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Abstract

Induced pluripotent stem (iPS) cells have the potential to generate a wide array of cell types
from multiple lineages that enable us to explore the mechanisms that are involved in the
conversion of cell states. The reprogramming process that generategli®% complex, but
since its discovery, technical advancements and improvements in the methodology have
improved the speed and efficiency of generating integrafiiee, clinically relevant iPS cells.
However, despite improvements, the mechanisms ofogpamming are not fully

understood and so the process remains largely inefficient and slow. It has been reported
that reprogramming mediated through the delivery of exogenous mRNAs encOdiig

SOX2, KLrhdcMYCs a fast and efficient method for gerading integrationfree iPS cells.

Here we show that mRNA reprogramming can be enhanced further by employing an mRNA
doseramping approach that provides greater contodlthe dose ofnRNAthat is introduced

into the target cells. This improvement upongkig methods promotes the viability of the
target cells during reprogramming which in turn improves the efficiency, speed and success
of generating iPS celld/e also show thaan optimisation to the reprogramming factor

cocktail, replacin®@CT4with a fusion betweenOCT4nd the transcriptional activation

domain ofMYOD calledM-O, further improves the kinetics of reprogramming.

Reprogramming disease cells is also possible in that several HdSeatle models have
been established that have swexsfully modelled aspects of disease developnienitro.
Here we show the applicability of using the mRNA approach we have deve@ped
neuroblastoma cells and the characterisatioriR® cells reprogrammed from
neuroblastoma cellasingOCT4S0OX2, KdFandcMYCdelivered usingendai vl vectors
Finallywe demonstrate howuman fibroblasts introduced to a vectencodingMYOD1

causes them tdéransdifferentiate in tomyoblastlike cells without a genomic footprint.



Together this data demonstratémw integrationfree mRNA can be used to control gene
expression to direct cell fate through reprogramming and transdifferentiation. This mRNA
approach provides proof of concept that warrants the testing of other genes to explore their

function in reprogranming and other pathways that govern cell fate.
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Chapter 1.

General Introduction

1.1. Human embryonic stem cells

Human embryonic stem cellekESCs)ere first derived in 1998 by Thomson and colleacaras
represent a unique cell type that can give rise to every cell type in the body as well as possessing
the capacity for indefinite selienewal[1]. This pluripotent statés achievegredominantly
throughincreasingransformingd N2 ¢ (i K F I O (/Rctidn/N&idland FGEIGNaling

while repressig BMP signalling that causeESCs to differentia] (Figure. 1.1). The

¢ D @ctivin/Nodalpathwaysignals througlf8MAD2/3/4 proteins[2] that help to induce the
transcription of three key transcription factQq®CT4SOX2and NANOGby regulating the

accessibility of the surrounding chromafi8]. As chromatin binding sites become accessiltie, t
SMAL2/3/4 proteins recruit epigenetic modifiers thatodify the binding affinity between

histonesand DNA to allow or restrict transcription of target Iddi. Inaddition, theFGFRpathway
usesMEK/ERIsignallingto activate gene expression &CT4, SOXhdNANOJ4]. These genes
support the maintenance of hESCs in a pluripotent sbgtpromoting the transcriptiolf genes
typically expressed in undifferentiatdtESE, by regulating their own expression through an auto
regulatory feedback loop and by repressing differentiatiinducing genes activated through the

BMP pathway5-7]. The BMP pathway signals through SMAD1/5/8 protéias repress

pluripotency by inducing the transcription of differentiatiomducinggeneg[4]. However the
FOGAGAGE 2F {a!5mMkp Aad NBLINBaaSPath@aydnd { a! 5HKoO T
throughselfrenewal signals from the FGF signalling pathi{@hyThiscombination of signalling,

gene repression and activatiam tightly regulated and provides the core babiat enables hESCs

to continuously divide in aondifferentiated state.



Figurel.l. Signalling pathways that support
pluripotency and seHrenewal in hESCs
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Figure 1.1: TGFActivin/Nodal signing utilises SMAD2/3/4 proteins to promote the transcriptic
of OCT4, SOXhdNANOGhat support the maintenance of hESCs iruadifferentiated state.
FGF signalling supports pluripotency through MEK and ERK signalling while repressing BMP
signallinghat uses SMAD1/5/8 with SMAD4 to induce hESCs to differentibepluripotency
factorsOCT4, NANO& d SOXZegulate themselvesral one another in @oordinaed way that
enables the cells to remain in an undifferentiated state andsgiéw.




HESCs are derived from timmer cell mass of pramplantation blastocystéFigure 1.2) andonce
explanted can be induced to undergo-ineage differentiation i.e. differentiation to the three
germ layers; endoderm, mesoderm and ectodenmyitro or in vivoafter injection into severe
combined immunodeficient micgl]. Mice injected with hESC linpsoduceteratomasthat

contain multiplecell types derived from more than one germ laj#r Histological analysis of
teratomas is used to determintde presence of each dhe three germ layers to confirm the
pluripotency status of the injected cellslternatively, pluripotency can be asses$editro by
differentiating hESCs in neatherent cultures to form hESC aggregates called embryoid bodies
(EBs]9]. These EBs can be dissociated and analysed by gP CRdbg@eteexpression levels

that are characteristic adll threedevelopmentalgerm hyers

¢tKS RSNAQGIGAZ2Y LINPOSRAZNBE F2N K9{/a&a ¢l a olaSR
[10]. ES cells derived from rhesus monkegvided a valuable and relevant tool for studying

primate development being more closely related to humans than ES cells derived from other
mammals such as rabbif$1], sheeg12], pigs[13] and miceg[14]. Primate ES cells and hESCs are
similar in many aspects including: morphology, cell surface marker expression, differentiation

capacity and culture eualitions required for longerm maintenance of established ES cell lines.



Figurel.2. Derivation of human
Embryonic Stem cells

Isolated inner cell mass
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\4
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E in culture

Figure 1.2: Schematic of hESC derivation. The inner cell mass is isolated from the blastoc
plated on to an inactivated mouse embryonic fibroblast (MEF) feeder layer. Att&rdays the
inner cell mass is dissociated andplated on MEFs as cell clumps for a furthetOrdays to
establish hESC colonies.



Undifferentiated hESCs, like primate ES cells, morphologically resemble flat, epithelial colonies with
defined colony borderdBoth cell typeslso express Stage Specific Embryonic Antigen (S$E3))

and SSEA [16] as well as high molecular glycoproteins TR0 and TRA-81[17] in an

undifferentiated state and SSHAIn response to differentiatiofiL8]. HESCs are routinely passaged

in clumps of cells as they have poor survival when dissociated as sing[@9edlsd like primate ES

cells cannot be maintained in culture as undifferentiated cells without additional attachfaetatrs

such as a mouse embryonic feeder lajidr These characteristics are dissimilar to undifferentiated
mouse embryonic stem cel{mESCs) and it is possible that hESCs correspond to a state later in
embryonic development similar to mouskerived epiblast stem cel[20]. Brons and colleagues
demonstrated that deriving cells from the epiblast layer of mouse embryos possessed the
morphological characterists; capacity to differentiate and cell surface expression profile similarly
displayed in undifferentiated hES[24]. As a result, it is considered that hESCs correspond to a
LINAYSR LI dzZNALRGSY G aidlrdS ¢KAE S YaconrastGenede® a L2 Y R
epiblast stem cells mES@&® characteristically different in that they form tighihacked dome

shaped colonies and express S8 an undifferentiated stat§22]. Slf-renewal is regulated in

MESCs via LIF and bone morphogenetic proteins (R sYhile hESCs reqei fibroblast growth

factors and transformingd N2 ¢ G K FI OG2NJ i [gli+ o¢DCi 0 aA3aylfftAy3

There are, however, similarities with respect to key genes required foresadfval of pluripotent ES

cells. The pluripotent status of both hESCs and mESCs is facilitated by the upregulation of key genes
OCT4, SOXhd NANOGwhich work in synergy to regulate one anothj@r24]. When these genes

are not expressed in the cells of the inner cell mass during embryo development, pluripotency can
not be established and instead the cells are trapped in aviale, intermediate stat¢25]. These

genes OCT4, NANO&hd SOX2are therefore critical for establishing and maintaining pluripotency

in ES cells anare equally important in the establishment of iPS cells from somatic cells through

reprogramming26.



1.2. Reprogramming to induce pluripotency

Cellular reprogramming refers to the process wheratsomatic cell, such as a fibroblast,
artificially induced tdoecomea different cell typeghrough theerasure and remodelling of
epigenetic marks, such as histones, that result in a shift in the cells gene expressiori28pfile
27]. Yamanaka found thaiverexpressing four exogenous transcription fact@€T4S0OX2
KLF&ndcMYCin fibroblasts Figure 1.3),is sufficient to reprogramméheir epigenetic statis to
that of a pluripotentstemcell[26]. Cells generated in this way are calladuced pluripotent

stem cells (iPS cs)l

The identity of a cell istabilisedthrough epigenetic markthat act like switches turning gese

on or off without affecting the underlying DNA cof#8]. These epigenetic marks prevent
aberrant cell fate changdsy maintaining an epigenetic state appropriate to the cell typ€].

For example, éibroblast cell will naturallpromote thetranscription ofsections of DNAhat can

be translated intdibroblast proteins tdkeepthe cell a fibroblast while repressiige

transciiption of nonfibroblast genes bgonfiguring the chromatin structure in a way that makes
transcription factor binding sites inaccessiblthe accessibility of DNA is regulatgdthe
chromatin structure whicltomprises multiple nucleosomes thiarm whenDNA wraps around
protein molecules called histon¢30]. Chromosomes are made up of thousands of nucleosomes
that are joined together by linker DNiA form chaing31]. Thechains ofnucleosomesre
subsequentlyfolded through higher order structures to compact the DBIAthat it can fit inside
the nucleus of a ce[B1]. When chromatin becomes loosghackaged, genes can be actively
transcribed. Conversely when the chromadinucture istightly packagegdtranscription is
repres®d [30]. The opening and closing of chromatin can be facilitatedgigenetic

modifications such as DNA and histone methylation, acetylation and deacetyla#pihese

processesnvolve therecruitment oftranscription activators and repressors sucthasgone



acetyltransferasesaind histonedeacetylasesespectively{32]. The accessibility of chromatin
represents one of several limiting factors to reprogramniis@. Other limiting factors to

reprogramming include:

Limiting factorThe epigenetic status difie starting population

Reprogramming ipredominantlyan epigenetic process, amgigeneticmodifiers have
fundamentalroles in remodding chromatinin somatic cellso thatrepressed genesanbe
actively transcribedi33], whichfacilitates the conversion of cell statdsfficiencies of
reprogramming ino distinct cell types, for exampleeurons(~20%9[34] and cardiomyocytes
(20%)35] are reportedly higher than reprograming to iR8lks (~0.19486]. Variance in
reprogramming efficiencies may be attributable to epigenetic barriers, for exatrgiscribing
genes in areas of inaccessible chromatin, that need to be overcome in order to execute

reprogramming.

Limiting factor;TheNuRD complex

During somatic cell reprogramming, the gefip281 functions to repress Nanog expression in
mice by diretly recruiting the NuRBepressorcomplex to the Nanog promoteo inhibit its
reactivation[37]. In addition, the depletion afFN281the human orthologeto Zfp281, was
shown in human cells to improvhe reprogramming of prénduced pluripotent stem cells to
iPScells [38]. OverexpressinlAN@s during somatic cell reprogrammiriias been shown to
improve the efficiency of generating iPS cg@9]. Hbwever, the NURD complex peessedhe

expression oNANOGand thusrepresents aarrierto reprogramming



Limiting factor: p3 signalling pathway

In mouse embryonic fibroblasts (MEFg3an causapoptosispromote differentiation and
inducecell cycle arresf4Q]. The b3 pathway is activatesth MEFgollowing the individual and
collective introduction of theeprogramming factorct4, Sox2 Klf4andcMyc. Activation of
the p53 pathwayhas alsobeenshown to inhibitthe reprogrammingf human somatic cellgt1].
Severaktudies have demonstrated that thésp pathwayacts as a barrier tboth human and
mouse cell reprogramming and thegprogramming kinetics and efficiencies can be improved

10<100fold following its suppressiof2-44].

Reprogramming of somatic celfsvitrowas first demonstrated in 2006 by Yamanaka and
colleagues in moug@6] and in 2007 in humafR6, 45]. In addition to fibroblasts several other

human cell types haveeenshown to be amenable to reprogrammitgan ESeltlike state

including retinalpigmentedepithelial cell§46] LJ- y ONB I ( A @7] and huidn néuralOS t £ &

stem cell448].

¢tKS FANRG SOGARSYOS 27F NBLINE I NI[A9YIA tfissludye 6 S FS NE
Gurdon[49], differentiated somatic cell nuclei enopusvere shown to contain genetic

information that had an unrestricted capacity for mtlitieage differentiationThis was

demonstrated by transplantindifferentiated intestinal epithelium cell nuclei into enucleated

frog eggq49] that gave rise to feedintpdpoles While Gurdon demonstratetthat a somatic cell

nucleus can be reprogrammed in a host egd¢j\dalsomatic cell nuclear transféfamanaka

demonstratel that somatic cell reprogrammingan be achievedy resetting the epigenetic

status of a somatic ceatrough theoverexpression of exogenous transcription factors.

Originally,a combination of 24 genes that angghly expressed in mouse ES ocekse

constitutively expressedsing a retroviruso generate iPS callit was eventually found that just



four factors,Oct4 Sox2 KIf4and cMyc, were sufficient to reprogramme mouserdryonic
fibroblasts to iPS cel[86]. Generating iPS celleofm human somatic cells is achievable using the
samefour factors[45]. Using lentiviral vectors, Yu et al. showed that a combinatidd@f4,
SOX2l.IN28and NANOGsubstitutingk LFAand cMY Guith LIN28and NANOGwas similarly able
to reprogramme human fibroblasts to iPS c@dlS]. The addition of.IN28was shown to have a
modest effect on reprogrammingnd has been demonstrated to inhibit thet-7 micro-RNA
(miRNA) that promotes differentiatiofb0]. The inclusion oNANOGas a reprogramming factor
wasshown to increase the survivability of emerging iPS cells as wiattraase the efficiency of
reprogramming39, 45]. Generating iPS cells without usiollY CandKLF4has clinical relevance
as it may prevent the risk of tumour formation as a resulbinéogenereactivation[51].
However, the creation of iPS cells involves inducing somatic cells to transition from a
mesenchymal to an epithelial phenotype, whi€hF4acilitates[52] and is thus important for
reprogrammingA study by Papapetrou identified thegprogramming MEFRssing a thredfold
relative increase of Octdomparedto the other reprogramming factorSox2, KIf4 and\tyc

significantly improved the speed and efficiency of reprogramriidjy

IPS cells are characteristically very similar to human embryonic stem cells, possessing the ability
to undergo trilineage differentiatiorin vitroand byin vivoteratoma forming assayd].
Morphologically iPS cells resemble flat, epithelial colonies much like hES@spaesis similar

cell surface markerSSEA, SSEA, TRAL-60 and TRA-81 that characterise an

undifferentiated celllar state[1, 26]. There arehowever, two benefits to using imaniPScells

over hESCs. Firstly the ethical dilemma associated with using cells derived from human embryos
is circumvented. Secondly iPS cells are patient specific therefore issues with donor availability

and immunological rejectioare alleviated, which facilitatebeir use in autologous therapies



Reprogrammingnechanismsnd roles of the reprogramming factors

In general, thefficiency of reprogrammings low in that <1% of somatic cells become fully
reprogrammed iPS celghether using lentiviral, episomal, &#aiviral or RNA method$4].
Initially the perception wathat only a small fraction of cells within the starting cell population
possessed stem or progenitor characteristics timaide them amenable to reprogrammingnd
that these cells solely contributed the generation ofPS ells[55]. However,it has beershown
through clonal reprogramming assays tleatls at different differentiation stagezan all give rise
to daughter cdk that form iPS cel[$6]. The reason for low reprogramming efficiencies is more
likely due to the complexity of the pcessinvolvingmany eventand states that cells must go
through in order to become iPS celeprogramming can either be a stochastic or deterministic
processn that following the commencement of reprogramming, all somatic cells proceed
through various cell states at different times or at the same time respectjgét$8]. The stages

that a fibroblastcell passeghroughin order to become an iPS celbisnmarised below.

Initial sustained overexpression of the four reprogramming factoeT4, SX2,KLFandcMYC
induceslocal epigenetic changg28]. The first change that occurs is the repression of
mesenchymal gendaduced by the overexpression OICT4SOXandcMY(59]. The
generation of iPS cells requires somatic cells to undergo a mesenctoseaithelial transition
(MET), therefore the suppression of genes that support an epithelislesenchymal transition
(EMT) is requirefR8]. To achieve thi)CT4nd SOX2epressthe transcriptional regulator
SNAIllthat represses the promoter region of epithelial genes sucBeadherin(CDH} [60]

while cMYQepresses TGR and TGFreceptor 2 thatalsosupport the EMT52].

This is followed by the accelerationtbk cell cyclemediated bycMY Cthroughenhancing the
production of elongating forms of RNA polymerase Il to facilitate the transcription of cell cycle

associated geng®1]. The cell cycle can also be accelerated by overexpresBiV&§ a non



essential reprogramming factor that heeen shown to improve reprogramming kinetics

through enhanced translation of cell cycle associated protgdk A further role oftMYdsto
cooperatively work with th@®©CT4SOXandKLF4eprogramming factors to improve overall
chromatin accessibilit}s8]. Initially cMY Cengagesaccessible chromatiwhichopens up
transcription factor binding sites on target loci OCT4SOX2andKLF40 bindwhich in turn
permitcMYCto bind to target loci in previously inaccessible chromgsid]. Improving

chromatin accessibility permits the binding of exogenous transcription factors that facilitate the

establishment of an endogenous pluripotency netw{sg].

