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Abstract

Cells undergo reprogrammingtdéferentiation through nuclear and cytoplasmic
remodelling. Autophagy isa physiological stress response which cytoplasmic
contents including mitochondriare recycled to aid cell survival in response to
nutrient starvationlt has recently been demonstrated that a functional autophagy
response is required for factbased reprogramming to pluripotency, but there i
little work explicitly linking the stimulation of autophagy with the mechanism of
cytoplasmic clearance and metabolic remodelliffyiman multipotent stromal
cells/mesenchymal stem cells (MSGsg cells of mesenchymatrigin, which are
cultured as adhenmgt monolayersn vitro. MSCs can also be cultured as 3D cell
aggregates ospheroids Variations in spheroid size should result in variations in
nutrient availability. | hypothesisethat in 3D spheroids, controlled autophagy,
stimulated by nutrientleprivation,and balanced in favour of its psurvival/ant
apoptotic effectswould be sufficient to drive cytoplasmic remodelling and de
differentiation towardsa more primitive stateWhen MSCs were cultured under
optimal conditions, they had a mdltbed irregular nuclear morphology, and
reduced staining for the heterochromatin marker H3K9r8B3spheroidsncreased
expression of Oct4, Nano§ox2and telomerase. Undeptimal conditionsnarkers

of increased autophagy were obseragmhg with indicates of a shift to anaerobic
metabolism. Ntochondriaunderwentremodelling to a small, rounded morphology,
highly similar to mitochondria observed in pluripotent cells. Furthermore, oxygen
consumption rate reduced significantty 3D culture, and genes assated with
oxidative metabolism were dowegulated3D MSCs increased expressioneairly
mesendoderm markers including Brachyury (T), Goosecoid, KBIKI1 and
CXCR4. In vitro haematopoietic induction stimulated disaggregated 3D MSCs to
form blastlike colonies, whilst 2D MSCs were unresponsive to haematopoietic
stimulation. On implantation into nude mice, 3D MSCs formed organised
mesodermal tissues, indicating enhanced lingagiicted regenerake capacity, but

did not form teratomas, so avoiding @sisted risks Strikingly optimal 3D culture
restored proliferative capacity and reversed senes@ssuxiated hypertrophy in
cultureaged MSCs, suggestive of cellular rejuvenatidimgether theseeallts
suggest that a scaled autophagy response could gldundamental role in

reprogramming/delifferentiation and tissue regeneration in human cells.
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Chapter 1: Introduction

1.1 Anintroduction to the field of pluripotent stem cell research

Stem cells are undifferentiated cells, which have the capacity feressival and

can give rise to a maber of different cells types through differentiation. Embryonic
stem cells (ESCs) can be isolated from early embryos, and can give rise to all cells in
the fully developed organism, so are termed pluripotent. Adult stem cells can be
isolated from variousissues of the body, and can give rise to some but not all tissues
of the organism, so are termed multipot@Magers and Weissman, 200Due to

their capacity to generate difent tissues, stem cells are of significant interest to the

fields of regenerative nacine and celbased therapies

In 2006 Takahashi and Yamanaka demonstrated the generation of pluripotent cells
similar to embryonic stem cells (ESCs) from mouse fitastsl by forced expression

of four transcription factors Oct4, Sox2, Klf4 and-®81yc. The cells generated from
these experiments were referred to as induced pluripotent stem cells (iPSCs)
(Takahashi and Yamanaka, 200®ne year later thigroup generated iPSCs from
human fibroblasts using the same four factor apprddekahashi et al., 2007
whilst at the same timine Thomson laboratory demonstrated the induction of iPSCs
from human fibroblasts using a different four factor combinatoct4, Sox2,
Nanog and Lin28Yu et al., 200). The generation of iPSCs represented a major
advancement in stem cell research, with the ipdi¢®s it opened up for the
generation of patiergpecific cells. It could also be said to have redefined the way
dewelopment and differentiation aveewed, demostrating that differentiatiorsinot

an irreversible procedure, and that yullifferentided cells maintaithe capacity for
pluripotency if stimulated to undergo-déferentiation/reprogramming (Figure 1.1).

The generation of iPSCs has contributed greatly to our understanding of pluripotency
and differentiation, although in turn, the manyasge of research into embryonic
development and pluripotency regulation prior to 2006 provided the basis on which

IPSC generation was first established.
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Figure 1.1. Schematic showing the effects ofdifferentiation and
reprogramming/de-differentiation on cell potency

Differentiation of ESCs results in a progressive loss of potency. Different
cells can reacquire pluripotent characteristics through forcedifi@éeentiation
(reprogramming to pluripotency). Adult stem cells are multipotent, maintai
selfrenewal and the potential to differentiate into some but not all cell ty
Adult stem cells occupy a position between pluripotent ESCs and termi
differentiated cells in terms of potency.
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1.2 Embryonic development and cell fate specificationvivo

During mammalian development, fertilisation is followed by early cleavage, which
gives rise toa solid mass of cells, known as the morula. The first cell specification
events occur at around day 3.5 after fertilisatiorthe mouse embryowith the
formation of the blastocyst, and the specification of two distinct cell populations, the
trophectoderm and the inner cell mass (ICM). Tiophectoderm, which will give
rise to the placenta and other exg¢rabryonic tissuds positioned to the outer edges

of the blastocystwhereasthe ICM is located towardone end of the blastocyst
Following blastocyst formation, at around 4.5 days {dedilisation, the ICM
divides into two regions; the outer cells become primitive endoderm, which will
contribute to ext-embryonic tissues, whilst the inner layer of celid go on to

form the epiblastwhich will generate the foetus (Figure 1.2). The blastocyst then
implants into the uterine wall and the exé&nabryonic tissues form the placenta,
whilst the epiblastdrms a cup shape, following formation of the proamniotic cavity.
At around day 6.5 after fertilisation, gastrulation marks the beginning of
morphological patterning within the embryo and the specification of the 3 germ
layers(Beddington and Robertson, 1999

1.3 Isolation and culture of pluripotent cellsn vitro
1.3.1 Mouse embryonic stem cells

Control of embryoit development in these early developmental stages is regulated
by a complex transcriptional network of both maternal and zygotic factors. Prior to
the derivation of ESCs, researchers utilised embryonal carcinoma (EC) stem cells
which can be isolated frorteratocarcinomas and differentiated via embryoid body
formationin vitro, as a model for development and cell fate determination in the
early embryo(Martin and Evans, 19j5Teratocarcinomas are malignant germ cell
tumours containing both somatic tissue and undifferentiated stem cells (the EC
cells). Teratomas are distinguishable from teratocarcinomas, as they contain only
somatic tissue. Teratocamomas continue to form tumours on serial transplantation,
whilst teratomas are benign on-transplantation because they do not contain EC
cells(Andrews, 2002
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Morula

Blastocyst

Epiblast

Primitive endoderm
Blastocoel

Figure 1.2. Schematic showing thefirst specification events in embryonic
development during blastocyst formation

Following cleavage in the egrembryo, the blastocyst forms from the morula.
this point, two distinct cell populations are specified. The trophectod
localised to the outside of the blastocyst, will form exmnabryonic tissue (the
placenta), whilst the inner cells, localisedoaie end of the blastocyst form tf
inner cell mass (ICM). The ICM will generate both primitive endoderm, fron
outer layer, which forms ext@mbryonic tissue, and epiblast, from the cen
ICM, which will give rise to the foetus.
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Mouse ESCs weréirst isolatedin the laboratoryfrom preimplantaton embryos
isolated and separated vitro. Prior to thisit had not been possible to maintain
pluripotent cells isolated from early embryos in cultidtewever in 198]1cells from

the ICM of diapause(Evans and Kaufman, 198Ior normal preamplantation
(Martin, 198) embryos were isolated and passaged repeatedly on inactivated
fibroblast feeder layers, either in sersupplementedhedium(Evans and Kaufman,
1981), or EC ceHlconditioned mediunfMartin, 198). The colonies formed bihese
cultured cés resembled the domed, tightly packed colonies observed in EC cell
cultures. It was possible to generate embryoid bodies with the cultureéhoétt®,

and they formed teratocarcinomas subcutaneous implantation mice. These
early experiments defined the characteristics of ESCs, as cells which can be
maintained as undifferentiated pluripotent cultunes vitro, and which can
differentiate into tissues from all 3 germ layers biotlvitro andin vivo (Evans and
Kaufman, 1981Martin, 198).

In early experiments to generate mouse ESCs in the laboratory, culture on mouse
embryonic fibroblast (MEF) feeder cells was required to maintain the
undifferentiated state. However in the riifI80s a factor was identifieghich could
maintain pluripotency in mouse ESCs in the absence of a feeder layer. A single chain
glycoprotein was identified in media conditioned with Buffalo rat liver cells. When
cultured in media containing this factor, mouse ESCs maintained an uelid¢ed
morphology, and expressed the pluripotency cell surface marker SSEA1, with no
need for a feeder layer. On removal of the facEBCs underwent spontaneous

di fferentiati on, so it was termed odiff
protein sequence of DIA was found to be identical to leukaemia inhibitory factor
(LIF), the term by which it is now referred to when used in mouse ESC culture
media(Smith et al., 1988Notably it was demonstrated that establishemlise ESC

lines cultured with LIF in the absence of feeders were capable of both chimera
contribution and germline transmission. Furthermore it was shihah in the
presence of LIFit was possible te@stablish cultures of freshigolated mouse ESCs

from blastocysts, and that feeder cells were not required for this process if LIF was
added to the medidt was possible tgpassage ESCisolated in the absence of
feeders. These cellmaintained a typical pluripotemhorphology and character in

culture n LIF-supplemented media whilst LIF withdrawal stimulated
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differentiation. ESCs isolated in the presence of LIF (without feeders) were also
capable of chimera contribution and germline transmis@ohols et al., 1990
Taken together this demonstrated tihavas possible tasolate and maintaimouse
ESCs,in LIF-supplemented mediaithout feedercells, and that these cellwere
developmentally equivaht to mouse ESCisolated andmaintained in traditional

feeder based cultures.

1.3.2 Human and northuman primate embryonic stem cells

Human EC cells have variable cell lidependent capacity to form tissues from all 3
germ layers and are usually karyotypicallynormal. This means they are less useful
as a model of pluripotent cells from the early embryo.-Noman primate (Rhesus
monkey) ESCs were first isolated framvitro-separated ICM in 1995. These cells
expressed similar cell surface markers to humas ESSEA3, SSEA4, Trd-60

and Tral-81 and had alkaline phosphatase actiyiihomson et al., 1995 The
colony morphology of primate ESCs was much flatter thaemes in mouse ESC
colonies, with individual cells clearly visible. Primate ESCs could be maintained
undifferentiated in culture for many passages on inactivated mouse feeder cells, and
notably this state was Lilhdependent, which distinguished these iplotent cells

from mouse ESCs. Unlike human EC cellsisolated primate ESCs were
karyotypically normal. Implantation into SCID mice resulted in teratomas containing
tissues from all 3 germ layers, which confirmed the pluripotency of primate ESCs
(Thomson et al., 1995

Following on from this work with nohuman primatesni 1998 Thomson derived

the first human ESCs from embryos generatedhbyitro fertilisation (IVF). Cells
isolated from blastocyst stage embryos resembled EB&sously isolatedrom
nornthuman primates, characterised by high nuclear to cytoplasmic ratio and
prominen nucleoli. Human ESCs expressed tbell surface markers SSEAS3,
SSEA4, Te-1-60 and Tral-81, and had high levels of telomerase activity. Their
colony morphology was similar to that of rboman primates, but distinct from the
domed colonies formed by mouse ESCs. Human ESCs could proliferateany
passagesin vitro when maimained on MEFsand tis was LIFindependent,
highlighting the differing requirements for pluripotency maintenance in primate
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versus mouse ESCsThe pluripotency of human ESCs was confirmed by teratoma
assays(Thomson, 1998 Another group also demonstrated the -inlBependent
nature of undifferentiated human ESC cultures. Flat colonies resemblimghECs
and primate ESCs, which expressed the cell surface markefis6lraand SSEAA4,
along with the pluripotency factor Oct4, could be maintained undifferentiated in

culture for many passages in the absence of REubinoff et al., 2000

Whilst mouse ESCs require LIF for pluripotenoyintenance, human ESCs require
signalling through théransforming growth factdo (TGFb)/Nodal/Activin pathways
to maintain an undiffrentiated state. Signalling througiese pathways results in
phosphorylation and nuclear localisation of Smad2/3. Itbib of Smad2/3
phosphorylation resulted in loss of Oct4 and Nanog expression in human ESCs, with
colony morphology changes indicative of differentiatiGlames et al., 2005
Inhibition of activin binding was alsoufficient to induce loss of pluripotency
markers such as the cell surface marker-TF6® in human ESCs. However this
effect was diminished in cells ovexpressing Nodal, indicating that Nodal could
compensate for activin inhibition. It was also noted thaNodal overexpressing
cells, spontaneous differentiation was uncomn{®iallier et al., 200% Taken
together these results suggest that B@Bdal/Activin signalling, rather than LIF, is

required for pluripotency maintenance in human ESC

Recently it has been demonstrated that specific blockade of signalling pathways that
induce differentiation can be used to maintain ESCs in an undifferentiated state.
Autocrine fibroblast growth factor 4 (FGF4) stimulates the miteggtivated protein
kinase/extracellular  signakgulated kinase (MAPK/ERK) pathway, and
differentiation is induced by ERK activation. Whilst LIF can maintain mouse ESCs
in their undifferentiated state, this does not occur by inhibition of ERK activation. In
contrast a combinatioof inhibitors of MAPK/ERK signalling can prevent intrinsic
stimulation of differentiation from within the ESC population its@fing et al.,

2008. ESCs cultured in the presence of an FGF receptor tyrosine kinase inhibitor, in
combination with an ERK cascad#ibitor could be maintained undifferentiated for
many cultures, although cell death at a reasonably high frequency was observed. The
addition of a glycogen synthase kina§g(GSK3 )nhibitor, which acts to stimulate
canonical Wnt signalling, improvedability in these cultures. The use of these three
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inhibitors (3i) allowed highly efficient expansion of ESCs over many passages.
ESCs cultured in these conditions maintained expression of pluripotency factors, and
there was little/no expression of genssaxiated with differentiation. Expansion of
ESCs in 3i conditions was comparable to expansion irsuifplemented media, and
ESC clonogenicity was actually improved in 3i versus-silpplemented media.
Combinations of 3i media comprising the FGF recemabibitor PD184352, the

MEK (MAPK kinase) inhibitor PD0325901 and the GSKhibitor CHIR99021

(Ying et al., 2008 or the more simplistic 2i comprising PD0325901 and
CHIR99021 (Silva et al., 200B are now commonly used for the loteym

maintenance afindifferentiated ESC cultures.

1.3.3 Epiblast stem cells

Mouse ESCs are derived from the ICM of the-jpnplantation embryo, but it is
possible to isolate pluripotent cells from the epiblast of -poptantation mouse
embryos. Cells isolated from pestplantation epiblasts (EpiSCs) expressed the
pluripotency mekers Oct4, Nanog and Sox2. Furthermore, like mouse ESCs,
EpiSCs could differentiate to form tissues from all 3 germ layers in embryoid bodies
and formed teratomas on transplantation to nude mice. However, there are a number
of defining characteristics wth distinguish EpiSCs from mouse ESCs. EpiSCs are
pluripotent because they have the ability to form teratomas, but unlike mouse ESCs,
they are unable to contribute to chimeras when implanted in blastocyst stage
embryos (Brons et al., 2007Tesar et al.,, 20Q7 Passaging mouse ESCs using
disaggregation to single cells is common practice, but in EpiSCs this results in
increased cell death. Rather, EpiSCs requssatiation to small cell clumpg8rons

et al., 2007. Expression of epiblast marker genes was observed in EfB3Qss et

al., 2007 Tesar et al.,, 2097 whilst the ICM i specific marker Rex1l was only
expressed in mouse ESCs and not in Epi@Zsns et al., 2007 In the pluripotent

ICM and in mouse ESCs, Oct4 expression is driven by the activity of its distal
enhancer. In contrast, the proximal enhancer drives Oct4 expression in both the
epiblast and EpiSC@esar et al., 2007 In culture, EpiSCs form large flat colonies,
distinct from the smaller domed colonies observed in mouse ESCs. In fact the
colonies formed by EpiSCs muahore closely resemble those of human ESCs

(Bernemann et al., 201Brons et al., 2007Tesar et al., 20Q7Interestingly EpiSCs
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and human ESCs also share regulatory signalling pathways. Whilst mouse ESCs are
depement on LIF/BMP signalling to maintain pluripotency, human ESCs rely on
Activin/Nodal signalling. Reliance on Activin/Nodal signalling for pluripotency
maintenance is also a characteristic of Epi@2ens et al., 20Q7Tesar et al., 2007
Blocking Activin/Nodal signalling with an Alk inhibitor induced differentiation in
EpiSCs and human ESCs but not in mouse ESCs, demonstrating that in morphology
and signalling pathway dependency, EpiSCs resemble human ESCs more closely
than mouse ESCs.a31 is a key pluripotency regulator in mouse ESCs, but is not
expressed in either EpiSCs or in human ESCs. Furthermore, gene expression
analyses revealed that different EpiSC lines cluster together and distinct from mouse
ESCs(Tesar et al., 2007 Although cells isolated from the pestplantation epiblast
appear to represent a distinct pluripotent cell type, it has been demonstrated that
some EpBCs can be reprogrammed to an HEE state using the stringent culture
conditions required for maintenance of mouse ESCs. It was observed that when
isolated epiblasts were dissociated to single cells and maintained in culture in
standard ESC media (suppiented with LIF), there was gradual appearance at
relatively high frequency of ES{ike cells. With continued passaging, these cells
reactivated a GFP reporter driven by the ICM/Ep€cific distal enhancer of Oct4.
Furthermore, these colonies had strafkpline phosphatase activity, which is not
associated with EpiSCs, and were capable of chimera contribution on blastocyst
injection. The authors suggested therefore that it was possible to reprogramme some
EpiSCs to a mouse ES(&e state, capable of chema contribution, through
continued culture in mouse ESC medBao et al.,, 2000 It has recently been
confirmed by another group that such culture conditions are sufficient to drive
reprogramming of some EpiSCs to a mouse #Hs€state. However it was noted

that varations between EpiSC lines can affect this reprogramming process. EpiSC
lines expressing mesendadhal markers such as Brachyury (also knownTgs
Goosecoid and MixI1 were refractory to reprogramming using mouse ESC culture
conditions, and displayed redaet capacity to differentiate down neural lineages

vitro. In contrast, a number of EpiSCs which did not express these mesendodermal
markers were easily reprogrammed to a mouse-B&Gtate by culture conditions
alone. It was suggested that EpiSCs esgirgg markers of mesendoderm may
represent a different developmental state, with a reduced capacity for reprogramming

in vitro. However it should be noted that all the EpiSC lines in this study were
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capable of teratoma formation, so displayed pluripotémdiein vivo environment
(Bernenann et al., 2011 The differing characteristics of ESCs from mouse and
human have previously been explained by spevsiation. The identification of
EpiSCs from mouse has highlighted the possibility that even amongst pluripotent
cells, there exists different subsets with subtle variations in developmental potential.
Further analysis and comparison of such cells meg gnportant insights into early
events in embryonic developmental which occur after ICM specification but before
the loss of pluripotency and germ layer commitment.

1.4 Transcriptional, epigenetic and metabolic signature of
pluripotency

1.4.1 The master transcriptional regulators of pluripotency

Pluripotency is established and maintained by a transcriptional network, regulated by
the puripotency factors Oct4, Nanog and SofBoyer et al.,2005. Oct4 (also
referred to a©ct3and POU5SFLis a homealomain containing transcription factor
expressed by pluripotent, undifferentiated EC cells and ESCs; expressiordas Oct
lost upon differentiation(Okamoto et al., 1990Rosner et al., 1990 In situ
hybridisation on mouse embryos detec@ct4 in a number of cell populationsqy

to implantation,but following implantation it wa only present in the epiblast
(Rosner et al., 1990 Oct4 is essential for correct ICM development in early
embryos. OctZ embryos develop to the blastocyst stage, but the cells which should
form the pluripotent ICM form a trophoblastedricted cell populationinstead,
which cannot maintain proliferatiofNichols et al., 1998 Precise control of Oct4
expression levels is required to maintain pluripotency andaedwal in ESCs. A-2

fold increase of Oct4 expressioesultedin differentiation towards extrambryonic
endoderm and mesoderm, evidenced by expression of Gatad and Brachyury
respetively. In contrast, ESCs formedrophectoderm, indicating a loss of
pluripotency through deifferentiation when Oct4 expressn was represse@iwa

et al., 200].

Nanog is another hometomain transgption factor, which is only expressed in
pluripotent cells and is requiredor maintenance of plysbtency. Nanog

overexpression couldustain selfenewal inmurine ESCs in the absence of LIF
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which under normal culture conditions is required to preweifferentiation.

However in the lasence of LIF, endogenous Nanogsweot sufficient to maintain
ESC selrenewal. Les of Nanog expression resulted differentiation to extra

embryonicendoderm(Chambers et al., 200B®itsui et al., 200R

The transcription fetor Sox2 is an SRYelated HMG box gene family member.
Sox2 is expressed in the ICM of blastocyst stage embryos and throughout the
epiblast. When homozygous Sox2 mutants were generated, there was loss of the
epiblast, and instead populations of tropheetod and extr@mbryonic endoderm

were formed. Furthermore it was not possible to isolate ESCs from homozygous
mutant embryos, demonstrating a role for Sox2 in epiblast maintenance and in ESCs
(Avilion et al., 2003.

Genomewide chromatin immuooprecipitation studies revealéiaat Oct4, Sox2 and

Nanog ceoccupy a high number of genes, acting as both transcriptional activators

and repressors. They form an avegulatory loop to regulate their own expression,

and also activate the expression ather pluripotency related geneslong with
components of the Wntand T&F si gnal l ing pathways, whi
the maintenance gdfluripotency and elf-renewal. Many key genes associated with
lineage specification and developmeme cebound and represd by Oct4, Sox2

and Nanog(Boyer et al., 2006

1.4.2 Chromatin organisation and regulation in pluripotency

As well as these transcriptional hallmarks, pluripotent cells also have a characteristic
chromatin conformation, which is distinct from that of differentiated c®{ghin

the interphase nucleus, DNA is packa@gsdchromatin, a complex of DNA and the
histone proteins. The nucleosome is the functional unit of chromatin, consisting of
146bp of DNA wound approximately one and a half times around a histone octamer
of the four core histones (H2A, H2B, H3 and)H&ouzarides, 2007 Histone
modifications most strongly associated with the establishment of chromatin domains
are methylation and acetylation. Broadly speaking, there are two different chromatin
conformatons, heterochromatin and euchromatin, which are marked by

characteristic histone modification profiles. Heterochromatin is transcriptionally
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repressive, and is marked by-itmethylation of a number of lysine residues on
histones 3 and 4 (H3K9me3, H3K27maBAd H4K20me3). Euchromatin can be
marked by both histone acetylation andntethylation of histone 3 (H3K4me3,
H3K36me3 and H3K79me3), and is transcriptionally permissive (Figure 1.3),
although not all genes marked by euchromatin marks are being attaredgribed,
rather they have a conformation which is permissive to transcrifitionzarides,
2007).

It has recently been reported that the global profile of chromatin modifications is
altered as cdll progress though differentiation. In pluripotent ESCs there is an
enrichment of histone modifications which mark euchromatic regions of the genome,
as well as the transcriptional elongatiassociated mark H3K36me2. Levels of the
heterochromatin marker H®me3 are low in ESCs, and pluripotent cells show an
increase in global transcription compared to differentiated cells. An interesting
observation is that ESCs express some tispeeific genes, albeit at extremely low
levels (Efroni et al., 2008 This suggests that ESCs express many gehes one

would expect to be repressed (i.e. those associated with -$igsuasic
differentiation). It is hypothesised that low level transcription of linegggeific

genes is necessary to maintain pluripotency and upon differentiation thesegenes
either upregulated or silenced depending on their tissue specifiEityoni et al.,

2008. Key developmental genes such as the Hox gene cluster are marked by
bivalent domains in pluripotent cells. Bivalent domains are genome regions which
are malified with both activating (H3K4me3) and repressive (H3K27me3) histone
marks, and frequently overlap the transcriptional start sites of developmental
transcription factors which are involved in lineage specification and are expressed at
very low levels inES Cs . This is thought to maintai
cells differentiate, relevant lineagpecific genes are then either fully activated or
repressed when cell fate is specified, by the addition/removal of the appropriate
histone modificatior(Azuara et al., 20Q@8ernstein et al., 2006As differentiation
proceeds, only genes related to a specific cell fate are expressed, whilst others

become repressed, either by repressistohe marks and/or DNA methylation.

Recent studies have linked the master transcriptional regulators of pluripotency with
chromatin regulatory mechanisms, demonstgatiow Oct4, Nanog and Sox2 can
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cooperate with chromatin 4modellers to achieve the precise control of gene

expression required for maintenance of pluripotency andeediwal.

1.4.3 Pluripotency regulation by chromatin remodelling factors

Brgl is the core catalytic subunit of an A@Bpendent chromatin remodelling
complex. Brgl binds both active and repressed genes in ESCs, @udupies

many genes with Oct4, Nanog and S¢Kxdder et al., 2000 Reduction of Brgl in
mouse ESCs resulted in colony morplyyl@hanges indicative of differentiation and

a reduction in alkaline phosphatase activity. Furthermore, decreased expression of
pluripotencyrelated genes including Oct4 and Sox2, and increased expression of
lineage specific genes was observed. Notablyl Begulated the expression of the
polycomb group (PcG) proteins, which are known tébrw with Oct4, Nanog and

Sox2 at many repressed genes in ESCs. Reduction of Brgl resulted in decreased

expression of some PcG prote{sdder et al., 200p

The PcG proteins form complexes known as the polycomb repressive complexes
(PRC) whid act to repress gene expression through histone modification and
chromatin condensation which prevents transcription of target genes. PRC2 catalyses
the methylation of H3K27 and this histone modification (H3K27me3) is required for
the association of PRC1iyhich alters chromatin to a condensed, -penmissive
conformation(Boyer et al., 2006Lee et al., 2006 Eed is a PRC2 component, and
Eed” ESCs failed to maintain pluripotency, so were prone to spontaneous
differentiation. InEed” ESCs, there was an increase in expression of genes bound by
the PcG proteins, so clearly a functional PRC complex acts to repress the expression
of these genes in wild type ES(®oyer et al., 2006 Targets of the PRCs are key
developmental regulators including the Hox, Pax, Sox, Fox and Thx gene families,
and many of these genes arecozupied and repressed by Oct4, Nanog an@ $o
pluripotent cells. The master regulators of pluripotency appear to act alongside PcG
complexes to silence genes associated with lineage specification in ESCs and indeed
many of these genes were-tggulated upon differentiatiofBoyer et al., 2006Lee

et al., 200%.
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As previously discussed, other histone modifications are associated with
transcriptional repression. Jmjdla and Jmjd2c are histone demethylases which act to
demethylate H3K9me2 and H3K9me3 respectively. When Jmgaitl Jmjd2c were
knocked down usinghort hairpin RNAs ShRNAg, there were widespread effects

on ESCs indicative of a loss of pluripotency. ESC morphology was altered to a more
fibroblastlike state, with reduced alkaline phosphatase activity. There avas
decrease in expression of Oct4, Nanog and Sox2 along with an increase in the
expression of lineage specific genes. Furthermore, global levels of H3K9me2 and
H3K9me3 increased, indicative of a shift to a more differentiated @tateet al.,

2007). The expression of Jmjdla and Jmjd2c is linked to the master regulators of
pluripotency. Oct4 binds both genes and depletion of Oct4 by RNA interference
(RNAI) resulted in dowsregulation of their expression. Furthermore Jmjd2c has
been linked to the regation of Nanog, as it binds Nanog, and Jmjd2c depletion
resulted in reduced expression of Nanog due to an increase in the repressive

modification H3K9me3 in the Nanog promotéoh et al., 200Y.

A number of chromatin modifying proteins and complexes act in tHanmbng of
pluripotency factor target genes, and in the regulation of expression of both other
chromatin modifiers anche pluripotency factors themselves. This clearly highlights
the complex transcriptional networks required in pluripotent cells to precisely control
gene expression and maintain the capacity for pluripotency angkselfval.

