra n s fec tio n  p ro toco l. GAPDH w as used as a norm alis ing  contro l 

fo r  PTK9 expression analysis o f all tra n s fec tio n s  as th is g ene w as highly expressed in b oth  cell 

lines. It did n o t change during  re tin o ic  acid exposure to  th ese  cell lines and w as previously used as 

an en d ogenous co n tro l in tra n s fec tio n  studies in th ese  cell lines.

3.4.2.1  —  Optimisation o f Experimental M edia

As described in Section 2 .2 .1 .4 , th e  reverse  tra n s fec tio n  process w as p erfo rm ed  in O p ti-M E M ®  I 

m e d iu m  su p p lem en ted  w ith  6%  FBS. To assess th e  e ffec ts  o f th is m e d iu m  on m e d iu m -te rm  cell 

g ro w th  2102E p  and N T era -2  cells w e re  both  sub jected  to  O p ti-M E M ®  I + 6%  FBS m ed iu m  and hEC 

m e d iu m  as described  in Section 3 .3 .4 .1 .

The results o f cell v iab ility  are  d isplayed as raw  absorbance d a ta  to  describe re la tive  change and  

are show n in Figure 3 .4 .
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Figure 3.4—Cell viability of 2102Ep and NTera-2 cells grown in Opti-MEM® I and hEC media. Cells 
were grown in the mentioned media at three different cell densities for 48 hours. Among 2102Ep 
cells no significant differences in cell viability exist between Opti-MEM® I + 6% FBS and hEC medium 
at any density (P > 0.05). Among NTera-2 cells no significant difference exists in cell viability between 
cells grown in Opti-MEM® I + 6% FBS and hEC medium at 2x10'* cells/cm^ densities (P = 0.1062). At 
Sxio" and 1x10^ cells/cm^ densities viability of cells in Opti-MEM® I + 6% FBS is significantly lower (P 
= 0.0007 and P = 0.0076 respectively). Values are mean absorbance ± SD of six biological replicates. A 
t-test was used to compare sample means.
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3 .4 .2 .2  —  Optim isation o f  Reverse Transfection in 2102Ep Cells

Reverse transfections in 2102Ep cells w ere perform ed w ith  Lipofectamine™ RNAiMAX™, siPORT™ 

NeoFX™ and DharmaFECT 4 at three d ifferent concentrations using the m ethod described in 

Section 3 .3.4 .2 . As m entioned in this Section, the concentrations o f transfection agent chosen 

w ere based on the  recom m ended concentration range by the manufacturers. The "High" 

concentrations are the highest concentration recom m ended, the "Low" concentrations are the  

lowest and the "M edium " are the mean concentrations w ithin the range.

A fter a 24 hour transfection and another 24 hour incubation o f the 2102Ep cells, PTK9 expression 

results w ere obtained and displayed in Figure 3.5.

From these results the conclusion could be drawn th a t none of these transfection agents 

perform ed adequately to dow nregulate PTK9 expression by reverse transfection with 50 nM  Pre- 

miR-1. Some results showed a lim ited knock-down, how ever this was insignificant compared to  

the non-transfected controls. Unusually, PTK9 expression seemed to  decrease progressively 

relative to the negative controls w ith  increasing siPORT™ NeoFX™ concentration. This is probably 

due to potential undesirable effects the transfection agent has on GAPDH expression due to  the  

cytotoxic nature o f the transfection agent, which can affect GAPDH expression according to  the 

m anufacturer. This claim is supported by the decrease o f raw GAPDH expression (inferred directly  

from  Ct values) w ith  increasing transfection agent concentration. These effects w ere seen to a 

lesser extent in Lipofectamine™ RNAiMAX™ and DharmaFECT 4 transfected cells. Due to  the poor 

transfection efficiencies and highly probable cytotoxic effects o f the transfection m ethod, an 

alternative approach was taken as described in Section 3.3.5.
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Figure 3.5—Expression of PTK9 in 2102Ep cells reverse transfected with miR-1 three 
three different volumes of Lipofectamine™ RNAilVlAX™, siPORF" NeoFX™ and 
DharmaFECT 4. When compared to  the pm NC#l-transfected cells, no significant PTK9 
suppression by mlR-1 could be detected in any o f the transfected cells w ith  any o f the 
transfection agents tested. However, in some cases PTK9 expression was lower in the 
non-transfected controls than the pm NC#l-transfected cells. For cells transfected in 
Lipofectamine™ RNAiMAX™ expression values were significantly lower in Non- 
Transfected Controls compared to  pm NC#l cells transfected in M edium  Lipofectamine 
RNAiMAX (P = 0.0413) and High Lipofectamine RNAiMAX (P = 0.0446) conditions. For 
cells transfected w ith siPORT™ NeoFX™ expression values were significantly lower in 
Non-Transfected Controls compared to  Negative Controls transfected in Medium 
siPORT NeoFX (P = 0.0156) and High Lipofectamine RNAiMAX (P = 0.0013) conditions. 
Expression values were significantly lower in Non-Transfected Controls compared to 
pmNC#l cells transfected in Low DharmaFECT 4 (P = 0.0372) and High DharmaFECT 4 
(P = 0.0125) conditions. The expression o f PTK9 in the pm N C#l samples was set at 
100%. All experiments were performed in biological trip lica te . Values indicate the 
mean o f relative expression ± SD. Sample means were compared w ith  a t-test.
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3 .4 .2 3 - Optimisation o f Reverse Transfection in NTera-2 Cells

As w ith 2102Ep cells, the three transfection agents used fo r reverse transfection o f Pre-miR™ 

miRNA Precursors w ere Lipofectamine™ RNAiMAX, siPORT™ NeoFX™ and DharmaFECT 4. Of 

these, only DharmaFECT 4 was previously used in a reverse transfection experim ent with NTera-2  

cells by a research group at the tim e, how ever this was not perform ed w ith the same construct 

type (i.e. Pre-miR™ miRNA p r e c u r s o r s ) . T h e  same transfection agent concentrations w ere  

m aintained as w ere  used w ith 2102Ep reverse transfections. NTera-2 transfections w ere  

perform ed as described in Section 3.3.4.2.

A fter a 24 hour transfection and another 24 hour incubation o f the NTera-2 cells, PTK9 expression 

results w ere obtained and displayed in Figure 3.6.

The transfection of Pre-miR-1 with all three transfection agents resulted in the dow nregulation of 

PTK9. The best knock-downs reported w ere w ith  Low DharmaFECT 4 (0 .05 n l/w ell) and Low and 

M edium  Lipofectamine™ RNAiMAX (0.1 and 0 .2  |il/w e ll respectively). At these conditions the  

rem aining PTK9 expression was approxim ately 34-40% . As this was still considered insufficient to  

ensure the induction o f a phenotypic effect during the functional overexpression of experim ental 

miRNAs an alternative approach was taken for transfection optim isation. This choice was also 

made because , as w ith  2102Ep cells, reduced GAPDH expression in the  Lipofectamine™ RNAiMAX 

and siPORT"“ NeoFX™ transfected cells indicated potential cytotoxic side-effects of the reverse 

transfection process.
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Figure 3.6—Percentage expression of PTK9 in NTera-2 cells reverse transfected with 
miR-1 using three different volumes of Lipofectamine™ RNAIMAX'", siPORF" 
NeoFX™ and DharmaFECT 4. PTK9 downregulation was significant in cells transfected 
with Pre-miR-1 and all Lipofectamine"” RNAiMAX"” volumes, Low and Medium 
siPORT™ NeoFX™ volumes and Low DharmaFECT 4 (P < 0.01). Low and Medium 
Lipofectamine™ RNAiMAX™ and Low DharmaFECT 4 produced the highest knock
down. Cells transfected with pmNC#l and all Lipofectamine™ RNAiMAX volumes or 
Low and Medium siPORT™ NeoFX™ volumes showed an significantly increased PTK9 
expression compared to the non-transfected control. The Non-Transfected Controls 
showed lower PTK9 expression when compared to the pmNC#l samples (P < 0.05). The 
PTK9 expression in the pmNC#l samples was set at 100%. All experiments were 
performed in biological triplicate. Values indicate the mean of relative expression ± SD. 
A t-test was used to compare sample means.
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3.4.3 — Forward Transfection Optimisation of Pre-miR™ miRNA Precursors

Forward transfection was optimised for NTera-2 and 2102Ep cells as reverse transfection resulted 

in an inadequate reduction o f PTK9. As stated in Section 2 .2 .1 .3 , an advantage of forw ard  

transfection was the ability to  diagnose the state and confluence o f the cells on the plate prior to  

transfection. This was advantageous as changes cell m orphology could occasionally be observe if 

the cells w ere growing at a density which was too low.

3 .4 .3 .1  —  O ptim isation o f  Experim ental M ed ia

To determ ine th e  effects of short-term  incubation o f 2102Ep and NTera-2 cells in O pti-M EM ® I, 

the first step to  optim ise forw ard transfection for these cell lines was to test cell viability a fter a 6- 

hour incubation o f these cells in Opti-IVIEM® I m edium . This incubation period was chosen as it 

would represent the length of tim e that 2102Ep cells would undergo transfection before the  

transfection m edium  would be replaced by hEC growth m edium . The sensitivity o f 2102Ep cells to  

a 6-hour incubation in Opti-MEIVl® I medium was tested as described in Section 3.3.5 .1 . The 

results expressed in percentage viability are displayed in Figure 3.7.

Briefly, the cells w ere pre-seeded on 96-w ell plates 24 hours prior to  exposure to experim ental 

conditions. One sample set was exposed to O pti-M EM ®  I m edium  for 6 hours, while the hEC 

m edium  was refreshed on the second sample set. A fter this 6 hour incubation w indow , the media 

w ere replaced by hEC medium  for another 48  hour incubation. The results show no significant 

difference in cell viability betw een the tw o controls. 2102Ep cells are therefore  insensitive to  

serum -free O pti-M EM ®  I exposure for the preferred transfection period of 6 hours.
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Figure 3.7—Cell viability of 2102Ep cells incubated in Opti-MEM® I for 6 hours versus cells exposed 
only to hEC medium. No significant difference in viability exists betw/een cells grow/n for 72 hours in 
hEC medium and cells grown for 66 hours in hEC medium with a 6-hour Opti-MEM® I incubation 
period after the first 24 hours (P = 0.2430). All experiments were performed in biological triplicate. 
Cell viability of cells grown in hEC medium was set at 100%. Values indicate the mean cell viability ± 
SD. A t-test was used to compare sample means.
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Figure 3.8—Cell viability of NTera-2 cells incubated In Opti-MEM® I for 6 hours versus cells exposed 
only to hEC medium. No significant difference in viability exists between cells grown for 72 hours in 
hEC medium and cells grown for 66 hours in hEC medium with a 6-hour Opti-MEM® I incubation 
period after the first 24 hours (P = 0.1330). All experiments were performed in biological triplicate. 
Cell viability of cells grown in hEC medium was set at 100%. Values indicate the mean cell viability ± 
SD. A t-test was used to compare sample means.
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3 .4 3 .2  — Optimisation of Forward Transfections

For forw ard  transfections in NTera-2 cells, only Lipofectamine™ RNAiMAX™ was included in the  

fo rw ard  transfection optinnisation stages. At the tim e of this experim ent, Lipofectamine™  

RNAiMAX™ was the only transfection agent to produce substantial PTK9 knock-down upon the  

reverse transfection of Pre-miR-1. However, based on im proved methods, the results shown for 

reverse transfections w ere recalculated from  the original raw data after transfection  

optim isations w ere com pleted. Previous calculations produced the results (not shown) which 

suggested Low and M edium  Lipofectamine RNAiMAX to  be the only viable choice fo r forw ard  

transfections. However, in hindsight. Low DharmaFECT 4 could have been included in this choice.

As reverse transfections w ith Lipofectamine™, siPORT™ NeoFX™ and DharmaFECT 4 w ere  

unsuccessful in 2102Ep cells, forw ard transfections w ith  Lipofectamine™ 2000 w ere a ttem pted . 

Lipofectamine™ 2000 was previously successfully used fo r forw ard transfections w ith this cell 

line.^®*'^^ '̂^ '̂’ The m anufacturer recom m ends forw ard transfections w ith  Lipofectamine™ 2000 as 

this transfection agent can be quite toxic to  the cells. The official protocol for Lipofectamine™  

2000  recomm ends a cell confluency of 30-50%  for siRNA transfections, but a higher confluency if 

high cytotoxicity is observed. Due to  the  naturally high m itotic rate o f 2102Ep cells, a m aximum  

confluency o f 50% was w arranted , as higher transfection confluency lead to complications due to  

an overconfluence o f the culture. No reverse transfection experim ents w ere attem pted w ith  

Lipofectamine™ 2000.

As w ith  reverse transfection optim isation, forw ard transfections in 2102Ep and NTera-2 cells w ere  

perform ed w ith 50 nM  Pre-miR-1 and p m N C #l. The m ethod used is described in Section 2.2 .2 .3 . 

The results of PTK9 expression in 2102Ep and NTera-2 cells are displayed in Figure 3.9 and Figure 

3 .10  respectively.

Forward transfections o f Pre-miR-1 w ith  Lipofectamine™ 2000 yielded substantially better results 

in 2102Ep cells than did the reverse transfections w ith  the th ree previous transfection agents. 

PTK9 expression was significantly reduced to  50% and 35% for cells transfected with M edium  

(0 .25  n l/w e ll) and High (0 .375 pil/well) Lipofectamine™ 2000 concentrations respectively. High 

Lipofectamine™ 2000 was therefore  a good candidate fo r functional transfections of Pre-miR™  

miRNA Precursors.

Results show that highest PTK9 knock-down occurred in NTera-2 cells transfected with Pre-miR-1 

using M edium  (0.2 n l/w ell) and High Lipofectamine (0.3 |il/w e ll) concentrations, w ith expression 

values of approxim ately 29-33% . This was considered sufficient for functional transfections of Pre- 

miR™ miRNA Precursors and below the m aximum rem aining PTK9 expression of 40%, considered
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by Ambion to be indicative of high transfection e ffic ien cy .S ign ifica n t difference in PT9 

expression existed in cells transfected with pmNC#l and both non-transfected controls. This 

potentially could have been caused by transfection impact on PTK9 expression, however, as the 

fold difference between the pmNC#l samples and non-transfected controls remained <2 and as 

this phenomenon was not demonstrated in the other results, this was not considered to be of 

great importance to further utilisation of the method.
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Figure 3.9—Percentage expression of PTK9 in 2102Ep cells forward transfected with miR-1 using 
three different volumes of Lipofectamine™ 2000. PTK9 expression In cells transfected with pmNC#l 
(red) was set at 100%. PTK9 expression was significantly lower for 2102Ep cells transfected with 50 
nM Pre-miR-1 and Medium (P = 0.0042) and High (P = 0.0002) Lipofectamine™ concentrations. No 
significant difference reported for cells transfected at Low Lipofectamine™ concentrations (P = 
0.1289). No significant difference exists between pmNC#l-transfected cells and both non-transfected 
controls (all P > 0.05). The PTK9 expression in the pmNC#l cells was set at 100%. All experiments 
were performed in biological triplicate and the values reflect the mean relative expression ± SD.
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Figure 3.10—Percentage expression of PTK9 in NTera-2 cells forward transfected with miR-1 using 
three different volumes of Lipofectamine™ RNAiMAX. PTK9 expression was significantly lower in 
NTera-2 cells transfected with Pre-miR-1 at all Lipofectamine RNAiMAX concentrations compared to 
the pmNC#l samples (Low: P = 0.0138, Medium and High: P < 0.0001). For cells transfected with 
pmNC#l in High Lipofectamine™ RNAiMAX significant differences In PTK9 expression exist when 
compared to non-transfected controls in Opti-MEM® I and hEC (P = 0.0068 and P = 0.0004 
respectively) The PTK9 expression in the pmNC#l cells was set at 100%. All experiments were 
performed in biological triplicate and the values reflect the mean relative expression ± SD. A t-test 
was used to compare sample means.
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3 .4 3 .3  —  Cytotoxic Effects o f Pre-miR™ Transfection

To assess im pact o f Pre-miR™ miRNA Precursor transfection on cell viability in 2102Ep and NTera- 

2 cells, transfection o f p m N C #l was perform ed at Low, M edium  and High concentrations of 

Lipofectamine™ 2000 (2102Ep) or Lipofectamine™ RNAiMAX. Cell viability was subsequently  

assess as is described in Section 2.1.8. Results are shown in Figure 3.11 and Figure 3.12.

The transfection o f Pre-miR™ miRNA Precursors in 2102Ep cells at all Lipofectamine™ 2000  

volumes tested does not seem to  affect the viability o f the cells. The cell viability results fo r both  

cell lines are w ith in  a range which is sufficient for experim ental transfections. The results for 

NTera-2 cells show no significant reduction in cell viability at all Lipofectamine™ RNAiMAX  

concentrations com pared to the cells which w ere incubated in O pti-M EM ®  I fo r 6 hours alongside 

transfection. How ever, due to the large error for the la tter samples, the  results fo r cells 

transfected w ith  M edium  (0.2 |il/w e ll) and High (0.3 |il/w e ll) concentrations o f Lipofectamine™  

RNAiMAX w ere com pared to those which w ere transfected w ith  Low transfection agent 

concentrations (O .lu l/w e ll). This showed a significant reduction o f cell viability o f 13% and 16%  

respectively. This reduction was considered acceptable fo r fu rther experim entation as directed by 

the m anufacturer and that which is com m only acceptable fo r transfections.
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Figure 3.11—Cell viability of 2102Ep cells transfected with 50 nM pmNC#l at different 
concentrations of Lipofectamine™ 2000. No significant difference o f cell viability exists between the 
transfected cells and the untreated cells (P > 0.05). Cell v iab ility  o f untreated cells was set at 100%. 
Values indicate the  mean cell v iab ility  ± SD. A t-test was used to  compare sample means.
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Figure 3.12—Cell viability of NTera-2 cells transfected with 50 nM pmNC#l at different 
concentrations of Lipofectamine™ RNAiMAX. No significant difference exists (P > 0.05) between the 
transfected cells and cells incubated in Opti-MEM® I. Significant difference did exist between the cells 
transfected at higher Lipofectamine"” RNAiMAX concentrations and those transfected at Low (0.1 
Hl/well) Lipofectamine™ RNAIMAX concentrations (M edium  vs Low: P = 0.0147, High vs Low: P = 
0.0305). Cell v iability  o f untreated cells was set at 100%. Values indicate the mean cell v iab ility  ± SD. 
A t-test was used to  compare sample means.
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3.4.4 — Functional Upregulation of miRNAs

Transfection optim isation of Pre-miR™ miRNA precursors in 2102Ep and NTera-2 cells was 

successfully com pleted and a laboratory protocol was established w ith  which functional 

transfections could be conducted. The second part o f this chapter consists o f the functional 

upregulation of selected miRNA.

The overall aim  of this thesis was to find mechanisms and pathways which are involved in CSC 

differentiation which could potentially be used to halt CSC proliferation by the induction of 

differentiation o f these cells. One mechanism investigated in this study is the function o f miRNA in 

the d ifferentiation  program of CSCs. As shown in Section 3.1, previous studies have shown the  

im portance o f miRNAs in the d ifferentiation  o f ESCs and ECCs. In this Section o f this chapter, a set 

of miRNA w ere chosen fo r overexpression in 2102Ep and NTera-2 cells. This choice was aided by a 

previously published study conducted by this laboratory.” '* The aim of this study was to  create a 

list o f miRNA which w ere  deregulated in NTera-2 and 2102Ep cells upon the ir 3-day incubation in 

hEC m edium  supplem ented w ith  10'^ m M  all-trans retinoic acid. In to ta l, 317 miRNAs w ere  

assayed in both cell lines, o f which 113 w ere differentially regulated in NTera-2 cells and 59 were  

deregulated in 2102Ep cells. The set o f five miRNAs chosen fo r overexpression studies w ere all 

significantly upregulated in d ifferentiating  NTera-2 cells and th ree w ere significantly upregulated  

in 2102Ep cells.

A total o f five selected miRNA w ere functionally overexpressed in 2102Ep and NTera-2 cells in 

tw o  separate stages. The reason fo r this division was the fundam ental postulation on which these 

miRNA w ere chosen as candidates. The first stage of miRNA overexpression studies w ere  

conducted w ith  m iR-lO a, m iR-99a and m iR-184. These miRNAs w ere thought to play a role in 

hECC differentiation  as they are all upregulated in both NTera-2 and 2102Ep cells upon th e ir 3-day  

incubation in 10'^ m M  ATRA. These miRNA w ere also the only th ree in the data set to  exhibit 

converse upregulation in both cell lines. It was therefore  hypothesised th a t these miRNA could 

play im portant parts in processes connected to ATRA-induced differentiation pathways.

The second set o f miRNAs selected to be overexpressed consisted o f m iR-219 and m iR-335. These 

w ere chosen using slightly d ifferen t criteria com pared to  m iR-lOa, m lR-99a and miR 184. A list of 

miRNA upregulated >2-fold in NTera-2 cells a fter 3-day ATRA-induced d ifferentiation  (as 

generated by a previous study in the laboratory) was com piled.” '* The conserved targets o f each 

miRNA on this list w ere  predicted in  s ilico  w ith the TargetScan 5.1 miRNA target prediction 

s o f t w a r e . C a i  et al. compiled a validated list o f 55 genes claimed to  be solely expressed in 

hESCs com pared to d ifferen tia ted  d e r iv a t iv e s .T h is  list was obtained by a massively parallel
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meta-analysis of signature sequencing, expressed sequence tag scan and m icroarray data and 

subsequent genomic and proteom ic validation conducted in the  study. The predicted targets  

generated from  TargetScan 5.1 w ere filtered against the gene list generated by Cai e t al. This was 

perform ed w ith  the  objective o f generating a pruned list of miRNAs which target hESC markers 

and could potentially have roles in the suppression o f these markers, contributing to  the  

differentiation  cascade of hESCs. The top ten upregulated miRNA from  the pruned list o f miRNAs 

w ith th e ir potential target hESCs markers is displayed in Table 3.8. The full list can be found in 

Supplem ental Table 1. Further qualitative selection was perform ed by focusing on the  highest 

upregulated miRNAs. M iR -lO a has already been tested to  no result in this study. Let-7c, a m em ber 

o f the let-7 fam ily o f miRNAs has already been extensively characterised in hESC, ECC and CSC 

differentiation as has its target, LIN28.^^^^^® As the goal of this study was to  search for novel 

miRNAs of interest to  ECC d ifferentiation, this miRNA was not included in fu rther testing. M iR-219  

and miR-335 w ere both among the highest upregulated miRNAs after a 3-day, ATRA-induced 

differentiation  of NTera-2 cells. However, no expression increase was detected in 2102Ep cells. A 

fu rther look at the potential targets o f m iR-335 and miR-219 fu rther suggested a role in hESC and 

ECC differentiation , especially for m iR-335 as it potentially conservatively targets crucial stem cell 

m arker 0C T4 (P0U 5F1). Further prediction analysis conducted w ith the  w idely used miRANDA  

miRNA target prediction softw are package suggested, besides 0CT4, S0X2 as another candidate  

target of m i R - 3 3 5 . S 0 X 2  was also targeted by m iR-219 as predicted by the miRANDA  

softw are. Its o ther potential targets o f interest, NUM B and PODXL are both expressed in NTera-2 

c e l l s . B r i e f l y ,  NUM B is well characterised in developm ent and is considered a determ inant 

of stem cell fate.^'*^ It also has suggested tum our suppressive roles linked to  CSCs. '̂*  ̂ PODXL gained 

added interest as this hESC and hECC m arker is overexpressed in m alignant testicular tum ours and 

controls NTera-2 cell i n v a s i o n . W i t h  the background inform ation on miR-219 and miR-335 the it 

was decided to functionally overexpress these miRNA in 2102Ep and NTera-2 cells.

Table 3.8— List of miRNAs upregulated in NTera-2 cells upon 3-day exposure to 10^ m M  ATRA which 
potentially target crucial hESC markers.

mlRNA Fold in NTera-2 Predicted Targets

miR-lOa CO NR5A2, SMAD2
let-7c OO DIAPH2, LIN28, PMAIPl, SMAD2
miR-335 26 .0 P0U5F1
m iR-219-5p 21.9 NUMB, PODXL
m iR-509-3p 18.3 PTEN, SMAD2
m iR-188-5p 8.3 LIN28, SMAD2
m if -140-3 p 6.1 PTEN
m iR-33a/b 6.0 LIN28
miR-1 5.9 GJAl, SMAD2
miR-18b 4.7 KIT, LIN28, SMAD2, IGF2BP2
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Table 3.9 describes the  expression pattern  and fo ld -deregu la tion  in 2102Ep and NTera-2 cells 

during the  incubation  o f these cell lines in 10'^ m M  ATRA fo r  th ree  days. Further investigation in 

previously published research was conducted to  e lucidate the  func tion  o f these miRNAs and th e ir  

po ten tia l co n tr ibu tion  to  hECC d iffe ren tia tion .

Table 3.9—MiRNA expression in NTera-2 and 2102Ep cells exposed
to 10'  ̂mM ATRA. (adapted from Gallagher et

miRNA NTera-2 2102Ep
hsa-mlR-lOa Exclusively expressed in 

d iffe ren tia ting  cells
t  119.2-fold

hsa-miR-99a t  22.5-fold t  2.0-fo ld
hsa-miR-184 t  3.7-fo ld t  3.8-fo ld
hsa-miR-219 t  21.9-fold No change
hsa-miR-335 t  26.0-fold No change

The previously reported  defined and validated functions o f m iR-lOa, miR-99a, nniR-184, miR-219 

and nniR-335, w hich are considered re levant to  cancer, sternness and em bryonic deve lopm ent are 

stated in Table 3.10.

Functional miRNA overexpression fo r RNA expression studies were perform ed by transfecting  Pre- 

miR™ miRNA precursors on 6-w ell plates to  enable easy observation during g row th  and to  ob ta in  

su ffic ien t RNA and pro te in  a fte r cell lysis. The p ro toco l fo r  Pre-miR™ miRNA Precursor 

transfection  on 6-w ell plates can be found in Section 3.3.6. As, at the  tim e, no va lidated targets 

could be used to  assess transfection  e ffic iency w ith  ce rta in ty , the  re lative expression o f the  

miRNAs them selves w ere measured. This m ethod o f measuring transfection  efficiencies o f Pre- 

miR™ miRNA Precursors was conducted in previous research and successfully tested fo r  th is study 

by transfecting  Pre-miR-1 in NTera-2 cells and m easuring miR-1 expression w ith  qRT-PCR as 

described in Section 2.5.2.3 (data not s h o w n ) . I n  add ition  to  measuring miRNA expression, 

the  expression o f the  th ree  gene m arkers o f p lu ripotency, 0CT4, S0X2 and NANOG, w ere  

measured. These markers, deta iled  in Section 1.2 are crucial to  m ainta in ing the  stem cell and se lf

renewal state o f ESCs and ECCs. Their reduction are ind icative o f the  occurrence o f spontaneous 

d iffe ren tia tion  o f these cells and thus they  can be used to  de te rm ine  w he the r d iffe ren tia tion  is 

comm encing. To fu rth e r assess the  presence o f d iffe ren tia tion , th ree  d iffe ren tia tion  m arkers w ere 

also included in th is study. These w ere GATA6, an endoderm a l/trophectode rm a l m arker, N C A M l, 

an ectoderm al m arker and EN03, a m esoderm al m arker. These markers were used fo r  the  

purpose o f de te rm in ing  d iffe ren tia tion  in a previous study perform ed by th is labora to ry .” '’ These 

d iffe ren tia tion  markers w ere only used fo r  2102Ep and NTera-2 cells transfected w ith  Pre-miR™ 

precursors fo r  m lR-lOa, miR-99a and miR-184.
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Table 3.10— Previously discovered functions of miR-lOa, miR-99a and miR-184, miR-219 and miR-335.

miR-lOa Tumour suppressor in chronic myeloid leukaemia by potentia lly inhibiting 
the expression o f USF2.^'’^
Enhances ribosomal protein translation and may positively control global 
protein synthesis.^”
Can induce apoptosis in a TRAIL-independent manner.
A nuclear associated miRNA in colon cancer cells.
Endodermal d ifferentiation marker during hESC differentiation.
Binds EGRl in PMA-induced K562 cells.
Inhibited by RA-receptor antagonist and promotes metastatic behaviour 
of pancreatic tum our cells.
Overexpressed in acute myeloid leukaemia w ith N PM l mutations and 
targets MDM4.^^^
Contributes to neuroblastoma cell d ifferentiation by targeting NC0R2 
and SFRSl.^^ '̂^^^
Contributes to ATRA-mediated smooth muscle differentiation.^^'*
Targets H0XD4 in breast cancer cells.

mlR-99a Lower expression correlates w ith  lower survival in hepatocellular 
carcinoma and its overexpression inhibits tum our growth. 
Downregulated in cisplatin resistant embryonal carcinoma cells. 
Targets mTOR and FGFR3 and is downregulation by c-Src activation.^”  
Downregulated in advanced prostate cancer cell lines, inhibits the ir 
growth and reduces PSA expression by targeting SMARCA5, SMARCDl 
and mTOR.^^®

miR-184 Is specifically localised in embryonic development.
Suppressor o f neuroblastoma by targeting AKT2.̂ ®̂ '̂ ®̂
Regulates neural stem cell proliferation and d ifferentiation by targeting 
MBDl.^®'’
Suppresses growth o f glioma cell lines by downregulating AKT2 among 
other potential candidate genes.

miR-219 Promotes oligodendrocyte differentiation by targeting S0X6, HESS, 
PDGFRa, F0XJ3 and ZFP238.^®='^“

miR-335 Suppresses gastric cancer metastasis by targeting BCL2L2 and SPl^®  ̂
Breast cancer suppressor by targeting ERa, IGFIR, SPl and ID4, all 
involved in the BRCAl pathway.^®®
Oncogenic miRNA in astrocytoma by targeting DAAM l and its 
suppression results in reduced tumourgenicity.^®®
Activates W nt signalling, promoting osteogenic d ifferentiation by 
targeting DKK1.^^°
Silenced in breast cancer and characterised as a robust inh ib itor of 
tum our reinitiation.
Inhibitor o f reparative mesenchymal stem cell phenotype by targeting 
RUNX2.^”
Suppresses breast cancer metastasis by targeting S0X4 and TNC.^^^
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3.4.5 — Induced Overexpression of Five miRNAs in 2102Ep cells

In this Section, the results from  miRNA overexpression in 2102Ep are shown. As m entioned in 

Section 3 .4 .4 , because of d ifferent approaches, the m iR-lO a, -99a and -184  functional 

overexpression experim ent and the m iR-219 and miR-335 overexpression experim ent w ere  

perform ed separately. Although modest alterations exist betw een the  experim ents, the results all 

functional miRNA experim ents are shown together. Briefly, miRNA w ere functionally upregulated  

using the  protocol in Section 3.3.6. A fter transfection any changes in cell m orphology were  

recorded. M olecular analysis was perform ed by measuring miRNA expression and pluripotency  

m arker expression. D ifferentiation m arker expression was measured (for cells transfected with  

Pre-m iR-lO a, -99a and -184  only). The same samples w ere used fo r all aforem entioned  

experim ents.

3 .4 .5 .1 - Phenotypic Analysis

During the  post-transfection incubation period images w ere taken of the cells to  observe any 

morphological change. W hen d ifferentiation is occurring, certain typical morphological changes to  

the  cells are expected. As a model o f hEC differentiation , during ATRA-induced d ifferen tia tion  of 

NTera-2 cells, phenotypic changes to the cells norm ally becom e apparent after 2-3 days.^^"* The 

cells tend to fla tten  and grow larger due to  an increase in cytoplasm. Their edges also becom e less 

defined. In addition to changes in cell morphology, low er confluence w ith the absence of 

apoptopic bodies and dead cells could indicate senescence, an ensuing feature o f d ifferentiation . 

How ever, as 2102Ep and NTera-2 cells tend to display some of these features spontaneously 

when grown at low densities, it is som etim es difficult to  distinguish subtle induced morphological 

change from  these unintended phenotypes.

The images of 2102Ep cells w ith increased m iR-lO a, -99a and -184  expression are shown in Figure 

3.13. On the  second day o f incubation a fte r transfection, 2102Ep cells w ere approxim ately 90%  

confluent. The decision was m ade to split the  cultures 1:2 to avoid over-confluence. The images in 

Figure 3.13 w ere taken on the third day of incubation. No phenotypic change can be detected  in 

the  Pre-m iR-lO a transfected cells com pared to  pm N C #l-transfected  cells. This is d ifferen t fo r Pre- 

miR-99a and Pre-m iR -184 transfected 2102Ep cells, which display a degree o f flatten ing  and 

enlargem ent com pared to  the pm N C #l-transfected  cells. Furtherm ore, the la tter cells appear 

m ore densely packed in colonies, whereas the  functionally overexpressed cells display a m ore  

hom ogenous appearance. This is characteristic o f d ifferentiating ECC cells, how ever this cannot be 

confirm ed until fu rther research is conducted.
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In the Figure 3.14 2102Ep cells are shown at 72 hours a fte r transfection o f Pre-m iR-219 and Pre- 

m iR-335. Little morphological differences betw een the Pre-m iR-219 and Pre-m iR-335 transfected  

2102Ep cells and the pm N C #l-transfected  cells could be detected.

In all cell culture plates, a slightly higher confluency was found in the vehicle and non-transfection  

control wells (not shown) indicating a slightly negative effect on cell viability due to the  

transfection of p m N C #l, how ever this was judged to be an unavoidable side-effect due to  the  

requ irem ent of high transfection agent concentration and m edium  cell confluence in order to  

m aintain high transfection efficiency.
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Pre-miR Positive Control pm NC#l

Figure 3.13—Morphology of 2102Ep cells transfected with Pre-miR-lOa, -99a and -184 and 
incubated for three days. A more flattened, enlarged and less dense morphology was detected in 
samples transfected with Pre-miR-99a (C) and miR-184 (E), when compared to cells transfected with 
the pmNC#l (D). Cells transfected with Pre-miR-lOa (A) were unaltered. The arrows point towards 
examples. All images were photographed at a magnification of SOX.
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Pre-miR Positive Control pmNC#l
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Figure 3.14—Morphology of 2102Ep cells transfected with Pre-miR-219 and Pre-miR-335 and 
incubated for four days. No notable morphological changes could be observed between the samples 
transfected with Pre-miR-219 (A) and Pre-miR-335 (C), compared to cells transfected with pmNC#l 
(B). All images were photographed at a magnification of SOX.
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3.4 .5 .2  — Expression o f Functionally Upregulation miRNA

A strong upregulation o f overexpressed miRNAs was expected in the samples transfected w ith the  

respective functional Pre-miR™ miRNA Precursors. M iRNA expression analysis was perform ed  

w ith  the  m ethod described in Section 3.3 .7 . The miRNA expression results fo r Pre-m iR -lO a, -99a  

and -1 8 4  transfected 2102Ep cells are displayed in Figure 3.15. The results for Pre-m iR-219 and 

Pre-m iR -335 transfected cells are shown in Figure 3.16.

In all functionally transfected samples, miRNA upregulation is very substantial and significant. The 

target miRNAs are overexpressed by a factor o f approxim ately 250 -30 ,000 , although this probably 

depends largely on original miRNA expression. Overall, the  results showed th a t successful miRNA  

overexpression was achieved.
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Figure 3.15—MiR-lOa, miR-99a and miR-184 expression in functionally transfected 
2102Ep cells. 2102Ep cells were transfected w ith  Pre-miR™ miRNA precursors and 
incubated fo r 3 days. MiRNA expression, normalised to  miR-16 expression is plotted 
on a logarithmic scale to  account fo r high expression differences. In all experimental 
samples, specific miRNA expression was dram atically and significantly increased 
compared to  the pm NC#l-transfected cells (P < 0.0001). MiR-lOa and miR-99a 
expression in this negative control does not significantly d iffe r from  expression in 
the vehicle (VC) and non-transfected controls (NTC). However miR-184 expression in 
the pmNC#l-transfected cells significantly differs from  tha t in the vehicle contro l (P 
= 0.0236) or the non-transfected control (P = 0.0382), however the vehicle and 
negative control, when compared to  each other, do not (P = 0.1448). These 
differences are very small. The expression in the pm N C#l samples was set at 100%. 
All experiments were performed in biological trip lica te  and the values reflect the 
mean relative expression ± SD. To compare sample means, a t-tes t was used.
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Figure 3.16— MiR-219 and miR-335 expression in functionally transfected 2102Ep cells. 2102Ep cells 
were transfected with Pre-miR'“ nniRNA precursor and incubated for three days. MiRNA expression, 
normalised to miR-16 expression is plotted on a logarithmic scale to account for high expression 
differences. In both experimental samples, specific miRNA expression was dramatically and significantly 
increased compared to the pmNC#l-transfected cells (miR-219: P = 0.0005 and miR-335: P = 0.0002). No 
significant differences exist among the pmNC#l samples, vehicle control and non-transfected control. 
The expression in the pmNC#l samples was set at 100%. All experiments were performed in biological 
triplicate and the values reflect the mean relative expression ± SD. To compare sample means, a t-test 
was used.
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3 .4 .5 .3  — Expression Analysis o f Pluripotency M arkers

As described in Section 1.2, the key pluripotency markers, 0CT4, S0X2 and NANOG are crucial for 

the m aintenance of self-renewal and the stem cell state in stem cells and ECCs. Loss o f expression of 

these genes are com m only associated w ith  the loss o f pluripotency and w ith stem cell and ECC 

differentiation . S0X2, how ever, has been previously reported to m aintain expression during early  

ATRA-induced NTera-2 d ifferentiation due to its required functions in CNS cells (the cell fa te  of 

NTera-2 cells when induced by ATRA).^^ '̂^^® This phenom enon is fu rther discussed in Section 3.5.

A fter transfection of specific Pre-miR™ precursors, the expression of key pluripotency markers in 

2102Ep cells was measured w ith the m ethod in Section 3.3.7. The results w ere displayed as a 

percentage expression relative to the pm N C #l-transfected  cells. The TaqMan® assays used for 

measuring stemness m arker expression are listed in Table 3.6. Pluripotency m arker expression in 

2102Ep can be found in Figure 3.14.

Upon inspection o f the results, pluripotency m arker expression in 2102Ep cells transfected w ith Pre- 

m iR-lOa, -99a, -219 and -335 showed no significant or substantial difference w ith the pm N C #l 

samples. However, cells transfected w ith Pre-m iR-184 showed a m arkedly and significantly low er 

expression o f S0X2 and NANOG (P < 0 .0001  and P = 0 .0175 respectively), while 0C T4 expression 

rem ained unchanged.
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Figure 3.17—Pluripotency marker expression in 2102Ep cells transfected with Pre- 
miR-lOa, -99a and 184. 2102Ep cells were transfected w ith 50 nM Pre-mlR™ nnlRNA 
precursors and incubated for three days. Percentage gene expression is shown 
against the expression in the pmNC#l samples, which was set at 100%. No 
significant alteration in pluripotency marker expression measured between cells 
transfected with Pre-miR-lOa and Pre-miR-99a and their respective negative 
controls reported. S0X2 and NANOG expression in Pre-miR-184 transfected cells is 
significantly lower than the negative controls (S0X2: P < 0.0001, NANOG: P = 
0.0175). 0CT4 expression in Pre-miR-184 transfected cells did not significantly differ 
from the negative controls. All experiments were performed in biological triplicate 
and the values shown is mean relative expression of these triplicates ± SD. To 
compare sample means, a t-test was used.
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Figure 3.18—Pluripotency marker expression in 2102Ep cells transfected with Pre-miR-219 and Pre- 
miR-335. 2102Ep cells were transfected with 50 nM Pre-miR™ miRNA precursors and incubated for 
three days. Percentage gene expression is shown against the expression in the pmNC#l samples, 
which was set at 100%. In cells transfected with Pre-miR-219, 0CT4 and S0X2 expression was 
significantly, but unsubstantially, lower compared to the pmNC#l-transfected cells (P = 0.0307 and P 
= 0.0287 respectively), but this was not a substantial difference (<18%) and also was not significant 
when compared to the two other negative controls. No significant changes in pluripotency marl<er 
expression were measured in Pre-miR-335-transfected cells. All experiments were performed in 
biological triplicate and the values shown is mean relative expression of these triplicates ± SD. To 
compare sample means, a t-test was used.
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3.4 .5 .4  — Expression Analysis o f Differentiation Marl<ers

In 2102Ep cells transfected w ith  Pre-m lR-lO a, -99a and -184 , relative expression of a selected set 

of d ifferentiation  markers was measured. The relevance o f this assessment was to test w h ether  

the  expression o f pluripotency markers, as shown in the  previous Section, inversely m atched the  

expression o f the differentiation markers, thus confirming a degree o f d ifferentiation. In addition, 

this experim ent would also test w h eth er differentiation markers expressed independently from  

the  pluripotency markers or if the ir expression is inversely linked. The d ifferentiation markers 

w ere  selected on the basis o f the ir use in previous differentiation studies conducted on 2102Ep  

and NTera-2 cell lines in the laboratory. As NTera-2 cells are p luripotent, i.e. have the ability to  

differen tia te  in all th ree  derm al layers, the th ree d ifferentiation markers measured are each 

expressed in one o f the derm al layers. The markers used w ere GATA6 

(endoderm /trophectoderm ), N C A M l (ectoderm ) and ENOS (m esoderm ). GATA6 has been shown 

to  be expressed in the m esoderm , but is more com m only associated w ith the endoderm.^^^'”  ̂

GATA6 has been w idely used as a ESC and ECC m arker of the prim itive endoderm  and 

trophectoderm  as it has a crucial role in the developm ent o f these l a y e r s . T h e  prom oter  

region o f this gene can also be bound by the 0C T4 and NANOG transcription factors.^® N C A M l is 

expressed during ectoderm al and neurectoderm al developm ent and is w idely used as a m arker of 

ectoderm al differentiation o f adult stem cells, ESCs, IPSCs and ECCs.^® "̂ *̂® EN 03 has rarely been 

used as a m arker o f d ifferentiation, but has been shown to express during stem cell 

differentia tion  tow ards a muscle cell fate.^*® All th ree  genes w ere upregulated during early ATRA- 

induced differentiation o f NTera-2 cells, how ever ENOS was reported to  do this only by this 

laboratory.” "'"'®'"®°

To measure the expression of d ifferentiation markers, the batch of RNA from  Section S .4.5.2 was 

used. RNA was diluted to  the required am ount for all samples and qRT-PCR was perform ed as 

described in Section 2 .5 .2 .1 . Raw expression values w ere normalised to GAPDH and the  relative  

expression was calculated using the 2'*^''' m ethod. The results w ere displayed as a percentage  

expression relative to the pm N C #l-transfected  cells. The TaqMan® Gene Expression assays used 

fo r measuring d ifferentiation  m arker expression are listed in Table S.6. M arker expression was 

normalised to GAPDH expression. D ifferentiation m arker expression in 2102Ep cells is shown in 

Figure S .19.

D ifferentiation m arker expression significantly differs in 2102Ep cells transfected w ith  Pre-m iR- 

99a and Pre-m iR-184. In Pre-m iR-99a transfected cells, GATA6 expression showed a 2.2-fold  

increase compared to the pm N C #l-transfected  cells. N C A M l expression was 1.7-fold higher than  

th e  p m N C #l samples. This is marginally insignificant when com pared w ith expression in the
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pm N C #l-transfected  cells, but this is probably due to error as both the vehicle and non

transfected controls, which significantly differ, have similar N C A M l expression. Pre-m iR-184 

transfected cells showed a substantial and significant 4 .5-fo ld  upregulation o f GATA6. The miR- 

99a results reflect to sonne degree the  phenotypic change observed in the functionally transfected  

cells. The miR-184 results reflect both the phenotypic change observed as the change in S0X2 and 

NANOG expression.
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Figure 3.19—Differentiation nnarker expression in 2102Ep cells transfected with Pre- 
miR-lOa, -99a and 184. 2102Ep cells were transfected with 50 nM Pre-miR™ miRNA 
precursors and incubated for three days. Percentage gene expression is shown against 
the expression in the pmNC#l samples, which was set at 100%. No significant difference 
in differentiation marker expression between Pre-miR-lOa transfected cells and pmNC#l- 
transfected cells could be determined. NCAMl expression was significantly reduced in 
the non-transfected controls (P = 0.0402) and GATA6 expression was significantly 
increased in the vehicle and non-transfected controls (P = 0.0140 and P = 0.0463 
respectively). In Pre-miR-99a transfected cells a significant increase of GATA6 expression 
was measured (P = 0.0435). A concurrent upregulation of NCAMl was observed, however 
this was marginally insignificant when compared to the pmNC#l-transfected cells (P = 
0.0761). When compare to the other two negative controls, a significant difference exists 
(vehicle control: P = 0.0195, non-transfected control: P = 0.0328). Significant upregulation 
of GATA6 was observed in Pre-miR-184 transfected cells (P < 0.0001), however, this did 
not concord with an increase in EN03 and NCAMl . ENOS was, furthermore, significantly 
downregulated (P = 0.0418). All experiments were performed in biological triplicate and 
the values shown is mean relative expression of these triplicates ± SD. To compare 
sample means, a t-test was used.
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3.4.6 — Induced Overexpression of Five miRNAs in NTera-2 Cells

In sinnilar m anner to  functional Pre-miR™ miRNA precursor transfection, as described in Section 

3.4 .5 , Pre-miR™ precursors w ere transfected into NTera-2 cells. As w ith  2102Ep cells, NTera-2  

cells w ere  transfected Pre-m iR-lO a, -99a and -184 in a single experim ent and in a separate  

experim ent NTera-2 cells w ere transfected w ith Pre-m iR-219 and Pre-m iR-335. These miRNA w ere  

selected for the  reasons described in Section 3.4 .4 . A fter transfection, changes in cell morphology  

was analysed and m olecular analysis was perform ed to assess miRNA expression and pluripotency  

m arker expression. As w ith 2102Ep cells, d ifferentiation m arker expression was only measured in 

the NTera-2 cells transfected w ith Pre-m iR-lOa, -99a and -184. The same samples w ere used for 

all aforem entioned experim ents.

3.4 .6 .1- Phenotypic Analysis

M orphology o f the NTera-2 cells transfected w ith Pre-m iR-lOa, -99a and -184 was exam ine under 

a light microscope at 50X and images w ere taken at th ree days a fte r transfection as shown in 

Figure 3.20. NTera-2 cells transfected w ith Pre-m iR-lOa, Pre-m iR-99a and Pre-m iR-184 all showed  

no apparent morphological change compared to the pm N C #l samples.

The images shown in Figure 3.21 w ere taken four days after Pre-miR™ miRNA Precursor 

transfection a fte r the cells w ere split 1:2 at 72 hours. NTera-2 cells had a strong response to miR- 

335 upregulation, but no morphological change in Pre-m iR-219 transfected cells w ere  obvious. 

Cell confluence was much low er in the Pre-m iR-335 transfected cultures com pared to the  

p m N C #l samples. In addition, the cells appeared fla tte r and larger. Some cells had an altered  

shape and displayed small pseudopodic projections. These features are characteristic of 

differentiation . No apoptotic bodies w ere found in the cultures and cells w ere counted to  

measure the ratio o f dead and alive cells in each control (see Section 2.1 .7  fo r protocol). No 

significant differences in ratios w ere found, suggesting a possible occurrence of cell senescence. 

No morphological deviation could be observed in NTera-2 cells transfected w ith  Pre-m iR-219.
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Pre-miR Positive Control pmNCftl

Figure 3.20—Morphology of NTera-2 cells transfected with Pre-miR™ precursors and incubated for 
three days. No notable morphological changes could be observed between the samples transfected 
with Pre-miR-10 (A), Pre-miR-99a (C) and Pre-miR-184 (E), compared to cells transfected with 
pmNC#l (B and D). All images were photographed at a magnification of SOX.
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Pre-miR Positive Control pmNC#l

Figure 3.21—Morphology of NTera-2 cells transfected with Pre-miR™ precursors and Incubated for 
four days. Pre-miR-335 transfection caused the cells to dramatically change towards a flattened, 
enlarged and less dense morphology (as indicated by the red arrow, C) compared to those 
transfected with pmNC#l (B). The morphology of samples transfected with Pre-miR-219 did not 
change (A). All images were photographed at a magnification of 320X.
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3.4.6.2- Expression Analysis o f Functionally Upregulated miRNA

MiRNA expression analysis was perform ed w ith the m ethod described in Section 3 .3 .7 . All 

expression results w ere normalised to m iR-16 and relative quantisation was applied w ith  the  2 **'"' 

m ethod.

The miRNA expression results fo r Pre-m iR-99a and Pre-m iR-184 transfected 2102Ep cells are 

displayed in Figure 3.22. The results fo r Pre-m iR-219 and Pre-m iR-335 transfected cells are shown 

in Figure 3.23. M iR-lO a is not expressed in undifferentiated NTera-2 cells and it is therefore  not 

possible to m easure relative expression of its expression in Pre-m iR-lO a transfected cells. This 

data is therefore  not included in Figure 3.22. How ever, the raw Ct values o f m iR-lOa in the  Pre- 

m iR-lOa transfected NTera-2 cells is 21 .73±  0 .34 , which is very similar to  the  raw  Ct values o f Pre- 

m iR-184 transfected cells (Ct = 20 .56± 0 .19) and Pre-m iR-99a transfected cells (Ct = 20 .13±0 .95). 

M iR -184 and miR-99a overexpression is very high in the respective controls, which strongly 

suggests a similarly high transfection efficiency for Pre-m iR-lOa.

