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Summary

Cell replacement therapy for Huntington’s Disease requires a transplantable
source of authentic medium spiny neuron (MSN) progenitors from a renewable cell
source. Human pluripotent stem cells (hPSC) theoretically fit the required criteria, but
without further research it is unlikely we will realise their potential for this purpose, as
presently we cannot reliably produce sufficient authentic MSN progenitors with these
cells. There is a growing body of work that has demonstrated human induced-PSCs
(hiPSC) retain an epigenetic memory of their tissue of origin, which can enhance their
differentiation towards cellular phenotypes similar to that tissue of origin. As such, it is
possible that hiPSCs derived from authentic MSN progenitors could retain an authentic
epigenetic memory of their previous cell type that enhances their differentiation towards

an MSN fate, and in this thesis | aimed to test this hypothesis.

In Chapter 3, | generated hiPSCs from the lateral ganglionic eminence (LGE),
medial ganglionic eminence, and cortex of the human fetal brain, as well as fibroblast
tissues. These hiPSCs were derived using a non-integrating virus, and from tissues
collected from the same fetal donor to ensure these hiPSC lines were isogenic. | then
validated these cells as pluripotent, and provided evidence that these hiPSCs could be

defined by an epigenetic signature indicative of their tissue of origin.

In Chapter 4, | explored the differentiation potential of these cells in vivo and in
vitro. Here, | found some indication that hiPSCs derived from neural tissues undergo
neuronal fate commitment at a faster rate than hiPSCs derived from non-neural tissues.
However, | also found evidence that the epigenetic memory of hiPSCs derived from
neural tissues may conflict with the differentiation methods used here, as generally
these cells underperformed compared to hiPSCs derived from fibroblasts. As such,
further research will be required to determine if this epigenetic memory can be used to

enhance MSN differentiations.

In Chapter 5, | conducted genome wide DNA methylation analysis on MSNs
derived from these hiPSCs, and various controls including primary ganglionic eminence
tissues. Here | found evidence that LGE derived hiPSCs may have an epigenome more
similar to primary LGE tissue. However this similarity was found to be greatly
overshadowed by a generally strong epigenetic difference between hPSC derived

MSNs and the authentic primary tissues they are supposed to replace.

The work contained in this thesis has important implications for the generation
of MSNs from hPSCs, specifically regarding the importance of starting cell source and

the understudied role of the epigenome in fate specification.
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Chapter 1

Chapter 1: Introduction

Cell replacement is a potential therapeutic for various neurodegenerative diseases. It
follows the principle that lost function resulting from neurodegeneration may be restored
by replenishing degenerated cell populations. By its nature, cell replacement therapy
requires a reliable and authentic source of cells matching the phenotype of those lost
during the process of a given neurodegenerative disease. Whilst there is evidence of
both safety and efficacy following the transplantation of fetal neural tissues, this remains
an ethically contentious source of cells that additionally suffer from serious logistical
issues. Subsequently, these cells are inappropriate for widespread clinical use and an
alternative source is required. There has been considerable effort to progress
pluripotent stem cells as an alternative cell source for cell replacement therapy.
Theoretically these cells can be directed towards any cellular phenotype in the body,
and we are now aware of, and able to manipulate, several key developmental pathways
required to differentiate pluripotent stem cells towards desirable neuronal phenotypes.
Yet there are many aspects which mediate cell fate commitment that remain
understudied including epigenetic components such as DNA methylation, which plays
a vital role in mammalian development and is reflective of cellular phenotypes.
Furthermore, there is now a body of evidence that demonstrates that the fate
commitment of pluripotent stem cells is partially mediated by such epigenetic
mechanisms. In this thesis, Huntington’s Disease is used as the neurodegenerative
model, and the effect of epigenetic variation is examined in pluripotent stem cells
undergoing directed differentiation towards a striatal medium spiny neuron phenotype

(the cells most affected in Huntington’s disease).
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1.1 Huntington’s Disease

1.1.1 Historical Context and Clinical outline

In 1872, George Huntington published a detailed description of a form of Chorea
unique for its late age of onset, strong heritability, and the sufferer's tendency for
insanity: ‘It is attended generally by all the symptoms of common chorea, only in an
aggravated degree, hardly ever manifesting itself until adult or middle life, and then
coming on gradually but surely, increasing by degrees, and often occupying years in its
development, until the hapless sufferer is but a quivering wreck of his former self.’ This
was the first detailed account of Huntington’s disease (HD), a rare autosomal dominant

neurodegenerative disorder that typically manifests between 30 to 40 years of age.

Disease onset is insidious and in the few years prior to formal clinical diagnosis,
a gene positive individual may exhibit signs of cognitive and behavioural disturbances
including disinhibition, apathy and irritability. Disease onset is formally diagnosed with
the occurrence of clear motor symptoms, often including chorea, and eventually the
condition progresses into a more pervasive array of cognitive, motor, and psychiatric
symptoms, most notably impairment of executive functions, anxiety and depression.
Over time these symptoms progress, and bradykinesia and rigidity, which usually co-
exist with chorea from the earliest stages, often become more prominent in the later
stages. Once diagnosed, individuals with HD have a life expectancy of approximately
20 -30 years. Pneumonia, heart disease and suicide are all more common in HD than
the general population, and are among the most common causes of death (Craufurd
and Snowden, 2002; Walker, 2007; Ross and Tabrizi, 2011; Bates, Tabrizi and Jones,
2014).

In 1983, the gene was localised to the short arm of chromosome 4 (Gusella et
al., 1983), but it wasn’t until a decade later that the Huntingtin gene (HTT) was identified
and the precise genetic aberration determined (MacDonald, et al., 1993). Specifically,
it was found HD occurs in individuals with expansion of the cytosine-adenine-guanine
(CAG) repeat at the 5’ end of the HTT gene, and that this is translated as an expanded
polyglutamine stretch of the HTT protein (mHTT). The severity of the disease and age
of onset have been found to inversely correlate with the length of this trinucleotide
expansion (Andrew et al., 1993). The typical length in healthy individuals is around 17-
21 CAG repeats, however an individual can have up to 34 CAG repeats without any
detrimental effects (Wexler et al., 2004). 35-39 CAG repeats are associated with
incomplete penetrance but repeats of 40 or over are considered fully penetrant. Longer
repeats, especially over 60 are associated with early onset and often a more rapid

course. The CAG repeat is unstable, and can expand between generations (known as
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anticipation); usually with paternal inheritance, and typically resulting in earlier disease

onset than the parent.

Due to its late onset and heritable nature, the prevalence of HD varies drastically
from country to country, as such between 1-12 cases of HD are estimated to occur for
in every 100,000 people depending on location (Bates, Tabrizi and Jones, 2014). It is
estimated that up to 10% of all cases of HD are spontaneous expansions. To date,
there are no disease modifying interventions available for individuals with HD, and
current drug treatments instead focus on temporarily relieving HD associated
symptoms, but are limited in their effectiveness and are often associated with adverse
side effects (Ross and Tabrizi, 2011). Furthermore, treatment of symptoms does not
improve the overall prognosis or life expectancy of individuals who receive them
compared to those who are untreated (Walker, 2007). A variety of disease modifying
interventions are being actively explored, for example, a recently published phase 1/2a
clinical trial exploring the use of antisense oligonucleotides has demonstrated dose-
related reduction of mMHTT in the cerebrospinal fluid, suggesting that it is indeed able to
lower mHTT in the brain (Tabrizi et al., 2018, Tabrizi et al., 2019), although proof of a
positive clinical effect will have to await further studies. The advancement of this trial is
in large part due to the progression of our understanding of the mechanisms that

underpin HD.

1.1.2 Clinical pathology and disease mechanisms of HD

HTT is expressed ubiquitously, although it is more highly expressed in the brain
and testes than elsewhere (Cattaneo et al., 2005). Its biological function is thought to
involve regulation of gene transcription, vesicular transport and RNA trafficking,
although its precise functional mechanisms are not well defined (DiFiglia et al., 1995;
Zuccato et al., 2001; Sadri-Vakili and Cha, 2006; Savas et al., 2010). Yet in spite of this
wide spread expression, specific regions seem to be more susceptible to mHTT
expression than others. Whilst there is considerable neurological loss of cortical grey
matter (approximately 23% less volume than healthy controls), the most striking
neurological loss associated with the disease is of the putamen and caudate nucleus
or neostriatum (striatum), which in HD brains are observed to reduce in volume by up
to 64% compared to healthy brains (Monte, Vonsattel, and Richardson, 1988; Halliday
et al., 1998). The volume loss within the striatum is primarily caused by a selective loss
of medium spiny neurons (MSN), which comprise approximately 75% of the human
striatum, and this specific neurological loss produces the motor and cognitive symptoms

of HD. In the early stages of the disease there is greater loss of MSNs within the indirect
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pathway of the basal ganglia (66% less MSNs than healthy controls), than those MSNs
associated with the direct pathway (29% less), but by later stages there are
considerably fewer MSNs in both the indirect and direct pathways (<10% compared to
controls). Loss of MSNs from the indirect pathway is thought to be primarily associated
with choreatic movements observed earlier in the disease, and loss of MSNs from the
direct pathway to result in bradykinesia and rigidity observed in the later stages (Deng
et al., 2004, Starr et al., 2008).

Although mHTT has been determined as the underlying cause of HD, and
interventions that target it are in development, exactly how this mutation brings about
HD pathology is not yet fully understood. The inverse correlation between CAG length
and age of onset suggests that the mutant gene product exerts its effects predominantly
through a gain of function, rather than loss of function mechanisms. This is further
supported by the observation that although complete knock out of HTT is embryo lethal
in rodents (Nasir et al., 1995), yet a single copy of the mHTT gene can provide rescue
and allow normal development to occur, suggesting that the mutant protein retains most
of its normal functions and that its determinantal effects are due to a gain of toxic
function. Similarly, in humans, individuals homogeneous for the mutant huntingtin gene
appear to develop normally (Wexler et al., 1987; Myers et al., 1989) and the condition
is not dramatically more severe than in heterozygous individuals. However, there is still
some evidence for a degree of loss of gene product function. For example, BDNF has
been shown to be essential for the differentiation and survival of striatal MSNs (Mizuno,
Carnahan and Nawa, 1994; Ventimiglia et al., 1995), and in these cells BDNF is
upregulated by HTT but not by mHTT (Zuccato et al., 2001), which demonstrates the

focal loss of MSNs could be in part due to a loss of BDNF regulated activity.

Considering the advancing state of preventative interventions such as the
antisense oligonucleotide clinical trial outlined above, a complete understanding of how
the polyglutamine expansion of mHTT alters physiological functions and ultimately
causes HD are imperative. However, it remains to be seen if such disease modifying
treatments can ever completely prevent HD onset. Furthermore, even if preventative
treatments become available, reparative interventions are likely to be required for those
diagnosed after neural atrophy has taken place which is especially likely in sufferers
with spontaneous mutations. One reparative strategy is to restore lost function by
replenishing the ablated MSN population (Introduction 1.3.1; Peschanski, Cesaro and
Hantraye, 1995; Clelland, Barker and Watts, 2008). To date, this has been explored
largely by transplanting developing fetal striatal tissues (Introduction 1.3.2; Lelos et al.,
2016; Precious and Kelly, 2017).
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1.2 Striatal Development

1.2.1 Early neural development

In mammalian embryogenesis, early neural fate commitment is largely dictated
by gradient concentrations of critical morphogens along an anterior-posterior (AP) axis,
and dorsal-ventral (DV) axis (Bronner-Fraser and Fraser, 1997; Tabata, 2001; Darnell
and Gilbert, 2017). This begins during gastrulation with the formation of the primitive
streak that defines the AP axis and leads to the induction of the three germ layers
(endoderm, mesoderm and ectoderm; Leptin, 2005). Shortly following this, the
notochord forms across the AP axis on the dorsal side of the mesoderm layer, and
releases key morphogens including NOGGIN and CHORDIN which act to inhibit BMP
and TGFf signalling (Lamb and Harland, 1995; Rubenstein et al., 1998; Anderson et
al., 2002). This drives the adjacent mesoderm to form the somites, and the adjacent
ectoderm layer to begin neurulation. During neurulation the ectoderm forms the neural
plate, which then folds towards the notochord to form the neural tube, and separates
from the remaining ectoderm (Darnell and Gilbert, 2017). At this point, the neural tube
is positioned between the notochord, epidermis, and the somites, which together
coordinate regional patterning across the DV axis of the developing neural tube. The
notochord releases the morphogen Sonic Hedgehog (SHH), which patterns cells within
the ventral neural tube and forms the ventral plate (Rubenstein et al., 1998). BMP4 is
released from the epidermis, resulting in the formation of the roof plate and time
sensitive cascades of TGFf signalling on the dorsal side of the neural tube (Lee et al.,
2000; Tabata, 2001). Lastly, retinoic acid (RA) is released from the surrounding somites
and patterns part of the DV axis morphogen gradient (Pierani et al., 1999). At the most
rostral point of the neural tube the anterior neural ridge (ANR) develops, which, through
the expression of fibroblast growth factor 8 (FGF8) and the Wingless (WNT) pathway
antagonist Dickkopf1 (DKK1), mediates anterior patterning of the neural tube (Gunhaga
et al., 2003). This induces signalling that results in the formation of three primary
vesicles that will later develop into the encephalon (Tabata, 2001; Darnell and Gilbert,
2017). Of these vesicles, the most anterior/rostral of these is the prosencephalon, which
can be further subdivided along the AP axis into the telencephalon (anterior) and

diencephalon (posterior).

1.2.2 Development of the Fetal Striatum

The dorsal telencephalon (named the pallium) gives rise to the neocortex,
whereas the ventral telencephalon (named the subpallium) contributes primarily to the

various structures of the basal ganglia, but through migratory streams also contributes
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to the neocortex. As the subpallium develops, two intra-ventricular bulges form, the
lateral and medial ganglionic eminences (LGE & MGE, respectively). The LGE extends
further along the caudal axis than the MGE, and its caudal tail end is referred to as the
caudal ganglionic eminence (CGE). Collectively, these structures are known as the
whole ganglionic eminence (WGE). In human, the MGE arises one day before the LGE
(respectively during Carnegie stages 14 and 15; Freeman et al., 1995). Its progeny
contribute interneurons to the caudate and putamen (collectively the striatum), but are
also understood to contribute to the cortex, globus pallidus, amygdaloid body, and
olfactory bulb (Anderson et al., 1997; Campbell et al.,1995; Olsson, Bjérklund and
Campbell, 1998; Parnavelas, 2000). The ventral LGE (VvLGE) produces neuronal
populations that later form the MSNs of the striatum, whereas the dorsal LGE (dLGE)
contributes primarily to the olfactory bulb and cortex (Deacon et al., 1994; Olsson et al.,
1995; Stenman et al, 2003). Finally, the CGE contributes calretinin positive
interneurons that migrate to both the striatum and cortex (Brazel et al. 2003; Pilz et al.,
2013; Pauly et al., 2013).

These substructure divisions are thought to be mediated initially by the
morphogens that influenced the initial formation of the telencephalon, and later by more
precise and regulatory transcription factors that induce gene cascades to result in highly
specific cellular subtypes. Evidence for this comes from studies of the first gene
distinctions that separate the dorsal and ventral regions of the telencephalon. For
example, the pallium is associated with expression of genes such as PAX6, NGN2, and
EMX1/2, whereas the subpallium is instead more associated with genes including
GSX2, DLX1/2, MASH1, OLIG2 and NKX2.1 (Straccia et al., 2015). These genes are
directly mediated by the morphogens that defined early patterning of the neural tube,
such as SHH and WNT pathways.

As previously mentioned, SHH is associated with ventral patterning of the neural
tube, and its expression continues later into telencephalon development. Together with
GLI3, SHH continues to form a DV gradient that mediates DV patterning in early
telencephalon fate decisions. Rallu et al., 2002 demonstrated that knockout mouse
models of SHH develop a sparsely populated and abnormal ventral telencephalon with
reduced expression of entopic subpallium markers including DLX2 and GSX2, and
increased ectopic expression of pallium marker PAX6 in the subpallium. Conversely,
knockout mouse models of GLI3 exhibit the reverse: a disformed pallium with reduced
entopic PAX6 expression, and increased ectopic expression of DLX2 and GSX2 in the
pallium. Similarly, WNT signalling also plays a key role in DV patterning, and as
mentioned WNT inhibition through DKK1 expression is an important anterior marker

that is understood to play a role in the telencephalon vesicle formation. Backman et al.,
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Striatal MSN

Figure 1.1 The developing telencephalon

The early neural tube is divided into dorsal (yellow) and ventral (purple) regions by
differential expression of genes regulating the SHH and canonical WNT pathways.
Following vesicle formation, the dorsal region is identified by its expression of PAX6,
NGN2, and EMX1/2, whereas the ventral region expresses GSX2, DLX1/2, MASH1, OLIG2,
and NKX2.1. This gradient gives rise to distinct regions, of particular interest here: the
LGE. The LGE exhibits weak expression of NKX2.1 and PAX6 due to its regional
positioning between the dorsal and ventral planes. As the LGE develops, it begins
expressing genes such as NOLZ1 and HELIOS, and these cells begin migrating from the
proliferative subventricular zone of the LGE, towards the developing Striatum, where they
express a combination of early MSN markers such as CTIP2 and FOXP1/2. As these cells
terminally differentiate into MSN they express mature markers, including DARPP32,
ARPP21, CALB1, TAC1, PENK and DRD1/2.

2005 demonstrated that the inhibition of canonical WNT in the developing mouse
pallium lead to the deformation of the pallium, reduced entopic expression of NGN2,
EMX1, and EMX2, and caused ectopic expression of GSX2, DLX2, and MASH1 in the
pallium. In contrast, increased expression of canonical WNT in the subpallium reduced
the entopic expression of GSX2, DLX2, MASH1, OLIG2 and NKX2.1, and caused
ectopic expression of PAX6 and NGN2 in the subpallium. As such, the combined
increase in SHH and inhibition of the canonical WNT pathway is required to define early
subpallium fate. However, these morphogens work in a gradient manner, as evidenced

by interactions between these early telencephalon regional markers. For example,
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PAXG6 is downregulated by GSX2 (Toresson, Potter and Campbell, 2000), and as such
is more highly expressed in the developing cortex where GSX2 is not expressed. In the
LGE, low levels of PAX6 expression are identifiable, and none is present in the MGE.
The reverse is true of the ventral marker NKX2.1, which is highly expressed in the MGE,
expressed at a lower level in the LGE, and not present in the developing cortex,
emphasising the gradient from dorsal to ventral positions (Gulacsi and Anderson, 2006;
Hansen et al., 2013; Pauly et al., 2013; Onorati et al., 2014).

As the LGE develops, two primary populations of cells arise, divided along the
DV axis into the dorsal and ventral sides of the LGE (dLGE and vLGE respectively).
Whilst GSX2 and DLX1/2 are expressed by both of these populations, differential
expression of ISL1, SP8, and ER81 defines these separate regions. The dLGE contains
cells strongly expressing SP8 and ER81, which later contribute primarily to the olfactory
bulb and cortex, whereas the vLGE that goes on to contribute to the striatum, expresses
ISL1 and weak levels of SP8 (Stenman et al., 2003; Ma et al., 2013; Xu et al., 2018).
Then, unique to the vLGE, downstream effects of GSX2 and DLX1/2 induce expression
of ZNF-503 (NOLZ1) and IKZF2 (HELIOS) both of which are involved in cell cycle exit
and the initiation of neuronal differentiation, indicating they are amongst the earliest
genes that can be used to identify LGE cells patterned towards an MSN fate (Jensen,
Bjorklund and Parmar, 2004; Urban et al., 2010; Martin-lbafez et al., 2012).

1.2.3 The MSN Phenotype and Function

Eventually GSX2 and DLX1/2 become downregulated, as do NOLZ1 and
HELIOS. Instead vLGE cells which are committed to a striatal MSN phenotype can be
identified by a plethora of genes including BCL11B (CTIP2), FOXP1, and FOXP2, the
expression of which are maintained into a mature phenotype and are required for
normal MSN function (Arlotta et al., 2008; Martin-Ibanez et al., 2012; Pauly et al., 2013;
Precious et al., 2016). It is worth noting that identification of progenitor MSNs requires
the colocalization of these genes, as each also occurs independently in the cortex
(Onorati et al., 2014). Over time, these MSN progenitors terminally differentiate into
mature MSN phenotypes. MSNs are GABAergic inhibitory neurons, so named because
they have a medium sized cell body, with projecting spiny dendrites. MSNs are typically
identified by their near ubiquitous expression of of dopamine- and cAMP-regulated
neuronal phosphoprotein (DARPP32, also PPP1R1B) and CTIP2 (Arlotta et al., 2008;
Arber et al., 2015), and the colocalization of these two genes is considered the gold

standard for the accurate identification of MSNs. Other mature MSN markers are not
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expressed as uniformly, but include CALB1 (Calbindin1) and ARPP21 (lvkovic and
Ehrlich, 1999; Straccia et al., 2015).

Importantly, whilst MSNs are morphologically indistinguishable, they are not a
homogeneous cell population. There exists various methods of defining subtypes of
MSN, the foremost of which defines at least two subtypes divided by their unique
expression of the dopamine receptors D1 (encoded by the gene DRD1) or D2 (encoded
by the gene DRD2), though there may also be a small proportion of MSNs which
express both receptors. DRD1 positive MSNs (D1-MSN) also express TAC1
(Substance P), and can be further subdivided by gradient expression of PCHD8 and
FOXP1; whereas DRD2 positive MSNs (D2-MSN) express PENK (Proenkephalin) and
can be further subdivided by gradient expression of HTR8 and SYNPR (Ferré et al.,
2010; Straccia et al., 2015; Gokce et al., 2016; Xu et al., 2018). These differences are
understood to have functional consequences on these discreet MSN subtypes,
primarily driven by the manner these two dopamine receptors respond to dopamine:
D1-MSNs, which are excited by dopamine, are typically more associated with the direct
pathway of the striatum, which acts to inhibit the neurons of the interior globus palidus
and substantia nigra pars reticulata and initiate movement; conversely, D2-MSNs,
which are instead inhibited by dopamine, are primarily associated with the indirect
pathway of the striatum, which acts to inhibit the exterior globus palidus and supress
movement (Albin et al., 1989; Delong, 1990; Valjent et al., 2009; Kravitz & Kreitzer,
2011). MSNs can also be divided by their position within the striatum, and there is
evidence that MSNs of the dorsolateral and ventralmedial striatum are responsible for
different neural functions (Doherty et al., 2004; Yin et al., 2004; Atallah et al., 2007).
Finally, the MSNs of the striatum can also be divided into striatal compartments,
composed of striosomes (or patch) embedded within striatal matrix (Gerfen, 1984).
MSNSs of both the striosomes and matrix have been identified as projecting to key neural
structures associated with the sensorimotor functions of the direct and indirect
pathways. However, only MSNs of the striosomes also project to the substantia nigra
pars compacta, which is the primary source of dopamine within the striatum, and thus
these MSNs may be more involved in wider striatal function through feedback loop
regulation of dopamine expression (Jimenez-Castellanos & Graybiel, 1989; Gerfen,
1989; Eblen & Graybiel, 1995; Kincaid and Wilson, 1996; Tokuno et al., 2002; Levesque
& Parent, 2005; Fujiyama et al., 2011).
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1.3 Cell Replacement Therapy

1.3.1 Background and Current Progress

One potential therapeutic approach for conditions that result in neurological loss
is cell replacement therapy (CRT). CRT seeks to restore function by replenishing cell
populations that have succumbed to a patient’s disease, and thus could be offered to
patients after disease onset and following neural cell loss (Peschanski, Cesaro and
Hantraye, 1995; Clelland, Barker and Watts, 2008). CRT was suggested as a potential
clinical therapeutic for sufferers of Parkinson’s Disease (PD) following a series of
landmark papers that explored the effect of neural transplants in rats in which substantia
nigra (SN) dopaminergic neurons were ablated with 6-hydroxydopamine (6-OHDA).
Incredibly, it was found that the motor deficits caused by this lesion could be reversed
by direct engraftment of developing fetal rat ventral mesencephalon (VM) into the
striatum, which is the projection target of the SN. Cells from grafted tissues innervated
the neural tissues surrounding the transplant site, and later experiments demonstrated
that when the grafted tissue was surgically removed, the restored function was once
again lost (Bjorklund and Stenevi, 1979; Perlow et al., 1979; Bjorklund et al. 1980).

Later, the theory behind this work was applied to other neurodegenerative
diseases including HD. Similarly, recovery has been observed following transplantation
of fetal WGE (which gives rise to striatal tissues; Introduction 1.2.2) into the quinolinic
acid (QA) lesioned rat striatum (Dunnett and Bjorklund, 1994). QA is potent neurotoxin
which causes apoptosis of cells with NMDA receptors, and as such, when it is directly
administered to the striatum it causes selective ablation of MSNs, but other striatal cells
such as interneurons are preserved (Schwarcz, Whetsell and Mangano, 1983;
Schwarcz and Kohler, 1983). This effectively mimics the selective MSN loss observed
in HD pathology, which results in motor and cognitive deficits in rodent models (Beal et
al., 1986; Guillemin, 2012). WGE derived allografts in the QA lesioned rat striatum result
in integrated grafts rich for striatal tissue phenotypes that can restore both motor and
cognitive functions resulting from the QA lesion (Dunnett and Bjoérklund, 1994; Nakao
et al., 1996; Fricker, et al., 1997; Watts et al., 2000; Dunnett and White, 2006).
Furthermore, there is evidence that the transplantation of human WGE into the QA
lesioned adult rat striatum can also form grafts that exhibit striatal morphology, with
projections to key striatal targets (Grasbon-Frodl et al., 1996; Pundt et al., 1996b;
Grasbon-Frodl et al., 1997). These grafts were able to induce functional recovery
(Pundt et al., 1996a; Sanberg et al., 1997) comparable to that produced by transplanting
rat WGE (Lelos et al., 2016). Thus, human to rodent xenografts are suitable for pre-

clinical research advancing CRT in HD.
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This body of work in rodent paved the way for transplantation of human fetal
WGE in several small human safety and feasibility studies (Rosser and Bachoud-Levi,
2012; Cisbani and Cicchetti, 2014). Critically, assessments following these trials
suggested no acceleration of HD disease progression (Rosser et al., 2002; Bachoud-
Levi et al., 2006), and only rare instances of graft overgrowth (Keene, et al., 2009). To
date evidence of clinical benefit has been mixed, although this is perhaps not surprising
as no studies to date have been adequately powered to assess efficacy. Furthermore,
many of the studies have used different methods of tissue selection, dissection, tissue
handling, and engraftment, which will have reduced the likelihood of observing
improvements (Freeman et al., 2011), as it is well know that the age, quality, and
content of grafted tissue plays a critical role in transplantation outcome in rodent models
(Fricker, et al., 1997; Watts et al., 2000; Zietlow et al., 2005; Anderson et al., 2007,
Zietlow et al., 2012). A small number of studies have reported positive outcomes of
human fetal WGE transplantation. For example, Hauser et al., 2002 detailed the
outcomes of three such transplants, including histological analysis of post-mortem in
one subject. They determined that fetal tissue survived transplantation, exhibited typical
morphology of the developing striatum, and was innervated by host derived
dopaminergic fibers, however observed no clinical functional recovery. A second study
detailed the transplantation of fetal tissues into 5 patients, and reported convincing
clinical evidence of functional stability following engraftment, with signs of increased
metabolic function in the striatum (Bachoud-Levi et al., 2000). However, long term
assessment of these patients revealed that the benefits of these grafts faded overtime
(Bachoud-Levi et al., 2006). Similar findings of improved function and metabolic activity
were observed in another trial, but again these benefits faded after a number of years
(Gallina et al., 2008; Gallina et al., 2010; Gallina et al., 2014). Collectively, these few
studies indicate proof of principle that human WGE transplants can improve function in
HD. However, it is also clear that there remains much to learn about the processes that
facilitate this recovery, and significant basic research is required to continue

progressing cell replacement therapy mediated brain repair.

1.3.2 The Future of CRT

Work up to this point has clearly defined the potential of CRT for the treatment
of neurodegenerative diseases, but has also demonstrated that significant further work
is required to bring this treatment to the clinic. Future advancement requires a good
model of neurodegeneration in which to understand and optimise CRT, and HD has
many advantages as a model in this respect (Rosser and Dunnett, 2003). First,

although CRT in PD is more advanced in terms of clinical application of CRT than HD,
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it can be argued that PD is a less useful model for learning how to best achieve circuit
repair, something that will be necessary for repair of most neurodegenerative diseases.
This is because in PD, normal circuitry is not presently restored as donor cells are
transplanted ectopically into the primary region the SN projects to, the striatum
(Boronat-Garcia, Guerra-Crespo and Drucker-Colin, 2017). By contrast, in HD, the
donor cells are effective when transplanted into their entopic position within the
striatum, thereby facilitating the restoration of the normal anatomical circuitry.
Additionally, because the cause of HD is known, it is easier to create useful preclinical
animal models, including in large brained mammals and primates, essential for future
transition (Morton, 2018; Snyder and Chan, 2018). With regards to early clinical human
trials there are also advantages for HD over PD that result from its autosomal dominant,
monogenic, and highly heritable nature. This allows for easy identification of high-risk
populations prior to disease onset and the predictability of penetrance by expansion
length, which together allow for more refined human trials of CRT (Rosser and Dunnett,
2003).

However, whilst fetal WGE is at present the gold-standard cell source for CRT
for HD, fetal tissue is not suitable for widespread clinical application of CRT for any
disease for a multitude of reasons. Firstly, multiple donors are likely required to provide
enough tissue to transplant into each hemisphere of the adult striatum, yet at present,
there are no means by which to store or expand fetal tissue whilst retaining its potency
as a transplantable cell source (Zietlow et al., 2005; Anderson et al., 2007; Zietlow, et
al., 2012). Subsequently, to meet tissue demands multiple donors at the correct
developmental age would be required to become available in the same brief period of
time and in the same geographical area, which is challenging due to the relative scarcity
of these tissues. The alternative of undertaking repeat surgeries for each patient is not
a practical solution due to the significant burden this places on the patient. Furthermore,
tissue age and quality between donors is highly variable and thus their use would
require extensive quality control and validation measures to be conducted on each
donor used, that require a significant investment of time which as mentioned above, is
not available for fetal tissues as there are presently no long term storage or expansion
options. Finally, there are also ethical issues with the use of fetal tissues, which are
exacerbated by the potential requirement of multiple donors for each surgical
procedure. Therefore, alternative sources must be considered (Precious and Kelly,
2017). To date, the most promising and widely researched of these are pluripotent stem

cells, in particular embryonic stem cells.
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1.4 Pluripotent Stem Cells in CRT

1.4.1 Pluripotent Stem Cells

Pluripotent stem cells (PSC) are capable of forming all three germ layers of the
developing embryo (mesoderm, endoderm, ectoderm), and therefore can theoretically
become any cell in the adult body (Niwa, 2007; Mahla, 2016). There is only a brief
window during embryogenesis where mammalian cells are considered pluripotent:
during the blastocyst stage, as the inner cell mass (ICM) divides in preparation for
gastrulation. These cells are known as embryonic stem cells (ESC), and were first
isolated and cultured from the mouse blastocyst in 1981 (Evans and Kaufman, 1981;
Martin, 1981). Upon reintroduction into a blastocyst, mouse ESCs can contribute to the
formation of chimeric animals, indicating their authentic capacity for complete

mammalian development (Bradley et al., 1984; Beddington and Robertson, 1989).

Nearly two decades after the isolation of mouse ESCs, human embryonic stem
cells (hESC) were also successfully isolated and cultured (Thomson et al., 1998), which
offered unparalleled potential to model and study the mechanisms underpinning human
development, the so-called “disease in the dish”, and as a possible new donor cell
source for regenerative medicines including CRT. hESCs can be maintained in a
pluripotent state indefinitely, which is possible by manipulating an inherent cycle of
pluripotency that is regulated by the genes NANOG, OCT4, and SOX2, and by
preventing exposure to critical environmental cues that normally trigger differentiation
(Boyer et al., 2005; Vallier et al., 2005; Masui et al., 2007, Fong et al., 2008). Whilst
they share much of the same functional traits as mouse ESCs, hESCs demonstrate
different morphological traits to those seen in mouse, more indicative of ESCs derived
from other primates, and the later isolated mouse epiblast stem cells (Brons et al.,
2007). Specifically, they exhibited a high nucleus to cytoplasm ratio, with prominent
nucleoli, and formed flat uniform colonies with tightly packed, but individually distinct,
cells (Thomson et al., 1995; Thomson et al., 1998).

More recently a new form of PSC was discovered, the induced pluripotent stem
cell (iPSC). This was achieved originally for mouse cells, by Takahashi and Yamanaka
in 2006, who then one year later went on to demonstrate that the same principles could
be applied to generate iPSCs from human tissue (hiPSCs) (Takahashi and Yamanaka,
2006; Takahashi et al., 2007). Correctly reprogrammed iPSCs are remarkably similar
to ESCs, in that they share all of their defining features, including an unlimited capacity
for self-renewal and the ability to differentiate towards all three germ layers (and in
mouse to contribute to chimera formation), yet they can theoretically be derived from

any cell in the body (Shi et al., 2017). In the first of their landmark papers, Takahashi
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and Yamanaka determined that by inducing expression of 24 genes found to be
expressed in pluripotent cells, somatic cells could undergo a phenotypic shift to become
similar to ESCs. Successive rounds with the systematic removal of candidate genes
led to the discovery that this induced form of pluripotency required the inclusion of four
genes: OCT4, SOX2, KLF4, and C-MYC, collectively termed the Yamanaka factors or
OSKM. The resulting iPSCs expressed critical pluripotency genes including NANOG,
formed teratomas when injected subcutaneously into immunocompromised mice, and
contributed to different tissues of developing embryos upon blastocyst injection.
However, these first iPSCs were not equivalent to ESCs as they were described as
unable to produce viable chimeras. Since then many labs have repeated this work, and
further refinement of selection processes has allowed for the identification of fully
reprogrammed iPSCs which are capable of all features associated with ESCs (Okita,
Ichisaka and Yamanaka, 2007; Maherali et al., 2007; Wernig et al., 2007), including

contributing to animals formed entirely of iPSCs (Boland et al., 2009).

In the years since their discovery, iPSCs have captured the imagination of many
researchers for various reasons. For instance, being able to generate them from any
somatic cell means they offer a unique opportunity to study disease in the dish by
generating them directly from tissue samples collected from disease sufferers (Park et
al., 2008) Additionally, they are an intriguing option as a potentially autologous cell
source for regenerative medicines, as iPSCs could be created from a patient’s own
cells, thereby overcoming issues with immune rejection (Nishikawa, Goldstein and
Nierras, 2008). As such, there have been interesting advancements in the repertoire of
methods that can be used to deliver OSKM factors to cells for reprogramming, which
have now expanded from the initial genome integrating retrovirus to include non-
integrating and non-viral options (Malik and Roe, 2013). Furthermore, new
combinations of factors to induce pluripotency have also been uncovered (Yu et al.,
2007; Maekawa et al., 2011). We now understand significantly more about the
biological mechanisms that underpin the induction of pluripotency brought upon by the
Yamanaka factors (Polo et al., 2012). For example, there is a requirement to reverse
chromatin modifying mechanisms that define non-pluripotent cell states, such as DNA
methylation which needs to be removed at specific developmental gene promotors and
returned to the vast majority of the genome (Papp and Plath, 2013). It is through the
study of the mechanisms of DNA methylation in iPSC induction that one of the critical
differences between iPSCs and ESCs was uncovered. Specifically, that early passage
iPSCs have been shown to retain some of their previously held chromatin structures,
including tissue specific DNA methylation which can alter their differentiation abilities
(Kim et al., 2010; Polo et al., 2010); this difference is discussed in more detail below

(Introduction 1.5.4). Further comparison of iPSCs and ESCs has been conducted to try
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to establish precisely how similar these types of pluripotent cells are. Initially it was
found that there were gene expression differences between these cell types which was
understood to indicate that iPSCs were not as equivalently pluripotent as ESCs (Chin
et al., 2009). However whether this is a true effect remains to be determined, as there
is also evidence that PSCs express different genes depending on the lab conditions
under which they are cultured (Newman and Cooper, 2010); genetic differences could
also be the cause of this variability (Kyttala et al., 2016); and the previously identified
differences in DNA methylation have also been attributed to this gene expression
difference (Kim et al., 2010; Polo et al., 2010). Nonetheless, these differences have not
prevented the progress of iPSCs for clinical trials in regenerative medicines, with the
first efficacy and safety trials already underway. For instance, in Japan the first
transplantation of autologous hiPSCs differentiated into retinal pigment epithelial cells
to treat age related macular degeneration has successfully taken place (Mandai et al.,
2017).

1.4.2 hPSCs as a cell source in CRT

As previously discussed, fetal tissues are not suitable for widespread clinical
application because of unavoidable issues with logistical limitations, ethical concerns,
and inconsistent developmental age and quality between donors (Introduction 1.3.2).
By comparison, hPSCs have the potential to overcome these issues. First, as hPSCs
have an unlimited capacity for self-renewal, they can be maintained indefinitely before
being prepared for transplantation, thereby overcoming the difficulty of sourcing
sufficient numbers of cells. Whilst hESCs are still considered an ethically contentious
source of tissue, they are comparatively less challenging because only one donor is
required to generate entire populations of cells to transplant into multiple patients.
Furthermore, hiPSCs are not derived from an embryo and therefore their use bares far
fewer ethical concerns. Finally, hPSCs can theoretically overcome issues with
developmental age and quality variation, as it is possible to have direct control over the
developmental stage of these cells and to harvest them at the appropriate time best
suited for their purpose. Furthermore, it would be possible for batches of cells to
undergo quality assurance assays prior to clinical use, a practice that currently isn’t
possible with the limited supply of fetal tissues. Therefore, compared to human fetal
tissues, hPSCs appear to be a superior choice for the future of CRT, and the only
challenge preventing them from entry to clinic is the determination of the exact
methodology required to direct hPSCs towards an authentic terminally differentiated

phenotype (MSNs in the case of HD). This theoretically requires the understanding and
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mimicking of the developmental processes that take place within the human embryo

allowing for the development of MSNs in the normal striatum (Introduction 1.2).

1.4.3 Directed differentiation of hPSCs toward a neuronal phenotype

Much of the progress in differentiating hPSCs towards an MSN fate suitable for
transplantation comes from our advancing understanding of the defining features of
neural development. Early protocols relied on culturing PSCs as 3D embryoid bodies
(EB), and allowing these EBs to undergo the initial stages of embryogenesis. Zhang et
al., 2001 demonstrated that exposure of hESC derived EBs to FGF2 induced
neuralisation and the formation of neural rosettes, although this did not produce a pure
population as cells of other lineages were also present. However, Zhang et al. also
demonstrated that the neural rosettes could be isolated from these other lineage
derivatives, and after doing so, the neural rosettes could be terminally differentiated
towards various neural fates including neurons, astrocytes, and oligodendrocytes by
removing FGF2 from culture. This provided clear evidence that hESCs could be used
to produce neuronal populations in vitro. Yet, there is an unavoidable increase in cell
population heterogeneity in 3D based cultures, which variably reduces the consistency
of final cell yields. Isolating a pure neuronal population is required, but challenging
(Zhang et al. reported 96% of cells were neuronal following isolation methods), and the
location of cells within an EB is critical, since cells on the surface and inside an EB are
exposed to varying gradients of patterning factors, which is well established to play a
significant role in regional specification (Bronner-Fraser and Fraser, 1997; Tabata,
2001; Darnell and Gilbert, 2017). As such, it is challenging to control the final fate
specification of such cultures, and it is therefore possible that 3D and EB based

methods may not be suitable for CRT applications.