1.4.4 Metabolic hallmarks of pluripot ency

Along with acharacteristic chromatin conformation, the mitochondrial network of
pluripotent cells is distinct from that of differentiated cells. daselling of a
component of the pyruvate dehydrogenase (PDH) complex, which localises to the
mitochordrial matrix, revealed significant differences in mitochondrial morphology
and positioning in pluripotent human ESCs and differentiated fibroblasts. Human
ESCs contain small, rounded perinuclear mitochondria, which under TEM
microscopy were shown to comdiew cristae. In contrast, fibroblasts have complex
mitochondrial networks, localised to the cytoplasm, and made up of elongated,
tubular, cristagich mitochondrigVarum et al., 2011 Pluripotent and differentiated

cells also rely on different mechanisms for energy generation. Differentiated cells
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undergo oxidative phosphorylation under normal oxygen comditiovhich can
produce up to 38 molecules of ATP per molecule of glucose. Pluripotent ESCs have
a glycolytic metabolism, which produces only 2 molecules of ATP per molecule of
glucose. Glycolysis is usually adopted under hypoxic conditions, and low oxygen
conditions have been used for ESC culture. Strikingly though, ESCs are glycolytic
even under normoxic conditions, and rely on a high glycolytic flux to meet their
energy requirements. When ESCs are induced to differentiate, mitochondria develop
to more comfex tubular, cristagich morphologies, and a cytoplasmic
mitochondrial network is established. There i®asmetabolic shift fronglycolysis

to oxidative phosphorylation(Zhang et al., 20)2 The events ofin vitro
differentiation mimic those observed in embryogenesis. Immediately following
fertilisation, embryoshave an oxidative metabolism due to the inheritance of
maternal mitochondria. However as early cleavage occurs, the metabolism in the
morula becomes glycolytic. Prior to implantation, the embryo exists in a hypoxic
environment, and in the ICM, there aesvfimmature, perinuclear mitochondria. The
mitochondria observed in ESCs very closely resemble mitochondria of the early
embryo(Varum et al., 2011 As observed inn vitro differentiation, there is a shift

to oxidative phosphorylatiom vivo, following implantation, as differentiation to the

three germ layers progresg@fang et al., 2012

Taken together, these studies highlight the complex characteristic profile of
pluripotent stem cells, with both transcriptional control and metabolic capacity

playing a role in the establishment and maintenance ofitin@gqent state.

1.5 Generation of pluripotent cells by cloning and cell fusion

In 1962 John Gurdon demonstrated the generation of pluripotential cells from
differentiated epithelial cells. Labelled nuclei from Xenopus laevis intestinal
epithelia were trarisrred into enucleated oocytes. The experiment generated a small
number of viable tadpoles, which had arisen from the labelledglanted nuclei.

This suggestthat oocytes can initiate the conversion of a differentiated nucleus to a
pluripotent nucleuswhich is then capable of development into a viable organism,
demonstrating that differentiation is not an irreversible developmental progression.

Differentiated cells must possess the genetic capacity to regain pluripotency, and
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oocytes must contain fagtowhich can initiate this proce@Surdon, 1962 Decades
later this was followed by the generationlioE mammalsby somatic cell nuclear
transfer(SCNT) It wasfirst possible to generatenfds by this method fromuclei
from an embryederived cell population and fromodtal fibroblasts. Most
significantly, this study producedolly the Sheef the first mammal generated
from adult cells bySCNT. This demonstrated thdully differentiated dult
mammalian cells (in this case mammary epithelialscgtbm a six year old ewe)
could be caverted to pluripotency, and couldenerate viable organisms on
transplantationinto enucleatedoocytes(Wilmut et al., 199). The results of this
study supportedthe work of John Gurdon and providefilirther evidence to
demonstrate the plasticity of differentiated nuclei when exposed to factors contained

in enucleated oocytes.

It is also possible to generate pluripotent celfsckll fusion of ESCs with adult
cells. Cells resulting from the fusion of mouse ESCs with f#® reporter
thymocytes expressed GFR a pattern highly similar to endogenous Oct4
expressionn ESCs Furthermore lte thymocytes used for fusion expeeimswere

XX female, with an inactive Xhromosome and stable expression of the long non
codng RNA Xist. Following fusion the hybrid cells reactivatdte inactive X
chromosome derived dm the female thymocytes arskpression of Xistwas
unstable similar to undifferentiated cells. On injection into maoal blastocysts,
hybrid cells wee capable of some chimera contribution, demonstrating pluripotency
(Tada et al.,, 2001 Cowan and colleagues demonstrated that this technique could
also be applied to reprograme human cells, when cells with characteristics similar
to ESCs were generated from fusion of ESCs witbréblasts. Cells produced from
these fusions hadn ES-like morphology and expressdelSC surface markers
SSEA4, Tral-60 andTra-1-81. They also reactivategkpression of pluripoteney
associated genes Oct4, NanagdaRex1l. Telomerase activity was detectable in
hybrid cells, which could benaintained in culture fomany passages. Hybrid cells
hada highly similar global gene expréms pattern to ESCs. They formedhbryoid
bodiesin vitro, and teratomas when transpied into nude miceconfirming the
pluripotential of hybrid cell§Cowan et al., 2005 These studies demonstratéet

cell fusion with pluripotent cells is sufficient to convert differentiated cells to the
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pluripotent state, and that ESCs possess the factmsiral to initiate this

conversion

1.6 Induction of pluripotency by forced expression of transcription
factors

1.6.1 Induction of pluripotency in mouse somatic cells

In 2006 Takahashi and Yamanaka demonstrated that the forcedsapref just

four factors coud convert mouse embryonic fibroblasts (MEFs) and athdtuse
fibroblasts to ESdike pluripotent cells. 24 candidate genes were selected for
screening due to their expression in ESCs and/or roles in pluripotency maintenance.
These genes were introduced into FoxdEporterMEFs by retroviral transduction
Expression oFbx15, which is dowstream of Oct4 and is expressed specifically in
mouse ESCs and the early mouse embeag] to activation of the promoter reporter
and confered antibiotic resistance on MEFs, indicative of successful
reprogramming. The combination of Oct4, Sox2KIf4 and c¢Myc (OKSM)
generated ESGke cells which couldbe maintained undifferentiated in culture
termed induced pluripotent stem cells (iIPSCé$)ede cellsormed embryoid bodies

in vitro and teratomas when transplanted into nude ifliakahashi and Yamanaka,
2006. Although morphologically similar to ESCs, expression of endogenot$ Oc
and Sox2 was variable between clones in FksdlBcted iPSCs, due to partially
maintained methylation in the promoter regions of these genes. Furthermore, these
iPSCs were unable to form viable adult chimeras, and subsequardyunable to
contributeto germlinetransmissiorwhen injected into blastocyst stage embryos. The
cells generated in this study represented a pluripotent cell type, generated from
somatic cells, which were quite distinct from mouse ESTakahashi and
Yamanaka, 2006 A schenatic of iPSC generation is shownFigure 1.4.

Whilst Fbx15 is expressed in mouse ESCs and the early embryo, it is not essential
for the establishment or maintenance of pluripotency. As prdyidiscussed, Oct4

and Nanog are key pluripotency regulators, and so the use of(Wetig et al.,

2007 or Nanogreporter MEFS(Okita et al., 2007Wernig et al., 200)/ provides

more stringent evidence of reprogramming to pluripotency. -@ctd4 Nanog

selected iPSCs could be stably cultured for many passayio. Unlike Fbx15
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Day 0 - Adherent cells are
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When iPS cell colonies reach
an appropriate size, they can
be manually picked, re-
seeded and expanded for
further characterisation

Day 12-28 post transduction
Reprogrammed cells will
appear as distinct colonies
with an ESC-like morphology
(often the use of an Oct4-GFP
reporter identifies cells which
have re-activated endogenous
Oct4 expression

Figure 14. Schematic showinga typical time line for the generation of
pluripotent iPSCs from differentiated cells using lentiviral vectors

Differentiated cells can be reprogrammed to pluripotency by forced express
transcription factors. These factors are commonly transduced into cells
lentiviral vectors. Following treatment with lentiviruses, differentiated cells
typically cownted, and reseeded onto irradiated MEF feeder cells around 5 ¢
after transduction. The differentiated cells are then maintained in ESC n
ESClike colonies will begin to appear, this can take less than two weeks, or
a month after transductio®ct4GFP reporter cells are commonly used, as C
fluorescence can be used to identify colonies which have reactivated endog
Oct4 expression. iPSC colonies will proliferate in culture in a similar mann
ESCs, and should be expanded for full elsggrisation.
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selected iPSCs, Oct4 and Nanog promoters were largely unmethylated in Oct4 and
Nanogselected cells. The cells formed teratomas containing tissues from all three
germ layers, but unlike Fbxifelected cells, we also capable of both chara
contribution and germline transmissig@kita et al., 2007 Wernig et al., 200/

There were many more colonies in Fbxddected cultures than in Nansglected
cultures, demonstrating that activation of the -Ebxgene reporter was much more
efficient than Nanogeporter activation. However, Nansglected iPSCs were
capable of sustained pluripotency factor expressiaitro, whilst this was lost with
passagig of Fbx15selected cells. It was also possible to propagate Nselegted
iPSCs in the absence of feeder cells in-kifpplemented media. In contrast Fbx15
selected colonies were feeddgpendent and underwent spontaneous differentiation

in the absencefdeeder cells, even in the presence of I({Pkita et al., 200\
Although Wernig and colleagues could generB®Cs highly similar to ESCs from

both Oct4 and Nanegeporter MEFs, the authors noted that there was variation in
the colonies generated, depég upon the selection genes used, even within their
own system. Whilst Nanegelection gave rise to more colonies overall, ©ct4
selection produced more colonies which were morphologically similar to ESCs, and
generated a higher number of stable, homegasa iPSC colonies. Reprogramming

to pluripotency using Octfeporter MEFs was a gradual process. SSEAL expression
and alkaline phosphatase activity were observed some time prior to the expression of
detectable levels of Nanog protein. Although Nanegpter MEFs generated more
GFP-positive colonies, fewer of these were typical ESC colonies which could go on
to establish stable iPSC lines, than those generated usingepotder MEFs. This
suggested that the Nanog locus was more easily activated by exeg#uaripotency

factor expression and highlights issues with the use of Nanog expression as a marker
of reprogramming to pluripotency. Certainly this side by side comparison identified
endogenous Oct4 activation as the most stringent marker of reprogrgnani
pluripotency that had been tested up to this pdirernig et al., 2007

1.6.2 Reprogramming to pluripotency in the presence and absence of the
oncogene éVlyc

During experiments to test germline transmission of Nasedgcted iPSCs, tumours

in which retroviral eMyc was reactivated were observed in a number of F1
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offspring. However in normal tissues, expression of exogenous factors including ¢
Myc remained silenced. Attempts to generate iPSCs withMitccyielded no GFP
positive colonies, so this raised serious comg@bout the production of iPSCs using
oncogenic factorgOkita et al., 200 A number of later studies would demonstrate
that exogenous-Myc is in fact dispensable for reprogramming to pluripotency,
however the onset of reprogramming occurs much later in the absentéyof and

the process is less efficie(llakagawa et al., 200&Vernig et al., 2008 Indeed it

was observed that some colonies generated from 3 factor reprogramming using Oct4,
KIf4 and Sox2 (OKS) only acquired ESiRe morphology and endogenous
pluripotency factoexpression after repeated passadimgrnig et al., 2008 Using

the same NaneGFP reporter as Okita and colleagues, it was necessary to delay
antibiotic selection until 14 days after infection with OKS, compared to the 7 days
after infection which yielded reprogrammed colonies from OKi8fced MEFs.
Whilst induction of pluripotency was slower and less efficient in the absence of ¢
Myc, it appeared that Ok&programming resulted inraore specific induction of

IPSC colonies.The number oihontypical GFRnegative colonies observed in the
abence of eMyc was much lower(Nakagawa et al., 2008 The GFPpositive
colonies induced by three factor reprogramming were highly similar to ESCs.
Endogenous expression of ESC marker genes was equivalent to levels in ESCs, and
these cells contributed to adult chimeras when injected into blastocyst stage
emlryos, so pluripotency was not compromised Bylyc omission(Nakagawa et

al., 2008 Wernig et al., 2008 Notably, removal of -¢yc from the reprogramming
cocktal resulted in the generation of iPSCs highly similar to ESCs using Fbx15
selection. As previously discussed, iPSCs selected using Fbx15 selection are similar,
but not identical to ESCs. They express lower levels of the endogenous pluripotency
factors and annot contribute to adult chimer@gakahashi and Yamanaka, 200
contrast, in the absence oMyc, iIPSCs selected for expression of Fbx15 expressed
pluripotency factors at levels highgymilar to ESCs and were capable of producing
adult chimeras when injected into blastocyst stage embryos. Although this is again a
very inefficient process, with few colonies produced, it demonstrates a more specific
induction of true ESdike cells in theabsence of -dyc. Furthermore based on
ESGmorphology and retroviral silencing (evidenced by silencing of retroviral GFP),

it was possible to generate OK&drogrammed iPSCs, which were capable of

chimera contribution, in the absence of any form of astiibiselection. None of the
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chimeras generated from OK8programmed iPSCs were affected by tumours
during early life (100 days), whilst a number of chimeras from OKSM
reprogrammed iIPSCs died from tumours during this period. This suggests that
omission ofc-Myc results in a reduction in tumorigenicity, at least in early life,

although tumour formation in later life was not investigdtéakagawa et al., 2008

1.6.3 Induction of pluripotency in human somatic cells

In 2007 the Yemanaka group demonstrated the generation of hu&Csfrom

adult dermal fibroblasts (HDFs) using the same four factor approach they had
applied to MEFs and mouse adult fibrobla@akahashi et al., 200.7At the same

time, the laboratory of James Thompson demonstrated the generation of human
IPSCsusing a different four factor approach, comprgsbf Oct4, Sox2, Nanog and
Lin28 (OSNL). These factors couidduce pluripotency indetally-derived IMR90
fibroblasts and also in postnatal foreskin fibroblg3ts et al., 200Y. Both groups
demonstratedhat their respective four femr combinations produced ESiRe cells

which expressedthe cell surface markers SSEA3, SSEA4,-T+60 and Tral-81.
iPSCsderivedfrom both combinations expresskigih telomerase activity and could

be passaged repeatedly in culture. Both OKSYid OSNLderivediPSCs wee
pluripotent, evidenced by generation tifsues from all three germ layers in
embryoid bodies and teratoma format{@akahashi et al., 20Q0¥u et al., 200Y.

As demonstratin mice, it is also possible to generate human iPSCs in the absence
of c-Myc at extremely low efficiency. OKSMeprogramming produced a small
number of ESdike colonies, but these weudfficult to isolate, as very high
numbers of no#typical colonies were also generated in these experiments. In
contrast a few ES@ke colonies were generated from OK&rogramming, but in

the absence of®lyc there was a notable absence of-typical colonies, only a few

of these cells were observed. This suggests that similar toré8gramming in
mouse cells, omission ofMyc results in a more specific induction of true iIPSCs
from human fibroblastéNakagawa et al., 2008The iPSCs generated from 3 factor
reprogramming could be expanded in culture and were highly similar to ESCs.
Expression of ESC cell surface markers SSEA3, SSEA4,-TRA and Tral-81

was observed, along with endogenous expression of Oct4, Madogox2 at levels
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comparable with those in H9 ESCs. These cells could form differentiating embryoid
bodiesin vitro, which expressed markers of tissues derived from all three germ
layers, demonstrating the pluripotency of three factor iPSCs. The aulidon®te
however, that the efficiency of the process was extremely(Makagawa et al.,
2008. Therefore, whilst 4Mlyc omission appears to induce the generation of
pluripotent cells highly similar to ESCs, with reducedi@@rns over tumorigenicity,
iIssues regarding the generation of viable numbers of iPSCs in the abserdgf c

remain.

1.7 Methods to enhance the efficiency of reprogramming to
pluripotency

1.7.1 The tumour suppressor p53 as a barrier to reprogramming to
pluripote ncy

The omission of c-Myc from the reprogramming cocktail generates iIPSCs at
extremely low efficiency, and even in the presence-bfyc the vast majority of

cells exposed to reprogramming factors fail to undergo the full transition to
pluripotency. Maximm reprogramming efficiencies of around 1% are typically
observed, so whilst reprogramming technologies are reproducible, the inefficiency of
the procedure means it is difficult to generate high numbers of iPSC clones, unless
extremely high starting numbeaos$ cells are transducgtYamanaka, 2012 The p53
pathway is stimulated in response to stress signals includingegpegssion of
oncogenes and DNA damage. This stirtiala results in cell cycle arrest and
apoptosis in affected cel{&awamura et al., 20Q9Infection of cells with retroviral
vectors in the reprogramming process results in DNA integration events and
increased expression of the oncogeneslyc and Klf4. Following retroviral
infection increased expressi of p53(Kawamura et al., 200®Marion et al., 2009a

and its downstream target pZHong et al., 200Pwere observed, along with an
increase in apoptosi@Varion et al., 209g. There was a significant increase in
reprogramming efficiency in p58ull MEFs compared to wild type cells and a
similar result was observed in human fibroblasts treated with a short hairpin RNA
(shRNA) to knockdown p58Hong et al., 2009Kawamura et al., 20QMarion et

al., 2009 Futthermore, it was possible to derive iPSCs from-p&B terminally

differentiated T lymphocytes, whilst no colonies were observed in wild type cells
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(Kawamura et al., 2009 Knockdown of the p53 downstream target p21, a cyclin
dependent kinase inhibitor which halts cell cycle progression, also resuolted i
enhanced reprogramming efficiency in MERSawamura et al., 2009 Taken
together this suggests that p53 acts as a barrier to reprogramming, probably through
inhibition of proliferation and apoptosis induction in response to forced expression
of reprogramming factors. Clearly p53 reduction or knockacis to increase
reprogramming efficiency. However such approaches should be used with caution,
as p53 acts to detect and remove cells with genomic instabilities. In wild type cells, it
was not possible to generate iPSCs from MEFs with critically shiminézes,
however colonies were derived from such cells in ampdBbackgroundMarion et

al., 2009q Whilst p53 reduction can be used to increase reprogramming efficiency
it also allows the propagation of genomic instabilities to resultant iPSCs, which

would be a major concern for therapeutic applications.

1.7.2 Small molecule chromatin modifiers as enhancers of reprogramming to
pluripotency

As previously discussed, pluripotent cells have a characteristic epigenetic profile
distinct from lineage committed cellResetting of both histone modifications and
DNA methylation to an ESQke pattern occurs during reprogramming to
pluripotency(Maherali et al., 2007 However even in some fully reprogrammed cell

|l ines there are reports of Oepithylatoret i c
patterns are observed at some sites in iRB@s et al., 2010 Lister et al., 2011
Frequently cells undergo partial reprogramming, adopting some but not all
characteristics of pluripotency. Incomplete epigenetic remodelling in these cells is
considered a sigiicant barrier to complete reprogramming. It was observed that in a
number of partially reprogrammed cellspluripotencyrelated genes remained
hypermethylated, and that in these cells there was little or no detectable expression
of these endogenous plpotency factorgMikkelsen et al., 2008 Treatment of
partially reprogrammed cells with the DNA methyltransferase inhibHazdcytidine
(5-AZA) resulted in trangion to full pluripotency. The fully reprogrammed cells
showed decreased DNA methylation in pluripotency related genes. Furthermore the
cells formed teratomas on implantation in nude mice, whilst partially reprogrammed

cells did not form teratomas undefentical experimental conditions. It was noted
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that correct timing of BAZA addition was required. Treatment early in the
reprogramming procedure had no effect on reprogramming efficiency, and actually
resulted in significant cell death. It was suggeshed in these early stages, cells are
still susceptible to the effects of DNA hypomethylation, which in somatic cells
induces apoptosis. HoweverAZA added later in the reprogramming process (8
days afterinduction of reprogramming through addition of goycline) could
increase reprogramming efficiency, suggesting that DNAndéhylation occurs at a

later stage when cells have begun the transition towards pluripotency and are not
therefore adversely affected by a hypomethylated gtitekelsen et al., 2003

Other small molecule epigenetic modifiers have also been demonstrated to increase
reprogramming efficiency. Addition of the histone deacetylase (HDAC) inhibitor
valproic acid (VPA) enhanced three factor (OKS) reprogramming of MEFs by 50
fold compared to untreated OKB8programming. The addition of VPA also
enhanced efficiency of generation of iIPSCs from human fibroblasts with OKS,
producing colonies with morphal9 and marker expression similar to human ESCs
(Huangfu et al., 2008aHuangfu et al., 2009b Notably the efficiency of MEFs
reprogrammed with OKS with VPA treatment was higher than the efficiency of
MEFs reprogrammed with OKSM, demonstrating that VPA treatroenld replace
c-Myc transductioniPSCs generated by OKS reprogramming WItPA treatment

were similar to ESCs in morphology and global gene expression profile. They were
pluripotent, evidenced by embryoid body differentiation to tissues from all germ
layers, teratoma formation and chimera contributigtuangfu et al., 2008a
Furthemore, when human fibroblasts were treated with VPA during reprogramming
it was possible to derive iPSC colonies after infection with Oct4 and Sox2 (OS)
alone. The colonies could be repeatedly passaged in culture and maintairkkeESC
morphology with nodirther need for VPA treatment. These colonies expressed ESC
markers, and had reactivated endogenous Oct4 and Sox2. Furthermore, the Oct4 and
Nanog promoters had undergone DNA -rdethylation, resulting in DNA
methylation profiles similar to those observeddSCs. iPSCs derived with OS and
VPA treatment were confirmed pluripotemt vitro and by teratoma formatiom

vivo (Huangfu et al., 2008§blIn contrast to the late treatmentMEFs with 5AZA,

in both MEFs and human fibroblasts, VPA was applied 1 day following lentiviral

transduction, and maintained for up to 2 weeks, for optimal reprogramming
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enhancemenfHuangfu et al., 2008a&Huangfu et al., 2008b This suggests that the
alteration of histone modifications early in the reprogramming praimss not have
the same detrimental effects as those observed by Mikkleson and colledwres
using compounds which drive DNA demethylat{dfikkelsen et al., 2008

Further small molecule chromatin modifiers have been demonstrated to improve
reprogramming to pluripotency with fewer factors. Transduction of MEFs with Oct4
and Klf4 (OK) alone yielded few netypical colonies which were difficult to expand

and stainedveakly for alkaline phosphatagshi et al., 2008 However addition of a
small molecule, the G9a histone methyltransternafibitor BIX01294, which acts

to inhibit dimethylation at lysine 9 of histone 3 (H3K9me2), resulted in typicatESC
like colonies with strong alkaline phosphatase activity. These cells were also positive
for Oct4, Nanog and SSEAL. Furthermore, transdactwith OK, along with the
combined treatment of MEFs with both BIX01294 and another small molecule,
BayK, increased the number of colonies observed. Cells transduced with OK and
treated with BIX01294 and BayK produced greater numbers of colonies which
staned strongly for alkaline phosphatase, and were positive for Oct4, Nanog, Sox2
and SSEAL. These colonies could be maintained for many passagis and had

a highly similar gene expression pattern to ESCs. Interestingly, BayK istygmelL
calcium chanel agonist, with no known epigenetic effects, and treatment with BayK
alone did not yield ES@ke colonies from OKiransduced cells. The mode ofiant

of BayK is unclear, but it weasuggested that BayK may act to impact signalling

pathways involved inaprogramming to pluripotendyghi et al., 2008

1.7.3 Inhibition of chromatin remodelling complexes in reprogramming to
pluripo tency

A recent breakthrough has provided the strongest evidence yet that epigenetic factors
can act as a major barrier for reprogramming to pluripotency. MBD3 is a component
of the nucleosome remodelling and histone deacetylation (NuRD) complex.
Depletionof MBD3 in MEFs resulted in almost 100% reprogramming efficiency,
whilst only around one fifth of wild type cells were reprogrammed to pluripotency
with four factor (OKSM) method¢Rais et al., 2013 Although typically in four

factor reprogramming experiments a maximum efficiency of around 1%

reprogramming is observef¥amanaka, 2012 It was noted that the effects
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MDB3 depletion could be reversed if MEFs were infected with MERBressing
lentivirus in the first 5 days of reprogramming, but that after this point, lentiviral
infection with MBD3 had a reduced effect on reprogramming efficiency. This
suggested tha¥iBD3 must act early in the reprogramming process, but could not
significantly inhibit the final stages of conversion to pluripotency, or affect
pluripotency maintenance in reprogrammed MERsais et al., 2013 A similar

effect was observed when human fibroblastishwa mutation in MDB3 were
reprogrammed to pluripotency with near 100% efficiency. Notably MDB3 inhibition
alone was not sufficient to drive reprogramming to pluripotency in the absence of
OKSM. However inhibition of MDB3 using short interfering RNA (siRNcould
induce partially reprogrammed cells to convert to full pluripotency, and activate
endogenous Oct4 and Nanog expression. Interestingly, it was demonstrated that
MDB3 only binds pluripotency factor target genes after induction of reprogramming,
and that MBD3 recruitment increases at this point. OKSMimmunoprecipitate

with MBD3, and MBD3 cebinds many genes which are required for reprogramming
to pluripotency. It would appear that upon the induction of reprogramming, the
pluripotency factors cbind with MBD3 at a number of genes, and that MBD3 is
able to repress these genes even in the presence of pluripotency factors that would
activate their expression. The role of MBD3 seems to be to restrain expression of
factors required for the establishmeafitthe pluripotent state, which would explain
why MBD3 depletion enhances reprogramming efficiency so effectively. Clearly the
chromatin modification and gene repression mediated by MBD3 is a major barrier to
reprogramming, and in its absence, the plugpoy factors can freely activate genes
which would normally be repressed by MBD3, so easily establishing pluripotency in

the vast majority of cells exposed to reprogramming sti(Radis et al., 2013

1.7.4 Other small molecules which can enhance reprograming efficiency

Whilst Shi and colleagueéShi et al., 2008 noted thatthe small moleculdBayK

could not reprogramme MEFs to pluripotency the absence of an epigenetic
modifier, other groups have identified compounds with no known epigenetic effects
which can act alone to enhance reprogramming efficiency or replace reprogramming

factors.
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A small molecule inhibitor of TGE signalling has been shown to either enhance
reprogramming efficiency and/or replace the need for some exogenous
reprogramming factors.-616452, a TGB receptor 1 inhibitor acted to enhance the
reprogramming efficiency of OKShransduced MEFs when treatmevas applied

at the same time as doxycycline (dox) in a-tlwucible system, but had no effect
on reprogramming efficiency when administered prior to dox treatiihaherali

and Hochedlinger, 2009In contrast another group used the same inhibitor, but
found less than a-ld increase in colony numbers over control samples, so
suggested that this inhibitoctad to replace exogenous factors rather than enhance
reprogramming efficiency(lchida et al.,, 2000 The inhibitor could act to
functionally replace -iMyc in the reprogramming cockta{lichida et al., 2009
Maherali and Hochedlinger, 2009Ichida and colleagues suggested that this
occurred via the stimulation of endogenousMic expression. tMyc is a
homologue of @évlyc previously shown to replacit in reprogramming to
pluripotency (Ichida et al., 2000 Both groups also demonstrated tha6¥6452
could replace Soxdchida et al., 2009Maherali a Hochedlinger, 2009 however

only one group found that -&16452 could replace both Sox2 aneMygc
simultaneously(lchida et al., 2009 There were also striking differences in the
optimal timing of inhibitor treatment. One group found the@16452 was optimally
applied with the start of dox additiosg it was concluded that the inhibitor acted
early in the reprogramming proceddaherali and Hochedlinger, 2009n contrast,

the other group found that in their system;6E452 acted on partially
reprogrammed cells. These cells formed colonies which resembled iPSCs, and could
be maintained for several passages, but failed to activate the endogenc@&-0Oct4
reporter, a robust marker of full reprogramming to pluripotency. Activation of-Oct4
GFP was observed in a number of these colonies after addition-6464.
Furthermore within 2418 hours of inhibitor treatment, cells which were responsive
to the inhibito (i.e. those that activated OeBFP following treatment) had up
regulated endogenous Nanog expression by up #old0 Notably in this period
endogenous Sox2 expression did not significantly increase, so it would appear that
whilst E-616452 can replacexogenous Sox2, it does this by activating endogenous
expression of Nanog rather than Sdqithida et al., 200Q Despite the differences
observed with the use of-&L6452 in different laboratories, inhibition of TGF

signalling appears to positively benefit reprogramming to pluripotency. Indeed the

45



addition of TGB1 or TGHO2 lead to a dramatic reduction in the number of colonies
observed in OKSMransduced MEFs compared to control samples, suggesting that
TGFb signalling is a barrier to reprogramming. During development, cells undergo
an epithelial to mesenchymal traisit, which is driven by TGE signalling, whilst
reprogramming to pluripotency requires a mesenchymal to epithelial transition
(Maherali and Hochedlinger, 2009As reprogramming to pluripotency can be
considered as the reversal of development, it would make sense that signalling which
drives developmental progression may need to be suppressed in order to allow a

regression tohe pluripotent state.