In all functionally transfected samples, miRNA upregulation is very substantial and significant. The 

target miRNAs are overexpressed by a factor o f approxim ately 400 -31 ,000 , although this probably 

depends largely on original miRNA expression. Transfection can be concluded to  be successful 

due to  this high am ount and fu rth er analysis was conducted.
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Figure 3.22—MiR-99a and miR-184 expression in functionally transfected NTera-2 cells. NTera-2 
cells were transfected with Pre-mlR™ mIRNA precursor and incubated for three days. MiRNA 
expression, normalised to miR-16 expression is plotted on a logarithmic scale to account for high 
expression differences. Cells transfected with Pre-miR-99a showed a significant upregulation of mlR- 
99a compared to its expression in pmNC#l-transfected cells (P = 0.0031), which was set at 100% 
expression. Cells transfected with Pre-mlR-184 also showed a significant upregulation of miR-184 (P < 
0.0001). No significant differences in mIRNA expression were found among the pmNC#l-transfected 
cells and the vehicle and non-transfected controls. All experiments were performed in biological 
triplicate and the values shown is mean relative expression of these triplicates ± SD. To compare 
sample means, a t-test was used.
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Figure 3.23—MIR-219 and miR-335 expression in functionally transfected NTera-2 cells. NTera-2 
cells were transfected with Pre-miR^“ miRNA precursor and incubated for three days. MiRNA 
expression, normalised to miR-15 expression is plotted on a logarithmic scale to account for high 
expression differences. NTera-2 transfected with Pre-miR-219 or Pre-miR-335 show a significant 
upregulation of these miRNAs compared to  their expression in pmNC#l samples (P < 0.0001), which 
was set at 100%. No significant differences exist among pmNC#l, vehicle and non-transfected 
controls. The expression in pmNC#l samples was set at 100%. All experiments were performed in 
biological triplicate and the values shown is mean relative expression of these triplicates ± SD. To 
compare sample means, the t-test was used.
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3 .4 .6 .3 - Expression Analysis o f  Pluripotency l\/larl<ers

The expression of key pluripotency markers (0CT4, S0X2 and NANOG) was measured w ith  the  

m ethod in Section 3.3 .7 . The results w ere normalised to GAPDH expression and displayed as a 

percentage expression relative to the  pm N C #l-transfected  cells, which themselves w ere set at 

100%. Relative expression was calculated using the 2'“ ''* m ethod. The TaqMan® Gene Expression 

assays used for measuring sternness m arker expression are listed in Table 3.6. Pluripotency 

m arker expression in NTera-2 cells transfected w ith  Pre-m iR-lO a, -99a and -184  is shown in 

Figure 3.24.

Pluripotency m arker expression in NTera-2 cells transfected w ith  Pre-m iR-lO a and Pre-miR-99a 

showed no significant change w ith the negative controls.

Pluripotency w ere measured to assess w hether a reduction in stemness was taking place in the  

Pre-m iR-219 and Pre-m iR-335 transfected cells. Pluripotency m arker expression in NTera-2 cells 

transfected with Pre-m iR-219 and Pre-m iR-335 can be found in Figure 3.25.

O f all transfected cells, NTera-2 cells transfected w ith Pre-m iR-335 show a significant and 

substantial dow nregulation o f 0CT4. This is accompanied w ith a alm ost significant 

dow nregulation of NANOG (P = 0 .0582). Conversely, S0X2 is significantly upregulated. Overall, 

these results strongly suggest d ifferentiation is taking place. The upregulation o f S0X2 is an 

unusual feature , which cannot directly be explained w ith current results. Cells transfected with  

Pre-m iR-219 showed no discernable change in pluripotency m arker expression.
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Figure 3.24—Pluripotency marl<er expression in NTera-2 transfected with Pre-miR- 
10a, -99a and 184. NTera-2 were transfected w ith 50 nM Pre-miR™ miRNA 
precursors and incubated for three days. Percentage gene expression shown in 
graph against that in pmNC#l-transfected cells, which was set at 100%. No 
significant alteration in pluripotency marker expression measured between cells 
transfected with Pre-miR-lOa, -99a or -184 and their respective negative controls 
reported. All experiments were performed in biological triplicate and the values 
shown is mean relative expression of these triplicates + SD. To compare sample 
means, a t-test was used.
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Figure 3.25—Pluripotency marker expression in NTera-2 cells transfected with Pre-miR-219 and Pre-miR- 
335. 2102Ep cells were transfected with 50 nM Pre-miR™ nniRNA precursors and incubated for three days. 
Percentage gene expression is shown against the expression in pmNC#l samples, which was set at 100%. 
No significant difference in expression between Pre-miR-219 and pmNC#l-transfected cells existed 
Pluripotency marker expression in NTera-2 cells transfected with Pre-miR-335 showed that 0CT4 is 
significantly lower expressed in NTera-2 cells transfected with Pre-miR-335 compared to pmNC#l- 
transfected cells (P = 0.0223). 50X2 is significantly upregulated in NTera-2 cells transfected with Pre-miR- 
335 compared to pmNC#l-transfected cells (P = 0.0017). NANOG expression is marginally insignificant (P = 
0.0582). All experiments were performed in biological triplicate and the values shown is mean relative 
expression of these triplicates ± SD. To compare sample means, a t-test was used.
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3.4.6.4 — Expression Analysis o f Differentiation Markers

Similarly to  2102Ep miRNA overexpression, d ifferentiation  m arker (E N 03, N C A M l and GATA6) 

expression was m easured in NTera-2 cells transfected w ith  Pre-m iR-lO a, -99a and -184 . For this the  

gene expression protocol in Section 3.3.7 was used. TaqM an® Gene Expression assays used can be 

found in Table 3 .6. Results are shown in Figure 3.26.
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Figure 3.26—Differentiation marlier expression in NTera-2 transfected with Pre- 
miR-lOa, -99a and -184. NTera-2 were transfected w ith  50 nM Pre-miR™ miRNA 
precursors and incubated fo r three days. Percentage gene expression is shown 
against the expression in pm NC#l samples, which was set at 100%. No significant 
alteration in pluripotency marker expression measured between cells transfected 
w ith Pre-miR-lOa, -99a or -184 and pm NC#l-transfected cells could be determ ined. 
All experiments were performed in biological trip lica te  and the values shown is 
mean relative expression o f these trip licates ± SD. To compare sample means, a t- 
test was used.
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3.4.6.5 — Analysis o f 6-day MiRNA Transfections in NTera-2 Cells

After viewing cell morphology at four days, it was decided to  culture the cells to until 6-days post

transfection, at which the negative controls and Pre-miR-219 transfected cells were confluent. 

The cells were lysed on-plate and RNA was purified fronn a lysate fraction as described in Section 

2.3.2.3. MiRNA and mRNA expression analysis was performed in exactly the same manner as was 

done in Section 3.4.6.2 and Section 3.4.6.3. Phenotypic change was observed during the extra 3- 

day incubation period and images were taken w ith a light microscope and displayed in Figure 

3.27. At 6-days the Pre-miR-335 transfected NTera-2 cells still appeared flattened and enlarged. 

The pseudopodic projections became more frequent and pronounced, suggesting a possible 

progression to a neural fate, although this cannot be concluded from the images alone. Pre-miR- 

219 did not distinguish from the negative controls.

The expression o f miR-335 and miR-219 as showed in Figure 3.28, revealed miRNA overexpression 

in the functionally transfected cells to still be significant and very substantial. At approximately 

374-fold miR-335 and 214-fold miR-219 overexpression, the miRNA expression in the functionally 

transfected cells was about half in cells harvested at 6 days compared to those harvested at three 

days. This is expected, as the cells are split 1:2, half o f the in itia lly added Pre-miR™ miRNA 

Precursors would have remained in the wells post-split. This also indicates that the expression of 

these precursors are highly stable in NTera-2 cells.

0CT4 and NANOG were significantly downregulated by 53% and 44% respectively, as seen in 

Figure 3.29. 0CT4 expression has slightly increased when compared to  expression at three days. It 

is possible that 0CT4 slightly re-expresses due to a reduction o f functional Pre-miR-335 in the cells 

or a proliferation o f cells tha t have avoided transfection. These latter reasons can be disputed 

Pre-miR-335 expression still remains very high due to  the high stability o f the Pre-miR™ miRNA 

Precursors. No strongly proliferating cells w ith an undifferentiated morphology was seen in the 

Pre-miR-335 transfected wells and as NANOG expression has fallen compared to  the 3-day 

incubated cells, the presence o f untransfected cells can probably be disputed. Differentiation 

marker expression was not tested, as the current results presented sufficient evidence that 

differentiation was taking place in Pre-miR-335 transfected NTera-2 cells and was not in Pre-miR- 

219 transfected cells.
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Pre-miR Positive Control pmNCffl

Figure 3.27—Morphology of NTera-2 cells transfected with Pre-miR™ precursors and incubated for 6 
days. All images were photographed at a magnification of 320X. After 6 days of post-transfection 
incubation, cells transfected with Pre-miR-335 (Pre-miR Positive Control, C) showed a strong difference 
in morphology compared to compared to those transfected with pmNC#l (B). As indicated by the red 
arrow, the cells had flattened, enlarged and less dense morphology, similar to that of Pre-miR-335- 
transfected cells after 3 days (see Figure 3.21). Similar to this time-point, transfected with Pre-miR-219 
did not change (A). All images were photographed at a magnification of 320X.
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Figure 3.28— MiR-335 and miR-219 expression in NTera-2 cells transfected with Pre-miR-335 and 
Pre-miR-219 (6 days after transfection). NTera-2 cells were transfected w ith  50 nM Pre-miR'" miRNA 
precursors and incubated fo r 6 days. Percentage miRNA expression shown in graph against tha t in 
pm NC#l samples, which were set at 100%. The expression o f both miR-335 and mlR-219 is 
significantly upregulated at day 6 post-transfection (Both: P <0.0001). All experiments were 
performed in biological trip lica te  and the values shown is mean relative expression o f these 
triplicates ± SD. To compare sample means, a t-tes t was used.
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Figure 3.29— Pluripotency marker expression in NTera-2 cells transfected with Pre-miR-335 (6 days 
post-transfection). Both 0CT4 and NANOG were significantly downregulated in Pre-mlR-335 
transfected NTera-2 cells compared w ith  cells transfected w ith  pm NC#l (P = 0.0224 and P = 0.0222 
respectively). S0X2 expression in Pre-miR-335-transfected cells does not significantly d iffe r from  
those transfected w ith  pm NC#l. (P = 0.5551), however S0X2 expression in both these controls d iffe r 
from  the vehicle and non-transfected controls (P <0.05). The expression in pm NC#l samples was set 
at 100%. All experiments were performed in biological trip lica te  and the values shown is mean 
relative expression o f these trip licates ± SD. To compare sample means, a t-tes t was used.
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3 .4 .6 .6  —  Protein Expression o f  Genes Potentia lly  Targeted by m lR -335

W estern blotting is connnnonly used as an initial step of miRNA target validation. The targets of 

m iR-335, suggested in Section 3.4.4, S0X2 and 0C T4 w ere subjected to  protein expression studies 

w ith W estern blot. This was perform ed on both 3-day and 6-day post-incubation samples from  

previous experim ents w ith a fraction o f the cell lysate obtained w ith the miRVana™ PARIS kit. 

Protein obtained from  NTera-2 cells incubated in 10'^ ATRA + hEC m edium  for th ree  and 6 days 

alongside the functional transfection experim ent was included as an extra control. Protein  

expression analysis was conducted as described in Section 3.3.8. The results are displayed in 

Figure 3.3.

0C T4 protein expression is visibly dow nregulated in NTera-2 cells transfected w ith  Pre-m iR-335  

and in the cells treated  w ith  ATRA both at th ree and six days. This is also the case w ith S0X2  

expression, although some dow nregulation is also detected in the  pm N C #l-transfected  cells. 

How ever this seems to recover at 6 days post-transfection. At three days post-transfection 0CT4  

and S0X2 expression in Pre-m iR-335 transfected cells is seemingly low er compared to th a t in 

ATRA treated  cells, whereas the ir expression is higher in Pre-m iR-335 transfected cells compared  

to ATRA treated  cells at 6 days post-transfection. This might support the proposal o f direct 

targeting o f S0X2 and 0C T4 by miR-335 as the effect m iR-335 has on these stemness markers 

might diminish over tim e, while ATRA continuously stim ulates suppression o f these markers. 

0C T4 protein expression seems to some extent reflect the  its gene expression, which increases 

slightly at 6 days post-transfection compared to three days. Interestingly this inversely the case 

w ith S0X2 expression, which had a m arkedly higher expression at th ree days compared w ith  the  

negative controls and showed no significant expression difference w ith these controls a fte r 6 

days. These results suggest a post-transcriptional regulation mechanism governing S0X2  

expression, making m iR-335 a potential com ponent of this mechanism.
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Figure 3.30—0CT4 and S0X2 protein expression in NTera-2 cells transfected with Pre-miR-335. After 
transfection with 50 nM Pre-miR-335, protein analysis was performed with the Western blot technique at 
three and 6 days post-transfection. This resulted in the silencing of 0CT4 and S0X2 in Pre-miR-335 
transfected samples (+ve). In the pmNC#l-transfected cells (-ve), the vehicle controls (VC) and non
transfected controls (NTC) S0X2 and 0CT4 are still expressed. At 6 days 0CT4 (B) and S0X2 (D) protein 
expression returns to some extent. Cells incubated in 10^ ATRA (+RA) stop expressing 0CT4 and S0X2 
protein over 6 days. Western blots here are single replicates representative of the whole sample set.
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3.5 — Discussion

3.5.1 — Successful Establishment of a Laboratory Protocol for Transient Ectopic MiRNA 

Overexpression in 2102Ep and NTera-2 Cell Lines.

The first aim of this chapter was to establish a system for the upregulation o f miRNA in 2102Ep  

and NTera-2 ECCs. This system could then be used in the  laboratory for fu ture functional miRNA  

experim ents and could also function as a basis fo r the transfection o f o ther oligonucleotides into 

these ECC models. As m entioned, Pre-miR™ miRNA precursors w ere chosen fo r th e ir previous 

perform ance in o ther cell lines in this laboratory, dem onstrating a high and consistent 

transfection efficiency and stability. Recently Ambion® released a new generation o f miRNA  

mimics, the miRVANA™ miRNA mimics, which have additional modifications and are single

stranded, in preference to  the double-stranded Pre-miR™ precursors. This avoids any potential 

off-target mRNA inhibition otherw ise a possibility w ith a Pre-miR™ precursor due to  its m inor 

strand. U nfortunately, these second generation miRNA mimics w ere not available at the  tim e of 

this study.

Transfection optim isation was perform ed w ith Pre-m iR-1 as an experim ental control and pm N C #l 

as a non-targeting control. M iR-1 targets the gene, PTK9 and knocks it down at the mRNA level, 

which was m e a s u r e d . A s  found also seen in o ther studies w ith d ifferent cell lines, PTK9 

mRNA expression was significantly and consistently reduced by m ore than 65% in 2102Ep and 

NTera-2 cells w ith relatively low cytotoxicity using the forw ard transfection m ethod (see Section 

3.4 .1 .2 ), indicating the successful optim isation o f the ectopic miRNA overexpression protocol.

394

3.5.2 — Functional Overexpression of MiR-335 and MiR-184 Induced Differentiation In 

ECCs

Two sets o f miRNAs w ere selected based on d ifferent criteria. During a previous study perform ed  

in this laboratory, 2102Ep and NTera-2 cells w ere  incubated in ATRA for th ree days and the  

differential expression of approxim ately 330 com m only detected miRNAs was m e a s u r e d . F r o m  

this data set m iR-lOa, m iR-99a and m iR-184 w ere selected because they w ere upregulated in both 

cell lines. It was reasoned th a t these miRNAs m ight be dow nstream  targets the retinoid pathway. 

The core o f this pathway consists o f a conserved netw ork o f th ree nuclear retinoic acid receptors 

(RARs), which can bind retinoid compounds and regulate em bryonal developm ent by 

orchestrating the d ifferentiation  of ESCs.^“ '̂ ®̂  They are also present in most ECC lines, including 

NTera-2 and 2102Ep c e l l s . I t  is thought that the  inability o f 2102Ep cells to  respond to ATRA-
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induced d ifferentiation  is because of an inhibition o f crosstalk betw een the RAR and the  W n t/P -  

catenin n e t w o r k s . R A R  activation directly leads to the transcription of m any d ifferent mRNAs 

and miRNAs and, thus, are directly regulated by retinoids, including, as now is known, miR-10a.^“  

Publications at the  tinne o f this study and later research showed th a t m iR-lO a, nniR-99a and miR- 

184 has tu m our suppressive roles in cancer.^'*^'^“ '̂ ” '̂ ®̂'̂ ®̂ '̂ ®® Furtherm ore, recent research has 

associated m iR-lOa w ith  normal stem cell and CSC d ifferentiation.

The second set o f miRNA, m iR-219 and m iR-335, w ere  chosen on the  basis o f th ree criteria. Both 

these miRNA w ere  among the highest upregulated miRNA in NTera-2 cells exposed to ATRA, 

which led to  the supposition that they w ere potentially im portant in early ECC differentiation. 

Added to  this, m iR-219 and miR-335 w ere  not changed in the  d ifferentiation-resistant 2102Ep  

cells a fte r 3-day ATRA exposure, suggesting possible functions o f m iR-219 and miR-335 expression 

during ATRA-induced ECC d ifferentiation. Finally, these miRNA w ere picked from  a larger list of 

miRNA which predicted targets (TargetScan 5.1) w ere  crucial hESC markers, as defined by a 

previous study.^^^ Like the o ther miRNAs selected in this study, m iR-335 also has reported tum our 

suppressive roles, although it can seemingly also function as an oncomir.^®*'^®® In addition, this 

miRNA has been characterised as a potent suppressor o f tum our metastasis and has been shown 

to  orchestrate the  d ifferentiation  of mesenchymal stem cells (MSCs) and m alignant glioma 

c e l l s . A s  w ith many miRNAs, it is possible th a t m iR-335 coordinates developm ental 

processes through a tem poral and spatial coordination of its targets' expression. It has previously 

been established that m iR-335 performs some o f these carefully balance and tim ed tasks during 

osteogenic d ifferentiation , epididymal developm ent and during the developm ent o f breast 

cancer.^®®'^ °̂'^®® Finally, m iR-219 has not been functionally linked to cancer, but is reportedly  

dow nregulated in some varieties o f this d i s e a s e . I t  also has neural functions and roles in CNS 

developm ent and d ifferentiation, indicating that this miRNA is perhaps an early differentiation  

m arker o f neural precursors.^®®'''® '’”''

The results o f a 3-day incubation a fter transfection o f the five miRNA in 2102Ep are shown in 

Section 3.4 .5 . In 2102Ep cells, all miRNA showed substantial upregulation. The induced 

upregulation of m iR-184 showed lim ited differentiation in 2102Ep cells. These cells displayed 

fla ttened and enlarged m orphology, which is typical o f early ECC d ifferentiation  and could be 

indicative that this process was partially taking place. O f the stemness markers, S0X2 and NANOG  

showed significant dow nregulation (approx. 40%) and of the  d ifferentiation  markers, GATA6 is 

upregulated by approxim ately 450% . Unusually, 0C T4 expression levels rem ain unchanged, which  

was unexpected as this gene is regulated by S0X2 and NANOG and 0C T4 is usually dow nregulated  

concom itantly in ECCs.^^  ̂ However, this might be the result o f a delayed response of 0C T4 or an
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insufficient dow nregulation of the  other tw o pluripotency factors. The induced knock-down of 

S0X2 in 2102Ep cells, described in Chapter 4, albeit by a higher percentage (approxim ately 10% 

rem aining S0X2 expression), did result in the simultaneous dow nregulation o f 0C T4. As was 

shown in Figure 3.13, 2102Ep cells transfected w ith  overexpressed miR-99a showed a morphology  

th a t resembled th a t o f cells transfected w ith overexpressed m iR-184. In addition to  this, the  

d ifferen tia tion  m arker, GATA6 was slightly upregulated (220% ) and N C A M l showed a marginally 

insignificant upregulation of 170% (P = 0 .0761). However, none o f the pluripotency markers w ere  

dow nregulated. These results w ere not sufficient to  conclude differentiation was taking place in 

2102Ep cells w ith  induced miR-219 overexpression and other, undeterm ined cellular processes 

could be responsible fo r the altered cell morphology.

M iR -lO a, -99a, -184, -219 and -335 w ere substantially upregulated in NTera-2 cells after 

transfection o f th e ir respective Pre-miR™ miRNA Precursors (results shown in Section 3.4.6). Of 

these miRNA, the  cells w ith an overexpression o f m iR-335 showed a dram atic morphological 

change and a visible decline in cell num ber. Interestingly, th e ir morphology was similar to  NTera-2  

cells th a t w ere subjected to three days o f ATRA-induced d ifferentiation. This m ight suggest 

d ifferentiation  was taking place in cells w ith overexpressed miR-335. This was supported by the  

substantial dow nregulation of 0C T4 (approxim ately 30% expression rem ained) and the  

dow nregulation of NANOG by 35% a fte r th ree days post-transfection. Interestingly, S0X2 

expression increased by 80%. The expression of S0X2 during three days of ATRA-induced 

differentiation  in NTera-2 cells normally remains relatively stable (see Section 3 .4 .6 .3). To confirm  

these results, the  post-transfection period was extended to 6-days. Although a slightly higher cell 

confluency could be observed after this incubation period, the morphology of NTera-2 cells with  

overexpressed m iR-335 was still distinctly d ifferent than that o f cells transfected w ith  a non

targeting control, as can been seen in Figure 3 .27. 0C T4 expression was still low at approxim ately  

40%  rem aining expression and NANOG expression decreased to  below 60%. S0X2 regained its 

original expression level. These results led to  believe that d ifferentiation was taking place. The 

degree o f this was d ifferent from  that o f NTera-2 cell exposed to ATRA, which alm ost com pletely  

lose 0C T4 and NANOG expression after 6-days. This discrepancy could be explained by the  

possibility th a t a proportion of NTera-2 cells rem ained untransfected or insufficiently transfected  

w ith  Pre-m iR-335 and are left to form  proliferating, undifferentiated subcolonies, whereas ATRA 

would affect all cells in the culture. Some regions of increased cell density w ere observed, 

how ever, im m nostaining or im m unosorting methods would have to be used to determ ine  

w h eth er these colonies truly consist of undifferentiated cells. These m ethods w ere not available 

at the tim e of this study. Another explanation could be a potential com pensatory role o f S0X2, 

which was significantly higher expressed a fter three days post-transfection, potentially as a
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reactionary response to the overexpression o f miR-335. S0X2 regulates 0CT4 and NANOG 

expression and therefore could have attempted to maintain 0CT4 and NANOG expression in the 

inhibitory conditions o f high miR-335 expression.

3.5.3 — OCT4 and S0X2 as Possible Targets of MiR-335

The pluripotency marker, 0CT4, is a predicted and conserved target o f miR-335 (TargetScan v5.1). 

W ith the miRanda target prediction software, S0X2 was predicted as an additional, but less 

conserved t a r g e t . P r o t e i n  expression results, as measured by Western blot, showed a 

significant downregulation o f 0CT4 and S0X2 in NTera-2 cells fo r both 3- and 6-day tim e points 

after transfection o f Pre-miR-335. Protein isolated from NTera-2 incubated in ATRA fo r three and 

sisx days was included in this experiment. The protein and mRNA expression o f 0CT4 was 

estimated to be relatively correlated over three and six days post-transfection. However, S0X2 

mRNA expression at three days post-transfection was inversely correlated to  the expression o f its 

protein. Interestingly, cells exposed to ATRA also showed a downregulation o f S0X2 protein, 

providing extra credence to the possibility that this gene is post-transcriptionally regulated in 

NTera-2 cells during ATRA-induced differentiation. This discrepancy has been recorded before in 

previous studies, but never discussed.

The function o f miR-335 in NTera-2 cells has not been elucidated in any previous known studies. 

However, functional publications of miR-335 exist, o f which the most highly cited describe this 

miRNA as a tum our suppressor and suppressor o f metastasis. The fo llow ing paragraphs 

summarise the published functions of miR-335 and possible additional functions as hypothesised 

in this thesis based on the results shown in Chapter 3 and other published, but infrequently 

discussed data.

One o f the first and most w idely cited papers on miR-335 function directly linked this miRNA w ith 

a tum our suppressive function in metastatic breast cancer.^”  MiR-335 expression was lost in this 

disease causing the overexpression o f its targets, S0X4, PTPRN2, TNC and MERTK, which are all 

genes im portant to  tum our metastasis. Additional breast cancer suppressive properties o f miR- 

335 were shown in a later study, which revealed that miR-335 cooperates w ith  BRCAl to  regulate 

the expression o f ESRl, IGFIR, SPl and ID4.^®* In breast cancer, the loss of miR-335 expression has 

been shown to be due to  epigenetic silencing and the reactivation o f this miRNA can halt tum our 

re in it ia t io n .F u r th e r  metastasis suppressive functions o f miR-335 have been found in gastric 

cancer, which is mediated by the targeting o f BCL2L2 and SPl.^®^ Other tum our suppressive 

functions o f miR-335 have been found in other cancers. One study showed the d ifferentia l 

expression o f miR-335 in many different cancer cell lines and showed tha t this miRNA could
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regulate the cell cycle and stem the  proliferation of an osteocarcinoma cell line by inhibiting p53 

suppressor, O ther research has im plicated miR-335 as an oncomir. One study showed that

m iR-335 can prom ote the proliferation and invasiveness of astrocytoma cells in cell culture and as 

xenografts by targeting the tum our suppressor, D A A M l/“  M iR-335 has also been linked to  

carcinogenesis due to  its rapid dow nregulation during early cell t ra n s fo rm a tio n .A d d it io n a l  

studies have correlated the loss o f m iR-335 with malignancy, metastasis and resistance.

O ther research suggests that m iR-335 may have im portant functions during em bryonal 

developm ent and in adult stem cells. In adult stem cells, the transient regulation o f m iR-335 has 

been observed during the transitionary stages o f adult stem cell establishm ent and 

d ifferentia tion . One study showed that upon differentiation  of pre-adipocytes to adipocytes, miR- 

335 upregulated simultaneously w ith  specific d ifferentiation  markers.'*^^ M iR-335 is upregulated in 

hum an MSCs (hMSCs) found in bone m arrow , adipose tissue and articular cartilage and its 

overexpression in hMSCs has been shown to im pair proliferation, m igration and differentiation  

through the suppression of RUNX2.^”  In this study, it was fu rtherm ore shown that DKKl 

decreased m iR-335 expression through the  W n t signalling pathw ay.”  ̂ Interestingly, DKKl is also a 

validated target o f m iR -3 3 5 .F u r th e rm o re , IFNy decreases miR-335 activity and W nt3a increases 

it.^^  ̂ M iR -335 has also been associated w ith the prom otion of osteogenic differentiation.^^® Some 

studies have shown the  d ifferential and transient expression of m iR-335 during em bryonal 

developm ent and adult stem cell d ifferentiation w ithout fu rther validating its function. This 

miRNA was upregulated during the d ifferentiation  o f defin itive endoderm al cells to hepatocytes, 

but not from  hESCs to  definitive endoderm al cells.

M iR -335 is an intronic miRNA, so its transcription can be regulated by the prom oter o f its host 

gene, MEST. The correlated expression o f MEST and m iR-335 has been d e m o n s t r a t e d . T h i s  

provides an opportun ity  to  juxtapose mechanisms o f m iR-335 regulation in publications and 

datasets describing MEST. In addition to this, the regulation o f m iR-335 itself can be inferred.

Based on previous research and the results shown in this chapter, it can be hypothesised that 

m iR-335 serves a dual function of guiding cell fa te  during em bryonic developm ent and regulating 

cell stemness and d ifferentiation  o f adult stem cells. It can be hypothesised that this m iR-335- 

m ediated mechanism can respond to extracellular signalling and intracellular conditions to  

perform  these functions.

The up or dow nregulation of m iR-335 or its host gene, MEST, can be directly governed by 

upstream  pathways activated or inhibited by extracellular signals. Examples of these are
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activators or inhibitors of W n t receptors, oestrogen receptors, LIF receptors and possibly many 

others/®*'^^ '̂'’^̂

Although the precise regulation of M EST/m iR-335 is still relatively unknown, M EST/m iR-335  

transcription is probably regulated by a set o f activators and repressors o f transcription th a t have 

im portant functions during embryonic developm ent and in adult stem cells, but also in cancer. 

M yc, a cruicial stem cell transcription factor and dow nstream  regulatory e lem ent o f many 

im portant stemness pathways, has been found to  be bound to  the M EST/m iR-335 prom oter.'*”  ̂ It 

has been speculated th a t Myc can repress M EST/m iR-335 expression, although this has not been 

directly shown. LIF deprivation o f mouse ESCs resulted in a decrease o f STAT3 expression and a 

rapid increase o f MEST expression.'*^^ INFy can repress m iR-335 e x p r e s s i o n . T h e  M EST/m iR-335  

prom oter can potentially be bound by STAT3 and also by STATl, both dow nstream  regulatory  

elem ents o f LIF and INFy and im portant cytokines in stem cell m a i n t e n a n c e . I n t e r e s t i n g l y ,  

STAT3 might also be a target of m iR-335, although this has not been directly shown or 

v a l i d a t e d . I n  hMSCs, Chrom atin Im m unoprecipitation (ChIP) and com putational analysis also 

have shown putative conserved binding sites in the M EST/m iR-335 prom oter for LEFl and TCF4, 

which are dow nstream  targets o f the W n t signalling pathway.^”  Putative binding sites for MAX  

and RXRa exist in the MEST/m iR-335 prom oter, suggesting M EST/m iR-335 could be regulated by 

retinoids, as the  previous data used for this thesis s u g g e s t s . I t  has also previously been 

shown that M EST/m iR-335 expression is directly regulated by RARy and RARa in F9 

teratocarcinom a stem cel I s . I n  myeloid leukaem ia cells, the M EST/m iR-335 p rom oter is 

bound by EGRl, which is, along w ith EGR2 and EGR3 potential targets o f m iR-335.

The results in Section 3.4 .6 .3  show a significant increase in S0X2 mRNA expression and decrease 

in 0C T4 and NANOG mRNA expression in NTera-2 cells three days a fte r the induced 

overexpression o f m iR-335. 0C T4 and S0X2 are predicted targets o f m iR-335 (TargetScan ver. 5.1 

and miRanda), but have not yet been validated. W hen NTera-2 cells are induced to  d ifferen tia te  

under ATRA conditions, 0C T4 mRNA rapidly dow nregulates starting at approxim ately th ree  days 

a fte r i n d u c t i o n . I n  these cells, this has been shown to be caused by m ethylation o f the  0C T4  

prom oter site.^”  How ever, the  loss of 0C T4 mRNA and protein expression and the  loss of S0X2  

protein expression could possibly assisted by the direct suppression by m iR-335, as the results in 

Section 3 .4 .6 .6  indicate. Downregulation o f NANOG would fo llow  as this gene is regulated by both 

0C T4 and S 0X2.”  This could possibly be the mechanism o f m lR-335-induced d ifferen tia tion  of 

NTera-2 cells. How ever, unexpectedly, the deregulation of 0C T4, S0X2 and NANOG mRNA has not 

been observed in 2102Ep cells upon m iR-335 upregulation and, although 0C T4 and S0X2 protein  

expression has not been measured in this cell line, the  lack o f visible d ifferentiation  o f 2102Ep
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cells seems to  suggest, at first hand, that m iR-335 has no significant function in the d ifferentiation  

of these cells. Two explanations can be given for this. It is possible that m iRNA-target suppression 

mechanism s or therm odynam ic control o f m iRNA-target binding betw een miR-335 and 0C T4 and 

S0X2 could be specific fo r NTera-2 cells and prevent m iR-335-induced suppression in 2102Ep  

cells. A nother, not m utually exclusive possibility is the  existence of an in term ediate  e lem ent 

which can regulate the pluripotency markers and can be targeted by m iR-335. S0X2 mRNA  

expression in NTera-2 cells increased by alm ost 2-fold upon the induced overexpression of miR- 

335. A lthough this could be an artefact, as S0X2 protein is decreased, it is im portant to  note that 

an induced upregulation of S0X2 has before been shown to  inhibit the transcription o f OCT4:SOX2 

target genes in ECCs and ESCs, including 0C T4 and S0X2 themselves, but also NANOG and can 

also result th e  d ifferentiation  of ESCs.‘’ ®̂'̂ °̂ Im portantly, this effect can transpire even when the  

induction o f S0X2 expression is below 2-fold. In addition to this, it has been shown th a t induced 

S0X2 overexpression can guide ESC differentiation tow ards a neuroectoderm al fa te  at the  

expense o f m esoderm al and endoderm al d e v e lo p m e n t.A lth o u g h  m ore thorough investigation  

is needed, a possible hypothesis is that the overexpression of S0X2 mRNA, as m ediated by miR- 

335, could cause the  NTera-2 cells to d ifferentiate. It is perhaps possible that m iR-335 or a 

differen t post-transcriptional regulator inhibits S0X2 protein expression. One hypothesis is that 

tem poral mechanisms could be operating to initially upregulate S0X2 a fter which a 

dow nregulation o f all three core pluripotency markers follows. Besides a num ber o f S0X2  

prom oter-binding transcription factors th a t are predicted targets o f m iR-335, S0X4, a validated  

target of m iR-335 has been shown have the ability to  activate S0X2 expression in glioma CSCs.^^^

Although it is unknown w hether a com m itm ent to a particular cell fate is induced by m iR-335  

overexpression in N Tera-2 cells, an participation of m iR-335 in ATRA-induced neuroectoderm al 

differentia tion  o f NTera-2 cells could be predicated from  aforem entioned established theories  

and the  findings in this chapter.

Phenotypically, 2102Ep cells are said to resemble hESCs quite closely when in the  undifferentiated  

state, whereas undifferentiated  NTera-2 cells, although still p luripotent and relatively  

uncom m itted, present a phenotype that partially resembles hESCs but also cells o f the early germ  

layer.^®°'^^ '̂^^* Although only few  publications m ention m iR-335 during hESC d ifferentiation  and 

em bryonal developm ent, it can possibly be said that, as this miRNA is undetected in most 

undifferentiated  ESCs, but m ore com m only in early em bryonic derm al cells as well as later 

progenitor cells, m iR-335 is an active player in ESC com m itm ent and early tissue developm ent. 

The regulation or a ttenuation  of developm ental and stemness genes by m iR-335 could be 

transient and local. For exam ple, m iR-335 is only expressed during a specific tim e point during
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mouse neural tube development.^^^ A nother exam ple is the  increased expression of m iR-335  

during mouse and hum an lung developm ent, a fte r w/hich expression gradually reduces during 

post-natal m aturation o f mice.'*^'* A similar post-natal pattern  is seen in rat epidym al developm ent 

and p21 regulator, RASAl was proposed as a miR-335 target o f im portance in this process.^®®

Although a num ber o f publications associate m iR-335 w ith  em bryonic developm ent, adult stem  

cell m aintenance and differentiation and em bryonic and adult tissue (re)generation, this miRNA  

has not been properly reviewed in relation to  these functions. Also, its tum our suppressive and 

anti-m etastatic  properties have not yet been reconciled w ith these aforem entioned functions. It is 

quite  possible th a t these tw o  m odi operandi o f m iR-335 are greatly in tertw ined and fu ture  

research , including m ore comprehensive reviewing, could reveal the precise local and tem poral 

functions in normal and cancerous cells and tissues.

M iR -184 has been previously shown to inhibit neuroblastom a grow th by targeting AKT2, how ever 

no reduction o f this gene's expression was seen in NTera-2 cells exposed to ATRA for th ree  

days.^“ '̂ ®̂  This does not m ean that AKT2 is not targeted, as m iR-184 could m erely inhibit the  

translation o f its mRNA. How ever, one notable potential target th a t was dow nregulated at the  

mRNA level in NTera-2 cells, is TCF7L1. This gene is a potential target o f m iR-184 as predicted by 

five d ifferent target prediction softw are tools. This dow nstream  transcription factor o f the W nt 

(activating) and TGPP (repressing) pathw ay cooperates w ith LEF transcription factors to  regulate  

gene expression during em bryonal developm ent and stem cell differentiation.'*^^ TCF7L1 appears 

to  be able facilitate or inhibit d ifferentiation depending on cell type.^^®'^^  ̂ O ptim isation of TCF7L1 

antibodies available at the tim e was attem pted , to  determ ine TCF7L1 protein dow nregulation. 

How ever, although some prelim inary screening m ight suggest th a t TCF7L1 protein is 

dow nregulated a fte r m iR-184 overexpression, antibody binding specificity was not sufficient to  

m eet experim ental standards o f certainty. Further experim entation  w ith  m ore reliable available 

antibodies m ight reveal this gene to be a target o f m iR-184 and might elucidate th e  differences  

betw een m iR-184 function in 2102Ep and NTera-2 cells.
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In summary:

The overexpression o f m iR-335 resulted in the d ifferentiation o f N Tera-2 cells and 

the strong dow nregulation o f 0C T4 and NANOG transcripts and the upregulation of 

S0X2.

The overexpression of m iR-335 resulted in the dow nregulation o f 0C T4 and S0X2  

protein. As these are its predicted targets, this could be directly caused by m iR-335  

The overexpression of m iR-184, to  a lim ited extent, resulted in the  the  

dow nregulation of S0X2 and NANOG in 2102Ep cells, but did not visibly d ifferen tia te  

these cells.

C hapter Three — Induced U pregulation o f m iRNA in 2102Ep and N Tera-2  Cells | 157



158 I Chapter Three — Induced Upregulation o f miRNA in 2102Ep and NTera-2 Cells



CHAPTER FOUR

INDUCED SILENCING OF GENES IN 

2102Ep AND NTera-2



4 — Induced Silencing of Genes in 2102Ep and NTera-2 Cells

4.1 — Introduction

Due to  th e ir  a p p a re n t s im ilarity , th e  ta rg e tin g  o f CSCs, w ith o u t a ffec tin g  th e  h o m eo sta tic  fu nc tio n  

o f norm al stem  cell is a m a jo r challenge fo r  drug d e v e lo p m e n t .T h is  ch a llen ge is ex ac erb a te d  by 

th e  d ifficu lty  o f  d e tec tin g  rare  CSCs and th e  irreg u lar n a tu re  o f th e ir  p h e n o ty p e . A d d itio n a lly , any  

p o te n tia l CSC-specific drug targets  are likely to  vary b e tw e e n  cancer typ es  as th e  tre a tm e n t  

effectiveness can also d ep en d  on th e  p rim ary  o r secondary host tissues and th e  a n a to m y  o f th e  

c a n c e r . I n  ad d itio n , d rug  tre a tm e n t could also re q u ire  m o d ifica tio n s to  account fo r  th e  

m alig n an t stage o f th e  disease, as th e  d istinct g ene expression o f  th e  c o n trib u tin g  CSCs could  

dyn am ica lly  a lte r  b e tw e e n  stages.

So fa r, a handfu l o f genes have been  id e n tified  in various CSC cell lines, w h ich  have th e  p o te n tia l 

to  be selective drug targets , w ith o u t a ffe c tin g  th e ir  n o rm al stem  cells c o u n te rp a rts  in 

O ne in te res ting  study show ed  th a t th e  em b ryo n a l carc inom a cell lines, N T e ra -2 , NCCIT and P19  

cells, w e re  m o re  sensitive to  d iffe re n tia tio n  due to  NANO G  d o w n re g u la tio n  induced by th e  

histone deacyte lase  inh ib ito r, ap icidin , co m p ared  to  ESCs.^®° Because o f th e  redu ced  m alignancy, 

a ttr ib u ta b le  to  reduced p otency and se lf-ren ew a l, this co m p o un d  m ig ht th e re fo re  serve as a drug  

w ith  a specific ity  to  th e  em b ryo n a l carc inom a p h e n o typ e . A n o th e r th e ra p e u tic  o p tio n  is th e  

specific ta rg e tin g  o f genes w hich  are  fu n c tio n a lly  m u ta te d  in CSCs, co n trib u tin g  to  an a lte red  

m echan istic  fu nc tio n , w hich  o th e rw is e  w o u ld  be ab sen t in n o rm al stem  cells. For exam p le , 

a ttra c tiv e  ta rg e ts  w o u ld  be fusion genes (th e  gen etic  fusion o f tw o  or m o re  g ene loci, fac ilita te d  

by m u ta tio n s  and resulting in a single tran scrip t and p ro te in ) w ith  im p o rta n t CSC re g u la to ry  

fu nctio n s and are  not endog en o us to  norm al cells.'’^̂  As b rie fly  discussed in Section 3 .1 , an  

a lte rn a te  s tra tegy  fo r CSC gene th e ra p y  could encom pass a ta rg e te d , drug d e liv e ry  based  

ap p ro ach  ra th e r th an  ta rg e tin g  CSC-specific genes. This w o u ld  re q u ire  accu ra te  p ro filing  o f CSC- 

specific im m n u n o m a rk ers , w hich  could guide CSC m arker-specific  vessels (e.g . an tib o d y -  

co n ju g ated  n an opartic les) con ta in in g  siRNA o r specific (an t)ag o nists  w h ich  ta rg e t s tem  cell 

genes.

In Section  1 .4  and Section 3 .1 , th e  aspects o f  CSC d iffe re n tia tio n  th e ra p y  are  discussed. In th ese  

Sections, a n u m b e r specific genes and p ath w ays are  specified w hich  have been  and could be  

involved  in th e  m a in ten a n c e  o f th e  stem  cell p h e n o typ e . The W n t/P -c a te n in , H edgehog, TGPP- 

re la te d  path w ays w e re  given as exam ples  o f ta rg e ts  fo r  d iffe re n tia tio n  tre a tm e n t  and  have b een  

investigated  fo r  th is purpose. S im ilarly to  C h ap ter 3, CSC d iffe re n tia tio n  w as th e  focus o f th is  

ch ap te r.
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The RAR pathway and its involvem ent w ith  ESC and ECC differentiation has been well 

characterised. RARs are nuclear receptors consisting of heterodim ers o f one o f th ree  RAR proteins 

(RARa, RARp and RARy) combined w ith one o f three RXR proteins (RXRa, RXR3 and RXRy).'’^̂  

Isoforms exist o f RAR and RXR proteins, resulting in a diverse com bination o f RAR 

heterodimers.^^^ How ever, in some cases tw o  RXR proteins can form  a hom odim eric RAR.'’ '̂' Upon 

activation, these can bind to  gene prom oter sequences called RAR elem ents (RAREs) and retinoid  

X response elem ents (RXREs).'*^'’ D ifferent types o f retinoid compounds can bind to  d ifferent RAR 

types, resulting in the  transcription or repression of specific genes.'*^"

The study conducted in this chapter was based on the results of a previous experim ent perform ed  

by this laboratory. Here, 2102Ep and NTera-2 cells w ere d ifferentiated  by incubation in ATRA for 

th ree days. W hole-genom e analysis was perform ed and the differential gene expression between  

experim ental samples and control samples was measured. ATRA agonise RARs upon which they  

bind to  specific RARE motifs in the prom oter regions o f many genes, particularly ones involved in 

em bryonic developm ent, such as the  Hom eobox (HOX) genes and o ther RARs.'*^  ̂ A large num ber 

of genes containing RAREs and RXREs in the ir prom oter regions w ere significantly deregulated in 

both 2102Ep and NTera-2 cells a fter ATRA-induced d ifferentiation. From the  list of dow nregulated  

genes in NTera-2 cells previously generated during the  aforem entioned study, five w ere picked for 

the  study in this chapter w ith the aim to  induce knock-down in NTera-2 and 2102Ep cells. These 

are listed in Table 4 .9 , on page 189 fu rther on in Section 4 .4 .4 , and w ere am ong the most 

dow nregulated genes in NTera-2 cells during early d ifferentiation . An im portant goal was to target 

genes th a t did not have a previously reported function in hES differentiation , as these cells w ere  

considered to be the NSC counterpart o f hECCs (see Section 1.13 fo r fu rther in form ation on this). 

To filte r out genes associated with hESC differentiation a num ber o f measures w ere  taken, which 

are described in Section 4 .4 .4 . The targeted genes selected for knock dow n w ere DPPA3, SHISA2, 

RBM47, AK3L1 and VSN Ll. It was believed that by silencing these genes in NTera-2 and 2102Ep  

cells, it m ight push these cells to  d ifferentiate. DPPA3, also called Stella, was a particularly 

interesting potential target, as previous studies revealed that this gene is expressed in both 

2102Ep and NTera-2 cells, while unexpressed in hESCs, signifying a potentially im portant 

functional difference betw een these cell types.

In addition to  silencing the  five genes described in the previous paragraph, the decision was made 

to  silence 50X 2 in both cell lines. This gene is stably expressed during ATRA induced 

differentiation  of NTera-2 cells. The cell fate o f NTera-2 cells upon th e ir d ifferentiation by 

retinoids is skewed towards cells that constitute the  CNS, which require S0X2 fo r neural 

homeostasis (see C hapter 3 and Chapter 5 for m ore details).^” '” ® Because of the role of S0X2 at
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m aintaining pluripotency in hESCs, the hypothesis was held that the dow nregulation o f this gene 

could potentially induce differentiation in 2102Ep and NTera-2 cells.

Transient gene silencing in this chapter was perform ed w ith  exogenous siRNA, which utilises cells' 

endogenous RNAi machinery to selectively and transiently suppress mRNA translation by inducing 

the  degradation o f these molecules. This is the  main function of endogenous siRNAs to specifically 

control a large group o f genes and pathways, as well as foreign RNA sequences, such as viruses.**^^ 

As w ith miRNA, siRNA-m ediated transcriptional silencing is perform ed by RISC.'*^  ̂ SiRNA 

preferentially load into the Argonaute protein, A G 02, and form s, to g eth er w ith  o ther RISC 

com ponents, 'siRISC'.^”  This loaded RISC is responsible for the suppression o f genes by the 

targeted cleavage of mRNAs, which has a g reater im pact on protein expression than the  more 

subtle and tem porary  mRNA repression as com m only induced by miRNA (see Section 1.6 for a 

m ore detailed description). The discovery o f the  RNAi mechanism was first m ade in 1998, by the  

transient delivery o f exogenous double-stranded RNA sequences into C. elegans cells.'*^® The use 

of exogenous siRNAs fo r transient gene suppression exists now as one o f the  most widely-used  

biom olecular laboratory techniques and is also a w idely explored m ethod for the trea tm en t of 

various diseases, including cancer."*”  Exogenous siRNAs can be introduced into cells in tw o  forms. 

For a transient suppression o f protein expression, double-stranded RNA can be delivered by 

various methods, which are subsequently cleaved to  m ature siRNAs. For a long-term  solution for 

gene knock-down over many m itotic cycles, vector sequences containing short hairpin RNAs 

(shRNAs), precursors to siRNAs, can be transfected or virally delivered into cells, which are 

subsequently spliced into the genom e by the cell's endogenous m achinery.'’”  From this, shRNAs, 

which structurally resemble pre-miRNAs, are transcribed, exported out o f the nucleus and 

subsequently processed by Dicer into m ature s i R N A s . F o r  the suppression o f specific genes in 

this chapter, double-stranded siRNA precursors (first m ethod) w ere used, as perm anent gene 

dow nregulation was not required experim entally. A perfect com plem entarity  o f siRNAs to their 

target genes is required for successful mRNA cleavage and degradation.'*^® In this chapter, perfect 

match exogenous siRNAs, simply abbreviated as 'siRNAs' fo r this chapter, are used to  transiently  

silence specific gene expression as is described in Sections 4 .3 .2 .1  and 4 .3 .3 .1 . This was chosen 

over the use o f shRNAs, as only short te rm  gene knock-down was required for the  designed 

experim ents. Furtherm ore, siRNA experim ents are easier to  perform  and m ore com m only used, 

providing high-quality results from  extensive experim ental and product design optim isation.
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4.2 — Chapter Aims

The aim of this chapter was to  induce differentiation in 2102Ep or NTera-2 cells by transiently  

silencing the expression of the pluripotency m arker, S0X2 and also five highly expressed genes 

which w ere strongly dow nregulated in NTera-2 cells during early differentiation and believed to  

potentially contribute to  CSC differentiation.
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4.3 — Materials and Methods

In this subchapter, methods supplem ental to the  general methods described in chapter 2 is 

provided. These methods are exclusive to this chapter and the referenced Sections in this 

subchapter supersede the m ethods described in chapter 2. If no supplem ental methods are given, 

the  general m ethods are referenced to.

4.3.1 — Cell Culture

2102Ep and NTera-2 cells w/ere m aintained as detailed in Section 2.1.5 and kept under 50  

passages. Cells w ere counted as described in Section Section 2.1 .7  and cells w ere plated at 

specific densities on 6-w ell cell culture plates. All incubations w ere perform ed in a hum idified  

environm ent at 37°C and 5% CO2.

4.3.2 — Optimisation of RNAi

For this study gene expression was silenced w ith  Am bion's Silencer™ Select siRNAs (4427037, 

Ambion, Applied Biosystems, Life Technologies) w ere  used. SiRNAs are short double-stranded  

oligonucleotides and are therefore  o f similar chemical compositionas the Pre-miR™ miRNA  

Precursors used in Chapter 3. Because o f this, transfection conditions similar to  w hat was used for 

Pre-miR™ mlRNA Precursors w ere used for the transfection of siRNA into 2102Ep and NTera-2  

cells.

4 .3 .2 .1  —  T ran sfection  o f  siRNA

As w ith Pre-miR™ miRNA Precursor forw ard transfection optim isation, transfections w ere  

perform ed in trip licate on 96-w ell plates w ith the forw ard  transfection m ethod. Initial 

transfection optim isation was perform ed with d ifferent siRNA concentrations, but transfection  

agent concentrations w ere kept constant at the final volumes established in Section 3.3 .5 .2 . These 

volumes are listed in Table 4 .1 . Am bion recomm ends a final transfection concentration range of 

5-30  nM  for th e ir Silencer™ Select siRNAs. S0X2 was the first functional target chosen for 

silencing in NTera-2 and 2102Ep cells. The siRNA used to target this gene was there fore  used for 

optimising transfection, w ith  the aim o f applying the  resultant protocol to  fu rther siRNA 

transfections. For S0X2 silencing the  Silencer™ Select siRNA was transfected at final 

concentrations specific to  each cell line as listed in

Table 4 .2 . In addition to S0X2, transfection optim isation in NTera-2 cells was also perform ed w ith  

GAPDH siRNA at concentrations listed in
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Table 4 .2. For siRNA transfection in 2102Ep and NTera-2 cells, cells w ere harvested and seeded in 

sterile 96-w ell cell culture plates (167008, Nunc, Thermo Fisher Scientific) at 6000  cells/well in 

100^1 hEC m edium  24 hours before transfection. Transfection m aster mixes w ere prepared as per 

m anufacturers' instructions by preparing 20 |il/w e ll transfection m aster mixes which consisted of 

serum -free O pti-M E M ®  I m edium  containing transfection agents and siRNA diluted from  a 5 pM  

stock solution to the  required concentrations. To let the transfection complexes to form , the  

transfection m aster mixes w ere incubated fo r 15 minutes at room tem peratu re . For 

Lipofectamine™ 2000  a five m inute preincubation step o f only transfection agent in O pti-M EM ®  I 

medium  was included. During incubation, the old cell medium was discarded and 80 pi O pti- 

MEM® I (RT°) was added a fte r a wash w ith IX  PBS (37°). The cells w ere overlayed w ith  20 pi 

transfection m aster mix and the plate was manually shaken briefly. Non-transfected controls 

w ere included by replacing old cell medium with 100 pi fresh hEC m edium  (37°). The plates w ere  

incubated in a hum idified environm ent at 37° and 5% CO2 fo r 6 hours after which th e  media w ere  

replaced w ith 100 pi hEC m edium  (37°). The cells w ere fu rther incubated fo r a defined period. For 

protein expression these transfections w ere repeated on 6-w ell plates. The volumes w ere scaled 

to  this plate size accordingly.