The suppression dhe EMT alleviates the repression epithelial genes which allowd_F40
directly induce expression ebithelial genes such &cadherin(CDHJ}to support the MET52].

At this point, iPS cell intermediates begin to emerge tr@tdependent on susined
overexpression of the reprogramming factgégl]. In the later stages of reprogramming the cells
become less reliant on the reprogramming factors to induce pluripotasahey begin to
establish their own endogenous pluripotency netw@®k]. Finally, epigenetic modifications
associated with plupotency are reestablished whHe DNA methylation patterns associated with
somatic cells are erasdf9]. The resultant iPS cells displdyaracteristicsand morphology
specific to pluripotent stem cells including the capacity to differentiate to dexieatof all three

germ layers.

As a resulbf the complex reprogramming procesgaost cells do ndbecome fully
reprogrammed iPS cellsd the resultant reprogramming efficiency is Ifa]. It has been
shown that overexpression 6§ ANOGan enhance the efficiency of reprogrammii3g, 45|,
potentially by improving the ability for iPS colonieddam at very low cell densitig66]. The

role of NANOGnNay also be important during the late stages of reprogramming in supporting iPS



cells to maintain a pluripotent state through signalling mechanisms pusiyalescribednd

illustrated in Figurd..1.

1.2.1 Improvinghe methodology andefficiency of reprogramming

The process of reprogramming is very inefficient. In original protocols only 0.01% of
fibroblasts were reprogrammefd5]. Considering iPS cells can be aberrantly, partially or fully
reprogrammed with fully reprogrammed cells being the only type capable of {mdtge
differentiation [64], low efficiencies reduce the chance of generating high quality, fully
reprogrammed iPS cells. This impacts theirinsdinical applications hence, researchers
have tried to enhance reprogramming through for example, usingintagrating methods,

reducing the number of factors, use of cell permeable proteins and by using small molecules

[67].

Relaxing the chromatin structure in somatic cells has also been shown to increase
reprogramming efficienc{68]. There are two forms of chromatin, heterochrotimeand
euchromatinthat function to silence or enable ge transcription respectively and can be
remodelled by bromatin modifying protein$69]. It has been shown that a fusion protein
betweenOCT4ndMYOD(calledM;0O) more effectively recruits chromatin modifying
proteins, thanOCT4lone, to pluripotent loci during reprogrammifi@8]. This allows for
genes such a®CT4NANOGnd SOX2hat are not endogenously expressed in somatic cells

to be more actively transcribed.

In addition to making reprogramming more efficient, researchers have also tried to simplify
the process and reduce the number of transcription factors to less than the original four. For

example, human neural stem cells have been reprogrammed @@alonethat is made



possible as human neural stem cells endogenously ex@®3sandcMYJ48]. The study
demonstrated that less than the original four reprogramming fac@€T4, SOX2, Kl
cMYQ@ couldefficiently reprogramme cellthat already endogenously express one or more

of the reprogramming factors.

Coupled with broadening the range of reprogrammable cell types and factor combinations,
advances in the development of integratiémee reprogramming minods[70-72] have

been the focus of intense research with the aim of generatitggratiorfree iPS cefl that

can be used itherapeutic applications. Initially, reprogramming methadBedon highly
efficient gene transfer using genonigtegrating retrovirdand lentiviral vector§l, 26].

These integrating vectors randomly integrate into the host genome and can cause
insertional mutagenesis, potentially activating praiocogenes which can lead to the
formation of tumourg73]. As a result,hie riskof insertional mutagenesis and oncogene
activationin iPS cellslerived using viral delivery methods renders the methinduitablefor

generatingclinicaly relevant cell types

Nonintegrating viruses such as the Sendai vjil@} or DNAbased methods such as
episomal vector$72] plasmidg74] or protein transfectior{75] and also mRNA transfection
[76] have been successfully used for reprogramming. {biged episomal vectors are virus
free and operate extr&hromosomally avoiding the possibility of genomic integration. The
reported reprogramming efficiencies, however, are extremely low, ~0.00@8gJossibly

due to the low establishment efficiency of colonies containing stably introduced episomes
(~1% of transfected cellgj7]. With respect to plasmids and other Di¥Ased strategies to
reprogramming, the risk of integration is evaresent[78-81] and thesemethodssuffer

from low efficienciesSendai virus and mRNA based integrafi@e reprogramming are the

most efficient ways of reprogrammirjg4], both devoid of any DNA aneihce removing the



risk of genomiantegration. The Sendai virus contains a sequesenesitive RNA replicase

[81, 82] that catalyses the replication of RNA in the cytoplasm of transduced cells. However
mutations within this sequence can occaonferring temperature sensitivity to the virus
resulting in defective transcription and viral replicatiagi9, 82, 83]. It isalso very difficult to
removeSendaviral vectordrom iPS cells derived using the Sendai Viidd$, making

informative analyses on such cells difficult withgetrformingextensive genetic screening.
While the use of Sendai virus vectors requires a P2 safety laboratory that may not be
available in all facilities§endai virus reprogramming is now a standard method in many
reprogramming laboratories, due to its commercial availability, high efficiency and

reproducibility.

Besides the Sendai virus methafurther advanced mRNBased approacheported by
Warren etal [34] provides a virudree, integrationfree, faster and highly efficient way of
generating human iPS cells. This mMRNA reprogramming method inirdheekicing
exogenous mMRNAs encoding pluripotencydesin to somatic cells tanducepluripotency

with high efficiency and spedd6]. One of the previous barriers to usiimgvitrotranscribed
mMRNAs for reprogramming was the inability to sustain high levels of ectopic expression over
time. Ths was partially attributable to the fact that single stranded mRNAs elicit an
intracellular interferon immune respong&6, 84] that involves the active transcription of
over 300 immunosuppressant gen@d] which have been reviewed to cause widespread
cell death via RNA cleava@$]. In order to overcome this, Warren elt[84] modified

MRNASs by substituting conventional triphosphates CTRUAMRI for Emethylcytidine (5M

CTP) and pseudouridine (pUTP) respectiietyufe 1.4) duringin vitrotranscription

reactions Modified nucleotides have altered chemical structures compared to their normal
counterparts to confer resistance against nucleat®t rapidly degrade mRNf&7]. To

further prevent the intracellular interferon response the transfection medium was



supplemented with B18RF(gure 1.4), a recombinant proteitthat binds interferon88].

Warren found that byncorporating modified nucleotides imRNA and supplementing
reprogramming medium witlB18Rsufficientlymitigates cell death, induced by the repeated
addition of mMRNA, to enable levels of exogenous mMRNA to be sustained for a length of time
required to generatéPS celldn this study, he reprogramming efficiency of mMRNA

mediated reprogrammingvas ~1%and offers a quick anefficient, integrationfree method

for generating iPS cell39].

Warren et al furtler showed througthierarchical clustering analysis thatRNA
reprogrammedPS cells more closely relate to the transcriptional profile of hESCs than
virally-mediated iPS cel[g6], potentially owing to the absence of transgenes. Sendai
derived transgenes can be diluted from the reprogrammed cells over multipldicisiions
offering an advantage over retroviral and lentiviral meth@84]. Both themRNAbased
reprogramming method and the Sendai vimmsthod negate the risk of genomic integration
as posttranscriptionally modified mRNAs operate in the cytoplasm outside of the nucleus.
Futhermore mRNAs are rapidly degraded owing to deadenyld®6hand endonuclease
mediated mRNA decd®1] which is advantageous over other methods that require excision
of viral vectors and extensive genetic screening to purge the cells after reprogramming. In
summary, mMRNAmediated reprogramming offers an efficient and safe way for generating
iPS cellshowever the methodology iechnicallydemandingandrequires optimisation

compared to Sendai virus reprogramming.



Figurel.3. A simplified process focreating iPS
cells through mRNAnediated reprogramming

Addition of exogenous mRNAs

Somatic cells e.g. fibroblasts

Changes to cell morphology
and epigenetic status
throughout reprogramming

Established iPS cell colonies

Figure 1.3: Schematic of iPS cell derivation using mRNA. Reprogramming is typically pert

by introducing exogenous mMRNAs encodd@T4, SOX2, KLF4, cMYC, lAN@RANOGNto
somatic cells. Thentry of mMRNA into somatic cells is facilitated by a lipofectarhiased
transfection reagent, Stemfect (Stemgef0-0069. Repeated delivery and sustained
overexpression of mMRNAs in somatic cells induces epigenetic changes that lead to the
establishment 6an endogenous pluripotency network, resulting in the generation of iPS cells.



Figurel.4. Preventing mRNA degradation vie
transcriptional modifications and B18R

Figure 1.4mRNA modifications and proteins that prevenRNA degradation. mRNA can be
modified to prevent premature degradation through (i) the incorporation of modified
ydzOft S2ARSazX O0AAL0L Ywb! OFLILAY3I G B88WESapQ SyR |

protein that contains a mimic IFN receptor, can be added with mRNAS to reprees
induction of an intracellularinterferonimmune response by speciity binding to IFN
molecules.
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1.3. Disease modelling

Disease modelgrovide a platform thagllows for the initiation and development of diseases to
be assessed botim vivoandin vitro. Disease models created amimals areoften used to
recapitulate aspects of human diseaseddasno sapienshareinterspecies genomic similarities
with animabk such @&mice[92], zebrafisH{93] and Drosophild94]. Such disease models provide
a platform for both drug screening and research into the pathogenesis of a disease so that a
greater understanding of how the disease develops can lead to the geneadtibarapies and
cures.Disease models are often used for screening drugs as their effetiseaseaffected cell
typescan be assesseds reviewed by Hackam and Redelm§é&t and Perel et d96], with the
intention of translating successful results into human clinical trials. The hope is that positive
results obgined fromin vivostudies will similarly induce a desirable effect in humans and thus
generate novel therapeutic agents. However, on the majority of occasions clinical trials that
were based on results translated from successfulivostudies have prowe unsuccessfyp7,

98]. A recent review summarises that less than 8% of animal models have translated successfully
into phase | clinical tria[®9]. The failure ratanaybe attributableto physiological and

molecular differences that exist between animals dmanans, whichultimately limit the

number of @pects of human biology that cdre modelled througtin vivostudies. While animal
models without question remain an essential ginical assessor of drugfety, the differences

in pharmacokinetics, drug metabolism and excretion, mean that caution should be exercised

when extrapolating data from animal models to understand human disease.

The discovery of hESCs and the generation of pasipetific pluriptent stem cell426, 45] has
improved our ability to model aspects of human disease developmmevitro. Disease models
can be createdby reprogramming the somatic cells of a diseased patient to a cellular state that

precedes that associated with the dise4$60-102]. The subsequent differentiation of these



cells to the celbf origin from which a diseas#evelqgs provides arn vitro systemthat allows
for the assessment of theonsequences of forcing the genome to operate in the context of a
distinct lineage Disease modelsiso provide arug-screeningolatform that facilitates the
identification ofnovel therapeutic targetfl03]. IPS cis lend themselvewell to disease
modellingfor afew reasons Firstly the creation ofiPS cellss not limited bythe availability of
donors andn vitrodisease modelsan be created from a patients fibrobla$gg], retinal-
pigmentedepithelial cell§46] LI y ONB I (G A @17] aradurdl Stem celli§.tSecandlyiPS
cellscangenerate an abundance of cellular maténialike somatic cellthat have a reduced
capacity to proliferatdbecauseof low telomerase activity104]. Thirdy, genetic mutations
harbouredin the somatic cell®f a patient with a genetic diseasarry overin to iPS cells
following reprogramming100], which allows for drug screening and the pathophysiology of

diseases to be studied

Currently disease models for several diseases have successiles@mblished including those
for spinal muscular atrophy (SME)00],5 2 6 Yy Q&  &[E0Y, ReN@avgdstrointestinal
cancerq105], schizophrenid106] and long QT syndrom@07]. While SMA and long QT
syndrome are associated with single mutations in 8N1land KCNQZX3enes respectively,
some diseases such as schizophrenia and cameelive a more complex intptay between
genetic and epigenetic evenf$02. When this is the case, disease models can help elucidate
the effect of inducing and inhibiting disease related genes to gain insightshietméchanisms
that govern disease development. Importantly it has been demonstrated that key genes involved
in schizophrenia such &RGlare not ubiquitously expressed in all halrived cell type$106]
stressing the importance of analysing phenotypic changes on the cell type relevant to the
disease and nmecessarily the iPS cells from which they were derived. This can often be a

problem when the method to differentiate an iPS cell to the relevant cell type is unknown.



An additional problem witln vitrodisease models that diseases often affect multiple cell
types and tissuethat interact with one another t@ontribute to the pathogenesis andffects of
a diseas¢108 109. Recapitulating these interactions vitrois complex and therefore iPS cell
diseag models tend to focus on modelling a small aspect of a diseash as modelling the
context of a distinct lineage&ather than the disease as a whok2]. Epigenetic and aberrant
genetic changes maysocontribute to the pathogenesis of a disea¥¢hileit is difficult to
transferthe epigenetic status of a disease aelln iPS celbwing to the erasure of the
epigenetic landscapfllowingreprogramming there is evidence to suggest that transtiop-
factor derived iPS cells can harbour an epigenetic merthatyis characteristiof their somatic
cell of origin110]. The inheritance of an epigenetic memory may influenceP&hae® ability to
differentiate becausedr example DNA methylation signaturegrive the iPS cells to

differentiate along pathways relatl to the parental cellgl10].

Many of the currently established disease models including thazemientioned(SMA5 2 g6y Q&
syndrome, several gastrointestinal cancers, schizophrenia and long QT syndrerae)

generated through the use of integrating viruses. Whilst disease models do provide a valuable
platform to study disease development, informatigisease models rely on accurately analysing
the functional effect that disease specific mutations have on normal development, a feature
which is compromised by the presence of transgenes created by genomic integifatidhs
Transgenes undesirably affect the developmental potential and diftéation capacity of iPS
cells,demonstrated by injecting transgermntaining iPS clslinto murine blastocysts that

formed embryos that displayed severe morphological abnoitiealattributable to an inhibited
ability to undergo trilineage differentiatiorf111]. A further undesirable effect of integrating
methods is the possibility for oncogenic transgene reactivation which can occur if viral particles
integrate downstream of nearby gene promotgrS]. As mRNAlerived iPS cell lines are

advantageously footprint free and circumvent issues relating to insertional mutagenesis, it



suggests that disease models can be made more informative when generated wdingjtes

that maintain genomic integrity, such as mRNAs.

1.4. Neural Crest

Innormal development, neural crest cells are derived during neuruldttagure 1.5) following

the formation of the three germ layers. Inductive signafgecifically the inhibition of bonre
morphogenetic proteinspecify a portion of the ectoderm to thicken to become neuroectoderm
[112]. The neuroectoderm is separated from the Aoeural ectoderm by neurgllate borders

which exhibit intermediate levels of BMP signallib@3]. This is in contrast to the devoid and
elevated levels of BMP found in the neural plate and-nenral ectoderm respectivej113)].
Ultimately, a BMP gradiers$ established across the neural plate that specifies different neural
fates dependent on the dose of BMIP14]. The neural plate border is further distinguishable via
elevated levels of fibroblast growth factors (FGE4)p] and activation of canonical WNT
signalling116, 117] induced by the adjacent epidermis and paraxial mesoderm. After ectoderm
specification the neural plate converges as a result of inductive signals from the notdthéyd
and via apical constriction which is regulated by the expressi@H&OONIL19. The neural

plate borders subsequently fusegether forming the neural tube thageparates from the

overlying ectoderm. The neural plate borders now reside as a population of neural crest cells on
the most dorsal part of the neural tube. As the neural tiibges the neural crest cells

delaminate and migrate along specific pathwaygéoipheral targetsA study on dcal labelling

of migrating neural crest cells showékat delamination tends to be directed in streams along
rostrolateral and caudolateral trajectori¢$20]. Within this study and one follow up stu@i21]
migration to and from the dorsal midline, wandering between rhombomere boundaries and
attractions to neighbouring cells suggests that neural crest cell migratory pathways are at least

partially controlled by cefio-cellcontacts. Differences in migration pathways between



populations of neural crest cells from different regions along the anteroposterior axis and from
the same region suggest a level of heterogeneity with regard to guidancgX2@421]. Neural
crest cells that populate the anterior end of this axis differentiate into derivatives different from
thosepositionedmore posterioly. As the geographical location correlates with tiipe of

neural crest derivatives formed, subcategories of neural crest populations; cranial, trunk, vagal
or sacral are used to identify the various phenotyflE2?]. During migration the eural crest

cells develop integrin receptors that interact with extracellular matrices and trophic factors such
as neural growth factor (NGF) to permit continued proliferation and migrdfi@s, 124]. Upon
reaching the final migratorgiestination,the neural crest cells differentiate into derivatives
appropriate to the target siteA surplus oheural crest cellsre available fodifferentiation into
target cell types to ensurthat sufficient physiological development carccur[125]. Excess

neural crest cellthat are surplus to requirement for differentiation into target cell tyee

then targeted for apoptosis via the withdrawal of N[@E5, 126.