Lin and colleagueshowed inhibition of TGF signalling, this time in combination

with an inhibitor of the MAPK/ERK cascadeould improve the efficiency of
reprogramming to pluripotency in human fibroblasts using a four factor (OKSM)
approach. The authors observed that treatment 7 days after infection with the Alk
inhibitor SB431542 in combination with the MEK inhibitor PD0SP4 resulted in

the generation of ES{ike colonies with increased mRNA levels of endogenous
pluripotency factors compared to untreated control samples. Furthermore-Nanog
positive colonies were observed in treated samples, whilst there were no- Nanog
positive colonies from control experiments. This suggested that the combination of
TGHb and MAPKERK inhibition resulted in an increase in colonies which

expressed endogenous markers of pluripotébiryet al., 2009

The MEK inhibitor PD0325901 is one part of the 2i combination of inhibitors
commonly used in the maintenance of undifferentiated ESCs in culture. PD0325901
combined with the GSKBinhibitor CHIR99021 (2i) and LIF, acted to push pariall
reprogrammed neural stem cells (NSCs) to full pluripotency. In four factor (OKSM)
transduced NSCs, early but unstable activation of G¢® was observed, which
was not maintained on passaging, suggesting incomplete reprogramming to
pluripotency. GFPpostive colonies first appeared at around day 5 following
infection, so at this point NSCs were trypsinised and replated in media supplemented
with 2i/LIF. This resulted in the growth of multiple colonies, of which arotynal
thirdsexpressed Oct&FP. A sinlar effect was seen without the need for replating.
Exchange of medim on days 3/5 to serufree mediumsupplementeavith 2i/LIF
yielded many colonies of which over half had reactivated Gdt®. These iPSCs

46



expressed endogenous pluripotency factors \aldeequivalent to ESCs, and like
ESCs were LIFdependent in culture, differentiating on LIF withdrawal. They were
also capable of chimera contribution on blastocyst injection, confirming the
pluripotency of colonies treated with 2i/LIESilva et al., 2008 Reactivation of
Oct4GFP in partially reprogrammed cells following 2i/LIF treatment demonstrates
that signalling mechanisms involved in the maintenance afitdéferentiated state

in ESCs also play a role in reprogramming somatic cells to pluripotency.

1.8 Metabolic restructuring during reprogramming to pluripotency

As previously discussed, the metabolic profile of differentiated cells is quite distinct
from that of pluripotent cells. A number of recent studies have focused on and
highlighted the need for metabolic remodelling, along with transcriptional and
epigenetic alterations, to achieve reprogramming to pluripotency. Folmes and
colleaguegFolmes et al., 20)Idemonstrated that during four factor (OKShgsed
reprogramming, MEFs undergo remodelling in which many tubular cristhe
mitochondria are remodelled to small number of perinucleamitochondria, a
cytotype highly similato that seen in ESCs. iPSCs showetteased cellular levels

and increased production of lactate compared to MEFs, along with lower oxygen
consumption, indicative of a shift to a glycolytic metabolism. Lactate ptmiuand
oxygen consumption rates (OCR) in iPSCs were highly similar to those observed in
ESCs. The reprogramming factorMyc has previously been shown to affect
glycolysis and mitochondrial biogenesis, so to investigateMiyc transduction was
driving the observed metabolic changes, MEFs were reprogrammed to pluripotency
using three factors (OKS). In the absence -dflyc, iPSCs increased glycolysis,
evidenced by accumulation of glycolytic end products, and had a limited capacity for
oxidative metabol. This demonstrated that the reprogramming process itself, and
not ¢cMyc transduction, was driving metabolic remodelling in MEFsImes et al.,
2017). The glycolysis inhibitor 2leoxyglucose (2DG) impaired induction of the
pluripotency marker alkaline phosphatgg®Imes et al., 20)1 and reduced the
number of GFFpositive colonies generatg@anopoulos et al., 20),2suggesting

that inhibition of glycolysis inhilig reprogramming to pluripotency. Conversely,
treatment with Bfructose6-phosphate (F6P), a glycolytic stimulator, was able to

enhance reprogramming efficiency. Metabolomic analyses showed that iPSCs

47



clustered with ESCs and distinct from their parentdscé was also demonstrated
that whilst early passage (p16) iPSCs were similar to ESCs in their metabolic profile,
late passage (>p41) iPSCs were much more sirfflanopoulos et al., 201.2This
increased similarity to ESCs with time in culture echoes that observed with so called
Oepigenet i c npamalcellepigenetic charadtedstics are maintained
at some points in the genome following iPSC derivation, but which are then altered
to an ESClike state with repeated passagimg culture. Analysis of DNA
methylation patterns in genes relatedntetabolismalso showed iPSCs clustering
with ESCs, and distinct from parental cells. iPSCseagulated glycolytic genes and
downregulated expression of genes related to oxidative phosphorylation compared
to their parental cells of origin. Notably the metlidbstatus of somatic cells has
been linked to reprogramming efficiency. The authors observed that somatic cells
have a higher oxidative:glycolytic ratio compared to pluripotent cells, which are
highly glycolytic. Keratinocytes and human umbilical vein ahelial cells
(HUVECS) reprogrammed with much greater efficiency than fibroblasts, and it was
demonstrated that both these cell types had a lower oxidative:glycolytic ratio than
fibroblasts. This meant that the starting metabolism in these cells wassimaleer

to that in pluripotent cells, so it was suggested that cells with a low
oxidative:glycolytic ratio could be reprogrammed to pluripotency with higher
efficiency (Panopoulos et al., 20L2A schematic summary of metabolic differences

between pluripotent and differentiated cells is given in Figure 1.5.

1.9 Cellular remodelling during a cell stressiggered autophagy
response

Autophagy is a physiological stress response which allows the recycling of
cytoplasmic contents, as a survival mechanism under conditions of nutrient
deprivation/starvation. Autophagy is unckd by the action of nutrient sensors, which

can act to detect fluctuations in nutrient availability. Following autophagy induction,
there is formation of a doubl@embrane vesicle, which can sequester cytoplasmic
contents, including organelles such asoctiondria. The doublmembrane vesicle
encloses cytoplasmic contents, and is then referred to as an autophagosome. The
degradation and recycling of the autophagosommetds occurs on fusion with a

lysosome, forming an autolysosome. This structure csnsis fusion of the
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Figure 15. Schematic showinghe distinct metabolic profiles of pluripotent
and differentiated cell types

Pluripotent ESCs have a characteristic simple cytotype, with few small, rou
cristae poor perinuclear mitochondridhey rely on glycolysis (anaerobi
metabolism) even in normoxic conditions. In contrast, differentiated cells ha
oxidative metabolism, and a more complex cytotype, with a cytoplasmic net
of tubular, cristagich mitochondria. Increased metaboliongplexity develops
during differentiation, and cells undergo a metabolic switch from glycolysi
oxidative metabolism. During reprogramming to pluripotency, the cytotyp
differentiated cells must be remodelled to an HIRE state, and iPSCs adopt tt
characteristic pluripotent cytotype and glycolytic metabolic profile.
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lysosome and outer autophagosome membranes, whilst the autophagosome inner
membrane is broken down, to release its contents for breakdown by lysosomal

enzymegKlionsky and Emr, 2000

Mammalian target of rapaycin (mTOR) is one such nutrient sensor, which inhibits
autophagy in nutrient it conditions. The compound rapgcin stimulates
autophagy by inhibiting the action of mMTOR. Rapamycin and other mTORitiisib

have also been shown to promote longevity in mlver of experimental organisms.

It was demonstrated that rapamycin could act in a-dependent manor to increase

the efficiency of iPSC generation from four factor (OKSM) transduced MEFs. It was
alsonoted that this action of rapamycin was most effective earBy days) in the
reprogramming proceg€hen et al., 2001 This result was also observed by another
group, although they found that even earlier application (day 1) was required, and
that rapamycin treatment started 3 days after infection could not improve
reprogramming efficiencpWang et al., 2013 PP242 is another mTOR inhibitor and
longevity enhancing drug, which like rapamycin improved reprogramming
efficiency in OKSMtransduced MEFs. The authors suggested thatcbuld mean

that longevity enhancing drugs positively benefitted repragrang to pluripotency.

They also demonstrated that a similar enhancement of reprogramming efficiency was
observed on treatment with spermidine, a known autophagy stim({Ciien et al.,
201]). So it is possible that rapamycin and PP242 may have been acting through
their role inautophagy stimulation, to increase reprogramming efficiency. Recent
work has highlighted that a functional autophagic response is required for
reprogramming to pluripotency. Depletion of factors requiredaisiophagosome
formation resulted in an absencéiBSC colonies from MEFs, whilst numerous
colonies were observed in control samples. Furthermore, in control samples
autophagosomeformation was observed early (day 1) after initiation of
reprogramming. This timing coincides with an early requirementréapamycin
treatment, and may suggest that autophagy induction is required early in the
reprogramming process, and could act as a driver for later events. It was observed
that ectopic expression of Sox2, actually resulted in a dramatic reduction in mTOR
MRNA, and promoter studies revealed binding of Sox2 in a repressive region of the
MTOR promoter. This work demonstrates how ectopic expression of reprogramming

factors can stimulate autophagy, and highlights the requirement of a functional
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autophagic respossin reprogramming to pluripotency. Strikingly in cells depleted
for key autophagy genes, there was a noticeable failure to reduce mitochondrial
numbers, and an absence of iPSC colofi®ang et al., 2013 As previously
discussed, remodelling of the mitochondrial network and a metabolic shift to
glycolysis are key features of successful reprogramming. Taken together these
results suggest that a functional autophagic response usreggfor successful
metabolic remodelling, and that this remodelling to immature, limited mitochondria
may drive the metabolic shift to glycolysis.

1.10Enhanced expression of pluripotency factors in mesenchymal
stem cells/multipotent stromal cells cultured 3D spheroids

It was previously observed in our laboratory that culturing mesenchymal stem
cells/multipotent stromal cells (MSCs) in 3D conditions resulted inegplation of
pluripotent transcription factors compared to expression in 2D MSCs (Elsn Bra
unpublished observations). Primary human MSCs can be isolated from human bone
marrow, and selected based on plaatberent growth in serusupplemented
media. Using appropriate induction protocols, MSCs are multipotent, and can be
induced to differenate down osteogeneic, adipogenic and chondrogenic lineages.
However their potency is restricted to tissues of mesenchymal dqiftenger,
1999. The laboratory in York hastilised a number ofdynamic methods for 3D
culture, including the use of spinner flasks and a rotating wall vessel bioreactor
designed to enhance M3t=m cell propertieandtherapeutigotential(Frith et al.,
2010. Thelaboratory also usesstatic3D methyl cellulose medihdased system, in
which MSCs are seeded into nadherent kbottomed 96well plates, in media
supplemented with methyl cellulose. Due to the visgasitthis media, MSCs are
maintained in suspensipand adhere together to foroell aggregat® referred to
hereafter aspheroi@. Spheroid size is dependent on initial seeding cell number and
also time in culture, as it was previously demonstratedMi&€s do not proliferate
under these conditions, and spheroid size actually decreases with time in 3D culture
Along with increased expression of pluripotency markeélsMSCs showed a much
greater increase in expression of cardiac markers than that abser2® MSCs,
when stimulated to undergo cardiomyogenic differentiata@dlowing 3D culture in

optimal conditions(Elen Bray, unpublished observations). In summary, it was
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previously established that 3D MSCs can be cultured in 3D conditions and that
during 3D culture, spheroids reduced in siRering 3D culture, 3D MSCs displayed
characteristics of enhanced potency, including pluripotency marker expression,
compared to 2D MSCs. Howevehet mechanism drivingnhanced potency in 3D

MSCs was not established

Recent workin iPSC research has highlighted a role for autophagy and metabolic
remodelling in reprogramming to pluripotency, although the processes of autophagy
and mitochondrial/cytoplasmic remodelling have not been explicitly linked. It is
interestirg that autophagy, a physiological response to cell stress, particularly
nutrient deprivation, has been demonstrated as a key early step in reprogramming to
pluripotency. Given that 3D MSCs will be exposed to varying nutrient availability
due to variationsin spheroid size, and that 3D MSCs increase expression of
pluripotency factors, as well as reducing in size during 3D culture, | hypothesised
thatcontrolledautophagy, stimulated by nutrient deprivation, may be the mechanism
driving enhanced potency in 3MSCs. In my hypothesis MSCs transferred to 3D
culture would be exposed to varying nutrient deprivation, depending on spheroid size
and time in 3D culture. In optimal conditions, autophagy, scaled in favour of cell
survival, would result in cytoplasmic andmetabolic remodelling, drivingde

differentiation towards more primitive state, iBD MSCs.
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Project aims

The aim of this workwas to investigate whether a scaled autophagic response,
induced by nutrient depration in 3D culture, wa sufficient to dwe de
differentiation towardsa more primitive state Initially this projectfocused on
establishing 3Qcultureconditions in which enhanced pluripotency factor expression
was observed in human MSCs. Following the establishment of such conditions the

project then aimed to:

1 establish the extent of a&fferentiation in 3D MSCs

1 examine MSCs cultured under 3D conditions for evidence of cytoplasmic
and metabolic remodelling

1 establish if autophagy was the driving mechanism for enhanced pluripotency
factor expression in 3D MSCdy looking for evidence of increased

autophagy during 3D culture
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Chapter 2: Materials and methods

2.1 Materials

All cell culture media, supplements and reagents were purchasedrvinogen
(Carlsbad, CA, USAunless otherwise stated. Foetal bovine serum (FBS) was batch
tested for MSC proliferation and differentiation down osteogenic and adipogenic
lineages, and the best performing sera were purchased from Invitrogen and Biosera
(Labtech Uckfield, East Sussex, JKCell culture flasks and plates were purchased
from Corning Life SciencefCorning, NY, USA)and all chemicals were purchased
from Sigma Aldrich(St. Louis, MO, USAunless otherwise stated.

2.2 General methods
2.2.1 Cell culture methods
2.2.1.1 Isolation of MSCs from femoral heads

Bone marrow was manually isolated from femoral heads from hip replacement
surgeryfollowing full informed consent under approval of the York Local Research
Ethical Committee Marrow was added to 10nDul becodb6i erd Eagl
medium (DMEM, high glucose) supplemented with 100 units/ml penicillin and
100ug/ml streptomycin. Bone marrow fragments were then minced with scissors,
allowed to settle, and media was transferred to a collection tube. 10ml of medium
was addd to bone marrow fragments, and the mincing procedure was performed
twice more. 10ml of fresh medium was then added, before vortexing. After the
fragments had settled, the medium was transferred to the collection tube. The
collection tube containing theelt suspension was centrifuged for 450g, 5 minutes,
before the cell pellet was-sispended in fresh medium, and passed throughira 70

cell strainer. The cell suspension was then layered over 12ml-Piaglle Plus, and
centrifuged at 350g for 30 minutestiwvlow braking. The white mononuclear cell
layer was isolated, and washed by centrifugation (450g, 5 minutes) in wash Buffer (
mM EDTA, 0.2% BSA in PBS). Finally, the cell pellet wasstespended in 2D
MSC medium (for composition please see 2.2.1.3), sewtled into a T75 tissue
culture flask. After 34 day, the medium was refreshed, removing-adherent cells

from the culture.
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2.2.1.2 Isolation of MSCs from knee samples

Bone samples from knee replacement surgery were dissected into small pieces and
placed in ck culture 200mm dishes (BD Falcp®an Jose, CA, USA20ml 2D

MSC medium (for composition please see 2.2.1.3) was added to dishes, which were
maintained in culture (3T, 5% CQ) for 7 days, after which point bone pieces were
removed and medium replenesh Samples were then cultured as described in
2.2.1.3.

2.2.1.3 MSC expansion conditions

Following isolation, MSCs were cultured as adherent monolayeraDinMSC
medium- DMEM (high glucose) supplemented with 15% FB&d 100 units/ml
penicillin and 10Qg/ml streppbmycin at 37C, 5% CQ. Samples were cultured to
approximately 90% confluence, before passaging at a ratio of 1:3 or 1:4. Briefly,
cultures were washed with PBS, before treatment with 0.25% Trypsin/EDTA.
Following detachment, 2D MSC medium was added, alid were replated into

the appropriate number of tissue culture flagia. the experiments performed here,
primary MSCs from 26 donors, both male and female, with an age range from 51
87 years were used. For ease of reading the donors for a partixpéiment used
were simply identified as Donors 1, 2 and 3. However this identity applies only to
each particular experiment-2donors from the 2@ere selected at random for each

experiment, then for the purpose of this thesis identified as Donar13.2

2.2.1.4 Human dermal fibroblast (HDFgxpansion conditions

For 2D HDF culture, HDFs were maintained as described for 2D MSCs in 2.2.1.3,
but 2D HDF medium was supplemented with 10% FBS and the passaging ratio for
HDFs was 1:4.

2.2.1.5 3D culture conditions

For 3D alture, 2D MSCs were grown to approximately 90% confluerared
trypsinised as described in 2.2.1.3. Cells were counted using a haemocytometer and
light microscopy and then re-suspended in 3D medium; DMEM (high glucose),
supplemented with 15% FB300 unis/ml penicillin, 10@ug/ml streptomycinand
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0.25% methyl cellulose2f6 stock solution made up in DMEM high gluchdeor
3D HDF culture, HDFs were cultured as described for MSCs above, but 3D HDF
medium was supplemented with 10% FBS.

2.2.1.6 ESC culture conditions

H9 human ESCs were maintained on irradiated MEF (IMEF) feeder layers, with
daily medium changes. ESC medium consisted of KO DMEM, supplemented with
20% KO serum replacemer#tQ0 units/ml penicillin, 10@g/ml streptomycin, 2mM
L-glutamine, 10AM non-essentl amino acids (NEAA), 1QfM b-mercaptoethanol

and 4ng/ml basic fibroblast growthctar (bFGF). ESCs were passaged every 3 days
at a ratio of 1:6.

2.2.1.7 2102Ep embryonal carcinoma cell culture conditions

2102Ep cellswere cultured as adherent monolayersDMEM (high glucose)
supplemented with @ FBS and 100 units/ml penicilin and 1Q§/ml
streptomycin. Samples were cultured to approximately 80% confluence, before

passaging at a ratio of 1:4, or harvesting by trypsinisation for further analysis.

2.2.2 Disaggregatian of spheroids for return to 2D culture
2.2.2.1 Disaggregation and rseeding

At the appropriate time poinspheroids were collected, washed in PBS and then re
suspended in Liberase TL working solutiod2 (ul Liberase TL (RocheBasel,
Switzerland mixed with 318l sterile PBS) Spheroids were incubated on an orbital
shaker for 20 minutes at 37°C and then disaggregated tola sglgsuspension by
pipetting. Disaggregated 3D ¢(8D) MSCs were then either collected in suspension
for further analysis ore-see@d onto tissueculture plastic in 2D MSC medium
Following this processd-3D MSCs were cultured as 2D MSCs (described in
2.2.1.3)and were treated as 2D MSCs for RNA and protein extraction.
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2.2.2.2 Crystal violet staining

To observe the morphology of 3D MSCs folloi disaggregation (8D MSCs),
samples were fixed in 95% ethanol for 5 minutes, followed by incubation in 0.5%
Crystal Violet (in 95% ethanol) for 30 minutes. Samples were then washed in tap

water and air dried. Imaging was performed using a Leica IRBtewenicroscope.

2.2.3 3D MSC snap freezing and sectioning

3D MSCs werdransferred to the caps of 5iCEppendorf tubes, and then washed
with PBS (2/3 spheroids per cap). Samples were therdueil in OCT Tissue Tek
andsnapfrozen by submersing in liquid ndgen. Samples were stored-8¥C, and
when required wereryosectioned at-3 € nbgefore mounting on Superfrost Plus
microscope slides (Thermo Scientjfigvaltham, MA, USA. Slides were either

freshly stained or stored &0°C.

2.2.4 Transmission electronmicroscopy
2.2.4.1 Sample preparation and fixation

2D MSCs were cultured on Thermanox cover slips (Thermo Scientific), to enable
sectioning. 3D MSCs were collected in Eppendorf tuBasnples were fixed in 8%
formaldehyde, 5% glutaraldehyde100mM phosphatbuffer mixed 50/50 with 3D
MSC medium for 10 minutes followed by fixingvith 4% formaldehyde, 2.5%
glutaraldehyde in 100mM phosphate buff@gH7.2 for 30 minutes at room
temperature Samples were then washaad 100mM phosphate buffer2 x 20

minutes.

2.2.4.2 Preparation for imaging

Following fixation, samples were treated as described in Table 2.2.1

Table 2.2.1 TEM sample preparation

ProcedurgReagent Time

1% OsO4in 100mM buffer on ice 60 minutes
Wash in 100mMphosphate buffer 2 x 10 minutes
25% Ethanol 20 minutes
50% Ethanol 20 minutes
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70% Ethanol 20 minutes

90% Ethanol 20 minutes
100% Ethanol 2 X 20 minutes
Epoxy propane 15 minutes

25% epon araldite, 75% epoxy propan({ 30 minutes

50% epon araldite, 50% epoxy propan({ 30 minutes

75% epon araldite, 25% epoxy propan({ 30 minutes

100% epon araldite

2.2.4.3 Preparation for imaging (enhanced contrast)

Following fixation, for enhanced contrast TEM used in Chapter 5, samples were

prepared as described in Table 2.2.2

Table 2.2.2TEM sample preparation (enhanced contrast)

Procedure Time

1% tannicacid in 100mM phosphate 10 minutes
100mM phosphate buffer 2 X 20 minutes
0.5% OsO4 on ice 60 minutes
Water 2 x 20 minutes
1% uranyl acetate in watéin dark) 60 minutes
Water 20 minutes
Water (at 4C) overnight

25% acetone 20 minutes
50% acetone 20 minutes
70% acetone 20 minutes
90% acetone 20 minutes
100% acetone 2 X 25 minutes
25% Spurr (R) : 75% acetone 30 minutes
50% Spurr (R) : 50% acetone 30 minutes
75% Spurr (R) : 25% acetone 30 minutes
100% Spurr (R) 2 hours

100% Spurr (R) 2 x 30 minutes

2.2.4.4 Sectioning and imaging

Polymerised sample blocks and 2D samples were then section@iratusing a
Leica RM2165 rotary microtomeand imaged on a FEI Tecnai G transmission

electron microscope.
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2.2.5 RNA techniques
2.2.5.1 Cell lysis

2D MSCs/HDFs were trypsised, centrifuged at 400fgr 5 minutes, and then+e
suspended 850 pl RA1 lysis buffer (Nucleospin RNA Il kit) with 3.5l b-
mercaptoethanol. 3 MSC/HDF spheroids were collected Bppendorf tubes,
washed with PBS, reuspended in lysis buffer as above, before homogenisation with
a handheld tissue micrdhomogeniser for 5 seconds. H9 ESC colonies were
trypsinised using recombinant trypsin (TryplBnd resuspended in lysis buffer as

above.

2.2.5.2 RNA extraction

Following cell lysis, RNA was extracted using Nucleospin RNA 1l columns
(Macherey NagelDuren, Germarly f ol | owi ng manufBaeflyy ur er 0 s
lysates were cleared by passing throughfilter column, before being mixed with
350ul 70% ethanol. Samples were then bound to #xéraction column by
centrifugation. Membrane desalting buffer (MBD) was added to desalt the silica
membrane. Buffer was removed by centrifuging and samples weredtngah 95l

DNase reaction mixture for 15 minutes at room temperature. Columns were washed
by centrifugation withRA2 buffer, followed by 2 washewith RA3 buffer. To
ensure columns were free of buffer, they were centrifuged at 11,000g for 30 seconds
in a dry collection tube. RNA was then eluted in-80ul RNasefree HO. For
maximal RNA recovery, the total volume of RNdsee HO was centrifuged
through the column twice. Samples were kept on ice throughout and all
centrifugation steps were performed &411,000g for 1 minute unless otherwise
stated. RNA samples were then quantified using the Nanodrop spectrophotometer
(Thermo Scientific).

2.2.5.3 cDNA synthesis

cDNA was synthesed from 1pg mRNA all reagents were from Invitrogen unless
otherwise statedBriefly, mMRNA was mixed with il Oligo dT primer, ul 10mM
dNTPs and RNas&ee HO, to a total volume of 18 Samples were then incubated

at 65C for 5 minutes. After 2 minutes cooling on ice, a master mix (consisting of
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4ul First Strand Buffer, gl 0.1mM DTT and Jul RNasefree HO), was added to
samples, before incubation at’@for 2 minutes. Samples were then mixed with 1
Superscript 1l reverse transcriptase (@i RNasefree HO for No RT controls).
cDNA synthesis consisted of incubation até@2or 1 hour, followed by 15 minutes

at 70C (to inactivate the reverse transcriptase). All samples were then diluted to a

total volume of 10Ql.

2.25.4 gPCR

Samples were prepared for gqPCR by mixith Power SYBR Green PCR Master
Mix (Applied BiosystemsCarlsbad, CAUSA). Briefly, 5 ul of cDNA was added to

a master mix consisting of 1216Power SYBR Green, 5 RNasefree HO, and

1ul each of 2@M forward and reverse primer, in triplicate wells for all genes of
interest. QPCR was performeding theApplied Biosystens 7300 Real Time PCR
System (50°C for 2 minutes, 95°C for 10 minutes followed by 40 cycles of 95°C for
15 seconds, 60°C for 1 minutdrimer sequences are listedaach chapterFold
changes were calculated as follows: Delta (D) v&lues were calculatd by
normalising Gvalues for target genes to average/&lues for GAPDH, which was
selected as an appropriate housekeeping gene from three dihets,(B2M,
RPS27aGAPDH primer sequences are given in Table 2.DBC values were then
calculated btween control conditions and experimental conditions. Fold changes
were calculated as2°Y. Statistical analyses were performed using Sigmaplot
software. Data were analyzed using Kruskal Wallis One Way Analysis of variance

on ranks (with Tukey test fgairwise multiple comparison procedures).

Table 2.2.3Primer sequence for GAPDH (housekeeping gene for all gPCR)

Gene Forward pri mef|lReverse pri me3rd)
36)

GAPDH | TGCACCACCAACTGCTTAGC| GGCATGGACTGTGGTCATGAG

2.2.6 Immunocytochemistry

For 2D samples, MSCs were seeded on coversligrinell plates at a density of

10,000 cells per cin MSC expansiomediumand allowed to adhere overnight.
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3D MSCs were snaffozen and sectioned as described in 2.2.3.1. Sections and
coverslips were fixed in 4% paraformaldehyde for 10 minutes at room temperature,
followed by washing in PBS. Samples were blocked in 10% serum from the animal
in which the secondary antibody was raised. For intracellular proteins, blocking sera
contained % Triton X-100. Primary antibody incubations were overnight at 4°C
(in PBS, also containing 0.3% Tritont200 for intracellular proteins). Samples were
then washed 3 times for 5 minutes in 1 x PBS, before incubation with fluorescently
conjugated secondarantibodies for 1 hour at room temperature in the dark.
Washing was repeated, before nuclear counterstaining withdidhtidino2-
phenylindole (DAPI). Samples were mounted in Vectashield Moumiedium for
Fluorescence (Vector Lap$eterborough, UK Sides were imaged using the
LSM510 confocal imaging system (Zeiss). Antibody details are given in each

chapter
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Chapter 3: Culture of human MSCs as 3D spheroids

3.1 Introduction

Human MSCs adopt an adherent fibroblastic morphology whenedead 2D
monolayers onto tissue culture plastic, and this morphology is maintained through
repeated passage in cultyRittenger, 1999 As previously discussed, the laboratory

at York has developed a number of methods of 3D MSC culture, in which MSCs
form spheroids. Upegulation of transcription factors expressed exclusively by
pluripotent cells was observedhen 3D MSCs were cultured using the static methyl

cellulosebased method (Elen Bray, unpublished observations).