Table 4.1—Volumes of transfection agent used for transfection optimisation and functional siRNA 
transfections in 2102Ep and NTera-2 cells.

Cells Transfection Agent Volum e/w ell
96-well plates 6-well plates

2102Ep Lipofectamine™ 2000 High (0 .375 pi) High (10 .57 pi)
NTera-2 Lipofectamine™ RNAiMAX M edium  (0.2 pi) and 

High (0.3 pi)
High (8 .46  pi)

Table 4 .2—Different final concentrations of siRNA used 
for transfection optimisation in 2102Ep and NTera-2 cells.

Cell Line sIRNA Final Cone. Product ID

2102Ep siS0X2
10 nM  

15 nM
S13295

NTera-2
siS0X2

5 nM  

10 nM  

15 nM

S13295

siGAPDH 30 nM S5573

For NTera-2 cells, the Gene Expression Cells-to-Ct kit was used to extract RNA and perform  cDNA 

synthesis and qRT-PCR. The protocols for this are described in Section 2 .3 .2 .1  and Section 2.5.2 .2 . 

For 2102Ep cells, RNA was purified w ith the protocol explained in Section 2 .3 .2 .4 . cDNA synthesis 

and qRT-PCR w ere perform ed as detailed in Section 2 .5 .2 .1 . Raw expression data was processed
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w ith  the 2“ “  m ethod. Transfection efficiencies w ere shown in a percentage of remaining 

expression o f the target gene.

4 3 .2 . 2  — G ene Expression A nalysis

RNA purification from  2102Ep cells was perform ed w ith the M agM ax™ -96 Total RNA Isolation kit 

as described in 2 .3 .2 .4 . Subsequent DNA rem oval was perform ed by the  m ethod detailed in 

Section 2 .3 .2 .5 . A fter analysis o f RNA quantity and purity per the m ethod in Section 2 .4 .2 .1 , gene 

expression analysis was perform ed as described in 2 .5 .2 .1 . RNA isolation and gene expression 

analysis in NTera-2 cells was perform ed w ith  the Cells-to-Ct™ Gene Expression kit as described in 

Section 2 .3 .2 .1  and Section 2 .5 .2 .2 . The TaqM an® prim er/probe assays used fo r gene analysis 

during transfection optim isation are listed in Table 4.3.

Table 4.3—TaqMan® primer/probe assays used during 
siRNA transfection optimisation.

Gene Product ID
S0X2 HS01895061 u l
GAPDH H s01053049_s l
B2M H s04260366_g l

4 .3 .2 .3  — P ro te in  Expression A nalysis

Protein lysates w ere obtained w ith  the miRVANA™  PARIS kit (A M 1556, Ambion, Applied  

Biosystems, Life Technologies) as described in Section 2 .6 .2 .1 . For W estern blotting the protocol 

was used after measuring and equalising protein concentrations using the protocol from  Section 

2.6.2 .2 . All samples w ere run on a single 12% gel as described in Section 2 .6 .2 .3 . Protein transfer 

to  the m em branes was perform ed as described in Section 2 .6 .2 .4 . M em branes w ere blocked in 

blocking buffer for 1 hour at room tem peratu re  and subsequently incubated overnight at 4°C in 

prim ary antibodies as described in Section 2 .6 .2 .5 . A fter washing and secondary antibody binding, 

ECL was used fo r visualisation o f ta rget proteins a fter a second wash using the protocol from  

Section 2.6 .2 .7 . For the sem i-quantitative normalisation o f sample concentrations, probing was 

repeated as described above a fte r m em brane stripping as described in Section 2 .6 .2 .8 . For all 

prim ary antibodies used, including th e ir concentrations, see Table 4.4. For secondary antibodies, 

see Table 4.5.
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Table 4 .4—Primary antibodies for Western Blot.

Gene Host Manufacturer Product Code Dilution Used
GAPDH Mouse Abeam pic. ab8245 1:25,000

B2M Mouse Abeam pic. ab759 1:1000

S0X2 Mouse Abeam pic. ab75485 1:500

Table 4 .5—Secondary antibodies for Western Blot.

Antigen Host Manufacturer Product Code Dilution Used
Anti-m ouse Mouse Jackson Im munoresearch 115-165-062 1:5000

A n ti-rabb it Donkey Santa Cruz B iotechnology sc-2313 1:2000
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4.3.3 — Functional Gene Silencing

4 .3 .3 .1  — F u n c tio n a l T ran sfection  o f  siRNA

For gene and protein expression studies, functional RNAi was perform ed w ith  Silencer™ Select 

siRNA (4427037 , Ambion, Applied Biosystems, Life Technologies) in 6-w ell plates. 2102Ep and 

NTera-2 cells w ere  transfected w ith the forw ard transfection nnethod described in Section 4.3.2 .1 . 

NTera-2 and 2102Ep cells w ere transfected w ith  transfection agent concentrations shown in Table

4 .1. RIMAi in 2102Ep and NTera-2 cells was perform ed w ith  10 nM  and 30 nM  siRNAs respectively 

from  5 liM  stock dilutions. The siRNAs used are listed in Table 4 .6 . Plate layouts for S0X2 silencing 

in 2102Ep and NTera-2 cells, and the silencing o f five genes in both cell lines are shown in Figure

4 .1. Post-transfection incubations as defined w ere m aintained in hum idified conditions at 37°C 

and 5% CO2, while refreshing the hEC m edium  every 24 hours. For the  five gene knock-down  

experim ent all functional siRNA and the ssNC#l w ere com bined on Plate 1. The vehicle, non

transfected control and differentiation control w ere  cultured on Plate 2. The la tter control 

consisted e ither of NTera-2 cells exposed to 10'^ nM  ATRA in hEC m edium  for the duration o f the  

post-transfection incubation tim e or o f 2102Ep cells transfected w ith siS0X2 in a m anner which 

was consistent w ith  the  experim ent.

Table 4 .6 — Product IDs and sequences o f functional 
Silencer™ Select siRNA used in Chapter 4.

SiRNA Product ID
siDPPA3 S51495
siSHISA2 S51997
siRBM47 S230615
SIAK3L1 S1213
siVSNLl S14826
siS0X2 S13295

Diff. Ctrl

NTC

VC

VC

siS0X2

NTC

ssNC#l

siRBM47;

siSHISA:

ssNCItlsiDPPA3

siVSNLr

SIAK3L1

Figure 4 .1 — Cell culture plate layout of functional transfections o f siRNAs. The siS0X2 transfections 
were performed on a single plate together with the accompanying negative controls; ssNC#l, vehicle 
control (VC) and non-transfected control (NTC). For the knock-down of five genes, functional siRNAs 

were transfect into cells on single plate, together with ssNC#l. The vehicle and non-transfected 
controls w ere maintained on a separate plate, together with a differentiation control. This image 
represents a single biological replicate.
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4 .3 3 .2 -  Gene Expression Analysis

In both cell lines RNA purification was perfornned with the m/RVANA™ PARIS kit as described in 

Section 2.3.2.3. After assess RNA purity and quantity with the method in Section 2.4.2.1, gene 

expression analysis was performed with the method in Section 2.5.2.1. The TaqMan® 

primer/probe assays used for gene expression analysis during functional transfections are listed in 

Table 4.7

Table 4.7—TaqMan® primer/probe assays used 
during functional gene silencing.

Gene Product ID
DPPA3 Hs01931905_gl
SHISA2 Hs01590823_m l
RBM47 Hs00219308_m l
AK3L1 Hs03405743_gl
VSNLl HS02386966 m l
S0X2 HS00602736 s i
0CT4 HS01654807 s i
NANOG Hs02387400_gl
EN03 Hs00266551_m l
NCAM l Hs00169851_m l
GATA6 Hs00232018_m l
GAPDH 4331182
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4 3 .3 .3  — Protein Expression Analysis

Protein expression was performed w itli SDS-PAGE and Western Blot using similar methods as 

previously described in methods described in Section 4.3.2.3. Protein transfer was performed as 

described in Section 2.6.2.4 fo r either fo r 75 minutes at lOOV or overnight at 45V and 4°C. Table 

4.8 shows the primary (1"* AB ID) and secondary antibodies (2"'  ̂AB ID) used in this chapter. Many 

showed inconclusive results. Some primary antibodies were blocked w ith inhibition peptides to 

determ ine the correct protein band. This is also shown in Table 4.8. The protocol fo r this can be 

found in Section 2.6.2.6.

Table 4.8—Primary and secondary antibodies for Western blot.

Gene Predicted
MW

AB ID Clone
Type

Host Dilution 2"'’ AB ID Dilution Inhibition
Peptide

DPPA3 17.9 kDa SC-51435 Poly Goat 1 200 SC-2022 1:2000 SC-51435-P
SC-67250 Poly Rabbit 1 200 SC-2313 1:2000

SHISA2 31.4 kDa SC-84640 Poly Rabbit 1 200 SC-2313 1:2000 SC-84640-P

SC-84642 Poly Rabbit 1 200 SC-2313 1:2000

abl07724 Poly Rabbit 1 200 SC-2313 1:2000
RBM47 64.1 or

56.9 kDa
ab94638 Poly Rabbit 1 100 SC-2313 1:2000

AK3L1 25.6 kDa ab97382 Poly Rabbit 1 1000 SC-2313 1:2000
VSNLl 22.1 kDa ab58053 Mono Mouse 1 100 SC-2314 1:2000

abl02476 Poly Rabbit 1 500 SC-2313 1:2000
GAPDH 36.1 kDa ab8245 Mono Mouse 1 25,000 115-165-062 1:5000
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4.4 — Results

This subchapter contains the results of siRNA transfection optimisation and functional gene 

silencing.

4.4.1 — Optimisation of RNAi

For the cell lines used in this study no protocols for siRNA transfection existed in the laboratory, 

so this had to be established. Due to previous success with Pre-miR™ miRNA Precursor 

transfections, siRNA transfection optimisation was performed with the forward transfection 

method. For RNAi Ambion's Silencer™ Select siRNAs (4427037, Ambion, Applied Biosystems, Life 

Technologies) were used. These siRNAs are designed with Ambion's proprietary algorithm and are 

claimed by the manufacturer to have higher specificity and effectiveness at lower concentrations 

than previous generation products.

RNAi optimisation in 2102Ep and NTera-2 cells was performed with different candidate genes for 

each cell line. For 2102Ep cells, the S0X2 gene was used, whereas for NTera-2 cells, GAPDH was 

used as RNAi optimisation control.

4 .4 .1 .1  — Gene Expression Analysis

S0X2 was the first target chosen for functional knock-down in 2102Ep cells, as its function as a 

crucial stem cell marker suggested its silencing could result in 2102Ep differentiation. This is 

detailed further on in Section 4.4.2. For this reason, the transfection optimisations were 

performed with the siRNA targeting this gene. For the first stage of transfection optimisation, 

forward transfections were performed on pre-seeded 96-well cell culture plates using the 

protocol described in Section 4.3.2.1. High concentration Lipofectamine™ 2000 (0.375 nl/well) 

were used for transfection in 2102Ep cells. The post-transfection incubation time was reduced 

from 48 hours, as used for Pre-miR™ miRNA Precursor transfection optimisation, to 24 hours. This 

was done to reduced the possibility of producing misleading S0X2 silencing results due to a 

potential S0X2 knock-down-induced differentiation cascade further downregulating the gene 

beyond the RNAi capacity of the S0X2 siRNA. This time frame was at the lower side of the 24-48 

hour post-transfection period recommended by the manufacturer. Initial transfection was 

performed with 10 and 15 nM Silencer™ Select siRNA, which was within the 5-30 nM range 

recommended by the manufacturer. Gene expression analysis was performed as described in 

Section 4.3.2.2.

Chapter Four ~ ^102Ep a i: r  NTera-2 Q  171



NTera-2 siRNA transfection optim isation was perform ed w ith  fellow  student, Salah El Baruni, 

initially fo r his research. For RNAi optim isation the gene GAPDH was used. As w ith  Pre-miR™  

miRNA Precursor Optim isation, forw ard transfections w ere perform ed w ith M edium  (0.2 |il/w e ll)  

and High (0.3 (il/w e ll) volumes o f Lipofectamine™ RNAiMAX on a 96-w ell cell culture plate. 

Invitrogen, the  m anufacturer o f Lipofectamine™ transfection agents, previously tested gene 

knock-down in NTera-2 cells w ith  Lipofectamine™ RNAiMAX and 30 nM  Silencer™ Select siRNA 

against GAPDH. Transfections w ere perform ed w ith the protocol described in Section 4 .3 .3 .1 . 

Post-transfection incubation tim e was 48 hours. Gene expression results w ere produced w ith  the  

m ethod described in Section 4 .3 .2 .2 . GAPDH expression was normalised to  the gene B 2M , a 

com m only used endogenous control and previously validated fo r the  NTera-2 cell line. Gene 

expression results are displayed in Figure 4.3.

S0X2 gene expression results can be found in Figure 4.2. In 2102Ep cells S0X2 silencing was 

considered sufficient, w ith  a highly consistent 70% dow nregulation o f S0X2 expression in 10 nM  

siS0X2 transfected cells, which was expected for the post-transfection incubation tim e used. As 

shown, a higher concentration of siS0X2 (15 n M ) resulted in a decreased knock-down o f S0X2, so 

no fu rther optim isation w ith siRNA concentrations was perform ed.

NTera-2 gene expression results showed a significant and consistent GAPDH knock-down o f 88%  

in cells transfected w ith  30 nM  siGAPDH in High concentrations of Lipofectamine™ RNAiMAX. This 

suggests a sufficient transfection efficiency for fu rther functional transfections.
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■ siS0X2 ■ ssNC#l ■ Non-Transfected Control

Figure 4.2—S0X2 silencing in 2102Ep cells transfected with 10 and 15 nM siS0X2. A significant 
downregulation of S0X2 in 10 and 15 nM siS0X2 transfected 2102Ep cells was reported compared to the 
ssNC#l-transfected cells (P < 0.0001 and P = 0.0005 respectively). S0X2 expression in non-transfected 
control cells was significantly upregulated compared to the ssNC#l-transfected cells (P = 0.0057). 50X2 
expression in ssNC#l-transfected cells was set at 100%. All experiments were performed in biological 
triplicate and the values shown are the mean expression of these triplicates ± SD. A t-test was used to 
compare sample means.

120
*♦* P< 0.001

Medium High

■ siGAPDH BssNC#! ■ Non-Transfected Control

Figure 4.3—GAPDH silencing in NTera-2 cells transfected with 30 nM siGAPDH. For both High and 
Medium concentrations of Lipofectamine™ RNAiMAX, 30 nM siGAPDH transfection resulted in a 
significant downregulation of GAPDH in NTera-2 cells (P = 0.0005 and P < 0.0001 respectively). The 
expression in the ssNC#l samples was set at 100%. All experiments were performed in biological 
triplicate and the values shown are the mean expression of these triplicates ± SD. A t-test was used to 
compare sample means.
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4 .4 .1 .2  — Protein Expression Analysis

S0X2 expression in 2102Ep cells was also assessed at the protein level using W estern blot as 

described in Section 4 .3 .2 .3 . Figure 4 .4  dem onstrates a clear silencing of S0X2 protein expression 

in all th ree  siS0X2 transfected replicates. S0X2 protein expression does not d iffer am ong the  

ssN C#l-transfected samples and the non-transfected controls, indicating no discernable side- 

effects on S0X2 expression due to the transfection process. A unexpected band appeared on the  

blot at a low er m olecular w eight than S0X2. As S0X2 has no known isomers, it was found th a t this 

band most closely m atched S0X3 protein, as determ ined from  a m olecular w eight prediction  

(P41225, UniProtKB/Swiss-Prot).^^* The S0X3 am ino acid sequence was the m ost closely matched  

sequence to S0X2 among all known hum an genes (blastp, BLAST®, NCBI).'*^®

In addition to  gene expression, GAPDH and B2M (endogenous control) protein expression was 

m easured w ith  the W estern blot technique, em ploying the m ethod described in Section 4 .3 .2 .3 . 

This was perform ed w ith cells cultured and transfected on 6-w ell plates w ith a High 

concentration of Lipofectamine™ RNAiMAX (8 .46  n l/w ell).

NTC3 NTC2 NTC1 -ve3 -ve2 -ve1 +ve3 +ve2 +ve1 
— —    — -----------  ^ ----- SOX3

 GAPDH

Figure 4.4—Western blot of S0X2 silencing in 2102Ep cells. Cells transfected with siS0X2 (+ve) 
showed clear silencing of S0X2 when compared to the ssNCttl-transfected cells |-ve) and non- 
transfected controls (NTC). S0X2 protein was silenced in cells transfected with siS0X2 (-Hvel, +ve2 
and +ve3). The additional band above S0X2 was predicted to be S0X3.
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4.4.1.3 — Cytotoxic Effects o f siRNA Transfection

Cell viability experim ents w ere perform ed w ith ssNC#l to determ ine the im pact of the  

transfection process on cell proliferation.

For 2102Ep cells this was perform ed w ith 10 nM  ssNC#l-transfected at High Lipofectamine™ 2000  

concentrations. Low and M edium  Lipofectamine™ 2000 transfected cells and untreated cells w ere  

included as references. For NTera-2 cells this was perform ed by transfecting 30 nM  ssNC#l w ith  

Low, M ed ium  and High concentrations o f Lipofectamine™ RNAiMAX. For both cell lines cell 

viability was assessed 48 hours after transfection w ith the m ethod described in Section 2.1.8.

Cell viability is displayed in Figure 4.5. This shows that the transfection process can im pact cell 

viability, but this can depend on the concentration of transfection agent used. In 2102Ep cells, 

only ssN C#l-transfected cells w ith a M edium  concentration (0.25 pil/well) o f Lipofectamine™  

2000 appear to have significantly decreased viability (22% reduction). NTera-2 cells transfected  

w ith all Lipofectamine™ RNAiMAX concentrations showed a significant reduction in cell viability 

com pared to  the  untreated cells. These reductions are betw een 14%-24% . Cells transfected with  

High Lipofectamine™ RNAiMAX concentrations seemingly experienced the least am ount of 

cytotoxicity (14% ). Experimental siRNA transfections w ere to be conducted at this concentration  

and 14% reduction of cell viability was considered acceptable.
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Figure 4.5—Cell viability of 2102Ep and NTera-2 cells transfected with ssNC#l at three different 
concentrations of Lipofectamine™ 2000 and Lipofectamine™ RNAiMAX respectively. In 2102Ep 
cells, ssNC#l-transfected with Medium concentration of transfection agent significantly reduced cell 
viability (P = 0.0316). Cell viability was significantly lower in all three transfected NTera-2 samples 
(Low; P = 0.0026, Medium: P = 0.0304, High: P = 0.0295). The cell viability of the untreated controls 
was set at 100%. All experiments were performed in biological triplicate and the values shown are 
the mean cell viability of these triplicates ± SD. A t-test was used to compare sample means.
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4.4.2 — Functional Silencing of S0X2 in 2102Ep Cells

The first candidate for silencing in 2102Ep cells was S0X2. 2102Ep cells are resistant to  ATRA- 

induced d ifferentiation . One of the aims of this study was to find novel m ethods to  induce 

differentiation  in 2102Ep cells. For first step to investigate this, S0X2, as a crucial stem cell 

m arker, was selected for RNAi-induced silencing in 2102Ep cells w ith the aim of inducing 

spontaneous d ifferentiation. For this, S0X2 was silenced w ith  10 nM  siS0X2 in 2102Ep cells on 6- 

well plates using th e  protocol described in Section 4 .3 .3 .1 . A fter transfection the  cells w ere  

incubated fo r th ree days.

4.4.2.1 — Phenotypic Analysis

During transfection changes in cell morphology w ere registered by photographing the cells under 

a light microscope. The images in Figure 4 .6  w ere taken at three days post-transfection. The 

siS0X2 transfected 2102Ep cells showed a very distinct m orphology from  the cells transfected  

w ith  ssNC#l. The cells had a fla tte r and larger appearance. The cells w ere also m ore  

hom ogenously spread around the  plate, which differed from  the ir normal appearance as densely 

packed colonies. The cells w ere quite similar in appearance to d ifferentiating NTera-2 cells.
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Figure 4 .6 — Microscopic images of 2102Ep cells transfected w ith  siSOX2 and ssNC#l. A dramatic  
morphological change can be seen for cells transfected with siS0X2 (A and C) compared to  those 
transfected with ssNC#l (B and D). The cells became flatter, enlarged and less dense. Images taken at 
SOX (A and B) and 320X (C and D) The red border indicates similar areas of similar size.

4 .4 .2 .2  — Gene Expression Analysis

Gene expression of pluripotency markers, S0X2, 0C T4 and NANOG, was measured and is shown 

in Figure 4.7. S0X2 silencing resulted in a significant suppression o f all th ree markers. As 

expected, S0X2 saw the highest dow nregulation, w ith  only 8% rem aining expression com pared to  

the  cells transfected w ith ssNC#l. NANOG and OCT expression was at 35% and 51% respectively. 

Unexpectedly, when com pared to the ssN C#l-transfected cells and the  vehicle control, NANOG  

expression was significantly low er in the non-transfected control cells (P = 0 .0418), although this 

is not as substantial as the dow nregulation m easured in the  siS0X2 transfected cells. In addition, 

w hen these tw o la tter controls are com pared, NANOG expression in siS0X2 transfected cells is 

significantly dow nregulated (P = 0.0193).

D ifferentiation m arker expression showed in Figure 4 .8  indicated a significant 4.2-fo ld  

upregulation of N C A M l and a significant 109.3-fo ld  upregulation o f GATA6 expression in siS0X2 

transfected 2102Ep cells. Conversely, E N 03 is significantly dow nregulated by 40% . Unusually, 

N C A M l and EN 03 expression is significantly dow nregulated in the  non-transfected controls
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com pared to the ssN C#l-transfected cells (P = 0 .0260  and P = 0 .0259). Together, all results and 

observations nnade suggest strongly that spontaneous differentiation was occurring in 2102Ep  

cells. GATA6, as a trophectodernnal and endoderm al m arker, is highly upregulated, suggesting the  

cells w ere d ifferentiating  towards these derm al phenotypes. This agrees w ith  previous research 

w hich shows 2102Ep differentiation towards trophectoderm al cell lineages upon the  silencing o f 
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Figure 4.7—Sternness marker expression in 2102Ep cells transfected with siS0X2. 0CT4, S0X2 and 
NANOG all significantly downregulated in siS0X2 transfected cells connpared to  ssNC#l-transfected 
cells (P = 0.0173, P < 0.0001 and P = 0.0111 respectively). The expression in the  ssNC#l samples was 
set at 100%. All experiments were performed in biological trip licate  and the values shown is mean 
relative expression o f these triplicates ± SD. A t-test was used to  compare sample means.
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Figure 4.8—Differentiation Marker Expression in siS0X2 transfected 2102Ep cells. EN03 is 
significantly downregulated in siS0X2 transfected cells compared to ssNC#l-transfected cells (P = 
0.0326). Conversely, NCAMl and GATA6 are significantly upregulated (P = 0.0010 and P = 0.0007 
respectively). The expression in the ssNC#l samples was set at 100%. All experiments were 
performed In biological triplicate and the values shown are the mean expression of these triplicates ± 
SD. A t-test was used to compare sample means.
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4 .4 .2 3  — Assessing Differentiation with an All<aline Phosphatase Assay

U ndifferentiated ESCs and ECCs highly express cell surface APs, which are reduced upon 

differentiation  o f these c e l l s . B o t h  2102Ep and NTera-2 cells highly express cell surface APs and 

in NTera-2 cells, the expression o f these is reduced upon retinoic acid-induced  

d i f f e r e n t i a t i o n . T h e  enzymatic activity o f AP can be measured with enzym atic assays which 

can stain cells w ith  high cell surface AP expression, as described in Section 2 .1 .9 . In addition to  

measuring mRNA expression of pluripotency and d ifferentiation  markers, as described in the  

previous Sections, S0X2-silenced 2102Ep cells w ere also subjected to an AP staining assay. This 

was perform ed for tw o tim e points: four and 7 days a fte r the transfection o f S 0X2 siRNA. 

Transfections w ere perform ed on 24-w ell plates as described in Section 2 .2 .2 .5  and the AP 

staining assay was perform ed by Section 2.1 .9  a fte r initial optim isation. AP staining o f 2102Ep  

cells fo r four and 7 days is shown in Figure 4.9. A fter four and 7 days, AP expression was notably  

reduced in cells transfected w ith siS0X2, although it was not com pletely gone. An aberrant 

differentiation  program prevents 2102Ep cells to  com pletely d ifferen tia te , which could prevent 

the com plete loss of AP expression. Alternatively, the  4 -7  day period could be too  short to  allow  

fo r substantial cell surface AP loss.^ '̂^^® As a comparison, NTera-2 cells exposed to  10'^ m M  ATRA 

showed an apparent com plete loss o f cell surface AP a fte r four days as detected w ith  the  same AP 

assay solution. These results are shown in Figure 4.10.
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Figure 4.9—Staining of AP on 2102Ep cells transfected with siSOXZ and ssNC#l and incubated for 
four and 7 days. AP expression was visibly reduced by S0X2 silencing, as can be seen by a reduced red 
staining in cells transfected w ith  siS0X2 (A and C). Comparatively, regions o f intense red staining was 
seen in particular ceil colonies in samples transfected w ith  ssNC#l (B and D). Red arrows indicate 
examples o f observations described. Images were taken at lOOX magnification.
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Figure 4.10—Staining of AP on NTera-2 cells exposed to 10  ̂mM ATRA for four days. Cells exposed to 
ATRA lost AP expression as marked by a complete loss o f red staining (A). Samples left in grow th 
medium retained an Intense red staining indicating substantial expression o f AP in undifferentiated 
cells (B). Red arrows indicate examples o f observations described. Images were taken at lOOX 
magnification.

182 , Chapter Four — Induced Silencing o1 Cones in /  l02Ep and NTera-2 Cells



4.4.3 — Functional Silencing of SOX2 in NTera-2 Cells

Functional silencing of S0X2 in NTera-2 cells was perform ed after the optim isation of GAPDH 

l<nock-down (see Section 4 .3 .2 ). In trip licate, 30 nM  S0X2 siRNA was transfected into the cells on 

6-w ell plates w ith  the  m ethod described in Section 4 .3 .3 .1 . For ssNC#l samples, 30 nM  ssNC#l 

was similarly transfected and vehicle and non-transfected controls w ere included.

4 .4 .3 .1  —  P h en o typ ic  A nalysis

During transfection changes in cell m orphology w ere  registered by photographing the cells under 

a light microscope. The images in the first row Figure 4 .11  w ere taken at th ree days post

transfection. This showed little morphological change in the siS0X2-transfected cells com pared to  

the negative controls. Possibly, the  morphological effects w ere hidden by the high density o f the  

cells. The experim ent was repeated and the post-transfection incubation tim e was extended to  6 

days, w ith a cell split a fte r three days. The difference in cell morphology was greatest at four days, 

when cell confluency was still relatively low. The images in the first and second row of Figure 4.11  

clearly showed a dispersion of the  cells and a flattened and enlarged morphology w ith  multiple  

branching projections, com pared to  the small, dense and uniform m orphology of the negative 

controls.
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Figure 4.11—Microscopic images of NTera-2 cells transfected with siS0X2 and ssNC#l. Differences 
in cell morphology were hard to  identify after three days due to  high cell density (A and B). A fter a 
cell passage, a fla tte r and enlarge morphology was clearly seen at fou r dayas post-transfection (C and 
D). This is more visible at higher magnification (E and F). Images taken at SOX (A, B, C and D) and 320X 
(E and F). The red border indicates sim ilar areas o f sim ilar size.
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4 .4 3 .2  — Gene Expression Analysis

The gene expression of the pluripotency markers, S0X2, 0CT4 and NANOG, was analysed, as by 

the method in Section 4.3.2.2. The expression of these were measured at three and 6 days after 

transfection of siS0X2. The results of these are listed in Figure 4.12. These show that S0X2 is 

significantly downregulated by 51% by siS0X2. NANOG was significantly downregulated by 73%, 

but 0CT4 expression was not reduced significantly. These results were unexpected, as 51% S0X2 

knock-down was considered quite inefficient. An additional optimisation step with 5, 10 and 15 

nM siRNA concentrations did not improve S0X2 knock-down, as is shown in Figure 4.13. An siRNA 

concentration of more than 30 nM resulted in an unacceptable degree of cytotoxicity (data not 

shown). 0CT4 expression did not respond to S0X2 downregulation after three days, but because 

NANOG expression was substantially reduced, it was thought that a degree of differentiation 

might be occurring. To test whether siS0X2 transfection could indeed result in the significant 

downregulation of pluripotency factors, the post-transfection incubation time was extended to 6 

days. The results from this, shown in Figure 4.14, clearly showed a significant and substantial 

downregulation of all three pluripotency markers, particularly S0X2 and NANOG, which were 

almost completely silenced.
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Figure 4 .12— Pluripotency m arker expression in NTera-2 cells three days after transfection w ith  30 

nM  siS0X2. S0X2 and NANOG expression were significantly lower in siS0X2 transfected cells 
compared to the ssNC#l-transfected cells (P = 0.0252 and P = 0.0102 respectively). The expression in 
the ssNC#l samples was set at 100%. All experiments were performed in biological triplicate and the 
values shown are the mean expression of these triplicates ± SD. A t-test was used to compare sample 
means.
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Figure 4.13—S0X2 expression in NTera-2 cells transfected with 5, 10 and 15 nM siS0X2. S0X2 
expression was significantly lower in cells transfected with 5 and 15 nM slS0X2 compared to the 
ssNC#l-transfected cells (P = 0.0121 and P = 0.0234 respectively). The expression in the ssNC#l 
samples was set at 100%. All experiments were performed in biological triplicate and the values 
shown are the mean expression of these triplicates ± SD. A t-test was used to compare sample 
means.
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Figure 4.14—Pluripotency marker expression in NTera-2 cells at 6 days after transfection with 30 
nM siS0X2. S0X2, 0CT4 and NANOG expression were significantly lower in siS0X2 transfected cells 
compared to the ssNC#l-transfected cells (P < 0.0001, P = 0.0446 and P = 0.0008 respectively). The 
expression in the ssNC#l samples was set at 100%. All experiments were performed in biological 
triplicate and the values shown are the mean expression of these triplicates ± SD. A t-test was used to 
compare sample means.
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4.4.3.3 — Assessing Differentiation with an Alkaline Phosphatase Assay

Similarly to 2102Ep cells, cell surface AP expression was measured on NTera-2 cells using the  

protocol from  Section 2.1.9. The results, shown in Figure 4 .15 , indicate a strong reduction o f cell 

surface AP expression. W hen com pared to AP reduction in NTera-2 cells exposed to 10'^ m M  

ATRA, as shown in Figure 4 .10 , the reduction is less. How ever, the siS0X2-transfected culture is 

denser, suggesting that this m ight participate com paratively in m ore intense AP staining.
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Figure 4 .15— Staining of AP on NTera-2 cells transfected w ith  slS0X2 and ssNC#l and Incubated for 
four days. AP expression was visibly reduced by S0X2 silencing, as can be seen by a reduced red 
staining in cells transfected with siS0X2 (A), compared to cells transfected with ssNC#l, which showed 
intense staining (B). Red arrows indicate examples of observations described. Images were taken at 
lOOX magnification.
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4.4.4 — Functional Silencing of Five Genes in 2102Ep

The aim o f this chapter was to  find novel genes which play a role in the d ifferen tia tion  of 

em bryonal carcinoma cells. The goal was to find targets and pathways which could potentia lly  be 

unique to the differentiation o f these cells and which would be distinguished from  the  

differentiation o f hESC, w ith th e  intention to find unique genes which potentially p rom ote the  

aberrant behaviour o f CSCs.

Previous studies in the laboratory produced w hole-genom e expression data a fte r th ree days of 

the  ATRA-induced d ifferentiation  of NTera-2 cells. In NTera-2 cells, 454  genes w ere  significantly 

dow nregulated and 312 genes w ere  upregulated by a fold change of >2. The list o f top  

dow nregulated genes w ere ranked by decreasing fold-change and the list was filtered  by a set of 

criteria:

1. Genes which w ere com m on hESC markers according to Cai e t al. w ere  excluded.

2. Genes which w ere dow nregulated in 1-6 and BGOl hESC.^°

3. Genes w ith  no known o ther previously validated function in hESC or ECC stemness.

4. Silencer Select™ and prim ary antibodies w ere available fo r these genes.

The initial experim ent design targeted  approxim ately 100 candidate genes fo r silencing with  

siRNA on 96-w ell plates on a high-throughput scale. An AP assay stain, as used in Section 4 .4 .2 .3 , 

was intended to be used to  assess the induction o f cell d ifferentiation. It was prohibitively difficult 

to  detect a sufficient difference in AP colouration betw een differentiated  and undifferentiated  

2102Ep and NTera-2 cells a fter th ree days of post-transfection incubation. A sufficient contrast in 

AP staining was detected a fter four days o f post-transfection incubation, which required splitting 

the cells at th ree  days. This was considered exceedingly difficult to  integrate in a high-throughput 

protocol, w hile assuring consistency. Therefore, a list o f five genes was generated to  be targeted  

fo r RNAi-induced knock-down in both 2102Ep and NTera-2 cells. These genes and th e ir known 

properties and related research can be found in Table 4.9.

Transfections w ere perform ed on 6-w ell plates as described in Section 4 .3 .3 .1 . Cells were  

incubated fo r th ree  days post-transfection during which images w ere taken w ith  a light 

microscope.
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Table 4.9—Previous established functions of the five genes selected for silencing in 2102Ep and 
NTera-2 cells. In addition to functional information, the fold downregulation of these genes in NTera- 
2 cells exposed to 10^ ATRA for three days is denoted.

VSNL1 (103.5-fold)
Neuronal calcium sensor protein. Part of the cAMP-dependent signalling pathway.
An oncogene which is upregulated in high invasive neuroblastonna.''^^
Moderately well expressed in 2102Ep cells and overexpressed compared to NSCs.^®°
Highly expressed in embryonal carcinoma tissue compared to differentiated tissue.'"'^ 
Downregulated in oesophageal tumours.^^
This gene is very stable in three types of differentiating hESCs.'*'"'
Downregulation induces cAMP-dependent differentiation in rat glioma cells.'*^^
Enhances cAMP levels by PKA induction and inhibits squamous carcinoma migration.'’̂ ® 
Also downregulated (1.6-fold) in 2102Ep cells upon RA-induction.

DPPA3  (44.8-fold)
Probably some sort of transcription factor/repressor 
Germ cell marker.
This gene may play a role in transcriptional repression, cell division, and maintenance of cell 
pluripotency.
Highly expressed in 2102Ep cells and extremely overexpressed compared to NSCs.^*°
Involved in embryonal development
Mouse ESCs differentiate into primordial germ cells when this gene is upregulated.''^^ 
Regulated by 0CT4 which targets the genes NANOG locus in mouse oocytes.''^®
Expressed seminoma and breast carcinoma.'*^®
When HUMSCs cells differentiate into germ cells the expression of this gene increases and 
0CT4 decreases.''^

AK4 (AK3L1) (26.7-fold) J l T E S Z l
Probably an adenylate kinase located to the mitochondrial matrix.
Moderately well expressed in 2102Ep cells and downregulated compared to NSCs.^®°
A vulnerable kinase in multiple melanoma.
Overexpressed in late stage lung cancer and it's downregulation inhibits tum our invasion.'’^  

Aberrantly expressed in mouse ESC-cloned blastocysts.
Also downregulated in 2102Ep cells upon RA-induction (1.6-fold).

TMEM46 (SHISA2) (26.0-fold)
Transmembrane protein.
Very low and similarly expressed in 2102Ep compared to NSCs (LOC387914).^®° 
Modulator of FGF and W nt signalling in chick embryo and important in development.^'^'’ 
Suppresses the maturation process of FGF and W nt receptors and contributes to cell 
growth and invasion.''®^
Generally little known about this gene.________________________________ ____

RBM47 (FLJ20273) (15.4-fold)
Moderately low expressed in 2102Ep cells and downregulated compared to NSCs.^®°
Almost nothing known about this gene.
Might play a role in breast cancer.''^®

Down in NCCIT ECCs upon knockdown of 0CT4 (0 ), S0X2 (S) or NANOG (N) according to
Greber et al.̂ ^^__________________________________________________________________________

I Genes highly expressed in Embryonal Carcinoma tissue according to Skotheim et al.'*''^_______
Genes also downregulated in 2102Ep cells. ______
Genes with promoter binding regions for 0CT4 0 ), S0X2 (S) and NANOG (N) according to 
Boyer et a I.”
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4.4.4.1 — Phenotypic Analysis

Images w ere taken at three days post-transfection w ith  a light microscope. These images are 

shown in Figure 4 .16 . 2102Ep cells transfected w ith  siS0X2 showed a clear morphological change, 

from  a small, densely packed and defined phenotype, to m ore fla ttened larger and hom ogenously 

distributed cells. None of the  other functionally transfected cells showed a sim ilar morphology, 

how ever cell densities did d iffer suggesting differences in cell pro liferation. A reduction in 

proliferation was observed in cells transfected w ith siDPPA3 and an increase in density was 

observed in cells transfected w ith  VSN Ll. Cell density is som ew hat d ifficult to  see in the  images 

due to heterogeneous distribution of the cells in the well.
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Figure 4.16—Images of 2102Ep cells after 
transfection of siRNA targeting five genes followed 
by a 3-day incubation. Although visual differences in 
cell morphology and density were detected among 
samples functionally transfected with siRNAs, when 
compared to those transfected with ssNC#l, none 
showed a conclusive resemblance w ith cells 
transfected with siS0X2. The red arrow designates a 
typical example of a differentiating 2102Ep cell. 
Images taken at lOOX magnification and digitally 
magnified.
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4 .4 .4 .2  — Gene Expression Analysis

Analysis o f gene expression in 2102Ep cells was perform ed w ith  the m ethod in Section 4 .3 .3 .2 . 

The expression o f the five genes selected fo r silencing is displayed in Figure 4.17.

W hen com pared to  the  ssN C#l-transfected 2102Ep cells, significant target gene knock-down was 

achieved w ith  77-85%  efficiency in all cells except in those transfected w ith  siRBM47. RBM47 has 

very recently been validated and no functional studies have been perform ed w ith  it. The siRNA 

targeting this gene was not validated and no knock-down was reported. DPPA3, SHISA2, AK3L1 

and VSNLl w ere  significantly dow nregulated in siS0X2 transfected cells by 32-4-%  (P = 0 .0366 , P = 

0 .0393 , P = 0 .0003  and P = 0 .0053  respectively). Additionally, SHISA2 in non-transfected controls 

was 2-fold upregulated com pared to  ssNC#l-transfected cells (P = 0 .0393). This suggests a 

negative effect on the  expression of this gene due to the transfection process. The expression of 

the five genes in the non-transfected controls ranked relative to each o ther can be found in Figure 

4.18.
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Figure 4.17—Gene expression in 2102Ep cells after transfection of siDPPA3, siSHISA2, siRBM47, 
siAK3Ll and siVSNLl. In all functionally transfected samples, except siRBM47 transfected cells, gene 
knockdown was achieved with a significant margin when compared to the ssNC#l-transfected cells 
(siDPPA3: P = 0.0007, siSHISA2: P = 0.0149, siRBM47: P = 0.8548, siAK3Ll: P < 0.0001 and siVSNLl: P < 
0.0001). The expression in the ssNC#l samples was set at 100%. In addition, the expression of each 
gene was measured in cells differentiated by siS0X2 knock-down. Compared to ssNC#l-transfected 
cells, all genes, except RBM47, were significantly downregulated (siDPPA3: P = 0.0366, siSHISA2: P = 
0.0393, siRBM47: P = 0.4424, siAK3Ll: P = 0.0003 and siVSNLl: P = 0.0053). All experiments were 
performed in biological triplicate and the values shown are the mean expression of these triplicates ± 
SD. A t-test was used to compare sample means.
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Figure 4.18—Relative expression of DPPA3, SHISA2, RBM47, AK3L1 and VSNLl in undifferentiated 
2102Ep cells. RBM47 Expression was set at 1 and the expression o f all other genes were calculated 
relative to  this. All experiments were performed in biological trip licate  and the values shown are the 
mean expression o f these triplicates ± SD.

4 .4 .4 .3  — Protein Expression Analysis

To confirm siRNA-induced downregulation at the protein level. W estern blots were optimised and 

conducted for the downregulated genes. Primary anti-bodies for RBM47 w ere tested at multiple 

concentrations, however the extensive presence of non-specific binding could not yield conclusive 

results. As knock-down of this gene was unsuccessful, fu rther experim entation with this gene was 

abandoned. W estern blots on DPPA3, SHISA2, AK3L1 and VSNLl w ere perform ed by the protocol 

used in Section 4 .3 .3 .3 . For DPPA3 an inhibition peptide was used to  determ ine band size. Results 

can be found in Figure 4.19. Downregulation of protein matches the downregulation of mRNA 

expression in all functionally transfected samples. For DPPA3, the inhibition peptide prevented  

antibody binding at 28 kDa and 18 kDa bands. The predicted m olecular weight of the protein  

(Q6W 0C5, UniProtKB/Swiss-Prot) is 17.9 kDa and no reported isoforms exist o f this gene.'*^® After 

performing a protein sequence alignm ent (blastp, BLAST®, NCBI), the highest scoring sequence 

was for hCG1987838 (accession number: EAW 54683), isoform CRA_a, a predicted protein with a 

predicted molecular w eight of 27.4 kDa.^^® This protein could account fo r the band at 28kDa due 

to the high sequence coverage of 98% (E-value = 6 ■ 10'^°®) and similar band size. The closest 

validated gene is FAM 156A (accession number: NP_054857), which has a sequence coverage of 

87% (E-value = 4 • 10 '’) and a molecular weight of 24.4 kDa. SHISA2 and RBM47 protein expression
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could not be measured due to  the  extrem e lack o f specific ity o f prim ary antibodies used (not 

shown), despite the  extensive op tim isa tion  w ith  m u ltip le  com m ercia lly available antibody types.

+DC NTC VC -ve +ve

 DPPA3

 GAPDH

+DC NTC VC -ve +ve

^  AK3L1

^ ^ -----GAPDH

+DC NTC VC -ve +ve

 VSNL1

 GAPDH

2102Ep CM 2102Ep CM

- ^ 4 7  kOa

28 kOa

18 kOa”

anti-DPPA3 anti-DPPA3
-I- Inhibition Peptide

Figure 4.19—Western blots of silenced genes in 2102Ep cells. Protein from positive 
controls (+ve), ssNC#l samples (-ve), vehicle controls (VC) and non-transfected 
controls (NTC) included. Also included were siS0X2-transfected samples as a 
differentiation control (+DC). The bottom image depicts blots incubated with and 
w ithout a anti-DPPA3 inhibition peptide. For this protein from undifferentiated 2102Ep 
cells was used (2102Ep). The colour marker is also included (CM).
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4.4.4.4 — Expression Analysis o f Pluripotency Markers

For all samples pluripotency marker expression was measured to assess whether pluripotency 

was reduced and differentiation perhaps occurred. This was performed in a similar manner to 

Section 4.4.4.2 with the method described in Section 4.3.3.2. Results are displayed in Figure 4.20.

The results show no signficant deacrease in stemness marker expression in 2102Ep cells by the 

silencing of any of the succesfully targeted genes. Conversely, siAK3Ll transfected cells show a 

significant 1.21-fold increase in S0X2 expression and siVSNLl transfected cells show a significant 

increase in S0X2 and NANOG by 1.3 and 1.8-fold. The differentiation control, siS0X2 transfected 

cells show a significant decrease of S0X2 and NANOG expression, but unusually, 0CT4 expression 

remains unchanged.
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Figure 4 .2 0— Stemness m arker expression in 2102Ep cells transfected w ith  six siRNA. When  
compared to  ssNC#l-transfected 2102Ep cells, cells transfected with siVSNLl showed a significant 
Increase in S0X2 and NANOG expression (P = 0.0149 and P = 0.0007 respectively). Cells transfected 
with sIDPPAS, siSHISA2 or siAK3Ll did not show a significant change in stemness marker expression. 
siS0X2 transfected cells show a significant decrease in S0X2 and NANOG expression (P = 0.0002 and 

P = 0.0230 respectively). The expression in the ssNC#l samples was set at 100%. All experiments 
were performed in biological triplicate and the values shown are the mean expression of these 
triplicates ± SD. A t-test was used to compare sample means.
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4 .4 .4 .5  —  A lkaline  Phosphatase Assay

The enzym atic staining o f AP was perform ed on all experim ental and control samples in a similar 

m anner to th a t described in Section 4 .4 .4 .5 . The protocol fo r this procedure can be found in 

Section 2.1 .9 . All cells w ere split on day th ree post-transfection to provide a suitable confluency 

for the AP staining m ethod, which was perform ed on day four. Com pared to  the  negative 

controls, AP staining was not visibly reduced in 2102Ep cells transfected w ith  siDPPS, siSHISA2, 

siRBM47, siAKSLl and siVDSNLl as shown in Figure 4.21. A reduction o f stain was seen in siS0X2- 

transfected cells, which coincides w ith  similar results in Section 4 .4 .2 .3  and indicates th a t a 

degree of cell d ifferen tia tion  is taking place.
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4

siS0X2 Figure 4.21—Staining of AP on 2102Ep cells 
transfected with specific siRNA and untransfected 
cells. AP staining was performed 4 days after 
transfection and 1 day after cell passage. No 
difference in red AP staining was seen between the 
functionally transfected samples compared to 
negative controls (ssNC#l, Vehicle Control and 
Non-transfected control), with the exception of 
siS0X2-transfected cells which showed decreased 
stain as typified by the region within the red box. 
Images were taken at lOOX magnification.
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4 .4 .4 .6  — Assessing Cell Viability

Analysis o f cell viability in 2102Ep cells was perform ed four days post-transfection. The most 

reliable period fo r testing cell viability is during logarithmic grow/th, before the cells reach 

confluency. At th ree  days post-transfection 2102Ep and NTera-2 cells reach confluency, 

complicating accurate cell viability measuring. To resolve this issue, it was decided that cell 

viability would be tested at four days post-transfection w ith an interm ediate split a fter th ree days 

to provide the cells w ith  a confluency that facilitated logarithmic growth. To overcom e the  

difficulties o f splitting cells in small wells, they w ere seeded and transfected on 24-w ell plates (in 

trip licate) as described in Section 2 .2 .2 .5 . As cell splitting could result in an uneven distribution o f 

cells relative to o ther samples, such as negative controls, the all cells w ere replated among tw o  

wells during splitting. For the m easurem ent o f 2102Ep cell viability, the  MTT-based cell viability 

assay was perform ed on 24-w ell plates as described in Section 2.1.8. To measure the absorbance 

of the resultant form azan solution a fte r the assay was applied, 100 |il aliquots from  each well was 

transferred to th ree wells on a 96-w ell plate and scanned with the plate reader as used in the  

protocol. This m ethod provided 2 x 6  technical replicates per original sample and 36 replicates for 

each control group, when biological triplicates w ere tested. The results are displayed in Figure 

4.22. W hen com pared to the ssNC#l-transfected cells (ssNC#l), these showed that cell viability 

was not significantly low er in any of the cells w ith  a specifically silenced gene. Unexpectedly, this 

also holds true fo r S0X2-silenced cells. As the ssNC#l-transfected cells have quite high error, the  

cell viability o f all samples was also com pared to the vehicle control. Again, here no significant 

difference could be found.
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Figure 4.22—Cell viability of 2102Ep cells four days after specific gene silencing. No significant 
difference in cell viability could be found fo r experimental and control samples compared w ith the 
ssNC#l-transfected cells. When compared to  the vehicle control, none o f the samples were 
significantly d iffe ren t either. The cell viability o f the ssNC#l-transfected cells was set at 100%. All 
experiments were performed in biological trip lica te  and the values shown are the mean cell v iability 
o f these triplicates + SD. A t-tes t was used to  compare sample means.
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4.4.5 — Functional Silencing of Five Genes in NTera-2 Cells

To investigate the  relevance of DPPA3, SHISA2, RBM47, AK3L1 and VSNLl to  NTera-2 stem cell 

m aintenance, these genes w ere silenced during an experim ent similar to  and sim ultaneous w ith  

the  five gene knock-down in 2102Ep cells (see Section 4 .4 .2 .3 ). For this experim ent the cells w ere  

incubated th ree a fte r transfection, subsequently split 1:2 as described in Section 2.1 .5  and 

incubated fo r another th ree days to  a total o f 6 days of post-transfection incubation as a 

comparison. The rest o f the cells w ere washed in IX  PBS, pelleted and stored at -80°C. The aim of 

the  6-day incubation was to  determ ine w hether longer term  knock-down had any phenotypic  

effect on hECCs, which would otherwise possibly be missed at th ree days.