More recently, 2D monolayer cultures of hPSCs have become increasingly
explored, as theoretically exposure to morphogen gradients can be more closely
controlled across monolayer cell populations. Neural induction of 2D monolayer
cultures was first reported in 2009 when Chambers et al. used a “dual SMAD inhibition”
protocol to demonstrate that hPSCs cultured as a monolayer could be induced to a
neural forebrain progenitor fate by inhibiting BMP and TGF signalling. This was
originally achieved using NOGGIN and SB431542 (SB) in combination, although a year
later it was demonstrated that LDN193189 (LDN) could successfully mimic NOGGIN
for the purposes of neural induction, and Dorsomorphin could block additional BMP
related developmental pathways (Boergermann et al., 2010). The dual SMAD inhibition

protocol functions on multiple levels; first breaking the pluripotency gene cycle of PSCs
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by rapidly downregulating NANOG, whilst simultaneously promoting neurulation and
downregulating differentiation towards mesoderm or endoderm pathways (Chambers
et al., 2009, Boergermann et al., 2010). The resulting cells are positive for PAX6
indicating that they default to a dorsal forebrain phenotype (Chambers et al., 2009).
However, and importantly in the context of this thesis, through exposure to additional
regional morphogenic factors these progenitors can be directed to the various other
phenotypes found across the telencephalon including cortical and striatal interneurons
(Cambray et al., 2012; Noakes et al., 2019) and striatal MSNs (Delli Carri et al., 2013;
Nicoleau et al., 2013; Arber et al., 2015).

1.4.4 Directed differentiation of hPSCs toward an MSN phenotype

Once hPSCs have been patterned to a general neural progenitor phenotype,
further signalling is required to continue regional specification towards an LGE
phenotype. Initial success was achieved in 2008 by Aubry et al., who used an EB based
method to derive neural rosettes and treated them with AP and DV gradient
morphogens to facilitate commitment to a ventral telencephalon fate. Specifically, they
treated neural rosettes with SHH and DKK1 to ventralise their neuronal population, and
combined this with BDNF to promote anterior specification. Whilst, their protocol did not
produce pure neuronal populations (only 22% of the cells expressed the neuronal
marker MAP2), the majority of these co-labelled with the MSN marker DARPP32 (53%
of total MAP2 positive cells), supporting the use of these factors to induce an LGE
progenitor fate. The use of SHH and DKK1 to induce an MSN phenotype has been
further validated and improved upon since this report, and there are now several
protocols that describe their use in combination with an EB based method to generate
DARPP32 expressing neurons (Li et al., 2009; Ma et al., 2012). Of particular note, Ma
et al., 2012 reported a dose dependent response to SHH in hPSC derived forebrain
progenitors, finding an increased dose of SHH (500 ng/ml) resulted in reduced GABA
positive neuronal populations with minimal DARPP32 expression, compared to a
reduced dose (200 ng/ml) which resulted in increased GABA positive neuronal
populations, of which 89% were DARPP32 positive. They also demonstrated a dose
dependent effect on the progenitor markers PAX6 (dorsal telencephalon) and NKX2.1
(ventral telencephalon), finding that increased concentrations of SHH directly reduced
PAX6 expression, and increased NKX2.1 expression. However, as previously
mentioned, EB based methods are undesirable for CRT application due to widespread
heterogeneity, and with the advance of monolayer cultures additional methods have

been explored.
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Both Delli Carri et al., 2013 and Nicoleau et al., 2013 applied SHH and DKK1
based protocols to monolayer cultures of hPSCs that had been patterned towards a
forebrain progenitor fate using dual SMAD inhibition as outlined by Chambers et al.,
2009. After 80 days of maturation, Delli Carri et al. reported 51% of their cell population
expressed MAP2a/b, of which 60% were positive for the MSN precursor marker CTIP2,
and an estimated 20% were positive for DARPP32 (indicating approximately 10% of
the total population were DARPP32 positive neurons). Nicoleau et al., optimised SHH
and WNT inhibition exposure through examination of subpallium markers in dose
dependent conditions of SHH, DKK1 and the WNT antagonist XAV939 (XAV). Using
optimised SHH and XAV dosages, they achieved an estimated 58% MAP2 positive
population, of which an estimated 28% were DARPP32 positive. Despite some success
using SHH and WNT inhibition to induce an LGE progeny cellular fate, optimised
conditions have consistently failed to produce a homogeneous population of DARPP32
positive MSNSs. It is possible this is due to an incomplete understanding of the
developmental signals that result in LGE progenitors, and there is evidence that SHH
may not actually be required for the specification of an LGE phenotype. For example,
during optimisation experiments, Nicoleau et al. found that high levels of SHH resulted
in reduced expression of the LGE progenitor marker CTIP2, corresponding to a relative
increase in expression of the MGE marker NKX2.1, corroborating earlier findings by Ma
et al.. Furthermore, inclusion of Cyclopamine, a SHH antagonist, did not affect the

CTIP2 expressing population.

There is some evidence that TGF@ family signalling occurs in the developing
subpallium (Feijen, Goumans and van den Eijnden-van Raaij, 1994; Maira et al., 2010),
and Activin A (Activin), a TGFB family protein, has been used to induce a CGE
interneuron fate in hPSCs (Cambray et al., 2012). In 2015, Arber et al. used dual SMAD
inhibition to induce a neural forebrain phenotype in 5 hPSC lines. They then used
Activin to rapidly induce an LGE phenotype in forebrain progenitor precursors, reporting
that 50% of cells expressed CTIP2 after 9 days of treatment, compared to <4% in
untreated controls, corresponding to a 40 fold relative increase in CTIP2 RNA
expression. Furthermore, they exposed forebrain progenitors to either Activin or SHH,
or both Activin and SHH, and compared these with untreated controls. They observed
that the expression of the LGE progenitor markers CTIP2 and NOLZ1 were unaffected
by the addition of SHH, and only increased following the introduction of Activin, whereas
MGE progenitor markers NKX2.1 and LHX8 showed the opposite trend, only increasing
in conditions that included SHH. Collectively this data suggests that Activin and SHH
function in distinct pathways to elicit LGE and MGE phenotypes respectively, and that
SHH is therefore not required to induce an LGE phenotype. It is therefore possible that

previous success using SHH was due to the inhibition of dorsal fates rather than a direct
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induction of an LGE phenotype. However, even under optimal conditions, the Activin
based Arber et al. protocol did not produce a pure MSN population, finding a maximum
of 50% DARPP32 positive neurons in hPSC derived cultures.

1.4.5 Transplantation of hPSC derived MSNs into Pre-Clinical HD Models

Deriving MSN progenitors from hPSCs suitable for CRT in HD requires good in
vitro protocols that reliably produce an authentic MSN phenotype. However, in vitro
examination of a cell population is not necessarily indicative of how they perform
outside of defined culture conditions. Therefore, many of the studies outlined above
have also examined how their cells perform in vivo by transplanting into pre-clinical
models of HD. Aubry et al. transplanted unilaterally into the QA lesioned rat striatum.
They used cells harvested at five time points across their MSN differentiation protocol,
to determine at what developmental stage hPSC derived MSNs should be transplanted.
The earliest of these resulted in teratoma formation, indicating that the hESCs had not
yet sufficiently committed to a neural cellular fate to be suitable for transplantation. The
latest time point also produced disappointing results, finding that the transplantation of
mature, committed cells resulted in poor graft survival. They observed good graft
survival and populations of DARPP32 positive neurons when transplanting progenitor
cells at the mid-stage of their protocol, following long term exposure to SHH and DKK1.
However, in a second, long-term study of the in vivo potential of cells cultured to the
mid-stage of their protocol, graft overgrowth became apparent, which resulted in the
deformation of the non-grafted, contralateral hemisphere (Aubry et al, 2008). Thus, it
appears that the most suitable hPSCs for grafting will be populations that have
committed to an MSN phenotype and are mature enough that they will not cause graft
overgrowth, but not so mature that they lose their plasticity and viability following
transplantation. Following refinement of their differentiation protocol, the same lab
group transplanted MSN progenitors; Nicoleau et al. demonstrated the resulting grafts
maintained their regional patterning for an MSN fate as they contained the MSN
markers FOXP1, CTIP2, and DARPP32. Furthermore, there was evidence of
innervation with host TH fibers, indicating the potential for functional interaction
between the host tissue and graft, although no functional assessments were reported
(Nicoleau et al., 2013).

Both Ma et al. and Delli Carri et al. have reported a degree of functional recovery
following transplantation of their cells into the QA lesioned striatum. First, Ma et al.
transplanted hESC derived forebrain progenitors into the QA lesioned mouse striatum,

and compared these animals to control populations which received either spinal GABA
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progenitors or sham graft surgery. They observed a large proportion of GABA positive
neurons in both graft groups, and a high proportion of DARPP32 positive neurons in
the forebrain progenitor derived grafts. Furthermore, they observed significant recovery
in animals receiving forebrain progenitors compared to both control groups at 16 weeks
post-transplantation across a variety of motor tests. This supports the notion that hPSC
derived DARPP32 positive neurons can restore function in models of HD, however at
this time behaviour was not restored to the same functional levels observed prior to the
lesion and transplant. It is possible a longer study could have allowed for the
observation of further recovery, as animals were not maintained until a functional
plateau was reached, and there is evidence from the transplantation of human fetal
WGE that further recovery can be seen at 20 weeks post transplantation (Lelos et al.,
2016). However, it was also evident that these cells resulted in graft overgrowth.
Reportedly, approximately 50,000 cells were transplanted into each animal, but at week
16 an average of 3,466,667 + 648,931 cells were observed in forebrain progenitor
derived grafts, equating to an estimated 70 fold increase in total cell population. Delli
Carri et al., also reported some functional recovery following transplantation. They
transplanted bilaterally into rats with a unilateral QA lesion, and culled animals at three,
six, and nine weeks post transplantation. Transplanted animals undergoing
apomorphine induced rotations showed reduced rotations compared to lesioned
controls. However, the inclusion of a graft into the un-lesioned hemisphere in the grafted
groups undermined this observation, as the number of induced rotations occurs as a
direct result of the interaction between the lesioned and intact hemispheres.
Furthermore, post mortem histology revealed <1% DARPP32 positive cells across the
resulting grafts at 9 weeks, suggesting that this behavioural change was not due to the
introduction of DARPP32 expressing MSNs. Analysis of the resulting grafts indicated

widespread expression of Ki67 and continued graft overgrowth.

Arber et al. transplanted hESC derived LGE progenitor cells following 9 days of
treatment with Activin into the QA lesioned rat striatum. Unlike previous experiments,
there was no graft overgrowth observed and Ki67 was not expressed within the
engrafted cells at 16 weeks. Immunohistological analysis of the grafts indicated the
expression of LGE and MSN markers FOXP2, calbindin, GABA, substance P and
enkephalin, furthermore, 50% of the transplanted cells expressed DARPP32. They also
reported graft innervation from host TH fibres, and host tissue innervation from graft
derived NCAM fibres which extended from the graft towards the host globus pallidus
and midbrain. Collectively, this seems to indicate that an Activin based differentiation
protocol can successfully pattern hPSCs towards an LGE progenitor fate, that maintains
this commitment in vivo and consistently gives rise to DARPP32 expressing

populations. However, animals engrafted with these cells did not show any signs of
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functional recovery at 16 weeks, although it is possible this was due to the very small

graft sizes.

Whilst these studies each represent significant progress in closing the gap
between hPSCs and clinical application, it is clear that the current methods of deriving
MSNs from hPSCs are imperfect and require further refinement. Until we are able to
reliably direct hPSCs towards a phenotype that produces a rich population of MSNs
that restores function in pre-clinical models, these cells cannot be considered for clinical
application. Therefore, the future of hPSCs as a cell source in CRT for HD depends on

overcoming the various barriers that have thus far prevented their pre-clinical success.

1.4.6 Overcoming the barriers to clinical application of hPSCs in CRT for
HD

There are various possibilities to explain the relatively poor functional
improvements following engraftment of hPSC derived MSNs in animal models of HD to
date. First, it has been proposed that the relative success of fetal tissue transplants
over hPSC derived MSNs could in part be due to the heterogeneous cell population
contained within WGE (LGE plus MGE) tissues (Reddington et al., 2014; Precious and
Kelly, 2016). It is well established that transplantation of LGE progenitors gives rise to
rich populations of DARPP32 expressing graft neurons (Watts et al. 2000), whereas
transplantation of age-matched fetal rat MGE does not, demonstrating the requirement
of an LGE phenotype for DARPP32 positive populations. However, there is also
evidence that transplantation of WGE (both LGE and MGE together) resulted in the
largest volume of striatal neurons, surpassing that observed when the same numbers
of LGE cells were transplanted (Watts et al. 2000), suggesting that the MGE derived
interneurons could play a role supporting the LGE population during engraftment,
potentially providing critical developmental signals and neurotrophic factors that
enhance the engrafted LGE population. Thus, it is possible that a more diverse range
of cells need to be generated from hPSCs to be transplanted together (LGE and MGE

progeny), and work addressing this issue continues (Noakes et al., 2019).

Another possibility is that PSC derived MSNs may not yet be authentic MSNs.
Although MSN differentiation methods have improved substantially and reliably yield
neurons that express known MSN markers, our own understanding of what defines a
functional MSN is still somewhat limited (Introduction 1.2.3). As such, PSC derived
MSNs may still lack some presently undefined feature of an authentic MSN, and thus
be rendered unable to function in the same manner that authentic fetal tissue derived

MSNs can. If so, this likely due to the methods currently used in MSN differentiation
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protocols. For instance, whilst 2D monolayer cultures are desirable because of the
unparalleled control over cell fate and potential to generate single phenotypes of cells,
it must be recognised that this is unlike normal development which occurs in 3D space
and in diverse heterogeneous populations (Duval et al., 2017). And as previously
mentioned, there exists evidence that heterogeneity in cell populations during
development confers a beneficial effect on LGE derivatives (Watts et al. 2000) which
may be a requirement for developing the full functionality of an authentic MSN.
Furthermore, the majority of focus thus far has been on shaping hPSCs using widely
expressed morphogens and the few known critical genes that induce the relevant
cascades of genes required to form an MSN (e.g. SHH and Activin). Yet, the precise
mechanisms that underpin MSN development remain unclear, and therefore our
understanding of how to best guide hPSCs towards an MSN fate is currently limited.
For example, key morphogenic factors considered critical to MSN differentiation are
also fundamental in many other differentiations, with SHH known to play various
patterning roles across the entire developing neural tube (Danesin & Soula, 2017), and
late exposure of Activin on neuronal precursors is used in interneuron differentiations
(Cambray et al., 2012). As such, precise timing and dosage of these factors is
considered fundamental to properly differentiate an MSN, which increases the
challenge of generating pure MSN populations in vitro and will likely continue to do so
until we fully understand MSN fate specification. It is also plausible that further late
stage signalling refinement is necessary for enhanced MSN fate specificity, as until
relatively recently, the role of Activin in the mediation of LGE regional fate specification
was unknown (Arber et al., 2015), and so there may exist other unused morphogens
essential to MSN development. This is especially relevant considering the known
diversity of MSN subtypes (Introduction 1.2.3), as it remains unclear what mechanisms
drive this diversity, or even how much subtype specificity has to be defined in an MSN
progenitor population prior to transplantation. Additionally, it is unknown whether earlier
developmental processes (such as dual SMAD inhibition which results in high PAX6
expression, associated with more dorsal regions than the LGE) have a more restrictive
impact on cellular potency than current protocols allow for, which prevent large
subpopulations of cells from differentiating towards the desired MSN phenotype.
Indeed, there is ongoing work examining the impact of early genes that define
telencephalon regionality on later stage developmental cascades. For example, the
roles of inducible GSX2 and EBF1 have been examined in a SHH and DKK1 based
MSN differentiation, and there is evidence that forcing the expression of these two early
developmental genes improves the purity of the resulting MSN populations both in vitro

and in vivo (Faedo et al., 2017).
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Each of the above issues may drive a difference between PSC derived MSNs,
and authentic MSN progenitors derived from primary fetal tissues which have
undergone a complex and highly refined developmental process. But, there are various
other features of development that are understood to play integral parts in cell fate
specification that have not yet been considered. For example, the role of epigenetic
mechanisms such as DNA methylation, which are known to undergo precise temporal
and tissue specific changes during development (Cedar and Bergman, 2012), remain
relatively unexplored, and to date there have been no attempts to compare the
developing DNA methylome of authentic MSNs derived from fetal tissues, with those
derived from PSCs. However, with the increasing availability of genome wide array
technology, it is easier than ever to begin exploring such features, and subsequently to

begin applying them to PSC based culture of MSNs.

23



Chapter 1

1.5 The Relevance of the Epigenome to Development and

Differentiation

1.5.1 Epigenetics and DNA methylation

The usage of the terms “Epigenetics” and “Epigenome” are a subject of debate
within the scientific community, as rather than referring to a single measurable physical
feature they instead refer to a concept, one which has undergone various revisions as
our understanding of cell biology and the techniques we have to study the underlying
mechanisms have advanced (Henikoff and Greally, 2016). For the purposes of this
thesis, epigenetics will be considered by a more liberal definition proposed by Adrian
Bird, referring to: “the structural adaptation of chromosomal regions so as to register,
signal or perpetuate altered activity states” (Bird, 2007). This definition includes various
mechanisms that act on a cells chromatin structure to alter gene expression and
maintain cellular phenotype, including DNA methylation. DNA methylation refers to the
addition of methyl groups to DNA nucleotides in order to change the local genetic
activity without altering the underlying DNA sequence (Moore, Le and Fan, 2013). It is
catalysed by a family of enzymes called DNA methyltransferases (Dnmts), which
methylate DNA both during replication and in a de novo manner. Dnmt1 plays a critical
role during cell mitosis, acting on the newly synthesised daughter strand of DNA, to
replicate the methylation status of the parental DNA strand, thereby preserving the DNA
methylation status of the parent cell (Bestor 1992; Yoder et al., 1996; Pradhan et al.,
1999). Conversely, Dnmt3a and Dnmt3b function as de novo methylators, as they are
used to methylate otherwise unmethylated DNA molecules when required (Okano et
al., 1998, 1999; Hsieh 1999).

Two of the four bases that comprise DNA can by methylated; cytosine and
adenine, which when methylated become the hypermethylated 5-methylcytosine and
N°-methyladenosine respectively (when not methylated they are instead described as
hypomethylated). The role of differentially methylated adenine in mammals remains
unclear, although recently there has been an increase in research interest (Wu, et al.,
2016; lyer, Zhang and Aravind, 2016). By comparison, methylated cytosine as part of
a CpG dinucleotide pairing is one of the most researched epigenetic mechanisms
known, and its role as a modifier of gene transcription and a maintainer of terminally
differentiated cellular phenotype is well established (Bird, 2002). CpG dinucleotides are
underrepresented in the genome, occurring at approximately only 21% of the expected
frequency (Lander et al., 2001). Furthermore, when they do occur, they tend to cluster
together forming CpG islands, most of which occur in gene promotor regions (including

transcription start sites), and an estimated 72% of gene promotor regions contain CpG
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islands (Saxonov, Berg and Brutlag, 2006). The methylated states of these CpG islands
directly corresponds to the expression of these genes, with methylated CpG islands in
promotor regions preventing transcription, and essentially silencing that gene.
However, CpG island methylation is not a requirement of gene silencing, and the
maijority of CpG islands that reside in gene promotor regions are not methylated in adult

somatic tissues (Antequera and Bird, 1993).

The regions that directly border CpG islands are known as CpG shores (<2kb
flanking CpG islands), and CpG shelves (<2kb flanking CpG shores), and beyond these
the remaining genome with only a sparse population of CpGs is known as the opensea.
These regions are much less densely populated with CpGs, and their role is less well
understood, however with the introduction of technology that allows the study of
genome wide DNA methylation, there has been an increasing interest in the wider roles
played by such DNA methylation (Gupta, Nagarajan, and Wajapeyee, 2010). For
example, many of these more sparse CpG regions also occur in gene bodies and
promotor regions, and have been recognised to play a differential role in gene
regulation compared to CpG islands. Specifically, these tend to correspond to tissue
specific genes, and therefore may control the regulation of genes that trigger cascades
of expression that define specific tissues and cell phenotypes (Cedar and Bergman,
2012; Slieker et al., 2013; Lokk et al., 2014). Additionally, DNA methylation and other
epigenetic mechanisms in adult brains are understood to be more active than
elsewhere in the body (Bjornsson, 2015) and recently we have begun to understand
the role the epigenome plays in the adult brain. For instance, the robust learning and
memory model of contextual fear conditioning is now understood to be associated with
a DNA methylation response in the hippocampus in rodents (Halder et al., 2016; Duke
et al., 2017). Such discoveries have prompted the emergence of the field of
neuroepigenetics, which examines how the epigenome is involved in learning, memory,
synapse connectivity (Cholewa-Waclaw et al., 2016; Sweatt, 2016; Kim and Kaang,
2017). Interestingly, these technological advancements have also shed light on
additional functionality of CpG islands, for instance, approximately 25% of CpG islands
do not reside in gene promotor regions, but instead within gene bodies and until
recently, their assumed purpose has been as alternative gene promotor regions as they
typically correlate with increased gene expression in highly expressed genes (Laurent
et al., 2010). However, it is now understood that many of these regions instead play a
role in alternative gene splicing (Laurent et al., 2010; Lev Maor et al., 2015). As
evidenced by these examples, it has become possible in recent years to refine our
understanding of the role that DNA methylation plays in an array processes that were
previously much more challenging to study, and it is becoming clear that DNA

methylation plays a more dynamic role than previously understood. It therefore follows
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that we may be able to use such technology to advance our understanding of the role
DNA methylation plays in development, particularly how the fetal methylome
contributes to MSN fate specification which could help further refine protocols for

differentiating hPSCs towards an authentic MSN phenotype.

1.5.2 The Role of DNA Methylation in Development

It is estimated that only 10% of the human genome is functional (Eddy, 2013;
Graur et al., 2013), and as such, it has been argued that the majority of DNA methylation
may therefore also play no significant biological role (Edwards et al., 2017). Whilst it
remains to be determined exactly how much of the methylome is of functional
relevance, at least some DNA methylation plays a significant role in various biological
processes. Most widely established are its critical and well understood roles in genomic
imprinting (Li et al., 1993), X chromosome inactivation (Heard et al., 1997), and
transposon repression (Walsh et al., 1998), which will not be discussed here. More
relevant to this thesis are its roles in embryogenesis, fetal development, and tissue
specific gene transcription, understanding of the latter two having advanced

considerably in recent years.

The role that DNA methylation plays in development begins shortly after oocyte
fertilisation, during which there is a near complete loss of DNA methylation across the
genome, with the exception of the maintenance of the methylation status of imprinted
genes (Li et al., 1993). By the time the blastocyst forms and undergoes implantation,
there has been a second global methylation event that induces methylation across the
vast majority of the genome, as pluripotency is conferred to the ICM (Reik, Dean and
Walker, 2001; Arand, et al., 2015). Only well-defined CpG islands are resistant to this
methylation, a process understood to preserve the transcription of important
housekeeping cellular functions. This is assumed to be the baseline state of the
methylome, and it is from here throughout development that the mature methylome
develops (Cedar and Bergman, 2012). This is further validated by the discovery that
successful reprogramming of iPSCs requires the recruitment of global methylation to
‘reset’ somatic cells to a pluripotent state (Papp and Plath, 2013). The maintenance of
methylation through mitosis via Dmnt1 mediated activity is essential in hESCs, as
disruption of these mechanisms results in cell death (Liao et al., 2015). Curiously, this
is not the case for mouse ESCs, as they are able to replicate in culture without Dnmt
enzymes (Tsumura, et al., 2006). Yet, Dmnts are required in mouse for germ layer
specification, as Dnmt knock out mice models cannot produce viable embryos (Li,
Bestor, and Jaenisch, 1992; Okano et al., 1999), and Dnmt knock out mouse ESCs
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exhibit differentiation defects in vitro (Boland, Nazor, and Loring, 2014). This distinction
in mouse indicates that these are likely two independent roles for DNA methylation, and
implicates DNA methylation as a necessary process for early embryogenesis and germ

layer specification, and therefore early lineage commitment.

The precise role of DNA methylation following the formation of the blastocyst is
less well understood because of the vast number of processes that occur between
blastocyst formation and fully developed organism which still remain undetermined
even on the genetic level. However, it is established that there is a transition during
development from the generally globally hyper-methylated pluripotent ICM, to the
comparatively less methylated adult organism, which occurs gradually in a tissue
specific manner as and when relevant genes are required, or silenced, by the
developing tissues (Cedar and Bergman, 2012). Of note, these same mechanisms have
been observed in vitro in PSC based differentiations (Nazor et al., 2012). This tissue
specific methylation signature continues into adulthood and defines tissue phenotype
(Nagae, et al., 2011; Fernandez et al., 2012), and whilst there are various other factors
that also influence DNA methylation in adult tissues, including age and environment,
tissue specific methylation is largely preserved throughout adult life. For example, Lokk
et al., 2014 studied the global methylation of 17 tissue types collected from 4 post-
mortem donors using the Infinium Human Methylation 450K bead chips (Infinium 450K),
and determined that 6.4% of global methylation variation was predicted by the donor
(including age, environment, and genetic variability), whereas 51.2% was predicted by
tissue type. Furthermore, this tissue specific methylation was found to be highly present
within gene promotors and gene bodies, implicating a continued role of DNA

methylation for gene silencing, gene promotion, and splicing throughout adult life.

Whilst the advancements in genome wide DNA methylation sequencing have
been utilised and explored for a variety of adult tissues, fetal tissues still remain
relatively underexamined. However, the few studies that have been conducted indicate
that DNA methylation could play an even more critical role during fetal development,
which will be discussed specifically regarding the brain below. In brief, there is evidence
that DNA methylation is more closely conserved between fetal tissues donors,
especially relative to comparisons of similar child and adult tissues (Numata et al.,
2012). The variability that does occur is primarily associated with developmental age,
and shows tissue wide hyper- or hypo-methylation shifts across these developmental
ages, which is unlike child or adult tissues (Numata et al., 2012, Spiers et al., 2015),
and these methylation changes are tissue specific across fetal tissues (Roost et al.,
2017). Collectively, this implies, though does not prove, that DNA methylation is a highly

regulated process in fetal tissues, and it is used to mediate gene expression at critical
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developmental times. There is direct evidence from adult stem cell populations that
DNA methylation is the preferred epigenetic mechanism to regulate gene expression
and thereby cellular phenotype in highly proliferative and rapidly developing cells,
including in the epidermis (Sen et al., 2011), and in the epithelium of the adult intestine
(Sheaffer et al., 2014). This is credited to the relatively high degree of malleability and
cellular heritability afforded to DNA methylation compared to other chromosomal

modifications.

1.5.3 The Methylome of the Human Fetal Brain

As mentioned, examination of the global methylation profile of tissues has only
recently become available, and due to the scarcity of human fetal tissue, there are

limited studies examining the role this mechanism plays in fetal neural development.

Numata et al. 2012 examined the methylation status of samples of prefrontal
cortex (PFC) of fetal, child, and adult post mortem brains using Infinium Human
Methylation 27K bead chips (27K), and sought variability first between donor samples
within their respective age group, based on age of donor, before comparing between
age groups. They observed the expected variability within both adult and child groups,
that was presumably mediated in part by donor associated variability. However, when
examining fetal PFCs, they found that between donors there was far less variability.
Specifically, fetal PFCs varied between samples in this group at 861 CpGs (=3% of
CpGs examined), whereas child and adult PFCs varied at 5506 (=19%) and 10578
(=38%) CpGs sites respectively, indicating that the methylation profile is highly
conserved across the developing fetal PFCs, but not as much in child and adult PFCs.
Strikingly, in spite of having the fewest significantly different CpGs within their age
group, the variability of methylation between fetal PFC samples were also the most
drastic, and importantly, these changes seemed to correspond to fetal age (observed
DNA methylation B-value shift where =100% change indicates a complete reversal in
site methylation across one year: average shift between fetal donors =80%, child =1%,
adult =0.1%). Furthermore, when comparing DNA methylation between age groups
(fetal, child and adult), they observed a reversal in methylation across a small subset
of 131 CpGs between fetal and child PFCs, a trait which was not observed between
child and adult brains. Together this implicates a highly conserved and dynamic
functional role for DNA methylation in the brain across development and into early
childhood. This is further supported by later research by Spiers et al. in 2015, who
examined the methylation of fetal whole brain tissues using the Infinium Human

Methylation 450K bead chips (450K). Similar to Numata et al., they found no large scale
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differences in global methylation between subjects, but they did observed a small
subset of CpG regions (28,718 probes, =7% of CpGs examined) that differed
significantly by age. Supporting the notion that DNA methylation is highly conserved
during development, and the variability in the methylome at this time is strongly

associated with development.

There is also evidence that different fetal tissues and neural cell types have
varying methylomes. Lister et al., 2013 studied the methylation of human adult and
human fetal frontal cortex, and sorted cells within these samples into NeuN positive and
negative populations. They found significant methylation changes between fetal and
adult brains, and observed that NeuN positive and negative populations had unique
methylation signatures, indicating that methylation in fetal cells varies by cellular
phenotype, although this difference was more pronounced in adult than the developing
fetal cortex. Lastly, Roost et al., 2017 collected tissue from 21 human fetal organs from
18 different fetuses, including whole brain, and conducted genome wide methylation
analysis on these organs using a 450K array. They found all fetal organs tested had
specific methylomes indicative of their germ layer and phenotype, and demonstrated
the high degree of consistency between donors for each organ including whole fetal

brain.

Of particular note, Roost et al., 2017 went on to generate hiPSCs from six of
these organs and demonstrated that hiPSCs derived from fetal whole brain tissues
retained an organ specific methylation signature that improved induction to a neuronal
phenotype compared to skin derived hiPSCs. This trend observed by Roost et al. is not
unique, but rather an established feature of iPSC generation that is the unintended
result of Dnmt1 mediated DNA methylation memory in proliferative cells, and
incomplete DNA methylation reprogramming. In iPSCs this occurrence has been
termed an epigenetic memory of tissue of origin and there is evidence that it can be
used to enhance PSC based differentiations (Kim et al., 2010; Polo et al., 2010; Bar-
Nur et al., 2011; Tian et al., 2011; Hargus et al., 2014).

1.5.4 Epigenetic memory in hiPSCs

As previously discussed (Introduction 1.4.1), iPSCs are highly similar to ESCs
in both appearance and functionality, however, one critical difference between them is
their epigenome, in particular their DNA methylation profile. Generally, iPSCs and ESCs
share a very similar methylome, indeed, it is now widely accepted that the generation
of a fully reprogrammed iPSC requires the ablation of a cells previous epigenetic

structure through global hypermethylation across the genome and hypomethylation of
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pluripotent specific genes, resulting in a methylome comparable to ESCs (Papp and
Plath, 2013). Comparisons of the methylomes of iPSCs and ESCs have revealed this
similarity makes them indistinguishable when compared to terminally differentiated
cells, however, high powered examination of the methylomes of ESCs and iPSCs
reveals that these cell types do appear to have a distinct DNA methylation pattern (Deng
et al., 2009). For instance, Doi et al., 2009 compared the DNA methylomes of 3 iPSC
lines to the fibroblasts from which they were derived, and found 2179 differentially
methylated regions (DMR) between these cell types, whereas a second comparison
between those 3 iPSC lines and 3 ESC lines revealed only 71 DMRs between these
cell types. Doi et al. went on to examine these DMRs more closely and found that the
majority of the differences were driven by additional hypomethylation in ESCs (51

DMRs), although a small subset were hypomethylated in hiPSCs (20).

This difference raised an interesting question: are these DNA methylation
differences largely stochastic depending on the variability between different rounds of
iPSC generation? Or is there some underlying cause for these differences? Doi et al.
compared the DNA methylation of their fibroblast derived iPSCs, to the fibroblasts they
were derived from and found cases of increased methylation levels in iPSCs, beyond
the level observed in ESCs or the fibroblasts from which they were derived. As this
aberrant DNA methylation pattern was unique to the iPSCs, it is likely a product of the
reprogramming process itself. This aberrant DNA methylation has since been examined
by several labs, and is now somewhat understood. It tends to take the form of additional
hypermethylation beyond that observed in the tissue of origin and hESCs (although
some limited evidence indicates this can lead to aberrant hypomethylation too: Lister et
al., 2011). Additionally, it may in part be due to Dnmt3a/b mediated activity, which have
been shown to have a central role in the methylation shift observed in iPSC generation
(Stadtfeld et al., 2008; Nishino et al., 2011; Ruiz et al., 2012; Huang et al., 2014). There
is some evidence that this aberrant DNA methylation is influenced by methods of
culture, as over time these aberrant methylations seem to fade. It is therefore possible
that this aberrant methylation is simply an indication that iPSC reprogramming is a
longer process than previously thought (Nishino et al., 2011; Tessarova et al., 2016).
However, this is still an issue of debate, as some have argued that this aberrant
methylation persists through differentiation and seems to be defining features of

individual lines (Nazor et al., 2012).

In addition to the aberrant methylation in iPSCs, Doi et al. also determined that
some of the differential methylation observed between their iPSCs and ESCs were
shared between the iPSCs and fibroblasts, indicating that some of these differences

between ESCs and iPSCs are related to the iPSC tissue of origin. It has since been
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proposed that this is due to incomplete or inefficient recruitment of genome wide
methylation processes during the reprogramming process, which fail to fully methylate
the open chromatin observed in the tissue of origin (Kim et al., 2010). This has been
dubbed an epigenetic memory of tissue of origin (Summary of key papers in Table 1).
Like the aberrant DNA methylation formed during reprogramming, this also seems to
fade over time as it is most prevalent in early passage (<30) iPSCs (Kim et al., 2010;
Polo et al., 2010; Nazor et al., 2012). But, whilst still present in an iPSC line, this residual
epigenetic memory has been shown to affect an iPSC lines differentiation propensity,
biasing the line towards cell fates and phenotypes related to the differentially
methylated genes, or simply put, back towards the tissue type of origin. This effect
seems to be more routinely consistent in mouse iPSCs, but there are emerging trends
in hiPSCs too. Interestingly, whilst both aberrant and epigenetic memory derived DNA
methylation in iPSCs are largely considered barriers to iPSCs that need to be overcome
(Byrne, 2013; Tapia and Schole, 2016), some lab groups have instead attempted to
use this tissue specific epigenetic memory to enhance differentiations of cells from PSC
sources with varying levels of success. For example, there have been multiple attempts
to use iPSC epigenetic memory to enhance hepatic differentiation, however, there has
been no observed improvement in efficiency, gene expression, or in vivo effect that can
be attributed to epigenetic memory (Ohi, et al., 2011; Liu et al., 2011; Heslop et al.,
2017). Conversely, there has been success in using iPSC epigenetic memory to
enhance differentiations towards specific cellular fates including haematopoietic fates
(Kim et al., 2010; Pfaff et al., 2012), cardiac fates (Xu et al., 2012; Sanchez-Freire et
al., 2014), insulin producing B-cells (Bar-Nur et al., 2011) corneal/ocular fates (Sareen
et al., 2014; Hiler et al., 2015) and neural fates (Tian, et al., 2011; Hargus et al., 2014;
Roost et al., 2017), many of which result in enriched target gene expression and

improved in vivo activity.

Particularly relevant to this thesis are the papers that observed epigenetic
memory in hiPSCs derived from neural tissues. First, Tian et al., 2011 examined
hiPSCs derived from mouse astrocytes (A-iPSC) and fibroblasts (F-iPSC) and
differentiated them towards a neuronal precursor and then dopaminergic phenotype
using an EB method in combination with an N2 based medium and SHH, FGF8, and L-
Ascorbic Acid (AA). They observed no differences in the initial induction to neural
precursor cells, but found a significant improvement for neural differentiation (via pllI-
tubulin expression) and positive TH expression in cultures derived from A-iPSCs
compared to F-iPSCs. Next, Hargus et al., 2014 generated hiPSCs from fetal neural
stem cells (FNSC) that had been collected from the fetal forebrain (NS-iPSC), cord blood
(CB-iPSC), and fibroblast (F-iPSC), and examined the potential of these cells to

differentiate into midbrain neural precursors using an EB based method in N2B27
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medium supplemented at various time points with CHIR 99021, purmorphamine,
dorsomorphin, SB, and AA. They identified several effects of epigenetic memory in their
NS-iPSCs that were not shared by CB-iPSCs or F-iPSCs. For example, NS-iPSCs
exhibited expression of non-midbrain marker DLX1, which was also exhibited by the
fNSCs from which they were derived, but is not expected under the culture conditions
they used and was not exhibited by other PSC lines. Additionally, exploratory gene
expression analysis further indicated enriched expression of additional neural genes
important for neural development in NS-iPSCs and fNSCs that were not highly
expressed in other cell lines. However, they also observed shared gene expression
between CB-iPSC, F-iPSCs and fNSCs that were not observed in NS-iPSCs, yet of
these genes only one has a known neural function. Last, when directed towards a
midbrain neural precursor fate and transplanted in vivo, they found evidence of
increased cell survival from NS-iPSCs compared to F-iPSCs, and evidence that F-
iPSCs exhibited increased cell survival when transplanted in a mixed population with
NS-iPSCs (CB-iPSC were not examined). The last publication exhibiting evidence of a
retained epigenetic memory in hiPSCs derived from neural tissues was published by
Roost et al. in 2017. They generated hiPSCs from fetal whole brain (WB-iPSC) and
fetal fibroblast (F-iPSCs), and, using an EB based method and a Stemdiff Neural
Induction medium from StemCell Technologies, they found that WB-iPSCs exhibited
higher expression of BllI-tubulin and GFAP that F-iPSCs at earlier time points, indicating
an increased capacity to differentiate towards a neuronal phenotype and at a faster
rate. Collectively, these studies demonstrate a consistent effect of an epigenetic

memory of tissue of origin in hiPSCs derived from neural tissues.