Pluripotency marker expression characterises pluripotent ESCs, which are
morphologically and transcriptionally distinct from MSCs. In contrast the
fibroblastic form of MSCs, human ESCs grow as colonies of rounded cells, with a
high nuclear:cytoplasmic ratio(Thomson, 1998 This distinct pluripotent
morphology is also radopted by somatic cells when they undergo faotsed
reprogramming to pluripotend¥'u et al., 200Y. High nuclear physical plasticity is
observed in pluripotent 3, and it is thought that this may reflect the requirement
for migration of undifferentiated cells through established tissue blocks during
embryogenesis vivo. Certainly, nuclear plasticity is associated with the pluripotent
state, and nuclear rigiditycreases during differentiation. It is thought that the high
nuclear envelope flexibility in ESCs can be attributed to its unique composition in
pluripotent cells(Pajerowski et al., 2007 Pluripotent cells do not express the
nuclear lamina componehamin A/C. In cultured human ESQsamin A/Cwas first
detectedafter downregulation ofthe cell surface markergra-1-60, Tral-81 and
SSEA4, but before dowanegulation ofthe transcription facto®ct4. However this
differed in a mous@ vivomodel, where Oct4 was dowagulated before detectable
expression ofLamin A/C was observedConstantinescu et al., 2006Despite
differences in the precise timing bdmin A/C up-regulation, its expression can act

as a differentiation marker, and may be required for the differentiation process.
Indeed a recent study has demonstrated taabin A/C haploinsufficiency or
knockdown in mouse ESCs affects differentiation. Whilst there was no observed

defects in undifferentiatettamin A/C"”” ESCs or those expressimgshort hairpin
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RNA (shRNA) to Lamin A/C, upon differentiation there were defects in the
formation of a number of tissues, linking the expressiohamhin A/C to lineage
specification during developmer{Sehgal et al., 2033 In contrast, the nuclear
lamina components LamiB1 and Lamin B2 are expressed in both pluripotent and
differentiated cells. It is though that increased nuclear rigidity during differentiation
may reflect the establishment of a defined cell fate, without the need for cellular or
chromatin plasticity, asuclear laminachromatin interactions are known to regulate
gene expression. The absencéain A/Cis considered a key requirement for high

flexibility in the pluripotent nuclear enveloffeajerowski et al., 2007

As described in Chapter 1, ESCs and other pluripotent cells also have a characteristic
chromatin organisation, with reduced abundance of heterochromarkers, and

the presence of bivalent domains. It is considered that the nuclear lamina plays a role
in the organisation of chromatin, and the determination of chromosome positioning,
and through these roles can influence gene expression. In part@iEnochromatin

can be linked to the nuclear lamina, and this interaction assists transcriptional
repression. Loss of heterochromatin marks is observed in cellsbLaatiin A/C
deficiencies, or those cells which produce mutant truncated forms bathien A/C
protein(Dechat et al., 2008

During the reprogramming to pluripotency of human somatic cells, one of the first
observed events is the emergence of HiE&€ colonies, which are morphologically
distind from the originating parental populatiofYu et al., 200y. The work
presented in this chapter will investigate how 3D spheroid size can be regulated by
initial cell seedingnumber and time in culture. It will also examine nuclear
morphology, envelope composition and chromatin organisatmmbserve any
changes, which could act as markers ofddterentiation/reprogramming in 3D
MSCs.
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3.2 Aims

The general aims of the work presented in this chapter are to investigate how 3D
culture affects MSC cellular and nuclear morphology, viability andorohatin
organisation, and to observe changes which could indieadéferentiation towards

thepluripotent state.
Specific objectives are to:

A Observe changes in size of 3D MSC with time in culture.

A Assess cellular and nuclear morphology changes of MSiGseu as
3D spheroids.

A Identify the effects of 3D culture on MSC viability after spheroid
disaggregation.

A Determine how nuclear morphology changes may affect chromatin
organisation in 3D MSCs.
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3.3 Methods
3.3.1 Analysis of 3D spheroid size

3D MSCs were seeded with initiating cell numbers of 80-, and 120,000 MSCs

and cultured as described in section 2.2.1.5. On days 1, 3, 5 and 7 of culture, 6
replicate spheroids foreach initial seeding densitwere imaged using light
microscopy and amgsed using Image J software to measure spheroid diameters.
Briefly, image files were uploaded to Image J, and the diameter of each spheroid was
measured. Unit values in Image J were equatednto(77.364 units = 1Qdm),

which allowed the calculation of Bproid diameters ipm.

3.3.2 Observation of nuclear morphology by TEM

3D spheroids were seeded with initiating cell numbers of 60,000 MSCs and cultured
as described in 2.2.1.5 for up to 5 days. On days 1 and 5 of culture, 3D spheroids
were fixed and prepareds alescribed in 2.2.4.1 and 2.2.4.2, before imaging using
TEM as described in 2.2.4.4.

3.3.3 Quantitative real time polymerase chain reaction

2D MSCs were cultured as described in 2.2.1.3. 3D spheroids were seeded with
initiating cell numbers of 30 60, and 120000 MSCs and cultured for up to 6 days

as described in 2.2.1.5. Samples were isolated on days 1,3,4,5 and 6 of 3D culture.
RNA was isolated from 2D and 3D samples before cDNA was generated and

analysed by gPCR as described in 2.2.5. Primer sequencé®areis Table 3.3.1.

Table 3.31 Nuclear lamina genes primer sequences

Gene Forward prime36|/Reverse pri me3rd

Lamin A/C | GATCAAGCGCCAGAATGGA CCCAGCCTTCAGGGTGAAC

Lamin B AAGGCGAAGAAGAGAGGTTGAAG | GCGGRRTGAGAGATGCTAACACT
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3.3.4 Immunocytochemistry

2D monolayers were cultured as described in 2.2.1.3. 3D spheroids were seeded with
initiating cell numbers of 60,000 MSCs, cultured for 5 days, then-Boapn and
sectioned as described in 2.2.1.5 and 2.2.3.2. 2D and 3D sampleshererfixéd

and stained as described in 2.2.6. Antibody details are given in Table 3.3.2. Samples

were imaged using a Zeiss LSM 510 upright confocal microscope.

Table 3.3.2 Nuclear antibodies

Antibody Host | Dilution | Supplier | Cat. no.
Anti-Lamin B1 Goat | 1:400 Santa s¢6217
Cruz
Anti-H3K4me3 Rabbit| 1:200 Cell #9751
Signalling
Anti-H3K9me3 Rabbit| 1:800 Abcam ab8898
Anti-Goat IgG (Cy3 congugate) Rabbit| 1:400 Sigma c-2821
Anti-RabbitlgG (Cy3 congugate) | Sheep| 1:400 Sigma c-2306

3.3.5 Assay ofMSC plastic-adherentgrowth following 3D culture

2D MSCs were cultured to 90% confluence as described in 2.2.1.3 in 35mm dishes.
3D spheroids were seeded with initiating cell numbers of 60,000 MSCs as described
in 2.2.1.5. On day 5 of 3D culture 3D spheroids were disaggregatsingle cells

and then eBD MSCs were seeded in 35mm culture dishes and cultured as described
in 2.2.2.1. At 5, 24 and 48 hours paksaggregation,-8D MSC samples were fixed

and stained with Crystal Violet as described in 2.2.2.2. All samples Were t

imaged using light microscopy.
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3.4 Results

3.4.1 3D MSC spheroid size is dependent on cell number and decreases with
time in culture

MSCs are traditionally cultured aslherent 2D monolayers on tissue culture plastic.
However this method of culture means thatrients are readily available to all cells

in the population, and that cells are not susceptible to mechanical cell stress. In order
to test the hypothesis that culturing MSCs as 3D spheroids would induce a
physiological stress response and stimulatepgsmic clearance to a rejuvenated
state, it was first necessary to examine the behaviour of MSCs cultured as 3D
spheroids. MSCs were removed from 2D culture, seeded as spheroids containing
different initiating numbers of cells (3060, or 120,000 cedl per spheroid), and
maintained in culture for 7 days. On days 1, 3, 5 and 7 of 3D culture, spheroids were
imaged by light microscopy. Initial spheroid size was dependent on cell number, the
higher the cell number, the larger the spheroid. 3D spheroideeddn size with

time in culture, with the greatest reduction in size seen between days 1 and 3 of
culture (Figure 3.4.1. A). On average, spheroids seeded from 30,000 MSCs reduced
in size from 74um - 438um diameter over 7 days in culture, and on day & th
average spheroid diameter was 41% smallen tive average diameter on day 1
Spheroids seeded from 60,000 MSCs reduced in size fromu&017609um
diameter over 7 days in culture, and on day 7 the average spheroid diameter was
40% smaller than the avg® diameter on day 1. Spheroids seeded from 120,000
MSCs reduced in size from 141 - 793um diameter over 7 days in culture, and on

day 7 the average spheroid diameter was 46% smaller than the average diameter on
day 1 (Figure 3.4.1. B). Nutrient availéty/deprivation in 3D MSCs will be
dependent on spheroid size, and this static 3D culture method generates a wide
repertoire of spheroid sizes by varying initial seeding number and culture time. This
method should therefore have also resulted in vargmgd of nutrient deprivation

in the different sized spheroids.
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Figure 3.4.1. Analysis of changes in MSC spheroid size over time in 3l
culture

MSCs were cultured as 3D spheroids with initiating cell numbers -Qf688, or

120,000 cells for up t@ days in cultureOn days 1, 3, 5 and 7, 3D spheroids w:
imaged using light microscopy. Images were then subject to analysis using

J to measure spheroid diameters. A) Example images of 3D MSC spheroid
time in culture. B) Changes in spheroid esiwith time in 3D culture (meal
diameters are shown = SEM, n =1, 6 replicates, scale bar = 250um).
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3.4.2 Nuclear morphology and envelope composition changes in MSCs
cultured as 3D spheroids

3.4.2.1 Nuclei of MSCs cultured in 3D have a mitibed, distorted morphotry

In order to examine changes in 3D MSC nuclear morphology, TEM was used to
examine sections from 3D MSCs isolated at different times during 3D eu2Or

MSC nuclei hada rounded egular shape, reflecting thibroblastic morphology of
MSCs when cultied as adherent monolayers on tissue culture plastic (Figure 3.4.2,
left panel). In contrastn spheroids initiated from 60,000 cel&) MSCshad multt

lobed nuclei with irregular morphologiesthroughout 3D culture (Figure 3.4.2,
centre and right panels), possibly suggestive of increased nuclear envelope flexibility
in 3D MSCs (Only spheroids initiated from 60,000 MSCs were examined in this
way, as this was establishad the optimal 3D cultureonditionfor markers of de
differentiation please see 4.4.1).

3.4.2.2 Reduced expression of the nuclear lamina component Laf@ireakly in
3D culture

The observed changes in nuclear morphplag 3D MSCs may have reflected
changes in the composition of the nuclear lamirsanin A/C is a nuclear lamina
component expressed in most cell types. Only pluripotent cells do not ekpress

A/C, soLamin A/C expression actas a marker of nepluripotent cells In order to
examinethe expression dfamin A/Cin 3D MSCs, spheroids initiated from-360-

or 120,000 cells were cultured for up to 6 days. In the two primary MSC donors
examinedexpression of Lamin A/C was initially reduced in 3D cultureRNA
expression of.amin A/Cin all spheroid sizes fell below levels in 2D MSCs on day
1, with expression levels similar across all spheroid sizes. By day 3, mRNA
expression oLamin A/C had started to recover in donor 1, in 30,000 and 60,000
MSCs spheroids, although this recovery ocedrslightly later (day 4) in Donor 2.
Recovery ofLamin A/C levels towards those observed in 2D MSCs continued with
time in 3D culture for both these spheroid sizes; by days 5 and 6 of culture, 3D
levels were similar to those in 2D MSCs. In contizatin A/C levels in 120,000
MSC spheroids remained much lower than 2D MSC levels ginaut 3D culture
(Figure 3.4.3)
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Figure 3.4.2. Analysis of nuclear morphology changes in MSCs cultured as 3l
spheroids

MSCs were cultured a@D monolayers or3D spheroidswith initiating cell
numbersof 60,000 cells for up t& days in culture2D MSCs were cultured ol
Thermanox coverslips (to allow monolayer sectioning). 3D spheroids
removed from culture at days 1 and 5, and sectioned. Samples were exami
transmssion electron microscopy (TEM). Example images of nuclei are st
(scale bars = 2um)
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Figure 3.43. gPCR analysis of expression of the nuclear lamina componer
Lamin A in MSCs over time in 3D culture

MSCs from 2 donors were cultured as 2D monolayers and 3D spheroids
initiating cell numbers of 30 60, or 120,000 cells for up to 6 days in cultul
cDNA samples were generated and then analysed by gPCR. A) Express
Lamin A for each donor was noalised to expression of the housekeeping g
GAPDH and made relative to expression levels in the donor matched 2D s
Fold changes were calculated &89 B) Data from both donors was pooled a
subject to statistical analysis, mean fold chargesshown + SEM, * p< 0.05
Statistical significance is relative to expression in 2D MSCs (by Kruskal W
test, n = 2).
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3.4.2.3 Sustained loss of the nuclear lamina component Lamin B in 3D MSCs

Lamin B is a nuclear lamina component expressed in all cedlstyjpo analyse
expression of Lamin B in 3D MSCspheroids initiated from 3060, or 120,000

cells were cultured for up to 6 days. In the two primary MSC donors examined,
expression of Lamin B mRNA remained below levels in 2D MSCs throughout 3D
culture. In donor 1, expression of Lamin B was variable and low in 60,000 and
120,000 MSC spheroids. This pattern was also observed for donor 2 in spheroids
initiated from 120,000 cells, although in this donor, the expression of Lamin B in
60,000 MSC spheroids ireaised slightly with time in 3D culture, as did expression

in 30,000 MSC spheroids. In contrast, an increase in Lamin B expression with time
in 3D culture was only observed in donor 1 in spheroids initiated from 30,000
MSCs. Notably, whilst there was a sinakrease in expression of Lamin B in some
samples, the recovery of expression was not comparable to that obserkachifor

A/C, and expression remained well below 2D MSC levels in all 3D samples (Figure
3.4.4).

To examine if reduced Lamin B transcripsulted in a reduction in Lamin B protein,

3D MSC spheroids were initiated from 60,000 cells, as this was established as the
optimal 3D culture model for markers of enhanced potency (please see 4.4.1). 3D
MSCs were maintained in culture for 5 days, theapdrozen, sectioned and stained

for Lamin B. Immunocytochemistry revealed clear strong Lamin B staining at the
nuclear periphery in 2D MSCs. In contrast, there was no detectable Lamin B protein
expression in 3D MSCs. Although no Lamin B protein was oleserby
immunocytochemistry, DAPI countstaining highlighted the muitobed irregular
nuclear morphology of 3D MSCs, previously shown by TEM microscopy (Figure
3.4.5).

There was a substantiasls of Lamin B transcripgxpression within one day of the
initiation of spheroid culture. In order to examine how soon MSCs degulated
expression of Lamin B, spheroids initiated from 60,000 MSCs were cultured for up
to 24 hours. At 4 hours and 24 hours after spheroid seeding, samples were isolated
and analysedybgPCR for expression of Lamin B. In the two primary MSC donors

examined, there was already a prominent reduction in Lamin B expression within 4
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Figure 3.44. gPCR analysis of expression of thauclear lamina component
Lamin B in MSCs over time in 3D culture

MSCs from2 donors were cultured as 2D monolayers and 3D spheroids
initiating cell numbers of 30 60, or 120,000 cells for up to 6 days in cultul
cDNA samples were generated and then analysed by gRICEXxpression of
Lamin B for each donor was normalised to expression of the housekeeping
GAPDH and made relative to expression levels in the donor matched 2D s
Fold changes were calculated &2 B) Data fromboth donors was pooled an
subjectto statistical analysis, mean fold changes are shown + SEM, * p<
Statistical significance is relative to expression in 2D MSCs (by Kruskal W
test, n = 2).
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Figure 3.45. Staining of 2D MSCs and 3D MSC spheroid sections for the
nuclear lamina component Lamin B

2D MSCs were cultured as monolayers on coverslipsspheroidsvere initiated
from 60,000 MSCs and cultured for 5 dagpheroids were then snfjpzen and
sectioned. All samples were fixed and stained for Lamin B (red) and DA&1)(c
2° antibody only controls were also performed; these showed no positiv
staining. Imaging was performed using confocal microscopy under idet
conditions (example images from 2 donors shown, scale bars = 10um).
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hours of spheroid initiatm which continued to decrease up to 24 hours in culture
(Figure 3.4.6). Four hours after spheroid initiation, the spheroid structure has only
just started to aggregate together, with individual rounded cells remaining visible by
light microscopy.

3.43 MSCs can be returned to plasticcadherent culture following
disaggregation of spheroids

Nuclear lamina composition was altered and nuclei underwent major morphological
changes in MSCs cultured as 3D spheroids. To examine if these nuclear structural
alterations a#ctedthe capacity of 3DMSCs to return to2D culture conditions
MSCs were cultured as 3D spheroids (initiating cell number = 60,000 MSCs) for 5
days. On day 5 of 3D culture, spheroids were disaggregated to a single cells
suspension using enzymatic digest(d-3D MSCs). The resulting cell suspension
was reseeded onto plastic, and cultured as 2D MSCs. At 5, 24 and 48 hours-after re
seeding 3D MSCs were fixed and stained with crystal violet solution. A sample of
the originating 2D MSC population was alstained. 2D MSCs had a typically flat,
fibroblastic morphology. At 5 hours after-seeding, eBD MSCs were small and
rounded, but had adhered to plastic, so remained viable immediately after spheroid
disaggregation. 24 hours after seeding, there appearé@ slightly fewer cells
remaining, although there was a clear change in morphology, waih SCs
adopting a more fibroblastic morphology. This morphology change continued to 48
hours after reseeding, where-8D MSCs had continued to spread intoaitér more
typical MSC morphology. At this point there also appeared to be a small increase in
cell numbers, suggesting thaB® MSCs retain proliferative capacity after spheroid

disaggregation (Figure 3.4.7).
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Figure 3.46. qPCR analysis of expression of thewuclear lamina component
Lamin B in MSCs following 3D spheroid seeding

MSCs from2 donors were cultured as 2D monolayers and 3D spheroids
initiating cell numbers of 0000 cells for up to 24 hoursn 3D culture. cDNA

samples were generated and then analysed by gRICRxpression olLamin B

for each donor was normalised to expression of the housekeeping gene G
and made relative to expression levels in the donor matched 2D sample
changes were calculated ad¢ B) Data from both donors was pooled an
subject tostatistical analysis, mean fold changes are shown + SEM, * p<
Statistical significance is relative to expression in 2D MSCs (by Kruskal W
test, n = 2).
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2D MSCs

d-3D MSCs (5 hours)

d-3D MSCs (24 hours)

d-3D MSCs (48 hours)

Figure 3.4.7. Analysis of MSC behaviour
following disaggregation of 3D spheroids
and return to 2D culture

MSCs were cultured @D monolayers anc
3D spheroids with initiating cell numbet
of 60,000 cells for5 days in cultureOn
day 5 of 3D culture, 3D spheroids we
disaggregatedo a single cell suspensio
(d-3D MSCs) using enzymatic digestic
and reseeded onto tissue culture plast
Samples were isolated at 5, 24 and
hours following spheroid disaggregatio
2D MSC and 8D MSC samples wert
fixed and stained with crystal et
staining solution, and then imaged usi
light microscopy. (Example images show
scale bar = 100um).
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3.4.4 Reduced staining for the heterochromatin marker H3K9me3 in 3D
MSCs

3D MSCs underwent major nuclear morphology changes during 3D culture, but
remained viable after spheroid disaggregation. Linking of chromatin to the nuclear
lamina can regulate gene expression, so changes in nuclear lamina composition and
morphology may lead to changes in chromatin organisation. To examine this, MSC
spheroids initted from 60,000 cells were cultured for 5 days. On day 5, spheroids
were snagrozen, sectioned and stained for histone markers. Euchromatin is
permissive to transcription and is marked by the presence of the histone modification
H3K4me3 (histone Frimethylated at lysine 4). Comparative staining of 2D MSCs
and 3D MSC sections showed little difference in H3K4me3 staining, with relatively
bright staining seen throughout nuclei of MSCs cultured in both conditions (Figure
3.4.8). A more notable differee was observed when MSCs were stained for
H3K9me3 (histone 3 trimethylated at lysine 9). H3K9me3 is a marker of
heterochromatin, which has a conformation that is repressive to transcription.
Reduction in H3K9me3 has been reported in pluripotent cellslstWkD MSCs
stained strongly for H3K9me3, with a typical punctate staining pattern, the staining
of 3D MSC sections was much fainter at identical imaging conditions (Figure 3.4.9).
This may suggest a reduction in detectable H3K9me3 when MSCs are cubliured a

3D spheroids.
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Donor 1 Donor 2 2°Ab only

Figure 3.4.8. Staining of 2D MSCs and 3D MSC spheroid sections for the
euchromatin marker H3K4me3

H3K4me3

2D

H3K4me3 + DAPI

H3K4me3

3D

H3K4me3 + DAPI

2D MSCs were cultured as monolayers on coversiipsspheroidsvere initiated
from 60,000 MSCs and cultured for 5 dagpheroids weréhen snagrozen and
sectioned. All samples were fixed and stained for H3K4me3 (red) and I
(cyan), 2° antibody only controls were also performed; these showed no pc
red staining. Imaging was performed using confocal microscopy under ide
condtions (example images from 2 donors shown, scale bars = 10um).
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Figure 3.4.9. Staining of 2D MSCs and 3D MSC spheroid sections for the
heterochromatin marker H3K9me3

H3K9me3

2D

H3K9me3 + DAPI

H3K9me3

3D

H3K9me3 + DAPI

2D MSCs were cultured as monolayers on coversipsspheroidsvere initiated
from 60,000 MSCs and cultured for 5 dagpheroids were then snépzen and
sectioned. All samples were fixed and stained for H3K9me3 (red) and I
(cyan), 2° antibody only controls were also performed; these showed no pc
red staining. Imaging was germed using confocal microscopy under identi
conditions (example images from 2 donors shown, scale bars = 10um).
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3.5 Discussion

MSCs are traditionally cultured as monolayers on tissue culture plastic. In these
conditions nutrients and oxygen are readilsailable, and sufficient space for cell
growth is maintained through repeated passaging in culture. In contrast, when MSCs
are cultured as 3D spheroids, they are subject to mechanical forces and enhanced
cell-cell contacts by growing as a cell aggregate well as this, there will be a
gradient of nutrient availability across the spheroid structure. Previous work in this
laboratory demonstrated that 3D MSCs do not express the proliferation marker Ki67
whilst in 3D culture, so appeared to have adoptegui@scent state, and MSC
spheroids did not increase in size with time in culture (Elen Bray, unpublished
results). It was demonstrated here that MSC spheroid size is understandably
dependent on initial cell seeding density, with more cells resulting ilgger
spheroid. Furthermore, MSC spheroids reduced in size over time in 3D culture, with
between 40 46% reductions in spheroid diameter over 7 days. This change in size
with time in culture meant that not only would MSCs in 3D be exposed to nutrient
gradents, but that these gradients would vary, as spheroid size changed with time in
culture. Consequently, this screen, varying both initial cell number and time in
culture, generated a large repertoire of spheroid sizes, which | hypothesised would
induce \arying degrees of cell stress due to nutrient deprivation. Although MSCs in
3D culture would be experiencing varying nutrient availability across the spheroid
structure, there was no evidence to suggest that spheroids had a necrotic core caused
by nutrientdeprivation. Spheroids generated from 60,000 MSCs cultured for 5 days
were not cystic, samples for both TEM and immunocytochemistry consisted of
complete sections with no obvious internal cyst, which would have suggested a
necrotic core. Lack of cell ddatin the centre of spheroids suggested that the

magnitude of stress imposed on MSCs by 3D culture watesd.

Using TEM microscopy, it was revealed that nuclei in 3D MSCs had undergone
major morphological changes. Whilst the nuabi 2D MSCs were ragar and
rounded nuclei observed in 3D MSCs were miéibed and irregular in shape. This
distorted nuclear morphology was obsehtaroughout 3D culturén 60,000 MSC
spheroids3D MSCs showed a prominent reductiorLamin A/C transcript early in

3D culture, however in both 30and 60,000 MSC spheroids, levelsLaimin A/C
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transcript increased with time in 3D culture. By day, ¥6els had returned to those
observed in 2D MSCs. Very low level/absencéafin A/C expressiona&n act as a
marker of pluripotency{Constantinescu et al., 20061owever,Lamin A/C down
regulation was transient in 3D MSCs, so did not indicate a sustained shift to a
pluripotent state. Given that reprogramming somagitsdo a reprogrammed state
occurs over a period of days to weeks, rather than hours, it is also unlikely that very
low levels ofLamin A/Cearly in 3D culture represented a transient passage through
a pluripotent state. Early loss abmin A/C is more Ikely to reflect the major
structural alterations MSCs undergo on entry to 3D culture, and redacad A/C

in our model may allow for increased nuclear envelope flexibility early in 3D
culture. Absence dftamin A/Cis considered an important factor in thigh level of
flexibility of the pluripotent nuclear envelogPajerowski et al., 2007

In contrast there wasustained dowanegulation of the expression of Lamin B,
another nuclear lamina component, during 3D culture. Lamin B transcript was
significantly downregulated, and Lamin B protein was undetectable by
immunocytochemistry in 3D MSCs. Recently, loss of raB has been identified as

a both a biomarkgDreesen et al., 2018reund etl., 2012 Shimi et al., 201land

a trigger(Shimi et al., 201}l of cellular senescence. However these findings have
proved contradiory, as another study demonstrated that in mutant mice with skin
keratinocyte knockouts for both Lamin B1 and Lamin B2, the cells proliferated
normally, and the skin and hair development in knockout mice was equivalent to
wild type (Yang et al., 201l So the absence of Lamin B does not affedulzal
proliferation or trigger senescence in some cell types. Indeed it was demonstrated in
mouse ESCs that both Lamins B1 and B2 are dispensable faeselfal and
pluripotency. ESCs maintained normal marker expression, colony morphology, and
karyotypeeven in the absence of any Lamin B proteins. The nuclear envelopes of
Lmnb1” Lmnb2" ESCs were also normal and indistinguishable from wild type
ESCs(Kim et al., 201). As previously mentioned, ESCs do not exptessin A/C,

so pluripotent cells can maintain sedinewal and pluripotency in the absence of any
Lamins. It was demonstrated here that within 4 hours ofreghseeding, Lamin B
transcript levels had fallen substantially. It is unlikely that transfer to 3D culture had
triggered such an immediate onset of senescence. Furthermore it was possible to

disaggregate MSC spheroids to a single cell suspensi8® (dSCs) which could
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be reseeded on tissue culture plastic. Five hours afteseegling, eBD MSCs
appeared as small rounded cells, which maintained plastic adherence. After 24 hours
there was a small reduction in adherent MSCs, indicating that some cells were
unable to survive the disaggregation process. However the remaining cells had begun
to adopt a more typical MSC fibrobldgte morphology. This morphology change
continued to 48 hours, and by this point theppeared to be small increase in cell
numbes, indicating that €8D MSCs retained proliferative capacity. Taken together
these results indicate that doweygulation of Lamin B in our 3D model does not
mark or trigger the onset of cellar senescence. Rather 3D MSCs are quiescent, and
retain their abity to proliferate when reseeded onto plastic. In 3D MSCs, dewn
regulation of both nuclear lamina components early in 3D culture may provide
increased nuclear envelope flexibility and permit the major structural changes which

are initiated by removal fro plastic and seeding in 3D culture.