4.4.5.1 — Phenotypic Analysis

Images w ere taken at four and 6 days w ith  a light microscope. Images from  cells grown for four 

days post-transfection are shown to visualise cell m orphology and grow th, while avoiding  

m isrepresentation due to high confluence. In Figure 4 .23 , which showed cells incubated fo r four 

days post-transfection, low er cell density was observed in cells transfected w ith  siDPPA3 when  

com pared to those transfected w ith ssNC#l. Interestingly, siAK3Ll and siVSNLl transfected cells 

appeared to have a higher density than the negative controls. At 6 days, as shown in Figure 4.24, 

these differences in density seemed to persist, how ever this was harder to  directly see due to  

high confluence in all wells. Little difference in morphology was observed fo r all transfected  

N Tera-2 cells, while cells exposed to  10'^ )iM  ATRA w ere visibly d ifferentiating. Similar 

observations w ere m ade at th ree days post-transfection, although an assessment was 

com plicated due to the high confluency of the cells.
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Figure 4.23—Morphology of NTera-2 cells 
transfected with siRNA targeting the five genes and 
incubated for four days. Although visual differences 
in cell morphology and density were detected 
among samples functionally transfected with 
siRNAs, when compared to those transfected with 
ssNC#l, none showed a conclusive resemblance 
w ith cells exposed to ATRA. The red arrow 
designates a typical example of a differentiating 
NTera-2 cell. Images taken at lOOX magnification 
and digitally magnified.



Figure 4.24—Morphology of NTera-2 cells 
transfected with siRNA targeting the five genes and 
incubated for 6 days. Although visual differences in 
cell morphology and density were detected among 
samples functionally transfected with siRNAs, when 
compared to those transfected with ssNC#l, none 
showed a conclusive resemblance with cells exposed 
to ATRA. The red arrow designates a typical example 
of a differentiating NTera-2 cell, which begins to 
show profjectlon formation. Images taken at SOX 
magnification and digitally magnified.



4 .4 .5 .2  — Gene Expression Analysis

Gene expression analysis was perform ed as described in Section 4 .3 .3 .2 . The expression o f the  

DPPA3, SHISA2, RBM47, AK3L1 and VSN Ll th ree and 6 days after siRNA transfection is displayed 

in Figure 4 .25 .

W ith  the exception o f RBM47, three days post-transfection the  expression o f functionally silenced 

genes w ere  significantly lower with knock-down o f approxim ately 77-94% . As in 2102Ep cells, 

RBM47 siRNA was ineffective for the silencing of this gene. A fter 6 days DPPA3 and VSN Ll w ere  

still substantially and significantly dow nregulated by 71% and 90% respectively, how ever AK3L1 

regained expression and was significantly dow nregulated by 40% com pared to  the ssNC#l 

samples. SHISA2 regained full expression. 10’  ̂ |iM  ATRA significantly dow nregulated all genes at 

th ree  days by 60-98% , and rem ained low except fo r SHISA2 which regained full expression. The 

expression of the  five genes in the non-transfected controls ranked relative to each o ther can be 

found in Figure 4.26. Interestingly, DPPA3 expression was significantly low er in NTera-2 cells than  

in 2102Ep cells relative to the o ther genes expressed in the  cells, but also in estim ated absolute  

values. DPPA3 expression relative to GAPDH was approxim ately 17-fold higher in undifferentiated  

2102Ep cells com pared to  undifferentiated NTera-2 cells(data not shown).
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Figure 4.25—Gene expression in NTera-2 cells after transfection of siDPPA3, siSHISAZ, slRBM47, 
siAK3Ll and siVSNLl. W ith the exception o f RBM47, at three days post-transfection all genes were 
significantly downregulated in functionally transfected cells compared w ith  those transfected w ith 
ssNC#l (DPPA3: P = 0.0005, SHISA2: P = 0.0114, RBM47: P = 0.9134, AK3L1: P = 0.0006 and VSNLl: P 
< 0.0001). At six days downregulation is significant fo r DPPA3, AK3L1 and VSNLl (P = 0.0013, P = 
0.0336 and P = 0.0007 respectively). All genes are significantly downregulated a fte r a three day 
incubation in 10  ̂ ATRA (DPPA3: P = 0.0002, SHISA2: P = 0.0046, RBM47: P = 0.0008, AK3L1: P = 
0.0005 and VSNLl: P = 0.0001) A t six days, SHISA2 expression recovered to  original levels. The 
expression in the ssNC#l samples was set at 100%. All experiments were perform ed in biological 
trip lica te  and the values shown are the mean expression o f these triplicates ± SD. A t-tes t was used to 
compare sample means.
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Figure 4.26—Relative expression of DPPA3, SHISA2, RBM47, AK3L1 and VSNLl in undifferentiated 
NTera-2 cells. RBM47 Expression was set at 1 and the expression of all other genes were calculated 
relative to this. All experiments were performed in biological triplicate and the values shown are the 
mean expression of these triplicates ± SD.
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4 .4 .5 .3  — Protein Expression Analysis

To confirm siRNA-induced dow nregulation o f the five genes at the protein level, antibodies w ere  

optim ised and protein expression was measured by W estern blot. Similar to 2102Ep experim ents, 

prim ary antibodies fo r RBM47 could not be optim ised to  produce reliable results. DPPA3, SHISA2, 

AK3L1 and VSN Ll protein expression was m easured, using the protocol used in Section 4 .3 .3 .3 . 

Results are shown in Figure 4.27. VSN Ll and AK3L1 protein was visibly silenced. The same DPPA3 

antibody used for 2102Ep cells was optim ised for protein from  NTera-2 cells. In line w ith  mRNA  

expression results, protein expression of DPPA3 was much low er in NTera-2 cells com pared to  

2102Ep cells. U nfortunately, a visible blot of DPPA3 could not be produced. A 28 kDa band, 

possibly hCG 1987838 isoform CRA_a, did appear and its expression was blocked by the inhibition  

peptide as shown in the bottom  image of Figure 4.27.
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  ^ ----- AK3L1
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VSNL1 

GAPDH

NTera-2 CM NTera-2 CM
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anti-DPPA3 anti-DPPA3
+ Inhibition Peptide

Figure 4.27—Western blots of silenced genes in NTera-2 cells. Protein from positive 
controls (+ve), ssNC#l-transfected cells (-ve), vehicle controls (VC) and non
transfected controls (NTC) were Included. Also included were ATRA-differentiated 
samples as a differentiation control (+RA). The bottom image depicts blots incubated 
with and w ithout a anti-DPPA3 inhibition peptide. For this, protein from 
undifferentiated NTera-2 cells was used (NTera-2).
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4.4 .5 .4  — Expression Analysis o f Pluripotency Markers

For all samples pluripotency m arker expression was measured to assess w hether pluripotency  

was reduced. This was perform ed in sim ilar m anner to  Section 4 .4 .2 .3  w ith  the m ethod described  

in Section 4 .3 .3 .2 . Results are displayed in Figure 4 .28 .

Although some significant differences in sternness m arker expression reported for functionally  

transfected NTera-2 cells when compared to the  ssN C#l-transfected cells, none w ere substantial. 

A significant 36% dow nregulation o f 0C T4 in siVSNLl transfected cells was reported. This, 

how ever, was not accompanied w ith a sim ultaneous dow nregulation of S0X2 or NANOG and did 

not continue at 6 days post-transfection. S0X2 was 13% upregulated in siAK3Ll transfected cells 

at 6 days, how ever, this was not substantial and probably not biologically relevant. On th e  o ther  

hand, siRBM47 seemingly caused a signficant 30%  increase in NANOG expression at th ree  days 

post-transfection, which increased to  60% overepxression a fter 6 days. For cells incubated in 10'^ 

laM ATRA, 0C T4 and NANOG w ere substantially dow nregulated by 74%  at three days and these  

genes w ere alm ost com pletely silenced at 6 days. S0X2 expression, on the  o ther hand, 

experienced no significant change at th ree days and was 10% dow nregulated at 6 days.
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Figure 4.28—Sternness Marker expression in functionally transfected NTera-2 cells three and six 
days post-transfection. At three days 0CT4 was significantly downregulated by 38% in siVSNLl 
transfected cells when compared to  ssNC#l-transfected cells (P = 0.0253). 0CT4 expression did not 
significantly change a fte r 6 days. S0X2 was slightly, but significantly upregulated in siRBM47 and 
SIAK3L1 transfected cells, as was NANOG in siRBM47 transfected cells at both three and 6 days. 0CT4 
was significantly downregulated in cells incubated in 10^ ATRA at both tim e points (3 days: P = 
0.0039 and 6 days: P = 0.0042). NANOG is significantly downregulated in the same cells at both tim e 
points (3 days: P = 0.0016 and P < 0.0001), however S0X2 is only significantly downregulated by an 
insubstantial 11% at 6 days (P = 0.02). The expression in the ssNC#l samples was set at 100%. All 
experiments were perform ed in biological trip lica te  and the values shown are the  mean expression of 
these trip licates ± SD. A t-test was used to  compare sample means.
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4.4 .5 .5  — Alkaline Phosphatase Assay

The enzym atic staining of cell surface AP was perform ed on all cell samples at four days post

transfection in a similar m anner as was perform ed in Section 4 .4 .4 .5 . As w ith  2102Ep cells, the  

NTera-2 cells w ere split th ree days a fte r transfection and left to  adhere for one day before the AP 

staining assay was applied. The protocol fo r AP staining can be found in Section 2 .1 .9 . As can be 

seen in Figure 4 .29 , little reduction o f cell surface AP expression is observed on cells transfected  

w ith specific siRNA, com pared to  the negative control samples. For cells th a t have been exposed 

to  10'^ ATRA, AP expression is visibly elim inated.
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Vehicle Control Non-transfected Control

+ATRA Figure 4.29—Staining of AP on NTera-2 cells 
transfected with specific siRNA and untransfected 
cells. AP staining was performed 4 days after 
transfection and 1 day after cell splitting. No 
functionally transfected samples demonstrated a 
reduction of red AP staining compared to the 
negative controls (ssNC#l, Vehicle Control and 
Non-transfected Control). Comparatively, the red 
arrow denotes a typical example of an NTera-2 cell 
undergoing ATRA-induced differentiation. Images 
were taken at lOOX magnification.
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4 .4 .5 .6  — Assessing Cell Viability

Cell viability analysis o f NTera-2 cells was perform ed in a sinnilar nnanner to  the m ethod used in 

Section 4 .4 .4 .6 . Cell viability was measured at four days a fter cell transfection using the M TT cell 

proliferation assay as described in Section 2.1.8. These experim ents showed no significant 

difference betw een the  functional siRNA-transfected NTera-2 cells and the  negative controls 

(ssN C #l-transfected cells, vehicle controls and non-transfected controls).

100%

Figure 4 .3 0— Cell viability of 2102Ep cells four days a fte r specific gene silencing. Cell viability of 
experimental samples was not significantly different from those transfected w ith ssNC#l. The cell 
viability of the ssNC#l-transfected cells was set at 100%. All experiments w ere performed in 
biological triplicate and the values shown are the mean cell viability of these triplicates ± SD. A t-test 
was used to compare sample means.
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4.5 — Discussion

The p luripotent stem cell phenotype is regulated by a core set of transcription factors, which 

cooperatively integrate in and interact w ith  a large netw ork o f regulatory proteins and non-coding  

genes. This netw ork is responsive to the  intrinsic program of the cell, but it is also crucially 

dependent on extrinsic signals from  a protected m icroenvironm ent, sometimes called the  'stem  

cell niche'.“  The tum ourgenicity o f cells can arise from  a interchange of intrinsic cellular 

alterations (e.g. genom e mutations, chromosom al abnorm alities and epigenetic changes) and 

dynam ic m icroenvironm ental conditions (e.g. hypoxia, acidic stress or the  presence or absence of 

particular extracellular signalling m o l e c u l e s ) . A s  described in Chapter 1, it is believed 

th a t these alterations give rise to a population o f cells w ith an aberrant stem cell-like phenotype  

that prom otes the  overall tum ourgenicity, proliferation and m aintenance of cancer. A substantial 

am ount o f e ffo rt is invested to find ways to rem ove this phenotype from  cancer cells in a m anner 

that is least impacting to  normal cell homeostasis. M any approaches, aimed to target the  intrinsic 

and external factors are continually suggested and some have been im plem ented w ith  varied 

success (see Section 1.4 for m ore details on this). This is difficult because of the  plastic and 

adaptable nature o f the stem cell phenotype, but also because of the sim ilarity o f stem cell-like 

cancer cells to  norm al, non-cancerous (stem) cells.

One o f the approaches, adopted by some laboratories, is the  targeting o f genes believed to be 

responsible fo r contributing to stemness in cancer, ideally w ithout affecting the  function of 

norm al cells. This approach is discussed in the  introduction o f this chapter and the work  

perform ed in this chapter aim ed to  contribute to  this research by selecting gene targets which 

could potentially have a role in maintaining the stem cell phenotype of em bryonal carcinoma. The 

im portance o f these genes for hECC stemness was tested by silencing them  in 2102Ep and NTera- 

2 cells w ith the  aim to induce differentiation in these cells. Five o f these targets w ere selected on 

the basis of th e ir high expression change during early ATRA-induced d ifferentiation  o f NTera-2 

cells, as perform ed by a previous study from  this laboratory. The aim was to find genes th a t can 

possibly d ifferen tia te  hECCs exclusively, with a low hypothesised chance of affecting th e ir non- 

m alignant counterparts, hESCs. In addition to this, S0X2, a crucial pluripotency m arker, was 

silenced in the apparently nullipotent and retinoic acid resistant 2102Ep cells to  assess the ir  

capacity to  d ifferen tia te  and to test w hether the m ethod o f gene silencing used could indeed be 

used to perform  this in this cell line, but also to search for novel findings associated w ith  S0X2 

function in ECCs.
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4.5.1 — Successful Establishment of a Laboratory Protocol for Transient Gene Silencing 

in 2102Ep and NTera-2 Cell Lines

The silencing of genes in 2102Ep and NTera-2 cells was conducted by RNAi, w ith  m anufacturer- 

designed, propriety siRNAs from  Am bion, which w ere delivered into the cells by cationic lipid 

transfection. Prior to experim ental silencing o f genes, siRNA delivery and gene silencing was  

optim ised for 2102Ep and NTera-2 cell lines. W ith  the transfection agent, Lipofectamine™  2000, 

transfection of siRNAs into the  2102Ep cells was optimised w ith  an siRNA against S0X2. In NTera-2  

cells, gene silencing optim isation was carried out together w ith fe llow  student, Salah ElBaruni, 

and optim isation was perform ed w ith  an siRNA against GAPDH, delivered by the  transfection  

agent, Lipofectamine™ RNAiMAX™.

A fter optim isation w ith various transfection agent and siRNA concentrations, successful and 

effic ient gene knock-down was achieved w ith little rem aining expression of th e  transfection  

optim isation control genes rem ained when com pared to the non-targeting controls (30%  after 24  

hours in 2102Ep cells and 12% a fte r 48 hours in NTera-2 cells). Protein expression, measured for 

only fo r S0X2 in 2102Ep cells, was also reduced beyond detection, while cytotoxicity from  the  

transfection process to  both cell lines was relatively low.

4.5.2 — Experimental Silencing of S0X2 Induces Differentiation in 2102Ep and NTera-2 

Cell Lines

The experim ental silencing of S0X2 in 2102Ep and NTera-2 cells was conducted w ith  the  optim al 

m ethod used fo r siRNA transfection. This resulted in a very strong dow nregulation of S0X2 in 

these cells as can be seen in Sections 4 .4 .2 .2  and 4 .4 .3 .2 . The morphology o f both cell lines 

changed radically and in 2102Ep cells the expression o f 0C T4 and NANOG, besides th a t o f S0X2 

was reduced significantly a fter th ree days. The pluripotency m arker expression pattern  in NTera-2 

cells d iffered from  2102Ep cells. The dow nregulation of S0X2 after th ree days was less strong, but 

the biological significance of its reduction was confirm ed by the substantial reduction o f NANOG 

expression at the same tim e point. Although 0C T4 expression did not significantly change after 

th ree  days, a t six days a fte r siS0X2 transfection it was reduced by m ore than half. This 

observation, together w ith the very low expression of both S0X2 and NANOG at six days, 

confirm ed the functional success o f S0X2 silencing. The discrepancy of S0X2 expression between  

2102Ep and NTera-2 cells at th ree days could be explained by the results from  a previous study 

th a t showed th a t S0X2 expression was approxim ately 11-fold higher in und ifferentiated  NTera-2 

cells com pared to  undifferentiated 2102Ep c e l l s . T h e  effectiveness of S0X2 silencing in NTera-2 

cells could be com paratively affected due to this gene's much higher expression.
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In 2102Ep cells, d ifferentiation  m arker expression was also measured. This showed a substantial 

increase in the expression o f N C A M l and GATA6. These results suggested 2102Ep cell 

d ifferentiation  was possibly occurring tow ards the ectoderm  and endoderm.^®^ Furtherm ore, in 

both cell lines cell surface AP activity was substantially reduced a fte r four days.

Taken together, these results strongly support the hypothesis that S0X2 is crucial to  the  

m aintenance o f the  2102Ep and NTera-2 undifferentiated stem cell state and th a t the  

dow nregulation o f this gene results in the  rapid d ifferentiation o f these hECC lines.

In a previous study, S0X2 was silenced in a d ifferen t hECC line, NCCIT.^^® This study showed that 

the siRNA-induced silencing o f S0X2 resulted, besides the silencing of S0X2 mRNA and protein, 

also in the  almost com plete silencing o f 0C T4 and NANOG mRNA a fte r 2-days in this cell line and a 

com plete silencing o f NANOG protein, w hile 0C T4 protein was partially silenced. S0X2 silencing 

also produced cells w ith  a visibly d ifferen t morphology after 1-2 days in NCCIT cells. Similar 

morphological change was observed in 2102Ep and NTera-2 cells, albeit at later tim e points. Also, 

the transient d ifferentiation  profiles o f pluripotency markers in 2102Ep and NTera-2 cells differed  

w ith th a t o f NCCIT cells and w ith each other. This could indicate that the OCT4/SOX2/NANOG  

pluripotency netw ork is d ifferently  regulated in d ifferent hECC lines. This concept is supported by 

the previously m entioned study, which showed, in a parallel analysis o f the three hECC lines, a 

clear difference betw een the d ifferentiation  states of 2102Ep cells (trophectoderm al 

differentiation), NTera-2 cells (incom plete d ifferentiation) and NCCIT cells (no d ifferentiation) 

upon the  silencing of N A N O G . F u r t h e r  parallel tim e course analyses o f these cell lines could 

elucidate the more detailed differences in the core pluripotency network.

To fu rther elucidate the relevance o f S0X2 fo r 2102Ep and NTera-2 cell function and its 

contribution to the biology of d ifferen t ECC lines and CSCs, the transcriptional netw ork o f these 

gene was analysed in Chapter 5.

4.5.3 — Silencing of Five Selected Genes Did Not Differentiate 2102Ep and NTera-2 Cells

As discussed in Section 1.4, one o f the  obstacles o f CSC-targeted therapy is the common difficulty 

w ith distinguishing the CSC phenotype from  the often similar phenotype o f NSCs. Genes that 

distinguish CSCs from  NSCs are im portant finds, as they can be targeted for therapy. As CSCs of 

teratocarcinom as, ECC lines such as 2102Ep and NTera-2 w ere postulated to  be useful CSC models 

fo r finding CSC-specific genes as potential therapeutic  targets o f d ifferentiation therapy.

Five genes w ere selected fo r induced silencing in undifferentiated 2102Ep and NTera-2 CSC 

models. These genes w ere  DPPA3, SHISA2, RBM47, AK3L1 and VSNLl and w ere chosen on the
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supposition th a t they potentially could be exclusive components of d ifferentiation  program  in 

hECCs. The exclusivity o f these genes as com ponents o f early hECC differentiation  was predicted  

on evidence th a t these genes w ere  not a part o f d ifferentiation o f hESCs. As described in Section  

1.13 and supported by previous research, hECCs, and particularly the 2102Ep cell line, 

phenotypically correspond closely to hESCs, in part because of the high expression o f core 

pluripotency genes in both cell l i n e s . T h e  genes selected for silencing in this chapter w ere  

all highly dow nregulated in NTera-2 cells a fte r three days o f exposure to  10'^ m M  ATRA. These  

genes w ere considered not to  be crucial fo r the  hESC phenotype and did not d ifferentially express 

in tw o  differentiating hESC lines as determ ined by tw o  previous s t u d i e s . I n  2102Ep and 

NTera-2 cells, siRNAs against the  five genes listed was w ere transfected and cells w ere le ft to  

grow fo r th ree days. NTera-2 cells w ere incubated for an additional th ree  days to  observe any 

potential longer term  changes.

2102Ep and NTera-2 cell m orphology was not significantly altered a fte r th ree  days by the  

transfection o f the specific siRNA com pared to  ssNC#l-transfected cells. From the five genes 

tested, four w ere successfully silenced at the mRNA level in both 2102Ep and NTera-2 cells as 

seen in Section 4 .4 .4 .2  and 4 .4 .5 .2  respectively. In NTera-2 cells, the expression of SHISA2 fully  

and AK3L1 partially recovered a fte r six days. At the protein level, AK3L1, VSN Ll and DPPA3 w ere  

proven to  be silenced in 2102Ep cells as shown in Section 4 .4 .4 .3 . In NTera-2 cells, AK3L1 and 

VSN Ll w ere shown to be successfully dow nregulated at the protein level (see Section 4 .4 .5 .3). 

Absolute expression o f DPPA3 has previously been found to be much low er in NTera-2 cells 

com pared to 2102Ep cells, which m ade probing of DPPA3 protein by the applied anti-DPPA3 

antibody prohibitively difficult in NTera-2 c e lls .U n fo r tu n a te ly , at the tim e of this experim ent, 

m ore sensitive antibodies w ere  not available fo r DPPA3. SHISA2 mRNA was substantially knocked 

down in both 2102Ep and NTera-2 cells. How ever, SHISA2 protein could not be measured due to  

irregular and non-specific binding of available antibodies. The siRNA against RBM47 failed to 

silence this gene at the mRNA level in both cell lines, as shown in Sections 4 .4 .4 .2  and 4 .4 .5 .2 . 

RBM47 is the least annotated gene in the set o f genes tested in this experim ent. No functional 

studies could be found for it, thus no previous use of siRNA-m ediated silencing of this gene was 

reported . Unfortunately, the m anufacturer did not provide siRNAs targeting d ifferen t regions of 

the  RBIV147 mRNA, so no fu rther optim isation was perform ed.

The significant and substantial dow nregulation o f all five genes was confirm ed in NTera-2 cells 

exposed to 10'^ m M  ATRA fo r th ree days. W ith  the exception o f SHISA2, the  dow nregulation of 

the  four o ther genes was m aintained at six days. Interestingly, SHISA2 expression was restored 

fully a fte r six days of ATRA exposure. This indicates a tem poral expression mechanism of SHISA2
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during early NTera-2 cell d ifferentiation, which could possibly suggest a specific, transient role 

during d ifferentiation  program. In 2102Ep cells, the silencing o f S0X2 resulted in a partial 

significant dow nregulation o f DPPA3, SHISA2, AK3L1 and VSN Ll. The level o f dow nregulation  

varied betw een 31-60%  and could possibly indicate a direct regulatory relationship betw een the  

pluripotency nnarkers and these genes. RBM47 expression was not affected in 2102Ep cells after 

S0X2 silencing, w hile  it was significantly and substantially dow nregulated in NTera-2 cells exposed 

to  ATRA. This could indicate th a t RBIVI47 regulation m ore closely linked to  the retinoid pathway, 

rather than the core pluripotency network.

As can be seen in Sections 4 .4 .4 .4  and 4 .4 .5 .4 , the knock down o f DPPA3, SHISA2, AK3L1 and 

VSN Ll did not substantially affect pluripotency m arker expression in 2102Ep or NTera-2 cells 

th ree  days a fter transfection. In NTera-2 cells, the transfection o f siRBM47 did seemingly induce a 

60% NANOG overexpression six days a fte r transfection, but as RBIVI47 was not silenced this could 

have been possibly an o ff-target effect from  the siRNA. Cell surface AP expression did not change 

in the experim ental control cells com pared to  the ssNC#l-transsfected cells in e ither cell line.

The cell viability o f 2102Ep and NTera-2 cells was assessed four days a fte r the transfection of 

specific siRNAs (see Sections 4 .4 .4 .6  and 4 .4 .5 .6 ). This did not show any significant difference in 

cell viability in e ither cell line. Unexpectedly, 2102Ep cell viability was not significantly altered four 

days after the  induced silencing o f S0X2. It is possible that S0X2 knock-down does not produce an 

im m ediate effect on cell viability, but that, w hen the cells are given more tim e to  d ifferentiate, 

self-renewal and proliferation reduce. Long-term differentiation experim ents w ith  S0X2 silencing 

in the hECC lines w ere not perform ed for this thesis, but could be an interesting endeavour for 

fu ture  research.

Overall, the lack o f change o f cell phenotype, d ifferential expression of pluripotency markers and 

AP expression in 2102Ep and NTera-2 resulted in the conclusion that DPPA3, SHISA2, AK3L1 and 

VSN Ll w ere not crucial for m aintaining the hEC phenotype. How ever, this verdict is still 

inconclusive for RBM47 and it is possible that w ith successful silencing o f RBM47, this gene might 

still be proven to  have a role in hEC maintenance.

In summary:

The silencing of S0X2 in 2102Ep and NTera-2 cells resulted in the  d ifferentiation of

both.

The silencing of none o f the five selected genes resulted in d ifferentiation.
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CHAPTER FIVE

GLOBAL GENE AND MICRORNA 

EXPRESSION ANALYSIS IN 

EMBRYONAL CARCINOMA



5 — Global Gene and MIcroRNA Expression Analysis in Embryonal 

Carcinoma

5.1 — Introduction

Core pluripotency factors are o f crucial importance to the maintenance o f pluripotency in stem 

cells and ECCs. Arguably, this core consists o f the three transcription factors, 0CT4, S0X2 and 

NAN0G/®'®° This core network has been extensively investigated, and the ir target genes have 

been determined in hESCs and mouse ESCs by ChlP.” '*̂ ® These ChIP studies identified the 0CT4- 

centric module in ESCs, which includes, besides 0CT4, S0X2 and NANOG, also SMADl, STATS and 

TCF3, which are controlled by the upstream pathways effected by BMP, LIF and W nt 

respectively.®® Many other transcription factors are directly linked to  the 0CT4-centric module 

and w ith in  this network, 0CT4 has been proposed as the main anchor point fo r m ultiprotein 

transcription complexes which maintain or transform the p luripotent phenotype o f ESCs and 

ECCs.®° Many of the transcription factors tha t constitute or are linked to core pluripotency 

regulate the ir own expression as the expression o f each other to maintain a balanced expression 

re w r ite .0 C T 4  and S0X2 heterodimerise fo r the transcription o f genes containing c/s-acting 

elements in their prom oter r e g i o n s . W h i l e  0CT4 (and NANOG) are well characterised, the 

functions o f S0X2 have only recently been elucidated. Since the crucial role o f S0X2 in the 

establishment of iPSCs has been defined, the research in the function o f this gene has been 

greatly accelerated.*^ S0X2 is a member o f SRY-related HMG-box (SOX) fam ily o f transcription 

factors. It is believed that one o f the primary functions o f S0X2 in ESCs is to  regulate the 

expression o f 0CT4 and therefore stabilise ESCs in the ir p luripotent state.^“  The loss o f S0X2 

results in the d ifferentiation o f hESCs, indicating it to  be crucial to  the maintenance of the 

undifferentiated state o f these cells. The additional functions o f S0X2 in the CNS and for neural 

development in the embryonic brain have also recently been elucidated.'’ '̂^®^ This shows that the 

expression o f S0X2, as regulated by STATS, is elemental fo r com m itm ent to  the neural progenitor 

cell fate.'*®  ̂ In addition, S0X2 has been detected in adult neural stem cells, indicating important 

functional roles beyond the embryonal state.^®^ It has been shown tha t along w ith  SOXl and 

S0X3, S0X2 maintains neural stem cells in the embryonic and adult brain.'*®'*

A Chip study to detect which genes are bound by S0X2, 0CT4 and NANOG in hESCs showed that 

S0X2 was bound to  the promoters o f 7% o f known protein-coding g e n e s . I n  this study, 

approximately a th ird of these genes were co-occupied by 0CT4 and S0X2, but another th ird o f all 

genes occupied by S0X2, were not occupied by either 0CT4 or NANOG. This suggests S0X2 has 

numerous transcriptional functions in ESCs beyond the direct cotranscription influence from 0CT4 

or NANOG.
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S0X2, often together w ith 0C T4 and NANOG, has been shown to  regulate miRNA expression. In 

the  Chip study fronn the last paragraph, S0X2 was shown to be bound to the pronnoter region of 

host genes of several intronic miRNA (m iR-7-1, miR-22, mlR-32, m lR-135b, m iR-137, m iR-204, miR- 

205 and m lR-301)/®  This study only included protein-coding genes and as such did not report the  

association of S0X2 to  non-coding loci, such as intergenic miRNA. O ther reports have shown that 

S0X2, in conjunction w ith 0C T4, can directly regulate the expression of the  m iR-302 cluster in 

hESC, which can regulate the cell c y c l e . S 0 X 2  can directly regulate the expression o f m iR-137  

during adult n e u r o g e n e s i s . I n  a very recent study, S0X2 was silenced in glioblastoma 

m ultiform e (G BM ), which identified 90 miRNA directly or indirectly regulated by S0X2.'*®® This 

study also revealed the existence of a regulatory double-negative feed-back loop betw een miR- 

145 and S0X2.

The operation o f 0C T4 and NANOG and the ir transcriptional networks have been previously 

characterised, to  varied extent, in 2102Ep and NTera-2 cells, but also in o ther ECC lines.

On the o ther hand, the S0X2 transcriptional netw ork has only been characterised in the ECC 

line, NCCIT. The results in Chapter 4 showed that S0X2 dow nregulation could result in the  

differentiation o f o ther types o f ECC. The docum ented or potential im portance o f S0X2 in 

pluripotency, stem cell m aintenance, CSCs and cancer led to  the decision to profile its function in 

2102Ep and NTera-2 cells. For this the gene and miRNA networks regulated by S0X2 in em bryonal 

carcinoma w ere profiled by an integrated analysis of w hole-genom e and miRNAome expression in 

the tw o  ECC lines a fter induced S0X2 dow nregulation. An additional aim of this project was to  

explore the possibility o f correlating miRNA expression to mRNA expression, as this could lead to 

a large num ber o f miRNA:mRNA relationships w ith potential im portance to  CSC, ECC and hESC 

function. M iRNA:mRNA cross-referencing has been used by d ifferent groups w ith varying 

methods. To apply an approach to a miRNA:mRNA correlation study, a num ber o f im portant 

caveats have to be taken into account. Some o f these caveats are the high num ber of false 

positive results produced by miRNA target prediction softw are and the influence o f uncustomary 

miRNA function, e.g. coding sequence-binding or transcriptional activation. Another caveat is the  

often irregular inverse differential relationship betw een mRNA and miRNA (i.e. the inverted  

difference in fold-expression betw een miRNA and mRNA is often uncorrelated). Another 

problem atic interference in the inverse correlation study o f miRNAs and their targets is the  

previously docum ented observation that the epigenetic and transcriptional regulation of the  

expression of miRNAs and th e ir targets is strongly linked, resulting in similar transcriptional 

expression o f miRNAs and th e ir functional targets."^^”^̂  ̂ Some o f these difficulties have been 

highlighted in previous papers.'*^'*'^^^ These caveats lim it this type o f study to a few  general 

approaches which can be taken: a miRNA-mRNA correlation over a tim e course or an miRNA-
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weighted target approach. This study opted for the second approach as the first one would have 

been prohibitively expensive to perform.

5.2- Chapter Aims

The primary aim o f this chapter was to map genes and miRNAs directly or indirectly regulated by 

S0X2 in ECCs. This was achieved by differential whole-genome and miRNAome expression 

analysis after the siRNA-induced silencing o f S0X2 in 2102Ep and NTera-2 cells. The second aim 

was to  compare whole-genome and miRNAome expression o f 2102Ep and NTera-2 cells w ith 

silenced S0X2, to  determine whether similar S0X2-linked regulatory mechanisms exist in these 

cells. The th ird aim was to  identify inverse relationships between miRNAs and the ir targets by 

statistical and qualitative means.
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5.3 — Materials and Methods

5.3.1 — S0X2 silencing in NTera-2 and 2102Ep Cells

For w hole-genom e and w hole-m iRNAom e analysis in NTera-2 cells a fte r S0X2 knock-down, the 3- 

day post-transfection RNA and protein samples from  Section 4 .4 .3  w ere used. The 2102Ep RNA 

samples from  Section 4 .4 .2  w ere considered too old to  guarantee RNA integrity, so new  samples 

w ere created. For this, 2102Ep cells below 50 passages w ere cultured on 6-w ell plates at a density 

of 18,000 cells/cm^ 24 hours prior to  transfection to yield an approxim ate confluence of 40% at 

transfection. 2102Ep cells w ere transfected with Silencer™ Select siRNA targeting S0X2 (s l3295 , 

Ambion, Applied Biosystems, Life Technologies). The sequence fo r this siRNA can be found in Table 

4.6. The cells w ere  transfected using the forw ard transfection m ethod described in Section 2.2.2.5  

w ith  the conditions described in Table 5.1. This table also lists the siRNA concentration and 

transfection agent volum e used for NTera-2 cells in Section 4 .4 .2 . For transfections in 2102Ep  

cells, th ree replicates o f siS0X2, ssNC#l, Vehicle Controls and Non-Transfected controls w ere  

prepared. Duplicate replicates w ere prepared to  ensure the recovery of sufficient RNA and 

protein. The cells w ere transfected for 6 hours and subsequently incubated for three days in 3 ml 

hEC m edium  in hum idified conditions at 37°C and 5% CO2. The m edium  was refreshed every 24 

hours.

Table 5.1—Transfection agents and volumes used for s\S0X2 transfection in 2102Ep and
NTera-2 cells.

Cell line Final siRNA concentration Transfection agent (vo l./w ell)

2102Ep 10 nM Lipofectamine™ 2000 (10.57 pil)
NTera-2 30 nM Lipofectamine™ RNAiMAX (8.46 |il )

5 .3 .1 .1  —  RNA P u rifica tio n  a n d  P ro te in  E xtraction

RNA purification was perform ed w ith the m/RVana PARIS kit (A M 1556, Ambion, Applied  

Biosystems, Life Technologies) as described in Section 2 .3 .2 .3 . Cells w ere lysed directly on the  

plates and purification was perform ed as per m anufacturer's. RNA was eluted in 100 |jl elution  

solution and stored at -80°C until use.

Protein extraction was perform ed w ith the Cell Disruption Buffer spiked with protease and 

phosphatase inhibitor cocktails as described in Section 2.6 .2 .1 . Protein samples w ere stored at - 

80°C until use.

5 .3 .1 .2  —  A ssessm ent o f  RNA a n d  P ro te in  Q u a n tity  a n d  Q u a lity

RNA quantity and purity was assessed w ith the Nanodrop 2000 spectrophotom eter as described 

in Section 2 .4 .2 .1 . To ensure high quality o f microarray results, it was crucial to  use RNA of high
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integrity (i.e. w ith  low degradation). This is because microarrays are m ore sensitive to  RNA 

degradation than qRT-PCR. To measure the integrity o f RNA, the 2100  Bioanalyser (A gilent 

Technologies) microfluidics station was used in com bination w ith  the  RNA Nano 5000  kit (5067 - 

1511, A gilent Technologies). RNA integrity o f the RNA samples extracted from  siS0X2 and ssNCt#l- 

transfected cells was measured using the protocol found in Section 2 .4 .2 .2 .

Protein concentration was measured w ith the BCA m ethod as described in Section 2.6.2 .2 .

5 .3 .1 .3  —  G ene Expression A nalysis

To determ ine 50X 2 expression, qRT-PCR was perform ed with th e  TaqM an® PCR system. The 

protocol fo r cDNA synthesis and qRT-PCR can be found in Section 2 .5 .2 .1 . Relative quantification  

was perform ed by measuring S0X2 and GAPDH expression in all samples using the Prism® 7900H T  

Sequence Detection System (Applied Biosystems, Life Technologies) and p rim er/p robe assays 

shown in Table 5 .2. 50X 2 expression was normalised to GAPDH endogenous control expression.

Table 5.2—TaqMan® primer/probe assays used for 
gene expression analysis of S0X2 and GAPDH.

Gene Assay ID

50X 2 H s00602736_sl
GAPDH 4331182
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5 .3 .1 .4  —  P ro te in  Expression A nalysis

S0X2 protein expression was measured by the W estern blot technique. For each replicate, 

approxim ately 30  ng (2102Ep) and 26 )ig (N Tera-2) protein mixed w ith  6X loading buffer was 

loaded per lane of a 12% polyacrylamide gel. A fter adding 10 pi Prosieve Protein Color M arker 

(50550, Lanza Ltd) to  a single lane, SDS-PAGE was perform ed as described in Section 2.6 .2 .3  and 

the transfer to m em brane was perform ed for 75 m inutes as detailed in Section 2 .6 .2 .4 . The 

m em branes w ere  blocked in blocking buffer for one hour and subsequently probed overnight at 

4°C w ith  anti-S0X2 antibodies diluted in blocking buffer as described in Section 2.6 .2 .5 . A fter 

washing the m em branes w ere incubated in secondary antibodies diluted in blocking buffer for 

one hour at room tem perature . The antibodies used for W estern blotting are listed in Table 5.3. 

The blots w ere visualised w ith  the ECL technique described in Section 2 .6 .2 .7 . A fter this, 

m em branes w ere stripped for 15 m inutes as described in Section 2 .6 .2 .8 , blocked and reprobed  

fo r GAPDH expression.

Table 5.3—Primary and secondary antibodies used for protein expression analysis of S0X2 and 
GAPDH.

Gene Predicted
M W

1** Antibody 
ID

Clone
Type

Host Dilution 2"'' Antibody 
ID

Dilution

S0X2 34.3 kDa ab75485 Poly Mouse 1:500 SC-2314 1:2000
GAPDH 36.1 kDa abS245 Poly Mouse 1:25,000 115-165-062 1:5000
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5.3.2 — Whole Gene Expression Analysis with Gene Arrays

Microarray analysis was performed with the 2102Ep and NTera-2 RNA samples obtained in 

Section 5.3.1. The RNA from siS0X2 and ssNC#l was used for microarray analysis and one 

replicate was hybridised per chip. The experiment was performed in biological triplicate, 

therefore, per cell line, a total of 6 Affymetrix® Gene ST 1.0 chips were used.

5 .3 .2 .1  — Analysis o f  RNA In tegrity

RNA quantity and purity was measured prior to TaqMan® PCR analysis (see Section 5.3.1.2). RNA 

integrity was measured with the 2100 Bioanalyzer (Agilent Technologies) and the RNA Nano 6000  

kit (5067-1511, Agilent Technologies). The protocol was performed as detailed in Section 2.4.2.2. 

RINs were recorded from the electrophoretic trace curve where possible to produce a measure 

with which RNA quality can be determined and compared. As the software is sometimes unable 

to deduce RINs, a visual inspection of the electrophoretic trace curve was performed to 

determine RNA quality.

5 .3 .2 .2  — Sam ple Preparation, Hybridisation and  Scanning

Sample preparation with the WT Expression Kit (4411973, Ambion, Applied Biosystems, Life 

Technologies) was performed in parallel for all six samples per cell line as described in Section 

2.5.2.5. In a single experiment. Control RNA was used. Control RNA, which is included in the 

GeneChip® WT Terminal Labelling and Controls Kit (901525, Affymetrix*), can, when used in the 

case of one experimental RNA sample, provide a comparative standard to assess successful 

sample preparation. Chip hybridisation and scanning was performed for all six samples in parallel. 

Washing the chips was performed with three samples at a time with, with the three replicates of 

each sample type washed in parallel. Scanning was performed in similar a manner.

5 .3 .2 .3  — Q uality  Control

Quality control of the Affymetrix® Gene ST 1.0 microarrays was performed after scanning of the 

chips and recording of the data. These controls were performed to assess the integrity of the 

sample RNA and the precision of the sample preparation and array hybridisation steps. Two 

stages of quality control were performed: visual inspection of the chip image and computational 

inspection of certain negative and positive controls located on the Affymetrix chip. Visual 

inspection was performed with the Viewer Module of the GeneChip® Command Console software 

(Affymetrix'^). Computational quality control was performed with the Expression Console™ 

software (Affymetrix®). For quality control analysis Expression Console™ applies the 

summarisation method. Robust Multi-Array Average (RMA) analysis, to summarise probe
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intensities into probe sets. For descriptions of both stages of quality control see Table 5.4 and 

Table 5.5. Sections 2.5.1.3 and 2.5.2.5 give a detailed background of aspects of the Affymetrix® 

GeneChip'^.

Table 5.4—Visual quality control of the gene arrays.

Visual Inspection

Whole-chip
inspection

The chip is inspected for scratches, speckles and lightened/darkened areas 
due to unequal hybridisation or air bubbles.

Oligo B2 control 
inspection

The oligo B2 control is used by the scanning software as waypoints from  
which the topography of the chip can be analysed. Inspection of the oligo B2 
hybridisation should be visible as a fluorescing checkerboard corner and 
alternating borders along the array. This is crucial for a correct grid alignment 
of the individual probes. As an additional control for correct olgo B2 
hybridisation, the name of the chip should show in its complete entirety, with 
no missing gaps.

Table 5.5—Computational quality control of the gene arrays.

Computational Inspection

Probe Level 
iVletrics

This quality assessment metric is conducted with the probe level data:
pm_mean is the raw intensity mean for all PM probes on the array 
before any data transformations or adjustments have been 
performed on the intensity data. W ith this outliers with unusually 
bright or dim overall intensities can be established from the overall 
sample set. These chips are generally not an issue, but they can be 
flagged for closer inspection during further quality control analysis. 
bgrd_mean is similar to pm_mean, but instead applies to the mean of 
raw intensity of all background probes. The overall intensity of these 
probes are correlated to those of the PM probes and might not 
necessarily be lower than the pm_mean, as the bgrd_mean metric 
could be skewed due to high GC count background probe bins. 
However, high bgrd_mean with low pm_mean can suggest poor 
sample data, especially if uncorrelated among samples.

Probeset 
Summarisation 
Based Metrics

pos_vs_neg_auc is the area under the curve for a receiver operating 
characteristic plot, which compares signal values for the positive 
controls to the negative controls. The probe signals of the positive 
controls, which ideally are exclusively true positives, are expected to 
be separated from those of the negative controls, which ideally are 
false negatives. A pos_vs_neg_auc value of 1 indicates perfect 
separation, whereas 0.5 would suggest no separation. Values 
between 0.8 and 0.9 are typical.
X_mean is the signal mean for the chosen category of negative or 
positive controls (X).
X_mad_residual_mean is the mean of absolute deviation of the 
residuals from the median i.e. the extent to which probes hybridising 
to a common target behave differently from the norm predicted by 
the robust RMA algorithm (see Section 5.3.2.4). The residual is the 
difference between the actual and predicted value. Every probe will 
have a typical residual within a robust probe model and if this residual 
is very different from the median it could indicate to a problematic 
chip. X is the category of controls.
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—Table continued—
X_rle_mean is the relative log expression for all probe sets within 
category X. This compares the estimated signal of a probe set on a 
given chip to the median signal of this probe set over all chips and 
loga-transforms the difference. The relative log expression is 
calculated for all probe sets in category X and when analysed together 
should be consistently low among similar samples, reflecting low 
biological variance between replicates.

Probe set list Checking individual raw probe set values can indicate expected 
behaviour. In the case of this study consistent expression among 
endogenous controls such as GAPDH and B2M is expected and probe 
set values of S0X2 and also 0CT4 and NANOG are expected to be 
lower in the siS0X2 transfected samples.
In addition to the individual probe sets, collective probe set sub
groups are also checked. These are:

o all_probeset, a sub-group which comprises the mean value of 
all probe sets on the chip, 

o bac_spike, the pre-labelled bacterial spike control probe sets, 
which can indicate hybridisation status, 

o polya_spike, the set of polyadenylated RNA spikes, which can 
indicate the status of the target preparation. More variability 
in this sub-group is expected due to a limited number of spike 
controls and probe sets, 

o neg_control, a sub-group which target introns of endogenous 
control genes. This large group of probe sets should have a 
low signal, unless significant intron RNA is retained in the 
samples.

o pos_control, the sub-group of probe sets targeting exonic 
regions of genes, which has a value depending on the amount 
of genes transcribed.

Pearson's
Correlation

A graphical display of the correlation of raw intensity values of all probes 
between all chips. Correlation among replicates of negative or positive control 
samples is expected to be higher than the correlation between the opposite 
controls.

Hierarchical
clustering

A graphical display of results more correlated replicates clustered in a 
hierarchy based on similarity. Each branch-end represents the background- 
adjusted and normalised results from a single chip.
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5 3 .2 .4  — Probe Signal Summarisation, Background Correction and Normalisation.

W ith  R M A  analysis ind ividual raw  p ro be  in tens ity  values w e re  sum m arised , co rrec ted  to  

background signals and su b sequ en tly  n orm alised  to  in te rn a l contro ls . R M A  analsysis is w id e ly  

used m a th e m a tic a l and statistical fo rm u la  fo r  th e  analysis o f m icroarrays fro m  various d iffe re n t  

m a n u fac tu rers , including A ffym etrix® . It consists o f several steps described in th e  paragraphs  

b e lo w . O th e r a lg orith m s exist, such as o ld e r ch ip -by-ch ip  m eth o d s  such as M ASS to  n e w e r  

p ro ject-b ased  m o d e l-fittin g  m etho d s  such as dCHIP. A t th e  t im e  o f th is study no published, 

ex tensive com parison  o f d iffe re n t expression a lg orith m s fo r th e  A ffy m etrix  G eneChip® G en e 1.0  

ST could be fo u n d . H o w e v e r th e  G eneChip®  Exon 1 .0  ST arrays are  q u ite  co m p arab le  to  th is chip  

d ue to  s im ilar u nd erly in g  principles o f design. A key d iffe re n c e  b e tw e e n  th ese  chips is th a t  th e  

m a jo rity  o f  p o o r-p e rfo rm in g  probes fo un d  on th e  G eneChip® Exon 1 .0  ST array  is absent on th e  

G eneChip® G en e 1 .0  ST array. Still, th e  high o p e ra tio n a l and ex p e rim e n ta l s im ilarities  b e tw e e n  

th ese  a rray  typ es w e re  previously v a lid a te d  and th is w as ta k e n  in to  account w h e n  se lecting  a 

m e th o d  o f  a n a l y s i s . R M A  analysis has a n u m b e r o f b en efits  o ver o th e r  m etho d s, but also a fe w  

caveats. A previous study described R M A  analysis to  have g re a te r  precision th a n  m ost o th e r  

m eth o d s , b u t a t a cost o f u n d eres tim atin g  fo ld  c h a n g e . I t  increases sensitiv ity to  d e te c tio n  o f 

sm all expression changes, h o w e v e r it has an increased chance o f producing false positives  

co m p ared  to  hybrid  a lgorithm s such as PLIER fo r poo rly  p e rfo rm in g  probes. It was reasoned  th a t  

as th e  G eneChip®  G en e 1 .0  ST array co n ta ins  p ro b e  sets w h ich  w e re  selected by th e  m a n u fa c tu re r  

to  be high p e rfo rm in g , th a t th e  la tte r  issue w o u ld  be less re le va n t, thus provid ing  th e  ad d ed  

b en efits  o f R M A  analysis w h ile  reducing th e  burdens.

For th is ch ap te r, s tandard  R M A  analysis w as p e rfo rm e d  co m p u ta tio n a lly  by co lleague. Dr. G ordo n  

Blackshields w ith  th e  open-sou rce  sta tistical analysis tools. B ioconductor 2 .9  and CRAN, also  

called  'R '. T he  first step  o f th e  R M A  m e th o d  is th e  a rray  n orm alisa tio n  o f p ro be values across th e  

rep lica tes  using fu ll q u an tile  n orm alisa tio n  as described  in previous research.'*”  A fte r  th is th e  

in ten s ity  values produced  by th e  re m a in in g  probes w e re  ln(x) tra n s fo rm e d . S u bsequently , 

b ackground co rrec tio n  w as app lied  to  redu ce noise. This w as p e rfo rm e d  by su b trac ting  fro m  all 

probes, th e  m ed ian  expression score o f each s tra ta  o f  background probes w ith  c o m p arab le  CG 

co u n t. Finally th e  individual probes are  su m m arised  in to  p ro be sets by th e  ap p lica tio n  o f  th e  

Tukey 's  m ed ian  polish to  all inp u t hybrid isations w hich  w e re  expressed above th e  background  

expression , as d e te rm in e d  by a one-s ided  t-te s t.
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5 3 .2 .5  — Computational Analsysis o f D ifferential Gene Expression

For the identification o f d ifferentia lly expressed genes the Bioconductor open-source software 

package, limma (Linear Models fo r Microarray Data), was used.''^® This free and open software 

package is widely used and highly curated fo r the analysis o f many types o f microarrays from 

d ifferent manufacturers. RMA-transformed gene array data produced previously was interpreted 

by limma using three distinct functions:

1. The ImFit function fitted  a general linear model fo r each gene to  calculate its fold

change and standard error.

2. The eBayes function then applied the parametric empirical Bayes method to test for

transcripts w ith log-transformed fold changes that exceed a threshold.

3. The topTable function then presents a list o f genes that have the highest lilkelyhood

of differential expression. These are sorted and filtered by a P-value, which is adjusted 

fo r multiple testing w ith  the Benjamini-Hochberg false discovery rate (FDR).

For this study, any genes which were significantly >2-fold d ifferentia lly expressed w ith  a maximum 

adjuste P-value o f 0.05 were considered deregulated and included in fu rthe r analysis.