It therefore follows that it might be possible to achieve similar results in MSN
differentiations by generating hiPSCs from tissues known to have an epigenome
suitable for an MSN phenotype. Previously, our lab began examining this possibility, by
generating hiPSCs from human fetal WGE, and patterning the resulting cells towards
an MSN phenotype (Choompoo, 2015). This work has demonstrated that human fetal
WGE tissues can be used to create hiPSCs, and that these cells are capable of
differentiating towards a DARPP32 positive MSN phenotype in vitro and expressing a
wide variety of other MSN markers. Furthermore, when transplanted into the QA
lesioned rat striatum they produce grafts exhibiting DARPP32, and there is provisional
evidence that this is at a greater efficiency than hESC derived MSNs, cultured under
the same protocol. However, in animals grafted with MSN progenitors derived from both
hESC and hiPSC origin we observed graft overgrowth and in some cases teratoma
formation in this study. Overgrowth is not uncommon in SHH/DKK1 based MSN
differentiation protocols, but has not been seen in those based in Activin (Introduction

1.4.4), and therefore this study needs to be repeated using more refined MSN protocols
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to prevent overgrowth and examine whether hiPSCs derived from tissues known to
have an epigenome suitable for an MSN phenotype can be used to enhance striatal
MSN differentiations. Additionally, our previous study, and the three studies outlined
above did not completely control for the influence of the hiPSC genome, and therefore
it remains to be determined that this effect is independent of genetic variability in hPSC

lines.
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Table 1.1 Key studies of epigenetic memory in iPSCs

Animal and Tissue

Did epigenetic memory:

Astrocytes (A-iPSC)
and fibroblasts (F-
iPSC)

(inferred from indirect
evidence)

Study . Summary
of Origin persist in iPSCs? effect differentiation?

Kim et al., Mouse. Yes Yes First systematic study of epigenetic memory in iPSCs. Generated

2010 i i four lines: B-iPSC, F-iPSCs, ESCs, and nuclear transfer stem cells
Bone marrow (direct evidence from (N-ESC). Found B-iPSCs more readily formed haematopoietic
progenitors (B- DNA methylation colonies than F-iPSCs, whereas F-iPSCs more readily formed
iPSC), and dermal analysis) osteogenic colonies. ESC and N-ESCs were as efficient as each
fibroblasts (F-IPSC) other. DNA methylation revealed three main clusters of cells

separating B-iPSCs, F-iPSCs, and ESCs and N-ESCs.

Polo et al., Mouse. Yes Yes First evidence in truly isogenic lines, as iPSCs were all derived from

2010 L i i an iPSC mouse chimera with doxycycline inducible OSKM genes.
Tail tip fibroblasts, (direct evidence from Though four lines were used, they were run in pairs in separate
splenic B cells (S- DNA methylation experiments. iPSCs derived from different lines expressed genes
iPSC), bone marrow analysis) related to their cell type of origin, this was found to correspond to
granulocytes, and DNA methylation, and a lines propensity to differentiate towards cells
skeletal muscle of related origin (e.g. S-iPSCs readily differentiated towards
precursors macrophage phenotypes).

Ghosh et al., | Human. Yes Not tested First evidence in human, though differentiation capacity was

2010 o ) oo untested. Transcriptional analysis revealed gene expression was
Foreskin fibroblast, | (inferred from indirect more similar between hiPSCs and their tissue of origin, than all other
adipose stem cells, evidence) lines and a hESC line. However, between hESCs and hiPSCs gene
neonatal fibroblast, expression was consistently more similar than between hiPSCs and
and keratinocytes their tissue of origin. Of all the hiPSCs, foreskin fibroblasts were most

similar to hESCs. No differentiation was conducted.
Tian et al., Mouse. Yes Yes First evidence in neuroectoderm derived cells. A-iPSCs displayed
2011 slower EB formation and reduced proliferation than F-iPSCs and

ESCs. However, when differentiating towards a neuronal and
dopaminergic fate, A-iPSCs expressed significantly more BllI-tubulin
and TH than F-iPSCs.




Table 1.1 Key studies of epigenetic memory in iPSCs (Continued)

Animal and Tissue

Did epigenetic memory:

iPSC), and
fibroblast (F-iPSC)

Study . Summary
of Origin persist in iPSCs? effect differentiation?
Ohi et al., Human. Yes No Provisional evidence that partially reprogrammed DNA methylation
2011 ) ) . could be required for successful induction to pluripotency rather than
Hepatocytes, (direct ewdence.from (unpublished data) random, as knock down of one of these genes reduced
fibroblasts, and DNA methylation reprogramming efficiency. Otherwise, similar findings to earlier
melanocytes. analysis) studies, hiPSCs retain a small degree of transcription and DNA
methylation based memory to their tissue of origin. Differentiation
was carried out on the cells, but no differences were observed.
Bar-Nur et Human. Yes Yes First evidence that epigenetic memory also influences differentiation
al., 2011 . . . in hiPSCs, also suggest that this might be because the differentiation
B-pancreatic (B- (direct evidence from protocols are insufficient in hESCs, and are therefore enhanced by
cell), non-p DNA methylation and epigenetic memory. Demonstrated B-cell derived hiPSCs maintained
pancreatic, and histone analysis) more open chromatin structures at critical B-cell genes, and
fibroblast expressed these genes significantly more than all other tested
hiPSCs and hESCs both in vitro and in vivo.
Xu et al., Mouse. Yes Yes Found that during chimera formation, V-iPSCs exhibited a bias to
2012 ) , , contribute to heart formation, due to their epigenetic memory, and
Ventricular (direct evidence from spontaneously formed beating cardiomyocytes 2 days before F-iPSC
myocytes (V-iPSC) DNA methylation and ESC controls. Further, they exhibited a bias towards ventricular
and fibroblasts (F- analysis) myocyte differentiation in protocols that typically result in mixed
iPSC) ventricular/atrial myocyte populations.
Hargus et Human. Yes Yes First evidence that hiPSCs derived from fetal brain tissue retain an
al., 2014 . . epigenetic memory. NS-iPSCs were enriched for neural genes and
Fetal neural stem (direct evidence from retained a methylation signature more similar to their tissue of origin
cells (NS-iPSC), DNA methylation than CB-iPSCs and F-iPSCs. Differences were observed when
cord blood (CB- analysis) transplanting in vivo to the mouse cortex, indicating improved graft

survivability of NS-iPSCs.
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1.6 Summary and Thesis Aims

Considering the research outlined above, it is clear that CRT is a viable and worthwhile
therapeutic strategy to restore the neurological resources and function lost in the process of
many neurodegenerative diseases, including HD, which is a useful model for the continued
advancement of CRT. However, there are various barriers that currently prevent the
introduction of CRT for HD to clinic, foremost of these being the lack of a reliable and
renewable source of cells capable of differentiating into authentic MSNs. The most widely
researched of the alternative cell sources capable of producing striatal MSNs are pluripotent
stem cells, including hESCs and the more recently discovered hiPSCs. However, at present
these stem cells require complete direction towards the correct cellular phenotype, and with
our presently limited knowledge of the various aspects that facilitate this process, this is
currently difficult to achieve reliably. It therefore follows that we need to continue building on
our understanding of the developmental mechanisms required to produce an authentic MSN
phenotype. An aspect of development that has thus far been relatively neglected is the
epigenetic mechanisms that underpin cell fate decisions. The most well understood of these
is perhaps DNA methylation, which has been demonstrated to play various roles in cellular
phenotype specification and regulation. Interestingly, iPSCs have been shown to retain some
of the epigenetic mechanisms associated with the tissues from which they were derived, which
is known as an epigenetic memory of their tissue of origin. It therefore follows that we may be
able to use this epigenetic memory of tissue of origin to enhance our MSN differentiations and
potentially begin the exploration of this avenue of development. In this thesis | aim to explore
this possibility by generating hiPSCs from fetal LGE tissues, the origin of MSN progenitors,
and comparing their differentiation capacity to isogenic hiPSC controls derived from other

tissues.
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Chapter 2: Materials and Methods

2.1 Cell Culture

2.1.1 General Cell Culture Techniques

All cell culture was conducted in a Class Il Safety Cabinet under sterile
conditions. Cells were grown on cell culture treated plastic Nunc™ multi-well plates
(Thermo Scientific), and maintained in incubators at 37°C and 5% CO.. Cells were
maintained in volumes of media proportionate to their culture plate (Table 2.1). Cell
counts were conducted manually using Trypan Blue (Invitrogen) and a
haemocytometer, under dilution factors between 2-250, to achieve an average count of
=200 cells.

Table 2.1 — Media volume and Plating density by well size.

Plate diameter (Well Size) Volume of media per well Plating density:
6 well plate (9.6cm?) 3ml—4ml N/A*

12 well plate (3.5cm?) 2ml-25ml 400,000/well

24 well plate (1.9cm?) 1Tml—1.5ml 200,000/well

*only PSCs were cultured in 6 well plates and were not plated according to cell number but

according to ratio of a split at each passage.

2.1.2 Acquisition, dissection and dissociation of human fetal tissues

Primary human fetal tissues were acquired from the South Wales Initiative for
Fetal Transplantation (SWIFT) research tissue bank which has full ethical approval to
obtain fully informed consent to collect fetal tissues from maternal donors undergoing
an elective termination of pregnancy. Throughout this thesis donor tissues and their
derivatives are referred to by their SWIFT number (e.g. SWIFT 2285), further details for
all samples are described in Table 2.2. Primary human fetal tissues and their relevant
derivatives were handled under the Cardiff University Human Tissue License, which is

in compliance with the HTA guidelines.

Primary human fetal tissues were dissected according to Roberton et al., 2018
(Figure 2.1), and maintained in Hibernate E media (Gibco) at 2-8°C for a maximum of
7 days until prepared for dissociation. The tissue was harvested from Hibernate E

media and washed in a 15 ml falcon tube by adding 500 yl wash media (DMEM+Da:
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Figure 2.1 — Dissection of fetal tissues (fibroblast not shown)
Images retrieved and adapted from Roberton et al., 2018.

A. The cortex is cut close to the midline in a caudal-to-rostral manner as indicated by
dashed black lines.

B. The cortex is opened to reveal the choroid plexus (circle of dashed black lines).

C. The choroid plexus is removed to expose the WGE (black arrows) lying on the cortical
surface beside the thalamus (red arrow).

D. The WGE is removed by cutting underneath the structure. Then it is divided into LGE
(blue arrow), MGE (green arrow), and CGE (white arrow). Cortical tissue can then be
collected (yellow arrow).

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, Gibco), with
2%Pulmozyme Dornase Alfa (Da, Genentech)), then disturbing the tissue manually
using a pipette, and then removing the media. This was repeated 2-3 times to ensure
removal of Hibernate E media. Following the final wash, 500 ul of TrypLE Select (Gibco)
+2% Da was added to the tissue sample, and incubated at 37°C with 5% CO.. Neural
tissues were incubated for 10 minutes, and fibroblast tissues were incubated for 40
minutes and inverted every 10 minutes to achieve full dissociation. Following this
incubation period 5 ml of DMEM+Da wash media was added to the falcon tube and the
tissue was centrifuged at 1000 rpm for 3 minutes. The excess media was carefully
removed, and replaced with 200 ul fresh DMEM+Da, and the tissue was triturated 20-
25 times using a 200ul pipettor to dissociate the cells into a single cell suspension,

which was then counted to determine total viable yield.
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Table 2.2 — SWIFT tissue donation details.
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Crown to Age post
SWIFT conception Dissected .
rump length Tissues Purpose
number (CRL) (age p.c.) by
(days)
2242 25 mm 50 Sophie | | vcEr | GFP SeV test
Rowlands
2085 421 mm 61 Rﬂﬁge' LMCF* | hiPSC generation
2230 ~55 mm 65 Sophie WGE Methylation
Rowlands analysis
2240 40 mm 62 Sophie WGE Methylation
Rowlands analysis
2415 53.4 mm 69 Qliver LGE Methylation
Bartley analysis
2451 37.8 mm 70 Rachel LGE Methylation
Hills analysis
3005 39.5 mm 59 Victoria WGE Methylation
Roberton analysis

*ILMCF = LGE, MGE, cortex, and fibroblast

2.1.3 Plating and culturing of human fetal tissues

Plastic multiwell plates were prepared with Poly-D-lysine (PDL, Gibco) prior to
plating of primary human fetal tissues. 500 ul of PDL solution (10 ug/ml of PDL/dH20)
was added to each well, and incubated for one hour. The PDL solution was then
removed, and the plates were washed using dH-O, and dried under UV for 45 minutes.
Dissociated primary human fetal tissues were then plated as a monolayer onto the PDL-
treated plates to achieve =100,000 cells/cm? (Table 2.1). Neural tissues were cultured
in Neural Differentiation Media (NDM: DMEM/F12, +2% B27™ Supplement 50x (B27;
Gibco), +1% fetal bovine serum (FBS; Gibco), +1% Penicillin-Streptomycin (PS;
Gibco)), and Fibroblasts were cultured in Fibroblast media (DMEM/F12, +10% FBS,
+1% MEM Non-Essential Amino Acids Solution 100x (MEM-NEAA; Gibco), +1% L-
Glutamine (Gibco), +1% PS. Cells were allowed to settle over night before being
washed with Dulbecco's phosphate-buffered saline without calcium or magnesium
(DPBS; Gibco) and given fresh culture media. Media was changed every 3 days, and

cells were monitored using a microscope daily.
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2.1.4 Transduction of Human Fetal Tissue with Sendai Viral Vectors

Fetal tissues were transduced with either the Cytotune™ EmGFP Sendai
Fluorescence Reporter Virus (SeV reporter virus; Invitrogen) or the CytoTune™ -iPS
2.0 Sendai Reprogramming Kit (SeV-iPS; Invitrogen). Fetal tissues to be transduced
were plated and cultured as described above. Following 3-6 days of maintenance, the
cultures were transferred to a viral suite for transduction (Day 0). A sample well for each
tissue type was harvested using TrypLE Select reagent and counted on a
haemocytometer using trypan blue to estimate number of cells per well. Viral vector

volumes were calculated for each tissue type as follows:

Desired MOI (cell infectious units/cell) x number of cells
Volume of virus (ul) =

titre of virus (cell infectious units/ml) x 10 (ml/ul)

Fresh NDM and fibroblast media was warmed in a copper-sulphate treated
water bath at 37°C in separate falcon tubes for each tissue type. The viral vectors were
thawed by submerging in the water bath for 5-10 seconds, and then allowed to thaw at
room temperature. Once thawed they were centrifuged briefly and immediately placed
on ice. For each tissue type media was supplemented with the calculated volume of
each viral vector and mixed by titration. The SeV-media was then immediately applied
to the tissues to be transduced, and returned to an incubator at 37°C with 5% CO..
Following a 24 hour incubation in the media containing SeV, the cells were washed with
DPBS and fresh NDM/fibroblast media was added to the cultures, which were then
maintained according to human fetal tissue culturing methodologies outlined above
(Methods 2.1.3).

3 days after fetal tissue cultures were transduced with a SeV reporter virus, they
were fixed and imaged. Whereas, 5 days after fetal tissue cultures were transduced
with a SeV-iPS virus, they were washed with DPBS and maintained in Essential 8™
medium (E8, Gibco) which was replaced daily. Between days 8-14 developing cell
colonies were manually picked from each infected tissue type and cultured individually
on 24 well plates pre-treated with Geltrex™ Matrix (Gibco; Geltrex treated plates
prepared as recommended by Gibco). Once a colony was picked from the infected

cultures, it was cultured and expanded as PSCs (Methods 2.1.5).
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2.1.5 Culturing and expansion of human PSCs

The ESC line H9 used throughout this thesis was purchased from Wicell. PSCs
(both ESC and iPSC) undergoing expansion were cultured on 6 well plates pre-treated
with either Geltrex or Matrigel™ Matrix (Corning; Matrigel treated plates prepared as
recommended by Corning). Monolayer cultures were maintained in E8 or Essential 8
Flex™ medium (E8+; Gibco) (note: E8 and E8+ were not used in conjunction). E8 was
replaced daily, E8+ was replaced every other day on <50% confluent cultures and daily
on >50% confluent cultures. The volume of media was varied according to culture
vessel size (Table 2.1). PSC cultures that were at 80% confluency, or those that were
expected to surpass 90% confluency overnight were passaged at a 1:3-6 ratio. A cycle
of expansion typically took 5 days, but varied by cell line, clone number, split ratio,
passage method and passage number. Cultures were passaged using one of two

methods:

If cultures were free of differentiating cells then they were passaged using an
EDTA (Sigma) scrape: cultures were washed with DPBS and then EDTA was applied
to the well (enough to cover the base of the vessel, e.g. 1 ml/well of a 6 well plate). The
cultures were incubated for 2 minutes until cells exhibited signs of detaching. The EDTA
was next aspirated and fresh E8/E8+ was applied to the well. Immediately afterwards
cells were detached from the well by scraping the base of the well with a sterile 10 ml
stripette (Sarstedt). The cells were collected and centrifuged at 1500 RPM for 3

minutes, before being resuspended in fresh E8/E8+ media for plating.

Alternatively, if differentiating cells were present in the cultures then the cells
were passaged using ReLeSR™ (StemCell Technologies): cultures were washed with
DPBS and then ReLeSR was applied to the well (enough to cover the base of the
vessel). The cultures were incubated for 5 minutes until cells exhibited extensive signs
of detaching throughout the colonies. Fresh E8/E8+ was applied to the well, and the
plate was tapped repeatedly for 30 seconds to dislodge the PSCs from the plate. The
cells were then collected and centrifuged at 1500 RPM for 3 minutes, before being

resuspended in fresh E8/E8+ media for plating.

2.1.6 Spontaneous differentiation of PSCs

PSC cultures were grown between passages 8-12 as a monolayer in a 24 well
plate on glass cover slips under PSC culture conditions described above until plates
were 40% confluent, at which time spontaneous differentiation was initiated (Day 0).
On day 0, E8/E8+ media was removed and cultures were washed with DPBS, and were
instead cultured in KSR medium (KnockOut™ DMEM (Gibco), +10% KnockOut™
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Serum Replacement, +1% L-glutamine, +1% MEM-NEAA, +1% PS, +0.1% B-
mercaptoethanol (Gibco)). Cultures were maintained for 5 days in KSR medium, before

being processed for Immunocytochemistry.

2.1.7 Directed differentiation of PSCs towards a Medium Spiny Neuron
fate

PSCs were patterned towards an MSN phenotype using a protocol adapted
from previously published works (Arber et al., 2015, Repair HD; Figure 2.2A). For the
experiments described in this thesis, MSNs were differentiated using two protocols:
Protocol 2 and Protocol 3 (Figure 2.2B-C). The critical difference between these

protocols is the timing of the second passage, which is described below.
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Figure 2.2: MSN differentiation protocols

A-C. Schematics of the different versions of the MSN differentiation protocol used in this
thesis. Protocol 1 (A) was not used for experimental design, and therefore is not described
here. Protocol 2 (B) and Protocol 3 (C) are used for separate experiments. The critical
difference between these protocols is the timing of passage 2 (P2).

For both Protocol 2 and 3: PSCs were passaged as described above (Methods
2.1.5), and plated as a monolayer culture in E8/E8+ on 12 well plates treated with
Growth Factor Reduced (RGF) Matrigel™ (Corning; diluted 1:15 in DMEM-F12 and

coated for 1 hour at 37°C). When PSCs were >70% confluent, cultures were considered
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to be at Day 0 of the differentiation, and medium was changed to N2B27-RA medium
(Base media 2:1 ratio of DMEM/F12 and Neurobasal medium (Gibco), +1% L-
glutamine, +0.6% N2 supplement 100x (N2; Gibco), +0.6% B27™ without retinoic acid
supplement 50x, (B27-RA; Gibco), +0.2% MycoZap™ plus CL (Lonza), +0.1% B-
mercaptoethanol. Between day 0-5, N2B27-RA was supplemented with 10 uM SB-
431542 (SB; Tocris), and between days 0-9 N2B27-RA was supplemented with 200 nM
dorsomorphin (R&D),100 nM LDN-193189 (LDN; Tocris) and 2 yM XAV-939 (XAV;
Tocris). Cells were washed with DPBS on day 1, and given fresh medium. From that
day onwards medium was changed by removing half the spent medium and
replenishing with fresh medium every other day. Cells were monitored using a

microscope daily.

On day 7, cultures were passaged (P1). This passage was achieved by
collecting the culture medium (retained for later use) and adding fresh N2B27-RA (+
dorsomorphin, LDN, and XAV) supplemented with 10 uM Y-27632 (ROCK inhibitor;
Millipore). Cells were then incubated at 37°C for one hour in this medium. The medium
was then collected (retained for later use), and the cells were washed with DPBS and
incubated at 37°C in EDTA for 1 minute. EDTA was then removed, and the ROCK
inhibitor supplemented medium was returned to the cultures. Immediately following this,
the cultures were gently scraped from the culture vessel using a 10 ml stripette, and
resuspended in all previously collected medium. This mixture was then topped up to
allow 2 ml per well following the passage, and split at a 2:3 ratio onto 12 well plates
treated with PDL and Fibronectin (Millipore; 15 pg/ml in dH2O, coated for 1 hour at
37°C). Cells were allowed to settle back to a monolayer culture overnight. The following
day, cultures were washed with DPBS and given fresh N2B27-RA medium (+
dorsomorphin, LDN, and XAV).

Following P1, cultures completed forebrain progenitor patterning, and began
LGE specific regional patterning. This was achieved by supplementing N2B27-RA
medium from day 10-18 with 25 ng/ml Activin A (R&D) and 2 uM XAV.

For cells undergoing Protocol 2, passage 2 (P2) was conducted on day 18 of
the differentiation. For cells undergoing Protocol 3, P2 was conducted on day 16. P2
was conducted by washing cultures with DPBS, then incubating them at 37°C in
Accutase (Sigma) for 5 minutes. Following this, each well was manually disturbed by
trituration, and then incubated for an additional 5 minutes. Cells were then broken up
into a single cell suspension by trituration, collected, and suspended in a 15 ml falcon
tube with fresh N2B27-RA. The cells were then centrifuged at 1500 RPM for 3 minutes,
resuspended in 1 ml fresh N2B27-RA and counted for total cell yield. Following counts,

cells were either frozen for future use at 5,000,000 cells per vial (Methods 2.1.8), or
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seeded onto plates treated with PDL and laminin (Sigma; 10 pg/ml dH.O, coated for 1
hour at 37°C).

After day 20, cells were cultured in N2B27+RA medium (as N2B27-RA above,
but B27-RA is replaced with B27), and supplemented with 10 ng/ml BDNF (Peprotech)
and GDNF (Peprotech). This medium was refreshed every third day, and cells were

matured in this medium for a maximum of 60 days.

2.1.8 Freezing, storage, and thawing of PSCs and MSN progenitors

To freeze, cells were passaged as described above (PSC: Methods 2.1.5; MSN
progenitors: Methods 2.1.7), but following centrifugation the cells were resuspended in
a freezing medium of either relevant culture medium (PSC: E8/E8+; MSN progenitors:
N2B27-RA) with 10% DMSO (Sigma) or in Cryostor CS10 freezing media (StemCell
Technologies), and transferred to a cryovial (Starlabs) suitable for temperatures below
-80°C. The vials were then gradually cooled in a -80°C freezer, in a Cool Cell Freezing
Container (BioCision), and stored for later use. Once at -80°C, cells destined for long

term storage were transferred to liquid nitrogen.

Before thawing PSCs, thawing media was first prepared by adding 1%
RevitaCell™ supplement 100x (Gibco) to E8/E8+. MSN progenitors were thawed in
N2B27-RA without additional supplements. To thaw cells, vials were removed from
storage, and thawed using an automated cell thawing platform (ThawSTAR, Biocision).
1 ml of thawing media was then added dropwise to the vial, to complete thawing, and
the diluted solution transferred dropwise to a 15 ml falcon tube. The cells were then
centrifuged at 1000 RPM for 3 minutes, before being resuspended in fresh thawing
media by gentle trituration. The cells were then plated in conditions appropriate for their
cell type (PSC: Methods 2.1.5; MSN progenitors: Methods 2.1.7) in thawing media and
allowed to recover overnight. The next day, cells were washed with DPBS and cultured

as previously described.

2.1.9 Preparation of PSC derived MSN progenitors for transplantation

Two days prior to surgery, PSC derived MSN progenitors to be transplanted
were thawed from -80°C storage as described (Methods 2.1.8), and cultured on 24 well
plates treated with PDL and laminin in N2B27-RA media, supplemented with Activin A
and XAV (day 19 of the MSN protocol, Methods 2.1.7). The day after plating, cells were
washed with DPBS to remove debris, and given fresh media. On the day of surgery,

cells were prepared by washing with DPBS and then dissociated with Accutase as
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described for passage 2 of the MSN differentiation protocol (Methods 2.1.7). Cells were
then counted, and suspended in DMEM/F12 at 250,000 cells/pl, and then transported

on ice to surgery.
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2.2 Cell analysis

2.2.1 Immunocytochemical Staining and analysis

Cells to be stained were washed once with phosphate buffered saline (PBS;
gibco) and fixed in 3.75% PFA (Millipore) for 15 minutes at room temperature. Once

fixed, cells were washed three times with PBS, and stored in PBS at 4°C until required.

Cells were permeabilised in 100% molecular grade ethanol (Sigma) for 2
minutes, and washed three times with PBS before undergoing blocking for one hour at
room temperature in PBS containing 3% normal serum (Gibco) and 3% BSA (Sigma).
Primary antibodies were added to PBS (concentrations detailed in Table 2.3) with 3%
goat serum and 3% BSA, and allowed to bind to antibody targets at 4°C overnight. In
contrast, controls were maintained in blocking solution without primary antibodies. The
following day, cells were washed three times with PBS, and exposed to fluorescent
secondary antibodies at 1:200 in PBS with 3% goat serum, and 3% BSA for 2 hours in
darkness at room temperature. Following three PBS washes, cells were stained with
Hoechst for 5 minutes, and then washed a final three times in PBS. Cells adhered to
coverslips were mounted onto glass slides using a PBS and glycerol (Fisher Chemicals)
solution (1:1 ratio), and fixing with clear nail varnish. Cells kept in multi-well plates were
instead submerged in PBS, +1% PS. All cells were stored in darkness at 4°C to maintain

fluorescence.

Stained cells mounted on slides were imaged using a ZEISS Axio Imager 2
upright fluorescent microscope in conjunction with Axiovision software, whereas cells
in multi-well plates were imaged using a Leica DMI6G000B inverted fluorescent
microscope in conjunction with LAS X software. In both cases, cell counting was
conducted manually on ImageJ software, using 5 images taken at fields of view at 40x
magnification. Fields of view were initially selected randomly, then assessed by
Hoechst staining only to avoid uncountable large clusters of cells. Quality control was
undertaken in all experiments prior to image acquisition, by determining true fluorescent
staining using a control well that had not been exposed to the primary antibody, and
then adjusting exposure and gain to eliminate all false staining in experimental wells.

Scale bars were applied to images post-processing using ImageJ.
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Antibody Company Species Concentration
OCT4 Abcam Rabbit 1:1000
TRA-1-60 Abcam Mouse 1:100
SOX2 Abcam Rabbit 1:100
NESTIN Neuromics Mouse 1:1000
NANOG Abcam Rabbit 1:100
SSEA4 Abcam Mouse 1:100
DESMIN Abcam Rabbit 1:1000
a-SMA Sigma Mouse 1:500
a-FP Abcam Mouse 1:100
VIMENTIN Millipore Mouse 1:1000
GSX2 Abcam Rabbit 1:100
Blll-tubulin Sigma Mouse 1:1000
FOXP1 Abcam Rabbit 1:500
DARPP32 (human) Abcam Rabbit 1:1000*
MAP2a/b Sigma Mouse 1:200
HuNu Millipore Mouse 1:1000
CTIP2 Abcam Rat 1:500

*For both immunocytochemistry and immunohistochemistry

2.2.2 Gene expression analysis

2221 RNA extraction and cDNA synthesis

Cells were harvested either during a passage, or by applying accutase to detach

and dissociate cells for RNA extraction. Samples were then either transferred to RNA

later (Ambion) and stored for later use at -20°C for up to 3 weeks before RNA extraction,

or immediately processed for RNA extraction. RNA extraction was achieved using the

Qiagen RNeasy Mini Kit, following the manufacturer protocols, and including the

optional DNase treatment steps. RNA was then stored at -80°C for up to one month,

before undergoing cDNA synthesis.
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Defrosted RNA was measured using a Nanodrop (NanoDrop™ one,
ThermoFisher Scientific) following thawing to determine quality and quantity. Next first
strand cDNA synthesis was conducted by incubating up to 1 yg RNA with 50 uM
random primers (Eurofins Genomics) and 10 mM dNTP buffer (Invitrogen) for 5 minutes
at 65°C. Next, the RNA was kept on ice for 1 minute, then mixed with SuperScript™ IV
First Strand buffer x5 (Invitrogen), 100 mM DTT, RNaseOUT™ Recombinant RNase

Inhibitor (Invitrogen), and SuperScript™

IV Reverse Transcriptase (Invitrogen).
Negative controls were mixed with Nuclease free water (Ambion) instead of SuperScript
IV reverse transcriptase. The RNA mixture was then incubated at 23°C for 10 minutes,
55°C for 10 minutes, and then 80°C for 10 minutes. cDNA was then measured using a
Nanodrop, and diluted to achieve a final concentration of 10 ng/ul and stored at -20°C

until required.
2222 Reverse Transcription PCR

Reverse transcription polymerase chain reactions (RT-PCR) were conducted by
amplifying cDNA using a basic PCR mix comprising 10X Bioline NH4 Reaction Buffer,
50mM MgCI2, 10mM dNTP, BioTaq DNA polymerase (all Bioline), forward and reverse
target primer pairs at 10pmol each, and nuclease free water to bring the final reaction
to 25 pl. The reaction was denatured at 95°C for 1 minute, and then underwent cycles
of denaturing at 95°C for 45 seconds, annealing at 60°C for 1 minute and extension at
72°C for 1 minute. Following 30 cycles, the reaction sample underwent a final extension
at 72°C for 10 minutes. PCR products were analysed by electrophoresis on a 1%

agarose gel and visualised with SafeView™ (ABM).
2223 Quantitative Reverse Transcription PCR and the AACt method

Quantitative Reverse Transcription PCR (qPCR) was conducted using
PowerUp™ SYBR™ Green (Invitrogen). A master mix of each gene to be analysed was
created by combining PowerUp SYBR Green master mix x2, with both forward and
reverse primers of the target gene (Table 2.4), and Nuclease free water (Invitrogen) at
sufficient volumes for 19 pl/well. This was then frozen in small aliquots, to standardise
the master mix between cell lines. For each gene and each cell line to be analysed, 10
ng of relevant cDNA was added to three of every four wells of MicroAmp™ Fast Opical
96-well reaction plates (Applied Biosystems), and a negative cDNA control was
included in the fourth well. 19 pl of the relevant gene master mix was then mixed with
the cDNA, and the plate was sealed with MicroAmp™ Optical Adhesive Film (Applied
Biosystems), and centrifuged for 20 seconds. Plates were then frozen at -20°C for a
maximum of two days until required. Plates were analysed in a StepOnePlus™ Real-

Time PCR System (Applied Biosystems) using StepOne™ Software under the following
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amplification conditions: 95°C for 15 minutes, and 40 cycles of 95°C, 60°C, and 72°C
for 30 seconds each. Melt curves were generated from readings every 0.5°C between
53°C and 95°C.

To avoid variability caused by efficiency of primer pairs, cycle threshold (Ct)
values were set at a standardised level for all genes, which coincided with exponential
growth of expression across all genes examined. Expression within a given sample of
cDNA for each gene was then examined for quality control, Ct values within a technical
triplicate were compared within the triplicate, and samples where Ct values varied by
more than 0.3 from other samples were removed as outliers. A final Ct value for each
gene was then determined by averaging the remaining triplicate Ct values. The relative
expression for each gene within each experimental condition was then calculated by
generating a delta Ct value for that experimental condition. This was generated by first
averaging the Ct value of two house-keeping genes (B-ACTIN and GAPDH), and then
subtracting the average house-keeping Ct value from the candidate gene Ct value.
Next, the expression for each gene within each experimental condition was made
relative to a control condition by generating a delta-delta Ct value (AACt). This was
calculated by first averaging the delta Ct values of a control population, and then
subtracting this value from the delta Ct value from each sample within an experimental
condition. Finally, fold change expression values (compared to a control condition) were
determined by calculating 2*-(AACt). Fold change expression values were used for

statistical analysis.

Table 2.4 — PCR primer details

Gene Forward Primer (5’->3’) Reverse Primer (5’°->3’)
B-ACTIN GCTCTTTTCCAGCCTTCCTT CGGATGTCAACGTCACACTT
GAPDH GTCGGAGTCAACGGATTTGG ATGGAATTTGCCATGGGTGG
OCT4 GTGGAGGAAGCTGACAACAA ATTCTCAGGTTGCCTCTCA
SOX2 CAAGATGCACAACTCGGAGA GCTTAGCCTCGTCGATGAAC
DLX2 AGCAGCTATGACCTGGGCTA TCCTTCTCAGGCTCGTTGTT
NKX2.1 ATGTCGATGAGTCCAAAGCA CTCCATGCCCACTTTCTTGT
NOLZ1 CTGCAGCCCCTGCCTTCCAC GTCGGGCTTCCCGATCTGCG
CTIP2 CCATCCTCGAAGAAGACGAG ATTTGACACTGGCCACAGGT
FOXP1 CGATCCCTTCTCTGATTTGC CATGCATAATGCCACAGGAC
FOXP2 CCACGAAGACCTCAATGGTT GCTCTTCCTTGACGTGGATT
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DARPP32 | CTGGGCAAAAGACAACCTGT GGTCTTCCACTTGGTCCTCA
CALB1 GATACTGACCACAGTGGCTTC TGCACTGGTAGTAACCTGGC
DRD1 AGCGAAGTCCACATTCCAAG ATGTCTTCTCGCTCCTCCAA
DRD2 TCCTGAACTTGTGTGCCATC GATGGAGATCATGACGGTGA

2.2.3 Multi-Electrode Array Analysis

Spontaneous electrical activity of cultured MSNs was examined using multi-

electrode array (MEA) analysis. hPSCs undergoing an MSN differentiation were plated

onto platic 24 well MEA plates with 12 gold 100 um electrodes per well (Multichannel

Systems) and cultured as described in 2.1.7. Recordings were conducted every third

day up to day 55 using a Multiwell MEA headstage (Multichannel Systems) and

Multiwell-Screen software (Multichannel Systems). Data was visualised and processed

using Multiwell-Analyzer software (Multichannel Systems).
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2.3 In Vivo Methods

2.3.1 Animal care and Immunosupression

All animal experiments were performed in compliance with local ethical
guidelines and approved animal care according to the UK Animals (Scientific
Procedure) Act 1986 and its subsequent amendments. Adult female Sprague-Dawley
rats (Charles River) weighing 200-250 g were housed in cages of up to 4 animals in a
natural light-dark cycle with access to food and water ad libitum. Animals were health
checked on a daily basis, with weekly visits from a named veterinary surgeon. Starting
at least 1 day before unilateral striatal transplantation surgery (Methods 2.3.4), all
animals underwent immunosuppression to promote xenograft survival. They received
daily intra-peritoneal injections of Cyclosporin A (Novartis) at 10 mg/kg. Weights were
updated weekly, and the dose of Cyclosporin A was adjusted for each animal to

accurately reflect weight changes across the course of the study.

2.3.2 General Surgical Procedures

Isoflurane was used to induce anaesthesia for all surgeries. This was initially
achieved in an induction chamber with 0.8 L/minute oxygen and 5% isoflurane. During
surgery, anaesthesia was maintained with passive inhalation of isoflurane at 1.5-2.5%
L/minute in a mixture of oxygen at 0.8 L/minute and nitrous oxide at 0.4 L/minute.
Anaesthetic depth was monitored during surgery with hind limb withdrawal reflex tests
and breath rate monitoring, the isoflurane dosage was adjusted accordingly to maintain
a depth of anaesthesia appropriate for surgery. All surgeries were performed on a
stereotaxic frame, animals were fitted to the frame using a nose bar and ear bars to
keep the head secure and level. To maintain regular body temperatures animals were

kept in plastic sleeves on protective padding on a heat mat.

During surgery, all animals received a subcutaneous injection of Metacam (30
pl) for analgesia and 0.09% saline glucose (5 ml) for hydration. Directly following
surgery, they were placed in a recovery chamber that maintained a 38°C temperature
until they were active, at which time they were transferred to a recovery cage overnight.
The next morning animals were returned to their home cages and monitored for weight

and health for a minimum of 3 days post-surgery.

51



Chapter 2
2.3.3 Surgery: unilateral striatal lesion via Quinolinic Acid

Before surgery, quinolinic acid (QA) was dissolved in 0.1 M phosphate-buffer to
make a 15 mg/ml (90 mM) solution and pH adjusted to pH 7.4. Animals were
anaesthetised for surgery, and fitted to the stereotaxic frame. A cannula needle was
attached to a 10 pl Hamilton syringe driven by a mechanical pump at a setting delivering
0.28 ul/minute. An incision was made to expose the skull, and bregma was located and
measured. Two burr holes were drilled into the skull at two sites above the right striatum
at the co-ordinates -0.4/+1.2 anterior-posterior and -3.7/-2.9 medial-lateral from
bregma. QA was injected via the canula at depths of -5 mm and -4 mm below dura
mater for 56 seconds at each depth, delivering approximately 0.26 pl QA per depth.
The needle was left in place at the upper depth for an additional 3 minute diffusion. This

was repeated in both target sites.

Following the second diffusion the cannula was withdrawn and the incision was
cleaned and sutured. Before moving the animal to the recovery chamber 150 ul of

diazepam was administered subcutaneously to prevent lesion induced seizures.

2.3.4 Surgery: Unilateral striatal transplantation

Unilateral striatal transplantation surgery was conducted between 1-3 weeks
following QA lesion surgery. Before surgery, cells for transplantation were prepared as
described above (Methods 2.1.9). Animals were anaesthetised for surgery, and fitted
to the stereotaxic frame with the animals head level. The skull was exposed and a hole
was drilled directly between the two previously measured holes from QA surgery. A
Hamilton syringe was loaded with 2 ul of the prepared cell mix (250,000 cells/ul) and 1
ul was delivered manually over the course of 1 minute at each depth of -5 mm and -4
mm below dura mater (500,000 total cells per animal). The syringe was left in place for
an additional 3 minute diffusion, before being removed and the incision cleaned and

sutured. The animal was then moved to a recovery chamber.

2.3.5 Apomorphine Induced Rotations and Analysis

Lesions were assessed between 1-2 weeks following QA surgery by use of
apomorphine induced rotations, and graft induced recovery was examined every fourth
week from the 12" week after transplantation. Prior to testing, apomorphine (Sigma)
was dissolved in saline at 0.75 mg/ml, using an opaque bottle on a shaker for 10
minutes. Animals were injected subcutaneously with the prepared apomorphine

proportional to their body weight at 1 pl/g. Immediately following this, they were placed
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into automated rotometer cylinders (Rotorat) and the frequency of clockwise and
anticlockwise rotations were recorded for 60 minutes. Apomorphine induced rotations
were calculated first by subtracting all ipsilateral rotations from all contralateral

rotations, then averaging across the 60 minute testing period.