Whilst nuclear envelope morphology and composition in MSCs had been changed
by 3D culture, there was no evidence from these changes to suggest that 3D MSCs
had uwndergone dalifferentiation or reprogrammingpwards plumpotency. However,

as previously discussed, pluripotent cells have a distinct chromatin state,
characterised by an increase in histone modifications which mark euchromatin, and a
decrease in histone markers of repressive heterochromatin, which can adead be u
track reprogramming to pluripotency. Immunocytochemistry was used to analyse the
expression of two different histone modifications, H3K4me3 (a euchromatin marker)
and H3K9me3 (a heterochromatin marker which is expressed at low levels in
pluripotent cells). There was little detectable difference in H3K4me3 staining
between 2D and 3D MSCs. Relatively strong staining was observed throughout
nuclei of both 2D and 3D MSCs, indicative of transcriptionally permésgenome
regions in both conditionsTherewas a greater difference observed when staining
for H3K9me3. Whilst 2D MSCs showed relatively strong nuclear staining, this was
much fainter in 3D MSCs, which could indicate changes in abundance or
organisation of the H3K9me3 modification. 2D MSCs showestaining pattern
typical of a more differentiated cell type, with H3K9me3 foci (observed by strong
punctate staining) marking repressed genomic regions. Low levels of global
H3K9me3 are observed in pluripotent ESCs, and they lack the distinct H3K9me3

foci observed in more differentiated cells. Rather, H3K9me3 staining appears in a
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more diffuse pattern, which is suggested to indicate a less organised, more dynamic
chromatin organisation. It is proposed that as differentiation progresses and genes
become mdified by repressive histone marks, chromatin becomes organised into
distinct genomic regions, marked by the presence of H3K9me3Meshaoer et al.,

2006. Although immunocytochemistry suggedta reduction in H3K9me3 levels in

3D MSCs, the staining pattern was dissimilar to that generally observed in
pluripotent cells. The data presented here is therefore not sufficient to confirm wide
scale chromatin alterations in 3D MSCs. Further quan#aginalysis, and gene
targeted approaches may provide evidence for significant chromatin remodelling

which has been driven by transfer to 3D culture.

In conclusion, the work presented in this chapter demonstrates that MSCs can be
cultured in a selhssembhg 3D structure, known as a spheroid. 3D spheroid size is
dependent on initiatingeedingnumber of cells, and reduces with time in culture,
indicating that MSCs do not proliferate in 3D. 3D MSCs undergo nuclear structural
changes, including alteratiors the composition of the nuclear lamina, and may also
have reduced abundance/altered distribution of H3K9me3, a histone modification
associated with heterochromatin. It is possible that altered distribution may be due to
the nuclear morphologgnd lamina @mposition changes already described, as the
nuclear lamina is known to interact with and regulate heterochromatin organisation
within the nucleug(Dechat et al., 2008 Loss of Lamin B can be a marker of
senescence onset, although in our 3D system, M8@vnregulate Lamin B
expression, whilst maintaining viability and proliferative capacity. It was noted in
one study that Lamin B1 depletion in fibroblasts resulted in reduced proliferation,
but not in increased cellular senescence. Strikingly in Larbiddpleted fibroblasts,
senescence associated biomarkers were only observed when cells were exposed to
cell stress by culture at low seeding denfldyeesen et al., 20L.3When considered

in the light of these findings, the results presented here could highlight Lamin B
reduction as a marker of the onset of cell stress, which if not countered by pro
survival mechanisms, would lead to senescence and apoptotic cell death. However if
cell stress remained at a skthal rather than lethal level, cells may be able to
overcomethe onset of stresaduced cell death by triggering survival mechanisms.
This could also explain why Lamin B expression appeared to stabilise or rise slightly

with time in 3D culture. During 3D culture, MSC spheroids reduce in size, possibly
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by recyclingof cytoplasmic contents via a psairvival response stimulated by cell
stress. Taken together, the work presented in this chapter demonstrates that 3D
MSCs undergo some changes to nuclear morphology, envelope composition and
chromatin organisation, but nerof these changes provide conclusive evidence of
dedifferentiation or reprogramming towards pluripotency. Work presented in the
later chapters of this thesis will analyse 3D MSCs further, to investigate markers of
de-differentiation, and look for evidermf autophagy as the mechanism driving this

process.
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Chapter 4: Assessment of the potency of MSCs cultured as
3D spheroids

4.1 Introduction

As previously described, a complex network of transcription factors and chromatin
remodelling complexes, work together to maintain ESCs in an undifferentiated, self
renewing stat€Boyer et al., 2006 Factors involved in pluripotency regulation are
also amongst those capable of inducing rg@mming of fibroblasts to the
pluripotent statéTakahashi et al., 20Q0Takahashi and Yamanaka, 200t et al.,

2007). Reprogramming cocktails, including the oncogerdyc, can result in the
occurrence of tumours, at réleely high frequency, in offspring produced by
blastocyst injection of IPSC¢Okita et al., 200y However, whilst eMyc is
dispensable for reprogramming of both mouse and human fibroblasts, the efficiency
of iPSC generation is much lower in the absesice Myc (Nakagawa et al., 2008
Wernig et al., 2008 Whilst some groups have explored the use of small molecules
which regulate clomatin organisation and cell signalling, others have attempted to
identify optimal cell types for reprogramming to pluripotency. Although the
expression of reprogramming factors in fibroblasts is undetectable/extremely low,
neural stem cells (NSCs) alreaeypress éMyc, Klf4 and Sox2 at levels equivalent

to those in pluripotent stem cells, making them ideal candidates for reprogramming
to pluripotency(Kim et al., 2003. Endogenous expression of these genes means that
it is possible to reprogramme NSCs using fewer exogenous factors. It was possible
to generate iPSCs from mouse NSCs usimgl fwo factors, Oct4 in combination
with either eMyc (OM) or KlIf4 (OK). Sox2 was dispensable for reprogramming of
NSCs, most likely because endogenous expression of Sox2 was arfmledhigher

than expression in mouse ESCs. Both -Odhd Okderived iPSG had similar
endogenous expression of ESC markers to mouse ESCs. Furthermore, the
pluripotency of both was confirmed by teratoma formation. As previously described,
c-Myc can enhance tumourigenesis in offspring, scd@kved iPSCs were selected

for further analysis. They were capable of chimera contribution, and similar to three
factorderived iPSCs (without-Myc), showed no tumour formation in early stage

F1 progeny(Kim et al., 2003. One year later, the same group demonstrated the

generation of iPSCs from mouse NSCs with a single factor, Oct4. Onedacioed
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IPSCs had highly simitagene expression profiles to ESCs, and were pluripotent,
evidenced byin vitro differentiation studies, teratoma formation and chimera
contribution (Kim et al., 2009 Following on from the work in mice, this group
next demonstrated thaiman fetal NSCs can also be reprogrammed to pluripotency
by both twofactor (OK) reprogramming and by Oct4 (O) alone. Global gene
expression profiling revealed that both O&nhd Oderived iPSCs clustered closely
with human ESC lines, and separate fromeptal NSCs. Pluripotency of Gkand
O-derived iPSCs was confirmeal vitro andin vivo (Kim et al., 2009a The work of

Kim and colleagues highlighted the possibilities of ngsifewer factors for
reprogramming to plurigency, by utilising cell types which already express some
of the factors required for this process. Whilst this represented a major technological
advance, the accessibility of human NSCs means that they are not the most viable
option for use in celbasedherapies. Dermal papilla cells are cells of mesenchymal
origin located in the hair follicle, which can be isolated with relative ease. Similar to
NSCs, these cells also express endogenous kdyaand Sox2. It was possible to
reprogramme mouse dermalla cells to pluripotency using two factor OK and
single factor O reprogramming. iPSCs derived from both OK and O reprogramming
of dermal papilla cells are pluripotent, evidenced by teratoma formation and
germline contributior(Tsai et al., 20L1Tsai et al., 2010 Notably, Oct4 alone was

also sufficient to reprogramme human adult keratinocytes to pluripotency, when
used in combination with a small molde cocktail. Keratinocytes are also
accessible cells isolated from the skin or hair follicle, and endogenously express Klf4
and eMyc. When infected with exogenous Oct4, and exposed to a cocktail of small
molecules regulating cell signalling pathways, achatin organisation and
metabolism, iIPSCs colonies were generated. These cells expressed endogenous
pluripotency factors, and had an E8K& DNA methylation profile. Furthermore,
they were capable of embryoid body and teratoma formation, evidence of their
pluripotential (Zhu et al., 2010 These studies demonstrate that it is possible to
apply the principles of fewerctor reprogramming to a more accessible cell type,
which may improve the clinical relevance of iPSC technology. It has also recently
been demonstrated that the same typgaabrbased approach can be used for direct
differentiationi the differentiation of one somatic cell type to another, by exogenous
expression of relevant transcription factors, so the principles of fbatad

reprogramming can also be applied when andition to full pluripotency isot
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desired orrequired (Huang et al., 20%1lleda et al., 201,0Szabo et al., 2010
Vierbuchen et al., 2030

The work presented in this chapter will investigate optimal 3D culture conditions for

the induction of dalifferentiation towards pluripotency in human MSCs, through
assays and marker analysis commardgd to confirm pluripotency in human cells.

It wi || al so examine the suitability of
traditional factotbased reprogramming techniques. Finally it will seek to examine

the extent of delifferentiation driven by optnal 3D culture conditions, and identify

markers to confirm the developmental position of MSCs cultured in 3D.
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4.2 Aims

The aims of the work presented in this chapter are to assess the extent to which 3D
culture is driving deifferentiation of MSCs, to exaime the effects of 3D culture on
the efficiency of factebased reprogramming in human MSCs, and to use marker

expression to establish the developmental position of 3D MSCs.
More specifically, the objectives are to:

A Determine the effects of 3D culture dretexpression of pluripotency
related factors in MSCs

A Assess 3D MSC pluripotency lny vivoteratoma assays

A Identify expression of reprogramming factors in MSCs and other cell
types used in factdvased reprogramming to pluripotency

A Derive iPSCs by factebased methods from both 2D and 3D MSCs to
allow comparison of the efficiency of iPSC derivation

A Establish suspension culture methods for 3D MSCs, aimed at
maintaining pluripotency factor expression and stimulating
proliferation

A Assess the expression afidwn early mesoderm markers during 3D
culture

A Examine mesodermal potency of MSB8witro andin vivo

A Investigate the effects of 3D culture on cultaged senescent MSCs
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4.3 Methods
4.3.1 Quantitative real time polymerase chain reaction (QPCR)

2D MSCs were cultted as described in 2.2.1.3. 3D spheroids were seeded with
initiating cell numbers of 30 60-, and 120,000 MSCs and cultured for up to 6 days

as described in 2.2.1.5. Samples were isolated for RNA extraction on days 1,3,4,5
and 6 of 3D culture. For gPCRsing disaggregated 3D MSCs-3® MSCs, re

plated on plastic), 3D spheroids were initiated from 60,000 MSCs, and maintained in
culture for 5 days as described in 2.2.1.5. On day 5, 3D MSCs were disaggregated to
single cells and rgeeded onto tissue cultupdastic as described in 2.2.2.1-30

MSCs were maintained as described for 2D MSCs in 2.2.1.3, and samples were
isolated at 5, 24 and 48 hours aftersemding. HDF monolayers were cultured as
described in 2.2.1.4, and samples were analysed at 90%eamrdgluH9 human ESCs

were cultured as described in 2.2.1.6. For early mesoderm ma&Respheroids

were seeded with 60,000 MSCs and cultured for up to 5 days as described in 2.2.1.5.
Samples were isolated for RNA extraction on days 1, 3, and 5 of 3DecuRINA

was extracted from all 2D, 3D and3® samples before cDNA was generated and
analysed by gPCR as described in 2.Pfimer sequences are shown in Table 4.3.1.
For comparison of expression levels in MSCs versus ESCs (Figure 4.4.10),
following calcuation of 2°°Y fold changes were then converted to positive and
negative numbers using the formula: IF(X>=1,(X)/K)), where X = $PPCY in

order to more easily visualise expression differences in the different samples.
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Table 4.3.1 Pluripotency and reprogramming factor primer sequences

Gene Forward primer|lReverse pri me3rd
30)
Oct4 CCCACACTGCAGCAGATCAG CACACTCGGACCACATCCTTCT
Nanog CCTCCATGGATCTGCTTATTCAG | TGCGACACTATTCTCTGCAGAAG
Sox2 GAGAACCCCAAGATGCACAAC CGCTTAGCCTCGTCGATGA
Telomerasg CATTTTTCCTGCGCGTCAT GCGTTCTTGGCTTTCAGGAT
Klf4 CGCCACCCACACTTGTGAT GTGCCTTGAGATGGGAACTCTT
c-Myc CGTCTCCACACATCAGCACAA TCTTGGCAGCAGGATAGTCCTT
Brachyury | GGGTCCACAGCGCATGAT TGATAAGCAGTCACCGCTATGAA
Goosecoid | GATGCTGCCCTACATGAACGT GACAGTGCAGCTGGTTGAGAAG
KDR TGATGCCAGCAAATGGGAAT CCACGCGCCAAGAGGCTTA
MIXL1 AAGCCCCAGCTGCCTGTT CCCTCCAACCCCGTTTG
CXCR4 CGCCTGTTGGCTGCCTTA ACCCTTGCTTGATGATTTCCA

4.3.2 Immunocytochemistry

3D spheroids were seeded with initiating eelmbers of 60,000 MSCs, cultured for

5 days, then snafpozen and sectioned as described in 2.2.1.5 and 2.2.3. 3D samples
were then fixed and stained as described in 2.2.6. Antibody details are given in Table
4.3.2. Samples were imaged using a Zen 51@hbpdonfocal microscope.
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Table 4.3.2 Antibodies used in immunocytochemistry

Antibody Host | Dilution | Supplier Cat. no.

Anti-Oct4A Rabbit| 1:100 Cell #2840
Signalling

Anti-Nanog Rabbit| 1:40 Cell #3580
Signalling

Anti-Brachyury Goat | 1:15 R and D] AF2085
Systems

Anti-KDR Mouse| 1:25 R and D|MAB3571
Systems

Anti-CXCR4 Rabbit| 1:100 Chemicon AB1846
(Millipore)

Anti-Rabbit 1gG (Alexa 594 Rabbit| 1:500 Life A-11012

conjugate) Technologieg

Anti-Goat IgG (Cy3 congugate) | Rabbit| 1:400 Sigma c-2821

Anti-Rabbit IgG(Cy3 congugate) | Sheep | 1:400 Sigma c-2306

Anti-Mouse IgG (Alexa488 Goat | 1:500 Life A-11001

congugate) Technologieg

4.3.3 Flow cytometry

2D MSCs were cultured as described in 2.2.1.3. 3D spheroids were seeded with
initiating cell numbers of 60,000 MSCs and cultured for 5 days as described in
2.2.1.5. 2102Ep embryonal carcinoma cells were cultured as described in 2.2.1.7. 2D
MSCs and 2102Epells were harvested by trypsinisation as described in 2.2.1.3. 3D
MSCs were disaggregated to single cellSIMSCs) as described in 2.2.2.1, and
pipetted through a 25 gauge needle to remove any residual cell clumps. To enable
intracellular staining, alsamples were fixed in 4% PFA for 10 minutes at room
temperature. Samples were chilledr f& minute, and then permeabdds by
incubation in 90% methanol for 30 minutes on ice. Samples were then washed twice
in incubation buffer (0.5% BSA in PBS), befor@ fninutes blocking in incubation
buffer at rem temperature. Samples wéneubated on ice with primary antibodies

for 45 minutes. See Table 4.3.3 for antibody details. Samples were then washed in
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incubation buffer followed by centrifugation, before inctifya on ice in the dark
with secondary antibodies for 45 minutes. Finally, samples were washed with
incubation buffer, and rsuspended in 5Q0 incubation buffer before being
analysed on @&8eckman Coulter CyAn ADP analyseBecondary antibody only

controk were also performed for all samples.

Table 4.3.3 Antibodies for flow cytometry

Antibody Host | Dilution | Supplier Cat. no.

Anti-Oct4A Rabbit| 1:100 Cell #2840
Signalling

Anti-Nanog Rabbit| 1:100 Cell #3580
Signalling

Anti-Sox2 Rabbit| 1:100 Cell #3579
Signalling

Anti-Rabbit IgG (Alexa 48§ Rabbit| 1:200 Life A-11034

conjugate) Technologies

4.3.4 Teratoma assay

For the teratoma assay, 2D MSCs were cultured as described in 2.2.1.3. 3D
spheroids were seeded with initiating cell numbers of 60,000 MSCs and cuitiured

5 days as described in 2.2.1.5. The assay was performed by Reinnervate Ltd, who
cultured and prepared mouse ESC controls prior to implantatitbrwork was
carried out in accordance with ethical guidelines under the Home Office project
licence of Reinervate Ltd.2D MSCs and mouse ESCs were trypsinised, and
counted before 5xf@ells were injected. 50 MSC spheroids were injected for 3D
samples. Injections were performed subcutaneously on adult male nude mice. After
12 weeks, mice were sacrificed, arainples were immediately dissected and fixed,
before sectioning on leeica RM2165 rotary microtomat 5um. Sections were oven
dried at 40C prior to histological staining with haematoxylin and eosin and Massons

Trichrome.
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4.3.4.1 Haematoxylin and eosin staining

After sectioning samples were stained as described in Table 4.3.4. Samples were

then mounted in DPX mounting media.

Table 4.3.4 Haematoxylin and eosin staining of tissue sections

ProcedureReagent Time
Histoclear 5 minutes
Absolute alcohol 2 minutes
95%alcohol 1 minutes
70% alcohol 1 minutes
Distilled Water 1 minutes
Mayers Haematoxylin 5 minutes
Distilled water 30 seconds
Alkaline Alcohol 30 seconds
70% Alcohol 30 seconds
95% Alcohol 30 seconds
Eosin 30 seconds
95% Alcohol 10 seconds
95% Alcohol 10 seconds
Absolute Alcohol 15 seconds
Absolute Alcohol 30 Seconds
Histoclear 3 minutes
Histoclear 3 minutes

4.3.4.2 Massons Trichrome staining

After sectioning samples were stained as described in Table &&ples were

then mounted in DPX mounting media.

Table 4.35 Massons Trichromestaining of tissue sections

ProcedureReagent Time
Histoclear 5 minutes
Rehydrate: 100% ethanol 2 minutes
95% ethanol 1 minutes
70% ethanol 1 minutes
Distilled water 1 minutes
Weigerts Iron Haematoxylin 25 minutes
Rinse in running tap water 10 minutes
Rinse in distilled water
Biebrich Scarlet 10 minutes
Rinse in distilled water
Phosphomolybdic/phosphotungstic acid 15 minutes
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Aniline Blue 7 minutes

Rinse distilled water

1% acetic acid 3 minutes

Rinse distilled water

Dehydrate 95% ethanol 10 seconds
100% ethanol 10 seconds

Histoclear 3 minutes

4.3.5 Generation of iPSCs

2D MSCs were cultured agescribed in 2.2.1.3. 3D spheroids were seeded with
initiating cell numbers of 60,000 MSCs and cultured for 5 days as described in
2.2.1.5. 2D MSCs were trypsinised andsez=ded in Gvell plates, 10,500 cells per

cn’. 3D MSCs were disaggregated to singdls as described in 2.2.2.1, before
counting and seeding as above for 2D MSCs. Duplicate wells were seeded for each
sample. 2 wells for each sample were also seeded for GFP transduction controls. 5
hours after seeding, medium was removed and replacédtraitsduction media
(DMEM high glucose supplemented with 10% FBI®0 units/ml penicillin and
10Qug/ml streptomycinand 6ug/ml polybrene) containing lentiviral vectors for
OKSM (Stemgent Lentivirus set:hOKSM ST00044) or GFP (Life Technologies,
A135770). Samples were incubated with lentivirus for 22 hours, and medium was
refreshed every other day. For GEBnsduced cells, wells were washed with PBS,
then imaged using both brightfield and fluorescence microscopy. 10 images per
sample were taken, before GHRages were inverted. Samples were counted for
total cells, and GFP+ cells, and these values were used to calculate transduction

efficiencies as detailed below:
Transduction efficiency = (No. of GFP+ cells/Total cell no.) x 100

For OKSMtransduced cell§ days after transduction, infected cells were removed
from plasticwith TrypLE, counted and 10,50€ells per cnf re-seededin 6-well
platesonto irradiated MEF feeder cells in ESC media (see 2.2.1.6). Duplicate wells
were seeded for each sample. Medianges were performed daily until day 18
(Donor 1) and day 27 (Donor 2) after transduction, when samples were fixed and
stained as described in 2.2.6. Antibody details are given in Table 4.3.2. Samples

were imaged using a Zeiss LSM 710 inverted microscopés ihvolved a tile
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scanning method, which then generated a composite image of the whole well. For
each sample, Oct4A+ colonies were manually counted. This number was then used
to calculate a reprogramming efficiency, using previously calculated trarmducti
efficiencies as detailed below:

No. of transduced cells per sample =

(transduction efficiency (in %)/100) x total cells (which is 20,000 for all samples)

Reprogramming efficiency = (No. of Oct4A+ colonies/No. of transduced cells) x 100

OKSM-transducedvells were also imaged conventionally using the Zeiss LSM 710

inverted microscope for higher magnification images of individual colonies.

4.3.6 Semisolid culture of MSCs

For semisolid expansion studies, MSCs were cultured as 60,000 cell spheroids for 5
days aglescribed in 2.2.1.5, before disaggregation to very small cell clumps/single
cells as described in 2.2.2.1, although here incubation time was reduced to 15
minutes to ensure maximum cell viability:3® MSCs were then fguspended in

10Qul DMEM high glucse before mixing with sensiolid media (either DMEM

high glucose supplemented with 5% FBS and 1% methyl cellulose or ESC media
supplemented with 1% methyl cellulose-3@ MSCs were cultured in nesdherent
50mm dishegSterilin) at 37°C, 5% C@for 7 days with no melia change or
refreshment. Samplasere imaged by light microscopy. For RNA extractiof3@

MSCs were isolated by washing with PBS, then pelleted by centrifugation, before
RNA extraction was performed using Trizol. Briefly, $00rizol was adled to each
sample, before samples were frozen overnigh8@C. Samples were then brought

to room temperature and 1@0chloroform was added, before samples were
vortexed, then incubated for 5 minutes at room temperature. Samples were next
centrifuged at 12000g for 20 miantesat #C, before the upper aqueous phase was
transferred to a new tube, and mixed with JH0OD00% isopropanol by vortexing.
Following 30 minutes incubation af@, samples were centrifuged at 12000%; 4

for 15 minutes. After isoprop@l removal, 1ml of 75% ethanol was added and
samples were centrifuged for 5 minutes at 12000g. Ethanol was removed, and

96



samples were air dried briefly beforesespension in 1# RNasefree HO. cDNA
samples were generated and analysed by qPCR as ddsiriB.2.5.3 and 2.2.5.4.
Primers are listed in Table 4.3.1.

4.3.7 Analysis of Brachyury+ cell percentage and position using Volocity

A fluorescent image of a single section stained with DAPI and Brachyury as
described above was analysed using Volocity sowBue to the nuclear location

of Brachyury staining, it was possible to establish thresholds by which the software
identified individual nuclei. The number of Brachyury+ cells was calculated as a
percentage of the total cells (DAPI+). The software was tsed to identify and
highlight the highest and lowesintensity Brachyury+ cells, to track their
distribution throughout the spheroid structure.

4.3.8 Haematopoietic induction of MSCs

2D MSCs were cultured as described in 2.2.1.3. 3D spheroids were seelded wit
initiating cell numbers of 60,000 MSCs and cultured for 5 days as described in
2.2.1.5. On day 5 2D MSCs were trypsinised to a single cell suspension, and 3D
MSCs were disaggregated to a single cell suspensi8b (MISCs) as described in

2.2.2.1. 2D andl-3D MSCs were counted and seeded in MethoCult Enriched (Stem
Cel | Technol ogi es, H4435) , according to
were seeded at 2100 cells peém50mm dishes (Sterilin) in complete MethoCult
Enrichedmedum. Samples werenaintained at 3, 5% CQ, for 16 days. At this

point samples were imaged using bright field microscopy, to assess the formation of
haematopoietitike colonies. Dishes were performed in duplicate for each sample

from 2 different primary MSC donors.

4.3.9 Assssment of the effect of 3D culture on mitotically inactive MSCs

2D MSCs were cultured as described in 2.2.1.3, with repeated passaging, until they
ceased to actively proliferate. Cells were counted at each passage until a stable, non
proliferative point vas reached, but before cells began to undergo apoptosis. 3D
spheroids were seeded with initiating cell numbers of 60,000 MSCs and cultured for

5 days as described in 2.2.1.5. 3D MSCs were disaggregated to a single cell
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suspension and 1seeded onto plastias described in 2.2.2.1. Samples of cells
immediately before 3D culture and 48 hours following disaggregation aseering
were fixed and stained with stained with Crystal Violet as described in 2.2.2.2.
Samples were then imaged using light microscdpyample grayscale images of
crystal violet stained cells are shown. Followingseeding onto plastic;8D MSCs

were counted at each passage for a further 14 days.
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4.4 Results

4.4.1 Enhanced expression of pluripotencyelated transcription factors in
MSCs cultured as 3D spheroids

Pluripotency is established and maintained by the expression of a network of
transcription factors which activate the expression of factors required foi self
renewal and repress expression of factors required for differenti@myer et al.,

2005. The transcription factors Oct4, Nanog and Sox2 actthay to maintain
pluripotency. To test the hypothesis that culturing MSCs as 3D spgkenmuld

induce a cellularstress response and stimulate cytoplasmic clearance to a
rejuvenated state, MSCs were removed from 2D culture and seeded as spheroids,
contahing different initiating numbers of cells. As spheroids shrink with time in
culture, this method established spheroids with a range of sizes, in which cell stress

from nutrient/oxygen availability and mechanical forces would vary.

3D MSC spheroids initied from 30, 60, or 120,000 cells were cultured for up to 6
days. RNA samples were isolated and analysed for expression of Oct4, Nanog and
Sox2. Across the three different primary MSC donors tested there was an increase in
expression of all three pluripency factors across different sized spheroids from day

3 of culture onwards.

The expression of Oct4 was-upgulated to a maximum of arounddd compared

to the donommatched 2D sample in Donor 3 when 30,000 MSCs were cultured in 3D
for 6 days. Donor lalso showed the highest -uggulation of Oct4 under these
conditions, whilst in Donor 2, culturing 60,000 MSCs in 3D for 5 days achieved the
highest upregulation of Oct4 expression compared to the donor matched 2D sample.
In both Donors 1 and 3 a considble upregulation of Oct4 was also seen when
60,000 MSCs were cultured in 3D for 5 days (Figure 4.4.1. A).

An approximate 15 fold upegulation of Nanog expression was observed in Donor 1
when 120,000 MSCs were cultured in 3D for 5 days. However fdér Dohors 2

and 3, maximal Nanog uggulation was observed when 60,000 MSCs were
cultured in 3D for 5 days, and in these donors, expression in 120,000 MSC spheroids

remained close to monolayer levels at day 5. In Donor 1, expression of Nanog at day
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Figure 4.4.1. qPCR analysis of expression of the pluripotency factor Oct4 i
MSCs over time in 3D culture

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids
initiating cell numbers of 30 60, or 120,000 cells for up to 6 days in cué.
cDNA samples were generated and then analysed by gRICRxpression of
Oct4 for each donor was normalised to expression of the housekeeping
GAPDH and made relative to expression levels in the donor matched 2D sz
Fold changes were calculatasl 2°““. B) Data from all 3 donors was pooled al
subject tostatistical analysignean fold changes are shown + SEM, * p< 0.
Statistical significance is relative to expression in 2D MSCs (by Kruskal W
test, n =3).
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5 in 60,000 MSC spheroidsas enhanced around 10 fold compared to 2D MSCs,
and other than 120,000 day 5, no other conditions in this donor resulted in a greater

increase in Nanog expression (Figure 4.4.2. A).

Notably in both Donors 2 and 3 maximal-tggulation of expression of $» was

again observed when 60,000 MSCs were cultured as a spheroid for 5 days, whilst in
Donor 1 120,000 MSCs cultured for 5 days again saw the highest expression of Sox2
relative to the donor matched 2D sample, with a prominent increase in expression
alsoobserved in 60,000 MSCs at day 5 of 3D culture (Figure 4.4.3. A).

Across the three primary donors used in this experiment, there waxahle
similarity in the expression pattern of pluripotent transcription factors in 3D culture.
Whilst there was someariation in observed fold changes between donors, the
pattern of upregulation of expression was highly similar, acrossaile and genes.