Figurel.5. Neurulation andthe
formation of the neural crest
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Figure 1.5: Neuralrest cells reside in the neural plate border (NPB) that sits between the
neuroectoderm (NE) and the nereural ectoderm (NNE). These tissues are separated by a
BMP gradient: NE = BME NPB = BMB® and NNE = BM". Inductive signals from the
notochordinduce the neuroectoderm layer to thicken and form the neural plate. As the neural
plate is drawn downwards, neural folds converge and pinch together to form the neural tube.
Neural crest cells reside at the uppermost part of the neural tube and arefigukloy

numerous genesSHROOM, FOXD3, SLUG/SNAIL, cMYC, SamdE@X10Closure of the

neural tube causes the neural crest cells to detach from the overlying epidermis allowing them
to migrate and differentiate into specialised cells.




1.5. Neuroblastoma

Recently we have generated a set of iPS &®lia a neuroblastoma cell line call&KkN-SH,

using lentivirus and Sendai virus reprogramming methodgublished work by Christian

Unger) Neuroblastoma is the most common, extracranial, solid childhood tumour that can arise
anywhere along the sympathetic nervous system chain although most commonly in the adrenal
medulla[127]. While the underlying mechanisms for neuroblastoma initiation and progression
are largely unknownin vivomouse models have begun to identify genes and factors that
predisposeneuroblastomaumorigenesig12§]. In humans, genetic mutations in genes that
regulate neural crest developmeiricludingMYCN129], PHOX2B130] and ALK[131]]

contributeto an array of neurocristopathies including Hirschsprung disgd@ 132,

congenital central hypoveitation syndromdg133 and neuroblastora [134-137]. Modelling the
effects of these mutations on neural crest cells witinirvitro models may provide further

insights into thedevelopmentof neuroblastoma These models could provide a platform for

drug discovery and further insight into tletiology and possible prevention of this malignant

disease.

Neuroblastomas arise froells that originate fronthe neural crest, a population of
multipotent cells ttat can differentiate into a wide array of derivatives including craniofacial
bones, melanocytes, chromaffin cells of the adrenal medulla and neurons and glia of the
sensory, sympathetic and parasympathetic nervous sy$%3§. Normal development of neural
crest cellgs perturbedfollowing theacquisition of mutationsfor examplen the mouse, somatic
mutations inMyc-n [134] and germline mutations iPhox2K[135, 136] have been found to
contribute to the abnormal dvelopment of cells derived from the neural crest, such as
sympathetic ganglion cellas hasALKmutations in human$137]. Phox2hs functionally

associated with regulating sympathetic neuronal differentiaji®®&0. Knockdown of



endogenoud?hox2bhas been functionally demonstrated in mouse, chik35] and zebrafish
models[136] to impair neuronal differentiation while neuroblastoma Phox2b variants have been
shown to enhance sympathetic neuron proliferation and dedifferentiafi3b]. Overexpression

of Myc-n under the control of a tyrosine hydroxylase promoter in transgenic mice has been
shown to initiate neuroblastompathogenesi$134] and is considered a primary oncogenic
abnormality. In thistudy,the transgenic mice formed tumours after a period of latency
indicating the involvement of other contributing factors in neuroblastoma development. One
contributing factor is the resistance of neuroblastoma precursor cells to NGF withdea@l

In SW13 epithelial cellshis is mediated through pleiotrophibinding toALKreceptors[140].
Resistance to NGF withdrawal within the latent peridigiaMY CNoverexpressioil41]

indicates the role oALKin tumour progression rather thatumour initiation. The

overexpression and missense mutatiamiALKhave also been demonstrated to enhance the
proliferation of cells that harbour these abnormalitigs37, 142]. The survival of neuroblastoma
cells in the absence of NGF is aided by further oncogenic changes such as the overexpression of

BCE2[143.

1.6. mRNAs as a tool for directing cdiite

Creatingdifferentiated cell types that can be used to model aspects of disease develomarent
be achieved by differentiating?S cells that have beeaprogrammedrom a diseased somatic
cell. An alternativeway ofobtaining differentiated cell tygs directly is through
transdifferentiation.Transdifferentiation is the ppcess whereby a somatiell directlyconvers

to a cell of a different lineage withogassing through an intermediagduripotent state.
Transdifferentiation of fibroblasts has &e extensively reported to lineages including neurons
[144, 145, cardiomyocyte$35] and striated muscle cel[446] highlighting the amenability of

fibroblasts to be reprogrammed to an altered cell faféhile iPS cells are beneficial for creating



endless supplies of cellular material, transdifferentiation offers a @uiotore highthroughput
alternative for isolating differentiated cell types. Transdifferentiation was first discovered in the
M@PT N QA gakaByNde @Degitabine b-azaH -Beoxycytiding-treated C3H10T1/2 mouse
embryonic fibroblasts directly conved to adipocytes, chondrocytes and contractile striated
muscle cell$146]. Decitabine isx drug that acts aan epigenetic modifieby remodelling
chromatin through the inhibition dDNA methyltransferase, an zgme that methylates gene
promoters to repress gene expressida7]. Typically, exposingells to Decitabinénduces
hypomethylationthat causesepressed geneto become activelt has been shown that mouse
embryonic fibroblasts exposed ecitabinecauses them taransdifferentiake to a myoblast
phenotype at a coversion frequency of around 258ttributable to either a single or a select
few demethyétion eventg148]. Weintraub went on to show thatansfecting the DNA of
transdifferentiated myoblasts into normal mouse embryonic fibroblasts mediatgogenic
conversion149. Weintraub and colleagues compared myoecsdéated gene expression
between proliferating mouse embryonic fibroblasts and myoblasts revealing three candidate
genes responsible for myogenic conversibipon cDNA transfection of the three candidate
genes into normal mouse embryonic fibroblasts they identified demethylation amMti®©D1

locus as a master regulator for myogenic convergidit).

Transdifferentiation of mouse embryonic fibroblasts to myoblasts has been achieved using a
single defined factor, MyoD1, by cDNA transfec{ibsq], lentivirus[151] and retrovirug152].

In thesestudies,adding exogenous DL to mouse embryonic fibroblasts activated
endogenoudMlyoD1gene expression resulting in the formation of myoblasts. This is attributable
to MyoD1 being a transcription factor that regulates the transcription of other muscle related
genes, for exampléylyogeninand Cx43, that are required for myoblast conversion from Rron
muscle cell$151]. Transdifferentiating fibroblasts to myoblasts has been established in several

systems with high conversion frequencies compared to the low efficiencies when converting



fibroblasts to, for example, cardiomyocytes (16% conversion frequ¢B8ydr neural crest (3%
conversion frequencyP3]. The reported myoblast conversion frequencies from mouse
embryonic fibroblasts when dekvingMyoD1by lentiviruswas~50% [L11], by retrovirus~5%
[112] and following transfection of MyoD1 cDNAQ% B7]. To date there is no report of
transdifferentiation ofspecificallyhuman fibroblasts to myoblasts using mMRNA encoding
MYOD1 Howeververy recently a study demonstrated an mRNA method that successfully
transdifferentiated C3H10T1/2 mouse embnyo fibroblasts to myoblasthirough the repeated
additionof murine MyoD1 mRNA[153)]. In thatstudy, the conversion ofibroblasts to myoblasts
occurredwithin eight dayscomprising a threalay transfection phase and a fiday
transdifferentiation phaseHowever, the conversion frequency and thapacityof the

myoblastgo form multinucleated nyotubeswas not reported

Warren et a[76] demonstrated that iPS cells, but not fibroblasteuld be differentiated to an
intermediate cell type that would tramkfferentiate to myoblasts followinthe repeated

introduction ofhumanMYOLL mRNA In that study, a validated mRN&programmed iPS cell

line was differentiated for 28 days under conditions whereby fibroblast growth factor (FGF) had
been removed, serum added and the cellgavplated directly ontaelatinecoated dishes.

After 28days,mMRNA encodinlylYOLL was introduced intdhe cellsdaily for three days

followed by three days culture in a low serum medium. At the end oB#hdayprocess, cells

expressed myoblasissociated markersnyosin heawychain (MyHC) and Myogenin

In addition to the transdifferentiation study performed by Warren et al invoMingOD1
severalother experiments have utilised alternative factpadl delivered via lentiviral vectors
convert somatic cells into alternative cell types. These experimaobsde using combinations
of Brn2, Ascll andMytlltogether to convert mouse fibroblasts into functional moussirons

[144, 145, Gata4, Mef2¢andTbx5together to convert mouse postatal cardiac andermal



fibroblastsinto mousecardiomyocyte$35] and OCT4n combination with a specific cytokine

treatment to convert human dermal fibroblasts into humhematopoietic cell$154].

Recentlythe oveexpression o50X10n human fibroblasts ithe presence of epigenetic

modifiers and growth factoraras found to besufficient to induce a neural crest phenotype

[159. Initially, the fbroblasts were differentiated from a hESC line containing a doxycycline
regulated inducible system f@OX1&GFPAfter 14 days o5OX1nduction in the presence of
growth factors, laminin / fibronectin and/or the addition of&&zacytidne, the culture was sorted

for green fluorescing cells with varying frequencies of neural crest conversion. Utilising
combinations of the aforementioned parameters resulted in conversion frequencies to putative
neural crest cells ranging from 0.01% to%.5These induced neural crest cells showed
AYYdzy 2 NBFOGAGAGe G2 ySdzNF f ONSariorpholog§d] SNBE t T p =
characteristic of neural crest ceisd could be further differentiated to peripheral neurons,
Schwanrcells and melanocytes. iBhstudy highlights that the introduction of a single gene can
convert fibroblasts to neural crestllsand postulates that other lineages may be derived

followingthe introduction of lineagespecific master regulatory genes.

The vast majority of transferentiation experiments have utilised viruses as a means of
deliveringtransdifferentiationfactors into cells. These factors arten combined with

epigenetic modifiers such asa&acytiding Decitabineor enhancers of virumediated gene
transfer sub aspolybrene, whichincorporate into the DNA of the host cells. However due to the
risk of viralbased methods introducing undesirable mutations it is more beneficial to generate
differentiated cell types using naintegrating techniquessuch as the usef transient

transfections with mRNAhat maintain genomic integrity.



1.7. Aims and Obijectives

Todevelop a reproduciblanRNAbasedreprogrammingmethod with improved efficiency and

kinetics that generates fully reprogrammed iPS cells from fibroblasts

Reprogramming method®r producing human iPS celissing mRNA to introduce the
reprogramming factors in a transient mannare currently ineffient and slowWe sought to
establish a gold standard for reprogramming by using the commercially sourced Stanighint
reprogramming ki{00-0071) to reprogrammehumanBJfibroblasts, a cell line that has been
reported by Stemgento generate iPS cellsfefiently using their systemWWeconfirmedthat the
Stemgent systens effective as claimed, arestablisked a benchmark from which to improve
the technique Wetested technicaland methodologicaimprovements such as mRA dose
ramping, as well aglternaive reagentssuch aghe 6-factor reprogramming premixABRSC
cCawb! 00X ! fifBufotBanscriptrnitSnpltesABRSGSEIPSEaNd modified
nucleotidesto increase our contrabver variables thaaffectthe efficiency and speed of the

reprogramming process.

To test whether the mRNA integration free approach can be used to reprogramme an
establishedneuroblastomacancer cell line to a pluripotent stem cell state despite its
disrupted, cancerassociated genomgin order to estabish a model in which to study the
mechanisms by which that cancer genome leads to the formation of malignant

neuroblastomasfrom neural crest precursors.



Aneuroblastoma cell line, S¥SH had been previously reprogrammed in our group to an iPS
cell stak usinga lentivirusvector system However, these cells continued to retain the

integrated reprogramming genes with significant expression that could compromise their use to
investigate neural crest differentiation and the ways in which this may be pextUby the

genetic changes that characterise theuroblastomagenome. Successful reprogramming of SK
N-SHcellsusing the norntegrating mMRNA approach would obviate this difficultyaAs
contingencyto the SKN-SH cell lingroving to berefractory to reprogramming using mRNAse

useal the Sendai virusystemto reprogrammethe SKN-SHcell line We thencharacterisd and
sought todifferentiate these iPS cell lines to the neural crest, to see iffugides insights into

the factors unlerlying the development afeuroblastoma

To demonstratethat mMRNAcan be usedo provide a transient signal that cadirect cell fate

by transdifferentiating somatic cellsia the repeated additionof lineagespecificmRNA

Modulating gene adtity by transient expression of specific transcription factors is an attractive
approach both for analysing mechanisms of cell fate determination during differentiation as well
as providing practical tools for generating specific cell types. The te@oiguansfecting

MRNAs encoding specific transcription factors that we are using to reprogramme somatic cells to
iPS cells could equally be used to modulate other phenotypic conversions. The observation that
overexpression oMYOLL in fibroblastswill convert theminto myoblasts is well documented

and providesa convenient test systerior demonstrating that mMRNAs can be useckffect
transdifferentiation.In this casenyoblast conversion typicallgquires the overexpression of a
singlefactor, MYOLL and the conversion of somatic cells mayoblassoccurs at a high

frequency compared to transdifferentiation studies on other tglles such as the neural crest.



AlthoughMY OL-mediatedransdifferentiationof mouse fibroblasts usingon-integrating
techniqueshas been reported, this methodology has not yet been shown in the context of

human somatic cell conversion.



Chapter 2

Materials andMethods.

2.1. Gelatinsation of Cell Culture Vessels

T25 tssueculture treated vesselThermoFisherl 56367 were coated with a solution containing
500mg of gelatingype-A (SigmaG2500 which had been diluted iB00mI of sterile wate(0.1%
vol/vol) for 30 minutesWhen the culture vessels were required for cell culture, getatinewas

removed and replaced with the appropriatell culture medium.

2.2. Mouse Embryonic Fibroblast preparation

2.2.1. Generating pO0 Mouse Embryonic Fibroblasts

Mouseembryonic fibroblast werebtained from MF1 outbred migeilled using approved
Schedule procedures The processes used abide by the criteria and guidelines set out in
The Humane Killing of Animals under Schedule 1 to the Animals (Scientific Procedures) Act
1986[156]. Pregnant femaleslQ.512.5 days post coitujrwere killed by cervical dislocation
and the foetuses by decapitatioAfterevisceraionin a petri dishthe foetuses were

minced andhen further dissociatedising 025%trypsinEDTA (Sigma, T4048%o single

cells which were seeded into tissue culture flasks at a ratio offorusper T75, in DMEM

with 10% FCS.he cells wereultured until the resulting fibroblasts formed a confluent

layer, when they werdarvested ad frozen at80°C in &NalgeneMr. Frosty freezing
container(ThermoFisher5100-:000)). The aliquots were transferred to liquid nitrogen for

longterm storage.



2.2.2.Mouse Embryonic Fibrobladhactivation

Two aliquots of pmary MEFqpassage zerayere defrosted into three T75 cell culture
vesselsThermoFisherl56479. These were passaged in DMEM (Sigd&®46 containing

10%I & / f FBGEHealthcare Life Scienge8H30071.08and 1% bFGF (R&D Systems
AFL233at a 1:3 ratio into three T175 celllture vessels (ThermoFishér59920. The MEFs
were continually passaged every two days or when confluency was reached until they
reached p5. The fibroblasts were mitotically inactivated by a 2 hour incubation with 1mg/ml
MitomycinC (Sigmav4287 inbai OKS& 2F &AE ¢ sawasthermrenbed a A (2 Y
and the inactivated MEFs were washed two or three times with 1X Dulbeccos PBS (Sigma
D8537%. They were then trypsinised with 0.25% trypBIDTA for 2 minutes at 37°C and

then neutralised with DMEM c¢ttaining 10% FBS. The inactivated MEFs were pelleted by
centrifugation at 1200rpm for 5 minutes and thensaspended in FBS containing 10%
DMSO (Sigm#®265(Q. The inactivated MEFs were aligieal into cryovials containing 2x10

cells / 0.5ml FBS 10% DM&al then frozen at80°C.

2.2.3.Mouse Embryonic Fibroblasts Seeding

T25 issueculture treated vessels were gelatinised for 30 minutes and then the gelatine
replaced with 3ml /25crhDMEM 10% FBS. An aliquot of inactivated MEFs was thawed in a
37°C wate-bath, resuspended in 5ml DMEM 10% FBS and pelleted by centrifugation at
1100rpm for 3 minutes. The pellet wassaspended in DMEM 10% FBS and seeded into
culture vessels at a density of 3x1@5cnt. The MEfontaining culture vessels were then

incubaed at 10% C§37°C to be used within 10 days.



2.3. Cell Culture Growth Mediums

2.3.1 Human Embryoni&Stem Cell Medium

The following reagents were sterfdtered into a 500ml bottle using a 0.22um Stericup filter
(Millipore, SCGPUOSREIOOMIDMEM/F12 (Sigm@®F041), 100mIGIBCXnockout Serum
Replacement (KOSR) (ThermoFish@828028, 5ml 100XGIBCO nowssential amino acids
(ThermoFisher] 1140050, 5ml 200mMGIBCQ-Glutamine ThermoFisher25030083}, 1ml

GIBCO nercaptoethanol (Thermagher,21985023 and 0.5ml 100ng/ml bFGF.

2.3.2 Pluriton Reprogramming Medium

Pluriton Supplement 2500X (Stemggbit-0016 wasaliquotedinto singleuse 4pl aliquots
and stored at80°C. Pluriton medium (Stemgeftl-0015 wasaliquotedinto 40ml aligwts
and frozen at80°C. Upon use, an aliquot of thawed 2500X Pluriton supplement was added

to 10ml of thawed Pluriton medium and kept in the fridage2-8°Cfor up to 1 month.

2.3.3 Neuroblastomaand Fibroblast nedium

The same medium wassed to cultue both cell types consisting of DMEM 10% FBS.