5 .3 .2 .6 - Computational Analysis o f Gene Ontology

In this chapter gene ontological analysis was performed on the d ifferentia l gene expression and 

the predicted targets o f d ifferentia lly expressed miRNA. Ontological gene analysis is a 

bioinform atic method to assign particular attributes and annotations to  genes which are 

descriptive o f the biological function and properties of these genes and to  do this in a code tha t is 

universally understood. These universal gene annotations are multi-layered according to  domain 

and functional hierarchy. As more functions about a particular gene are discovered, it can follow  

the hierarchy to  be given more specialised annotation. Ontological gene analysis was initiated by 

the Gene Ontology (GO) project, which assigns GO-terms to a very large number o f genes and 

gene products in many d ifferent organisms. Since this initiative, many sim ilar biological databases 

have emerged w ith broadly similar tenets, such as KEGG and PANTHER. As the annotations are 

universally adaptable, many different bioinform atic tools utilise them fo r high-volume analysis of 

gene lists. For gene annotation in this study, DAVID Bioinformatic Resources 6.7 was used. This is 

a tool developed by Laboratory fo r Immunopathogenesis and Bioinformatics fo r the National 

Institute of Allergy and Infectious Diseases which can statistically detect an enrichment of 

functional annotations in gene data. DAVID is one o f the most w idely used tools fo r the 

identification o f shared functional annotations and pathway relationships in high through-put 

gene data.
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Functional annotation analysis o f genes was perform ed w ith  the aid o f general guidelines outlined  

by the  developers o f the software package.'’ ®̂ This tool was used for this study as it can call on a 

large am ount of annotation categories, which, besides traditional GO term s, also contain  

categories from  o ther databases, such as KEGG and BIOCARTA. From large gene lists, DAVID can 

produce functional annotation tables, which are ranked according to significance as determ ined  

by the  EASE score. This score is calculated from  a Fisher's Exact P-value, which is m odified to  

provide a m ore conservative value. For this calculation, the num ber user-included genes 

belonging to  a sim ilar pathw ay/annotation, as a proportion of all genes in this 

pathw ay/annotation  is tested against all user-included genes that are not part o f this 

pathw ay/annotation  as a proportion to all the known genes in the genome. In addition to  the  

EASE score, a value is also given based on the m ultip le test correction of the EASE score as 

calculated by Benjamini-Hochberg FDR. These values can indicate and statistically quantify the  

enrichm ent o f particular annotations in the entire dataset.

For functional annotation analysis certain param eters w ere set in DAVID. A particular annotation  

was considered enriched w hen the EASE-score (P-value) <0.05 for most annotations w ithin  

annotation clusters. For m ultiple comparison correction, Benjamini-Hochberg FDR was considered  

during analysis, but was not critical fo r determ ining the im portance o f certain annotations in light 

of th e ir expected biological contribution. For some gene lists, functional annotation clustering was 

used w ith  'Classification Stringency’ set at 'M ed ium '.

Due to the various d ifferent annotation systems used and the similarity betw een various 

annotations o f the same system, the functional annotation results produced by DAVID can be 

highly redundant (i.e. many annotations overlap in description). To reduce this redundancy and 

focus on im portant cellular functions and pathways, DAVID provides functional annotation  

clustering, based on statistically measuring the degree o f com m on genes betw een tw o  

annotations and a subsequent heuristically grouping o f sim ilar annotations in to  clusters. The 

statistical enrichm ent o f these annotations is assessed w ith  an EASE score as described in the  

previous paragraph. In addition, the enrichm ent o f clusters is assessed by giving each cluster a 

Group Enrichment Score, which is the -lo g  geom etric m ean of all m em bers' EASE scores. A Group  

Enrichm ent Score o f 1.3 or higher represents a P-value o f 0 .05 and low er. The (corrected) EASE 

scores fo r individual annotations and clusters are not the  sole m ethod of interpreting the data, as 

biological im portance of particular functions and pathways have to  be taken into account. For 

exam ple, an annotation or cluster w ith a relatively low significant enrichm ent could still be 

considered to the experim ented biology.
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In this chapter, the functional annotation tables are shown for gene lists which show a high 

annount o f significant enrichment per individual annotation. For gene lists which show little  or no 

significant annotation, functional annotation clustering is adopted. This approach was used to 

include all significant functional annotations and avoiding the unintended omission o f im portant 

annotations which could appear in low-ranking clusters. Functional annotation clustering was 

considered very useful to find significant enrichment in more broadly annotated data w ith  low 

scoring individual annotations as it could emphasise the biological in terpretation to im portant 

annotations by adding an additional layer of functional grouping. In other words, a very 

specialised approach, producing a collection o f statistically insignificant results, was superseded 

by an approach tha t could find a more general, but also more biologically relevant enrichment. 

Additionally, because functional annotation can produce very long lists o f results, the use of 

functional annotation tables fo r highly significant enrichments was preferred over clustering as a 

more efficient method o f displaying relevant inform ation in the fin ite  constrictions o f this 

document.
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5.3.3- TaqMan® Array Human MicroRNA

The RNA from the S0X2 silencing experiment in 2102Ep and NTera-2 cells, described in Section 

5.3.1, was used for whole-miRNAome expression analysis with the TaqMan® Array Human 

microRNA A+B Cards Set v3.0 (4444913, Applied Biosystems, Life Technologies).

5 .3 .3 .1  — Optim isation o f  the Pream plification Stage

Prior to use, the unamplified and pre-amplified miRNA batches were tested for miR-16 expression 

to assess whether preamplification was necessary. Section 5.4.7.1 briefly describes the 

experiment.

For this experiment miRNA cDNA was synthesised from 210 ng total RNA from each sample using 

the MegaPlex™ Primer Pools A and the manufacturer's protocol. Subsequently, a part of this 

cDNA was preamplified with MegaPlex™ Preamp Primers A. The preamplified cDNA was diluted 

1:4 in O.IX TE buffer as per manual. Using a conventional TaqMan® miRNA Assay for mlR-16, 

unamplified and preamplified cDNA was assayed for miR-16 expression with the method 

described in Section 2.5.2.3. One technical replicate per biological replicate was used.

5 .3 .3 .2  — W hole miRNA Expression Analysis

For whole-miRNAome expression analysis the purified and quantified total RNA from siS0X2 and 

ssNCttl-transfected 2102Ep and NTera-2 cells was used. This was from the same batch as used for 

the whole-genome analysis experiment. Preamplification and cDNA synthesis was conducted with 

the Megaplex™ PreAmp Primers, Human Pool v3.0 and Megaplex"“ Primer Pools, Human Pools 

Set v3.0 respectively as described in Section 2.5.2.4. From 2102Ep 105 ng and from NTera-2 cells 

210 ng total RNA was used for each 7 |il cDNA reaction. These RNA quantities were determined to 

produce optimal results from each cell line, as is explained in Section 5.4.7.1. For each sample two 

TaqMan® Array cards were used, one A and one B card, each containing wells with unique 

lyophilised TaqMan® miRNA primer/probes. Effectively, one technical replicate was used per 

biological replicate. Three biological replicates were run per sample. QRT-PCR was performed 

with the TaqMan® Arrays as per Section 2.5.2.4.
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5 .3 .3 .3  — C om putational Analysis o f  D iffe ren tia l miRNA Expression

The raw data from the qRT-PCR runs were collected and imported in to the RQ Manager ver. 1.2.1 

software (Applied Biosystems). This tool was used to collectively appoint threshold and baseline 

values to all amplification plots simultaneously across all replicates tested. Approximately half of 

the threshold and baseline values were successfully automatically established by the software, 

while manual adjustments were needed for the rest. In addition to this, unexpressed miRNAs or 

miRNAs with highly aberrant amplification plots were omitted. The exported results were 

subsequently imported into DataAssist ver. 3.0 (Applied Biosystems), a software tool designed to 

perform relative quantification across multiple assays with the 2’ *̂'"' method. The raw Ct values 

exported from the RQ Manager software was imported into DataAssist. From this the six samples 

(three experimental and three negative control replicates) were filtered by the software to bring 

any raw expression values with Ct > 40 down to 40 Ct and include these in the calculations. The 

software provides a modified Grubb's test to remove outliers from technical replicates. However, 

this was only applied, when necessary, to the U6 small nuclear RNA results as these are the only 

results with multiple technical replicates on each card. Two endogenous controls were selected 

for data normalisation. These were U6 snRNA and miR-16. U6 snRNA was the standard 

endogenous control represented on both A and B cards and its expression is measured by 

multiple technical replicates on each card. This snRNA is selected by the manufacturer due to its 

similarity to miRNA in size and due to its common and stable expression in many different cell and 

tissue types. MiR-16 was selected as an additional endogenous control on the A cards due to its 

previous successful use in 2102Ep and NTera-2 experiments during this study and others. As miR- 

16 is not represented on the B cards, m iR-16-1* was used as an endogenous control in NTera-2 

cells. This miRNA is the antisense minor sequence of miR-16, produced from the same stem-loop, 

pre-miR-16. M iR-16-1* had similar expression to miR-16 on the A cards and U6 snRNA on the B 

cards. The software calculated the mean Ct value of U6 snRNA and m iR -16/m iR -16-l* expression 

to which the data were normalised to produce a ACt for each miRNA. Interestingly, m iR-16-1* was 

not expressed in 2102Ep cells. This is not uncommon, as minor sequence miRNAs are often rapidly 

degraded. For normalisation of 2102Ep B card data, global normalisation was chosen, as this was 

considered to be more reliable and more accurate than U6 snRNA expression alone in this case. 

The was calculated from each ACt value of the experimental control set and the 2'*''*"^® was

calculated from each negative control ACt. To calculate the expression fold-difference, the 

geometric mean of the 2 '̂ “ '’®® for each biological replicate of each miRNA was subtracted from  

the corresponding individual A P-value was calculated with a two-tailed Student's t-test

comparing the two groups. A respective signal correlation was created by calculating a Pearson's 

product moment correlation coefficient for the Ct values of sample pairs.
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5 .3 3 .4  —  C om putational miRNA Target Prediction

This was perform ed by TargetScan v5.1 as detailed in Section 3.3.9.
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5.4 — Results

5.4.4 — Silencing of S0X2 in 2102Ep and NTera-2 Cells

S0X2 was silenced in both cell lines w ith  the m ethod described in Section 5.3 .1 . Transfection was 

conducted w ith  the forw ard transfection m ethod of S 0X2-targeting Silencer™ Select siRNA and 

ssN C#l in both 2102Ep and NTera-2 cells. Vehicle and non-transfected controls w ere included. 

The cells w ere lysed th ree days post-transfection and total RNA and protein was obtained.

A fter RNA purification, quantity and purity w ere assessed w ith  the Nanodrop 2000  

spectrophotom eter as described in Section 2 .4 .1 .1 . Gene expression was measured w ith the  

TaqM an® system as described in Section 5 .3 .1 .3 . S0X2 expression was measured w ith  relative  

quantification to  the endogenous control, GAPDH.

Protein expression was perform ed w ith  th e  W estern blot technique as described in Section 

5 .3 .1 .4 . All samples w ere  probed for S0X2 and GAPDH expression.
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5.4.4.1 -  S0X2 Expression in 2102Ep

S0X2 gene expression results are displayed in Figure 5.1. S0X2 silencing was successful w ith  only 

7% rem aining S0X2 expression in 2102Ep cells transfected w ith 10 nM  siS0X2. No significant 

difference existed betw een the ssNC#l-transfected cells and the non-transfected controls, 

how ever S0X2 expression in the vehicle controls was significantly higher than in ssN C #l- 

transfected cells (P = 0 .0356). As this difference was small (33%) and as no significant difference  

existed betw een vehicle controls and non-transfected controls, this was not considered 

im portant. Protein expression, as shown in Figure 5.2, confirm ed the silencing o f S0X2 in siS0X2 

transfected 2102Ep cells.

160 -------------------------------------------------------------------------------------
* * *  P < 0.001

140

siS0X2 ssNC#l Vehicle Control Non-Transfected
Control

Figure 5.1—SOX2 expression in 2102Ep cells three days after transfection with 15 nM siS0X2. S0X2 
expression was significantly lower in siS0X2-transfected cells connpared with ssNC#l-transfected cells (P = 
0.0002). The S0X2 expression in the latter samples was set at 100%. All experiments were performed in 
biological triplicate and the values shown is mean relative expression of these triplicates + SD. A t-test was 
used to compare sample means.

NTC VC -ve +ve
 S0X2
 GAPDH

Figure 5.2—Western blot analysis of S0X2 expression in siS0X2 transfected 2102Ep cells.
From right to left: siS0X2, non-targeting, vehicle and non-transfected controls. +ve are the 
siS0X2-transfected cells, -ve represents the ssNC#l-transfected cells. VC and NTC are the 
vehicle and non-transfected control respectively.
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5.4.4.2 — S0X2 Expression in NTera-2 Cells

For NTera-2 cells, the sample RNA and protein from  Section 4.4.2 were used. At the mRNA level, 

49% o f remaining S0X2 expression was detected. To assess whether S0X2 protein expression was 

similarly high or lower. Western blots were performed. The results showed a clear silencing o f 

S0X2 in the siS0X2 transfected cells (see Figure 5.3). This was fully confirmed by further 

increasing the exposure tim e o f the blot, which showed no S0X2 bands in the siS0X2 transfected 

samples. This confirmed tha t S0X2 was silenced in NTera-2 cells three days after siS0X2 

transfection.

NTC VC -ve +ve
f  i  S0X2

 GAPDH

Figure 5 .3 — W estern blot analysis o f S0X2 expression in siSOX2 transfected NTera-2 cells.
From right to left: siS0X2, ssNC#l, vehicle and non-transfected controls. +ve are the siS0X2- 
transfected cells, -ve represents the ssNCftl-transfected cells. VC and NTC are the vehicle 
and non-transfected controls respectively.
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5.4.5- RNA Quality and Quantity Assessment

The orig inal spectrophotonnetric  A 260/ A 280 and  A 260/ A 230 ra tios, o b ta in ed  ea rlie r, a re  d isplayed  in 

T ab le  5 .6  and T ab le  5 .7 . A 260/A 280 and A 260/ A 230 ra tios b e tw e e n  1.9 and  2 .1  are  considered  p u re  i.e. 

fre e  fro m  significant p ro te in  and organ ic so lvent co n tam in a tio n  respectively. As th e  DNA digestion  

d urin g  RNA p u rifica tio n  decreases th ese  ra tios slightly, th e  ratios d isplayed in th e  tab les  are  on  

a v erag e  0 .1 -0 .2  poin ts h igher previous to  DNase tre a tm e n t. A ccording to  th e  m anual o f th e  

Turbo™  D N A -/ree  kit used fo r DNA d igestion , th is should n o t a ffe c t d o w n stre am  ex p e rim e n ts  such 

as m ic ro a rray  analysis. A260/A 280 in all cell lines in both  sam ples w e re  w ith in  1 .9 -2 .1  range.

To en su re  on ly  high q ua lity  RNA w as used fo r  m icroarray  analysis RNA in teg rity  w as m easured  

w ith  th e  2 1 0 0  B ioanalyzer (A g ilen t Technologies) m icroflu id ics station . V isual inspections o f th e  

e le c tro p h e ro g ra m s  produced fro m  2102E p  and N T era -2  RNA by th e  2 1 0 0  B ioanalyzer sh o w ed  no 

presen ce o f RNA d eg rad a tio n  products, ind icating  th a t RNA in te g rity  w as su ffic ien t (see Figure 5 .4  

fo r  re p re s e n ta tiv e  sam ples). As a com parison , a figure p rovided  by A g ilen t w as included show ing  

e le c tro p h e ro g ra m s  fro m  RNA sam ples w ith  various degrees o f in teg rity  (F igure 5 .5 ). This clearly  

sh o w ed  th a t th e  e le c tro p h e ro g ram s fro m  th e  2102E p  and N T era -2  RNA sam ples m atch ed  th e  

highest q u a lity  exam p le . As a secondary va lid a tio n  o f RNA q ua lity , th e  au to m atica lly  ca lcu la ted  

RINs a re  included in Tab le  5 .6  and Tab le  5.7 .

RlNs fo r  21 02 E p  sam ples w e re  w ith in  a 9 .7 -1 0  range, ind icatin g  very  high RNA in teg rity . For th e  

N T e ra -2  sam ples, th e  so ftw a re  could n o t g en era te  a RIN (even  a fte r  ad justing th resho ld  

p ro p e rtie s ) as an analysis e rro r  ind icated  an an o m aly  in th e  e le c tro p h e ro g ram . It is possible th a t  

th is w as caused by a low  overall fluorescence. H o w eve r, th e  visual inspection  o f  

e le c tro p h e ro g ra m s  produced fo r  2102E p  and N T era -2  RNA ind icated  th a t th e  sam ple q u a lity  was  

su ffic ien t fo r  g en e a rra y  analysis.
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Table 5.6—RNA purity and integrity in 2102Ep samples.

Sample A 2 6 0 /  A 2 8 0 A 2 6 0 /  A 2 3 0 RIN
SIS0X2 Rep. 1 1.98 1.81 10
siSOXZ Rep .2 1.96 1.92 10
siS0X2 Rep. 3 1.93 1.95 10
ssNC#l Rep. 1 1.97 2.03 10
ssNC#l Rep. 2 1.96 2.04 9.7
ssNC#l Rep. 3 1.95 1.93 10

Table 5.7—RNA purity and integrity in NTera-2 samples.

Sample A 2 6 0 /  A 2 8 0 A 2 6 0 /  A 2 3 0 RIN
siS0X2 Rep. 1 1.99 1.95 n/a
SIS0X2 Rep .2 2 1.75 n/a
siS0X2 Rep. 3 2.01 1.91 n/a
ssNC#l Rep. 1 2.01 1.88 n/a
ssNC#l Rep. 2 1.99 1.92 n/a
ssNC#l Rep. 3 1.98 1.89 n/a

2102EpsiSOX2 R ep .l
(FU) +ve 1 (Denatured)

NTera-2 siSOXZ Rep. 1
IFU] Sample 1

0  -

Figure 5.4—Electropherograms of single 2102Ep and NTera-2 RNA samples. The ladder on the left is the 
electrophoretic trace. The peaks in the graphs represent the fluorescent bands in the ladder. The figures 
shown here were representative of the entire sample set in each cell line.
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Figure 5.5— Example of electropherograms from RNA with different integrities. RNA integrity 
decreases w ith  decreasing RIN values. RIN 10 indicates highly intact RNA. RIN 2 is representative of 
highly degraded RNA. (Image source: Agilent Technologies)
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5.4.6 — Whole-Transcriptome Differential Expression Analysis with Gene Arrays

This Section contains the results from the to ta l d ifferential gene expression analysis in 2102Ep and 

NTera-2 cells, three days after silencing S0X2 in both these cell lines.

5.4.6.1 — Quality Control

For both 2102Ep and NTera-2 cell lines, RNA sample preparation, chip hybridisation, washing and 

scanning was performed w ith RNA from  siS0X2 and ssNC#l-transfected cells. This procedure was 

performed for each cell line sample set at d ifferent times, w ith a tota l o f 6 samples during one 

experiment. The protocol fo r this can be found in Section 5.3.2.2. A fter data collection, a set of 

quality control analyses were performed w ith  the raw data files. Quality control analysis was 

performed by the methods described in Section 5.3.2.3.

Except for one sample (NTera-2 siS0X2 replicate 3), the initial visual inspection o f the chip scans, 

shown in Figure 5.6A, showed no anomalies or lightened or darkened areas on the chips due to 

unequal hybridisation. Chip hybridisation and scanning was repeated for the faulty sample, after 

which a clean visual result was obtained. In addition to an overall inspection, specific regions of 

the chip were checked for oligo B2 control hybridisation (see Figure 5.6B). The purpose o f this 

control is primarily fo r grid alignment during the measurement o f probe fluorescence, it also 

serves as a control fo r correct hybridisation. The corner regions o f the chip show a typical 

checkerboard pattern and the sides o f the chip show an alternating pattern. The bottom -le ft 

region shows the complete name of the chip (see Figure 5.6C. Lastly, the alignment grid perfectly 

matches the position o f the oligo B2 control probes. The visual inspection of the gene array chips 

prelim inarily show correct sample hybridisation and grid alignment.
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Figure 5 .6— Visual quality control of the GeneChip® Human Gene 1.0 ST array. A picture of the whole  
array indicates the abscence of bubbles, specks or other visual anomalies (A). A checkerboard pattern in 
the corners of the chip and dotted boarders (B) as well as the full appearance of the array's name (C) 
indicate correct hybridisation of the oligo B2 control probes.

The n ext stage consisted o f p ro be level and p ro b e  set m e tric  analysis to  inspect th e  fluo rescen ce  

o f ce rta in  p ro be and pro be set subcategories p rio r to  background a d ju s tm e n t and signal 

n o rm alisa tio n . A description o f q ua lity  co n tro l m etrics used is described in Section 5 .3 .2 .3 . The  

vario us q u a lity  co n tro l m etrics used are  d isplayed in Figure 5 .7  and Figure 5.8 .

The p ro be  level m etrics m easured  w e re  th e  p e rfe c t m atch  (ta rg e tin g  probes) and background  

p ro b e  m ean  (see 'P M  and Background Probe M e a n ') . O verall chip in tens ity  (p e rfe c t m atch  probe  

in te n s ity ) w as am p ly  su ffic ient fo r both  2102E p  and N T era -2  cells. Replicates 21 02 E p  Neg 3 and  

N T e ra -2  Pos 3 w e re  slightly less fluo rescen t th an  th e  o th e r rep licates, but w ith in  acce p ta b le  lim its. 

V arian ce  am o n g  background pro be fluorescence w as q u ite  lo w  in all rep licates and in ten s ity  w as  

significan tly  less th an  th a t o f th e  p erfe c t-m a tch  probes. For both  p e rfe c t-m a tc h  and background  

probes, an y  va riab ility  w as co m p en sated  by th e  R M A  analysis. N ext, m etrics w e re  analysed  based  

on p ro be set ca tegories (see 'AUC, M A D  Residual M e a n  and RLE M e a n ') . The AUC o f th e  positive  

co n tro ls  co m p ared  to  th e  negative contro ls w as high fo r  both  cell lines, w ith  a m e an  o f 0 .8 8 . This 

re flects  su ffic ien t separation  b e tw e e n  positive and n eg ative  contro ls as values b e tw e e n  0 .8  and  

0 .9  a re  typ ica l. The  M A D  residual m ean  (m e an  o f ab so lu te  d ev ia tio n  o f th e  residuals fro m  th e  

m e d ia n ) and  re la tive  log2 expression (RLE) m ean  o f all p ro be sets w e re  low  as values b e tw e e n  0 .1
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and 0 .4  a re  typ ica l. The  low  M A D  residual m ean  indicates th a t probes are  in rea lity  behaving  very  

sinnilarly to  th e  m odel p red ic ted  by th e  R M A  a lg o rith m . The RLE m ean  is a s im ilar m e tric , but 

displays th e  m ean  o f th e  log2 d ev ia tio n  o f  th e  signal g e n e ra te d  by each pro be set across all chips 

fro m  a p red ic ted  m ed ian  va lue  o f said p ro be  set. Low RLE m ean  reflects low  biological va riab ility  

am ong  th e  rep licates. As th e  cells w e re  n o t g iven m uch t im e  to  undergo  d ra m a tic  p h en o typ ic  

change a fte r  s iS0X2 tra n s fec tio n , a lo w  RLE m ean  w as exp ected  and resu lted . This resu lt w as also  

re flec ted  in Figure 5 .9 , in w hich  th e  w id th  o f  th e  boxes is p ro p o rtio n a l to  th e  RLE m ean . Figure 5 .9  

also shows skew ness as th e  m ed ian  o f th e  boxplo t, w h ich  in all sam ples fo r  both  cell lines w as  

very  close to  zero , ind icating  little  skew ness o r "signal bias". W h e n  th e  overall M A D  residual m ean  

w as d ecip hered  to  its co m p o n e n t parts , a high va lue  fo r  th e  PolyA RNA Spike co n tro l w as  

observed  in 2102E p  Neg 3 (see 'M A D  Residual M e a n ') . Because th e  corresponding  m etrics  (th e  

M A D  residual m ean  o f th e  B acterial Spike, Positive and N e g a tive  contro ls) w e re  all f in e , th is  

o u tlie r  w as p ro bab ly  caused by a p ip e ttin g  e rro r  during  th e  ad d itio n  o f th e  PolyA RNA Spike  

co n tro l. The PolyA Spike and  B acterial Spike contro ls (see respective graphs in Figure 5 .7  and  

Figure 5 .8 ) id e n tify  any prob lem s during  th e  sam ple p re p a ra tio n  and chip h ybrid isation  stages o f 

th e  p ro toco l respectively. The  PolyA Spike contro ls  should be ranked  Dap>Thr>Phe>Lys. This is 

th e  case ind icating  no p rob lem s during  sam p le  p rep ara tio n , a lth ou g h  in both  cell lines D ap  and  

Thr are  q u ite  p ro x im a te  in both  21 02 E p  and N T era -2  arrays. This a rte fa c t could n o t be fu lly  

exp la in ed , but a fte r  co n su lta tio n  w ith  A ffy m e tr ix , th e  m a n u fa c tu re r o f th e  PolyA Spike co n tro ls , it 

w as c larified  th a t th is w as a kn o w n  issue w h ich  could so m e tim es  occurs w ith  th e  W T  Expression  

Kit. A ffy m etrix  considered  th is incon sequ en tia l to  th e  q u a lity  o f th e  IVT stage o r th e  o verall 

pro toco l and th ey , fu rth e rm o re , c o m m e n te d  positive ly on th e  high q u a lity  o f th e  o th e r m etrics  

used. F inally, th e  ranked  o rd e r o f th e  Bacterial Spike contro ls is as expected  

(C reX>BioD N>BioC >BioB) ind icating  th a t  chip hyb rid isa tio n  and w ashing  w e re  p e rfo rm e d  

correctly .
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Figure 5.7— Different quality control metrics 
for gene array analysis of 2102Ep samples.
The values on the y-axis are arbitrary. The 
labels on the x-axis denote each biological 
replicate of the sample set.
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Figure 5.8—Different quality control metrics 
for gene array analysis of NTera-2 samples.
The values on the y-axis are arbitrary. The 
labels on the x-axis denote each biological 
replicate of the sample set.
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Figure 5 .9— Relative Log Expression values in 2102Ep and NTera-2 samples. X-axis values indicate the 
relative log expression and labels on the y-axis denote each biological replicate of the sample set. The 
width of the box plots represent the inter-quartile range of the RLE. The middle bar is the RLE median 
and the error bars represent the limits of the whole range.
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5.4 .6 .2  — Analysis o f Differential Gene Expression

D ifferential gene analysis was perform ed by comparing 2102Ep or NTera-2 cells transfected w ith  

siS0X2 or ssNC#l. Global d ifferential expression was measured w ith  the unadjusted data using 

th e  Expression Console softw are and the Pearson's product-m om ent correlation coefficient. This 

correlates the raw expression o f each probe on each chip w ith those of the o ther chips in the  

experim ent. The results are displayed in Figure 5.11. The results for the  2102Ep cells show strong 

correlation am ong all positive controls, prelim inarily indicating sim ilar change in gene expression 

a fte r S0X2 silencing. The high correlation is also indicative o f strong differential expression in a 

large num ber o f genes, while unaltered gene expression is similar across chips. Variability was 

higher in the  2102Ep negative controls and among some of the replicates from  the IMTera-2 

sample set. Despite this, the positive controls clearly clustered away from  the negative controls, 

although the higher variability among NTera-2 samples might indicate a low er differentia l change 

in w hole-transcriptom e expression com pared to  2102Ep samples.

Hiearchical clustering o f the normalised, background corrected 2102Ep and N Tera-2 data, shown 

in Figure 5 .10  supports the Pearson's correlations described in the  previous paragraph. The 

replicate that had to undergo a repeated sample preparation and hybridisation ('N Tera-2  Pos3'), 

as described in Section 5.4 .6 .1 , appears to  be an outlier. This was unfortunately missed w hen a 

prelim inary d ifferential gene analysis was perform ed, in which this replicate was mistakenly 

clustered w ith  its associated replicates. A lthough this could negatively impact d ifferentia l gene 

analysis, highly deregulated genes should still em erge, w ith  few  false positives due to the  

statistical stringency o f the LM M A  analysis.
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Figure 5.10— Hierarchical clustering of 2102Ep and NTera-2 biological replicates. This 
dendogram depics the  hierarchical clustering o f normalised, background-corrected gene 
expression data o f each biological replicate fronn 2102Ep and NTera-2 cells.
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Figure 5.11—Pearson's correlation of unmodified fluorescence. This diagram depicts a 
summary o f the raw, unmodified signal data from  each replicate in the experiment. As a heat 
map it represents all possible pair-wise correlations. (+1 = fu lly correlated, 0 = fu lly  
uncorrolated)
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Differential gene expression was computationally calculated w ith the method described in Section 

5.3.2.5. D ifferentially expressed genes included those that experienced a significant >2-fold 

expression change, w ith a P < 0.01 cut-off lim it and an adjusted lim it o f P < 0.05 as calculated by 

the FDR method. In 2102Ep cells, 451 transcripts were differentia lly expressed as determ ined by 

the aforementioned criteria, o f which 402 were validated protein coding genes. In NTera-2 cells, 

154 transcripts were d ifferentia lly expressed, o f which 131 were validated protein coding genes. 

The remaining transcripts in both cell lines comprised o f a variety o f non-coding RNA species such 

as small nuclear RNA, small nucleolar RNA, V RNA, long non-coding RNA, rRNA, putatitive genes 

and other miscellaneous RNAs. This set also contained some intronic and exonic internal controls 

(see Section 2.5.1.3). These transcripts were not included in fu rther analysis. A summary o f the 

results is shown in Table 5.8. The Venn diagrams in Figure 5.12 highlight the overlap between 

2102Ep and NTera-2 differential gene expression. Four genes common between the 2102Ep and 

NTera-2 samples, were expressed in opposite directions.

Table 5.8—Differentially expressed genes in 2102Ep and NTera-2 cells.

Cell line Deregulated Genes Upregulated Downregulated
2102Ep 402 237 165
NTera-2 131 60 71

NTera-2 
73

A

2102Ep NTera-2 2102Ep „  NTera-2
213 36 135 41

B C

Figure 5.12—Venn diagrams of deregulated genes overlapping between 2102Ep and NTera-2 cells.
From all differential genes combined 58 overlap between the 2102Ep and NTera-2 datasets (A). Of 
these 24 genes are concomitantly upregulated (B) and 30 are concomitantly downregulated (C). Four 
genes are oppositely deregulated (not shown).

2102Ep
344
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5.4 .6 .3  — Validation o f Gene Array Results by qRT-PCR

QRT-PCR is often considered the 'gold standard' o f gene expression analysis, because o f its high 

accuracy and precision. It is also the most com m on m ethod to validate m icroarray r e s u l t s . T o  

validate the the gene array expression results, qRT-PCR was used to measure a select num ber of 

genes. Gene array data can be validated using tw o  approaches. The first approach is to  perform  a 

technical validation of the array data. This will simply test w h eth er the experim ent perform ed on 

gene arrays is in general agreem ent w ith the m ore representative qRT-PCR results. The second 

approach is to  perform  a biological validation, which not only tests the  accuracy o f the array 

experim ents, but also aims to  accurately measure the expression of certain genes o f interest to  

th e  study. The approach adopted fo r this study was the  fo rm er approach, notwithstanding a 

num ber o f genes measured w ith  qRT-PCR later arose to  be very interesting fo r the discussions in 

this thesis. W ith  the same RNA samples used for the  gene array experim ents, the expression o f 16 

genes was measured in 2102Ep cells, while seven w ere  measured in NTera-2 cells. These w ere  

shown to  be deregulated >2-fold in each respective cell line. As m entioned in Section 5 .3 .2 .4 , the  

norm alisation of the raw gene array data by RMA analysis compresses the differential expression 

data. This happens especially at the highest and lowest tails o f the distribution. To am eliorate the  

effects from  this, the  gene array expression results and the results from  qRT-PCR w ere  

transform ed by the natural log. Pearson's product-m om ent correlation was used to compare gene 

array and qRT-PCR expression results. Correlation of gene array and qRT-PCR natural log- 

transform ed expression values was high in the 2102Ep data, w ith  significant a Pearson's 

coefficient of 0 .8935 . Correlation o f the NTera-2 data sets was even higher, w ith a significant 

Pearson's coefficient of 0 .9697. W hen the untransform ed expression values w ere compared, 

some upregulated genes showed a substantial d ifferential increase for the qRT-PCR results, 

com pared to th e  gene array results. This increase was some cases alm ost 100 tim es higher. 

Although this was similarly the case in NTera-2 cells, the difference betw een the  tw o  expression 

analyses was much smaller. The gene array and qRT-PCR expression results of the dow nregulated  

genes w ere, relatively, much closer in both the 2102Ep and NTera-2 data sets.
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Figure 5.13—Correlation of Ln-transformed gene array and qRT-PCR expression values 
from 2102Ep cells. Each dot on the graph represents a gene. The dotted line represents 
the linear regression o f whole set. Pearson's correlation coefficient = 0.8935 (P < 0.0001). 
Pearson's product m om ent corre lation coefficient was used to  measure significant 
correlation.

Gene Array

4 -*

Figure 5.14—Correlation of Ln-transformed gene array and qRT-PCR expression values 
from NTera-2 cells. Each dot on the  graph represents a gene. The dotted line represents 
the linear regression o f whole set. Pearson's correlation coefficient = 0.9697 (P < 0.0001). 
Pearson's product m om ent correlation coeffic ient was used to  measure significant 
correlation.
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Figure 5.15—The untransformed gene array and qRT-PCR expression values from 2102Ep cells. This 
chart represents the untransformed fold-expression compared to  the non-targeting controls. A cut 
o ff was maintained at >50-fold to enable easy visualisation of the expression results. All experiments 
were performed in biological triplicates.
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Figure 5.16—The untransformed gene array and qRT-PCR expression values from 2102Ep cells. This 
chart represents the untransformed fold-expression compared to  the non-targeting controls. All 
experiments were performed in biological triplicates.
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5 .4 .6 .4  —  Further Inspection o f  D iffe ren tia l Gene Analysis

The top 10 upregulated and dow nregulated genes in 2102Ep and NTera-2 cells transfected w ith  

siS0X2 are displayed in Table 5.9 and Table 5.10. The full list o f genes d ifferentially expressed in 

both cell lines can be found in Supplem ental Table 2. Assuringly, S0X2 was the  most 

dow nregulated gene in 2102Ep cells. As analysed, in NTera-2 cells, S0X2 was 1.4-fold  

dow nregulated and therefore  not included in the list o f >2-fold deregulated genes. Taking into 

account the premise th a t the RMA m ethod o f gene array analysis calculates d ifferential expression 

conservatively, these results w ere com parable to the gene expression results as measured by qRT- 

PCR shown in Section 5.4 .4 . Among the top  10 deregulated genes in 2102Ep cells, notable  

m em bers are DPPA5 and PRDM 14, both o f which are im portant hES and prim ordial germ cell 

m a r k e r s . I n t e r e s t i n g l y ,  in a previous study, DPPA5 was determ ined to be a central 

distinguisher betw een ECCs and hES, em bryonic germ cells and prim ordial germ  cells, as it was not 

in NCCIT and NTera-2 cells.'**^ 2102Ep cells w ere not included in this study, but the  expression of 

DPPA5 and its dow nregulation by S0X2-induced d ifferentiation shown by the  results in Table 5.9  

clearly distinguishes these cells from  o ther ECC types. Among the upregulated genes in 2102Ep  

cells, LGR5 stands out as a crucial m arker o f both CSCs in intestinal and colon cancer, but also of 

norm al stem cells of the intestine and colon.'*® '̂*®  ̂ A nother highly upregulated gene is M S G N l, a 

W nt/(3-catenin-activated transcription factor which controls segm entation by activating Notch 

signalling during early embryogenesis and is upregulated during early ESC differentiation.''®® 

Similarly, DKKl, H A N O I, APLNR, CERl and M IX L l have been characterised to be upregulated in 

differentiating  ESCs.''®̂ "^®° DKKl, a gene targeted by TCF/(3-catenin, has previously been proposed 

as a high-value target for CSC-directed cancer trea tm en t because o f its ability to induce 

differentiation  in CSCs by antagonising the  W n t p a t h w a y . T h e  strong upregulation o f this 

gene in both 2102Ep and NTera-2 cells (see Table 5.10), supports the possibility o f an im portant 

S0X2-regulated D KK l-m ediated mechanism in the d ifferentiation  of ECCs. This is fu rther discussed 

in Section 5.5 .1 . O ther notew orthy highly upregulated genes in NTera-2 cells are EOMES and 

H A N D l, both markers o f early ESC differentiation.''®* Interestingly, GRHL3, a gene th a t is usually 

expressed during late embryogenesis, is also upregulated. Among the top 10 dow nregulated genes 

in NTera-2 cells, CDH6, a cadherin, has been found to  be overexpressed in highly m etastatic mouse 

m am m ary carcinoma CSCs.''®  ̂ Some of the deregulated genes in Table 5 .9  and Table 5 .10  overlap 

in both 2102Ep and NTera-2 datasets.
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Table 5.11 shows the to ta l 58 differentially expressed genes the  tw o  cell lines had in com m on. Of 

these, four w ere oppositely regulated (highlighted in pink). The correlation o f the  differential 

expression of all 58 genes betw een both cell lines is high, w ith a Pearson's correlation coefficient 

of 0 .8482 (P < 0.0001). This correlation is shown in Figure 5.17 and also dem onstrates th a t the  

genes in 2102Ep cells are almost tw ice as strongly deregulated than those in NTera-2 cells. W hen  

the oppositely expressed genes are rem oved from  the correlation analysis, a Pearson's coefficient 

o f 0 .9051 (P < 0 .0001) is achieved, which indicates a very high correlation o f differential 

expression values. This is a strong indicator th a t S0X2 regulates these genes in a sim ilar m anner in 

both cell lines.

Finally, as an initial validation o f the w hole-genom e d ifferential expression data, it was assuring to  

see that several o f the genes selected for silencing in C hapter 4, w ere  dow nregulated in upon 

S0X2 knock down in 2102Ep and NTera-2 cells. In 2102Ep cells, VSN Ll and AK3L1 (denoted as AK4 

in the gene array data) w ere  dow nregulated. Unexpectedly, DPPA3 and it pseudogene DPPA3P1 

w ere dow nregulated in NTera-2 cells upon S0X2 knock-down, but this was not found in 2102Ep  

cells. It is unclear why this is. Besides this gene, AK3L1 and VSNLl expression was also significantly 

low er in the NTera-2 gene array data.
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Table 5.9—Top 10 upregulated and downregulated genes in 2102Ep cells.
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leucine-rich repeat containing G protein-coupled
LGR5 receptor 5 NM 003667 28,58 2.17E-10
MSGNl mesogenin 1 NM 001105569 19.45 1.84E-09
DKKl dickkopf homolog 1 (Xenopus laevis) NM 012242 19.34 2.39E-09 SON
HANDl heart and neural crest derivatives expressed 1 NM 004821 16.29 2.17E-10 S N t
APLNR apelin receptor NM 005161 15.17 8.69E-08
LEFl lymphoid enhancer-binding factor 1 NM 016269 13.03 2.38E-08 0 N t

Cerberus 1, cysteine knot superfamily, homolog
CERl (Xenopus laevis) NM 005454 11.37 1.31E-06 S N
MIXLl M ix l homeobox-like 1 (Xenopus laevis) NM 031944 10.71 3.75E-08
SNAI2 snail homolog 2 (Drosophila) NM 003068 9.30 7.72E-07
PRTG protogenin NM_173814 9.17 6.85E-08
S0X2 SRY (sex determining region Y)-box 2 NM 003106 -8.79 2.38E-08 SON t si.
IL13RA2 interleukin 13 receptor, alpha 2 NM 000640 -7.49 8.05E-07
CLEC6A C-type lectin domain family 6, member A NM 001007033 -7.48 2.05E-05
DPPA5 developmental pluripotency associated 5 NM 001025290 -7.08 1.74E-06
CLEC4D C-type lectin domain family 4, member D NM 080387 -6.73 2.23E-06
OVOS ovostatin BX647938 -6.59 9.59E-05
EDIL3 EGF-like repeats and discoidin l-like domains 3 NM 005711 -6.33 1.60E-05
NPYIR neuropeptide Y receptor Y1 NM 000909 -6.12 6.56E-06
PRDM14 PR domain containing 14 NM 024504 -5.21 1.55E-06 SON ■I 4.
G0LGA6B golgin A6 family, member B NM_018652 -5.06 3.04E-03

Table 5.10—Top 10 downregulated and upregulated genes in NTera-2 cells.
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DKKl dickkopf homolog 1 (Xenopus laevis) NM 012242 6,80 4,65E-11 SON t

sema domain, transmembrane domain (TM),
SEMA6D and cytoplasmic domain, (semaphorin) 6D NM 153618 4.69 9,32E-09
DNAJC15 DnaJ (Hsp40) homolog, subfamily C, member 15 NM 013238 4,63 7,67E-07 t t
ALPK2 alpha-kinase 2 NM 052947 4,47 7,07E-08 t
SNAI2 snail homolog 2 (Drosophila) NM 003068 4,19 l,15E-07 t
EOMES eomesodermin NM 005442 4,12 5,15E-08 SON
GRHL3 grainyhead-like 3 (Drosophila) NM 198173 3,65 5,20E-09 t t
WLS w/ntless homolog (Drosophila) NM 024911 3,59 7,20E-09 t t
PLXNA2 plexin A2 NM 025179 3.51 8,33E-09 t t
HANDl heart and neural crest derivatives expressed 1 NM_004821 3,40 1,97E-10 SON t
AK4 adenylate kinase 4 NM 001005353 -7,94 9,61E-09 N 4.
SHISA3 shisa homolog 3 (Xenopus laevis) NM 001080505 -7,12 1,61E-11 4.
METTL7A methyltransferase like 7A NM 014033 -6,22 7,26E-08 N 4.
TM4SF18 transmembrane 4 L six family member 18 NM 138786 -4,73 l,26E-08 nL- 4.
EDIL3 EGF-like repeats and discoidin l-like domains 3 NM 005711 -4,59 4,86E-07
HHLAl HERV-H LTR-associating 1 NM 001145095 -4,39 7,42E-08 4.
G0LGA6B golgin A6 family, member B NM 018652 -4,38 l,58E-04
CDH6 cadherin 6, type 2, K-cadherin (fetal kidney) NM 004932 -3,98 4,93E-10 S t
SEMGl semenogelin 1 NM 003007 -3,71 4,35E-06 4̂
TRIM22 tripartite motif containing 22 NM_006074 -3,40 9,61E-09 SON
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Table 5.11—Genes commonly deregulated in both cell lines.
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LGR5
leucine-rich repeat containing G 
protein-coupled receptors NM 003667 28,58 2.17E-10 2.27 8,57E-05

DKKl dickkopf homolog 1 (Xenopus laevis) NM 012242 19.34 2.39E-09 6.80 7,52E-07 SON t

HANOI
heart and neural crest derivatives 
expressed 1 NM 004821 16,29 2.17E-10 3.40 2,12E-06 SN

APLNR apelin receptor NM 005161 15.17 8.69E-08 2,68 l,19E-03

LEFl lymphoid enhancer-binding factor 1 NM 016269 13.03 2.38E-08 2,89 l,28E-04 ON t t

CERl
Cerberus 1, cysteine knot superfamily, 
homolog (Xenopus laevis) NM 005454 11.37 1.31E-06 2,29 l,44E-02 SN

M IXLl M ix l homeobox-like 1 (Xenopus laevis) NM 031944 10.71 3.75E-08 2,25 8.11E-04

SNAI2 snail homolog 2 (Drosophila) NM 003068 9.30 7.72E-07 4,19 1.20E-04 t

PRTG protogenin NM 173814 9.17 6.85E-08 2,64 2.44E-04

BMP2 bone morphogenetic protein 2 NM 001200 7.56 6.85E-08 2.24 4.72E-04 SN

WLS wntless homolog (Drosophila) NM 024911 7.34 7.06E-08 3.59 2.39E-05 t t
NTF3 neurotrophin 3 NM 002527 5.73 2.30E-07 2.19 5.88E-04

EOMES eomesodermin NM 005442 4,17 1.31E-05 4.12 7.24E-05 SON

PLXNA2 plexin A2 NM 025179 4,07 1.42E-06 3.51 2.39E-05 t t

MBNL3 muscleblind-like 3 (Drosophila) NM 018388 2,95 6,06E-06 2.02 6.76E-04

FSHR follicle stimulating hormone receptor NM 000145 2,92 4,01E-05 2.02 2.99E-03

CFCl cripto, FRL-1, cryptic family 1 NM 032545 2,87 7,43E-05 2.28 1.43E-03 N

ALPK2 alpha-kinase 2 NM 052947 2.82 3.16E-04 4,47 8 57E-05 t
NTS neurotensin NM 006183 2.74 9.92E-04 -2,40 7.33E-03 s i

GADl
glutamate decarboxylase 1 (brain, 
67kOa) NM 000817 2.72 4.27E-05 2.65 2.25E-04 SN

NRPl neuropilin 1 NM 003873 2.52 2.64E-04 -2.22 2.19E-03
AHNAK AHNAK nucleoprotein NM 001620 2,44 1.16E-03 2,58 2.13E-03

RGS5 regulator o f G-protein signaling 5 NM 003617 2,37 5.96E-03 2,53 9.48E-03 t ■ I t

ATP2B4
ATPase, Ca++transporting, plasma 
membrane 4 NM 001001396 2,32 5.20E-04 2,52 8.11E-04

C A ll carbonic anhydrase XI NM 001217 2,28 1.80E-05 2,60 3.10E-05 4. xL-

DUSP6 dual specificity phosphatase 6 NM 001946 2,12 1.69E-03 -3,17 2.44E-04 SON

LRRTMl
leucine rich repeat transmembrane 
neuronal 1 NM 178839 2,07 5.04E-04 2,58 2.44E-04

TIMP4 TIMP metallopeptidase inhibitor 4 NM 003256 -2,02 1.05E-03 -2,56 4.32E-04 SN vl.

NANOG Nanog homeobox NM 024865 -2,04 3.37E-03 -2,17 l,81E-02 SON x l.

C15orf27 chromosome 15 open reading frame 27 NM 152335 -2,08 6.66E-05 -2.82 2,39E-05 4̂

NFE2L3
nuclear factor (erythroid-derived 2)-like 
3 NM 004289 -2,08 1.20E-04 -3.07 2,39E-05 SON s i

SHC3
SHC (Src homology 2 domain 
containing) transforming protein 3 NM 016848 -2,20 1.64E-03 -2.25 3.82E-03 SON

CALBl calbindin 1, 28kDa NM 004929 -2,21 2.17E-02 2.38 3.15E-02 N

IQSEC2 IQ m otif and Sec7 domain 2 NM 001111125 -2.21 2,90E-04 -2,25 8.08E-04 SN

TLR4 toll-like receptor 4 NR 024168 -2,29 3,25E-04 -2.35 8,58E-04

psiTPTE22 TPTE pseudogene AK097082 -2,32 1.17E-02 -2,55 l,55E-02 s i

PRUNE2 prune homolog 2 (Drosophila) NM 015225 -2.42 l,83E-03 -2.12 2,44E-04

C9orfl35 chromosome 9 open reading frame 135 NM 001010940 -2.43 1.13E-03 -2.82 l,15E-03 t • I

ARSE
arylsulfatase E (chondrodysplasia 
punctata 1) NM 000047 -2.52 1.04E-05 -2.50 5.88E-05 s i

VSNLl visinin-like 1 NM 003385 -2.73 1.37E-02 -2,87 2,61E-02

SHISA3 shisa homolog 3 (Xenopus laevis) NM 001080505 -2.76 9.08E-06 -7,12 521E-07
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—Table Continued—
HHLAl HERV-H LTR-associating 1 NM 001145095 -2.77 3.37E-04 -4.39 8.57E-05 4.
PHCl polyhomeotic homolog 1 (Drosophila) NM 004426 -2.79 4.41E-04 -2.24 6.81E-03 ■I 4.
METTL7A methyltransferase like 7A NM 014033 -3.09 7.64E-04 -6.22 8.57E-05 N 4.
ZNF483 zinc finger protein 483 NM 133464 -3.19 1.73E-05 -2.07 1.83E-03
AK4 adenylate kinase 4 NM 001005353 -3.25 3.63E-04 -7.94 2.39E-05 N 'I 4.

NR5A2
nuclear receptor subfamily 5, group A, 
member 2 NM 205860 -3.33 4.83E-05 -2.14 4.48E-03

PLA2G16 phospholipase A2, group XVI NM 007069 -3.41 2.54E-06 -2.08 5.88E-04 4.
SEMGl semenogelin 1 NM 003007 -3.47 5.53E-04 -3.71 1.18E-03 4.
LHFPL4 lipoma HMGIC fusion partner-like 4 NM 198560 -3.63 4.56E-06 -2.37 4.50E-04
GPR160 G protein-coupled receptor 160 NM 014373 -3.70 1.92E-04 -2.46 7.63E-03 4̂
PIPOX pipecolic acid oxidase NM 016518 -3.78 1.65E-06 -2.17 4.71E-04 SON
SAMHDl SAM domain and HD domain 1 NM 015474 -3.85 1.48E-05 -2.39 1.43E-03
C10orf96 chromosome 10 open reading frame 96 NM 198515 -4.13 5.30E-04 -3.13 6.86E-03 4.
G0LGA6B golgin A6 family, member B NM 018652 -5.06 3.04E-03 -4.38 1.50E-02
PRDM14 PR domain containing 14 NM 024504 -5.21 1.55E-06 -2.83 2.55E-04 SON 4. 4.

EDIL3
EGF-like repeats and discoidin l-like 
domains 3 NM 005711 -6.33 1.60E-05 -4.59 2.66E-04

OVOS ovostatin 8X647938 -6.59 9.59E-05 -2.75 1.47E-04

3n

2

- s - i

Figure 5.17—Correlation of the 58 differentially expressed genes shared between the 2102Ep and 
NTera-2 datasets. The axes respresent In-transformed fold-expression. The dotted line represents 
the linear regression of the data. Pearson's correlation coefficient = 0.8482 (P < 0.0001). Pearson's 
product moment correlation coefficient was used to measure significant correlation.
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5 .4 .6 .5  — Cross-reference w ith External Studies

The lists of deregulated genes were connpared to a number of previously published studies and 

unpublished data previously produced by this laboratory. To aid in the identification of genes that 

could be directly regulated in 2102Ep and NTera-2 cells by S0X2 two studies were included in 

which S0X2 binding sites were identified in hES and GBM cells using ChIP sequencing (ChlP- 

seq).” '̂ ®® Although these cell lines are different than the ones used in this thesis, the previous 

establishement of in vivo promoter binding sites of S0X2 in other cell types, increases the 

probability that genes found in the data from this thesis that have previously found S0X2 binding 

sites, are regulated by this transcription factor in the cell lines used in this study. Additionally, the 

data was compared to a previous study in which early differentiation of NCCIT cells was induced 

by S0X2 s ile n c in g .F in a lly  a comparison was also made with previous data from this laboratory 

containing whole-genome expression results during early differentiation of NTera-2 cells by ATRA. 