The variabilityof MSCs from different primary donors means that normally pooling

of data from different donors may binappropriate. However in this case, given the
similarity of response across donors, sample data was pooled, in order to identify
patterns in expression, and to help in the choice of optimal conditions to use in
further study. When pooled, the highestregulation of Oct4 expression was in
120,000 MSC spheroids at day 6, whilst the second highest levelm@gufation

was observed in day 5 60,000 MSCs spheroids (Figure 4.4.1. B). Pooled data for
both Nanog (Figure 4.4.2. B) and Sox2 (Figure 4.4.3. Byvsld that across donors,
up-regulation of expression of both genes was substantially higher in 60,000 MSC
spheroids at day 5 than under any other conditions tested. For this reason further
study was focused on MSC spheroids initiated from 60,000 cellswdhded for 5

days was selected as the optimal culture condition.
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Figure 4.4.2. gPCR analysis of expression of the pluripotency factor Nano
in MSCs over time in 3D culture

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids
initiating cell numbers of 3060, or 120,000 cells for up to 6 days in cultu
cDNA samples were generated and then analysed by qPCR. A) Express
Nanog for each donor was normalised to expression of the housekeepin
GAPDH and made relative to engssion levels in the donor matched 2D sam|
Fold changes were calculated &% B) Data from all 3 donors was pooled a
subject to statistical analysis, mean fold changes are shown + SEM, * p<
Statistical significance is relative to expressin 2D MSCs (by Kruskal Wallis
test, n = 3).
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Figure 4.4.3. qPCR analysis of expression of the pluripotency factor Sox2 i
MSCs over time in 3D culture

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids
initiating cell numbers of 30 60-, or 120,000 cells for up to 6 days in cultu
cDNA samples were generated and then analysed by qPCR. A) Express
Sox2 for each donor was norlisad to expression of the housekeeping g
GAPDH and made relative to expression levels in the donor matched 2D s:
Fold changes were calculated &% B) Data from all 3 donors was pooled a
subject to statistical analysis, mean fold changesshown + SEM, * p< 0.05
Statistical significance is relative to expression in 2D MSCs (by Kruskal W
test, n = 3).
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Telomerase is expressed by pluripotent cells and is required for theierselval
capacity. Telomerase activity is repressed normal replicating somatic cells,
resulting in telomere shortening and eventually leading to replicative senescence.
MSCs from 3 primary donors were cultured as 2D monolayers, induced to form
spheroids initiated from 60,000 cells, then maintained iruailfor up to 6 days.

RNA samples were isolated and analysed for expression of telomerase. 3D culture
also resulted in an increase of telomerase transcript, with maximal expression on
either day 3, 4 or 5, depending on donbine highest upegulation of €élomerase
expression was seen in Donor 3, with an approximateffpltiZincrease at Day 3,
compared to the donor matched 2D sample (Figure 4.4.4. A). The changes in
telomerase expression were more varied between donors than those seen for the
pluripotent tanscription &ctors, but were still highlysimilar, considering the
variability of MSCs from different primary donors. Pooling sample data revealed
that the highest upegulation of telomerase was observed at day 3 of 3D culture,
although high variationaoss donors at this time point meant that statistically the
only time point at which expression was significantly different to monolayer levels
was day 5 (Figure 4.4.4. B). This supports the results from pluripotency factor
gPCR, and highlights day 5 inO®00 MSC spheroids as an optimal point for
expression of factors associated with pluripotent cells. It should be noted here that
telomerase is an enzyme, and that these gPCR results only report an increase in
telomerase transcript. Functional testing wdoude required to see if this was
accompanied by an increase in telomerase activity in the optimised 3D spheroid

model.
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Figure 4.4.4. qPCR analysis of expression of Telomerase in MSCs over tim
in 3D culture

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60, 000 cells for up to 6 days in culture. cDNA samr
were generated and then analysed by qPCR. A) Expression of Telomere
each donor was normalisédl expression of the housekeeping gene GAPDH
made relative to expression levels in the donor matched 2D sample.
changes were calculated ag€’?. B) Data from all 3 donors was pooled a
subject to statistical analysis, mean fold changes anerskoSEM, * p< 0.05.
Statistical significance is relative to expression in 2D MSCs (by Kruskal W
test, n = 3).
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4.4.2 Oct4, Nanog and Sox2 proteins are not expressed at detectable levels in
2D or 3D MSCs

To examineif increases in transcript levels ofuppotency factors resulted in
increased protein expression, MSCs were cultured as 60,000 MSC spheroids for 5
days. Spheroids were then sHfagzen, sectioned and stained for Oct4A and Nanog.
There was no specific Oct4A or Nanog staining in 3D MSC sex{Bigure 4.4.5),
suggesting that protein levels of these factors were not detectable by
immunocytochemistry. It was possible that a small population of cells within the
spheroid had significantly upegulated expression of pluripotency factors, and that
this population would also be expressing protein at detectable levels. To ensure all
cells within the spheroid were examined, 3D MSC spheroids were disaggregated to a
single cell suspension, incubated with antibodies to Oct4A, Nanog and Sox2, and
then analged by flow cytometry. Donor matched 2D MSCs and 2102Eps (positive
control) were also analysed using this method. 2102Eps are an embryonal carcinoma
cell line, known to express pluripotency factors, and are a useful positive control for
in vitro pluripotercy assays. Oct4A, Nanog and Sox2 were all highly expressed in
2102Eps, confirming that the proteins of interest were detectable by flow cytometry
(Figure 4.4.6). 3 primary MSC donors were examined using flow cytometry, and
there was no detectable protekpeession in any donor in either 2D or 3D samples
(Figures 4.4.7 4.4.9). Although in all MSC donors there was a small but noticeable
shift in the peak for Nanog. However, the magnitude of this shift was similar to that
observed when the Nanog peak wasnpared to peaks for Oct4A and Sox2 in
2102Eps. As 2D MSCs have not previously been reported to express Nanog, it is
possible that the Nanog antibody used in this study may bind with higher affinity
than the other antibodies used. Further antibody titrsit#od use of an IgG control
would demonstrate if the concentration of Nanog antibody used may have been
resulting in a degree of nespecific binding in the samples shown. Overall, the
results from flow cytometry and immunocytochemistry suggest that M®Qsot
express pluripotenegssociated proteins at levels comparable to 2102Eps and that
protein expression is not upgulated in 3D MSCs, despite a significant- up

regulation of transcript levels of Oct4, Nanog and Sox2 under these conditions.
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Figure 4.4.5. Staining of 3D MSC spheroid sections for the pluripotenc
markers Oct4a and Nanog

MSCs were cultured as 3D spheroids with an initiating cell number of 6C
cells for 5 days in culture. Spheroids were then gr@gen, sectioned an
stained for maers of pluripotency. Samples were imaged using confi
microscopy. Oct4a (red) with DAPI (cyan) staining of 3D MSC sections
panel). Nanog (red) with DAPI (cyan) staining of 3D MSC sections (r
panel). Example images from one donor shown, s@ale® 10um.
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Figure 4.4.6 Flow cytometry analysis of expression of pluripotency marker:
in 2102Ep embryonal carcinoma cells

2102Ep cells were incubated with antibodies for Oct4a, Nanog and So
solution and analysed by flow cytometry. The histmgs show markel
expression of A) Oct4a, B) Nanog, C) Sox2 and D) 2° antibody only control
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Figure 4.4.7 Flow cytometry analysis of expression of pluripotency marker:
in 2D and 3D MSCs (Donor 1)

2D and 3D MSCs (disaggregated to a single selspension) cells wer
incubated with antibodies for Oct4a, Nanog and Sox2 in solution and ane
by flow cytometry. The histograms show marker expression of A) Oct4e
Nanog, C) Sox2 and D) 2° antibody only control in 2D MSCs (left panel) an
MSCs(right panel).
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Figure 4.4.8 Flow cytometry analysis of expression of pluripotency marker:
in 2D and 3D MSCs (Donor 2)

2D and 3D MSCs (disaggregated to a single cell suspension) cells
incubated with antibodies for Oct4a, Nanog and Sox&ointion and analyse
by flow cytometry. The histograms show marker expression of A) Oct4e
Nanog, C) Sox2 and D) 2° antibody only control in 2D MSCs (left panel) an
MSCs (right panel).

110



3D MSCs

Oct4a

394 535
@ 295 2 401
[ = [ el
3 197 3 267
O 98 O 133
0 . . 0 . ;
10° 10’ 10° 10° 10°* 10° 10’ 10° 10° 10°*
FITC Log FITC Log
Nano Nano
507 9 588 9
£ 380 £ 441
32 2531 3 294
O 1261 O 147
0’ T T 0 T T
10° 10’ 10° 10° 10°* 10° 10’ 10° 10° 10°*
FITC Log FITC Log
) ¥ X2
- So 634 So
(2]
2 354 £
3 236 3
© 118 &
0 T T T T
10° 10’ 10° 10° 10° 10° 10’ 10° 10° 10°
FITC Log FITC Log
2° Ab only 2° Ab only
349 504
£ 261 1%
3 174 §
O 87 (&)
0 . . . .
10° 10’ 10° 10° 10* 10° 10’ 10° 10° 10°

FITC Log

FITC Log

Figure 4.4.9 Flow cytometry analysis of expression oflyripotency markers
in 2D and 3D MSCs (Donor 3)

2D and 3D MSCs (disaggregated to a single cell suspension) cells
incubated with antibodies for Oct4a, Nanog and Sox2 in solution and ane
by flow cytometry. The histograms show marker expression )oDétda, B)
Nanog, C) Sox2 and D) 2° antibody only control in 2D MSCs (left panel) an
MSCs (right panel).
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4.4.3 Transcript levels of pluripotency factors are lower in the 3D MSC
optimised model than in human ESCs

Despiteenhanced expression of pluripotgnfactors at the transcript leval 3D

MSCs, protein expression in these cells was not detddsdg RNA isolated from

three different primary MSCs donors, cultured as both 2D monolayers and as 60,000
cell 3D spheroids for 5 days, transcript levels @ft4, Nanog and Sox2 were
compared directly to transcript levels in H9 human ESCs, cultured on feeders, by
QPCR. As previously demonstrated, expression levels of Oct4, Nanog and Sox2
were higher in 3D MSCs than in the donor matched 2D samples. HoweMerifeve

3D MSCs remained lower than those in H9 ESCs for all genes examined. Oct4
expression was between B®O fold lower in 3D MSCs than ESCs, whilst Nanog
expression was 104 181 fold lower, and Sox2 expression wasi 130 fold lower.
Notably, althoughthe expression levels of pluripotent transcription factors varied
across donors, the expression of all factors in all 3D MSC samples was higher than
the expression observed in all 2D samples. Oct4 expression was betweed8 82

fold lower in 2D MSCs than &Cs, whilst Nanog expression was 663080 fold

lower, and Sox2xpression was 2751700 fold lower (Figure 4.4.10). So whilst the
optimised 3D model results in a substantial increase in transcript levels of these
factors compared to those seen in 2D MS@ cannot enhance expression of
pluripotency factors to ESC levels. The observed increase in transcript levels in 3D
MSCs does not appear sufficient to increase protein expression, which is required for
the establishment and maintenance of pluripotency.
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Figure 4.4.10. gqPCR analysis of expression
transcription factors in 2D and 3D MSCs compared to expression in humar

ESCs

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids wi
initiating cell number of 60, 00€ells for 5 days in culture. cDNA samples wet
generated and then analysed by gPCR. Expression o{®ctMlanog(B) and

Sox2 (C) for each donor was normalised to expression of the housekeeping
GAPDH and made relative to expression levels in patept human H9 ESCs.

Fold changes were cal

culated #4%
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4.4.3 3D MSC spheroids form small organised tissue masses but not teratomas

in vivo
Lack of detectable protein expression, and lower mRNA expression than ESCs
suggested that although 60,000 MSCs cultured in 3D for 5 days resuételdanced
pluripotent transcript expression, MSCs cultured in these conditions were not
pluripotent. To testhis, MSC spheroids initiated from 60,000 cells were cultured for
5 days, before implantation into nude mice. Dematched 2D MSCs were also
implanted to test thein vivo potency, and mouse ESCs were implanted to act as a
positive control for teratomgeneration. After 12 weeks, tissue masses generated
from the implanted cells were isolated, fixed, sectioned and examined by histological
analyses. Sections of tissue masses generated from both mouse ESCs and 3D MSCs
were examined by stereo microscopy.the same magnification it was clear that
mouse ESCs formed very large tissue masses, typical of teratomas, whilst the tissue
masses isolated from 3D MSCs were much smaller (Figure 4.4.11. A). 2D MSCs
failed to form any tissue structures. When H & E staisettions of the large tissue
masses generated from mouse ESCs were examined under higher magnification,
tissues from all three germ layers were clearly visible, confirming that the masses
were indeed teratomas, generated from pluripotent cells (Figurél14B). By
comparison, there was no evidence of tissue from endoderm or ectoderm in the tissue
masses generated by 3D MSCs, although distinct, segregated mesodermal structures
including connective tissue, muscle and adipose tissue were observed, and these
tissues appeared highly organised, in contrast to the typically disorganised

arrangement of teratoma tissue (Figure 4.4.11. C).
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Figure 4.4.11. Histological analysis ofn vivo tissue generation capacity
following implantation into nude mice

3BDMSCpheroids (initial cel | numbe

conditions for 5 days before subcutaneous injection into nude mice. Mouse
were also implanted as a positive control for teratoma formation. After 12 w
tissue samples were recoveréged and stained with hematoxylin and eosin
+ E). A) Stereoi microscopy images of tissue masses generated by po:
control mouse ESCs (left panel) and 3D MSCs (centre panel and right |
scale bar = 500um). B) Light microscopy images of tera® generated b
positive control mouse ESCs tissues (arrows indicate the presence of 1
from all 3 germ layers Mes = mesoderm, Ect = ectoderm, End = endode
scale bar = 100um). C) Light microscopy images of organised tissue m
generated by 3IMSCs (labels indicate tissues of mesodermal origiu =

muscle, Ad = adipose, Co = connective tissue; scale bar = 100um).
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4.4.4 MSCs cultured as 3D spheroids for 5 days maintain enhanced expression
of reprogramming factors immediately after spheroid disggregation

The process of reprogramming human cells to pluripotency was established in
HDFs, differentiated cells which are not reported to express the pluripotency factors
Oct4, Nanog and Sox2. Recent work has demonstrated that the efficiency of
reprogranming to pluripotency is improved if the starting cell population
endogenouslexpress some of the factaresquiredfor reprogrammingKim et al.,
2009a Kim et al., 2009bKim et al., 2008Tsai et al., 2011Tsai etal., 2010 Zhu et

al., 2010. It was therefore possible that MSCs cultured in the optimised 3D model
may reprogramme to pluripotency more efficiently than their domaiched 2D
samples. Comparative efficiencies for regeogming to pluripotency rely on the
accurate assessment of lentiviral transduction efficiencies, which then allow for the
calculation of reprogramming efficiencies by counting reprogrammed colonies. 3D
MSC spheroids were initiated from 60,000 cells, butas not possible to accurately
estimate the number of cells remaining after 5 days in 3D culture. Nor was it
possible to assume that lentiviral particles would have access to all the cells within
the spheroid equally. It was therefore necessary to dgastystem in order to make

it comparable to 2D MSCs for reprogramming efficiency experiments.

MSCs from 3 different primary donors were cultured as 2D monolayers and as 3D
spheroids (initiated from 60,000 cells) for 5 days in culture. On d&pSpherais

were disaggregated to a single cell suspensieBD(dMSCs) using enzymatic
digestion. The resulting cell suspension waseeded onto plastic for 5 hours,

allowing attachment. At 5 hours following return to 2D culture, RNA samples were
isolated and amay sed f or expression of the O6Yama
and eMyc, also known as OKSM). In order to assess the suitability of MSCs for
reprogramming to pluripotency, the expression of OKSM was compared to

expression levels in 2D HDFs.

In 2D MSCs he expression of Oct4 was similar or slightly higher than in HDFs.
Expression of Oct4 was enhanced in 3D MSCs, with aroub@Hbld up-regulation
compared to HDFs, depending on MSC donor. At 5 hours following return to 2D
culture, levels in disaggregat8® (d-3D) MSCs had fallen, but still remained above
those seen in HDFs and 2D MSCs (Figure 4.4.12). A sipdtern was seen when
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Figure 4.4.12. qPCR analysis of Oct4 expression in MSCs 5 hours aft
spheroid disaggregation.

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids wit
initiating cell number of 60,000 cells for 5 days. After 5 days MSC spheroids
were disaggregated to single cells angleged on tissue culture plastic for 5
hours. cDNA samplesave generated and then analysed by qPCR. A)
Expression of Oct4 for each donor was normalised to expression of the
housekeeping gene GAPDH and made relative to expression levels in monc
cultured HDFs. Fold changes were calculatedd§'2B) Data fran all 3 donors
was pooled and subject to statistical analysis, mean fold changes are showr
SEM, * p< 0.05. Statistical significance is relative to expression in HDFs (by
Kruskal Wallis test, n = 3).
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Sox2 expression was examined. Although levels of SoX2DirMSCs were lower
than those seen in HDFs, the levels of Sox2 in 3D MSCs &t MSCs remained
higher than those in HDFs. bpgulation of Soxdy approximately 835-fold in 3D
MSCs(dependent onahor) and 47-fold in d-3D MSCs (dependent on donor) were
observed compared tevels in HDFs (Figure 4.4.13).

The expression of Klf4 was inconsistent across different MSC donors. In Donor 1,
expression of KIf4 was at its lowest in 3D MSCs, although utitese conditions
expression remained comparable to HDFs. Expression of Klf4 in Donor 2 peaked in
3D MSCs, whilst in é€3D MSCs, expression had fallen to levels similar to those in
HDFs. Donor 3 showed that 3D culture had little effect on Klf4 expressioitstwh

Klf4 expression peaked in-8D MSCs after return to 2D culture. Taken together
these results suggest that 3D culture does not have a consistent effect on Kif4
expression in primary MSC cultures, although they do demonstrate that across the
primary domrs tested and on average, Klf4 expression is higher in MSCs than
HDFs, in all three culture conditions tested (Figure 4.4.14Jyc expression was
observed to be higher in 2D and 3D MSCs than HDFs across all donors tested,
although again, as with Klf4hé expression pattern ofMyc across donors and
conditions was less consistent than observed for Oct4 and Sox2. Following
disaggregation, levels of-Myc increased substantially in-3D MSCs across all
donors tested. Upegulation of approximately 182-fold (dependent on donor) was
observed compared to-Myc expression in HDFs (Figure 4.4.15). Considered
altogether, these results suggest th&DdMSCs may represent a suitable cell type

for reprogramming to pluripotency. Furthermore, increased endogexpusssion

of reprogramming factors may mean that they can be reprogrammed to pluripotency

more efficiently, or with fewer factors, than their originating 2D cell populations
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Figure 4.4.13. qPCR analysis of Sox2 expression in MSCs 5 hours aft
spheroid disaggregation.

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for 5 days. After 5 days MSC sphel
were disaggregated to single cells angpleged on tissue culture plastic for
hours. cDNA samples were generated and then analysed by qPCI
Expression of Sox2 for each donor was normalised to expression o
housekeeping gene GAPDH and made relative to expression levels in monc
cultured HDFs. Fold changes were calculated4S" B) Data from all 3 donors
was pooled and subject to statistical analysis, mean fold changes are st
SEM, * p< 0.05. Statistical significance is relative to expression in HDFs
Kruskal Wallis test, n = 3).
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Figure 4.4.14. gPCR analysiof Klf4 expression in MSCs 5 hours after
spheroid disaggregation.

Fold change

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for 5 days. After 5 days MSC sphel
were disaggregated to single cedisd replated on tissue culture plastic for
hours. cDNA samples were generated and then analysed by qPC
Expression of Klf4 for each donor was normalised to expression of
housekeeping gene GAPDH and made relative to expression levels in monc
cultured HDFs. Fold changes were calculated 4§'2B) Data from all 3 donor
was pooled and subject to statistical analysis, mean fold changes are sf
SEM, * p< 0.05. Statistical significance is relative to expression in HDFs
Kruskal Wallis est, n = 3).
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Figure 4.4.15. gPCR analysis of-8yc expression in MSCs 5 hours after
spheroid disaggregation.

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for 5 days. After 5 days MSC sphel
were disaggregated to single cells angleged on tissue culture plastic for
hours. cDNA samples ave generated and then analysed by gPCR.
Expression of dMyc for each donor was normalised to expression of
housekeeping gene GAPDH and made relative to expression levels in monc
cultured HDFs. Fold changes were calculated 4§'2B) Data fom all 3 donors
was pooled and subject to statistical analysis, mean fold changes are st
SEM, * p< 0.05. Statistical significance is relative to expression in HDFs
Kruskal Wallis test. n = 3).
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4.4.5 The efficiency of derivation ofOct4A+ ESClike colonies is similar in 2D
MSCs and d3D MSCs

In an attemptd derive iPSC colonies from MSCs, 3D MSCs were cultured under
optimal conditions for 5 days, before disaggregation argkeeling onto plastic {d

3D MSCs) as described above. 2D MSCs were trypsithand reseeded at identical
densities to €D MSCs. MSC duplicate wells were transduced with lentiviral
vectors expressing OKSM for 22 hours, before culture in MSC media for 5 days.
Identical wells were also infected with lentiviral vest@xpressing EP, in order to
calculate transduction efficiencies. After 5 days, l&fiP wells were viewed using
fluorescence microscopy, and multiple images per sample were taken (n=10). The
number of GFRpositive cells was counted and then used to calculaée
trarsduction efficiency for each sample. Examfileverted) images are shown in
Figure 4.4.16, and transduction efficiencies are given in Table 4.4.1. The
transduction efficiencies observed iR3D MSCs from both donors tested were
considerably higher than teke observed in 2D MSCs. Increased transduction
efficiency may be another benefit associated with the reprogramming@MNSCs,

as higher transduction efficiencies mean more cells will be exposed to the
reprogramming cocktail, and so more cells have anahaof undergoing
reprogramming to pluripotency. At day 5 following transduction, OKi&mhsduced

cells were trypsinised, counted and seeded onto irradiated MEF (iMEF) feeder cells
in iPSC media and observed for colony formation. At day 18 (Donor 1) gnd7da
(Donor 2) following lentiviral transduction, individual wells were fixed and stained
for the pluripotency markers Oct4A and Nanog. Wells were then imaged using
confocal microscopy. A tile scanning method was applied, which was then used to
generate a&omposite image of each whole well. The staining of Oct4A revealed
intense immunaeactivity, so for each well, manual counting was applied to identify
number of Oct4A+ colonies. This was then used with the transduction efficiencies
generated from GFRarsduction, to determinéhe reprogramming efficiency for
each sampl€Table 4.4.2) The composite images are shown in Figure 4.4i17

both donors examined, the generation of Oct4A+ colonies was slightly more
efficient in 2D than eBD MSCs, so enhanced agpsion of reprogramming factors

at the time of transduction does not confer a reprogramadvgntage on-8D

MSCs. Nor did it enhance the speed at which Oct4A+ colonies appeared in culture,
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Figure 4.4.16 Analysis of lentiviral transduction efficienaés in 2D and d3D
MSCs

d-3D MSCs and 2D MSCs were incubated with @&Rtivirus for 24 hours.
After 24 hours media was exchanged for MSC expansion media, and cells
cultured for 5 days. On day 5 2D an@0Q MSCs were examined by fluorescen
microscopy, and counted for GFP+ cells. Multiple bright field and inver
fluorescence (GFP) images were used to calculate transduction efficiencie:
mean GFP+ cells in each sample (n = 10, example images shown, GFP i
are inverted).
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Table 4.4.1. Transluction efficiencies of 2D and e8D MSCs calculated from
GFP+ cell numbers

Sample ID Total cell no. | GFP+ cell no. | Transduction efficiency
Donor 1 2D 101 38 37.6%
Donor 1 d-3D 67 51 76.1%
Donor 2 2D 72 37 51.4%
Donor 2 d-3D 56 40 71.4%

Table 4.4.2 Reprogramming efficiencies of 2D and eBD MSCs calculated from
Oct4A+ colony numbers

Sample ID Transduction | No. of cells No. of Reprogramming
efficiency plated Oct4A+ efficency
colonies
Donor 1 2D 37.6% 20,000 65 0.86%
Donor 1 d-3D 76.1% 20,000 93 0.61%
Donor 2 2D 51.4% 20,000 18 0.18%
Donor 2 d-3D 71.4% 20,000 16 0.11%
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2D MSCs d-3D MSCs

-
Figure 4.4.17 Analysis of the generation of Octd4a+ colonies from OKSM
transduced 2D and d3D MSCs

Donor 1

Donor 2

d-3D MSCs and 2D MSCs were transduced with Ok8¥pressing lentiviruse:
and cultured under standard protocols for the induction of pluripotencyvill 6
plates. One well of a-@ell plate for each sample was stained with an antib
against Oct4a. Wells werexamined by fluorescence microscopy, using a
scanning method to allow quantification of absolute Oct4a+ colony num
Composite images of whole wells stained for Oct4a (red) for A) Donor 1
MSCs, B) Donor 1 8D MSCs, C) Donor 2 2D MSCs and D) Dwn2 ¢3D

MSCs.
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this was donedependent, with samples from Donogénerating more colonies and
much more quickly than Donor 2. Example higher magnification images of colonies

generated from both 2D and3D MSCs, stained for Oct4A and Nanog, ah®wn
in Figure 4.4.18.
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Figure 4.4.18 Assessment of Oct4a and Nanog expression in colon
generated by OKSM transduction of 2D and eé3D MSCs

Colonies generated from OKSWansduced 2D and-8D MSCs were stained fo
Oct4a and Nanog and imaged usfluprescence microscopy. Upper panels sh
staining of colonies generated from 2D MSCs for Oct4a (left) and Nanog (r
Lower panels show staining of colonies generated freBD dMSCs for Oct4a
(left) and Nanog (right, scale bar = 100um).
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4.4.6 Enhancedexpression of pluripotency and reprogramming factors in 3D
MSCs is lost within 24- 48 hours of return to 2D culture

In order to investigate the similarity of reprogramming efficiencies in 2D a8 d
MSCs, three different primary MSC donors were cultaediescribed in 4.4.5, and
samples taken at 5, 24 and 48 hours following return to 2D culture, to track changes
in pluripotency factor expression with time in 2D culture. In these experiments,
expression in €D MSCs at 5, 24 and 48 hours was comparetidbih 2D MSCs.

The expression of all pluripotency factors returned to 2D MSCs lemets3D
MSCs. As previously observed when compared to HDF expression levels, the
expression of Oct4 (Figure 4.4.19) and Sox2 (Figure 4.4.20) was highest in 3D
MSCs and éll in d-3D MSCs 5 hours after return to 2D culture, whilst still
remaining higher than levels in 2D MSCs. However within 24 hours of
disaggregation expression levels of Oct4 reduced to 2D MSC levels (Figure 4.4.19),
and a similar pattern was observed &wx2, where between 24 and 48 hours after
disaggregation, expression fell to 2D MSC levels (Figure 4.4.20). Although not one
of the o6Yamanaka factorsé, Nanog pl ays
included in the four factor combination of regramming factors demonstrated to
reprogramme HDFs to pluripotency by the Thompson laborgduyet al., 200Y.

The expression pattern of Nanog was very similar to that ¢4, @dgth expression
levels returning to those observed in 2D MSCs around 24 hours after spheroid
disaggregation (Figure 4.4.21). Interestingly, the effect of returning 3D MSCs to 2D
culture appeared to be detrimental to Klf4 expression-8DdMSCs. 24 hots
following disaggregation the expression of Klf4 ir8B@ MSCs had actually fallen
below levels observed in 2D MSCs, with only a small but dalependent recovery

of expression 48 hours after disaggregation, and on average Klf4 levels were still
significantly lower than those in 2D MSCs 48 hours after disaggregation (Figure
4.4.22). Whilst a peak in-Rlyc expression was observed 5 hours after return to 2D
culture, this effect was transient, with expression 4BDdMSCs returning to 2D
MSCs levels within 8 hours of return to 2D culture following spheroid
disaggregation (Figure 4.4.23).
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Figure 4.4.19. gPCR analysis of Oct4 expression in MSCs up to 48 hours
after spheroid disaggregation.