2.3.4. Myoblast Growth Medium

Myoblast growth medium comprisé3MEM F12 basal media supplemented with 20% FBS,

8ng/ml bFGF and 10ug/ml humansulin solution (i§ma, 19278.



2.3.5. TransdifferentiatioMedium

Transdifferentiation medium comprises DMEM F12 containing 10plgéman insulin

solution

2.4. Passaging Pluripotent Stem Cells

2.4.1 Passagingn MEFs

Pluripotent stem cells were grownin MER2 I 1 SR OSt f Odz (dz2NSa@SaasSt a
6-Well Pates(6WPs{Greiner Bieone, 657160 with hESC medium at 37°C in 5%.CO

Hedthy cultures were passagexVery 34 daysat a split ratio of 1:3. Cell cultures plated on a
sub-optimal MEF layer were split less heavily andetdo once per week. Passaging

consisted of mechanical scraping with a plastic Pasteur pipette (Alpha Laboratories
LWA4728, i.e. using the pipette to score the flask in areas adjudged, by eye, to contain cells
that did not appear to be differentiatedPrior to mechanical scraping the culture medium

was aspirated until 1ml of medium remained in the flask. After scraping, fresh medium was
added to the cell suspension and then platato fresh MEFeoaed culture flasks
containingémlor 2mIhESC mediupfora T25 or 6W#&respectively Typically2ml hESC

medium was added to the cell suspension following scraping to make the total volume up to

3ml that was then split 1:3.

2.4.2. Passaging on Matrigel

Vials of frozerf-20°CMatrigel (BD,3542349 were defroged at 28°C in thdridgein a box

filled with ice. Once in liquid form the Matri@as diluted 1:40 in DMEM/FEhd then



aliquotedinto culture vessels to be stored at®C until used. Athe water content in
Matrigel slowly evaporates aP-8°G the vdume added was sufficient to coat the culture
vessels for up to 1 weelor example, 1.5ml in a well of a 6WWhen required for
passaging, refrigerated culture vessels were placed at room temperature for Jafieur
whichthe Matrigel was aspirated an@éplaced with 2mPluritonmedium.Pluripotent stem
cells were passaged as described abdetliods2.4.1). However, the cells were re
suspended in Pluriton medium and split into Matrigelted flasks also in Pluriton medium

at the volumes described previousMéthods2.4.1).

2.5 Culture of human dermal fibroblasts

Fibroblasts were grown ogelatinecoated T25 culture flaskmethods2.1)in 7ml/25cnf DMEM

10% FBS at 37°C in 10%.00© passage, the culture medium was aspirated from the culture vessel
and replaced with 1ml/25cA0.25% trypsiFEDTA. The cells were then incubated fé& thinutes at
37°C. Thed.25%trypsinrEDTA was then neutralised using DMEM 10% FBS and centrifuged at
1000rpm for 3 minutesThen,the medium was aspirated to the pellet and the cells were re
suspended in typically 3ml DMEM 10% FBS and split into taletinecoated T2%ulture flasks at a

ratio of 1:3.

2.6. SKN-SHand SKiP&ell Culture

SKN{ | OSftf a ¢S NB6VWPNEDNMFEM 10% FBSIBTIE in 5% CAltures were

passaged once a week at a ratio of 1:6 followingZaniinute treatment with 0.25% trypsiBDTA at

37°C. SI-SH cells were obtained from the ATCC (reference numberl1H)[B57]. SKN-SH cells

that have been reprogrammed using the lentivirus by C. Unger are called SKiPS cells. The SKiPS cells

are culturedusing the method dgcribed inmethods 2.4.



2.7.NT2 D1Cell Culture

NT2 D1 cellgLl58 were grown in cell culture vessels in DMEM 10% FBS at 37°C in 10Culfi@es
were passaged once a week at a ratio of 1:3 followingRanfinute treatment with 0.25% trypsin

EDTA at 37°C.

2.8 Freezing of Cell Cultures

Cell cultures were harvested from their culture vessels by the passaging method appropriate to their
cell type and then pelleted by centrifugation at 12000rpm for 3 minutes. The media was then
aspirated and the pellet rsuspende in 1ml FBS 10% DMSO per £x#ls. The cells were then
aliquotedinto 1.5ml cryovials and placed invir. Frostyfreezing containeThermoFisher, 5100

0001)at -80°C for 24 hours. The vials were then transferred to liquid nitrogen fortkmng storage.

2.9. Thawing ofPluripotent StemCell Cultures

Cryovials containing frozen cells were thawed in a water bathio 37°Gnd then resuspended in
5ml fresh hESC medium. The cells were pelleted by centrifugation at 12000rpm for 3 minutes.
Meanwhile, themedium was changed on one well of a MEF coated 6WP with 2ml fresh hESC
medium which was then placed at 37°C toqrarm. Once the cells had pelleted, the supernatant
was aspirated and the centrifugation tube was gently flicked to dissociate the peltaiedeting re
suspended in the 2ml hESC medium from theypaemed well. The cell suspension wapetted
back into the MEFcoated 6WP and then the culture vessel was placed in@ubator at 37°C in 5%

CQ and their growth was monitored.



2.10. Dissocating cell cultures into single cells

Cell culture medium was aspirated from the culture vessel and replaced with 1mi?Z526%
trypsinEDTA or 1X TrypLE SelddtgrmoFisherl2563029. The cells were then incubated fo#2lor

5 minutes respectively &7°C. If the cells could not be seen to visibly detach from the surface, the
side of the vessel was given a sharp tap. The tryeBIfA was then neutralised using a sethased
medium and centrifugeth a Megafuge 1.0R (Heraeus) in a rectangular swirmgioget rotor
(Heraeusy75002252 (radius 16.9cmat 1000rpm(189 x g¥for 3 minutes.The supernatant was

aspirated to the pelleand the cells were then rsuspended in the appropriate medium.

2.11. Cell Counting

Cell cultures were dissociated into gl cells prior to countingzifteen microlitresf singlecell re
suspension was then added to 15ul 0.4%Trypan Blue (Sigiga0061). Ten microlitresof this
mixture was then added to a haemocytometer (Hawkshe®1000 and the four camer quadrants

were counted Figure.2.1). The cell concentration can then be calculated as follows;

Concentration (cells/ml) = Average count of 4 quadrants (outlined in red) x 20,000

Total cell number = concentration (cells/ml) x volume of cell suspension (ml).



Figure 2.1 Schematic of a haemocytometer

-
£ = Debris QO viable cell . Non-viable cell

Figure 2.1The above schematic is representative of a haemocytometer when viewe:
downthe microscope. Cells stained with Trypan Blue are-viable and should not be
counted,nor should cellular debris or dead cells. The viable cells are shown as black
circles with awhite fill. The quadrants where cells should be counted are highlighted by
red squares.
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2.12 RNA Extraction

2.12.1. Harvesting Cells

2.12.1.1 Extracting RNA from cells in monolayer culture

Cell medium was aspirated from the cultures and replaced withlIf/IGA G NB 3 Sy u
Trizol(ThermoFisher] 5596026 per 1x16 cells. The cells almost instantly became
unattached from the culture vessel and were transferred to a 1rbinto-centrifuge

tube (STARLAB14151510. If the sample was not used directly afterwards it was

placed at-80°C for longerm storage.

2.121.2 Extracting RNA fronembryoid bodies

Embryoid bodies were transferred to a 55cm2 NJ/ peffidiirh Sigma,
CLS43029aising a 200ul mukthannel pipette. The cell suspension was then
transferred to a 15ml falcon tube (STARLLEB1150200 and pelleéd by
centrifugationin a Heraeus Megafuge 1.@R1000rpm(189 x gfor 3 minutes. The
supernatant was aspirated and then the pellet dissociated by flicking the tube. 1ml
Trizol per 1x10cells was added and the cell suspension was transferred to a 1.5ml
micro-centrifugetube. If the sample was not used directly afterwards it was placed

at -80°C for longerm storage.



2.122. Isolating Total RNA

Frozen Trizol samples were thawed onacel then200p! chloroform (Sigm&88309 was
added to theTrizol sample and inverted vigorously until the solution turned pale pink. The
samples were left at room temperature for 10 minutes before bgilaged in a 3gplace
aerosottight fixed-angle rotor (radius 9.5cm) armntrifuged at 10,000rpni10,621 x gin

an Eppendorf 5417R refrigerated micro centrifufpe,10 minutes to achieve phase
separation. The upper agueous layer was transferred to a sterile 1.5mleatoifuge tube
containing an equal volume of 100% ethanol. The sample was thoroughly mixedausi
vortex and total RNA was isolated using the RNA Algaand Concentration Kit (Norgen

Biotek 2360® | & LISNJ G KS Y ydzFl OG dzNBNDRE LINRG202¢ @

2.13 Reverse Transcription of RNA into cDNA

Reversdranscriptionreactions were performed using the Appliel B & & & (i S-CapacitylcDNAK

Reverse Transcription Kit (ThermoFisk@&68814. Reactions were performed é0.5ml micre

centrifuge tube (STARLARL4050610 by adding 2ul of 10X RT buffer, 0.8ul 25X dNTP mix

(100mM), 2ul 10X RandoPrimers, 1ul RNasehibitor and 3.2ul ddkO per sampleo be reverse

transcribed. An RNA sample was diluted withgldd 2 mnanny3ak>f FyR GKSy wmn>f
reverse transcription reactior.he entire0.5ml micrecentrifuge tubewas thoroughly mixed using a

vortex and biefly microcentrifuged topool the reagentgo the bottom of the tube. Finally, 1l of

I LILX A SR . Mutiscéibe Révefsk KranscriptaddérmoFisher4368814 was added to the

reaction.The sample was briefly spun using &m-centrifuge and placeth an Applied

. A 2 a & 5226 Miérmal cyclerMhermoFishe4359453 to be run using the cycle shown in

Figure.2.2, before being stored a0°C



Figure 2.2The run cycle foreverse
transcription reactions

85°C

HOLD 05:00

HOLD <o

HOLD 120:00

HOLD 10:00

Figure 2.2: The run cycle for revetsanscription reactionsncludes a 10 minute hold at 25°C

to anneal primers followed by a 2 hour hold for reverse transcription to take pldee.

reaction is terminated by increasing the temperature to 85°C and holding for 5 minutes. The
reaction is thercooled to 4°Qeady for storage.



2.14. OPCR on cDNA samples

2.141. Roche system

Frozen cDNA samples were thawed on ice and their concentration was quantified using a
Nanophotometer P330 (Geneflowiscontinued. ThecDNAsamples were then diluted to
5ng/ul with ddHO. This was added toraixture on ice containing 2.7ul dgB, 5ulApplied

. A 2 & @ 52X $aqrian Fast Universal PCR Master MigrtnoFisher4d352043, 0.2ul
Primer mix (containing 5pM sena@d antisense oligoraleotides) and 0.1pl Probe (Roche,
04683633001 Eight microliters of thenixture was added to each well of a MicroAmp
Optical 96 or 384well reaction plate ThermoFisher4316813 followed by 2pl of diluted
cDNA. The plate was sealed wdttMicroAmpOptical Adhesive FilnThermoFisher,
43119713, andthen centrifuged briefly for 5 seconds at 1200rpihe plate was then
analysed on a QuantStudio 12k Flex Reéale PCR SystemhermoFisher4471088 using a
standard run cycle setug-igure 2.3i). The primesequences and probes used are detailed

in Table2.1.

2.142. TagMan Gene Expression system

CDNA is diluted to 5ng/ul with ddBland kept on ice. A mixtureontaining 2.5ul ddpD, 5ul

2X TagMan Fast Universal PCR Master Mix and 0.5ul TagMan prmaen@Fisher,

Accession numbers provided in TablelPwas made per well. Eight microliters of the

mixture was added to each well of an opti&8- or 384well reaction platefollowed by 10ng

of pre-diluted cDNA. The plate was sealed, spun and analysed esh#sin the Roche
system albeit with an altered run cydleigure.2.3i). The primer sequences and probes used

are detailed in Tablg.1.



Figure 2.3The two gPCRun cycleswhen using the Roche
Universal Probe Library and the Tagman gene expression systt
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Figure 2.3The qPCR run cycle setups are shown above. (i) The Roche system includes a
for 2 minutes at 50°C followed by an increase in temperature to 95°C for 10 minutes to fully
denature the cDNA. A further hold at 95°C and then a 1 minute hold at 60°C is performed to
allow for annealing and extension of the primers. (ii) The TagMan system follows the same
principals albeit with optimised reagents to allow for the +time to be compléed in a fraction

of the time.



2.14.3.Calculating RQ values using the delta CT method.

After running an optical 96@r 384well reaction plate on the QuantStudio 12k Flex Real

Time PCR System, each well containing a sample will output a Cycle Threshold (CT) value into
an excel spreadsheet. The CT values represent the number of PCR ¢gkksfior the

amplification reaction to accumulate a fluorescent signal above a threshold determined

from the background noise. Typically, a CT value below 30 indicates a large amount of target
nucleic acid in the sample while a CT value between 30 amtlifates a minimalo-absent

level of target nucleic acid in the sample. CT values can be converted to relative

guantification (RQ) values that represent changes in gene expression in a cONA sample
relative to a reference cDNA sample, for example, anaated control. The RQ value

calculation process, described below, has been illustrated in Figue.

As cDNA samples are often run on a plate in technical triplicate, the mean average of three
grouped CT values is calculated before being normalisachtmusekeeping gene to obtain a
delta CT value that shows the difference in expression between the target gene and the
housekeeping gendwo housekeeping geneSAPDFandb-ACTINvere used with the

Roche Universal probe library and Tagman gene expression system respectively based on
their consistent expression across multiple cell types and experingdata not shown) The
delta CT values were then averaged to give the mean @itaalue. To compare between
samples, one sample was selected as the reference sample for all other samples to be
compared tg such as an undifferentiated contrdlhe deltaCt for each gene from the
reference sample is subtracted from the correspondiegegin the remaining samples to

give for each gene in a sample acsdled delta delta Ct valu&he RQ values are finally
calculated by using the 2elta delta CT formula that reveals the fold change in expression

between two samples normalised to a hekgeping gene.
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Figure 2.4An example of calculating RQ values from the output of a gPCR run is shown. /

target sample run in technical triplicate is analysed for the abundan@Cdihucleic acid. The

target sample is hormalised ®APDHEach cDNA sample within the triplicate is used

repeatedly for each target analysed e.g. the cDNA sample in well position Al has been used
again in well position B1 albeit using different primers angbes GAPDHndOCT4

respectively). A stepy-step, colourcoded process shows how to calculate RQ values from CT

values. RQ values are calculated using the@ZT formula.
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Table 2.1 Primer / probe sequences used in

qPCR to detect target nucleic acids

Gene C2NBINR t NAWSOSNES t N ~o°
GAPDH agccacatcgctcagacac gcccaatacgaccaaatcc| #60
POUSF] ccacatcggcctgtgtatatc agcaaaacccggaggagt| #35
SOX2 atgggttcggtggtcaagt ggaggaagaggtaaccacag #19
KLF4 gccgctccattaccaaga cgatcgtcttcccctcttt #82
CMYC cggttttcggggctttat ggctcttccaccctagcc #13
LIN28 gccaaggaatgcaagctg gaggctaccatatggctgatg| #29
NANOG agatgcctcacacggagact tttgcgacactcttctctge #31
FOXA2 cgccctactcgtacatctcg agcgtcagcatcttgttgg #9
GATAG6 aatacttcccccacaacacaa ctctcccgeaccagtcat #90
ISL1 gcagcccaatgacaaaactaa| ccgtcgtgtctctctggact #83
CD34 gcgctttgcttgctgagt gggtagcagtaccgttgttgt #8
PECAM tggaaattggaagagcacaa | ttcaagtttcagaatatcccaatq #37
GATA2 ccgggagtgtgtcaactgt caggcattgcacaggtagtg| #76
PAX6 agggcaacctacgcaaga cgttggaactgatggagttg #12
COL1A% gggattccctggacctaaag ggaacacctcgctctcca #67
MITFm | ggtgaaaataatcaactgcatagtt| agcatcaccaatgtttccaag| #61
DCT cgactctgattagtcggaactca | ggtggttgtagtcatccaagc| #33
c-RET catcaggggtagcgaggtt gggaaaggatgtgaaaacaq #17
SNAI2 tggttgcttcaaggacacat gcaaatgctctgttgcagtg #7
PAX3i ttggcaatggcctctcac aggggagagcgcgtaatc #45
SOX10 cccaggtgaagacagagacc| atggctggtcggtgtagtgt #57
't HT acatgctcctggctacaaaac gtcaagcagctctggatgc #1
BRN3A ctccctgagcacaagtaccc ggcgaagaggttgctctg #78
FOXD3 gaagccgccttactcgtaca cgctcagggtcagcttctt #9
MYOD cactacagcggcgactcc taggcgccttcgtagcag #70
MYOG ttaaatggcacccagcagtt gggatgtctcatacagctcca| #66
MYF5 ctatagcctgccgggaca tggaccagacaggactgttacg #10
MYH7 acaccctgactaaggccaaa gtccatgcgcaccttctt #1
BCL2L1 cccagggacagcatatcag agcggttgaagcgttcct #66
Gene ‘ Accession number ‘ Gene Accession number
I -ACTIN HS01060665_G1 BRN3A HS00366711_M1
PAX3 HS00240950_ M1 PHOX2E HS00243679_M1
SOX10 HS00366918 M1 FOXD3 HS00255287_S1
L't uh HS01029413 M1 ALK HS01058318 M1

Table 2.1: mRNA levels were detected during q&ig) the site specific primer/probe pairs
that were designed to span across intronic regions as to not represent genomic DNA. Details of
Roche primers and probes (top table, blue boxes) and Tagman Amplicons (bottom table, peach
boxes) are given, includingene name, primer sequences, orientation, primeatched probe

numbers and accession numbers.