2.3.6 Perfusion

Animals were terminally anaesthetised by overdose of sodium pentobarbital
(Euthatal, Merial), delivered as an intra-peritoneal injection. Upon cessation of
breathing and negative limb and eye reflex tests the animals were transcardially
perfused with a prewash solution (1.8% di-sodium hydrogen phosphate and 0.9%
sodium chloride, in dH2O, at pH7.3) for 2 minutes followed by 4% PFA solution (4%
PFA, in prewash at pH7.3) for 5 minutes. The brains were removed and transferred for
post-fixing in a 4% PFA solution for an additional 4 hours. Following this brains were
washed with prewash, and transferred to 25% sucrose in prewash solution until they

sank and were ready for tissue sectioning.
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2.4 Graft Analysis

241 Tissue Sectioning

Once perfused brains had sunk in 25% surcrose in prewash, they were
sectioned in a 1:12 series and cut coronally using a freezing stage microtome at a
thickness of 30um. Sections were then stored in anti-freeze solution at -20°C for future

analysis.

2.4.2 Immunohistochemistry

For each stain conducted, 1 in 12 series of brain sections were washed with tris
buffered saline (TBS, pH 7.4), then quenched with 10% hydrogen peroxide and 10%
methanol in ddH20 for 5 minutes. Sections were then washed three times with TBS,
and blocked for 1 hour in 3% appropriate normal serum in 0.2% Triton X-100 in TBS
(TXTBS, pH 7.4). Next, sections were exposed to the primary antibody (concentrations
detailed in Table 2.3) in 1% appropriate normal serum in TXTBS, and left to bind
overnight at room temperature. Sections were then washed three times with TBS, and
next exposed to a secondary antibody at 1:200 in 1% appropriate normal serum in TBS
for 2 hours. Sections were next washed three times with TBS, and strepdavidin ABC (A
and B both at 1:200 dilution in 1% appropriate normal serum in TBS, prepared 30
minutes before use) was added for a further two hours. Next the sections were washed
3 times with TBS, and then two washes in 0.05 M tris non saline (TNS, pH 7.4) and left
in TNS overnight at 4°C. The following day, positive staining was visualised using
diaminobenzidine (DAB) at 0.5 mg/ml in fresh TNS with 12 pl hydrogen peroxide
(brown). Once sufficiently stained, the reaction was ended by diluting in TNS, and
washing three times in TNS and a further two times in TBS. Next, sections were
mounted on gelatinized microscope slides, and left to dry overnight. Once dry, they
were dehydrated in increasing levels of alcohol (70%, 95%, and 100% IMS) for 5
minutes each, then cleared in xylene for at least 5 minutes. Finally, coverslips were

mounted on slides using DPX.

2.4.3 Immunofluorescence

For each stain conducted, 1 in 12 series of brain sections were washed with
TBS (pH 7.4), then permeabilised with 10% hydrogen peroxide and 10% methanol in
ddH-0O for 5 minutes. Sections were then washed three times with TBS, and blocked
for 1 hour in 3% appropriate normal serum in 0.2% TXTBS (pH 7.4). Next, sections

were exposed to the primary antibody (concentrations detailed in Table 2.3) in 1%
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appropriate normal serum in TXTBS, and left to bind overnight at room temperature,
and washed three times with TBS the following day. From this point onwards sections
were kept under low light conditions. Sections were exposed to a secondary antibody
at 1:200 in 1% appropriate normal serum in TBS for 2 hours, then washed three times
with TBS. They were then mounted on gelatinized microscope slides, and left to dry
overnight. Once dry, they were dehydrated in increasing levels of alcohol (70%, 95%,
and 100% IMS) for 5 minutes each, then cleared in xylene for at least 5 minutes. Finally,

coverslips were mounted on slides using DPX.

2.4.4 Stereological analysis

Sections were visualised and imaged on a Leica DM6 B upright brightfield and
fluorescent microscope. Stereological analysis was conducted using Visiopharm
Stereology software, by tracing regions of interest (ROIs) across a 1:12 series, and
counting cells in random areas within the ROI. A medium sized graft was used to
calculate step distance between random areas to achieve an average cell count of 150
cells per animal, and this step distance was used uniformly across all grafts to reduce
error between grafts. Viable grafts were identified by positive HuNu staining. Due to
considerable migration from the grafted site, both the dense graft core and striatal

periphery were measured.

Estimated graft volume (mm?®) was calculated using the following formula:

(Za*m™f)

=V

1,000,000,000

Where a = area (um?), m = section thickness, f = frequency of sampled sections (1:12

=12), and V is graft volume (mm?®).

Estimated total number of cells was calculated using the following formula:
2a

o
(g ) ™ =C

Where a = area (um?), r = counting frame size, g = number of grids counted, n = total
cells counted, f = frequency of sampled sections (1:12 = 12), and C = estimated total

cells.
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Estimated cell density per mm?® was calculated using the following formula:

=D

Where C = estimated total cells, t = section thickness, s = average size of cell, V is graft

volume (mm?®), and D is estimated cell density per mm?.
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2.5 Methylation Analysis

2.5.1 Sample Preparation and Methylation Quantification

Sample DNA was extracted using the QlAamp DNA mini kit (Qiagen) according
to the manufacturer protocols. DNA then underwent bisulphite conversion, which
converts unmethylated cytosine to uracil. This was achieved using the EZ DNA
Methylation Gold™ kit (Zymo), according to the manufacturer protocols. Bisulphite
converted DNA was then processed and quantified using Infinium
HumanMethylation450™ BeadChips (lllumina) and an iScan system (lllumina). This
was done according to the manufacturer protocols, and was conducted independently

by Lesley Bates.

2.5.2 Methylation Analysis

Methylation data analysis was conducted in r software (R Core Team) using the
chip analysis methylation pipeline (ChAMP; Bioconductor; Morris et al., 2014; Aryee et
al., 2014).

2.5.21 Quality control, probe filtering, and probe normalisation

All data presented underwent quality control, filtering, and normalisation (QC)
before analysis. First, samples with more than 10% failed probes were removed from
the data set. Next, probes that failed in the remaining samples were removed from all
samples within the data set. Following this, all probes that are associated with non CpG
sites (2803 probes), known SNPs (49,804 probes; Zhou et al., 2016), known to target
multiple CpG sites (7125 probes; Nordland et al., 2013), or are located on the X or Y
chromosomes (10,165 probes) were filtered out of the data set. The data was then
manually examined for abnormalities using hierarchical clustering and a heatmap
comparison of the 1000 most variable probes. Following this, it was determined that
there were 827 probes that were uniquely differentially methylated in SWIFT 2285
derived samples, which were then filtered from analysis (detailed in Chapter 5, 5.2.1).
Finally, data was normalised to reduce technical variance, type 2 probe density bias,
and type 1 probe enrichment bias, by applying the BMIQ correction (Teschendorff et
al., 2012).

2522 Non-statistical explorative methods

The complete methylome of samples was explored using unsupervised
hierarchical clustering expressed as a dendrogram based on all probes following QC.

The cluster points and distances between them were calculated using complete-linkage
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cluster analysis as part of the ChAMP package. The most variably methylated probes
were explored using heatmaps and multidimensional scaling (MDS) plots. Heatmaps
describe the B-value of CpGs with the highest range of p-values across samples or
groups. MDS plots were generated by calculating an Euclidean distance matrix
between each sample based on the sum differences between CpG B-values, and using

that matrix to map samples to 2D space.
2523 Differentially Methylated Probe Analysis

Differentially methylated probe (DMP) analysis was conducted using the
ChAMP pipeline DMP analysis, an established method which implements the limma
package to calculate the p-value of CpG B-values using linear modelling. The p-value
was then corrected for multiple comparisons using the Benjamini-Hochberg false
discovery rate correction. The p-value correction was set at 0.01 for all DMP analysis,
except for the DMP analysis used to determine SWIFT 2285 specific DMPs, for which
the p-value correction was set at 0.05, as these DMPs would be removed from future

analysis, so a more liberal p-value would reduce likelihood of later type 2 errors.
25.24 Gene Enrichment Analysis

Gene enrichment analysis was conducted using DMP analysis outputs. First, to
increase the likelihood that genes associated with significant DMPs were functionally
different between groups, the DMPs were filtered to only include those with a AB-value
difference between groups of 0.5, representing a 50% shift in methylation status
between groups. Next, the remaining DMPs were sorted into two groups to reflect the
shift in methylation status between groups, i.e. more methylated in group A than B, and
less methylated in group A than B. These DMPs were then queried for associated genes
using the REFSEQ library, to generate gene lists. These gene lists were then input to
Enrichr, and relevant libraries were explored for significant associations. Associations

with only one gene were disregarded.
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2.6 Statistical Analysis

Statistical analysis was conducted in SPSS (IBM) for all non-methylation data,
and in R for methylation data. In Chapter 3, qPCR data were analysed using a one way
ANOVA and Dunnet’'s T test post hoc to compare hiPSCs to the hESC control. In
Chapter 4, stereological outputs were analysed using one way ANOVAs. Apomorphine
rotation data, gPCR data, and cell counts generated from immunocytochemistry were
all analysed using a two way repeated measures ANOVA and Sidak’s correction for
multiple comparisons. For these tests, Week/Day was the repeated within subjects
factor, and Group/Line was the between subjects factor. In Chapter 5, DMPs were
analysed in ChAMP which uses liner modelling via the limma package (Smyth, 2004;
Wettenhall and Smyth, 2004 ), with an FDR of either 0.05 or 0.01 as described in section
2.5.2.3. Gene enrichment data was analysed using Enrichr (Chen et al., 2013; Kuleshov
et al., 2016), which uses an adapted form of Fisher's exact test to determine the

significance of term enrichment, and control for multiple comparisons.
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Chapter 3: The Generation and Validation of

hiPSCs from Human Fetal Tissues

3.1  Introduction

The generation of authentic MSNs from pluripotent cell sources has various
scientific and clinical applications, including the study of basal ganglia development,
related disease mechanisms, drug discovery, and as a source of transplantable MSN
progenitors in CRT for HD. However, despite significant advances in our understanding
of the developmental cues MSNs undergo during development, we are yet to observe
reliable functional recovery in animal models of HD grafted with MSNs derived in vitro
from pluripotent cell sources, leading us to question their authenticity (Introduction
1.4.6).

hiPSCs are one such pluripotent cell source, and can theoretically be derived
from any somatic cell in the body. Since their discovery, a body of work has built
indicating that at early passages iPSCs retain some degree of the epigenome
associated with the cell type from which they were derived, known as an epigenetic
memory of tissue of origin (Kim et al., 2010; Polo et al., 2010). This partially retained
epigenome has been shown to influence the differentiation and fate specification of
iPSCs towards phenotypes associated with their tissue types of origin (Introduction
1.5.4, Table 1.1). It therefore follows that differentiation of pluripotent cells towards an
MSN phenotype in vitro could potentially be enhanced by deriving hiPSCs from tissues

already patterned towards an MSN fate.

To explore this possibility, it is necessary to first consider which tissues are most
suitable for the derivation of hiPSCs which may be primed to develop an MSN fate.
Logically, terminally differentiated MSNs would be the best candidate, as they carry
authentic and mature MSN epigenomes. However, sourcing viable primary human adult
MSNs would be extremely challenging, as would maintaining them in sufficient numbers
in vitro. Alternatively, human fetal tissue is comparatively more accessible and easier
to culture than adult MSNs, and the whole ganglionic eminence (WGE) of the human
fetal brain is capable of developing mature MSNs both in vitro and following

transplantation in vivo without additional guidance (Watts et al. 2000).

The WGE is a heterogeneous tissue, and striatal MSN progenitors first arise
within the LGE, thus this is the fetal structure most likely to harbour an advantageous

epigenome for MSN differentiation (Introduction 1.2.2; Deacon et al., 1994; Olsson et
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al., 1995). However, it is also important to bear in mind that the LGE progeny can be
further divided into subtypes; of particular note, the dorsal Sp8* and Er81* LGE progeny
have been found to migrate throughout human development (up to gestational week
24) to both the cortex and the olfactory bulb, and lack striatal specific gene expression
patterns (Stenman et al., 2003; Ma et al., 2013).

The MGE neighbours the LGE and thus is exposed to many similar
developmental cues, but it progeny are largely interneurons and glial cells that from
early stages exhibit a unique gene expression pattern that distinguishes them from the
LGE (Introduction 1.2.2; Parnavelas, 2000; Ma et al., 2013). Like the LGE, the MGE
contributes cells to the basal ganglia and olfactory bulb, but its progeny also migrate
from the subventricular zone to the cerebral cortex (Brazel et al. 2003; Ma et al., 2013).
Cells arising in the MGE express genes associated with early subpallium patterning,
including the DLX and GSX gene families, both of which are key genes expressed
during early stages of MSN fate patterning. Therefore, whilst in typical development the
MGE does not give rise to large bodies of MSNs, hiPSCs derived from this tissue may
still be epigenetically primed to differentiate towards a fate suitable for in vitro MSN

specification.

Having established two tissue types that will hypothetically confer a beneficial
epigenome on hiPSCs for differentiation towards an MSN phenotype, it is important to
validate any effect of tissue of origin by deriving hiPSCs from tissues that will
hypothetically confer epigenomes which are less suitable for an MSN differentiation.
The cells in the developing cerebral cortex separate from the structures of the
ganglionic eminences early during development, and do not contribute to the formation
of the adult basal ganglia structures. However, these cells are still derived from
ectodermal progenitors and are largely neuronal, therefore hiPSCs derived from these
tissues may still give rise to neuronal phenotypes more readily than hiPSCs derived
from non-neural tissue types, but will not have been subject to the same WGE regional
specification cues during their development. By comparing hiPSCs derived from fetal
LGE, MGE, and cortical tissues, it should be possible to make a preliminary assessment
of the degree to which differences in the epigenome of adjacent fetal brain regions
affect the generation of a specific mature phenotype, and specifically whether if any
retained epigenome from these structures influences differentiation of an improved

mature MSN phenotype.

Conversely, dermal fibroblasts are descended from a different germ layer
(mesoderm) to LGE, MGE and cortex (ectoderm); a lineage distinction made during
gastrulation, one of the earliest features of embryogenesis (Leptin, 2005). Assuming

the retained epigenome has a significant impact on differentiation, hiPSCs derived from
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fibroblasts should be better suited to mesoderm lineage differentiations and should
therefore have an epigenome that does not enhance, or even potentially hinders their
differentiation efficiency towards an MSN phenotype. By including them in a comparison
with hiPSCs derived from LGE, MGE and cortical tissues, it should be possible to
determine how much of an effect the residual epigenome of fetal derived hiPSCs has
on an MSN differentiation, or if it is perhaps negligible. Additionally, due to their
accessibility, fibroblasts are one of the most widely reported sources for iPSC
generation. By using hiPSCs derived from fibroblasts as a negative control, any results

from this work will have implications for a wide range of hiPSC-related studies.

Taking into consideration that outlined above, by generating hiPSCs from
human fetal LGE, MGE, cortex and fibroblast tissues (collectively LMCF), any effect of
a residual epigenome maintained through induction to pluripotency on in vitro MSN
differentiation should be systematically observable. However, to add confidence to this
comparison, it is also important to minimise other factors that could alter cell
behaviours. First, it will be essential to include MSNs derived from hESCs alongside
those derived from hiPSCs to ensure any observed effects are due to the retained tissue
specific epigenome, rather than any benefits or difficulties that arise from using hiPSCs
instead of hESCs. Furthermore, as the majority of in vitro MSN differentiations are
conducted using hESCs, by including a hESC comparison any findings from this project
will be more relevant and comparable to previous works. Next, by generating hiPSCs
from tissues from the same fetal donor, all subsequent lines will be genomically
identical, thus removing genomic variation as a variable between those lines. Finally,
the various methods of iPSC induction were considered with regards to their potential
effect on the cell’'s epigenome. The most common methods of generating iPSCs rely
on the use of viruses that integrate directly at random sites across the infected cell’s
genome to deliver reprogramming factors. Whilst this is an efficient method of induction,
considering the aims of this work and the planned use of genomically identical tissues,
the direct genomic interaction is undesirable. Random inclusions of reprogramming
transgenes across the genome could alter the cell lines in unpredictable ways leading
to downstream effects on cell behaviour. Furthermore, it is feasible (although not yet
proven), that direct interaction with the cell’'s genome during reprogramming could
disrupt the epigenetic apparatus we are intending to preserve and study. To circumvent
these potential issues, it is important to use a non-integrating method of induction. The
Sendai virus (SeV) is a negative-sense single-stranded RNA virus, that is restricted to
the infected cell's cytoplasm, thereby preventing direct interaction with the host cell’s
genome. Additionally, commercially available SeV kits are replication-deficient and
have a temperature sensitive mutation that breaks down the machinery at temperatures

routinely used to culture human cells. This allows the easy deactivation and removal of
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viral vectors from infected cells by exploiting typical cell culture temperatures and the

virus’s cytoplasmic nature.

3.1.1 Aims

In this Chapter | aimed to derive and validate hiPSC lines from tissues with
promising epigenetic backgrounds for subsequent MSN differentiations, so as to
facilitate the future exploration of the epigenetic memory of tissue of origin retained by
these hiPSCs. To achieve this, | generated hiPSCs from human fetal-LMCF tissues,
harvested from the same fetal donor (to maintain genomic unity across the lines), using
an RNA restricted Sendai virus to deliver Oct3/4, SOX2, Kif4 and c-Myc (OSKM) factors
to the target tissue populations. Following induction, hiPSC lines generated underwent
a pluripotency assay to confirm reprogramming to a pluripotent state, and the
methylation status of these lines was examined to test whether there is epigenetic

variation between the cell lines indicative of an epigenetic memory of tissue of origin.
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3.2 Results

3.2.1 The Sendai virus is able to infect primary human fetal neural tissues

Whilst the infection mechanisms of the SeV make it a desirable choice for factor
delivery within the remit of this work and it is a well validated method to infect fibroblast
cultures, there was no published evidence that it could be used to deliver OSKM factors
into human fetal neural tissues. To assess the feasibility of delivering OSKM factors
into fetal neural tissues using a SeV, | first attempted to infect tissues of interest (LMCF)
with a GFP expressing SeV reporter virus and used the opportunity to test different

multiplicities of infections (MOI).

Primary fetal LMCF tissues were collected from SWIFT 2242 (age p.c.: 50 days,
CRL: 25 mm; Methods: 2.1.2). Each tissue was dissociated and cultured across five
wells of a twenty-four well plate under primary fetal tissue monolayer conditions
(Methods: 2.1.3) for 3 days. Following this, three wells from each tissue type were
infected with the reporter SeV (Methods: 2.1.4). One well from each tissue type was
infected at an MOI of 3, 5, and 9 respectively. A GFP signal was visible in all tissues
under each MOI condition as early as 1 day following infection, and across all cell types
the strongest GFP signal was visible in cells infected at an MOI of 9, and the weakest
in those infected at an MOI of 3. GFP expression peaked on day 4 following infection,
showing wide coverage across all infected samples, particularly of the conditions with
an MOI of 5 and 9. This demonstrates the suitability of the SeV to introduce transgenes
to fetal LMCF tissues (Figure 3.1, data shown for LGE tissues under MOI 5).

Although not quantified, there was no observable impact on cell health under
any of the MOI conditions, indicating the potential feasibility for all tested MOls for future
SeV work. Due to the satisfactory coverage observed in the MOI of 5 condition 4 days
following infection for all the cell types tested (Figure 3.1) an MOI of 5 was chosen for

future hiPSC generation using the SeV-iPS construct.

Figure 3.1 Infection of LMCF tissues with a GFP reporter
SeV

LGE fetal tissues four days post infection with a GFP
expressing SeV (MOI: 5). Positive GFP expression was
detectable in =50% cells (estimated by eye) indicating
successful uptake of the viral machinery.
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3.2.2 Generation of hiPSCs from human fetal tissues using a Sendai virus

Following the success of the GFP expressing SeV reporter virus, | proceeded
to generate hiPSCs using a SeV to deliver OSKM factors into fetal LMCF tissues.
Primary fetal LMCF tissues collected from SWIFT 2285 (age p.c.: 61 days, CRL: 42.1
mm) were dissected, dissociated and cultured across 6 wells of a 24 well plate under
primary fetal tissue monolayer conditions (Methods: 2.1.3) for 5 days before infecting
with SeV vectors delivering OSKM factors at an MOI of 5 for all viral vectors (Methods:
2.1.4).

As early as five days post infection notable morphological shifts were observed
within all infected cultures as individual cells began to swell and become more uniformly
circular (Figure 3.2 A-D: black arrows), a feature that was not present in uninfected
control cultures (Figure 3.2 E-H). From six days post infection, some of the
aforementioned cells had begun to divide, forming immature colonies that started to
resemble pluripotent colonies exhibiting traditional pluripotent morphology (Figure 3.2
B-D: red arrows). New colonies continued to emerge the following week across all

infected cultures.

Between days 8-14 post infection these colonies grew to sizes sufficient to
enable picking for individual culturing and screening for successful reprogramming
(Figure 3.3 A). 24 separate colonies were picked from each tissue type for further

selection, although there were many more colonies generated in all tissue types.

3.2.3 hiPSCs derived from human fetal tissues exhibit morphology typical
of pluripotent cells

The initial identification of successfully reprogrammed cells was made by
observing the morphology of the newly generated cells across passages 3-6,
systematically selecting for morphological traits typical of hPSCs (Introduction 1.4.1).
Cell colony formation was examined between passages 3-6 to identify lines that
produced flat and rounded colonies, with tightly packed cells and low levels of
intracellular space (Figure 3.3 B); and individual cell morphology within those colonies
was examined to identify lines composed of cells with a circular cytoplasm and high
nucleus to cytoplasm ratio (Figure 3.3 C). Lines were removed if they exhibited
inconsistent or aberrant features, in brief: doming colonies; irregular and unpredictable
colony shape and growth; regular spontaneous differentiation; high levels of apoptosis;
highly variable individual cell morphology; or an inconsistent colony periphery (Figure
3.3D).
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Figure 3.2: The Generation of hiPSCs from human fetal LMCF tissues.

A-D. Brightfield images of LMCF fetal tissues six days post infection with OSKM
expressing SeV vectors. Infected cells are seen exhibiting morphological traits typical of
cells undergoing reprogramming. Notably the early swelling cells (indicated with black
arrows) that later divide into emerging hPSC-like colonies with individual hPSC-like cells
(indicated with red arrows).

E-H. Brightfield images of control uninfected LMCF fetal tissues cultured under the same
conditions, photos taken at the same time point.
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Most of the derived lines did not pass all aspects of this selection criteria, but
following this observational period there were at least three lines from each tissue type
reprogrammed that exhibited traditional hPSC morphology. Of these lines, 3 LGE-
derived hiPSC lines were taken forwards for further characterisation (L1, L2 and L11),
additionally 1 MGE-derived hiPSC line (M3), 1 Cortex-derived hiPSC line (C6), and one
Fibroblast-derived hiPSC line (F1) were also taken forwards as genomic and tissue
origin controls.

Figure 3.3: Morphological Characterisation of hiPSCs derived from fetal LMCF
tissues.

A. Brightfield image of infected fibroblast culture prior to picking sample colonies, hiPSC
colonies exhibit a clearly defined border between colonies and surrounding unaffected
cells.

B. Brightfield image of LGE derived hiPSC colony (L2) containing tightly packed cells
exhibiting a scant rounded cytoplasm with a high nucleus to cytoplasm ratio and prominent
nucleoli.

C. Brightfield image of MGE derived hiPSC colony (M3) exhibiting a flat and rounded
shape consisting of tightly packed but individually definable cells with low levels of
intracellular space.

D. Brightfield image of fibroblast derived hiPSCs (F10) that was later removed from the
experiment for its atypical phenotype. Examples observable here include a tendency to
dome at the center of the colony, variable cell size and morphology across the colony,
borders appearing within the colony center indicating spontaneous differentiation and high
levels of apoptosis across the colony body.
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3.24 hiPSCs derived from human fetal tissues express hallmark

pluripotency markers

Next, pluripotency was confirmed in each of these novel lines by examining their
expression of genes associated with pluripotency, and comparing results to a human
ESC control line (H9). L1, L2, L11, M3, C6, F1, and H9 cells were cultured as hPSCs
(Methods: 2.1.5). Samples were processed for immunocytochemistry, RT-PCR, and
gPCR analysis (Methods 2.2.1-2.2.2).

hPSC cultures between passage 9-13 (hiPSC) and a passage 18 (hESC) were
fixed and underwent immunocytochemical staining. Fluorescent microscopy revealed
that all derived hiPSC lines expressed NOGGIN, OCT4, SOX2, TRA-1-60, and
SSEA3/4 in a similar manner to the hESC control (Figure 3.4A-E, data shown for hiPSC
lines L1, M3, C6, and F1 only). SOX2 was co-stained with the ectodermal marker
NESTIN to confirm that any observed SOX2 expression was indicative of pluripotency
rather than ectodermal commitment. Although low level expression of NESTIN was
observed in the periphery of all hiPSC colonies, it did not exceed that observed in the
hESC control, and the locus of expression was distinct from that observable in

committed neuroectodermal cells (see Figure 3.6E).

Following this, RT-PCR was used to confirm the immunocytochemical results.
RNA was extracted from hPSC cultures at passage 9-12 from hiPSC lines and passage
16 of a H9 hESC control line. Gel electrophoresis of PCR products confirmed the
expression of hallmark pluripotency genes OCT4, and SOX2 in all samples (Figure
3.5A).

Finally, gPCR was used to quantify any differences in expression of these
hallmark pluripotency genes between the hiPSCs and control hESCs. Cells from three
separate cultures from each of the lines, L1, L2, L11, M3, C6, F1, and H9, were
harvested between passages 6-16 (hiPSCs) or 16-20 (hESCs H9). QPCR was
performed and relative expression of each gene analysed was calculated according to
H9 expression levels using the AACt method (Methods 2.2.2.3). A one way ANOVA
was conducted, and no differences were observed in OCT4 expression across all lines
regardless of cell origin (Fs20=1.89, p=0.154; Figure 3.5B). However, whilst SOX2 was
positively expressed in all lines, there was a significant difference in relative SOX2
expression between the lines (Fe20=3.03, p=0.041), and a post hoc Dunnett's T test
comparing hiPSCs to the H9 line revealed that the MGE derived line M3 expressed
significantly lower levels of SOX2 than the hESC control line (relative fold difference of
0.44 £ 0.03, p=0.026; Figure 3.5C).
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Figure 3.4: hiPSCs derived from fetal LMCF tissues exhibit hallmark pluripotency
markers in a similar pattern to ESCs.

A-E. Immunocytochemical fluorescence staining for OCT4 (left, red), TRA-1-60 (left,
green), SOX2 (centre, red), NANOG (right, red), and SSEA4 (right, green) is present in
ESC line H9 (A), and LMCF fetal tissue derived hiPSC lines L1 (B), M3 (C), C6 (D), and
F1 (E). SOX2 is co-stained with NESTIN (centre, green).
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Figure 3.5: PCR analysis of pluripotency markers OCT4 and SOX2 in hiPSC derived
lines compared to an ESC control.

A. RT-PCR product visualized following 30 amplification cycles using gel electrophoresis
indicates both OCT4 and SOX2 are expressed by all lines.

B-C. Q-PCR analysis of OCT4 (B) and SOX2 (C) expression relative to H9 hESC control,
data shown (n=3 for each group) taken at passages ranging between passage 6 and 16
(hiPSCs), or 16-20 (hESC). *p<0.05, post hoc Dunnett’s t test.
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3.2.5 hiPSCs derived from human fetal tissues are functionally pluripotent

A fundamental aspect of pluripotency is the capacity to differentiate towards all
three germ layers of the developing embryo. Once the expression of pluripotency
markers was confirmed in these lines, their functional capacity for pluripotency was
characterised. hiPSC cultures of L1, L2, L11, M3, C6, and F1 (all <12 passages) were
allowed to spontaneously differentiate for 5 days in culture (for mesoderm and
endoderm fate commitment, Methods 2.1.6), or underwent the initial 9 days of a MSN
differentiation protocol (for ectoderm fate commitment, Methods 2.1.7, Protocol 2),

before being processed for immunocytochemical analysis (Methods 2.2.1).

Immunocytochemical staining was used to identify cells committed to each of
the three germ layers. The expression of DESMIN (Figure 3.6A, green) and Alpha-
Smooth Muscle Actin (a-SMA Figure 3.6B, red) was used to identify cells that had
begun to differentiate towards a mesodermal lineage. Expression of Alpha-Fetoprotein
(a-FP, Figure 3.6C, red) and VIMENTIN (Figure 3.6D, green) was used to identify cells
that had committed to an endodermal lineage. Finally, NESTIN (Figure 3.6E, green)
and Blll-tubulin (Figure 3.6F, green) expression was used to identify cells differentiating
towards an ectodermal lineage. These six markers were identifiable in all hiPSC derived

cultures (Figure 3.6A-F, data shown for L1 only).

Figure 3.6: hiPSCs derived from fetal LMCF tissues can differentiate towards all
three germ layers.

A-F. Immunocytochemical fluorescence staining of hiPSC line L1 following 5 days of
spontaneous differentiation (A-D) or 11 days of an MSN differentiation protocol (E-F). The
hiPSCs exhibit a capacity to differentiate towards all three germ layers, as demonstrated
by positive expression of mesodermal markers DESMIN (A, green) and a-SMA (B, red);
endodermal markers a-FP (C, red) and VIMENTIN (D, green); and ectodermal markers
NESTIN (E, green) and BllI-tubulin (F, green). In all cases Hoechst staining is conducted
in blue. Cells in E are co-stained with OCT4 (red). Note, different magnifications have
been used between images, to emphasise locus of expression.

71



Chapter 3

3.2.6 Profiling the epigenetic methylation landscape of hiPSCs derived

from human fetal tissues

Finally, having generated and validated LMCF derived hiPSCs, it remained
necessary to explore whether early passage hiPSCs exhibited different methylation
profiles, potentially reflective of their tissue of origin, and to observe whether this
separated them from hESCs. Seven samples were processed for genome wide
methylation profiling: hPSCs from the hiPSC lines L1, L2, L11, and F1; a sample of the
primary LGE and fibroblast tissues that were used to derive these lines; and a sample
of H9 hESCs. For resource reasons, only a single sample could be included for each
line, so statistical analysis was not appropriate. These samples were processed and
analysed using lllumina’s Infinium Human Methylation 450K system, and the resulting
data was then prepared and analysed using the ChAMP package available from
Bioconductor (Methods 2.5).

Two datasets were generated during the analysis. The first contained all seven
samples listed above, which after QC (Methods 2.5.2.1, including removal of SWIFT
2285 specific methylation as discussed in Chapter 5) included 411,852 probes in the
analysis. The data set was used to generate a dendrogram describing unsupervised
hierarchical clustering of the samples based on the methylation status of all probes,
and revealed that the samples primarily cluster by cell type (hiPSC, hESC, and primary
tissue/cells), but that the hiPSCs were more similar to the hESCs than the primary
tissue samples (Figure 3.7A). This distinction is further consolidated by comparing a
heatmap of the 1000 most variable probes between all seven samples (Figure 3.7C),
which demonstrates that much of this variance is due to higher methylation in the hESC
sample than in all hiPSCs samples, and conversely lower methylation in primary tissues
samples. An MDS plot calculated using those same 1000 most variable probes
indicated again that cell type was the most important feature when clustering samples
(Figure 3.7B).

To examine the methylation differences between the hPSCs without the noise
of primary tissues, the second dataset generated only included the five pluripotent
samples, and following QC 412,331 probes were included in the analysis. The second
dataset was used to generate a new MDS plot based on the 1000 most variable probes
within the pluripotent samples, which clearly clusters the LGE derived hiPSC lines L1,
L2, and L11 together, and away from both the fibroblast derived hiPSC line F1 and the
hESC line H9. This indicates that whilst hiPSCs appear generally similar compared to
hESCs and primary tissue, there are epigenetic differences between these samples
that result in separate clustering patterns that group hiPSC lines by tissue of origin
(Figure 3.7D).
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C. Methylation heatmap of the 1000 most variable CpGs across samples, showing
low methylation in primary tissues, high methylation in hESCs, and that hiPSCs
share features of both.

D. MDS plot of the 1000 most variable CpG sites between hPSCs only, indicating that

hPSCs cluster according to their source tissue.
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3.3 Discussion

3.3.1 The Sendai virus can successfully deliver OSKM factors to fetal
LMCEF tissues to induce pluripotency

The SeV is a well validated method of transducing pluripotency in a variety of
tissue types (Ban et al., 2011; MacArthur et al., 2012), although to date there is no
published work describing hiPSC generation from fetal LGE, MGE or cortical tissues
using this method. Here, | have demonstrated the capacity of the RNA based SeV to
deliver OSKM factors to these cell types, thereby avoiding the issue of genomic
integration. During the induction process, colony formation was observed as early as 5
days post infection, a notably shorter generation time than the advised time of 14 days
given for adult fibroblast tissues. It is possible this is at least in part due to the young
age of the tissues (i.e. fetal as opposed to adult cells) as it is understood cell age and
DNA damage can inhibit reprogramming (Marién et al., 2009) and that the majority of
cells infected would have been progenitors, not yet terminally differentiated towards
their final stage. It is also unclear how variable generation times are between tissue
types and across ages, as due to the wide spread establishment of iPSC generation,
such details are rarely reported. However, as the speed of generation was not a focus
of this work, the mechanisms underpinning this finding could not be investigated for

reasons of time.

Following colony formation, 96 individual pluripotent-like colonies were isolated
for potential use (24 from each tissue type), and examined for desirable morphological
traits indicative of authentic hiPSCs to remove partially reprogrammed samples.
Authentic hPSC morphology includes a scant rounded cytoplasm containing a large
pale nucleus and prominent nucleoli, resulting in a high ratio of nucleus to cytoplasm,
and the cells should be individually distinguishable within a tightly packed but flat and
uniform colony (Thompson et al., 1998). Using this criteria, three LGE tissue derived
lines and one line derived from each of the MGE, cortex and fibroblast tissues were

selected for further characterisation.

Morphological characterisation is not considered robust enough to establish
whether an iPSC line has completely reprogrammed to a pluripotent state, and must be
followed up with additional gene expression and functional assays (Chan et al., 2009).
Immunocytochemistry confirmed that all 6 hiPSC lines exhibited positive expression of
key pluripotency regulators OCT4, SOX2 and NANOG in a similar fashion to the hESC
control line, and of reliable pluripotency surface markers SSEA4, and TRA-1-60 that
are essential to determine complete hiPSC reprogramming (Chan et al., 2009). Whilst

there was evidence of the intermediate filament protein NESTIN in the periphery of all
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hiPSC cultures, the amount and locus of expression was not observed to differ from the
hESC control line, indicating that this was within acceptable levels of authentic
pluripotent populations. This was further corroborated by comparing hiPSC cultures to
cells found in hESC cultures that expressed both NESTIN and SOX2 in a
morphologically distinct manner to authentic hESCs. OCT4 and SOX2 expression was
then validated using RT-PCR for all lines, and then quantified using RT-qPCR relative
to the hESC control. OCT4 expression was highly consistent between hiPSC lines and
the hESC control line, with only hiPSC line L1 seeming to express slightly higher levels,
although this was not significantly different. However, SOX2 tended to be expressed at
alower level in hiPSC lines (observable in L2, L11, M3, C6 and F1) and was significantly
lower in the MGE derived hiPSC line M3 compared to the hESC control line.

Along with OCT4 and NANOG, SOX2 expression is required to maintain
pluripotency in hPSCs (Niwa, 2007). Its functional purpose is to regulate and maintain
consistent OCT4 expression levels (Masui et al., 2007, Fong et al., 2008), which in turn
regulates SOX2 expression in hPSCs in tandem with NANOG as part of a regulatory
circuit of pluripotency (Boyer et al., 2005). Deviations in this triad of gene expression
equilibrium in both directions are known triggers for differentiation (Boer et al., 2007,
Kopp et al., 2008), which suggests that lower levels of SOX2 expression in hPSCs
might be indicative of imperfect reprogramming. However, in 2012 Wakao et al.
characterised =800 colonies generated across two experiments and demonstrated that
a key distinction between completely and incompletely reprogrammed hiPSCs is the
positive expression of SOX2, rather than variant levels of expression. Additionally, it is
not yet established how much variation in expression of pluripotency genes can be
expected in hPSCs before they lose pluripotency, and there is evidence that expression
of pluripotent markers can vary drastically between authentic pluripotent cells. For
instance, in 2003 Carpenter et al. reported varying levels of SSEA4 and CD9

expression across four ESC lines (H1, H7, H9 and H14) without loss of pluripotency.

For cell line M3, SOX2 expression was detected on average only 1.2 (x 0.1)
PCR cycles later than in the H9 control, and for all hiPSC lines SOX2 expression was
clearly identifiable in all conditions, indicating that it was still present and consistently
expressed in all hiPSC lines tested. Furthermore, there were no observable differences
in OCT4 expression between hiPSC lines that expressed lower levels of SOX2 (L2,
L11, M3, C6, F1) compared to the hESC control, and the only cell line to deviate from
this general trend was L1, which tended to express higher (though not significantly so)

levels of OCT4 and very similar levels of SOX2 when compared to the hESC control.

Perhaps the most defining feature of pluripotency is the ability for PSCs to

differentiate towards any somatic cell of an organism. This is routinely validated in
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mouse-derived iPSCs by forming a chimeric blastocyst with the iPSCs to observe
whether they are capable of forming a chimeric animal. As this is not possible for human
derived hiPSCs, the gold standard is to instead observe if the cells are capable of
differentiating towards all three germ layers that give rise to all somatic cells of the body,
using in vivo teratoma formation assays and in vitro spontaneous and directed
differentiation. All lines including M3 readily expressed markers indicative of all three
germ layers, demonstrating a functional capacity for pluripotency. Therefore, whilst
there were variable levels of pluripotent gene expression observable between hiPSC
lines and the hESC control line, these do not necessarily reflect a lack of pluripotent

potential.