MSCs from 3 donors were cultured as 2D monolayers and 3D sphuiitfidan

initiating cell number of 60,000 cells for 5 days. After 5 days MSC sphel
were disaggregated to single cells angbleded on tissue culture plastic for up
48 hours. cDNA samples were generated and then analysed by gPC
Expression of ©t4 for each donor was normalised to expression of
housekeeping gene GAPDH and made relative to expression levels in
matched 2D samples. Fold changes were calculated’ss B) Data from all 3
donors was pooled and subject to statistical amlynean fold changes a
shown = SEM, * p< 0.05. Statistical significance is relative to expression i
MSCs (by Kruskal Wallis test, n = 3).
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Figure 4.4.20. gPCR analysis of Sox2 expression in MSCs up to 48 hot
after spheroid disaggregatia.

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for 5 days. After 5 days MSC sphel
were disaggregated to single cells angbleded on tissue culture plastic for up
48 hours. cDNAsamples were generated and then analysed by gqPCF
Expression of Sox2 for each donor was normalised to expression o
housekeeping gene GAPDH and made relative to expression levels in
matched 2D samples. Fold changes were calculated’s B) Data from all 3
donors was pooled and subject to statistical analysis, mean fold chang
shown = SEM, * p< 0.05. Statistical significance is relative to expression i
MSCs (by Kruskal Wallis test, n = 3).
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Figure 4.4.21. gPCRanalysis of Nanog expression in MSCs up to 48 hout
after spheroid disaggregation.

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for 5 days. After 5 days MSC sphel
were disaggregateo single cells and fplated on tissue culture plastic for up
48 hours. cDNA samples were generated and then analysed by qPC
Expression of Nanog for each donor was normalised to expression c
housekeeping gene GAPDH and made relative toesspyn levels in doner
matched 2D samples. Fold changes were calculated’as B) Data from all 3
donors was pooled and subject to statistical analysis, mean fold chang
shown = SEM, * p< 0.05. Statistical significance is relative to expressi@b ii
MSCs (by Kruskal Wallis test, n = 3).
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Figure 4.4.22. qPCR analysis of Klf4 expression in MSCs up to 48 houi
after spheroid disaggregation.

MSCs from 3 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 6,000 cells for 5 days. After 5 days MSC sphero
were disaggregated to single cells angbleged on tissue culture plastic for up
48 hours. cDNA samples were generated and then analysed by qPC
Expression of Klf4 for each donor was normalised expression of the
housekeeping gene GAPDH and made relative to expression levels in (
matched 2D samples. Fold changes were calculated’ss B) Data from all 3
donors was pooled and subject to statistical analysis, mean fold chang
shown = &M, * p< 0.05. Statistical significance is relative to expression in
MSCs (by Kruskal Wallis test, n = 3).

132



A M 3D day5

c-Myc M 5 7 Time after return

30 - 24 Fto 2D culture
M 48 | (hrs)

25
20 -

15 -

Fold change

10 -

2D Donor 1 Donor 2 Donor 3

B 20 c-Myc %
18 -
16 -
14 -
12 1
10 -

Fold change

o N A O O

3D

Figure 4.4.23. qPCR analysis of-tyc expression in MSCs up to 48 hours
after spheroid disaggregation.
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MSCs from 3 donors were cultured 2D monolayers and 3D spheroids with
initiating cell number of 60,000 cells for 5 days. After 5 days MSC sphel
were disaggregated to single cells angbleged on tissue culture plastic for up
48 hours. cDNA samples were generated and thetysauaby gPCR. A)
Expression of @Myc for each donor was normalised to expression of
housekeeping gene GAPDH and made relative to expression levels in (
matched 2D samples. Fold changes were calculated’as B) Data from all 3
donors was pootk and subject to statistical analysis, mean fold changes
shown = SEM, * p< 0.05. Statistical significance is relative to expression i
MSCs (by Kruskal Wallis test, n = 3).
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4.4.7 Suspension culture of €3D MSCs maintains enhanced expression of
pluri potency factors following spheroid disaggregation

Disaggregation studies demonstrated that enhanced expression of pluripotency
factors in 3D MSCs was dependent on 3D culture, and that a return to adherent
culture resulted in a return to 2D expression leva& these factors. In order to
investigate if it was possible to expand 3D MSCs without the needdeexk onto
tissue culture plastic, MSCs were cultured as spheroids containing 60,000 cells for 5
days, before disaggregation to small cell clumps, usingore gentle method of
enzymatic digestion. Sersplid media containing 1% methyl cellulose, is alde

culture media, where cells are held in a static position, but do not adhere to a
substrate so preventing spreading and acquisition of typical 20 Bt&ape and
growth behaviour. The small cell clumps generated from spheroid disaggregation (d
3D MSCs) were seeded into sesolid media, containing either 5% FBS, or a
serumfree media used for the culture of pluripotent cells. Over 7 days in culture, the
d-3D MSC clusters were observed itcreasein size, suggesting the cells were
proliferating, and behaviour seemed similar in both media formulations (Figure
4.4.24. A). To test the coloAprming capacity over time in serapdlid media,
further experimerst were performed, with disaggregation to single cells/cell clumps
of very few cells. For these experiments media containing 5% FBS was selected, as
in the previous experiments there was no obvious differences in cell behaviour in the
different media. MSC&om 2 donors were tested under these conditions, and again
over 7 days demonstrated an increase in cell clump size, indicative of proliferative

capacity from single cells/small cell clumps within the cultures Figure 4.4.24. B).

As discussed above, enhanced expression of pluripotency factors was lost-when d
3D MSCs were rseeded on tissue culture plastic. RNA was isolated fre3b d
MSCs cultured in sensolid media for 7 days, and expression of pluripotency
factors was analysedylgPCR. Expression was normalised to GAPDH and made
relative to the donematched 2D (adherent) sampla. both semisolid medias
tested, eBD MSCs maintained elevated expression of Oct4, Nanog, Sox2 and
telomerase, compared to expression in 2D MS&IE$4 expression was upgulated
around 36 fold (dependent on donor) ir3D MSCs cultured in sensolid media

with 5% serum, whilst upegulation of around 3.5 fold was observed in sefiga
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A 3D media + 5% FBS 3D media (serum free)

Day 7 Day 1 Day 7

B 3D media + 5% FBS

Figure 4.4.24. Analysis of MSC growth in noradherent ailture conditions
following 3D spheroid disaggregation

MSC spheroids were initiated (60,000 cells per spheroid) and cultured und
conditions for 5 days. On day 5 spheroids were disaggregated -apdded as
cell clumps into sermsolid media (containigy 1% methyl cellulose) with 5%
serum or serunree. A) Light microscopy images of MSCs disaggregatec
small cell clumps and cultured for 7 days in seolid media with 5% serun
(left panel) or serunfree (right panel). B) Light microscopy images of MS
from 2 donors disaggregated to single cells/very small cell clumps and cu
for 7 days in semsolid media with 5% serum (scale bars = 100um).
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semtsolid media (Donor 1 sample was lost during recovery from media) (Figure
4.4.25. A). Similar resultsvere observed for Nanog expression, although the up
regulation of Nanog was much more variable between done2d dld in media

with 5% serum)Enhancement danog expression in serdfree media was highly
similar to media with serum in Donor 2 (Figutet.25. B). Expression of both Sox2
and telomeraséncreasedin both medias, although again, the expression changes
between donors was highly variable. In media with 5% serum Sox2 expression was
up-regulated 400 fold dependent on donor, whilst in Dor@oculture in serunfree

media resulted in a 25@Id increase in expression compared to 2D monolayer levels
(Figure 4.4.26. A). Similarly expression of telomerase in serum free media increased
around 66 fold in Donor 2, whilst eggulation varied betweed44 fold in media

with 5% serum compared to 2D monolayer levels (Figure 4.4.26. B). This work
supports the disaggregation studies witls@eding on to plastic, and confirms that
3D nonadherent culture is required for the maintenance of -difterentiaed

phenotype.
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2D Donor 1 Donor 2 2D Donor 1 Donor 2
Oct4 Nanog
Donor 1 Donor 2 Donor 1 Donor 2
Mean + | Mean + | Mean + | Mean +
dCt | SEM | dCt | SEM | dCt | SEM | dCt | SEM
2D 3.80 | 0.13 | 438 | 0.07 | 8.84 | 0.08 | 9.06 | 0.08
3D 5% serum | 2.29 | 0.07 | 1.83 | 0.01 | 6.88 | 0.09 | 4.50 | 0.04
3D serum free - - 2.50 | 0.05 - - 4.55 | 0.04

Figure 4.4.25. gPCR analysis of Oct4 and Nanog expression in MSCs after
spheroid disaggregation and culture in semsolid media.

MSCs from 2 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,00@ells for 5 days. After 5 days MSC spheroi
were disaggregated to small cell clumps andeeded into senrsolid media
(containing 1% methyl cellulose) with 5% serum or seftee. cDNA samples
were generated and then analysed by gPCR. A) Expressiorttdff@ each
donor was normalised to expression of the housekeeping gene GAPDH anc
relative to expression levels in doroatched 2D samples. B) Expression
Nanog for each donor was normalised to expression of the housekeeping
GAPDH and made fative to expression levels in doRmratched 2D samples
fold changes were calculated a&’%. Average dCt values + SEM for technic
replicates of both genes are shown in the table.
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Donor 1 Donor 2 Donor 1 Donor 2

Mean + Mean + Mean + Mean -
dCt | SEM | dCt | SEM | dCt | SEM | dCt | SEM

2D 12.05( 0.13 | 12.14 | 096 | 12.10 | 0.20 | 11.44 | 0.06
3D 5% serum | 9.78 | 0.17 | 5.06 | 0.04 | 1049 | 0.42 | 5.96 | 0.12
3D serum free - - 4.72 | 0.09 - - 5.40 | 0.11

Figure 4.4.26. gPCR analysis of Sox2 and Telomerase expressiomMSCs
after spheroid disaggregation and culture in semsolid media.

MSCs from 2 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for 5 days. After 5 days MSC sphel
were disaggregated to small celumps and reseeded into senrsolid media
(containing 1% methyl cellulose) with 5% serum or seftee. cDNA samples
were generated and then analysed by qPCR. A) Expression of Sox2 fol
donor was normalised to expression of the housekeeping gene laRDmMade
relative to expression levels in doroatched 2D samples. B) Expression
Telomerase for each donor was normalised to expression of the housek
gene GAPDH and made relative to expression levels in doatched 2D
samples, fold changes reecalculated as®“ Average dCt values + SEM fc
technical replicates of both genes are shown in the table.
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4.4.8 3D MSCs show enhanced mesodermal potendy vivo and express
markers of early mesendodermn vitro

As described above, although 3D MSCs did not form teratomasn owivo
implantation, they did give rise to small, organised tissue masses (Figure 4.4.11).

This demonstrated an enhanced ability to form tisgaueivo, as 2D MSCs were

without effect Massond6s trichrome staining dist.i
smooth muscle (red) on histological sections. Tissue masses from 3D MSCs showed

a substantial collagen component (connective tissilee) and also displayed some
organised blocks of muscleeft) (Figure 4.4.27 A). In contrast, teratomas from

ESCs showed a reduced connective tissue component, indicated by reduced blue
staining, and lacked the organised muscle blocks observed in tissue masses form 3D
MSCs (Figure 4.27. B).

Considering the deopmental origins of MSCs, and their propensity to form
mesodermalike tissuesin vivo, expression of markers associated wahrly
mesendoderm was examined. MSCs from two primary donors were cultured as 2D
monolayers and 3D spheroids for up to 5 daysufture. The expression of all
mesodermal markers examined wasregulated in 3D versus 2D MSCs across all
time points. However, maximal expression of markers did vary across time points,
and there was some irtdonor variation observed. The expressanBrachyury

was observed to increase in 3D culture, with maximategulation of around-@

fold compared to 2D cultures. Donor 1 showed a peak of Brachyury expression on
day 5 of 3D culture, whilst in Donor 2 the peak was on day 3 with a slight realuctio
in expression by day 5 (Figure 4.4.28. A). Both donors showed an increase in
Goosecoid expression with time in 3D, peaking at day 5, and with-a.%.®ld

increase in expression compared to the donor matched 2D sample (Figure 4.4.28. B).
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A 3D MSCs

Figure 44.27. Histological analysis of the generation of mesoderderived
tissue following implantation into nude mice

3D MSC spheroids (initial cel l nu
conditions for 5 days before subcutaneous injection into nude mmesaVESCs
were also implanted as a positive control for teratoma formation. After 12 w
tissue samples were recovered, fixed and stained with Massons Trichome
microscopy images of A) tissue masses generated by 3D MSCs and B) ter:
from mouseESC positive controls. Labels indicate tissues of mesodermal c
i Mu = muscle, Ad = adipose, Co = connective tissue; scale bar = 100um
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Figure 4.4.28. gPCR analysis of expression of Brachyury and Goosecoid in
MSCs over time in 3D culture

MSCs flom 2 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for up to 5 days in culture. cDNA sam
were generated and then analysed by qPCR. Expression of target gene fi
donor was normalised to expsém of the housekeeping gene GAPDH and m
relative to expression levels in the donor matched 2D sample. Fold change
calculated as & A) Expression of Brachyury in 2 different MSC donors (I
panel), and pooled donor data (right panel). Bpregsion of Goosecoid in

different MSC donors (left panel), and pooled donor data (right panel). P
donor data was subject to statistical analysis, mean fold changes are st
SEM, * p< 0.05. Statistical significance is relative to expression iM3Ts (by
Kruskal Wallis test, n = 2).
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KDR expression fell slightly on day 1 of 3D culture, but by day 3 expression of
KDR had peaked in both donors, with leveld.3 fold higher than in 2D MSCS. On

day 5 expression of KDR had fallen in both donaithough this effect was more
pronounced in Donor 2. In Donor 1 expression at days 3 and 5 was highly similar
(Figure 4.4.29. A). Expression of MixI1 increased with time in 3D culture, up to day
3, with upregulation of between-61 fold, depending on don, and compared to 2D
levels. By day 5 of 3D culture the expression of MixI1 had fallen in both donors
examined, although it remained higher than observed at day 1 of 3D culture (Figure
4.4.29. B). Expression of CXCR4, a marker of haemangioblasts (bimmdlelial
precursors) was highly uggulated in 3D cultures. Although the expression pattern

of CXCR4 was inconsistent across donors, both donors demonstrated prominent
expression increases when cultured as 3D spheroids. Donor 1 showed increases of
betwesn 2030 fold, whilst expression of CXCR4 increased7dDfold during 3D
culture of Donor 2 (Figure 4.4.30).

The expression of a number of these early mesendoderm markers were also
examined by immunocytochemistry, to determine if detectable protein ceuld b
identified in 3D MSCs. MSCs were cultured as 3D spheroids for 5 daysfrezap

and cryosectioned before incubation with specific antibodies. Positive staining for
Brachyury (Figure 4.4.31. A) and CXCR4 (Figure 4.4.31. C) was observed,
indicating thatincreased transcript levels did result in the production of sufficient
protein for detection by immunocytochemistry. Weak positive staining for KDR was
also observed (Figure 4.4.31. B). It is possible that KDR protein expression may

have been higher at d8y as was observed for KDR transcript.

It was possible that symopulations of cells within the 3D MSCs had undergone
autophagydriven reprogrammintp different degrees due to their location within the
spheroid. To investigate this, images of 3D MSE€ctions stained with anti
Brachyury antibody were analysed using Volocity software to identify the highest
and lowest Brachyurgxpressing cells. Using this technique, it was clear that for
both the lowest (top panel) and highest (bottom paBedchyury fluorescence
intensity cells, there was a relatively even distribution of cells within the section and
that no obvious supopulation could be identified by low/high Brachyury

expression (Figure 4.4.32).
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Figure 4.4.29 qPCR analysis of expression of KD&nd MIXL1 in MSCs
over time in 3D culture

MSCs from 2 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for up to 5 days in culture. cDNA sam
were generated and then analysed by gPCR. Expressiorgef tgene for eact
donor was normalised to expression of the housekeeping gene GAPDH anc
relative to expression levels in the donor matched 2D sample. Fold change
calculated as ¥t A) Expression of KDR in 2 different MSC donors (left pane
and pooled donor data (right panel). B) Expression of MIXL1 in 2 different N
donors (left panel), and pooled donor data (right panel). Pooled donor dat
subject to statistical analysis, mean fold changes are shown £ SEM, * p<
Statistical sigrficance is relative to expression in 2D MSCs (by Kruskal We
test, n = 2).
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Figure 4.4.30. gPCR analysis of expression of CXCR4 in MSCs over time |
3D culture

MSCs from 2 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for up to 5 days in culture. cDNA sam
were generated and then analysed by qPCR. Expression of CXCR4 fol
donor was normalised to expression of the housekeeping gene GAPDH anc
relative to expression levels in thendo matched 2D sample. Fold changes w
calculated as &' Expression of CXCR4 in 2 different MSC donors (left pan
and pooled donor data (right panel). Pooled donor data was subject to sta
analysis, mean fold changes are shown = SEM, *.p5.(5tatistical significance
is relative to expression in 2D MSCs (by Kruskal Wallis test, n = 2).
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Figure 4.4.31. Staining of 3D MSC spheroid sections for early mesoderm:

markers

3D spheroids (60,000 MSCs) were cultured for 5 days. Sphexeidsthen snap
frozen, sectioned and stained for markers of early mesoderm. Samples
imaged using confocal microscopy. Red staining for Brachyury (A), KDR
and CXCR4 (C), with DAPI counterstain (cyan) of 3D MSC sections (upper
panels). Lower twganels show matched secondary antibody only controls |

with DAPI (cyan). Scale bar = 100um.
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DAPI Brachyury (red)

+ lowest Brachyury + lowest Brachyury Merge
fluorescence intensity fluorescence intensity
(yellow) (yellow)

DAPI Brachyury (red)
+ highest Brachyury + highest Brachyury Merge
fluorescence intensity fluorescence intensity
(yellow) (yellow)

Figure 4.4.32. Analysis of the distribution of Brachyury MSCs within the
3D spheroid structure

MSCs were cultured as 3D spheroids with an initiatiaty cumber of 60,00C
cells for 5 days in culture. Spheroids were then gragen, sectioned and staine
for Brachyury (red) with DAPI (cyan). Samples were imaged using coni
microscopy. The image was subject to analysis with the Velocity Soft
program, to identify cells expressing the lowest (top panel) and highest (bc
panel) levels of Brachyury, which were highlighted in yellow (n = 48).
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CXCR4 is a marker of mesoderm and haemangiob{@tiershaw et al., 20)0and

is expressedby early haematopoietic progenitors, acting as a marker of definitive
haematopoiesis during embryogene@#oepps et al., 2000 CXCR4 expression

was highly upregulated in 3D MSCs. To test if enhanced expression of early
mesendoderm/haemangioblast markers indicated enhamogtfo haematopoietic
potential in 3D MSCs, 2D and 3D MSCs were cultuied5 days. 3D MSCs were
disaggregated to a single cell suspensieBHAMSCs), and 2D MSCs were detached

from plastic and prepared as a single cell suspension. The cell suspensions were then
mixed with Methocult (a sersolid methyl cellulosévased haemapoietic induction
media). After 16 days in this media, cells were examined by light microscopy to
monitor the appearance of haematopoikitie colonies. 2D monolayer MSCs
remained as single cells and very few tiny cell clusters were observed. There also
appeared to be increased cell debris in 2D samples, indicative of cell death (Figure
4.4.33, top panels). In contrast, colonies were observed3b #MSC samples,
which were | arger, irregul ar i n shape,
smallercellsar ound them (Figure 4.4. 33, bottom
cells). These colonies were similar, but not typical, of the Hikestcolonies of early
haematopoietic progenitors seen in a standard CFU assay using CD34+ cells. Further
investigation such as isolation and analysis for CBgisitivity would confirm the
haematopoietic status of the colonies derived freBDAMSCs.
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Figure 4.4.33 Assessment of MSC haematopoietic CFU ability in sesolid
induction media

3D spheroids were initiateddm 60,000 MSCs and cultured for 5 days, bef
disaggregation to a single cell suspension. 2D aB® dMSCs were seeded i
haematopoietic induction media, and cultured for 16 days, before being an:
with brightfield microscopy for the presence of hatopoieticlike colonies.
Example images from 2 different MSC donors for 2D (A, C) ar8Dd(B, D)

samples are shown. (Scale bar = 1I
3D MSC colonies)
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4.4.9 3D culture reverses morphological changes and growth arst associated
with replicative senescence

As described in sectioB.4.3 when 3D MSCs were disaggregated angeeded

onto tissue culture plastic, they-adopted a typical 2D MSC morphology over 24

48 hours. However, in relation to the originating 2D MSC population, the size and
morphology of 3D MSCs was different.-8D MSCs were smaller, and noticeably
less spread out than the 2D MSCs they originated from. When 2D MSCs are
maintained in culture for long periods of time, they gradually acquire morphological
features of senescent cells, becoming larger, flatter and maradsput. There is

also a reduction in proliferative capacity over a number of passages, although the
time taken to reach cellular senescence is ddependent. Given that 3D MSCs
express markers of a more primitive state, ané8Dd MSCs appeared
morphologcally distinct fromin vitro cultured MSCs, the effects of 3D cultureian
vitro-aged MSCs was determined. 2D MSCs were culturedtro until they ceased

to proliferate (Figure 4.4.34.A). At this stage, 2D MSCs had a flat, well spread
morphology, typichof nonproliferative/senescent cells (Figure 4.4.34.B, left panel).
These cells were then cultured under optimised 3D conditions for 5 days. Following
disaggregation and 1geeding onto plastic,-8D MSCs appeared morphologically
distinct from the origiating 2D MSC population, they were small, and 4spread
(Figure 4.4.34.B, right panel) and had regained proliferative capacity (Figure
4.4.34.A). This suggests that optimised 3D culture conditions are sufficient to restore
proliferative capacity to neproliferative, in vitro-aged MSC cultures, and reverse

senescenceassociated cellular hypertrophy to a more primitive morphology.
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Figure 4.4.34 Analysis of morphology and proliferative capacity of senescet
MSCs before and after 3D culture

2D MSCs were repeatedly passaged until a-protiferative population was
reached. Culturaged MSCs were then used to initiate 3D spheroids (60
MSCs per spheroid) and cultured for 5 days, before disaggregation-seediag
onto plastic. A) Cumulate population doublings are shown for cultaged
MSCs before and after 3D culture. B) Sample MSCs before and 48 hours
disaggregation were stained with crystal violet and imaged using brigh
microscopy (Example grayscale images are shown, baake 100um).
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4.5 Discussion

The transcription factor Oct4 is expressed in the epiblasvo, and undifferentiated
ESCs and ECm vitro (Okamoto et al., 199@Rosner et al., 1990Nanog expression
is also restricted to pluripotent cellf€hambers et al., 200Mitsui et al., 2003
whilst Sox2 is expressed throughout the epiblast and in pluripotenticelitro
(Avilion et al., 2003. The expression of these factors is alsaegulated in human
somatic cells, when they are reprogrammed to pluripotency by fesqaession of
defined factorgTakahashi et al., 200%u et al., 200Y. Increased expression of
pluripotency factorsvas selected as marker ofde-differentiationfeprogrammingn

3D MSCs, and used to identify optimal 3D conditions.

As denonstrated in section 3.4.1, 3D spheroid size was dependent on initial MSC
seeding density and time in culture, and a wide repertoire of spheroid sizes could be
generated using the conditions tested. Optimal/high expression of Oct4, Nanog and
Sox2 was constently observed across the donors examined when 60,000 MSCs
were cultured in 3D for 5 days. The combinedregulation of all 3 pluripotency
factors could indicate that the level of stress imposed on 60,000 MSCs after 5 days
in 3D culture, is optimal fordriving an autophagyeponse which initiates
reprogramming towards pluripotency. Telomere shortening occurs during ageing in
the absence of telomerase expression. This limits the proliferative capacity of normal
adult cells, as when telomeres become @iiyc short, they enter replicative
senescence. Pluripotent cells, when cultured under the correct conditions have
unlimited selfrenewal capacity, express telomerase, and maintain telomere length
through repeated passage in culture. In optimal 3D culturdittons (60,000 MSCs

per spheroid), expression of telomerase wagegplated compared to doror
matched 2D samples. This indicates that MSCGacrpiire telomerase expression,
another marker of pluripotency, through culture under optimal 3D conditiohas It
recently been demonstrated that during iPSC generation, activity of telomerase is
restored(Takahashi et al., 20Q7but also that after a few passages, iPSCs have
telomeres of equalent length to ESC@arion et al., 20090 This shows thanot

only is expression of telomerase reactivated in iPSCs, but that it acts to lengthen and
maintain telomeres in the same manner as observed in pluripotent ESCs. Increased

MRNA expression of telomerase in 3D MSCs could indicate an increase in activity
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during 3D culture, but this would require further validation of both telomerase
activity, and telomere lengthening, to be comparable to the changes observed in

factorbased reprogramming to pluripotency.

During traditional factobased methods, partial regramming to pluripotency has
been reported by a number of groups. In fact, the breakthrough experiments by
Takahashi and Yamanaka produced cells with similar but not identical characteristics
to pluripotent mouse ESCs. The Fbxddlected iPSCs showed \alsle expression

of endogenous pluripotency factors, at levels lower than observed in ESCs. The
IPSCs generated were also unable to form viable adult chimeras, so were not
equivalent of ESCs in terms of vivo potency(Takahashi and Yamanaka, 2006
Similar to this, it was observed that, under optimal culture conditions (60,000 MSCs,
day 5), whilst 3D MSCs upegulated expression of all 3 pluripotency factors
compared to 2D MSCs, the expressif these factoravaslower than in H9 ESCs,

in all MSC donors examined. Furthermoteere was no detectable Oct4danogor

Sox2 protein expression in 3D MSCs, and thdiyl not form teratomas when
implanted into immunocompromised mice. Taken togethesdhiesults suggest that

3D MSCs cultured under optimal conditions increase mRNA expression for factors
associated with pluripotency, but that this is not associated with increased protein
expression. Expression levels remain below levels observed in B&BLC8D MSCs

are not pluripotenin vivo, as they are unable to form teratomas. Notably low
endogenous expression of pluripotency factuis et al., 2009 and absence of
teratoma formation(Mikkelsen et al., 2008 have both been observed in cells
partially reprogrammed with facttmased methods, and further treatment was
required to induce full repregmming to pluripotency. It was previously
demonstrated in the lab that 3D MSCs are quiescent, and do not express the
proliferation marker Ki67 (Elen Bray, unpublished observations). Ruiz and
colleagues demonstrated that proliferation was required duepigpgramming to
pluripotency, and that cell cycle inhibition resulted in an absence of reprogrammed
cells. Furthermore, it was demonstrated that increased proliferation increased the
number of reprogrammed cells generated, rather than affecting reprogigammi
kinetics, which suggested that proliferation at the individual cell level is a
requirement for reprogramming to pluripoten@uiz et al., 201 Given that 3D
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MSCs are quiescent, lack of thecessary cell proliferation could explain why they

do not appear to undergo full reprogramming to pluripotency under 3D conditions.