2.15 Immunoassays

2.151. Flow Cytometry

Cell cultures were dissociated into single cells using 0.25% trgsiA for £ minutes at

37°C and neutralised using ice cold wash buffer (containing 90% PBS and 10% FBS). The cells
were washed from the culture vessel and pelleted at 1200rpm for 3 ragitthe pellet was
re-suspended in wash buffer and split equally between a s&i®dfalcon roundottom

FACS tubes (BD FalgB62063 ensuring a minimum of 1x1@ells per tubePrimary

antibody was addedTable2.2) while flicking to mix and the samplegre refrigerated at 2

8°C in darkness for 30 minuteéss a negative control, we used an antibody, P3X, produced

by the myeloma P3X63.A§B59|, the ultimate parent of all the hybdomas used to produce
antibodies used in this study (Tabl€R The TRA-85 primary antibody that has reactivity

to a parhuman antigerj160], was used as a positive control for the antibody staining
procedure.Three millilitres of wash buffer was added to wash the cells before being spun at
1200rpm for 3 minutes. The supernatant was aspirated down to the 200ul mark on the FACS
tube beforeflicking to break up the pellet. Seconglantibody was then added éble2.2)

while flicking to mix and the samples were refrigerated for a second time8a€an

darkness for 30 minutes. The cells were washed twice with wash buffer and spun at
1200rpmfor 3 minutes. The supernatant was aspirated to the 200ul mark and the cells were
re-suspended in 300ul wash buffer. The cells were analysed on a CyAn ADP Analyser

(Beckman Coultediscontinueql.



2.15.1.1Gating strategy

Cellsstained with P3Xvere run through the CyAn ADP Analyser and a forward
scatter and side scatter gate wastto exclude cell debris, dead cells and clumps of
cells based on cell size and granularity. Typically, clumps of cells have high forward
scatter and debris has lowrdeard scatter and high side scatt@fext, a gate was set

to filter out doublet cells to ensure only single cell events were being analysed at
any one time. Finally, gate was setbased on the fluorescence profile of those cells
stained with the negativeontrol antibody, P3X, such that only B of cells

stained with the negative control would be scored positivedetermine the

threshold between negativelgnd positively labelled cells.

2.15.2. Insitu Live Cell Stainingn the IN cell analyser

Cellculture medium was aspirated and replaced with DMEM without phenol red
(ThermoFisher21063. Primary antibody was added directly to the cells and incubated at
37°C for 30 minutes. The cells were washed twice with DMEM without phenol red and
analysedntheIN Cell Analyser 22@@anning microscop€GE Healthcare Life Sciences
2902788§. High content Imaging and analysis services were provided by specialist
operators from the Centre for Stem Cell Biology, University of Sheffinttiannotated

image fies provided



2.153. Immunofluorescence method

Cell cultures were fixed by aspirating the culture medium and replacing with 1mif28m
PFA for 15 minutes at room temperature. The PFA was then removed and the cells were

blocked with 1ml/25crhiPBS containing 10% FBS for 30 minutes&f2 Then:

For staining with cell surface markers only

PBS containing primary antibody was added to the cells and incubatef°& ih the dark
for 1 hour. This was then aspirated, washed three times and tteenexd with secondary
antibody diluted in PBS at&C in the dark for 1 hour. The cells were counterstained with
Hoescht 33342ThermoFisher62249 during the incubation period with the secondary
antibodyand thenwashed a further three times and coveradith 3ml PBS. The fixed cells

were then visualised using an @¢llAnalyser 2200.

For staining withntracellularmarkersand cell surface markers

The blocking buffer was removed and replaced withmeabilisation buffer, comprised of
1ml/25cnt PBS 5%BS containing 0.1% TritorlBO (SigmaX100, for 1 hour at 28°C The
permeabilisation buffer was then removed before the cells were stained with antibodies and
washed as described above. All intracellular antibody staining, primary and secondary, took
place before cell surface marker antibody staining. Counterstaining with Hoescht 33342 was

performed at the same time as the final secondary antibody staining.



Table 2.2 List of primary and secondary antibodies used
for flow cytometry and immunofluorescence

E\;litrinbeggy Secondary Antibody Procedure Source, [Origir

P3X ﬁlriﬁﬂghuscg 647 conjugated Goa Flow Cytometry | In house[159

SSEA ﬁﬁiiﬂghu;r 647 conjugated Go Flow Cytometry | In house[18]

SSER ﬁﬁii‘ﬂghug 647 conjugated Gog 1 cviometry | In house[15]

SSEA ﬁlr?tﬁ/l?uus(: 647 conjugated Goa Flow Cytometry | In house[16]

TRA1-60 2';1?;132;647 conjugated Goat Flow Cytometry | In house[16]]

TRA1-81 ﬁﬁiiﬂzhu;r 647 conjugated Goa Flow Cytometry | In house[16]]

TRA1-85 ﬁlrii:l/lzltzjsoer 647 conjugated Goa Flow Cytometry | In house[16Q]

OCT4 ﬁﬁig;ﬁ: 488 conjugated Gog Immunofluorescencg G10, SantaCrusc5279

TRA1-60 ilriﬁ/lghusoer 488 conjugated Goa Immunofluorescence In house[16]]

NCAM ﬁlr?tﬁﬂghusoer 488 conjugated Goa Immunofluorescencd In house[18§]

DESMIN gls:sesli?];;ii;?nmated Immunofluorescence é(;lggignalling Technolog
Hoescht 33342 Immunofluorescence '(I;shzezrérlngoFisher Scientific

Table 2.2Table showing a list of the primary and secondary antiboalestheir sourcesised

for both flow cytometryand fluorescent activated cell sorting (FACS) (ldne)

immundluorescence experiments (peaalging the INCell Analyser 2200 (GE Healthcare Life
Sciences). In house antibodies were obtained from stocks prepared by the Centre for Stem Cell
Biology from stocks of relevant hybridomas that are referenced above.



2.16. Karyotyping

Cell cultures wer@rovided as live cell cultures in T25 culture flagksthe Sheffield Diagnostic
DSySGtdAOa {SNBAOS G (GKS {KSTFASEIR / KAfRNByQa bl {

by a UK Health Professionals Clini@giogeneticist.

2.17. Isolating Plasmid DNA

2.17.1. TransformingBacteria

LB Agailablets (Sigmad.7275 were diluted in ddkD and autoclaved. The liquid agar was
cooled andGIBCQ\mpicillin ThermoFisher]1 1593027 was added at 50pug/nand then
poured into a 10cm petri disf.he agar wakeft to solidifybefore beingefrigerated upside
down at 28°C until needed. Meanwhile, 1ug of plasmid and a 50l aliquot of One Shot
TOR.0 chemically competent cells (ThermoFisl&$0401) was mixed anthen cooledon

ice for 25 minutes. The cells were heat shocked at 42°C foe@hds and then immediately
placed back on ice for 2 minutes. Tinéxture was pipetted onto a set agar plate and
smeared over the surface using a rigirtgled 230mm disposable Glass Pasteur pipette

(VWR14672380). The agar plate was incubated upside datw37°C overnight.

2.17.2. Colony Picking

Colonies were picked using a nbiltered 200ul pipette tip (STARLARL12) by hand from
the overnight agar plate. The pipette tip was placed into a 15ml bacterial tube containing
5ml ofliquid LB broth (Sigie L3023. This was incubated overnight at 37°C while shakiBg.

broth was reconstituted from 10g LB broth powder using 500ml,@dH



2.17.3. Plasmid Extraction

Eighty percent of the overnight bacterial culture was transferred to a 1.5ml rmntrifuge
tube and pelleted at 8000rpm for 2 minutes. Twenty percent of the bacterial culture was
mixed with 80% glycerol and stored-80°C for longerm use. Plasmid DNA was then

isolated using the GeneJET Plasmid Miniprep Kit (THeisher K0502.

2.17.4. GaneratingMYODImMRNA

TheMYODIcDNA clone was contained within a pCMXA6 plasmid (OrigenBG209108

To generatdYODIMRNA the plasmid was initially transformed in to One Shot TOP10
chemically competent E.coli and selected on LB agar plates containing 50pg/ml ampicillin.
Ampicillin resistant colonies were picked into LB broth and cultivated overnight in a shaking
incubabr at 200rpm in 37°C followed by plasmid purification using the GeneJET Plasmid
Miniprep Kit. One microgram of purified plasmid was linearised using ten units of Xbal
restriction enzyme (New England BiolaR8145%in a 50pul reaction. Linearisation was
confirmed prior to invitro transcription by running five microlitres of the restriction digest
reaction on one percent agarose gdlsan adjacent well, nelinearised DNA was ruo

confirm the restriction digest had successfully linearised the plastmtessfully linearised
plasmid was then hvitro transcribed using the MEGAscript T7 Kivg¢rmoFisherAM1333.

The transcription reaction was performed described imethods 2.20 purified and
concentrded using the RNA Cledsp and Concentration KiNorgen Biotek, 236000

verify thatMYODImRNA had been successfully transcribed, one microgram of mRNA was
run on a one percent denaturirf@NA gelNlethods 2.19.]1. A single positive barat 2056

bases long confirms the mRNA Heeen successfully transbed.



2.17.5 Generating mRNA frorinearised DNAemplates

Linearised DN£emplatesencodingOCT4SOX2, KLFAyiYy C, LIN28, NANGGBd mWASABI

were supplied by Allele Biote@s part of their iPS Induction IVT Template 88RSC

SEIPSSEEach template structure (shownbelo®)2 y i F AYSR I pQ FyR o0oQ !¢
the gene of interest (GO(yequenceunknown) and a 12@ucleotide polyA tail.

Transcription wa driven by a T7 promoter and the methosedfor in-vitro transcription is

descriled in methods 2.20.
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2.17.60CRB-MYOMN (M3;0) mRNA

M3;OmRNA was supplied as part of thda@tor mRNA reprogramming premix kit (Allele
Biotech, ABRSC6FMRNA The gene map belofFigure 2.5) has beerdrawn according to
Hirai et al[68] and Berkes et 4lL62] on theunderstandinghat M;Ois a fusion betweethe
transcriptional activation domaiTAD)of MYOLL, located at its NTerminus, that has been

fused to the NTerminus ofOCT4

Figure 2.5Generating MO, a chimeric protein generated by
fusing the transcriptional activation domain of MYOD1 with
human OCT4 protein

1

63
MYOD1 |

i 352
OCT4 \> ]
1 63 352
M0 TAD

Figure 2.5: Domain structure bfYOD1 a transcription factor of the basic helix
loop-helix (bHLH) family, from which the transcriptional activation domain (TAD) is
removed and fused to thedérminus of human OCT4 protein to create a fusion
protein calledM ;0.
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2.17.7Generating mMRNA fronthe RN3P plasmid

RN3P ismin-houseplasmid(Figure 2.6) that has been modified from pBluescript §K¢
containadditional linearization sites, Pstl and Sfil, anhultiple cloning site that is flanked
byp Q ¢ Y RIf 206AY dzy (163). yhe plasinié dntaN&SHRNA i§ driven by a
T3 promoter. Linearisation of the RN3P plasmid is performed byiring Jug of RN3P
plasmid to 10 unit®f Sfil restriction enzyme (New England BioJ&&123%F 5ul 10X
NEBuffer lew England BiolabB7202%and 100ug/ml BSAew England BiolabB9000%
in a 15ml microcentrifuge tube The mixture is made up to 50pith ddHO and then
heated to 37°C for 1 hour. IVT reactions were performed from the linehR$¢3P plasmid
using the T3 MEGaript Kit (ThermoFisheAM1338§ following the same procedure as

described irmethods 2.20.

Figure 2.6Plasmid map folRN3P

Bgl Il, Eco RI, Not | Sfil
(Multiple cloning site) (linearisation site)

T3 promoter T7 promoter

(—I

RN3P

Figure 2.6: eGFP mRNA was transcribed from the RN3P plasmid. The coding r

for eGFP was inserted into the RN3P plasmid at a multiple cloning site that is
flanked byp YR o dzy U Nengpud -globis Rhe hldb@ fegiofia 2 F
resides davnstream of a T3 promoter that drives the transcription of eGFP and a
recombinant polyA tail. Linearisation of the RN3P plasmid was performed using the
Sfil restriction enzyme.



2.18. Restriction Digest

A mixture was made containing 1pg pfasmid DNA, 5ul 10x NEBuffér25ul BSA, 1 unit of
restriction enzyme (New England Biolabs) andglid 50ul. A larger volume ofestriction enzyme
was used when its activity was less than 100% in the appropriate buffer. ikheewas placed in a
DNAThermal Cycler 480 (Perkin EImé&13003 for 1 hour, typically at 37°C. The plasmid was then

ready to be verified by gel electrophoresis.

2.19. Gel Electrophoresis

2.19.1DNA gels

An EDTA solution (0.5M) was made by diluting 18.61g of EDTA pgvistegr Scientific

S31) in 80mls ddkD. The pH of the solution was adjusted to 8.0 with 5M NaUtén a 10X
TBE solution was made by add#@mls of 0.5M EDTA solutitém 108g Trizma Base (Sigma
T1503 and55g Boric Acid (Sigma85094 before makingup to 1 litre with ddHO. This was
diluted to a 1X concentration with ddBto create a working BEsolution. For a 1% agarose
gel 1g of Agaroséd-{sher ScientifiBP16)was dissolved in 100ml 1X TBE solution. Ethidium
Bromide (Fisher ScientifiBP130210) was added to a final concentration of 1200ng/ml and
then poured into a multiSub Mini Horizontal Gel Tray (Cleaver ScieMBCHOICETRIO
containing a gel combAfter the gel had set the comb was removed and it was transferred to
a multiSub Mini Horizaml gel tank containing a sufficient amount of 1X TBE to cover the
upper surface of the gel. A mixture of 25% linearised plasmid DNA, 25% 6X DNA loading dye
(Thermo FishelR061), 25% 6X Bromophenol Blue (Sigi4397) and 25% ddyD was

then added to theagarose gel wells alongside 5ul GeneRuler 1kb DNA |atidemio

FisherSM0312. The gel tank was connected to a PowerPac 300 power s(RipiRad,



164-5050)and run for 40 minutes at 120V. The bands were visualised using an InGenius Bio
Imagingtransilluminator (SYNGENE) and image acquisition was carried out using Genesnap

(SYNGENE) software.

2.19.2. Gel Electrophoresigunning RNA gels

RNA was mion a 1% agarose/formaldehyde gel containing-@/&l ethidium bromide The
Agarose gel was made by cbming 20ml 5X MORsuffer (3gma,M1254) with 72ml ddHO
and 1g of Agaros@o make a twditre stock of 5X MOPS buff&d3.72g of MOPS and 8.23g
of sodium acetatevas addedo 1.6 litres of ddBD. The mixture was stirred until it had
completely disslved. To this, 20ml 0.5M EDWas added and the pH adjusted to 7.0 using
10M NaOH. The volume was made up to two litres with fikhd then autoclavedlhe
agarose gehixture was boiled in a microwave until molten and then cooled to 55°C. To this,
17.6mI37%formaldehyde(SigmaF15580 | Y B/mlettigiumn bromide was added
before the gel was poured intagel tray (as described in 2.19. Once the gel had set it was
submersed in 1X MOPS buffer in a multiSubi Mrizontal gel tankontaining a suffient
amount of 1X MOPS buffer to cover the upper surface of theTgeprepare RNA samples
for loading,5ul RNA was mixed withOul RNA buffer. RNA buffer was made by mixing 2mi
5X MOPS buffer with 3.5ml 37% formaldehyahel 10mI Brmamide(SigmaF9037. To this,
p>f wb! f 2N&REYWERNIB®I&HBAB63Pwas added before loading into wells
of the 1% agarose/formaldehyde gdbngside 5ul ssRNA ladder (New England Biplabs
N03623%. The gel tank w&s connected to a PowerPac 3@®wer supply and run at 7V/cm

until the loading dye could be seen to have migrated 2/3 the length of the gel. The bands
were visualised using an InGenius Bio Imagengs-illuminatorand image acquisitiowas

carried out using Genesnapftware.



2.20 Invitro Transcriptionof mMRNAwith modified nucleotides

The enzyme mix and reaction fbesf from the T7 MEGASscript Kit (Thermo Fiskén1333 was used
to in-vitro transcribe mMRNAs from linearised DNA templatesiiXure was made at room
temperature consiing of 2ul 75mM ATEBNd 2ul 75mM GTBolution(Thermo Fisher, AM13332ul
100mM 5Methylcytidinep -@riphosphate (Strategiable 23), 2ul 100mM Pseudouriding -Q
Triphosphate (StrategiTable2.3), 2ul 60mM AntiReverse Cap Analog (Strate€hble 23), 2ul 10X
reaction buffer 1ug linearised templatDNA and 2l enzyme mikhemixture was made up to 20ul
with ddHO and pipetted to mix before being micimentrifuged. The mixture was then incubated in
a DNA Thermal Cycler 480 at 37°C for one hthemRNA was then purified using the RNA Clean

Up and Concentration Kit and storat-80°C in working aliquots.