3.3.2 Genomically identical hiPSCs exhibit DNA methylation profiles

potentially indicative of tissue of origin

Previous works have reported variation in hiPSC differentiation capacity linked
to the original tissue source they were derived from, and that this variation is somewhat
mediated by epigenetic differences between these lines (Introduction 1.5.4). The
methylome of single samples from pluripotent hiPSC lines L1, L2, L11 and F1 were
compared with pluripotent ESC line H9, and the original primary LGE and fibroblast
tissues from which the hiPSCs were derived. Three forms of cluster analysis were used
to explore the methylomes of these samples. From this analysis, it is apparent that the
most distinct difference between these samples is the type of cell (primary vs hiPSC vs
hESC). As seen in the first MDS plot and in the hierarchical clustering dendrogram
(Figure 3.7), the samples most similar are the hiPSC lines, with the primary tissues
clustering furthest from the other samples, although the primary LGE and fibroblast
tissues still remain quite distinct from one another. The hiPSCs have a methylation
profile more similar to that of hESCs than to that of the primary tissues from which they
were derived, which is driven by a genome wide increase in methylation as
demonstrated by the heatmap of the 1000 most variable probes between these
samples. Additionally, from this heatmap it is evident that the hiPSCs share methylation
characteristics with both the primary tissues of origin from which they were derived and
with the pluripotent hESCs that they have become functionally similar to. This suggests
that although their methylome has shifted towards that of the hESCs, they clearly still
retain some residual epigenetic characteristics of their tissues of origin. Lastly, the final
MDS plot, generated by comparing only the pluripotent samples, indicates that a more
subtle clustering pattern exists within the samples, that separates the hiPSCs by their
tissue of origin (fibroblast and LGE derived). However, due to the small sample sizes

and lack of statistical analysis, this result remains provisional.
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3.3.3 Conclusions

In this chapter | have demonstrated the successful derivation of hiPSCs from
human fetal LMCF tissues from the same donor using a SeV to deliver OSKM
transgenes, and have begun testing the observable differences between these lines
compared to a true pluripotent hESC control. Collectively, this analysis indicates that
the hiPSCs generated in this study have been successfully reprogrammed to a
pluripotent state, and are functionally able to differentiate towards any of the three germ
layers. Furthermore, there is some evidence suggesting that these hiPSCs have
retained some DNA methylation distinctions indicating an epigenetic memory of tissue

of origin.
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Chapter 4: Characterisation of hPSC-MSNs

4.1 Introduction

CRT for HD is understood to require a transplantable population of striatal MSN
progenitors in order to restore the damaged circuitry and thereby restore function
(Peschanski, Cesaro and Hantraye, 1995; Celland, Barker and Watts, 2008). There is
proof of principle that such interventions can somewhat ameliorate the symptoms of
HD, if the transplanted population are authentic MSN progenitors at the correct stage
of development (Rosser and Bachoud-Levi, 2012). To date this has been most
consistently achieved with fetal WGE, which in typical development is the origin of the
adult striatum and is therefore a source of authentic MSN progenitors (Olsson,
Bjorklund and Campbell, 1998; Brazel et al., 2003). There have now been several
papers published detailing the directed differentiation of hPSCs towards an MSN fate
using morphogenic factors (Introduction 1.4.4). However, to date these cells have not
been able to reliably restore motor function in an animal model of HD (Introduction
1.4.5). Precisely why these cells do not restore function remains unclear. One possible
reason is that the protocols used for deriving MSN progenitors are not yet sufficient to
produce an authentic MSN phenotype, and therefore these cells cannot function as

required (Introduction 1.4.6).

Previously within our lab, we have generated hiPSCs from fetal WGE, and
demonstrated that they are capable of differentiating towards an MSN fate.
Furthermore, there is provisional evidence that these cells produce more DARPP32
positive cells when transplanted in vivo compared to similarly cultured hESCs
(Choompoo, 2015). It is possible this is due to the established effect of epigenetic
memory of tissue of origin that persists in hiPSCs, which has been observed to bias
hiPSC differentiation towards cell types similar to the tissues from which they were
derived (Kim et al., 2010; Polo et al., 2010; Introduction 1.5.4). Of note, this epigenetic
memory has since been explored by several labs in an attempt to enhance
differentiation, particularly with regards to ‘hard to culture’ cell types (Bar-Nur et al.,
2011; Hiler et al., 2015). We therefore have theorised that hiPSCs derived from fetal
LGE tissues (the origin of MSNs; Olsson et al., 1995) may harbour an authentic
epigenetic memory of their tissue of origin, that could potentially enhance their
subsequent MSN differentiation. However, our previous work did not control for genetic
variation between PSC lines, nor did it include a comparison with hiPSCs derived from
tissues other than LGE to confirm that the results were due to a retained epigenetic

memory of hiPSC tissue of origin (Choompoo, 2015). Therefore this provisional
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evidence needs to be validated through a systematic study which controls for these

possible variables.

In Chapter 3, | derived hiPSCs from a variety of fetal tissues including LGE (L1,
L2, L11), MGE (M3), cortex (C6) and fibroblasts (F1), to attempt to generate hiPSC
lines with an epigenetic memory of their tissue of origin. Critically, these were derived
from the same fetal donor using a non-integrating method of induction, to ensure the
hiPSCs were genomically identical, and that any differences observed between the
lines in their differentiation capacity was due to epigenetic differences. In that Chapter,
| also provided some evidence that these cells can be distinguished by their DNA
methylation profile, which seemed to be related to their tissue of origin. Here, | examine
the differentiation potential of these hiPSCs in order to determine if there are differences
between these lines that cannot be attributed to genetic variation or cell type (hiPSC vs

hESC), using several widely studied measures of characterising hPSC derived MSNs.

Importantly, there are two established general methods of differentiating hPSCs
towards an MSN phenotype. The first and most widely used relies on the addition of
SHH, which is based on the knowledge that SHH is expressed at increased levels on
the ventral side of the developing forebrain, and is known to have a potent, dose-
dependent, ventralising effect on the fate commitment of forebrain progenitor cells
(Aubry et al., 2008; Ma et al., 2012; Nicoleau et al., 2013; Noakes et al., 2019). To date,
the most convincing functional recovery using hPSC derived MSNs has been reported
using an SHH based protocol (Ma et al., 2012), however, functional recovery using
similar methods has not been found reliably between labs. Furthermore, there have
been several cases of graft overgrowth in SHH based protocols (Aubry et al., 2008; Ma
et al., 2012; Delli Carri et al., 2013), and high volumes of SHH have been repeatedly
demonstrated to induce a fate commitment more associated with the striatal
interneurons of the developing MGE (Ma et al., 2012; Nicoleau et al., 2013; Arber et al.,
2015 Noakes et al., 2019). More recently, Activin A (Activin), a TGF family protein, has
been shown to specifically upregulate genes associated with downstream MSN fate
patterning, including FOXP1 and CTIP2 (Arber et al., 2015). The exact mechanisms
underpinning this interaction is not yet clear, however TGFf activity can act to promote
phosphorylated Smad2 expression, which has been detected in the developing fetal
ganglionic eminence (GE) co-localising with the pan-GE marker DLX2, acting to
enhance DLX2 expression (Feijen, Goumans and van den Eijnden-van Raaij, 1994;
Maira et al., 2010). This method has not yet produced functional PSC derived grafts,
but, there is presently only one paper published that uses Activin to direct cells towards
an MSN fate. It is therefore difficult to judge if this method is more or less likely to

produce functional MSNs than SHH based protocols. However, there is compelling
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evidence that Activin acts on different pathways than SHH, and a direct comparison of
their ability to specify an MSN fate, indicated that Activin, unlike SHH, could rapidly
induce MSN precursor markers (Arber et al., 2015). This is consistent with other
published work which details that much longer periods of SHH exposure are required
to induce an MSN phenotype and prevent graft overgrowth (Aubry et al., 2008), which
suggests that SHH instead acts indirectly to facilitate an environment for spontaneous
MSN differentiation. As such, | elected to use an Activin based protocol for the

characterisation of the differentiation potential of these hiPSCs.

411 Aims

In this chapter, | aimed to characterise the effect of the epigenetic memory of
tissue of origin in hiPSCs derived from primary LGE tissues on their capacity to undergo
an MSN differentiation. To achieve this, | differentiated the hiPSC lines generated in
Chapter 3 and a hESC control line towards an MSN fate, using a standardised protocol
adapted for all hPSCs tested. | compared the capacity of these cells to produce striatal
MSN progenitors and neurons in vivo and in vitro, using a multitude of different

measures to explore the cells both during and at the end of the differentiation process.

80



Chapter 4

4.2 Results

4.2.1 Standardising a hPSC-MSN differentiation protocol

In order to systematically investigate the MSN differentiation capacity of the cell
lines derived in Chapter 3, it was first necessary to confirm their ability to undergo an
MSN differentiation protocol, and if necessary, adapt it to be suitable for all the cell lines
being examined to allow for a uniform comparison. Initial attempts were conducted on
hiPSC lines L1, M3, F1, and an hESC control line: H9. The H9 line was chosen as the
control line because previously it has been established that this hESC line is highly
efficient at undergoing a similar differentiation (Arber et al., 2015). First, the cells
underwent a monolayer MSN protocol which has been optimised through the Repair
HD European Consortium (Repair-HD, 2013). This protocol is based on Arber et al.,
2015, and heavily informed by Nicoleau et al., 2013. It also took account of findings
published in Chambers et al., 2009 and Boergermann et al., 2010, and is currently being

prepared for publication (Protocol 1; Figure 4.1A).

It was quickly determined across three rounds of differentiation that Protocol 1
was ill-suited for hiPSC lines L1 and M3, as both lines persistently spontaneously
detached from their culture plates coated with reduced growth factor (RGF) Matrigel by
day 8 of the protocol, before passage 1 could be conducted. Trial and error revealed
that passage of these cells on day 7 of the protocol, rather than day 9, and plating onto
fibronectin coated PDL treated plates was sufficient to maintain these cells for further
culturing (Figure 4.1B, P1). Furthermore, both hiPSC line F1 and hESC line H9
tolerated this earlier passage time well. Administration of morphogens was maintained
for the originally intended duration according to Protocol 1, and by day 11 of the protocol
PSC cultures exhibited widespread expression of the neural progenitor marker NESTIN
and LGE progenitor marker GSX2 (Figure 4.1D, data only shown for L1, no differences

observed in the other lines).

Around the time of the second intended passage (day 20) additional problems
arose. Firstly, there were notably fewer cells in L1 and M3 cultures, which was
presumed to be caused by a combination of notably higher levels of cell death and
possibly less proliferation. Morphological differences were also apparent between lines
at this stage, with L1 in particular exhibiting a mature neuronal phenotype as evidenced
by long neurite outgrowth and defined cytoskeletal expression of BllI-tubulin at day 20,
compared to both H9 and F1 which were still recruiting Blll-tubulin to the developing
cell cytoplasm (Figure 4.1E). Furthermore, during passage 2, the viability of L1 was
notably lower than the other lines (L1: =55%, F1=90%; H9 =90%). Based on the live

cell counts determined using a Trypan Blue exclusion assay, cells were plated at the
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Figure 4.1: Standardisation of an MSN differentiation protocol

A-C. Schematics of the different versions of the MSN differentiation protocol.

D. hiPSCs express early neuronal (NESTIN, left) and WGE/LGE (GSX2, right) markers
following Protocol 2. Data shown for L1 only. Green is NESTIN/GSX2, blue is Hoechst.
Cells at day 11.

E. L1 (top) exhibited signs of advanced neuronal maturation and less cell proliferation by
the end of Activin treatment compared to H9 (bottom). Green is BllI-tubulin, red is FOXP1.
L1 at day 20, H9 at day 18. No differences observed between H9 and F1 at this time.

F. L1 demonstrated poor survival compared to F1 (shown) and H9 (not shown) following
P2 at day 20 (images taken at day 33). Green is MAP2a/b. Red is DARPP32. Blue is
Hoechst. Note: DARPP32 expression at this time is easier to visualise in G.

G. hiPSCs are capable of differentiation into DARPP32 (green) expressing neurons
(images taken at day 33). Blue is Hoechst.
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same density during this passage, yet, post plating, L1 cultures were observed to exhibit
additional cell death and thus produced much sparser populations than F1 and H9
cultures passaged at the same time (Figure 4.1F). In spite of this, all three lines
produced surviving cells that went on to express MAP2a/b and DARPP32 by day 33 of
the differentiation (Figure 4.1F-G) and were able to be maintained as viable cells up to
at least day 60 (data not shown). Collectively, this seemed to indicate that line L1 and
potentially line M3 were maturing at a faster rate than H9 and F1, although additional
study is required to confirm this. In an attempt to improve viability following passage 2,
it was moved to 2 days earlier than in Protocol 1 (day 18; Figure 4.1B, P2) which
seemed sufficient to improve viability to levels comparable to F1 and H9. This
optimisation period resulted in an adapted protocol (Protocol 2, depicted in Figure
4.1B), that produced more consistently viable cells that expressed DARPP32 by day 30
(Figure 4.2A). This protocol was used to differentiate the cells characterised in vivo that
are described in sections 4.2.2, 4.2.3, and 4.2.4, and also to produce samples for later

DNA methylation analysis (Chapter 5).

However, additional difficulties came to light during cell preparation for the
transplantation study. Specifically, the MSN progenitors derived from lines L1, L2, L11,
M3, and C6 were all found to have a severe reduction in viability following a freeze/thaw
cycle prior to transplantation. Due to time constraints following animal lesions, these
cells had to be used for the transplantation experiment (with the necessary adjustments
made to ensure transplantation of adequate numbers of viable cells). However, it was
decided to make one further protocol adjustment to improve the cell viability for
subsequent experiments. It seemed likely that the drop in viability post freeze/thaw was
related to the presumed accelerated neuronal maturity exhibited by hiPSCs derived
from neural tissues, as described above (L1 and to an extent M3; Figure 4.1E).
Therefore, additional tests were conducted to determine if conducting the second
passage earlier (day 16), with activin treatment continuing the day following a
freeze/thaw, would improve viability. All lines tested (L2, L11, C6, F1, and H9) were
found to tolerate this final modification and still produced DARPP32 positive neurons
(Figures 4.9-11). Therefore, a third protocol (Protocol 3, depicted in Figure 4.1C), was
used to differentiate the cells characterised in vitro as described in sections 4.2.5, 4.2.6
and 4.2.7.
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4.2.2 The generation of MSN progenitors from hPSCs using Protocol 2

Following the development of Protocol 2 (Figure 4.1B), hPSCs were
differentiated to build a bank of MSN progenitor cells for future in vivo engraftment and
in vitro characterisation. Specifically, hiPSC lines L1, L2, L11, M3, C6, and F1, and
hESC line H9 underwent an MSN differentiation using Protocol 2 (Methods 2.1.7). Each
line was differentiated in three separate rounds of differentiation, with each round from
each hPSC line separated by 1-2 hPSC passages. This was achieved by splitting
pluripotent cells into two populations at each passage during expansion, with the
majority going forwards into Protocol 2 for MSN differentiation, and a subset being
maintained under pluripotent culture conditions to continue expansion as a pluripotent
population for subsequent differentiations. Differentiations were initiated between
passages 12-18 for hiPSCs and 18-22 for hESCs. At passage 2 of Protocol 2, hPSCs
were frozen as described (Methods 2.1.8), but a small subset was maintained to
observe the differentiation up to day 30. These plated cells were then harvested on day
30 for later DNA methylation analysis (described in Chapter 5). Furthermore, to prepare
for in vivo engraftment, single wells from one passage of lines L1, L2, L11, F1, and H9
were fixed at day 30 for pilot immunocytochemical analysis (Methods 2.2.1). These
lines were chosen to undergo this additional step specifically because the original in
vivo engraftment experiment was intended to examine MSN progenitor grafts derived
from two LGE derived hiPSCs, and compare these to MSN progenitor grafts derived
from lines F1 and H9. Therefore, this served two purposes, firstly providing evidence
that these MSN progenitors were capable of producing MSNs in vitro, and secondly to

help select which LGE derived hiPSC lines to engraft.

On day 30, MSN progenitors from all examined lines (L1, L2, L11, F1, and H9)
exhibited cells immuno-positive for DARPP32 and MAP2a/b (Figure 4.2A). Provisional
counts were conducted (biological n=1, cell counts conducted using 5 random fields
across 3 coverslips) to help determine which LGE derived hiPSC lines produced the
most DARPP32 in vitro to guide line selection for in vivo engraftment. This indicated
that H9 produced the highest percentage of MAP2a/b expressing cells (=93% of
Hoechst positive cells), and L1 produced the least (=83%), with the other lines
producing similar numbers (L2 =87%; L11 =89%, F1 =89%; Figure 4.2B). Examination
of the proportion of MAP2a/b expressing cells that co-localised with DARPP32 indicated
a trend for LGE derived iPSC lines to express increased levels of DARPP32 compared
to F1 (=16% of MAP2a/b positive cells) and H9 (=23%), with L11 expressing the highest
proportion (=44%), L2 the next highest (=38%), and L1 the least (=28%; Figure 4.2C).
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Figure 4.2: hPSCs can differentiate to a DARPP32 expressing neuronal phenotype

A. hPSCs undergoing Protocol 2 in preparation for in vivo engraftment. At day 30 all lines
are largely positive for the neuronal marker MAP2a/b (green) and some neurons express
DARPP32 (red), as indicated by arrows.
B. Bar chart representing the proportion of Hoechst positive cells (grey) that are positive
for MAP2a/b (green) and DARPP32 (red stripes).
C. Bar chart representing the proportion of MAP2a/b positive neurons (green) that co-
express DARPP32 (red stripes).
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4.2.3 In vivo examination of grafted hPSC derived MSN progenitors

Following the complete generation of a bank of MSN progenitors from multiple
cell lines, and the provisional results described in section 4.2.2, the process of
transplanting these cells into a HD rat model began, to systematically study how these
cells performed following transplantation into the brain. Originally, it was planned that
MSN progenitors from lines L2, L11, F1, and H9 would be transplanted into the QA
lesioned rat striatum (L1 was not planned for use as it produced the lowest number of
DARPP32 positive cells of the three LGE derived hiPSC lines; Figure 4.2C). As such,
56 rats underwent QA lesion surgery (Methods 2.3.3),and underwent baseline
apomorphine rotation analysis (Methods 2.3.5) to assess the lesion success and
subsequently group the rats into balanced behavioural groups (n=12 for L2, L11, F1,
H9; n=8 lesion only, n=6 control). PSC derived MSN progenitors were defrosted two
days prior to planned surgery, with the intention of culturing them for an additional 2
days to allow them to recover from thawing and bring them to the same time point
previously used to transplant hESCs cultured under similar techniques (Arber et al.,
2015, transplanted on day 20). During the first round of thawing it became immediately
apparent that MSN progenitors from lines L2 and L11 were of a severely reduced
viability than expected (L2 =10%, L11 =25% viable cells as per a Trypan Blue count)
which was surprising considering no adverse effects had been observed during
passage 2 of Protocol 2, or in the culture period of these cells following passage 2
(Section 4.2.2), therefore this seemed to be specifically related to reduced viability
following a freeze/thaw process. This was also found to be the case for MSN
progenitors derived from lines L1 (=15%), M3 (<5%), and C6 (=30%), but not from lines
F1 (=90%), nor H9 (=90%). Therefore, QA lesioned rats were allocated into new groups
to receive grafts as follows: L1 n=2; L2 n=1; L11 n=11; C6 n=6, F1 n=10, H9 n=10
(Methods 2.3.4). These new groups were still balanced between groups for their
baseline apomorphine induced rotations. Following 6 months of incubation, animals
were perfused (Methods 2.3.6) and the grafts were processed for immunohistochemical
and stereological analysis (Methods 2.4). Graft survival at 6 months was confirmed by
HuNu positive staining, and survival was low as only 27.5% of grafts survived across
this period (Figure 4.3A; graft survival by group: L1 n=0/2; L2 n=1/1; L11 n=0/11; C6
n=3/6; F1 n=3/10; H9 n=4/10).

There were 4 surviving grafts derived from the control hESC line H9, none of
which exhibited overgrowth (Figure 4.3A: H9). These grafts had a dense graft core, but
some cells at the edge of these grafts migrated a little beyond this boundary into the
surrounding tissues (Figure 4.3B: H9). Routinely this was into the neighbouring tail of

the ipsilateral external capsule, from where the cells then appeared to migrate into the
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corpus callosum (Figure 4.3C: H9). In two of the grafts there was also evidence that a
few of the cells had migrated through the external capsule into the neighbouring
ipsilateral cortex (Figure 4.3D: H9). There were 0 surviving grafts derived from hiPSC
lines L1 or L11, but the 1 L2 derived graft did survive (Figure 4.3A: L2). This graft was
confined to the ventral striatum, and did not migrate beyond the graft site (Figure 4.3B:
L2), no cells being observed in the corpus callosum or neighbouring ipsilateral cortex
(Figure 4.3 C-D: L2). There were 3 C6 derived grafts that survived, all of which exhibited
signs of overgrowth to varying degrees (Figure 4.3A: C6). Two of these grafts did not
appear to negatively affect the hosts’ native anatomy, but one (Table 4.1, animal 487)
exhibited localised growth in the cortex that likely occurred through unwanted cell
placement in the needle tract during transplantation, and this cortical portion of the graft
did distort the native anatomy. The C6 derived grafts were consistently large with a less
defined graft core, instead cells seemed to proliferate and migrate to fill the majority of
the striatum (Figure 4.3B: C6). Each C6-derived graft contained cells that had migrated
beyond the graft into the ipsilateral external capsule, yet, in spite of large cell numbers,
very few cells were observed to have migrated into the corpus callosum, instead cells
appeared to be more inclined to migrate into the ipsilateral cortex (Figure 4.3C-D: C6).
There were 3 surviving grafts derived from hiPSC line F1, and of all hiPSC derived
grafts these were most similar to the H9 derived grafts. They exhibited no obvious
overgrowth but consistently produced large grafts (Figure 4.3A: F1) with a dense core,
but cells migrated beyond this boundary more often than H9 (Figure 4.3B: F1). These
cells were consistently found in the external capsule, and migrating through the corpus
callosum and far into the contralateral hemisphere (Figure 4.3C: F1). These cells were
also found to migrate into the ipsilateral cortex, although to a lesser extent than the C6
derived grafts (Figure 4.3D: F1). All grafts except one C6 derived graft were positive in
areas for human DARPP32 (Figure 4.3E), representing expression of at least one MSN

marker. Table 4.1 contains key information about all grafts.
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H9 L2 C6 F1

Figure 4.3: Engraftment of hPSC derived MSNs

A-D. Representative HuNu stain by group. Animals shown are 479 (H9), 485 (L2), 476
(C6), and 459 (F1).

B. Higher magnification of graft core edge, and example of migratory cells. Here, H9
exhibits cells migrating from the graft core (left) into the external capsule, and ipsilateral
cortex (right). L2 does not exhibit migratory cells beyond the graft core. C6 cells have
expanded to fill much of the striatum, but still exhibit signs of further migration (left)
beyond the denser graft core (right). F1 exhibit clear migration from the graft core (right)
more commonly into the medial striatum (left).

C. Higher magnification of corpus callosum migratory cells (none in L2, few in C6).

D. Higher magnification of cortex migratory cells (few in H9, none in L2).

E. Examples of positive human DARPP32 staining within the grafts (green).
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Table 4.1 — Summary of graft features

Animal Cell Graft Graft Migration into Migration Migration into Positive
Line core? | periphery? | external capsule? into cortex? | corpus callosum? | DARPP32?
428 H9 Yes Little Yes No Yes Yes
444 H9 Yes Little Yes No Yes Yes
468 H9 Yes Little Yes Little Yes Yes
479 H9 Yes Little Yes Little No Yes
485 L2 Yes No No No No Yes
476 C6 Yes* Yes Yes Yes Little Yes
487 C6 Yes* Yes Yes Yes Little Yes
489 C6 Yes* Yes No No No No
457 F1 Yes Yes Yes Little Yes Yes
459 F1 Yes Yes Yes Yes Yes Yes
480 F1 No Yes Yes Little Yes Yes

* This was less defined than in other grafts
(note: table is shaded to more easily indicate hPSC graft group)

Stereological analysis was then conducted on the grafts (Methods 2.4.4), the results of
which are detailed in Figure 4.4 below. Stereology was conducted initially on the whole
graft, including the less dense, migratory part of the graft (whole graft, left), and
separately on the dense graft core (graft core, right), to estimate total cell count and
graft volume (Figure 4.4A-D). These values were then used to estimate graft density
for each region (cells per mm?; Figure 4.4E-F). Statistical analysis was then conducted
on these estimates using one way ANOVAs, L2 was not included as there was only one
rat with a surviving graft (n=1). No significant differences were observed between the
groups for graft volume, cell number, or graft density in either total graft or core (p>0.05;
Figure 4.4E-F).
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Figure 4.4: Graft Stereology

A-F. Bar chart representing the estimated whole graft volume (A); estimated graft core
volume (B); estimated total number of cells across the whole graft (C); estimated total
number of cells in the graft core (D); estimated whole graft density as cells per mm?3 (E);
and estimated graft core density as cells per mm? (F). Error bars are Standard Error from
the Mean. There are no statistical differences between the groups (p>0.05), L2 was not
included in the statistical tests as there was only one surviving graft (n of 1).
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4.2.4 Behavioural analysis of hPSC derived grafts

Grafted animals also underwent behavioural analysis to observe if the grafts
had any effect on functional recovery. Apomorphine rotations are one of the most robust
measurements of human tissue graft mediated functional recovery in a unilateral QA
striatal lesion model (Jerrusi and Glick, 1975; Pundt et al., 1996b; Sanberg et al., 1997;
Lelos et al., 2016), and as such this was the behavioural assessment used. Animals
were tested before grafting (baseline), and at weeks 12, 16, 20, and 24 following
transplantation surgery (Methods 2.3.5). Animals were removed from the final analysis
if they were not found to have a surviving graft, so final groups contained only the
animals outlined above (Table 4.1). A two way repeated measures ANOVA was
conducted on the rotation data with Week and Group as factors, L2 was not included
as there was only one rat with a surviving graft (n=1). A significant main effect of Week
(F472=12.53, p<0.001) and Group (F4,:8=17.27, p<0.001) was found, and post hoc
analysis indicated that Control rats rotated significantly less than all other groups (range
of mean difference of experimental groups to control rats at all time points: 4.9-6.4
rotations per minute, p=0.001), no other group differences were observed. Additionally,
rats rotated fewer times at baseline than at later time points which is in keeping with the
expected behavioural trajectory for this surgical procedure (p=0.005). Collectively this
indicated that no graft group exhibited functional recovery across the experiment
(Figure 4.5).
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Figure 4.5: Behavioural Analysis

Average number of apomorphine induced rotations per minute by weeks post-transplant,
error bars are SEM. Only animals with surviving grafts are included in the grafted groups
(L2 n=1; F1 n=4; H9 n=4; C6 n=3; Control n=6; Lesion only n= 8). No graft groups exhibited
a significant change in number of rotations (p>0.05), and consistently rotated significantly
more than the control rats (p=0.001). £ indicates main effect of group, control rats
consistently rotated less than all other experimental groups.
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4.2.5 gPCR analysis of hPSC derived MSN populations across in vitro

maturation

Following the discovery that neural derived hiPSCs did not survive a freeze/thaw
cycle after a passage conducted at day 18, the MSN differentiation protocol was revised
to Protocol 3 (Fig 4.1C), as described above. This protocol was applied to hiPSC lines
L2, L11, C6, F1 and hESC line H9 in a similar manner as described in section 4.2.2,
resulting in 3 separate MSN progenitor differentiations from each line (Methods 2.1.7).
These cells were then thawed on the same day and plated for in vitro maturation, so as
to minimise variation caused by the maturation environment and experimenter induced
variability. Samples of these cultures were fixed for immunocytochemical analysis or
underwent RNA extraction at day 20, 30, and 40. These three time points were chosen
for the following reasons: day 20 is when PSC cultures should have completed localised
patterning for an LGE progenitor phenotype and this is equivalent to the day similar
cells were transplanted in the previous described in vivo experiment (4.2.3); day 30 is
when the key MSN marker DARPP32 is first routinely expressed by hESC lines
undergoing a similar differentiation protocol (Protocol 1; Figure 4.1A); and day 40 is
when DARPP32 expression in hESC lines following Protocol 1 plateaus and total MSN

yield can be quantified.

gPCR was used to examine expression of critical subpallium, LGE, and MSN
markers across these time points (Methods 2.2.2.3). All gPCR outputs were calculated
as relative fold change to the expression of the same gene from H9-MSNs at day 30.
All outputs were analysed for each gene independently, using a two way repeated
measures ANOVA between cell line (Line) and across each time point (Day). Where
appropriate, Sidak’s t test was used for post hoc analysis. Fold changes are described

with £ SEM, except when indicated.

Early fate specification was examined using DLX2 for pan-WGE fate
specification and response to Activin (Feijen, Goumans and van den Eijnden-van Raaij,
1994; Maira et al., 2010), and NKX2.1 for ventral/MGE fate specification (Noakes et al.,
2019). There was a significant interaction between the effects of Day and Line on DLX2
expression (Fs20=3.31, p=0.014; Figure 4.6A). As expected, DLX2 expression was
significantly higher at Day 20 than at Day 30 and Day 40 in H9 cultures (H9 Day 20 to
Day 30: 2.5 + 0.42 fold difference, p=0.001). This was also observed in L2 (1.9 £ 0.42
fold difference, p=0.003), L11 (1.3 £ 0.42 fold difference, p=0.041), and F1 (2.1 £ 0.42
fold difference, p=0.002) cultures, but not in C6 cultures which expressed statistically

similar levels of DLX2 across all timepoints, and significantly lower levels of DLX2 than
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H9 cultures at Day 20 (mean=1.7 + SEM=0.4 fold difference between H9 and C6 at day
20, p=0.016), but not compared to the other hiPSC lines. Furthermore, there was a
significant main effect of Day (F220=9.2, p=0.001) and of Line (F410=4.12, p=0.032) on
NKX2.1 expression, but no interaction between the two (Figure 4.6B). Post hoc analysis
revealed that the significant main effect of Day was driven by an overall drop in NKX2.1
expression between Day 20 and the later time points (8.1 + 2.8 fold reduction by Day
30, p=0.049; and 8.9 + 2.7 fold reduction by Day 40, p=0.025). Post hoc analysis of the
main effect of Line was not significant (p>0.05). However, there was a clear trend for
C6 cultures to express more NKX2.1 than H9 (30.8 + 9.1 fold difference to C6, p=0.066),
F1 (30.0 £ 9.1 fold difference, p=0.075) and L11 (28.9 + 9.1 fold difference, p=0.093)
cultures. Expression of NKX2.1 varied greatly between the three C6 derived cultures,
but was somewhat consistent within each independent differentiation (mean fold
difference compared to average expression in H9 at day 30: C6 MSN differentiation 1,
total mean across day 20, day 30 and day 40 = 55.11, st.dev = 24.99; C6 MSN
differentiation 2, total mean: 35.32 st.dev: 5.52; C6 MSN differentiation 3, mean: 6.87
st.dev: 1.47).

Early LGE specific patterning was examined using the progenitor LGE marker
NOLZ1, which exhibits reduced expression in terminally mature MSNs (Urban et al.,
2010). Additionally, maturing MSN fate was examined using CTIP2 (Arlotta et al., 2008),
FOXP1 (Precious et al., 2016), and FOXP2 (Devanna, Middelbeek and Vernes, 2014)
which are all highly expressed in developing striatal MSN populations. There was a
significant main effect of Line on NOLZ1 expression (F4,10=3.54, p=0.048; Figure 4.6C),
and post hoc analysis revealed that F1 expressed significantly more NOLZ1 than L11
(1.1 £ 0.3 fold difference, p=0.044). No other differences were observed including
across day (p>0.05), indicating the MSNs here were not terminally mature. Similarly,
there was a significant main effect of Line on CTIP2 expression (F4,10=12.15, p=0.001;
Figure 4.6D). Post hoc analysis revealed that F1 expressed significantly more CTIP2
than L2 (1 + 0.17 fold difference, p=0.002), L11 (1.1 + 0.17 fold difference, p=0.001),
and C6 (0.8 £ 0.17 fold difference, p=0.008). There was a significant interaction
between the effects of Day and Line on FOXP1 expression (Fg20=5.82, p=0.001; Figure
4.6E). Post hoc analysis revealed that FOXP1 expression increased over time in all
lines (all p<0.05). At day 20, H9 expressed significantly more FOXP1 than L11 (0.28 £
0.07 fold difference, p=0.023), but not at later time points. Whereas at day 40, F1
expressed significantly more FOXP1 than all other lines (H9: 2.2 + 0.42 fold difference
to F1, p=0.004; L2: 2.3 + 0.42 fold difference, p=0.003; L11: 2.3 + 0.42 fold difference,
p=0.003; C6: 2.4 + 0.42 fold difference, p=0.002) but only at this time point. There was
a significant interaction between the effects of Day and Line on FOXP2 expression

(Fe20=6.85, p<0.001; Figure 4.6F). Post hoc analysis revealed only lines H9 and L11
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exhibited an increase in FOXP2 expression over time, and this increase was only
significant for these lines between Day 20 and Day 30/Day 40 (H9 Day 20 to Day 40:
1.1 + 0.12 fold difference, p<0.001; L11 Day 20 to Day 40: 0.6 £ 0.12 fold difference,
p=0.001). Furthermore, at Day 20, H9 expressed significantly more FOXP2 than C6
(0.2 £ 0.05 fold difference, p=0.019). By Day 30 H9 expressed significantly more
FOXP2 than all lines (L2: 0.8 + 0.13 fold difference to H9 at day 30, p=0.001; L11: 0.5
+ 0.13 fold difference, p=0.016; C6: 0.7 + 0.13 fold difference, p=0.002; F1: 0.6 + 0.13
fold difference, p=0.005), and this remained unchanged by day 40 (L2: 1.1 £ 0.17 fold
difference to H9 at day 40, p=0.001; L11: 0.6 + 0.17 fold difference, p=0.047; C6: 1.1 £
0.17 fold difference, p=0.001; F1: 1 £ 0.17 fold difference, p=0.002).

Additionally, mature striatal MSN phenotypes were examined using classical
MSN markers DARPP32, CALB1, DRD1, and DRD2 (Gerfen, 1985; Anderson and
Reiner, 1991; Ferré et al., 1997; Ouimet, Langley-Gullion and Greengard, 1998; Quiroz
et al., 2009; Straccia et al., 2015). There was a significant interaction between the
effects of Day and Line on DARPP32 expression (Fs20=11.48, p<0.001; Figure 4.6G).
Post hoc analysis revealed that all lines exhibited a significant increase in expression
between Day 20 and Day 30 (p<0.01, not depicted on Figure 4.6G), which was
expected as DARPP32 was not expressed in cultures until Day 30. Only H9 and F1
exhibited a further significant increase between Day 30 and 40 (H9: 1.8 + 0.39 fold
increase by day 40, p=0.003; F1: 2.9 £ 0.39 fold increase, p<0.001). At day 30 there
were no differences between lines, however by day 40, H9 expressed significantly more
DARPP32 than L2 (1.8 + 0.49 fold difference to H9, p<0.044), and F1 expressed
significantly more DARPP32 than all other lines (H9: 1.9 £ 0.49 fold difference to F1,
p=0.026; L2: 3.7 = 0.49 fold difference, p<0.001; L11: 3.4 + 0.49 fold difference,
p<0.001; C6: 2.7 + 0.49 fold difference, p=0.003). There was a significant interaction
between the effects of Day and Line on CALB1 expression (Fs 20=7.40, p<0.001; Figure
4.6H). Post hoc analysis revealed all lines increased expression of CALB1 over time,
although when this occurred varied by line: H9 and F1 expressed significantly more
CALB1 by Day 30 than they had at Day 20, and exhibited no further changes by Day
40, whereas L2, L11, and C6 expressed significantly more CALB1 at day 40 than they
had at day 20, but not before then. Due to this, F1 expressed significantly more CALB1
at day 30 than both L2 and L11 (L2: 0.9 + 0.24 fold difference, p<0.037; L11: 1 £ 0.24
fold difference, p<0.024). However, this was no longer the case by day 40, and instead
L2 expressed significantly more CALB1 than L11 (1.3 £ 0.29 fold difference, p<0.013).
There was a significant interaction between the effects of Day and Line on DRD1
expression (Fg20=2.97, p=0.023; Figure 4.61). Post hoc analysis revealed that H9
expressed significantly more DRD1 at Day 40 than at Day 30 (0.7 + 0.2 fold difference,
p<0.013), and by Day 40, H9 expressed significantly more DRD1 than L11, but not any
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other line (1.2 + 0.32 fold difference, p<0.029). There was a significant interaction
between the effects of Day and Line on DRD2 expression (Fg20=7.17, p<0.001; Figure
4.6J). Post hoc analysis revealed that L11 expressed significantly more DRD2 by day
40 compared to Day 20 (0.7 + 0.22 fold difference, p<0.024), and both H9 and F1
expressed significantly more DRD2 by Day 30 than they did at Day 20 (H9: 1 £ 0.33
fold difference, p=0.033; F1: 2.9 + 0.33 fold difference, p<0.001), although no further
increase occurred after this point. This increase meant that H9 expressed more DRD2
than C6 by day 40 (1.1 + 0.29 fold difference, p=0.033). Furthermore, F1 expressed
significantly more DRD2 than all other lines, both at Day 30 (H9: 1.9 + 0.49 fold
difference, p=0.025; L2: 2.6 + 0.49 fold difference, p=0.003; L11: 2.4 + 0.49 fold
difference, p=0.006; C6: 2.8 + 0.49 fold difference, p=0.002) and Day 40 (H9: 1.2 £ 0.29
fold difference, p=0.024; L2: 1.8 + 0.29 fold difference, p=0.001; L11: 1.7 + 0.29 fold
difference, p=0.002; C6: 2.3 £ 0.29 fold difference, p<0.001).
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Figure 4.6 (continued overleaf): qPCR analysis of key striatal genes

A-J. Bar chart representations of gPCR gene expression data collected from hPSC-MSNs at day 20, 30 and 40 of 3 independent MSN differentiations. All
data is normalised to H9 cultures at day 30. A two way repeated measures ANOVA was conducted on all genes examined with Line and Day as IVs.
Significant results are depicted on bar charts where £ symbolises main effects of line, $ symbolises main effects of Day, # symbolises interactions of
Line/Day and * symbolises interactions of Day/Line. The number of symbols indicates p value, where 1 symbol = p<0.05, 2 = p<0.01, and 3 = p<0.001. A
= DLX2; B = NKX2.1; C = NOLZ1; D = CTIP2; E = FOXP1; F = FOXP2. G = DARPP32; H = CALB1; 1 = DRD1; J = DRD2.
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4.2.6 Immunocytochemical analysis of hPSC derived MSN populations

during in vitro maturation

Next, immunocytochemical analysis (Methods 2.2.1) was conducted on the
previously described hPSC MSN populations (4.2.5). Samples of hPSC derived MSNs
were fixed at Day 30 and Day 40, then stained with either BllI-tubulin and CTIP2, to
determine total neuronal specification and the proportion of CTIP2 positive neurons, or
CTIP2 and DARPP32 to determine MSN fate commitment. Immuno-positive cells were
counted and calculated as a percentage of total Hoechst positive cells. Cell counts were
then analysed for each marker independently, using a two way repeated measures
ANOVA between cell line (Line) and across both time points (Day). Where appropriate,

Sidak’s t test was used for post hoc analysis.

As expected from earlier cultures using Protocol 1 and 2, hPSC-MSNs derived
using Protocol 3 produced a highly neuronal population. Blll-tubulin was widely
expressed by the majority of cells across all lines at both time points examined, and the
hPSC derived neurons consistently exhibited widespread axons indicative of maturing
cultures (Figure 4.7, data shown for Day 30 only). However, the lines varied by the
proportion of neurons they produced, and statistical analysis revealed there was a
significant main effect of Line on proportion of Blll-tubulin expressing cells (F1,10=7.16,
p=0.005; Figure 4.8A). Post hoc analysis revealed that hiPSC line C6 had a significantly
higher neuronal population than L11 (C6: mean Hoechst cells co-labelled for BllI-tubulin
=96.5% + 2.4; L11: 78.9% = 2.4; mean difference of 17.6% % 3.4, p=0.004). No other

statistical differences were observed.