As 3D MSCs are not pluripotent, but-vpgulate expression of pluripotency factors,
they were considered a potentially gosolurce of cells for efficient factdrased
reprogramming techniques. To allow for comparable experiments, 3D MSCs were
disaggregated and -s=eded onto plastic @D MSCs). After 5 hours, expression
levels of OKSM were examined, and compared to both 2D /8@ HDFs, which

are commonly used for reprogramming. Expression levels of Oct4, Sox2Mwpd c
were higher in 8D MSCs than HDFs and 2D MSCs, whilst on average this was
also the case for Klf4, although Klf4 expression was not consistently regulated by
3D culture of MSCs. NSCE&im et al., 2009aKim et al., 2009bKim et al., 2008,
dermal papilla cell§¢Tsai et al., 20L1Tsai et al., 2010and keratinocyte€Zhu et al.,

2010 all express some of the reprogramming factors atdevigher than in HDFs,

and have been reprogrammed to pluripotency with increased efficiency and fewer
factors. This suggested that when transduced at 5 hourslipaggregation, 3D
MSCs may be reprogrammed more efficiently than their donor matched Zilesam

In fact, reprogramming efficiencies were higher in 2D MSCs in both donors
examined, although the differences between culture conditions were relatively
minor. Whilst iPSClike colonies generated from 2D aneBD MSCs stained for
both Oct4A and Nanogthey were difficult to maintain in culture with serial
passaging. Further experiments revealed that whilst at 5 hourdipaggregationd

3D MSCs expressed OKSM at higher levels that 2D MSCs, b482Hours, these
levels had dropped, and were equivaleht2D MSC expression. The optimal
recommended treatment time with lentiviral vectors used2@e34 hours, so even
duringthis time 3D MSCs had lost the increased expression of pluripotency factors,
which was hypothesised to enhance factor based reprogngmGiven the similar
efficiencies achieved in both 2D and 3D MSC reprogramming, it is likely that the
cells were highly similar at the time when lentiviral integration occurred. It is also
probable that considering the difficulties associated with goéxpansion, which is
common in partially reprogrammed ceghi et al., 2008Silva et al., 2008 thatthe
colonies generated in these experiments represented partially reprogrammed, rather
than true pluripotent iPSCs.
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Potential technical difficulties associated with lentiviral reprogramming of 3D MSCs
in suspension culture lead to the use e80d MSCs in the reprogramming
experiments described above, but clearly any reprogramming advantage that 3D
culture may confer onto 3D MSCs is lost orptating to tissue culture plasticoss

of enhanced expression of Oct4, Nanog and Sox2 -BD dMSCs clearly
demongtates that this upegulation is dependent on 3D nadherent culture
conditions. The hypothesis suggests that cell stress, imposed on cells through varied
nutrient and oxygen availability in 3D culture, is sufficient to drive reprogramming
towards pluriptency. On return to tissue culture plastic 3D MSCadept typical
adherent MSC morphology and behaviour in the presence of plentiful nutrients and
oxygen. It would therefore seem sensible that in the absence of conditions which
confer a ddifferentiatedstate onto MSCs, the hallmarks of reprogramming would
be lost, as is indeed the case for3@ MSCs. It was demonstrated that
disaggregation of 3D MSCs to both small cell clumps, and single cells, before
seeding in a suspension culture in supportive sefid media, yielded cell colonies
which increased in size with time in culture3D MSCs proliferated to a similar
extent in both media tested. One media consisted of DMEM supplemented with 5%
FBS, to confer a level of nutrient deprivation onto cells,Istlthe other media was
serumfree iIPSC maintenance media, which should help in the maintenance of
undifferentiated cells, as it is devoid of factors in serum which can induce
differentiation. QPCR revealed that in 2 different MSC donors, the expression of
Oct4, Nanog, Sox2 and telomerase was higher3D dMSCs, cultured in sensiolid
conditions for 7 days, than in 2D MSCs. This indicates that enhanced expression of
pluripotency factors is maintained iR3D MSCs well beyond the 5 hour window of
enhanced>gression observed wher3D MSCs are raseeded onto plastic. Clearly,
return to 2D culture conditions is responsible for loss of pluripotency markers, and
maintenance of MSCs in a 3D environment drives continued expression of
pluripotency factors. As meonhed above, proliferation is required for
reprogramming to pluripotencfRuiz et al.,, 2011 It may be that releasing 3D
MSCs from their quiescent state, whilst culturing them in an environmeichwh
supports the maintenance of adiferentiated state is sufficient to sustain enhanced

expression of pluripotency factors.
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The teratoma assays also demonstrated that 3D MSCs, when freed from the
constraints of plastiadherent culture, had increasedsodermal potency compared

to 2D MSCs. 2D MSCs were unable to form any tissnegdvo, whilst 3D MSCs
formed small, highly organised masses composed of tissues of mesodermal origin.
The absence of teratomas, but formation of mesodermal tissues from 38 MSC
suggests that these cells are more potent than 2D MSCs, but not pluripotent.
Formation of mesodernm vivo suggests that 3D MSCs may havediléerentiated

to early primitive mesodermal stem cells, with the capacity to form mesodermally
derived tissue, hich 2D MSCs were unable to form. The presence of tissue masses
also demonstrates the proliferative potential of 3D MSCs when exposed to
exogenous cues, and this proliferative capacity was also demonstrated, when

d-3D MSCs proliferated whilst mataining pluripotency factor expression after
dissagregation appeared to release them from their quiescent state. This lineage
restricted delifferentiation rather than full reprogramming to pluripotency may
actually improve the potential of 3D MSCs for iilygeutic applications. Recently an

Il ncreasing focus has been pl aced on
reprogramming of one cell type to another, without passage through pluripotency.
This method would be considered preferable in the generationi®faetherapeutic
application, as it effectively circumvents pluripotency and associated teratoma risk.
Functional neurongVierbuchen et al., 20)0hepatocytegHuang et al., 20)1and
cardiomyocytegleda et al., 2010have all been generated from mouse fibroblasts by
direct reprogramming, and human fibroblasts have been directly reprogrammed to
haematopoietic progenitors and maturé tgges (Szabo et al., 2@). Furthermore
factorbased direct reprogramming has been demonstiratgdo, whenb-cells were
reprogrammed to mature exocrine cells of the pancreas, a cell type which; like
cells, arise from pancreatic endodef#Zhou et al., 2008 These studies clearly
demonstrate that forced expression of factors associated with a particular cell fate
can directly reprogramme fibroblast and other cell types to that fate, without the need
for passagehrough pluripotency. In the proposed model, it would appear that 3D
conditions initiate a ddifferentiation programme, that is associated with increased
expression of pluripotency factors, but which halts before reaching pluripotency,
resulting in MSCs Wwich have adopted a lineagestricted pospluripotent state.
Oldershaw and colleagues demonstrated directed differentiation of human ESCs to

chondrocytes, through a series of stepwise differentiation events which minmcked
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vivo development(Oldershaw et al., 20)0In fact, the mesendoderm/mesoderm
markers expressed by MSCs during 3D culture bore a striking resemblance to the
stagespecific markers proposed in this paper. Stage 1 was defined as primitive
streak/mesendoderm and was characterisgdexpression of factors including
Brachyury, Goosecoid and MIXL1, whilst Stage 2, defined as mesoderm was
characterised by expression of Brachyury, KDR and CXCR4. However gPCR
actually showed that at Stage 1, high expression of Oct4, Nanog, Sox2, Byachyu
and Goosecoid was observed, whilst maximal expression of KDR and MIXL1 was
observed at Stage @ldershaw et al., 20)03D MSCs expressed high/maximal
levels of Oct4, Nanog and Sox2, along with Brachyury and Goosecoid at day 5 of
3D culture, sggesting a similarity to the primitive stréatlesendoderm cells
described by Oldershaw and colleague®st strikingly, expression of KDR and
MIXL1 was highest at day 3 in 3D MSCs, and at 8t2g(mesoderm cells) in this
publication This suggests that 3D MSCs undergeddéerentiation in a manner that
passes through stages similar to those observed when ESCs are differentiated in a
stagespecific manner, thought to represent the normal developmental process.
Taken together these sdts indicate that the elfifferentiation initiated by 3D
culture could represent a staggecific reversal of normal developmental
progression, and that 3D MSCs at day 5 share similarities with cells of the primitive
streak/mesendoderm. Expression of keaes of mesendoderm was not restricted to
MRNA, as Brachyury protein was detectable by immunofluorescence at day 5 of 3D
culture. KDR protein was weakly detected at this time point, though it could be
speculated that expression would have been strongdmyif3 samples had been
examined. This would also have provided further evidence for the theory ef step
wise dedifferentiation, from the starting population of MSCs, though mesoderm to
primitive streak/mesendoderm at day 5 of 3D culture. Interestinglypieaxred that

the distribution of Brachyury+ cells was uniform throughout the 3D structure, so a
small highly expressingpopulation was not responsible for the observed up
regulation of Brachyury mRNA. In fact, based on Brachyury expression,
approximately ©% of cells were positive for Brachyury staining (using Volocity
software, calculated as a percentage of DAPI+ nuclei). This indicates that 3D culture
is highly efficient at inducing Brachyury expression in 3D MSCs at day 5. Strong
expression of the mesaad@’haemangioblast marker CXCR4 was also observed in

3D MSCs, along with an enhanced ability to form blék& colonies when
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disaggregated and -s=eded in haematopoietic induction media, suggestive of a
functional enhancement of potency in 3D comparedRoMSCs. Along with this

ability to drive dedifferentiation in cycling cells, 3D culture also appeared to reverse
the effects of culturenduced cell senescence in MSCs. Cellular ageing is associated
with the accumulation of damaging protein aggregates rantated mitochondria,

which are thought to contribute to the phenotype of aged cells. Indeed, age
associated neurodegeneration is caused by these damaging protein aggregates, and
recently compounds which drive cytoplasmic clearance (including autophagy
stimulators) have been found to reverse some of the effects of protein accumulation
(Ravikumar et al., 20Q4Rubinsztein, 2006Rubinsztein et al., 20)1Autophagy
stimulators are also associated with increased longékitsenberg et al., 2009
Harrison et al., 20Q9Morselli et al., 2008 and autophagy inhibition results in
cellular degeneration which mimics that observed in physiological adeiagis

and Rubinsztein, 2012Rubinsztein et al., 20)1 This suggests that reversal of
replicative senescence in MSCs could indeed be induced by an enhanced autophagy
response, stimulated by 3D culture conditions.

The results presented in this chapter suggest that 3D culture dridéfedentiation

of 3D MSCs, characterised by enhanced/mmati expression of markers of
pluripotency/primitive  streak/mesendoderm. 3D MSCs do not reach full
pluripotency, which could indicate a reduceratoma riskwhen compared to
pluripotent, teratominitiating cells Instead 3D culture appears to drive a high
efficient lineagerestricted delifferentiation to a population of mesendoddike

cells with enhanced potenay vitro andin vivo, although the mechanism driving
this dedifferentiation is unknown. 3D culture is key, as return to tissue culture
plasic results in loss of ddifferentiated characteristics, which supports the initial
hypothesis that ddifferentiation would be induced by autophagy, driven by nutrient
deprivation in 3D conditions. Cytoplasmic clearance has been demonstrated to
reverse agassociated defects in studies of neurodegeneration, and 3D culture
reversed replicative senescence in culture aged MSCs. Although stimulation of
autophagy and metabolic remodelling are mainly considered in the context of full
reprogramming to pluripoteyc it is possible that in lineagestricted
reprogramming, these processes could also play a 1dbleone considers

reprogramming to pluripotency as a progressive reversal of the developmental
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process, rat her t han a si mméther, it wa t ¢c h o6
intermediates in between, then it makes sense that cells would passage through de
differentiation and a number of increasingly primitive cell fates before reaching
pluripotency. In this scenario, the principles of cytoplasmic clearancenatabolic
restructuring would also play a role in lineage restricteditferentiation, as well as

in reprogramming to full pluripotency. Chapter 5 will attempt to confirm the
mechanism driving ddifferentiation in 3D MSCs by investigating autophagy
markers, to determine an active autophagic response in MSCs under 3D culture
conditions. It will also examine the metabolic profile of 3D MSCs to investigate if,

in 3D MSCs, autophagy is driving cytoplasmic clearance and metabolic riimgpde

to a more primitre state
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Chapter 5: Mechanismsdriving enhanced potency in 3D
MSCs

5.1 Introduction

As previously described, the metabotype of pluripotent stem cells is distinct from
that of differentiated cells, and during reprogramming to pluripoteti®ye is a
requirement for metabolic remodelling. A number of hallmarks of metabolic
reprogramming have been observed during fdeésed reprogramming. These
include a decrease in oxygen consumption and an increase in lactate production
compared to therginating cell population. iPSC colonies derived from MEFs with

4 factors (OKSM) had highly similar oxygen consumption, cellular lactate levels and
lactate efflux to ESCs, and these levels were significantly different to those of the
parent MEFs(Folmes et al., 20)1 Differential expression of components tbe
oxidative phosphorylation complexes | and Il were also observed under these
reprogramming conditions, with dowegulation of thee componentsin iPSCs
compared to expression in parental MEFs. Under TEM examination, tubular cristae
rich mitochondrial networks were observed in MEFs, whilst in iPSCs, mitochondria
were small, primitive and cristg@or, occupying a perinuclear locatjohighly
similar to mitochondria in ESCs. iPSCs also showed an increased nuclear to

cytoplasmic ratio, another hallmark of pluripotent céfisimes et al., 2091

Autophagyis a physiological mechanism, which recycles organelles and cytoplasmic
contents, to aid cell survival in response to nutrient starvation. Breakdown and
recycling of the components of an autophagosome relies on fusion with a lysosome,
which contains degdative enzymes. Genes encoding lysosome proteins are
expressed in a eordinated fashion, and this expression is regulated by the master
regulator of lysosomal biogenesis transcription factor EB (THESR)diello et al.,
2009. TFEB is a member of the microphthaliitranscription factoE (MiT/TFE)
subfamily of basic helbtoop-helix (bHLH) transcription factors. In analyses of
mechanisms that drive lysosome biogenesis it was observed that many lysosomal
genes contained a common motif, situated close to the transcriptional start site. Thi
motif was a palindromic 10b@ TCACGTGACmaotif, which is similar to sequences

known to be bound by MIT/TFE family members. When all human genes with at
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least two of these motifs within 200bp of the transcriptional start site were identified,
this group wa found to be strongly enriched for genes associated with lysosome
biogenesis and function. This suggested that this element regulated the expression of
many lysosomal genes, and lead to the naming of the motif as a Coordinated
Lysosome Expression and Régfion (CLEAR) element. Chromatin
immunoprecipitation showed that TFEB was able to bind to CLEAR elements in
lysosomal genes, and mRNA levels of such genes increased upon TFEB over
expression. TFEB ovezxpression also resulted in increased lysosome nsnibee
lysosomalassociated membrane protein LAMP1 is a major component of lysosomal
membranes, and LAMP1 expression is regulated by TEERdiello et al., 2009
Increased expression of LAMP1 can act as a marker of increased lysosome numbers,
whilst another marker can be used to intkcan increase in autophagosome
formation. The microtubutassociated protein | light chain 3 (LC3) is a hoogoie

of the yeast protein A& which is essential for autophagy, and is thought to play a
role in autophagosome formation. LC3 exists in two ®rinC3 | is cytoplasmic,

whilst LC3 1l is incorporated into autophagosome membranes. Short term serum and
amino acid depletion is sufficient to drive an increase in LC3 Il levels, so this can act
as a marker of a starvatighiven enhanced autophagic respe (Kabeya et al.,

2003. It was recently demonstrated that TFEB regulat@sonly lysosomal but also
autophagy genes, coordinating the regulation of these closely linked cellular
clearance mechanisms. Overexpression of TFEB resulted in an increase in
autophagosomes, and enhanced autophagic flux (the rate at which autophagosome
are delivered to lysosomes). There was also an increase in expression of autophagy
related genes. In contrast, autophagy genes were -tkyuhated after TFEB
silencing, even under starvation. Furthermore the autophagy marker LC3 Il also
decreased undertasvation conditions when TFEB was depleted, indicating a
requirement for TFEB for a functional autophagy response after nutrient depletion
(Settembre et al., 20L1The work in this chapter will utilise these wdifined
markers of autophagy and metabolic remodeltimgnvestigate the hypothesis that

3D culture regulates autophagy to drive cytoplasmic and metabolic remodelling in
MSCs. Autophagy is a physiological response to cell stress, and if 3D culture does
stimulate autophagy to drive cytoplasmic clearance asnaval mechanism, then

this should be observed in cell types other than MSCs. However, the tolerance of

nutrient deprivation in 3D culture is likely to be eslpe specific, so it may be
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necessary to optimise conditions for any cell type cultured inT80nvestigate this
theory, | will also attempt to establish optimal 3D culture conditions for human
dermal fibroblasts. HDFs have been reprogrammed to pluripotency using traditional
factor based method®’u et al.,, 200Y, so are amenable to the induction of de
differentiation through forced exession of pluripotency factors. Here 1 will
investigate if optimal 3D culture conditions alone are sufficient to drive enhanced

expression of pluripotency factors in HDFs, in the absence of exogenous factors.
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5.2 Aims

The general aim of the work presentedthis chapter is to analyse the metabolic

status and autophagy response in 3D MSCs.
More specifically, the objectives are to:

A Examine the expression of markers of autophagy in 3D MSCs

A Assess the metabolic status and identify evidence of metabolic
remodeling in 3D MSCs

A Investigate if optimised 3D culture conditions are sufficient to drive

enhanced pluripotency factor expression in other cell types
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5.3 Methods
5.3.1 Transmission electron microscopy

3D spheroids were seeded with initiating cell numbers of 6Qy®0s and cultured

for up to 5 days as described in 2.2.1.5. For general analysis of autaptaggd
ultrastructural changes, samples were isolated on days 1 and 5; for more detailed
analysis of mitochondria, samples were isolated on day 5aAlpkes wee fixed as
described in 2.2.4.1. Samples were stained as described in 2.2.4.2 or for high contrast
mitochondrial imaging, staining was as described in 2.2.4.3. All samples were then

prepared and imaged as described in 2.2.4.4.

5.3.2 Quantitative real time polymerase chain reaction

2D MSCs were cultured as described in 2.2.1.3. 3D spheroids were seeded with
initiating cell numbers of 60,000 MSCs and cultured for up to 5 days as described in
2.2.1.5. Samples were isolated every day of 3D culture for analysis BB TF
expression. For gPCR of rapamytieated cells, 3D spheroids were initiated from
60,000 MSCs, and maintained in culture for 5 days as described in 2.2.1.5. Medium
was refreshed daily. For treated samples, 3D MSC medium was supplemented with
0.3nM rapamgcin; 3D MSC medium alone was used for control samples. 2D HDF
monolayers were cultured as described in 2.2.1.4, and 3D HDFs were cultured as
described in 2.2.1.6 for 5 days, with samples isolated daily. RNA was isolated from
all 2D and 3D samples befordONA was generated and analysed by gPCR as
described in 2.2.5. Primer sequences for TFEB were as fo{los880 )

forward primer.CCAGAAGCGAGAGCTCACAGA;
reverse primerTGTGATTGTCTTTCTTCTGCCG

5.3.3 Promoter analysis for TFEB binding sites

A promoter search wagerformed using the Gene Name Input option of
Matlnspector software. Searches were performed for human Oct4, Nanog and Sox2.
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5.3.4 Protein isolation and quantification

Monolayer MSCs werérypsinised centrifugedand resuspended in RIPA buffer
(Thermo Scientific)containing0.5% proteasenhibitor cocktail set Il (Calbiochem)
and 10 gvOMSigma). 3D MSC spheroids were homogediin RIPA buffer

as aboveProtein quantification was performed using the BCA Protein Assay Kit
(Thermo Scientit). Absorbance was measured at 570nm, then protein
concentrations were calculated from a standard curve generated from standard

samples of known concentrations.

5.3.5 Western blotanalysis

For LAMP1 immundolotting, 20pgof total protein was loaded tma 10% SDS
polyacrylamide gel, electrophoresed at 180V, and then wednsferred to a
nitrocellulose membrane and probed win antLAMP1l antibody For LC3
immunoblotting, 2@y of total protein was loaded onto a 15% SPp&8yacrylamide

gel, which following electrophoresis at 180V, was weansferred to a PVDF
membrane and probed witln antiLC3 antibody. Detection waperformed by

enhanced chemiluminescence (ECL) ol | owi ng manufacturer
(Promega) and intensitieguantified using Image andysis software Antibody

details are given in Table 5.3.1.

Table 5.3.1Antibodiesused in Western Blot

Antibody Host | Dilution | Supplier Cat. no.

Anti-LAMP1 Mouse| 1:1000 | Developmental Studies H4A3
Hybridoma Bank

Anti-LC3 Mouse| 1:200 Nanotools 0231:100

Anti-GAPDH Mouse| 1:2000 | GeneTex GTX28245

Anti-Mouse IgG | Goat | 1:2000 | SantaCruz sc¢2005

(HRP conjugate) Biotechnology
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5.3.6 Transcriptomics analyses

2D MSC were cultured as described in 2.2.1.3. 3D spheroids were initiated from
60,000 MSCs and maintained in culture for 5 days as described in 2Edd dlobal

gene expression analyses, duplicate RNA samples fronptineary MSCdonors

were generatedsadescribed in 2.2.5.1 and 2.2.5RNA quality was assessed using
the Agilent 2100 Bioanalyzeboth samples had RNA integrity numbers of 9.8 or
greater. 150ng RNA per sample was then spiked with control RNA, and labelled
with Cy-3. 600ng Cy3labelled RM per sample was then hybridized onto an
Agilent SurePrint G3 Human Gene Expression 8x60K v2 Microakaywyys were
scanned using aMgilent DNA MicroarrayScanner (G2565CAYith SureScan
High-Resolution Technologyata was analysed using Genespring vésa 12.1
software (Agilent technologiesPathwayanalysis was performed on lists of genes
differentially expressed in response 3D culture conditions, using the pathway

analysis tool wthin Genespring v12.1 software

5.3.7 Metabolic measurements

3D spheroidsvere seeded with initiating cell numbers of 60,000 MSCs and cultured
for up to 5 days as described in 2.2.10xygen consumption bg@D MSCs was
measured using the BD Biosciences Oxygen Biosensor System .(BBS&i)y,
every day for 5 days, twMSC spheras were cultured in triplicate wells of the
OBS plates in 5@ of culture medium, alongsidelank wellscontaining medium
alone Cells were maintained at 37 on 5% CGQ in air for the duration of the
assays. Kinetic measurements were taken every 20 se@sdor 30 minutes. Raw
fluorescence data wa®rrected against@re-blank reading and converted to oxygen
concentration in accordanegthma nuf act ur er 6 s g twellplatesi ne s .
contain aproprietary fluorescent compound immobilized to thetdytof each well

which is quenched in the presence of oxygeerobically respiring cells reduce the
concentration of oxygen dissolved in the media, which means there is a reduction in
fluorescence quenching and an increase in fluorescence intefbiy.oxygen
consumption rate (OCR) was calculated as the gradient of change in oxygen
concentration over time in nmol/spheroid/hAt the end of oxygen assays, the
medium was collected and lactate release into the medium was determined by using

enzyme linked florescent assays. Briefly, sample media were added to an assay
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mixture and incubated at Z5 for 30 minutes. The assay mixture contained lactate
dehydrogenase (40 IU )l in a glycine hydrazine buffer, pH 9.4. Changes in

fluorescence due to NADreductionwere proportional to lactate concentration in the

culture medium, which was calculated using a standard cResilts were analysed

for statistical significance using atést (n=3).
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5.4 Results
5.4.1 Enhanced autophagy in 3D MSCs

| hypothesised that cell stesriggered by 3D culture would be sufficient to induce
autophagy in 3D MSCs, and that the cytoplasmic clearance and restructuring which
cells undergo during an autophagic response, could drigifdeentiation to a more

primitive state.

As TFEB is themaster regulator of lysosomal biogenesis, and also regulates the
expression of many autophagy genes the effects of 3D culture on TFEB expression
were determined. MSCs from two different primary donors were cultured as 2D
monolayers and 3D spheroids for tgp 5 days. RNA samples were isolated and
samples analysed for TFEB expression by gPCR. In both donors examined,
expression of TFEB increased during 3D culture. By day 1 of 3D culture, up
regulation of almost-8old was observed, relative to the domoatcted 2D sample.

This upregulation continued to day 2, where expression in 3D MSCs was just over
5-fold higher than in 2D MSCs. In both donors there was a small decrease in
expression of TFEB on day 3, before expression increased again on day 4 and was
maintained to day 5 around 4%5 fold higher than 2D MSCs depending on donor
(Figure 5.4.1. A). Pooling donor data showed significantly enhanced expression on
days 25 of 3D culture, relative to 2D MSCs (Figure 5.4.1. B). TFEB regulates
expression of lysosoriautophagy genes through binding th@oordinated
Lysosomal Expression and Redida (CLEAR) consensus sequence. Multiple
CLEAR elements can be found close to the transcriptional start sites of genes
regulated by TFEB. A promoter search using Matinspetentified a CLEAR
element immediately upstream of the human Sox2 transcriptional start site (Figure
5.4.2). However, no functional validation of this binding site was performed in this

study. CLEAR elements were not identified in Oct4 or Nanog promoters.

Lysosomalassociated membrane protein 1 (LAMP1) is a lysosome membrane
protein, and an increase in LAMP1 is associated with an increase in lysosome
numbers, which can indicate enhanced autophagy. To assess the effects of 3D culture
on LAMP1 levels, MSCs ere cultured as 2D monolayers and 3D spheroids for up

to 5 days. Protein samples were isolated and analysed for LAMP1 expression by
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Figure 5.41. gPCR analysis of expression of the lysosome and autophagy
regulator TFEB in MSCs over time in 3D culture

MSCs from 2 donors were cultured as 2D monolayers and 3D spheroids wi
initiating cell number of 60,000 cells for up to 5 days in culture. cDNA samp
were generated and then analysed by gPCR. A) Expression of TFEB for ea
donor was normalised to exgssion of the housekeeping gene GAPDH and
made relative to expression levels in the donor matched 2D sample. Fold
changes were calculated a¥'%. B) Data from both donors was pooled and
subject to statistical analysis, mean fold changes are shown +*§&M).05.
Statistical significance is relative to expression in 2D MSCs (by Kruskal Wa
test, n = 2).
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Figure 5.42. Identification of a TFEB binding site in the promoter region of
the Sox2 gene

A promoter search using Matlnspector identifeedequence, which matches tt
of known TFEB binding sites, at the transcriptional start site of the human
gene.
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Western blot.In the two primary MSC donors examined, expression of LAMP1
increased in 3D culture. A small increase was observed by day 1, and expression had
increased further by day 5 of 3D culture (Figure 5.4.3). To examine if 3D culture
induced autophagy was reveaisehen 3D MSCs were returned to 2D culture,
further studies were performed. MSCs were cultured as 2D monolayers and 3D
spheroids for 5 days in culture. On day 5 of 3D culture, 3D MSC spheroids were
disaggregated to single cells3® MSCs) and reseeded dio tissue culture plastic.

d-3D MSCs were maintained in 2D culture for up to 7 days. When these samples
were analysed for LAMP1 expression, it was again observed that LAMP1 expression
increased during 3D culture. Maximal expression was observed on 3D .day 5
Following return to 2D culture, the levels of LAMP1 reduced in both primary donors
examined. Four days after return to 2D culture, levels of LAMP1-3D dMSCs

were lower than observed in the donor matched 2D sample. There was a small
recovery towards 2[evels in d3D MSCs 7 days after return to 2D culture (Figure
5.4.4). These results suggest that enhanced expression of LAMP1 in MSCs is
induced by 3D culture, and that return to 2D culture is sufficient to reverse the

observed increase in LAMP1 expressio

Microtubule-associated proteifh light chain 3 (LC3) exists in twiorms LC3 | is
cytoplasmic, whilst thelipidated form, LC3 Il is associated exclusively Wit
autophagosome membran&eduction of LC3 | and increase in LC3 Il indicate an
increase of atophagosome number$o assess the effects of 3D culture on LC3
levels, MSCs were cultured as 2D monolayers and 3D spheroids for up to 5 days.
Protein samples were isolated and analysed for LC3 expression by Westerryblot. B
day 5 of 3D culture, there wareartotal loss of LC3 Ijn both primary MSC donors
examined, indicating that at this point LC3 existed almost exclusively in its

autophagosommcorporated forn{Figure 5.4.5).

Examination of 3D MSCs over time in culture using TEM revealed the presénce
few cytoplasmic vesicular structures at day 1 of 3D culture (Figure 5.483, k
contrast, by day 5, many typical autophagic structures were observed in the
cytoplasm of 3D MSCs. These included doulmembrane bound vesicles, and

contained presumpte degraded cytoplasmic contents (Figure 5.4-6) C
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Figure 5.43. Analysis of theexpression of thelysosomal membrane protein
LAMP1 in MSCs over time in 3D culture

MSCs from 2 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for up to 5 days in culture. Total prc
was isolated from each sample and analysed by Western blot. The mer
was probed against aritAMP1 and aniGAPDH, which was used as a loadil
control. Densitometry was performeding ImageJ, normalised to GAPDH a
made relative to levels in 2D MSCs, displayed on the bar chart as re
normalised intensity.
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Figure 5.44. Analysis of theexpression of thelysosomal membrane protein
LAMP1 in MSCs following disaggregationof 3D spheroids and return to 2D
culture

MSCs from 2 donors were cultured as 2D monolayers and 3D spheroids w
initiating cell number of 60,000 cells for up to 5 days in culture. On de
spheroids were disaggregated to a single cell suspension -@egded ontc
tissue culture plastic for up to 7 days. Total protein was isolated from
sample and analysed by Western blot. The membrane was probed again
LAMP1 and antiGAPDH, which was used as a loading control. Densitom
was performed usingmageJ, normalised to GAPDH and made relative to le
in 2D MSCs, displayed on the bar chart as relative normalised intensity.
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