Table2.3. Commercially sourced
reprogramming reagents

Reprogramming Reagent Catalogue #

Stemgent Reprogramming 00-0071
2 vials- Stemgent Oct4 mRNA, Human, 20ug 050014

1 vial- Stemgent KIf4 mRNA, Human, 20ug 05-0015
1 vial- Stemgent Sox2, Human, 20ug 050016
1 vial- Stemgent Lin28 mRNA, Human, 20ug 050017
1 vial- Stemgentc-Myc mRNA, Human, 20ug 050018
1 vial- Stemgent nGFP mRNA, 20ug 05-0019

Allele Biotech iPS Induction IVT template set ABRSCSEIPSET

hOGokn Lx¢ ¢SYLXIGS p >3 ABRSGSEOCT34
{h-n Lx¢ ¢SYLX OGS p >3 ABRSGSESOX2
YEFn Lx¢ ¢SYLX TGS p >3 ABRSGSEKLF4
caeO Lx¢ ¢SYLXIGS p >3 ABRSGSECMYC
[ AYHY Lx¢ ¢SYLX OGS p >3 ABRSGSELIN28
bry23 L+x¢ ¢SYLX TGS p >3 ABRSGSENANOG
Y2 &F0A Lx¢ ¢SYLX OGS p >3 ABRFRSEMWASABI
Anti Reverse Cap Analog, 5mg (Stratech) NU-8555-JEN
5-Methylcytidine5'-¢ NA LIK2 & LK S p > 50613295IBA
Pseudouridinés'-¢ NA LIK2 & LIKI 4§ S= [ t | NU-11391-JEN
MEGASscript® T7 Transcription Kit (Thermo Fisher) AM1333
75mM ATP solution (Thermo Fisher), Megascript T7 AM1333
75mM GTP solution (Thermo Fisher), Megascript T7 AM1333

T7 Enzyme Mix (Thermo Fisher), Megascript T7 AM1333

10X reaction buffer (Thermo Fisher), Megascript T7 AM1333

Allele Biotech éfactor mRNA Reprogramming ABRSC6FMRNA

6F mRNAReprogramming Premix ABRSC6FMRNA
Additional Reagents

B18R Recombinant Protein, Carfgee (eBioscience) 34-8185
Stemfect RNA Transfection Kit 00-0069
MEGAscript® T3 Transcription Kit (Thermo Fisher) AM1338
B18R Recombinant Protei@arrierFree, 50ug 03-0017
ndH Yt 2F tfdNRG2yn { dzLIL3 01-0016
pnn Yt 2F tfdNARG2Yyu aSRAd 01-0015

Table 2.3The reagents used for reprogramming have been listaave. The reagents have
been placed in categorieste®ngent reprogrammingAllele Biotech §actor mRNA
Reprogrammingr Allele Biotech iPS Induction IVT template dgpending on where they were
primarily used.




2.201 In-vitro Transcriptionof mMRNAwithout modified nucleotides

In-vitro transcribing mRNAvithout modified nucleotidedollows the same procedure as
vitro transcribing mRNAvith modified nucleotideslbeit the modified nucleotides
Pseudouridingy -@riphosphatg StratechNU-11391-JEN and 5Methylcytidinep -Q
TriphosphatgStratech 5-0613-295-IBA are substituted with TP and CTP respectively.

Unmodified mRNAs are still capped and polyadenylated.

2.21 mRNA Transfection

Cells were plated in a well of a 6WP on dhwt a densityhat would achieve 5®0% confluency

after 24 hours. On day, @luritonmediawas added ta sterile well of a 6WP and equilibrated to 5%
CQat 37°C in either low 5% Q) or normoxia (normal atmospheric oxygen leve&l% Q) for

>30 minutes. Meanwhile mMRNA was diluted to 100ng/ul with I An mRNA cocktail was then

made consisting of 108RNA and 90% Stemfect Transfection Buffer (Stem§éri069. Stemfect

RNA transfection reagent (Stemge®0-0069 was then added at 4ul / pg of MRNA. The mRNA
cocktail was mixed and incubated at room temperature for >15 minutes. It was then addeel to th
equilibrated media and the plate was rocked back and forth by hand to mix. The cell media was
aspirated and replenished with the equilibrated media containing the mRNA cocktail. The cells were

then put back in a 5% G@cubator at 37°C in normoxia or latv G, (5% Q) for 24 hours.



2.22. Celllmaging

2.221. Fluorescent Microscopy

Cells treated witmRNA encoding a fluorescent protein sucim&$RStemgent05-0019
or mMWASAB(Allele BiotechABRFRSEMWASARBWould fluoresce upon successful
transfection.The monomeric green fluorescent protemWASABRBIis derived from
Clavulariacoral and is 1.8old brighter than 6&FH164]. The fluorescent proteins were

visudised in reatime using an EVOS FL Cell Imaging Sy3teerrioFisherAMEFC4300

2.22.2. Wholewell Imaging

When imaging an entire well of a 6BWP was necessary, whkieleimaging was undertaken
using a BioStation CT (Nikon). This was achieved bygsatiia tiling experiment set to
capture a grid of 18x18 images at 4X magnification in both phase contrast and the 472
520nm fluorescent channel. Images were then stitched together by importing the tiling

micro.CSV file into the CL QuaNikon) software tgproduce a whe-well image.

2.23 Directed Differentiation via Bhbryoid Body Formation

2.23.1. Preattachment Vessel Preparation

A T25 of MEFs was made at least 3 days prititeédarvesting otell cultureghat were to
be differentiated as EBs. Cell cultures that were differentiated as EBs ingldgmbtent

stem cels or iPS cells derived from $KSH or fibroblastsThe day before cells were to be



harvested, the conditioned MEF media was transferred &terile T25 and incubated at

37°C in 10% G@ntil required.

2.23.2. Plate Setup

For directed differentiation,dur roundbottom CELLSTAR-@&Il Plates (Sigm#19436)
were used for each cell lineonstituting the four differentiation conditions; nénal,
endoderm, mesoderm and ectoderaontaining APEL mediu(8TEMCELL Technologies,
05270)and combinations of growth factors and inhibitors (Tab®). Five millilitres o APEL
media was added to 4X 15ml falcon tubes containing different types and amotgrowth
factors and inhibitorsTable 24). Gentamicin was added at 1:500 and the supplemented
media was transferred to a StarTub Reagent Reservoir (STARIORB5806) where it was
pipetted into the inner 60 wells of the appropriate 9l plate.One hundred microliters of
PBS was added to the outer 36 wells to prevent evaporation. The plates were then

transferred to a 37°C incubator in 5% Q@til required.



Table2.4. Growthfactor and inhibitor
combinations used for directed EB differentiation

100ng/ml  20ng/ml
Ing/ml  20ng/ml
10uM/ml
1pM/ml
100ng/ml

Table 2.4: Pluripotent stem cells, iPS cells derived frof-SH or fibroblastthat were
differentiatedasembryoid bodies were subjected to four conditioitie reutral condition

contained only APEL media to induce spontaneous differentiation to the three germ layer:

three other conditions comprised a mixture of APEL media and combinations of growth factors

and inhibitors to direct differentiation to the three primary germ éay. Directed

differentiation towards Ectoderm was driven by 100ngbRIGFLuM/ml DMHZ1that inhibits

BMP topromote neurogenesis ihESCand 10uMml SB431542 thanhibits differentiation

toward mesendoderralf A ySI 3S& 0@& RA a NHzslinaliggg164]be€ddamh OlG A G A ¥y K
differentiationwas induced b0ng/mlActivin Athat activatesthet DCi k I OUA BAYKY 2RI €
signalling pathway and 20ng/rBMP4that upregulates SLUG to drive the transition of cells

from epithelial to mesenchymal derivatives [16B)dodermdifferentiationwas induced by

100ng/ml Activin Aand 1ng/ml BMP4. While endoderm and mesoderm differentiation both

require Activin A and BMP4, the differing concentrations specify the lineage that differenti

is driven towards.



2.23.3. Harvesting cells and prattachment

The process for embryoid formation (Figu?e?) is as followsT25 ell culture vessels
containingpluripotent stem cells or iPS cells derived fromaNB&H or fibroblastgvere
dissociated into a single cell suspension using 0.5mls TrypLE at 37°C for 2 minutes. After 2
minutes the culture vessels were given a sharp tapistodge the cells. The TrypLE was
neutralised with 3ml hESC media. The media from thegti@chment vesselnjethods

2.23.1) was then aspirated and the singlell suspension was addéal this vesseandthen
incubated at 37°C for 30 minutes. The media W& aspirated and replaced with a further
3ml hESC media containing2¥632 dihydrochloride solution (Sigmé0503 at a final
concentration of 10uMTheRhecassociated kinasgROCK) inhibitoi-27632aids in cell

survival of dissociated pluripome stem cells at low densitiefd67]. The vessel was incubated
for 30 minutes at 37°C in 5@ and then scraped using a sterile cell scrapai/R, 89260

222) into a 15ml falcon tube. The cells were counted and then pelleted at 1000rpm for 3
minutes. Cells were resuspended at a final concentration of 3000 cells / 50ul and then
pipetted into the pre-prepared platesrfiethods2.232). The plates were then spun at
1000rpm for 3 minutes to collect the cells in the centre of the wells before being transferred

into a 5% Cgincubator at 37°C for 10 days.



Figure2.7. EmbryoidBody formation process
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Figure 2.7: Pluripotent stem cellsrfo embryoid bodies (EBs) when differentiated in a-low
attachment culture vessel. Differentiation toward endoderm, mesoderm and ectoderm can be
directed by creating EBs in medium containing combinations of growth factors and inhibitors
(shown in the table pvided and Table 2.4). Once EBs are formed they are analysed by gPCR
for the presence of markers that distinguish the three germ layers.




Chapter 3

Developing a reproduciblefast and efficientreprogramming

method using norintegrating MRNAS.

3.1.Introduction

Reprogramming has been achieved using a variety of different methods that introduce
reprogramming factors into somatic cells such as; retro\B6§ lentivirus[45], Sendai virus

[70], piggyBac transpositidit1] and episomal vectorf 2]. The reprogramming factors are

often constitutively expressed when deliveraging these methods and therefore do not need

to be repeatedly added to the somatic cells during reprogramming. However, despite the
technical simplicity of reprograming using these methods there are potential drawbacks, for
example DNA and viruses cateigrate freely and at random sites within the genome. This can
induce carcinogenic behaviour, lead to insertional mutagenesis and cause undesirdhlgetff
effects[73]. Forinstanceit has been shown that mice will develop tumours following the
reactivation of retroviral vectors when the site of integration is downstream of nearby promoter
regions There is also the issue that integrating methodsate transgenes and that there is a

lack of control over the number of stable integrations that take place, affecting the ability to
control gene expression. To circumvent these problems it is necessary to develop
reprogramming methodologies that do ngf il SNF SNBE A G K GKS GF NRS

code.

Warren et al showed that exogenous mRNA enco@igf4, SOX2, KLFMYXC and LIN2g6,
168 could be utilised to efficiently generate human iPS cells in a safe maviRdtAs offer an

integration-free alternative to viruses for reprogramming and directing cell fate. There is also no

O

(s}



requirement to produce viral vectors as mMRNAs are created thraugitro transcription

reactions from linearised DNA templates or from PCR products contardngble stranded
promoter region, making them much safer to work with. The main limitation to utilising mRNAs
was mitigating against degradation and overcoming the innate interferon immune response

induced by single stranded RN/&4].

Warren et al[76] identified that the limitations to mRN#nediated reprogramming can be
circumvented by performing transcriptional and chemical modifications to mRNAs.
Transcriptional modifications included substituting the nucleotides CTP andudinBid vitro
transcription reactions with #nethylcytidine5'-triphosphate and pseudouridin®'-triphosphate
respectively that decrease the susceptibility of mRNA to degradation by nucleases and
deadenylation pathways. Warren polyadenylated and cappedlAgRto further reduce their
susceptibility to degradation in addition to flanking the mRNA coding sequence with
untranslated regions (UTRs). Untranslated regions are designed to facilitate mé\aAtion,
stability, export, and translatical efficiency[169]. However, the sequence of the untranslated
regions used in this study is unknowand therefore mRNAs transcribed from IVT templates
containing different UTRs may have different functional properties. It is therefore important to
determine the properties of mMRNAS prior to reprogramming to ensure they are capable of being
taken up by ematic cells with high efficiency to improve the probability that reprogramming will

occur.

Despite the advances in mMRNA modifications and the suppression of interferon,-m&dized
reprogramming is not without its disadvantages. Firstly mRNA reprogmagiakes two weeks
and requires the daily addition of mMRNA which is both costly and-tomsuming and secondly
current methods involve splitting the cells mihy throughout reprogramming. This is done to

promote fibroblast proliferation and ease overevding in the culture vess¢b6] however in



doing so, any reprogramming efficiency statistics are nullified by the possibility that all of the
emerging iPS cell colonies have been derived from a single colony that has proliferated from a
single iPS cell. In addition, a single cladllline does not truly reflect the heterogeneity of the
bulk reprogramming culture with respect to gene expression, differentiation capacity or
cytogenetics. It is therefore important to develop reprogramming methods that avoid splitting
the cells so thabetter insights into iPS cell heterogeneity can be gained through comparing iPS

cell lines of independent clonal origin.

A study by Hanna et 6] suggested that the kinetics of reprogramming can be accelerated by
increasing the number of cell divisions that occur during re@ogning. By inhibiting p53/p21
expression they induced af@ld increase in the average cell population doubling rate that
correlated to a ~Zold increase in the kinetics of reprogramming. They attribute this to the
acquisition of epigenetic marks duringlicdivision that improve chromatin accessibility so that
transcription factors that promote pluripotency are more actively transcribed. The study also
describes how measures were taken to avoid reprogramming cultures from becoming over
confluent. Oveicorfluency induces cells to upregulate p57 expression that inhibits cell

proliferation which consequently reduces the efficiency of reprogramfii.

The suggestion that the success of reprogramming is dependent upon the number of cell
divisiong[56] but that overconfluency mhibits this procesgl7(], alludes to the notion that
reprogramming is most efficiently executed when a balance between cytotoxicity and cellular
proliferation is strictly controlled, enabling cells to continually divide without becoming over
confluent. Avoiding oveconfluency wi also negate the requirement to passage the cells during
reprogramming. If existing methods were optimised so that there were no requirement to split
the cells during reprogramming then this will be advantageous in two ways. Firstly splitting the

cells ads confusion to the process as it is unknown whether splitting improves reprogramming



itself or improves the survival and proliferation of emergent iPS cells. For instance, splitting the
cells could facilitate the acquisition of epigenetic marks that ewkeareprogramming or it could
simply increase the amount of space available for iPS cells to emerge and proliferate. Secondly,
not splitting the cells during reprogramming allows for the isolation of truly independent iPS cell
clones, allowing for reprograming efficiencies to be accurately calculated. Splitting cells during
reprogramming makes it impossible to determine whether the presence of multiple iPS cell

colony outgrowths have arisen from a single colony or from individual reprogramming events.

In this chapter, weried to establish the best possible way for our laboratory to reprogrem
cells with mRNA in a quick and efficient manner. Even though protocols exist, thegsstilin a
lot of variabilityand scientists often fail to achieve mggramming[54] so we intendedo
develop our own protocoWe determined the kinetics and efficiency of reprogramming using
MRNAs contained withiroenmercial kits from Stemgent and Allele Biotéctaddition to being
derived from inhouse DNA template©ur findings and the charactsation of the iPS cells

generated are presented in this results chapter.



3.2. Results

3.2.1 Characterisation of BJ fibroblasts

In order to establish a gold standard for reprogramming we sought to use a cell
line that can be reproducibly reprogrammed into iPS cells using mMRNAS. In respect
of this, we used the BJ fibroblast cell lif@temgent, 080027)that has been
functionally veified by Stemgent to be amenable to reprogramming.
Characterisation was performed oBJ fibroblastdo identify endogenousmRNA
levelsand cell surface markers thatra characteristically different between
fibroblasts andpluripotent stem cells. The comp&on will enable us to monitor

the shift toward pluripotency during reprogramming experiments, described

throughout Chapter 3.

BJ fibroblastare a widely utilised human new born foreskin fibroblast cell line that
has a longer replicative lifespan thather established human fibroblast cell lines
due to slower telomere shortening.04]. In addition, the BJ fibroblast cell line was
used for reprogramming as several studies have reproducibly demonstrated that it
can be reprogrammed using mMRNA&S, 76, 168]. Upon receipt of the BJ fibroblast
cell line,cell banks were created to maintain a low passage working stock for future
reprogramming experiments. BJ fibroblasts were analysed for chromosomal
abnormalities by karyotype analydist were found to be karyotypically normal
exhibiting a 46XY male karype (Figure. 3.8). BJ fibroblasts were analysed by flow
cytometry to confirm a panel of cedurface markers that are differentially

expressed between fiblbasts and iPS cells (Figure.B.1t was found that: SSEBA

SSEAL, TRAL-60 and TRA-81, thatare known to be expressed in hESCs and iPS



cells in an undifferentiated stem cell state, are not expressed in BJ fibroblasts. SSEA
1 that is expressed when hESCs and iPS cells differentiate is also notekpred3
fibroblasts (Figure. 3B). One hundrd percent of fibroblasts expressed FRA5, a

parthuman antigenthat shows the antibody staining procedure was successful.

BJ fibroblasts were further characterised by gPCR to detect endogenous mRNA
levels forOCT4, SOX2, KLRM Y, LIN28nd NANOQFigure 3.2). There were no
detected endogenous mRNA levels @CT4, SOX2, LINZ&NANOGN fibroblasts

relative to the undifferentiated control hESC line, Shef6, when analysed by gPCR. BJ
fibroblasts do however contain a 32dld higher level of endog®usKLF4elative

to levels detected in Shef6. It was also shown that endogendDSOMRNA levels

were 1.8fold higher in fibroblasts than the control hESC line.