Next, the progenitor MSN marker CTIP2 was examined, and was identifiable in
all cultures at both time points (Figures 4.7, 4.9, 4.10). However, statistical analysis
revealed there was a significant interaction between the effects of Day and Line on the
number of CTIP2 expressing cells (F4,10=3.50, p=0.049; Figure 4.8B). Post hoc analysis
revealed that at Day 30, lines L2, C6, and F1 had a significantly higher proportion of
CTIP2 positive cells than lines H9 and L11 (H9: mean Hoechst cells co-labelled for
CTIP2 at Day 30 =43.2% + 3; L2: 58.2% £ 3; L11: 42% + 3; C6: 64.7% £ 3; F1: 62.7%
t 3; range of significant mean differences: 15% - 22.6% + 4.2; L2 p<0.05; C6 p<0.01;
F1 p<0.01). However, between Day 30 and Day 40 lines H9, L11, and C6 exhibited a
significant increase in the number of CTIP2 expressing cells (H9: mean increase of
15.7% + 3.5, p=0.001; L11: 19.6% £ 3.5, p<0.001; C6: 10% = 3.5, p=0.017). This
resulted in no final differences in CTIP2 populations by day 40.

The final marker examined by immunocytochemistry was the mature MSN
marker DARPP32. DARPP32 was identifiable in all lines by Day 30 (Figures 4.9).
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Additionally, each line yielded a significant increase in the proportion of positive cells
by Day 40 (Figure 4.10) as demonstrated by a significant main effect of Day
(F1,10=179.5, p<0.001; Figure 4.8C). Post hoc analysis revealed that this increase was
lowest in L2 (mean increase of 23.8% * 4.7) and highest in F1 (mean increase of 33.9%
+ 4.7) but all were highly significant (all p<0.001). Additionally, there was a significant
main effect of Line (F4,10=5.8, p=0.011; Figure 4.8C), and post hoc analysis indicated
that F1 cultures had a higher proportion of DARPP32 positive expressing cells than
both L2 (mean difference of 11% + 2.8, p=0.031) and L11 (mean difference of 12.4% +
2.8, p=0.014).

Of note, at Day 30 the majority of DARPP32 positive cells observed in culture
were only expressing the marker weakly, however cells were identifiable in L2 and L11
derived cultures that were expressing it to a higher degree than in other lines (Figure
4.9). By day 40 all lines contained cells expressing high levels of DARPP32 (Figure
4.10). As with all other stains, counts were conducted using all positive DARPP32

staining compared to a control well that was not exposed to the primary antibody.
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Day 30

Figure 4.7: Immunocytochemical stains for neuronal marker Blll-tubulin and CTIP2

at day 30 of Protocol 3

Immunocytochemical stains of hPSC-MSN differentiations generated using Protocol 3.
CTIP2 is in pink, Blll-tubulin is in green, merged with Hoechst stain in blue. All cell lines
are capable of differentiation towards a neuronal phenotype as indicated by high BllI-
tubulin expression across cultures.
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Figure 4.8: Cell counts following immunocytochemistry

A-C. Bar chart representations of percentage of Hoechst positive cells positive for A. BllI-
tubulin, B. CTIP2, and C. DARPP32. Data collected from PSC-MSNs at day 30 and 40 of
3 independent MSN differentiations. A two way repeated measures ANOVA was conducted
on all genes examined with Line and Day as factors. Significant results are depicted on
bar charts where £ symbolises main effects of line, $ symbolises main effects of Day, #
symbolises interactions of Line/Day and * symbolises interactions of Day/Line. The
number of symbols indicates p value, where 1 symbol = p<0.05, 2 = p<0.01, and 3 =
p<0.001.
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Day 30

Figure 4.9: Immunocytochemical stains for MSN markers CTIP2 and DARPP32 at day
30 of Protocol 3

Immunocytochemical stains of hPSC-MSN differentiations generated using Protocol 3.
CTIP2 is in pink, DARPP32 is in green, merged with Hoechst stain in blue. Whilst
DARPP32 is expressed in all cultures, L2 and L11 both exhibited cells strongly immuno-
positive for DARPP32. These were not observed in H9, C6, or F1 cultures.
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Day 40
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Figure 4.10: Immunocytochemical stains for MSN markers CTIP2 and DARPP32 at day
40 of Protocol 3

Immunocytochemical stains of hPSC-MSN differentiations generated using Protocol 3.
CTIP2 is in pink, DARPP32 is in green, merged with Hoechst stain in blue. By this time
point, all lines contain cells strongly immuno-positive for DARPP32.
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4.2.7 Multi-electrode analysis of spontaneous electrical activity of hPSC
derived MSN populations

The spontaneous electrical activity of the previously described hPSC MSN
populations (4.2.5) was examined using multi-electrode array (MEA) analysis (Methods
2.2.3). MEA analysis allows the examination of the electrical activity of a population of
cells simultaneously. Data presented was collected across a 2 minute window at day

40, which was during the peak of electrical activity observed for all lines.

Spontaneous electrical activity was observed across all lines at this time point,
however this activity was generally infrequent, and the spikes were of low amplitude
(Figure 4.11; 4.12 activity is indicated by red marks along electrode read out). One well
of L11 derived MSNs exhibited frequent activity at this time point (Figure 4.12E), which
was observed in the same well at other time points. However the other 5 wells
containing L11 derived cells did not exhibit similar levels of activity (Figure 4.12F).
Examination of the peak to peak amplitude of single electrical bursts by line, revealed
that lines L11 and C6 exhibited the largest peak to peak amplitudes (Figure 4.11; 4.12
indicated by purple boxes/arrow). Additionally, L2 exhibited rapid burst activity at one
electrode which may be indicative of neuronal excitability (Figure 4.14A indicated by
green boxes) however, this was not observed in other L2 derived wells. There was too

little consistency observed within the lines to conduct further meaningful analysis.
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Figure 4.11: Peak to peak spike amplitudes measured at day 40
Boxplot of all peak to peak spike amplitudes measured in hPSC-MSNs at day 40. L11 and
C6 exhibit occasional amplitudes far beyond the ranges observed in other lines.

Figure 4.12 (overleaf): Overview of all electrical activity measured at day 40

MEA output graph of electrical activity detected at each well electrode (numbered on Y
axis) over time (X axis is seconds). Red marks indicate when activity is measured above
the background level, deemed spontaneous electrical activity/spikes. The purple
boxes/arrow indicate spikes with a large amplitude. The green boxes indicate rapid burst
activity. A=H9; B=C6; C=F1; D=1L2; E=L11 (high activity); F = L11 (typical).
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Chapter 4
4.3 Discussion

In this chapter | have characterised the differentiation potential of the isogenic
hiPSC lines generated in Chapter 3, and found that each are able to follow a
standardised MSN differentiation protocol to produce cells expressing critical MSN
markers frequently used to establish MSN fate commitment in hPSC cultures. However,
differences have emerged between these lines which could be indicative of their

epigenetic memory of tissue of origin.

4.3.1 Fibroblast derived hiPSCs were not hindered by their tissue of origin
in their capacity to undergo an MSN differentiation

The fibroblast derived hiPSC line F1 was generated to act as a control for hiPSC
tissue of origin, under the assumption that if these cells retained an epigenetic memory
of their tissue of origin, it would not be beneficial for the generation of MSNs and could
potentially hinder MSN differentiation in this line (Chapter 3, Introduction). Yet, across
the various comparisons made in experiments across this chapter, the F1 line typically
performed as well as, or arguably better than, the hESC control line, in terms of the
measures used here. This was initially apparent in the standardisation of the
differentiation protocol (4.2.1), as no difficulties were encountered with these cells
undergoing Protocol 1, which was also the case for H9. Initial characterisation via
immunocytochemistry seemed to indicate a slightly reduced efficiency of neural
induction and reduced DARPP32 expression (4.2.2). However, upon transplantation
the F1 derived cells developed into grafts similar to H9 grafts (and comparatively less
like those derived from C6 or L2), that did not overgrow and expressed human
DARPP32 (4.2.3). These grafts exhibited similar migratory patterns to H9 derived
grafts, and in both groups cells were observed to have migrated into the corpus
callosum, and occasionally into the contralateral hemisphere (Table 4.1). The main in
vitro characterisation study further validated this finding. First, the qPCR analysis
indicated that F1 derived cultures expressed key striatal genes in a similar pattern to
H9 (4.2.5). Specifically, the mature MSN marker DARPP32 was highest in F1 cultures
at day 40 compared to all other lines, followed by H9. Additionally, DRD2, was
expressed at a higher rate in F1 than all other lines, but again H9 expression was
second highest. This coincided with significantly higher expression of FOXP1, NOLZ1
and CTIP2 compared to various other lines across the differentiation time points;
importantly, all three of these genes act upstream of DARPP32 expression (Arlotta et
al., 2008; Urban et al., 2010; Precious et al., 2016). Immunocytochemical analysis

(4.2.6) indicated that F1 cultures were highly efficient at differentiating into a neuronal
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phenotype, and expressed similar numbers of cells expressing CTIP2 to other lines,
surpassing both H9 and L11 at day 30, and equal to all other lines at day 40.
Furthermore, they produced a significantly higher proportion of cells expressing
DARPP32 than lines L2 and L11. Collectively, this indicates that the F1 line was not
negatively affected in its ability to respond to the various differentiation protocols used
by producing MSN-like cells (according to the small number of markers used), and
performed in this as well as, or better than, an hESC control, or genomically identical

hiPSCs derived from different tissues.

4.3.2 Cortex derived hiPSCs exhibit reduced efficiency of differentiation
towards an MSN phenotype

Similar to the fibroblast derived line F1, the cortex derived line C6 was
generated to examine how precise the effects of epigenetic memory were on hiPSC
lines, as it was unknown how a tissue background that was neural, but of the “wrong”
regional specificity, would impact an MSN differentiation. Throughout this chapter the
C6 line has exhibited various differences compared to other lines. First, following neural
transplantation (4.3.3) C6 produced large grafts that exhibited overgrowth, unlike the
grafts derived from H9, F1, or L2 cultures. This was most apparent in animals 476 and
487, which received different batches of C6 MSN progenitors, but were transplanted on
the same day. Both of these grafts exhibited widespread migration into the neighbouring
cortex and external capsule, but in spite of producing the largest grafts with the most
cells, there was little evidence of their inclusion in the corpus callosum spanning the
two hemispheres. This was again different to both H9 and F1 derived grafts, which
instead tended to exhibit migration into the corpus callosum, with a few cells identifiable
in the neighbouring hemisphere. It is possible this tendency to overgrow following
transplantation is an indication that this line had not yet committed to a maturing
phenotype, which in turn could suggest conflicting endogenous gene expression or
epigenetic apparatus that interfered with the MSN differentiation of these cells. However
further research is required to determine if this is the case or not. Additionally, it must
be highlighted that the total number of surviving grafts for this study was relatively low,

and a more expansive study might find these differences are reduced.

In the main in vitro study using Protocol 3, gPCR analysis (4.3.5) revealed that
at day 20, C6 derived cultures tended to express the lowest amount of the pan-GE
marker DLX2, and the highest amounts of NKX2.1, although the expression of NKX2.1
was highly variable between C6 differentiations. DLX2 is a gene associated with early

subpallium patterning and is understood to activate downstream of TGFf activity, which
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in this protocol is mediated by the addition of Activin (Feijen, Goumans and van den
Eijnden-van Raaij, 1994; Maira et al., 2010). Whilst NKX2.1 is expressed in both the
LGE and MGE, higher concentrations of this gene are associated with more ventral
regions like the MGE, and specifically interneurons (Noakes et al., 2019). Therefore,
this pattern of low DLX2, and high NKX2.1 expression could indicate that the C6 hiPSC
line was less responsive to the addition of exogenous Activin, resulting in a proclivity to
differentiate towards a wider variety of neuronal phenotypes. When examining key
striatal genes more indicative of a mature MSN phenotype, C6 typically performed as
well as the LGE derived lines L2 and L11, yet, C6 was found to produce a “purer”
neuronal population compared to lines L2 and L11 (4.2.6). This also seems to indicate
that these reduced levels of key striatal genes are not due to a reduced neuronal
population, but rather a reduced efficiency within the present protocol to differentiate

towards an MSN phenotype.

4.3.3 LGE derived hiPSCs perform similarly throughout the analysis

A general trend was observed for LGE derived lines L1, L2, and L11 to exhibit
similarities across these characterisation experiments, which suggests that they are
being influenced by similar underlying mechanisms. Provisional cell counts from the
MSN differentiation conducted using Protocol 2, indicated that lines L1, L2 and L11
exhibited more DARPP32 than H9 or F1 (4.2.2). However, no comparison with M3 or
C6 was made at the time to determine if this was specific to neuronal derived hiPSCs
or LGE derived hiPSCs, and this dataset was not large enough for statistical analysis
so it remains unknown how meaningful this distinction was. Later, evidence from the
immunocytochemical staining conducted as part of the second in vitro experiments
using Protocol 3 (4.2.6), suggested that cells strongly immuno-positive for DARPP32
are only present in L2 and L11 derived cultures at day 30, but were observable in C6,
F1, and H9 derived cultures by day 40, again indicating a trend shared by LGE derived
hiPSC lines that makes them distinct from other lines. Aside from these indications, it
is also apparent from the second in vitro study using Protocol 3 that the lines L2 and
L11 appeared to consistently underperform compared to the other lines with regards to
gene expression of expected MSN fate markers. For example, the gPCR data (4.2.5)
indicated that both L2 and L11 (along with C6) expressed less CTIP2 than F1 cultures.
In addition, the immunocytochemistry counts (4.2.6) revealed that both had significantly

fewer DARPP32 positive cells than F1 cultures, which was not the case for C6 cultures.

Differences were also found between LGE derived hiPSC lines. For example,

the gPCR analysis indicated that L2 expressed significantly more Calbindin 1 at day 40,

110



Chapter 4

and a trend to express more NKX2.1 at day 20, whereas L11 showed a trend to express
higher levels of FOXP2 at all time points. Immunocytochemical analysis also indicated
that L2 cultures contained significantly more CTIP2 expressing cells than L11 at day 30
(p<0.05). Collectively, this suggests that there are line specific differences between
LGE derived hiPSCs, but that they have a general tendency to perform similarly under
the present conditions for MSN differentiation, when compared to other genetically

identical hiPSCs derived from different tissues.

4.3.4 Evidence that hiPSCs derived from neural tissues more rapidly
commit to a neuronal phenotype.

It is possible, although not demonstrated conclusively here, that hiPSCs derived
from neural tissues more rapidly commit to a neuronal phenotype. Early in this
characterisation, when standardising a differentiation protocol that was suitable for all
lines, there were differences observed that separated hiPSC lines L1 and M3 from F1
and H9. The first of these was the observation that, whilst undergoing dual SMAD
inhibition to induce a forebrain progenitor phenotype, both L1 and M3 PSCs detached
from the RGF Matrigel typically two days before they were due to be passaged,
according to the initial protocol implemented. This was subsequently overcome by
making an alteration to the standard hESC dual SMAD protocol. RGF Matrigel is a
mixture of extracellular matrix proteins derived from Engelbreth-Holm-Swarm mouse
sarcoma cells, comprising primarily laminin, collagen IV, and enactin (Hughes, Postovit
and Lajoie, 2010). Collagen IV is known to be a poor substrate for the culture of neural
stem cells, however this is not the case for laminin which is widely used as a matrix for
the culture of developing and maturing neurons. Tate et al., 2004 conducted a series of
experiments that demonstrated that neurospheres adhered to fibronectin and laminin
equally, and consistently with 6 fold the efficiency of collagen IV. However, they also
established that this occurred through different integrins, with neurospheres binding to
laminin through asP+1 and fibronectin through asB+. Precisely why L1 and M3 detached
early was not examined in the present study and no direct attempt was made to transfer
these cells to a laminin matrix at this time. However, the observation that they
repeatedly spontaneously detached from RGF Matrigel seems to be indicative of a
more rapid change in cellular construct in these lines when exposed to conditions
designed to induce a neuronal fate. Similarly, at a later time point L1 exhibited a more
mature neuronal phenotype than was expected compared to cells derived from the
hESC line H9, exhibiting widespread axonal growth and BllI-tubulin expression. It is
important to note that this was not systematically studied in this thesis, and the

morphological differences were less apparent in following differentiations using adapted
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protocols, however this is again suggestive that L1 committed to a neuronal fate faster
than the H9 line. This is further supported by the difficulties encountered passaging L1
at the second time point, which coincides with the time point when hESC line H9 was
previously suitable for transplantation (Arber et al., 2015). When passaged at this time,
L1 exhibited reduced viability, and either reduced viability or proliferation following
plating, compared to H9 and F1 lines cultured at the same time, again suggesting that

these cells had matured beyond the level observed in H9 and F1.

Later experiments also provide some indication that lend support to this idea.
First, initial examination of DARPP32 expression in MSNs undergoing Protocol 2
revealed more widespread expression of the MSN marker in lines L1, L2, and L11
compared to H9 and F1 (Figure 4.2). However, this data set was small and
inappropriate for statistical analysis (n=1), as such, a later experiment was conducted
on a larger dataset, and the findings generated here seem to conflict with this earlier
finding (Figure 4.8). There are several differences between these two datasets, the
most apparent are the differences in culture technique. The first were maintained in
culture throughout the differentiation, and there is now significant evidence that these
cells suffered huge viability losses when undergoing a freeze/thaw cycle at day 18. In
contrast, the second data set was generated using Protocol 3, which included a
freeze/thaw cycle as part of this experiment in an attempt to reduce bias at the point of
measurement. This occurred on day 16 during the later stages of LGE specification via
Activin treatment. The inclusion of a freeze/thaw cycle at this time point was not deemed
to be detrimental to the cell viability of any line tested at the time, but without a
comparison with cultures differentiated in parallel that did not undergo a freeze/thaw
cycle, it is not possible to be certain this had no effect on the final fate specification
observed here. An interesting observation in this second larger data set was the cells
that highly expressed DARPP32 at day 30, which were only observed in L2 and L11
cultures at this time (Figure 4.9), but were observed at day 40 in all cultures (Figure
4.10). This again seems to be an indication of advanced maturity in the L2 and L11
cultures. Finally, the spontaneous electrical activity of these same cells was examined
at day 40 using MEAs. Though the data here was highly inconsistent within lines, it is
worth noting that lines L2, L11, and C6 all exhibited some signs of electrical activity
more indicative of authentic neurons (Figure 4.12: L2 burst activity indicative of
localised excitability; L11 and C6 exhibited large peak to peak amplitudes in spiking
activity, indicative of attempted action potentials), and no such activity was observed in

F1 or H9 derived cultures.

There is some evidence in the literature that suggests this tendency to advance

towards a neuronal phenotype faster than other PSCs could be a consistent feature of
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hiPSCs derived from neural tissues. For example, Roost et al., 2017 generated hiPSCs
from human fetal whole brain and fibroblasts from the same fetal donor. They found
hiPSCs derived from fetal whole brain cells expressed BllI-tubulin earlier and at a higher
level than hiPSCs derived from fibroblasts. Within this thesis there is no systematic
study of this effect, as it was secondary to the main goal of determining differences in
final MSN populations. Nonetheless, within the context of the evidence outlined above,
there is sufficient reason to consider this collection of observations an indication of

variability between these lines that may be related to tissue of origin.

4.3.5 Evidence that hiPSCs derived from neural tissues are less efficient

at producing MSNs than hiPSCs derived from non-neural tissues

In direct contrast to this capacity for early neuronal specificity, there are several
findings throughout this chapter that seem to indicate that hiPSCs derived from neural
tissues are less efficient at producing DARPP32 positive MSN populations than a
genomically identical hiPSC line derived from non-neural tissues, and a hESC control.
Foremost of these is the previously discussed qPCR and immunocytochemistry data
(4.2.5-4.2.6) collected during the main in vitro characterisation. Here, there was
consistent evidence across multiple differentiations and cell lines that the fibroblast
derived hiPSC line F1 produced the richest population of DARPP32 expressing
neurons. This was also true of other key striatal genes that act upstream of DARPP32
and have been previously shown to be critical for MSN specification including NOLZ1,
CTIP2, FOXP1 (Arlotta et al., 2008; Urban et al., 2010; Precious et al., 2016). This
appears to be in direct conflict with the majority of the literature attempting to observe
the effect of epigenetic memory of iPSCs (Introduction 1.5.4; Table 1.1). However, it is
possible that this reduced capacity is a product of the methodology used here.
Specifically, the differentiation protocol on which this work was based was tailored to
the developmental time frame of hESCs, and it is therefore possible that critical
windows in development are being missed if they do not occur at the same time across
all lines examined, preventing the efficient differentiation of these cells towards an MSN
phenotype. As previously discussed, there is evidence throughout this chapter that the
neural derived hiPSCs do appear to mature faster than the hESC line and hiPSC line
derived from fibroblast tissues. Therefore, it seems plausible that the differentiation
capacity of these hiPSCs still needs to be further researched using optimised
differentiation protocols that are tailored to each cell line to fully determine if the residual

epigenetic memory of these cells can enhance an MSN differentiation.
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4.3.6 Conclusions

In this chapter | aimed to characterise the differences in genomically identical
hiPSCs derived from different tissues, to determine the effect that any residual
epigenetic memory of tissue of origin had on an MSN differentiation. Across the
experiments included in this chapter, it has become apparent that there are differences
between hiPSC lines that cannot be attributed to genetic differences or variability in
experimental conditions, although it remains undetermined if these differences are due
to tissue specific epigenetic memory. Yet, there are trends that seem to indicate this:
first, there is evidence from across these experiments that hiPSCs derived from non-
neural tissues act more like hESCs whilst undergoing an MSN differentiation than they
do genetically identical hiPSCs derived from neural tissues. There was also an
observed trend for neural tissue derived hiPSCs to commit and mature into neuronal
phenotypes faster than an other non-neural tissue derived hiPSC line, and a hESC
control. It therefore seems somewhat surprising that hiPSCs derived from neural
tissues do not efficiently differentiate towards an MSN phenotype, but given that this
study uses a protocol which had originally been designed with developmental timings
worked around a hESC line, it is perhaps possible that critical windows are being
missed to properly direct these cells towards the correct phenotype. Alternatively, it is
also possible that the retained epigenetic mechanisms are instead conflicting with the
exogenous cues being used in culture, which is again plausible considering that
regional specificity is largely dictated by precise spatial and temporal expression of
morphogenic factors, and regulated by genes that act antagonistically in a gradient to

downregulate other developmental pathways.

Further research will be required to determine if these effects are due to tissue
specific epigenetic mechanisms that have been preserved in these hiPSCs, and to
establish whether whatever is driving these differences can be a help, or only ever a

hindrance, to the differentiation of these lines towards an MSN fate.
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Chapter 5: Genome-wide Methylation Analysis

5.1 Introduction

DNA methylation is a heritable and flexible epigenetic mechanism that is
understood to play a fundamental role in the regulation of gene transcription (Bird,
2002). Due to this functional relationship, DNA methylation has been shown to reflect
tissue and cellular phenotype in both adult and fetal tissues (Nagae, et al., 2011;
Fernandez et al., 2012, Lister et al., 2013; Lokk et al., 2014). Furthermore, during early
embryogenesis the entire genome undergoes several hypo- and hyper- methylation
cycles, and it is known to be highly conserved and regulated during development
(Cedar and Bergman, 2012). During the generation of iPSCs, it is established that the
entire genome undergoes a similar methylation shift, which expunges the previous
methylome, by instead acquiring high levels of methylation across the genome to more
closely resemble hESCs (Papp and Plath, 2013). This change in global methylation is
however not immediate or absolute, and early passage iPSCs are known to retain a
small degree of their previous epigenome. This includes some of the DNA methylation
observed in the parent cells from which these iPSCs are derived, within iPSCs, this is
referred to as their epigenetic memory of their tissue of origin (Kim et al., 2010; Polo et
al., 2010). There is evidence that this retained methylation includes some tissue specific
methylation that could potentially influence the differentiation of these iPSCs towards

cellular fates similar to their tissue of origin (Introduction 1.5.4).

Previously across both Chapters 3 and 4, | have generated hiPSCs from fetal
LGE tissues (L1, L2, and L11) and explored their capacity to differentiate towards an
MSN fate. Through the work conducted in Chapter 4, | have established that these
hiPSCs do indeed vary in their differentiation potential compared to genomically
identical hiPSCs derived from control tissues (C6, F1), and genomically distinct hESCs
(H9). Additionally, in Chapter 3, | presented some evidence that a critical difference
between these lines is their variable epigenome that is indicative of their tissue of origin.
However, to establish if these differences are indeed due to a retained epigenetic
memory specific to the hiPSC tissue of origin, it is important to next analyse the
epigenome of these cells. Such an analysis will also establish how similar the
methylome of these hPSC-MSNs are to the fetal LGE tissues which we are attempting

to emulate in culture.

The currently published data on DNA methylation in human fetal brains
collectively establishes that DNA methylation is more highly conserved and regulated

in human fetal brains compared to human child and human adult brains. Furthermore,
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it is predictive of neuronal and glial cell phenotypes, and appears to serve a role
mediating developmental gene expression (Introduction 1.5.3; Numata et al., 2012;
Lister et al., 2013; Spiers et al., 2015; Roost et al., 2017). However, to date there are
no published studies that describe the global DNA methylation differences between the
various structures of the human fetal brain including the WGE or its substructures (LGE,
MGE, CGE), although examination of post-natal rat brains has indicated DNA
methylation can vary according to the developmental structures of the neonatal brain
(Simmons et al., 2013). Therefore, it is also important to establish how the methylome
of primary LGE differs from other neural tissues, and to establish the common
methylation profile of primary fetal LGE. This will allow for a comparison between the

common methylome of primary fetal LGE tissues and the aforementioned hPSC-MSNSs.

Due to the scarcity of fetal tissues, and the time and material costs of generating
MSNs from hPSCs, it was preferable to use technology that offers precise and sensitive
measures to maximise the quality of data generated, whilst minimising the need for a
high number of samples per condition. Furthermore, as there is no present data on the
methylation profiles of primary fetal LGE tissues, it was important to use technology
that offered genome-wide profiling of samples. For these reasons, | elected to use the
Infinium Human Methylation 450 bead chips (450K) from lllumina, which targets CpGs
across the whole genome, which are associated with =99% of RefSeq genes and
include both CpG rich and reduced regions. The resulting data has been shown to be
highly reproducible and sensitive to subtle differences between sample methylation
(R?=0.992 between technical replicates; Bibikova et al., 2011). Furthermore, since its
release, this technology has been used broadly to characterise DNA methylation across
a diverse range of tissues, and the wider research community have consequently
further refined this technology (Nordland et al., 2013; Zhou et al., 2017), and improved
the methods of data analysis (Morris & Beck, 2015).

1.6.1 Summary of Aims

In this chapter | aimed to explore if and how the methylation profile of in vitro cultured
hPSC-MSNs differed, and how this varied by hPSC line. | also sought to explore the
methylation profiles of primary human fetal LGE tissues and compare them to similar
and dissimilar fetal tissues to establish their methylation profile. Finally, | aimed to
compare the methylome of primary fetal LGE tissues to hPSC-MSNs to establish if any
retained DNA methylation was advantageous to the LGE derived hiPSCs as they

underwent an MSNs differentiation that encouraged a more authentic phenotype.
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5.2 Results

Thirty two samples were processed for genome wide methylation analysis
(Methods 2.2.3, see Table 5.1 for sample details). In summary these were: single
samples of the primary LGE, MGE, cortex, and fibroblast tissues (all from SWIFT 2285,
CRL=42.1mm, 61 days p.c.) that had been used to generate the hiPSCs studied
throughout this thesis; single samples of two additional primary LGEs (from different
SWIFT donors: SWIFT 2415, CRL=53.4 mm, 69 days p.c.; and SWIFT 2451, CRL=37.8
mm, 70 days p.c.); single samples of three Primary WGEs (from different SWIFT
donors: SWIFT 2230, CRL=55 mm, 65 days p.c.; SWIFT 2240, CRL=40 mm, 62 days
p.c.; and SWIFT 3005, CRL=39.5 mm, 59 days p.c.), single samples of three WGEs
(termed ‘Cultured WGE’) that had been taken from the same WGE SWIFT donors as
above (SWIFT 2230, 2240, 3005) and allowed to spontaneously differentiate for four
weeks in vitro (Methods 2.1.3; WGE maturation culture conducted independently by Dr.
Sophie Precious); and the remaining twenty samples comprised a set of four samples
from each of the hPSC lines L1, L2, L11, F1, and H9. Each set from these lines included
a single pluripotent sample (described previously in Chapter 3; passage 9-13 for
hiPSCs, passage 23 for hESC), and three further samples harvested at day 30 from
independent rounds of hPSC-MSN differentiations (harvested from cells plated during
the first round of differentiation under Protocol 2, described in section 4.2.2 of Chapter
4. Differentiations were initiated between passages 12-18 for hiPSCs and 18-22 for
hESCs). Of these samples, one (hESC H9 MSN ii) was removed from further analysis
because 62% of the sample probes failed, whereas all other samples were found to
have <1% failed probes (Table 5.1). During the course of the analysis the data was

compiled into multiple data sets, these are described in Table 5.2.
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. . % of
Sample Name ﬁ’ir:ﬁitt';* E):gﬁrpnmental gﬁ:alnotype :Ja:'ic:f):s Datasets:
Primary LGE 2415 | SWIFT 2415 | Primary LGE/GE | Fetal LGE 0.1% I
Primary LGE 2451 | SWIFT 2451 | Primary LGE/GE | Fetal LGE 0.01% I
Primary LGE 2285 | SWIFT 2285 | Primary LGE/GE | Fetal LGE 0.06% I
Primary MGE 2285 | SWIFT 2285 | Primary MGE/GE | Fetal MGE 0.05% 1,2,3,6
Primary CTX 2285 SWIFT 2285 | Primary Cortex Fetal cortex 0.1% 1,2,3
Primary FIB 2285 | SWIFT 2285 | PlIMam fetal 0.05% 1,2, 3
Primary WGE 2230 | SWIFT 2230 | Primary WGE/GE | Fetal WGE 0.05% I
Primary WGE 2240 | SWIFT 2240 | Primary WGE/GE | Fetal WGE 0.07% I
Primary WGE 3005 | SWIFT 3005 | Primary WGE/GE | Fetal WGE 0.06% 1238
Saltured WGE SWIFT 2230 | Cultured WGE Fetal WGE 0.08% 1,2, 3
Salured WGE SWIFT 2240 | Cultured WGE Fetal WGE 0.06% 1,2, 3
gg(')t;red WGE SWIFT 3005 | Cultured WGE Fetal WGE 0.06% 1,2,3
hiPSC L1 Pluri SWIFT 2285 | Pluri-L1 hiPSC 0.06% 1,3
hiPSC L2 Pluri SWIFT 2285 | Pluri-L2 hiPSC 0.17% 1,3
hiPSC L11 Pluri SWIFT 2285 | Pluri-L11 hiPSC 0.06% 1,3
hiPSC F1 Pluri SWIFT 2285 | Pluri-F1 hiPSC 0.08% 1,3
hESC H9 Pluri ESC H9 Pluri-H9 hESC 0.05% 1,3
hiPSC L1 MSN i SWIFT 2285 | L1-MSN/L-MSN | hiPSC-MSN | 0.06% IR
hiPSC L1 MSN ii | SWIFT 2285 | L1-MSN/L-MSN | hiPSC-MSN | 0.05% I
hiPSC L1 MSN iii | SWIFT 2285 | L1-MSN/L-MSN | hiPSC-MSN | 0.11% I
hiPSC L2 MSN i SWIFT 2285 | L2-MSN/L-MSN | hiPSC-MSN | 0.72% IR
hiPSC L2 MSN ii | SWIFT 2285 | L2-MSN/L-MSN | hiPSC-MSN | 0.06% IR
hiPSC L2 MSN iii | SWIFT 2285 | L2-MSN/L-MSN | hiPSC-MSN | 0.50% I
hiPSC L11 MSN i | SWIFT 2285 | L11-MSN/L-MSN | hiPSC-MSN | 0.36% I
hiPSC L11 MSN ii | SWIFT 2285 | L11-MSN/L-MSN | hiPSC-MSN | 0.05% IR
hiPSC L11 MSN iii | SWIFT 2285 | L11-MSN/L-MSN | hiPSC-MSN | 0.06% IR
hiPSC F1 MSN i SWIFT 2285 | F1-MSN hiPSC-MSN | 0.06% I
hiPSC F1 MSN ii | SWIFT 2285 | F1-MSN hiPSC-MSN | 0.31% IR
hiPSC F1 MSN iii | SWIFT 2285 | F1-MSN hiPSC-MSN | 0.06% IR
hESC H9 MSN i ESC H9 H9-MSN hESC-MSN 0.05% IR
hESC HO MSN ii | ESC H9 H9-MSN hESC-MSN 62.56%
hESC H9 MSN iii | ESC H9 H9-MSN hESC-MSN 0.05% IO

*Genetic identity is described here as SWIFT donor number or hESC line, to clarify which
samples are isogenic.
Key: Primary = tissue dissected and prepared for analysis without any in vitro culture.
Cultured = tissue that has been allowed to spontaneously differentiate in culture (methods
2.1.3). CTX = cortex. FIB = fibroblast. Pluri = undifferentiated/pluripotent sample. MSN =
hPSCs at day 30 of an MSN directed differentiation (Methods 2.1.7). ilii/iii = independent
round of MSN differentiations.
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No. Chapter No. of Groups included: Purpose:
Section(s): | probes:

1 5.2.1 408,233 All Exploratory analysis, initial
identification of SWIFT 2285
specific CpG methylation

2 5.2.1 410,018 All Primary tissues To locate SWIFT 2285

(including cultured WGE) specific CpG methylation,
gene enrichment analysis

3 5.2.1 407,406 All Exploratory analysis

5.2.2,5.2.3
4 5.2.3 408,391 L1-MSNs; L2-MSNs; L11- | Exploratory analysis
MSNs; F1-MSNs; H9-
MSNs

5 5.2.4 407,739 Primary LGE; Primary DMP analysis
WGE, Cultured WGE; L1-
MSNs; L2-MSNs; L11-
MSNs; F1-MSNs; H9-
MSNs

6 5.2.4,5.2.5 | 407,801 Primary GE (includes all DMP analysis, gene
LGE, MGE and WGE enrichment analysis
samples); L-MSN
(includes all L1-, L2-, and
L11-MSNs); F1-MSNs;
and H9-MSNs

5.2.1 Identification and exclusion of SWIFT 2285 specific methylation

During exploratory analysis (dataset 1) of the 31 samples, it became apparent
that there was a risk of genetic bias in the analysis due to the high number of samples
derived from SWIFT 2285. Specifically, there is a distinct methylation signature unique
to samples derived from SWIFT 2285, which appears in all SWIFT 2285 derived primary
tissues, and remains observable through induction to pluripotency, and in vitro
differentiation towards an MSN phenotype (Figure 5.1A, red box). It was noted that
maintaining these specific CpGs in the analysis could potentially bias results, and
prevent analysis of any methylation specific to tissue of origin retained by the hiPSCs,

and therefore needed to be removed before data exploration.

To do so, a second dataset (dataset 2) was generated to locate which probes
were significantly differentially methylated in SWIFT 2285 samples compared to other
fetal tissues. The 12 fetal tissue samples were divided into two groups based on genetic
identity rather than phenotype: LGE, MGE, cortex, and fibroblast tissues taken from
SWIFT 2285 were included in the first group; whereas the second group comprised
LGE tissues taken from SWIFTs 2415 and 2451, and both primary and cultured WGE
samples taken from SWIFTs 2230, 2240, and 3005. hESCs, hiPSCs, and hPSC-MSNs
were excluded from this comparison to avoid the unwanted removal of hESC, hiPSC
and hPSC-MSN phenotype differences. Differentially methylated probe (DMP) analysis
(Methods 2.5.2.3) was conducted on dataset 2, and a total of 827 significant
DMPs/CpGs were observed between these two groups (p<0.05, Figure 5.1C shows all
827 significant DMPs, the red box indicates the same CpGs identifiable in 5.1A).
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Previously, it has been determined that there are autosomal sex differences in
fetal brain methylation (Spiers et al., 2015). Therefore, the 827 CpGs were next
compared to these previously identified sex specific CpGs (n=521 CpGs), but there was
not a single CpG present in both lists, indicating this is not due to sex differences
between samples, and instead are a product of genetic variation. Genes associated
with these DMPs (n=57) were analysed using gene enrichment analysis (Methods
2.5.2.4) to identify if there was a functional association between these differentially
methylated genes, three genes (SIK3, RORA, and PDK1) were significantly associated
with the regulation of cellular carbohydrate metabolic process (p=0.002) and regulation
of glucose metabolic process (p=0.006) in the GO Biological Process (2018) database
(which aims to group genes by general biological function), but no tissue specific

enrichment was observed.

When these significant DMPs were removed from the dataset (dataset 3) the
SWIFT 2285 specific methylation signature was no longer observed (Figure 5.1B, D).
Subsequently, these 827 CpGs were filtered from all future datasets to reduce the bias

effect of SWIFT 2285s genome specific methylation.

Figure 5.1: (Overleaf) Heatmaps of CpG Methylation before and after removal of
SWIFT 2285 specific methylation.

A. Exert of the top 1000 most variable CpGs between samples in dataset 1. Red box
indicate a series of CpGs that appear hypomethylated in all SWIFT 2285 samples, but
hypermethylated in all other samples.

B. The top 1000 most variable CpGs between samples in dataset 3, following the removal
of the 827 CpGs identified using dataset 2.

C. Summary of the 827 significantly differentially methylated CpGs between groups in
dataset 2. Red box indicates the same differentially methylated CpGs as seen in A.

D. Summary of the most differentially methylated CpGs between groups in dataset 2 (none
are significant), after the removal of the 827 CpGs.

121



Chapter 5
5.2.2 Unsupervised hierarchical clustering analysis

Following the exclusion of SWIFT 2285 specific methylation, exploratory
analysis was undertaken (dataset 3). Unsupervised hierarchical clustering (Methods
2.5.2.2) was conducted on the global methylation data collected from all CpG probes,
to explore whether DNA methylation could be used to distinguish and group the
samples. The results are expressed as a dendrogram and are discussed in reverse

clustering order (Figure 5.2).