The purpose of the last two studies was to aid with the identification of potentially important 

genes for ECC differentiation. A comparison of the data from these studies and the differential 

gene expression data produced for this chapter is added to Table 5.9, Table 5.10 and Table 5.11. 

The studies used for comparison are the following:

1. W ith Chip, Boyer et al. (2005) performed a genome-wide search for promoter binding 

sites of the core pluripotency transcription factors, S0X2, 0CT4 and NANOG, in hESCs. 

This showed that these factors were bound to the promoter regions belonging to 

thousands of genes.

2. As mentioned in Section 5.4.6.2, a genome-wide differential expression analysis was 

previously performed by this laboratory with NTera-2 cells in 10'^ mM ATRA for three 

days. This produced hundreds of differentially regulated genes that had functions in the 

retinoid pathway, but also in early NTera-2 differentiation.

3. In a similar study to this one. Fang et al. (2011) conducted a functional study by silencing 

S0X2 in a GBM cell line and conducting a genome-wide expression and ChlP-seq analysis, 

three days after S0X2 silencing.'’®̂ Differential gene expression results and ChlP-seq 

results were included in the comparison with the data in this Section.

4. As mentioned in Section 4.5, S0X2 was previously silenced in NCCIT cells, a different ECC 

line from 2102Ep and NTera-2 cells by Greber et al (2007).^^® Two days after S0X2 

silencing, whole-genome differential expression analysis was performed.

For study 1, the promoter-bound pluripotency factors are listed in Table 5.9, Table 5.10 and Table 

5.11 as S, 0 , N for S0X2, 0CT4 and NANOG resepectively. Study 2 is listed as 'NTera-2 + ATRA' in 

these tables, all other studies by their respective first authors. For studies 2-4, the genes which
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overlap w ith  those in Table 5.9, Table 5.10 and Table 5.11 are denominated w ith an arrow in 

concordance to  the ir regulation in the compared study. Genes that were found to be bound by 

S0X2 in study 3 were marked in the tables w ith  grey.

A large degree o f overlap exists between the differentially expressed genes in this study and the 

genes bound by 0CT4, S0X2 and NANOG the study by Boyer et al. (2005). Table 5.12 shows a 

fu rther breakdown o f the numbers of differentia lly regulated genes in this chapter which are 

found Boyer et al. (2005) data and, thus, have a demonstrated capability o f being bound by S0X2, 

0CT4 and NANOG. The percentage value in brackets represents the overlapping data as a fraction 

o f each group o f total, upregulated or downregulated genes. Of all d ifferentia lly expressed genes 

in 2102Ep cells, 12.4% are found to  be bound by S0X2 in hESCs. In NTera-2 cells, 21.4% of 

d ifferentia lly expressed genes are bound by S0X2 in hESCs.

Table 5.12—Numbers of genes bound by OCT4/SOX2/NANOG as per Boyer et al. with the percentage 
fraction of each respective group.

Bound by OCT4/SOX2/NANOG Upregulated Downregulated

Total Up Down S0X2 0CT4 NANOG S0X2 0CT4 NANOG
2102Ep 95 (24%) 55 (23%) 40 (23%) 25 22 51 25 17 38
NTera-2 42 (32%) 17 (28%) 25 (35%) 9 7 17 19 14 23

In Table 5.13, the number o f genes common w ith the data from  the studies by Greber et al. 

(2007) and the study conducted previously by this laboratory are listed. A higher overlap exists 

between the NTera-2 differentia l gene expression from this Section and the data from  the 'NTera- 

2 + ATRA' study, than when the 2102Ep data is compared w ith  the latter study. This is expected, 

as the differentiation program as induced by ATRA in NTera-2 cells is probably more comparable 

to  the differentiation program as induced by S0X2 in NTera-2 cells, than in 2102Ep cells. The 

comparison w ith  the NCCIT S0X2 knock-down data from  Greber et al. (2007) shows reasonable 

overlap o f differential gene expression in this embryonal carcinoma cell line when compared w ith 

2102Ep and NTera-2 cells. However, overall, this overlap is higher in NTera-2 cells than in 2102Ep 

cells, possibly indicating that the d ifferentiation program or S0X2-mediated gene regulation in 

NCCIT cells is more comparable to NTera-2 cells than 2102Ep cells. This has not yet been 

suggested and might indicate a significant difference in the biology o f d ifferent ECC types.

Table 5.13—Numbers of genes that overlap with the data from Greber et al and this
laboratory with the percentage fraction of each respective group.

NTera-2 + ATRA Greber et al.
Up Down 0pp. Up Down 0pp.

2102Ep 27 (11%) 30(18%) 10 (2%) 57 (24%) 33 (20%) 2 (0%)
NTera-2 10 (17%) 24 (34%) 3 (2%) 23 (38%) 23 (32%) 1 (1%)
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The number o f genes that overlap w ith the differential expression data from the GBM S0X2 

knock-down study by Fang et al. (2011) are listed in Table 5.14 and show surprisingly little  

overlap. Contrarily, a much larger proportion o f d ifferentia lly expressed genes in 2102Ep and 

NTera-2 cells are bound by S0X2 in GBM cells according to  the Fang et al. (2011) study. This 

probably indicates tha t S0X2 could have quite dissimilar functions in GBM, than in embryonal 

carcinoma. The comparisons o f the data w ith  all aforementioned studies are further discussed in 

the discussion o f this chapter.

Table 5.14— Numbers of genes that overlap with the data from Fang et al. with the
percentage fraction of each respective group.

Gene Expression S0X2 ChlP-seq
Up Down 0pp. Total Up Down

2102Ep 6 (3%) 6 (4%) 8 (2%) 93 (23%) 55 (23%) 38 (23%)
NTera-2 2 (3%) 1 (1%) 7 (5%) 39 (30%) 19 (32%) 20 (28%)
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5.4 .6 .6  — Pathway Analysis

Various deregulated genes in 2102Ep and NTera-2 ceils are m em bers o f particular fam ilies of 

cellular pathways. Categorising the deregulated genes into these pathways may clarify the  biology 

o f the  S0X2-induced d ifferentiation  of these cell lines. W ith  the aid o f the online DAVID  

Bioinform atic Resources 6.7 softw are (described in Section 5 .3 .2 .6 ) in com bination w ith the  online  

Kyoto Encyclopedia o f Genes and Genomes (KEGG) PATHWAY mapping m odule, the differentia lly  

regulated genes w ere  sorted into various cellular pathways.'*®^ The DAVID softw are cross- 

referenced the input genes from  each cell line w ith  the pathw ay database from  KEGG PATHWAY. 

The genes w ere categorised according to which pathway they belonged. Because cellular 

pathways frequently cross-link, various genes w ere  categorised in m ultip le pathways. The 

pathways found to be highly represented in the data have historically been highly associated with  

sternness, em bryonic developm ent and cancer. These are W nt, MAPK, TGF|3, Hedgehog, 

JAK/STAT, PPAR and chem okine signalling. Figure 5.18 and Figure 5.19 depict the m em ber genes 

of d ifferent pathways and th e ir fold expression in NTera-2 and 2102Ep cells respectively. The 

results show that, particularly in 2102Ep cells, the expression of m any signalling pathway  

com ponents are activated by S0X2 dow nregulation. The im portance o f these genes and there  

potential contribution to  2102Ep and NTera-2 cell carcinogenicity and sternness are fu rther  

detailed in the discussion o f this chapter.

4

W nt
MAPK TGFp PPAR

Figure 5 .1 8— Deregulated genes in im portan t signalling pathways in NTera-2 cells. The
horizontal brackets encompass the listed genes in the associated pathway. The genes at 
points of overlap are simultaneously categorised in tw o different pathways.

264  , Chapter Five — Global Gene and MicroRNA Expression Analysis in Embryonal Carcinoma



Wnt   > TGPP ------------------------------------------ ^ ^
Hedgehog MAPK JAK/STAT Chemokine

Figure 5.19—Deregulated genes in important signalling pathways in 2102Ep cells. The horizontal brackets encompass the listed genes in the associated pathway. The 
genes at points of overlap are simultaneously categorised in two different pathways.
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5.4 .6 .7  — Functional Gene and Annotation Analysis

Functional annotation analysis was perfornned w ith  DAVID Bioinform atic Resources 6 .7  for all 

differentially expressed genes in 2102Ep and NTera-2 cells as described in Section 5 .3 .2 .6 . 

Functional annotation analysis does not provide a very detailed and reductionistic description o f 

the nnolecular biology in the relevant cell processes, but instead provides a more holistic m ethod  

of broadly analysing and comparing cell phenotype. Upregulated and dow nregulated genes w ere  

separately analysed. In this Section, the functional annotation clusters w ere depicted as circle 

graphs w ith  a description th a t summarises the most dom inant annotations in the cluster (see 

Figure 5 .20  and Figure 5 .21). Because classification stringency was set quite high, th e  clusters 

describe quite specific processes. The circle graphs represent only the significantly enriched  

functional annotation clusters, w ith a m aximum o f top 10 ranked by Group Enrichment Score, an 

indicator of significance (higher is m ore significantly enriched). A detailed description of the  

functional annotation clusters w ith a break-down of individual term s are found in Supplem ental 

Table 3.

The functional annotation results from  the upregulated genes in 2102Ep cells, shown in Figure 

5.20, are highly enriched fo r term s th a t relate to  em bryonic morphogenesis, such as Mesenchym e  

Developm ent, Embryonic Limb Developm ent, Pattern Form ation and Regionalisation and Axis, 

Embryonic Pattern Specification and Hom eobox. This strongly indicates that the  induced 

dow nregulation o f S0X2 activates processes involved in ESC differentiation and em bryonic  

morphogenesis. O f particular interest is the upregulation o f HOX genes, a com m on feature of 

early em bryonic developm ent. The Hom eobox term  includes about 12 genes, which are part o f a 

large superfam ily, containing transcription factors w ith a hom eobox m otif. The HOX netw ork is 

frequently  associated w ith  developm ental fate, but, more im portantly fo r this study, have been  

frequently  associated w ith  the  d ifferentiation  o f various ECC lines.'*®^“̂ ®® The large m ajority of 

genes in the annotation cluster. Regulation o f Transcription, are transcription factors and 

represent the largest annotated group in the dataset. Almost all m em bers of this annotation  

cluster overlap w ith the second largest cluster. Positive Regulation o f Transcription and 

M acrom olecule Biosynthesis. Both groups contain a large num ber o f ESC markers. W ith  a total of 

55 unique genes in both annotation clusters, this indicates a substantial activation of 

transcriptional networks, a fea ture  o f ESC differentiation. A num ber upregulated genes are 

mem bers o f the  M esenchym e D evelopm ent and Cell M igration and M otility . These are functions 

th a t are frequently  associated w ith  ES differentiation  and early em bryonic developm ent. 

However, they have also com m only been im plicated w ith  oncogenicity and metastasis.

266 I C hapter Five — Global Gene and MicroRNA Expression Analysis in Embryonal Carcinoma



Among the dow nregulated genes far less pronninent annotation enrichm ent is found than among  

the upregulated genes. The most significantly enriched cluster, as defined by its Group  

Enrichment score contain is High M obility  Group (H M G ), a fam ily o f genes o f which S0X2 is a 

m em ber. This fam ily is involved in transcriptional regulation by the structural m odification of 

chrom atin superstructures.^®^ This signifies the regulation of o ther HM G genes by S0X2, such as 

S0X15, T0X3, W D H D l and TCF7L1. Together w ith  S0X2, S0X15, T0X3 and TCF7L1 are im portant 

pluripotency markers, but also have been classified oncogenes in germ cell tum ours and 

CSCs.“ ''*®®"“ ° Strikingly, 13 genes belonging to  the cluster. Regulation o f Cell Death, are 

dow nregulated in 2102Ep cells. This is the largest significantly enriched group and contains many 

pro-apoptosis genes (BNIP3, EPHA7, EDNRB, IL IA , PRUNE2, TERFl and CD24) which appears to  

suggest th a t S0X2-silenced 2102Ep cells may be becoming m ore resistant to apoptosis.^°^““  ̂

CD24 is o f particular interest as the low expression o f this cell surface protein, in com bination  

w ith high CD44 expression, is a com m on CSC marker.^'’®̂ '“ * The upregulation of CD24 in breast 

CSCs has fu rtherm ore resulted in the apoptosis o f these c e l l s . H o w e v e r  a num ber o f very 

im portant oncogenic anti-apoptotic  genes are also dow nregulated (TD G Fl, P IM 2 and TLR4).“ ®“ ”̂  

Another gene o f interest is TD G Fl, as the upregulation of these gene has identified a highly 

tum origenic subpopulation of in the NTera-2 ECC line. It is therefore  possible that this gene might 

have a similar oncogenic role in 2102Ep cells. Also highly interesting is the dow nregulation o f TLR4 

as this gene is an im portant m arker o f ovarian CSCs w ith functional implications in the  

m aintenance of these cells.
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Figure 5 .2 0— M ost highly enriched functional annotation clusters in 2102Ep d ifferentia l gene 

expression data. The top circle graph depicts functional annotation enrichment in upregulated genes 
and the bottom  circle graph represents the downregulated genes. Each segment is labelled w/lth the 

dom inant term  of the related functional annotation cluster and its size is proportional to  the number 
of genes in the cluster as a fraction of the whole group. The number in brackets is the Group 

Enrichment Score of the cluster; higher indicates more significantly enriched.
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The list o f deregulated genes in NTera-2 cells shows less overall annotation enrichm ent than the  

data from  2102Ep cells. Among the  upregulated genes, several signficantly enriched functional 

annotation clusters, shown in Figure 5.21, describe em bryonic developm ent and germ layer 

form ation  (Trophectoderm al/Blastocyst Form ation and Embryonic Developm ent, M esenchym al 

D evelom ent and EMT, Primary Germ  Layer and M esoderm  Formation, Uretic 

B ud/Tube/Epithelium  Developm ent, Determ ination of Sym m etry). However, the  total num ber of 

unique genes in these clusters (16) is relatively low in comparison to the size o f the entire dataset. 

By far the largest and most enriched annotation cluster is described by the very general term  

'Signal' and was excluded from  Figure 5 .21 fo r the purpose of visualising m ore specialised 

clusters. An interesting cluster is 'M esenchym al Develom ent and EMT' as this contains three  

genes crucial to  EMT (BM P2, EOMES and LEFl). All th ree these genes aid in the induction o f EMT, 

a process which is e lem ental em bryonic developm ent, but is also strongly associated w ith  cancer 

cell migration and CSC f o r m a t i o n . O d d l y  not included in the aforem entioned cluster by 

DAVID, but upregulated in NTera-2 cells is also SNAI2/Slug, a crucial inducer of EMT and repressor 

of E-cadherin.“ '̂̂ ®̂ Unexpectedly C D H l/E -cadherin  is upregulated in NTera-2 cells despite the  

upregulation of pro-EM T genes. This finding is fu rther discussed in Section 5.5.1.2.

Finally, among the dow nregulated genes in NTera-2 cells, only one functional annotation cluster is 

significantly enriched (not shown as a circle graph). This describes C ell/Neuron Projection 

Morphogenesis and Neuronal D ifferentiation. Of the six genes in this cluster, DSCAM, KITLG, 

A D M , FEZl and N R Pl have been directly associated w ith functional roles in neural developm ent 

and, in some cases, neural stem c e l l s . K I T L G  is also involved in germ cell developm ent and 

has also been described as an oncogene, particularly in testicular germ cell cancer, while FEZl has 

been strongly associated w ith  ovarian cancer.
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Figure 5 .21— M ost highly enriched functional annotation clusters among upregulated genes in 
NTera-2 cells. The circle graph depicts functional annotation enrichment in upregulated genes Each 
segment is labelled with the dominant term  of the related functional annotation cluster and its size is 
proportional to  the number of genes in the cluster as a fraction of the whole group. The number in 
brackets is the Group Enrichment Score of the cluster; higher indicates more significantly enriched.
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5.4.7- Whole miRNA Expression Analysis with TaqMan® Arrays

For the analysis o f whole-m icroRNAom e expression in 2102Ep and NTera-2 cells a fte r siS0X2 

silencing, TaqM an® Array Human MicroRNA A+B ver. 3.0 cards w ere used. As described in Section 

2.5.1.2 , these cards provided the means to measure the differential expression of up to 754  

miRNAs in both cell lines.

5.4.7.1 — Optimisation o f the miRNA Preamplification Stage

Applied Biosystems recomm ends a pream plification o f miRNA in the  original RNA sample to  

enhance the perform ance of the TaqMan® Arrays. This is especially recom m ended w hen RNA 

concentrations are low (i.e. approxim ately 30 ng/n l). The concentrations o f the RNA samples used 

in this experim ent are much higher (i.e. approxim ately 300 ng/pil). An experim ent was conducted 

to  decide w h eth er pream plification was desirable and consistent. MiRNA cDNA was synthesised 

from  210 ng to ta l RNA and a part pream plified and diluted 1:4 in O .IX  TE buffer according to the  

protocol in Section 5 .3 .3 .1 . Unam plified and pream plified cDNA was assayed fo r miR-16 

expression. The results fo r NTera-2 cells can be found in Figure 5.22. Unam plified samples show a 

miR-16 expression at 30 Ct, while miR-16 expression in the pream plified sample is at 15.8  Ct. In 

conventional qRT-PCR experim ents conducted during this study, m iR-16 expressed w ithin the 18- 

22 Ct range. Considering the substantially higher concentration o f RNA used in this experim ent, 

the expression o f m iR-16 in the pream plified cDNA reflects the expected range closer than  the  

unam plified cDNA. W hen taking into account the  m aximum possible am ount o f RNA which can 

used for cDNA synthesis (approxim ately 800 ng), m iR-16 would express at a predicted 28 Ct. This 

was considered inadequate for the TaqM an Array®, so pream plification was the chosen option for 

fu rther experim entation.

The expression results from  2102Ep samples showed high variance as seen in Figure 5.23. A fter a 

repeat o f this experim ent (data not shown), the 2102Ep RNA was concluded to  probably contain 

inhibitory factors which interfered w ith  the cDNA synthesis. As this was not detected before in 

previous qRT-PCR experim ents, this anom aly is probably lim ited to qRT-PCR w ith  the MegaPlex™  

Primer Pool. To find an ideal RNA concentration at which inhibitory effects could be minimised a 

range of RNA dilutions underw ent cDNA synthesis, pream plification and qRT-PCR. The range of 

dilutions and the  results o f m iR-16 expression are displayed in Figure 5.24. M iR-16 expression 

peaked at 105 ng RNA. This was chosen as the quantity fo r fu rther experim entation.
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Figure 5.22— MiR-16 expression in NTera-2 cells using unamplifled an preamplified cDNA. The Ct
value in pream plified cDNA is significantly lower (i.e. expression is significantly higher) in pream plified 
cDNA compared to  unamplified cDNA (P < 0.0001). Values are normalised mean expression ± SD o f 
biological triplicates. Sample means were compared w ith a t-test.
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Figure 5.23—qRT-PCR amplification plot of mlR-16 expression in preamplified and 
unamplified 2102Ep cDNA. Red lines represent mlR-16 expression in pream plified cDNA, 
yellow  lines in unamplified cDNA. The values on the x-axis represent the qRT-PCR cycles.
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Figure 5.24— MiR-16 expression in cDNA synthesised and preamplified from different quantities of 
2102Ep RNA. The lowest Ct value (i.e. highest expression) for mlR-16 Is at 105 ng RNA.
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5 .4 .7 .2  — Q u a lity  C o n tro l

The protocol fo r quality control is detailed in Section 5 .3 .2 .3 . Following qRT-PCR and the  

thresholds and baselines of each am plification plot was e ither autom atically or manually set w ith  

the  RQ M anager v l.2 .1  softw are (Applied Biosystems). MiRNAs w ith no expression or w ith highly 

aberrant am plification plots w ere om itted  from  the  overall data set. The processed data was 

im ported in th e  DataAssist v3.0 relative quantification (RQ) softw are (Applied Biosystems). This 

tool was used fo r producing differential expression results and for quality control. Two quality  

control metrics w ere used, overall range of Ct distribution and signal correlation betw een  

individual samples. In Figure 5.26 box plots o f the o f Ct distribution gam ut is shown for each 

sample. The box plots show that m ean and m edian Ct o f all samples keep w ithin <1 Ct, which 

indicates low variance betw een the samples. This also indicates the difference in specific miRNA  

expression betw een both control groups is probably subtle in term s o f quantity and am plitude. 

50% o f all expression lies w ithin a 21-28  range, which is the  desired range fo r high quality  

expression results. Signal correlation as revealed in Figure 5 .25 and Figure 5 .27  fo r 2102Ep and 

NTera-2 cells respectively, show high correlation am ong the biological replicates in the control 

groups, although NTera-2 B card data shows m arkedly less replicate correlation com pared to the  

other data sets. In addition, 2102Ep N e g l o f the A card data shows less correlation than the  other 

replicates in the  sample set, despite good correlation of the o ther ones.
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Figure 5.25—Box plots of Ct distribution gamut of expressed miRNA in 2102Ep cells. Each box 
represents one biological replicate. The boxes denote the middle 50% o f all Ct values. The black 
horizontal line is the median and the black do t is the  mean. The whiskers indicate maximum and 
minimum values 1.5 x in ter quartile  range between the firs t and th ird  quartile.
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Figure 5.26—Box plots of Ct distribution gamut of expressed miRNA in NTera-2 cells. Each box 
represents one biological replicate. The boxes denote the middle 50% of all Ct values. The black 
horizontal line is the median and the black dot is the mean. The whiskers indicate maximum and 
minimum values 1.5 x Inter quartile range between the first and third quartlle.
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Figure 5.27—Ct signal correlation between biological replicates. The correlation of the normalised miRNA expression values is 
represented by these heat maps with the highest correlation depicted by darl< brown.
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5.4.7.3 — Analysis o f D ifferential miRNA Expression

D iffe re n tia l m iR N A  expression w as analysed w ith  th e  DataAssist v 3 .0  s o ftw a re  as described  in 

S ection 5 .3 .3 .3 . 2102E p  and N T e ra -2  cells w e re  screened fo r  7 5 4  h um an m iRNAs. The to ta l  

n u m b e r o f m iRNAs expressed and th e  num bers o f significantly (P < 0 .0 5 ) > 2 -fo ld  u p - o r  

d o w n re g u la te d  m iRNAs in 21 02 E p  and N T era -2  cells are  show n in T ab le  5 .1 5 . Tota l m iR N A  

expression in b oth  cell lines is q u ite  s im ilar (4%  h igher in N T era -2  cells th a n  21 02 E p ), h o w e v e r  

ap p ro x im a te ly  tw ic e  as m any m iR N A  w e re  d iffe re n tia lly  regu lated  in 2102E p  co m p ared  to  N T era -2  

cells. In 21 02 E p  cells, th e  q u a n tity  o f d o w n reg u la ted  m iR N A  w as 2 .8  tim es  h igher th a n  

u p reg u la ted  ones. This n u m b e r w as 3 .3  in N T era -2  cells. These results ind ica te  th a t  m iR N A  

expression is strongly  biased to w a rd s  d o w n reg u la tio n  upon S 0X 2  silencing in th ese  cell line. In 

21 02 E p  cells, m ed ian  expression o f all s ignificantly  d iffe re n tia lly  expressed m iR N A  (P < 0 .0 5 ), 

including m iR N A  fo ld  expression <2 (x,o,ai), is 0 .9 8 . W h e n  only m iR N A  w ith  fo ld  expression < 2  are  

excluded (x>2-foid)/ th e  m ed ian  is 0 .4 4 . In N T era -2  cells, x,otai = 0 .8 3  and x>2-foid = 0 .4 2 . Descriptive  

statistics o f n a tu ra l-lo g  tra n s fo rm e d  RQ d ata  is show n in Tab le 5 .1 6  and in d ica te  a highly positive  

skew ness statistic , a m easure o f th e  a s ym m etry  o f a d is tribu tion . As ap p lied  h ere , th e  positive  

skew ness va lue  ind icates a s ignificant bias o f th e  d is tribu tion  to w a rd s  an d o w n re g u la te d  fold  

change o f  o verall m iR N A  expression . F igure 5 .2 8  and Figure 5 .2 9  show  all > 2 -fo ld  u p reg u la ted  and 

d o w n re g u la te d  m iRNAs in 21 02 E p  and N T era -2  cells w ith  th e ir  fo ld  expression changes. The 

results fro m  21 02 E p  and N T e ra -2  cells w e re  co m p ared  in Figure 5 .3 0 . Five u n iq ue m iRNAs w ere  

significantly  > 2 -fo ld  d iffe re n tia lly  expressed in b o th  cell lines, o f w hich  o n e  (m lR -1 8 1 a -2 * )  was 

o pp o site ly  reg u la ted .

Table 5.15— MiRNA expression in 2102Ep and NTera-2 cells.

Expressed miRNAs Upregulated Downregulated
2102E p 4 3 4 16 4 4

N T era -2 4 5 2 7 23

Table 5.16— Mean expression and data point distribution of miRNA expression in 
2102Ep and NTera-2 cells.

N Mean Std.
Deviation

Skewness

Statistic Statistic Statistic Statistic Std.
Error

2102EP Total 97 -.2081 1.00116 1.148 .245
2102Ep >2-fold 60 -.3337 1.20586 1.352 .309
NTera-2 Total 62 -.4602 .77513 .947 .304
NTera-2 >2-fold 30 -.5714 1.03640 1.044 .427
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Figure 5.28—MiRNA differentially regulated in 2102Ep cells. All listed mlRNAs are significantly (P < 0.05) >2-fold d ifferentia lly  expressed.
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Figure 5.29—MiRNA differentially regulated in NTera-2 cells. All listed mlRNAs are significantly (P < 
0.05) >2-fold d ifferentia lly  expressed.
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Figure 5.30—MiRNA differentially regulated in both 2102Ep and NTera-2 cells. All listed mlRNAs are 
significantly (P < 0.05) >2-fold d ifferentia lly  expressed.
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The results from  differential miRNA expression in 2102Ep and NTera-2 cells upon S0X2 knock 

dow n w ere compared to th ree previous studies. The first study, by Gallagher et al. (2009), is 

explained in Section 3.1 and is partially comprised of a differential expression analysis o f 317  

miRNAs after subjecting NTera-2 cells to  ATRA for th ree days, resulting in the ir d ifferentiation of 

these cells and the >2-fold deregulation o f 113 m ature miRNAs.” '' The second study, by Fang et al. 

(2011), contains a d ifferential expression analysis o f an undefined num ber o f miRNAs a fte r the  

silencing of S0X2 in GBM cells, resulting in the >2-fold deregulation o f 95 m ature miRNAs.'*®® The 

third study, by IVIarson et al. (2008), extensively mapped the in  vivo  binding sites o f the core 

pluripotency factors, including S0X2, to  defined prom oter regions of miRNA in mESCs. In addition  

to  this they also com pared the expression o f miRNA in undifferentiated mESCs to mouse 

em bryonic fibroblasts (mEFs).“  ̂ Boyer et al. (2005) m apped S0X2 binding sites in hESCs and 

compiled a list of intronic miRNAs that could be regulated by hES.”  Although this study did not 

cover all miRNAs in the genom e, some miRNAs could be regulated by the transcription of the ir  

host gene by SOX. All >2-fold deregulated miRNAs in 2102Ep and NTera-2 cells in this thesis, 

which are referenced in the positive results from  the th ree aforem entioned studies are shown in 

Table 5 .17 and Table 5.18. The arrows (v H ^ ) in the 'Gallagher et al.' and 'Fang et al.' columns 

indicate the direction o f expression o f each respective miRNA in these studies. Only miRNAs 

bound by S0X2 in mESCs described by the Marson et al. (2008) study are com pared to hum an  

analogues in Table 5 .17 and Table 5 .18, w ith the  arrows indicating the direction of expression of 

mESCs compared to mEFs and the dot ( • )  indicating no change. The miRNAs found by Boyer et al. 

(2005) are denoted by a dot ( • ) . These results are discussed in Section 5.5.
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Table 5.17—Deregulated mlRNA In 2102Ep ceils which overlap with mlRNA expression 
results from Gallagher et al. and Fang et al. and the ChIP results from IVIarson et al. and
„ . , 79,274,466,523Boyer eto /.

mlRNA Fold
Change

P-value Gallagher et al. Fang et al. Marson et al. Boyer et al.

hsa-m R-30d 14.06 1.09E-02 4.
hsa-m R-143 11.18 4.94E-02 •

hsa-m R-9* 5.16 4.00E-04 t 4.
hsa-m R-181a-2* 3.05 1.32E-02 •

hsa-m R-424 2.87 2.80E-03
hsa-m R-27b 2.76 8.00E-04 •

hsa-m R-152 2.45 4.25E-02 •

hsa-m R-301b 2.24 7.00E-04 •

hsa-m R-30a-3p 2.08 3.60E-02 t
hsa-m R-520b -2.00 9.10E-03
hsa-m R-518b -2.06 1.95E-02
hsa-m R-522 -2.08 1.64E-02 4.
hsa-m R-182 -2.08 6.00E-03 4.
hsa-m R-942 -2.10 1.04E-02
hsa-m R-296 -2.22 2.46E-02 •

hsa-m R-1271 -2.26 4.78E-02 4̂
hsa-m R-519d -2.27 2.50E-03
hsa-m R-183* -2.32 4.67E-02 4.
hsa-m R-875-5P -2.61 4.85E-02 •

hsa-m R-520f -2.76 4.40E-03 4.
hsa-m R-519e -2.79 1.28E-02 4.
hsa-m R-183 -2.90 4.06E-02 4̂
hsa-m R-135b* -3.04 4.60E-03 4. • •

hsa-m R-518C -3.33 1.90E-02 4.
hsa-m R-520g -3.41 1.40E-03 4.
hsa-m R-148a -3.63 4.40E-03 t
hsa-m R-520a* -3.96 1.20E-02 4.
hsa-m R-26a-l* -4.99 5.30E-03 4.

Table 5.18— Deregulated mlRNA in NTera-2 cells that overlap with miRNA expression results from  
Gallagher et al. and Fang et al. and the ChIP results from Marson et al and Boyer et

mlRNA Fold
Change

P-value Gallagher et al. Fang et al. Marson et al. Boyer et al.

hsa-mlR-145 2.81 1.91E-02 t t
hsa-mlR-184 2.38 6.90E-03
hsa-miR-589 -1.98 3.83E-02 4.
hsa-miR-22* -2.02 3.31E-02 •

hsa-mlR-7 -2.27 1.02E-02 •

hsa-mlR-135b* -2.33 1.89E-02 4. • •

hsa-miR-31 -2.41 2.30E-03
hsa-mlR-135b -2.56 1.60E-03 4. • •

hsa-miR-181a -2.61 3.43E-02 •

hsa-mlR-372 -2.65 3.29E-02
hsa-mlR-135a -2.68 8.20E-03 •

hsa-miR-31* -3.23 3.00E-04
hsa-mlR-577 -3.31 2.30E-03
hsa-mlR-522 -3.93 2.30E-03
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5 .4 .7 .4  — C om putational Target Prediction fo r  D ifferentia lly  R egulated nniRNA

Computational target gene prediction was performed for each miRNA with a significant fold 

change >2 in 2102Ep or NTera-2 cells. This was performed with the TargetScanHuman software as 

described in Section 5.3.3.4. Target prediction generally produces results containing hundreds 

genes for each miRNA. As it is impossible to efficiently list all these potential targets in this thesis 

and this would convey a convoluted mixture of results, a different approach was taken. This 

approach was based upon an assumption that predicted targets which have a high frequency 

among similarly regulated miRNAs, have a higher chance of being genes which are actually post- 

transcriptionally regulated by these miRNAs in vivo. Similar assumptions have been made in 

studies before to find trends in large miRNA datasets, which could help predict potential 

t a r g e t s . B a s e d  on this, two target lists were generated with TargetScanHuman from all the 

miRNA significantly >2-fold downregulated and >2-fold upregulated in 2102Ep and NTera-2 cells. 

The targets in the lists were subsequently ranked by frequency. A histogram of these target 

frequencies can be found in Figure 5.31. From these, target frequencies lists were generated from 

a top Section of targets with the highest frequencies. To make the results comparable, a set of 

targets with a roughly proportional size to the whole population was taken at certain cut-off 

frequencies. In downregulated miRNA target set in 2102Ep cells all targets with >7 occurrences 

were included and in upregulated miRNA target set in 2102Ep cells all targets with >4 occurrences 

were included. This produced to lists of approximately 422 targets in size. These lists were named 

high-frequency target (HFT) lists and subsequently analysed for enriched gene ontology with the 

DAVID gene ontology software tool as described in Section 5.3.2.6. Functional annotation analysis 

is frequently performed on predicted miRNA target lists, as qualitatively analysing each target is 

impossible due to the large number of them and the relatively high uncertainty of in vivo 

validity.^^ '̂^^®'^  ̂ Functional annotation analysis of predicted miRNA targets provides a method to 

find trends in general cellular function which are regulated by miRNAs.

The aim was to find commonly and differently enriched functional gene annotation clusters 

between the two target lists. Unfortunately, no method could be found to give target frequency a 

weighted value in enrichment analysis, so all genes in these lists were treated equally. Because an 

intrinsic functional bias among predicted targets of randomly selected miRNAs exist, a symptom 

which could either be caused by the TargetScan algorithm or a natural bias in miRNA target, a 

random control target (RCT) list was added as a comparison. This control list contained 422 of the 

top high-frequency targets from a list of targets generated from a randomised selection of miRNA 

(excluding the miRNA of interest in this study) of similar number as the significantly up or
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downregulated miRNAs. The RCT list was used to  compare functional annotation enrichment bias 

towards groups o f miRNA w ith  similar function. In Table 5.19 and Table 5.20 the ranked Group 

Enrichments scores fo r the significantly enriched functional annotation clusters are shown. The 

enrichment scores show a very high significant enrichment o f functional annotation clusters in the 

high frequency target lists, whereas the RCT lists show lower significance, indicating a functional 

preference among high-frequency potential targets from the significantly deregulated miRNAs in 

2102Ep cells.

Table 5.19 and Table 5.20 contain a summary o f functional clusters w ith  high enrichment scores 

o f particular relevance to the expected biological change in 2102Ep cells. Instead o f listing every 

ontological term  in the cluster, duplicate terms are removed and a summarising description o f the 

enriched terms in the cluster is given. Clusters o f very similar type between the HFT and RCT lists 

are compared. Cluster 1 and 2 in both down and upregulated 2102Ep miRNA target lists 

encompass transcription factor activity and regulation, the regulation of RNA expression and DNA 

binding. For the target lists from  miRNA downregulated in 2102Ep cells, this also includes Cluster 

3, although this cluster is focussed on transcription repression, and Cluster 6 from  the target lists 

from  miRNAs upregulated in 2102Ep cells, which contains a mix o f transcription activation and 

repression. All these terms are highly enriched in the HFT lists generated fo r both downregulated 

as upregulated miRNA in 2102Ep cells as in the ir companion RCT lists. However, in the HFT lists 

the enrichment is substantially higher compared to  the RCT lists. This would indicate the main 

function o f miRNAs in 2102Ep cells after S0X2 knock-down is the regulation o f the transcriptional 

network. As S0X2 directly and indirectly regulates transcription and transcription factor activity, 

the increased enrichment o f Term Cluster 1 in the HFT list could be explained as such. Term 

Cluster 3 in the 2102Ep upregulated HFT list indicates a miRNA-mediated alteration o f post- 

transcriptional mRNA processing and regulation. Furthermore, this list is more enriched in 

embryonic developmental embryonic morphogenesis-related annotations (Cluster 4, 5 and 7), but 

neuron development and differentiation (Term Cluster 8) appears "under-enriched" compared to 

the companion RCT list. The la tter might explain a bias towards excluding the upregulation of 

miRNA which would otherwise target genes related to these processes. Developmental and 

differentiation-related terms are also over-enriched in the HFT list from  miRNA downregulated in 

2102Ep cells (Term Cluster 5, 6 and 7) and, interestingly in contrast to  the HFT lists from miRNAs 

upregulated in 2102Ep cells, this includes neurogenesis, perhaps suggesting a downregulation of 

post-transcriptional repression o f genes related to this. Finally, a notable absence o f enrichment 

o f genes related to the W nt-pathway, whereas this is present in the companion RCT list. However, 

no significant representation o f this pathway is found in the 2102Ep upregulated miRNA target 

lists. Large gene lists and highly frequent predicted targets are probably needed to determine.
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w ith  even slight accuracy, functional annotation cluster enrichm ent which can be expressed 

above the "background noise” produced by false positive targets, potential bias in the  

connputational algorithm  and possible naturally occurring regulation bias of miRNAs in vivo  (i.e. 

the  RCT lists). The 2102Ep miRNA differential expression results produced large lists w ith  highly 

frequ en t targets, how ever this is not the  case in the NTera-2 data. A fter comparing the  smaller 

NTera-2 HFT lists with com panion RCT lists, little over-enrichm ent could be distinguished. The 

choice was therefore  m ade to lim it this analysis to the 2102Ep samples. However, m icroarray- 

TaqM an® Array cross-referencing in Section 5 .4 .7 .5  and a m ore specific look at miRNA clusters 

and fam ilies in the  discussion o f this chapter (Section 5 .5 .2 .4) address some of the potential 

targets o f the miRNA d ifferentially regulated in NTera-2 cells.
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Figure 5.31—Frequency of genes as predicted targets in multiple miRNA in 2102Ep and NTera-2 cells.
The X-axis represents a cumulative number of computationally predicted targets with a one or more 
potentially targeting miRNAs. The Y-axis represents the number of predicted miRNAs per target.
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Table 5.19—Gene ontology of predicted targets of miRNA downregulated in 2102Ep cells.

Targets of mlRNA downregulated in 2102Ep Enrich.
Scores

Term
Cluster

Cluster type HPT RCT

1. Transcription, transcription regulation, DNA binding, nucleus 19.09 10.41

2.
Positive regulation of gene expression, positive regulation from RNA 
polymerase II promoter, positive regulation of RNA metabolic process

11.69 8.88

3. Negative regulation of gene expression, transcription repressor activity. 5.97 3.66
4. Zinc finger, metal binding, ion binding 4.81 2.84
5. Lung development, respiratory development, tube development 3.88 2.74
6. Neurogenesis, differentiation, developmental protein 2.97 1.76
7. Gastrulation, embryonic morphogenesis, regionalisation 2.03 N/A
8. Regulation of cell growth, regulation of cell size 1.53 N/A
9. W nt signalling pathway, W nt receptor signalling pathway N/A 2.85

Table 5.20—Gene ontology of predicted targets of miRNA upregulated in 2102Ep cells.

Targets of miRNA upregulated in 2102Ep Enrich. Scores
Term
Cluster

Cluster type HFT RCT

1. Transcription, transcription regulation, DNA binding, nucleus 10.26 4.21

2.
Transcription from RNA polymerase II promoter, RNA polymerase II 
transcription factor activity, transcription

4.61 1.83

3. RNA-mediated gene silencing, cytoplasmic mRNA processing body 4.11 2.49

4.
In utero embryonic development, tube development, chordate embryonic 
development

3.49 0.93

5. Embryonic morphogenesis, pattern specification process, regionalisation 3.22 1.09

6.
Transcription activator activity, transcription factor binding, transcription 
factor repressor, transcription factor corepressor

3.06 1.03

7.
Embryonic morphogenesis, embryonic organ development, embryonic 
organ morphogenesis

2.67 1.02

8.
Neuron development, neuron differentiation, neuron projection 
morphogenesis

2.18 3.21
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5 .4 .7 .5  — Cross-reference Analysis o fm R N A  and microRNA Expression D a ta

In Section 5.4.7.5, a group of predicted targets of the differentially regulated miRNA in 2102Ep 

and NTera-2 cells were ranked according to their possible relevance as inferred by the collective 

targeting by a large nunnber of differentially expressed miRNA. By a similar method, in the 

following Section the mRNA expression data was cross-referenced with the miRNA expression 

data. Initially, the differentially expressed mRNAs were cross-referenced with the predicted target 

lists from Section 5.4.7.5, as generated by TargetScan 5.1. This produced a list of potential miRNA 

targets which were differentially regulated at the mRNA level. As previously described in Section 

1.8, miRNA have the capability of reducing mRNA levels by RISC-induced RNA cleavage. Early 

genome-wide microarray studies have revealed that even single miRNAs can degrade a wide 

range of mRNAs simultaneously.^^® Recent studies show that, in mammals, mRNA degradation, 

rather than non-degradational translational suppression, is the predominant mechanism of 

proteinogenic inihibition by miRNAs, even accounting for >84% of all miRNA-mediated protein 

s u p p r e s s i o n . G e n o m e - w i d e  mRNA expression analysis is relatively uncomplicated and 

inexpensive to conduct, compared to whole-proteome analysis. These attributes have resulted in 

an increasing number of studies which employ a combination of whole-genome expression 

analysis with an analysis of the differential expression of single or multiple endogenous or 

exogenous miRNAs.^^"'"” '” °-” ^

The general objective of an integrated miRNA and mRNA target analysis is to find in vivo miRNA 

targets with a statistical inverse correlation study of miRNAs and their respective computationally 

predicted targets, cross-referenced with the produced list of differentially expressed mRNAs. 

However, a number of challenges exist with this type of study. Due to the large number of false 

positive results generated by computational miRNA target prediction (i.e. noisy data), it can be 

difficult to find statistical correlations between miRNA expression and the expression of its 

targets. This problem has been highlighted before and some studies refine the data with 

additional criteria, such as selecting only highly altered target mRNAs for statistical correlation or 

including only RISC-bound mRNAs and miRNAs.'’^̂ '’^̂ '̂ '̂* Another interference are secondary 

miRNA functions in addition to their primary function of translational suppression and mRNA 

destabilisation. The existence of positive correlations between miRNAs and their respective 

targets exist, which can be coincidental (i.e the cell's transcriptional and translational input can 

obviate in vivo miRNA regulation), but can also exist through a mechanism of miRNA-induced 

mRNA translation.'*”  Also, as target current miRNA target prediction software does not simulate 

miRNA hybridisation to the coding or 5'UTR regions, a conceivably large proportion of miRNA- 

target pair interactions might be missed. These factors can further obfuscate the detection of
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re levant m iRNA-target pairs and the incom plete understanding and com putational application of 

in  v ivo  m iRNA-target pair interaction requires particular strategies fo r a statistical approach to  

miRNA-mRNA correlation. Previous studies have detected subtle m iRNA-target correlations by 

various approaches that w ere based on certain assumptions. The most obvious assumption is 

existence of a general bias in global m iRNA-target pair correlation data th a t w/ould be slightly 

negative. This global approach is difficult due to the aforem entioned caveats and has been  

applied w/ith mixed success on large, som etim es refined d a t a s e t s . T h i s  approach is ideally 

used in experim ents measuring across m ultiple tim e-points, experim ental conditions or 

specimens as it is then possible to detect the transient or per sample correlation of individual 

miRNAs and mRNAs in addition to the correlation o f global miRNA and miRNA expression. This 

com binatorial approach can help detect subtle miRNA-mRNA correlations in intrinsically noisy 

data, but this can be prohibitively expensive due to  the proportionally larger am ount of 

consumables required and is generally applied to  high-variance m ulti-specim en experim ents, such 

as clinical studies.

The study perform ed in this Section contained one experim ental condition (3 days after silencing 

S0X2) which was com pared to  a control condition. The differential mRNA expression datasets 

from  2102Ep and NTera-2 cells w ere cross-referenced w ith the predicted miRNA target lists from  

Section 5 .4 .7 .4 . Table 5.21 shows the num ber and percentage o f genes and miRNA predicted by 

TargetScan to be involved in targeting from  the total of >2-fold deregulated transcripts in both  

cell lines. Interestingly, as a fraction of the to tal, few er genes and miRNAs are predicted to  be 

hybridise in NTera-2 cells com pared to 2102Ep cells. Collectively, 657 miRNA-mRNA pairs w ere  

generated 2102Ep cells and 63 miRNA-mRNA pairs w ere generated for NTera-2 cells. The large 

discrepancy in miRNA-mRNA pairs is expected betw een the tw o  cell lines is expected as 

->x=50 targets, which is close to the predicted num ber of 63 targets. Global miRNA- 

mRNA expression correlation w ith the to ta l miRNA and mRNA differentia l expression values was 

perform ed by Pearson's (param etric) and Spearman's correlation (non-param etric /ranked), but 

no significant negative or positive correlation was found. Recent studies found that, in particular, 

highly expressed mRNAs are regulated by some m i R N A s . G l o b a l  correlation analysis was 

repeated w ith  only highly expressed mRNAs, but no significant correlation was measured.

Table 5.21—The stated number of >2-fold deregulated genes which are predictably targeted by a 
stated number of >2-fold deregulated miRNA compared to the total number of >2-fold deregulated 
genes and miRNAs.

Total deregulated genes Targeted genes Total deregulated miRNAs Targeting miRNAs
2102EP 402 181 (45%) 60 53 (88%)
NTera-2 131 42 (32%) 30 17 (57%)
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A previous study used a target-centric approach to find statistically probably miRNA-nnRNA pairs 

by reasoning tha t an increase in miRNAs targeting a single mRNA could increase the likelihood and 

substantiality o f this mRNA's subjugation to nniRNA-mediated regulation.'*^'’ An adaptation o f this 

target-centric approach was tested w ith  the data used in this Section. The lists o f genes described 

in the previous Section were ranked according to  the ir associated number o f >2-fold differentia lly 

regulated miRNAs. Figure 5.32 and Figure 5.33 show a set of genes ranked by the number o f their 

associated miRNA in conform ity w ith the aforementioned criteria. As expected, the 2102Ep data 

shows a substantially larger number o f genes targeted by more miRNAs compared to  the NTera-2 

data. The assumption stating that a larger number o f potentially targeting miRNA per mRNA is 

connected to  the proportional likelihood that the expression o f this mRNA is regulated by miRNA 

was tested by searching for an increasing trend in statistical skewness o f the distribution of 

d ifferential target expression values measured against the number o f targeting miRNA per gene. 

For 2102Ep cells this trend is shown in Figure 5.34 and indicates an increase in skewness when the 

distributions only include targets w ith an increasingly higher number of associated miRNA. The 

'natural' skew o f a distribution o f all 402 genes in the 2102Ep dataset is positive (i.e. significantly 

1.499, P < 0.05) w ith the mean differential expression at around 1 fold. The mean differential 

expression o f the genes in the groups listed in Figure 5.34 is approximately 1.5-1.9 fold, w ith  no 

apparent per-group correlation. This difference could possibly be explained by a weighted bias 

caused by the larger amount o f downregulated than upregulated miRNAs in the 2102Ep cells. 

However this cannot easily be statistically verified, due to  high variance in the data. To 

summarise: in 2102Ep cells, a substantially greater number o f miRNA were downregulated than 

upregulated, the mean o f the miRNA-only target expression does not shift positively by much 

compared to the complete gene expression data set and the skewness in correlation w ith a more 

stringent inclusion of targets is increasingly positive (i.e. the expression values have an increasing 

tendency to  populate the right tail o f the distribution). These observations are likely to be a strong 

indicator tha t the differential expression o f genes and miRNA in the 2102Ep datasets are likely to 

be related and that, indeed, a larger number o f targeting miRNAs per gene favours this gene's 

regulation by miRNA, compared to  those genes target by lower numbers o f miRNA. The skewness 

o f groups o f genes targeted by >1 or >2 miRNAs have a lower skewness (0.984 and 1.287 

respectively) than that o f all 402 genes (1.499). This could be explained by the shift o f average 

differentia l expression o f the la tte r group o f 1-fold to the 1.6 and 1.9-fold average differential 

expression o f the tw o form er groups respectively. The shift in average differential expression 

compensates the skewness o f these tw o groups, resulting in a lower skewness of the overal 

distributions. Groups containing genes w ith  >3 targeting miRNAs show increasingly larger 

skewness relative to the skewness o f all 402 genes.
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For groups lim ited to  genes targeted by 7 miRNAs and higher, skewness is no longer statistically 

significant, which is probably caused by the snnall sample size and consequentially low er statistical 

pow er. This is also a problem  for the NTera-2 data, which also contains gene and miRNA  

expression data which is m ore equally distributed betw een up and dow nregulated expression, 

making it m ore difficult to  detect miRNA-induced bias. Consequently, no significant skewness of 

the  data in a particular direction was detected.

Figure 5.32—Frequency of predicted miRNA-mRNA pairs per differentially regulated gene in 
2102Ep cells. Potential miRNA targets which are are also d ifferentia lly  regulated >2-fold in 2102Ep 
cells are displayed on the horizontal axis. The vertical axis indicates the  frequency o f unique >2-fold 
d ifferentia lly  regulated miRNA tha t target these genes. Only genes targeted by >6 miRNAs are shown.
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Figure 5.33—Frequency of predicted miRNA-mRNA pairs per differentially regulated gene in NTera- 
2 cells. Potential miRNA targets which are are also differentially regulated >2-fold in NTera-2 cells are 
displayed on the horizontal axis. The vertical axis indicates the number of >2-fold differentially 
regulated miRNA that target these genes.
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Figure 5.34—Skewness of the distributions of expression values of predicted targets in 2102Ep 
cells. The left vertical axis represents the degree of skewness (arbitrary value) and the right vertical 
axis represents the number of targets included in each group as defined by the minimum number of 
potentially targeting miRNA (horizontal axis). Skewness is significant for each group (P < 0.05). The 
error bars indicate the standard error of the mean.
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Based on the  conclusions from  the previous paragraph, a statistical target-centric approach was 

taken to identify genes in the  2102Ep and NTera-2 gene expression data which w ere likely to  be 

regulated by potentially associated nniRNA found in the miRNA expression data. As an adaptation  

m ethod from  a previous study, the natural log-transform ed expression distribution o f miRNA 

which target a particular gene of high frequency (>5 occurrences in 2102Ep cells and > 3 

occurrences in NTera-2 cells) was compared to the natural log-transform ed expression 

distribution o f all expressed miRNAs in the samples using the ranked M ann-W hitney  U test to  

am eliorate the influence o f large outliers.^^'* The aim was to  find d ifferentially expressed genes 

th a t are targeted by a collection of differentially expressed miRNAs o f which the median  

expression significantly deviated from  the aforem entioned control group medians. The list of 

genes targeted by miRNA w ith  a collective differential expression that significantly deviates from  

th a t o f the  control group are found in Table 5.22 and Table 5 .23for 2102Ep and NTera-2 cells 

respectively. From the 2102Ep datasets, which included all targets w ith >5 associated miRNAs, 30  

genes w ere possibly significantly influenced by miRNA targeting. O f these 30 genes, 15 candidate 

showed an inverse gene expression vis-a-vis median miRNA expression relationship. From the  

NTera-2 datasets, which included all targets w ith >3 associated miRNAs, tw o  genes w ere  possibly 

significantly influenced by miRNA targeting. However, o f these tw o  genes, no candidates showed 

in an inverse gene expression vis-a-vis median miRNA expression relationship. This could indicate 

that perhaps some o f these genes are indeed regulated by miRNA, while others are not. An 

additional explanation could be that some genes are negatively regulated by th e ir associated 

miRNA, w hile others m ight be positively regulated. These results are fu rther discussed in Section 

5.5.2 .3 .
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Table 5.22—Genes in 2102Ep cells targeted by a set of mlRNA with a significantly deviating median.