Figure 3.1Karyotyping and flow cytometric

analysis of the BJ fibroblastell line
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Figure 3.1: (A) Metaphase spread (methods 2.16) of the BJ Fibroblast cell line shows t|
fibroblasts are karyotypically normal. (B) Flow cytometric analysis of BJ fibroblasts sho
they do not express cell surface markers associateld plitripotency in human embryonic
stem cells. The blue histograms represent the cell population and the spread of the

histogram denotes variations in fluorescent intensity. Gating was performed as described in

methods 2.15.1.1. TRAS85 is a parhuman marler and 100% expression confirms that the

cells are human.




Figure 3.2 Analysis of the BJ fibroblast cell line by gPCR
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Figure 3.2: The mRNA levelSd€T4, SOX2, KLF4, CMYC, laNIS8ANOGwrere compared
between the BJ fibroblast cell line at passage +9 and an undifferentiated control hESC
Shef6, at passage +92. BJ fibroblasts do not ex@€3§st, SOX2, LIN®&8I NANOGut
cMYCandKLF4nRNA levels were found to be4@d and 324fold higher respectively,
relative to Shef6. CT values were normalise@G&PDHN=1 (error bars derived from
technical triplicates).



3.2.2.Comparing fluorescence levels and intensities induced by mRNASs derived

from the RN3P plasmid and Allele Biotet¥T templates

Does mRNA encoding theWASABfluorescent protein, derived from the Allele
Biotech iPS induction templateABRFRSEMWASARBI transfectBJfibroblasts

more efficiently than mRNA encodingGFRlerived from the RN3P template
(methods 2.17.77? If the Allele Biotech templates generate mRNA that is less
susceptible to degradation compared to mRNAs transcribed from RM3RNAs
transcribed from Allele Biotech templatesiay be more appropriate for use in
reprogramming experiments that relpn the overexpresson of exogenous mRNAs

to be sustained

MRNAs encoding fluorescent proteins mMWASABI and eGFP, were transcribed from
the Allele Biotech IVT templatABRFRSEMWASARANd the RN3P DNA template
(methods 2.17.7) respectively and introduced intbfBroblastto determine the
efficiency that each mRNA was taken up by the cells, based on fluorescence levels
and fluorescence intensity. The successful uptake of mMRNA by the fibroblasts will
cause the fibroblasts to fluoresce. BJ fibroblasts were seati@ density of 2xF0n
Pluriton medium and then 400ng of modified (methods 2.20) or unmodified
(methods 2.20.1mWASABbr eGFAMRNA was introduced into the cells for 24
hours.After 24 hours, the cells were visualised under an EVOS FL Cell Imaging
System (Figure.3). The only well that did not contain visibly fluorescing cells was

that introduced to unmodified RN38GFEMRNA.

After imaging, the percentage of fluorescing selhd the median fluorescent

intensities were quantitatively analysed by flow cytomettywas found that >95%



of fibroblasts were fluorescing following the addition of modified and unmodified
MmWASAB&nd modifiedeGFRFigure. 3.3mRNA, indicating thaldroblasts had

taken up both mRNAs successfully. Adding unmodé@BRnRNA into fibroblasts
resulted in less than 10% of cells fluorescing. Fewer than 5% of BJ fibroblasts were
fluorescing in the untreated and mock transfected controls and weref8k{and
200-fold dimmer respectively than the well containing modifisfVASABINRNA.
However, the addition of modifiechWASABINRNA into BJ fibroblasts induced
fluorescent intensity levels Hald brighter compared to when modifieelGFRvas
added to BJ fibrobists. The fluorescent intensities of the other wells that had been
introduced to MRNA appeared to diminish in the following order; unmodified
MWASABImodifiedeGFRand lastly unmodifie@GFP Controls included an un
treated well of BJ fibroblasts and a olotransfected well. The mock transfected well
contained Stemfect transfection reagent and buffer to test whether the reagents
affected the fluorescence levels or intensities in any way relative to the untreated

control.



Figure 3.3 Comparingluorescence levels and intensities induced by
MRNASs derived from the RN3P plasmid and Allele Biotech IVT templ
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Figure 3.3 A dose of 400ng modified (methods 2.20) and unmodified (methods 2.2GEkNd
MWASABIMRNA was introduced in to BJ fibtasts for 24 hours. One hundred percent of cells
fluoresced when introduced to unmodified and modifiedWASAB&Nnd modifiedeGFRPhowever the
fluorescent intensity of modifiechWASABWas ~19fold higher than modifie@GFPUntreated and
mock transfectedontrols contained <5% fluorescing cells. N=1. Scale barg#=¥00



3.2.3 Commercial templatelerived mRNASs induce higher levels of mRNA in

fibroblasts compared to mRNASs derived from-house DNA templates after a

singletransfection

MWASABMRNA was determined to be ®ld brighter thaneGFRMRNA when
introduced in to BJ fibroblagt. One reason this may occur is that the former was
better at getting into the cells and thus there were more vectors per cell resulting
in ahigher fluorescent intensity. Are mMRNAs encoding the reprogramming factors
that are derived from Allele Biotech IVT templatéABRSCSEIPSE&Jsobetter at
getting into BJ fibroblasts compared to mMRNAs encoding the reprogramming

factors derived from RNB templates(methods 2.17.77

To test this | introduced a cocktail of exogenous mMRNAs enc@irigt, SOX2, KLF4,
cMYC, LIN28ndNANOGI]erived fromAllele Biotech IVT templates (ABE

SEIPSE®) from RN3P templatesnethods 2.17.Yinto BJ fibroblastand assessed
MRNA levels by gPCR after 24 hours. This was to determine how efficiently the
reprogramming factor mRNA can get in to the cells. The comparison was extended
G2 Ay Of dzRS |fdctbr3nRISA replogramBiOgpeemikBRSGEFMRNA

that contains premade mMRNAs encoding the six factdsD, SOX2, KLFM¥C,
LIN28andNANOGM;Ois a fusion between th®CT4ene and the transcriptional

activation domain oMYOD[68], a potent inducer of gene expressipiv1].

The mRNA cocktails contained a thifedd relative increase dDCT4hr M;0to
SOX2, KLFayiY C, LIN28nd NANOGHuman foreskin fibroblasts were seeded at a
density of 3x180on Matrigd in Pluriton medium. After 24 hours, 400ng of each

MRNA cocktail derived from the three aforementioned souréd8RSCSEIPSET



ABRSC6FMRNAand RN3P) were added to the cells for a further 24 hours. The cells
were then harvested and analysed by gPCR to quantify the mRNA levels in the
fibroblasts relative to an undifferentiated hESC control cell(igure. 3.4 Un
treated fibroblasts were sed as a negative control. Thda&tor reprogramming
premix ABRSC6FMRNAincreased mRNA levels in fibroblasts to a greater extent
than mRNAs that had beén vitrotranscribed from the Allele Biotech IVT templates
(ABRSCSEIPSE®r from RN3P, relatévto an undifferentaited Shef6 hESC line
(Figure. 3.4 The levels of mMRNA in BJ fibroblasts following the introductidineos-
factor reprogramming premiwere between 4fold and 2%fold higher tharthose
inducedby Allele Biotech IVT templatierived mRIAs and were between 1-18ld

and 442fold higher than mRNA levels induced by RN3P temyalaterzed mRNAs

The addition otMYOnRNA derived from thallele Biotech IVT templai@dBRSC
SEIPSEid not increaseMYGnRNA levels in BJ fibroblasts afterftrs. No

effect was observed obIN28and OCT4nRNA levels after 24 hours following the

addition of mMRNAs derived from RN3P templates.



Figure 3.4 Comparing mRNA leveis BJ fibroblastdollowing the
introduction of exogenous MRNAs from different sources
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Figure 3.4Three mRNA cocktails containi®@¢T4 / MO, SOX2, KLF4 CMYC, La¥28NANOGIerived

from the 6factor mRNA reprogramming premi&kBRSC6FMRNA RN3P templates (methods 2.17.7) and

Allele Biotech IVT templat€8BRSCSEIPSEWere added to separate wells containing BJ fibroblasts at a

dose of 400ng and analysed by qPCR to determine the level of each mRNA in the cells. The levels of MRNA
in BJibroblasts following the introduction of 6f mMRNA reprogramming premix were betwedeitd4and

21-fold higher than mRNA levels inducedAliele Biotech IVT templatderived mRNAs and were

between 1.3fold and 442fold higher than mRNA levels induced by RN@mplatederived mRNAs. CT

values were normalised tGAPDHN=1(error bars derived from technical triplicates).
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3.2.4 Inactivated mouse embryonic fibroblasts act as a buffer during mRNA

transfection by taking up mRNAS

Inactivated MEFs are commonly uséal supportreprogrammingby actingas a
feeder layerthat releasesnutrients into the culture medium. If mMRNAs can enter
into mitotically inactivated MEFs, it is perceivable that repeated addition of mMRNA
during reprogramming will trigger an intracellular immune response that will

cause the inactivated MEFs to die and thus inhibit reprogrammiAge mRNAs

added during reprogramming taken up by inactivated MEFs?

To determine whether mRNAs are taken up into inactivated SIEELO MEFs were
plated in a éwell plate in DMEM 10% FBS for 24 hours. Four hundred nanograms of
MWASABINRNA was added to the cells for a further 24 hours. The cells were then
imaged on an EVOS fluorescent microscope and analysed by flow cytometry to
guantify the number of fluorescing cells. It was found that 83% of the inactivated
MEFs fluoresced green after 24 hours following the single addition of 400ng

MWASABINRNA Figure 3.5.



Figure 3.5 InactivatedMEFs are capable of taking up
and translating mRNA introduced exogenously
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Figure 3.5AddingmWASABIRNA in to inactivated MEFs causes them to fluoresce. A cell densit
1x1Cinactivated MEFs were plated in ar@ll culture plate on gelatinised plastic in DMEM 10%

FCS for 24 hours. A dose of 400ngWw¥ASABINRNA was then introduced into the MEFs for a furtt

24 hours. (i) Images of fluorescent cells (white arrows) were taken on an EVOS FL Cell Imaging System
(Life Technologies) (GFP settings: 80% light inter2&6ms exposure). (ii) Fluorescence levels were
assessed by flow cytometry and it was found that 83% of the MEFs expra¥$A&ABIMWASABI is
detectable via the GFP channel at a wavelength of 488nm). The untreated control contained 0%
fluorescing cells afr 24 hours. White arrows indicate fluorescing MEFs. Scale barqum400
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3.2.5 Initial reprogramming attempt takes 32 days and requires passaging

Ly 2NRSNJ G2 AYLINRB@S dzakRy GKS {1AySiAada IyR
a0 yRINRQ LINEPOSaa YWdeficatiomskoNtisiproaesS caf thehl 6 f A & K
be made to try and improve the speed and efficiency that iPS cells can be

generated.In this section (3.2.5) we establish the gold standapdocess by

generating a set of integratiofiree iPS cells, derived from BJ fibroblasts using the

fully tested and validated mRNA reprogramming kit from Stemge®00071).

The mRNAs included within the Stesng kit (00-0071) encode five reprogramming

factors OCT4, SOX2, KLAMMY€andLIN28that are separately aliquoted to allow for
adjustments to be made to individual mMRNA concentrations and combined mRNA

cocktail stoichiometry if required. An MRNA coclktaihtaining the five

NBLINEINI YYAYy3T FIOG2NE 61 & ONBFGSR | a LISNJ
frozen at-80°C in single use aliquots so that when the mRNA was required during
reprogramming, the number of freezbaw cycles the mRNA was subjected to

would be limited. Each mRNA cocktail contained a tHie#é relative increase of

OCT%n the basis that this improves the efficiency of reprogramnjg8j. The

MRNA reprogramming k{0-0071) also contained18R that was frozen in 2ug

aliquots to be used at a final concentration of 200ng/ml.

On day minusone of reprogrammingBJ fibroblasts were seeded at a density of
1x10 in a 6well culture plate containing 2x2@activated MEFs. From day zero
onwards on a oncelaily basis, one microgram of the mRNA cocktail was added to
the BJ fibroblasts in 2ml Pluriton medium to achieMenal concentration of

500ng/ml. The fibroblasts were cultured in a 37°C incubator at 5% hundred



nanograms of nucleaBFRNGFPwas added daily with th©@CT4, SOX2, KLRMYE

andLIN28mRNA cocktail to monitor the successful uptake of mRNA ihe cells.

On day three, the fibroblasts had reached near confluency and on day 22, mounds of
cells had appeared in the culture (FiguBetB, white arrows) indicating the cell

culture had become overonfluent or potentially iPS cells had emerged.dag 32,

the BJ fibroblasts began to senesce so the culture was trypsinised and split amongst
three wells containing MEF feeder layers that had been seeded at a density 6f 2x10
in Pluriton medium. Cell counting of the fibroblast cells following the gmijtsitep

was not performed as to not lose potential iPS cells in the cell counting process. On
day 36, iPS cell colony outgrowths couédeen in the culture (Figurd.6B, orange
boxes). The iPS cell colonies were isolated from the culture and grownid uiadl

cell lines, characterised and then frozen in liquid nitrogen. The cell lines were named
WH{D tAt{ - Q FFTGSNI GKS NBLINRINI YYAy3d SELIS
(i.e. 2), the mMRNA manufacturer (SG), type of cell line (iPS) and clone nuniber (00

n < 018).



Figure 3.61PS cell generation using the Stemgent Reprogramming K
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Figure 3.6: (A) Generation of iPS cells using the Stemgent reprogrammD@00t7(L)was achieved in

37 days. (i) Inactivated MEFs were seeded at 260 a 6well culture plate in 10% DMEM FCS for 48
hours. (ii) BJ fibroblasts were then seeded at a density of*Irit® the MEF feeder layer in 10%

DMEM FCS for 24 hours. (iii) After 24 hours, the media was replaced with 2mis MEF conditioned hESC
media. (iv) Reprogramming factor mRNA from the Stemgent reprogramming kit was added daily until
day 32. (v) As the cells thdormed a monolayer, they were trypsinised using 0.25% trygEimA

(Sigma and seeded onto an inactivated MEF feeder layer. (B) Phase contrast images depicting
mounding cells (white arrows) and the emergence of iPS cell colonies (orange rectanglefag&cal
Mnnn>Y
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3.2.6Chancterisation ofiPS cell lines

IPS cells were generated using the Stemgent mRNA reprogrammin@®d@72)
however it is necessary to asss the characteristics of these iR€lls to validate
that they are representative of pluripotent stem cells. To do this, thbhenotype
and functional characteristics of the iR®llswas determined by analysing mRNA
levels (QPCR analysis), expression of cell surface markers (flow cytoimetry
presence of chromosomal abnormalitiesdkyotype analysiy andassessingheir
capacity to differentiate (embryoid body formation), compared to a positive

control pluripotent stem cell line.

Following the successful reprogramming of the BJ fibrobklttice, two of the iPS

cell lines were characterised; 2SG PiPS 006 and 010, to test whether they had truly
manifested pluripotency. These clonal lines were selected for characterisation, as
they were the quickest to be expanded after isolation from s&rggllonies. The 2SG
PiPS 006 and 010 cell lines were analysed by gPCR and flow cytometry at passage
six, 30 days after the final addition of mMRNA took place during reprogramming. QPCR
analysis detected that the 2SG PiPS 006 cell line containedcdd~iicrease in
NANOGNRNA levels relative to the control hESC line (Shef6). The mRNA levels for
OCT4, SOX2, KLF4, cMN@LIN28in the 2SG PiPS 006 cell line were detected at
similar levels relative to Shef6 (Figu8d). In the 2SG PiPS 010 cell [B®XZNRNA
levelswere found to be similar to the hESC control cell line however the remaining
factors were detected at elevated leveBCT42-fold), KLF48-fold),cMYQ2.5

fold), LIN28(4-fold) andNANOG7-fold), relative to the Shef6 control hESC line.



Karyotyping was performed on both iPS cell lines at passage 22. Both cell lines were
karyotypically normal (Figur&.7). The cell lines were then analysed by flow

cytometry and were found to express eslirface markers typically expressed in
pluripotent stem cells including SSBASSEA, TRAL-60 and TRA-81 at similar

levels Figure.3.8) to the control hESC line.

To test whether the 2SG PiPS 010 cell line was pluripotent, the cells were induced to
differentiate spontaneously as embryoid bodies fen days alongsida control

hESC line (Figure. 3)1@ neutral conditions (Table4). After 10 days, RNA was
extracted from the embryoid bodies, reverse transcribed to cDNA and then analysed
by gPCR to detect the expression of markers characteristitedhree germ layers
endoderm, mesoderm and ectoderm. The markers used to identify differentiation
toward the three germ layers weit@ ATAG, FOXARdISL] indicative of

differentiation towards endodermCD34and COL1A10 mesoderm andPAX6nd
GATAZ2o0 ectoderm. The expression @ CT4NANOGind SOX2vas also assessed to
determine the differentiation status of the cells. Inducing the 2SG PiPS 010 cell line
to differentiate as embryoid bodies resulted in the dowagulated expression of

OCT4, NANO&hd SOX2suggesting that the cells were analysed in a differentiated

state. In this differentiated state, the 2SG PiPS cell line expressed markers of all

(@
(s}

three germ layers (Figur8.1®0 (Kdza O2y FANNAY 3 GKS At {

status.