The final clustering, and therefore greatest distinction, was made between the
primary fibroblast sample from SWIFT 2285 and the remaining thirty samples (Figure
5.2 (1)), indicating the unique, tissue specific, nature of its methylome. The three H9-
ESC derived samples were the next to separate from the main cluster (2). This group
included the pluripotent sample and the two differentiated H9-MSN samples,
suggesting that line specific methylation patterns of either genomic or hESC origin were
overall more defining than the cellular phenotype (hPSC vs hPSC-MSN), although this
distinction between cell phenotype was later identifiable (7). The next grouping (3)
included all hiPSC pluripotent samples, regardless of tissue of origin. Three hiPSC
derived MSN samples then clustered away from the main group (4) containing two L2-
MSN samples and one L11-MSN sample. The next division (5) separated all primary
neural samples (LGE, MGE, WGE, and cortex) from the remaining samples. Then the
main group clustered into two distinct groups (6); the first contained the three WGE
samples that had been allowed to spontaneously differentiate for 4 weeks in vitro
(Cultured WGE); and the second contained the remaining nine hiPSC derived MSN
samples. The next division (7) was within the H9 cluster, separating the pluripotent
sample from the differentiated MSN samples, indicating that the difference in H9 cell
phenotype was less pronounced than all previously mentioned distinctions. The final
noteworthy distinction (8) was then made between the primary cortex sample and the
various primary striatal tissues. All further groupings were within samples of similar
phenotypes or from similar experimental conditions. Of note, the hiPSC derived MSN
samples did not separate in this analysis based on tissue of origin, which suggests any
effects caused by tissue specific residual epigenetic memory are largely overshadowed
by other defining features of these populations, such as the variability created during
the differentiation process. This is further supported by the early separation of three
hiPSC-MSN samples (4), which clearly indicates that the differentiation process did not

have a uniform effect on the methylome of these samples in all instances.
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Figure 5.2: Dendrogram of unsupervised hierarchical clustering analysis
undertaken across all samples using dataset 3.

The axis describes the calculated Euclidean distance between clusters, with 0
representing samples that are indistinguishable, and gradual increases representing
increased difference between clusters. The final eight clusters to form are annotated at
the point of clustering in reverse order (1-8). Samples are coloured by experimental group.
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5.2.3 Examination of the 1000 most variable CpGs

Next samples were compared using only the 1000 CpG probes that exhibited
the largest range of B-values across all samples, indicating which CpGs varied most in
methylation status. These data are expressed using a heatmap of the methylation
status of these CpGs (Figure 5.3A), and through an MDS cluster plot (Figure 5.3B).
From the heatmap, it is apparent that there is a higher degree of methylation across all
hESC and hiPSC samples compared to primary and cultured primary tissues, which is
not obviously ameliorated by the in vitro differentiation process. Distinct trends were still
noticeable between samples based on phenotype, reflective of the unsupervised
hierarchical clustering patterns based on all CpGs outlined previously. For example, the
primary fibroblast sample exhibited a methylation pattern unlike all other samples, and
WGE samples appear to become more methylated following 4 weeks of in vitro culture
compared to their primary tissue counterparts (Figure 5.3.A). These similarities and
differences are also visible on the MDS plot (Figure 5.3B), as the primary fibroblast
sample clusters independently from all other samples, and there is a subtle division
between the primary WGE and cultured WGE indicative of this increase in methylation.
However, further distinctions are also visible, the most notable being that in vitro MSNs
cultured from hiPSCs and hESCs clustered in a group loosely together, but separately

from pluripotent samples (Figure 5.3B).

To determine if tissue of origin still affected hiPSCs after an in vitro MSN
differentiation, a new dataset (dataset 4) was generated that included only the hPSC-
MSNs samples. hESC-MSNs were notably more methylated than hiPSC-MSNs (Figure
5.3D) and cluster separately from hiPSC-MSNs (Figure 5.3C). Furthermore, whilst the
differences between LGE derived hiPSC-MSNs and fibroblast derived hiPSC-MSNs are
not as pronounced compared to hESC-MSNs (Figure 5.3D), their methylomes still

cluster according to source tissue (Figure 5.3C), suggesting that they have retained a

Figure 5.3: (Overleaf) Heatmaps and MDS plots exploring the 1000 most variable
CpGs across samples in dataset 3 and 4.

A. MDS plot generated using the 1000 most variable CpGs across samples in dataset 3.
Clusters are labelled, and individual samples are coloured by group. Cultured WGE
clusters separately from Primary WGE and LGE, indicating a methylation shift is acquired
in vivo (highlighted by an orange chevron). hPSC-MSNs cluster loosely together, a black
line indicates which samples are hESC-MSNs and which are hiPSC-MSNs.

B. A heatmap generated using the 1000 most variable CpGs across samples in dataset 3.
hPSC derived samples are more widely methylated than primary tissues, regardless of
cellular phenotypes and experimental groups. Trends are identifiable between samples
that cluster together in A.

C. MDS plot generated using the 1000 most variable CpGs across samples in dataset 4.
Clusters are labelled, and individual samples are coloured by group. hPSC-MSNs cluster
according to their tissue of origin rather than only by cell line, as exhibited by separate
hESC, LGE-hiPSC and fibroblast-hiPSC clusters, and the strong similarity between all 9
LGE-hiPSC derived samples.

D. A heatmap generated using the 1000 most variable CpGs across samples in dataset 4.
H9-MSNs are typically more methylated than all hiPSC-MSNs, and methylation trends can
be observed within lines and groups that led to the sample clustering observed in C.
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methylation signature indicative of their tissue of origin. Finally, there is some observed
separation between LGE derived hiPSC-MSNs here, which suggests that there are also
subtle line specific patterns that can persist between hiPSCs derived from the same

tissues (Figure 5.3C).

5.2.4 Global DMP analysis

A DMP analysis (Methods 2.5.2.3) was conducted on all experimental groups
that contained a minimum of two samples for analysis (Table 5.1; Primary LGE, Primary
WGE, Cultured WGE, L1-MSNs, L2-MSNs, L11-MSNs, F1-MSNs, H9-MSNs). The
results of this comparison are detailed in Table 5.3. Groups that were experimentally
similar routinely exhibited the least number of significantly different DMPs. For instance,
Primary LGE and Primary WGE were observed to have 0 DMPs between them, and
between the groups of LGE-hiPSC derived MSNs there were only 2 DMPs between
MSNs derived from lines L2 and L11 which had been noted previously to have less
consistent methylation profiles. However, when compared to other samples with
different phenotypes, differences between these otherwise similar groups became
more apparent, for example, between the Primary LGE and L1-MSN groups there were
54,407 DMPs, whereas between the Primary WGE and L1-MSN groups there were
82,643 DMPs. The difference of 28,236 DMPs between these comparisons could
potentially be a consequence of small sample sizes used in these analyses. It is
therefore possible that a larger study would have sufficient power to identify individual
DMPs between similar tissues and experimental groups. In light of this, all subsequent
analyses were therefore restricted to comparisons of the most prominent differences

between groups.

Table 5.3 — Number of significantly differentially methylated probes (DMPs) between
sample groups with adjusted p<0.01, generated using dataset 5.

L1- L2- L11- F1- HO-

P.LGE | P.WGE | C.WGE | 1o N e N VN

PrL”ggry 0 5920 | 54407 | 16456 | 29923 | 38026 | 49210

ngaEry 0 13581 | 82643 | 31197 | 49605 | 61989 | 88751

C‘\J,\',tgrEed 5920 | 13581 48353 | 13738 | 24553 | 34193 | 44831

L1-MSNs | 54407 | 82643 | 48353 0 0 28 3053

L2-MSNs | 16456 | 31197 | 13738 0 2 6 1089

L11-MSNs | 29923 | 49605 | 24553 0 2 23 2575

F1-MSNs | 38026 | 61989 | 34193 28 6 23 1950
H9-MSNs | 49210 | 88751 | 44831 | 3053 1089 | 2575 1950

Key: P=Primary, C=Cultured
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For this reason, a final more conservative dataset (dataset 6) was generated
that sought to merge similar groups together to increase the power of this analysis, at
the potential loss of some tissue and hPSC line specificity. Primary LGE, Primary WGE,
and the Primary MGE samples were pooled into a Primary Ganglionic Eminence group
(termed Primary GE; Table 5.1). Cultured WGE samples were not included in this group
because their methylation profile was significantly different from both Primary LGE and
Primary WGE samples, as evidenced by the significant number of DMPs observed
previously (Table 5.4). Furthermore, L1-MSNs, L2-MSNs, and L11-MSNs were pooled
into an L-MSN group (Table 5.1). A second DMP analysis was conducted on these
newly grouped samples, all DMPs are significant at p<0.01 (full results detailed in Table
5.4). Primary GEs were differentially methylated from all hPSC-MSN groups at
approximately 25% of all CpG sites tested (114393 DMPs between Primary GE and L-
MSNs; 102872 DMPs between Primary GEs and F1-MSNs; 100760 DMPs between
Primary GEs and H9-MSNs). By comparison, there were far fewer differences
observable between hiPSC-MSNs and hESC-MSNs (4561 DMPs between H9-MSNs
and L-MSNs; and 1965 DMPs between H9-MSNs and F1-MSNs). Finally, there were
fewest DMPs between hiPSC-MSNs derived from hiPSCs derived from different tissues
of origin (276 DMPs between L-MSNs and F1-MSNs), indicating that there is a
methylation signature that separates these hiPSCs that is dependent on tissue of origin,
but these lines were still the most similar suggesting other features between lines also

cause methylation differences.

Table 5.4 — Number of significantly differentially methylated probes (DMPs) between
sample groups with adjusted p<0.01, generated using dataset 6.

Primary GE L-MSNs F1-MSNs H9-MSNs
Primary GE 114393 102872 100760
L-MSNs 114393 276 4561
F1-MSNs 102872 276 1965
H9-MSNs 100760 4561 1965

5.2.5 Gene Enrichment Analysis of Differentially Methylated Genes

Gene enrichment analysis (Methods 2.5.2.4) was conducted on the genes
associated with significant DMPs between groups in dataset 6 (referred to herein as
differentially methylated genes). DMPs were filtered to only include those with a AB-
value difference of 0.5 between groups representing a 50% difference in population
methylation between groups, to increase the likelihood that the DMPs analysed were
biologically relevant. These DMPs were then divided into hyper- and hypo-methylated
groups, and finally DMPs without known associated genes were removed from the
analysis. A summary of results are detailed in Tables 5.5-5.7, adjusted p value is given

for each term in each comparison, greyed out p values are non-significant
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Table 5.5 — Summary of gene enrichment results from significantly differentially methylated genes in Primary GE and hPSC-MSNs

GO Biological Process
2018

Regulation of cell migration

0.014999505

0.008035587

Methylation Data Base Term Adjusted p value

Status Vs. L-MSNs Vs. F1-MSNs Vs. H9-MSNs

) Striatum 0.000147682 0.00022169 4.63022E-05

Allen Zg:}aﬁﬁs UP- pstamen 0.000223555 | 0.00048542 | 0.000415634

Caudate nucleus 0.000545271 0.004605231 0.003469212

Astrocyte 5.60263E-24 1.86313E-25 2.34008E-19

Cerebral Cortex 1.74043E-24 4.95918E-25 6.86715E-29

Brain (Bulk) 9.26908E-26 1.64376E-23 1.11572E-31

. Superior Frontal Gyrus 5.54882E-25 1.64319E-21 1.40801E-27

("'3 ARCHS4 Tissues Motor Neuron 1.74677E-21 4.51428E-21 2.04775E-22

5 Fetal Brain 3.63998E-19 2.10352E-19 6.17495E-19

E Prefrontal Cortext 3.63584E-17 2.45371E-17 1.25977E-23

c Dorsal Striatum 9.91063E-12 2.07E-08 1.96558E-12

E Nervous system development 3.7425E-10 4.02944E-09 3.21967E-10

2 Synapse assembly 3.80871E-07 0.000169691 1.07861E-05

é Axon guidance 2.26731E-05 1.5285E-05 1.51089E-05

g Axonogenesis 8.04354E-05 1.5285E-05 1.24123E-06
>
T

0.003732031

Positive regulation of neuron projection development

0.022045683

0.021203901

0.025486359

Positive regulation of synaptic transmission

0.022297929

0.021203901

0.021522687

Modulation of excitatory postsynaptic potential

0.022423928

0.07246016

0.11569922

Neuron projection morphogenesis

0.037239437

0.039023643

0.000101461

Regulation of neurotransmitter receptor activity

0.044063156

0.067090081

0.285722703

Positive regulation of cell differentiation

0.057021704

0.080683784

0.004015063

Cell morphogenesis involved in neuron differentiation

0.164229004

0.059816116

0.001169334

Hyper-

methylated in
Primary GE

GO Biological Process
2018

Epidermal cell differentiation N/A 0.03940305 0.025565857
Peptide cross-linking N/A 0.03940305 0.019470429
Sensory perception of smell N/A 0.03940305 N/A

Keratinocyte differentiation N/A 0.03940305 0.023525622
Skin development N/A 0.050708058 0.069078235




Table 5.6 — Summary of Gene enrichment results from significantly differentially methylated genes between hPSC-MSN groups

Adjusted p value

Database Term
Vs. L-MSNs Vs. F1-MSNs
CEREBRAL CORTEX 0.00115364 0.034358499
Hyper-
methylated in ARCHS4 SUPERIOR FRONTAL GYRUS 0.00087737 0.034358499
H9-MSNs
BRAIN (BULK) 0.00020233 0.042700832

Table 5.7 — Gene enrichment results from significantly differentially methylated genes between L-MSNs and F1-MSNs

Database Term Vs.F1-MSNs Genes
Main olfactory bulb, inner plexiform layer 0.10032111 FAM135B;SMARCA2
Bm»ﬂ_vw\_wﬂm.a - Allen Brain Atlas Olfactory bulb glomerular layer 0.10032111 [CNTNAP1 “_n>_,% 35B;SMARCA
L-MSNs RETHEIENS Superficial stratum of olfactory bulb 0.10032111 |CNTNAP1;FAM135B;SMARCA
Olfactory bulb olfactory fiber layer 0.10032111 |[CNTNAP1;FAM135B;SMARCA
Main olfactory bulb, glomerular layer 0.10347247 COL22A1;KIAA1161
Allen Brain Atlas Olfactory bulb glomerular layer 0.10347247 COL22A1;KIAA1161
EgluB Sl Superficial stratum of olfactory bulb 0.10347247 COL22A1;KIAA1161
Hyper-
methylated in Olfactory bulb olfactory fiber layer 0.10347247 COL22A1;KIAA1161
L-MSNs
Sensory perception of chemical stimulus 0.00043704 OR8H2;0R5AS1;0R8U8
mm o_,M_VM,_%mm_Amm Sensory perception of smell 0.00035449 ORS8H2:0R5AS1;0R8U8
Olfactory receptor activity 0.00025126 OR8H2;0R5AS1;0R8U8
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First, the differentially methylated genes between hPSC-MSNs and Primary
GEs were analysed. Regardless of cell line, an increased level of methylation was
consistently observed at CpG sites in hPSC-MSNs when compared to Primary GEs
(number of differentially methylated genes that were more methylated in L-MSNs: 2043;
F1-MSNs: 2607; H9-MSNs 2807). Gene enrichment analysis implicated genes that
were related to various brain regions and neuronal pathways (Table 5.5). Analysis using
the Allen Brain Atlas Up database (which aims to group upregulated genes by neural
tissues and regions across rodent, primate and human brains) identified over 400
significant terms for each comparison (456 for L-MSNs, 423 for F1-MSNs, and 467 for
H9-MSNSs), which included the terms Striatum, Caudate Nucleus, and Putamen (Table
5.6). Analysis using the ARCHS4 Tissues database (which collates publicly available
RNA sequencing data from human and mouse tissues) revealed 52 significant terms in
the L-MSN comparison, 49 in the F1-MSN comparison and 50 in the H9-MSN
comparison. The terms demonstrating the strongest evidence for the enrichment of
differentially methylation loci included various neural tissues, including fetal brain and
the dorsal striatum (Table 5.5). The GO Biological Function (2018) database also
returned several significant terms for each comparison (40 for L-MSNs, 34 for F1-
MSNs, and 27 for H9-MSNs) which indicated genes related to related to neuronal
development, maturation, and function were differentially methylated (Table 5.5).
Conversely, when analysing the few genes associated with more methylated CpGs in
Primary GE than hPSC-MSNSs (L-MSNs: 4 genes; F1-MSNS: 19 genes; H9-MSNs: 80
genes), it was found that both F1-MSNs and H9-MSNs had unmethylated CpGs
associated with non-neural functions. For example, analysis using the GO Biological
Function (2018) database with these genes revealed significant associations with
epidermal differentiation. L-MSNs did not return terms with more than one associated

gene.

Comparisons between hPSC-MSN groups revealed some of the previously
observed methylation differences between lines are associated with common pathways
and tissues. First, H9-MSNs were compared to L-MSNs (131 differentially methylated
genes that were more methylated in L-MSNs; and 294 more methylated in H9-MSNSs)
and F1-MSNs (102 genes more methylated in F1-MSNs; and 225 genes more
methylated in H9-MSNs). Few significant associations were found between these
genes, however the ARCHS4 Tissues database found genes more methylated in H9-
MSNs were significantly associated with Brain (Bulk), the superior frontal gyrus, and
the cerebral cortex (Table 5.6). Finally, L-MSNs were compared to F1-MSNs (7 genes
more methylated in L-MSNs; and 13 genes more methylated in F1-MSNs). Only GO
Molecular Process (2018) returned significant results, indicating that L-MSNs had
increased levels of methylation at three genes (OR8H2, OR5AS1, and OR8U8) which
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were significantly associated with olfactory receptor activity and sensory perception of
smell and chemical stimulus (Table 5.7). However, the Allen Brain Atlas Up and Down
databases highlighted five further genes related to olfactory tissues (COL22A1,
KIAA1161, CNTNAP1, FAM135B, and SMARCAZ2) though these did not remain
significant after correction for multiple testing. Examination of these databases
indicated that the first three genes are not included in the Allen Brain Atlas libraries,
and the other five genes are not included in the GO Molecular Process (2018) library.
COL22A1 and KIAA1161 were more methylated in L-MSNs, and were upregulated in
olfactory related tissues in the Allen Brain Atlas Up database, whereas CNTNAP1,
FAM135B, and SMARCA2 were more methylated in F1-MSNs, and are downregulated

in olfactory related tissues in the Allen Brain Atlas Down database.

5.2.6 Methylation at enriched striatal genes

Following the finding that hPSC-MSNs were differentially methylated at CpGs
related to the striatum, putamen and caudate nucleus, the methylation status of
routinely tested genes associated with striatal MSN phenotypes were individually
examined. DMPs between hPSC-MSNs and Primary GEs were explored for CpGs
associated with striatal genes. GSX2, DLX2, NKX2.1, DARPP32, DRD1, DRD2, and
GABRA1, were all found to have significant differences between hPSC-MSNs and
Primary GEs across at least one CpG in all groups, though none exhibited a AB-value
detectable using the previously defined AB-value difference of >0.5. However, FOXP1,
FOXP2, CTIP2, and PENK were also found to have at least one CpG that was
significantly different between hPSC-MSNs and Primary GEs that was differentially
methylated at a AB-value difference of >0.5. Examination of all CpGs related to these
genes revealed a trend for hPSC-MSNSs to exhibit more methylation than Primary GEs
across these genes but generally a similar pattern is observed, indicating that classic
MSN markers are similarly methylated between hPSC-MSNs and Primary GE tissues
(Figure 5.4).
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Figure 5.4 Methylation status of genes associated with a striatal MSN phenotype
The Y axis indicates the CpG B-value, and the X axis indicates approximate genetic
regions (top bar, see Genetic Region Key), and local CpG density (bottom bar, see
Methylation Density Key). Values for each sample are plotted for each CpG examined,
and the mean value for each group is indicated by a continuous line across the gene.
hPSC-MSNs exhibit similar methylation patterns as Primary GE samples at critical MSN
related genes, however there is also an observable trend for increased methylation across
these CpGs compared to Primary GE samples.
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5.3 Discussion

In this chapter | have explored the methylomes of isogenic hiPSCs following a
differentiation into an MSN phenotype to determine the extent and impact of their
epigenetic memory of their tissue of origin. | have also compared these cells to Primary
GE tissues, which represent the gold standard MSN progenitor tissues that hPSC-
MSNs need to attempt to replace to be progressed for clinical application in CRT for
HD. Epigenetic memory of tissue of origin is identifiable between isogenic hiPSC-

MSNs, but various other features also influence their methylomes.

5.3.1 Genetically identical hiPSCs have a distinct epigenetic signature

During the initial exploration of these data it became apparent that there was a
unique DNA methylation signature across 827 CpGs that persisted in all samples
derived from SWIFT 2285 tissues. This signature was present in the primary LGE,
MGE, cortex and fibroblast tissues indicating it was not reflective of tissue phenotype.
It was also highly conserved as it was still present in hiPSCs derived from these tissues
and all resulting hiPSC-MSNSs. During the QC process all probes associated with SNPs
or located on X and Y chromosomes were removed to reduce the genetic and sex
differences between samples (Methods 2.5.2.1), however, previous studies examining
methylation in the fetal brain have demonstrated that a small number of sex specific
methylation differences also occur across autosomal chromosomes (521 CpGs: Spiers
etal., 2015). As the sex of SWIFT donors is not tested for or recorded, it was considered
possible these differences could be sex based. However, when comparing these 827
CpGs to the 521 CpGs identified in Spiers et al., 2015, there was no overlap between
these two lists of CpGs, which suggests these differences are not caused by difference
in the sex of the donors. Methylation is known to vary according to genome, and there
is evidence that methylation in adult brain can vary according to genetic identity (Zhang,
et al. 2010). Therefore it is possible this methylation signature is simply unique to
SWIFT 2285, and that it arose during data exploration due to the high number of
samples derived from this sample and therefore sharing this genetic heritage. Finally,
to determine if there was a functional relationship between these differentially
methylated CpGs, the genes associated with them (57 genes) were collated and
underwent gene enrichment analysis. No tissue associations were observed, but two
biological processes (regulation of cellular carbohydrate metabolic process; regulation
of glucose metabolic process) were found to be related to three of the differentially
methylated genes (SIK3, RORA, and PDK1).
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5.3.2 The fetal methylome is highly reflective of tissue phenotype

Following the removal of the CpGs that were differentially methylated in SWIFT
2285 derived samples, exploratory analysis on the full dataset was undertaken. First,
samples underwent unsupervised hierarchical clustering analysis which seeks to group
samples (and subsequent groups formed of grouped samples) in order of their overall
similarity. This was conducted using complete linkage clustering theory, by creating a
distance matrix between samples based on the sum of all B-value differences between
these samples at each CpG site tested. The most similar samples were then clustered
together into a new cluster, and the distance between this cluster and all others was
then calculated again to determine which two clusters were the next most similar, which
was repeated until a final cluster was formed. This was then complemented with
analysis of the 1000 most variable probes across samples, which can highlight more
fundamental methylation similarities and differences between samples. Across these
two forms of exploratory analysis it became apparent that the samples examined
separated primarily by tissue/cellular phenotype, although differences between these
two methods of data exploration also indicated that other factors could play a significant

role in defining sample methylomes which are discussed below.

The primary fibroblast sample was the last to cluster in the hierarchical
clustering analysis (Figure 5.2(1)) and had a distinct methylation profile compared to
other samples when comparing the 1000 most variable CpGs (Figure 5.3A-B). As it was
the sole sample included from a mesodermal cell lineage, this difference was
presumably driven by tissue or germ layer specific methylation patterns which are
known to be present in fetal tissues (Roost et al., 2017). However, it is yet to be
established if the various regions of the fetal brain also exhibit unique methylation
profiles. In this project, two neural structures were included (primary cortex and WGE)
and two WGE substructures (LGE and MGE). Primary cortex clustered early on with
primary LGE, primary MGE, and primary WGE, indicating the relative similarity between
the methylation profiles of fetal neural tissues. However, this clustering did not occur at
the same level as the LGE, MGE and WGE samples clustered, indicating that there
were still some methylation differences that appear to distinguish fetal neural structures
(Figure 5.2(8); Figure 5.3A,B). Furthermore, primary WGE samples clustered together
before the inclusion of LGE and MGE samples, indicating potential variability between
the LGE and MGE substructures. This is further supported by the discrepancies
between the number of DMPs observed between hPSC-MSNs and primary WGE and
LGE groups, which consistently demonstrated that hPSC-MSNs were more similar to
primary LGE than primary WGE tissues. In light of this however, with zero DMPs

observed between primary LGE and WGE tissues, it is not possible to conclude
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definitively that there exists methylation differences between these two tissues.
Collectively these results indicate that fetal tissues possess distinctive tissue
methylation patterns associated with their tissue phenotype, and that fetal brain
structures also appear to have unique structure-specific methylomes. There is also
evidence suggesting fetal brain substructures may have unique methylation patterns,

but this will need to be fully explored in future work.

Interestingly, there were distinctions made between primary and cultured WGE
tissues, that separated them into distinct clusters during both the unsupervised
hierarchical clustering (Figure 5.2(5)) and MDS clustering analysis (Figure 5.3A). This
was revealed to be caused by an increase in methylation compared to primary tissue
counterparts (Figure 5.3B) and resulted in significant changes at 13581 CpGs (Table
5.3; p=0.01). It is beyond the scope of this thesis to determine what is driving this
methylation shift, but it highlights the possibility that culture techniques could be
inducing this methylation shift in WGE, and could therefore play a factor in the

differences observed between hPSC-MSNs and the primary fetal neural tissues.

5.3.3 hPSC-MSNs exhibit a distinctive methylome which is influenced by
genome, hPSC type, and tissue of origin

The second unique cluster in the hierarchical clustering analysis was composed
of all three H9-hESC derived samples including the H9-MSNs (Figure 5.2(2)). This
indicates a distinction between these cells and primary neural tissues, that is potentially
not shared by hiPSC-MSNs, as these were instead observed to first cluster with primary
neural tissues (Figure 5.2(4,5,6)) before clustering with their pluripotent counterparts
(Figure 5.2(3)). Of note, this difference is not in part due to the removal of SWIFT 2285
specific methylation, as unsupervised hierarchical clustering was unaffected by the
removal of these CpGs. Later, H9-hESC derived samples separated by cell phenotype
into H9-pluripotent and H9-MSN samples (Figure 5.2(7)) at around the same level of
similarity that divisions were made between cultured WGE and many hiPSC-MSNs
(Figure 5.2(8)). Collectively, this implies that there exists a methylation signature
distinctive for these three H9-hESC derived samples that was sufficiently different from
other samples to cause H9-ESC samples to cluster alone, and this could be specific to
either the starting cell type (hESC) or the lines genetic identity (H9). Without additional
hESC lines included in this analysis, it is not possible to determine which of these
components drove this separation from other hPSC-MSNs. Examination of the top 1000
most variable CpGs across all samples did not highlight H9-hESC specific methylation
patterns, but examination of the top 1000 most variable CpGs across just hPSC-MSN
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samples did indicate a series of CpGs that were differentially methylated between H9-
MSNs and hiPSC-MSNs (Figure 5.3D). Furthermore, DMP analysis between hPSC-
MSNs indicated there were more DMPs between H9-MSNs and hiPSC-MSNs than
between hiPSCs derived from different tissues (Table 5.4). It is important to recognise
that the hiPSCs tested here are from the same SWIFT donor, and have been
demonstrated in this analysis to share some genome specific methylation. However,
the SWIFT 2285 specific significant DMPs were removed from this comparison, and
therefore these differences could reflect a difference between MSNs cultured from
hiPSCs and hESCs. Both of these analyses complement the separate clustering of H9-
hESC derived samples observed in the unsupervised hierarchical clustering analysis,
supporting the idea that H9-hESC derived samples have a unique hESC or genetic
specific methylation signature, that separates them from primary neural tissues more

than the hiPSCs examined here.

As previously mentioned, the hiPSC-MSNs derived from both primary LGE and
fibroblasts clustered with fetal neural tissues (Figure 5.2(4,5,6)) before their pluripotent
counter parts (Figure 5.2(3)). However, this occurred across multiple clustering points
(4-6) indicating some lines were less similar to these cells than others. Three hiPSC-
MSNs clustered later during unsupervised hierarchical clustering analysis than the
maijority (Figure 5.2(4)). This could indicate a high degree of variability in hiPSC-MSN
populations, and, as all three samples that clustered later were all derived from LGE
derived hiPSCs (lines L2 and L11) it is possible, though unconfirmed, that this is related
to tissue of origin. When examining the heatmap expressing the 1000 most variable
CpGs between hPSC-MSNs (Figure 5.3D) these same three samples were observed
to have less uniform methylation than the other LGE derived hiPSC-MSNs. Collectively
this suggests there is more variability between L-hiPSCs undergoing an MSN
differentiation than in other lines, but without a more extensive dataset including other

hiPSC lines it is difficult to determine this with confidence.

Whilst the global methylation analysis suggests that hESC-MSNs and hiPSC-
MSNs are distinctive from each other, examination of the most variable probes reveals
that there are key similarities between these cells. When clustering the samples based
only on these highly variable CpGs, hPSC-MSNs form a loose cluster away from other
samples (Figure 5.3A). However, this appears to be driven by a higher degree of
methylation than is observed in primary tissues (Figure 5.3B), as when the primary
tissues are removed from this comparison, hPSCs separate instead by cell type (hESC
and hiPSC) and tissue of origin (LGE derived hiPSCs and fibroblast derived hiPSCs;
Figure 5.3C). Collectively, this demonstrates that hPSC-MSNs share a dominant

common methylation profile that is indicative of their cellular phenotype (in vitro cultured
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MSN at day 30 of a standardised protocol), but secondary line specific differences also
exist that persist through the differentiation process which could affect final cell
phenotype. Examination of DMPs between these samples, when grouped by cell type
and tissue of origin, further supports this hypothesis (Table 5.4), and there is some
evidence from the gene enrichment analysis that these DMPs are related to different
tissues and pathways. First, hiPSC-MSNs were observed to be less methylated at
CpGs associated with genes significantly enriched for spinal cord, brain tissue, and
brain regions, compared to hESC-MSNs (Table 5.7), which could indicate more open
chromatin structure at these genes in hiPSC-MSNs than hESC-MSNs. When
comparing hiPSC-MSNs by tissue of origin (LGE and fibroblast), there was some
significant enrichment for olfactory related pathways (Table 5.8), and of the 20 genes
examined in total, 8 of them were associated with olfactory pathways or tissues.
Furthermore, two of these genes were more heavily methylated in F1-MSNs and these
genes are downregulated in olfactory tissues, whereas the other seven were more
heavily methylated in L-MSNs and are upregulated in olfactory tissues and pathways.
Whilst these terms did not remain significant after correction, investigation of the gene
enrichment libraries used revealed that neither library contained all eight of these
genes. Additionally, the libraries do not account for the link between both up- and down-
regulation and subsequently it is plausible that this lack of significance is a product of

the limits of this comparison.

5.3.4 hPSC-MSNs do not share a methylome with Primary GE tissues

The greatest observed differences uncovered in this chapter were not between
hPSC-MSNSs, but rather between hPSC-MSNs and Primary GE. Outputs from the DMP
analysis comparing the hPSC-MSNs and Primary GE revealed there were over 100,000
significant DMPs between these groups, representing significant differences across
approximately 25% of the total CpGs examined in this study (Table 5.4). It should be
noted that the number of DMPs was lowest in H9-MSNs (100,760 DMPs) and highest
in L-MSNs (114,393 DMPs), which could indicate there are more differences between
L-MSNs and Primary GE than other comparisons. However, it is likely the number of
DMPs that reached significance is in part due to the limitations of this study, specifically
the small group sizes. In a previous DMP analysis there was a discrepancy observed
in the number of DMPs between similar tissue groups (Table 5.3; Primary LGE and
Primary WGE), compared to groups from which they were dissimilar. This indicates a
lack of power preventing the identification of differences between similar groups, and
therefore similar samples were merged into larger groups to increase the power of this

analysis at the potential loss of some specificity. After combining samples into larger
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groups, the comparison of L-MSNs to Primary GE had the highest number of samples
(n=15) and therefore more statistical power and a greater ability to find less variable
DMPs. Conversely, the comparison of H9-MSNs to Primary GE had the lowest number
of samples (n=8) and therefore has less power to identify less variable CpGs. Further
evidence for this comes from the differentially methylated genes associated with these
DMPs. To generate these lists, DMPs were filtered to only include DMPs with a AB-
value difference between groups of at least 0.5, to indicate a methylation shift in at least
50% of the sample population. Despite having the largest total number of DMPs, L-
MSNs had the fewest number of differentially methylated genes associated with DMPs
(total 2047 genes) compared to the other groups (Fibro-MSNs: 2628 genes; ESC-
MSNs: 2887 genes). This demonstrates that whilst L-MSNs varied significantly from
Primary GE, there were fewer instances of AB-value differences surpassing 0.5,
suggesting the additional DMPs found in the comparison between L-MSNs and Primary
GE are likely a product of increased statistical power rather than any true increase in
difference. However, this will need to be validated in future bodies of work that can
specifically attempt to quantify these differences without losing specificity, and at least
within this study it is hard to draw definitive meaning from the number of DMPs or
differentially methylated genes. Importantly, that this underpowered study is able to
consistently identify over 100,000 DMPs between hPSC-MSNs and Primary GE tissues
strongly indicates that there are drastic differences between the authentic gold standard
methylome, and that which exists in the hPSC-MSNs generated using a standardised

protocol.

To explore the possible biological relevance of these differences in DMPs, gene
enrichment analysis was conducted on the genes associated with significant DMPs
between groups, divided by direction of methylation (i.e. increased methylation in the
first group and decreased in the second, or decreased methylation in the first group and
increased in the second). This analysis revealed that genes strongly associated with
neuronal tissues and functions, including striatal tissues were more widely methylated
in hPSC-MSNs compared to primary GE (Table 5.6). First, the Allen Brain Atlas
databases revealed a significant association between these genes and over 400 terms
describing neural regions and structures, including the striatum, putamen and caudate
nucleus. Indeed, examination of the methylation status of genes commonly used to
identify positive MSN populations in hPSC derived cultures confirmed a trend for hPSC-
MSNs to exhibit increased, though not complete, methylation across several of these
genes (Figure 5.4). The ARCHS4 tissue database confirmed that these genes were
more strongly associated with neural tissues, and also fetal brain (Table 5.6). However,
it also revealed some enrichment for terms related to tissues across other parts of the

body (data not shown). Furthermore, these genes were found to have clear biological
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associations each related to neurological function and development as seen by
significant associations within the GO Biological Process (2018) database. The
strongest association of these processes in all comparisons was nervous system
development, which was associated with 100 differentially methylated genes in L-
MSNs, 115 differentially methylated genes in F1-MSNs, and 124 differentially
methylated genes in H9-MSNs. Conversely, when comparing differentially methylated
genes that were more methylated in Primary GE than hPSC-MSNs, significant
associations were observed related to biological processes unrelated to neural
phenotypes (e.g. epidermal differentiation), but only in F1-MSNs and H9-MSNs.
Interestingly, F1-MSNs were found to be uniquely less methylated at genes associated
with Sensory Perception of Smell than Primary GE (Table 5.6). This was driven by one
of the same genes differentially methylated between L-MSNs and F-MSNs and two
additional associated genes (OR8H2, OR10AG1, OR2T34).

Methylation was first established as a repressor of gene transcription, and this
is understood to be one of its primary purposes in mediating gene expression (Bird,
2002). Subsequently, the data gathered from this gene enrichment analysis could
suggest hPSC-MSNs have a reduced capacity to transcribe genes associated with
neural tissues and function, and equally F1-MSNs and H9-MSNs could have an
increased capacity to transcribe genes related to epidermal differentiation. However,
there is additional evidence that DNA methylation plays a more varied role in gene
expression than previously thought, particularly in adult tissues, for instance depending
on which gene and specific CpG binding site is methylated, methylation can result in
alternative gene splicing instead of transcriptional repression (Lev Maor et al., 2015)
and increased tissue specific gene expression (Lokk et al., 2014). Determining the
actual biological consequences of these differentially methylated CpGs and genes will
require significant further analysis to be conducted in future experiments. Regardless
of actual function, DNA methylation is an important marker of variation in development
and gene transcription, and the results from this gene enrichment analysis demonstrate

hPSC-MSNs possess a widely different methylome to primary fetal striatal tissues.

5.3.5 Conclusions

In this chapter | aimed to explore the methylation profile of in vitro cultured MSNs
derived from different hPSC lines, to establish if any variability in hiPSC-MSNs could
be attributed to their epigenetic memory of their tissue of origin, and to compare their
methylomes to authentic LGE tissues. Throughout the analysis it became apparent that

the study was not sufficiently powerful to completely achieve these goals, and instead
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several compromises have been made to enhance the comparisons which potentially
reduced the specificity of the results. Nonetheless, the resulting data has expanded on
our understanding of the primary fetal brain, and provided some of the first data
observing how the methylome of the human fetal brain structures differ. Furthermore,
there is some evidence that the various substructures of the fetal brain may also
harbour variable DNA methylation patterns that distinguish them from neighbouring
tissues, but a larger experiment is necessary to fully determine this. This work has
established that in vitro cultured hPSC-MSNs are largely methylated across the
genome, in direct contrast to Primary GE tissues. The functional consequences of this
remain unknown, but this could be indicating that our current differentiation protocols
are insufficient to induce an authentic maturing methylome reflective of authentic
primary striatal tissues. | have also uncovered evidence suggesting that the methylome
of these cells varies between differentiations, though it remains to be determined if this
is specific to conditions fulfiled by LGE derived hiPSCs undergoing an MSN
differentiation, or if this indeed a global variability between uniformed directed
differentiations. Aside from these differentiation induced variations, hPSC-MSNs also
exhibit methylation patterns that are consistent between MSN populations derived from
the same cell line, which seem to be related to their tissue of origin, as hPSC-MSNs
clustered into groups indicative of tissue of origin, and L-MSNs exhibited fewer total
differentially methylated genes compared to Primary GE, compared to other hPSC-
MSNs. However, due to the limitations of this study it is difficult to conclude this on this
data alone. Finally, in spite of the relatively low power of this study, differentially
methylated genes were uncoverable between groups, and were consistently associated
with functional pathways between lines, emphasising the need for additional

examination of the variability between these lines.
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Chapter 6: General Discussion

CRT is a promising therapeutic option for a variety of neurodegenerative disorders
including HD. Proof of principle for this intervention has been established by
transplanting fetal WGE into the MSN deficient striatum to elicit functional recovery. As
such, fetal WGE are the gold standard source of MSN progenitors currently available
to us, yet they are inappropriate for widespread clinical use and other cell sources much
be considered. hPSCs have the capacity to differentiate into any cell of the body, and
therefore are a possible alternative source of MSN progenitors. However, to date,
functional recovery using hPSC-derived MNSs has not been consistently
demonstrated. One possible reason for this is that these cells are not authentic MSNs.
There is evidence to suggest that hiPSCs can retain an epigenetic memory of their
tissue of origin, which can enhance their capacity to differentiate towards similar cellular
phenotypes to their tissue of origin. In this thesis, | have investigated the potential of
hiPSCs derived from fetal LGE tissues to differentiate towards an MSN phenotype, and
compared these to isogenic hiPSCs derived from different tissues. | have also explored
the epigenome of these cells to establish how much of their epigenome is retained, and
have compared them following exposure to an MSN differentiation protocol, to gold
standard WGE tissues.