Gene Fold
Expression

No. Targeting 
miRNAs

Median miRNA 
Expression

Mean miRNA 
Expression

Significance of 
Deviation from Control 
Group

ABCAl -2.40 15 -2.27 -1.80 P = 0.01
CAMK2N1 2.76 15 -2.27 -1.73 P< 0.0001
GRHL2 2.60 14 -2.24 -1.36 P = 0.003
ETVl -2.22 13 -2.27 -1.89 P< 0.0001
HEGl 2.81 13 -2.32 -1.95 P = 0.001
JAZFl -2.02 11 -2.27 -2.08 P< 0.0001
ST8SIA3 -2.45 11 -2.27 -1.85 P = 0.002
T0X3 -2.49 10 -2.14 -1.27 P = 0.013
PRUNE2 -2.24 9 -2.14 -1.27 P = 0.013
EDNRB -2.34 8 -2.28 -1.81 P = 0.003
CXCL14 3.00 7 -2.27 -1.73 P = 0.008
FAT4 -2.40 7 -2.27 -1.89 P = 0.008
FLRT3 2.43 7 -2.69 -2.01 P = 0.005
SLC40A1 2.51 7 -2.27 -2.42 P< 0.0001
SLC46A3 2.15 7 -2.27 -2.53 P< 0.0001
SLC7A11 -2.68 7 2.46 2.84 P = 0.002
ATP2B4 2.32 6 -2.83 -2.26 P = 0.01
CXCL12 -2.14 6 -2.28 -2.45 P< 0.0001
DKKl 19.34 6 -2.28 -2.45 P< 0.0001
LEFl 13.03 6 -2.57 -2.86 P< 0.0001
LIFR 2.91 6 5.42 5.26 P < 0.0001
MKRNl -2.24 6 -2.32 -2.50 P < 0.0001
TBC1D9 2.28 6 -2.24 -1.79 P = 0.022
TRHDE -2.19 6 -2.57 -2.61 P < 0.0001
BAMBI 2.57 5 -2.27 -2.45 P = 0.001
FGD4 -2.27 5 -2.27 -2.45 P< 0.001
ITGA5 3.53 5 2.46 2.22 P = 0.032
MMP2 3.88 5 -2.27 -2.48 P = 0.001
NRPl 2.52 5 2.25 1.77 P = 0.036
TBX3 5.64 5 -2.27 -2.48 P = 0.001

Table 5.23—Genes in NTera-2 cells targeted by a set of miRNA with a significantly deviating 
median.

Gene Fold
Expression

No. Targeting 
miRNAs

Median miRNA 
Expression

Significance of Deviation 
from miRNA Control Group

IQSEC2 -2.24 6 -2.64 P < 0.0001
PRUNE2 -2.12 3 -2.56 P = 0.011
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5.5 — Discussion

As a core pluripotency factor in ESCs and ECCs and m aster regulator o f embryonic and adult 

neural stem cells, S0X2 is crucially implicated in stem cell m aintenance, among other less defined  

functions. In hESC cells, ChIP analysis has shown that m ore than 1200 genes are bound by S0X2 

and can thus be regulated by this transcription factor.”  The com binatorial miRNA and gene 

netw ork that is regulated by S0X2 has not yet been characterised in ECCs.

In this study, siRNA-m ediated silencing of S0X2 in 2102Ep and NTera-2 cells was followed by a 3- 

day incubation a fte r which w hole-genom e and miRNAome expression analysis was com pared to  

cells which w ere transfected w ith  a ssNC#l non-targeting control and co-incubated on the  same 

plate. This chapter had th ree  main aims. The first aim was to successfully profile the  S0X2- 

regulated and d ifferentia tion-re lated  transcriptom e and miRNAome in 2102Ep and NTera-2 cells. 

The second aim was to analyse and compare the expression profiles o f the tw o cell lines so 

potentially novel S0X2-linked mechanisms related to  CSC and ESC biology could be identified. 

Finally, the  third aim was to cross-reference the differential gene and miRNA expression data to  

potentially identify novel high-value and probably miRNA targets in 2102Ep and NTera-2 cells.
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5.5.1 — Whole-genome Differential Expression

5 .5 .1 .1  — Core Pluripotency M arkers

The whole-genome differential expression profiling o f 2102Ep and NTera-2 cells showed both 

similarities and differences in the way core pluripotency markers respond to S0X2 

downregulation. One o f these, NANOG, was significantly downregulated in both cell lines by 

approximately 2-fold according to  the arrays. Analysis o f these genes by qRT-PCR revealed a 

higher downregulation o f NANOG by 2.8-fold in 2102Ep cells and 3.8-fold in NTera-2 cells. In both 

cell lines some NANOG pseudogenes were also significantly downregulated, but despite being 

close, they are not differentia lly expressed beyond the 2-fold threshold (data not shown). It is 

uncertain whether these genes and the ir degree o f differential expression have any biological 

relevance to 2102EP or NTera-2 differentiation. Surprisingly, 0CT4 had a much weaker response 

to  S0X2 knock-down as it and some o f its pseudogenes only show a significant expression shift of 

1.3 to 1.4-fold in both cell lines (data not shown). The strong downregulation o f NANOG by 

silencing S0X2 was expected as these genes directly coregulate each other's e x p r e s s i o n . 0 C T 4  

appears to  have a delayed reaction beyond three days to S0X2 silencing in ECCs, although it is 

very rapidly downregulated by the same process in NCCIT cells.” ® Compared to the pluripotency 

marker expression results in Section 4.4.2.2, which showed a significant downregulation o f 0CT4 

in 2102Ep cells (49%) upon S0X2 knockdown, the expression data in this chapter conflicts. Despite 

this, NANOG and S0X2 expression were similarly reduced in both experiments. No solid 

explanation can be given fo r this divergence, but as three days into the d ifferentiation program 

appears to  be the tim e point upon which 0CT4 rapidly downregulates, as observed in this 

laboratory and others, it could be possible that slight external factors could transiently shift this 

temporal trigger.” '̂̂ ®̂ It is not clear whether the same discrepancy exists at the protein level as 

only 0CT4 mRNA expression was measured.

5 .5 .1 .2  —  A Comparison o f  2102E p  and  N Tera-2  Cell D iffe ren tia tion  by S 0X 2 Silencing

Both cell lines share 58 d ifferentia lly regulated genes which, w ith the exception o f four genes, are 

d ifferentia lly regulated in a highly correlated manner. This could indicate a commonly shared core 

set o f genes that are linked closely to  S0X2 and other members o f the core pluripotency circuitry. 

Indeed, o f these 58 genes, 21 are also deregulated upon the knock down o f S0X2 in NCCIT cells.” ® 

Furthermore, of these 58 genes, 19 have been found in hESCs to be bound by one or more o f the 

three core pluripotency markers.^® Many genes simultaneously deregulated in both in 2102Ep and 

NTera-2 cells have before been characterised w ith  im portant functions in embryonic 

development. ESCs and other cells from the early-stage embryo. Previously characterised ESC
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m arkers or genes with a functional presence in undifferentiated ESCs which w ere dow nregulated  

in both 2102Ep and NTera-2 cells are NANOG, NRF3, CALBl, TLR4, PHCl, NR5A2, HRASLS3, PIPOX 

and Jointly upregulated genes that w ere previously characterised in early

d ifferentia ting  ESCs and lineage com m itm ent are LGR5, H A N D l, EOMES, APLNR, M IX L l, SNAI2, 

BMP2, MBNL3, CERl and Furtherm ore, DKKl, CERl, H A N D l and EOMES have

also been established as markers o f Epi stem cells (EpiSC), an im m ediate, non-lineage  

d ifferen tia ted  derivative o f ESCs.'*®̂ '̂ '’  ̂ These findings support the existence of an ESC 

differen tia tion  phenotype in both 2102Ep and NTera-2 cells upon the  induced dow nregulation of 

S0X2.

Despite the phenotypic similarities betw een differentiating 2102Ep and NTera-2 cells, obvious 

differences betw een the  tw o  cell lines also exist. Pathway analysis in Section 5 .4 .6 .6  reveals a 

large representation o f em bryonic developm ental pathways in 2102Ep cells, compared to a 

relative underrepresentation o f these in NTera-2 cells. This seems to suggest that 2102Ep  

differen tia te  in a m ore ESC-like m anner than NTera-2 cells. The differential expression data of 

both cell lines contains im portant markers o f undifferentiated ESCs and early ESC d ifferentiation, 

but m any are exclusive to 2102Ep cells and few  are unique to NTera-2 cells. U ndifferentiated ESC 

markers exclusive to the 2102Ep dataset include DPPA5, KLF4, TERFl, T 0X 3, EDNRB, SCGB3A2, 

TD G Fl, TFCP2L1, U TF l, CD24, USP44, AASS and Genes frequently

upregulated during early ESC differentiation  towards the derm al layers which are exclusive to the  

2102Ep dataset include GATA2, GATA6, NRP2, MAP2, H19, T Brachyury, AIVIOT, W NT5A, W NT8A, 

BMP4, CDX2, ID2, ITGAV, ITGA5, TG FBl, CRABP2, F N l, GLI3, LHXl, FBN2, H0XB6 and 

TGFBR3.^^^''^*'''*®' '̂'®“^̂ ® CHD7 was uniquely upregulated in 2102Ep cells and is frequently  

expressed in both undifferentiated  and d ifferentiating ESCs.̂ '* '̂̂ ^  ̂ CHD7 is a transcription factor 

that closely cooperates w ith the core pluripotency factors in both undifferentiated and early 

differentiating ESCs.^”  It functions as a non-critical 'transcriptional rheostat' and m odulates gene 

expression in undifferentiated ESCs and is upregulated during early ESC differentiation.^”

Genes expressed in undifferentiated  ESCs which are uniquely dow nregulated in NTera-2 cells are 

LECTl and SFRP2.^^ '̂^^® Besides the genes shared w ith 2102Ep cells, some uniquely upregulated  

genes in NTera-2 w ere identified th a t w ere typical markers o f early ESC differentiation. These are 

EPHB3 and GABRA3.^^®'^“  Interestingly, E-cadherin (C D H l), is upregulated also upon S0X2  

dow nregulation of NTera-2 cells. This gene is very frequently associated w ith  ESCs and 

pluripotency, but also has im portant functions in later stages o f em bryonic developm ent and its 

dow nregulation is associated w ith  m etastatic CSC d e v e l o p m e n t . A  feature  shared by both 

cell lines is the  upregulation o f various pivotal genes for EMT. This observation has been
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highlighted in Section 5 .4 .6 .7  fo r NTera-2 cells. In 2102Ep cells, SN A Il/Snail, SNAI2/Slug, BMP2, 

LEFl, EOMES, C D H ll , TG FBl and TGFBR3, all inducers o f EMT are upregulated. In NTera-2 cells, 

these genes, except the  la tter th ree, are also upregulated. How ever, contradictorily, C D H l/E -  

cadherin is also upregulated in this cell line. The dow nregulation of this gene by many of the  EMT 

genes previously stated is a hallm ark o f EMT. A possible explanation could be that these are 

events distributed heterogeneously in the cell culture. Additionally, the significant upregulation of 

a substantial num ber o f pro-EM T genes in 2102Ep cells, w^ith the com plete absence of E-cadherin 

deregulation m ight be a contributory factor to the  d ifferentiation  resistance of these cells.

A striking difference betw een 2102Ep and NTera-2 cells is the  deregulation o f various HMG box 

genes in 2102Ep cells by S0X2 knock-down and the  com plete absence of this in NTera-2 cells. 

S0X2, itself a m em ber o f the HM G box fam ily, is highly involved in the regulation of HMG box 

genes. As described in Section 5 .4 .6 .7 , HM G box genes are the highest enriched functional group 

am ong dow nregulated genes in 2102Ep cells and, as described in this Section, they are strongly 

associated w ith  CSC biology. It appears that in NTera-2 cells, S0X2 has decoupled from  this 

regulatory netw ork. W h eth er this is a foundation o f d ifference in oncogenic potential betw een  

the  tw o  cell lines might w arran t fu rther investigation.

G reber et al. (2007) also showed th a t the inhibition o f the  FGF signalling pathway contributed to 

the  differentiation of NCCIT, 2102Ep and NTera-2 c e l l s . T h e  inhibition o f FGF signalling can also 

be found in 2102Ep cells upon the  silencing o f S0X2, as FGFR3 was dow nregulated. Although 

some im portant components o f the FGF pathway, such as FGF2, FGF4, FGFR2, SPRY2 w ere  

dow nregulated just under the  >2-fold threshold value in both 2102Ep cells (data not shown), the  

lack o f response o f this pathway to S0X2 dow nregulation is surprising, but indicates that early  

S0X2-induced differentiation of 2102Ep and NTera-2 cells is relatively independent from  the FGF 

pathway.

Despite some overlap, NTera-2 cells d iffer quite substantially from  2102Ep cells in the ir response 

to  S0X2 knock-down. A substantial num ber o f genes that are upregulated in NTera-2 cells upon 

S0X2 silencing are characteristic o f embryogenesis beyond gastrulation and towards later stage of 

tissue specification. Some of these are F 0 X 0 4 , MBNL3, BOC, CITED2, SPARCLl, EYAl, FABP3, 

GRHL3, LG Il, SEMA3C, SLIT2.^®^“”  ̂ A nother indicator o f m ore specialised d ifferentiation o f NTera- 

2 cells is upregulation of Grem lin (G R E M l). As an antagonist o f BMP signalling, this gene is 

norm ally rapidly dow nregulated during early stage ESC d if fe re n t ia t io n .H o w e v e r , during limb 

and organ developm ent. Grem lin is upregulated to  selectively facilitate this process.

298  Chapter Five — Global Gene and MicroRNA Expression Analysis in Embryonal Carcinoma



Although differential gene analysis in NTera-2 cells reveals the deregulation o f m any indicators of 

pluripotency, early ESC differentiation  and the ESC phenotype, a large proportion o f deregulated  

genes also points tow ards later stage embryonic developm ent and em bryonic m ultipotency. In 

previous studies, NTera-2 have been described as p luripotent progenitors, w ith  characteristics 

th a t resemble a partial com m itm ent towards neural differentlation.^^^'^^®” '̂” '’ In the  context of 

this, the enrichm ent o f the functional annotation cluster, 'C ell/Neuron Projection Morphogenesis  

and Neuronal D ifferentiation ' (see Section 5.4 .6 .7), as the only enriched functional annotation  

cluster among dow nregulated genes in NTera-2, stands out because it appears to provide 

evidence for the suggestion th a t NTera-2 cells could be moving away from  a phenotype partially  

similar to CNS progenitors.

This hypothesis is fu rther supported by the expression of tw o  highly characterised genes, N R P l 

and NTS, both o f which are upregulated in 2102Ep cells and dow nregulated in NTera-2 cells. N RPl 

is an im portant pan-neural and CNS progenitor and stem cell m arker and is bound by S0X2 in 

GBM cells.‘’“ '” '̂” ® NTS/neurotensin is widely distributed in the developing and adult CNS and has 

been suggested to function as a neurotransm itter or neurom odultor.”  ̂ In 2102Ep cells, the  

upregulation of N R P l and NTS suggests that these genes are indicative o f cell specialisation from  

a m ore undifferentiated precursor as m ediated by the dow nregulation of pluripotency factor 

S0X2. However, the  opposite effect in NTera-2 cells appears to suggest that these cells are 

deviating away from  a CNS precursor phenotype, in which S0X2 might have m ore neural stem -like  

roles. Furtherm ore, SFRP2, a W n t antagonist, is upregulated during and can strongly induce the  

neural com m itm ent and d ifferentiation  o f ESCs.” * This gene is significantly dow nregulated in 

NTera-2 cells upon the  silencing o f S0X2. Together, these findings m ight suggest that the  

dow nregulation o f S0X2 m ight in terfere w ith the e ither the initiation or progression of neural 

differentiation o f NTera-2. How ever, it has to be noted th a t DKKl, a W n t antagonist and inducer 

of the neural cell fate , is highly upregulated during 2102Ep and NTera-2 cell d ifferentiation , as 

measured in this chapter, but also during hESC differentiation , as previously d e t e r m i n e d . T h e  

aspects o f DKKl expression are fu rther discussed in Chapter 6, but is quite indicative o f the  

complexity o f S0X2's functions in NTera-2 cells. Further functional investigation would therefore  

be required to elucidate this mechanism and test the  hypothesis m entioned at the start o f this 

paragraph.

5.5.1.3 — Directly S0X2-linked Genes

One o f the  main aims o f this chapter was to discover potentially novel m em bers o f the 

transcriptional netw ork linked to  S0X2 in embryonal carcinoma and to highlight differences o f this 

netw ork in 2102Ep and NTera-2 cells. Some previous studies have m apped the binding sites of
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S0X2 in hES and GBIVl c e l l s . C o m p a r e d  w ith these studies, results in Section 5 .4 .6 .4  showed 

th a t approxim ately 12% and 23% o f d ifferentially expressed genes in 2102Ep cells w ere bound by 

S0X2 in hES and GBM cells respectively, whereas for deregulated genes in NTera-2 cells this 

percentage increased to 21% and 32% respectively. W hen the results from  the  tw o  studies w ere  

m erged both these percentages increased to 31% and 46%  fo r 2102Ep and NTera-2 cells, whereas  

47%  of genes deregulated in both 2102Ep and NTera-2 cells are bound by S0X2 in e ither hES or 

GBM cells. However, only 4% and 5% of genes in the 2102Ep and NTera-2 datasets, respectively, 

showed S0X2 binding in both hES and GBM cells. Only 20% of identified S0X2 binding sites 

identified in hESCs (from  a to ta l o f 1247 hits) are also found in those identified in GBM cells (total 

hits: 3203). These results suggest th a t selective S0X2 binding is highly dependent on the  cell type. 

A possible hypothesis could also state that, taking into account the proportions o f the  data from  

th e  hES and GBM studies, and also the very low overlap of S0X2 binding in hESc and GBM cells, 

w hen cross-referenced w ith the d ifferential gene expression data in 2102Ep and NTera-2 cells, 

th a t 2102Ep cells, but m ore so, NTera-2 cells are in a S0X2 transcpriptional transition state  

betw een hESCs and GBM cells (neural cells). For example, if NTera-2 cells w ere m ore sim ilar to 

hESCs than GBM cells, a far g reater adjusted proportion o f d ifferentially regulated genes w ould be 

expected to be bound in hESCs by S0X2 compared to  those bound in GBM cells. As all th ree  

studies (Boyer et al.. Fang et al. and this one) all use d ifferent methods and because this thesis 

does not contain a ChlP-seq study of 2102Ep and NTera-2 cells, a fu rther investigation would  

there fore  be needed to test this hypothesis.
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Table 5.24 shows all d ifferentially regulated genes in 2102Ep and NTera-2 cells which conversely 

have upstreann S0X2 binding sites in hES and GBM cells as defined by Boyer et al. (2005) and Fang 

e t al. (2011) respectively. Some genes which have previously been functionally defined as direct 

transcriptional targets o f S0X2 are shown in bold and referenced w ith the ir related publication. 

These are confirm ed targets and do not include genes which have been tentatively  predicted by 

high throughput statistical means. Although quite a large proportion of these genes have been 

postulated as transcriptional targets o f S0X2, few  have been validated as such. DUSP6, another 

possibly S0X2 regulated gene, is upregulated in S0X2-silenced 2102Ep cells and dow nregulated in 

S0X2-silenced NTera-2 cells. This gene is an inhibitor o f the  FGF/ERK pathway and has been found  

to  be expressed in several tissue t y p e s . H o w e v e r ,  it also appears to  have crucial functions 

during CNS developm ent and in the adult b r a i n . L o n g e r  term  studies could elucidate and 

alterations or deviations o f cell fates of NTera-2 cells a fter S0X2 dow nregulation.
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Table 5 .24— Deregulated genes In 2102Ep and NTera-2 cells which have S0X2 binding sites in their 

prom oters as defined by Boyer e t al. and Fang et al.” ’̂ ®®
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5.5.2 — Differentially Expressed miRNAs in 2102Ep and NTera-2 Cells

One of the main aims of this chapter was to map the direct and indirect regulatory response of 

miRNA expression upon induced downregulation of S0X2 in 2102Ep and NTera-2 cells. Whole- 

microRNAome expression analysis was performed with both 2102Ep and NTera-2 cells after S0X2 

knock-down as described in Section 5.4.7. The results from this showed that the total number of 

expressed miRNAs in 2102Ep and NTera-2 cells were similar, with 434 expressed in 2102Ep cells 

and 452 expressed in NTera-2 cells out of a total of 754 miRNAs represented in the analysis. Of 

these, 60 and 30 miRNAs were differentially regulated in 2102Ep and NTera-2 cells respectively, a 

notable difference in number that, as with the whole-genome expression results, appears to 

suggest that S0X2 has fewer regulatory functions in NTera-2 cells compared to 2102Ep cells. 

However, in contrast to the differential gene expression in 2102Ep and NTera-2 cells, S0X2 

appears to primarily have a function as a transcriptional activator of miRNA, as substantially more 

miRNA are downregulated than upregulated upon S0X2 silencing. This also reflects the findings 

from a previous group who found this when silencing S0X2 in GBM c e l l s . F i v e  unique miRNAs 

were significantly deregulated in both 2102Ep and NTera-2 cells, specifying a relatively low 

overlap in miRNA function between the cell lines. Results in Section 5.4.7.3 showed that one of 

the overlapping miRNAs (miR-181a*) was oppositely regulated in both cell lines, which could 

indicate that this miRNA is regulated by S0X2 in a cell type-specific manner. All miRNAs 

functionally analysed in Chapter 3 were detected in 2102Ep and NTera-2 cells, except miR-lOa. 

However, only miR-184 was found to be significantly >2-fold deregulated, which was in NTera-2 

cells. Somewhat unexpectedly, miR-184 was upregulated upon S0X2 downregulation in NTera-2 

cells. Some other miRNAs, including miR-184 in 2102Ep cells, were significantly downregulated, 

albeit below the 2-fold threshold.

Some deregulated miRNAs in 2102Ep and NTera-2 cells are intronic, i.e. their respective loci are 

positioned within the introns of protein-coding genes. In total, 17 intronic miRNAs are 

deregulated in 2102Ep cells and four of these correspond with differentially expressed host genes 

from the gene array results (m iR-9*:Clorf62, miR-26a*:CTDSPL, mlR-196b:HOXA9 and miR- 

766:SEPT6). 15 deregulated intronic miRNAs are found in the NTera-2 data, but none of the host 

genes could be found among in the differential gene expression data of this cell line.

The 2102Ep and NTera-2 differential miRNA expression results from this study were compared to 

a miRNA expression study by Gallagher et al. (2009), who differentiated NTera-2 cells with ATRA 

for three days. Of all deregulated miRNAs in 2102Ep cells, 23% are also deregulated in ATRA- 

induced differentiating NTera-2 cells as Table 5.17 in Section 5.4.7.3 infers.” '* Only one miRNA is 

oppositely regulated between these groups. Remarkably, this correlation is much higher between
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these groups than w hen S0X2 silencing-induced d ifferentiating  NTera-2 cells are com pared to 

ATRA-induced d ifferentiating NTera-2 cells, which show only 13% overlap. This phenonnenon also 

contrasts w ith  the gene expression results, which show that both NTera-2 groups have a higher 

correlation (see Table 5.13). The discrepancy could be explained by the inclusion of a cluster of 

nniRNAs belonging to the C19M C polycistron, some of which are detected and dow nregulated in 

differentia l NTera-2 expression results from  the study by Gallagher et al. (2009). In this thesis, the  

miRNAs from  this cluster, except one, w ere  only detected in 2102Ep cells. A previous study 

emphasised the  extrem ely low expression of C19MC miRNAs in NTera-2 cells, suggesting that 

these miRNAs w ere below the sensitivity threshold o f TaqM an Arrays, while the methods adopted  

by Gallagher et al. (2009) w ere  able to detect t h e s e . W h e n  the  group of C19MC miRNAs are 

ignored, d ifferentiating 2102Ep miRNA results in this study actually have lower overlap w ith  

Gallagher et al.'s data (10%) than do the NTera-2 miRNA results.
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5.5.2.1 — MicroRNAs in Cancer Stem Cells

Due to  the significant overlap of normal stem cell gene and mlRNA expression and that o f CSCs, 

the differentia lly  regulated miRNAs in 2102Ep and NTera-2 cells could have im portant functions in 

CSCs and cancer biology. A huge abundance of miRNAs have been associated w ith cancer, e ither 

as tu m our suppressor miRNAs, oncomirs or both The following paragraph will focus exclusively on 

deregulated miRNAs in 2102Ep or NTera-2 cells which have defined or suggested roles in CSCs. 

These miRNAs are shown in Table 5 .25. This table shows th a t, particularly in 2102Ep cells, several 

miRNAs w ith  CSC function are deregulated. The regulation o f previously established, CSC-related 

tum our suppressor miRNAs w ere expected to  be upregulated during 2102Ep and NTera-2 cell 

differentiation , while similar oncomirs were expected to be dow nregulated. As seen in Table 5.25, 

this is not always the  case, possibly denoting alternative m alignant or tum our suppressive 

functions in the  tw o  ECC lines screened in this study. No deregulated miRNAs in 2102Ep or NTera- 

2 cells from  this chapter have yet been functionally linked to these cell lines. The selection o f 

miRNAs in Table 5.25 therefore  provide interesting candidates fo r functional analysis in ECCs. This 

is fu rther detailed in later Sections of this discussion.

Table 5.25—MiRNAs deregulated in 2102Ep and NTera-2 cells with previously documented 
functions in CSCs.

Cell Line mlRNA Fold Change Function CSC origin

m iR-9* 5.16 Tum our suppressor Glioblastoma^^®

m iR -181a-2* 3.05 Oncomir Hepatocellular carcinoma^^^

m iR-380-5p 2.46 Oncomir Neuroblastoma^®^
Q .

LU m iR-301b 2.24 Tum our suppressor
CQ2

Breast cancer
«M
O m iR-30a-3p 2.08 Tum our suppressor 594Breast cancer
«N m iR-182 -2.08 Tum our suppressor 254Breast cancer

m iR -183* -2.32 Tum our suppressor Breast cancer^^'*
m iR-183 -2.90 Pancreatic cancer^^^

m iR -135b* -3.04 Oncomir Colorectal carcinoma^^^

miR-7 -2.27 Tum our suppressor Glioblastoma^®^
(N1 m iR-181a -2.61 Oncomir Hepatocellular carcinoma^^^
01 Tum our suppressor Glioblastoma^®®
z m iR-372 -2.65 Oncomir Testicular germ cell carcinoma^®^

C hapter Five — G r:_ . c, Analys!'. in Embryon'^i inoi ■ 305



5.5.2.2 — MicroRNAs in Cancer and Embryonic Stem Cell Function

As described in Sections 1.1 to  1.3, CSCs m aintenance and proliferation often involves molecular 

mechanisms that are also active in undifferentiated ESCs, m ore com m itted m ultipotent stem cells 

and adult stem cells. The im portance o f S0X2 in ESCs has been well docum ented and also has 

frequently  been associated w ith  m alignant nature o f CSCs, including em bryonal carcinoma and 

those found in o ther germ cell t u m o u r s . B e c a u s e  of the similarities betw een ESCs and 

em bryonal carcinoma stem cells, like 2102Ep and NTera-2 cell lines, a certain overlap o f miRNA  

expression betw een ESCs and the miRNA expression data in this chapter was expected. Several 

studies have profiled enriched miRNA expression in undifferentiated ES or have compared miRNA 

expression of undifferentiated ESCs to  m ore d ifferentia ted , closely descendant cell types. This has 

produced a characteristic miRNA signature fo r ESCs, containing highly expressed miRNAs and ones 

which only upregulate shortly a fter d ifferentiation . The miRNA expression results from  S0X2- 

silenced 2102Ep and NTera-2 cells w ere com pared to  the results produced from  these studies. 

These miRNA signatures and positive cross-references are shown in Table 5 .26 and Table 5 .27. In 

addition, any experim entally validated functional roles o f these miRNAs in cancer has been added  

to highlight possibly undiscovered relationships betw een ES and CSC biology as tied by specific 

miRNAs in these cancers. As expected, most miRNAs in Table 5 .26 and Table 5.27 have many 

oncogenic or tum our suppressive functions in d ifferent cancers, signifying the overlap of 

m olecular processes found in both ESCs as in malignancy. Several CSC-associated miRNAs from  

Table 5.25 (m iR -9*, m iR -181a-2*, m iR-181a, miR-7 m iR-301b) have, besides their roles in CSCs, 

additional oncogenic or tum our suppressive functions shown in Table 5 .26 and Table 5.27 in the  

previous Section. How ever, many miRNAs shown in these tables have not (yet) directly been 

linked to CSC biology, despite some highly published functions in cancer and recorded  

associations w ith ESCs.
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Table 5.26—Deregulated miRNAs in 2102Ep cells with enriched expression or documented functions in 
ESCs and ESC differentiation, including previously reported roles in cancer.

mlRNA Fold Change 
in 2102Ep

Enriched in Tumour supp. 
/oncomir

Cancer type

mlR-196b“ ^ 17.75 EBs Oncomir MLL-associated leukaemia®”^
_  P,. .603GBM

Tumour Supp. Lymphoblastic leukaemia^'’'*'̂ '’^
r, . 606Breast cancer
B-cell acute lymphoblastic leukaemia®'’^

miR-375''” 12.89 Definitive
Endoderm

Oncomir 

Tumour Supp.

n  4. • 607Prostate carcinoma
r> 4. 608Breast cancer
_  . . 609Gastric cancer

. II , . 610,611Hepatocellular carcinoma
Maxillary sinus squamous cell carcinoma®^^
Oesophageal squamous cell carcinoma®^^
Head and neck squamous cell carcinoma®^''
Melanoma^^^

mlR-143®^^ 11.18 ESCs Tumour Supp. Cervical cancer^^^
n i  I . ■ 618-620Bladder carcinoma 
„  1 . , 621,622 Colorectal cancer
n  623,624Prostate cancer 
Osteosarcoma®^^

miR-26b*'’'*’ 10.65 ESCs
mlR-9*'’ ^̂ 5.16 Definitive

Endoderm
Tumour Supp. /-.I* 270,627Glioma

mlR-181a-2*^^^ 3.05 Endothelial-
d ifferentia ted
ESCs

Oncomir Hepatocellular carcinoma^^^

miR-380-5p” ^ 2.46 ESCs Oncomir Neuroblastoma^^^

miR-520b'’” -2.00 ESCs Oncogene 
Tumour Supp.

D + 630Breast cancer
n  4. 630,631Breast cancer

mlR-296^®® -2.22 14-day
Differentiated
ESCs

Oncomir 
Tumour Supp.

Enriched in 22 d ifferent cancer cell lines®^^
Colorectal cancer^^^
n  ... 633Breast cancer
I 633Lung cancer 
Gastric cancer“  ̂
Parathyroid cancer®^^
, . 633Liver cancer 
Bile duct cancer®^^

mlR-512-3p''^^ -2.80 ESCs Tumour Supp. Hepatocellular carcinoma®^'*
mlR-512-5p‘'^^ -2.97 ESCs Tumour Supp. Gastric cancer®^^
mir-210®^® -3.99 Endothelial-

d ifferentiated
ESCs

Oncomir Clear cell renal carcinoma®^^
r. 638Breast cancer
, 639Lung cancer

Tumour Supp. 1 640Lung cancer
Oesophagal squamous cell carcinoma®'*^

m lR -26a-l*“ ® -5.99 ESCs
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Table 5.27—Deregulated miRNAs in NTera-2 cells with enriched expression or documented functions 
in ESCs and ESC differentiation, including previously reported roles in cancer.

miRNA Fold Change 
in NTera-2

Enriched in Tumour supp. 
/oncomir

Cancer type

mlR-375''^^ 6.43 Definitive
Endoderm

Onconriir MLL-associated leukaemia®”  ̂
GBM

Tumour Supp. Lymphoblastic leukaemia^*^‘''^°^
r ,  ^  6 0 6Breast cancer
B-cell acute lymphoblastic leukaemia^”^

mlR-145^°^ 2.81 EBs Tumour Supp. Glioma^‘*̂
Bladder cancer^^*
M alignant melanoma^^
n  *. 6 4 4Breast cancer 
Colorectal cancer®'*^
I . . 6 4 6 , 6 4 7Lung adenocarcinoma 
Endometrial adenocarcinoma®'**

3 9 2Oesophagal squamous cell carcinoma
r .  6 4 9 ,6 5 0Prostate cancer

m ir-126*“ ^ -2.05 ESCs
mlR-222*“ ® -2.08 ESCs

• r> - i6 5 2miR-7 -2.27 Neural-
differentiated
ESCs

Tumour Supp. Hepatocellular carcinoma®^^ 
Glioma^^”’
Non-small lung cancer®^^

mlR-135b^''® -2.56 ESCs and 7- 
day
differentiated
ESCs

Colorectal cancer®^®

•1 o  1  (> 2 8 ,6 5 7mir-181a -2.61 Endothelial-
differentiated
ESCs

Oncomir Hepatocellular carcinoma^^^

Tumour Supp. Oral squamous cell carcinoma
, 6 5 9Lung cancer
Gastric cancer®^®
_ | .  6 6 0  Glioma

- - , - 5 8 0 , 6 1 6miR-372 -2.65 ESCs Oncomir Colorectal cancer^*°
^  . 6 6 1  Gastric cancer
Testicular germ cell carcinoma^®^

^  - j r  6 5 7 ,6 6 2mir-135a -2.68 mESCs and 
mEBs

Oncomir Non-small cell lung carcinoma®®^ 
Hodgkin lymphoma^®*'
Colorectal cancer®^®

miR-183 -2.90 nnESCs Tumour Supp. P ancreatic  cancer^^^
mlR-181a-2*“ ® -4.47 Endothelial-

d ifferentia ted
ESCs

Oncomir Hepatocellular carcinoma^^^

mlR-378“ ® -6.84 ESCs Oncomir 1 6 6 6  Lung cancer
r .  6 6 7Breast cancer 
Glioblastoma®®*
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Several miRNAs w ith  notable interactions and functions are listed in Table 5 .26 and Table 5.27. Of 

in terest are miRNAs which have e ither been previously known to be regulated by S0X2 or are 

known to have S0X2 binding sites in their promoters.

For exam ple, m iR-181a and m iR -181a-2* have been previously associated w ith  hepatocarcinom a  

and glioblastoma stem cells, but have a tumorigenic function in the first cancer type and a 

potentially tu m our suppressive role in the s e c o n d . i \ / l i R - 1 8 1 a - 2 *  is upregulated in S0X2- 

silenced 2102Ep cells, but is, together w ith m iR -lB la , dow nregulated in NTera-2 cells. Both 

miRNAs have binding sites fo r S0X2 in their promoters regions in mESCs, suggesting a possibility 

of direct, but cell-specific regulation by this transcription factor in o ther cell lines, such as ECCs, 

which could be contributory or disadvantageous to carcinogensis.^”

MiR-7 appears to have a potentially tum our suppressive role in glioblastoma stem cells, but its 

expression is dow nregulated upon the knock-down of S0X2 in NTera-2 c e l l s . I n  hESCs, S0X2 is 

bound to  the prom oter region of miR-7, suggesting th a t S0X2 directly regulates miR-7 

expression.^® miR-7 is expressed during neural d ifferentiation and has been shown to orchestrate  

im portant mechanisms in im m ature and adult n e u r o n s . T h e s e  findings reveal a potentially  

im portant link betw een S0X2 and neural developm ent and function, but also in CNS cancers. Due 

to  the dow nregulation of miR-7 a fter S0X2 knock-down in NTera-2 cells, these findings 

additionally support the hypothesis that S0X2 downregulation guides NTera-2 cells away from  a 

com m itted  neural fate. The dow nregulation the CNS-enriched miRNA, m iR-135a, in NTera-2 cells, 

fu rther supports this hypothesis.

M iR -9 *, an upregulated miRNA in S0X2-silenced 2102Ep cells, has previously been revealed to 

regulate S0X2 expression in glioma stem c e l l s . T h i s  miRNA is likely also regulated by S0X2 as 

binding sites for this transcription factor exist in its prom oter region in m E S C s . T h i s  suggests the 

existence o f a direct double-negative feedback loop betw een S0X2 and m iR -9*.

M iR -lS Sa and m iR-135b are both downregulated in NTera-2 cells upon S0X2 knock-down, 

signifying th e ir potential im portance in these cells. In ESCs, m iR-135a regulation appears to be 

contextual, as one study found it be to downregulated in d ifferentiating mESCs and another study 

showed high enrichm ent of this miRNA in undifferentiated mESCs.®” '®“  In addition m iR-135a is 

also expressed in the m urine b r a i n . A l t h o u g h  m iR-135a is less well studied in human 

developm ent, m iR-135b has been found to be enriched in a hESC line, but is also fu rther 

upregulated during early d ifferentiation o f this cell line. '̂*® Conversely, com pared to fully 

d ifferen tia ted  tissue, this miRNA is upregulated in the d ifferentiating hESC line, suggesting a 

transient role o f m iR-135b in early differentiating hESCs, besides possible functions in
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undifferentiated hESCs. '̂*  ̂ In 2102Ep cells, the  m inor strand of m iR-135b, m iR -135b*, is 

dow nregulated, but no published functions could be found for this miRNA. Interestingly, tw o  

studies showed th a t the prom oter regions o f m iR-135a and m iR -135b /135b* are bound by S0X2  

in both hES and mESCs/®'“  ̂ M iR-135a and m iR-135b have oncogenic properties in various 

cancers, as shown in
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T ab le  5 .2 7 , supporting  th e  possibility th a t S0X 2 could d irec tly  m e d ia te  carc inogenic ity  o f m iR- 

1 3 5 a /b  expressing cancers, in ad d itio n  to  d irectly  co n tro lling  m iR -1 3 5 a /b  in ESC fu n c tio n  and  

d iffe re n tia tio n .

As m e n tio n e d  in th e  previous paragraphs, fro m  th e  m iRNAs in T ab le  5 .2 6  and Tab le  5 .2 7 , m iR -145  

and m iR -9 * have been  previously been  shown to  have th e  capacity  to  d irec tly  re g u la te  50X2.^°^'®^^ 

Also, in previous research, th e  regu lation  o f m iR -145  by S 0X 2  has been  suggested, b u t not 

confirmed.'*®® This S O X 2-m iR -145  au to reg u la to ry  loop, as it m ig ht also exist in N T era -2  cells, could  

be a d irec t m echanism  seeing th a t S 0X 2  has been found  to  bind m iR -145  in mESCs. F u rth e rm o re , 

in mESCs, m iR -9 * has a S 0X 2  binding site in its p ro m o te r and is u preg u la ted  in 2102E p  cells upon  

S 0X 2  kn ock-dow n. This suggests th a t S 0X 2 acts as a repressor o f m iR -9 * , w hich  in tu rn , can 

repress S 0X 2 expression. The existence o f this d irect d o u b le -n e g a tiv e  a u to re g u la to ry  loop m ig ht 

be cell specific due to  th e  substantia l dow n reg u la tio n  m iR -9 * in G B M  cells upon S 0X 2  silencing.''®® 

M o re o v e r, in N T era -2  cells, m iR -9 * substantially upregulates upon th e  in tro d u ctio n  o f ATRA, but 

n ot upon S 0X 2 knock-down.®°^ The existence o f CSCs in G B M  cell pop u la tio ns has b een  w id e ly  

published and are  p heno typ ica lly  s im ilar to  norm al stem  cells o f th e  CNS.^^° Based on th e  previous  

find ings and given th e  regu la tion  o f m iR -9 * in hESC-like 2102E p  and N T era -2  cells and in neural 

stem  cell-like  G BM  cells, th e  hypothesis could be held th a t an n o ta te s  m iR -9 * as a tra n s ie n t 

re g u la to r o f S 0X 2  d urin g  d iffe re n tia tio n  o f hESCs in to  G B M  cells. H o w eve r, th is can n o t be 

co n firm ed  w ith o u t fu r th e r  studies.

Finally, m iR -126  has been  show n to  have th e  capacity to  d irec tly  inh ib it p ost-tran scrip tio n a l S0X 2  

expression.®^” In N T era -2  cells, only th e  m inor strand o f th is m iRNA, m iR -1 2 6 * , is >2 -fo ld  

d o w n reg u la ted  (2 .1 -fo ld ). H o w eve r, m iR -126  is 1 .5 -fo ld  d o w n re g u la te d  in N T era -2  cells. If th is fo ld  

change is b iologically re le va n t, th is could point to , perhaps an ind irect, au to re g u la to ry  loop  

b e tw e e n  S 0X 2  and a n o th e r m iRN A, a m echanism  p o ten tia lly  w o rth  fu rth e r  investigation .
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5.5.2.3 — The Identification o f MicroRNA Targets by Com putational Analysis

The third aim of this chapter was to find possible mRNA targets of deregulated miRNAs in 2102Ep 

and NTera-2 cells, which were themselves deregulated by miRNA-induced degradation. As 

supposed, based on the results of previous studies, this mRNA degradation could be assessed by a 

measurable difference in mRNA expression as determined by gene array analysis.''^ '̂''*” '” '^^ '̂' The 

first step of this method was to generate lists of potential targets for each >2-fold differentially 

expressed miRNA in 2102Ep and NTetra-2 cells. For this, TargetScan 5.1 was used as this 

computational target prediction software was rated as one of the most reliable in a survey of 

multiple different target prediction p ro g r a ms . I n  addition, the widespread use of TargetScan in 

the field of miRNA target prediction, meant that the produced results would be quite comparable 

with other studies.

In Section S.4.7.4, the predicted targets from all >2-fold deregulated miRNA in 2102Ep or NTera-2 

cells were collectively analysed for functional annotation enrichment. The group of highly 

represented genes were compared to a random control set. Based on this analysis, deregulated 

miRNAs in 2102Ep cells showed a likely enrichment of functions in regulation of transcription, 

embryonic development and morphogenesis, whereas, more specifically, the downregulated 

miRNAs were under-represented for functions in Wnt signalling compared to the control group of 

miRNAs (suggesting a possible miRNA 'bias' towards suppressing Wnt signalling) and the 

upregulated miRNAs were under-represented for functions in neuronal development and 

differentiation (suggesting a possible miRNA 'bias' towards reducing suppression of neuronal 

development). These observations match the functional annotation analyses of differential gene 

expression as seen in Section 5.3.2.6 and signify the central importance of miRNAs in the cellular 

processes concerning the cell-specific nature of 2102Ep and NTera-2 cells. Unfortunately, this 

method yielded insignificant results for NTera-2 cells, possibly due to the smaller size of the 

miRNA target dataset.

To identify potential miRNA targets among the 2102Ep and NTera-2 differential gene expression 

data, the assumption was made that the likelihood of miRNA regulation of a target gene was 

correlated with the number of in vivo miRNAs that potentially target this gene. In 2102Ep cells, 

this assumption was supported by an inverse correlation of target expression skewness and the 

number of miRNA-mRNA, indicating a non-random influence of miRNA-mRNA interactions on 

overall mRNA expression at higher miRNA-mRNA pairs per target gene. The results from the 

2102Ep data suggested that almost half of all deregulated genes were potentially targeted nearly 

all deregulated miRNAs. These fractions were lower in NTera-2 cells, with approximately a third of 

all deregulated genes targeted by more than half of all deregulated miRNAs. Although no
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biological explanation can be definitively given for this discrepancy, the deregulated nnRNA:miRNA 

ratio in the NTera-2 data compared to 2102 data does indicate a low er probability o f achieving a 

proportional num ber o f positive matches. W ith  the m ethod outlined in Section 5 .4 .7 .5 , lists w ere  

compiled containing genes w ith a high possibility o f being regulated by miRNA in 2102Ep or 

N Tera-2 cells a fter S0X2-silencing. In 2102Ep cells, 30 target genes w ere significantly highlighted 

statistically, o f which 13 w ere inversely correlated with the m edian expression of th e ir affiliated  

miRNA. Although the results for these 30 target genes reject the null-hypothesis, which states 

th a t the  expression values of targeting miRNAs are random ly distributed in the total group, the 

m edian expression o f 15 are actually positively correlated w ith  the ir collective targets. This could 

indicate that, although the used m ethod might be applicable to  predict some miRNA-mRNA  

interactions, these interactions must be more qualitatively assessed. Depending on m any known 

and unknown variable, some miRNAs probably have m ore functional influence on gene 

expression than others. This m ore qualitative approach has been suggested and, till an extent, 

applied in previous research.

The 15 target genes in 2102Ep cells w ith an inverse relationship w ith  th e ir collective o f targeting  

miRNAs are listed in Table 5 .28. Among these 15 genes, SLC7A11 has been validated as a target of 

m iR-30a, denoting a high probability o f also being regulated by miR-30d.^^^ This list o f genes 

provides candidates for fu rther validation as targets of th e ir respective miRNAs. Among these are 

some previously discussed genes w ith  im portant roles in stem cell function, d ifferentiation  and 

em bryonic developm ent (e.g. DKKl, M M P 2 and BAMBI).

Besides the potential miRNA targets, listed in Table 5 .28, a num ber o f d ifferentially expressed 

genes in 2102Ep and NTera-2 cells are validated targets of d ifferentially expressed miRNAs. Any 

positive results that could be found in the large body of miRNA target research are listed in Table 

5.29. Upregulated miRNAs and genes in 2102Ep or NTera-2 cells are coloured green and those 

which are dow nregulated are coloured red. Table 5 .29 show many inverse m iRNA-target 

associations, but also several positively correlated miRNAs and targets. O f the latter, m iR-145 has 

previously been validated as a positive regulator of MYOCD.®^^
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Table 5.28—Inversely regulated target genes and their associated mlRNAs.

Gene Fold
Change

Median mlRNA 
Expression.

Targeting miRNAs

CAMK2N1 2.76 -2.27

miR-1271, miR-182, miR-183*, miR-30a-3p, miR-SOd, miR- 
519a, miR-519b-3p, miR-519d, miR-520a*, miR-520b, miR- 
520c-3p, miR-520d-3p, miR-520f, miR-520g, miR-520h

GRHL2 2.60 -2.24

miR-1271, miR-143, miR-182, miR-30a-3p, miR-30d, mlR-512- 
3p, mlR-519d, miR-520a*, miR-520b, miR-520c-3p, miR-520d- 
3p, miR-520f, miR-520g, miR-520h

HEGl 2.81 -2.32

miR-1271, miR-143, miR-182, miR-30a-3p, miR-30d, miR-512- 
3p, miR-519d, miR-520a*, miR-520b, miR-520c-3p, miR-520d- 
3p, miR-520f, miR-520g, miR-520h

CXCL14 3.00 -2.27
miR-520a*, miR-520f, miR-520d-3p, miR-519d, miR-520c-3p, 
miR-520b, miR-9*

FLRT3 2.43 -2.69
miR-183, miR-193a-3p, miR-27b, miR-512-5p, miR-520g, miR- 
520h, miR-522

SLC40A1 2.51 -2.27
miR-519a, miR-519b-3p, miR-519d, miR-520a*, miR-520b, 
miR-520c-3p, miR-520d-3p

SLC46A3 2.15 -2.27
miR-519d, miR-520a*, miR-520b, miR-520c-3p, miR-520d-3p, 
miR-520g, mlR-520h

SLC7A11 -2.68 2.46
miR-143, miR-148a, miR-152, miR-27b, miR-30a-3p, miR-30d, 
miR-380-5p

ATP2B4 2.32 -2.83
miR-1271, miR-148a, miR-152, miR-183, m iR-26a-l*, miR- 
520f, miR-380-5p

DKKl 19.34 -2.28
miR-519a, miR-519b-3p, miR-520a*, miR-520b, miR-520c-3p, 
miR-520d-3p

LEFl 13.03 -2.57
miR-512-3p, miR-520a*, miR-520b, miR-520c-3p, miR-520d- 
3p, miR-766

TBC1D9 2.28 -2.24
miR-424, miR-519a, miR-519b-3p, miR-519d, miR-520g, miR- 
520h

BAMBI 2.57 -2.27 miR-519d, miR-520a*, miR-520b, miR-520c-3p, miR-520d-3p
MMP2 3.88 -2.27 miR-519a, miR-519b-3p, miR-519d, miR-520g, miR-520h
TBX3 5.64 -2.27 miR-519a, miR-519b-3p, miR-519d, miR-520g, miR-520h

Table 5 .29— Previously validated targets o f miRNAs deregulated  
in 2102Ep and NTera-2 cells. Green miRNAs/genes were  
upregulated. Red miRNAs/genes w ere downregulated.