Figure 37. Karyotype analysis of two clonal iPS cell lines
derived using the Stemgent mRNA reprogramming Kit:
2SG PIPS 010 and 2SG PIPS 006
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Figure 3.7: Two iPS cell lines of independ#omal origin were isolated from a single
reprogramming culture following repeated addition of Stemgent mRNA. The two «
lines, 2SG PiPS 006 and 010 were cultured to passage +22 and following karyot
analysis (methods 2.16) were determined to be k&ypaally normal (46XY).
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Figure3.8 The 2SG PiPS 006 and 010 cell lines exhibit similar cell

surface marker expression profiles to that of a control hESC line
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Figure 3.8: Flow cytometric analysis of (i) H9 hESC line passage +89, (ii) 2SG PiPS 006 pe
and (iii) 2SG PiPS 010 passage +6 cell lines have similar expression for markdrsSSERA

SSEAL, TRA1-60, TRAL-81 and TRA-85. Fluorescent cells were determined by gating agains
P3X control (dashed line). Gating strategy is described in methods 2.15.1.1. The spread of
histogram denotewariations in fluorescent intensity.
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Figure3.9. Analysis of the 2SG PiPB6 and 01Q®ell lines by gPCR
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Figure 3.9: gPCR analysis of the 2SG PiPS 006 and 010 cell lines at passage +6 reveal
levels comparable to an undifferentiated control hESC line, Shef6, with respect to genes
OCT4, SOX2, KLF4, CMYC, AaNASANOG2SG PiPS 010 has elevated levelee
aforementioned genes compared to both the control hESC line and 2SG PiPS 006. CT \
were normalised ta&GAPDHN=1 (error bars derived from technical triplicates).



Figure 3.10Spontaneous differentiation of the 2SG PIiPS cell line
induces gene expression for markers of all three germ layers
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Figure 3.10Spontaneous differentiation of the 2SG PiPS cell line

induces gene expression for markers of all three germ layers
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Figure 3.10: The 2SG PiPS 010 cell line was spontaneously differentiated as embryoid bodies
days in the neutral condition (Table 2.4). Following gPCR analysis, the RQ values showed incr
gene expression levels for endoderm@iTA6FOXAR mesodermalCD324 and ectodermalRAX®
markers relative to an undifferentiated control. Under the same conditions, Shef6 cells increase
gene expression fdSL1(endodermal) CD34, COL1AfMmesodermal) an®®PAX§ectodermal)
markers. CT values wenermalised toGAPDHN=1 (error bars derived from technical triplicates).
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3.2.7. The kinetics of reprogramming can laeceleratedby using mRNAs that have bean

vitro transcribed with modified nucleotides

Successfully reprogramming BJ fibroblasising the Stemgent mRNA reprogramming kit
(00-0071) set a benchmark fothe efficiency and kinetics of reprogrammirthat we can

aim to improve through modifications to the processHere we test whethethe
incorporation of modified nucleotides in tanRNAgranscribed from the Allele Biotech IVT
induction templates ABRSCSEIPSETan improveupon the speed ancfficiency of the

reprogramming process.

The Allele Biotech IVT templatésBRSCSEIPSE@re either linearised DNA templates or

PCR products ataining a double stranded promoter region. As thevitrotranscription

(IVT) reactions are performed in house, this afforded us control over the incorporation of
modified nucleotides, capping and polyadenylation of MRNAs during the IVT reactions. We
determined whether these modifications, specifically the incorporation-bfdéghylcytidine
5'-Triphosphate (Stratech8613295IBA) and Pseudouridirg-Triphosphate (Stratech,
NU-1139LJEN) modified nucleotides into mRNAs during IVT reactions enhances the

reprogramming process.

The IVT templates supplied within the KdBRSCSEIPSE tontained coding regions for
OCT4, SOX2, KLARMYE and LIN2&s well as a monomeric green fluorescent protein
MWASABANdNANOGhat has previously been shown to increase the efficiency of
reprogramming39, 45]. The templates for all seven factors wémevitrotranscribed using
the T7 MEGASscript Kit (Thermo Fishv|1333 as described in methods 2.20 and then
diluted to a concentration of 100ng/pl. All of the factors with the exceptiom@fASABI

MRNA were then combined to form an mRNA cocktail at a molar ratio of 3:1:1:1:1:1,



containing a thredold relative increase dDCT4o the other reprogramming factors and

then stored at-80°C. ThenWASABIRNA was stored separately from the mRNgkeail so

that it could be introduced independently and intermittently throughout reprogramming to
report whether the mRNAs being added to the reprogramming cultures were being taken up
by the cells. Singlase aliquots of both the mRNA cocktail andlVASABMRNA were frozen

at -80°C until required.

Once the mRNA cocktails had been prepared, reprogramming was executed as follows. BJ
fibroblasts were plated onto hEQDalified Matrigelcoated 6well plates at a density of

1x10 in Pluriton medium. A Matrigeextra-cellular matrix was used to limit the unwanted
transfection of MRNAs into inactitesl MEFs (as shown in Figure.)35ight hundred
nanograms of the mRNA cocktail was then added daily for eight days into the BJ fibroblasts
and by day three there vwgevidence of morphological changes in the reprogramming

culture in that the fibroblasts had compacted and appeared to lack fibroblastic processes
(Figure. 3.1B, white arrows). On day nine the addition of MRNA was ceased and 2x10
inactivated MEFs were ddd to the reprogramming well to support the emergence of iPS
cells. The culture was maintained in Pluriton medium until day 21 and a further RMIRs

were added on day 13. On day 21, it was observed that no iPS cells had emerged so the
culture was trypmised with 0.25% trypsieDTA and replated onto a MEF coatede|

culture plate. After 24 hours, iPS cell colonies could be seen in the culture vessel.



Figure 3.11Reprogramming BJ fibroblasts with mRNAS
from the Allele Biotech iPS induction templatet
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Figure 3.11: (A) Reprogramming using the Allele Biotech iPS induction tesgll @d@RSCSEIPSET)

generated iPS cells in 22 dagisBJ fibroblasts were seeded at a density of $xh@o hES@ualified
Matrigelcoated 6well culture plates. (i) mMRNAs derived from Allele Biotech templ&®€3Téd, SOX2, KLF4,
CMYC, LINZ8hndNANOG wereadded daily at a dose of 800ng until day 9. (iii) Between days 9 and 20 no
further mRNA was added but the reprogramming culture was fed daily with Pluriton medium

supplemented with 1X Pluriton Supplement and 200ng/ml B18R for a further 12 days. (iwalieacMEFs

were added at day 9 (v) and day 13 to support emergent iPS cells (vi) The entire culture was trypsinised on
day 21 and replated onto a MEF feeder layer. iPS cell colonies (orange rectangles) could be seen to emerge
after 24 hours. (B) Phase coast images depicting morphological changes (white arrows) throughout the
NELINEBIANI YYAYy3 LINRPOS&aad {OFftS o0FNAR I' Mmannn>Y®d
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3.2.8. Emergence of iPS cell colonies without passaging

It has been shown that a fusion protein betwee@CT4nd MYOLL (calledM3;O) more
effectively recruits chromatin modifying proteins, tha®CT4lone, to pluripotent loci

during reprogrammind68]. We determined whether the reprogramming process could be
accelerated by using the-actor reprogramming premix (ABBC6FMRNA) that contains
the synthetically engineereddCT4MYOD(M50) fusion gene in replacement for

conventionalOCT4

Reprogramming was initiated by seeding BJ fibroblasts onto-gE&ifled Matrigel in

Pluriton at a cell density of 5xi@br 24 hours. One millilitre of Pluriton medium was added

to a steile 6-well plate and equilibrated for 15 minutes at 37°C in 5%6After equilibration,
B18R was added at 200ng/ml and théa6tor premix ABRSGC6FMRNAwas added at

400ng/ml rocking back and forth to mix. The supplemented media was placed onto the
target cells on day zero and the process repeated daily until da¥igiure.3.12A). Adding

MRNA to the media before it is placed on the cells as opposed to adding the mRNA directly
to target cells in a dropvise fashion prevents pockets of high concentratiohmRNA from
accumulating that, if insufficiently mixed into the media, can be toxic to the cells. As cells
respond unfavourably to high concentrations of mMRNA and are sensitized to environmental
cues during reprogramming it is desirable to supplementmndthe media prior to adding

it to the target cells, adding the media to the side of the well during each media change.
Cytotoxicity was counteracted on day five by increasing the B18R concentration to 400ng/ml
and on day six and nine through the additiof 1.5x18and 3x18inactivated MEFs
respectively. On days 7 through 9, the mRNA concentration was decreased by half to
200ng/ml to mitigate against any mRN#duced toxicity. The target cells were gradually

rescued from cell death via the aforementiahantirapoptotic measures. Signs of cellular



proliferation ensued and thus the mRNA concentration was increased to 300ng/ml on day
10. Signs of emerging colonies resulted in no further mRNA being added to the cells and the
media was switched to usupplemated Pluriton, containing no B18R or exogenous mRNA,
for three days to both encourage iPS cell growth and supportreprogrammed

fibroblasts. Large, undifferentiated iPS cell colonies were picked on dd&gldd.3.12B)

into MEFcoated 12well plates.Prior to passaging, a phase contrast and GFP image of the
reprogrammed well was captured to show the locatamd number of colony outgrowths

(Figure 3.12C).In addition, the GFP image shows the prevalence of cytotoxicity that

occurred when using the repgramming method outlined in Figure 3.12A0st of the cell

death was situated towards the middle of the well possibly due to the use chmamscus

free culture ware.

Twelve colonies emerged in total, all of which were expanded in culture and frozem do

One of these clonal lines named 5AB PiPS, was further characterised to assess the level of
newly manifested pluripotency. This cell line was shown to be karyotypically normal (46 XY)
(Figure 3.13 and expressed cedurface markers; SSHASSERA andTRA1-60 at

comparable levels to an undifferentiated control hESC line, H7Fdur€.3.14). QPCR

analysis for gene€)CT4, SOX2, KLF4, cMYC, lANZRANOG onfirmed the mRNA levels

in 5AB PiPS after four and fifteen passages were similar to those found in Shefé hESCs
(Figure3.15. While all the mRNA levels were elevated in the 5AB PiPS cell line after four
passages in comparison to undifferentiated Shedlis, by passage fifteen the mRNA levels
had normalised to levels more closely resembling the hESC control. The differentiation
capacity of the 5AB PiPS cell line was then determined by inducing the cells to differentiate
as embryoid bodies for ten daysthe neutral condition (Table £). Embryoid bodies

formed from differentiated 5AB PiPS cells expressed markers of all three germ layers when

analysed by qPCR (Figuel9 thus confirming the 5AB PiPS cell line was pluripotent.



Figure 3.12Generatim iPS cells using the Allele
Biotech 6factor reprogramming premix

Figure 3.12: (A) Reprogramming timeline using the Allele Biotdéabtér premix mMRNAABRSCE6FMRNA (i) BJ
fibroblasts were seeded at a density5x10 onto hES@ualified Matrigelcoated 6well culture plates on day

1. (ii) After 24 hours, 400ng/mHactor premix mRNA was added daily for 11 days. (iii) On day 5, a small nL

of cells were observed to have died so the B18R concentration waesased to 400ng/ml from 200ng/ml. (iv)

To further support the cells in the face of apoptosis, inactivated MEFs were added on day 6 at a density of
1.5x10 and (vi) on day 9 at a density of 3x1(%) The mRNA concentration was also decreased to 200ng/ml
between days 7 and 10. (vii) The mRNA concentration was increased to 300ng/ml on the observation that cells
had begun to proliferate. (viii) IPS cells appeared on day 11 so no more mRNA was added and the medium was
replenished daily with fresh Pluriton meuain. (ix) iPS cell colonies were picked on day 14. (B) Phase contrast
images of an iPS cell colony on day 14 and six days later following passaging (orange rectangles). (C) Stitched
GFP image portraying the extent of toxicity (grey area) and the locaticar®ergent colonies on day 14 (black
arrows). 109




Figure 3.13Karyotypeanalysis of the 5AB PIPS cell line
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Figure 3.13: Karyotype analysis was performed on the 5AB PiPS cell line that wa

reprogrammedrom BJ fibroblasts using the Allele Biotecfa6tor premix mRNA
(ABRSG6FMRNA The cell line was karyotypically analysed (methods 2.16) for

chromosomal abnormalities at passage +15 and was determined to be karyotypic

normal (46XY).
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Hqure 3.14 How cytometric analysisof the 5AB PiPS cell line

compared to a control hESC line and the parental BJ fibroblasts
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Figure 3.24: Flow cytometric analysis of the 5AB PiPS cell line at passage +6 com
to an undifferentiated hESC control line, H7 S14 at passage +28. Both cell lines
express markers of undifferentiated pluripotent stem cells SSBAd TRA-60.
SSEA is not expessed in either cell line indicating the cells were analysed in an
undifferentiated state. P3X was used to gate the cells prior to analysis as describ

methods 2.15.1.1. TRA85 was used as a positive control for the antibody staining
procedure.



Figure 3.15Analysis of the 5AB PiPS cell line by gPCR
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Figure 3.15: The 5AB PiPS cell line at passages +4 and +15 was analysed by gPCR tc
MRNA levels foDCT4, SOX2, KLF4, CMYC, lANZ8ANOGelative to Shef6, an

undifferentiated control hESC line. At passage +4, endogenous mRNA levels were elevated
relative to the control hESC line. By passage +15 the previously elevated levels of mRNA had
decreased to a level more similar to that of Shef6 with the exceptidfLéand NANOG

which are expressed#®ld and 1old higher respectively. The standarda of

measurement on the 5AB PiPS +4 analyses is consistent with a slightly elevated CT value for
one of the three technical triplicate repeats for the loading cont@A\PDHN=1 (error bars

derived from technical triplicates).



Fiqure3.16. Spontaneous differentiation of the 5AB PiPS cell line
induces gene expression for markers of all three germ layers
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Figure3.16. Spontaneous differentiation of the 5AB PiPS cell line
induces gene expression for markers of all three germ layers
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Figure 3.16: The 5AB PiPS 010 cell line was spontaneously differentiated as embryoid bodies for 1(
the neutral condition (Table 2.4). Following gPCR analysis, the RQ values showaskthgene

expression levels for endoderm&ATAGISL), mesodermalCD34 COL1Aland ectodermalRAX®
markers relative to an undifferentiated control. Under the same conditions, Shef6 cells increased gene
expression fofSL1(endodermal) CD34mesodermal) and?AX§ectodermal) markers. CT values were

normalised toGAPDHN=1 (error bars derived from technical triplicates). 1



3.2.9. mRNA dose ramping and a flexible approach to reprogramming allows for

rapid iPS colongeneration with reduced cytotoxicity

The Allele Biotech #actor reprogramming premix (ABBC6FMRNA) accelerated
the kinetics of reprogramming, presumably owing to the inclusionM{O mMRNA
that resulted in the generation of iPS cells, without passagimighin 11 days.
However, cytotxicity was prevalent (Figure. 3.12) and is aithiting factor to the
success ofeprogramming. Could the daily dose of mRNésring reprogramming
be optimised so that the cellsrould not succumb to apoptosisyere not
preverted from proliferatingand wassufficient to generate fully reprogrammed

iPS cells?

In order to assess whether increased iPS cell colony outgrowth would be achievable
if the target cells were not lost to cytotoxic or papoptotic events during
reprogramning, MRNA doseamping was implemented. The rationale was that

dose ramping provides better control over the mRNA dose per cell ratio as mMRNAs
are added in line with proliferation as opposed to being added irrespective of cell
behaviour as mst protocols sggest (Figure. 3.E). BJ fibroblasts were plated onto
hES@yualified Matrigel at a density of 1x1 Pluriton medium for 24 hours. On

days zero and one, 200ng of&ctor premix MRNAABRSC6FMRNAwas pipetted

into 0.5mls of low oxygeequilibrated 6% Q) Pluriton medium containing B18R at
400ng/ml. The supplemented medium was then placed onto the target cells and a
further 500ul of Pluriton medium was added four hours later to prevent
evaporation. Upon the observation that the cells were continamgroliferate

despite the repeated addition of-Bactor premix MRNAABRSC6FMRNAFigure.

3.18B), the mRNA dose was increased to 300ng on days two through eight. On day



four a small percentage of the cell population had died, which is to be expected due
to the stresses of reprogramming, so to counteract further cell death, 2MHEFs

were added to the reprogramming culture and the mRNA dose was not increased.
On day seven, clusters of cells that morphologically resembled iPS cell colonies were
observed Figure 3.18) and these cells stained positive for TR0 when analysed

via high content screening-gitu (Figure 3.18C).The reprogramming kinetics of our
optimised protocol that incorporates mRNA desanping has been compared to

the kinetics of bais commercial protocols sufipd with other kits (Figure. 3.2¢D).



Figure 3.17 Optimisationof the basic reprogramming protocol

Figure 3.17: (A) The Stemgent protocol-Q@F1) comprises 18 days whereby mRNA is repeatedly
added to the cells. A splitting step between day8 is recommended to avoid oveonfluence. (B)
The Allele Biotech iPS induction kit (ABESEIPSET) used byién et al [76] adds mRNA over 17
RFeda FyR O2yidlAya | aLXt AGaGAy3 adSLI 4G REe
factor reprogramming premix (ABEG6FMRNA) comprises 9 days where mRNA is added to the ct
under a strict dose@amping regimen. (Cii) The same protocol was maodified in a study by Warren |
whereby mRNA (ABBC6FMRNA) was added for 3 days more than the suggested protocol and a
splitting step was used on day 6. (D) Our optimised protocol, that utag@ premix mRKN (ABPSC
6FMRNA), uses a flexible dose ramping approach and generates iPS cells by day 9 without a s
step.















































































































































































































































































