6.1 Discussion

6.1.1 hiPSCs derived from fetal tissues retain an epigenetic memory of

their tissue of origin with functional consequences

The primary hypothesis underpinning the work presented here is that iPSCs
retain an epigenetic memory of their tissue of origin, and that this will have
consequences on the differentiation potential of these cells. This hypothesis is
supported by a wider body of research that has consistently demonstrated an effect of
epigenetic memory of tissue of origin in iIPSCs, but has reported inconsistent results
regarding the benefit of this epigenetic memory (Introduction 1.5.4). For instance,
hiPSCs with an epigenetic memory of a hepatic tissue of origin have been studied
multiple times to try to enhance the efficiency of hepatic differentiations, but consistently
this has not provided any observable effect (Ohi, et al., 2011; Liu et al., 2011; Heslop
etal., 2017). In contrast, and relevant to this thesis, reports of hiPSCs with an epigenetic
memory of a neural tissue of origin consistently report some benefit of the epigenetic

memory to enhance neural differentiation (Tian et al., 2011; Hargus et al., 2014; Roost
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et al., 2017). In this thesis, | have added to this literature by presenting evidence that
hiPSCs derived from fetal LGE, MGE, cortex and fibroblast tissues do indeed appear
to retain an epigenetic memory of their tissue of origin. Furthermore, | have found
consistent differences between these cell lines, demonstrating that there are functional
consequences of this epigenetic memory, that alter the differentiation capacity of these

cells.

This was first evident in Chapter 3, when examining how the most variably
methylated probes clustered pluripotent samples from cell lines L1, L2, L11, F1, and
the hESC control line H9. Here, these cells formed three distinct clusters that aligned
with their tissue of origin: the first contained all LGE derived hiPSCs (L1, L2, and L11);
the second contained the fibroblast derived hiPSCs (F1); and the last contained the
hESCs (H9). Later in Chapter 5 these differences were further corroborated, as when
examining the hPSC-MSNs resulting from these lines under the same conditions, these
samples also clustered in the same pattern. Interestingly, this indicated that these line
specific signatures were maintained through the differentiation process, which suggests
that the epigenetic variations potentially have long lasting consequences for these cell

lines and their final cell phenotype.

It is unfortunate that, due to the cost of the genome wide methylation array,
more hiPSC lines could not be examined to further develop this finding. For instance,
in Chapter 3, more weight could have been added to the observed tissue of origin
specific separation between lines F1 and L1, L2, and L11 by including additional
hiPSCs lines derived from the primary fetal fibroblast cells used to generate F1.
Additionally, the inclusion of lines M3 and C6 could have further helped our
understanding of how specific this retained epigenetic signature is, by providing data
on hiPSCs derived from tissues similar to LGE, but still developmentally distinct (MGE
and cortex). There is some indirect data from the characterisation work conducted in
Chapter 4 that suggests that these lines may have distinct epigenetic profiles that are
specific to their tissue subtypes, most notably the trends of the C6 line that are not
shared by the L2 and L11 lines. However, as these lines were not included in the DNA
methylation analysis, there is no direct observation of their DNA methylation profiles,
and it remains unknown whether the epigenetic memory of tissue of origin can be
reliably broken down into fetal tissue neural subtypes at this stage of development.
Furthermore, there is some work suggesting that the epigenetic variability between
hiPSCs is more defined by genome and other variables than by tissue of origin (Choi
et al., 2015; Heslop et al., 2017). Some evidence of this may have been observed in
this thesis. First, there was a distinct methylation signature in all SWIFT 2285 derived

samples which was consistent across tissues and could not be readily attributed to
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other variables (e.g. sex differences; Spiers et al., 2015). In this thesis, steps were taken
to remove this genome specific epigenetic signature so as to avoid bias in the DNA
methylation analysis. But, the effect of genome cannot be completely discounted from
the work presented here, as the H9 derived samples (which are genomically distinct
from the SWIFT 2285 hiPSCs studied here), continuously clustered further away from
the hiPSC samples in all cluster analyses presented in Chapter 3 and Chapter 5. The
unique signature of the H9 line could not be removed from this analysis, because it was
not possible to directly attribute this distinction to genetic differences, as this may
instead have been an effect of pluripotent cell type (hESCs vs hiPSCs). Previous work
has indicated that whilst hESCs and hiPSCs do have highly similar methylomes
indicative of their pluripotent nature, there are consistent differences between them that
seem to be related to pluripotent cell type (Liu et al., 2012; Choi et al., 2015). Future
work could be conducted to better understand the relevance of genetic identity on the
methylome, and to establish whether this is more important to hiPSC lines than their
epigenetic memory of tissue of origin. For example, the current dataset could be
complimented with additional hiPSC lines derived from LGE, MGE, cortical and
fibroblast tissues collected from new SWIFT fetal donors, generated using the same
SeV methods described in Chapter 3. This would enable the comparison of the effect
of epigenetic memory of tissue of origin on the methylome, against the effect of genetic
variability on the methylome. Therefore, whilst an epigenetic memory of tissue of origin
has been directly observed here, it is difficult to draw conclusions about how tissue
specific this memory is, or whether genetic variability would overshadow it. Both of
these are important considerations for future efforts that attempt to use the epigenetic

memory of hiPSCs.

Within Chapter 5 there were further results supporting the conclusion that
hiPSCs retained an epigenetic memory of tissue of origin, and that these may have
functional consequences. Gene enrichment analysis can be used to establish if there
is a relationship between a subset of genes, and this was conducted on differentially
methylated genes found between Primary GE tissues and the three groups of hPSC-
MSNSs: L-MSNs, F1-MSNs and H9-MSNss. Interestingly, examination of the genes that
were hypomethylated in hPSC-MSN groups and hypermethylated in Primary GE
tissues demonstrated that F1-MSNs and H9-MSNs were less methylated than Primary
GE tissues at CpG regions associated with biological processes that were relevant for
epidermal differentiation. This suggests an inappropriate methylome for these genes in
the F1-MSNs and H9-MSNSs, as it was not consistent with the Primary GE tissues, which
contain authentic MSN progenitors. Whilst there were genes differentially
hypomethylated in L-MSNs compared to Primary GE, none shared function or tissue

associations, which directly supports the hypothesis that LGE derived hiPSCs retain an
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epigenetic memory of their tissue of origin. This is further bolstered by the finding that,
when compared to Primary GE tissues, the L-MSNs had the least number of
differentially methylated genes of the hPSC-MSNs. However, due to the low sample
size this may require further validation in a larger dataset that examines this effect

across multiple fetal donors and their derived hiPSC lines.

Furthermore, gene enrichment analysis conducted on differentially methylated
genes between experimental hPSC-MSN groups (also divided by direction of
methylation), indicated that L-MSNs and F1-MSNs were differentially methylated at 8
genes, all related to various aspects of olfactory tissues, function, and sensory
perception of smell. Following correction for multiple comparisons these were not all
significant, but it is possible that this is because this study was underpowered and the
databases examined do not have complete gene libraries. There was evidence that this
difference was related to tissue of origin, as gene enrichment analysis conducted on
the genes associated with significant DMPs between F1-MSNs and Primary GE tissues
indicated a similar significant enrichment for sensory perception of smell. This was due
to differential methylation at the same genes that were found to be significantly
differentially methylated between the L-MSNs and F1-MSNs, and this differential
methylation was in the same direction (hypomethylated in F1-MSNs, and
hypermethylated in L-MSNs and Primary GE), further supporting the epigenetic
memory of tissue of origin of L-MSNs. The functional consequences of these findings
are unknown, as the precise role of DNA methylation for these genes has not been
established. However, it may be worthwhile to investigate these particular genes further
as the developing LGE gives rise to cells that contribute to the olfactory bulb (Stenman
et al., 2003; Ma et al., 2013), and therefore understanding the functional relevance of
these genes in the context of MSN specification may provide further insight to the
findings presented in Chapter 4. In particular, the finding that the F1 line arguably
produced the most enriched MSN phenotype as demonstrated through its increased
expression of NOLZ1, FOXP1, CTIP2, and DARPP32.

In Chapter 4, the epigenome of hPSC-MSNs was not directly examined, but
consistent differences were observed between the isogenic hiPSC lines as they
underwent a standardised MSN differentiation that had been optimised for a hESC line.
First, there were differences in the capacity of these hiPSCs to undergo a standardised
MSN differentiation protocol, which led to two adapted versions of the base protocol
used in this thesis. Specifically, morphological changes in lines L1 and M3 appeared to
indicate these lines had undergone a more rapid commitment to a neuronal fate during
dual SMAD inhibition, a trait which was not shared by the F1 line. Later in the protocol,

neural tissue derived lines exhibited reduced viability, particularly following a
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freeze/thaw process, which again was not shared by the non-neural derived F1 line.
Additional differences were next observed between these cells following transplantation
into the QA lesioned rat striatum, where grafts derived from the C6 line exhibited a
tendency to overgrow, and to undergo different migratory patterns compared to the
grafted cells derived from the F1 line, and the hESC control line, H9. Throughout in vitro
characterisation, differences were observed in gene expression that were consistent
within lines across multiple differentiations. For example, both LGE derived hiPSC lines
(L2 and L11) produced cells that highly expressed DARPP32 at day 30, and similar
cells were not observed until day 40 in other hiPSC cultures derived from non-WGE
tissues (C6 and F1) or a hESC control (H9). Of note, lines L1 and M3 were not included
in this study, so it is undetermined if this would have also been observed in these lines.
These experiments also identified traits unique to C6, including a significantly higher
neuronal fate specificity, and trends for reduced DLX2 expression, and higher NKX2.1
expression than other cell lines. This may be indicative that the epigenetic memory of
these hiPSCs is specific between neural tissues, but as previously discussed, without
direct evidence from the DNA methylation study it is not possible to conclude this
definitively. The last hiPSC line examined here, F1, consistently produced MSN cultures
most enriched for a DARPP32 positive phenotype, and exhibited increased expression
of critical upstream LGE markers CTIP2, NOLZ1, and FOXP1 compared to other lines.
Collectively, the data from Chapter 4 discussed above indicates that these lines differ
in consistent ways when undergoing the same differentiation protocol, and due to the
methods used to derive these cells in Chapter 3, these differences are presumably
related to the epigenetic variation between these lines directly observed in Chapter 3
and 5. Unexpectedly, this did not seem to confer an advantage on the LGE derived
hiPSC lines, but instead may have inhibited large portions of these cultures to undergo
an MSN differentiation. This calls into question the usefulness of the epigenetic memory
of hiPSCs derived from LGE tissues in this context, as the evidence presented in this
thesis suggests it may actually inhibit the MSN differentiation capacity of these cells

when undergoing the protocols used here.

6.1.2 Further exploration is required to understand if the epigenetic

memory of hiPSCs can be utilised to enhance an MSN differentiation

The original purpose in studying the effect of epigenetic memory in hiPSCs, was
to establish whether it could be used to enhance hPSC derived MSN differentiations,
and whether this would produce a more authentic MSN phenotype. Previously within
our research group we have derived hiPSCs from fetal WGE tissues, that when

transplanted in vivo produced a higher proportion of DARPP32 expressing cells than a

145



Chapter 6

similarly cultured hESC line (Choompoo, 2015). However, these transplants exhibited
signs of overgrowth which could not be discounted as a potential cause for this
increased DARPP32 population. Furthermore, there were no controls for the effect of
genome or hiPSC tissue of origin included in this initial study. Therefore, one aim of the
work in this thesis was to attempt to replicate this finding with these controls in place.
Unfortunately, this has not been achieved here as only about 25% of the total grafts
survived in the in vivo experiment, including just 1 of the 14 grafts derived from MSN
progenitors differentiated from LGE derived hiPSCs, which prevented the replication of
our previous finding. However, differences have been observed between the graft
groups that warrant further investigation, as precisely what caused these differences
remains undetermined, although some of these findings are potentially consistent with
examples in the wider literature. For example, in 2014 Hargus et al. reported the
generation of hiPSCs from neural stem cells, and fibroblasts. They differentiated these
hiPSCs towards a neural progenitor cell fate in vitro and conducted in vitro
characterisation to determine that these cell populations expressed near identical levels
of proliferation markers and neural markers. They then transplanted =150,000 of these
progenitor populations separately into both the mouse striatum and cortex and
examined these grafts following 10 weeks of incubation. They did not observe
overgrowth, but did observe increased cell survival within both cortical and striatal grafts
derived from neural stem cell derived hiPSCs (=60,000 cells) compared to fibroblast
derived hiPSCs (=2,000 cells). They attributed this increased cell number to an enriched
neuronal phenotype in hiPSCs derived from neural stem cells, that increased their
capacity to survive within a neural environment. In this thesis, the fibroblast derived line
F1 did not produce overgrowing grafts, whereas the cortical derived line, C6,
consistently produced grafts that exhibited overgrowth. By the end of the study C6
grafts had the largest estimated graft volume, and the largest estimated number of cells.
Whilst this was not the desired outcome, it is possible that a similar effect occurred here
that allowed these cells to better survive in a neural environment and facilitated the
survival and continued proliferation of these cells. However, it is worth noting that LGE
derived line L2 also produced a viable graft, which despite being of neural origin, did
not overgrow. Due to the nature of this work, it is hard to establish exactly what caused
this discrepancy, however it is interesting this exponential growth was specific to a
cortical derived hiPSCs, and there exists the unexplored possibility that this trait is
related to its tissue of origin (cortex) which undergoes considerable growth compared
to the human LGE from which L2 is derived. Understanding what caused C6, but not
other genetically identical lines to overgrow could be particularly useful to the field of
CRT, as overgrowth is a safety issue that must be addressed before transition to clinic

(Keene, et al., 2009). The later in vitro characterisation of these lines as they underwent
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an MSN differentiation could hint at a possible opening to such work, as there was some
evidence that C6 resisted commitment to a maturing MSN phenotype during the

differentiation.

Immunocytochemical analysis indicated that C6 produced the purest neuronal
population of the cells examined here. Yet, gPCR analysis of C6 showed that it
expressed significantly lower levels of DLX2 than H9 cells at day 20 of the differentiation
protocol and exhibited a trend for increased NKX2.1 expression. DLX2 is an early
subpallium marker that is understood to be upregulated by TGF@ activity, which in turn
in the protocols used in this thesis is regulated by the addition of Activin (Feijen,
Goumans and van den Eijnden-van Raaij, 1994; Maira et al., 2010). Conversely,
NKX2.1 is also an early subpallium marker, but it is differentially expressed between
LGE and MGE tissues, specifically at higher levels in the more ventral MGE (Noakes
et al., 2019). Collectively, this data suggest C6 is highly capable of differentiating
towards a neuronal phenotype when directed towards a forebrain progenitor fate using
dual SMAD inhibition, but that these cells are also less susceptible to Activin treatment
as an LGE fate specifier. If this is the case, then this may be because their epigenetic
memory of tissue of origin clashes with this part of the differentiation process, which is
plausible considering that many of the genes present in the developing forebrain are
expressed in a gradient and antagonistic manner. If so, then this could have been an
underlying cause of the overgrowth observed in C6 derived grafts, that may have acted
in tangent with an increased capacity to survive in a neural environment as observed
by Hargus et al., 2014.

C6 was not the only line that seemed to respond differently than expected to the
MSN differentiation protocol used here. As mentioned previously, the LGE derived lines
L1, L2, and L11 were theorised to have the highest efficiency to produce MSNs over
other lines, yet the final MSN differentiation efficiency of these cells was frequently less
than both H9 and F1 lines, as measured by the specific markers used here. This is
surprising considering the evidence outlined from the DNA methylation data above,
which indicated that these cells had an epigenetic memory more similar to primary GE
tissues than the other hPSC-MSNSs. Additionally, there were trends observed earlier in
the differentiation process indicating that these lines exhibited an accelerated capacity
for neuronal commitment, and both L2 and L11 developed cells strongly immuno-
positive for DARPP32 before non-LGE derived hiPSC lines (C6 and F1) and the hESC
line (H9). This conflicting data suggests that there may still be untapped potential in the
LGE derived hiPSCs, and it is possible that under the right conditions this could be

harnessed properly to enhance an MSN differentiation.
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Throughout the experiments conducted in Chapter 4, attempts were made to
reduce the variability that could occur due to factors unrelated to the epigenome of
these cells, and several of these pertained to the methods used to differentiate these
lines towards an MSN fate. Primary amongst these, was the decision to conduct a
standardised differentiation and to divide this process into two stages with a freezing
step between progenitor fate specification and final MSN maturation. The decision to
use a standardised protocol was made because it is challenging to directly compare
multiple cell lines undergoing different differentiation protocols, as it is difficult to
determine what results are due to differences between cell lines, and what results are
due to differences between the protocols. Similarly, the decision to freeze MSN
progenitors was made to enable simultaneous culturing of the examined MSNs, to
ensure identical environmental conditions, and that variability in sample collection, RNA

extraction, cell fixing, immunocytochemical staining, etc, would be minimised.

Previous studies conducted within our lab and in collaborator labs, had found
no difficulties with the inclusion of a freeze/thaw cycle on progenitor MSNs derived
using a similar differentiation protocol on multiple hESC lines. Indeed, the data
presented in this thesis is in agreement with this, as there were no difficulties induced
by a freeze/thaw cycle observed in the hESC line used here, and the results | generated
from these lines were similar to previously published results (Arber et al., 2015). Yet,
hiPSC lines derived from neural tissue sources (L1, L2, L11, M3 and C6) did show
consistent viability issues with the inclusion of this freeze/thaw cycle at the same time
point, and this, in combination with other data outlined above, suggests that these cells
were not following the same developmental time course as the hESC line or even the
genomically identical F1 line. As such, it must also be considered that the use of a
standardised differentiation may have negatively affected the work presented here, as
this could have resulted in inappropriate timing of exposure to critical developmental
factors. For example, the timing of Activin exposure to neural precursor cells is
understood to play a critical role in final fate specification. In hESCs derived neural
precursors generated using a 2D dual SMAD inhibition protocol, exposure to Activin
from day 9 reliably induces an MSN phenotype (Arber et al., 2015), but if this exposure
is delayed by 8 days, Activin exposure can instead induce an interneuron phenotype
more associated with the caudal tail of the GE (Cambray et al., 2012). Whilst not
examined here, it is possible the accelerated rate of differentiation observed in some
lines resulted in fewer MSN lke cells and more caudal GE interneurons, which would in
turn prevent the accurate assessment of the true MSN differentiation potential of these
lines. This is in agreement with previously published work; both Tian et al., 2011 and
Roost et al., 2017, published evidence that iPSCs derived from neural tissues

(respectively, mouse astrocytes, and human fetal whole brain) differentiated to a BllI-
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tubulin expressing population faster than hiPSCs derived from fibroblast cells. Future
work should aim to rectify this by closely examining the temporal developmental
changes these cell populations undergo, in order to develop optimal protocols for each
line being examined. It may also be necessary to adjust the concentrations of factors,

as the concentrations used here were also originally determined for a hESC line.

However, this alone would not overcome the issue of comparing lines
undergoing different differentiation protocols. Previously, it has been reported that
hESCs that undergo dual SMAD inhibition and receive no further fate specification do
not produce MSN progenitors (Arber et al., 2015: less than 1%). Therefore, if these
hiPSCs have indeed retained an epigenetic memory of their tissue of origin that
inherently directs them towards an MSN fate, an alternative experiment could be
conducted to compare the MSN differentiation efficiency of these cells to hESCs under
sub-optimal conditions for hESCs. This could be achieved by following a similar
differentiation protocol to those described here, but by removing Activin from the
protocol, or limiting its influence to only 1-2 days. If under these sub-optimal conditions
the hiPSCs derived from LGE tissues are more capable of differentiating towards an
LGE precursor or MSN fate, then this would be an indication that their epigenetic
memory of tissue of origin may indeed have the capacity to produce either more MSNs

or potentially a more authentic phenotype.

Finally, future work should also attempt to address other flaws in the design of
this project that may have impeded on the potential for this work to test my hypothesis,
with focus on three issues in particular: (1) the inherent heterogeneity of the tissues
from which these iPSCs were derived; (2) the potential clonal variability between lines
was not fully accounted for in the main experimental design, and (3) the set-up of the

animal study conducted in Chapter 4.

With regards to the first of these, the developing LGE, MGE and cortex are each
composed of a diverse range of both neuronal and glial subtypes, several of which are
simply migrating through these structures towards their final site of maturation and thus
did not originate within the structure. In this work, hiPSC lines were derived from plated
cultures of these tissues that had undergone no further cell sorting following initial
dissection. In the case of the LGE cultures, where it was desirable to derived hiPSCs
from LGE progeny destined to become MSNSs, it is possible that several of these lines
could have instead been obtained from off-target cells, such as LGE progeny
committing to non-striatal fates such as the olfactory bulb (Stenman et al., 2003; Ma et
al., 2013), the migrating interneurons of the MGE, or supporting glial cells which are
known to originate in the MGE, the LGE and the cortex in staggered stages of

development (Kessaris et al., 2006). In an attempt to overcome this issue in this work |
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aimed to use multiple clones derived from the LGE tissue, to increase the likelihood
that at least one of these lines would have been derived from an MSN progenitor cell.
However, it is unclear whether any differences observed between LGE derived hiPSC
lines were the result of differences in the original cells they were derived from, or other
sources of variation (such as the induction process or differences caused by culture
techniques). Furthermore, whilst the LGE derived hiPSC lines were found to be
consistently quite similar across most comparisons made here, this alone does not
necessarily mean they were all derived from MSN progenitor cells or even a shared
phenotypic origin. It is also worth noting that this precaution was not undertaken for
hiPSCs derived from other tissues, and future work could also attempt to expand the
number of hiPSC clones for other tissues of interest. In future work, to properly select
for desirable cells for each tissue (such as LGE progeny committed to an MSN fate)
cell sorting methods such as FACS could have been implemented to isolate a desirable
cell type before infection with the Sendai virus. Previously within our lab group, we have
struggled to maintain viability of human fetal tissues following FACS sorting, but future
work could attempt to optimise such techniques, and ensure isolation of only MSN
progenitors (by selecting for cells expressing known MSN precursor genes such as
CTIP2, or potentially earlier markers such as GSX2 which must be down regulated
before gliogenesis can occur within the LGE; Chapman et al., 2013, Chapman et al.,
2018).

Otherwise, PSCs are understood to be a highly volatile cell population over long
term culture, as they are prone to genetic mutations, duplications, and deletions which
results in clonal variability (Laurent et al., 2011, Garitaonandia et al., 2015). These
subtle changes are unlikely to cause significant variability in short term culture, but slight
competitive advantages in subclones of a pluripotent population will eventually amplify
any genetic or epigenetic variations acquired through culture (Breniere-Letuffe et al.,
2018). These alone have been shown to drive significant differences in the
differentiation potential of a PSC line, and as such may have influenced the results
found here. It is generally challenging to monitor and prevent these issues in PSC
culture, as they are unpredictable and varied. For this reason, proper management
requires regular and in-depth analysis which dramatically increases PSC culture time
and costs. An alternative but less vigorous approach that can be used it to restrict the
number of passages PSCs undergo, as risks of clonal variability is increased with the
number of passages a PSC culture has undergone (Laurent et al., 2011, Garitaonandia
et al., 2015, Breniére-Letuffe et al., 2018). In the work prevented here, long term
expansion was avoided and only low passage PSCs were used. Furthermore, all data
used to examine the differentiation potential of these lines was generated from a

restricted number of passages (only between passages 12-18 for hiPSCs and 18-23
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for hESCs). As such, any clonal variability that occurred during culture should have
minimal effect on the data presented in this thesis. However, this would not overcome
any significant genomic or epigenomic events which altered the examined lines prior to
this period. As such, future work could consider the inclusion of genome wide SNP and
CNV assessment at critical points to determine similarity between samples from within

a line, and critically, from between lines to ensure their isogenic nature is maintained.

Lastly, the in vivo work presented in Chapter 4 could be further optimised to
streamline results in future work, which is especially pertinent as the data, whilst
interesting, are difficult to interpret with confidence due to low graft survival. This was
most notable for LGE derived hiPSC lines, where only one graft survived out of fourteen.
This may be partially due to the issues of viability found when thawing MSN progenitors
from neural derived hiPSC lines prior to transplantation. If so, it could have potentially
been resolved here by avoiding the freezing step, as unlike the frozen samples, the
subset of cells which were simply passaged and maintained in culture from day 18 did
not exhibit a reduction in viability. However, as evidenced by the equally low viability in
the F1 derived grafts (three surviving grafts out of ten) and hESC derived grafts (four
surviving grafts out of ten), this alone would not overcome the issue of low graft survival.
It is possible that this low viability was brought about by the reliance on an immune
suppressant model, as this requires daily injections to be made accurately, which if not
correctly maintained is likely to result in graft rejection. Within our lab group we have
previously overcome this issue by developing a tolerization model, which aims to
prevent an immune response to the engrafted cells by exposing neonatal rodent pups
to the human cells they will be transplanted with during the development of theirimmune
system (Kelly et al., 2009; Roberton et al., 2015). However, this method still requires
further optimisation as presently it can still lead to graft rejection if the initial tolerization
is not successful (Roberton et al., 2015). Alternatively, immune deficient rats could have
potentially been used instead, as they cannot initiate an immune response to grafted
cells. However, such animal models are challenging to use for behavioural testing, as
they are highly prone to infection whenever exposed to unclean environments, which
increases with repeated handling. Future experiments could attempt to enhance graft
survival by utilising one of these alternative models, choosing whichever is more

appropriate to the desired outcome measures.
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6.1.3 hPSC-MSNs exhibited increased methylation at genes associated

with striatal phenotypes compared to primary GE tissues

One of the main findings presented in this work is the large discrepancy in the
DNA methylation profiles of hPSC-MSNs and Primary GE tissues. It is well established
that PSCs have a unique methylome indicative of, and required to maintain, their
pluripotent phenotype (Bibikova et al., 2006; Cedar and Bergman, 2012; Arand, et al.,
2015; Liao et al, 2015). This is characterised by a typically higher instance of
methylation across the genome, particularly at promotors of tissue specific genes, and
at this stage DNA methylation is primarily used as a gene silencer for such genes
(Bibikova et al., 2006; Cedar and Bergman, 2012). As cells undergo developmental
processes, the epigenome shifts, thereby preventing the transcription of genes
essential for pluripotency including OCT4 and NANOG, and instead allowing the
expression of genes required for the developing cellular phenotype, globally becoming
comparatively less methylated (Mohn, et al., 2008; Nazor et al., 2012; Cedar and
Bergman, 2012). There is a body of evidence that indicates DNA methylation is still
tightly regulated throughout fetal brain development, but the precise role of the
developing methylome in neural development is still not completely understood
(Numata et al., 2012, Lister et al., 2013; Spiers et al., 2015; Roost et al., 2017). By the
time a cell has terminally differentiated into an adult cell, the role of DNA methylation
has become broader. The majority of the genome is unmethylated, and the remaining
methylated DNA signature occurs in a highly tissue specific manner (Nagae, et al.,
2011; Fernandez et al., 2012; Lokk et al., 2014), but depending on locus and direction
of methylation, it can be involved in gene silencing, gene splicing, or even gene
promotion (Lev Maor et al., 2015). It is not well understood when the role of the
methylome changes from strictly a gene silencing mechanism to this more dynamic
role, but it is likely a gradual process that occurs throughout development as cells

terminally mature into their adult cell phenotype.

In Chapter 5, | have presented evidence that hPSC-MSNs are methylated in a
manner distinctly different from the developing primary tissues they are supposed to be
replicating. Specifically, gene enrichment analysis revealed that the primary GE tissues
were less methylated at CpG regions associated with genes that are relevant to striatal
tissues, various brain tissues, and important biological processes related to neural
development and function, all of which are presumably necessary for the authentic
functionality displayed by grafted WGE tissues. Without full characterisation of the role
of hyper- and hypomethylation of these regions in the fetal brain across the time course
of striatal development, it is not possible to establish the exact biological consequences

of this observed difference. For example, it remains unknown whether the CpGs
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associated with these genes need to be differentially methylated between progenitor
and mature MSNs. What is clear though, is that DNA methylation is tightly regulated in
fetal brain development (as evidenced by the high consistency between GE samples),
and several striatal genes were consistently hypomethylated in the primary fetal GE
tissues, and hypermethylated in hPSC-MSNs. If hPSC-MSNs are supposed to mimic
primary fetal GE tissues, then their methylome, a significant indicator of a cell
populations transcriptional capacity, does not appear to be accurately reflecting the gold
standard source of MSN progenitors. It is therefore of primary interest to the CRT field
to understand precisely why this difference exists between these populations and what
the consequences are, as if it is undesirable then it may have to be rectified before
hPSCs are ready for CRT for HD. There are two possible reasons for this discrepancy:
it could be due to a difference in the developmental maturity of these cells; or it could
be that the current protocols used in vitro are insufficient to produce an authentic MSN

methylome in hPSCs.

It is presently challenging to determine when PSC derived cultures are
developmentally equivalent to primary tissues, due to our limited knowledge of how
their development and maturation varies between these respective environments. For
instance, of the cells examined here, the hPSC-MSNs were differentiated for 30 days,
which happens to be the time point that these cells first begin expressing DARPP32 (as
evidenced in Chapter 4), additionally the primary fetal tissues examined here were
between 59-70 days post conception (Methods, Table 2.2), which is also around the
same time that DARPP32 is first identifiable in the developing fetal brain (Onorati et al.,
2014 reported DARPP32 in human fetal WGE from day 56). For this reason, the two
populations examined in this thesis could be considered developmentally equivalent.
Yet, it is unlikely that the hPSC-MSNs were still malleable enough to successfully graft
into the QA lesioned rat striatum, as they exhibited similar gene expression and
morphology to cells that have failed to graft before (Aubry et al., 2008). In contrast,
there is published evidence that primary WGE can still be successfully grafted into the
QA lesioned rat striatum and elicit functional recovery up to =90 days post conception,
a full 20 days of gestation beyond the most developmentally mature WGE sample
examined in this thesis (Pundt et al., 1996a). This difference seems to instead suggest
that these hPSC-MSNs are more developmentally mature and that their methylome is
therefore a reflection of maturity, an argument which is supported by the fact that the
WGE is a heterogeneous population that maintains proliferative regions throughout
development, and therefore contains a cell population with a wide variety of differently
developmental mature cells. However, whilst it is true that there is likely a slight increase
in methylation following terminal maturation in the human brain (Numata et al. 2012), it

is unlikely that this is why the hPSC-MSNs examined here exhibited a more methylated
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genome. As evidenced by the various heatmaps in Chapter 5 that first demonstrated
this trend, much of the methylated regions in hPSC-MSNs that are hypomethylated in
primary GE tissues, are also methylated in the pluripotent populations included in this
analysis. Therefore, the data presented in this thesis most likely indicates that these
hPSC-MSNs have not yet lost the global gene silencing methylation exhibited in
pluripotent cells, and instead only the methylation related to specific genes sought in
typical MSN characterisation work (e.g. the genes examined in Chapter 4) have been
altered, as emphasised by the relatively similar methylation status of commonly
targeted MSN markers (observed in Chapter 5 section 5.2.6). If this is the case, then it
strongly suggests that a wide plethora of genetic code is either unavailable to these
cells, or expressed in an inauthentic manner, which could hinder authentic MSN

development and function.

A more comprehensive DNA methylation study of primary fetal LGE/WGE
tissues at different developmental stages, and of hPSC-MSNs as they undergo the
various stages of MSN differentiation and maturation, could help further determine
which of these possibilities is the underlying cause. Additionally, such work could be
further enhanced if it was complimented with RNA sequencing of these samples, to
further advance our understanding of the biological consequences of this differential
methylation and how the transcriptome of these cells is impacted by their methylome.
However, for both of these technologies the heterogeneity of these populations may
prevent their detailed characterisation. Recently, advances in single cell sequencing
have advanced the possibility of conducting both methylation and RNA analysis at the
single cell level, which could provide a far more detailed and accurate picture of the
underlying dynamics of these cell populations (Hwang, Lee and Bang, 2018; Karemaker
and Vermeulen, 2018). Such comparisons would help build our understanding of the
differences observed in this thesis between primary fetal WGE and hPSC-MSNs, and
this could be used to identify and explored additional gene targets and pathways to
refine our current ability to differentiate MSNs in vitro. Furthermore, with the advent of
CRISPR mediated technology, it has now become possible to alter the methylome
directly, which could be conducted at critical sites to further shape authentic
development once the developing methylome of fetal tissues is better understood
(Rienecker, Hill and Isles, 2016; Liu et al., 2016). Finally, it is worth mentioning that
DNA methylation is not the only epigenetic mechanisms known to play a role in
development and the regulation of gene expression. For example, other epigenetic
mechanisms that regulate gene expression include histone acetylation, nucleosome
positioning, non-coding RNAs, and some self-promoting RNA transcripts. Future work
should also account for these mechanisms where possible, to try and develop an

understanding of the whole epigenome of authentic fetal tissues.
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6.1.4 Some variability in DNA methylation between samples may be due
to an effect of culture

Further evidence that the current protocols may be insufficient to produce an
authentic MSN methylome comes from the comparison of Primary and Cultured WGE
tissues in this thesis. The WGE samples examined here were collected from 3 primary
WGE tissues. Half of each donation was preserved as a primary tissue sample, whilst
the other half was plated for 4 weeks of spontaneous differentiation in vitro. Therefore,
one sample in each group is genetically matched with another in the second group.
During DNA methylation analysis, it became apparent that the cultured WGE samples
had drifted from their original methylome, as detected in the genetically identical
Primary WGE samples, and acquired additional methylation at various CpGs, leading

to significant differences between the methylome of these groups.

There are several possible causes for this methylation shift. First, it is possible
this is an effect of maturation, as the Cultured WGE has had an additional 4 weeks to
develop in vitro. As previously discussed, it is challenging to determine if this is an effect
of maturity because the developing methylome remains relatively understudied.
Alternatively, it is possible that the cultured WGE has been able to produce more
immature cells through proliferation. At the time of dissection, the WGEs examined here
would have still been highly proliferative, as demonstrated by the continued expression
of the proliferation marker Ki-67 in similarly aged WGE tissues (Onorati et al., 2014).
Recent unpublished work conducted in our lab has found that WGE tissues (undergoing
the same culture methods used to spontaneously differentiate these samples) do
exhibit a more mature neuronal phenotype. However, a proportion of cells in the
cultures also continue proliferating, and there is provisional evidence suggesting that
these proliferating cells are more “generic” and are less capable of producing an MSN
phenotype. Importantly, there is some evidence that long term expansion of primary
fetal WGE results in an altered transcriptome within these cells, and critically, reduces
the ability of these cells to develop into grafts (Zietlow et al., 2005; Anderson et al.,
2007; Zietlow, et al., 2012). Whilst not studied here, it is possible the observed
methylation shift in my data is reflective of this previously published change in gene
expression after prolonged culture, which coincides with the provisional data mentioned
above in WGE that has been cultured in the same manner as the samples examine
here. As the DNA methylation data collected in this thesis is an expression of the
methylation status of the whole sample population, an increase in the proportion of
methylated cells in a population would theoretically cause a global shift in the output for

that population, similar to what has been observed here. It is therefore reasonable to
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assume that this is what has occurred in these samples. However, it is unclear why the
progenitors expanding in Cultured WGE are more methylated. Is it simply that the most
methylated cells are the most proliferative? Or is it instead because these cells have
acquired de novo methylation across their genome, due to prolonged exposure to the
in vitro culture environment? The exact cause of this methylation drift remains
undetermined here, as it is beyond the scope of this thesis. However, it highlights an
important possible contributing factor to the differences between primary GE tissues
and the hPSC-MSNs previously outlined above: as an effect of de novo methylation

during in vitro culture.

It is therefore important that this also be determined by future research, as the
answer to this question may have important consequences for the future of hPSC
differentiations. Specifically, if this shift is not a desirable feature of development and is
instead acquired de novo due to the culture environment, then until this is resolved it
may not be possible to culture authentic MSN progenitors from hPSCs. Furthermore, it
may also provide important insight into the previously encountered issues with
expanding primary WGE tissues, and open up new avenues to explore the expansion
of authentic MSN progenitor tissues. Determining whether this is due to de novo
acquisition of methylation could be studied by expanding the analysis of DNA
methylation to include primary WGE tissues across various developmental time points
to first determine if this shift is a feature of typical development, and by comparing this
to additional WGE samples, cultured as they have been here, or in the presence of
Dnmt3a/b inhibitors to prevent de novo methylation (Okano et al., 1998, 1999; Hsieh
1999). This would allow the direct examination of the authentic methylome as it
undergoes typical development, and the selective prevention of de novo methylation,
but not of an increased methylation profile through Dnmt1 regulated progenitor cell
division (Bestor 1992; Yoder et al., 1996; Pradhan et al., 1999).

6.1.5 Final Conclusions: are hiPSCs with a “desirable” epigenetic
memory of tissue of origin a worthwhile investment for CRT for HD?

The primary goal of this thesis was to establish whether epigenetic differences
could be detected between various pluripotent cells lines and their MSN differentiated
progeny, and to subsequently consider whether any retained epigenetic memory of
tissue of origin in hiPSCs derived from primary LGE tissues could be used to improve
the production of hPSC derived MSNs. The experiments detailed in this thesis have
demonstrated that there are indeed subtle differences between the cell lines examined

here and that hiPSCs derived from primary fetal cells do appear to retain an epigenetic
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memory of their tissue of origin. Furthermore, there is some evidence that this
epigenetic memory may confer an advantage on LGE derived hiPSCs, as evidenced
by the observation that both L2 and L11 hiPSCs generated highly expressing DARPP32
positive cells before other cell lines (Chapter 4 section 4.2.6), and the lack of significant
terms in the gene enrichment analysis conducted on hypermethylated genes in the GE
and hypomethylated genes in the L-MSNs, for which both other PSCs assessed
produced potentially aberrant results (Chapter 5 section 5.2.5 and Table 5.5). However,
my experiments have also produced some unexpected findings, such as a greater
overall expression of key MSN genes (e.g. DARPP32) in the F1 hiPSC line which were
instead derived from fibroblasts. Although this could be perceived as evidence in direct
conflict with my hypothesis, it is important to recognise that | also found evidence that
the differentiation protocol used in this work was suboptimal for some of these lines.
As such, further work is required to properly establish if the aforementioned potential
advantage of LGE derived hiPSCs can be used to produce more authentic MSNs for
CRT in HD (and by extrapolation in other neurodegenerative diseases). This future work
should endeavour to expand on the present work by examining the potential for these
lines under optimised differentiation conditions, to examine the resulting MSNs at the
single cell level using multi-omnic approaches, and to expand the comparison with

authentic human LGE progeny.

This may yet prove especially pertinent, as an unexpected result from this work
is the finding that there is a considerable discrepancy in the methylomes between the
MSNs we can create in culture, and the current “gold standard” fetal tissues that have
been used to demonstrate proof of principle for CRT for HD. It is important to clarify that
the data presented in this thesis does not directly indicate that hPSC-MSNs are lacking
compared to primary fetal striatal tissues, as the functional consequences of this
difference have not been explored here, and further research is required to fully
understand the nature of this observation. However, considering the potential
implications of this finding for CRT in HD, and other neurodegenerative conditions,
building on our understanding of the developing methylome and its role in hPSC-MSNs
seems to be an important direction for future research. As such, the findings in this
thesis highlight a need to continue studying the normal development of the fetal striatum
with particular emphasis on wider aspects of development that are frequently
overlooked, including the various mechanisms that underpin the role of the developing

epigenome.
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