Ceil Line miRNA Validated Target Genes
mlR-145 KLF4, MYOCD, H0XA9, BNIP3®^ ‘̂ ®”
miR-182 RARG® '̂'
mlR-196b HMGA2®^^
miR-210 HOXAl, H0XA9, KIAA1161®^®'®”

Q .
UJ
CM
O
T—(

mlR-26a/* MAP2, HMGA2, BMP2®^®‘ ®®°
mlR-296 NANOG^®®

(N
mlR-30a HMGA2, SLC7A11,
mlR-30d I_Hx i 68i

mlR-9* S0X2®”
miR-520h ID l, ID3“ ^

IN1rak_
OJ

mlR-184 NFATC2®®^
miR-31 D KKl^''

1—
z miR-181a VSNLl®®^
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5.5 .2 .4  — Functional Relevance o f MicroRNA Clusters

MiRNA clusters and families are highly conserved regulatory elem ents in the genom e and function  

and are regulated in an orchestrated manner. A large num ber o f deregulated miRNAs in 2102Ep  

and NTera-2 cells belong to particular miRNA clusters and families. M iRNA clusters are defined as 

collection of miRNA loci positioned in relative proximity in the genom e and frequently  co

regulated in sim ilar fashion by a single prom oter region. The term  miRNA cluster is quite loosely 

defined. If these miRNAs are expressed from a single transcript (pri-m iRNA), th e ir cluster is often  

referred to as a polycistron. However, deeper investigation can som etim es reveal additional 

separate prom oter regions for individual miRNAs w ithin a cluster, resulting in separately  

transcribed miRNAs, which can be even located on overlapping pri-miRNAs.®®® A miRNA fam ily  

consists o f a group o f highly similar or homologous miRNAs which have genetically evolved from  a 

com m on ancestor and share a common seed sequence. The gene loci o f these miRNAs can either 

reside w ithin a cluster or can be located elsewhere in the genom e, even on d ifferent 

chromosomes. They often have highly comparable functionality, but can be regulated differently.

The differentia lly  expressed miRNAs in 2102Ep and NTera-2 cells w ere grouped into clusters and 

fam ilies, which are listed in Table 5.28. From this table it is im m ediately obvious that particular 

miRNA fam ilies and clusters are highly co-regulated and it is likely that they have im portant 

functionality to  cellular changes as a consequence of S0X2 silencing. Table 5 .30  contains miRNA 

clusters and fam ilies w ith tw o  or more deregulated m ature miRNAs in 2102Ep and NTera-2 cells. 

The red coloured miRNAs are downreguiated in the cell lines, whereas the green coloured miRNAs 

are upregulated. The miRNAs listed in between brackets are miRNAs that are <2-fold significantly 

dow nreguiated in 2102Ep or NTera-2 cells. Although these miRNAs lie below the 2-fold threshold, 

they still m ight be functionally significant due to their potential contribution tow ards the  entire  

fam ily or cluster. Furtherm ore, a large majority o f these miRNAs are deregulated <2<1.5-fo ld .
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Table 5.30— Deregulated mlRNA families and clusters in 2102Ep and NTera-2 cells. Green mlRNAs were 
upregulated. Red mlRNAs were downregulated.

C19MC cluster miR-512-3p, miR-512-5p, miR-516a-5p, miR-516b, miR- 
517a, miR-517c, miR-518a-3p, miR-518b, miR-518c, miR- 
518-5p, miR-518e, miR-519a, miR-519b-3p, miR-519c, miR- 
519d, miR-519e, m iR-520a*, miR-520c-3p, miR-520d-3p, 
miR-520f, miR-520g, miR-520h, miR-522, miR-525, miR- 
525-3p (miR-517b, miR-518f, miR-520b)

LU
(N miR-183-96-182 cluster miR-182, miR-183, m iR-183* (miR-96)
O
rH miR-26 family m iR -26a-l*, m iR-26b* (miR-26a)
fN

miR-30 family miR-30a-3p, miR-30d (miR-30c)
miR-374a-545 cluster miR-374a*, (m iR-545*)
m iR-148/152 family miR-148a, miR-152
14q32.31 cluster miR-380-5p, (miR-370, miR-1197, miR-539)
m iR -302/372/373/ miR-520a*, miR-520b, miR-520c-3p, miR-520d-3p (miR-
520be/520acd-3p family 302c, miR-372)
C19MC cluster miR-522 (miR-517c)

(N
miR-7-1197-3529 cluster miR-7, miR-1197

1
(Q miR-135 family miR-135a, miR-135b, miR-135b*
Q)
1“ miR-193 family miR-193a-5p, miR-193b, miR-193b*

m iR-221/222 family + cluster m iR-222* (miR-221, miR-222)
14q32.31 cluster mlR-323-3p, miR-1197 (miR-487a)

The categorising of some deregulated miRNAs in clusters and families constructs a functional map 

of miRNA deregulation as induced by S0X2 silencing in 2102Ep and NTera-2 cells. The regulation 

of whole miRNA families and clusters signify functional importance to cell processes after S0X2 

silencing, as the functional roles of the members of these families and clusters are often related. 

The dominant miRNA cluster in 2102Ep cells, as can be seen in Table 5.30, is the polycistronic 

C19MC cluster, which maps to the 19q l3 .41  genomic region and is the largest miRNA cluster in 

the mammalian g e n o m e . T h i s  cluster, which consists of 46 tandemly repeated miRNAs, has 

been found to be enriched in hESCs, and in human placenta and foetal brain tissue, but its 

biological importance to these has yet to be fully defined.^” '®®̂“®̂ ° Interestingly, the C19MC 

cluster is frequently amplified or activated in various cancers, including embryonal tumours, and 

the oncogenic potential of some of its members has been previously c o n f i r m e d . 28 

members of the C19MC cluster are deregulated in 2102Ep cells, all of which are downregulated. 

In 2102Ep cells, the deregulated miRNAs from this cluster potentially target 82 deregulated genes 

in 2102Ep cells, of which 51 are upregulated, as predicted by TargetScan 5.1. This represents 

more than one fifth of all deregulated genes in 2102Ep cells, but the ratio of upregulated genes to 

downregulated genes in the group of candidates that are potentially targeted by the deregulated 

miRNAs from the C19MC cluster is similar to the ratio of the entire population. Thus, from the 

gene array data, no accurate conclusions can probably be drawn about how the C19MC cluster 

regulates gene expression in 2102Ep cells and further target validation would be required to
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determ ine which transcripts are repressed by this cluster and which, if any, might be activated. 

Despite this, among the 82 deregulated genes, particular candidates o f biological relevance could 

be initially selected fo r functional validation. Functional annotation analysis of the  82 potential 

targets with DAVID shows the three highest enriched term s to be tissue morphogenesis (P = 

0.00017; FRASl, KLF4, TBX3, BMP2, HANOI, LEFl, TCF7L1, TFAP2A, TGFBR3, ZEB2), W n t receptor 

signalling pathway (P = 0 .0015; C SN KIG I, DKKl, FZD7, LEFl, RARG, TCF7L1, TBLIX, W N T5A ) and 

mesenchymal cell developm ent (P = 0.0014; BMP2, EDNRB, LEFl, NRP2, TGFBR3, ZEB2). Alm ost all 

of the genes related to these term s—as shown in brackets— and o ther annotations o f high 

significance are upregulated upon S0X2 silencing of 2102Ep cells, which correlates w ith  the  

dow nregulation of the C19MC miRNAs and therefore might be good initial candidates fo r target 

validation. Furtherm ore, the  downregulation of this cluster upon S0X2 silencing and its 

expression in the foetal brain both suggest that S0X2 could be a regulator o f C19M C, but a 

characterisation of this cluster's prom oter region(s) and fu rther S0X2 binding studies would be 

required to confirm this. The C19MC cluster contains various miRNA families, some of which are 

related to miRNAs elsew here in the genome. The miR-520 miRNAs in the C19MC cluster belong to  

the larger m iR -302 /372 /373 /520b e /520acd -3p  fam ily, o f which some o ther m em bers are 

differentia lly  regulated in 2102Ep cells. Cross-functionality o f these miRNAs have previously been 

suggested and linked to hESC differentiation.®^® A m em ber o f this cluster, m iR-302c, has been 

previously been shown to be regulated by the OCT4/SOX2 d im er and dow nregulates upon hESC 

d if fe r e n t ia t io n .T h e  significant upregulation o f this miRNA in 2102Ep cells is unexpected, but as 

this is only slight (1 .3-fo ld), especially compared to the differential regulation o f the other 

m em bers of the m iR -302 /372 /373 /520be /520acd -3p  fam ily, the effect o f this could perhaps be 

biologically irrelevant. All mem bers of the miR-302 cluster are expressed in both 2102Ep and 

NTera-2 cells, but, apart from  miR-302c, remain unchanged. In d ifferentiating NTera-2 cells, the  

m iR-302 cluster only begins to downregulate after approxim ately 8 days a fte r the  induction of 

differentiation  by ATRA.®®  ̂The lack of miR-302 downregulation by S0X2 silencing is supported by 

previous research which showed that miR-302 downregulated by 0C T4 or OCT4/SOX2 silencing, 

but not by S0X2 silencing a l o n e . F i n a l l y ,  only tw o m em bers o f the C19MC cluster (m iR-522 and 

m iR-517c) are differentially expressed, and downregulated, in NTera-2 cells. A previous analysis 

showed that the expression of the C19MC miRNAs was very low in this cell line, com pared to 

hESCs and almost no differential expression was detected upon the d ifferentiation  o f NTera-2 

c e l l s . T h e  apparent lack o f C19MC miRNAs in NTera-2 cells is confirm ed by the data in this 

thesis (not shown) and is also reported by previous research conducted in this laboratory, which 

showed that the m ajority o f C19MC miRNAs did not deregulate during NTera-2 cell d ifferentiation  

or w ere not detectable by qRT-PCR.^^^ Previous research and the findings in this chapter strongly

C hapter Five Em bryona l Carcinoma- 317



suggest th a t the role o f the C19MC cluster is m ore similar betw een 2102Ep cells and hESCs than  

NTera-2 cells.

O ther d ifferentially regulated clusters and fam ilies in 2102Ep and NTera-2 cells notable. The miR- 

183-96-182  cluster has been im plicated w ith cancer and CSCs and its associated miRNAs are 

dow nregulated in 2102Ep cells a fter S0X2 knock-down. In 2102Ep cells, the miRNAs in this cluster 

potentially target 48  deregulated transcripts in 2102Ep cells. Although it is overexpressed in some 

malignancies and has a proposed oncogenic role, it has also been found to  be highly 

underexpressed in some CSC types, including the  ECC line, Tera-2, from  which NTera-2 cells w ere  

originally d e r i v e d . M e m b e r s  of the m iR -183-96-182 cluster could not be detected in 

NTera-2 cells according to the data used fo r this chapter (not shown). The reason o f this 

discrepancy betw een 2102Ep cells and NTera-2 cells and o ther CSCs might w arrant fu rther 

investigation due to  the apparent selectivity of m iR -183-96-182  function in various cancer types 

and cell lines, including a possible diagnostic and therapeutic  value from  this. On chrom osom e 14, 

a large miRNA bipartite cluster o f 7 and 46 miRNAs exists in the genomic 14q32.31 region.®®^ 

Some m em bers from  this region w ere deregulated in both 2102Ep and NTera-2 cells a fte r S0X2 

knock-down. The deregulated miRNAs from  this region w ere all upregulated in 2102Ep cells, while  

mixed differential expression o f these was mixed in NTera-2 cells. However, no 14q32.31 region 

miRNAs w ere com m only regulated in 2102Ep and N Tera-2 cells and, likewise, no deregulated  

genes in both cell lines w ere com m on potential targets of the combined set of miRNAs. The 

14q32.31 miRNA cluster has been previously been proposed to be the largest tum our suppressor 

miRNA cluster in the genom e and its suppression has been associated w ith various cancer types, 

but also w ith the adult and em bryonic stem cell state, making it an interesting candidate target 

fo r fu ture CSC research.'*^'’ ®®̂ '®®*

This chapter com prehensively charts the  gene and miRNA expression networks linked to  2102Ep  

and NTera-2 cells, while comparing the similarities of, but also m any differences betw een these 

networks. This has shown th a t d ifferential gene and miRNA expression in SOX-silenced 2102Ep  

cells is m ore similar to  the equal response of hESCs, than w hen the  latter are compared to NTera- 

2 cells. W hile differential gene and miRNA expression in 2102Ep cells resembles early 

differentiation in the three germ layers, NTera-2 cells deviate away from  th e ir neuronal 

com m itm ent upon the knock-down o f S0X2.

A set o f genes and miRNAs w ith S0X2 binding sites in th e ir prom oter regions, but w ith  no 

previous transcriptional association w ith  this transcription factor, has been identified. Among 

differentia lly  expressed miRNAs, some have previously been shown to  regulate S0X2 protein  

expression. The relationships betw een S0X2 and these miRNAs w arrant fu rther functional
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investigation due to the potential central nature of this netw ork in stem cell potency, em bryonic  

developm ent and some cancers.

A statistical and a qualitative approach to target prediction was taken by combining differential 

gene and miRNA expression, w ith which a list of high-probability targets was com piled. These 

candidate targets can be used fo r fu ture functional validation, among which genes and miRNAs 

w ith  im portant roles in cancer, CSCs and pluripotency would be of direct relevance to this project.

In summary:

The S0X2 knock down-induced differentiation o f 2102Ep and NTera-2 cells resulted 

in the deregulation of many genes im portant to cancers stemness, particularly those 

of the W n t and TGFp pathways.

This also deregulated oncogenic and tum our suppressive miRNAs th a t are predicted  

to regulate many o f the differentially expressed genes.

M any S0X2-targeting miRNAs were also deregulated, indicating the  activity o f S0X2- 

miRNA autoregulatory loops.

The differentiation o f 2102Ep and NTera-2 cells, as induced by S0X2-silencing, had 

characteristics of hESC differentiation. However, this was m ore closely resembled by 

2102Ep cells, while NTera-2 cells appeared to d ifferentia te  away from  a com m itted  

neuroectoderm al phenotype.
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Chapter Six
GENERAL DISCUSSION



6— General Discussion

Current cancer theory holds that the origin, proliferation, metastasis, therapy resistance and 

recurrence o f malignant neoplasms are fundam entally engendered by an often relatively small 

subpopulation o f neoplastic cells which exhibit a phenotype enriched with stem cell-like 

characteristics. Despite extensive research, controversy remains about the origin and the 

conception o f stem-like cancer cells. Additionally, the fraction o f these cells that contribute to  the 

growth and proliferation o f tumours have been shown to substantially differ among various 

cancer t y p e s . T h e  relatively new field o f CSC research, as kicked o ff by the discovery of 

leukaemia CSCs, has brought about these questions and others, while greatly expanding the 

understanding o f the function and contribution o f sternness in m a lignancy.The  specific targeting 

o f CSCs in tum ours is a tough challenge due to  the ir adaptability and resistance to  d ifferent 

therapies, the ir ability to  survive and thrive in otherwise harsh environments and the ir ability to 

evade detection. Despite the challenges, CSC-targeted therapy is certainly achievable. As w ith 

conventional cancer therapy, a big obstacle to surmount is being able to selectively target the 

tumourigenic component fo r trea tm ent—in this cased CSCs—while avoiding unacceptable side- 

effects and damage to  normal cells. The d ifficu lty o f CSC-selective targeting, besides the 

aforementioned caveats, is the sim ilarity o f the CSC-phenotype to that of normal stem cells.

Despite the difficulties, a few pioneering studies performed proved tha t the targeting o f CSCs was 

possible, while leaving normal stem cell populations unaffected.'*^®'®”  These studies showed that 

the drug-induced upregulation o f particular tum our suppressors in LSCs led to a reduction in the 

proliferation o f these cells, while leaving the ir normal counterparts, haemopoeitic stem cells, 

unaffected by the same conditions. As w ith  gene-centric CSC-specific therapy, the therapeutic 

targeting o f miRNAs in CSCs is difficult. The expression profiles o f miRNAs in normal stem cells and 

the ir malignant doppelgangers are almost always very similar, possibly because of the ir relatively 

broad scope o f post-transcriptional regulation, which more broadly influence processes im portant 

to  both cell types. Although miRNAs w ith  exclusive functions in CSCs, compared to NSCs, have yet 

to  be found, several miRNAs have recently been characterised to  have crucial functions in cancer, 

CSCs and NSCs. As mentioned in Section 1.12, at the tim e this study began, a small number of 

miRNAs were identified as oncomirs or tum our suppressor miRNAs w ith  explicit CSC and NSC 

functions. These were the tum our suppressive let-7, miR-200 families and the oncogenic miR-302 

and miR-17-92 clusters.

This dissertation focused primarily on the biomolecular and (epi)genetic fundamentals o f CSCs 

and more specifically on some of those potentia lly contributing to embryonal carcinoma cells, the
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stem cell com ponent o f 87% of non-seminomatous germ cell cancer7°° The research conducted 

was founded on previous studies conducted by colleagues in this laboratory, w ho profiled 

differentia l gene and miRNA expression in NTera-2 cells during early ATRA-induced 

d ifferentia tion .”  ̂ To keep results comparable to the aforem entioned studies and results 

produced by other laboratories, the m ajority of experim ents perform ed for this thesis with  

2102Ep and NTera-2 cells, involved measurements made a fte r subjecting the cells to  three days of 

experim ental conditions. This tim efram e was also chosen based on previous studies which 

indicated that phenotypic and morphological change o f ES and ECCs, including the initiation of 

pluripotency factor dow nregulation, became apparent 2-3 days a fte r the induction of 

d i f f e r e n t i a t i o n . T h e  focus on CSC-specific d ifferentiation  was prim arily held for the  

gene-centric approach in this study, described in Chapter 4. No com parative studies w ere found 

or perform ed which could point towards CSC-specific miRNAs and the function and expression of 

many miRNAs deregulated during ATRA-induced differentiation o f NTera-2 cells, w ere  still broadly 

uncharacterised in relation to stemness or cancer stemness. Due to  the highly inclusive nature of 

gene regulation by miRNAs it could even be possible that the existence of CSC-specific miRNAs is 

highly uncommon. Up till date, research has shown th a t stem cell-like cancer cells rather appear 

to  hijack certain com ponents of the miRNA machinery w ith crucial functions in norm al stem cells. 

Because of these aspects, the miRNA selection process in this thesis did not necessarily exclude 

miRNAs that w ere shown to have some possible functions in norm al stem cells.

6.1 — Discussion of the Findings

In Chapter 3, five miRNAs (m iR-lO a, -99a, -184, -219 and -335 ) w ere selected for overexpression 

w ith the aim to induce differentiation in 2102Ep or NTera-2 cells. O f these, m iR-184 induced a 

subtle mRNA dow nregulation of the S0X2 and NANOG pluripotency factors and an high 

upregulation of the m arker o f endoderm al/trophectoderm al d ifferentiation. In NTera-2 cells, miR- 

335 upregulation caused a dram atic morphological change of the cells and the substantial 

dow nregulation o f the 0C T4 and NANOG mRNA transcripts. These results suggested that m iR-184  

and m iR-335 could perform  functions specific to 2102Ep and NTera-2 d ifferentiation  respectively. 

Com putational target prediction produced 0CT4 and S0X2 as potential targets fo r m iR-335, both 

of which w ere dow nregulated at the protein level in m iR-335-overexpressing NTera-2 cells. This 

showed for the first tim e that m iR-335 could induce d ifferentiation o f an ECC line and that 0CT4, 

S0X2 and NANOG w ere directly or indirectly regulated by this miRNA.

As a strong inducer o f d ifferentiation in a CSC model (NTera-2 cells), m iR-335 could be an 

interesting therapeutic target fo r CSC-focussed treatm ent o f cancer. Its tum our suppressive 

properties have been shown before in previous papers and, during this project, the interest in the

Chapter Six — General Discussion | 323



roles o f iniR-335 in cancer has rapidly grown. M iR -335 has also been im plicated w ith  

mesenchymal and osteogenic d i f f e r e n t i a t i o n . S o  far, m iR-335 has not yet been directly 

associated w ith  CSC differentiation , although a very recent paper describes the contribution of 

m iR-335 to the  d ifferentiation  o f glioma, an archetypal CSC disease, but does not specify or 

validate target genes relevant to  this process.^®^

Interestingly, m iR-335 upregulation in 2102Ep cells had no effect on cell d ifferentiation  or 

observable cell viability. In NTera-2 cells, this miRNA is upregulated by ATRA, suggesting it might 

be part o f the  retinoid-linked d ifferentiation  n e t w o r k . D u e  to an aberrant differentiation  

program, 2102Ep cells are resistant to ATRA-induced d ifferentiation , but also avoid term inal 

differentiation  by o ther stimuli.^*°'^®®'^°^ It is perhaps possible that m iR-335 could be part of 

2102Ep cells' defective d ifferentiation  mechanism and thus exert no influence on its state. On the  

other hand, previous published findings and the results in this thesis, especially those in Chapter 

5, suggest that, 2102Ep and NTera-2 cells are quite dissimilar, despite sharing a germ cellular 

origin. Although both display com m on hESC markers, it is thought that 2102Ep cells m ore closely 

represent undifferentiated hESCs than NTera-2 cells, which represents a m ore com m itted cell 

type.^^*'^*°'”  ̂ Previous studies have focussed on the role o f m iR-335 in adult stem cells, which 

resem ble com m itted embryonic progenitor cells m ore closely than h E S C s . O n e  study did 

show the upregulation o f m iR-335 in d ifferentiating  hESCs, but this was measured at seven days 

into the differentiation program, a stage at which cell com m itm ent and specialisation is already 

p r e v a i l i n g . N o  published results specifying an increase in m iR-335 expression or that o f its host 

gene, MEST, have been found in early differentiating hESCs or em bryoid bodies. Considering these 

concepts, the hypothesis could be held that m iR-335 is predom inantly functional in m ore m ature  

cells, rather than hESCs, inferring a possible cell-specific function in the NTera-2 cell line, while  

having no significant function in 2102Ep cells.

The results in Chapter 3 suggest th a t 0C T4 and S0X2 are possible targets o f m iR-335. If these are 

indeed in vivo targets o f this miRNA, com pensatory, structural, regulatory or therm odynam ic  

influences could perhaps explain the discrepancy betw een 2102Ep and NTera-2 response to miR- 

335 overexpression. Previous evidence th a t shows the  context dependence o f m iRNA-target 

interaction does provide a possible answer fo r this discrepancy. Frequently, expressed miRNAs 

w ere  found to  regulate the ir expressed targets in certain cell lines, while, in o ther cell lines, this 

interaction was absent or com prom ised due its aiding or thw arting  by mRNA binding elem ents  

and other miRNAs, but possibly also because of changes to the mRNA secondary 

structure.
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O f particular interest was the downregulation of S0X2 protein by m iR-335, as the mRNA  

expression o f this transcription factor remained high. This is a strong indicator o f post- 

transcriptional regulation of S0X2, but it is unknown w h ether this is directly or indirectly 

m ediated by m iR-335. Interestingly, the downregulation of S0X2 protein was also measured 

during 3- and 6-day d ifferentiation of NTera-2 cells w ith ATRA, while mRNA expression remains at 

high levels. The unchanged expression of S0X2 mRNA during the first six days o f NTera-2 

differen tia tion  is characteristic fo r this cell line and is strongly supported by previous research, 

including results produced by this l a b o r a t o r y . S t i l l ,  one publication could be found which 

showed th a t both S0X2 mRNA and protein was dow nregulated seven days a fte r ATRA-induced 

differen tia tion  of NTera-2 cells, while another paper claims the dow nregulation of S0X2 mRNA 

a fte r tw o  days.^“ '̂ °® One study investigated the epigenetic transcriptional control o f S0X2 in 

d ifferen tia ted  NTera-2 cells by DNA methylation and histone acetylation.^^® Through these 

mechanisms, S0X2 expression was found to be dynamically regulated in astrocytes but silenced in 

neurons. Also, a positive correlation was drawn betw een the expression of S0X2 and astrocyte 

proliferation, particularly in quiescent cells. This is interesting, because as quiescence is 

considered an im portant feature of CSC biology and is a suggested feature  by which CSCs can 

avoid detection or t r e a t m e n t . T h e  ability of S0X2 to  regulate cell proliferation o f quiescent, 

m ore d ifferentiated  NTera-2 cells could link this gene to  the lethality o f these cells when  

transplanted into mouse b r a i n s . B e s i d e s  the control of S0X2 by DNA and histone 

modifications, the regulation o f S0X2 by miRNA, as suggested in this thesis, m ight shed light on an 

additional epigenetic control mechanism through which S0X2 can exert its functions in CNS cells 

and cancers.

NCCIT cells, an ECC line that easily and terminally d ifferentiates upon ATRA exposure, have 

previously been subjected to siRNA-induced S0X2 dow nregulation, which shows that this also 

causes them  to differentiate.^^® In the nullipotent 2102Ep cell line, only 0C T4 and NANOG have 

been dow nregulated previously, which resulted in the loss o f ESC/ECC im m unophenotype and the  

incom plete transform ation into a more d ifferentiated p h e n o t y p e . A l s o ,  NANOG 

dow nregulation in 2102Ep cells resulted in the loss of 0C T4 and S0X2 expression, indicating the  

im portance of this gene to  the m aintenance of sternness in this cell line.^^® S0X2 downregulation  

had not yet been tested in 2102Ep cells and with the goal to  find novel ways to d ifferen tia te  these 

cells, this gene was silenced in Chapter 4. As asserted a fte r three days, S0X2 silencing resulted in 

the d ifferentiation  of the cells as measured by a reduction in pluripotency m arker and AP 

expression and the upregulation of differentiation markers. In this laboratory, S0X2 silencing in 

2102Ep cells was the  first functional gene silencing experim ent w ith  siRNA in the ECC lines used 

fo r this study. Although S0X2 might not be an optimal therapeutic  target, due to its prevalent
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expression in nnany non-aberrant, nnammalian adult cell types, the d ifferentiation of 2102Ep cells 

by S0X2 knock-down proved to  be a good test study to  assess w h ether the siRNA-mediated gene 

knock down protocol designed could d ifferen tia te  the cell lines as intended.

A similar experim ent was perform ed in NTera-2 cells as the effects o f S0X2 silencing in this cell 

line was unknown at the tim e. Like 2102Ep cells, NTera-2 cells appeared to differentiated upon 

S0X2 silencing. Interestingly, 0C T4 expression rem ained high, three days a fte r siS0X2 

transfection, while NANOG significantly dow nregulated. A fter six days all pluripotency markers 

w ere  dow nregulated, w ith  S0X2 and NANOG alm ost silenced.

A previous study, published very recently by Gillis e t al. (2011), also silenced S0X2 in NTera-2 cells 

upon which these appeared to d ifferentia te  as asserted by measuring the expression of 

pluripotency and differentiation m a r k e r s .S im ila r ly  to  the  results in this thesis, 0C T4 mRNA  

expression analysis, perform ed by Gillis e t al. w ith  qRT-PCR, showed th a t 0C T4 did not deregulate  

im m ediately. How ever, it is im portant to  note here that 0C T4 expression was measured tw o  days 

afte r S0X2 silencing in NTera-2 cells com pared to the  th ree days o f post-transfection incubation 

m aintained in this thesis. Using qRT-PCR, Gillis e t al. measured 31 genes of interest in S0X2- 

silenced NTera-2 cells. Although the  expression o f some genes rem ained unaltered in th a t study, 

only tw o  genes (NANOG and H A N D l) showed sim ilar d ifferentia l expression in the gene array data 

produced for this thesis. This is quite a large discrepancy, which could possibly be explained by 

the  increased sensitivity of qRT-PCR over gene arrays, a difference in experim ental conditions or 

design (e.g. higher siRNA concentration at low er cell density w ith a shorter incubation tim e used 

in a similar study by Gillis e t al.), a phenotypic divergence betw een the NTera-2 strains used for 

either study or o ther external variables.'’°̂

2102Ep cells appear to respond to  S0X2 dow nregulation in a similar way as hESCs. The more 

im m ediate response o f 0C T4 in this cell line to S0X2 dow nregulation, compared to NTera-2 cells, 

has also been found to be the  case in hESCs, which already show a large downregulation of 0CT4  

upon S0X2 silencing a fte r tw o  days, which is reduced even m ore a fte r four days."*̂ ®'̂ ®® It has to  be 

noted that 0C T4 was not dow nregulated in 2102Ep samples prepared fo r global transcriptom e  

and m iRNAom e analysis. Although the reasons fo r this are unknown, but some hypothetical 

explanations are given in Section 5 .5 .1 .1 . It is clear that, to  fully explain this incongruity, fu ture  

repeats o f the  S0X2 knock dow n experim ent are required, w ith perhaps d ifferent 2102Ep strains 

at d ifferent tim e points.

The core pluripotency marker-expressing 2102Ep and NTera-2 lineages both form  lethal tumours  

a fte r injection into mice.^^'^°^ How ever, previous studies have dem onstrated that, when
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xenografted into mice, they clearly differ in their capacity to  proliferate and d ifferentiate. 

Transplanted 2102Ep cells form  a rapidly growing, highly undifferentiated  tum our containing 

100%  ECCs, while NTera-2 cells generally form a well d ifferen tia ted , tum our, w ith a histology 

representing many cell types and which can also be non-lethal, depending on the graft 

This difference in cell behaviour could be pathologically related to  a higher 

malignancy o f 2102Ep cells compared to NTera-2 cells, as has been suggested before.” '*'̂ ®® In 

short, the highly aggressive, largely undifferentiated teratocarcinom as form ed by 2102Ep cells 

contain a high num ber o f contributing CSCs, while the less aggressive, m ore d ifferentiated  NTera- 

2 teratocarcinom as contain relatively few  CSCs. As an im portant mechanism for pluripotency and 

stem cell self-renewal, the S0X2 transcriptional netw ork could potentially contribute to these 

characteristic phenotypes. In Chapter 5 the S0X2 transcriptional netw ork o f 2102Ep and NTera-2  

cells w ere compared. This was the first tim e an extensive comparison o f genes and miRNAs 

regulated by a m em ber o f a pluripotency network in these cell lines was perform ed.

These results showed th a t 2102Ep and NTera-2 cells respond quite d ifferently  to  S0X2  

dow nregulation. In 2102Ep cells, S0X2 knock down affected many genes and miRNAs that w ere  

com m on to undifferentiated and early differentiating hESCs. This phenotype matches the  

suggestion that 2102Ep cells are a good hESC m o d e l . O n  the  o ther hand, NTera-2 cells respond 

quite differently. Although a num ber of genes related to  hESCs w ere deregulated, of which many 

w ere  equally deregulated in 2102Ep cells, a large proportion of d ifferentially regulated genes and 

miRNAs in NTera-2 cells w ere associated with a m ore com m itted  progenitor phenotype. The 

dow nregulation o f many neural markers suggest that S0X2 could have significant functions in 

m aintaining a neural progenitor phenotype in NTera-2 cells. It is unclear w h ether undifferentiated  

NTera-2 populations consist o f a mix o f progenitor cells and cells o f a m ore hESC phenotype, or 

w h eth er a more homogenous phenotype exists with both hES and neural features. Recently, the  

NTera-2 cell line was reclassified to consist of tw o populations defined by the expression of 

Cripto-l.®°° It was found th a t cells w ith a high expression o f Cripto-1 w ere m ore tum origenic than  

those w ith  low Cripto-1 expression. Additionally, NTera-2 cells w ith high Cripto-1 expression also 

had higher 0CT4, S0X2 and NANOG expression, while in the low Cripto-1 expressing cells, neural 

markers, among other derm al markers, were enriched. It is possible that S0X2 downregulation  

conferred specific alterations in these different populations, resulting in a mixed expression 

profile. The high enrichm ent o f com m itted progenitor markers in the NTera-2 differential gene 

and miRNA data could suggest the dominance of a less tum origenic phenotype in the population  

over the m ore tum origenic, ESC-like phenotype. Consequently, the  very high tum origenicity of 

2102Ep cells could be related to a phenotype that, inferred from  the d ifferential gene and miRNA 

data, could be even closer to  that of hESCs.
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Cell potency, as a p heno typ ic  tra it  o f all stem  cells, has been  considered  as an im p o rta n t fa c to r in 

CSCs and cancer. S om e CSCs have ch arac teris tica lly  high expression o f p lu rip o te n c y  factors 0C T 4 , 

S 0X 2 and N A N O G , p articu larly  g erm  cell cancers, such as em b ryo n a l carc in o m a, w h ich , in co n tras t 

to  n orm al a d u lt g erm  cell lines, can have p lu rip o te n t t r a i t s . A l t h o u g h  p lu rip o te n c y  is n o t a 

g en era l ch arac teris tic  o f  m ost CSCs, p lu rip o te n c y  fac to rs  have b een  fo u n d  to  be expressed in 

several s tem  ce ll-like  cancer cells. Prior to  th is study, S 0X 2  has been  associated, so m etim es  

alongside 0 C T 4 , w ith  g erm  cell tu m o u rs  and cancers o f th e  g astro in tes tin a l tra c t, p ro s ta te  and th e  

C o n trad ic to rily , S 0X 2  has also b een  show n to  have tu m o u r suppressive  

fu nctio n s in gastric  cancers, w ith  re p o rte d  d o w n reg u la tio n  in various cases o f  th is disease.

In itia l research  has b een  focussed on S 0X 2  as a c o m p o n e n t o f ESC and ECC p lu rip o tency. Recent 

research, fu r th e r  d e ta ile d  in th e  in tro d u ctio n s  and discussions o f th e  previous chap ters , has now  

show n S 0X 2  to  have su p p lem en ta ry , b u t crucial roles in th e  CNS, ad u lt s tem  cell b io logy and  

cancer.

T he W n t signalling p a th w a y  is o ne o f th e  m ost analysed p ath w ays in cancer research  and has 

highly d o c u m en ted  fu nctions in CSCs. This has b een  exten sive ly  described in th e  in tro d u ctio n  o f  

th is thesis. T h e  o v e rre p re s e n ta tio n  o f th e  W n t p a th w a y  am on g  th e  d iffe re n tia l gene expression  

d ata  fro m  21 02 E p  and N T era -2  cells, and th e  presence o f p o ten tia l S 0X 2  b inding sites in th e  

p ro m o te rs  o f  m ost o f th e  d ere g u la te d  m e m b ers  o f th is p a th w a y , appears to  suggest th a t S 0X 2  is 

an im p o rta n t re g u la to r o f W n t  signalling in ECCs. In b o th  2102E p  and N T e ra -2  cells, a larger 

n u m b e r o f W n t p a th w a y -re la te d  genes are  u p reg u la te d  th an  d o w n re g u la te d . T he transcrip tion a l 

ac tiva tio n  o f th e  W n t signalling e le m e n ts  has previously b een  observed  in  v ivo  in histologically  

d iffe re n tia te d  n on -sem ino m as co m p ared  to  em b ryo n a l carcinom a.'*'’  ̂ W ith  th e  findings fro m  

C h ap te r 5, th is o bservatio n  provides ev idence to  suggest th a t S 0X 2  could be a cen tra l re g u la to r o f  

th e  W n t p a th w a y  in ECCs and perhaps o th e r S 0X 2-express ing  CSCs. W h e n  focused m o re  closely  

on th e  ind ividual co m p o n en ts  o f W n t signalling in 21 02 E p  and N T era -2  cells, it w as strik ing to  see 

th a t  D K K l, an im p o rta n t W n t p a th w a y  an tag o n is t and p o te n t tu m o u r suppressor, w as am on g  th e  

highest u p reg u la te d  genes in b o th  cell lines, im ply ing  th e  fu nc tio n  o f S 0X 2  as a transcrip tion al 

suppressor o f  th is g ene in ECCs. D K K l is typ ica lly  a g en e th a t is h ighly u p reg u la te d  upon ESC or 

ECC d iffe re n tia tio n  by ATRA and is req u ired  fo r  neu ra l d iffe re n tia tio n , b u t its u p reg u la tio n  has not 

b een  show n in 2102E p  o r N T era -2  cells a fte r  exposing th e m  to  536,579,705,716,717 C onversely , a 

ve ry  re ce n t study sh o w ed  th a t, in hM SCs, S 0X 2  is a d irec t tran scrip tio n a l a c tiv a to r o f D K K l, w hich  

in tu rn , upon its o verexpression , results in a strongly a lte red  hM SC d iffe re n tia tio n  p a tte rn , 

affe c tin g  th e  cell fa te  o f  th ese  m u lt ip o te n t s tem  c e l l s . T h e  a fo re m e n tio n e d  study is th e  o n ly  one  

fo u n d  th a t reveals an im p o rta n t re g u la to ry  link b e tw e e n  S 0X 2  and D K K l in a d u lt s tem  cells, but 

given th e  increasingly d o c u m en ted  roles o f both  S 0X 2  and D K K l in o th e r  ad u lt s tem  cell types.
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notably neural stem cells, it is quite possible that the regulatory relationship o f S0X2 and DKKl is 

m ore widespread. Section 5.5 .1 .2  details the role of DKKl as an im portant activator of the CNS 

cell fa te  in stem cells. If S0X2 retains its role as a transcriptional regulator of DKKl throughout the 

ESC/ECC's differentiation program, this could mean that som ew here during the differentiation of 

these cells to  CNS cells, S0X2 switches from  a transcriptional repressor o f DKKl to an activator. It 

is unclear w h eth er the reduction o f S0X2 protein in NTera-2 cells, as shown in Section 3 .4 .6 .6 , is 

part o f this switching process. This may be worth investigating and because o f the potent anti- 

carcinogenic tra it o f DKKl and the oncogenic role of S0X2, the  d ifferential relationship o f these 

tw o  genes could be an interesting target o f further research in cancer and CSC biology.

Previous studies dem onstrated that NTera-2 cells become particularly tum ourigenic, creating very 

lethal undifferentiated tum ours, when transplanted in certain anatom ical parts of the murine 

b r a i n . W h e n  transplanted to o ther locations in the brain, NTera-2 cells w ere less lethal and 

differentiated into neuronal t i s s u e . W h i l e  this is interesting supporting evidence for the 

m icroenvirom ental im portance to CSC oncogenicity, given the central role of S0X2 in embryonic 

and adult neural stem cell m aintenance, the hypothesis could be held that the im pact o f the 

m icroenvironm ent on the tum ourigenicity of NTera-2 cells m ight be channelled through the S0X2 

netw ork. However, this cannot be confirmed w ithout repeating the xenotransplantation  

experim ents w ith a focus on this network.

A large num ber o f miRNAs w ith previously documented functions in CSCs w ere deregulated in 

2102Ep and NTera-2 cells by S0X2 downregulation. Some o f the cancers o f origin have been 

shown to have elevated, and in some cases dow nregulated levels o f S0X2 expression when  

compared to normal tissue. The substantial num ber of CSC-related miRNAs deregulated by S0X2, 

as seen in Section 5 .5 .2 .1 , gives rise to the possibility that this transcription factor orchestrates 

carcinogenic miRNA expression. The downregulation of m iR-372 in NTera-2 cells stood out, as this 

miRNA has previously been shown by Voorhoeve et al. (2006) to convey oncogenicity in TGCTs by 

upregulating the em bryonal carcinoma com ponent of these c a n c e r s . M i R - 3 7 2  is a m em ber of 

the oncogenic m iR-371-373 cluster, o f which its members have been detected in undifferentiated  

2102Ep and NTera-2 cells by this study and by a previous study from  this laboratory.” '' Upon S0X2  

silencing, its o ther m em bers (m iR -371-3p and miR-373) w ere also significantly downregulated, 

albeit slightly below the 2-fold cut o ff in NTera-2 cells and, including m iR-372, far lower than 2- 

fold in 2102Ep cells. A very recent study showed that the W n t signalling pathw ay transcriptionally 

activates the m iR-371-373 cluster through p-catenin/LEFl in d ifferen t cancer cell lines, resulting in 

the suppression o f DKKl by miR-372 and m i R - 3 7 3 . T h i s  mechanism is probably occurring in 

2102Ep and NTera-2 cells, and shows the integral position o f S0X2 in this netw ork. The findings
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described in this thesis succinctly tie  together the p luripotent stenn-like nature o f gernn cell CSCs 

and the biology o f o ther somatic cancer cell lines.

In Section 5 .3 .3 .4 , a com putational and statistical m ethod was used to  cross-reference the  

differential miRNA and gene expression data produced for Chapter 5. For 2102Ep cells, this 

yielded 15 genes that w ere oppositely regulated com pared to the m edian expression of the  

group of d ifferentially expressed miRNAs that w ere  com putationally predicted to  target them . 

Although the com putational m ethod used for the  prediction of these m iRNA:target relationships 

was based on a previous study, it is uncertain th a t this is valid w ithout conform ational studies. 

From this, a few  potential targets stand out. In particular, LEFl and DKKl, up- and downstream  

components o f the W n t signalling pathw ay respectively. These w ere predicted to be 

predom inantly regulated by miRNAs o f the C19M C polycistron. Tw enty-e ight m em bers o f this 

miRNA cluster w ere dow nregulated in 2102Ep cells a fte r S0X2 knock dow n, strongly suggesting a 

functional significance during 2102Ep cell d ifferentiation . It has also frequently  been found to  be 

enriched in undifferentiated hESCs, but an extensive characterisation o f this polycistron has not 

yet been p e r f o r m e d . I t  strong expression in undifferentiated 2102Ep cells and the  

nearly-com plete absence of this in NTera-2 cells signify the  difference betw een these tw o  cell 

lines. The C19M C miRNAs also share the ir seed sequence w ith  various other miRNAs elsewhere in 

the genom e. The im portant roles o f some of these miRNAs in hESC and cancer biology might 

suggest significant cross-functionality exists betw een C19M C and the miRNA networks that 

govern these processes. Indeed, although research is still scarce, the oncogenic nature o f C19MC  

m em bers have previously been s h o w n . T o g e t h e r ,  the C19MC miRNAs dow nregulated in 

2102Ep cells have been com putationally predicted to  target almost a quarter of all upregulated  

genes, many o f which are im portant in stem cell regulation and cancer. For exam ple, many of 

these are upregulated m em bers o f the W n t signalling pathway. This m ight signify the potential 

im portance of the C19M C cluster in 2102Ep cells and the exclusivity o f this cluster over NTera-2  

cells could be indicative o f a tum ourigenic difference betw een these cell lines.

Finally, although not detected in the  prom oter region o f the m lR-371-373 or C19M C clusters, the  

prom oters o f many deregulated genes and miRNAs contain S0X2 binding sites validated in other 

cell types. Notably, some deregulated miRNAs in 2102Ep and NTera-2 cells w ere previously 

discovered to  be post-transcriptional regulators o f S0X2. S0X2 was a previously validated target 

of m iR-126, m lR-145 (both dow nregulated in N Tera-2 cells) and m iR -9* (upregulated in 2102Ep  

cells), o f which the  latter tw o  have S0X2 binding sites in th e ir prom oters, as shown in 

Although, th e  existence of a m lR-145-SOX2 regulatory loop has been proposed 

in GBM, an autoregulatory relationship betw een S0X2 and m iR-126 and m iR -9* has yet to be
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established.^®® As described in Section 5.5.2.2, nniR-9* and miR-145 are both upregulated in early 

differentiated ESCs and both have tum our suppressive functions in neoplastic cells. Profiling the 

S0X2-miRNA autoregulatory network could expand the knowledge o f miRNA regulation in ESCs, 

but could also provide potentia lly valuable targets fo r cancer therapy as these miRNAs could 

possibly be targeted as endogenous repressors of the S0X2 oncogene in some malignancies.
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6.2 — Prospects for Future Work

The research performed in this study and discussed in this dissertation has yielded some 

interesting results that could be carried forward to future research projects. Some o f the results 

require little  fu rthe r experimentation or validation to pursue the hypotheses brought forward in 

the discussions o f this thesis. The functional miRNA experiments in Chapter 3 produced two 

miRNAs o f interest fo r future research, miR-335 and miR-184. MiR-335 has shown a promising 

capability o f d ifferentiating NTera-2 cells resulting in the downregulation o f 0CT4 and NANOG 

transcripts and 0CT4 and S0X2 protein (NANOG protein expression was not screened). One o f the 

most enticing experiments to  conduct, would be a validation study w ith the aim o f confirm ing 

0CT4 and S0X2 as targets o f miR-335. For these, S0X2 is a particularly interesting candidate as it 

is silenced at the protein level, but not transcriptionally, strongly suggesting post-transcriptional 

regulation o f this gene is taking place. MiRNA target validation is commonly performed w ith  the 

w idely used luciferase reporter assays (LRAs). W ith these, miRNAitarget relationships can be 

verified by cloning the 3' UTR o f the target into a luciferase vector. Both the 3' UTR-luciferase 

vector and the candidate miRNA are transfected into cells after which a reduced fluorescence 

from  expressed luciferase is detected if the miRNA represses the vector's expression by binding 

on the 3' UTR target site. When combined w ith  the correct negative controls, including a 3' UTR- 

luciferase vector w ith a scrambled putative miRNA target site, LRAs are very valuable and reliable 

tools to establish miRNA:target relationships.

Additionally, in the context o f CSC research, it would be recommendable to fu rther assess the in 

vitro  effects o f miR-335 overexpression in ECCs and perhaps other CSCs on self-renewal and 

metastasis at predetermined tim e points after miRNA upregulation. For this, cell proliferation 

experiments (e.g. MTT assay) or invasion experiments (e.g. Matrigel invasion assay) would be 

required. These are relatively simple experiments to  perform, but could shed light on more 

specific tum our suppressive functions o f miR-335 in CSCs. Further down the line, mouse 

xenografting experiments w ith  miR-335 overexpressing ECCs and other CSCs could assess whether 

miR-335 has similar CSC suppressive properties in vivo. A novel method fo r perform ing this 

experiment could be to engineer a ECC or CSC line w ith  a miR-335 overexpression or inducible 

MEST/miR-335 gene (e.g. by doxycyclin), which could subsequently be xenografted in a model 

organism, such as immunocompromised mice. MiR-335 overexpression in NTera-2 cells could help 

assess its potential to  inhibit tum our in itia tion by this cell line. Although overexpressing miRNAs 

in cells prior to the ir xenotransplanation is common, the method o f doxycyclin-induced in vivo 

gene activation has been tested before and would, once a protocol is established, additionally
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allow  fo r an easy way to regulate the ectopic in vivo  expression o f m iR-335 study its effects at 

chosen tim e-points during cancer developm ent, such as during the metastasis phase/^®

Although not a inducer of differentiation, m iR-184 did have some influence on 

pluripo tency/d ifferentiation  m arker expression in 2102Ep cells and therefore  could still be a 

player in the  d ifferentiation program of this cell line. TCF7L1 was suggested as a m iR-184 target in 

Section 3.5 .3 . As detailed in this Section, TCF7L1, also frequently  referred to  as Tcf3, is a 

transcription factor th a t is dow nstream  from the W n t and TGPP signalling pathways and regularly 

team s up w ith  LEF to  regulate gene expression during em bryonic developm ent and stem cell 

differen tia tion . In the context o f the results from  Chapter 5, which imply the im portance of W n t  

and TGPP signalling in 2102Ep cells, TCF7L1 could be an interesting target o f m iR-184 to pursue 

fo r testing and validation.

The foundational experim ents in Chapter 4 and 5 showed th a t S0X2 knock dow n conferred an 

early d ifferentiated  phenotype in 2102Ep and NTera-2 cells, which upon fu rther investigation, 

produced differential gene and miRNA expression results th a t could be used for m ore focussed 

studies. Before the research for this thesis was perform ed, little was known about S0X2 function  

in 2102Ep cells and no functional analysis was perform ed w ith  this gene in this cell line. 2102Ep  

cells, as a nullipotent cell line, has, so far, been shown to be quite resistant to  spontaneous or 

m orphogen-induced d ifferentiation. As shown previously, upon the  knock-down of 0CT4, 2102Ep  

cells do d ifferentia te  to the trophectoderm,^®^ However, this study was only perform ed for five 

days a fte r initial 0C T4 knock-down. Unpublished data from  th e  cell line's original founder, Peter 

Andrews, showed th a t 0C T4 knock-down could not term inally  d ifferentia te  2102Ep cells. The 

results from  Chapter 5 o f this thesis show that 2102Ep cells do d ifferentia te  after the knock-down 

of S0X2. An interesting fo llow -up study could investigate the long-term  fate o f 2102Ep cells a fter 

the dow nregulation o f this gene. This could reveal if 2102Ep cells, or a subpopulation of this cell 

line could regain the capacity to d ifferentiate or if a senescent relatively unspecified cell type  

prevails. For this, it would be wise to either pursue a m ethod to uniform ly deactivate S0X2 in 

2102Ep cells (e.g. by doxycylin-inducible deactivation of this gene) or to  rem ove any S0X2- 

expressing subpopulations from  the culture by e.g. fluorescent-activated cell sorting flow  

cytom etry. Either o f these m ethods would have to be used, otherw ise S0X2-expressing 2102Ep  

cells would be allowed to  rapidly proliferate and dom inate the culture.

Because o f the  similarities, but also many differences in differentia l gene and miRNA expression 

betw een 2102Ep and NTera-2 cells a ChIP analysis with the prom oter regions of selected genes 

and miRNAs could confirm direct transcriptional regulation of these by S0X2. Due to the ir  

significance to cancer and em bryonic developm ent, m em bers o f the W n t and TGF(3 signalling
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netw ork w ith  putative S0X2 binding sites could be validated as transcriptional targets o f S0X2. 

For exam ple, the validation of DKKl expression by S0X2 in 2102Ep and NTera-2 cells could 

im plicate the  DKK1-S0X2 autoregulatory mechanism in CSCs, while a fu rth er exploration of S0X2  

binding to the DKKl prom oter during NTera-2 cell d ifferentiation could establish tem poral 

alterations betw een  the repressive or inductive function o f S0X2 to  DKKl expression. 

Alternatively, mapping the entire  genom e for S0X2 binding sites by a ChlP-sequencing study could 

reveal novel transcriptional relationships betw een S0X2 and target genes, some of which might 

be exclusive to 2102Ep or NTera-2 cells. This would com plete the grand picture o f the S0X2  

transcriptional netw ork in tw o  com m on ECC lines.

Similarly, w ith  the  findings from  Chapter 5, additional transcriptional and posttranscriptional 

S0X2:m iRNA relationships could be established. The proposed autoregulatory S0X2:m iRNA loops 

would be interesting candidates because of the ir direct role in S0X2, and by effect, pluripotency 

m arker homeostasis. A nother interesting focus for fu ture research would be the characterisation  

o f the C19M C miRNAs in the context o f ECC and CSC biology, as th e ir association to (cancer) 

stemness not has been well described, despite th e ir reported oncogenic potential and their 

enrichm ent in ESCs.̂ ^̂ '̂ ®̂ ”®®̂  Because many of the  C19MC miRNAs have been predicted in Section 

5.4.7.5  to target several interesting genes, such as W n t pathway m em bers DKKl and LEFl, a 

validation o f these could ascribe novel developm ental and oncogenic functions to  this C19MC and 

provide a level validation of the miRNA target prediction m ethod used in this section.
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